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ABSTRACT

In this paper, we extend previous work on the absorption of high-energy y-rays in intergalactic space
by calculating the absorption of 10-500 GeV y-rays at high redshifts. This calculation requires the deter-
mination of the high-redshift evolution of the intergalactic starlight photon field, including its spectral
energy distribution out to frequencies beyond the Lyman limit. To estimate this evolution, we have fol-
lowed a recent analysis by Fall, Charlot, & Pei, which reproduces the redshift dependence of the star-
light background emissivity obtained by the Canada-France Redshift Survey group.

We give our results for the y-ray opacity as a function of redshift out to a redshift of z = 3. We also
give predicted y-ray spectra for selected blazars and extend our calculations of the extragalactic y-ray
background from blazars to an energy of 500 GeV with absorption effects included. Our results indicate
that the extragalactic y-ray background spectrum from blazars should steepen significantly above 20
GeV, owing to extragalactic absorption. Future observations of a such a steepening would thus provide
a test of the blazar origin hypothesis for the y-ray background radiation. We also note that our absorp-
tion calculations can be used to place limits on the redshifts of y-ray bursts; for example, our calculated
opacities indicate that the 1994 February 17 burst observed by EGRET most probably originated at

z< ~2.

Subject headings: diffuse radiation — galaxies: active — galaxies: evolution — gamma rays: bursts —

gamma rays: theory

1. INTRODUCTION

The EGRET experiment aboard the Compton Gamma
Ray Observatory has detected more than 50 blazars extend-
ing out to redshifts greater than z = 2 (Thompson et al.
1996). It is expected that y-rays from blazars with energies
above the threshold energy for electron-positron pair pro-
duction will be annihilated through interactions with low-
energy intergalactic photons, cutting off the high-energy
end of blazar spectra. Such absorption is strongly depen-
dent on the redshift of the source (Stecker, De Jager, &
Salamon 1992). Stecker & De Jager (1997) have calculated
the absorption of extragalactic y-rays above 0.3 TeV at red-
shifts up to 0.54 and presented a comparison with the spec-
tral data for the low-redshift blazar Mrk 421.

The study of blazar spectra at energies below 0.3 TeV is a
more complex and physically interesting subject. In addi-
tion to intergalactic absorption, one must be able to dis-
tinguish and to separate out the effects of intrinsic
absorption and natural cutoff energies in blazar emission
spectra. Initial estimates of intergalactic absorption of 10 to
300 GeV y-rays in blazar spectra at higher redshifts have
been given by Stecker (1996), Stecker & de Jager (1996), and
Madau & Phinney (1996). However, in order to calculate
such high-redshift absorption properly, it is necessary to
determine the spectral distribution of the intergalactic low-
energy photon background radiation as a function of red-
shift as realistically as possible. This calculation, in turn,
requires observation-based information on the evolution of
the spectral energy distributions (SEDs) of IR-UYV starlight
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from galaxies, particularly at high redshifts. Conversely,
observations of high-energy cutoffs in the y-ray spectra of
blazars as a function of redshift, which may enable one to
separate out intergalactic absorption from redshift-
independent cutoff effects, could add to our knowledge of
galaxy formation and early galaxy evolution. In this regard,
it should be noted that the study of blazar spectra in the
10-300 GeV range is one of the primary goals of a next-
generation space-based y-ray telescope, GLAST (Gamma-
Ray Large-Area Space Telescope; Bloom 1996) as well as of
a number of ground-based y-ray telescopes currently under
construction.

2. REDSHIFT DEPENDENCE OF THE INTERGALACTIC
LOW-ENERGY SED

Our main goal is to calculate the opacity of intergalactic
space to high-energy y-rays as a function of redshift. This
depends upon the number density of soft target photons
(IR-UV) as a function of redshift, whose production is
dominated by stellar emission. To evaluate the SED of the
IR-UYV intergalactic radiation field, we must integrate the
total stellar emissivity over time. This requires an estimate
of the dependence of stellar emissivity on redshift. Previous
calculations of y-ray opacity have either assumed that
essentially all of the background was in place at high red-
shifts, corresponding to a burst of star formation at the
initial redshift (Stecker 1996; Stecker & De Jager 1996;
MacMinn & Primack 1996) or to strong evolution (Madau
& Phinney 1996), or that there is no evolution (Madau &
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Phinney 1996). In this paper, we use a more realistic model
that is consistent with recent observational data on mean
stellar emissivity for redshifts z < 1 (Lilly et al. 1996).

