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About me
 Bornin Modena, 15 October 1993

 PhD at University of Udine (but living in Trieste ©)

Multi-wavelength afterglow numerical code and data analysis of MAGIC very high energy emission
from gamma-ray bursts (GRBs)

 Alittle bit travel around for postdocs/positions:
* Local operator specialist for MAGIC and LST telescopes, living in La Palma, Canary Island
* Postdoctoral fellowships:
* LAPP, Annecy, France
* University of Padova, Italy
« Non-permanent PNNR position at Istituto Nazionale di Fisica Nucleare (INFN), Padova, CTA+
project
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IGMF: when did everything start?
* 2021 University of Padova ‘Probing cosmic magnetism with high-energy astrophysics’
—investigate the capability of Cherenkov telescopes (MAGIC, CTAO) of studying IGMF from
GRBs detected at Very High Energy (VHE, E > 100 GeV)
» Exploring a refined approach to assess the impact of intrinsic GRB properties (energetics,
geometry, distance) in IGMF studies
e Collaborators: E. Prandini, P. Da Vela, L. Nava, G. Ghirlanda, ..?

Background and expertise:
Gamma-ray Cherenkov telescopes (MAGIC, LST, CTAO): data analysis; simulations; maintenance

activities; follow-up transient sources; currently Coordinator of the MAGIC Transient Working
Group

* Gamma-ray Bursts: observations in the gamma-ray GeV-TeV domain; theoretical interpretation
and modeling of multi-wavelength (radio to gamma-rays) afterglow emission;

* Intergalactic magnetic field studies in gamma-ray domain with GRBs
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A (non-exaustive) map of topics involved in this talk

Pair
production
Extragalactic

Background Light Plasma
Imaging sensitivity instabilities

and precision
Cherenkov Gamma-ray Magnetic field
CTAO impact Telescopes propagation

Space satellite

Gam ma_ray o Palr echo emission gam ma- ray
Telescopes strategies / propagation

Intrinsic source |nterga|act|c Numerical simulation codes

S roperties . . CRPropa, ELMAG, CRBeam
'GMF studies with | PP Magnetic Field

Observations of GRBs Gamma-Ray¥J
in the VHE domain Bursts

VHE emission Extended Emission

SED signatures

Multi-wavelength
prompt/afterglow emission GRB open questions
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Gamma-ray Bursts: afterglow phase
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Is there emission in the VHE domain (E > 100 GeV) in GRBSs?
HE emission (< 100 GeV) properties:

 Almost consistent with synchrotron radiation (synchrotron burnoff limit)

 No spectral cut-off identified (shock microphysics uncertainties, non-uniform magnetic fields)
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keV — GeV — TeV

Credit: Robert Wagner/MAGIC Collaboratlon

/‘1?

Credit: NASA

Credit: NASA

 Credit: LHAASQ

Space telescopes Ground-based observatories
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We need to know where to look (space telescopes trigger and send alert
with position uncertainty of arcmins)
We need to be fast (follow-up starting at order of min or even sec)

Long story short:

Transient
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\ Ground Low-frequency
Stations Rad ia Arrays
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Credit: NASA 1




Finanziato 253, Ministero . .
dall'Unione europea .o dell’Universita Italiadomani

NextGenerationEU “5%> e della Ricerca

Observations of GRBs: TeV domain

* Imaging Atmospheric Cherenkov Telescopes (IACTs) [ 30-50 GeV - 10s TeV]
* Narrow field of view (FoV) (3-5 ° ) = need external alert + automatic alert system + fast repointing
* Small duty cycle (10%)
* Low energy threshold: 30-50 GeV
* Better sensitivity than EAS up to a few TeV

» Shower front arrays [100s GeV - >100s TeV]:
* Wide field of view = no repointing needed
 Large duty cycle (100%)
* High energy threshold: 100s GeV - TeV = extragalactic background light (EBL) absorption
* Large collection area = can reach 100s TeV and above

12
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Imaging Atmospheric Cherenkov Telescopes (IACTs)

2x7m  pMAGIC H.E.S.S. T
‘ x - FoV:3-5°

-~

FOV: 3.5°

7’
s

Follow-up 7°/s (30 s)/,»-’“

Y

yointin 20 s
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Credit: VERITAS Credit: Tomohiro Inada, CTAO



e Finanziato
* * | dall'Unione europea
NextGenerationEU

i Italiadomani INEN

Credit: MAGIC Collaboration



Ministero

VALY

07~ dell’Universita
%@5¢&> e della Ricerca

Hunting GRBs in the VHE domain: a non-homogeneous story

From Berti & Carosi 2022

* 19809: first detection of VHE source (Crab Nebula) by IACT (Whipple telescope)
* 1994-95: first follow-ups by IACT (Whipple, 9 GRBs) = delays from T, ~ 2-56 minutes

* 1994-00: several EAS searches for TeV/PeV emission from GRBs (including hint of
Milagrito on 970417A)

