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GeV	
  Gamma-­‐ray	
  Astrophysics	
  
The	
  EGRET	
  legacy	
  



The HE sky from EGRET 



Challenge	
  	
  #	
  1	
  
•  Need	
  simultaneous	
  mulEwavelength	
  data	
  to	
  study	
  variability	
  and	
  emission	
  

processes	
  



AcEve	
  GalacEc	
  Nuclei	
  



AGN	
  and	
  the	
  ExtragalacEc	
  Background	
  Light	
  (EBL)	
  

Look	
  for	
  roll-­‐offs	
  in	
  blazar	
  spectra	
  due	
  to	
  aQenuaEon:	
  
(Stecker,	
  De	
  Jager	
  &	
  Salamon;	
  Madau	
  &	
  Phinney;	
  Macminn	
  &	
  Primack)	
  

	
  the	
  start:	
  A.I.	
  Nikishov,	
  Sov.	
  Phys.	
  JETP	
  14	
  (1962)	
  393.	
  
If	
  γγ	
  c.m.	
  energy	
  >	
  2me,	
  pair	
  creaEon	
  will	
  aQenuate	
  flux.	
  	
  	
  For	
  a	
  flux	
  of	
  	
  	
  
γ	
  -­‐rays	
  with	
  energy,	
  E,	
  	
  this	
  cross-­‐secEon	
  is	
  maximized	
  when	
  the	
  partner,	
  ε,	
  is	
  
	
  

	
   	
  	
  
	
  
For	
  10	
  GeV-­‐	
  100	
  GeV	
  γ	
  -­‐	
  rays,	
  this	
  corresponds	
  to	
  a	
  partner	
  photon	
  energy	
  	
  	
  
in	
  the	
  opEcal	
  -­‐	
  UV	
  range.	
  	
  Density	
  is	
  sensiEve	
  to	
  Eme	
  of	
  galaxy	
  formaEon.	
  

us	
  source	
   Eγ	
  lower	
  

us	
  source	
   Eγ	
  higher	
  
Eγ



• 	
  Important	
  advances	
  offered	
  by	
  Fermi:	
  

(1)	
  thousands	
  of	
  blazars	
  -­‐	
  instead	
  of	
  peculiariEes	
  of	
  individual	
  sources,	
  look	
  for	
  
systemaEc	
  effects	
  vs	
  redshid.	
  

(2)	
  	
  key	
  energy	
  range	
  for	
  cosmological	
  distances	
  (TeV-­‐IR	
  aQenuaEon	
  more	
  local	
  due	
  to	
  
opacity).	
  

• 	
  Effect	
  is	
  model-­‐dependent (this is good):	
  

Primack	
  &	
  	
  
Bullock	
  	
  

Salamon	
  &	
  Stecker	
  

No	
  EBL	
  

AGN	
  and	
  EBL	
  

• 	
  	
  How	
  many	
  blazars	
  have	
  intrinsic	
  roll-­‐offs	
  
in	
  this	
  energy	
  range	
  (10-­‐100	
  GeV)?	
  	
  (An	
  
important	
  quesEon	
  by	
  itself	
  for	
  GLAST!)	
  

• 	
  	
  What	
  if	
  there	
  is	
  conspiratorial	
  evoluEon	
  in	
  
the	
  intrinsic	
  roll-­‐of	
  vs	
  redshid?	
  	
  More	
  
difficult,	
  however	
  there	
  may	
  also	
  be	
  
independent	
  constraints	
  (e.g.,	
  direct	
  
observaEon	
  of	
  integrated	
  EBL).	
  

• 	
  	
  Must	
  measure	
  the	
  redshids	
  for	
  a	
  large	
  
sample	
  of	
  these	
  blazars!	
  

Caveats 



Challenge	
  #	
  2	
  

•  Need	
  more	
  exposure	
  and	
  opEmal	
  Eming	
  (and	
  radio	
  monitoring)	
  to	
  discover	
  
more	
  gamma-­‐ray	
  PSRs.	
  



