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Introduction  to  GRBs
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• Transient,  very  bright  
sources  

• Observe  ~1  per  day  

• Isotropically  distributed  on  
sky  

• Cosmological  distance  
(highest  z~9)  

• Seen  in  keV  to  GeV  energies

Γ  ≈  few  x  100  

(Γ  ≡  [1  –  β2]-­‐1/2,  β  ≡  v/c)

“Fireball”  model,  Mészáros  (2006)
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Questions  before  Fermi
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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  
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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  

Ryan+94 

GRB 930131 

Hurley+94 

GRB 940217 

Gonzalez+09 

GRB 941017 

Prompt  high-­‐energy  emission?

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  NaI:  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  

Both  instruments  can  independently  
trigger  on  bright  transients

Daniel Kocevski - APS March 12th, 2015

The Fermi Spacecraft
Fermi Gamma-ray Burst Monitor (GBM) 

Scintillation detectors 

12 NaI: 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 (LLE) data: >40 MeV 

Unprecedented combined energy range 
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GRB  detections
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GBM  detections:  ~250/year  -­‐  Green  

LAT  detections:  ~15/year  -­‐  Gold  
GRBs  in  LAT  field  of  view:  ~46%  
LAT  detections:  ~8%
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Fermi  GRB  results
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• Fermi  GRB  publications  

• ~30  GBM-­‐led  papers  

• 5  catalogs  

• Individual  GRBs,  population  
studies,  correlations  

• ~40  LAT-­‐led  papers  

• ~25  papers  dedicated  to  
individual  GRBs  

• Prospects,  upper  limits,  
catalog,  techniques
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GBM  catalogs
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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)
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Systematic  studies

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

8
Bhat  et  al.  (2016)
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Fig. 5.— Distribution of GRB durations in the 50–300 keV energy range. The upper plot shows

T50 and the lower plot shows T90. Also shown are the lognormal fits separately to long and short

GRBs (see text for details).
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Fig. 8.— Classification based on the hardness-duration diagram. Here we show only GRBs with

hardness errors less than the hardness itself. Colors indicate their group membership (red: on

average short/hard, blue: on average long/soft). Ellipses show the best fitting multivariate gaussian

models. In the T90-HR case (bottom) the best model has components with equal volume and shape

(the major and minor axes of the ellipses are equal) but their orientation is not constrained. For

T50-HR (top) the best model has similar properties as for T90-HR, only the orientation of the

components is constrained to be the same (see Figure 9 for BIC values of different models).
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Systematic  studies

•With  the  large  sample  of  GRBs  detected  by  the  GBM,  systematic  studies  
are  possible.  
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Gruber  et  al.  (2014)

Spectral  parameters

α β Epeak
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Systematic  studies
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•Study  the  width  of  spectra  
•Significant  difference  between  long  and  short  GRBs  
•Most  spectra  are  too  narrow  for  synchrotron!

Axelsson  &  Borgonovo  (2015)
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First  LAT  Catalog
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(Ackermann  et  al.  2013,  ApJSS)
35  LAT-­‐detected  GRBs

Typically  the  brightest 
GBM  bursts
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Abdo  et  al.  2009,  Science  323,  1688Abdo  et  al.  2009,  Nature  462,  331

GRB  080916C  (long)GRB  090510  (short)

8-­‐260  keV

0.26-­‐5  MeV

LAT  all  events

>100  MeV

>1  GeV

Delay:  ~0.5s   Delay:  ~5s  

Properties:  Delayed  onset  and  extended  emission

More  than  half  of  LAT-­‐detected  GRBs  show  delayed  onset!
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Abdo  et  al.  2009,  Science  323,  1688Abdo  et  al.  2009,  Nature  462,  331

GRB  080916C  (long)GRB  090510  (short)

8-­‐260  keV

0.26-­‐5  MeV

LAT  all  events

>100  MeV

>1  GeV

Delay:  ~0.5s   Delay:  ~5s  

Properties:  Delayed  onset  and  extended  emission

More  than  half  of  LAT-­‐detected  GRBs  show  delayed  onset!

