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Are gamma ray burst afterglows...

Oor

Dromedaries Bactrians

DESY. | SPIMAX | M.Klinger, 28.11.23



Bactrian or Dromedary?

DESY. | SPIMAX | M.Klinger, 28.11.23
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Bactrian or Dromedary?
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?

Bactrian or Dromedary

https

/len

wikipedia

org/wiki/File:07._Camel

ﬁ..

Profile

near_Silverton, NSW

,_07.07.2007.jpg
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Bactrian or Dromedary?

DESY. | SPIMAX | M.Klinger, 28.11.23
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Bactrian or Dromedary?

To+68s-1105s

(0))]
1077 4 2.
+
o
E 1078 4 §
NE -_—
£ 109 - 'cjj>
o )
s —— XRT+BAT+GBM+LAT
i) (0]
‘;‘ ——— XRT (1a) 8
5 10—10- —— BAT (1a) —~
. - — GBM(10) S
10-11 . —— LAT (10} 5
Extrapolation (1)
, 4 7+$'ﬁ keV @® white
10_1 T II — T T

10° 10' 10?2 10°® 10*% 10° 105 107 108 10°
Energy [eV]

— would be nice to see more of the camel!
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GRB afterglows detected at VHE!

MK++ in prep.

...... V—?‘

110-180s

GRB 190114C

- MAGIC

EFe [erg/cmzs]

10710

10_11_%““. e e L N H.E.S.S.

10_12_; ..........

EFe [erg/cm?2s]

10—13 |
10‘6

107 -

- LHAASO

108

EFe [erg/cm?s]

10-9g

10710

102 10° 10* 10> 10° 107 108 10° 10%° 101! 1012 10%3
energy [eV]
DESY. | SPIMAX | M.Klinger, 28.11.23

data from:

MAGIC Nature 575 (2019)
Swift+Fermi ApJ 890 (2020)
MK++ MNRAS 520 (2023)
H.E.S.S. Science 372 (2021)
Zhang++ ApJL 956 (2023)
Liu++ APJL 943 (2023)
Tavani++ arXiv:2309.10515
LHAASO Science 380 (2023)
MK++ subm. arXiv:2308.gl3854



GRB afterglows detected at VHE!

10-6 MK++ in prep.
‘v 68-110s GRB 190114C
?E_) 1077
"'9'3 o8 [P RN MAG I C
'G—L)'u 110-180s
5 1079
» 10-10 GRB 190829A
L _
E - H.E.S.S.
r flat spectra
L= 97.9-114.8ks

- extending up to >TeV

---------- 0.34-0.4ks GRB 221009A

10

IR R 0.34-0.35ks
,gg 10-7 0.91-0.96Ks
o ] 0.68-0.73ks g q. N
§’ 10_8-5 0.912ks L HAASO data from:
Q ] 3.9-4.5ks K MAGIC Nature 575 (2019)
VP S 4-6ks Swift+Fermi ApJ 890 (2020)
w 10777 7T MK++ MNRAS 520 (2023)
- E 21.6-22.1ks H.E.S.S. Science 372 (2021)

10-10 3 21.1-23.4ks Zhang++ ApJL 956 (2023)

] I I I | ! | | ! I | | Liu++ APJL 943 (2023)
102 103 104 105 10® 107 108 109 1019 101! 1012 1013 Tavani++ ar)_(iv:2309.10515
energy [eV] LHAASO Science 380 (2023)

MK++ subm. arXiv:2308.13854
DESY. | SPIMAX | M.Klinger, 28.11.23 10



Why to care about GRBs?

 non-thermal particle acceleration at shocks ?
 relativistic realisation: afterglow of a gamma-ray burst
 observational handle: photon spectra

« connection of observed photon spectra to underlying physics based
on many assumptions — room for improvement

e new observational window at VHE

— crisis (= we can learn something new!)

DESY. | SPIMAX | M.Klinger, 28.11.23 11



Crisis:
Current models struggle to predict

observed photon spectra
of the early afterglow of long GRBS!

1076
GRB 190114C

110-180s

EFe [erg/cm?3s]

102 10° 10* 105 10° 107 10° 1091010 10!! 10'2\gQ!3
energy [eV]

standard in community:
2 component SSC

DESY. | SPIMAX | M.Klinger, 28.11.23
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EFg [erg/cm?s]

Crisis:

Current models struggle to predict

observed photon spectra

of the early afterglow of long GRBS!

