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ABSTRACT

Recent results from extragalactc photon astronomy have led to predictions that
active galaxies and quasars could be the strongest sources of high energy neutri-
nos in the universe. Results of ongoing observations of high energy v-rays from
extragalactic sources being observed by the EGRET experiment on the Compton
Gamma Ray Observatory, together with the report of very high energy (TeV) -
rays from one of the EGRET sources have opened up a new era in extragalactic
astronomy with important implications for all of high energy astrophysics and high
energy neutrino astronomy. I will discuss the theoretical framework for estimating
the spectrum and high energy v background flux from active galaxies and quasars
as well as the y-ray background from the EGRET source blazars.

Introduction

Recent experimental detections of active galaxies as strong sources of high
energy and very high energy v-rays have focused the spotlight on the astronomy and
high energy astrophysics of such objects. I will therefore concentrate my attention

in this paper about extragalactic high energy 7-ray and neutrino astronomy on
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these objects in particular, although a truly diffuse extragalactic background of
high energy <-radiation could exist and have an origin of profound cosmological
significance!.

Active Galactic Nuclei (AGN) are the most powerful emitters of radiation in
the known universe. These remarkable objects are presumably fueled by the grav-
itational energy of matter falling onto a supermassive black hole at center of the
AGN core, though the mechanism responsible for the efficient conversion of grav-
itational to observed luminous energy is not yet known. If this conversion occurs
through the acceleration of high energy cosmic rays, such nonthermal processes will
lead to the copious production of hadronic and subsequent leptonic high energy

byproducts such as neutrinos.

One class of models assumes that the infalling matter forms an accretion shock
at some distance from the black hole?. First-order Fermi acceleration of charged
particles at this shock then converts a significant fraction of the total gravita-
tional energy into highly relativistic particles which have a characteristic power

law spectrum?

. Another possible energy generation mechanism involves electro-
magnetic acceleration in a black hole/accretion disk dynamo*. Ultrahigh energy
cosmic rays (even neutrons) are trapped by the intense radiation fields. Thus, a
necessary consequence of any acceleration mechanism in which protons reach en-
ergies of ~ 10° GeV is the production of high energy »’s through the collisions of

these particles with the intense photon fields in AGN.
All AGN, including both Seyfert galaxies and quasars, are thought to contain a

similar “central engine” and to differ only in mass and luminosity. We will consider
here neutrino production in both the cores® of these objects and in the jets of the
blazars (optically violent variable quasars and BL Lac objects) recently detected
in high energy «-rays by the EGRET experiment on the Compton Gamma Ray
Observatory®. We note that the cosmic high energy neutrino background flux should
be produced primarily in the cores of radio quiet AGN®, because they are more
numerous by a factor 10 than the radio-loud objects’. However, new 7-ray results
make it possible to calculate the expected background neutrino flux from blazars,

assuming that hadronic processes involving relativistic protons play an important
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role in accounting for their «-ray emission.

We have previously argued® that active galaxies could be by far the strongest
sources of ultrahigh energy neutrinos in the Universe, producing individual fluxes
and a background component both detectable on the Earth with present technology.
Measurement of their neutrino fluxes and spectra could thus provide key information
as to the fundamental astrophysical nature of AGN.

We also estimate possible neutrino fluxes from the jets of individual quasars
detected recently by the EGRET experiment on the Compton Gamma Ray Obser-
vatory, as well as the diffuse y-ray background which would be produced by the
unresolved sources. discuss the theoretical implications of these estimates. We will
also discuss the idea of using the predicted absorption features in the very high
energy v-ray spectra of extragalactic sources at high redshifts in order to determine
the intergalactic diffuse infrared radiation field, expected to be primarily from stars
in young galaxies. We can therefore to learn about the early evolution of very young

galaxies from high energy <v-ray astronomy.