Pulsars	
  



Challenge	
  #	
  3	
  

•  Need	
  fast	
  Eming	
  for	
  gamma-­‐ray	
  detecEon	
  (improving	
  EGRET	
  deadEme,	
  100	
  msec	
  
→	
  100	
  microsec	
  or	
  less).	
  

Delayed	
  Emission	
  (GRB	
  940217)	
  

Prompt Emission  (GRB 930131)



Solar	
  flares	
  



Challenge	
  #	
  4	
  
•  Need	
  arcminute	
  posiEoning	
  of	
  gamma-­‐ray	
  sources	
  (improving	
  EGRET	
  

error	
  box	
  radii	
  by	
  a	
  factor	
  of	
  2-­‐10).	
  



Supernova	
  Remnants	
  



SNR	
  



Challenge	
  #	
  5	
  
•  Need	
  improvements	
  in	
  Spectral	
  ResoluEon	
  fo	
  check	
  for	
  DM	
  signals	
  



Dark	
  MaQer	
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EGRET	
  	
  
(1991-­‐2000)	
  
Phases	
  1-­‐5	
  

LAT	
  	
  
(2008-­‐	
  >2013)	
  
1-­‐yr	
  simulaEon	
  

Cygnus	
  region	
  (150	
  x	
  150),	
  Eγ	
  >	
  1	
  GeV	
  

Technology	
  impact	
  -­‐-­‐	
  PSF	
  

Spark	
  chamber	
  
• 	
  sense	
  electrode	
  spacing	
  ~mm	
  
• 	
  sensiKve	
  layer	
  depth	
  ~cm	
  

• 	
   	
  up	
  to	
  28	
  hit	
  over	
  >1m	
  	
  
	
  

Si-­‐strip	
  detectors	
  
• 	
  sense	
  electrode	
  spacing	
  ~0.2mm	
  

• 	
  be1er	
  single	
  hit	
  resolu6on	
  
• 	
  sensiKve	
  layer	
  depth	
  ~0.4mm	
  	
  

• 	
  up	
  to	
  36	
  hit	
  over	
  0.8m	
  
• 	
  converter	
  proximity	
  to	
  minimize	
  
MCS	
  	
  



Technology	
  impact	
  -­‐	
  FoV	
  

	
  AGILE	
  gamma-­‐ray	
  sky	
  

	
  3C	
  454.3	
  

Cygnus	
  region	
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Gamma-­‐ray	
  astrophysics	
  above	
  100	
  MeV	
  	
  

Picture of the day, Feb. 28, 2011, NASA-HEASARC 

AGILE Fermi 



Exercise	
  on	
  GeV	
  gamma-­‐rays	
  

•  Find	
  the	
  web	
  sites	
  of	
  AGILE	
  and	
  Fermi/LAT	
  
•  Check	
  the	
  status	
  of	
  “new”	
  gamma-­‐ray	
  detectors	
  
(CALET,	
  DAMPE,	
  Gamma-­‐400,	
  HERD)	
  

	
  



AGILE	
  

hQp://agile.rm.iasf.cnr.it/	
  



AGILE	
  

hQps://agile.ssdc.asi.it/	
  



Fermi/LAT	
  

hQps://fermi.gsfc.nasa.gov/ssc/	
  



Fermi/LAT	
  

hQps://glast.sites.stanford.edu/	
  



CALET	
  

hQp://calet.pi.infn.it/	
  



CALET	
  

hQp://calet.phys.lsu.edu/	
  



DAMPE	
  

hQp://dpnc.unige.ch/dampe/	
  



HERD	
  

hQp://herd.ihep.ac.cn/	
  



HERD	
  

hQp://herd.ihep.ac.cn/	
  



Gamma-­‐400	
  

hQps://gamma400.lebedev.ru/indexeng.html	
  



AGILE	
  



                                         AGILE 

  

  



AGILE	
  instrument	
  



AGILE:	
  inside	
  the	
  cube…	
  

ANTICOINCIDENCE	
  

INAF-­‐IASF-­‐Mi	
  (F.PeroX)	
  

HARD	
  X-­‐RAY	
  IMAGER	
  
(SUPER-­‐AGILE)	
  

INAF-­‐IASF-­‐Rm	
  (E.Costa,	
  M.	
  
