h

e
A

Fermi National Accelerator Laboratory

FERMILAB~Pub-85/115-A
August 1985

SPECTRUM AND ANISOTROPY OF THE COSMIC INFRARED
BACKGROUND*

J. K. Bond'

Physics Department, Stanford University;
Institute for Theoretical Physies, U.C. Santa Barbara

B.J. Carr

Astrophysics Group, Fermilab
Queen Mary College, Londeon University;
Institute for Theoretical Physics, U.C. Santa Barbara;

C.J. Hogan

California Institute of Technology:
Institute for Theoretical Physics, U.C. Santa Barbara

ABSTRACT

If the luminosity per mass of the universe at redshifts
3£z £1000 were at least comparable to its present luminosity,
then a conspicuous cosmological infrared radiation background
would be produced. We survey a number of situations where this
could arise and evaluate the intensity of the background for
specific types of sources (protogalaxies, pregalactic stars, quasars,
black holes, decaying relict particles) in several candidate
scenarios, which are also discussed in terms of metal enrichment,
dark matter, and formation of large-scale structure. The spec-
trum of the background radiation is estimated, both with and
without dust obscuration. General features of cosmological radia-
tive transfer with dust are discussed. It is argued that dust is
expected to degrade the background to the far infrared, ~100um
to 1000um, where the wavelength of the spectral peak can be
predicted fror the total present day background flux and depends
only weakly on properties of the dust or the redshift of emission.
We estimate the statistical properties of the anisotropy expected
in the radiation and its relationship to the distribution of dust at
the time the dust is formed or the radiation is produced. Intensity
fluctuations at the few per cent level on arcminute scales are typi-
cal. The observability of this anisotropy is evaluated under the
assurnption that observations will be limited by confusion of fore-
ground extragalactic sources.
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1. INTRODUCTION

A great gap exists in our direct observations of earlier cosmic epochs,
between the highest redshifts z ~ 4 where quasars are observed and the much
higher redshift z ® 1000 where the microwave background is thought to decou-
ple. These "dark ages” were not necessarily devoid of radiation sources; indeed,
they are often assumed to include much interesting activity, including the for-
mation of galaxes, the first generaticn of stars, and the formation of massive
black holes which ultimmately power quasars. Yet observational searches in the
optical and near-infrared for protogalaxies at high redshlft. have thus far yielded
null results. One possible explanation for this non-cbservation (Sunyaev, Tinsley
& Meier 1977) is that young galaxies are shrouded in dusty envelopes which
obscure the very energetic acgivity within. More generally, it could be that any
line of sight is likely to encounter an obscuring galaxy at redshifts z % 4, and
that this is perhaps the reason why optical and near-infrared searches fail to
reveal any sources at higher redshift (see e.g. Ostriker & Heisler 1964.) Pre-
galactic radiaticn from z 220 would be obscured by even a small mean grain
abundance, so it is perhaps not surprising that the optical background from

these epochs is small.

The place to lcok for radiation originating in the redshift interval
5 £ z £ 1000 is probably in the far-infrared {100-1000um) for two reasons: {1)
energy absorbed by dust Is probably re-radiated and redshifted inte this band;
and (2) the universe is likely to be optically thin at these wavelengths, or at
least likely to permit a clear view to much higher redshifts. In this paper we
investigate the spectrum and anisetropy of such a cosmological infrared back-
ground, the relationship of its cbservable properties to the composition of the
universe and the sources of radiation at various redshifts, and the likelihood of

observing such a background with current technology.
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Such a study is made more urgent by the rapid progress in {ar-infrared
balloon-borne and satellite telescopes, which for the first time have allewed
observations to be made with a sufficient sensitivity to detect a plausible extra-
galactic background. Let us begin by reviewing the observational situation. To
compare bolometric energy flux in very different wavebands, it is useful to
express the energy density u., in terms of the radiation density per legarithmic
or broad-band frequency interval, i.e. 4nmuf,; to compare with the general
costrological energy budget we express this as a fraction of the closure density
(Perit = 1.9x107%r%gcm™ with A = Hg/ 100km s™'Mpe™). This specifies a

dimensioniess parameter {0z, which is related to other units by

dwe
uy{A} = A d)?- = 4nvl, = 1.1x10°0ph% eVem ™ = 5.1x107%QgA W em ™2

(1.1)

= Qph® A ] -1
¥ T 74x10-7 mopjwysr '

As a benchmark, the 2.7K background has an integral energy density
Qpr = 2.4x107°h 7%, with the spectral energy density (1.1) evaiuated at the peak

wavelength [Age = (3.9kT/ hc) ! = 1400u] giving 74% of this.

