Very high energy flares from M 87

LUX day, 16.06.26

Paloma Thevenet
Supervisors: Andreas Zech (LUX), Frédéric Vincent (LIRA)

T
1000 light years

Messier 87 (Virgo A)

R e Luetal. (2023)




Introduction: active galactic nuclei (AGN)

Mc?/Lgaa Radio-Quiet Radio-Loud
- e ~10% of AGNs are radio loud (RL) and launch a relativistic
aalo Galaxies
Seyferts and QSOs / and FSRQs jet through the Blandford-Znajek (BZ) or Blandford-Payne
(BP) mechanism.
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= We call blazars RL AGNs with jets closely aligned to the line
T of sight, and radio galaxies those with larger viewing angle.
2 The main emission from AGN jets is synchrotron radiation,
wv

é Low Luminosity AGNs P o Galiias as well as inverse Compton radiation, leading to

5 SDer"‘/‘:*q“asa’S and BL Lac Objects observations over a large range of wavelengths.
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Illustration of an AGN unification model

a/M @) (Dermer&Giebels+16)



Study of M87 flares
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Year

o> N4 o> o> g ° S ® N " 5
35 ° 2 2° ° ® ° ° ® 2® ° 7®
s [35 T T T T r r T T T
T 73 ]
2.5 i 5
£ .2 1
15 5 4 § ]
1 2 3 " 1
0:3 % gy W) . Qﬁ PRI
0.5k : . ¢ —
7 st e Fermi-LAT 1
22
1k ]
(=" t + t- 4
_ 14 .
212 . 1
v 1.0 o 1
< 0.8 a . = ° a & @ 1
0.6 %, _ e . o LY L e B ]
2 0.4 . oo, e o & % og og o ,opa? 4
0.2t L oo ol o ]
0.0{— : + ; + f + ¢
s A2 _—A Chandra - HST-1 \ 1
Q
£ 10 1
g gt . j
: 6 sab 1
= 4F a Baa a 4
e sha,, “oes,m 1
0f= ana a4 aaassasd ) e il S Y YV VY SR NP
© HST STISF25QTZ - core a @ U7-(core + HST-1) /10
7Y
= 0.8[{ @ HST ACS/F220W - core oa
€ 0.6H ® HSTACS/F250W - core H SER 4
= P 4 HST STIS/F25QTZ - HST-1 T A
= A HST ACS/F220W - HST-1 Y : A 4
A HST ACS/F250W - HST-1 - %
T e g - fah th
+ A A + + + + +
@ VLBA 43 GHz - 1.2mas
¢ VLBA 43 GHz - peak 1
@ VLBA 43 GHz - jet
o, W, B o %
b W g o ¢ .o |
i f 4
. A : b JL) ; 2 L
© VLA 22GHz- core 1
© VLA 15GHz- core A 'R ]
©  MOJAVE 15GHz - peak | o e i o J
v EVN 5GHz- core Q 2 o B o
> VLBA 2.3GHz - core 1
0 VLBA 1.7GHz - core ° o 5
o K3 0 % R o0 0p 07 o 00 0% o v TP o
s VLA 22GHz- HST-1x 4.6 A ]
__0.30H ® VLA15GHz-HST1x3.7 L) ]
3 0.25H ® EVNSGHz-HST1x19 + £ §
2 > VLBA2.3GHz-HST-1x 1.2 4 ’ %a
® VLBA1.7GHz-HST1x1.0| & ' " ’ 4 8 N 4
= 0.10f o ., 1 s ]
oost . . | A W g eetw ]
752000 52500 53000 53500 54000 54500 55000 55500
MJD

Abramowski+12



Study of M87 flares: state of the art

- Multiwavelength observations
- Kinetic modeling

- GRMHD simulations

- GRPIC simulations

Flare locations/mechanisms proposed: HST-1

decelerating flow (upstream IC) (e.g. Georganopoulos+2005)

leptonic spine-shear (IC interplay) (e.g Tavecchio+2008)

