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GRBs

BATSE 4B Catalog
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GRB Physical Scenarios for short and long GRBs
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GRB Afterglow: physical scenario

@ GRBs are most likely
produced at collapse of
massive stars/neutron star
binaries

@ Magnetic field accumulated
at the BH horizon launches
a B&Z jet

@ Prompt emission: initial
jet outburst, internal jet
emission

@ Afterglow: jet—circumburst
medium interaction, last for
weeks

Self-similar solution for a relativistic blast wave (the relativistic version of the Sedov’s
solution for SNR, Blandford&McKee 1976):

E = r*Mc®, assuming p o< r—° = I o< R*~ 2

Al =~
= / 2cr(r)2
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@ GRBs are most likely
produced at collapse of
massive stars/neutron star
binaries

@ Magnetic field accumulated
at the BH horizon launches

a B&Z jet

@ Prompt emission: initial
jet outburst, internal jet
emission

@ Afterglow: jet—circumburst

medium interaction, last for

weeks

Based on the explosion energy, E, and density
of the circumburst medium, p = po(r/r)—°
obtain

@ Bulk Lorentz factor/of the shell y
E: E: 4
r~40< 53) z20<_53"8>
s=0 moi 3

potd
@ Shell radius t3E53>‘/"
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3.10" cm <M>/
myq

s=2
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@ Integernal energy of the plasma: e = I’zp

Self-similar solution for a relativistic blast wave (the relativistic version of the Sedov’s
solution for SNR, Blandford&McKee 1976):

E = r’Mc?, assumin r°=r RV = At ~ /
’ 8P o 2cr(r)2
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GRB is relativistic version of SN explosions

—Ccredit M.Hoshino (after M.Schore)

@ Shock acceleration is a very important | (a) Shock Front
mechanism for production of cosmic Upstream —
== Downstream
rays _
e
V_>..-o’)4‘// __),
Lo 8 v
! MHD waves 2
MHD waves < %J;{

Diffusive shock acceleration

@ Power-law spectrum with 9% o

—s —_ n/vt2
E—° where s = He— = 2

@ Acceleration time

fhoo == 2= (£
AcC s v
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GRB is relativistic version of SN explosions

—Ccredit M.Hoshino (after M.Schore)
@ Shock acceleration is a very important | (a) Shock Front

mechanism for production of cosmic

Upstzcan - Downstream
rays .
It is fairly well understood in th -
@ It is fairly well understood in the non- = P~
relativistic regime, but not in the Vi /’w’{’ "">’V
relativistic one ! MHD waves 2

Relativistic shocks

@ Particles can get a significant
energy by shock crossing, but

@ Particles do not have time to
isotropize in the downstream
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GRB is relativistic version of SN explosions

—Ccredit M.Hoshino (after M.Schore)

@ Shock acceleration is a very important | (a) Shock Front
mechanism for production of cosmic Upstream i
== Downstream
rays \.
@ It is fairly well understood in the non T~
i irly well u i - - L
relativistic regime, but not in the Vi ,/""’)i "">’V
relativistic one g MHD waves 2
@ GRB afterglows are produced by = _ﬂ:‘:
relativistic shocks in their simplest real- | MHD waves g\%\//’{
ization e -

Relativistic shocks

@ Forward shock propagates
through ISM medium (or stel-
lar wind)

@ There is a self-similar hydrodyna-
mic model (Blandford&McKee1976)
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GRB is relativistic version of SN explosions

—Ccredit M.Hoshino (after M.Schore)

@ Shock acceleration is a very important | (a) Shock Front
mechanism for production of cosmic Upstream i
== Downstream
rays \.
@ It is fairly well understood in the non T~
i irly well u i - - L
relativistic regime, but not in the Vi ,/""’)i —+v
relativistic one : MHD waves 2
@ GRB afterglows are produced by M}; _“:1‘—
relativistic shocks in their simplest real- waves g\% A
ization S -

@ Detection of IC emission helps to con—Leptonic source
strain the downstream conditions and
define energy of synchrotron emitting
electrons

@ Interpretation of synchrotron emis-
sion is ambiguous because of
“magnetic field” — “electron energy”
degeneracy

@ Detection of IC helps to resolve it

D.Khangulyan (v29%? Barcelona 2022) GRBs&Their Afterglows@VHE 07/04/2022  7/24




GRB is relativistic version of SN explosions

—Ccredit M.Hoshino (after M.Schore)

@ Shock acceleration is a very important | (a) Shock Front
mechanism for production of cosmic Upstream i
= a Downstream
rays \.
@ It is fairly well understood in the non T~
i irly well u - = g
relativistic regime, but not in the v, ,/""’)i _+v
relativistic one : MHD waves 2
@ GRB afterglows are produced by MHD =
relativistic shocks in their simplest real- vaves g\\%ﬂ{
ization

@ Detection of IC emission helps to con- Synchrotron burn-off limit
strain the downstream conditions and

define energy of synchrotron emitting @ Synchrotron Cooling time:
electrons tsw = 400E;;) B;™?

