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First detections of gamma-ray bursts at very high energy:
consequences and open questions

GRB 180720B (HESS)
GRB 190114C (MAGIC): most detailed multi-wavelength follow-up

[ GRB190829A (HESS) — Fabian Schuissler’s presentation ]



Basic facts:

" GRB180720B, GRB 190114C are classical long GRBs (z ~ 0.6 and ~ 0.4)
" GRB 190829A is a low-luminosity long GRB at very low redshift (z ~ 0.08)
Only three cases but already some diversity among the long GRB population.
® No VHE information yet on short GRBs
" Alesson from the first detections:

Low z + « suitable » observing conditions  Extended Data Table 5 | List of GRBs observed under

adequate technical and weather conditions by MAGIC with
rather than z<1and Ty, <1h

special intrinsic properties?

Event redshift Tgelay (S) Zenith angle (deg)
MAGIC 2004-2019: deley
follow-up of 105 QRBS, GRB061217  0.83 786.0 59.9
only four at z<1 with delay < Th and (short)
good observing conditions. GRBmOS&ﬁ’gm 0.80  1439.0 26.0
GRB160821B  0.16 24.0 34.0
(short)
GRB190114C  0.42 58.0 55.8
(long)

Teraelectronvolt emission from the y-ray burst GRB 190114C, MAGIC collaboration; Nature 575, 455-458 (2019)



Basic facts: GRB180720B and GRB190114C

" GRB‘IBO7ZOB

Redshift: z=0.653 — Duration: Teg ~ 50 s

(long cosmological GRB)

Eiso = 6.0£0.1 105 erg (50-300 keV)

Detected by GBM & BAT (trigger), LAT (during 12 min), XRT and many other:
Afterglow detectable for ~ 30 days

HESS: VHE detection 10 hours after the burst: afterglow phase

Fermi/GRM: 7™ brightest GRB ; Swift/XRT: 2"d brightest afterglow

" GRB190114C:

Redshift: z = 0.4245 — Duration: Tog ~ 116 s (GBM) — 362 s (BAT)

(long cosmological GRB)

Eiso =3 1023 erg (1-10000 keV)

Detected by BAT & GBM (trigger), INTEGRAL, LAT (during 12 min), AGILE,
XRT and many other

MAGIC: VHE detection (0.2-1 TeV) 1 minute after the burst

at 50 sigmas during the first 20 min — observed for 40 min

at 80 s: 3 1047 erg/s (0.3-1 TeV) = most luminous source known at VHE

Total observation: 4 10°! erg (0.3-1 TeV)



GRB 180720B (HESS)



GRB180720B: light-curve

OUXRT ~ Qopt ~ -1 3/-] 2
oar ~-1.8; YLAT =~ -2.1
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Fig.1|Multi-wavelengthlight curve of GRB180720B. a, Energy-fluxlight
curvedetected by Fermi-GBM (band fit; green), Fermi-LAT (power law; blue),
H.E.S.S. (power-law intrinsic; red) and the optical r-band (purple). The Swift-
BAT spectra (15keV-150 keV) are extrapolated to the XRT band (0.3-10 keV) to
produce acombined light curve (grey) and an upper limit (95% confidence

level) for the second H.E.S.S. observation window (power-law intrinsic,
red arrow). The black dashedlineindicates atemporal decay witha=-1.2.
b, Photonindex of the Fermi-LAT, Swiftand H.E.S.S. spectra. Error bars
correspondtolo.

A very-high-energy component deep in the y-ray burst afterglow, H.E.S.S. collaboration; Nafure 575, 464-467 (2019)



GRB180720B: VHE spectrum
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Extended DataFig.1| VHE spectral fit of GRB180720B. H.E.S.S. spectralfitto
the measured emissioninthe energy range100-440 GeV. a, Fitusing asimple
power-law model (with photonindex ). b, Fit with a power-law model (with
photonindex y;,) with EBL attenuation for asource atz=0.653 (ref.®). Inboth
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casestheresidual datapoints withlouncertaintiesare obtained fromthe
forward-folded method. The shaded areas show the statistical and systematic
uncertaintiesin each fit (loconfidencelevel). The bottom panels show the
significance of the residuals between the fitted model and the data points.

Franceschini et. al (2008) Extended DataFig. 2| EBL absorption coefficient. Absorption coefficient e ™ for asource emitting at aredshift of 0.653. The values are shown in the energy
pominguez et ol 2011 ] rangeofthe detected emission of GRB180720B (100-440 GeV) for the four EBL models considered™***.

