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Abstract. In just the last few years, the catalog of known Galactic TeV gamma-ray sources
has grown dramatically , due to the abilities of current air �Cerenkov telescopes to measureboth
the spectrum and morphology of the TeV emission. While these properties can be very well
measured,they are not necessarilysu�cien t to determine whether the gamma rays are produced
by leptonic or hadronic processes.However, if the gamma-ray emission is hadronic, there must
be an accompanying 
ux of neutrinos, which can be determined from the observed gamma-ray
spectrum. The upcoming km3 neutrino telescopes will allow for a direct test of the gamma-
ray production mechanism and the possibilit y of examining the highest possible energies,with
important consequencesfor our understanding of Galactic cosmic-ray production.

(Based upon M. D. Kistler and J. F. Beacom, \Guaran teed and Prospective Galactic TeV
Neutrino Sources," Phys. Rev. D 74, 063007(2006) (astro-ph/0607082) [1].)

1. Neutrino the TeV Sky
Recent years have seenan explosion in the number of detections of TeV gamma-ray sources
in our Galaxy. The improved sensitivities and energy reach of air �Cerenkov telescopes (A �CT),
particularly HESS[2], haveallowed for an exploration of the richnessof thesesourcepopulations.
They include (but are not limited to) shell-type supernova remnants [3, 4], di�use emissionnear
the Galactic Center [5], and sourceswithout known counterparts at any other wavelength [6].
Yet, even as the list of TeV sourcescontinues to expand, it is still a mystery as to whether
the observed gamma rays are produced leptonically, through the inverse Compton scattering
of energetic electrons on ambient photons (e� 
 ! 
 e� ), or hadronically, though neutral pion
decay (� 0 ! 
 
 ).

While an A �CT can measurea sourcespectrum with high precision for E 
 � 1 � 10 TeV, the
measurement of gamma rays alone is not su�cien t to reveal their true origin. Also, at energies
& 10 TeV, the low statistics of the falling signal spectra make the di�culties of gamma-ray
astronomy more pronounced. Fortunately, it is well establishedthat a distinctiv e feature of a
hadronically-produced (pionic) gamma-ray spectrum is an accompanying 
ux of neutrinos [7].
Theseneutrinos originate from the decay of charged pions (� + , � � ) produced in approximately
equal quantities with neutral pions in proton-proton (p-p) scattering.

2. Lo oking Do wn to See the Sky
Relative to gamma-ray telescopes, the new km3 neutrino telescopes [8, 9] will have several
advantages resulting in improved performance at these energies. The rapidly declining
atmospheric neutrino background, rising neutrino-nucleon cross section (� � N � E � ), and
increasingmuon range, which leads to a larger e�ectiv e detector volume (R � � ln E � ), all help
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Figure 1. Ranges over which gamma-
ray and neutrino observations can measure
a source spectrum (E 
 ' E � =2, E � '
E � =4). Squaresare HESS measurements of
Vela Jr., �t by a power law (dotted line).
Neutrino telescopescan probe higher energies
to distinguish between pionic spectra with
cuto�s (dashed lines) by measuring the � � -
induced muon and shower spectra.
Figure adapted from Ref. [1].

to amplify the diminished 
ux. As the background quickly becomesnegligible, the detection
of any high energy neutrinos from a sourcecould signi�cantly indicate a hadronic production
mechanism. Measurement of the energiesof neutrino-induced muonsand showers(related to the
original chargedpion energy)can probe the sourceproton spectrum in a manner complementary
to gamma-ray observations [10] (which e�ectiv ely measurethe neutral pion spectrum) and permit
a study of spectral features in the highest energy regime, especially an expected cuto�. The
sensitivities of thesetwo independent approaches,including the regimewhere they coincide,are
illustrated in Fig. 1.

High rates of down-going muons (from atmospheric cosmic-ray showers) force a neutrino
telescope to search for up-going muons resulting from neutrino interactions. IceCube is well-
situated to utilize the high angular resolution of these� � -induced muons in observingnorthern-
sky sources. However, a detector is neededin the northern hemisphereto accurately locate
southern-sky neutrino sources. Together, IceCube and a km3 Mediterranean detector will
provide full-time coverageof the entire sky. The abilit y to accurately measureneutrino-induced
muon spectra greatly improvesthe prospects for detecting sources,as the harder sourcespectra
dominate the atmospheric background above � 1 TeV. While muon tracks have better angular
resolution (. 1� [11]), neutrino showers (� 10� in water [12]), which measurethe � e and � �

uxes [13], more faithfully trace the spectrum. The combined observations from thesedetectors
can be used to study complex objects, by: (1) Discovering neutrino sourcesthrough the good
resolution resolution (. 1� ) of � � -induced muons; (2) Con�rming agreement with gamma-ray
observations in the low energy regime; (3) Examining previously unexplored energiesusing
muons and showers together.