@ Because of the synchrotron burn-off @ Acceleration time:
limit, emission detected in the VHE trce = 0.1mEe B

regime is expected to be of IC origin @ Max energy: hw < 200% MeV
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Hunt for GRBs in the VHE band

Why do we expect to see

GRBs@VHE?

@ Relativistic outflows
@ Bright non-thermal sources
@ A few GRBs per week

-

typical CT5 energy thresholds

80

Zzenith angle [deg]

Why did it take so long to detect
GRBs in the VHE regime?

T
10° 10*
fors = s (5] H.E.S.S. preliminary

T
10°
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Hunt for GRBs in the VHE band

Why do we expect to see

GRBs@VHE?

@ Relativistic outflows
@ Bright non-thermal sources
@ A few GRBs per week

80

typical CT5 energy thresholds
zenith angle [deg]

@ Highly variable sources

@ Bright synchrotron emis-
sion

» IC can be suppressed
» Internal absorption

@ Cosmological distances,

10° 1
tobs — taurst [S]

EBL attenuation =

)
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Why do we expect to see
GRBs@VHE?

@ Relativistic outflows
@ Bright non-thermal sources
@ A few GRBs per week

Hunt for GRBs in the VHE band
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@ Highly variable sources

@ Bright synchrotron emis-
sion

» IC can be suppressed
» Internal absorption

@ Cosmological distances,
EBL attenuation =
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EBL attenuation

Levan+2016)
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EBL attenuation

0 Levan+2016)
@ GRBs are typically registered Efﬁ h

from z > 1 o : .
GRBs detected in the VHE regime
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EBL attenuation

It is very hard to measure robustly
VHE spectra of GRBs due to the
EBL attenuation:
@ EBL absorption makes spectra
to be steep
@ For strongly attenuated spectra
the EBL uncertainties have a
strong impact

Tent)

EBL absorption (e

from 10 to 50

Attenuation uncertainty:

10 3x10" 10 3x10"
Energy (eV)
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GRBs detected in the VHE regime (~ 0.1 TeV)
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GRBs detected in the VHE regime (~ 0.1 TeV)

(

/na)

4

GRB160821B: 30 detection of a nearby short GRB
(z=0.162) above 0.5 TeV 4h after the trigger (MAGIC
Col, 2021)

GRB180720B: 50 detection of a long GRB from z = 0.65
above 0.1 TeV 10h after the trigger (HESS Col, 2019)

GRB190114C: ~ 500 detection of a long GRB from

z = 0.42 above 0.2TeV ~min after the trigger (MAGIC
Col, 2019)

GRB190829A: 200 detection of a long GRB from z = 0.08
at energies 0.18 — 3.3TeV 4-50h after the trigger (HESS
Col, 2021)

GRB201015A: > 30 detection of a long GRB at z = 0.43
(MAGIC Col, Atel)

GRB201216C: > 50 detection of a long GRB at z = 1.1
(MAGIC Col, Atel)
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GRB190114C

GRB190114C
v/ 500 detection
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@ EBL absorption is very significant at
~ 500 GeV
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GRB190114C

104 GBI (167,000 ke) MAGIC Col. 2019
.
{:J J‘ MCAL (p.4-100 MeV)

GRB1901 14C 10-5 _1"1 ’,&” LAJ' (10.14 GeV) % .
v 500 detection osf W&; NI
v Eg =3 x 10%erg o 07k ;*{‘;m r o]

N | e (1-10 keV) Q
z = 0.42 E 1ol i M/\G\EE'_N ]
o 1(0.3-1 TeV)
or D = 1Gpc e P8 e R
. % 10°F ‘ — 'h 13 GHz
v t.vhe ~ min I ol ‘ . ‘W'& ]
time decay measured | £, YN 10 ke)
in X-rays/VHE: L oc t—1-® 10E 3 wa e
10"!3— o ’ T S UAT 1m0 ke 1012 i =V e y 7 ]
= I = LATOA-10GeY 1 0w~ i mr L
enTp m\\ + MAGIC 03-1TeV [} I =K ',*
E > Z 1013 f I L | L |
Ea: 10° 10° 102 10° 104 10° 100

é —E, T-Ty (s)