A very-high-energy component deep in the y-ray burst afterglow, H.E.S.S. collaboration; Nafure 575, 464-467 (2019)



GRB180720B: VHE spectrum
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Extended DataFig.1| VHE spectral fitof GRB180720B. H.E.S.S.spectralfitto  casestheresidual datapointswithlouncertainties are obtained fromthe
the measured emissioninthe energy range100-440 GeV. a, Fitusingasimple forward-folded method. The shaded areas show the statistical and systematic
power-law model (with photonindex ). b, Fit with a power-law model (with uncertaintiesin each fit (loconfidencelevel). The bottom panels show the
photonindex y;,) with EBL attenuation for asource atz=0.653 (ref.®). Inboth significance of the residuals between the fitted model and the data points.

Extended Data Table 1| VHE spectral information from GRB 180720B

Spectral model Fo[x 107" em=?s 1 TeV-'] ~ Eo [TeV]
» E =7 g wa+1.43 o = +0.2 =/
Fo X 4= 2.71 + 0.74 1113 3.7+ 10107  0.154
Fo X 4 TxeT=E) 752 208752 1.6 £ 1.2F99  0.154
Fo X 4 2 xe (=B 16,12 + 4.37 110,59 2.0 [Fixed] 0.105

Spectral parameters of the fits to the H.E.S.S. observed emission in the energy range 100-440 GeV. The intrinsic spectrum with y = 2.0 (third row) is provided as a reference to the Fermi-LAT
mean photon index detected in several other GRBs at high energies'. All reported uncertainties are statistical and systematic, in that order.

A very-high-energy component deep in the y-ray burst afterglow, H.E.S.S. collaboration; Nafure 575, 464-467 (2019)



GRB1807208B: interpretation

Synchrotron (« burnoff ») limit
" Afterglow / Forward Shock

Very efficient acceleration:

" Dominant: accelerated electrons Ry,
- Direct synchrotron: unlikely tsyn(Wmax) ~ tpee ~ —
E™% = 9rme?/(4at) ~ 1007 MeV ¢
d 000 at 10h! it
Needs I>1 at 10nhl _92 _1
tsyn(y) o< B~y
- SSC tacc(/)/) ~ 7 X ’YB
(VHE photons produced by
IC scatterings of IR-UV photons then Ymax X B~1/2

by electrons at the highest energy) 9
ESYH (’Ymax) X FBmeaX ox I

NI o
Klein-Nishina attenuations KN limit

E=50(/720)*[E/(1keV)] " GeV.

Detailed modelling is required...

hv': seed photon 7: electron

" Weak proton emission?



GRB1807208B: interpretation

" Photo-hadronic scenario?
see e.g. Sahu & Fortin, arXiv:2005.12383

usual problem: low efficiency



GRB 190114C (MAGIC)



GRB190114C: prompt lightcurve
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Extended DataFig.1|Prompt-emissionlight curves for different detectors. (e;1.4-100 MeV) and Fermi-LAT (f; 0.1-10 GeV). The light curve of AGILE-MCAL
a-f, Light curves for Super-AGILE (a; 20-60 keV), Swift-BAT (b; 15-150 keV), issplitinto two bands to show the energy dependence of the first peak. Error

Fermi-GBM (¢;10-1,000 keV), AGILE-MCAL (d; 0.4-1.4 MeV), AGILE-MCAL barsshow lostatistical errors.



GRB190114C: lightcurve XRT-LAT-MAGIC
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Fig.1|Light curvesinthekiloelectronvolt, gigaelectronvoltand oeiectromel bandsfor GRB OULIeC. Phocon Thoclght urveatiove detation vergelnesnlcareshe mesniendhe ertvisreseed

0.3 TeVmeasured by MAGIC (red; from 7, + 62 s to T, + 210 s), compared with (T, +225) by MAGIC, when the tracking of the GRB by the telescopes started

teraelectronvoltbands, and spectral evolutioninthe teraelectronvolt DANM . e s cevandsoreymensared by switt 5117 Coressrom o o (T, +509), whenthe data acquisitionstarted T, + 57, and whenthe data
. . . . 7,+2105) and the photon flux above 0.3 TeV of the Crab Nebula (blue dashed acquisition system (DAQ) became stable (T, + 62s; dotted line).

for GRB190114C. a, Light curves in units of energy flux (left axis) and apparent

luminosity (right axis), for MAGIC at 0.3-1TeV (red symbols), the FermiLarge

AreaTelescope (LAT) at 0.1-10 GeV (purple band) and the Swift X-ray Telescope

(XRT) at1-10 keV (greenband). For the MAGIC data, the intrinsic flux is shown,

corrected for EBL attenuation® from the observed flux. b, Temporal evolution

of the power-law photonindex, determined from time-resolvedintrinsic

spectra. The horizontal dashed lineindicates the value —2. The errors shownin

both panels are statistical only (one standard deviation).

