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Gamma-­‐ray	
  astrophysics	
  above	
  100	
  MeV	
  	
  

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

AGILE Fermi 



Exercise	
  #4	
  

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

	
  



AGILE	
  

hRp://agile.rm.iasf.cnr.it/	
  



AGILE	
  

hRps://agile.ssdc.asi.it/	
  



Fermi/LAT	
  

hRps://fermi.gsfc.nasa.gov/ssc/	
  



Fermi/LAT	
  

hRps://glast.sites.stanford.edu/	
  



CALET	
  

hRp://calet.pi.infn.it/	
  



CALET	
  

hRp://calet.phys.lsu.edu/	
  



DAMPE	
  

hRp://dpnc.unige.ch/dampe/	
  



HERD	
  

hRp://herd.ihep.ac.cn/	
  



HERD	
  

hRp://herd.ihep.ac.cn/	
  



Gamma-­‐400	
  

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



HE	
  Gamma-­‐ray	
  Astrophysics	
  
The	
  EGRET	
  legacy	
  



EGRET 

EGRET 
- 1991-2000 
-  30 MeV - 30 GeV 
-  AGN, GRB, Unidentified Sources, Diffuse Bkg  



The HE sky from EGRET 



Analysis	
  Topics	
  

•  First	
  a	
  word	
  about	
  interstellar	
  gamma-­‐ray	
  emission:	
  	
  	
  
•  Brightest	
  at	
  low	
  laWtudes,	
  but	
  detectable	
  over	
  the	
  whole	
  sky	
  
•  >60%	
  of	
  EGRET	
  celesWal	
  gamma	
  rays	
  
•  It	
  fundamentally	
  affects	
  the	
  approach	
  to	
  the	
  analysis	
  

EGRET >300 MeV 



Data	
  Analysis	
  



Analysis	
  Topics:	
  	
  Source	
  detecWon	
  
•  Source	
  detecWon	
  means	
  at	
  least	
  2	
  things:	
  	
  	
  

–  Recognizing	
  that	
  you’ve	
  detected	
  a	
  point	
  source	
  that	
  you	
  
didn’t	
  know	
  about	
  (and	
  defining	
  its	
  staWsWcal	
  significance	
  
and	
  locaWon	
  on	
  the	
  sky)	
  

–  Determining	
  the	
  significance	
  of	
  the	
  detecWon	
  of	
  (or	
  
measuring	
  an	
  upper	
  limit	
  for)	
  an	
  already-­‐known	
  source	
  

	
  

Sowards-­‐Emmerd,	
  Romani,	
  &	
  Michelson	
  (2003,	
  ApJ,	
  590,	
  109)	
  

Source location contours 
for two 3EG sources 
(Hartman et al. 1999).  
Potential (additional) 
counterparts, unresolved 
by EGRET, are indicated 



Analysis	
  Topics:	
  	
  Spectral	
  analysis	
  

Hartman	
  et	
  al.	
  1993	
  (ApJ,	
  407,L41),	
  	
  

•  Well,	
  this	
  means	
  measuring	
  spectra	
  
–  Mostly	
  power	
  laws	
  resulWng	
  from	
  

shock	
  acceleraWon,	
  which	
  is	
  scale	
  
free	
  

–  Spectral	
  breaks	
  occur	
  for	
  physics	
  
reasons	
  and	
  measuring	
  them	
  is	
  
diagnosWc	
  of	
  the	
  sources.	
  

•  For	
  EGRET,	
  the	
  analysis	
  of	
  source	
  
spectra	
  was	
  a	
  2-­‐step	
  process	
  
–  Fluxes	
  were	
  derived	
  for	
  fairly	
  

broad	
  ranges	
  of	
  energy	
  
independently	
  

–  Then	
  a	
  spectral	
  model	
  was	
  fit	
  
•  The	
  complicaWon	
  was	
  that	
  the	
  

exposure	
  for	
  a	
  broad	
  energy	
  range	
  
depends	
  on	
  the	
  source	
  spectrum,	
  so	
  
the	
  figng	
  process	
  was	
  iteraWve.	
  





EGRET	
  Gamma-­‐ray	
  Sources	
  



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

processes	
  



AcWve	
  GalacWc	
  Nuclei	
  

Radio 

X-ray 

Optical 



AcWve	
  GalacWc	
  Nuclei	
  



Models	
  of	
  AGN	
  Gamma-­‐ray	
  
ProducWon	
  

(credit:J. Buckley) 
(from Sikora, Begelman, and Rees (1994)) 



AcWve	
  GalacWc	
  Nuclei	
  

Artistic picture by 
S.Ciprini



AcWve	
  GalacWc	
  Nuclei	
  

Artistic picture by 
S.Ciprini



M87	
  scales…	
  



M87	
  scales…	
  



M87	
  scales…	
  



M87	
  scales…	
  



AGN	
  and	
  the	
  ExtragalacWc	
  Background	
  Light	
  (EBL)	
  

Look	
  for	
  roll-­‐offs	
  in	
  blazar	
  spectra	
  due	
  to	
  aRenuaWon:	
  
(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	
  creaWon	
  will	
  aRenuate	
  flux.	
  	
