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About me
« Born in Empoli (Florence) 23 October 1982

« Graduated at the University of Florence

« PhD at the University of Siena

Probing the Intergalactic Magnetic field by means of high energy pair
halos around extreme blazars

% Postdoctoral fellowships:
o INFN Pisa
o University of Bari
o University of Innsbruck
% Currently PNRR not-permanent researcher at Istituto Nazionale di Astrofisica (INAF) OAS
Bologna (CTA+ project)
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these magnetic fields assume a
pre-existing magnetic field

Borlaff et al. 2021 Govoni et al. 2019
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On the nature of the seed fields

. mog Bin(,: "L e
+ The nature of the seed fields is largely

. . . '1'0—“1(‘)—-‘10—*1()-1“ W02 1074 10" 10! 102
unknown. Two main hypothesis exist: WL W TP ald T AP
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> the cosmological scenario
> the astrophysical scenario

+ QObservationally we need measurement of
magnetic fields in the intergalactic medium

BOM pe

Marinacci et al. 2019
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The Intergalactic magnetic field

1073

« The IGMF is characterized by the 8
field strength and the correlation
length 1077

107°
: : T}

» Standard techniques can constrain i
only a small portion of (B, A,) plane {513
(the so called exclusion plo?}

1071
10—17

+ \We need a more sensitive technique -

Alves Batista & Saveliev 2021 10°°  107° 107° 107 10°

Lg [Mpc]
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Physical process

Excess at lower energies VCMB
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GeV
Indirect detection of the IGMF /JJ“’

e Extended y rays halos
e Spectral features

e Time delayed y-ray emission




Physical process

Excess at lower energies Yeus . J[JJ:’;
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Neronov et al. 2009
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Indirect detection of the IGMF GeV f.l“r/ I
e Extended vy rays halos

e Spectral features

e Time delayed y-ray emission
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About me

* Background and expertise
o Gamma ray Cherenkov telescopes: member of CTAO, MAGIC and LST.
o Blazars: emission mechanisms
o IGMF with gamma ray observations of extragalactic sources

* Research activities
o |IGMF constraints from GRBs

o Search for halo emission from VHE blazars
o Characterization of VHE Emission from HBL and EHBL

x Collaborators: A. Stamerra, E. Prandini, C. Nanci, P. Veres, D, Miceli, L.
Nava, G. Ghirlanda, G. Marti-Devesa, F. Saturni, F. Longo, M. Meyer
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The Fermi Large Area Telescope

Energy Range 20 MeV - over 300 GeV
Effective Area (E > 1 GeV) ~1m?

Point Spread Function (PSF) 0.8°@ 1 GeV

Field of View 2.4 sr (~20% of the sky)
Orbital period 91 minutes

Altitude 565 km

e Survey mode: full sky observed every 3
hours
e Public data, available within 12 hours

electron-positron pair
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Imaglng A|r Cherenkov Telescopes the present
VERITAS, MAGIC and'H.E.S. s and CTAO,

CTAO North (Alpha configuration): 4 LSTs
(23m), 9 MSTs (12m)
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—e— CTAO Northern Array
—a— CTAO Southern Array

Differential flux sensitivity (50 h)

107 1 10
Reconstructed Gamma-ray Energy ER (TeV)
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https:/iwww.cta-observatory.org/science/cta-performance (prod5, v0.1)
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Indirect detection of the IGMF GeV fr'“/ I
e Extended y rays halos

e Spectral features

e Time delayed y-ray emission




radio-loud (RL) AGN

radio-quiet (RQ) AGN
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Blazars

low power high power

+ Blazars represent the
most extreme flavor of
FR-II AGN

> Emission dominated by
T the non thermal

;&T continuum produced

within the jet

o > Variable sources

FR-I

NLRG v
reflected
al
accretion disc

% electron plasma > We” knOWn gamma-ray

er ”
* - -~ .
\ black hole
broad li i 1
narror\?valinemreegrie:r'\on e m Itte rS
Seyfert 1 ;\
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What are the most promising sources?