. %01?4: MAGIC-I, H.E.S.S. phase-l (4x12m) and ARGO-YBJ started operations and GRB
ollow-up

* 2007: VERITAS started operations and GRB follow-up

* 2009: MAGIC-II started operations -2 big sensitivity improvement
* 2012 HESS phase-Il: add 28 m telescope = transient dedicated telescope 15
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Decades of searches for the VHE emission

Cherenkov telescope observations: only upper limits until 2019
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GRB 190114C: 1 announcement from IACTs

TITLE: GCN CIRCULAR
NUMBER: 23781

SUBJECT: MAGIC detects the GRB 199114C in the TeV energy domain
DATE: 19/81715 @1:56:36 GMT

FROM : Razmik Mirzoyan at MPI/MAGIC <Rarmik.Mirzoyvan@spp.mpq.des
R. Mirzoyan (MPP Munich), K. Moda (ICRR University of Tokyo),

E. Moretti (IFAE Barcelona), A. Berti (University and INFN Terina),
C. Migro {(DESY Zeuthen), J. Hoang (UCH Madrid), 5. Micanovic
{(University of Rijeka), M. Takahashi (ICRR University of Tokyo),

¥. Chai (MPP Munich), A. Moralejo (IFAE Barcelona) and the MAGIC

Collaboration report:

On January 14, 2019, the MAGIC telescopes located at the Observatorio

Rogue de los Muchachos on the Canary island of La Palma, detected
18

very=high=-enerqy gamma=-ray emission from GRE 1998114 (Gropp &t al..,
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GRBs at VHE: the current status

5 GRBs detected at > 50 (afterglow phase)

Tg{] E’}’,fSG' Z Tdﬁfﬂy Erangg IACT (Sigﬂ.)

S erg S TeV
160821B  0.48 12 x10%¥ 0.162 24 0.5-5 MA )
180720B 489 6.0x 10 0.654 3.64x10* 0.1-0.44 | H.ESS. (5.30)
190114C 362 25x10°3 0424 57 0.3-1 § MAGIC (> 500)
190829A 582 2.0x10°° 0.079 1.55x10* 0.18-3.3 | HES.S. (21.70
201015A 9.78 1.1x10°° 0.42 33 0.14 MAGIC (3.5¢
201216C 48 47x10% 1.1 56 0.1 MAGIC (6.00)
221009A 289 1.0 X10°> 0.151 0-3000 0.3-13 § LHAASO (2500

Adapted from DM & Nava, 2022

19
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GRBs at VHE: the current status

2 GRBs detected at ~ 30 (afterglow phase)

Tg{] E’}’,fSG' Z Tdﬁfﬂy Erangg IACT (Sigﬂ.)

S erg S TeV
160821B 12 x10¥  0.162 24 05-5 § MAGIC 3.1¢
180720B 489 6.0 x 10°® 0654 3.64x10* 0.1-044 T TILESS. O30
190114C 362 2.5x10° 0.424 57 0.3-1 MAGIC (> 500)

190829A 582 2.0x10°° 0079 1.55x10* 0.1833 H.ESS. (21.70
201015A 9.78 1.1x10°0 0.42 33 0.14 MAGIC (3.50)
201216C 48 47x102 1.1 56 0.1 vy AV

221009A 289 1.0 X10°> 0.151 0-3000 0.3-13  LHAASO (2500)

Adapted from DM & Nava, 2022 55
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Broadband intrinsic properties:

* span more than 3 orders of magnitude in E, ;,
* Span 2 orders of magnitude in terms of Ly,

* ranging in redshift between 0.079-1.1

X-ray — TeV connection:
e similar fluxes and decay slopes
*  similar amount of radiated power(L, ¢ 15-60%

I—X—ray)

Data modeling:

* SSCsuggested (not conclusive)

* no preferences on constant/wind-like medium
* g,~0.,€g5~105-103, <1
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VHE responsible radiation mechanism in GRBs
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Population of GRBs in VHE domain: the role of redshift

long GRBs short GRBs
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2 ; #
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1053_5 m m = 5] - * *
F #
E - .. (=5 ] .. O * *
E‘ 52 B ] ‘ (] @ 9)
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- 0 5] * 221009A
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adapted from Nava, 2021 5
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Open question for VHE in GRBs

|s TeV emission a universal component in GRBs?

Is SSC the responsible radiation mechanism or is there an interplay among radiation
mechanisms? (synchrotron radiation, SSC, photo-hadronic interactions)

How does the VHE spectrum evolve with time?
Prompt VHE emission?
Several open field in GRB physics: shock microphysics, environmental conditions at the

burst site, acceleration process efficiency, orientation-dependency and connection with
GW

24
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Razzaque et al. (2004)
Ichiki et al. (2008)
Takahashi et al. (2008)
Murase et al. (2009)

An extended and
time-delayed
component due to

AT : IGMF deflection +

CMB reprocessin
% Xcmp i 5

GeV ‘secondary’
gamma-rays

TeV ‘primary’
gamma-rays
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How GRBs impact on IGMF studies?