Cosmic Ray Interactions in AGN Cores

Let us consider that cosmic rays are accelerated in the centers of active galax-
ies (see later section) and consider their expected interactions and energy losses,
including those which lead to 4-ray and neutrino production. First, we consider the
photon environment.

A characteristic AGN spectrum has comparable amounts of power in each loga-
rithmic energy interval, but the spectrum is not completely flat. There is a thermal
feature in the IR region, thought to be due to dust intercepting and reradiating
the UV emission. Dust can only exist outside of the nucleus, as it is destroyed
by sputtering, so the IR spectrum must arise at a large distance from the “central

engine”®

. The lack of variability in the IR spectrum also implies that the emission
is from a large region®. The “UV-bump” is another thermal feature, due either
to the release of energy through viscous processes in the accretion disk or to the
accretion disk thermalizing and reradiating the intense X-ray emission!?. In either

case the accretion disk is expected to be linked to the energy generation region, and
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so needs to be considered in any model of the central source. Its small size is con-
firmed by observations of variability on timescales of days!!. Between the dust and
disk emission, there may also be a further continuum component!? | however, this
component also shows little variability on short timescales, so it is not associated

with the very central core!3.

The most rapidly variable part of the spectrum is the X-ray region. Its emission
is similar in luminosity to that of UV bump but its rapid time variability indicates
that the X-rays are produced in a smaller region than the UV flux'4. Thus, in the
very central regions, only the UV and X-ray photon fields are of importance.

The lack of strong X-ray absorption features in AGN spectra!® implies that
the secondary X-rays are produced in regions of low column density. This puts
strict limits on the amount of target gas for pp interactions, and one finds that
the very large photon density in the AGN core makes py the dominant energy
loss mechanism. This is a threshhold interaction, and the dominant v production
channel at energies just above the threshold is yp — A — nnt.1¢, The cross-section
for this reaction peaks at photon energies of ¢ = 0.35m,c? in the proton rest frame.
In the observers frame €E, = 0.35 eV EeV with E, in EeV and ¢ in eV. For UV
bump photons, with a mean energy of 40 eV, this translates to a characteristic
proton energy of E. ~ 107 GeV. The optical depth to photomeson production for
protons of energy E, can be approximated by T(E,) ~ en(€)o,R where o, at the
A resonance peak!” & 5 x 1072® cm? and n(e) is the differential number density
of photons at this energy in cm™3 eV~!. Fitting accretion disk models to the UV
spectrum!® gives a typical luminosity of (0.03 — 0.1)L 44 ergs s~!, with ~ 70% of
the luminosity emitted within 30 Schwarzschild radii (R, = 2GM/c?) of the AGN
core. Hence, here we assume that a luminosity of ~ 0.05L.q44 is emitted isotropically
within R ~ 30R,. Given the weak dependence of the characteristic accretion disk
temperature on black hole mass (T o« M~1/4) and the very similar UV bump shapes
seen in the observational data, we can assume a luminosity independent ’generic’ UV
AGN spectrum. The AGN X-ray spectrum is also fairly universal, typically being
an €17 power law above 2 keV!®, with a cutoff around 1-2 MeV!8. The total X-ray

luminosity is roughly the same as that in the UV bump 1.e. L, = Lyy = 0.05L 4.
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Normalizing so that L ~ 4nR%c [ en(e)de = 0.1L.44, where R = 30R,, we find a
1/L scaling of n(e) which follows from the linear scaling of both R and L with M
(i.e.with L.4¢ and R,). In our AGN core model, photons above 5 MeV will be
absorbed in the source. Resulting pair-production cascades can explain the shape
of the X-ray spectrum?®.

