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i Introduction to GRBs
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Gamma-ray

/ Space Telescope

- Transient, very bright
sources

- Observe ~1 per day

- Isotropically distributed on
sky

- Cosmological distance
(highest z~9)

- Seenin keV to GeV energies

M. Axelsson - Trieste 2016-05-05

' = few x 100
(F=[1-B]" B=v/c)
ANATOMY OF A BURST

When a black hole forms from a collapsed stellar core, it

generates an explosive flash called a y-ray burst. Contrary

to earlier thinking, evidence now suggests that the glowing

fireball produces more y-rays than do the shock waves

from the blast. Synchrotron
radiation

Afterglow

Thermal
radiation

1 FIREBALL 2 FIREBALL IS 3 SHOCK WAVES 4 ELECTRONS HIT

IS OPAQUE TRANSPARENT ACCELERATE ELECTRONS INTERSTELLAR
Electron-photon Thermal radiation y-rays are emitted by MEDIUM

interactions includes y-rays accelerated electrons and They rapidly decelerate,
prevent light emitted by high- boosted to high energies emitting optical light
from escaping. temperature plasma. through scattering. and X-rays.

“Fireball” model, Mészaros (2006)
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Gamma-ray

/ Space Telescope

Compton Gamma-Ray Observatory (1991-2000)
COMPTEL [0.75-30 MeV]: ~40 GRBs
EGRET TASC [1-200 MeV]: ~30 GRBs
EGRET Spark chamber [20 MeV - 30 GeV]: 7 GRBs

Questions before Fermi

M. Axelsson - Trieste 2016-05-05 3
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Gamma-ray

/ Space Telescope

Compton Gamma-Ray Observatory (1991-2000)
COMPTEL [0.75-30 MeV]: ~40 GRBs
EGRET TASC [1-200 MeV]: ~30 GRBs
EGRET Spark chamber [20 MeV - 30 GeV]: 7 GRBs

Questions before Fermi

1993/1/31 (Superbowl) Burst

800
GRB 9301 31 — BATSE profile
g 600~ A EGRET photons |
<
=« 400
z
3
S 200
0

RYO n°+94 Time (seconds)

Prompt high-energy emission?
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/ Gammaray

/ Space Telescope

Compton Gamma-Ray Observatory (1991-2000)
COMPTEL [0.75-30 MeV]: ~40 GRBs
EGRET TASC [1-200 MeV]: ~30 GRBs
EGRET Spark chamber [20 MeV - 30 GeV]: 7 GRBs

Questions before Fermi

1993/1/31 (Superbowl) Burst

800
GRB 930131 e
[ a
B — > 10
Z oo i°L GRB 940217
: % 102 i . —
24T EGRET deadtime ~| £ f 1 © F”fi ;
S —>0<— 200 ms oo [ P
S 200} % [
L2
_1,200}~ 4' g _
I - 1
Ry0n+94 Time (seconc | P8

400 -

! ! 1 1 |
1000 2000 3000 4000 5000 6000

Hurloey+94 rme
Prompt high-energy emission?

Extended high-energy emission?
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/ Gamma-ray

/ Space Telescope

Compton Gamma-Ray Observatory (1991-2000)
COMPTEL [0.75-30 MeV]: ~40 GRBs
EGRET TASC [1-200 MeV]: ~30 GRBs
EGRET Spark chamber [20 MeV - 30 GeV]: 7 GRBs

Questions before Fermi

4
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Prompt high-energy emission? Gonzaler+09 Eneray kev)

Extended high-energy emission?

