
On the Recent Discoveries of GRBs 
at TeraelectronVoltEnergies

RazmikMirzoyan
Max-Planck-Institute for Physics

Munich, Germany
&

SINP at LMSU 
Moscow, Russia



¢ƻŘŀȅΨǎVHE g-raySourcesin the Sky

30.09.2020, SINP @ LMSU, 
Moscow, Russia --> Ether 

җ нлл EstablishedSources

http://tevcat.uchicago.edu/

Razmik Mirzoyan: Recent Discoveries ofTeV 
Gamma-Ray Emission from GRBs

2



Cherenkov light : the beginnings

Å In a seriesof publicationsOliver Heaviside hascalculated

andpredictedthe main featuresof a specialemissionwhen

an e- movsin a transparent medium with a speedhigher

than that of light .

ÅThe work of the genius, who advancedhis time by half  a 

century, was not appreciatedby contemporaryscientists

andwas forgotten. In 1912 he calculatedthe geometryand

the angle of emissionrelative to the axis of movementof

the charge(1888, 1889, 1892, 1899, 1912a,b) 

ÅPleasenote that during the end of 19th century scientists

believedthe spacewas feeled-in with Ether. 
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Å It took almost50 yearsuntil the effectwas experimentally

discoveredand later on got the nameCherenkov

ÅAlso Sommerfeld studiedthe problemof a chargemoving in 

vacuumwith a speedv > c (1904). The relativistic principles

prohibit such a motion in vacuumbut in a medium with

givenn then his equationsgivevalid solution(ăsonic

boomò).

ÅFirst observationof ghostly bluish glow of bottles in the

dark cellar, containing radium saltsdissolvedin distilled

water, by Marie Curie in 1910 (E. Curie, 1937). It was 

thought to bea type of fluorescence.

Cherenkov light : the beginnings

30.09.2020, SINP @ LMSU, 
Moscow, Russia --> Ether 

Razmik Mirzoyan: Recent Discoveries ofTeV 
Gamma-Ray Emission from GRBs

4



ÅFrench scientists

M.L. Mallet 

published3 articleson the

bluish glow in transparent 

liquids (1926-1929).

ÅOn the left onecanseea 

scanof oneof thosepapers

(1926)

ÅMallet recongnisedthe

continuousspectrumof

emissionthat was 

contradicting the

fluorescencetheory, but 

failed to offer any deep

explanation
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ÅPavel Cherenkov: born July 28th 1904 in a poor

peasantfamily in village Novaya Chigla, Voronezh

province. 

Å1924-1928 studying in Voronezhsateuniversity.

Å1930: postgraduatestudentof Sergej Vavilov at the

Institute of Physicsof SovietAcademyof Sciencesin 

Sankt-Petersburg (later on FIAN). 

ÅHad to find the fluorescencenature of solventsof

uranium salts, emitting bluish light

ÅBig was his surprisethat also pure solventsandeven

water wereemitting the annoyingbackgroundlight

Cherenkov light : the beginnings
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Cherenkov, Tamm and Frank awarded Nobel 

Prize in 1958
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ÅS. I. Vavilov has

passed away in 

1951 (after ~10 

heart attackes).

ÅNobel prize is 

awarded only to

scientists who are

alive

Tamm Frank
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ÅInitially complaning about his boss: he had to 

spend >1-1,5 hours in a dark, cold cellar, for 

accomodating his eyes

ÅHe noticed that the emission is not chaotic, but 

is related to the track of  moving particle. 

Å1934-1938 conducting a series of  brilliant        

expeirments.

ÅObtained doctorate in 1940
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1953

By usinga garbagecan, 

a 60 cm diametermirror

in it anda PMT in its focus

Galbraith andJelly had

discoveredthe

Cherenkov light pulses

from the extensive air

showers.