Intrinsic source
properties

Gamma-ray propagation
(EBL, pair scatter, IC) and
magnetic field models

GRB intrinsic source spectrum (spectral and temporal evolution) = input for gamma-ray
propagation

26
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How can gamma-ray probe IGMF properties (B strength and correlation length Ag)?

b

SED signatures

Extended emission , o s Gt
Time-delayed ”pair-echo” emission
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Pair-echo after end of TeV afterglow emission
Plaga 1995

Murase et al. 2008
Flux
A

TeV source emission

| .

t Time
‘;
: — GeV source emission
+
v / pair echo cascade emission with non-negligible IGMF
........................ . Interesting for AGN flares or transient sources
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Search for the time-delayed ’pair-echo’ cascade emission

—— B=10"1°G, E;,.x =10 TeV
— —— B=10"18G, E;,.x =10 TeV
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~y 2 S~
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F etay~ F 5
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: Tdelay+T g
LN
i 1073
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2 2
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Neronov et al. 2009 Time [hours]

Batista et al. 2021 %
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The advantage of using GRBs for IGMF studies?

* GRBs timescales of emission (hours, days in gamma-ray domain) —> reduced pollution from primary
source

* GRB duty cycle = relaxed assumption
* GRB intrinsic brightness and cosmological nature = increase redshift horizon

* GRBs discovered at TeV energies = IACTs can play a role (GRB intrinsic spectrum + pair-echo)

An independent verification of IGMF studies with AGNs

An opportunity to explore pair-echo signal without source contamination at different energy ranges
30
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Pair-echo emission from TeV-detected GRBs with IACTs

GRB190114C (z = 0.42)
Spectral energy distribution

107°
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W 107124 oot

Simulated
cascade

* MAGIC and CTAO sensitivity
derived and rescaled in time
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10714

DM, Da Vela, Prandini, 2024
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Pair-echo emission from TeV-detected GRBs with IACTs

GRB190114C (z = 0.42)

Scaled GRB190114C (z = 0.2)
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Pair-echo emission from TeV-detected GRBs with IACTs

GRB221009A (z = 0.151)

10—>
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Tm }  Simulated \\.\_QRB ......
-8 | \_\.
~ 10 cascade [300 00] s o
c ]
© 1079
(@)]
]
— —-10
~ 10
L
N
L 10—11
10—12
10—13

E [GeV]

DM, Da Vela, Prandini, 2024

Extend observations for at least 3 hours
after GRB detection

GRBs observations can probe IGMF
strengths in the 107 -10"9 G =
competitive with most stringent AGN
results
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Pair-echo emission from TeV-detected GRBs with IACTs

GRB221009A (z = 0.151) Scaled GRB221009A (z = 1.0)
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DM, Da Vela, Prandini, 2024 34
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Pair-echo emission + GRB afterglow

GRB
afterglow-
dominated

L
L
.....
l...
llllllllll
l...
LN ]

afterglow+cascade

Afterglow emission can vary of
several order of magnitudes

X-ray afterglow displays unclear
features (pleateaus, flares, steep
decay, jet breaks)

How GRB intrinsic properties impact
IGMF studies? (is it true that
brightest and nearby GRBs are best
choices?)
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Pair-echo emission + GRB afterglow convolution

Extrapolate GRB properties (spectrum and time evolution) from a simulated GRB
1079 5

: —— intr afterglow
10—? _ GRB

1 afterglow-
10-8] dominated Simulated GRB LCs (z= 0.47)

Flux [cm~2 s71]

1012

Tt A —
10* 107 103 10 10°
On going study with P. Da Vela, G. Ghirlanda, L. Nava T [S]
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Pair-echo emission + GRB afterglow convolution

We estimated the pair-echo LCs from a simulated GRB

20 GeV -100 GeV

GRB Afterglow

Pair-echo

10_65
intr afterglow ]
- obs afterglow ] 50 GeV -200 GeV
1077+
B=10"2G ;
_ 1n-12 1
B=10"12G 10-8 -
B=10"18G .'TT' ]
_ 10-17 W 1
B=10"1G v 1079
B It N GRB Afterglow
= 10-10 =
X : -
= 1l TEEs
= ]
107115
~12 ]
10 Pair-echo
10—13 ]

-

intr afterglow

- obs afterglow

B=10"2G
B=10"1G
B=10"18G
B=10"1VG

10°

t [s]

10%

cascade subdominant but... t[s]

10°
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Pair-echo emission + GRB afterglow convolution

10°°
] —— intr afterglow
10-7 ] --- jet break
1 GRB . .
1 afterglow- * Assuming a smaller redshift
. 10_5-5 dominated (z=0.15) with same GRB
Tm : properties
v 1077
S ] * Add a“jetbreak” at 104 s (light
% 107173 curve steeping of a factor « t)
= ]
T 1011
10-12
R A A —
10! 10? 103 104 10°

t [5] 38
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Pair-echo emission + GRB afterglow convolution