Ground based measurements, plagued by atmospheric emission, are not
very sensitive to diffuse backgrounds; for example. Qp < 3x107°h % at 2um
(Hoffman and Lemke 1978). Recently, the tentative detection of a background
with (Qp = 3x107%A % in the 2-5um band was reported by Matsumoto, Akiba, and
Murakami (1984) from a rocket experiment. At somewhat longer wavelengths,
better data have been obtained from the IRAS data set, There may be tentative
indications of an extragalactic background at 100um; Rowan-Rebinson (1985)

estimates an extragalactic background of order (p=4x107%2 "2, but much of this
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is possibly galactic in origin (Low et al. 1985 Hauser eial. 1984}. At longer
wavelengths still, Gush (1981) has detected a background at 500-1000 um from
a sounding rocket with Qz~10"%A 2 This is comparable with upper limits derived
from balloon data by de Bernardis et al. {1985), whose quoted upper limits at
~600um correspond to 4-7 x107%h "% for 3. At millimeter wavelengths, spectral
distortions in the thermal cosmic microwave background radiation (hereinafter
CBR) were reported a few years ago (Woody and Richards 1981) and several
authors suggested that partially thermalized pregalactic starlight might explain
them (Rowan-Rebinson, Negroponte, and Silk 1979; Puget and Heyvaerts 1980;
Negroponte, Rowan-Robinson, and Silk 1981; Wright 1982). The distortions are
now in doubt (Richards 1984, Peterson e al. 1985), but that does not exclude
the possibility that the distortions are somewhat weaker or at a somewhat
sherter wavelength than frst thought. There is considerable scope for improve-
ment in observational techniques, from forthcoming balloon experiments and
from the COBE satellite, and this is probably necessary to clarify the observa-

tional situation in all of these wavebands.

The following sirnple argument suggests that a far infrared background,
even from high redshift, may be visible above local emission. Suppose that the
universe is filled with galaxies having the same intrinsic IR surface brightness
and energy spectrum as the local galactic foreground ermission, and that this
holds true even at high redshift. Consider radiation from the redshift where
these galaxies would just cover the sky (this is typically 1+z 2 10, as shown in
§3). The observed integrated surface brightness of a galaxy at redshift 2 in an
(? = 1 universe goes like (1+2z)™* (e.g.. Weinberg 1972), so the total brightness of
this background will now be a small fraction (1+2)™ of local galactic brightness.
However, the radiation from the high-z galaxies will still be at least comparable

with local emission at fong wavelengths. This is because the high z background
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peaks at an observed wavelength (1+2) larger than the local emission, where the
latter is smaller than its own peak value by the Rayleigh-Jeans factor {1+2z)™3
and by a dust-emissivity factor <{1+2)7! (dust emissivity generally falls off at
least as fast as A™! in the far infrared). The combined effect therefore is that
the long wavelength contribution from high-z galaxies is likely to be competitive
with locai galactic emission. Thus, even very modest extrapolations of present
systems to early epochs could produce observable backgrounds at leng
wavelengths. Similar reasoning applies te radiation which may have been emit-
ted at even higher redshifts, befere galaxies formed. It is clear frem this argu-
ment that one benefits greatly from the spectral effect, which highlights the

need for having detecters in the far-infrared.

In section 2, we consider a number of situations where an infrared back-
ground might be expected to arise, independently of whether such a background
has actually been observed. We calculate the spectrum of the background on
the assumption that dust absorption is negligible and we emphasize the connec-
tion between the ultimate energy sources in these meodels and other

phenomena, such as the dark matter problem and heavy element production.