Additional spectral components?
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GBM-LAT synergy for GRB studies

Fermi Gamma-ray Burst monitor (GBM)
Scintillation detectors
12 Nal: 8 keV -1 MeV
2 BGO: 200 keV - 40 MeV

Fermi Large Area Telescope (LAT)
Pair conversion telescope
Energy coverage: 100 MeV to >300
GeV
LAT Low Energy data: >30 MeV

Unprecedented energy coverage

vF,

Both instruments can independently
trigger on bright transients

T T T >
8 keV 40 MeV 100 MeV

M. Axelsson - Trieste 2016-05-05 Energy (keV) 4



GRB detections

100

1500

80

1000

GBM Total
LAT Total

40

500

20

2009 2010 2011 2012 2013 2014 2015

GBM detections: ~250/year - Green

LAT detections: ~15/year - Gold

GRBs in LAT field of view: ~46%
LAT detections: ~8%

M. Axelsson - Trieste 2016-05-05 )
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/ Space Telestope

e Fermi GRB publications

e ~30 GBM-led papers
e 5 catalogs

e Individual GRBs, population
studies, correlations

e ~40 LAT-led papers

e ~25 papers dedicated to
individual GRBs

e Prospects, upper limits,
catalog, techniques

M. Axelsson - Trieste 2016-05-05
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Gamma-ray

/ Space Telescope

GBM catalogs

Fermi GBM GRBs in first six years of operation

1404 GBM GRBs
+ 1175 Long
N 229 Short
] 64 also triggered Swift-BAT

The third Fermi GBM Gamma Ray burst catalog: the first six years
(Bhat et al. 2016)

The Fermi GBM Gamma-Ray burst spectral catalog: four years of data
(Gruber et al. 2014)

M. Axelsson - Trieste 2016-05-05
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/ Gamma-ray

/‘ Space Telescope
With the large sample of GRBs detected by the GBM, systematic studies

are possible.

Systematic studies
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Gamma-ray
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Systematic studies

e With the large sample of GRBs detected by the GBM, systematic studies
are possible.
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Systematic studies

Monoenergetic Slow cooling Maxwellian

electrons / Axelsson & Borgonovo (2015)
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e Study the width of spectra
o Significant difference between long and short GRBs
e Most spectra are too narrow for synchrotron!

M. Axelsson - Trieste 2016-05-05
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Systematic studies

Monoenergetic Slow cooling Maxwellian

electrons / Axelsson & Borgonovo (2015)
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e Study the width of spectra
o Significant difference between long and short GRBs
e Most spectra are too narrow for synchrotron!
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First LAT Catalog
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(Ackermann et al. 2013, ApJSS)
OREB Name Dat OBMTriggr Tme  RA Decl # LlocEx® Like LLE Reddift LATOCNNumber
(METY) Deg,J2000 Deg,)2000 Deg
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021006 2002 0t 61479241 244896175173 1362 6205 10 oS 1 0 S Ak T L e e T
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QB WHF2T 1831014 BIBREA0 1048 2924 710 0od 1 1 i LAT Catalog -
0901323 2000 Mar 25 002426 ZSOM59064 620 190,71 17053 5712 O'36* 1 1 357 | - 3
090328 2000 Mar 28 09 36465 259905808 510 %0 67 41715 646 O72° 1 1 aT4 9044, 9077 - B
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00620A 201033 2002:51291 298485081 100 849 -5091 243 1V 10 - -
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104204 2011 Apr220918:304  RIQSI2 40 .99 6ase M6 00at 10 11982
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Gamma-ray

/ Space Telescope

GRB 090510 (short) GRB 080916C (long)
Abdo et al. 2009, Nature 462, 331 Abdo et al. 2009, Science 323, 1688
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More than half of LAT-detected GRBs show delayed onset!
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GRB 090510 (short) GRB 080916C (long)

Abdo et al. 2009, Nature 462, 331 Abdo et al. 2009, Science 323, 1688
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Delayed onset and long duration

of high-energy emission disfavors
inverse Compton or SSC of low-E

(keV) emission.

Synchrotron emission from external

shock more likely.
(Kumar & Barniol Duran 2009)

»
>

In order to test this, good quality
contemporaneous data is needed.