First-order Fermi acceleration of protons in strong non-relativistic shocks pro-
duces a proton energy spectrum o« E, 2 up to a maximum energy Emaz, determined
by equating the py lifetime t,(E,) = (N,0opyck)™?, where « is the mean elasticity,
with the proton acceleration time? tocc(Ep) = 2.2 X 10™*(R4hock/Rs)(Ep/myp)B1.
The shock radius, Rnock, 1s fixed at ~ 10R, by our assumption that the X-ray
luminosity is 0.05L.44. The magnetic field B is taken to be 10® G, which assumes
approximate equipartition with a typical AGN UV luminosity. Setting the loss time
equal to the acceleration time gives E,,qr as function of luminosity which is roughly

linear over most of the AGN luminosity range.

The Production of Ultrahigh Energy Neutrinos

The characteristic straight line escape optical depth of high energy nucleons
to accretion disk UV photons is ~ 100 at 40 eV. The optical depth is independent
of the luminosity since 7(E,) x n(e)R and n(e) < 1/L while R o« L. The high
optical depth of UV photons implies that the secondary neutrons will not in general
escape the shock volume, so that comparable amounts of power are generated via ny
collisions. With roughly half of the energy loss going into 7°’s and the other half into
7%’s, the luminosity for v, (¥,) is ~ 0.2L,, and for v, (¥.)is ~ 0.1L,. As the AGN
photon spectrum drops exponentially between 40 and 200 eV, it is overwhelmingly
the UV bump photons which interact with the high-energy nucleons. We note that
for this typical AGN spectrum, thé X-rays are not optically thick. However, it is
probable that there is a range of X-ray compactness in AGN, and hence a range of
optical depths to the py process. For more compact AGN, the maximum energy of
the protons would be lower, with the py interactions with X-rays determining the

cutoff 20,

The mean pion energy is < Ex >~ 0.2E,, while the mean v energyis ~ E, /4 ~

6



0.05E,.2! Thus the v spectrum from proton interactions with the UV bump extends
from E./20 to Emaz /20 i.e. 5x10°—10° GeV with a spectral index of ~ 2, mirroring
that of the proton spectrum. Above 10° GeV, the cutoff in the proton spectrum
leads to a cutoff in the v spectrum. Below E./20 relativistic kinematics give rise
to a flat v energy distribution?!. This is shown in Figure 1 where the v spectrum
of NGC4151, the brightest radio—quiet AGN, and 3C273, the brightest radio-loud
AGN were calculated using Monte Carlo techniques. (However, it has been pointed
out that pp interactions?? and proton trapping in the source leading to eventual
interactions with X-rays?® may both lead to the production of a steeper spectrum

of neutrinos in the lower energy range.)

Log 4, (em™ ™! Gev-1)

1 A 1 A i s (]
4 6 8 10
Log E, (GeV)

Figure 1. The predicted v, (7,) flux from NGC4151, with L, = 3 x 10*3 ergs s~!
and a distance of 4.5 x 102° cm and 3C273, with L, = 10*” ergs s™! and a distance

of 3 x 10%” cm**. The v, (¥.) flux is half that of the v, (7,) flux.

The Extragalactic Neutrino Background Spectrum from AGN
The diffuse v flux can be found by integrating over the luminosity function

(LF) for AGN. We use here the most recent determinations of the X-ray LF, as
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well as high redshift luminosity evolution, which come from the ROSAT satellite?4.
Since their luminosities refer to the X-ray flux in the ROSAT range, they must be
multiplied by a factor 10 to transform them into a total X-ray flux. The source
luminosity as a function of redshift, z, is taken to be proportional to (1 + 2)%-%¢ as
given in Ref. 24.

We calculate the diffuse v background assuming an epoch of formation of AGN
activity corresponding to zmar = 3 and note that our results are not very sensitive
t0 Zmas in the range between 2.2 and 5. Figure 2 shows our background result®+2%,
obtained assuming that all of the AGN X-ray flux is from the py interaction and
subsequent electromagnetic cascade. The diffuse background from AGN can be seen

above the atmospheric background in the range 10°-10'° GeV.
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Figure 2. The high energy v, (¥, ) neutrino backgrounds from AGN (solid line), and
from blazar jet emission (dot-dashed line)(see final section). Also shown (dashed

line) is the horizontal atmospheric v, (v, ) flux*®.

