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ABSTRACT

There is now good evidence for astronomical sources of gamme
rays above 300 GeV, detected by the atmospheric Carenkov technique,
snd two spparent detections above 200 TeV with Extensive Air Shower
srrsys. HNew sxperiments uow in operstion or under construction
should significantly improve the Cerenkov flux ssnsitivity. If vexy
high enargy Sosmic rays are accelerated in compact regioss, they can
produce photons snd neutrinos by hadronic intersctioms at levels
which are detectable in current or proposed expariments.
Gbessrvations of both gamms rays and neutrines provide complemsntaty
(nforsstion about the matter around the source and the protom sssrce
epettium, The cptimsm conditions at the source for games roy aad
smtriso production by cosmic rays are determined and possibla

o sad soarce types are proposed, The status of the niw fusded

SNID project, which hopes to detect very high emergy astrewcsical
asuttidos, is briefly reviewed. '

INTRODUCTION

"~ 3t is a fset that extremely high enargy processes are taking piscs in the
cosisis, Cosmic rays are observed to 104¥ oV. But, emcapt for the wery hi-

sssrgies whers the fluxes are extremly low, the magnetic field of our
ey effectively removes all directional information on the protoms or other
sed miclei which comstitute the bulk of cossic rays.

It fs possible that to fully understand the mschanism for cossic ray ac-
celexstion we will need the information provided by meutral particles which
can be pointed bdeck to 8 socurce. In traditional astronomy photons are used
sxclusively; at sufficlently high energy, however, it becomss posaible to
seriously cemsider the use of neutrinos as a complementary window.

: In this report obserwations of very high energy gemme rays will be re-
viewed. s will argus that very high energy neutrinos at comparable flux lev-
els may exist, provided cartaln optisum conditions sre present st the source.
The results of calculations are presentad which specify these conditions and
indicate what fluxes smay be expected from specific wsources and soirca~types
under these conditions. The Deep Undersea Muon And Neutriso Detector { DUMAND)
project is capable of getting a signal if the fluxes exist at the levels cal-
culsted. The status of the project, now officially funded for its initial
stage, is briefly reviewsd.
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VERY HIGCH ENERCY GAMMA RAY ASTRONOMY
Ohservations To~Date

There are four sources for which statistically significant detections of
photons above ~300 GeV bave been reported from a mmber of experiments usi.n§
the atmospheric Cerenkov technique.! The typical flux level {s 0.1 kw2 s~
above 1 TeV.

Table I. Statistically significant detections of very high enérgy gamma rays
using the atmospheric Cerenkov technique. ;

Source No. of Independent Highest Stgnif-icance
23.50 Detections

Crab Pulsar 5 5.60
Vela Pulser 2 4.20
‘Cyg X~3 Binary 3 59

Cen A ictive Galaxy 1 4,60

A

While it is true that there are no very strong (100) effects, and the apparent
variability of the sources together with the ssall duty factor of the observa-
tions mskes confirmation difficult, there is little doubt that gamme rays of
TeV energies are produced in some astronomical bodites, In particular, very
convineing evidence is provided by the precise measursment of the period of
Cyg X-3 which was later confirmed by x-ray data.? ~

Perhaps the most exciting observation, Cen A,3 has sot besn independently
confirmed; Dbecause of its presence in the scuthern sky, no one else has
looked! The energy luminosity per decade observed around 1 TeV for Cen A is
greater tham any lower eaergy band from x~ray down to radlo., In fact, Cen A
sould be called a "gamma ray galaxy” rather than a “"radio galaxy."

The following are the currently active expcrhpnt- in wvery high energy
gamma ray astromomy with the atmogpheric Cerenkov technique:

1. Crimea, USSR

2. Tien Shan, USSR

3. Tata Institute at Octacsmund, India

4. Tows S-t;, JPL, Riverside at Edwards AFB, California

5. Durham at Dugway, Utah

6. Athens, Wisconsin, Purdue, Hawaii on Mt. Haleakala, Meul

7. Smithsonian, Dublin, Iowa St., Durham, Hawaii at Mt. Hopkins, Arizoma
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In addition, extensive air shover (EAS) arrays are turning their atten-
. tion to gamms rays. In this case the threshold emergy is of the order of 100
TeV, several orders of magnitude above Cerenkov telescopes, so the expected
fluxes are much lower. Further, photons of such high energy will be strongly
absorbed by psir production on the microwave buckground at extragalactic dis-
tances. Nevertheless sources within the ga ‘may be detectable and raecently
a 4.40 effect at a flux level of (7.423.2)x10~" k=2 s~1 gbove 200 TeV from
Cygous X~3 has been reported* and independently confirmed.® ' .