2.1. Basic Calculation of Stellar Emissivity

Pei & Fall (1995) have devised a method for calculating
stellar emissivity that bypasses the uncertainties associated
with estimates of poorly defined luminosity distributions of
evolving galaxies. The core idea of their approach is to
relate the star formation rate directly to the evolution of the
neutral gas density in damped Lya systems and then to use
stellar population synthesis models to estimate the mean
comoving stellar emissivity &,(z) (in ergs s~ * cm*® Hz) of the
universe as a function of frequency v and redshift z (Fall,
Charlot, & Pei 1996). Our calculation of stellar emissivity
closely follows this elegant analysis, with minor modifi-
cations as described below.

Damped Lyoa systems are high-redshift clouds of gas
whose neutral hydrogen surface density is large enough
(>2 x 10%° ¢cm~?) to generate saturated Lya absorption
lines in the spectra of background quasars that happen to
lie along and behind common lines of sight to these clouds.
These gas systems are believed to be either precursors to
galaxies or young galaxies themselves, since their neutral
hydrogen (H 1) surface densities are comparable to those of
spiral galaxies today and their comoving number densities
are consistent with those of present-day galaxies (Wolfe
1986). It is in these systems that initial star formation pre-
sumably took place, so there is a relationship between the
mass content of stars and of gas in these clouds; if there is
no infall or outflow of gas in these systems, the systems are
“closed,” so the formation of stars must be accompanied by
a reduction in the neutral gas content. Such a variation in
the H 1 surface densities of Lya systems with redshift is seen
and is used by Pei & Fall (1995) to estimate the mean
cosmological rate of star formation back to redshifts as
largeasz = 5.

Pei & Fall (1995) have estimated the neutral (H 1 plus
He 1) comoving gas density p, Q,(z) in damped Lya systems
from observations of the redshift evolution of these systems
by Lanzetta, Wolfe, & Turnshek (1995). (Here p, =
3H3}/8nG is the critical mass density of the universe. The
deceleration parameter is assumed throughout to be g, =
0.5, with cosmological constant A = 0.) Lanzetta et al. have
observed that while the number density of damped Lyo
systems appears to be relatively constant over redshift, the
fraction of higher density absorption systems within this
class of objects decreases steadily with decreasing redshift.
They attribute this to a reduction in gas density with time,
roughly of the form Q,(z) = Q,,e*, where p Q,, is the
current gas density in galaxies. Pei & Fall (1995) have taken
selfbiasing effects into account to obtain a corrected value
of Q (z); we have reproduced their calculations to obtain
Q,(z) under the assumptions that the asymptotic, high red-
shift value of the neutral gas mass density is Q,; = 1.6
x 1072 hy', where h, = H,/(100 km s~! Mpc). In a
“closed galaxy” model, the change in comoving stellar
mass density p,Q(z) = —p,Qz), since the gas mass
density p.Q,(z) is being converted into stars. This deter-
mines the star formation rate and consequent stellar emiss-
ivity (Pei & Fall 1995). The rate of metal production, Z, is
related to the star formation rate by Q,Z = (Q,, where
{ =0.38 Z, is the metallicity yield averaged over the initial
stellar mass function, with Z, being the solar metallicity
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(Pei & Fall 1996). This gives a metallicity evolution Z(z) =
—{In[Q,)/Q, ]

To determine the mean stellar emissivity from the star
formation rate, an initial mass function (IMF) ¢(M) must be
assumed for the distribution of stellar masses M in a freshly
synthesized stellar population. To further specify the lumi-
nosities of these stars as a function of mass M and age T,
Fall et al. (1996) use the Bruzual-Charlot (BC) population
synthesis models for the spectral evolution of stellar popu-
lations (Bruzual & Charlot 1993; Charlot & Bruzual 1991).
In these population synthesis models, the specific lumi-
nosity L, (v, M, T) (in ergs s~ ! Hz™ ') of a star of mass M
and age T is integrated over a specified IMF to obtain a
total specific luminosity S,(T) per unit mass (ergs s ' Hz !
g~ 1) for an entire population, in which all stellar members
are produced simultaneously (T = 0). Following Fall et al.
(1996), we have used in our calculations the BC model cor-
responding to a Salpeter IMF, ¢(M) dM oc M 233 dM,
where 0.1 My <M < 125 M.