The Experimental Beginning
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Gamma-ray Astronomy, 

the beginning

Also proposed at 
higher energies
independently by
Giuseppe Cocconi,
1959

Seminal paper by
Phillip Morrison,
1958 
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Alexander Chudakov and the 

Cherenkov Technique for 

Gamma Ray Astronomy

Crimea Experiment 1959-1965, 
Chudakov, et al., (SNR, radio galaxies)
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The PioneerTrevor Weekesandhis 10m Ø 

Whipple telescopegavebirth tog-ray

astrophysics: 9sfrom CrabNebula in 1988 !
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αLŦ ŀ ǘŜƭŜǎŎƻǇŜ Ŏŀƴ ǿƛǘƘƛƴ
a few s evaporate a solid 
piece of steel, it can also 
ƳŜŀǎǳǊŜ ƎŀƳƳŀ Ǌŀȅǎά
;-)
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Last year we celebrated the 30 year jubilee of 
ground-based VHE g-ray astronomy

ÅThe first 9sdetection of the Crab Nebulamarked 
the birth of the VHE g-ray astronomy as an 
independent branch of astronomy

ÅThis detection was reported by the 10m diameter 
Whipple IACT team in Arizona, lead by the pioneer 
of VHE g-ray astronomy Trevor Weekes, in 1989

ÅWith the detection of the first gigantic signal from 
the GRB190114C (in the first 30 s the gamma-ray 
rate was x 130 Crab!) one year ago we celebrated 
the 30 years jubilee of VHE g-ray astronomy !     
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20 m distance between the telescopes

Construction and start of operation
1985 - 1989

Arnold Stepanianõspioneering imaging 

òstereo ótelescopes: GT-48 in Crimea
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The 1st telescope(of 5 planned) wé ve built: 1989

Nor Amberd cosmic ray

Station, mount Aragats,

2000 m a.s.l., Armenia
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The 1st telescope of

HEGRA, the CT1

(installed spring 1992)

CT2 ïCT6: 5 more telescopes 

were built until 1997. 

CT1 started to collect data in summer 1992

The 1st signal from Crab Nebula fall 1992

2 x larger reflector, 1997

30.09.2020, SINP @ LMSU, 
Moscow, Russia --> Ether 

16



The HEGRA detector, including

6 air Cherenkov imaging telescopes

Location: ORM @ La Palma

Operation 1992 - 2002

CT1

CT6

CT3

CT4
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Gamma Ray Bursts

ÅMost powerful, violent, distant explosions in the Universe

Å2 different populations, short and long bursts

ÅLong GRBs: T > ~ 2s; massive star collapse > ultra-relativistic jet

ÅRecent detection of a gravitational wave signal consistent with a 

binary neutron star merger and associated to a short GRB

ÅUntil recently Both long and short GRBs have been detected at E 
< 100 GeV

ÅNo strict division in time between prompt and afterglow 
Razmik Mirzoyan: Recent Discoveries ofTeV 

Gamma-Ray Emission from GRBs
30.09.2020, SINP @ LMSU, 
Moscow, Russia --> Ether 

18



Past Hint from a GRB @ 9 җ нл TeV
AIROBICC & GRB 920925c

Å AIROBICC ƛƴ мффлΩǎ was an open 
air Cherenkov integrating array of 
7x7 PMT-based stations (40cm Ø 
ƭƛƎƘǘ ƎǳƛŘŜύ ƻŦ җ лΦлон ƪƳ2

Å From GRB 920925c one expected 
0.93 events while 11 were 
observed.

Å.ǳǘ ǘƘŜ άǎƛƎƴŀƭέ ǇǊŜŎŜŘŜŘ ǘƘŜ 
WATCH trigger by < 1 minute and 
was ~9° away from its location.

Å Evidence ~2.7 s(post-trial)  from 
AIROBICC above 20 TeVfrom GRB 
920925c was reported

Padilla et al., 1998
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Keepingin mind the unknown
redshiftandthe possibleEBL 
absorption, this shouldbe a 
spuriousevent



Past Hints from GRBs @ sub-TeV
Milagrito & GRB 970417a

ÅGRB 970417a was a weak, soft GRB as observed by BATSE. The 
fluencein the 50ς300 keVrange was 1.5 x 10-7 ergs cm-2 and 
the T90 period was 7.9 s.