(IC) multiple SSC components/differential beaming (e.g. Lenain+ 2008)
reconnection & IC (e.g. Giannios+ 2010)

proton synchrotron & p-Y (e.g.Reimer+ 2004)

Inner Jet

(sub-parsec)

hadronic jet-star interactions / pp (e.g. Barkov+ 2012)
combined lepto-hadronic (e.g. Reynoso+ 2011)

rotational acceleration & IC (e.g. Rieger & Aharonian 2008)

BH vicinity _
gap-type particle acceleration & IC (e.g. Levinson & Rieger 201 1) Abramowski+12



Time-dependent kinetic modeling

Objective: use the EMBLEM (Dmytriiev+21) code to reproduce the 2022 flare with a time-dependent SSC modeling, considering Fermi

acceleration or magnetic reconnection as flare drivers, occurring downstream or close to the core.
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Time-dependent kinetic modeling

Objective: use the EMBLEM (Dmytriiev+21) code to reproduce the 2022 flare with a time-dependent SSC modeling, considering
acceleration or magnetic reconnection as flare drivers, occurring downstream or close to the core.
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Radiative transfer for GRPIC simulations

Objective: build a pipeline to ray-trace results from GRPIC simulations of BH environments with accurate radiative transfer to produce
images of the BH environment and light curves.

Grid with accurate electron Synchro
distribution functions Yae ?tron
GRPIC code coefficients
(GR-Zeltron)' GRPIC simulation Cbmpmaﬁﬁh code
of a SMBH (Symphony)?
environment .
Computation of the synchrotron
Ily accurate coefficients from the GRPIC
electron distributions

/ejection flows

Grid with accurate emission and
GR ray-tracing code absorption coefficients

(Gyoto)
N 77/

Radiative transfer and

1.Parfrey+19
2.Pandya+16
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Extra: active galactic nuclei (AGN)

~10% of AGNs are radio loud (RL) and launch a relativistic

S I L N B L LN I UL LN U BLLEL N L jet through the Blandford-Znajek (BZ) or Blandford-Payne
Mrk 501 keV MeV GeV TeV (BP) mechanism.
Mar-Jul 2009
13-— wa, Low state —
P We call blazars RL AGNs with jets closely aligned to the line

Y
i of sight, and radio galaxies those with larger viewing angle.
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M The main emission from AGN jets is synchrotron radiation,
) as well as inverse Compton radiation, leading to
observations over a large range of wavelengths.
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Extra: M 87
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the Chandra X-ray Observatory; the Nuclear Spectroscopic Telescope Array; the Fermi-LAT Collaboration; the H.E.




Extra: M 87
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Table 1: M87 MWL flare observations -
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Extra: study of M87 flares

Models for the 2022 LHAASO flare:

Xue et al. (2025): construct averaged MWL SEDs by combining data from
Chandra and Swift-UVOT/XRT covering the same period as the LHAASO
detection. Test several radiation mechanisms, including the pp interaction,
proton synchrotron emission, and two-zone leptonic model. Only the pion
decay gamma rays in pp interactions can interpret the possible hardening at
TeV with a one-zone model. The two-zone leptonic model is a viable

~ 10710
D
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(ergs™

5> 10713
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10—14
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1073 101 10° 10° 1013
Two-zone SSC model
— Total oo zone-2
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1024 1628

alternative.

Parameters for Spectral Energy Distribution Fitting with the One-zone SSC+pp Model

Free parameters R B Lejn Ye.b Pea Pe2 ‘3 Vp,max Py
(cm) G) (erg s")
Values 13 x 10" 9.0 x 107* 12 x 108 4.0 x 10* 1.9 34 35 x 1072 6.2 x 10° 20
Derived/Fixed parameters B Oobs op Yo emaze Yo, min Xp ny Joo
(deg) (em™)
Values 3 15 37 1 10° 1 0.5 45 x 10° 84 x 107°

Parameters of the Second Dissipation Zone for Spectral Energy Distribution Fitting with the Two-zone Synchrotron Self-Compton Model

