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1. Introduction



GRBs: mid 2017

Long

long (>~2s): massive star collapse bursts
short (~<2s): compact binary merger"

~70-80%

-> ultrarelativistic jets
-> prompt: X-MeV
+ afterglow: radio-opt-X-GeV
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GRBs: mid 2019

Long

long (>~2s): massive star collapse bursts
short (~<2s): compact binary merget

~70-80%

-> ultrarelativistic jets
-> prompt: X-MeV
+ afterglow: radio-opt-X-GeV-TeV
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- 186 detections (169 long, 17 short) during Aug 2008 - Aug 2018
- delayed onset, variable during prompt phase

- extended emission -> afterglow
- sometimes hard spectrum, separate from Band component

- By max~<100 GeV



burnoff limit in afterglow synchrotron emission:
Fermi-LAT results
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ground-based y-ray telescopes: some results before 2019
MAGIC+Fermi Aleksic+ 2014 HESS Abramowsk1+ 2014
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ground-based y-ray telescopes: some results before 2019
MAGIC+Fermi Aleksic+ 2014 HESS Abramowsk1+ 2014
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2. GRB 190114C



MAGIC telescopes

-2 X 17m IACTs
La Palma, Canary Is.
altitude 2200m

- Field of view: ~3.5°
- Angular resolution: ~0.1°

- Sensitivity:

~10% Crabin 1 h >100 GeV
- Threshold energy:

~50 GeV at zenith angle <20°
- Repointing speed:

~30 s for 180°

- Key observing program

dedicated to GRB follow-up
mono from Apr. 2005

stereo from July 2009
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GRB 190114C

T90 ~116 S (GBM)
~362 s (BAT)

z=0.425
(afterglow abs. +
host galaxy emi. )

E..~3x10> erg

1SO

L..,~1x10°3 erg/s

1SO

(1-10* keV)

moderate moon
(~6 x dark)
zenith angle >56 deg

TITLE: GCN CIRCULAR

NUMBER: 23701

SUBJECT: MAGIC detects the GRB 190114C in the TeV energy domain
DATE: 19/01/15 01:56:36 GMT

FROM: Razmik Mirzoyan at MPI/MAGIC <Razmik.Mirzoyan@mpp.mpg.de>
R. Mirzoyan (MPP Munich), K. Noda (ICRR University of Tokyo),

E. Moretti (IFAE Barcelona), A. Berti (University and INFN Torino),
C. Nigro (DESY Zeuthen), J. Hoang (UCM Madrid), S. Micanovic
(University of Rijeka), M. Takahashi (ICRR University of Tokyo),

Y. Chai (MPP Munich), A. Moralejo (IFAE Barcelona) and the MAGIC

GCN Circular
on TeV detection

On January 14, 2019, the MAGIC telescopes located at the Observatorio

Collaboration report:

Roque de los Muchachos on the Canary island of La Palma, detected

very-high-energy gamma-ray emission from GRB 190114C (Gropp et al.,

GCN 23688; Tyurina et al., GCN 23690, de Ugarte Postigo et al., GCN

23692, Lipunov et al. GCN 23693, J. Selsing et al. GCN 23695).
The observation was triggered by the Swift-BAT alert and it started about

50s after the Swift TO: 20:57:03.19.

The GRB data of MAGIC shows a clear excess of gamma-ray events with the

significance >20 sigma in the first 20 min (starting at T0+50s) for energies

>300GeV. The relatively high detection threshold is due to the large zenith

angle of observations (~60 deg.) and the presence of partial moon. After
the first bright flash the source is quickly fading.

The MAGIC point of contact for this burst is R. Mirzoyan
(Razmik.Mirzoyan@mpp.mpg.de).

Burst Advocate for this burst is K. Noda ( <mailto:nodak@icrr.u—tokyo.ac.jp}3
nodak@icrr.u-tokyo.ac.jp)



GRB 190114C: early TeV vs keV-MeV light curve
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- significance > 50 in first 20 min
- ~0.1 kiloCrab > 0.3 TeV 1n first 30 s, brightest TeV source to date

> L., ~3x10% erg/s, most luminous TeV source to date ;



GRB 190114C: prompt vs afterglow
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GRB 190114C: comparison with other GRBs
~1x10>3 erg/s (1-10* keV)
~7x10°% erg (0.1-100 GeV)
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GRB 190114C: time-integrated TeV spectrum
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1 2019
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- consistent with E-2-2% after correcting for attenuation by EBL
(factor ~300 at 1 TeV, from E~“3 observed)

- no clear evidence for cutoff above 1 TeV 12



GRB 190114C=0”

TeV vs 2
keV-GeV 5"
light curves, 51 08
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TeV spectra 10
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- consistent with t'10-> likely predominantly afterglow
- radiated power comparable to X-ray and GeV
- good correlation with X-ray -> close relation with electron sync.

