o

VHE GRB Afterglows: A story about Bactrians,
Dromedaries and lots of Butterflies

Marc Klinger, Andrew Taylor, Walter Winter, Donggeun Tak, Sylvia Zhu

18.11.2022

AP seminar

HELMHOLTZ WEIZMANN
I RESEARCH SCHOOL

HELMHOLTZ




Are gamma ray bursts...

Oor

Dromedaries Bactrians
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Bactrian or Dromedary?
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Bactrian or Dromedary
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Bactrian or Dromedary?
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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) T
- we find a complex prompt phase ~ "[ % ~

and smooth afterglow in the light @ *w\ S

Curve % 10_; 3 Tey .% ‘H(MeemAT.g?jZT;%DQ) ‘

= 1010 . h 4
. ,'-XMM-New[ﬁBh 10 keV) uveli U .

 we have associated one short Sl Kouvellotou etal. (1959

burst to a NS-NS-merger and e T

many some long ones to SN
« short events — hard to follow up
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GRBs from two sides

* 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

« short events — hard to follow up

DESY. | DESY AP Seminar | M.Klinger, 18.11.22

accelerate a shell of hot
plasma (jet) and dump it into
a circum-burst medium

different mechanisms
convert the kinetic energy
eventually into photons that
we can observe at Earth
(and other messengers?)



Instrument recap

X-rays |y-rays

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

"~ NASA
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Instrument recap

X-rays |y-rays

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

Fermi-LAT
Fermi-GBM

e

gy

"~ NASA
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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.
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Instrument recap
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Flux (erg cm=2 s™')

Flux (erg cm2 s™)

GRB 190114C (detected by MAGIC)

MAGIC Nature 575 (2019)
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GRB 190829A (detected by H.E.S.S.)

H.E.S.S. Science 372 (2021) ° preference for Single
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Now what?

A

= 3

O o

o  110-180 s
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Energy (eV)
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Outline

 GRB modeling basics

— what do | actually mean by Dromedary and Bactrian ?

o B

« How stable is the Bactrian claim for GRB 190114C (MAGIC) ?

DESY. | DESY AP Seminar | M.Klinger, 18.11.22
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Fireball model (GRB basics)




core collapse

. | DESY AP Seminar | M.Klinger, 18.11.22

remnant
I
afterglow

Lorentz factors up to
few 100

— relativistic compression

Quasi isotropic outflow

Energetics:

— observed up to: Ej;,~10°*erg

— Eor = %Eiso~1051erg

— comparable to SN !

efficient converters of kinetic

energy to radiation

19



Forward shock and blast wave
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Forward shock and blast wave

downstream upstream
—p
Blast wave shock CBM

(circum-burst medium)

DESY. | DESY AP Seminar | M.Klinger, 18.11.22 21



Shock redistributes upstream ram pressure

downstream upstream
ﬁd .Bu
< —
Blast wave shock CBM

(circum-burst medium)
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Shock redistributes upstream ram pressure

downstream upstream
ﬁd .Bu
< —
Blast wave shock CBM

(circum-burst medium)

Ptdh
q >p11'lam — B&F&pucz
pram
) Dy
v =
Pram
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Shock redistributes upstream ram pressure

downstream upstream
ﬁd .Bu
< —
Blast wave shock CBM

(circum-burst medium)

Pdh
t
u — P2T7T2 2
; Pram = Palupuc
Pram
d
_ d
pe,non th - Dx
d X ™ _u
pp,non—th Pram

i
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Shock redistributes upstream ram pressure

shock rest frame

att,,s = 100s

cg =107* > B~ 0.3G

eg =107%2 > B ~ 3G

— magnetic fields at
Gauss level

_/

/

g =107 1072722 P
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Leptonic 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
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Fiducial set of parameters

1050 electrons
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Fiducial set of parameters

electrons

1050
1049 4
O 1048 4
1047 -
1046
1045 4
1044 -
1043 -

E2 dN/dE [e

1042

106

REET TR

E [eV]

DESY. | DESY AP Seminar | M.Klinger, 18.11.22

electron spectrum in quasi-steady state

— smoothly broken power law
— slope dictated by dominant cooling process
steady state for const. t(E), Qg (E):

—’atNE:—&‘FQE:O =  Np = QT

T

here: time dependent 7(t, E), Qz(t, E)