10°° 106
GRB 190114C iy

107 £ 107
L

o [l eSSt SSSiSStt . i -+ gy 9 -8

1 o 10

110-180s =
w

107° ILJG 10-9

110-180s

GRB 190114C

energy [eV]

f?

DESY. | SPIMAX | M.Klinger, 28.11.23

102 10° 10* 105 10° 107 10® 10° 101° 10!! 10'2 103

energy [eV]

102 10° 10* 105 10° 107 10° 1091010 10!! 10'2\gQ!3

standard in community:
2 component SSC

110-180s

GRB 190114C

102 10° 10* 105 10° 107 10° 1
energy [eV]

?

1010 10! 1012 1013
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Outline

 GRB afterglow modeling basics

— what do | actually mean by Dromedary and Bactrian ?

« observational picture at high energies
— GRB 190114C, GRB 190829A, GRB 221009A

* hadronic ways out of crisis

DESY. | SPIMAX | M.Klinger, 28.11.23
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2. Fermi-LAT GRB Catalogue (2018)
90

GRBs from two sides
OBSERVATIONAL picture

* we observe flashes of X/y-rays
Isotropically distributed on sky

Ty [s]

DESY. | SPIMAX | M.Klinger, 28.11.23 15



2. Fermi-LAT GRB Catalogue (2018)
920

GRBs from two sides
OBSERVATIONAL picture

* we observe flashes of X/y-rays
Isotropically distributed on sky MAGIC Nature 575 (2019)

1074 GBM (1li)—1,OOUIkeV) 3
i Jk MCAL (p.4-100 MeV) 3
. 0% 4 (AT (0.1 = E
- we find a complex prompt phase "} . L]
3 M E
L] = . : E ‘7*. . N 4 E
and smooth afterglow in the light @ =} o
£ 10%F 3
] (MeerKAT, GMRT, x109) 3
Curve '§ 10_9%’ e ‘H 71.367-{; ‘
= 100k h
| : XMM-New[NBh 10 keV) E
101k ! - o T NuSTAR 4
; | e m ok ]
10_12{ wr s [l ‘
F m K ..
10713 . -
100 107 102 103 10 10° 106
=T, (s)

Ty [s]

DESY. | SPIMAX | M.Klinger, 28.11.23 16



GRBs from two sides
OBSERVATIONAL picture

* we observe flashes of X/y-rays
Isotropically distributed on sky

« we find a complex prompt phase
and smooth afterglow in the light

curve

« we have associated one short
burst to a NS-NS-merger and
many some long ones to SN

DESY. | SPIMAX | M.Klinger, 28.11.23

(ergcm™ s™)

Flux

MAGIC Nature 575 (2019)

2. Fermi-LAT GRB Catalogue (2018)
920

-90 Dec

1074 GBM (10-1,000 keV)
E. [ I, McAL (p.4-100 Mev)
107°F ++k‘§+ LAT (0.1-1 GeV) =
E L i
[ | -
10%F Wﬁ‘
F *_*“_“, E
07k o o]
107 e XRT
108 A T .
3 ‘& (MeerkAT, GMRT, x10%) 7
10k @ 7 v ]
— | " 13GHz 3
10-10 1 h
: XMM-New[ﬁBh 10 keV) E
10" e |1, NUSTAR +
B l—210kev ]
- L a
10712 . s g, 3
n K .' ]
10—13 1 1 1 1 1 *
100 101 102 108 104 10° 108
T-T, (s) ©
i
o

Kouveliotou et al. ApJ 413 (1993)

BATSE 4B Catalog




GRBs from two sides

« we observe flashes of X/y-rays « accelerate a shell of plasma (jet) and
Isotropically distributed on sky dump it into a circum-burst medium

« we find a complex prompt phase  different mechanisms convert the
and smooth afterglow in the light Kinetic energy eventually into
curve photons that we can observe at Earth

- 5
. we have associated one short (and other messengers?)