50-200 GeV jet break 1led s, z=0.15

107° 5 1076
E — Intr afterglow — intr afterglow
10____,_: 20 GeV -100 GeV --- obs afterglow ] 50 GeV -200 GeV ——— obs afteralow
B=10"G 1077 B = 1:::1r—zg G
108 B=10""G 10-8 : — B=10"Y¢G
— ] —  R—1n-18 — 3
T ] 2 - 12_1?2 T ; —— B=10"18G
_9 i _— = _ _
‘?E 10774 Afterglow ~ 10771 Afterglow — B=10"7G
] e ]
o ]
:- :|_|[;|—1i1'-E = 10710 4
3 ] x E
m ] = ]
10711 “ 107114
10712 Pair-echo 1012 Pair-echo
10-3 S 10-83 L —— e
104 10° 104 10°
t[s] On going study with P. Da Vela, G. Ghirlanda, L. Nava t[s]

* Pair-echo emission becomes competitive with GRB afterglow at late times for B > 10" G

Currently exploring the impact of CRB properties (energies, distance, geometry) on a sample of simulated GRBs
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Next generation: Cherenkov Telescope Array Observatory (CTAO)

CTAO North tatus May 2024

e




Finanziato

- 7% Ministero -
ol : yacy : e alis ani
= | dall'Unione europea ;,i?’ dell’Universita Italiadomani I N FN
NextGenerationEU #35%> e della Ricerca DI RIFRESA & RESILIENZA ;

orth status May 2024 =2
commissioning in 2025/2026 - ~




Finanziato 2. Ministero
dall'Unione europea .' dell’Universita

NextGenerationEU e della Ricerca

Next generation: Cherenkov Telescope Array Observatory (CTAO)

CTAO u rades: 1 K"l llllll 1 1 1 llllll 1 1 1 llllll 1 1 1 llllll 1 :
| l?]g hold 10°10 — % —e— CTAO Northern Array —°
HOEr STy Lateano (<3 g GeV) = \"'\ —a— CTAO Southern Array = g
“® L KN 18
* alarger effective area at multi-GeV e L e A ™ €
o . 2 =
energies (~ 104 times larger than o> 10711 \ Brs -3
Fermi-LAT at 30 GeV) S = - N k \“ —~—.3
b [ i - "“ - 5
S i \\ s // S b
. . . ofe "5 I —— «2 ‘,",~ —g— 'S — 5
a rapid slevylng capablllt}/ (1§o 2 ol _._ N3 Vi, = s o |E
degrees azimuthal rotation in 20 s). 4 = . Y. i 7 e —- T
= - —— el s i 18
= - ST . L 18
* afull sky coverage o - e i T ak
10—13 E_ —._""""'-'-A'zl’ ) S ;’:‘:H“" e E é_
* abroader energy range: 20 GeV-300 = N ‘SR (Fs, ot
— Differential flux sensitivity (50 h) -
Tev - 1 1 1 IIlIII 1 1 1 IllIlI 1 1 1 IllllI 1 1 1 IIIIlI =
1072 10 1 10 10°

Reconstructed Gamma-ray Energy ER (TeV)

https://www.cta-observatory.org/science/ctao-performan?e/
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CTAO for GRBs: an upcoming revolution

107

CTAO revolution: - F —E-250ev
g ; (0 10 % == muma £ =40 GeV -~
- x10 sensitivity to gamma-ray signal e Eee el e, T e E =75 GeV =
S 10° k- =+ =1 E =100 GeV g
e = =110 E = 250 GeV 8
+ x10% sensitivity to short-term (< 10%s) & ,oef 3
emission below 250 GeV with respect 2 E :
to Fermi-LAT W 10 E 1
> — k3]
* Intermediate arrays at both sites 2 8
. 10° 5
operative by 2027; full array by 2031- ‘E o :'_':.____“".CTAO Northern Array (Alpha) d
2032 z 107 e ;
g o - "'"'-'-'-':.'3";'_1'1::::;':':':';':.'5:"5;::.‘.::;;;; ..... §
* GRB detection rates (Inoue et al. 5 bt
2013): > 1-4 GRBs/year/site (but tobe & '° 1 $in 10+min 1 hfur
updated With newVHE GRB 10—13 1 [ ||||2 1 [ ||||3 1 I B | ||||4 1 1
discovery!) 10 10 - 10 10
* Time (s)

https://[www.cta-observatory.org/science/ctao-performance/ **
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Conclusions (+ future prospects)

Discoveries in the past 5 years have open a new observational window for GRBs: the TeV domain

Results have shown that (to some extent) VHE emission is compatible with broadband intrinsic properties of GRBs
(energetics, luminosity, distance) and broad observational requirements (timing, VHE range) = universality of TeV
component?