— same result with numerical factor of order unity
—Ng(t) o« Qg(t) T(t)

28



Fiducial set of parameters 1

electrons

E2 dN/dE [erg]
2

DESY. | DESY AP Seminar | M.Klinger, 18.11.22
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Photons Spectrum: Synchrotron Self-Compton (SSC)

 Just another example of convolutions

photon spectrum

electron spectrum kernel

A A A

/r(\/

> >

DESY. | DESY AP Seminar | M.Klinger, 18.11.22 30



Radiation processes: Synchrotron

 electrons gyrate in magnetic field

[ Synchrotron ]

kernel

DESY. | DESY AP Seminar | M.Klinger, 18.11.22
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Photon spectrum: Synchrotron toy spectrum

electrons photons
: - 4
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Photon spectrum: Synchrotron smooth electrons

electrons

photons
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Radiation processes: Inverse Compton

 electron up-scatters photon (energy transfer to photon)

[Synchrotron/]

Thomson [Kleln-lehlna]

kernel

[ aan

DESY. | DESY AP Seminar | M.Klinger, 18.11.22

In Eph
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Photon spectrum:

Synchrotron Self-Compton (SSC)

— Convolve electron spectrum with radiation kernel

electrons (source)
100 T —
l N

5 1071 AN

1072+ \

S 10734
o~
104
1073

106 107 108 10° 10%° 101! 1012 1013 1014 1015
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/dE [a

E
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photons, Esource [€V]
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Bactrian —two hump — SSC — model

1050 electrons 1050 photons
. 10%7- __ 10%° - tobs
O 1048 O 1048{ — 100s s 2=
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Dromedary — single hump — Syn. — model

* how about extending a single
synchrotron component up to TeV?
— “just” increase max. electron energy

* |eptonic one zone model uses
same magnetic field for

— confinement within acceleration zone “ “
— creating radiation
— burn-off limit E¥ _. ~100 MeV

» split 2 zones

« hadronic components?

DESY. | DESY AP Seminar | M.Klinger, 18.11.22 37



Specifying the Camel Question

* do we observe a two hump model or do we need to think about ways
to extend the single hump to VHE energies?

DESY. | DESY AP Seminar | M.Klinger, 18.11.22
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GRB 190114C

Or




Observational window

GRB 190114C Afterglow ’ triggered:
v ] GBM i i
v — Swift satellite (BAT, XRT)
V70 — Fermi satellite (GBM, LAT)
WIS
_ BAT .
& LAT  rapid follow up by MAGIC
£ — VHE afterglow observed up
to 40 min
* Intermediate redshift z = 0.42
photoelectric XRT ‘
: d:st EBL
107° 10I‘3 10° 103 1(I)6 169 1012 101°

enerqgy [eV]

40
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GRB 190114C (MAGIC %)

INGI 10_7—‘ a 68-110

& f D/ 4‘:.’<:]< . 110 1808| ol
L 1078 K ——180-380s B 1s0.360s

= ~——=m380-627S N ' §
— 109 625-2400s |,
Ty 5 ~ GBM LAT N
Y om0l L XRT [BAT MAGIC

LERLILRRLL | LRI AR | 1 LRAL) | LN BRI R RLL | UL R ALY | LI RAL | LELERELERLL | LB IR AL | LI 1 LI REL)
102 103 104 10°> 10° 107 108 10° 1010 101! 71012

energy [eV] Dromedary?

« remarkably flat over 9 orders of magnitude in energy!

DESY. | DESY AP Seminar | M.Klinger, 18.11.22 41



GRB 190114C (MAGIC %)

68-110s
D% - 'T‘ 110-180s| I
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What is the task? Forward folding

—  model

v

dNsource (E‘v)

dE dt dA

*

DESY. | DESY AP Seminar | M.Klinger, 18.11.22



What is the task? Forward folding

— model absorbed

dNsource (£ I
dE dt dA (E) exp (_T(E))

44



What is the task? Forward folding

— model absorbed measurements of multiple detectors

Counts rate (E) = [ dE =< (£) exp (—t(E)) o2 7)

dE dt dA

N
¥ r.
DESY. | DESY AP Seminar | M.Klinger, 18.11.22
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What is the task? Forward folding

— model absorbed measurements of multiple detectors

Counts rate (E) = [ df source (E) exp (—T(E')) Aeti(E, E) csys

dE dt dA

DESY. | DESY AP Seminar | M.Klinger, 18.11.22
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What is the task? Forward folding

— fit model to absorbed measurements of multiple detectors

Counts rate (E) = [ df source (E) exp (—T(E')) Aeti(E, E) csys

dE dt dA

DESY. | DESY AP Seminar | M.Klinger, 18.11.22
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Fit ?

