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Outline

 Instruments
 GeV telescopes: Fermi, Agile

 TeV telescopes: HESS, MAGIC, VERITAS, MILAGRO

 Gamma-Ray Sky

 Diffuse emission
 Galactic

 Extragalactic

 Source catalogs

 Distant sources
 Starburst galaxies 

 GRB: constraint on Lorentz Invariance Violation

 Galactic Sources
 Pulsars: Gravitational Waves searches 

 SNR

 Cosmic Ray Electrons

 Dark Matter searches
 Line searches

 Dwarf Spheroidal galaxies

 Extragalactic diffuse emission

 A Surprise: a Gamma-ray Nova

 Gamma rays from the Solar System
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GeV Telescopes: Pair Conversion

An anticoincidence detector 

around the telescope select 

gamma-rays from charged particles

g

e+ e-

Conversion 
(g in e+/e-) 
in W foils

Incoming g

Incoming 
direction
reconstruction 
by tracking the 
charged 
particles

Energy
measurement with 
e.m. calorimeter

4 x 4 array of identical tower with:

 Precision Si-strip tracker 

 With W converter foils

 Hodoscopic CsI calorimeter
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Overview of the Fermi Large Area Telescope
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Fermi Observatory

 Launched by NASA June 11, 
2008

 More that 2 years in orbit!

 Routine science began August 
2008

 Two instruments
 Large Area Telescope: 

20 MeV – 300 GeV

 Gamma-ray Burst Monitor: 
8 keV – 40 MeV

 Orbit: 565 km, 25.6
inclination, circular

 Field of view = 2.4 sr 
(38% of 2π)

 Observe entire sky every 
2 orbits = 3 hrs

 Data publicly available since 
August 2009; scientists outside 
collaboration actively analyzing
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TeV Telescopes: Atmospheric Cherenkov

Gamma-ray

~ 10 kmParticle

shower

~ 1o

~ 120 m


1

2


3

4
 brief flash ~ns

 steroscopy:    
 cosmic ray background rejection 

 improved gamma ray reconstruction
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Imaging Atmospheric Cherenkov Telescopes

Current generation

H.E.S.S. 

CANGAROO III

MAGIC 

VERITAS
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MILAGRO: a water Cherenkov detector 

 PMTs in water tank

 Los Alamos, New Mexico 
(2530 m altitude)

 Detect TeV air showers from 
particles that reach ground level

 Complementary to IACT telescopes
 monitor large field of view (~2 sr) all 

the time

 high energy (~20 TeV)

 Operated 2001-2008
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Decomposing the Gamma Ray Sky

Galactic diffuse emission Extragalactic g-ray Back. discrete sources

+ +
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Fermi-LAT 1-Year All-Sky Map, E>200 MeV

 Most striking feature of the GeV gamma-ray sky is the diffuse 
Galactic emission

 Cosmic rays interacting with interstellar medium
 CRprotons + gas → po → 2g  Peaks at 70 MeV (in photon spectrum)

 CRelectrons + radiation fields → Compton

 CRelectrons + ambient protons → bremsstrahlung

Rate map, 
exposure corrected,  log scale
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Galactic Diffuse Emission

 The first Fermi-LAT publication on the galactic diffuse spectrum is in 
disagreement with the EGRET spectrum.

 In particular, there is no obvious “GeV excess” with respect to 
standard models of the diffuse production from cosmic rays.

PRL 103, 251101 (Dec 2009)
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The isotropic diffuse gamma-ray emission

 Isotropic diffuse flux contribution 
from unresolved sources depends 
on LAT point source sensitivity

 Contribution expected to decrease
with LAT observation time

Potential contributions to the isotropic 
diffuse continuum gamma-ray 
emission in the LAT energy range 
(100 MeV-300 GeV):

 Unresolved point sources
 Active galactic nuclei

 Star-forming galaxies

 Gamma-ray bursts

 Diffuse emission processes
 UHE cosmic-ray interactions with 

the Extragalactic Background 
Light

 Structure formation

 large Galactic electron halo

 WIMP annihilation

Dermer, 2007
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The Fermi-LAT isotropic diffuse flux

