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" Axion-like Particles (ALPs)

Predicted by String Theory Two photons
Y
Very light particles (m_ <108 eV
L B o : }__a £y =9,,EBa
Spin o
e Y
Interaction with two photons In an external B field
(coupling g,,,)
v g
Interactions with other particles /W\Ag
negligible
Possible candidate for dark matter Photon-ALP oscillations

a

a
Induce the change of the polarization !
state of photons s

4



ALPs in astrophysical contest

ALPs very elusive in laboratory experiments (low coupling) = astrophysical
environment is the best opportunity to study ALPs and ALP effects (f?,)r free)

Photon/ALP beam in the VHE band E >> m,

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

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) [arXiv: 1202.6529)].

Solve the anomalous redshift dependence of blazar spectra
G. Galanti, M. Roncadelli, A. De Angelis, G. F. Bignami, MNRAS 493, 1553 (2020) [arXiv: 1503.04436].

GRB 221009A?
G. Galanti, L. Nava, M. Roncadelli and F. Tavecchio, arXiv:2210.05659.



ALP-induced irregularities

/ % @ - ef e
: e Sl PRl Photon-ALP conversion probability
plasma effects & CMB effects p E B
10° i e i y%a( , My, gayy’ )
10} Wjé Srong x;ak - Highli%hted zones predict spectral
s miring miYing irregularities and polarization

effects in observational data

'
[\
T

)
T

Constraints on g, and m, but the
firmestis g, < 6.6 x 10™ GeV™ for

E E
104 SO, m, < 0.02 e\){Y(CAST cihbanton 300)
-5 -4 -3 -2 -1 0 1 2 3 4 5
10°-10 "10°10°10 " 10" 10" 10" 10 10" 10

—
o

Conversion probability
=)

E/E

ref
BLUE AREA: RED AREA:
Spectral effects investigated in: Spectral effects investigated in:
D. Wouters, P. Brun, Phys. Rev. D 86, 043005 (2012). G. Galanti, F. Tavecchio, M. Roncadelli, C. Evoli,

MNRAS 487, 123 (2019).
G. Galanti, F. Tavecchio, M. Landoni, MNRAS 491, 5268

Fermi-LAT Collaboration, Phys. Rev. Lett. n6, 161101 (2016).
CTA Consortium, JCAP 02, 048 (2021).

(2020).
Polarization effects studied in: Polarization effects studied in:
G. Galanti, Phys. Rev. D 107, 043006 (2023). G. Galanti, Phys. Rev. D 107, 043006 (2023).

G. Galanti, M. Roncadelli, F. Tavecchio, E. Costa, Phys. Rev. D
107, 103007 (2023).



V'.photor'i. ; : e y _'-'MilkV-Way: P8

" a ALP % Rl ‘ : - | D. Horns, L. Maccione, M. Meyer et al.,

- _®.»+ « Phys.Rev. D, 86, 075024 (2012
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CostafPhys. Rev. D107, 103007 (2023). -
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'D 98, 043018 (2018)
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- CTA

NGC 1275 spectrum

o PEI‘SEI:IS pluster (Z = 0.01756) T ol ek NGC 1275 Flare
-> emission from NGC 1275 T F Typs = 10hoUrs 3
S [ i
1ol S SoE P
e High ALP mass m_->y-a conversion inthe g [ 200 c :
low-energy weak mixing regime around 5 "} Cra ommteson i
E; (BLUE AREA, see before) N L0 R —
g 4r " 4 ' ’ + s ~
G Ofm-m- ittt Sty
5 . [ -4 W b4, ] ]
* y->a in the cluster turbulent (g;) magnetic SRS LY I
1eld B Energy [TeV]
: ; ALP parameter space (m,,
* a->Yyin the Milky Way 10" N p, pace (Mg ga) _
* Possible bounds onthe > AT ]
ALP parameter space: ° p| A s -
°* m, € [5,2x10°lneV. 2 | P + - ’ :
* g, €l0.2,10]x10GeV = [ 7 e | [ -2
oy B ,’, | B Flac9%CL. |, km B=254G |7 | | A 4:=36
10 00 107 100 100 107100 10 07 10°
mg [neV] mg [neV] mg [neV]

CTA Consortium, JCAP 02, 048 (2021)



- CTA (2)

Markarian 501 & 1ES 0229+200
-> emission in the jet

v ALP mass m, ->y-a conversion in the
regime around

E (RED AREA see before)

y<->a oscillations in the fet host galaxy,
extragalactic space & Milky Way

B.

jet,o o 0'5 G; Bext = IlG
= O(10™) eV; g, = O(1o™) GeV™

Detectable ALP induced effects:

above (10-20) TeV

G. Galanti, F. Tavecchio, M. Roncadelli, C. Evoli, MNRAS 487, 123 (2019)
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Markarian 501: DATA from HEGRA

w . _-12 | Markarian 501 i \\
R 10 -'-noALP\ '| \ ’
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10° : . e
102 107 10° 10" 102 103
E[TeV]
1ES 0229+200 DATA from Ferml/ LAT & HESS
107 T
\
\
\
10°
£
|9}
)
=
013k
w107 F1ES 02294200
A ====no ALPs
median
realizatiol |
= =sensitivity H
Il ss% I
I 90% ]
B 99%
e I R R
107 10° 10 10 10 10



~ASTRI

will -
before CTA -
induced (if

present):
-> for sure

-> (for close
sources)

S. Vercellone et al. (ASTRI Collaboration), JHEAp 35, 1 (2022)

Log vF, [erg cm~2 s-!]