« Bayesian approach

likelihood
evidence

— posterior = - prior

— (sometimes log) uniform priors

— evidence: Z = fd§ likelihood - prior
(— likelihood averaged over parameter space weighted with priors)

« sample posterior
— detect multiple maxima?

* model comparison via Bayes factor Z,/Z,

— quantitative way of measuring preference of model 1 over model 2
— metric scale crucial

DESY. | DESY AP Seminar | M.Klinger, 18.11.22
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Forward folding

— fit model to absorbed measurements of multiple detectors

v

Counts rate (E) = [ dF Wsource (E') exp (—T(E)) Aeff(E, E) o

dE dt dA

DESY. | DESY AP Seminar | M.Klinger, 18.11.22




Reduced SSC model

photons, Esource [€V]
1073 100 10°

107° 10-6 106 10° 1012

100.

— Incorporates 2 types of solutions

10—2.
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S 10731
[{s
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inv. Compton

10774
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photons, Esource [€V]
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2. single hump solution (syn. only)
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. 10°
1071 synchrotron
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2dN/d

W 10—6 p
10774
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107° . . . . . . r
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Forward folding

— fit model to absorbed measurements of multiple detectors

Counts rate (E) = [ dE WNsource (E) exp (—r(E‘)) Aetf(E E) Csys

dE dt dA

DESY. | DESY AP Seminar | M.Klinger, 18.11.22
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Instrument response for single detector

[keV]

EI’ECO

DESY. | DESY AP S

eminar

GBM Nal 4

102
Etrue [keV]

| M.Klinger, 18.11.22

- 10!

=
o
o

eff. area [cm?]

 detector consists of many
energy channels

— energy dispersion

* Wwe cannot simply invert
(unfold) this matrix

— forward folding
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Instrument response for single detector

flux

A GBM Nal 4

103

Ereco [keV]
[cm?]

eff. area

> 10! 1 )
ln Eph Etrue [keV]

model Aete(E, E)
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net rate [counts/(eV s)]
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o
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I
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o
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| =¥+ background (bkg) %
=

= expected
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10
energy [eV]

count rate
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Forward folding

— fit model to absorbed measurements of multiple detectors

v

Counts rate (E) = [ dE =22t (£) exp (—z(E)) Au(F 1) oy

and

y 4 different detectors have
Background rate different statistics!

DESY. | DESY AP Seminar | M.Klinger, 18.11.22 54



Building up the picture

BAT
15-150 keV

O & &» P
A S I M)
B R R S

index

—1.998+3-923

als [o]

residu

energy [eV]
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Building up the picture
T

BA GBM
15-150 keV 50 keV - 40 MeV

S © & & ™ SR

PRGN N A Y A N
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photon energy [eV]

Fermi LAT
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obs. time after BAT trigger [s]

— single photon counter

57



photon energy [eV]

Fermi LAT

25.0 67.71 110.0 180.0 LAT
O [ ]
10—7_
1010_ ° 65.3s g .
e m
. S — . Emax
- é rtln u
e . Emax % £ .
o EEEEEREEEEDR c “6\ :
E_ L] ° ° y GL) u
1 y o ;
* . 167.1s 5
1090 3
. >
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.. . . ! A RhphEEEEEEEREDR GCJ
s o« 109.9s7¢
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° [ /
108 5 photons|6 photons |~
| | . ! 10710 +——r
20 30 40 60 100 200 108 10° 1010 101!

obs. time after BAT trigger [s]

energy [eV]

— single photon counter — spectral index not really

constrained

DESY. | DESY AP Seminar | M.Klinger, 18.11.22 58



Building up the picture
T

BA GBM LAT

15-150 keV 50 keV - 40 MeV > 100 MeV
glﬂ ﬁ
PR s P TR e
index
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Tirr o
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Building up the picture

BAT
15-150 keV

—1.998+3-923

residuals [o]

DESY. | DESY AP Seminar | M.Klinger, 18.11.22

residuals [o]

GBM
50 keV - 40 MeV

—1.98 + 0.1

energy [eV]
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2 100
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> 100 Mev 0.1-1 TeV
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¥

lllll

MAGIC Nature 575 (2019)

241 —2.161029(stat) + 0.2(sys)
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Flat Energy Flux Spectra?