8



Predicted Neutrino Event Rates

The event rates in the various v detectors can be calculated from the spectrum.
Fly’s Eye with its energy threshhold of 10® GeV would expect to see ~ 4 x 10™*
downward events per year. This is consistent with the present non—detection of an
extragalactic v background from the Fly’s Eye. The next generation instrument,
the HiRes Eye would see ~ 0.02 downward events per year. Above the HiRes
energy threshold of ~ 10® GeV, upward »’s are severely attenuated by absorption
in the Earth owing to the increase in the vN cross section with energy. At lower
energies, covered by detectors?® sensitive to both v, and 7,, the upward event
rates at energies greater than 10° GeV are ~ 2 yr~! for IMB and MACRO, and
of order 20 to 200 yr~! for DUMAND II. Recent limits on the AGN background

1 and from Frejus?® of ~ 0.5 event yr~? are

neutrino flux from IMB?7 of 3 events yr™
consistent with our revised AGN background flux prediction. Our new prediction
is also consistent with bounds on giant horizontal air showers established with the
AKENO array?®. However, in all of these cases, the predicted flures are not very

far below the presently established bounds.

We note that ny and Py interactions produce a significant flux of ¥,.’s at 6.3
PeV, the Glashow resonance energy for the 7.e~ — W™ process. An observation of
an enhanced event rate at this energy either indicates that AGN are optically thick
to neutrons (as indicated in this paper) or that there are antimatter AGN in the
Universe®®. We estimate that there would be ~ 0.2 throughgoing resonance event
per year in IMB and MACRO and that DUMAND II would see ~ 15 throughgoing

and ~ 0.2 contained u event per year from W~ resonance production.

Possible Origin of the Broad Line Emission Region

The “broad line region” (BLR), a characteristic feature of AGN, is thought to
be a large number of dense, illuminated “clouds”3!. The large line widths of ~ 5000
km s™! can be explained by doppler shifts due to orbital motions. If the “clouds”

have predominantly circular orbits (which is by no means certain) then the velocity

can be calculated as v = \/GM/r, or § = \/R,/2r. For these high velocities the
“clouds” have to be within ~ 1700R,, or 5 x 10'® cm for a 108 M/, AGN black hole.

9




One outstanding problem is the formation and stability of these “clouds”.
While the two phase instability, in which dense condensations can exist in pres-
sure equilibrium with a hot, rarified gas is seen as the best and currently accepted
model32, there are many problems with this explanation®®. Here we explore stellar
disruption as an alternative explanation for the orgin of the BLR, one in which the

problems of stability and formation are already answered.

The high energy v luminosities predicted from AGN will have a profound effect
on stars close to the center of the host galaxy, producing stellar winds, swelling the
atmospheres and even causing their total disruption®!. The column density for
absorption of a ~ 10° GeV v is X = myfo,n ~ 2 x 10° g cm™2, while total
column density for a solar mass star < p > R ~ 10'2 g cm™2. Using a conservative
disruption criterion that the v energy deposited in the star be greater than its
nuclear energy generation, we find a sphere of stellar disruption, Rssp, with a

045 1 and

radius of approximately 30 light days for an AGN of luminosity 10*° erg s~
a typical main sequence star of 1 solar mass. This radius is the same as that
inferred above for the BLR, and matches well with the current best observational
determinations3®. Previous calculations have shown that outflowing material from
stellar disruption provides, at least qualitatively, an environment similar to that in

which the “Broad Lines” must arise3.