burst to a NS-NS-merger and
many some long ones to SN

DESY. | SPIMAX | M.Klinger, 28.11.23 18



Fireball model: Long GRB

DESY, Science Communication Lab

core collapse

DESY. | SPIMAX | MKlinger, 28.11.23
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Fireball model: Long GRB

I
afterglow

core collapse

DESY. | SPIMAX | MKlinger, 28.11.23
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Fireball model: Long GRB

DESY, Science Communication Lab

remnant
1

core collapse

DESY. | SPIMAX | MKlinger, 28.11.23

afterglow o~

Lorentz factors up to
few 100

— relativistic compression

Quasi isotropic outflow

Energetics:

— observed up to: Ejg,~10°°erg

— Eior = %Eiso~1051erg

— comparable to SN !

efficient converters of kinetic

energy to radiation

21



Afterglows: Radiation from a relativistic shock
ElS% = 10%%erg,n, = 1 cm™3

Lorentz factor T

100 in shock rest frame
] 40 downstream upstream
20 :Bd .Bu
101 - 8 — P R——
100 102 100 10* 10 10° Blast wave shock CBM
tobsls]

(circum-burst medium)
Blandford & McKee 1976

DESY. | SPIMAX | M.Klinger, 28.11.23 22



Afterglows: Radiation from a relativistic shock

IIIIIIIIIIIIIIII'>

ElS% = 10%%erg,n, = 1 cm™3
P
. 100
g 40
2 20
dd

1 |
S 10 8
o)
10? 102 103 104 10° 106
tobs[S]

DESY. | SPIMAX | M.Klinger, 28.11.23

In shock rest frame

downstream upstream
ﬂd .Bu
o —
Blast wave shock CBM

(circum-burst medium)

thermal (e, p)

AN

ram — prl‘lam — IB&F&,DUCZ
/ with p, = nymy,c?
non-thermal (e, p)
. . pd
magnetic fields (B) | gy = —*
pram

23



Afterglows: Radiation from a relativistic shock
ElS% = 10%%erg,n, = 1 cm™3

= 100 in shock rest frame

g 40 downstream upstream
N . Ba Bu

S 10 8 — | —

o

— 100 102 10  10® 105  10° BlaSt wave shock CBM

tobs[S]

(circum-burst medium)

thermal (e, p)

e E,Pe \ 212, 2
dE,dt ¢ Pram = Bulupuc

log ¢ \ ram —
/ with p, = nymy,c?
\ == non-thermal (e, p)
Emin Iog;E . o pd
e ‘ magnetic fields (B) | gy = —*
pram

DESY. | SPIMAX | M.Klinger, 28.11.23 24



Afterglows: Radiation from a relativistic shock

ElS% = 10%%erg,n, = 1 cm™3

= 100 in shock rest frame

g 40 downstream upstream

K 20 ﬁ 8

N d ,Bu

S 104 8 - S ——

3 101 102 10 10* 105  10° BIaSt wave shock CBM

tobslS] (circum-burst medium)
thermal (e, p)
— (uasi-steady state \ . P
ram C— Pram = Bil{puc

dN dN e / With pu = numyc”

1 ’l' X —_— == non-thermal (e, p)
aE dE,dt

— good for intuition

DESY. | SPIMAX | M.Klinger, 28.11.23

u
pram

d
magnetic fields (B) | ¢, = Px
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Photon spectrum: Synchrotron from a convolution

electrons photons
: - 4
10_1-: 10_1': E 3
z I ~[—] e E
] ] |
| o Ec
—_— |
S 1072 ® 1072 A
Y c
= =
W 10-3 1073
10_4_: 10_4':
{
0_5 Ty T T T LR UL T T T T -5 T T T T T T
108 10° 10 10'* 10'? 10%® 104 10V 1072 10°° 1073 10° 103 106 10° 1012
E [eV]

E [eV]

DESY. | SPIMAX | M.Klinger, 28.11.23



Photon spectrum: Synchrotron Self-Compton (SSC)

— Convolve electron spectrum with radiation kernel

photons, Esource [eV]
10°9 1076 103 100 u103 10° 10° 1012
100_
electrons (source) 10714
0]
10 r_"'——-\ 10_2
S 1071 \ S 103
L AL
W 107 \ W 104
S S
- -5
S 1073 £ 10
~ ~
Ly 10_4 Ly 10—6
1075 107
105 107 108 10° 10%° 1011 102 1013 104 1015 10-8
E [eV]
10_9 T T T T T T T T T T ! T T T T T T — T T T T
1079 1076 1073 10° 103 106 10° 1012 1015