Bew Corenkov Experiments

Improvements mads to the 10m atmospheric Cerenkov system &t the Fred
Lawrance Whippla Observatory on Mt. Hopkins, Arizona should sske a signifi-
cant improvemsnt, by about a factor of 10, in the gamms ray flux sensitivity.
A similar camera is now in operation in the Crimea experiment.

Earlier observation with image intensifiers? have shown that the typical
ailr showeir Cererkov imsge (photon or cosmic ray induced) is comet-shaped and a
few degrees in size, in agreement with simulatioms. The Mt. BEopking aystem
uses an srray of phototubes in the focal plane of the 10a reflector to recon=
struct the image and determine its centroid anmd directiom., Thus, the typical
angular resolution of ~1° is reduced to perhaps 0.29. This, in turn, improves
the minisws detectable flux by about a factor of five since the techanique 1is
mainly limited by the large background of commic ray—induced showers, about
1000x the rate of gamea ray showers. By repestedly scanning over a suspected
source, signals are detected above the fluctyetions in the background.
Imaging slso mskes possible a reduction in this background by utilizing some
of the differences hetween gamma ray and proton showers.

The basic analysis procedure involves processing smany thousands of ahower
images as the telescepe either tracks the candidate source or drifts through
it. HNo single event cam be uniquely identified as a y-ray or background cosm—
ic ray proton,. Rather a signal {s detected by statistically comparing off~-
and on-source data. b

Preliminary results indicate that imaging does indeed improve the flux
sensitivity. A signal at the 3.17¢ level has bean seen from Cyg X-3 with im-
aging, compared to 0.730 bafore the imaging algorithm is applied.’®

The Mt, Haleakala experiment is still in the constructicon phase. It
hopes to be sble to reduce the energy threshold smd reduce proton background
substantially by the use of very fast circuitry. The light pulss from a gamma
shower 1is muich shorter than that for a proton shower, a few ns. Fast coinei-
dence techniques can also make it possible to operate at a lower photoelectron
level, and thus lewer threshold energy. _

PRODUCTION OF CAMMA RAYS AND NEUTRINOS BY COSMIC PROTON SOURCES

When high energy protons, or heavier muclei, strike matter large mmbers
of wasous, mostly pions, are produced. The neutral pions will dacay almost
immediately into gamma rays. The charged pions will decay into maons and neu-




trinos; these waons, in turn, decay into electroms and neutrinos.

Gamma TAys can also be produced by a mmmber of electromagnetic processes
which are not generally associated with cosmic ray protons and are not consi-
dered here. ‘ !

: 1f datectable fluxes of neutrinos are produced by these reactions, 2 new

reslm of sstronomy would opea up. In the last few years there hes baen & var—
iety of suggestioms of possible sources of neutrince at doth the galactic and
extragalactic scale.l? These possibilities divide 1into the usual classes:
diffuss and point-iike. Neutrinos produced by cosmic rays hitting the atmos—
phere generate a background which will determine the sensitivity of any neu-
trino telascope. Just as in other branches of astronesy, good angular resclu-
tion ; mekes possidle the detection of point sources at s much lower flux level
than diffuse sources, and we will concentrate our attention on thess.

Conditlons for Maximum Photom and Neutrino Production

An attespt has been made to determine, with minimm nodel-dependence, the
conditions for which wvery high energy gammm rsys and neutrinos will be pro-
duced by hadronic processes (i.e., plon production and decay) in coemic
sources. Assuming a source of grotm with a power law spectrum, the standard
cosmic tay diffusion equations!! are used to calculate the spectra and inten-
sity of photons and neutrinos as these protons interact with the matter sux—
tmdxn{t!u source. The procedure 1is simtiar to that used by other
authors19”12,  The emphasis bere 1{s on extracting the general features, pri-
marily comcerning neutrino production.

The results can be illustrated in temms of an efficiency ¢, defined as
the ratio of the rate of production of photons or neutrines in the emergy band
1~2 Te¥V to the rate of incoming protons in the same emergy band, after these
protons have traverssd a path length r gom~2 of mstter. In the calculation a
power law proton spectrum of index a is assumed.