ÅMilagrito, a prototype of Milagro,consisted of a planar array 
of нну ta¢ǎ ƻŦ уΩΩ ǎƛȊŜ ǎǳōƳŜǊƎŜŘ in a light-tight water 
reservoir with a size of ~ 42 x 42 m2. Milagrito reported 
evidence for emission above 650 GeV from GRB 970417a, 
with a (posttrials) probability of 1.5 x 10-3 of being a 
background fluctuation (Atkins et al. 2000; Atkins et al. 2003)
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MILAGRITO and GRB 970417a

Fig. 9.τSpectral energy distribution for GRB 970417a, showing a single power-law fit to 
the BATSE data, upper limits at 1 and 10 MeV from the EGRET TASC detector, and three 
possible spectral forms consistent with the Milagrito observations.

Atkins et al., 2003

Å The VHE fluencemust 
be at least an order 
of magnitude greater 
than sub-MeV fluence
measured by BATSE
Å A way out: if the actual 
peak of the SED may lie 
below the energy range of 
BATSE ?
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Observing Transients with TeVInstruments

ÅAll the major TeVinstruments like Veritas, H.E.S.S., HAWC, 
a!DL/Σ [I!{{hΣΧare pursuing intense programs for following 
transient alerts: GRBs, Gravitational wave sources, Neutrino ToO, 
Fast Radio Bursts, Novae, etc.

ÅWhile for a wide angle detector like HAWC the transient just 
needs to happen in their field of view, the narrow field of view 
IACTs need to possibly fast slew and track the alerted position

ÅAll the IACTs optimized their operation for possibly fast sluing to 
the alerted position and starting observations

ÅDespite the really large number of followed GRBs by the above 
collaborations over many years, until recently only upper limits 
were reported
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Teraelectronvoltemission from the ɹ-ray burst GRB 190114C
Acciari, et al., MAGIC Collaboration
Observations of teraelectronvolt-energy ɹ -rays starting about one 
minute after the ɹ -ray burst GRB 190114C reveal a distinct 
component of the afterglow emission with power comparable to 
the synchrotron emission.

Observation ƻŦ ƛƴǾŜǊǎŜ /ƻƳǇǘƻƴ ŜƳƛǎǎƛƻƴ ŦǊƻƳ ŀ ƭƻƴƎ ʴ-ray burst
MAGIC Collaboration, et al.,
A multi-ŦǊŜǉǳŜƴŎȅ ƻōǎŜǊǾƛƴƎ ŎŀƳǇŀƛƎƴ ƻŦ ǘƘŜ ʴ-ray burst GRB 
190114C reveals a broadband double-peaked spectral energy 
distribution, and the teraelectronvoltemission could be attributed 
to inverse Compton scattering.

A very-high-ŜƴŜǊƎȅ ŎƻƳǇƻƴŜƴǘ ŘŜŜǇ ƛƴ ǘƘŜ ʴ-ray burst afterglow
Abdalla, et al., H.E.S.S. Collaboration
Very-high-ŜƴŜǊƎȅ ʴ-rays observed ten hours after the prompt 
ŜƳƛǎǎƛƻƴ ƻŦ ǘƘŜ ʴ-ray burst 180720B can be attributed to either an 
inverse Compton or an extreme synchrotron process.

News & Views | 20 
November 2019 
Bing Zhang
Extreme emission seen 
ŦǊƻƳ ʴ-ray bursts

4 publicationsappearedin Nature in 
November 21st 2019 issue

https://www.nature.com/articles/s41586-019-1750-x
https://www.nature.com/articles/s41586-019-1754-6
https://www.nature.com/articles/s41586-019-1743-9
https://www.nature.com/articles/d41586-019-03503-6
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d ςdiameterof the telescope
2 x̄ (r + d/2) ςcircumferenceof ring

= d/r + d/2 ςarclengthof i˃mage
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VHE g-astrophysicswith IACTs ispossible
thanksto exponentialatmosphere
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The IACT 
principle
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Gamma-Ray Emission Processes
Astrophysical process