DESY. | SPIMAX | M.Klinger, 28.11.23 27



Time-dependent one zone modelling

electrons drive shock injects

' relativistic particles
electron number expansion of box p

a,N a[( oo B Gk >1v ]+Q (E,t) N e + 0, (E, t)
tiVE el = UE E el inj\t, L) —— "3 pa\t,
injection 0 Tsyn(E» t) TiC(E: t) Tadi(t) Tpp(E: t)
f 1 i | e"et - yy
inverse
Compton S oot
synchrotron scattering "
— ® © |,
= X
03¢
turbulent magnetic
P fields B _ photon number
® @ NE-V NEV
0tNgy = —— 5+ Qsyn(E, ) + + 0, (F, ) ———F—
1 1 1 B T T (D) e T (B, D)
photons can
eSCape Tgq, escape from box

DESY. | SPIMAX | M.Klinger, 28.11.23 28



AMS - finally public! /A

Astrophysical Multi-Messenger Modeling L )

solve transport equations - time dependent!

 for protons, electrons, photons
+ pions, muons, neutrinos

« Syn, IC, pair-prod., py, pp, Bethe-Heitler, decays,..

« speed optimized (steady state in ~10s)

« written in C++, interface to python = ;
Yuan  Fichet De Fedynitch \\/inter Pohl

« used already for blazars (initially Gao++ 2017), . C'a"fO”taine
GRBs, TDEs Gao++ APJ 843 (2017)

 Including documentation!

DESY. | SPIMAX | M.Klinger, 28.11.23


https://gitlab.desy.de/am3/am3
https://gitlab.desy.de/am3/am3
https://gitlab.desy.de/am3/am3
https://gitlab.desy.de/am3/am3

Synchrotron Self-Compton (SSC) model

s tobs =1000s, z=0.1 MK++ in prep.
10 preliminary dust vy (EBL,CMB)
1076 - photoel.
107 °p 0
— £ 10~*
» 1078 - primary electron syn. / IC B.
NE 10-9 Eémn 3GeV
:1; 10-10 | Pe 2.4
S ~11 n 1
T 10711 -
tu'l 10-12 1 Ekin iso 1054erg
10-13 - Ny | lem™3
1014 - (A\
o £ &)
103 10° 103 10° 10° 1012 1015 1018 & )
obs. energy [eV] time dependent

] i ] ] ] modeling with AM3!
Problem: Klein-Nishina suppression tricky!

(1) slope at VHE very soft (2) parameter fine tuning to get peaks at ~ same height

DESY. | SPIMAX | M.Klinger, 28.11.23 30


https://gitlab.desy.de/am3/am3

Beyond the SSC model

ldeas: face =M o pe
- faster than Bohm acceleration: n <1 B AN 4
— 1 zone: violation of MHD conditions tsyn i
Kumar++ MNRAS 427 (2012), Huang++ APJ 925 (2022) I
- og E,
— 2 zone: decouple acceleration zone from radiation zone —
Khangulyan++ APJ 947 (2021) Eénax
— extended electron synchrotron component l

EM3% >> 100MeV

DESY. | SPIMAX | M.Klinger, 28.11.23



Extended synchrotron spectrum

tobs =1000s, z=0.1 MK++ in prep.
107 preliminary dust X-ray HE ‘Al vy (EBL,CMB) £ 10~15
10° - photoel. e
10-7 - Ep 0
E 10-5 primary electron syn. €p 1073
NE 10-9 - Enin | 30GeV
:\EJ, 10-10 primary electron IC De 2
3 1011 - n_ | 107
'IE'.. 10-12 Eiso | 10°%erg
B 10713 Mup lcm™3
10-14 -
10~1° ———— —
103 10° 103 10° 10° 1012 101> 1018

obs. energy [eV]

Problem: how to explain n «< 1?

DESY. | SPIMAX | M.Klinger, 28.11.23




Extended synchrotron vs SSC
tobs = 1000 s, z=0.1

10>
dust vy (EBL,CMB)
1076 - photoel.