So far modeling reproduced the VHE component in the context of the SSC emission from external forward shock
scenario, but still not conclusive results (Synchrotron, EIC, p-synchrotron)

GRBs can provide new independent and complementary verification of IGMF studies in gamma-ray domain, circumventing
limitations and assumptions of AGN studies

Impact of GRBs intrinsic source features still unclear (distance, brightness, intrinsic spectrum shape and features, time
evolution, jet break) = currently under study!

Current and future generation instruments (CTAO, SWCO) are ready in the game, improvements are under investigation,
15 years of continuous improvements lead to first GRB VHE detections
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Next generation: the Southern Wide-field Gamma-ray
Observatory (SWGO)

“) i

LHALSO 1y

1 l(v‘ 10 1’ 1’

Barfes dé Almeida, 2022
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Gamma-ray bursts with SWGO

N(y) xy=25; F'=300; § =1°% B=10%G

—— Intrinsic Synch.
60 — Intrinsic IC
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Search for the time-delayed ’pair-echo’ cascade emission

E;

ep ~ 0.32 (L) TeV

20 TeV

* 100s GeV photons experience shorter delays (~

Faeiav~ Fo £ hrs/days) than GeV photons (~ weeks/yrs)
¥ delay+T
* Weak B field (107 — 102! G) are compatible short
delays
-5/2
Tyelay X B2 E,/ Ag>> A

Tyelay X B2 E, A Ag << A » Stronger B are compatible with longer delays (and
a more diluted cascade)

Neronov et al. 2009

Batista et al. 2021 %
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Search for the time-delayed ’pair-echo’ cascade emission

Epep ~ 032 (X

20 TeV

T

Fdelay~ FO Tdela)’

Tgelay € B2 EY'S/2
Tdelay X B? Ey—z AB

Neronov et al. 2009
Batista et al. 2021

+T

)2 TeV

Ag>> A
Ag << A

Flux [GeV cm~2 s71]

Cascade Evolution, B=1x 10718 G

10711

10-12 4

10-13 4

Energy: 10 GeV
Energy: 25 GeV
Energy: 50 GeV
Energy: 100 GeV

10¢ 101! 104 107
t [hours]



Finanziato Ministero . .
dall'Unione europea dell’Universita Italiadomani

NextGenerationEU e della Ricerca

Search for the time-delayed ’pair-echo’ cascade emission

E
Frep ~ 032 () TeV
T
I:delay"' Fo T ot T
Tdelay X B? Ey-5/2 AB >2 AlC

Tdelay 0.6 BZ EY—Z AB )\B << }\lc

Neronov et al. 2009
Batista et al. 2021

SED, [To + 1 hr-Tg + 1001 hrs]

o

710713

T ]

-

U

>

Q

S,

x 1071

u_=_ ] — B=1x10"%"G
] — B=1x10"1G
{ — B=1x10"28G

10-154 — B=1x 10717 G

101 102 103

Energy [GeV]
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GRB 190114C -- Timeline

* Eyiso~ 2.5 x 103 erg
* 2=0.42

=t

<

5
iR

MAGIC observed (>300 GeV)

—

10

MAGIC detection info:

et I S

* >500 in 20 minutes DAQ stabilizationat T, + 62 s

* detection up to 40 min 10

* 0.3-1TeVenergyrange

e moon conditions and
Zd>50

il

MAGIC Flux [ph cm? s
S
I IIII |
| 1 IIIlII|
BAT Flux [ph cm?s™]

="
-
©

T
Tracking started
R

Alert received
DAQ started

MAGIC Coll. et al., 2019
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VHE light curve: 10 'E 4. GBM (101000 keV) T
. MCAL q0 4-100 MeV) 3
: 10 ¢ ' S 3
* No evidences for breaks, cut- L o . 1
offs or irregular variability = - . E
] ) - i * ﬁ ]
afterglow emission 7 10} . 3
g —af MAGIA 9 GHz (VLA,ATCA x10°) 1
. . > 10 ¢ (0.3.4 TeV) ~" (MeerKAT,GMRT x10°

* Similar decay and radiated B, of 8 v e

: 10 2
power in soft X-ray — GeV E ; T‘ f36Hz
; -10[ ]
and TeV domain 10 ¢ | v h!ﬂ 3
M ! £ XM Mron (2-10 keV) ]
10 F : o » 'l . NuSTAR 3
F ] 'll 2&%@@\’#5

-12T 1 mV

10 F i = e |+3
10_13 R | .:. ral AT | T | L vl ! ‘* -
10° 10’ 10° 10° 10° 10° 10°

T-To [s]

MAGIC Coll. et al., 2019
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GRB 190114C -- interpretation

Acceleration timescale (Bohm level)
i A

e-Synchrotron cooling timescale
E°  6ame
cool — ||IfE".|'r|::!!"'| S 0% HJE

)