6.1-´E

2.2-´E2.2-´E
2.2-´E

2.2-´E

6.1-´E
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ŀƴŘ ǘƻŘŀȅΧ

VERITAS, H.E.S.S. & MAGIC: pushingthe VHE 

g-astro-physicsto its limits
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The 17m Ø MAGIC IACT project for VHE g

astrophysics at E ~ 30 GeV - 100 TeV

Laser beams of the 

Active Mirror Control 

system become 

visible on foggy night 

wwwmagic.mpp.mpg.de
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Fully-Automatic System for Following the 
Transient Alerts with MAGIC 
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ÅWhen obtaining an alert the software checks several criteria 

if the alert should be followed

Å IŦ ȅŜǎΣ ǘƘŜ ǘŜƭŜǎŎƻǇŜǎ ǎǘŀǊǘ Ŧŀǎǘ Ǌƻǘŀǘƛƻƴ ŀƴŘ ǿƛǘƘƛƴ Җ нр ǎ 

slue to any given position in the sky and start tracking it

ÅWhile the telescopes are in fast motion, the software closes 

data-taking files of the previous observation, downloads the 

look-up tables for the aimed for elevation angle and by using the 

AMC system re-adjusts the individual mirror positions, adjusts the 

discriminator thresholds to the estimated brightness of the position

ÅWeusedto issuefake alertsonceper observationalshift for

debuggingthe system
30.09.2020, SINP @ LMSU, 
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GRB follow-ups

ÅSince 2005 we observed 105 GRBs

ÅOn average 8-10 GRB/year

ÅAfterglow observations since 2013

Å24 with < 100 s delay & stereo,

4 out of which with z < 1.5
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GRB 160821B
Delay versus observation angle

Red-shift distribution
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List of MAGIC GRBs observed under good 
technical and weather conditions with 

z < 1 and Tdelay< 1 h
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MAGIC capability to observe at the presence of 
partial Moon and at large zenith angles were of 

key importance for this detection

ATelissued 4h
after GRB onset 
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The most intense, purest signal in VHE 
g-ray astrophysics: GRB190114C detection 

ōȅ a!DL/ ŀǘ 9 җ нлл DŜ±

Razmik Mirzoyan: Recent Discoveries ofTeV 
Gamma-Ray Emission from GRBs

30.09.2020, SINP @ LMSU, 
Moscow, Russia --> Ether 

37



g-rate from GRB190114C & Crab Nebula by 
MAGIC for the first ~100 s of data taking; during 

the first 30s the VHE grate is ~ 130 x Crab

Please note the Y-axes scale difference of x 10 for the GRB190114C
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@ CTA symposium in Bologna in May 2019  
H.E.S.S. reported on GRB 180721B
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H.E.S.S. Detection of Afterglow From 
GRB180720B
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The Original Goals of the MAGIC Project: 
Measure GRBs, Pulsars, Distant AGN
above the threshold energy 10 GeV 

MAGIC Design Study, 1998 MAGIC is a pioneering IACT
paving the road down to 
aŦŜǿ млΩǎ ƻŦ DŜ± ŜƴŜǊƎƛŜǎ

Introduced multiple novel
techniques & technologies 
into the field
Å Fast slew for transients
Å Active Mirror Control
Å T° controlled camera
Å Analog signal via optic 

fibers, ~2ns fast signals
Å Carbon-ŦƛōŜǊ ǎǘǊǳŎǘǳǊŜΣΧ
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After 15 years of successful operation of MAGIC 
we thought we are ready to measure the next 

best GRB above the lowest threshold

ÅWith time we improved the performance of the MAGIC 
telescopes and learnt to measure g-ray signals from sources

ŀǘ 9 җ нл-30 GeV; (G. Ceribella,ά/Ǌŀō tǳƭǎŀǊ ϧ bŜōǳƭŀέ 36th

ICRC ; Acciariet al, and M. López,ά5ŜǘŜŎǘƛƻƴ ƻŦ ǘƘŜ 
GemingapulsarέΣ ŀŎŎŜǇǘŜŘ ŦƻǊ ǇǳōƭƛŎŀǘƛƻƴ ƛƴ !ϧ! [ŜǘǘŜǊǎύ 

