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Overview
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NASA

GRB

Standard data

Novel data

Few photons 
above tens of GeV

Too high energy 
for synchrotron

~40-70% increase 
in statistics

4 events with  
>50 GeV coincident 

with GRBs

Fermi-LAT



Fermi Large Area Telescope

✦ Energy range: 
from ~20 MeV to > 300 GeV 

✦ Effective area: 
>0.8 m2 for normal incidence 

✦ Field of view:  
2.4 sr for 1 GeV
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Anti-Coincidence 
Detector (ACD)

Calorimeter (CAL)

[Atwood+ 09]

Tracker (TKR)

Sensitivity is 
limited by signal 
statistics above 
10 GeV



GRB photons with energy > tens of GeV

✦ Afterglow of gamma-ray 
bursts is usually explained 
by synchrotron emission 
from external shocks 

✦ Photons whose energy is 
challenging for synchrotron 
scenario have been 
detected  
‣ LAT: 130427A, etc. 

✦ Possibly requires another 
component such as inverse 
Compton 

✦ MAGIC detected emission 
above 300 GeV from 
190114C 

✦ Improving LAT sensitivity 
above tens of GeV is 
important !4 7/25/19

produced by lepton Compton processes. Syn-
chrotron self-Compton (SSC) g-rays, made when
target synchrotron photons are Compton-scattered
by the same jet electrons that emit the synchro-
tron emission, are unavoidable. SSC emission is
expected to peak at TeV and higher energies
during the prompt phase (although no GRB has
been detected at TeV energies) and would cause
the GeV light curve to flatten and the LAT spec-
trum to harden when the peak of the SSC com-
ponent passes through the LATwaveband (29–31).
Such a feature may be seen in the light curves of
GRB 090902B and GRB 090926A at 15 to 30 s
after T0 (13), but no such hardening or plateau
associated with the SSC component is observed
in the LAT light curve of GRB 130427A, al-
though extreme parameters might still allow an
SSC interpretation [see, e.g., (32)]. Except for the
hard flare at t ≈ 250 s and a possible softening at
~3000 s [and therefore not associated with a prob-
able beaming break at t ≈ 0.8 days (7)], neither
the integral photon nor energy-flux light curves
in Fig. 2 show much structure or strong evidence
for temporal or spectral variability from t = 20 s
to t = 1 day. The NuSTAR observations (33) of
the late-time hard x-ray afterglow also suggest that
a single spectral component produces the emis-
sion from optical to multi-GeV energies. If this
emission is indeed synchrotron radiation, then the
standard afterglow shock model must be modi-
fied to account for the highest-energy photons
detected by the LAT.

These considerations suggest that other ex-
treme high-energy radiation mechanisms may be
operative, such as external Compton processes.
The most intense source of target photons is the

powerful engine emissions, as revealed by the
GBM and XRT prompt emission. A cocoon or
remnant shell is also a possible source of soft
photons, but unless the target photon source is
extended and radiant, it would be difficult to
model the nearly structureless LAT light curve
over a long period of time. Given the similarity
between the XRT and LAT light curves (Fig. 2),
afterglow synchrotron radiation made by elec-
trons accelerated at an external shock would also
be the favored explanation for the LATemission,
but this is inconsistent with the detection of high-
energy photons at late times.

The photon index of GRB 130427A, ~ –2, is
similar to those found in calculations of electro-
magnetic cascades created when the g-ray opacity
of ultrahigh energy (UHE, >100 TeV) photons in
the jet plasma is large (34). An electromagnetic
cascade induced by ultrarelativistic hadrons
would be confirmed by coincident detection of
neutrinos, but even for GRB 130427A with its
extraordinary fluence, only a marginal detection
of neutrinos is expected with IceCube, and none
has been reported (35). Because the UHE g-ray
photons induce cascades both inside the radiating
plasma and when they travel through interga-
lactic space [e.g., (36, 37)], a leptonic or hadronic
cascade component in GRBs, which is a natural
extension of colliding shell and blast wave mod-
els, might be required to explain the high-energy
emission of GRB 130427A provided that the re-
quired energies are not excessive. The observa-
tions described above demonstrate nonsynchrotron
emission in the afterglow phase of the bright
GRB 130427A, contrary to the hitherto standard
model of GRB afterglows.
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Fig. 4. Curves of maxi-
mum synchrotron pho-
ton energy. The black dots
showtheLATdetection times
of photons with energies
greater than 1 GeV and
>90% probability of as-
sociationwithGRB130427A.
Adiabatic and radiative pre-
dictions for maximum syn-
chrotron photon energy in
uniform interstellarmedium
(ISM) and wind environ-
ments are plotted using
the relations described in
(17). Red and blue curves
refer to the ISM and wind
cases, respectively. The sol-
id and dashed lines refer
to the adiabatic and radia-
tive cases with G0 = 1000,
and the dot-dashed and
double dot-dashed lines represent the adiabatic case with G0 = 500 and G0 = 2000, respectively. The
dotted lines show an extreme possibility where acceleration takes place on the inverse of the Larmor
angular frequency, in the case of an adiabatic blast wave with G0 = 1000. For cases with uniform external
medium, Eiso(1055 erg)/n0(cm–3) = 1. The wind normalization was chosen to give the same value of td for
both wind and ISM cases. The vertical dotted lines show periods of Earth avoidance when the LAT could not
observe GRB 130427A.
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CalOnly classes
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Run Id 1 -- Event Id 4585