Feroci)	
  

GAMMA-­‐RAY	
  IMAGER	
  	
  

SILICON	
  TRACKER	
  

INFN-­‐Trieste	
  

(G.Barbiellini,	
  M.	
  Prest)	
  

(MINI)	
  CALORIMETER	
  

INAF-­‐IASF-­‐Bo,	
  Thales-­‐Alenia	
  
Space	
  (LABEN)	
  

(G.	
  Di	
  Cocco,	
  C.	
  LabanK)	
  



The Silicon Tracker 



The AGILE TRK 



The CsI Mini-Calorimeter 
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SuperAGILE X-ray detector 



Performance 



Si	
  Self	
  Trigger	
  and	
  FoV	
  

 AGILE gamma-ray sky 

 3C 454.3 

Cygnus region 



Analog readout and PSF 



Sriharikota launch base (India) 
PSLV-C8 launch, April 23, 2007 

The AGILE launch 



On Orbit Trigger Rates 

AGILE in orbit 



Fotoni a terra e in volo - II 

First gamma-ray 
detected in orbit 
with the nominal 
GRID trigger 
configuration    
(May 10, 2007) 



First Light 



 September 28, 2007 



AGILE two lifes  

pointing- 
AGILE 

spinning-
AGILE  

time period Jul.07 – Oct.09 Nov. 2010 - 

attitude  fixed variable                 
(spinning, 1º/sec)        

sky coverage  1/5  ~ 70% 

source livetime 
fraction 

 ~ 0.5  ~ 0.2 

1-day exposure                                            
(30 degree off-axis, 
100 MeV) 

~ 2 107                      
(cm2 sec) 

(0.5-1) 107                      
(cm2 sec) 



The AGILE sky 



AGILE sources 

Pittori et al. 2009 



AGILE sources 

Bulgarelli et al. 2019  



Challenge  # 1 – AGN 
 

Donnarumma  et al. 2009 

Joint campaign with MAGIC and 
VERITAS on Mkn 421 



Challenge  # 2 – Pulsar 

Pellizzoni  et al. 2009 

High Precision 
Timing (eg. 
Crab PSR) 



Challenge  # 3 – GRB  

Giuliani et al. 2008 



Challenge  # 4 – Unidentified 

Chen   et al. 2011 



Challenge	
  	
  #	
  5	
  –	
  Spectral	
  resoluEon	
  

Giuliani	
  et	
  al.	
  2011	
  



Terrestrial Gamma Ray Flashes 
Marisaldi et al. 2010 



Supernova Remnants 

Giuliani et al. 2010 

Tavani et al. 2010 



SNR W44 

Giuliani et al. 2011 



SNR W44 

Giuliani et al. 2011 



Low Energy Pulsars 

Pilia et al. 2011 

PSR	
  	
  B1509-­‐58	
  



The Flaring 3C454.3 
Vercellone et al. 2010 



Blazar 3C454.3 
Vercellone et al. 2011 



Gamma Ray Bursts 
GRB	
  100724B	
   GRB	
  090510	
  

Del Monte et al. 2011 

Giuliani et al. 2010 



Galactic Transients: Cygnus X3 

Tavani et al. 2009 



AGILE discovery of transient gamma-ray emission 
from Cygnus X-3  



Galactic Transients: The Flaring 
Crab 

Tavani et al. 2011 



The Flaring Crab 
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The Bruno Rossi Prize in High Energy 
Astrophysics  awarded by AAS to 
astrophysicist Marco Tavani and the AGILE 
Team for the discovery of gamma-ray flares 
from the Crab Nebula (January 10, 2012). 