10—7 -
10—8 -
10—9 -
10—10 -

extended
synchrotron

EFelerg/(cm?s)]
o

=
o
I I
= =
w N
1 1

o o

o O O

Lo

[S2 I
1

103 10° 10° 1012 101>

obs. energy [eV]

What about data?

DESY. | SPIMAX | M.Klinger, 28.11.23 33



Instrument recap

X-rays |y-rays
UV| soft HE VHE UHE

eV keV MeV GeV TeV PeV

? NASA
DESY. | SPIMAX | M.Klinger, 28.11.23



Instrument recap

X-rays |y-rays

Uuv soft HE VHE UHE
-ttt -
eV 1006V keV 100keV MeV GeV TeV PeV

Fermi-LAT
Fermi-GBM

]

gy

? NASA
DESY. | SPIMAX | M.Klinger, 28.11.23 35



Instrument recap

X-rays |y-rays

uv soft HE VHE UHE
-ttt
eV 1006V keV 100keV MeV GeV TeV PeV

MAGIC Coll.

H.E.S.S. Call.

DESY. | SPIMAX | M.Klinger, 28.11.23



ICRC2021

Instrument recap

ok P 8

X-rays |y-rays  LHAASO
uv|  soft HE VHE UHE
-ttt -

eV keV MeV GeV TeV PeV

100eV 100keV
Fermi-LAT @
Fermi-GBM MAGIC,

_ o HESS
UVOT . XRT BAT ..QI

]

( oy
<i/4
H.E.S.S. Caoll.
NASA

L e MAGIC Coll.

? NASA
DESY. | SPIMAX | M.Klinger, 28.11.23 37



Comparison to data

MK++ in prep.

107
GRB 190114C

EFe [erg/cm?s]
3 5

EFe [erg/cm?s]

o

AR
o
-n
>
N
: &0
S
)

] 97.9-114.8ks
10—13 ]
10-6 1 T —— 0.34-0.4ks

_ 034-035ks .............................
rg 10_7 _ 091_096ks ............................
o 5 0.68-0.73ks
- 1
9 10_8_5 / B
9 | 3.9-4.5ks
Lul:ll'u 10_9_ ..... w#

| e T — .......................
10-10 21.123.

energy [eV]
DESY. | SPIMAX | M.Klinger, 28.11.23

102 10° 10 10> 10° 107 10% 10° 10%'° 10'! 10'2 10%3

- MAGIC:

- H.E.S.S.:

- LHAASO:

38



Comparison to data

10-6 MK++ in prep.
iy GRB 190114C
p: -7
5 10 .
g 10—8 ...... V,/ ..... T I N ........
'—L'u 110-180s
by 10°°

DESY. | SPIMAX | M.Klinger, 28.11.23

energy [eV]

102 10° 10*% 10> 10° 107 10% 10° 10%'° 10%! 10%'? 1013

- MAGIC:
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Comparison to data

EFe [erg/cm?s]

10-6 MK++ in prep.
GRB 190114C
1077 i
10_8 V ......
110-180s
1079

102 103 10* 10> 10° 107 108 10° 10%° 10'! 1012 1013
energy [eV]

DESY. | SPIMAX | M.Klinger, 28.11.23

e MAGIC observation:
z =0.43 (EBL) + moonlight

— uncertain spectral index
at TeV—-2.2+0.31+0.2

40



Comparison to data

10-6 MK++ in prep.
iy GRB 190114C
LE) 10~ — )
) V ,---—-- % « MAGIC observation:
= 108
Z 110-180s )
T z = 0.43 (EBL) + moonlight
o 107° A

102 10° 10% 10> 10° 107 10°10° 10'° 10

— uncertain spectral index
energy [eV]

atTeV —-2.2+0.31+0.2

 Fermi-LAT
not constraining
(5+6 photons)

DESY. | SPIMAX | M.Klinger, 28.11.23 41



GRB 190114C: SSC vs extended syn i ML iz

e MAGIC observation:
z = 0.43 (EBL) + moonlight

Counts rate (E) = — uncertain spectral index
at TeV —2.2+ 0.3+ 0.2
(stat) (sys)
MAGIC Nature 575 (2019)