The mean comoving emissivity &,(t) is then obtained by
convolving over time ¢ the specific luminosity S, with the
mean comoving mass rate of star formation, p, Q, :

&m=meMT=F4MN% 5

Note that the star mass formation rate p, Q,(t) that appears
in this equation is not the same as p, (), the change in
total stellar mass density. This is because p, €, is the rate at
which mass is permanently being converted into stars; since
some stellar mass is continuously being returned to the
interstellar medium (ISM), the instantaneous mass rate of
star formation p, Q, is larger than p Q,, the two being
related by

Q1) = Q1) — Ltdt’R(t — Q) , )

where R(T), provided by the BC models, is the fraction of
the initial mass of a generation of stars formed at T = 0 that
has been returned to the ISM.

2.2. Metallicity Corrections

The BC models’ specific luminosities S,(T) are calculated
assuming that the metallicity content Z during star forma-
tion is fixed at our current solar metallicity value (Z, =
0.0169). However, the metallicity content of the universe is
not static but, instead, evolves with redshift as early popu-
lations of stars return freshly synthesized metals to the
interstellar medium during their various phases of mass
loss. For example, in a survey of one-third of the known
damped Lya absorbers, Pettini et al. (1994) found that the
typical metallicity is 0.1 that of the present solar value at a
redshift of z &~ 2. Since the specific luminosity of a star of a
given mass is also a function of its metallicity content (lower
metallicities give bluer spectra), the metallicity of a stellar
population must be taken into account when integrating
the mean emissivity over redshift.

The effect of metallicity content in stellar population
models has been examined by Worthey (1994). Using the
IMF ¢(M)dM oc M~*3° dM with 0.1l Mg <M <2 Mg,
Worthey has calculated the mass-to-light ratios (M/L) as a
function of population age T and metallicity Z for the color
bands U through M. We have plotted his (M/L) tabulated
values for the B and U bands in Figures 1 and 2, respec-
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FiG. 1.—Plot of B-band mass-to-light ratios M/L vs. stellar system age
T for various values of metallicity Z, taken from Table 5A of Worthey
(1994). The metallicity values are given on the right-hand side of the figure
as y=log (Z/Z;), where Z is solar metallicity. Filled (open) squares
correspond to the tabulated data for y = +0.5 (y = +0.25), filled (open)
circles for y=0.0 (y = —0.22), filled (open) triangles for y = —0.5
(y = —1.0), filled inverted triangles for y = — 1.5, and open diamonds for
y = —2.0. A straight dashed line has been drawn through the Z = Z
values; at a fixed population age T, the metallicity correction factor for
metallicity Z is the vertical displacement from this line to the Z # Z,
value.

tively. One can see that for a fixed metallicity, the logarithm
of the luminosity L decreases nearly linearly with the
logarithm of population age T. Also one sees that for a fixed
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F1G. 2—Plot of the U-band mass-to-light ratios M/L versus stellar
system age T for various values of metallicity Z. See the legend to Fig. 1 for
details.
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age T, the luminosity Lpy, of the B(U) band decreases, by a
factor that is nearly independent of T, as the metallicity
increases. This enables us to construct a correction factor
FxZ/Zy) = Ly(Z, T)/L(Zs, T) for each color band X,
which is independent of T, and which gives the logarithmic
shift in Ly as one goes from the present metallicity Z to a
different value of Z.

Having obtained correction factors ¥ (Z/Z) for the
X =U, B, I, and K bands using Worthey’s tabulated
{M/L>x(Z, T) values (I- and K-band data are not shown),
we find a single “metallicity correction function” #(4, Z)
that interpolates in wavelength A between each of the indi-
vidual color band correction factors £y :

log #(4, Z) = log |:LI;E{1—’ZZ;):| ~ |:0.33 — %)] log <Z£o)

0.063 Z\)

This interpolative function is valid only for 0.3
um < A < 2.2 um. Outside of this wavelength region, we
take £(4 < 0.3 um, Z) = (A = 0.3 pym, Z) and Z(A > 2.2
um, Z) = £(A = 2.2 uym, Z). Note that increased metallicity
gives a redder population spectrum (Bertelli et al. 1994).