Bruno B. Rossi 



Where to find data?  
hQp://agile.asdc.asi.it/	
  



Conclusions 
•  AGILE	
  crucial	
  contribuEons	
  to	
  tesEng	
  parEcle	
  acceleraEon	
  

theories,	
  plasma	
  instabiliEes	
  in	
  the	
  Universe	
  and	
  on	
  the	
  
Earth	
  !	
  
–  Big	
  surprise:	
  discovery	
  of	
  gamma-­‐ray	
  flares	
  from	
  the	
  Crab	
  
Nebula:	
  2012	
  Bruno	
  Rossi	
  Prize	
  

–  Origin	
  of	
  cosmic	
  rays,	
  SNR	
  W44,	
  first	
  direct	
  evidence	
  of	
  
neutral	
  pion	
  emission	
  

–  RelaEvisEc	
  jets	
  in	
  microquasars	
  and	
  blazars	
  
–  Gamma-­‐ray	
  emission	
  up	
  to	
  100	
  MeV	
  from	
  Terrestrial	
  
Gamma-­‐Ray	
  Flashes	
  

	
  
	
  
	
  
	
  



Fermi	
  LAT	
  



e+	
   e–	
  

γ

Overview	
  of	
  LAT	
  
•  Precision	
  Si-­‐strip	
  Tracker	
  (TKR)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  18	
  XY	
  

tracking	
  planes.	
  	
  Single-­‐sided	
  silicon	
  strip	
  
detectors	
  (228	
  µm	
  pitch)	
  Measure	
  the	
  
photon	
  direcEon;	
  gamma	
  ID.	
  

•  Hodoscopic	
  CsI	
  Calorimeter(CAL)	
  	
  	
  	
  	
  	
  Array	
  
of	
  1536	
  CsI(Tl)	
  crystals	
  in	
  8	
  layers.	
  	
  
Measure	
  the	
  photon	
  energy;	
  image	
  the	
  
shower.	
  

•  Segmented	
  AnEcoincidence	
  Detector	
  (ACD)	
  	
  
89	
  plasEc	
  scinEllator	
  Eles.	
  	
  	
  	
  	
  Reject	
  
background	
  of	
  charged	
  cosmic	
  rays;	
  	
  
segmentaEon	
  removes	
  self-­‐veto	
  effects	
  at	
  
high	
  energy.	
  

•  Electronics	
  System	
  Includes	
  flexible,	
  robust	
  
hardware	
  trigger	
  and	
  sodware	
  filters.	
  

Systems	
  work	
  together	
  to	
  idenKfy	
  and	
  measure	
  the	
  flux	
  of	
  cosmic	
  gamma	
  
rays	
  with	
  energy	
  20	
  MeV	
  -­‐	
  	
  >300	
  GeV.	
  

Calorimeter	
  

Tracker	
  

ACD	
  [surrounds	
  
4x4	
  array	
  of	
  TKR	
  
towers]	
  



Cable	
  Plant	
  
UCSC	
  

Tower	
  Structure	
   SSD	
  Procurement,	
  TesEng	
  
Japan,	
  Italy,	
  SLAC	
  

Electronics	
  

Tower	
  Assembly	
  and	
  Test	
  

Tray	
  Assembly	
  
and	
  Test	
  

SSD	
  Ladder	
  
Assembly	
  

Composite	
  Panel	
  &	
  Converters	
  

2592	
  

10,368	
  

342	
  

648	
  

342	
  
18	
  



Launch!	
  
•  Launch	
  from	
  Cape	
  
Canaveral	
  Air	
  StaEon	
  
11	
  June	
  2008	
  at	
  
12:05PM	
  EDT	
  

•  Circular	
  orbit,	
  565	
  km	
  
alEtude	
  (96	
  min	
  
period),	
  25.6	
  deg	
  
inclinaEon.	
  



