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GRB 221009A: The BOAT

- the Brightest Of All Times!... all times?

- everyone looked at 1t!... fantastic MWL coverage?
- even LHAASO saw 18TeV photons! ... or 10TeV?
- best data set we have! Really ...?

- not so straight forward..
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Time — energy window



Time-Energy-Window
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Swift-BAT trigger (enters field of view)
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Insight-HXMT, GECAM-C

« data up to 2ks

« GECAM-C: 20keV — 6MeV
» spectral index ~ 2.1 (1.35-1.86ks)
* high energy band (>200keV)

harder (~1.6)

EOT spectrum
2.1+0.15 (20-200keV)
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Time-Energy-Window
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Fermi-GBM trigger T,

LHAASO-WCDA onset T, = 226s

Swift-BAT trigger (enters field of view)

1015



Multiwavelength fit — 2 overlapping intervals

time after Ty gar [ks] time after Ty gar [ks]
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5
XRT - AL
BAT -
. NNNNNANRRNNNEER _ L
30 35 40 45 50 55 60 65 200 205 21.0 215 22.0 225 23.0 235

time after Ty, gam [ks] time after Ty, gam [ks]

‘—| 4ks window 22ks window

LHAASO-WCDA
(KM2A even earlier)

— focus of our fit results to early afterglow
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Data quality — how much can
we trust the data?



Dust ring problematic

« XRT has 2 read-out modes

— WT: windowed timing (fast read-out)
— PC: photon counting (slow read-out)

e XRT observed in WT mode
until ~90ks

— Image read-out column-wise to 1D

— more complex source/background
estimation
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WT images — actual observations
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Fermi-LAT. a GRB In the galactic plane
4ks total: 22Kks total:
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| 35 — 16
30 - 14
- 12
- 25
25° 250 - 10
- 8
6
20° : _MGRB221009A 20° GRB221009A 2
S 8

152 15°

10°

10° - | e i
19h40m 20™M oom 18h40m 19h4q0m 20m oom 18h40m

DESY. | Gamma Group Meeting | M. Klinger, 30.06.2023 15



Model in a map — galactic background
4Kks 22ks
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Energy flux [erg/cm?s]

4 orbits of Fermi-LAT: galactic diffuse background!
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Phenomenological Picture



Putting things together: XRT, BAT, LAT
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Combined fits at 4ks: phenomenological picture
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Energy flux [erg/cm?s]

net rate [counts/(eV s)]

Combined fits at 22ks: phenomenological picture

power law with extra floating

smoothly broken power law
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Reduced SSC model



core collapse

. | Gamma Group Meeting | M. Klinger, 30.06.2023

remnant
I
afterglow

Lorentz factors up to
few 100

— relativistic compression

Quasi isotropic outflow

Energetics:

— E,iso = 10°°ergin 1 —10*keV
Q0

— Etor > EEy,iso

— comparable to SN !

efficient converters of
kinetic energy to radiation

23



: rel. shock
One zone assumption

fream
downs upstream

« Homogeneous shell of
electrons/positrons and photons

Pupc? BT

e relativistic shock

— injection of non-thermal particles (e, (e)-
— turbulent magnetic fields (g5)

 particles cool

* photons escape ==

see e.g. Piran 2005 for a detailed review
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in shock rest frame

Relativistic shocks

shock rest frame

downstream upstream
I
par D Al A pu Y cold
Blast wave  rel. shock CBM
d 2
Pth Etpy = 3 0.2 !
— y=4/3
pd - _l —— y=5/3
ram ram — N N O N e e
pll“lam — ,81% F&Wu m—> 3 0'90-3 1072 107! 10° 10! 102 103
Bulu
pe(:i,non—th e =few %7
cold case: d
enthalpy density w, ~ p, Ppnon—th o =1€W %7 p)%
Ex =
pd eg = 1074 — 1072 27 pl

(can also define ¢ via energy density)
DESY. | Gamma Group Meeting | M. Klinger, 30.06.2023 25



Characteristic values

* energy conservation:

— Eiso = 1—‘Z(tobs) Msw(tobs) c?

— tops = 4ks,nygy = lem™3

-
* ram pressure (SRF):

2

~ 2
— Pram = MypC nupr

BZ

81
—[e5~10"5 > B~0.03G |
—|eg~1073 > B~0.3G

* magnetic field:

J
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of blast wave parameters
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n=1/cm3, Ejs, = 10°%erg, eg = 107>, eta=1

Electron spectrum 0 e
. _ 105 - .
e uasi-steady state: ] — adidks
v 104_; —— syn 4ks
- 1 —— acc 4ks
HNN T(E) —103_ ——— adi 22ks
| —== syn22ks
1024 ——— acc 22ks
—— Enmin
101! - - - . - —
106 107 108 10° 10%1° 101! §0i2 1013 1
'§,104B ::I
g :
S 10 §
“injection washes away old particles”
1042 - ! \|“‘
10° 10° 1012 1015
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One zone modelling - AM3 to be public soon!