+ We need hard VHE spectra (E > 50 GeV)

+ Spectra that reach the highest energies

+ "Proper” redshift z > 0.1

Among the different classes of blazars the most promising sources are
the High Frequency BL Lac object (HBL)
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Extended emission

Observable effect: extended emission around the point source. The angular extension
grows with increasing IGMF

AB > Ao :
—2
© o [ T —1 E B

Bobs = 0.5°(1 + 2) [E] [O.lTeV] [10—14G]

A <K Ao :
- —3/4 1/2
~ o —12 [T L B AB
5 Bobs = 0.07°(1 + 2) {10] |:O.1T€V] [10—14G Tkpe

Alves Batista & Saveliev 2021
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Extended emission: expectations

B=10"YG B=10'G

. Source: 1ES 0229+200
107! 10
) 1025 g 005 1023
. Redshift: 0.14 2 i g, 08
2 107 % 2 1074 %
® 105 = 00 105
. Correlation length: 1 Mpc 1 10
-0.10 -0.05 0.00 0.05 0.10 ~0.10 -0.05 0.00 005 0.10
@sin @ [degrees] B sin @ [degrees]
B=10"15G : B=104“G
. Spectrum: powerlaw -1.5, S N
Emax=5 Tev g 0.05 1023 g 0.05 1023
13 0.00 9 ]% g 0.00 ¥ %
. E > 1 Gev S 005 - S —o0s g B
. . 0.10 10-6 0.10 10-6
Alves Batista & Saveliev 2021
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Bsin ¢ [degrees] 6sin ¢ [degrees]
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Extended emission: observations

IES 022042000~ o W

+ The extended emission can be 21°30
searched in the GeV domain
(Fermi/LAT) and in the VHE 00'§
band (E > 50 GeV) with

Cherenkov telescopes -§ 20°30" S
%; ! 2T 2
a2 00 Tl“'_'(fl_‘_"‘_’fi’"_'f‘__
+ In spite of several attempts no
detection has been claimed up 19°30" S
to now in both energy bands -
Aharonian et al. 2023 39°00° 38°00° 37°00'

Right Ascension
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MAGIC + CTAO/LST1 observations of 1ES
0229+200

< 30°
------ MAGIC-only (MARS), MC
—— LST1+MAGIC, MC 5
—-= LST1+MAGIC, MC, 3 tel. LST1+MAGIC, <30
-== MAGIC-only (MCP), MC 1021 * & LST1+MAGIC, Data(+MCP)
4 MAGIC-only (MARS), Data — # LST1+MAGIC, MC(+MCP)
LST14MAGIC, Data 3 A MAGIC(only), Data(+MARS)
+ #+ LST1, Data
X
S > 101! I
el 2= A
— _Z ' L
-+
= (I
0.025 c t
g : 3
: . : 10
0.000 1071 10° 10!
E [TeV] . ,
107" 10°

E [TeV]
Most sensitive extended emission search in the VHE band and pre-CTAO era
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Goal: derive a range of IGMF strengths

/ excluded by the data assuming different \

source lifecycles

for different IGMF strengths (B)

/

[ Fit of the excess map with the PSF } Convolution of the simulation output with the
model

L Simulations the 2D cascade distribution }
1ES 0229+200 }

[ MAGIC+LST1 map of

PSF of MAGIC+LST system:
halo_ (B) = halo(B) @ PSF

Repeat the procedure l

scanning different IGMF

strengths (B)) Add the halo component to the fit:
F(B) = PSF + halo__ (B)

|

Evaluate the significance of the halo
component
— exclude this IGMF configuration if required

Trieste | IFPU Focus Week | 9/2/25 Missione 4 e Istruzione e Ricerca
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MAGIC + CTAO/LST1 observations of 1ES 0229+200

+ The project is led by Cristina Nanci. We want to
address the following questions:

> which magnetic field configurations can be excluded in
the VHE band? (prepare the ground for CTAO)

> How do the lifecycle and the variability of the source
can affect the results?

