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Because high-energy gamma rays can be produced by processes that also produce neutrinos. the gamma
ray survey of the sky by the Fermi Space offers a view of potenl ial targds for neutrino 
observations. Gamma-ray bursts. active galactic nuclei, and supernova remnants are all sites where hadronic, 
neutrino-producing interactions are plausible. Pulsars, pulsar wind nebulae, and binary sources are all phenomena 
that reveal leptonic particle acceleration through their gamma-ray emission. \Vhile important to gamma-ray 
astrophysics. such sources are of less interest to neutrino studies. This talk will present a broad overview of the 
constantly changing sky seen with the Large Area Telescope (LAT) on the Fermi spacecraft. 

1. INTRODUCTION 

High-energy gamma rays are primarily pro
duced by interactions of energetic particles, some 
of which also involve neutrino production. Typi
cal processes are inelastic nuclear collisions (pion 
production). inverse Compton scattering, curva
ture radiation, and synchrotron radiation. In 
addition. the Universe is mainly transparent to 
gamma rays with energies less than 20 GeV: 
therefore can probe distant or obscured re
gions. These features gamma-ray observa
tions the potential to image regions of neutrino 
production. Conversely. neutrino obsen"ations 
of gamma-ray sources present the possibility of 
helping understand the processes taking 

in these objects. 
The Fermi 

the Fb'mi 
instrument 

at to more than 
:\00 G('V, of its field of 

sr) and the moch: of 
of the satellite to view the entire 

connections to 
neutrinos. 

2. THE GEV SKY: AN OVERVIEW 

Unlike the sky at visible wavelengths, the 
gamma-ray sky is strongly dominated by diffuse 
radiation originating in our Milky \Vay Galaxy, 
making the Galactic plane the most striking fea
ture in any large-scale gamma-ray skymap. Al
though the diffuse Galactic galllma radiation is 
brightest along the plane, it is seen at all Galac
tic latitudes. This radiation is largely produced 
by cosmic-ray interactions with the interstellar 
gas and photon fields through the processes of 
inelastic nucleon scattering. bremsstrahlung. and 
inverse Compton scattering. Fig. 1 shows the 
Spectral Energy Distribution (SED) of this ra-
diation in part of the sky. with modeled 
components . The contributor to this 
radiation is nucleon-nucleon 
cosmic ray protolls and heavier nuclei 
terstellar with 
of mesons into gamma rays 
energy range. The LAT measurements do not 
confirm the 

to models. 
The fact t hat source for 

tht'se gamma rays that there 
is similar diffuse Calae-tic neutrino emission, 
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Figure 1. Spectral Energy Distribution (SED) of 
diffuse gamma radiation at intermediate Galactic 
latitudes. Overlaid are SEDs for the component 
proc('sses of the diffllse emission. Th(, primary 
component, shmvn by the heavier black line above 
the gray band, is decay of 'ir0 mesons [2]. 

and that the Galactic Plane is as 
a source of GeV neutrinos. for both gamma rays 
and neutrinos. discrete are "V"UULl.' 

ized excesses his diffuse rlldilltion. 
diffuse F,UUHaa radiation also illustrates other 

hadronic intenlC-

lHOlUC)H;) of sources are 

and a 

3. EXTRAGALACTIC 
SOURCES 

GAMMA-RAY 

3.1. Gamma-ray Bursts (GRB) 
The brightest and most distant gamma-ray 

sources do not appear in the LAT catalog. These 
are gamma-ray bursts, intense flashes lasting 
from a fraction of a second to many minutes. 
GRB are thought to result from particularly pow
erful core-collapse supernovae (long bursts) or 
from the mergers of neutron stars and black holes 
(short bursts). GRB results combine data from 
the LAT with those from the other Fermi instru
ment, the 8 keY to 40 J\IeV Gamma-ray Burst 
Monitor (GBM) [4], to cover more than 6 orders 
of magnitude in photon energies. Some of the 
Fermi results on GRB include: 

• Both long (>2 sec) and short «2 sec) 
GRBs have been seen by both instruments. 

• Some bursts show high-energy emission af
terglows in the LAT data. lasting for many 
minutes after the prompt emission. e.g. [5]. 

• Ferlni observations of some bursts. under 
reasonable assumptions. put lower limits on 
bulk Lorent~ factors in the source to be 
greater than 1000. e.g. [6]. 