Synchrotron burnoff limit

E

sync,max "~ 1000

1{}45 T | ||'Ir|rlr] 1 T T T T T1T11] E
- i .
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- 10’ = 2\ =
2 5 R —
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g 2| 2 |
Al0E "‘”i ISM 5
' Wind- Ilke T
1{}1 1 ] TN RN |2 | I T'rri---_
10 10 10
T-Tn [E]

MAGIC Coll. et al., 2019
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GRB 190114C -- interpretation

-7

10 | T l
[ + (e}
00 e
X-ray + GeV + TeV & == # 68-110's |
| "
-—o-oocpo —0— Jf'# 1
g :i__ 110-180 s
w 10 F .
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5
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1 u_:_’ 10_9_ 360-625 5|
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New emission component at VHE Energy [eV]
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MAGIC Coll. et al., 2019
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GRB 190114C -- modeling

Synchrotron + Synchrotron Self-Compton (SSC) from external forward shock

104 E
Observed W [
—————— No Y-y opacity £ 107
EBL-deabsorbed o
2
MAGIC soft spectrum: X 10°L
» Klein-Nishina -
e Y-y internal absorption 10-10
10~
GRB afterglow parameters: A
q 10—8
Ex< 3 x10°3 erg £ oo
€.~ 0.05-0.15 g TIen s
5 el = X 10
€,~0.05-1X10 5
n~ 0.5-5 cm?3
p ~2.4-2.6 1071 ' ' :

103 106 109 1012
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GRB 190829A
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* Eyiso~ 4.7 X103 erg
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s ]

2

MAGIC detection info: |
 Tdelay ~56s
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GRB 201216C

Time [S]
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RN | ALY L L L LL L LELILRLL
2
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* Eyio 1X 1055 erg
* Z2=0.15

10°F

1077 E

LHAASO detection info:

* >25001in230-30005S

* 0.3-13TeV energy
range

Energy flux [ erg cm?s™]

2.4 —

* 4

Spectral Index
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1 10 102 10°

LHAASO Coll. etal., 2023~ "mesineeTls] 63
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GRB 221009A
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H:E.S:S. (100 GeV - 440 GeV)
Fermi-LAT (100 MeV - 10 GeV)
Fermi-GBM (8 keV - 10 MeV)
Swift-BAT+XRT-(0-3 keV'-10-keV)

* Long GRB
* Eyiso~ 6.0 X103 erg

® Z e 0.654 10_6 Optical (r - band)
107
10"
Vbt o ' wy
H.E.S.S. detection info: . tVay, .
12 ® o .l;
* Tdelay ~10 hrs 10 LS Wy
. 10" -4 -
* >5.301In2 hrs } - —
4 —
- 001 = 0044 Tev energy g 2 . “' + . i .H ‘l"“' o
range ° " NN EEOIN
10° 10’ 10° 10° 10* 10° 10°

Time since GBM trigger (s)

HESS Coll., 2019 =
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e short GRB
* Eyiso~ 1.2 X107 erg
e 2=0.162

MAGIC info:

 Tdelay ~24s

* 30in4hrs

* 0.5-5 TeV energy range

* moon conditions,
dedicated analysis

GRB 160821B

-11

10 | T T T T T
MAGIC 1.7-4 h
® 6 GHz @ 4h
O optical @ 2h
@ X-ray @ 3h .
10 °F < -

Flux [erg/cm2/s]
5\I

10—17 [ _
-19 | 1 1 | | 1
10 L -
10° 10° 10 10° 10° 10° 10"
Photon Energy [eV]
66

MAGIC Coll., 2021
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GRB 190114C

Time bin Energy flux Spectral index
[ seconds after Ty ] [ergecm 28]

62 — 100 [5.64 + 0.90 (stat) 72 (sys)]- 1078  -1.86 ¥ (stat) 7 (sys)
100 — 140 [3.31 + 0.67 (stat) *23, (sys)]- 1078  -2.15 . (stat) {02 (sys)
140 — 210 [1.89 + 0.36 (stat) 52 (sys)]- 1078 -2.31 047 (stat) 12,7 (sys)
210 — 361.5 [7.54 + 1.60 (stat) 28 (sys)]- 10~°  -2.53 053 (stat) 022 (sys)
361.5 — 800 [3.10 £ 0.70(stat) 4, 2 (sys)]- 10°°  -2.41 D2 (stat) V2] (sys)
800 — 2454 [4.54 + 2.04 (stat) /52 (sys)]- 10710 -3.10 24 (stat) 77 (sys)
62 — 2454 (time integrated) - -2.22 023 (stat) V2! (sys)
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GRB 190114C

Italiadomani

Time bin D11 FO8 FI10 G12

[ seconds after Ty ]