+ Caveats:

> realistic halo templates: jet misalignment, opening
angle

> realistic magnetic field models

Trieste | IFPU Focus Week | 9/2/25 Missione 4 e Istruzione e Ricerca



Physical process

Excess at lower energies Yeus . J[JJ:’;
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E ~ 70 S GeV : B
10 TeV e \

Neronov et al. 2009

GeV A
Indirect detection of the IGMF fJJ“/

e Extended y rays halos

e Spectral features

e Time delayed y-ray emission
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Search for the “pair-echo” emission

TeV source < The cascade emission is
delayed -> tail in the GeV
lightcurve

% The pair-echo is diluted Iin
time and the dilution
depends on the IGMF

strength
GeV source Time -
Factay(E) ~ F(E
delay (E) T (Eo)
GeV source + pair echo emission (B#0) _
~~~~~~ Tdelay x F 5/232
__________________________ Tlme Neronov et al. 2009
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Search for the pair-echo emission from GRBs

+ Together with my team we studied the pair echo emission from
a couple of GRBs focusing on the following points:

> physically motivated model of the GRB -> important impact on the
amount of cascade power

> Long delay -> strong dilution -> stronger IGMF strength can be
excluded

+ How does the properties of the GRB can impact the detection
of the pair echo? (see Davide’s talk)
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GRB 190114C

TW'& GBM (10-1,000keV) ' ' T
s MCAL (.4-100 Mo :
107 \«J # +LAT(p1—1 GeV) S 3
2 g ——I ° ° B
e <2 e
10 E +_;|:_*+ 57.5 GH E
E hES & 7
% 107k itz XRT i 1
: T (110 keV) 0 ]
i i | MAGIC ( i
5 10°F 1(0.3-1Tev) * z
= E D@ (MeerKAT, GMRT, x109)
o 10k } " v g
x E ! — ‘“ 13GHz 3
4 B | g
i 1010 i i vl 2
; | g, XM é T10 keV)
101 ! ”" NuSTAR
; | " _J.qa 10 ke’
1012k i :r s 8 l'* E
o t+
- } =K . +]
10—13 Ll Ll Ll Ll Ll ! I*lllll
100 101 102 108 104 10° 106
T-T, (s)

MAGIC coll. 2019

GRB 190114C was triggered by
Swift-BAT on 14 January at
T0=20:57:03 UT

Most of the prompt emission within ¢»
25s

Afterglow onset at «» 6 s after TO
(Ravasio et al. 2019)

EY’iSO=2><1O53 erg in the E=1-10* keV
z=0.42

Tactivity, vue—40 minutes
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Pair-echo emission “after’” the GRB

>

>

s FEasiest approach:

Average VHE spectrum

Duration Tactivity

All cascade photons
within T__ . are

activity
neglected
Production of SEDs for
different exposures and

IGMF strengths
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wil ' ' ' . +» The GRB 190114C model can be used

A : to infer a physically motivated choice

T 00 for VHE spectrum to be used to

g compute the pair-echo SEDs

X 10—9E
ol AN B —2.5—0.2log(E/Ep)
L — X | =~

‘?’E 10—85_ \\\\

g e + The logparabola shape gives less

5 109

& 5 cascade power than the powerlaw due
) . . . to the lower lux at the higher energies

103 108 —_— (eV)1 0° 1012

MAGIC coll. 2019
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Modeling the temporal and spectral cascade structure with
CRPropa3

+ CRPropa3 Monte Carlo Code used to generate 4D
(spatial + energy + delay time) templates

+ |IGMF:
> Kolmogorov turbulent spectrum
B .= 8X102' G, ...,3X10%° G

> Coherence length: {;= 6 Mpc
EBL model of Franceschini et al. (2008)
Jet opening angle: 10° jet aligned with the line of sight

7
A X4

K/
L X4
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—— B=8x10"21 G, Epay =10 TeV 108 v | | 10-8
—— B=1x10"20G, Epax =10 TeV
B=3x10"20G, Epayx =10 TeV
—== B=8x10721 G, Epay =50 TeV

-==- B=1x10"2 G, Epax =50 TeV |
~-= B=3%10"20 G, Epax =50 TeV
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10—16
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10—8 ] | | | 10-8_

Da Vela et al. 2023
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No constraints on IGMF