• Some bursts have an extra spectral compo
nent compared to the standard Band model, 
e.g. 

• GRBs seen with the LAT and the GBJ\1 
have placed constraints on some models of 
quantum that predict Lorent~ In
variance violation 

of neutrinos. 
of since most GRBs 

are at co:smoJ()Il:lC<ll distances. 

4. Active Galactic Nuclei (AGN) 

More than half the F'ermi LAT sources are as
sociated with active F."'CHC"" 

shown in the first LAT 



AGN catalog [9]. In standard models, the energy 
that powers the activity of the galactic nucleus 
comes from material falling toward a supermas
sive black hole. In a process not fully understood. 
some of this energy emerges in a jet of high-energy 
particles that shoots away from the nucleus at rel
ativistic speeds. The Fermi LAT sees primarily 
blazars, a subset of radio-loud AGJ'\s for which 
the jet is pointed toward Earth. 

Observations of correlated multiwavelength 
variability, ill addition to confirming identifica
tions for AGN gamma-ray sources, also help 
with modeling these jets. An example is PKS 
1502+100, which exhibited a strong flare early 
in the mission [10]. The gamma-ray and X-ray 
flares seem correlated in this case, followed by a 
delayed flare seen in optical and ultraviolet light 
and a still later peak in the radio. 

The SED of this blazar is complex, requiring 
multiple components that vary with time. Not 
all AGN flares show the sallle pattern of tempo
ral and spectral variability. leading to one pivotal 
result for Fermi and multiwavelength studies: in 
most cases, simple models for blazar jets are in
adequate . .c.Iodels for AGNs do not even lead to 
a consensus on the nature of the particles carry
ing the energy. Although the gamma rays result 
directly from electron interactions, some or all of 
those electrons might be secondaries produced by 
hadronic interactions. If that were the case, then 
such AGNs might be seen as neutrino sources . 
.\'eutrino detectioll of a flarillg AG.\' would thell 
help confirm the particle content of the jet. 

Spatially AGNs at gamma-ray ener-
is not feasible. An exception is Cen-

taurus A. a nearby radio The radio 
lobes of Cen A, which span about 10° on the sky. 
are resolved in the LAT data 1]. Over half of 
the observed E> 100 'VfeV LAT flux appea.r" ill the 
lobes. Such emission (J.l-l TE) V electrons 

these lobes. either accelerated in the lobes or 
the core the 

5. Galaxies Dominated by Cosmic-Ray In
teractions 

Some not classE'd as AG.\'s are also 
seen as gamma-ray sources. Examples are nor-
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Figure 2. SED of gamma radiation from the 
Small l\Iagellanic Cloud. Overlaid are SEDs for 
the component processes of the difl'tlse emission. 
The primary component is decay of mesons 
[14]. 

mal galaxies, including the l\Iilky Way, the Large 
.c.1agellanic Cloud the Small l\1agellanic 
Cloud , and star burst galaxies. such as .c.'182 
and NGC 253 [13]. GeV gamma rays in these 
1'.d,lCL'dC" come primarily from the interactions of 
cosmic ray hadrons and electrons with interstel
lar matter and photon fields. The gamma-ray lu
minosities of these normal and starburst 1'.Ul<L'UCu 

linear relationship with 
rate and the to-

supernovae 

the Small 
modeled 

the measured spectrum from 
Cloud. The spectrum 

hadronic processe:.-. 
from our own 
such will be 

As for the diffuse emission 
the gamma radiation from 

by a neutrino 
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component. 

6. GALACTIC GAMMA-RAY SOURCES 

6.1. Pulsars, Pulsar Wind Nebulae, and 
Binary Systems 

Galllma-ray pulsars were the first class of 
somees identified at these energies. The first 
Fermi LAT pulsar catalog [15] contains 46 pul
sars, and more continue to be identified. In addi
tion to the young, radio-bright pulsars that were 
known from the CGRO em, LAT observations 
have added three new aspects to pulsar studies: 

1. A significant number of millisecond pulsars 
are visible in the LAT data [16]. These old, 
recycled pulsars that have passed through a 
stage of being X-ray binaries are similar in 
their gamma-ray properties to the younger 
pulsars despite having much weaker surface 
magnetic fields and ul1lch faster roUl1 ion 
speeds. 