Log vF, [erg cm—2 s7!]

broken/ dotted hnes -> LIV

- — 'Standard ph 51cs

B S Wlth ALPs

IIIIIIIII._.I\'IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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~ Lorentz Invariance

Predicted by quantum gravity models for

E > 109 GeV (Mattingly 2005)

Effects on standard physics processes
(Coleman&Glashow 1999, Jacobson+2003; Liberati 2013)2

Photon decay
Photon splitting

€ [eV]

Modification of dispersion relations

\\/
Violation (LIV)

10 SRR

0.1

0.01

Standard

Eyuv1e=3
Eyv1o=10
Eyv19=20

g 10

0.1

7 0.01

-

+4 4
ATTT| B SR RTTT| BTSN R AT TTT N |

Modified photon dispersion relation or ot d0 1o 0 -1 -2 -3 -4
El’H‘z E [TeV] Log en(e) [em-2]
o F. Tavecchio and G. Bonnoli, A&A 585, A25 (2016)
E”"
LIV

- Modification of the threshold of the yy = e*e” process
Hundreds-TeV photons interact with optical/UV photons
Smaller photon absorption

E -> energy
p -> momentum
E; v -> LIV parameter

EZ_pQZ

13
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- CTA

Markarian 501 &
1ES 0229+200

Emitted spectrum ->

power law w1th
exponential ¢t

E’Cut
E_.=10TeV
E_.=50TeV

Possible b
[)

rameter.

E®) = 1.5x10% eV

CTA Consortium, JCAP 02, 048 (2021)

off F’

E( v = 7.7x10%8 eV

cut

L1V

. \//

Mrk 501 -

T — T
Simulated CTA Observation

-> crucial parameter:

r l 1 1ES 0229+200 t 1
— o - Fitted Intringje Spectrum Ez.ul =50 TeV — 10 E’ E!mt =50 TeV - ?:S]il[i/l' ::cm“m: §
L 100 F 1 N - B, >56x10%ev .
T i SR EX, 2.6 x 10%eV ]
I i )
< r ¢ Simulated CTA Observation 7 < |
% [ = Best LI Fit q %
= Best LIV Fit (=2) : . = E
=10 g-- E® 97 % 10®ev E = ]
€3] E Ly = 9.0 X ¢ B X T
= 0 1= AN
=z, F i =, i I
=) L i = r o=, [
B (ST /‘/ N
102E - 1007 ¢ X_" / \ -
E | = ~t \ |‘,
C Lol Lol L] C Lol L R
10" 10 10 10° 10" 10" 10' 10
Energy, E [TeV] Energy, E [TeV]
LIV parameter space: E®, ; E®)| 1y,
HH‘ T I\\HH‘ T \\\HH‘ T \I\HH‘ T T 11T \\H‘ T T T \\\H‘ T T I\\\H‘ T T LI
Mrk 501 Mrk 501
E! =50 TeV 2" =50 TeV
'\/lrk 501 \/lrk 501
E, 10 TeV E, 10 TeV

Lang, Martinez & de Souza 'l 9

1 ES u229 wu ‘

IE:S ()22‘) 7[)[)

e LTSN I [ ang, Martinez & de Souza '19

IE:S [)229 7[)[)
50 TeV

IE:S ()229 7[)[)

— MultiSrc

HE.S.S. & FACT '17 Mik 501 H.E.S.S. & FACT 'l7 Mk 501
Mrk 501 Mrk 501
Biteau & Williams '15 MultiSre Biteau & Williams '15 MultiSrc
Vasileiou et al '13 (D010 | Ep——) GRB090S10 (Atiry)
Mrk 501(Atypy) ne1 Mtk 501 (Atpy) ne?
Ll Lol Lol Lol [ Ll 1 Ll 1 Ll L
26 27 28 29 19 20 21
10 10 10 10 10 10 10
1 2
B}y [eV] EffyfeV]
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/AST R I 9 purpl? osc1llatory line -> ALPs