can be inferred
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(millions of
gamma rays
per second)
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The BOAT GRB in Context

~TRER 29291NN0
GRB 221009 /“\

Reconstructed
Fermi data

190114C

090902B

7 minutes

Trieste | IFPU Focus Week | 9/2/25
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Brightest GRB ever observed

Redshift from Cal, Il absorption lines:
z=0.1505

Fermi-LAT detected 99.4 GeV photon (new
record from GRB) at T,+240s

LAT also detected 400 GeV photon at

T +33 ks (preliminary: 4o association with

GRB)

Detected at very high energies with

LHAASO:

> \WCDA: between 0.2 and 7 TeV in
~3000 s

> KMZ2A: between 3 and 13 TeV in ~900
S

Missione 4 e Istruzione e Ricerca
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Composite LAT and LHAASO lightcurves

10710
Fermi-LAT coll. 2024

10°

_ LHAASO [0.3 - 5 TeV]
1074} T 107} — f=fotfytfatfy
8 — o
s M "
10_5 | 81 SRS f2
A I | B (. s
3 ALY 4 Fermi LAT [0.1 - 100 GeV]
[N
7 Fas =
n 107 B 250 300 350 400
N / i T-To [s]
LE) / ‘\‘
o - '\
5 107 :
x |
=] \
T '-.
108 i

10~

/ We focus on echo arriving in \
this time range and extend it up
to 1 year
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Modeling the temporal and spectral cascade structure with
CRPropa3

+ CRPropa3 Monte Carlo Code used to generate 4D (spatial
+ energy + delay time) templates

IGMF:

> Kolmogorov turbulent spectrum
B =10%G, ..., 10" G

rms

> Coherence length: £;= 6 Mpc
+ EBL model of Franceschini et al. (2008)

+ Jet opening angle: 1.6° (from LHAASO coll. 2023), jet
aligned with the line of sight

R/
0‘0
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. . i 107 B T:+[5,14]s(x10)‘ T'+{100, 674]s (x02)
Assumed Intrinsic spectrum: 4 T oz TR0
10

from LHAASO WCDA |

LHAASO Collaboration fitted physical GRB model
to their observations

+ We approximated this model with a logparabola o

<
Energy flux [erg cm™ s"]
=
&

LHAASO Coll. Science 2023

and derived time averaged spectrum: o
In(E/E 1073 T
E’Fp = qbu(Eﬂo)W7 o :;;;;:‘;555;555’5555555555555::~:::
+ Additionally multiplied with exponential cutoff at 7 3 T —— -
TeV e _
+ Assumed emission time: 3000s B e e gﬂ :
R

1071 10° 10!
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Fermi-LAT LAT lightcurve vs pair echo predictions

—15
10775 100 MeV -100 GeV 400 GeV photon
E 10-8 - —-16
£
2
2 1079 4 -17 ~
2 o
m 10710 19 &
>
o
3
= 1011 4
- ~19
10-12 ; -
i — e ~20
104 105 106
Time since trigger T—-1Tj (S)
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Statistical analysis: spectral and temporal likelihood

107} so0cevpmaon | [ % For each time bin /.
% 10-0] oS _16 > Add cascade prediction for fixed
g = Q@\\&‘\ B
2 107 -17 2 rms
5 g > Compute log likelihood summed
E 10—10 2
3 over energy bins J:
£ 1071
. InL; =Y lnL (B,,,ms, b |Dij)
10 . . l 1071 -15 . .‘7 .
fme sine Daasr 2781k-S108k W00 Govovn) | > 0: optimized nuisance parameters

_ 107 2 . :

2" o 1 " < Consider two cases for T<T_+3 days:

0 g > No afterglow emission

S i A > Afterglow emission modeled with
Cascade SED no B oo B o _
afterglow emission 10 1o powerlaw with index ['=2

10-6 T T T -20
10? 103 104 10° 108
E (MeV)
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Statistical analysis: spectral and temporal likelihood

-15

1077 % For each time bin i
% 10-0] oS _16 > Add cascade prediction for fixed
g = Q@\\&‘\ B
§ 10 -7 = rms
5 g > Compute log likelihood summed
E 10—10 2
5 over energy bins j:
g 1071
. InL; =Y lnL (B,,,ms, § |Dij)
104 . .J .
N > 0. optimized nuisance parameters
e D _ :
2" ?@\\«\‘ e : « Consider two cases for T<T +3 days:
' g > No afterglow emission
2ol e S > Afterglow emission modeled with
Cascade SED with & 1os L
additional afterglow o = powerlaw with index =2
emission (not shown) 1076 4 — - - . 3