TeV spectra: consistent with ~-2, some evidence for softening
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GRB4 190114C: photon energies vs afterglow sync. lin}it
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-> unambiguous evidence for separate emission component
14



GRB 190114C: origin of new component beyond sync.

- hadronic processes: Syne model g
_ 102:7:F+* - XRT 3;
proton synchrotron wi 7y GRBO0905I0GeV . L |
photohadronic cascade A -ﬁﬂﬂia - . BT |
‘ E . —-w\;;;{;&v@w\\_\ EE
proton-proton 7’ decay . W
> highly unlikely due to R [ SR
low radiative efficiency ' :
10°F
- leptonic processes: 10° i
o Razza ue 10 )
inverse Compton o S et X

-> supported by TeV-X correlation @ @ Py
synchrotron-self Compton (SSC)
-> most natural, discussed in next slides

FYTI: several papers on SSC interpretation already published/posted,
even without any MAGIC data

Derishev & Piran 1905.08285, Wang+ 1905.11312,
Fraija+ 1904.06976, 1907.06675... 15



Comparison with past MAGIC GRB observations
Was 190114C a peculiar GRB? Probably not.

GRBs observed under adequate technical and weather
conditions with z<1 and Ty,,<1 hr:

Event redshift Tyeay (S) Zenith angle (deg) class Ej, (erg)
GRBO061217  0.83  786.0 59.9 short  8x10%
GRB100816A  0.80 1439.0 26.0 short  6x10°
GRB160821B  0.16 24.0 34.0 short 2x105°
GRB190114C  0.42 58.0 55.8 long  3x10%8

No GRB observed with criteria better than 190114C except
160821B, where a 3 hint 1s seen (MAGIC Coll., in prep.)

-> Suggests detection of 190114C 1s due to low z and fair
observing conditions, rather than any intrinsic peculiarity 16



GRB 190114C multlwavelength llght curves
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- extensive MWL coverage from GHz to TeV



GRB 190114C tlme resolved broadband spectra
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Energy [eV]

E MAGIC Coll.
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- direct evidence for spectral component distinct from synchrotron

with comparable power



multi-wavelength afterglow modeling by Lara Nava

- basic description of external shock hydrodynamical evolution
including onset (coasting) phase

- synchrotron+SSC emission with self-consistent evolution of
electron distribution including KN regime

- internal yy absorption, emission from secondary pairs
e.g. Granot & Sar1 2002, Sar1 & Esin 2001, Nakar+ 2009

- main parameters:

initial kinetic energy E, { n.=const (s=0: ISM)
0= - —

ny,=3x10»A. cm! (s=2: wind)
fraction of shock-dissipated energy channeled into electrons ¢,
into magnetic field &g

external medium density n=nyR

electron 1njection spectral index p
(other parameters: 1., 1...)

- fast, systematic search of parameter space
19



GRB 1901 14C time- resolved spectra vs SSC model

]- reasonable SSC

10
© _ 1 Interpretation with
J ] plausible parameters:
§) F 68-110 s 3 S=O, n0=0.5 Cm_3
S - .
S £.=0.07, £5=8x10-S
S 1 E,=8x10%3erg, p=2.6
[ GBM ] ]
10 O XRT, _BAT , | - supports inference
_7 ° °
L 1 that TeV emission
5 o2 may be common
5 10°F
[ - steep TeV spectra ->
% 1oL | KN-+internal yy abs
i 1 (otherwise low ¢,
-0l | .1 high B required,
3 9 12 . .