Acd2TileCount: 23

Acd2TotalTileEnergy: 37.8637

CTBBestEnergy: 141284.921875

CalEnergyRaw: 62002.4

CalNumClusters: 5.0

CalNumXtals: 83.0

McEnergy: 146580.0

McZDir: -0.90731700954

TKR TOT (ave, num, sat): (91.2, 78, 12)

TKR total hits: 417

TkrNumHits: 181

TkrNumTracks: 2.0

Standard event
x

z

y

z
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Run Id 4 -- Event Id 8599

Acd2TileCount: 14

Acd2TotalTileEnergy: 17.662

CTBBestEnergy: 133089.90625

CalEnergyRaw: 42944.4

CalNumClusters: 6.0

CalNumXtals: 98.0

McEnergy: 125711.0

McZDir: -0.959129978687

TKR TOT (ave, num, sat): (36.8, 12, 0)

TKR total hits: 22

TkrNumHits: 13

TkrNumTracks: 0.0

CalOnly event

Arrival direction is 
determined by a few 

degreesMake CalOnly events 
with energy >20 GeV 

usable for analysis

Improve in 
statistics

TKR 
~1.5X0

CAL 
~8.6X0

Unpublished

Unpublished

No usable TKR 
information



Background rejection
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Boosted 
Decision Trees

Event data

Gamma-ray-
like

Cosmic-ray-
like

• Find best combination 
of separators 

• Tune configuration 
• Introduce new 

separators

Optimize for 
CalOnly events

• Veto of ACD 
‣ ACD hit count, correlation with 

shower axis, etc. 
• Shower profile in TKR and CAL 
‣ Transversal RMS, longitudinal 

maximum, etc.

CalOnly_R100

CalOnly_R030

CalOnly_R010

CalOnly_R003

Le
ss

 co
nta

mina
tio

nLarger statistics



Performance evaluated with MC
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6.3.2 Acceptance

The acceptance is the effective area integrated over the FoV. It yields the signal statistics we can

get from a certain source during a long observation. It depends on E and θ. The dependence on

only E is plotted in Fig. 6.7. The peak locates around 100 GeV. At the peak, the acceptance of

the CalOnly R100 and R003 corresponds to ∼ 70% and ∼ 40% of the standard SOURCE class,

respectively. These fractions of photons are recovered for analysis on top of the conventional data.

This is a significant improvement because, at 50 - 100 GeV, the LAT sensitivity is limited by statistics

for most of the sources, hence the gain in acceptance leads to a gain in sensitivity. The dependence

Unpublished

Figure 6.7: Top: Acceptance as a function of the event energy E in log-scale, from 22.3 GeV to 562
GeV. Bottom: Ratio of the CalOnly acceptance relative to the standard P8R2 SOURCE class.

on E and θ are plotted in Fig. 6.8. The acceptance is basically larger at smaller off-axis angles

because most of the MVA separators work better. Exceptionally, the acceptance is suppressed for

small θ in the energy range below 60 GeV because the the deposited energy does not reach the

threshold 20 GeV if a fraction of the energy leaks from the CAL. The acceptance for cos θ < 0.2 is

almost zero, and hence I introduced one of the precuts, cos θ ≥ 0.2 (cf. Table 6.1) for simplicity.

6.3.3 Point spread functions

The PSFs strongly depend on E and θ as plotted in Fig. 6.9. They are better for larger θ because the

CAL is geometrically thicker, and thus the tracks become longer. The θ-integrated PSFs distribute

from two to four degrees as plotted in Fig. 6.10. These are more than one order of magnitude
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Figure 6.9: PSF (68% containment) in degrees of the CalOnly R010 as a function of logE vs. cos θ.