  	
  For	
  a	
  flux	
  of	
  	
  	
  
γ	
  -­‐rays	
  with	
  energy,	
  E,	
  	
  this	
  cross-­‐secWon	
  is	
  maximized	
  when	
  the	
  partner,	
  ε,	
  is	
  
	
  

	
   	
  	
  
	
  
For	
  10	
  GeV-­‐	
  100	
  GeV	
  γ	
  -­‐	
  rays,	
  this	
  corresponds	
  to	
  a	
  partner	
  photon	
  energy	
  	
  	
  
in	
  the	
  opWcal	
  -­‐	
  UV	
  range.	
  	
  Density	
  is	
  sensiWve	
  to	
  Wme	
  of	
  galaxy	
  formaWon.	
  

us	
  source	
   Eγ	
  lower	
  

us	
  source	
   Eγ	
  higher	
  
Eγ



• 	
  Important	
  advances	
  offered	
  by	
  Fermi:	
  

(1)	
  thousands	
  of	
  blazars	
  -­‐	
  instead	
  of	
  peculiariWes	
  of	
  individual	
  sources,	
  look	
  for	
  
systemaWc	
  effects	
  vs	
  redshin.	
  

(2)	
  	
  key	
  energy	
  range	
  for	
  cosmological	
  distances	
  (TeV-­‐IR	
  aRenuaWon	
  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	
  quesWon	
  by	
  itself	
  for	
  GLAST!)	
  

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

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

Caveats 



Challenge	
  #	
  2	
  

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



Pulsars	
  



Challenge	
  #	
  3	
  

•  Need	
  fast	
  Wming	
  for	
  gamma-­‐ray	
  detecWon	
  (improving	
  EGRET	
  deadWme,	
  100	
  msec	
  
→	
  100	
  microsec	
  or	
  less).	
  

Delayed	
  Emission	
  (GRB	
  940217)	
  

Prompt Emission  (GRB 930131)



Solar	
  flares	
  



Solar	
  Flares	
  



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

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



Supernova	
  Remnants	
  



SNR	
  



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



Dark	
  MaRer	
  



ParWcle	
  Dark	
  MaRer	
  
Some important models in particle physics could also solve the dark matter problem in 
astrophysics.  If correct, these new particle interactions could produce an anomalous flux of 
gamma rays (“indirect detection”). 

f

f
anomalous continuum 
or γγ or Zγ “lines”?

X

X

Just an example of what might be waiting for us to find!

 
 
  

QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.

•  	
  Key	
  interplay	
  of	
  techniques	
  (see	
  Baltz	
  et	
  al.,	
  astro/ph-­‐0602187):	
  
–  colliders	
  (TeVatron,	
  LHC,	
  ILC)	
  
–  direct	
  detecWon	
  experiments	
  
–  indirect	
  detecWon	
  (best	
  shot:	
  gamma	
  rays)	
  

•  GLAST	
  full	
  sky	
  coverage	
  look	
  for	
  clumping	
  throughout	
  galacWc	
  halo,	
  including	
  off	
  
the	
  galacWc	
  plane	
  (if	
  found,	
  point	
  the	
  way	
  for	
  ground-­‐based	
  faciliWes)	
  

•  Intensity	
  highly	
  model-­‐dependent	
  
•  Challenge	
  is	
  to	
  separate	
  signals	
  from	
  astrophysical	
  backgrounds	
  



Dark	
  MaRer	
  Searches	
  
§  WIMP	
  

annihilaWon	
  in	
  
galacWc	
  centre	
  
or	
  galacWc	
  halos	
  

§  ExtragalacWc	
  
WIMP	
  
annihilaWon	
  relic	
  

§  SUSY	
  dark	
  
maRer	
  

§  Kaluza	
  Klein	
  
dark	
  maRer	
  

Elsasser Manheimm astro/ph-0405235 

Ø  this science require large sensitivity on a broad energy range, localization power, energy resolution, time 
resolution for variability search … key elements for the whole GLAST physics program  

Hunter et al (1997) 
Morselli et al astro/ph-0305075 



48	
  

Detector	
  Project	
  



Detector	
  Project	
  
• 	
  	
  	
  Instrument	
  must	
  measure	
  the	
  direcWon,	
  energy,	
  and	
  arrival	
  Wme	
  of	
  high	
  
	
  	
  	
  	
  energy	
  photons	
  (from	
  approximately	
  20	
  MeV	
  to	
  greater	
  than	
  300	
  GeV):	
  

	
  	
  	
  	
  	
  	
  -­‐	
  photon	
  interacWons	
  with	
  maRer	
  in	
  GLAST	
  
	
  	
  	
  	
  	
  	