Limitations to this correction function include the facts
that Worthey’s calculations apply only to stars with ages
greater than T = 1.5 Gyr and that the upper mass limit of
his IMF (2 M) is much lower than that of the BC model
that we employ (125 M ). This may be a source of over-
estimation of the UV radiation density if the higher mass
stars have a smaller UV luminosity dependence on metal-
licity. That this may indeed be the case is suggested by
recent calculations of Charlot (Y. Pei & M. Fall 1997,
private communication). Population synthesis models in
which varying metallicity is included do exist (Bertelli et al.
1994), and efforts to reconcile differences in computed
spectra generated by these various models have been made
(Charlot, Worthey, & Bressan 1996). An additional uncer-
tainty exists below 0.3 um, since Worthey’s calculations
extend only to the U band. We have chosen to assume a
constant enhancement factor below 1 = 0.3 um. For the
above reasons, the metallicity correction function given in
equation (3) should be regarded as a “maximum ” correc-
tion, with the true correction factor lying somewhere
between equation (3) and #(Z) = 1.

2.3. Absorption by Dust and Gas within the Source

The emissivity &, given in equation (1) assumes that all
stellar emission escapes from the gas system that contains
the stars. However, some absorption of stellar radiation by
both dust and gas occurs within the larger damped Lyo
systems. Above the Lyman limit, this absorption is domi-
nated by dust, while below the Lyman limit, absorption by
neutral hydrogen and singly ionized helium dominates.
Defining the mean transmission fractions, averaged over the
optical depths of damped Lya systems, by J,.(v, z) and
Tas(v, 2), the final expression for the effective stellar emiss-
ivity is
Zmax dZI

Hy1 + 2/)*3
x Qu(2)2L[v, Z(2)IS,[T = t(z2) — t(z)] . (4)

éav(z) = eOj-dust(v:t Z)'y;as(va Z)pc J‘

¥4
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The distribution of optical depths z,; of Lya clouds caused
by dust can be adequately represented by f(x) = f, x %7,
where x = 1,/7/(2), t.(z) being a characteristic (redshift-
dependent) cloud dust opacity, and « ~ 1 (Fall et al. 1996).
Under the assumption that both dust and stars are uni-
formly distributed throughout each Ly« cloud, the fraction
of radiation 7 )(t,) produced by stars in a given cloud of
optical depth 7, that escapes dust absorption is given by

g (1 _3 l—e™
70 = [(1 )+ = n)e_"’} 0

where n = (1 — w)!/?, and w is the average albedo of dust,
taken to be the same as in our Galaxy (w ~ 0.4—0.6; Whittet
1992). (We have calculated eq. (5) using the two-stream
approximation; Chandrasekhar 1950). We note that the
dust opacity 7, in equation (5) is assumed to be proportion-
al to the H 1 surface column density Ny and metallicity Z,

@( Ny

Zo \6.3 x 10*! cm ™2

where E(v) is the normalized galactic interstellar dust
extinction curve (Savage & Mathis 1979). Integrating
equation (5) over the Lya opacity distribution function f of
Pei & Fall (1995), we obtain J4,(v, z) and find it to have a
minor effect on the emissivity, Z,.(v, z) being typically of
order unity.

Below the Lyman limit (4 < 0.0912 um), the opacity is
dominated by neutral gas absorption: 7,(v) = Ny;0oy (V)
+ Nye10ge(v), where oy and oy, are the H 1 and He 1
photoionization cross sections. With the Ny and Ny dis-
tributions of the Lya systems being related to the dust
opacity distribution f(z,) through equation (6), the distribu-
tion for 7, can be obtained. Integrating equation (5) (now
with # =1), weighted with the 7, distribution, gives
'7gas(v, Z)'

v, 2) =

)E(V) ; (©)