T05 T90

GBM GBM

LAT
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Origin  of  high-­‐energy  emission
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Daniel Kocevski - APS March 12th, 2015

Origin of LAT Detected Emission?
Delayed and extended nature of >100 
MeV emission disfavors IC and SSC of 
keV emission and points to an external 
shock origin 

Interaction of the blast wave with the 
circumstellar medium that produces the 
observed x-ray, optical, and radio 
emission 

Originally proposed by Kumar & Barniol 
Duran 2009,  

Tested by Pasquale et al 2010 and 
Neamus 2010 on GRB 090510 

Lack of contemporaneous data made 
this interpretation difficult to confirm
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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.
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Daniel Kocevski - APS March 12th, 2015

GRB 110731A & 130427A
GRB 110731A 

Simultaneous Swift-XRT & Fermi-LAT observations 

Well detected by the LAT to ~T0+1000s 

Contemporaneous optical observations by Swift-
UVOT, GROND, and MOA 

Broadband spectrum is well fit by a single power-law 
spanning 10 orders of magnitude in energy! 

GRB 130427A 

Simultaneous Swift-XRT & Fermi-LAT observations 

Well detected by the LAT to ~T0+22hrs 

Broadband spectrum is well fit by a broken power-law, 
with "! consistent with FS synchrotron emission
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GRB 110731A

GRB  110731A  

Detected  by  LAT  up  to  1000s  

Simultaneous  observations    
with  Swift-­‐XRT  

Contemporaneous  data  from  
UVOT,  GROND  and  MOA.  

In  total,  data  span  10  orders  
of  magnitude!  

Broadband  spectrum  is  well  
fit  by  a  single  power-­‐law

Origin  of  high-­‐energy  emission
Ackermann  et  al.  (2013)
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Origin  of  high-­‐energy  emission

The  brightest  GRB  detected  by  
Fermi  

High-­‐energy  emission  detected  for  
almost  a  day  after  the  trigger  

Good  statistics  means  we  can  use  
LAT  emission  to  constrain  the  
circumburst  medium  -­‐-­‐>  wind-­‐like  
density  profile  best  fit.  

Highest  energy  photon  is  95  GeV  at  
~200  s  after  trigger  -­‐  problematic  
for  models.

GRB  130427A

Ackermann  et  al.  (2014)

Earth  occultation
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Abdo,  A.  A.  et  al.,  ApJL  706,  138  (2009)Abdo,  A.  A.  et  al.  (2010)

GRB  090902B  (long)GRB  090510  (short)

First  time  a  low-­‐energy  extension  
of  the  PL  component  was  seen

First  extra  component  seen  by    
Fermi  at  >  5  sigma  level

T0+4.6s  to  T0+9.6s

Properties:  Extra  high-­‐energy  spectral  component
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Photospheric  emission?

17
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Ties  emission  to  a  
physical  process  -­‐  can  
derive  properties  of  
the  outflow.

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

This  has  been  interpreted  as  
photospheric  emission.  

In  GRB110721A,  the  significance  is  >5s.

Axelsson  et  al.  (2012)

Iyyani  et  al.  (2013)
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Band  crisis?
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The  brightest  GRBs  show  deviations  
from  the  canonical  Band  function!
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Still  finding  surprises!
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4 Moretti & Axelsson