3. Where the Sources Ha ve No Name
Utilizing recent gamma-ray spectra of Galactic TeV sources,the corresponding neutrino 
uxes
canbe found (assumingonly that the measured spectra arepionic). Using the predicted neutrino

ux, along with the neutrino-nucleoncrosssection[14] and the averagemuon energyloss[15], we
can calculate the spectra of detectable neutrino-induced muons and showers in a km3 detector.
We refer the interestedreader the Ref. [1] for details on thesecalculations (seealsoRefs. [7, 16]).

The shell-type SNR Vela Jr. (RX J0852.0{4622) is one of the most interesting known TeV
sources.This sourceis very bright in gammarays (d� =dE = 21� 10� 12(E=TeV)� 2:1 TeV� 1 cm� 2
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Figure 2. Vela Jr. (RX J0852.0{
4622) { Muons: Integrated (� � + �� � )-
induced muon rates above a given measured
muon energy. The curves, from top to
bottom, correspond to neutrino spectrum
exponential cuto�s of 50, 25, and 10 TeV,
respectively. The shadedregion corresponds
to the expected atmospheric background in a
7 deg2 bin. Ratesare for oneyearof operation
in a km3 Mediterranean detector.
Figure adapted from Ref. [1].
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Figure 3. Vela Jr. (RX J0852.0{4622)
{ Showers: Integrated neutrino-induced
shower rates above a given measuredshower
energy, with signals as in Fig. 2. Note
that a di�eren t energy scale is used for
showers, as measurable shower events are
assumedto have a 1 TeV energy threshold.
Background rates are for a circle of 10�

radius, corresponding to the shower angular
resolution in a km3 Mediterranean detector.
Rates are for one year of operation.
Figure adapted from Ref. [1].

s� 1), with well-de�ned regionsof gamma-ray emission[3]. Shell-type SNRsare consideredto be
the most likely sitesof Galactic cosmic-ray acceleration[17]. Wecalculate the expectedneutrino-
induced muon rate assuming a pionic spectrum with several neutrino spectrum exponential
cuto�s (50, 25, and 10 TeV), as shown in Fig. 2. The brightnessof the sourcemay also make it
possibleto observe appreciablenumbers of showers, which more directly trace the neutrino 
ux
(since � 100%of the � e;� energygoesinto the cascade).Fig. 3 shows the rate of showers for one
year of observation, compared to the irreducible atmospheric background. IceCube might also
be used to e�ectiv ely increasethe shower volume (since shower events must be located within
the detector) in measuringthe � e + � � 
ux.

Though we only discussVela Jr. in detail here, many Galactic gamma-ray sourcesmay be
producing neutrinos. A more complete list is given in Ref. [1]. Recent calculations have also
beenpresented in Refs. [10, 18, 19], which all now agreewell with those of Ref. [1].

4. Conclusions: Still Ha ven't Found What W e're Lo oking For
The upcoming km3 detectorswill reach the scalenecessaryto examineGalactic TeV sourcesand
deliver the �rst direct evidenceconcerningtheir gamma-ray production mechanisms. Combined,
IceCube and a km3 Mediterranean detector will provide continuous, all-sky coverageand can
be used together to detect neutrino-induced muons and showers from TeV sources. The good
angular resolution for muon events canbeusedto preciselylocatea sourcein neutrinos. Showers,



and contained muon events, provide accurate reconstruction of the sourcespectrum at energies
beyond the reach of gamma-ray telescopes. Neutrino measurements would provide important
information concerning the production of cosmic rays in the Galaxy, which is expected to
dominate the cosmic-ray spectrum past the kneeat � 3 � 1015 eV (with extragalactic neutrino
measurements providing information at the highest energiese.g. Ref. [20]).

In summary, the prospectsfor the near-term �rst discoveriesof Galactic TeV neutrino sources
arevery good. Importantly , this conclusionis empirically basedon measuredgamma-ray spectra.
It must be noted that measuredmuon energy spectra should be used to discriminate against
the quickly falling atmospheric neutrino backgrounds. For example,a single event near 10 TeV
from a sourcedirection is almost certainly signal, while an event near 1 TeV has a much higher
probabilit y of being background. Due to the amplifying factors of neutrino crosssection and
muon range, neutrino detectors have better reach to the highest energiesin the sourcespectra,
as comparedto gamma-ray telescopes,which can make precisemeasurements at lower energies.
This complementarit y should be exploited in order to help solve the long-standing puzzlesof
the origin of the Galactic cosmicrays and gamma rays.
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