: In Fig. 1 we show ¢ as a function of z for matter density p < 10~8 scn"a
and a = 2,3, We see that the gsmma ray production efficlency peaks at about
50 -gcn‘z. As the path lemgth of matter increases beyond the radiation length,
= 60 gew 2, photous sre attemusted. By costrast, neutrino prodiction tu-
1ids up continucusly as the protons pass through increas anounts of matter,
but sn approximete plateau is reached above z = 100 gew™". Significant neu~
trino production, at lesst 1%, of the proton flux, results for z > 10 gea™2,

The energy spesctra of photons and neutrinos expected from a source is il-
lustrated in Fi{g. 2. The gemme ray spectrum is found to have a spectral index
- equal to that of the Incident protom, 2.3 in this case. To the extent that
the assumptions muds here apply, this implies that an obsarvation of the gamma
ray spectrum would directly give the shape of the source proton spectrum, io-
formation which is not readily available in the charged cosmic rays observed

at earth,

W also note that the neutrinos decrease in intensity and their spectrum
steepsns as ths density incresses. Although not shown, at high dengities the
spectral index eventually becomes one unit greater then the proton source.




The anslagous effect is observed for muons produced by cosmic ray protoms hit-
ting the sarth’s atmcephere. We can conclude that a messurement of the neu-
trino spectrum provides information about the matter density surrounding the
source. Camma ray and neutrino observations at very high ensrgies are thus
highly complementary, with mseasurements of their spectra and relative fluxes
providing information om a, p and z.

The dependsnce of the neutrino production efficiency om a is shown in
Fig. 3. Wa have assumed that the flattest source spectrum which can be ex-
pected bas o = 2, This would result, for example, from shock acceleration
with neglible losses, and would lead to meximal neutrino production of 24%,
under optimsm conditions. On the other hand, the efficiency drops below 2%,
for steep spectra. The gamm ray production efficiency is not as strongly de-
pendent on spectral shape, as seen in Fig. 3.

The conclusion dram from these resuits is that significant neutrino pro—
ductien at wvery high energies can occur when the socurce is a compact object
garrounded by large amcunts of matter, or intense maguetic fields which trap
very high emergy protona. Because of the large column densities of matter re-
quired, the best candidate sources are neutron stars or black holes on the
stellar scale, and mssive black holes at the centers of galaxies. In the
case of neutron stars, or pulsars, sufficient matter is not 1likely to exist
except in binary systems or during the early stages of a supernows.

‘Predicted Fluxes of Very High Energy Photons and Neutrinos

As mentionsd, the typical flux sensitivity for the dstection of gamma
rays using the atmospberic Cerenkov technique is 0.1 kn—2s~1 above 1 TeV.' For
neutrinos above 1 TeV, the Deep Undersesz Muon And Neutrime Detector Smm))
has an estimsted minimum dectectable flux, for a = 2, of 1 k™2 s~2.13 1et us
define fluxes at these levels to be detectable.

In Fig. 4 we plot the proton luminosity L,(1) which is required to pro-
duce a detectabls flux of gamms rays or neutrihos above 1 'rev.im & source at
& distance R, under the optimum conditions discussed in the previous section.
Since the neutrine production efficilency is abeut 10x that for gammm rays,
while the detectectable flux levels are in sapproximately the ioverse ratlo,
each is coimcidentally represented by the same line. Prom Fi-g. 4 it would ap-
pear that a stellar-size object within = 50 kpc radiating ~10°8 erg 57! at Tev
energies would bde sufficiently energetic to produce detectable gamma rays or
neutrinos, when the other conditions discussed above are wmat. Super-massive
objects such as tha black holes which may exist at the centers of active ga-
iaxies could have sufficient energy to be detectable at Q80 distances.

_ Let us ask whéther there is any evidence for proton luminosities at very
high energies adequate to produce detectable photons and neutrinos. If the
source of particle scceleration is highly efficient, such as in the case of
strong shocks,l* 1t will produce equal bhminosites in all energy bands.
Rematkably, this effect seems to be approximately conaistent with obaervations
in the electromagnetic spectrum, from the optical to gemmm rays, for twe main
classes of compact objects we consider to be potential scurces: pulsars and
active phflu. For example, the Crab has sn electrosmgnetic luminesity of =
1037 erg s~! over the nine orders of magnitude in energy from 1 to 109 ev., On
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a waster scals, Q80 3C27]3 emits = 1046 exgs s~1 over the sams range in photon
energy. Assuming that the electromagnetic spectrum results ultimately . from
the acceleration of protons and electroms in the source, we might expect Lp to