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
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Photon Spectrum: Synchrotron Self-Compton (SSC)

— Convolve electron spectrum with radiation kernel

[Synchrotron/]

Thomson [Kleln—lehlna]

kernel

| avan

In Eph
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Photon Spectrum: Synchrotron Self-Compton (SSC)

— Convolve electron spectrum with radiation kernel

photons, Esource [€V]
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Reduced SSC model

photons, Esource [EV]
1073 100 10°

10-° 1076 106 10° 1012

— Incorporates 2 types of solutions synchrotron

1. double hump solution (SSC): g

inv. Compton

107° 10-° 103 10° 103 10° 10° 1012 1075
Eobs [EV] (ﬁr = 100, eobg =0°-D= 200)

tons, E. V
10-° 1076 109? oronS: 4o SG”rfﬁl[e ]

2. single hump solution (syn. only) | Lokt \

108 10° 10%?

10-° 10-6 10-3 100 10° 106 10° 1012 1015
Eops [€V] (BM =100, Bgps =09 5D =200)
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Synchrotron model fits



4ks: synchrotron model - simple fit

== * break at few keV

% T | — low magnetic field eg~107°
. + power law regime

107 10_10-10 o Xy o T Tt from BAT to LAT

energy [eV]

const: 1.16+3§} LAT galdiff: 1.11*392, const: 1.00+4¢8

— photon spectral index 2.15

R | — electron spectral index 2.3

g « BAT overshot

510*4 10-2] 4= background (bkg) i ]

- -y 1 xpected — XRT floating norm

_3f =3 : o ]

2 30 g 1) @ CUE-OFF position fixed (77 — 1)
3 1 3 TN T

g 34 o

B AT — correlated to photoelectric absorption
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4ks: departure 1 — XRT floating
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counts

I observed :
10-24 == background (bkg) )
=== expected

== bkg + expected
I

residuals [o]
- o
|

10° 1010 101
energy [eV]

seems to overdo it

slight shift of peak +
hardening + absorption

— at 10% level (log)

does not affect main
conclusions dramatically

34



4ks: departure 2 —free n

fit seems to get unstable:
+ XRT prefers extremely hard
spectrum below break energy

10° 107 108 10° 100 101

energy [eV) — overestimates quality of photoelectric
BAT const: 1.17:381 LAT galdiff: 1.13+§11, const: 1.02+098 abs 0] rptl on

S - « spectral index below and
B 3 above break energy linked
g | == s — hardening of spectrum above break
o] 5 e ¢ COMPENSated by early cut-off
. s ) 3 e — much softer LAT Spectrum
energy [eV] energy [eV] energy [eV]
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22ks: synchrotron model - simple fit

10-8 21.6-22.1ks GRB 221009A

1079,

10710 .
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101

energy [eV]
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residuals [o]

10

energy [eV]

lower statistics

similar picture:

— spectral index slightly softer than 2
— break at few keV less clear

prefers n < 1 anyways

extended floating drives it
towards one single power law

— large uncertainties
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on the SSC component



LHAASO light curve extrapolation acrobatics
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time after T, = Ty gpy + 226s




LHAASO light curve extrapolation acrobatics

GRB 221009A
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Other VHE GRB afterglows



Observational picture- all VHE GRBs flat up to TeV

Lops = 102;F ~ 90 GRB 190114C GRB 180720B
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GRB 190114C
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F”:“ng the reduced SSC model as in Ajello et al. 2020 (joint Swift+Fermi)

— only BAT-GBM cross calibration included

2 time bins
/ \ default Klinger et al. 23
[ 4 R
I 68-110s 110-180s components of SSC
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flat over 9 orders of magnitude!
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Stability of Preference: XRT

Bayes factor for new component

time after BAT trigger: 67.71-110s 110-180s Klinger et al. 23

default 1 = . P

LAT time shift -5% - — - —
without LAT - ——t{ =
floating norms 15% 4 = T L
without XRT A ‘tﬁ‘ EI—< % - ‘ﬁ\ 1 %
5 4 3 2 -1 0 1 2 3 4 -5-4-3-2-10 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)

e LAT no crucial rolel

 XRT drives new component!
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Flat Energy Flux Spectra?
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Ajello et al. 2019, 2nd Fermi GRB catalogue

Ajello et al. 2018, joint Swift/Fermi analysis

 flat spectra (spectral index = 2) are not uncommon!
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