[ dE 32’5(‘1’;‘2:: (E) exp (—T(E' )) Aetf(E, E) csys

| + Fermi-LAT
not constraining

. ot different detectors have (5+6 photons)
acKkdgrounada rate . i .
J different statistics! _
e counts level fit to

reduced SSC model

and

DESY. | SPIMAX | M.Klinger, 28.11.23 42



net rate [counts/(eV s)]

GRB 190114C: SSC vs extended syn

._.
o
&

iy
o
|

=
2

iy
o

residuals [o]

o
"

~
"

1
®
"

GBM GBM GBM
BAT const: 1.04+39% Nal 4 const: 0.927392 Nal 7 const: 0.927992 BGO 0 const: 0.92+3.93
103 4
10734 -3
L0 104
-5
10~ 4 10~ | o
10—6.
1075 4 -5 |
t0 1074
observed -8
E: 1076 4 1076 O
=+ expected
1

energy [eV]

energy [eV]

DESY. | SPIMAX | M.Klinger, 28.11.23

10°
energy [eV]

106 107
energy [eV]

LAT

const: 1.0673.32

i
- I

.

e

o e
108 10° 1010

energy [eV]

Multi-Mission
Maximum Likelihood
Framework

3 3ML

e MAGIC observation:
z = 0.43 (EBL) + moonlight

— uncertain spectral index
atTeV —2.2+0.3+0.2

(stat) (sys)
MAGIC Nature 575 (2019)

 Fermi-LAT
not constraining
(5+6 photons)

e counts level fit to
reduced SSC model
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GRB 190114C: SSC vs extended syn i ML i

MK++ MNRAS 520 (2023)

« MAGIC observation:

67.71-110s 110-180s components of SSC
_6 .
10 g== SSC &= SSC ——- synchrotron z = 0.43 (EBL) + moonlight
&= syn.only &= syn.only | e inv. Compton

— uncertain spectral index

atTeV —2.2+0.31+0.2

(stat) (sys)
MAGIC Nature 575 (2019)

energy flux EFg [erg/cm?3s]

Lo-5  Fermi-LAT
- e not constraining
JosJL XRT _ BAT _BGO _ AT MAGIC (5+6 photons)
103 104 10° 10° 107 108 10° 10%° 10t 1072
energy E [eV] _
« counts level fit to
— statistical test of preference? reduced SSC model

DESY. | SPIMAX | M.Klinger, 28.11.23 44



Preference for new component?

Bayes factor for new component

time after BAT trigger: 67.71-110s
default 1
5 4 3 2 10 1 2 3 4
10910(Zssc/Zsyn)
< >

DESY. | SPIMAX | M.Klinger, 28.11.23
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Preference for new component?

Bayes factor for new component MK++ MNRAS 520 (2023)
time after BAT trigger: 67.71-110s 110-180s
default - i . —_
5 4 3 2 -1 0 1 2 3 4 -5-4-3-2-10 1 2 3 4 5

ﬂ 10910(Zssc/Zsyn) ﬁ\\ﬂ‘ 10910(Zssc/Zsyn) ﬁ\

yes no

DESY. | SPIMAX | M.Klinger, 28.11.23



photon energy [eV]

Stability of Preference: LAT

default -
LAT time shift -5% A
without LAT A

Bayes factor for new component MK++ MNRAS 520 (2023)

time after BAT trigger: 67.71-110s 110-180s
=i - —
— . —
|- h—
5 4 3 2 1 0 1 2 5 -4 -3 -2 -1 0 1 2 3 4 5

%

25.0 67.71

110.0

180.0

1010 «|65.3s

prompt

€67.1s
1094 °*

108

L]
. 109.9s
109.8s

earth occultation

20 30 40 60

100

obs. time after BAT trigger [s]

DESY. | SPIMAX | M.Klinger, 28.11.23

200

10910(Zssc/Zsyn) %‘ﬁ, 10910(Zssc/Zsyn) w

 shift LAT time selection window by 5% (2.1s)