be of the order of the measured Len'
[

12 our galaxy, the Crab and Vela pulsars have been observed in both the
tow 15715 gud very highl energy gamma ray bands. The electromagnetic lumino-
sities iwplied by x~ray and gamma ray observations of thess sources are plot-
ted in Fig. 4. These fall approximately on the lines for detectable TeV gamma
rays or neutrinocs. We must hasten to add, however, that this does not consti-
tute a prediction of measurable neutrino flumes for these particular scuxces,
but rather simply that we have at least two examples of pulsars with adequate
energy production. We can take these as prototype neutron stars and isagine
aitustions where there may be large smounts of mstter in the vicinity of simi-
lar Object'-l(’,ls.

QS0 3C273 has also been observed to smit low energy gamme raysl?, but
only an upper limit flux has been set at 1 TeV.20 As seen in Fig. 4, if the 1
TeV photon luminocsity is the same as observed at lower energles, then TeV
gamma raye are marginally detectable and neutrinos may ba as well, This im
portant result is in basic agreement with independsat calculations.?! To the
extent that nearer objects such as Seyferts and radio galaxies are similar in
nature, they may be cbssrvable. Since the power sources for (80 and active
galaxies are possibly supermsssive compact objects in their muclel, these re—
present perhaps the most interesting candidates for neutrino scurces,22”23

lst us look at the two x-ray sources which have been fairly convineingly
observed in the very high energy gamma ray reglon, but not yet at lower gaam
rug ensrgies: Cygnus X~3 in our own a;slaxyz“ and the radio galaxy Centaurue
.3 The =x-ray luminosities for these objects, which are consistent with the
less reliable gamia ray messurements, are also shom in Pig, 4, 1ipdicating
that these scurces may have adequate power to produce photons and neutrinos by
the wechanisws discussed.

The bands in Fig. 4 indicated the expected ramge of protom luminosities
for the three gemexric scurce types considered: -binary pulsars, early stages
of supernovae, and active galactic muclei. Any of the first type would ba de-
tectable in the galaxy and the second within the local cluster. The closer

active galaxties may be detectable.

STATUS OF DUMAND

The Deep Undersea Muon And Neutrino project to uild s glant neutrino de~
tector in 4.5 ka of water off the cosst of the ilsland of Eewaif has been under
discussion for some time. After a three year feasibility study which demon-—
strated that such a detector could be built at a reasonable cost and that it
would be a unique instrument for very high emergy neutrino physics, astrophy-
sics and cosmic ray physics, it is ready to move on to the first construction
phll.o

A collaboration composed of the Universities of Hawaii, Californmia at Ir-
vine, Purdue, Wisconsin, Kiel and Bern, the Institute for Cosmic Ray Research
Tokyo, Cal Tech, and Scripps Institution for Oceanograplyy has been formed to
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carry out the effort, The DUMAND propo:a11_3 has now obtained scientific peer
approval from a committee formed by the U.S. Dapartment of Energy, and ini-
tial D.0.E. funding for the first phase of comatruction.  The estimated cost
of the program is $12 million over five years, with non-¥.8. contributions
totalling approximately $2.5 mililion,

The concept of DUMAND can be summarized as follows: neutrinos produced
either by cosmic rays hitting the atmosphere or from extyaterrestrial sources
intersct in the ocean water or earth in the vicinity of the detector, produc-
ing wuons., As a muon moves at a speed greater than the speed of light in
water it generates Cerenkov light which is sensad by photomaltiplier tubes,
Thers are 756 of these PMTs arranged 50 m apart horizontally and 25 m apart
vertically in sn array occupying over Ix107 m3. As great as this is, the ef-
fective volume for neutrino interactions is even graster since they can occur
outside the array proper. It is also energy dependent; for 2 TeV muons the
detector has sn effective volume of almost 0.5 knd.

The amplitude, width, and time of occurrence of the signal from each PMT
i{s transmitted to shore ovar fiber optic cables at a rate of about 105 He per
gensor. These data, plus the positions of the PMTs which are constantly moni-
tored acoustically, are used to recomstruct the muen’s direction with a preci-
sion greater than 1°, snd its energy to 50-100%. Since the muon’s euergy 1is
so0 great, its direction will not differ substantially from that of the incom-
ing neutring, aad can thus be used to locate a source with accuracy comparable

to gamma ray astronomy.