  	
  	
  energy	
  range	
  dominated	
  by	
  pair	
  conversion:	
  
	
   	
  determine	
  photon	
  direcWon	
  

	
  clear	
  signature	
  for	
  background	
  rejecWon	
  	
  	
  	
  	
  	
  	
  

γ

e+	
   e–	
   	
   calorimeter	
  	
  	
  
	
   (energy	
  measurement)	
  

parWcle	
  tracking	
  
detectors	
  

conversion	
  foil	
  

anWcoincidence	
  
shield	
  

Pair-­‐Conversion	
  Telescope	
  

Energy	
  loss	
  mechanisms:	
  

	
  	
  	
  	
  	
  	
  -­‐	
  limitaWons	
  on	
  angular	
  resoluWon	
  (PSF)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  low	
  	
  E:	
  mulBple	
  scaCering	
  =>	
  many	
  thin	
  layers	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  high	
  E:	
  hit	
  precision	
  &	
  lever	
  arm	
  

•	
  	
  must	
  detect	
  γ-­‐rays	
  with	
  high	
  efficiency	
  	
  
	
  	
  	
  and	
  reject	
  the	
  much	
  larger	
  (~104:1)	
  flux	
  
	
  	
  	
  of	
  background	
  cosmic-­‐rays,	
  etc.;	
  

•	
  	
  energy	
  resoluWon	
  requires	
  calorimeter	
  
	
  	
  	
  of	
  sufficient	
  depth	
  to	
  measure	
  buildup	
  
	
  	
  	
  of	
  the	
  EM	
  shower.	
  SegmentaWon	
  useful	
  	
  
	
  	
  	
  for	
  resoluWon	
  and	
  background	
  rejecWon.	
  



Detector	
  Project	
  

The LAT design is based on detailed 
Monte Carlo simulations.
Integral part of the project from the 
start.

Ø  Background rejection
Ø  Calculate effective area and 
resolutions (computer models now 
verified by beam tests).  Current 
reconstruction algorithms are 
existence proofs -- many further 
improvements under development.
Ø  Trigger design.
Ø  Overall design optimization.

Simulations and analyses are all C++, 
based on standard HEP packages.

proton	
  

gamma	
  ray	
  

Detailed	
  detector	
  
model	
  includes	
  
gaps,	
  support	
  
material,	
  thermal	
  
blanket,	
  simple	
  
spacecraK,	
  noise,	
  
sensor	
  responses…	
  

Instrument	
  naturally	
  disWnguishes	
  gammas	
  
from	
  backgrounds,	
  but	
  details	
  maRer.	
  



Beam	
  test	
  



Beam	
  test	
  



AGILE	
  calibraWon	
  



AGILE	
  calibraWon	
  



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

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

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

Technology	
  impact	
  -­‐-­‐	
  PSF	
  

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

• 	
   	
  up	
  to	
  28	
  hit	
  over	
  >1m	
  	
  
	
  

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

• 	
  be:er	
  single	
  hit	
  resolu<on	
  
• 	
  sensiBve	
  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	
  



Aner	
  a	
  long	
  story	
  ...	
  



AGILE	
  



                                         AGILE 

  

  



AGILE	
  instrument	
  



AGILE:	
  inside	
  the	
  cube…	
  

ANTICOINCIDENCE	
  

INAF-­‐IASF-­‐Mi	
  (F.Pero`)	
  

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.	
  LabanB)	
  



The Silicon Tracker 



The AGILE TRK 



The CsI Mini-Calorimeter 
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SuperAGILE X-ray detector 



On Board AGILE Trigger 

BURST
- GRB SEARCH
- SA IMAGE
DECONVOLUTION

T
E
L
E
M
E
T
R
Y



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 



AGILE in orbit 



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  



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	
  resoluWon	
  

Giuliani	
  et	
  al.	
  2011	
  



Key AGILE results 



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	
  



Pulsar Wind Nebulae 
Pellizzoni et al. 2010 

	
  	
  	
  Vela	
  X	
  PWN	
  	
  



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 



Upper limits in GRB 

Longo et al. 2012 



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 



New!!	
  Follow	
  up	
  of	
  Neutrino	
  events	
  

Lucarelli et al 2017 



New!!	
  Follow	
  up	
  of	
  Neutrino	
  events	
  

Lucarelli et al 2017 



New!!	
  Follow	
  up	
  of	
  Neutrino	
  events	
  

Lucarelli et al 2017 



New!!	
  Follow	
  up	
  of	
  GW	
  events	
  

Verrecchia et al 2017 



New!!	
  Follow	
  up	
  of	
  GW	
  events	
  

Verrecchia et al 2017 



Where to find data?  
hRps://agile.ssdc.asi.it/	
  



Conclusions 
•  AGILE	
  crucial	
  contribuWons	
  to	
  tesWng	
  parWcle	
  acceleraWon	
  

theories,	
  plasma	
  instabiliWes	
  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	
  

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

	
  
	
  
	
  
	
  