10 10 10 10 10

Trieste | IFPU Focus Week | 9/2/25 Missione 4 e Istruzione e Ricerca



PIANO NAZIONALE

DI RIPRESA E RESILIENZA ISTITUTO NAZIONALE

DI ASTROFISICA

NextGenerationEU e della Ricerca

++»__| Finanziato Ministero ) .
+  » | dall'Unione europea w5 dell'Universita i [taliadomani Y\

Summary
QC]I)PT ' I GR822.1009A
[ This work, Tops =[T0+3d, Tp +365d]
g —12 ovk et al. , Tobs=[T0,To+
* GRB 221009A offers a wealth of opportunities to study GRB 10 g i G T A R0

H H === Dzhatdoev et al. (2024), Tons =[T0+2.3d, Tp+90d]
physics and photon propagation o3t
Blazar Constraints
Pair halo, Aharionian et al. (2023), fmax = 10yrs
== = Pair echo, Acciari et al. (2023)

* We have derived new constraints on IGMF with B__ > 4 X 10-17 i
G

~ 10
% Best constraints so far from pair echo technique =
10—16
% Constraints depend mildly on chosen EBL model y
10
% We also used predictions from GRB afterglow model instead of e

powerlaw with =2
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IGMF from GRBs: pros and opens questions

*x Pros:

o The duration of a transient in the VHE band is measured — no assumptions about the lifecycle need to be
done

o The variability pattern and the evolution of the VHE spectra in time is measured
*x Open questions:
o For small time delays, most codes suffer from a lack of precision in the calculation of time delay
o In addition, at low time delays, other factors can contribute significantly -> intrinsic aperture of the pairs
o Plasma instabilities: they should not play an important role but dedicated studies are needed
o What are the most suitable GRBs for this kind of studies? (See Davide’s talk)

o Application to blazars?
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VHE photons seen
with LHAASO

WCDA: > 64,000 gamma rays
between 0.2 and 7 TeV in
~3000 s

KM2A: 140 gamma rays
between 3 and 13 TeV in ~900
S

Lightcurve suggests jet
opening angle of 1.6°

Distance and highest energies:

strong absorption on EBL
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T T T T T T T T T 10_5 =
g ' g ' | ' ' ' ' - GRB 221009A
800 Ll TR T oy -
: - ] B —— WCDA shape
o 3 R L —— KM2A data
o | ¢ 1 = 1
- - o
= oy : i § 10t
o H 23 c
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5 400 - -
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Likelihood profiles: no astrophysical afterglow emission added

+ “Detection” of pair echo
emissions at early times
+ Pair echo takes role of

astrophysical afterglow,
which is expected to present
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——— 9630s - 15870s
—— 15.87ks - 27.81ks
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Likelihood profiles: no astrophysical afterglow emission added

With added afterglow: “detection”
disappears

We can rule out magnetic fields where
summed log-likelihood is > 2.71

For T € [T +3 days, T +365 days]:
B 24 X10"G (95000 confidence)
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Comparisons with previous constraints

1 i ¢ i
QCDPT GRB221009A
[ This work, Tops =[T0+3d, Tp +365d]

Best constraints so far on IGMF with pair echo

t h - 10 Vovk et al. (2024), Tobs =[T0, To+20d]
e C n I q u e =====_Huang et al. (2023), Tobs=[T0+3d,To+30d]
=== Dzhatdoev et al. (2024), Tons =[T0+2.3d, Tp+90d]
—-13
10 Blazar Constraints

Pair halo, Aharionian et al. (2023), fmax = 10yrs
== = Pair echo, Acciari et al. (2023)

Compared with previous constraints also using GRB

221009A: 10
o we include more data S10"
o Robust statistical analysis A
o Include astrophysical afterglow "’
10"
Compared to pair halo searches: et
o No assumptions on activity time necessary B
o Plasma instabilities that coils suppress cascade probably N
not relevant here 107 10° 10° 10" 10" 10°
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