2.4. Numerical Results

Figure 3 shows the calculated stellar emissivity as a func-
tion of redshift at 0.28 uym, 0.44 um, and 1.00 um, both with
and without the metallicity correction function #(4, Z). We
have also plotted the observations of the cosmic emissivity
by the Canada-France Redshift Survey (Lilly et al. 1996) at
these rest-frame wavelengths for comparison. With a lower
mass cutoff of 0.1 M in the IMF, we obtain emissivities
that are roughly a factor of 2 higher than those obtained by
Lilly et al. (1996). To bring our emissivities down to the
observed values requires that we reduce the lower mass
limit in the IMF to 0.02 M 4, which puts a fraction (0.45) of
the mass into effectively nonluminous compact objects. We
note that a similar reduction was achieved by Fall et al.
(1996) by modifying the power-law index in the IMF; a
higher index results in a lower emissivity (Y. C. Pei 1996,
personal communication).

Overall, our emissivities, both with and without the
metallicity corrections, are in reasonable agreement with
the data at lower redshifts (Lilly et al. 1996). Although the
differences for &, between the no-metallicity and metallicity
cases for z < 1 are not great, they become substantial at
larger redshifts for both optical and UV wavelengths. This
has notable effects on the opacity of the radiation back-
ground to high-energy y-rays, as will be seen in § 4. We note
that our dotted-line curves in Figure 3 (with no metallicity
correction) are essentially reproductions of the emissivities
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Fi1G. 3.—Comoving emissivity as a function of redshift, calculated using
eq. (4), for three wavelength values, A = 0.28, 0.44, and 1.0 um, for a Hubble
constant value of h, = 0.5. Note that the emissivity scales as h? (see eq. [4]
and § 3). Solid line curves are for the case where the metallicity correction
function (& from eq. [3]) is used. Dashed lines give the emissivity when
this correction function is not included. The data from the Canada-France
Redshift Survey (Lilly et al. 1996) are also plotted.

calculated by Fall et al. (1996).

In all cases as shown in Figure 3, the stellar emissivity in
the universe peaks at 1 < z < 2, dropping off at both lower
and higher redshifts. Indeed, Madau et al. (1996) have used
observational data from the Hubble Deep Field to show
that metal production has a similar redshift distribution,
such production being a direct measure of the star forma-
tion rate. (See also the review by Madau 1997.)

2.5. Calculation of the Diffuse Radiation Energy Density

The comoving radiation energy density u,(z) (in ergs cm?
Hz) is the time integral of the comoving emissivity & (z),

u(@) = J Tae ) L@, )

where v = v(1 + z')/(1 + z), and z,,,, is the redshift corre-
sponding to initial galaxy formation. The extinction term
e~ *f accounts for the absorption of ionizing photons by the
clumpy intergalactic medium (IGM) that lies between the
source and the observer; although the IGM is effectively
transparent to nonionizing photons, the absorption of
photons by H 1, He 1, and He 1 can be considerable (Madau
1995). The presence of damped Lya and Lyman-limit
systems (Lanzetta et al. 1995) and the Ly« forest, coupled
with the absence of an H 1 Gunn-Peterson effect (Gunn &
Peterson 1965; Steidel & Sargent 1987) indicates that essen-
tially all of the H 1, He 1, and He 1 exists within intergalactic
clouds whose measured H 1 column densities range from
approximately 1013 to 10?2 cm 2.

The effective optical depth 7. between a source at red-
shift z/ and an observer at redshift z owing to Poisson-
distributed intervening Lya clouds is given by (Paresce,
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FI1G. 4—Intergalactic comoving radiation energy density from stars,
calculated with the metallicity correction function % included, as a func-
tion of wavelength for redshifts z = 0 (solid line), z = 1 (dashed line), z = 2
(dotted line), and z = 3 (dot-dashed line), for a Hubble constant value of
hy, = 0.5. (The energy density scales as h,; see eq. [7] and § 3.) QSO
contributions to the UV energy density have a negligible effect on extra-
galactic gamma-ray absorption, and so are neglected in our calculations.
Also shown in the figure are the high-latitude measurements of Anderson
et al. 1979 (“A”), Tennyson et al. 1988 (“Te”), and Martin, Hurwitz, &
Bowyer 1991 (“M ”), and upper limits from Vogel et al. 1995 (“ V), Toller
1983 (“To”), Dube, Wickes, & Wilkinson 1979 (“D”), and Holberg 1986
(“H”). These data should be compared with only the z = 0 (solid line)
curve.
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Fi1G. 5—Same as Fig. 4 except without the metallicity correction func-
tion (& =1 for the energy densities shown here).
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McKee, & Bowyer 1980)