Sil
_.?b, e T 75 @ The first GRB detection reported in the VHE

§ of-=t 4 1= regime

i 4 4*» @ Bright late prompt — early afterglow emission

w . @ EBL absorption is very significant at
~ 500 GeV

D.Khangulyan (v29%? Barcelona 2022) GRBs&Their Afterglows@VHE 07/04/2022 11/24




GRB190114C

(Ajello+2020)
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GRB190114C

(Ajello+2020)
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GRB190114C
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GRB 190114C: summary of the observational results

Remarkably significant detection, o > 50
» this required an early start of observations, t > 68s
Simultaneous detection with Fermi/LAT
» this required an early start of observations, t > 68s
VHE light-curve with 6 significant points, 68s < t <2-103%s
» this required an early start of observations, t > 68s
Intrinsic VHE spectum shows marginal softening
> it = 2.2%92 (statistical) T 3% (systematic)
@ VHE and X-ray fluxes have a similar (not identical) time evolution

— +0.02 int _ +0.04
> OxpT = 1-36_0‘02 and aVHE =1.51 —0.04

Evidence (or at least hints) for a two-component SED
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GRB 190829A

( Hinton (Taup2019))
@ Very close: z = SN EN—
0.
0.0785" 30002 107 GRB 1307208
s GRB 190114C
@ Detected by GBM and I ¥ GRB 190829A
BAT o 107 [ P -
Y
@ Prompt luminosity g 10 _ n 4
~ 109 erg per decade £ w
. 3 10% ' —
in the X-ray band > l.ﬁ ‘kk
@ Afterglow luminosity X gom |- b,
n
5 x 100 erg -
- | wl o ol ol ol ]
. — - 10! 102 103 104 10° 106
go36 A Tima aftar T. (c) )
g ; g ;
S oo = M WS o T,1+4.3h: 21.70

@ Ty+27.2h: 5.50
@ To+51.2h: 240

3h00m2h59m 58m 57m 3h00m2h59m 58m 57m 3h00m2h59m 58m 57m
(J2000)

Kdetected with H.E.S.S. for 3 nights (H.E.S.S. Collaboration 2021) )
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GRB 190829A: VHE spectrum

@ Almost model independent

of EBL absorption

@ Weak internal absorption
@ Fit the intrinsic spectrum

dN

int
- E_'7\l/lll-|Ee_7'EBL o< E~YvHe

dE

1.0 internal 1.0
T s
i i
= s
g 5
5 I
o
2 @
s 8
i g
&
0.2 GRB190829A 02 £
10" 3x10" 10" 3x10"

H.E.S.S. Collaboration (2021)
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E dN/dE (cm=2 s71)

10713

(H.E.SS. Collaboration (2021)

Vighss =2.06 +0.10 (stat.) + 0.26 (syst.)
ViHs =2.59 +0.09 (stat.) + 0.23 (syst.)

Viitss =1.86 +0.26 (stat.) + 0.17 (syst.) |
ViEs =2.46+0.23 (stat.) +0.14 (syst.)

obs F
a0 2 B o
I B e
B e BT TR T T
Energy (eV) Energy (eV)
Intrinsic spectrum
Observed spectrum
@ night 1: 4. =2.0675%",
@ night 1: A% = 2.59+0.09 . '
. : . int  __ +0.26
@ night 2: vy = 1.8674%
@ night 2: 4%% =2.461%% :
- . int +0.09
@ al: 4. =2.071%%
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GRB 190829A: light-curve

(H.E.S.S. Collaboration (2021)

GRB 190829A

@ from 4h to 56h roo | [LESS200Cer 10 Ten) Tk
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. Wi e e\ QE
@ 5 data points oL o ]
10 —— - w 51078 | 4
———— - < f——

@ can be directly com-
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light-curve 1071/ 000
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-
5]

-
15}

-12 A
@ Fit the flux with a |
power-law decay LI +—+—+
B
FVHE X t_aVHE PE 1(‘)3 18‘ 11‘)5 1&5
Time since Ty trigger (s)
Fygr oc AT
@ Remarkably consistent
slopes = X-ray decay H.E.S.S. decay
0.09 0.05
OXRT = 1 07+0 09 QyHE = 1. 09+0 05
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GRB 190829A: light-curve

(H.E.S.S. Collaboration (2021)
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GRB 190829A: summary of the observational results

@ Remarkably broad spectrum measurement, between 180 GeV
and 3.3 TeV
» this required a close GRB, with z; < 0.1
@ Spectrum measurement close independent on EBL model
» this required a close GRB, with z < 0.1
@ Multi-day VHE light-curve, between 4 h and 56 h
» this required a close GRB of that power
@ Intrinsic VHE spectral slope matches the slope of the X-ray
spectrum
> xar = 2.0379% and it = 2.061%" (both for 1% night)
@ VHE and X-ray fluxes have a similar time evolution
> axar = 1.0719% and o = 1.0975%
@ Extrapolation of the X-ray spectrum to the VHE domain
matches the slope and flux level measured with H.E.S.S.