Neutrinos from the Jets of Blazars (EGRET Sources)

With the observation of 4-ray emission above 100 MeV from 3C273 and some 36
other extragalactic sources out to redshifts greater than 2 by the EGRET team?,
it has now become possible to estimate the corresponding high energy neutrino
emission from the jets of these objects. These «-ray sources are a particular class of
object, viz., BL Lac objects and flat spectrum radio quasars (FSRQ) and optically
violent variable (OVV) quasars, which together have been classed as ”blazars”.
Blazars emit most of their énergy from superluminal jets, with the jets beaming their
emission toward us. It is natural to assume that, since the jets are optically thin to
high energy «-rays and since beaming in the jets can produce a large enhancement

in the apparent v-ray emission relative to unbeamed compoents, therefore, the v-ray
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emission from these objects is probably beamed and originates in the jets.

The evidence for relativistic bulk motions and beaming in blazars implies that
the intrinsic luminosities and sizes of the emission regions are more uncertain than
in radio—quiet objects. However, if our general thesis is correct, then the cores of
these objects should similarly produce v fluxes. These objects would be expected to
contain the same sort of nucleus as the radio—quiet objects, but with the addition

of jet emission from further out.

It is possible to estimate the isotropic X-ray flux from the core of one of these
nearby radio-loud objects, 3C273. Here the X-ray spectrum contains an iron line
at 6.4 keV of equivalent width ~ 50 eV37. The currently accepted explanation for
this line in AGN is fluorescence from the X-ray illuminated accretion disk3®®, so
much of the X-radiation is probably unbeamed. The isotropic X-ray emission in
the 2-10 keV band is then ~ 1046 ergs s™!, giving a total X-ray flux of ~ 1047 ergs
s~1. Our calculated v flux is an order of magnitude lower than that of NGC4151 at
energies below 1 PeV, but extends out to higher energies (see Figure 1), providing
a possible point source of ultrahigh energy neutrinos. However, we stress that the
uncertainties in the underlying assumptions are much higher for 3C273 than for
NGC4151. The luminosity could be overestimated by orders of magnitude if the
X-ray emission originates in part in the relativistic jet, which is known to contribute
strongly to the emission at lower energies®®. Let us assume that the observed -rays
are produced in the relativistic jets of these objects and are beamed because (a) as
discussed previously, we do not expect vy-rays above a few MeV to escape from the
core of a typical AGN, and (b) EGRET observed time variability on the order of
a day from 3C279, implying relativistic beaming. Let us further assume that the
observed v-rays are produced by high energy protons, leading to pion production
and the subsequent decay of neutral pions into v-rays and accompanying charged
pions into electrons, positrons and neutrinos. We further note that the observed
differential spectrum of 3C279 is consistent with a roughly E~2 power law up to
energies in excess of 5 GeV®4% as would be expected for shock accelerated proton
primaries leading to pion decay v-rays. Also, the very recent detection of v-rays

above 0.5 TeV from Mkr 421 by the Whipple Observatory group*!, in combination
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with the EGRET detection, implies a roughly E~2 spectrum for this source up to
TeV energies and possibly beyond. Such high energies are hard to account for from
electron acceleration alone, since radiative energy losses of electrons at such energies
are quite severe.

If we make the above assumptions, we expect that the ratio of 4-rays to muon
neutrinos (and antineutrinos) should be 1:1, and, given an E~? differential spec-
trum, the ratio above a given energy should be 2:1. We can then predict TeV
neutrino fluxes from the EGRET sources. For Mkr 421, with a reported ~-ray
flux above 0.5 TeV of ~ 1.2 x 10~!! cm~2 s™!, we obtain an immediate predicted
neutrino flux above 1 TeV of ~ 3 x 10712 in these same units. This source is at
a low enough redshift (0.031) so that no significant 4-ray absorption at TeV ener-
gies is expected (see Figure 3), however, the other EGRET sources are at higher
redshifts where pair production interactions with intergalactic infrared photons can
cut off the observed v-ray spectrum?? (see next section). Indeed, although Mkr
421 is the weakest of the EGRET sources yet reported, none of the other sources
searched for were detected by the Whipple team above 0.5 TeV4!. However, corre-
spondingly high energy neutrinos can reach us unattenuated, so that we may use
an extrapolation of the EGRET spectrum to predict TeV neutrino fluxes.