 Spectrum can be fitted 
by power law:

 γ = 2.41 +/- 0.05

 Flux above 100 MeV:

 F100 = 1.03 +/- 0.17
x 10-5 cm-2 s-1 sr-1

(extrapolated)

 Foreground modeling 
uncertainty not 
included in error bands

|b| > 10º

extragalactic
diffuse

CR background

LAT

PRL 104, 101101 (March 2010)
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Comparison with EGRET results

 Unresolved AGN can account for 
up to 30% of this diffuse

 Based on Fermi measurements of 
the blazar luminosity function 
(Abdo et al. 2010, ApJ, 720, 435 )

 Considerably steeper than 
the EGRET spectrum by 
Sreekumar et al.

 No spectral features 
around a few GeV seen in 
re-analysis by Strong et al.
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arXiv:1002.2280

1451 Sources 
(>4 significance)

arXiv:1002.2280

630

First 11 months of data

New classes not associated (confidently) with g-ray sources in 3rd EGRET catalog.
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Fermi-LAT TeV Source Candidate List

 Very successful: 5/24 objects observed in TeV

 Several ACT sources triggered/motivates by Fermi

Veritas, ATEL 2309

Veritas, ATEL 2260

Veritas, ATEL 2272

Veritas, ATEL 2486 

HESS, ATEL 2350 
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Interesting sources for Neutrino Telescopes

Gisela Anton, NEUTRINO 2010
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Starburst galaxies

 Starburst galaxies distinguished by rapid 
star formation, 10-1000 × Milky Way rate
 Correspondingly high supernovae rates

 Dense clumps of molecular gas

 M82 and NGC 253
 First detection from non-AGN galaxies 

beyond MW

 Two closest starburst galaxies (~3 Mpc)

 Lack active nuclei

 Small (~100 pc scale) starburst regions

 Extensively studied in multiple 
wavebands

 Gamma-ray origin
 Cosmic-ray intensity correlated with 

massive star-formation

 Hadronic vs lepton scenarios

 CR propagation through ISM

NGC 253: HESS, Science 326, 1080 (2009)

M82: VERITAS, Nature 462, 770 (2009)
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Starburst galaxies

 The product of the supernova rate and the 
total mass of gas in these galaxies 
appears to show a trend 
 supporting the long-held expectation that 

supernovae are the principal accelerators 
of cosmic rays (at least hadrons)

 Note that there are large uncertainties in 
these calculations, so this result should be 
treated with some caution

Observed in GeV 

by Fermi

Abdo et al., ApJL 709, L152 

(2010)
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Gamma-Ray Bursts (GRB)

 The GBM detects ~250 GRBs/year 
 ~18% short

 ~50% in the LAT FoV

 The LAT detects ~10 GRBs/year
 19 total as of today (recent detection : GRB 100724A)

 ~10% of GBM GRBs observed

As of April, 2010:

 427 GBM GRB

 56 also observed by 

the Swift BAT

 16 LAT GRB (~½ of 

GBM bursts are in 

the LAT field of view)
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Limits on Lorentz Invariance Violation from GRBs

 Quantum gravity predicts Lorentz 
Invariance Violation (LIV) near 
Planck scale (1019 GeV)

 GRB emits short light pulse at 
great distance: can probe variation 
in arrival time (light speed) as 
function of energy

 GRB 090510: we see a 31 GeV 
photon less than 1 second after 
the first X-ray photons, after 
traveling >7 billion light years

 This requires the quantum-gravity 
mass scale to be at least 1.2 
times the Planck mass

Nature 462, pp 291, 331 
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 Assume dispersion: =E/P ~ c (1-(E/EQG)n) with n=1

 Cosmological distance:

 In GRB 080916C (z=4.2) the highest energy photon, 13.2 GeV, was 
detected 16.5 s after the GBM trigger

 In GRB 090510 (z=0.90) the 31 GeV photon was detected only 
0.83 s after the GBM trigger

 The time delay due to quantum gravity cannot be more than this, 
assuming that the GeV photons are not emitted before the X-ray 
burst.