•  Two	
  instruments:	
  
–  LAT:	
  	
  

•  high	
  energy	
  (20	
  MeV	
  –	
  	
  >300	
  GeV)	
  
–  GBM:	
  	
  

•  low	
  energy	
  (8	
  keV	
  –	
  40	
  MeV)	
  
	
  

•  Huge	
  field	
  of	
  view	
  
–  LAT:	
  20%	
  of	
  the	
  sky	
  at	
  any	
  instant;	
  in	
  sky	
  survey	
  mode,	
  expose	
  all	
  parts	
  of	
  

sky	
  for	
  ~30	
  minutes	
  every	
  3	
  hours.	
  	
  GBM:	
  whole	
  unocculted	
  sky	
  at	
  any	
  
Eme.	
  

•  Huge	
  energy	
  range,	
  including	
  largely	
  unexplored	
  
band	
  10	
  GeV	
  -­‐	
  100	
  GeV	
  

•  Large	
  leap	
  in	
  all	
  key	
  capabiliEes.	
  	
  Great	
  discovery	
  
potenEal.	
  

Large	
  Area	
  Telescope	
  (LAT)	
  

Gamma-­‐ray	
  Burst	
  Monitor	
  (GBM)	
  

Key	
  Features	
  	
  

Spacecrad	
  Partner:	
  
General	
  Dynamics	
  



The	
  Observatory	
  

GBM	
  
BGO	
  

Detector	
  

GBM	
  	
  
NaI	
  

Detector	
  

LAT	
  



EffecEve	
  Area	
  	
  (Aeff)	
  

<	
  100	
  MeV	
  limited	
  by	
  3-­‐in	
  a	
  row	
  
requirement	
  	
  
	
  
<	
  1	
  GeV	
  limited	
  discriminaEng	
  
informaEon	
  
	
  
>	
  100	
  GeV	
  self-­‐veto	
  from	
  backsplash	
  

Off-­‐axis:	
  more	
  material,	
  less	
  cross	
  
secEon	
  
	
  
Shid	
  from	
  front/back	
  events	
  as	
  we	
  go	
  
off-­‐axis	
  

hQp://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm	
  	
  



Point	
  Spread	
  FuncEon	
  (P)	
  

Low	
  energy:	
  dominated	
  by	
  MS	
  
	
  
High	
  energy:	
  dominated	
  by	
  strip	
  pitch	
  
	
  
	
  hQp://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm	
  	
  



LAT	
  first	
  light	
  



LAT	
  discovers	
  a	
  radio-­‐quiet	
  pulsar!	
  

P ~ 317 ms 
Pdot ~ 3.6E-13 
Characteristic age ~ 10,000 yrs 

Location of EGRET source 3EG J0010+7309,  
the Fermi-LAT source, and the central X-ray  
source RX J0007.0+7303 
Published	
  in	
  Science	
  Express	
  October	
  16,	
  2008 



Fermi	
  Gamma-­‐ray	
  Space	
  Telescope	
  

GLAST	
  renamed	
  Fermi	
  by	
  NASA	
  on	
  
August	
  26,	
  2008	
  
	
  
hQp://fermi.gsfc.nasa.gov/ 

“	
  Enrico	
  Fermi	
  (1901-­‐1954)	
  was	
  an	
  Italian	
  
physicist	
  who	
  immigrated	
  to	
  the	
  United	
  States.	
  
He	
  was	
  the	
  first	
  to	
  suggest	
  a	
  viable	
  mechanism	
  
for	
  astrophysical	
  parEcle	
  acceleraEon.	
  This	
  
work	
  is	
  the	
  foundaEon	
  for	
  our	
  understanding	
  
of	
  many	
  types	
  of	
  sources	
  to	
  be	
  studied	
  by	
  
NASA’s	
  Fermi	
  Gamma-­‐ray	
  Space	
  Telescope,	
  
formerly	
  known	
  as	
  GLAST.	
  ”	
  