10 10 10 10 implying weak SSC
MAGIC Coll. Energy [eV] —— Observed p yms )
et al 2019 --- EBL-cor., no 1nt. yy
Nature 575, — EBL-cor., inc. int. yy 20



GRB 190114C: MWL light curves vs SSC models

A ! ] solid - ISM
g (dashed SSC only)
R <, 1s=0,n,=0.5 cm™
e £.=0.07, gg=8x10"
. i T~ — 53
R e { E,=8x10°>-erg
E / ........... - | p=26
g 10-1() |  mmmmmmmmms '-"--.,,..:.__ , PR A i
L10 11 e ZseeI o 1B ~ '~._.... .
S | e dotted - wind
L _,| T 1-10keV (x10) e R —
10 [ _+_ 0.1-1 GeV ~ ..... .. 1S 27 A>l< 0.1 A
4+ opticalr T 4 ’f? 8€=O 0, eg=10"
o4l + 081Tev@xio) o e £ E =4x103 erg
97.5 GHz 24
18 GHz p==.
10'16 Lol > a1 Lol Lol Lo ol Lo
10° 10’ 10° 10° 10" 10° 10°
T-To [S]

- TeV (smooth decay to t~10° s): s=0 slightly better, but s=2 also OK

- late X-ray (break at t~4x10% s): s=2 better, as v, crossing

- note: optical at t<103 s, radio at t<10° s likely from reverse shock
Laskar+ 19 21



3. GRB 160821B



short GRB 160821B: TeV observations

- short GRB (T¢,~0.5s), nearby (z=0.16) -> E, ~1.2x10°° erg/s
- MAGIC follow up t~24 s - 4 hr, zenith angle~34-55°

bright moon (3-9 x dark), poor weather at t<1.5 hr

- Draliminar Time = 3.78 h

16_—E . SRR RLLRL=LE | No,,-23;N°"-10.611.0
— | Nex =124

Significance (Li&Ma) = 3.09¢

% GRB160821b(XRT) Preliminary

DEC [deg]

188 187 186 185 0% [ deg® ]
RA[h]

- 3.1 sigma (post-trial) at >600-800 GeV at GRB position
-> hint of gamma-ray signal, but not firm detection

- no other VHE source in FoV, steady source excluded by later obs.
- no GeV detection by Fermi-LAT 22




short GRB 160821B: TeV vs MWL observations
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GRB observations by MAGIC

GRBs observed under adequate technical and weather
conditions with z<1 and Ty,,<1 hr:

Event redshift Tyeay (S) Zenith angle (deg) class Ej, (erg)
GRB061217  0.83  786.0 59.9 short  8x10%
GRB100816A  0.80  1439.0 26.0 short  6x10°"
GRB160821B  0.16 24.0 34.0 short 2x10%0
GRB190114C  0.42 58.0 55.8 long 3x10°3
160821B:

only GRB observed with criteria better than 190114C

24



4. Future prospects:
Towards LHAASO



4. Future prospects:
Towards LHAASO

- wide field of view
- high duty cycle
- high energy threshold



Future prospects for VHE (>20 GeV) GRB observations

1. More VHE afterglows — new window on IC and other components
(analogous to 90’s discovery of GeV/TeV emission from blazars)
- Deeper understanding of afterglow dynamics, GRB environment
- New 1nsight into plasma microphysics of relativistic shocks:

particle acceleration, B field amplification...
- Probe of EBL (IGMF) at high z

25
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Future prospects for VHE (>20 GeV) GRB observations
1. More VHE afterglows — new window on IC and other components
(analogous to 90’s discovery of GeV/TeV emission from blazars)

- Deeper understanding of afterglow dynamics, GRB environment

- New 1nsight into plasma microphysics of relativistic shocks:

particle acceleration, B field amplification...
- Probe of EBL (IGMF) at high z More frequent detections

Further, qualitative leaps:

2. Reverse shock VH

5 emission

- New 1nsight into GRB jet properties (poorly understood)

3. Prompt VHE emission

“Holy Grail”
ultrarel. jet
- New 1nsight into origin D
Y
of prompt emission i
(blg mYSteI'Y) II;/I;’?D? internal
; shocks ?
- Better tests of Lorentz 3 resonroction?

ivariance violation




Future prospects for VHE (>20 GeV) GRB observations

1. More VH

= afterglows — new window on IC and other components

(analogous to 90’s discovery of GeV/TeV emission from blazars)
- Deeper understanding of afterglow dynamics, GRB environment
- New 1nsight into plasma microphysics of relativistic shocks:

particle acceleration, B field amplification...