, z/ , ) 62N
Tege(V, 2, 2) = f dz J dNy; ONw.0z"
z (0] HI

where  (v) = [Nu10u1(¥) + Nue10ue1(¥) + Nuen 0ne n(v)],
v/ = W1 + z)/(1 + z"), and 0*N/(0Ny,0z) is the distribution
function of clouds in redshift z and column density Ny ;. As
pointed out by Madau & Shull (1996), when t < 1, 7 is
just the mean optical depth of the clouds; when 7 > 1, 7
becomes the number of optically thick clouds between the
source and the observer, so that the Poisson probability of
encountering no thick clouds is e **, as required.

For the distribution function of Lya clouds, we use the
parameterization of Madau (1995; see also model A2 of
Miralda-Escudé & Ostriker 1990),

0*N
ONy; 0z

24 x 107Ng 15(1 + 2)246

2 x 1012 < Ng; < 1.59 x 107 cm?
1.9 x 108N515(1 + 2)°68

1.59 x 107 < Nyg; < 102° cm 2.

©

Using equations (8) and (9) and the stellar emissivity & (z) in
equation (7), we obtain the background energy density u,(z)
shown in Figures 4 and 5, calculated with and without the
metallicity correction, %, respectively.

Although it is possible that UV emission from QSOs
alone may be able to account for the nearly complete reioni-
zation of the IGM (Meiksin & Madau 1993; Fall & Pei
1993; Madau & Meiksin 1994), it has been argued that
additional sources of ionizing radiation are required
(Miralda-Escudé & Ostriker 1990), these perhaps being
young galaxies that leak a fraction (up to ~15%) of their
ionizing radiation through H 11 “chimneys” (Dove & Shull
1994; Madau & Shull 1996). We note, however, that recent
observations of four starburst galaxies by the Hopkins UV
Telescope (Leitherer et al. 1995) indicate that less than 3%
of Lyman continuum photons escape from these sources.
We have assumed in our calculations that 5% of the stellar
emission escapes from the galaxies (protogalaxies) through
these chimneys unattenuated by dust or gas.

We have also done these calculations assuming a 15%
chimney escape factor and find that the resulting ionizing
flux at z = 0 is slightly above the upper limit given by Vogel
et al. (1995). We also find that changing the chimney escape
factor has a negligible effect on our calculated opacities. We
conclude that any ionizing flux component consistent with
the upper limit of Vogel et al. (1995) is too small to have a
significant effect on the y-ray opacity. For this reason, we do
not include a component of ionizing radiation from quasars
(see, e.g., Madau 1992) in our opacity calculations.

We also show in Figures 4 and 5 the recent upper limits
on the background radiation. It should be noted that our
results as shown give emissivities from starlight only and do
not include dust emissivities in the mid- and far-infrared.

1—et), (¥

3. OPACITY OF THE RADIATION BACKGROUND AND ITS
EFFECT ON BLAZAR SPECTRA

With the comoving energy density u,(z) evaluated, the
optical depth for y-rays owing to electron-positron pair
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production interactions with photons of the stellar radi-
ation background can be determined from the expression
(Stecker et al. 1992)

Ze 2
1(Ey, z,) = J dz at
dz

0

x> j dv(l + 2
2 Jo

0

[“L(f)}aw[s = 2B, hvx(1 +2)], (10)
where E, is the observed y-ray energy at redshift zero, v is
the frequency at redshift z, z, is the redshift of the y-ray
source, x = (1 — cos 0), 0 being the angle between the y-ray
and the soft background photon, 4 is Planck’s constant, and
the pair production cross section ¢,,is zero for center-of-
mass energy s'2 <2m,c?, m, being the electron mass.
Above this threshold,

5,6 = o oall - ﬂz)[Zﬂ(ﬁz ~29)+(3 -9k (ﬂ)] :

1—8
(11)

where B = (1 — 4mZ c*/s)'/>.