ÅWe succeeded to measure the spectrum of a remote FSRQ 
PKS1441 όȊҐлΦфофύ ŀǘ 9 җ пл DŜ± (Ahnen, et al, ApJL2015)

ÅSo we were preparing and training ourselves to measure g-
Ǌŀȅǎ ŀǘ ƭƻǿŜǎǘ ŜƴŜǊƎƛŜǎ җ нл-30 GeV from the next best GRB
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Cartoon of a pulsar
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MAGIC established the Crab pulsar as the 
most compact accelerator of TeVgrays
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Measuredby MAGIC pulsedsignalfrom
the Gemingapulsarŀǘ 9 җ мр GeV

30.09.2020, SINP @ LMSU, 
Moscow, Russia --> Ether 

Razmik Mirzoyan: Recent Discoveries ofTeV 
Gamma-Ray Emission from GRBs

45
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MAGIC datahintson power law
behaviourof the Gemingaspectrum
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The Surprise with the GRB 190114C

ÅBut the reality looked quite different 

ÅThe burst of GRB 190114C happened at a large zenith angle 
of ~60° and moreover, the Moon was up 

ÅBoth effects together increased the threshold energy to ~200-
300 GeV

ÅWhy GRB happened at high zenith angle ? Because the 
observation chance is proportional to the solid angle

ÅWhy at the time when the Moon was up ? Because the partial 
Moon observations seriously increase the duty cycle of IACTs

ÅDespite the high threshold we were surprised to measure in a 
shortest time a truly gigantic signal, the most intense signal in 
the 30 years history of VHE gamma astronomy
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MAGIC Partial Moon Observations Were 
Crucial for Discovering the GRB 190114C

ÅHence from the beginning of the project MAGIC is regularly 
observing at the presence of partial Moon, at Dusk and Dawn

ÅThese provide significantly longer observations, albeit at 
somewhat higher threshold energy

ÅThe Moon observations were inherited already from the HEGRA 
CT1 operation; back in 1997 we observed Mrk-501 for 244 h dark 
time and 134 h at partial moonlight. The latter was crucial for 
finding quasi-periodic  g-ray emission from 

Mrk-501, see Kranichet al., 1999 

ÅMAGIC & Moon observ.:  Albert et al (2007);  Ahnenet al (2017)  

ÅDuring the GRB 190114C observations the partial Moon 
increased the anode currents of PMTs by 6-8 times ςfully O.k. 

Razmik Mirzoyan: Recent Discoveries ofTeV 
Gamma-Ray Emission from GRBs

30.09.2020, SINP @ LMSU, 
Moscow, Russia --> Ether 

48



GRB 190114C signal footprint
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Crab emission

level

ÅVery strong signal, almost background-free
ÅSignal detected up to ~40 minutes
ÅEnergy flux emitted @ sub-TeVcomparable within factor 

of two to the one emitted in X-rays (between 60-2000s)  



GRB 190114C light curves in the keV, GeV 
and TeVbands
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MAGIC detected the afterglow phase of the GRB
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Spectrum above 0.2 TeVaveraged over the 
period between T0 + 62 s &
T0 + 2454 s for GRB 190114C
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Distribution of TeV-band grays in energy 
versus time for GRB 190114C
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MAGIC detected an energetic component not yet seen 
in GRBs, different from synchrotron
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Bottom curves show the 
expected max. photon 
energy ʁ syn,maxof electron 
synchrotron radiation 
in the standard afterglow 
theory, for two extreme
cases; isotropic-equivalent 
blast wave kinetic energy
Ek,aft = 3.1055 erg
dotted ςn = const.
dashed ςn ~ 1/R² 



Multi-wavelength light curves of 
GRB190114C measured >20 space-born 

and ground-based instruments
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ÅMAGIC detected the 
afterglow phase of 
the GRB
ÅA significant share
of GRB energy is emitted
in the TeVenergy range 
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Dynamics of multi-wavelengthspectraof
GRB 190114C
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A reallyunique
event; the spectra
havebeenmeasured
duringthe
Å1st time bin for

only42 s,
Å 2nd time bin for

70 s 
Å3rd time bin 180 s