Unpublished

Figure 6.10: Top: PSF (68% containment) in degrees as a function of E in log-scale. Bottom: The
ratio of the CalOnly PSF relative to the standard SOURCE class.
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Point spread function

~50% increase in statistics 
from ~50 to ~300 GeV

~30 times worse PSF

22GeV
100GeV

562GeV
22GeV

100GeV
562GeV

Standard class

Standard class

CalOnly classes
CalOnly 
classes

Acceptance



All sky map with CalOnly_R010

✦ Data for 8.3 years 
✦ Galactic disk and bright point sources are apparently seen
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Figure 6.14: All sky map in the Galactic coordinates with the CalOnly R010 photons for 8.3 years.
Some bright gamma-ray sources are highlighted by red circles.
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GRB photon search
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4 events found to be coincident with one of 
GRB 090926A, 150902A and 160509A

Sample: 24 GRBs coincident with 
>10 GeV standard event (up tp 2016)

Time: T0-100 s—T0+10 ks 
RoI: PSF68% + (GRB localization error)

Data selection

Boosted 
Decision TreesFocused in 

this contribution



Background estimation

✦ ON/OFF analysis
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ON (GRB) data
OFF (high-galactic-

latitude) data

Estimated 
background 
in ON

Observed 
background 
in OFF

Exposure 
of ON

Exposure 
of OFF

NBKG = NOFFℰON /ℰOFF

Fake detection probability pBKGPoisson 
distribution

Dependence 
on energy, off-
axis angle and 
zenith angle is 

taken into 
account



CalOnly event correlated to GRB 090926A
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Run Id 275631595 -- Event Id 986579

°- First cluster angle to source: 0.82

°- First track angle to source: 72.87

- Reference source: GRB090926

- Time since T0: 422.728362203

Acd2TileCount: 9

Acd2TotalTileEnergy: 4.53101

CTBBestEnergy: 59224.2539062

CalEnergyRaw: 40064.1

CalNumClusters: 5.0

CalNumXtals: 118.0

McEnergy: 0.0

McZDir: 0.0

TKR TOT (ave, num, sat): (47.7, 28, 0

TKR total hits: 53

TkrNumHits: 31

TkrNumTracks: 1.0

Event class CalOnly_R003

Observed energy  
(GRB-frame energy)

50 GeV 
(157 GeV)

Arrival time T0+424 s
Angular sep. 
(cf. PSF68%)

0.8° 
(1.7°)

BKG prob. ~0.02%

✦ Side-entering event (θ=62°) 
‣ Good PSF 
‣ Robust energy 

reconstruction

No ACD signal 
on shower axis Small spatial 

dispersion

Unpublished

GRB



CalOnly events around GRB 090926A for 8.3 yr
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Discussion

✦ 50 GeV event arrived at T0+424 s 
‣ Much later than end of prompt phase T95=T0+15.9 s (Fermi-

GBM) 
✦ Jet is expected to be decelerated by external matter 

‣ Lorentz factor of shocked fluid Γ≲800 at T0+424 s 

– based on classic external shock model (adiabatic evolution)

– uniform ambient matter is assumed


‣ Synchrotron limit: 50 MeV × Γ/(1+z) ≲13 GeV 
• CalOnly event energy is ~4 times higher than this


‣ Another component is suggested 
• inverse-Compton scattering?


✦ Alternative possibility:  
‣ Energy injection from central engine to external shock lasted 

until ~400 s
!13 7/25/19

Γ(tobs) ∼ 55 ( E
1053erg )

1/8

( n1

cm3 )
−1/8

( tobs

1000s )
−3/8



Summary

✦ Afterglow of gamma-ray bursts (GRBs) was usually explained as 
synchrotron radiation from external shock  

✦ Gamma rays with energy above tens of GeV have been observed 
‣ may be too high for synchrotron scenario 

✦ Improving Fermi-LAT sensitivity above tens of GeV is important 
‣ observe more GRBs 
‣ cover both prompt and afterglow 

✦ We have developed novel data classes to increase statistics 
‣ Sensitivity is limited by signal statistics for ≳10 GeV 

✦ In novel classes, four events are found to be spatially and 
temporarily correlated with LAT GRBs 
‣ One of them was coincident with GRB 090926A (z≈2.1) 

• Eobs=50 GeV, tobs=T0+424 s, pbkb∼0.02%

– difficult for synchrotron from decelerated jet


✦ Usability for scientific studies is demonstrated 
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