Flux Density (mJy)

Forward Shock Synchrotron Spectrum - Slow Cooling

Vm
Ve

Va F, ~ vP2

M. Axelsson - Trieste 2016-05-05

Radio Optical XRT LAT
Energy (keV)
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. Origin of high-energy emission

Ackermann et al. (2013)

GRB 110731A of |
Detected by LAT up to 1000s 5
Simultaneous observations L
with Swift-XRT =
1 10 100 1000 104 10° 108
Contemporaneous data from Time since burst s
UVOT, GROND and MOA. 10 I =100
0 V27 d
1
In total, data span 10 orders =
of magnitUde! %‘ 10-
S 10+
Es 103
Broadband spectrum is well 1o .
N

fit by a single power-law \
10 001 0.1 1 10 100 1000 10* 10° 10% 107
Energy [keV]
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- Origin of high-energy emission

e 55
/ Spac'e"F:l:sZope
GRB 130427A
Ackermann et al. (2014)
The brightest GRB detected by 103 I lll”lll I ||”|||| I llll”ll I llllllll I II”IEHI I IEIIIIIII T llllllll

Fermi -

|

Earth occultation —

1
|

High-energy emission detected for | [

almost a day after the trigger 10°F @ E

S e :
Good statistics means we can use I e r———, RO R
LAT emission to constrain the w ' ]

circumburst medium --> wind-like 10!
density profile best fit.

o4l

Highest energy photon is 95 GeV at
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for models.

Time Since Trigger [sec]
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Properties: Extra high-energy spectral component

GRB 090510 (short) GRB 090902B (long)
Abdo, A. A. et al. (2010) Abdo, A. A. et al., ApJL 706, 138 (2009)
> - TO+4.6s to T0+9.6s
10° GBM/BGO - 10° | !
; L . [ ]
P e -
Tﬂ - GBM/N&I LAT 4 TI;
2 &
€107 > .
<] L
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2107 £ vy - < 10 -
g - é 1l‘§: : — Lg, ]
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o ; Ll 1 -:
- ?N:% t o =+ S T 1—"
g —g % 'Y +"*—_*'- I ++ t E.
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Energy (keV)
First extra component seen by First time a low-energy extension
Fermi at > 5 sigma level of the PL component was seen

M. Axelsson - Trieste 2016-05-05 16



=

/" Space Telescope

Vi

o
S ermil
Gamma ray

Several GRBs also show signs of an
extra component at low energies
(~100 keV)

This has been interpreted as
photospheric emission.

Photospheric emission?

Axelsson et al. (2012)
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M. Axelsson - Trieste 2016-05-05 Time (s) lyyani et al. (2013) 1 Time (s) ’

17



i Band crisis?
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The Best Spectral Model for the GRE During the GEM Interval, Ordered by Fluence
GRE Name Fluence Best Model g
10keV-10 GeV (deg)
(1 07 erg cm"zj
100724 4665772 Band with exponential cutoff 48.9
090902E 4058:22;" Comptonized + power law 50.8
090926A ’2225:;5 Band + power law with exponential cutoff 48.1
080916C 17957 Band + power law 48.8
090323 152844 Band 57.2
1007284 129375 Comgptonized 59.9
1004 14 A 1 098:%:f Comptonized + power law 69.0
090626 927 17 Logarithmic parabola 18.3
110721A 876 Logarithmic parabola 40.3
090328 817 Band 64.6

The brightest GRBs show deviations
from the canonical Band function!

M. Axelsson - Trieste 2016-05-05 18
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Possible (3.5 o) extra
component at high energies

Peak energy increases with
time

Band Epeak decreases as
usual
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GRB 080825C
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; Still finding surprises!