and third time bins the significance of the extra compo-148

nent drops below 1�. This is likely due to the energy region149

the component passes through at these times. In the second150

and third time bins the second spectral peak is found in the151

region of 2–5 MeV, where only the BGO detectors are sen-152

sitive. Unfortunately this is also the energy range where the153

GBM e↵ective area drops significantly. Therefore the lower154

sensitivity in this region hampers the search for significant155

extra components. In the fourth time bin the second peak156

appears between the BGO and the LLE sensitivity regions,157

around 15 MeV. The use of the LLE data is thus important158

to establish the presence of the component at later times.159

We note that although the significance of the extra com-160

ponent is not the same in all time bins, its parameters are161

constrained throughout (Table 1). In addition, the smooth162

evolution of the extra component decreases the risk that it163

is a spurious detection.164

Since we have lowered our threshold for accepting ad-165

ditional components, the e↵ects of systematic errors are a166

concern. We therefore investigated their impact on the spec-167

tral fits. To test the dependence of the result on the response168

function of the GBM instruments we used response matri-169

ces generated for locations three degrees away from the GRB170

position. As the component lies between di↵erent detectors171

in the first (NaI – BGO) and fourth (BGO –LLE) time bins172

we also investigated the impact of the relative di↵erence in173

the detector e↵ective areas. Independently increasing or de-174

creasing the e↵ective area of the GBM-NaI, GBM-BGO and175

LLE data sets by 15% did not give any strong e↵ect. In176

all the above tests, the fitted parameter values remained in177

agreement with the original ones, and the significance of the178

extra component did not change more than marginally (the179

lowest significance measured was 3.2�). Discussion with the180

Fermi-GBM team indicated that other e↵ects on the energy181

dispersion and calibration were likely below the statistical182

errors. The energy calibration is checked by the GBM team183

by the means of emission lines of the background and of so-184

lar flares (Meegan et al. 2009). The energy dispersion was185

studied in the on-ground calibrations (Bissaldi et al. 2009).186

Additionally, we see the feature in several di↵erent detectors187

and in di↵erent time bins. We therefore conclude that it is188

unlikely to be caused by systematic e↵ects.189

Because of the unusually high energy of the second190

peak, and the fact that the Planck function has hitherto191

only been seen below the Band function peak, we investi-192

gate the possibility that the two components have switched193

position in our fits, with the Planck function capturing the194

peak normally described by a Band function. However, we195

find that it is not possible to change places of the two com-196

ponents - the peak at lower energy is too wide to be well197

described by a Planck function. On the other hand we note198

that the second peak is compatible with a wider fitting func-199

tion. It is for example possible to fit the spectra with two200

Band functions, indicating that the width of the second peak201

is not necessarily as narrow as a Planck function. Unfortu-202

nately, the limited statistics mean that we are unable to fully203

constrain the parameters of more complex models, such as204

two Band functions. Although we do not report these fits205

it is important to note that the high-energy peak can be206

described by a wider function than the Planck one.207

Looking at the temporal evolution throughout the208

burst, it is clear that the Band component and the extra209
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Figure 3. Temporal evolution of the Band and Planck peak en-

ergies. The blue line illustrates a linear relationship (not fit to the
data).

peak show di↵erent behaviour. The evolution of the two210

peaks is shown in Fig. 3. While the low- and high-energy211

indices of the Band function remain stable in the first four212

time bins (↵ ⇠ �0.6 and � ⇠ �2.5), the Ep shows a sign213

of decreasing towards the end of the burst (matching the214

standard behaviour). The parameters of the extra compo-215

nent evolve throughout the emission phase: the energy of the216

second component increases sharply throughout the burst,217

reaching a value of kT > 4MeV in the fourth time bin, while218

the normalisation decreases.219

4 DISCUSSION220

As presented in the previous section, we find evidence for221

an extra peak in the spectrum of GRB 080825C. While the222

significance is 3.5� only in the first and fourth time bins, the223

fact that the recovered peak energy follows a linear relation224

(blue line in Fig. 3) for all bins suggests that this spectral225

component is actually present during the full burst emission.226

A component of this kind has never been observed before:227

the spectral characteristics and its time evolution are dis-228

similar to the standard hard-to-soft peak evolution (Kaneko229

et al. 2006; Ryde & Pe’er 2009).230

Previous studies have found extra spectral components231

in spectra of bright GRBs, such as GRB 110721A (Axels-232

son et al. 2012). However, while these components are also233

typically modelled with Planck functions, they appear at234

much lower energies ( 200 keV). They are ascribed to pho-235

tospheric emission, and the temperature typically decreases236

with time as a broken power law. The peak of this compo-237

nent increases with time, in contrast to the standard hard-238

to-soft peak evolution (Kaneko et al. 2006; Ryde & Pe’er239

2009).240

The high-energy peak in GRB 080825C is also di↵erent241

from the typical Band function seen in other GRBs. For in-242

stance, the peak energy generally decreases with time, such243

c� 2002 RAS, MNRAS 000, ??–??
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Figure 1. Results of the spectral fit of the first time bin, 0–2.69 s, using a single Band function (left) and a Band function with an