Figures 6 and 7 show the opacity ©(E,, z) for the energy
range 10-500 GeV calculated with and without the metal-
licity correction. Extinction of y-rays is negligible below 10
GeV. Above 500 GeV, interactions with photons with wave-
lengths of tens of um become important, so one must
include interactions from infrared photons generated by
dust reradiation (Stecker & De Jager 1997), which we have
neglected here. For 300 GeV y-rays at redshifts below 0.5,
our opacities agree with the with the opacities obtained by
Stecker & De Jager (1997).

Note that these calculated opacities are independent of
the value chosen for h,, as seen in equations (4), (7), and (10).
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F1G. 6.—Opacity t of the universal soft photon background to y-rays as
a function of y-ray energy and source redshift. These curves are calculated
with the metallicity correction function included in the expression for
stellar emissivity. As discussed in the text, these results are independent of
the value chosen for h,,.
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Fi1G. 7—Same as Fig. 6, except without the metallicity correction func-
tion.

The emissivity &, in equation (4) scales as h3, since neither
S,, & mnor dtQ, depends on h,, while p, scales as h3.
Equation (7) shows then that u, scales as h, and in equation
(10) this h,, factor is cancelled by the integration over time t.
With the y-ray opacity t(E,, z) calculated out to z = 3,
the cutoffs in blazar y-ray spectra caused by extragalactic
pair production interactions with stellar photons can be
predicted. Figure 8 shows the effect of the intergalactic radi-
ation background on a few of the y-ray blazars (“ grazars”)
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F1G. 8.—Effect of intergalactic absorption by pair production on the
power-law spectra of four prominent grazars: 1633+ 382 (z = 1.81), 3C 279
(z =0.54), 3C 273 (z = 0.15), and Mrk 421 (z = 0.031). The solid (dashed)
curves are calculated with (without) the metallicity correction function.
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observed by EGRET, viz., 1633+ 382, 3C 279, 3C 273, and
Mrk 421. We have assumed that the mean spectral indices
obtained for these sources by EGRET extrapolate out to
higher energies attenuated only by intergalactic absorption.
Observed cutoffs in grazar spectra may be intrinsic cutoffs
in y-ray production in the source or may be caused by
intrinsic y-ray absorption within the source itself. Whether
cutoffs in grazar spectra are primarily caused by inter-
galactic absorption can be determined by observing
whether the grazar cutoff energies have the type of redshift
dependence predicted here.

Figure 8 indicates that the next generation of satellite and
ground-based y-ray detectors, both of which will be
designed to explore the energy range between 10 and 300
GeV, will be able to reveal information about low-energy
radiation produced by galaxies at various redshifts and at
different stages in their evolution.

4. CONSTRAINTS ON GAMMA-RAY BURSTS

Our opacity calculations have implications for the deter-
mination of the origin of y-ray bursts, if such bursts are
cosmological. As indicated in Figure 6, y-rays above an
energy of ~15 GeV will be attenuated if they are emitted at
a redshift of ~3. On 1994 February 17, the EGRET tele-
scope observed a y-ray burst that contained a photon of
energy ~20 GeV (Hurley et al. 1994). If one adopts the
opacity results that include our conservative metallicity cor-
rection (Fig. 6), the highest energy photon in this burst
would be constrained to have most likely originated at a
redshift less than ~2. (An estimated redshift constraint of
~1.5 was given by Stecker & De Jager 1996, based on a
simpler model.) Future detectors may be able to place better
redshift constraints on bursts observed at higher energies.

5. THE HIGH-ENERGY GAMMA-RAY BACKGROUND FROM
BLAZARS

In a previous paper (Stecker & Salamon 1996), we pre-
sented a model for calculating the extragalactic y-ray back-
ground (EGRB) due to unresolved grazars. We gave results
for y-ray energies up to 10 GeV (where there is effectively no
y-ray absorption), which were compared to preliminary
EGRET data (Kniffen et al. 1996). Using the intergalactic
y-ray opacities calculated here, we can now extend the
results of this EGRB model out to an energy of 0.5 TeV.