Teraelectronvolt emission from the y-ray burst GRB 190114C, MAGIC collaboration; Nature 575, 455-458 (2019)



GRB190114C: multi-A lightcurve
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Fig.1|Multi-wavelengthlight curves of GRB190114C. Energy flux at different
wavelengths, fromradio toy-rays, versus time after the BAT trigger, at
T5=20:57:03.19 universal time (UT) on 14 January 2019. The light curve for the
energyrange 0.3-1TeV (greencircles) iscompared withlight curves at lower
frequencies. Those for VLA (yellow square), ATCA (yellow stars), ALMA (orange
circles), GMRT (purplefilled triangle) and MeerKAT (purple open triangles)
have been multiplied by 10° for clarity. The vertical dashed line marks
approximately the end of the prompt-emission phase, identified as the end of
thelastflaring episode. For the data points, vertical bars show the loerrors on
the flux, and horizontal barsrepresent the duration of the observation. The
fluxesintheV, randKfilters (pink, purpleand grey filled squares, respectively)
havebeen corrected for extinctionin the hostandin our Galaxy; the
contribution fromthe host galaxy has been subtracted.

010-1000 kev ~ - 1.1 after 5-10 s

OXRT ™ -1.4
amacic ~ -1.5

NIR-V (square symbols):
-Early: RS contribution?
-Then shallow decay/fast decay

Radio-mm:
-Early: RS contribution?
-Then ~cst flux

Observation of inverse Compton emission from a long y-ray burst, MAGIC collaboration; Nature 575, 459-463 (2019)



GRB190114C: VHE specirum
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Fig.2|Spectrumabove 0.2 TeV averaged over the period between T, + 62 s
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correspond to one standard deviation. The upper limits at 95% confidence level
are shown for the first non-significant bin at high energies. Also shownis the
best-fit model for the intrinsic spectrum (black curve) when assuming a power-
law function. The grey solid curve for the observed spectrumis obtained by 109t
convolving this curve with the effect of EBL attenuation. The grey dashed curve
isthe forward-foldingfit to the observed spectrumwith a power-law function
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cases (+15%, -15%), which define the limits of the systematic uncertainties. The
contour regions are drawn from the 1o error of their best-fit power-law
functions. The vertical bars of the data points show the loerrorson the flux.

Extended DataFig.2|MAGIC time-integrated SEDs in the time interval
62-2,400safter T,. Thegreen (yellow, blue) points and band show the results
of the Monte Carlo (MC) simulations for the nominal and the varied light scale

Teraelectronvolt emission from the y-ray burst GRB 190114C, MAGIC collaboration; Nature 575, 455-458 (2019)
Observation of inverse Compton emission from a long y-ray burst, MAGIC collaboration; Nature 575, 459-463 (2019)



GRB190114C: multi-A specirum
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Fig.2|Multi-band spectrain the timeinterval 68-2,400s. Five timeintervals
are considered: 68-110 s (blue), 110-180 s (yellow),180-360 s (red),360-625s
(green)and 625-2,400s (purple). MAGIC data points have been corrected for
attenuation caused by the EBL. Datafromother instruments (Swift-XRT, Swift-
BAT, Fermi-GBM and Fermi-LAT) are shown for the first two time intervals. For
eachtimeinterval, LAT contour regions are shown, limiting the energytothe
range in which photons are detected. MAGIC and LAT contour regions are
drawn fromtheloerror of their best-fit power-law functions. For Swift data, the
regions show the 90% confidence contours for the joint fit for XRT and BAT,
obtained by fitting asmoothly broken power law to the data. Filled regions are
used for the first timeinterval (68-110s).

Two components
(clear for the first
two intervals)

Independent of the
choice of an EBL model

SSC in external shock?

Observation of inverse Compton emission from a long y-ray burst, MAGIC collaboration; Nature 575, 459-463 (2019)



GRB190114C: interpretation

" Again: Afterglow / Forward Shock
" Subdominant prompt component at early times?

Discovery paper says : <20% during first 100 s (IS, rec) — Photosphere

Duration of the prompt phase? Tog ~100-300 s (1t paper); duration « 25 s (27 paper)
Onset of the afterglow phase: ~5-10s ?

® Dominant: accelerated electrons
up to LAT: synchrotron ; MAGIC: SSC Esynmax =~ 100(/,/1,000) GeV,

¥ SSC component is energetically important
" Weak proton emissione

- Proton synchrotron:  &un max = (7.6 GeV)i %3/ (noE, s3> * 654 (1 + 2)/*
— -3 =2.2.1/271/2 .-3/2 1/2
slope —(p+1)/2 em=(3.7x10 " eV)$ Jepeg E 53ts ™ (1 +2)
above vy, fle=e)=(13x10% ergem s Hz ™) x € e *nd*Ey 53D 55(1+ 2)
F(e=1TeV) =(1.1x10%ergcm2s™?)