2. Searches of gamma-ray arrival times from 
some bright unidentified LAT sources in
dependent of any prior knowledge about 
pulsations revealed a new population of 
gamma-my-selected pulsars , suggesting 
that the gamma-ray beams from at least 
some of these pulsars may be broader than 
the mdio or X-ray beams. 

;'l. In a m1111 iWi1velengl h ellort. radio i1S
tronomers have discovered a number of nmv 
millisecond pulsars in error boxes of uniden
tified LAT somces ilK. often assisted 
source locations derived from X-ray obser
vations. 

In terms of neutrinos. these 
,\fodds of 

favored mechanisms. 
'\luch of the energy lost slow 

down goes into the of wind, 
and the termination shock of this wind can ac-
celerate electrons. 
proton accelerat ion cannot lw ruled and pro
duce a wind nebula (pvV:\). The interact-

PVV:\' particles can then produce gamma mys. 

The LAT has seen several PvV~e, including the 
Crab [19], where the LAT results connect to the 
observations from Te V Atmospheric Cherenkov 
telescopes, and the Vela X PW:\, [20]' where the 
GeV and T~N emissions appear to originate from 
different electron populations. 

Another class of gamma-ray sources seen by 
the LAT includes some high-mass X-ray binary 
(H,\IXB) systems, where the variation in the 
gamma-ray flux originates from the orbital mo
tion of the system. One such system is Cygnus 
X-3. which has a neutron star or black hole in 
a 4.8-hour orbit around a massive star. The 
Ge V gamma radiation clearly displays the orbital 
modulation [21], although the modulation is out 
of phase \vith the X-ray emission seen from the 
same system. The gamma-ray flux from Cyg X
:5 i" ouly visible when the low-energy X-ray flux 
is high i1nd t he high-energy X-my flux is low. 
These HMXB systems are not well enough un
derstood to know whether leptonic or hadronic 
particle production and interactions generate the 
gamma-ray flux. 

6.2. Supernova Remnants (SNR) 
Supernovae and their remnants have long been 

thought to be sites of cosmic-ray particle acceler
ation [22], and the collisions of these newly accel
erated particles with the surrounding interstellar 
medium should then produce gamma rays (and 
neutrinos) by the same processes that produce 
the diH'use Galactic gamma radiation. The sem;i
tivity and resolution of the Fermi LAT has now 
prcwided strong evidence in several cases for just 
such processes taking place. 

One example is Supernova Hemnant VV 44. 
which is resolved the LAT the 
2-10 GeV gamma rays that convert in the front 
part of the detector and have the best 
resolution . The gamma-ray resembles 

structure seen with t he Infrared 
to represent dense 

clouds of shocked molecular These 
douds the targets for the cosmic rays accel
erated in the S:\R. The gamma-ray spectrum 

as seen in Figure 3. al-
it is to construct models in which 

the emission has a leptonic: 
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Figure 3. Spectral Energy Distribution of gamma-ray emission from SNR VV44 [23]. The gamma-ray 
emission is modeled by a combination of nO-decay (solid curve), bremsstrahlung (dashed curves), and 
Inverse Compton scattering (dotted curve). upper limit data points above 1011 eV are from vVhipple, 
HEGRA. and ::\;lilagro (left to right). 

Another example is Supernova Remnant 
W51C, which is also spatially resolved by the 
LAT This SNR also contains shocked molec
ular clouds that could be targets for cosmic-ray 
interactions. Although both hadronic and lep
tonic models can explain the gamma-ray spec
trum, the model parameters required by the 
gamma-ray observations predict different syn
chrotron radio spectra, and these appear most 
consistent v,ith the gamma
ray calculation. 

vVith the number 
LAT 

the 

Fermi 
stud-

the source of the bulk of Galacl ic cosmic rays. 
The is still too small. however. to consider 
the case closed. If these models of the gamma ra
diation from S:,\R'i are correct, would also 
be neutrino sources. the neutrinos from 
SNRs would the final proof of hadronic ac-

celeration. 