Limits on Lorentz Invariance Violation from GRBs

GRB090510 1.51019

min MQG 

(GeV)

1016 1017 10181015
1.8x1015  

Pulsar
(Kaaret 99)

0.9x1016  1.8x1017  0.2x10184x1016

GRB
(Ellis 06)

GRB
(Boggs 04)

AGN
(Biller 98)

AGN  (Albert 08)
MAGIC 
Mkn501 E>150GeVGRB080916CPlanck mass

10191.5x1018
1.2x1019
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Gamma-Ray Pulsars

 6 with EGRET

 >60 to date with Fermi 

 ~ ½ detected at period already 
known from radio observations

 ~ ½ Fermi pulsars were not 
known before Fermi!
 Blind search for gamma-ray 

pulsations in unidentified 
Fermi sources discovered new 
young PSRs (some are radio 
quiet)

 Search for radio pulsations in 
unidentified Fermi sources 
discovered new millisecond 
PSRs

 Good candidates for local 
sources of cosmic-ray 
electrons

arXiv 0910.1608

g-ray-selected

millisecond

radio loud
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Gravitational waves using millisecond pulsars

 Pulsar Timing Array measures correlations of time delays in different 
PSRs, sensitivity increases with number of PSRs
 Fermi is contributing significant number of millisecond pulsars

 Push to extend blind search to ms domain

 Complementary to interferometers

Nature 463, 147, 14 January 2010
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Supernova Remnants - Spatially Resolved

Strong evidence for cosmic ray production in SNR.

Note: LAT does not resolve Cas A
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γ-ray emission from W44

 ~2×104 yr shell SNR; interacting with molecular clouds with n~100 cm-3

 2-10 GeV count map (left) and deconvolved image (right) , 
 Green contours are from Spitzer 4.5-mm IR, shocked H2

 Cross marks pulsar, PSR B1853+01, not seen as a pulsed source

 Spectrum more consistent with hadronic than leptonic processes
 But leptonic models not excluded

Abdo et al. 2010, Science, 327, 1103

Whipple

HEGRA

MILAGRO
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γ-ray SNRs and cosmic ray origin

 Spectral evolution with age
 Young SNRs have nonthermal synchrotron X-rays, strong TeV detections, X-

ray/TeV correlation; γ-rays likely leptonic in origin

 Middle-aged SNRs have steep spectrum from GeV to TeV; γ-rays likely 
hadronic in origin

 Different evolutionary stages allows us to probe how particles are 
accelerated and later released into the Galaxy

H.E.S.S.

VERITAS
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Cosmic-Ray Electrons: Fermi-LAT and H.E.S.S.

Additional (pulsar-like) component 
with =1.5 and exponential cutoff

GALPROP, but with 
injection index =1.6/2.7 
below/above 4 GeV.

e only

Preliminary

Submitted to Phys. Rev. D A&A 508, 561 (2009)



September 4, 2010Carmelo Sgrò (INFN-Pisa) 30

Cosmic-Ray Electron Anisotropy from Fermi-LAT

 No significant 
anisotropy is observed 
in the CR electron flux

 The results can rule out 
dominance of a very 
bright nearby source

3 upper limits 
from data

MW Halo DM MW DM 
substructure

Regis and Ullio, 
arXiv:0907.5093

Preliminary

3 upper limits 
from data

Vela

Monogem

Galprop

Preliminary

Significance of 
deviations from the 

mean rate.