62 — 100 486100 2040 1811078 -1.95028

100 — 140 21808 23299 20008 2230

140 — 210 23105 -248%s -2.25%5 -2.39%%

210 — 361.5 25398 .2600% .D4gR 2gpe

361.5 — 800 241908 285890 25408 .249:98

800 — 2454 -3.10%% 82002 20808 .3080%

62 — 2454 (time integrated) -2.22702° -2.39702 -2150% -2.29'02
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GRB 190114C
Event redshift Tgeiay (S) Zenith angle (deg)
GRB061217 0.83 786.0 59.9
GRB 100816A 0.80 1439.0 26.0
GRB 160821B 0.16 24.0 34.0
GRB 190114C 0.42 58.0 55.8
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Population of GRBs at VHE: what we thought vs what we
discovered

“Mandatory” requirements:
* low zenith angles (energy threshold below ~ 100 GeV)
* dark nights
* small delays from T,
* lowz
* highly energetic events

GRB190114C: zenith >55°, Moon conditions

GRB160821B: Moon conditions

GRB180720B, GRB190829A: Ty, ~ hrs/days

GRB201216C: z = 1.1

GRB190829A, GRB201015A, GRB160821B: E, ;. ,~ 10%° - 10°° erg
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Population of GRBs in VHE domain

Broadband intrinsic properties:

span more than 3 orders of magnitude in E
Span 2 orders of magnitude in terms of Ly,
ranging in redshift between 0.079-1.1

4 E I I | | T T
10 oy GRB160821B a
[ GRB180720B
GRB190829A % o0
; GRB201015A AS
=8 10°F  GRB201216C ET% Ny x P e
E 080905Am % oo ¥ (I
.
2 o
“ﬁ 107 F
LU& i ol
10
G * Long
0 Complete sample -
T short 1
1 ] | | | |
0% 10 10° 100 102 10° 10™
Eiso [Cl'g]
DM & Nava, 2022, adapted from D’Avanzo et al. 2014
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PIANO NAZIONALE
DI RIPRESA E RESILIENZA

5

[taliadomani

Open question: degeneracy of afterglow parameters

Ly e ol o P G By
Erg em rad
Hess Coll. (S5C) 2.0 x 10% 091 59-7.7 x10¢ 1. 2.06-215 1. f
Hess Coll. {Sync) 20 = 109 (L03-0.08 21 1. 21 1. /
Salafia + 2021 1.2-44 =107  O0-006  12-60 x107°  0.12-0.58 2.0l <65 % 107° 025029
Zhang + 2021 4.5 x 107! .34 B7 % 107 (1.0 21 0.34 0.1
[ Ep EH n pid be
114 em ?
BAAGIC Coll. 3% 1WA 005015 0051 = 107F 1.5-5 24-26 1
Wany + 2019 6 = 1072 WX d o 107 0.3 25 1
Asano + 2020 10 (.06 9 1077 1 23 03
Asano + 2020 104 (.08 12 % 1077 0.1 (wind) 235 0.3
Jushi + 2021 4 = 10™ 003 .02 23107 fwind) 2.2 1
Derishey + 2021 3 » 107 0.1 26 =1077 2 25 1
Ep gz 2 logleg) login) i i 8,
erg cm rad
MAGIC Coll. 1081-1082 [—1; —i1] [-5.5; —0.8] [—4.85; —0.24] 22-235 1 /
Troga + 119 10°9-11°1 [—0.39; —0.05] [-3.1; -1.1] [—4.2; —1.7] 2262349 1 (L0850
Zhang + 2021 {550} 3w 107 —-0.52 -5 -13 23 0.5 015
Zhang + 2021 (EIC) 2 x 10°] —.3 — -1 25 0.1 0.1
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Wang et al. 2006

A future challenge for VHE: X-ray Flares PR

Signatures of X-ray flares can be found in the GeV-TeV domain?"'2"8 2293

1/3 of GRBs display X-ray flare episodes (Chincarini

1077

=
o
&

=
o
©

Average Flux [erg cm™2 s71]

et a I . 2 01 O, Ma rgUtti et al. 2011 ) . Sensitivity vs Time (Southern full array, z=20 deqg.)

10°°

-

1()—11_

[ Y & w— Formi-LAT
- ey P v MAGIC

oo
L . -~
o, -
rabey ~\\\
‘o, ~
Sy . -~
"c. L \\‘
2 el
. -~
-~
. -~
-~
. ~
.