2008-2018
o R R R Lo
2008-2014 3 o
1.o-= sgri:rt]i-LAT 0.3 —10keV- é
2 £
0.8} ‘_E
3]
0.6} )
Q.
9]
<
5
0.2t E
' 5)
LL
-5 —
%95 0.5 1.0 1.5 2.0 25 3.0 35 4.0 100MeV — 100GeV
Swift-XRT spectral index ol | | L

10_7 | | L1l \1\\0_6 | | L1l \1\\0_5 | | L1l \11\0_4 10_3
Fluxgxr (0.1-100 GeV) [ph cm~™2 s71]

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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Building up the picture

XRT
0.7-10 keV
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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 Klinger et al.
£ N default submitted to MNRAS
I 68-110s 110-180s components of SSC
T 1071 === ssC e SSC -—- inv. Compton
L - syn. only == syn.only = - synchrotron
2 1077
L
X
> 1078
Y—
>
ok
o 107°
C ’ ‘-"“.
- XRT  BAT .- BGO ‘ LAT MAGIC

103 10 105 105 107 108 10° 1010 101! 1Q%2
enerqgy [eV]
v

flat over 9 orders of magnitude!
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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)
< >
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Preference for new component?

Bayes factor for new component

Klinger et al.
time after BAT trigger: 67.71-110s 110-180s submitted to MNRAS

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
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Stability of Preference: LAT

Bayes factor for new component

Klinger et al.
time after BAT trigger: 67.71-110s 110-180s submitted to MNRAS
default - = - —
LAT time shift -5% - = . —
without LAT - | i
5 4 3 2 -1 0 1 2 5 -4 -3 -2 -1 0 1 2 3 4 5
‘ﬁ\ 10910(Zssc/Zsyn) W‘wﬁ, 10910(Zssc/Zsyn) w
MR  shift LAT time selection window by 5% (2.1s)
R MRREE ‘”  |eave out LAT completely
CEEE— —LAT not very strong

obs. time after BAT trigger [s]
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Stability of Preference: XRT

Bayes factor for new component

Klinger et al.
time after BAT trigger: 67.71-110s 110-180s submitted to MNRAS

default 1 — . —

LAT time shift -5% - — - —
without LAT - ——| —
floating norms 15% 4 = T L
without XRT - %‘ — % : ‘ﬁ‘ — %
5 4 3 2 1 0 1 2 3 4 -5-4-3-2-10 1 2 3 4 5
10910(Zssc/Zsyn) 10910(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 areduced SSC model

" EEEEERET
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Fitting areduced SSC model

compensate with
new component

systematic shift
of XRT

relic of decaying
prompt component?
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Take away messages N

« SSC spectra are mirroring a ‘
smoothly BPL electron distribution |

106 10° 1012 105
E [eV]

 We need more bright, nearby GRBs
(without moonlight!)

default e e I —_
LAT time shift -5% — ] E——
. without LAT 1
. GRB 190114C | Itype wim = T -
is no clear camel type =i - | |
5 4 3 2 1 0 1 2 3 4 -5-4-3-2-10 1 2 3 4 5
l0g10(Zsscl/Zsyn) l0g10(ZssclZsyn)

—In particular no clear dromedary!
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Take away messages N

« SSC spectra are mirroring a ‘
smoothly BPL electron distribution |

106 10° 1012 105
E [eV]

 We need more bright, nearby GRBs
(without moonlight!)

default :f“ ] —_
LAT time shift -5% - e 1 —
- without LAT 1 -
* GRB 190114C is no clear camel type  wsmom =) = | —f
5 4 3 2 1 0 1 5 3 4 5432101 3 3 4 s

l0g10(Zsscl/Zsyn) l0g10(ZssclZsyn)

—In particular no clear dromedary!

Thank you!

DESY. | DESY AP Seminar | M.Klinger, 18.11.22 71