Moretti & Axelsson (2016)
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* Pass 8: A new low-level analysis and event reconstruction was developed

. Looking ahead: the 2nd LAT catalog

during the past years. Data are available since June 24t 2015, giving

- improved effective area (100% improvement below 100 MeV, 25% above 1 GeV)
« better PSF and localization accuracy

 better background rejection

» reduction in systematic effects

Cumulative number of detections

8

of detections

Cumulative number
~N
S

10

¢ Old algonthm on Pass 7 data 145

® New algorithm on Pass 7 data .:
e New algonthm on Pass 8 data o - i 40

n 0

° o

o
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o
a o
° u
® '™ :

.o - B : 28

.o n .0
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. . 2
* =
LR &
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.
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o
e g
e u ° @
3’ o *
« "2
s
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0% o® o9 o 40 0 20 A A
0 2o 20 0 10 0% 40 10 20

N R C R R . R C R

New detection algorithm:

« 10 searches running in parallel
over different time intervals

« finding maps of 30x30 deg
(covering the GBM position
uncertainty!)

e increases the number of
detections by >45%

Will contain more than 130 LAT-detected GRBs

M. Axelsson - Trieste 2016-05-05
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» A On-line tables available

Gamma-ray

/ Space Telescope

http://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/lat _grbs/table.php

FSSC - HEASARC - Sciences and Explorati

— - - .. -
N D National Aeronautics and Space Administration
\‘")A Goddard Space Flight Center

Fermi

Science Support Center

Fermi LAT GRBs

Important Table Information:

All analysis results presented here are preliminary and are not intended as an official catalog of Fermi-LAT detected GRBs. Please consult the table's caveat page for analysis details and other important information. The table is available in a machine readable format here.