D.Khangulyan (v29%? Barcelona 2022) GRBs&Their Afterglows@VHE 07/04/2022 17/24



Afterglow emission: simple radiative model
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Computing One-Zone SED

@ Three ingridients are needed to calculated radiation

@ Non-thermal particles
@ Target fields (magneic + photons)
© Bulk Lorentz factor
© Attenuation
@ Simple SSC model
@ Non-thermal particles: assumed
@ Target fields (magneic: assumed + photons: syn. photons)
© Bulk Lorentz factor: assumed or simple hydro (important for LC)
© Attenuation: syn. photons
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Computing One-Zone SED

@ Three ingridients are needed to calculated radiation

@ Non-thermal particles

@ Target fields (magneic + photons)
© Bulk Lorentz factor

© Attenuation

@ SSC model

@ Non-thermal particles: injection spectrum is assumed, particles
are computed accounting for syn., IC, ad. losses

@ Target fields (magneic: assumed + photons: syn. radiation)

© Bulk Lorentz factor: assumed or simple hydro (important for LC)

© Attenuation: syn. photons
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Computing One-Zone SED

(it may seem that the differences between these two )

approaches are minor as
1 oo
=1 ) 9()dy’
5
and
N, -
av) = -2 [ M)

so by “simple SSC modelling” one determines the
injection spectrum. However, one needs to remem-
ber that injection is strictly positive, ¢ > 0. Also
the injection spectrum may depends on M(HD) and
non-thermal particles (e.g., Derishev&Piran 2019,

_more on that in the next talk(?))
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Internal v — ~ absorption and the Klein-Nishina effect

GRBs produced a lot of high-energy pho-
tons, these photons make an important
target for the IC emission and may pro-
vide target for VHE gamma rays. There are
important consequences:

@ The Klein-Nishina cutoff
o
These effects are important if

hwgaE 4 x 10°
r2mct = T2

Wsyn,keV Erev

Internal v — ~ optical depth
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Internal v — ~ absorption and the Klein-Nishina effect

10 F

10t

@ The Klein-Nishina cutoff and internal v — ~
need to be accounted in scenarios for VHE
em|SS|0n 102 10*

@ Internal v—~ can be considerably altered by
a change in the model parameters

@ The Klein-Nishina cutoff always has its im-
print on the VHE spectrum

@ At late epochs, when I' <« 100, the impact
of the Klein-Nishina cutoff is stronger
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GRB 190829A: MWL modelling
Five dimensional MCMC fit-

ting of the X'ray and TeV, (H.ESS. Collaboration (2021)
spectra e : , , : : -

@ magnetization, g R TV CGRB190820A
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Can we exclude SSC scenario?

(H.E.S.S Collaboration (2021)

Our numerical analysis
is limited to a “’

0 E T T T T T L=

I GRB 190829A

@ One-zone model o+ [43.79] s

@ Power-law distribu-

tion of electrons To+[27:2,31.9] brs

@ Five-dimensional
parameter space

E*dN/dE (ergs ™ em™?)

Synch

Our analytic analysis e T—— E
takes some “must_have" ssc w/:) cutoff limit \
elements o’ 10’ 10° 10 10° 10" 10°

Energy (eV)

@ One-zone model
@ X-ray to VHE flux ~ Under our assumptions we obtained that

ratio @ SSC can be responsible only under extreme assumptions for
@ X-ray spectral th@T magnetlc field strength (e.g., very weak) and low radiation
ind efficiency
Inaex
) @ Alternatively we can fit the data if adopt a much larger bulk
@ VHE spectral index Lorentz factor
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Can we exclude SSC scenario?

10_10 kSED for GRB190829A by Huang et al (2022), talk on Wed
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Summary |

GRB afterglow are essential for studying relativistic shocks, includ-
ing two processes with extremely broad implications: magnetic
field amplification and acceleration of high-energy particles

While there are little doubles that bright X-ray — soft-gamma-ray
emission is synchrotron radiation of accelerated electrons, this com-
ponent alone does not allow determining the particle energy

Detection of the IC component is a key element for resolving mag-
netic field — particle energy degeneracy of the X-ray component
Conventionally, synchrotron emission cannot extend beyond fiwyax =
20(T' /100) GeV, thus VHE band is the critical window for constrain-
ing the parameters of the downstream

» defining the magnetic field amplification

» constraining particle acceleration, in particular, the maximum energy
Detection of GRB190114C (MAGIC) and GRB190829A (H.E.S.S.)
provides a unique chance for understanding the properties of rela-
tivistic shocks
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