For the jet in 30279, 1n its more quiescent state, corresponding to the second
EGRET observing period, extrapolation of the E~2 +-ray spectrum leads to a
predicted jet muon neutrino flux of ~ 4 x 10~ above 1 TeV. For the flaring phase
(first observing period) the corresponding neutrino flux would be ~ 2 x 10710, twice
the minimum detectable flux for DUMAND II. Our predicted neutrino flux above
1 TeV for the core of this source would be ~ 10713,

For the 3C273 jet, extrapolating the EGRET spectrum?? leads to a predicted
v, flux above 1 TeV of ~ 10713, The corresponding prediction for the core flux is
~ 6 x 10714,

It is interesting to note that for superluminal jet sources, with a typical bulk
Lorentz factor of ~ 10, the beamed flux would appear to be ~ 10® times brighter

than that of an isotropic source with the same intrinsic production rate.



Very High Energy v-ray Absorption and Intergalactic IR Radiation

Very high energy v-rays from a source at high redshift can be absorbed by pair-
production interactions either off the cosmic microwave background radiation® or
intergalactic infrared starlight radiation??. The cross section for this process in
maximized when the product of the infrared photon energy (in eV) and the y-ray
energy ( in TeV) is 0.5. In Ref. 42, we took as an upper limit for the infrared
background from starlight the maximum energy going into stellar nucleosynthesis
as being produced or converted into infrared radiation in primordial galaxies*’.
For a lower limit, we took a similarly shaped spectrum, but one a factor of 2.5
lower, determined partially by other methods*?. The resulting optical depth for
TeV photons versus redshift is shown in Figure 3. For photons of nearby energies,
T < E'-5% | Figure 3 also indicates the redshifts of some of the EGRET sources and
shows that the optical depth is predicted to be small for Mkr 421 and significant
for 3C279.

1000

= 100 F

= J

T it

> ‘\\«\

g upP® ot

M W

E. 10 \O«Q‘

ca Kl »v . (Qz<<1)
&

< o
< 1 o < woygwuy ~ .
o N Yidodwoo > o 3
~ N T TN MO O @
Q. O O v N NN [&)] ©
') M © 00O ? N < o
l L_TL — l
0.1 ‘1‘ \]’w‘r_,{

04 06 08 10 12 14 16 18 20 22

Figure 3. Optical depth for TeV photons versus redshift.



In Figure 4, we show the extrapolated expected <-ray spectrum for 3C279
in what we assume to be the quiet state, which was measured both at the end
of the first EGRET observing period and during the second EGRET observing
period on this source*®. The solid line is the absorbed spectrum obtained using
our upper limit intergalactic infrared flux and the dashed lines are those obtained
using our lower limit fluxes. We also show the upper limit on this source obtained
at near-TeV energies*?. It appears that this limit already is indicating a lower limit
on the intergalactic infrared radiation which is quite similar to the lower limit we
obtained*? using other arguments. It also indicates that with an order of magnitude
improvement in sensitivity times observing time, one may be able to both detect

sub-TeV 7-rays from 3C279 and to give a real empirically determined estimate of
the intergalactic infrared radiation density.
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Figure 4. Theoretical absorption spectra?? for 3C279 and present upper limit4®.
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The High Energy v-ray and Neutrino Backgrounds from Blazars

The origin of the extragalactic X-ray and v-ray backgound radiations has
proved to be a tough problem for theorists over the years. Even the question as to
whether the radiation is from a truly diffuse process or is, in fact, the superposi-
tion of radiation from a large number of extrgalactic sources has been difficult to
answer. We have reviewed the physics of the diffuse processes.®® The leading con-
tender among these for explaining the present v-ray background observations, uiz.,
matter-antimatter annihilation, has been proposed based on grand unified theories
and early universe physics.5! There has been only one suggested point source candi-
date, i.e., active galaxies.5? A future method of choosing between diffuse and point
source origins of the extragalactic y-radiation lies in a study of angular fluctuations
in the background radiation.>?