« |leave out LAT completely

—LAT not very strong

47



Stability of Preference: XRT

Bayes factor for new component MK++ MNRAS 520 (2023)
time after BAT trigger: 67.71-110s 110-180s
default - = . —r
LAT time shift -5% A — - —
without LAT - =t H—
floating norms 15% 4 = T L
without XRT A i W EI—< i g\ - ‘ﬁ\ 1 i il
5 4 3 -2 -1 0 1 2 3 4 -5 -4 -3 -2 -1 0 1 2 3 4 5
|0910(ZSSC/Zsyn) |0910(ZSSC/Zsyn)

« systematic cross calibration uncertainty limited to 15%
(a.k.a. floating norm or effective area correction)

« |leave out XRT completely

— XRT drives new component!
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Fitting a reduced SSC model \ﬂ\

" CEEEEERET




Fitting areduced SSC model

compensate with
new component

systematic shift
of XRT

relic of decaying
prompt component?
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Comparison to data

10-6 MK++ in prep.
w GRB 190114C
€ 1077
-2 —4
g 10_8 ...... V/ ..... e e . . .. ... ... ... \ ........
o 110-180s
5 107°

DESY. | SPIMAX | M.Klinger, 28.11.23

energy [eV]

102 103 10* 105 10° 107 108 10° 100 10!! 10!2 1013

- MAGIC:

— Inconclusive on syn vs. SSC
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Comparison to data

EFe [erg/cm?s]
=
o

1

-1 ]

97.9-114.8ks

GRB 190829A

energy [eV]
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0_(102 10° 10 10> 10° 107 10% 10° 10%'° 10'! 10'2 10%3

- H.E.S.S.:
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GRB 190829A: SSC vs extended syn

H.E.S.S. Science 372 (2021)

1070 E '

" To +[4.3, 7.9] hrs

107"

E2dN/dE (ergcm~2 s 1)

=12

GRB 190829A

Fermi-LAT -

S

%,

|I N

_/
10" Fmmm ssc e N
SSC w/o cutoff limit ! A
L ] / L /
10" 10° 10 10"
Energy (eV)

DESY. | SPIMAX | M.Klinger, 28.11.23

 7z=0.08 - low EBL abs.

— spectral index at TeV:
~—210.14+0.26

(stat) (sys)

* poor MWL coverage

« counts level fit:
— preference for single
component!
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Comparison to data

T 10-10 GRB 190829A
T 15.4-28.4ks R
£ |
R k_: ........................................... -
% T e e e s =
W | 97.9-114.8ks

10-%

Lo-0? 103 104 105 10° 107 108 10° 101° 10! 1012 1013
energy [eV]
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- H.E.S.S.:

>

— In tension with SSC
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EFe [erg/cm?s]

Comparison to data
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10710
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= T
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o] 4-6ks
Bﬁﬁcﬁ : =
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21.1-23.4ks

102 10° 10* 10> 10° 107 10% 10° 10%'° 10'! 10'2 10%3

energy [eV]
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- LHAASO:
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GRB 221009A

LHAASO Collaboration 2023:
No softening up to at least 10 TeV!

(note z = 0.15 - EBL abs. > few TeV)

— Incompatible with SSC

1076 - '
S 0.34-0.35ks

— 1 T *
‘g 1077+ 0.91-0.96ks S
"L‘-)- f ,jf;:l
o 10—8_E e
2 . 3.9-4.5ks
Tl g
- : 21.6-22.1ks

10—10_E

— — — —
< < < <
[e=] =~ a o

E®dN/dE (ergs cm? s™)
o

10—10

10—11

Cao++ arXiv:2310.08845

—@&— 230-300s: Intrinsic

—&— 300-900s: Intrinsic
230-300s: Observed
300-900s: Observed

GRB 221009A WCDA

KM2A

E)l; _I_ I T T LILBLLLLLL 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII

DESY. | SPIMAX | M.Klinger, 28.11.23

102 10° 10* 10> 10° 107 10% 10° 10'° 10'! 10'2 10%3

energy [eV]

1 10
Energy (TeV)
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GRB 221009A

Zheng++ arXiv:2310.10522
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arXiv:2308.13854 8 ML e

EFe [erg/cm?s]
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G R B 22 1009 A MK++ submitted! A A
[Sy Za =0 preliminary
g 1072
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‘r energy [eV]
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107 0ot ooek e gl N O iy o : : -
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| 21.6-22.1k . - -
ok s pt .. power-law with spectral index -2.2
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Comparison to data