Fermi	
  LAT	
  3	
  months	
  sky	
  



Fermi	
  1	
  yr	
  sky	
  



Fermi	
  Year	
  One	
  Catalog	
  

•  About	
  250	
  sources	
  show	
  evidence	
  of	
  variability	
  
•  Half	
  the	
  sources	
  are	
  associated	
  posiEonally,	
  mostly	
  blazars	
  and	
  PSRs	
  
•  Other	
  classes	
  of	
  sources	
  exist	
  in	
  small	
  numbers	
  (XRB,	
  PWN,	
  SNR,	
  starbursts,	
  

globular	
  clusters,	
  radio	
  galaxies,	
  narrow-­‐line	
  Seyferts)	
  
•  UncertainEes	
  due	
  to	
  the	
  diffuse	
  model,	
  parEcularly	
  in	
  the	
  GalacEc	
  ridge	
  	
  

hQp://fermi.gsfc.nasa.gov/ssc/data/access/lat/1yr_catalog/	
  

More than 1000 
sources in year 
one catalog !	
  



2	
  year	
  sky	
  



1,873	
  sources	
  

based	
  on	
  integrated	
  exposure	
  (100	
  
MeV	
  to	
  100	
  GeV)	
  from	
  August	
  4,	
  
2008,	
  to	
  July	
  31,	
  2010.	
  	
  	
  TS	
  >	
  25	
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  Workshop on Recent Developments in Astronuclear and 
Astroparticle Physics Trieste, 19-23 November 2012 



4	
  years	
  sky	
  



	
  
3FGL	
  catalog	
  –	
  3033	
  sources	
  



4FGL	
  catalog	
  



1	
  FHL	
  (3	
  years,	
  Pass7,	
  E>10	
  GeV)	
  



2FHL	
  (P8	
  data	
  >50	
  GeV)	
  –	
  80	
  months	
  



3FHL	
  (E>10	
  GeV	
  –	
  P8)	
  



3	
  FHL	
  



Challenge	
  #	
  1	
  –	
  AGN	
  

Aharonian	
  et	
  al.	
  2009	
  

Joint campaign on PKS 2155 with HESS 



Pulses	
  at	
  
1/10th	
  true	
  rate	
  

Challenge	
  #	
  2	
  –	
  Pulsars	
  Blind	
  Search	
  

Abdo	
  et	
  al..2010	
  



The	
  first	
  blind	
  ms	
  Pulsar	
  



New	
  MSP	
  and	
  GW	
  detecEon	
  



q  This	
  GRB	
  is	
  a	
  perfect	
  case	
  for	
  studying	
  Lorentz	
  
Invariance	
  ViolaKon	
  
q  z	
  =	
  0.9	
  (5.381	
  Gyr)	
  
q  Emission	
  of	
  31	
  GeV	
  photon	
  aoer	
  859	
  ms	
  

since	
  the	
  trigger	
  
q  Only	
  conservaKve	
  assumpKon!	
  

q  the	
  HE	
  photon	
  is	
  not	
  emiqed	
  before	
  the	
  
LE	
  photons,	
  at	
  different	
  events.	
  

Challenge # 3 – GRB	
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Challenge	
  #	
  4	
  –	
  UnidenEfied	
  

Abdo	
  et	
  al.	
  2008	
  

CTA 1 Discovery	
  



Challenge	
  #	
  4	
  
LocaKon	
  of	
  Gamma-­‐ray	
  emission	
  

Abdo,	
  A.	
  A.	
  et	
  al.	
  2010	
  



Challenge	
  #	
  4	
  
LocaKon	
  of	
  Gamma-­‐ray	
  emission	
  

Abdo,	
  A.	
  A.	
  et	
  al.	
  2010	
  



Challenge	
  #	
  5	
  –	
  Spectral	
  ResoluKon	
  

Abdo,	
  A.	
  A.	
  et	
  al.	
  2009	
  



Supernova	
  Remnants	
  
Ackermann	
  et	
  al.	
  2013	
  