The key to an understanding of the origin of the GRB may lie in the realization
that it may well be composed of a number of different components having different
origins and that these components in turn may dominate the GRB only in specific
energy ranges. For example, the putative matter-antimatter component will only be
important in the energy range between ~ 1 MeV and ~ 1 GeV. The active galaxy
source models must also be broken up by energy range. For example, it is now
known that Seyfert galaxies typically have spectra which drop off sharply above ~
0.1 MeV>* and that no Seyfert galaxies have been detected by EGRET at energies
in the 100 MeV range®>. Therefore, they are not good candidates for explaining
the high energy GRB. Thus, although radio-quiet AGN may provide a substantial
contribution to the X-ray background, and may also provide the dominant contri-
bution to the high energy neutrino background®, these objects are not expected to
be important sources of high energy v-radiation.

While radio-quiet AGN do not qualify as significant medium or high energy ~-
ray sources, blazars discovered by the EGRET team provide a class of objects which
are very strong, and probably highly time variable, vy-ray emitters. The hypoth-
esis of superluminal jet emission is supported by the rapid v-ray time variability
observed for 3C279°¢. The EGRET team has now reported the detection of 18

blazars and the marginal detection of 19 more®. All of these sources have fluxes
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above ~ 107 photons cm~2s~!. Another 131 bright blazars were within the field-
of-view of the EGRET telescope in an almost full sky survey. Those sources have
not been seen above the survey flux sensitivity level. The spectra of the observed
sources is typically a power-law with spectral index ~ 2. Therefore, these sources
could make a particularly significant contribution to the GRB at higher energies.
We here calculate their integrated spectral contribution to the high energy GRB
extending to multi-TeV energies.’”

Based on the observations of the EGRET detector, we assume that all emitting
FSRQ’s produce y-rays with an E~? differential number flux at the source. For ex-
ample, EGRET finds a differential power-law exponent of 2.0+ 0.1 over the interval
30 MeV to 5 GeV for the OVV quasar 3C279°®, and an exponent of 1.96+0.14 for the
BL Lac object Mrk 421%°. The remarkable observation of Mkr 421 at the Whipple
Observatory at ~ 1 TeV*! indicates that the E~2 spectrum continues over at least
four decades in energy. We will thus assume that blazars typically emit y-radiation
with an E~2 spectrum which extends at least to multi-TeV energies, although the
highest energy radiation from those sources at moderate to high redshifts will be
attenuated by pair production interactions (see last section). The vy-ray differential
luminosity (W Hz™!) at a source is therefore L.(v) = L. 100 - (hv/100 MeV)™2,
where a = 1, and L. 100 is the luminosity at 100 MeV. The differential energy flux
received at Earth from a single source at redshift z is then

1 L.,(v
5 (vo) = 41rr2R%((1)+ z) @)

(neglecting extinction), where vy = v/(1 + z), Ry is the present cosmic scale factor,

and r is the source’s comoving coordinate. At photon energies greater than a
few hundred GeV, pair production off photons of the intergalactic IR background
becomes important. Integrating over all sources, the total differential energy flux
(per steradian) is then

1 A
Sy(ve) = Z;/47rR3r2 dr/S.(Yl)(Vo) exp[—7(vo, 2)]p(L~,100,2) dL~ 100 , (2)

where 7 is the pair production extinction coefficient, R is the scale factor at time of

emission, and p(L+, 100, 2) is the luminosity function of the sources (proper density
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per unit luminosity). In this calculation we assume ¢ = 1, A = 0, and Ho = 50
km s—'Mpc~!. The statistics of point-source y-ray observations are not adequate
to provide us directly with a 4-ray luminosity function, but we will show that a
good correlation exists between the v-ray luminosity of the EGRET sources and
their radio luminosity at 5 GHz.