Section 3 introduces a simple model for the dust opacity and discusses
some simple analytical features of cosmological radiative transfer with dust. The
special case of abscuration by familiar types of galaxies is emphasized. Section
4 goes on to discuss the observed reradiated energy spectrum assuming that
sources of optical radiation are imbedded in a dust-filled universe. Here we
assume that the optical radiation is absorbed by the dust at z > 5, and degraded
into a longer wavelength backsround where the universe is optically thin. It is
shown that the observed peak of the emitted radiation spectrum under these
conditions depends only very weakly on the redshift or grain properties one may

adopt. Quite generally [cf. eq. (49)] one obtains a background in the wavelength
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band *#100~-1000um, depending on the total bolometric Aux at the present. Ulti-
mately, the insensitivity to the properties of the emitters can be traced to the
fact that the flux increases as a high power of temperature. The explicit red-
shift dependence is weak because a fixed present-day flux implies more optical
radiation density, hence hotter grains, as cne goes te higher redshift. This key

observation will guide much of our detailed discussion.

Sections 5 and 8 apply an equally crude but illustrative model for the aniso-
tropy. There will of course be inhomogeneities both in the amount of dust and in
its temperature (e.g, because of its varying proximity to sources of irradiation).
Here we estimate anisotropy by assuming that dust is at a uniferm temperature
but is nonuniformiy distributed, which ought to provide a good lower limit to the
true anisotropy. The problem then becomes the classic one of background light
anisotropy (Shectman 1973, 1974; Peebles 1980). with simplifications from the
high-redshift assumption. Observable statistical properties of the background
radiation can be related {quite precisely in this simplified model) to the three-
dimensional autocorrelation function of the dust. Concrete results are calcu-

lated in some representative cases,

In section 7 we regain contact with observation, and compare observable
features of the predicted anisotropy with the capability of present and planned
instruments, and with expected sources of extragalactic contamination. If such
a background is detected, is it realistic to expect to be able to observe its intrin-
sic anisotropy? The foreground noise for space observations is neither atmos-
pheric emission nor (at long wavelengths and small angular scales at least) zodi-
acal or galactic emission, but infrared galaxies at z < 1. A far-infrared high-
redshift background sufficiently intense to appear above local diffuse galactic or
zediacal ernission would probably have an anisotropy detectable above the

expected contamination from fereground galaxies, particularly with projected
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instruments such as SIRTF. For example, a 1-meter spaceborne telescope could
detect fluctuations in a 360um background generated by emission from dusty
protogalaxies at z 3 10 if they produce a flux Qp2107". Although such state-
ments are necessarily model dependent, the point we wish to emphasize is that
the sensitivity of these instruments is such that even a non-observation will
place strong constraints on otherwise viable cosmological scenarios. QOur con-

clusions are presented in section 8.

II. SOURCES OF THE INFRARED BACKGROUND

In this section we discuss several types of high redshift sources which are
expected to generate an IR background: primeval galaxies, pregalactic stars
(including exploding stars, which may have had profound effects on large scale
structure), accreting black holes, and decaying relics of the Big Bang. We will
estimate the total radiation density, Iy, and the peak wavelength, Ape. of the
backgrounds on the assumption that they are unaffected by dust. If this
assumnption fails, our estimate of Qgr is still applicable but Age is modified, as
discussed in later sections. The main results of this section are summarized in
Qpr—Age space, Fig. la, for various sources: corresponding spectra (Iz{A) are

given in Fig. 1b.