Submitted to Phys. Rev. D
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Dark Matter Searches

All-sky map of 

simulated gamma 

ray signal from DM 

annihilation  (Baltz 

2006)

Satellites

Low background and good

source id, but low statistics, 

astrophysical background

Galactic Center

Good Statistics but source 

confusion/diffuse background

Milky Way Halo

Large statistics but diffuse 

background

Extra-galactic

Large statistics, but astrophysics, 

galactic diffuse background

Spectral Lines

No astrophysical uncertainties, 

good source id, but low sensitivity because of 

expected small BR
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Search for Spectral Lines with Fermi-LAT

Points: data

red: total fit

Example fit for a 40 GeV line

background
signal

“Smoking gun” dark matter

signature.  Eg = mDM

Search high latitudes (diffuse)

and galactic center

Fit spectrum for peaking signal 

on top of power-law background

No Signal Seen: Flux Upper Limits

PRL 104, 091302 (2010)
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Dwarf Spheroidal Galaxies, DM Search

Canis Major

o

Observed by Fermi

Observed by HESS
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Dwarf Spheroidal Galaxies

 Fermi-LAT flux limits for DM annihilation spectra

 The limit depends on the WIMP mass and the decay 

mode

For the Ursa 
Minor dSph

ApJ 712 (2010) 147.
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Dwarf Spheroidal Galaxies

 Stellar data from Keck  (Bullock, Kaplinghat, Martinez) were used to 
evaluate the DM content of each of 8 dwarfs, to translate the flux limits into 
annihilation cross section limits.  No substructure boost assumed.

 Red points are models with a cosmological WIMP thermal relic density 
compatible with WMAP data.

 Work is in progress to combine all dwarfs into a single limit, giving about a 
40% improvement over the best of these published results.

Fermi limit

Excluded (95% CL)

Glicenstein’s talk ICHEP 2010

HESS Sculptor dwarf 

(Preliminary)
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Cosmological Dark Matter

The isotropic extragalactic contribution 
have be interpreted in terms of limits on 
cosmological dark matter annihilation:

Assuming a power-law 
model for astrophysical 
background

DM could supply all 
the photons in a 
given bin

DM structure evolution scenarios
JCAP04 (2010) 014



September 4, 2010Carmelo Sgrò (INFN-Pisa) 37

First Gamma-ray Detection of a Nova

 V407 Cyg is a Symbiotic Binary
 A Nova is a thermonuclear 

outburst in  binary systems 
containing an accreting white 
dwarf (WD)

 Good example of multi-λ 
observation

 Discovered in optical by Japanese 
amateur astronomers
 Nishiyama and Kabashima 

IAUC 2199 (2010)

 Observed in Gamma-Rays by LAT
 Details in 

Science, 329, 817 (2010)

 In order to produce the gamma 
rays, this nova had to be 
accelerating particles to cosmic-
ray energies

http://www.nasa.gov/mission_pages/GLAST/news/shocking-nova.html
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Solar System Gamma-ray sources

The Moon - gamma rays from 

cosmic-ray interactions with 

the lunar surface. 

The Sun - gamma rays from cosmic-ray 

interactions with solar matter and 

photons. 

A small solar flare.  As solar 

activity increases, more flares 

are likely. 
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Conclusions

 Golden age for astroparticle physics

 Few selected topics out of a very large menu 

 Synergy between experiments important

 In addition to astrophysical discoveries, gamma astronomy is 
constraining fundamental physics: 

 quantum gravity

 enabling gravitational wave searches with pulsars

 cosmic rays

 dark matter

 DM searches start to provide interesting results, reaching the 
“interesting” phase space

 A discovery at LHC will be a revolution for astroparticle a well!

 Fermi is now two years into its (at least) five year mission

 The photon data are available to the public



EXTRA
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Overview of current  generation IACT

 HESS: 4 telescopes (13 m diameter; 5th with 

28 m diameter under construction) in Namibia 

(Southern Hemisphere)

 MAGIC: 2 telescopes (1 since 2004 and 2 since 

2010, both 17 m diameter) on La Palma, Spain 

(Northern hemisphere)

 VERITAS: 4 telescopes (12 m diameter) in 

Arizona, USA (Northern hemisphere)
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Fermi-LAT AGN Catalog

ApJ 715, 429, May 2010

Type Number

FSRQ 296

BL Lac 300

Other AGN 41

Undetermined 72

First 11 months of data.
709 sources identified as AGN
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Gamma-Ray Line Search