10°%

*eo
‘e
e,
‘e
~
.-,_.. < e
e,
oo
*e.
.
‘e

1077 +

10-? L-’O'w\»\ :
=

- —
- -
-
.. -

2%%sess -

**ohes, -~ -~
*eae, e
D

10—11-4 sese -- _ ~ s

Differential Sensitivity E? x dN/dE [ergcm~? s71]

— 100 GeV T~
102 103 104 105 106 —- 150 GeV T~y
Tok [s] - 250 GeV
10713 - + !
10! 104 10° 104
DM, Nava 2022 Time [s]

Adapted from Fioretti et al. 2019 73
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Population of GRBs in VHE domain: the role of redshift

1003

=

C?
[
]

[

o
N
1

10_33

100
Energy [TeV]

Dominguez et al., 2011
(similar for other EBL models)

Z<0.1-0.2
F.«relevant above 300 GeV
Fatt"’ 900/0 at 1 TeV

Z=0.4
Fatt"’ 50% at 0.2 TeV
Fatt"' 99.5% at 1 Tev

Z=1.1
Fatt"' 95% at 0.2 TeV
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Theoretical expectations from GRBs in the VHE domain

Synchrotron self-Compton (SSC) emission has been predicted for GRB afterglows:
nature candidate for VHE domain (Meszaros et al. 1994; Zhang et al. 2001; Sari et al. 2001; Meszaros et al. 2004;

Fan et al. 2008; Galli et al. 2008; Nakar et al. 2009; Xue et al. 2009; Piran et al. 2010)

T I T
. (a) Slow cooling | _ o (b) Fast cooling
— 0 = B
= ff I
:’;' B w— -2
a2 ::,E L/
= B m
o 3
=} = . | __ L
g 4T - ;
¥ Y ¥ oL
i B v — i 1""3
6 [ a i
I | 1 1 1 1 1 1 1 1 L 1 I L L L I
10 15 20 25 10 15
log,ov [Hz] Sari, Esin, 2001
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Afterglow modeling: external forward shock scenario

Decelerating blastwave interacting with the circumburst external medium
o O

<> “ :o

0\ ‘
B (
O 2
n(R) « R
P; E) Ee) SB) £p
External
Jet structure and dynamics ~ Relativistic shock circumburst

acceleration medium
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Afterglow modeling: external forward shock scenario

Jet dynamics

coasting | self-similar deceleration
=T, | ' c R~ B—5)/2
1021 E
f onset
T2m(R)c?

L |
|
|
|
|
|
101 E

| n(R} x R7°

0t 10 e
R/Rdec

7%
See Blandford & Mckee. 1076: Nava et al.. 2014
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Afterglow modeling: external forward shock scenario

Relativistic shocks in GRB afterglow

See
Sari et al.
1998,
Panaitescu
et al. 2000
Granot et al.
2002

Interstellar Medium

rd shock

78
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105 : i :
------ SPN98 i | :
See 1029 feneres SEO01 ; | E
Sari et al. —— numerical Sync+SSA+Adiab } ! !

1998, S 107%{ — IC I — Lol
Panaitescu @ | 11 s e :
etal.2000 ¢ 10~ 17 asilll B B :
Granotetal. Vv | :
2002 E 10758 L AP E
= ] .
'S 10-18 E i
| :
10-20 : :Vcoo/ :
Vmin :v;gin Vmax Vlc%ol ;
1022 : i : : i : , . . :

107 1010 1013 1016 1019 1022 1025 1028

DM, Nava, 2022 VIHZ]
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Intergalactic Magnetic field (IGMF) studies
IGMF studies investigate a 2D parameter space: Correlation Length (45) — IGMF Strength (B)

10°3
S
10" ° Faraday ; ;
7 rotation Results on IGMF are typically given
considering two regimes:

10" ° CMB g
©) 107 1 iseopiEs 5 * Long correlationlength (Ag>>A,)
% o % (motion in homogeneous B, ballistic e*)

I

%Dloo "  Short correlation length (Ag<<A)
= o (diffusion in angle, diffusive e*)
= T N Ap> Mg
) 10" 1° [ I

[ |
10" 13 10° ° 10° ° 10° 1 103
Correlatlon Len gth AB [M pC] Alves Batista et al. 2022 e
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Pair-echo emission + GRB afterglow convolution

F(;(E,f)—/ ] G(Eo, E,t —1,7)Fs(Ep,t — T)dEodT
0 JE

Kernel describing the
Cascade Flux distribution in energy and
time of the cascade signal

”Variability pattern” (Source
intrinsic properties and time
evolution)
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E‘Fe [erg em—2 s71]

lD—ll} .
— GRB at z=0.47
lD—lﬂf -
10-16 Il_---“"l T T — T
10t 101 104 103 104 10°
E [GeV]
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Gamma-rays for IGMF studies: Methods

How gamma-ray can probe IGMF properties (B strength and correlation length Ag)?
* Method | : search for extended emission

oo 102 * A “smoking gun” for IGMF
7 - E = 100 GeV -
; g 1072 z=010 | discovery

10-12 —10°
5 .8 * Size and shape depend on
: — 10! -10-1 2
I - % g IGMF strength and source
5 2 10-17 1027, i :
c £ parameters (jet opening
| o . and orientation)
- o 10-% 10~4
E: f‘ 10 E’iﬂ PV S e — 1075 O..xB EY_1 )\B >> AIC
u . L [Mpd] 0. X B Ey_3/4 A Ag<< A
e e Alves Batista, 2021 C
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