6.3. A Gamma-ray Nova 
In ;\1arch. 2010, the LAT data revealed a pre

yiously Ull:-ieCll flarillg gamma-ray source ill the 
Cygnus region of the sky [26]' coincident in time 
and direction with an optical flare seen from the 

binary system V 407 Cygni [27]. The 
cl&ssical noya outburst from this red 
dwarf system was also spen in radio and 

its llont hermal nature. Particles ac-
celerated in the shell of the nova 
teract with the wind from the red and with 
the 
gamma radiation. Tht' ,,<tll11Wt-l 

trulll can b<, modeled as either or 
tonic processes 

than supernovaE', 
The LAT detection 

noyae are far less 
are far more nu

suggests that yet 
can accelerate 

to 
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7. CONCLUSIONS 

Gamma rays seen with the Ferm'i Gamma-my 
Spacc Telescopc are revealing sites of particle ac
celeration and interaction, ranging from distant 
gamma-ray bursts and active galactic nuclei to 
sources nearby in our own Galaxy. Many of these 
gamma-ray sources represent likely astrophysical 
neutrino sources. 

The Fermi LAT results support. but have yet 
to prove definitively, the idea that supernovae are 
a primary source of cosmic rays. Pulsars and bi
nary systems contribute to the cosmic-ray elec
tron population. Novae are also potential cosmic
ray accelerators. Neutrino detections of such 
sources would provide firm evidence of hadronic 
interaction processes. 

The Fermi mission is planned to continue at 
least three more years. and many discovery op
portunities remain. All the Fermi gamma-ray 
data are public. The future of cooperative 
gamma-ray and neutrino studies is promising. 

8. ACKNOWLEDGMENTS 

The Fermi LAT Collaboration acknowledges 
generous ongoing support from a number of agen
cies and institutes that have supported both the 
development and the operation of the LAT as 
well as scientific data analysis. These include 
the National Aeronautics and Space Administra
tion and the Department of in the United 
StELlE'S. the Commissariat ~ l'Energie AtomiquE' 
and the Centre :.iational de Ill. Recherche Scien

Institut :.iational de Physique :.iucleaire 
des Particules in France. the 

zin the Istituto :.iazionale 
di Fisica :.iuc:leare in . the of Ed-

Science and Technol
Accelerator Research 

search Council and the Swedish :.iational 
Board in Sweden. 

Additional support for science 
the IS 

Ex-

from the Istituto :"azionale eli Astrofisica in Ital,\' 

and the Centre :.iational cl'Etudes Spatiales in 
France. 

REFERENCES 

1. Atwood, W. B. et al. 2009, ApJ 697. 1071. 
2. Abdo, A.A., et al. 2009, PhysRevLet 103, 

251101. 
3. Abdo, A.A., et al. 2010, ApJS 188, 405. 
4. l\Ieegan. C. et al. 2009, ApJ 702, 79l. 
5. DePasquale, M. et al. 2009, ApJ 709, L146. 
6. Abdo, A.A., et a1. 2010. ApJ 716, 1178. 
7. Abda, A.A .. et al. 200ge ApJ 706, L138. 
8. Abdo, A.A., et al. 2009, Nature 462, 33l. 
9. Abdo. A.A .. et al. 2010, ApJ 715, 429. 
10. Abda. A.A .. et al. 2010, ApJ 710, 810. 
11. Abda, A.A .. et al. 2010, Science 328, 725. 
12. Abdo, A.A .. et al. 2010, A&A 512, 7. 
13. Abdo, A.A., et al. 2010. ApJ 709. 152. 
14. Abdo. A.A., et al. 2010, A&A in press. 
15. Abdo. A.A., et a1. 2010, ApJS 187. 460. 
16. Abdo, A.A .. et al. 2009, Science 325, 848. 
17. Abda. A.A., et al. 2009. Science 325,840. 
18. Ransom, S. l\'I. et a1. 2010, ApJ, submitted. 
19. Abda, A.A., et a1. 2010. ApJ 708. 1254. 
20. Abdo. A.A., et a1. 2010, ApJ 713. 146. 
21. Abdo. A. A. et al. 2009. Science, 326, 1512. 
22. Ginzburg, V. L. and Syrovatskii, S. I.. The 

Origin of Cosmic Rays, New York: Macmil
lan, 1964 

23. Abdo, A.A., et a!. 2010. Science 327. 1103. 
24. Reach, \V. T. et a1. 2006. AJ 131. 1479. 
25. Abdo, A.A., et a1. 2009. ApJ 706. L1. 
26. Abela, A.A .. et a1. 2010. Science 329. 817. 
27. Nishiyama. K. and Kabashima. F. 2010 Inter

national Astronomical 'Cnion Central Bureau 
for Astronomical reported H. 

No. 2199. 