Free parameters R B (G) Lenj Ve Pe.t
(cm) (erg )
Values 2.7 x 10" cm 2x107'G 1 x 10% 5.0 x 10° 2
Derived/Fixed parameters 1 Bops Op Te.min Te.max Pe2
(deg)
Values 3 15 39 1 Yeb Pe.t



Extra: study of M87 flares

Models for the 2022 LHAASO flare:

- Xue et al. (2025): construct averaged MWL SEDs by combining data from
Chandra and Swift-UVOT/XRT covering the same period as the LHAASO
detection. Test several radiation mechanisms, including the pp interaction,
proton synchrotron emission, and two-zone leptonic model. Only the pion
decay gamma rays in pp interactions can interpret the possible hardening at
TeV with a one-zone model. The two-zone leptonic model is a viable
alternative.

- Mondal et al. (2026): construct a low-state and high-state SED, modeled
independently the two states with an SSC model. The low state gamma-ray
flux results from the emissions from the subpc and the kpc scale jets of M87,

while the flare state gamma-ray flux is mainly produced in the subpc scale jet.

MWSED Modelling for Low State
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Extra: time-dependent kinetic modeling

Objective: use the EMBLEM (Dmytriiev+21) code to reproduce the 2022 flare with a time-dependent SSC modeling, considering

acceleration or magnetic reconnection as flare drivers, occurring downstream or close to the core.
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Extra: time-dependent kinetic modeling

Objective: use the EMBLEM (Dmytriiev+21) code to reproduce the 2022 flare with a time-dependent SSC modeling, considering
acceleration or magnetic reconnection as flare drivers, occurring downstream or close to the core.

2)

log (vF, /ergs~'cm™

10GHz opt./ UV 10 keV 1GeV 1TeV
T T T T T
-11.0 |- o
Tys !
®,
83*703 ¢
-ns5 | G 4 —+—
>
-3
it 2 +
208 i, 4 - +
65, <
— 58 ,
-125F e, ]
*re
_a0l 0 EVN GMVA Swift-XRT
® HSA @ EHT B Chandra+NuSTAR
I ® EAVN ¢ SMA B Fermi-LAT
-135 VERA ALMA H.E.S.S.
| ® KVN @ HST B MAGIC
©® VLBA ¢ Swift-UvoT " VERITAS
—-140 -
I I | | | I I | I I | | I |
9 12 15 18 21 24 27
log (v/Hz)
Algaba+21

10GHz opt./UV 10keV 1GeV 1TeV
—10.5 T T T T
~11.0 | "f' * -
. g e
—11.5 \p
0 R ¢ ﬁ i
ki - L R
5
T 120 - —
i o
5 - 4 1
% RN |
Roo125 - @, -
z 4
D i VERA @ SMA Swift — XRT ]
- ~13.0 ©® EAVN/KaVA I EHT B Chandra+NuSTAR PL -
® VLBA @ Kanata W Chandra+NuSTAR BPL
B GMVA HST B Fermi— LAT 7
135 ® GMVA + ALMA @ AstroSat — UVIT HE.S.S. |
’ ® KVN @ AstroSat — SXT m MAGIC
- ALMA Swift —UVOT VERITAS .
—14.0 | I | | I I | | I | |
9 12 15 18 21 24 27
log (v /Hz)
Algaba+24

16



Extra: time-dependent kinetic modeling

Objective: use the EMBLEM (Dmytriiev+21) code to reproduce the 2022 flare with a time-dependent SSC modeling, considering

acceleration or magnetic reconnection as flare drivers, occurring downstream or close to the core.
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Extra: radiative transfer for GRPIC simulations

Simulation: spherical free-falling accretion onto a SMBH leading to magnetic reconnection events occurring close to the horizon and
strong eruption cycles.
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Extra: radiative transfer for GRPIC simulations

Simulation: spherical free-falling accretion onto a SMBH leading to magnetic reconnection events occurring in the current sheet and
strong eruption cycles.
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