additional Planck function (right). Panels show the deconvolved model spectrum (top), the model count spectrum including data points

(middle) and ratio of the residuals to the model (bottom). Data points are colour-coded according to detector: NaI (green and blue),
BGO (red and black), LLE (magenta) and LAT (cyan). In the ratio panel, upper limits have been extended down to -1 for clarity.
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Figure 2. Results of the spectral fit of the fourth time bin, 12.93–25.22 s, using a single Band function (left) and a Band function with
an additional Planck function (right). Panels show the deconvolved model spectrum (top), the model count spectrum including data

points (middle) and ratio of the residuals to the model (bottom). Data points are colour-coded according to detector: NaI (green and

blue), BGO (red and black), LLE (magenta) and LAT (cyan). In the ratio panel, upper limits have been extended down to -1 for clarity.

Table 1. Results of the time-resolved fits where the first four bins are modelled with a Band plus black body functions while the fifth

time bin is modelled with a simple power-law function. In the table ↵ and � are the low and high-energy indexes, Ep is the peak energy

of the Band function and NBand its normalisation. kT and NBB refer to the black body function and are, respectively, the temperature
and the normalisation, while NPL is the normalisation of the power-law function.

Time (s) ↵ � Ea
p Nb

Band kTa Nb
BB Nb

PL PGstat/DoF �PGc
stat

0.0 – 2.69 �0.56+0.08
�0.07 �2.6+0.1

�0.2 203+31
�28 0.10+0.01

�0.01 219+62
�36 15+3

�3 - 523/493 16

2.69 – 4.74 �0.46+0.06
�0.07 �2.43+0.06

�0.07 208+22
�19 0.14+0.01

�0.01 632+208
�221 11+8

�7 - 496/493 3

4.74 – 12.93 �0.74+0.05
�0.05 �2.46+0.07

�0.08 183+19
�17 0.046+0.004

�0.003 1191+497
�332 7+4

�4 - 505/493 4

12.93 – 25.22 �0.64+0.05
�0.05 �2.42+0.06

�0.06 151+13
�13 0.050+0.004

�0.004 4613+920
�508 6.0+2.0

�1.5 - 541/493 15

25.22 – 35.46 �1.94+0.03
�0.04 - - - - - 8.3+1.0

�1.4 464/499 -8

akeV
bph cm�2 s�1 keV�1

cTo convert a given change in PGstat to a significance value, simulations must be performed as described in Sect. 3.

c� 2002 RAS, MNRAS 000, ??–??

GRB  080825C

▪Possible  (3.5  σ)  extra  
component  at  high  energies  

▪Peak  energy  increases  with  
time  

▪Band  Epeak  decreases  as  
usual

Moretti  &  Axelsson  (2016)
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Looking  ahead:  the  2nd  LAT  catalog

•Pass  8:  A  new  low-­‐level  analysis  and  event  reconstruction  was  developed  
during  the  past  years.  Data  are  available  since  June  24th  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

20

Will  contain  more  than  130  LAT-­‐detected  GRBs

New  detection  algorithm:  

•10  searches  running  in  parallel  
over  different  time  intervals  

•finding  maps  of  30×30  deg  
(covering  the  GBM  position  
uncertainty!)  

•increases  the  number  of  
detections  by  >45%  
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On-­‐line  tables  available

21

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

http://www.asdc.asi.it/grblat/  

http://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/lat_grbs/table.php
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Summary

•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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