- Probe of EBL (IGMF) at high z More frequent detections
Further, qualitative leaps: Observations at earlier times
2. Reverse shock VHE emission (more challenging for IACTs)

- New 1nsight into GRB jet properties (poorly understood)

3. Prompt VHE emission

“Holy Grail” |

- New insight into origin | erel Je
of prompt emission >ei,) ) '
(blg mYSteI'Y) MHD? | internal

BZ?
- Better tests of Lorentz B reconnection?

ivariance violation

shocks ?




GRBs off-beam: orphan afterglows or GW counterparts

Post break universal
light curve

ct? oc @
A spreading
jet

No y-rays :

&

v-rays emitting
region

Piran 04

Oft-axis observer

Nakar & Piran 03 Log(t)

SGRB: GW170817 radio-X-ray afterglow, implies structured jet
-> search for TeV counterparts of NS mergers

LGRB: no clear candidates so far in radio, optical, X-ray
-> SKA, LSST, Lobster...
-> searches in GeV-TeV?

27



Summary: GRBs at very high energies

- After decades of frustrating non-detections, VHE gamma-ray
astronomy of GRBs has suddenly and fully blossomed.
Various different types of GRBs are involved.

- Long GRB 190114C:
Very clear detection, brightest/most luminous TeV source.
Clear evidence for non-sync. afterglow component, likely SSC.
First step towards deeper understanding of afterglows, rel. shocks.

- Short GRB 160821B:
Possible signal. Potential implications for GW follow-up at TeV,
potential new 1nsight into NS mergers.

- Long GRB 180720B: Late time detection. SSC favored.
- Low-luminosity GRB 190829A.: Clear detection. More details TBC

- Great prospects for further progress with CTA, LHAASO
More TeV afterglows, reverse shock/prompt TeV emission...
Orphan TeV afterglows, GW TeV counterparts...
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Summary: GRBs at very high energies

- After decades of frustrating non-detections, VHE gamma-ray
astronomy of GRBs has suddenly and fully blossomed.
Various different types of GRBs are involved.

- Long GRB 190114C:
Very clear detection, brightest/most luminous TeV source.
Clear evidence for non-sync. afterglow component, likely SSC.
First step towards deeper understanding of afterglows, rel. shocks.

- Short GRB 160821B:
Possible sienal Potential imnlications for GW follow-un at TeV,

potential
-Long G Dawn of a new era in GRB physics!

- Low-lun tails TBC
- Great prospects for further progress with CTA, LHAASO

More TeV afterglows, reverse shock/prompt TeV emission...
Orphan TeV afterglows, GW TeV counterparts...
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gamma-ray absorption due to J AR ————
extragalactic background light (EBI:) of
Y+Yy—oet+e ) 10 | .
E & 5 _uf
threshold condition: E € (1-cos 6 )>2 m_2c* E o L -
— 204 5
7 ek i ~hmee 13 _Costamante+ 03 N
e.g. TeV + 1eV (IR) 25 26 o [gT?J o8
100 GeV + 10 eV (UV) EBL attenuation etfect in

TeV blazar spectra

frm D. Main



gamma-ray horizon E(t,=1) vs z due to EBL
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GRB 190114C: theta-squared plot

2 800F
5 - Time = 0.32 h
Z 700
1 N,, = 895N _=17.6+1.9
600 — off
: N, = 877.4 +30.0
P00E", Significance (Li&Ma) = 51.4c
400
300
- 4
200 —
C 4
100
Oy 0.1 0.2 0.3

0.4

0% [ deg” ]



GRB 190114C: prompt vs afterglow Fermi+Swift
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GRB 190114C: time-resolved spectra vs SSC model
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afterglow theory: basics
reviews: Meszaros 02, Piran 05, Kumar+ 15

adiabatic case
-3/8
FOCtObS

I '~const

l_‘octobs—l/él
(wind n=A.R?)

N(To)|

(ISM n=const.)

main parameters

E,: initial kinetic energy

n or A.: external medium density

0;: jet opening angle

eg: fraction of shock-dissipated
energy in magnetic fields

€.: 1bid. in accelerated electrons

p: electron injection spec. index

¢.: no. fraction of accel. electrons

Y- MIinimum/injection
characteristic energy

v.: cooling energy

V4. Maximum energy

Ve injected

> tobs

tdec

’YC ym YC YX '



afterglow theory: basics
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light curves at given v
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V,,: minimum/injection/characteristic frequency

v..: cooling frequency
v,: self-absorption frequency



GRB 190114C: reverse shock component in radio-optical
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GRB 190114C: SSC modeling
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