Cross Section Upper Limits, for annihilation to gg
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PRL 104, 091302 (2010)
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SNR and PWN

 Not an easy game…

 SNR & PWN are steady sources
 we don't have the variability as an identification tool (as for 

AGNs) and no timing information (as for Pulsars)

 SNR & PWN are predominantly located in the Galactic 
Plane
 contamination from the Galactic diffuse background

 SNR & PWN can be extended sources: 
 gamma-ray photons are spread over larger regions which render 

the analysis and identification with a potential counterpart very 
hard (and even more in the Galactic plane !)
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Crab Nebula

 Detected across the whole electromagnetic spectrum from radio 
to very high energy gamma-rays

 Powerful Particle Accelerator

 Good link between GeV (Fermi) and TeV (IACT)
 Covering the entire Inverse Compton peak

Spectral Energy 
Distribution
 Red points are 

Fermi LAT data

 Transition from 
synchrotron to 
Compton 
components



September 4, 2010Carmelo Sgrò (INFN-Pisa) 46

LAT Cosmic-Ray Electrons (7 GeV to 1 TeV)

Low-E 
analysis

High-E 
analysis

Two independent Fermi analyses 
(using very different triggers) match 
well across the 20 GeV boundary.

Strong, Moskalenko, 
& Reimer, ApJ 613, 
962 (2004) GALPROP

Submitted to Phys. Rev. D

Preliminary
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HESS Cosmic-Ray Electrons ( 350 GeV to 4 TeV)

Spectral index:

Γ1 = 3.0±0.1(stat)±0.3(syst.)

Γ2 = 3.9±0.1(stat)±0.3(syst.)

PRL 101, 261104 (December 2008)

A&A 508, 561 (2009)
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LAT CRE – Long path selection

 To counter claims that our calorimeter is too thin at 
normal incidence to measure up to 1 TeV, we repeated 
the analysis using only electrons passing through at least 
12 X0 of material (average of 16 X0)

 The results are consistent and still rule out any sharp 
peak around 800 GeV

Submitted to Phys. Rev. D
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Broadband modeling of W51C

 Older than 20,000 years 

 Extended in the Fermi-LAT band beyond the PSF

 Shell structure in radio

 2-10 GeV front-converting events, smoothed image
 Magenta contours are region of shocked CO

 White ellipse is the outer boundary of W51

LAT PSF
Abdo et al. 2009, ApJ, 706, L1
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Dwarf Spheroidal Galaxies, DM Search

Belokurov, V., et al. 2007, ApJ, 654, 897

1 & 2

Segue 2

Select 14 dSphs away from the 
galactic plane and not too 
distant.
Require good stellar kinematic 
data and high mass/light of 10 
to over 1000.
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GRB090510 1.51019

Limits on Lorentz Invariance Violation from GRBs

 Quantum gravity predicts Lorentz Invariance Violation (LIV) 
near Planck scale (1019 GeV)

 GRB emits short light pulse at great distance: can probe 
variation in arrival time (light speed) as function of energy

 Assume dispersion: =E/P ~ c (1-(E/EQG)n) with n=1

 Cosmological distance:

 In GRB 080916C (z=4.2) the highest energy photon, 
13.2 GeV, was detected 16.5 s after the GBM trigger

 In GRB 090510 (z=0.90) the 31 GeV photon was detected 
only 0.83 s after the GBM trigger

 The time delay due to quantum gravity cannot be more than 
this, assuming that the GeV photons are not emitted before
the X-ray burst.

min MQG 

(GeV)

1016 1017 10181015
1.8x1015  

Pulsar
(Kaaret 99)

0.9x1016  1.8x1017  0.2x10184x1016

GRB
(Ellis 06)

GRB
(Boggs 04)

AGN
(Biller 98)

AGN
(Albert 08)

GRB080916C Planck mass

10191.5x1018
1.2x1019

GRB 090510: Nature 462, pp 291, 331 