Since EGRET has made the most sensitive 4-ray survey of nearly the entire sky,
we use its detections and upper limits to predict the v-ray fluxes from blazars. For
simplicity we assume that any blazar covered by the survey not currently reported

25-1 above an

as an EGRET detection has an upper limit of 2.5 x 10~ photons cm™
energy of 100 MeV. Although there is some variability in the depth of coverage of the
EGRET survey, this value is approximately four times the typical 1o uncertainty
obtained in an average two-week pointing.

The 16 «-ray sources solidly detected by EGRET which have known redshifts
and the 5 sources marginally detected at the 40 to 50 level are shown in Figure 5,
which plots 4-ray luminosity L, 100 at 100 MeV vs. radio luminosity L, s at 5 GHz.
It should be noted that the marginal 4-ray sources reported by EGRET were in
the 40 to 50 range. The correlation between v-ray luminosity and radio luminosity
is apparent. We take as our population of potential EGRET sources those blazars
detected at 5 GHZ in the 1 Jy Kuehr, et al. all-sky survey®® (including unpublished
updates). This is the largest and deepest sample which, like the EGRET survey,
covers nearly the full sky.

If we maintain the assumption that all blazars emit y-rays, there are a few
alternative explanations for the paucity of EGRET sources within our potential
population. One possibility is that the opening angle of the beamed «-rays is smaller
than that of radio photons, so that only a fraction of the blazars can be detected in
~-rays. Another is that the 4-ray emission is somehow “turned-on” in all sources
only a fraction of the time. A third hypothesis is that all blazars are also «v-ray
sources, but that the EGRET flux sensitivity has so far limited us to observing
only those sources in the high-luminosity wing of whatever distribution relates the

radio and ~-ray luminosities.
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To confirm that there is a correlation between radio and v-ray luminosities,
we have used various statistical methods®’. These methods give a proportionality
log(Ly100) = (1.2 £ 0.1)log(Lys) + const., indicating that the relation between
the radio luminosity and mean -ray luminosity of the population of the sources is

approximately linear.
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Figure 5. Luminosity-luminosity plot for blazars in the EGRET survey. The filled
circles represent solid detections, the hollow cirlces represent marginal detections,

and the crossed arrows represent the upper limits for those flat spectrum radio
sources which EGRET did not detect.57.

Thus, we adopt a linear correlation between the mean ~v-ray luminosity and ra-
dio luminosity for our population of blazars, L. 100 = AL, s. In our treatment®?, the
radio luminosity L, 5 is taken to be the independent variable with no measurement
error, while the «-ray luminosity L. 100 follows an unknown distribution about the
mean given by the above linear relation. Since most of the data consists of upper
limits, we use the “survival analysis” methods designed for treating highly censored

data®!. We then find the correlation between the radio intrinsic power at 5 GHz,
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L, s, and the vy-ray power at 100 MeV, L, 190, to be given by L-,100 = A Ly,5, where
A = 10-10-5.

Given a linear relation between L. jg0 and L,s, it is possible to calculate
the contribution of blazars to the GRB by integrating over the FSRQ luminosity
function rather than the (unknown) 4-ray luminosity function. For this, we employ
the FSRQ luminosity function of Dunlop and Peacock®?. The calculated spectrum
is insensitive to the chosen limits in the integral over radio luminosity, varying by
only a few percent with order-of-magnitude shifts in the limits. Choosing L, min =
3.4-10° W Hz™! and Ly maz = 1.3- 103!'W Hz"!, we obtain the photon number flux
shown in Figure 6. Relating the neutrinos and <-rays from pion decay as before,
and recalling the neutrinos do not suffer absorption, we obtain the corresponding
estimate of the blazar jet neutrino background shown in Figure 2.
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Figure 6. The predicted «-ray background flux from blazars (solid line) compared
with an extrapolation of the observed SAS-2 extragalactic background flux in the
0.03 to 0.15 GeV energy range (dashed line).%”
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