Fermi SSC Home » LAT GRBs

GRB GCN Name MET Date Time RA Dec Error Source Theta Zenith LLE Likelihood LLE Likelihood | Analysis | Analysis | Analysis RA | Analysis Dec Error IRFs
(UTC) (uT) (Degrees) | (Degrees) | (Degrees) (Degrees) | (Degrees) | D i D i Significance TS Start Stop (Degrees) (Degrees) | (Degrees)
150702998 | 150702A 457574201.55 | 2015-07-02 | 23:56:37.55 | 52.78 -57.0 0.36 Fermi-LAT [ 117.60 88.222 NO YES - 3 600.0 2800.0 52.78 -57.00 0.36 P8_SOURCE
150627183 | 150627A 457071806.0 | 2015-06-27 | 04:23:23 117.4706 | -51.4900 9.72e-4 Fermi-GBM | 74.373 97.351 YES YES 8.48 174.67 0.0 1500.0 117.49 -51.56 0.05 P8_SOURCE
150523396 | 150523A 454066191.08 | 2015-05-23 | 09:29:48.08 | 115.2859 | -45.4209 0.001 Swift-XRT | 25.741 55.489 YES YES 6.78 207.83 0.0 1900.0 115.36 -45.41 0.08 P7REP_SOURCE_V15
150514774 | 150514A 453321308.35 | 2015-05-14 | 18:35:05.35 | 74.8750 -60.9691 1.1E-3 Swift-XRT | 38.488 58.304 NO YES 331 33.93 0.0 600.0 74.85 -60.91 0.13 P7REP_SOURCE_V15
150513855 | 150513A 453241882.73 | 2015-05-13 | 20:31:19.73 | 49.044 -22.868 0.0167 Swift-BAT | 50.679 11.149 YES YES 472 29.83 0.0 400.0 49.21 -23.20 0.26 P7REP_SOURCE_V15
150510139 | 150510A 452920796.74 | 2015-05-10 | 03:19:53.74 | 16.16 4.79 0.36 Fermi-LAT | 55.763 9.8250 YES YES 10.16 57.10 0.0 600.0 16.16 479 0.26 P7REP_SOURCE_V15
150416773 | 150416A 450902008.97 | 2015-04-16 | 18:33:25.97 | 58.8 53.0 1.9 Fermi-GBM | 68.389 90.388 YES NO 8.18 0.00 0.0 100.0 - - - P7REP_TRANSIENT_V15
150403913 | 150403A 449790853.95 | 2015-04-03 | 21:54:10.95 | 311.50504 | -62.71106 | 3.9E-4 Swift-XRT | 55.196 105.27 YES YES 15.16 37 0.0 2000 311.79 62.76 0.50 P7REP_TRANSIENT_V15
150314205 | 150314A 448001693.0 | 2015-03-14 | 04:54:50 126.676 | 63.833 1.3E-3 Swift-XRT | 47.130 91.707 NO YES 3.83 27.09 0.0 250.0 125.49 64.45 0.59 P7REP_SOURCE_V15
150210935 | 150210A 445299987.28 | 2015-02-10 | 22:26:24.28 | 112.18 13.31 0.30 Fermi-LAT | 53.87 9.756 YES YES 28.65 43 0.0 200.0 112.15 13.27 0.33 P7REP_SOURCE_V15
GRB GCN Name MET Date Time RA Dec Error Source Theta Zenith LLE Likelihood IE Likelihood | Analysis | Analysis | Analysis RA | Analysis Dec | Error IRFs
(UTC) (uT) (Degrees) | (Degrees) | (Degrees) (Deg ) | (Deg ) | D i D i Significance TS Start Stop (Degrees) (Degrees) | (Degrees)
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1@ GRBExplorer | [ DataAcosss| 1506274 0749529 -5129 24.0 9.72e-4 - 457071806 97.351 -999 150627183 VES VES 8.48 174.67 Farmi-GBM
2 GRB Explorer || DataAccess| 150523A 074108.6  -4525152  0.001 - 454066191.08  55.489 399 150523396 vES vES 6.78 207.83 SuifXRT
3@ GRB Explorer | [DataAcosss| 1505144 045929.9  -60 58 08.7 1.1E-3 - 45332130835  58.304 -999 150514774 NO VES 331 33.93 Swift-XRT
40 GRB Explorer | DamAccess| 150513A 031610.5  -2252047  0.0167 - 45324188273 11.149 640584 150513855 vEs Vs 472 29.83 SuifBAT
59 GRB Explorer | DamAccess| 1505104 010438.3  +044724.0 0.36 - 452920796.74  9.825 -299 150510139 VES VES 1016 57.10 Fermi-LAT
6 GRB Explorer || DataAccess| 150416A 0355119  +530000.0 19 - £50902008.97  90.388 399 150416773 vEs no 8.18 0.00 Fermi-GEM
7@ GRB Explorer | [DataAcosss| 1504034 204601.2  -624239.8 3.96-4 206 44979085395  105.27 637044 150403913 VES VES 15.16 37 Swift-XRT
8 GREExplorer || DataAccess| 1503144 0826422  +634958.7  13E3 1758 448001693  91.707 634795 150314205 no vEs 3.83 27.09 SuifXRT
20 GRB Explorer | DamAccess| 1502104 0728432 +131836.0 0.30 - 445299987.28  9.756 999 150210935 VES VES 28.65 3 Fermi-LAT
09 GRB Explorer || DataAcosss | 1502028 0546 55.4  +590737.2 0.470 - 44461435127  67.317 999 150202999 VES NO 1433 209 Fermi-LAT
1o GRBExolorer | DatAccess| 1501274  190248.0  -08 24 00.0 28 - 244043967.18  54.477 599 150127398 vEs no 318 131 Fermi-GEM
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http://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/lat_grbs/table.php

~

- Summary

' Spece Telescope

The LAT has continued the CGRO legacy and answered many observational
questions about high-energy emission from GRBs

- seen in the prompt phase
- long duration
— additional component.

There are also new discoveries, such as the delayed onset.

The large GBM sample allows statistical studies, but has also given
information about individual bursts, such as the possible detection of
photospheric emission.

Both the LAT and GBM instruments on Fermi continue to provide valuable
GRB data, from low to high energies, steadily increasing the number of
detections and thus the possibility of understanding the nature and
physics of GRBs.

Fermi is continuously improving and is well prepared to play a key role in
the upcoming GRB science: VHE detections, and GW counterpart searches.

More discoveries to come!
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