AR
_ jreeeen....0.34-0.35ks
L 1077 0.91-0.96ks
U E

9] _
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o 1 3.9-4.5ks

& 107y el

10710

0.34-0.4ks GRB 221009A

':::m
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energy [eV]

- LHAASO:

I)

— in tension with SSC
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Comparison to data

B

— Inconclusive on syn vs. SSC

— 1 zone @ > S

SSC CrISIS! — in tension with SSC

B2 X

— in tension with SSC




b2

DESY. | SPIMAX | M.Klinger, 28.11.23

Crisis:
Current models struggle to predict

observed photon spectra
of the early afterglow of long GRBS!

GRB 190114C




There is more beyond the SSC model

|deas: A

 nvolve hadrons

— proton synchrotron component for VHE emission (Isravel++ ApJ 955 (2023), Cao++ arXiv:2310.08845)

DESY. | SPIMAX | M.Klinger, 28.11.23 62


https://gitlab.desy.de/am3/am3

Proton-Synchrotron model

tobs =1000s,z=0.1 MK++ in prep.

108

. preliminary X-ray vy (EBL,CMB) c 10-3
1077 - . €
lect _
10_10 ] primary electrons protons gp 10 0.5
E 10-11 4 €p 10793
N
g 1012 - total Erin 10GeV
= 107134 p 2
> 14
QO 107 1 n 1
|-IE~I —-15 55
g 10 Eiso | 10°°erg
10716 4 nyp | lem™
10~/
10718 [ €p, &p S 1 ]

103 100 103 106 10° 1012 101> 1018
obs. energy [eV]

Problem: proton synchrotron component at exponential cut-off!
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Proton-Synchrotron model

tobs =1000s,z=0.1 MK++ in prep.

108

10—9_
10—10_
10—11_
1071 total
10—13_
10-14 -
10—15
10—16_
10—17
10—18

preliminary X-ray vy (EBL,CMB)

primary electrons protons

EFe[erg/(cm?s)]

103 100 103 106 10° 1012 101>
obs. energy [eV]

Interesting: neutrinos! But fluence not too high...

DESY. | SPIMAX | M.Klinger, 28.11.23
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There is more beyond the SSC model I

ldeas:

* |Involve hadrons

— proton synchrotron component for VHE emission (Isravel++ ApJ 955 (2023), Cao++ arXiv:2310.08845)
— cascade from py Interactions for prompt VHE emission (Cao++ arXiv:2310.11821)
— cascade from pp interactions

DESY. | SPIMAX | M.Klinger, 28.11.23 65



pp-cascade

108

1079 1
1010 -
1011 4
1012 4
1013 -
10-14
10-15
1016 -
10—17_
1018

EFe[erg/(cm?s)]

103 100 103 106 10°
obs. energy [eV]

Not very bright, high densities,
extreme baryonic loading, but flat!

DESY. | SPIMAX | M.Klinger, 28.11.23

1012
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vy (EBL,CMB)
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https://gitlab.desy.de/am3/am3

Other points with room for improvement

* high energy spectra
— maximum energy? confinement?
* |low energy injection spectra
— thermal particles? — low energy spectra?
* magnetic fields (generation, decay, scales,...)
— more than “ez”
 description of systematic absorption effects
— dust+photoel. @ optical - x-ray, EBL @ VHE

DESY. | SPIMAX | M.Klinger, 28.11.23
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GRB 190114C

12 V/Allowm - =

Conclusions

GRB 190829A
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* Long GRB afterglows show flat spectra
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extending to more than 10TeV RN
— challenging to explain with current models ”-—-— _________ : *
— in particular for SSC scenario tﬁ o e
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* Need to think about other scenarios: eneray lev
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GRB 190114C

Conclusions b g S

* Long GRB afterglows show flat spectra e e i
extending to more than 10TeV SNl O EEEE -
— challenging to explain with current models ”-—-- _________ e bR
— in particular for SSC scenario 1ﬁ e e

102 10° 10* 105 10° 107 108 10° 10%° 10! 102 103

* Need to think about other scenarios: eneray lev

— extended synchrotron model ‘ﬂ\
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— cascade from pp interactions
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