Our EGRB model assumes that the grazar luminosity
function is related to that of flat-spectrum radio quasars
(FSRQ), so that we can use FSRQ luminosity and redshift
distributions (Dunlop & Peacock 1990) to obtain a grazar
luminosity function. The effects of grazar flaring states,
y-ray spectral index variation, and redshift dependence have
also been included in this model; see Stecker & Salamon
(1996) for details. By integrating the grazar luminosity func-
tion weighted by our new opacity results, we obtain a
grazar background spectrum up to 500 GeV that properly
includes the effect of y-ray absorption.

Figure 9 shows this EGRB spectrum compared with the
preliminary EGRET data. Note that the spectrum is
concave at energies below 10 GeV, reflecting the dominance
of hard-spectrum grazars at high energies and softer spec-
trum grazars at low energies; it then steepens above 20
GeV, owing to extragalactic absorption by pair-production
interactions with radiation from external galaxies, particu-
larly at high redshifts. Both the concavity and the
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F1G. 9.—Extragalactic y-ray background energy spectrum from unre-
solved grazars calculated for a mean EGRET point-source sensitivity of
1077 em~2 s! for y-ray energies above 0.1 GeV. Because the FSRQ
luminosity function that we employ scales as h3 (Dunlop & Peacock 1990),
our calculated EGRB spectrum scales as h3 (see eq. [10] in Stecker &
Salamon 1996). The solid (dashed) curves are calculated with (without) the
metallicity correction function.

steepening are signatures of a blazar-dominated y-ray back-
ground spectrum.

Because the extragalactic y-ray background in our model
is made up of a superposition of lower luminosity, unre-
solved grazars, its intensity is determined by those sources in
the universe that are below the detection threshold of a
particular telescope. A telescope with a superior point-
source sensitivity gives a higher source count, thereby
reducing the number of unresolved sources that constitute
the diffuse y-ray background. (For a detector more sensitive
than EGRET, point-source confusion must also be taken
into account in determining this reduction in the back-
ground flux.) The EGRB spectrum shown in Figure 9 has
been calculated using the mean point-source sensitivity of
EGRET above 0.1 GeV, ~10~7 cm ™2 s~ 1. Also shown is
the latest analysis of the extragalactic background spectrum
obtained by EGRET (Sreekumar et al. 1998).

Above 10 GeV, blazars may have natural cutoffs in their
source spectra (Stecker, De Jager, & Salamon 1996), and
intrinsic absorption may also be important in some sources
(Protheroe & Biermann 1996). Thus, above 10 GeV, our
calculated background flux from unresolved blazars, shown
in Figure 9, may actually be an upper limit.

6. CONCLUSIONS

We have calculated the y-ray opacity as a function of
both energy and redshift for redshifts as high as z = 3 by
taking into account the evolution of both the SED and of
the emissivity of galaxies with redshift. In order to accom-
plish this, we have adopted the recent analysis of Fall et al.
(1996) and have also included the effects of metallicity evo-
lution on galactic SEDs. We have then considered the
effects of the y-ray opacity of the universe on y-ray bursts,
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blazar spectra, and the extragalactic y-ray background from
blazars. In particular, we find that the 1994 February 17
EGRET burst probably originated at z < 2. Because the
stellar emissivity peaks between z = 1 and z = 2, the y-ray
opacity that we derive shows little increase at higher red-
shifts. This weak dependence indicates that the opacity is
not determined by the initial epoch of galaxy formation,
contrary to the speculation of MacMinn & Primack (1996).

The extragalactic y-ray background, which may be
accounted for as a superposition of spectra of unresolved
blazars, and which we have predicted to be concave
between 0.03 and 10 GeV (Stecker & Salamon 1996), should
steepen significantly above 20 GeV owing to our estimates
of extragalactic y-ray absorption at moderate to high red-

shifts. Both the predicted concavity and steepening may be
too subtle to detect with present data from EGRET.
However, next generation y-ray telescopes that are present-
ly being designed, such as GLAST, may be able to observe
these features and thereby test the blazar background
model.

We thank Michael Fall, Matthew Malkan, Yichuan Pei,
P. Sreekumar, and Guy Worthey for helpful conversations
and comments; P. Sreekumar for making the latest EGRET
data on the extragalactic background available before pub-
lication; and Ned Wright for alerting us to a significant
error in our original manuscript.
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