— [ —— 'Standard phy sms
n _ o F o with LIV
will - TE :
before CTA - induced © -n1|
(if present): o F
w -
— —12 |-
: : 3 x
Markarian 501 emitted > sk
spectrum: 3
power law with :
exponential Tk
@ - E(I)LIV = 1029 eV " : =
, “'E : E0yy=2a09eV) L7 ]
1ES 0229+200 emitted 8 _ip :--"T'.,\I}\_t o L,
- = — | S -
spectrum: a 1 e A
(3 i L i
power law — — . = i A
power Faskeviviaiaing, T -13F “ il -
a - S
Q - RS
- L N E
-14 bl
0.1 100

S. Vercellone et al. (ASTRI Collaboration), JHEAp 35, 1 (2022) 5
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- ALPs & LIV &... hadron beam

_ Markarian 561
1070 g e
(and CTA) can « the =
induced by several models: N
ALPs -> photon excess (~30 TeV) & £
spectral oscillations s
10 “f
LIV -> photon excess (~100 TeV) o /
hadron beam (HB, EM cascade of \
10713} B =00 CTAs0h \
hadrons on background photons) -> o \
photon excess (~30 TeV) wr ” g
E[TeV]
Markarian 501 -> ALPs, LIV, no HB (too - T ieomsam e
il ",
o 10712} | |
1ES 0229+200 -> ALPs, LIV, HB ’
o
& 13 L
(and more hkegf CTA) can o
among different models as
predict ol
: : : 10° 10’ 10°
S. Galanti, F. Tavecchio, M. Landoni, MNRAS 491, 5268 (2020) E [TeV]



18



\// |

- GRB 221009A

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

Observed by:
Fermi-GBM, Fermi-LAT, Swift
LHAASO at E =~ 18 TeV within 2000 s after the initial burst
Carpet-2 at E =~ 251 TeV at 4536 s after Fermi-GBM trigger

BUT for E = 14 TeV at z = 0.151 in Conventional Physics (CP)
EBL|] 15 TeV I8 TeV 100 TeV 251 TeV
tcp  FPep |7ep Pop |Tcp Fop cp  FPop

D 12,7 3x107%119.4 4x1072|350 2x107152] 9654 ~0
G 9.4 8x107°]13.1 2x107%|246 2x107197] 9502 ~0
FR [10.1 4x107°|14.1 7x1077[333 2x10~ '] 15411 ~0
S |12.8 3x1075[18.3 1078 |220 3x1079 |>0251 ~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 -
detected this GRB at

E =18 TeV, 251 TeV?

G. Galanti, L. Nava, M. Roncadelli and F. Tavecchio, arXiv:2210.05659 19



\\—/
- ALP detection from GRB 221009A?

10°

Photon-ALP mixing 1
10-2 107
Lap=YayE-Ba =
: : )
Gayy =5 X 1072 GeV™ A
m, = O(10™°) eV & T
10*4]' \@:10_4
v &
Lorentz Invariance ERS Al
) ) A 10—5
Violation (LIV) 105) oo i
== with ALPs, Bug = 10G
Ei v ne =3 x10% eV C18 . . . JooT L T ALEs Bee <1078G. .
’ = Yom 1ow 100 10° 1o 101 1022 10 10%
Ei v ns =5%10" eV me [6V] £ [eV]
*  Photon-ALP mixing in all the possible crossed magnetic
fields [source (negligible effect), host, extragalactic 10° e
space*, Milky Way] ol if
« E=18TeV > P, p(Yy2Y) =9 x 10 ol j
e E=251TeV> PALP(yéy) ~ 5 x 1075 ’T;w_s
can ¢ e
< 107
very good at 251 TeV 8 Tel T
1075}
* Possible dire letection?!
108} —po v 1
=LV, n=1
G. Galanti, L. Nava, M. Roncadelli and F. Tavecchio, arXiv:2210.05659 P e A . i
1011 1012 1013 1014

£ [eV] 20



" The future

LHAASO is expected to produce new exciting observations but with a not so
high energy resolution (15%-30% above 10 TeV):

Blazars
GRBs

ASTRI (and CTA) can work in synergy with LHAASO with a better energy
resolution (< 10%) at (1-100) TeV

GRB 221009A -> could have had a better spectral characterization -> possible
firm conclusions on ALPs, LIV, HB

-> Important focus on GRBs for fundamental physics studies
Synergy with Fermi-LAT & Fermi-GBM for a multi-wavelength analysis

Possible synergy with IXPE (eXTP, NGXP, ...) and COSI (e-ASTROGAM,
AMEGO) to strengthen spectral results -> ALPs & LIV produce detectable
polarization effects

21






"~ Conclusions

ASTRI (and CTA) -> fantastic observatories to perform studies about
fundamental physics

They will likely give us a final answer about ALPs, LIV, HB
Synergies with:
LHAASO

Fermi-LAT & Fermi-GBM
IXPE & COSI

ASTRI Pillar-2: cosmology and fundamental physics
-> based on our proposal/expertise (concerning ALPs, LIV, HB, see before)

Possible leadership also inside CTA concerning fundamental physics (?)
No dedicated observational campaigns needed -> existing KSP: AGN monitoring
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