Despite the great size of the detector, the largest ever ilt for any
purpose, the atmospheric background in the resolvable solid angle (~i0"‘3 st)
is less than one event per year above 1 TeV. Thus a source which produces 10
events per year is detectable. The flux level required to do this is 1-2 2
a~! above 1 TeV. As seen in the previous section, such fluxes are possible,
if not likely, from compact objects surrounded by large amounts of matter.

DUMAND is, of course, not the first neutrino telescope. MeV nsutrinos
have been detacted from the sun. DIMAND will not be semsitive to these.
Further, the large underground detectors which have been built to search for
nucleon dacay will also look for extrasolar neutrinos. Indeed these experi-
ments are ultimately limited by neutrino background. However, underground de-—
tectors are nacessarily much smaller than DIMAND and are generally designed to
operate at GeV snergies where the angular resolution is poor and the atmos-
pheric background is large. As a2 result, their sensitivities to extraterres-
trial neutrinos with the powsr law spectra considered above is orders of mag-
nitude worse than DUMAND, making the underground datection of the types of

sources we have considered here unlikely. Of course we may all be happily

surprised by the discovery of an unexpectedly high level of neutrinos since
curreat limits on point sources are essentially non—existent.

CORCLUSIONS

The emission of gamma rays with energies in the teravolt region and
higher is now coafirmed observationally for a ssall pumber of sources, New
experiments underway, inm particular an imaging Cerenkov telescope on MNt.
Hopkins, should soon tell us whether or not this is a common phenomenon. From
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general and (fairly) médel~independent considerstions it has bdsen shown that
the production of measursble fluxes of very high energy photons and neutrinos
by cosmic ray pestons near compact objects is a viabla posaibility. The wmost
efficient  pyoduction occurs when the spectrum is flat, as is expected from
general coasiderstions in several proposad cosmic n; acceleration mmchanisms
such &8 strong shocka. The predicted spectrum, K<, is in fact suggested by
obssrvations owver the entire electromagnetic spectrum for a wide class of ob-
jects from pulsars to (B80s.

The fluxes of neutrinos we can expect from the sources considered would
be at about the lewel of detectability of DIMAND. This project now has been
spproved for first atage funding. The large underground deteetors built to
explore muclsen decay ars probably still too small and too poor in angular re-
solution to detemct sources at the levels calulated here. Wonstheless data
from these sxperisents are begimming to flow and will be ansiyzed for evidence
of extraterrsstrisl neutrinos in the coming months.

1f the predicted lewels of nsutrinoe above 1 TeV are confirmed by future
observitions, then we would have strong and direct evidence that a major com-
ponent of cosmic ray proton acceleration occurs in very localised regioms of
space buried desp in mmtter. Thus very high energy gemma rsy and neutrino as-
tronomy are highly complewsntary; electromsgnetic observations by themselves
can lesd to smbiguous interpretations of the mechsnisas involved. 3By a combi-
nation of obssrvatious on the fluxes and spectrs of gammm rxys and neutrincs
from a partioculsr seurce we can obtain the spectrim of the primsry protons at
the sita of acceleratien and the nature of the matter around the obdject. 1In
doing 0 we will peer far desper into the object than is possible by any other
known means. '
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Pig. 1. The sffictency for muon meutrino (selid) and gemms rey {dashed)
enission 1n the ensrgy raage 1 < E < 2 TeV for & poims sesrcs surrounded b a
shell of matter Semsiky p = 1078 gen™, as a functfom of the latsgrated path
length 5. The protoa spectral index o = 2.3. The gesum ray emisaton is inde-
pendent of p over & rsascnable range.
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¥ig. 2. The maon neutrino (solid) and gamme ray (dashed) emission spec-
tra for a peint soerce of protos lumincsity 1038 org s~! surrounded by a shell
of matter dumsity p amnd integrated path lemgth z. The protom spectral index o
= 2.3, The ssutrino spectrum iz shown for two values of p. '
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Fig. 4. The solid line shows the proton energy luminsity per decade re-
quired to pro‘uqn detectable neutrinos or gamma rays under, optlmum conditions
for each, as:a functign of distanee to the source. The points show the ob-
served nlectrougmtic luminosities observed in x-ray and gamsa ray bands for
some apacific souress inside and outside the galaxy.