201, 1/213/2 1-2,-3/2 3/2
xe=€ “epngEy Dot (1 + 2)
. pSp €8N0 Ly 5328l
ng’EY5 210" at 100 s | P



GRB190114C: model
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Fig.3|Modelling of the broadband spectrain the timeintervals 68-110sand
110-180s. Thick blue curve, modelling of the multi-band datain the
synchrotronand SSC afterglow scenario. Thinsolid lines, synchrotronand SSC
(observed spectrum) components. Dashed lines, SSCwheninternal y-y
opacityisneglected. Theadopted parametersare:s=0,£,=0.07,,=8x107,
p=2.6,n,=0.5and £, =8 x10> erg; see Methods. Empty circles show the
observed MAGIC spectrum, thatis, uncorrected for attenuation caused by the
EBL. Contourregionsand data pointsareasinFig. 2.



GRB190114C: model Afterglow: external shock

41)
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1077 3

4 3 Onset~5-10s
\ Initial Lorentz factor ~ 300-700
| Lorentz factor at 100 s ~150

1078 &

10-° E

; -Syn peak at ~10 keV
| -IC peak at <TeV
NG (flat spectrum)

10710
1077 3

10785—
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4 200 GeV
o | | I Then: ZA2 ~ ~ 2107
10° 108 Eneray (ev)109 10%2 3 f}/m 10 kev
Y ~ 4103 (2109

Synchrot < h 30VFB(%“)2 Then: B ~ 400G
NCNrotron pedadk: ~ en. ~
Y P Ym “V1501G \2103

Problem: - low electron Lorentz factor: low g¢
- high magnetic field: high &g
- Then: low g / g implies a low efficiency for the simplest version
of a SSC model

This leads to a more complex model when the SSC peak is affected by KN & yy.



GRB190114C: model
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Detailed model:

Kinetic energy > 3 10°3 erg
Efficiency of prompt phase > 50%

Radius ~ (8-20) 106 cm at 100 s

Microphysics:

| £~ 0.05:0.15; p ~ 2.4-2.6 ; 7y ~ (0.82) 104t 100 s

eg ~ 0.00005-0.001 ; B~0.5-56 G at 100 s

ge >> ¢gp . efficient SSC
At 100 s: comparable powers syn and IC

Exernal medium:
- Wind does not work
- Uniform: ngy ~ 0.5-5 cm3



GRB190114C: model

$=0,£,=0.07,6,=8%x107°,p=2.6,n,=0.5and £, =8 x10>?erg
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Extended DataFig.7|Modelling of broadband light curves. Modelling
results of forward shock emission are compared to observations at different
frequencies (see key). The model shown with solid and dashed lines is
optimizedto describe the high-energy radiation (teraelectronvolt,
gigaelectronvolt and X-ray) and has been obtained with the following
parameters:s=0,£,=0.07,6,=8x107°,p=2.6,n,=0.5and £, =8 x10% erg. Solid
lines show the total flux (synchrotron and SSC) and the dashed line refers to the
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SSC contributiononly. Dotted curves correspond to a better modelling of
observations atlower frequencies, but fail to explain the behaviour of the
teraelectronvoltlight curve; they are obtained with the following model
parameters:s=2,£,=0.6,£,=10"*, p=2.4,A.=0.1and £, =4 x 10 erg. Vertical
barsonthe data pointsshow the loerrors on the flux, and horizontal bars
represent the duration of the observation.

Early NIR-V not modeled (RS) - Late radio: not reproduced.



Summary:

" Finally detections!
" A new window on GRB afterglows
" Optimistic prospects for CTA

" Afterglow physics: is the external shock + SSC explanation enough?
Model proposed with the discovery paper is nice but not fully satisfactory.

Things to investigate in the same framework:

effect of pair enrichment in external medium at early times,

possible contribution of the RS (or of the prompt emission at early times),
etc.

Alternatives:

- External IC (discussed for 190829A, Zhang et al. 2020)
-Direct synchrotron beyond the burn-off limite

(e.g. with evolving B from acceleration to emission zone)
-Converter acceleration (Derishev)

- « Pair balance model » (Piran & Derishev)
-Photo-hadronic processese (low efficiency)

- efc.



Summary:

" Finally detections !
" A new window on GRB afterglows
" Optimistic prospects for CTA

" Afterglow physics: is the external shock + SSC explanation enough?
Model proposed with the discovery paper is nice but not fully satisfactory.

Things to investigate in the same framework:

effect of pair enrichment in external medium at early times,

possible contribution of the RS (or of the prompt emission at early times),
etc.

" Prompt TeV emission?
" Transition Prompt-Afterglow?
(1C scatterings of prompt photons by relativistic electrons in FS)

Many possibilities to investigate
" Diversity among GRBs ? (short vs long, ...)

GRB190829A (HESS) = low-luminosity burst
See Fabian Schussler’s presentation