(a) Primeval galaxies

The most plausible source cf an IR background would be primeval galaxies,
in particular the first generation of galactic stars. Several arguments suggest
that there may have been an initial burst of massive star formation in our own
galaxy (and presumably others) in order to explain the paucity of low metallicity
stars {Truran and Cameron 1971). This implies the existence of a minimal back-

ground light density, whose characteristics we now calculate.
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The starlight produced by the burst, if received directly, would have a spec-

trum Qgp(A) peaked at a wavelength

1+ :
ZG‘ Mm (1CMp < M < 108Mp) {2.1)

-y

where 2zg is the redshift of galaxy formation (assumed to be the epoch of the
burst) and ¥ is the characteristic mass of the stars. The ¥ dependence in Eg.
(R.1) reflects the fact that the surface temperature of a star (Ts) scales approxi-
mately as #°? in the range of 10~10%M, (Ezer and Cameron 1971); we have nor-
malized the temperature to a value of Bx104K at M = 10%Hy since this is
appropriate for Population II metallicity (Bond. Arnett, and Carr 1984). Stars
larger than 10Mg are expected to produce most of the metals,so we only include
them in calculating the minimal background. We also neglect stars with
M > 10®HMy. For reasonable values of i and Zg, one expects Ay to be in the opti-
cal or near IR, If Q, is the density of the stars in the same units as used for the

radiation, the total radiation density is

o -4
Qpr ~ 4x10740 [m‘}

where £ is the efficiency with which radiation is generated from the rest mass

1+ZG -

n (2.2)

of the stars as a result of nuclear burning: if ¥ ~ 0.25, ¢ = 0.004 for ¥ = 10%8,
(Bond. Arnett, and Carr 1984) and it scales approximately as M%% for

IOM@ <M< 1021{{0 (Iben 1967)

The value of (2, in Eq. (2.2) is very uncertain but the fact that the burst of
star formation has to produce an enrichment Z ~ 0.001 (since this is the prompt

initial enrichment required) imposes a lower limit on Qp:

i et (2]

B!

Z
103

(2.3)

1+zG] [ 02M0}°-5
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Here Q, specifies the gas density of the universe after the burst of star forma-
tion and Z;; is the typical fractional metal yield of the stars. We have normal-
ized Zg; to 0.2 since this is a reasonable minimum value in the mass range
10—10%My; however, it could be somewhat higher (up to 0.5) for larger stars
(Weaver and Woosley 1980). Since ¥ is a function of Ay from Eq. (2.1), we can

treat Eq. (2.3} as a "spectral”’ constraitt in (Qpr—Ag space (Fig. la):

-1 . 0.7
SIS 15/ E25%

02} leij 10 ] (p
0.8 1MG]< A <12[1+z'3J (2.4)
Sl 1) oo '

The form of this constraint is shown by the curve 119 in Fig. la, for 1+z4 = 10. In
Fig. 1b, the associated spectrum {Ig(A} is plotted assuming that 30Mg stars gen-
erate the metallicity. The spectrum will be somewhat broader if realistic stellar
number densities and galaxy formation redshift ranges are used. (For a black
bedy, (Qp{Ape) = 0.740pr relates the peak of the spectral density to the
integrated radiation density.) Note that a somewhat smaller IR background
could be generated by the red supergiant phase of stars above 10#g (Campbell

and Terlevich 1984),

One can use the same sort of argument to predict the background associ-
ated with the metallicity observed in typical Population I stars (Z~ 0.01). The
appropriate redshift is now 2¢ 1 if the metallicity was produced recently, so Ay
is decreased and pr is increased. Curve I0 in Fig.l shows the background
associated with an enrichment of AZ=0.01 at z=0; we assume ﬂ.g=0.1
although, inthis case,a smaller value of Q; may be more appropriate. Sucha
background may have to be reprocessed by dust in order to avoid the observa-
tional constraints in the UV and optical (Peebles and Partridge 1967, Thorsten-

sen and Partridge 1975; Carr, Bond, and Arnett 1984).
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There could aise be a background from stars smaller than 10Mg which pro-
duce little metai contamination. However, most of these would burn out at
z<zg: a rough fit for the main-sequence lifetime is £ ~ 10'9( M/ M) *?y for
1Mo < M <10My and this exceeds the age of the universe at z, unless M
exceeds M, > 5({1+zg)/ 10)°7h%%002 . (The expression for M, assumes
l+zg > Q7)) If we use the approximate relationships Ts x M%7 and £ « #°2 for

stars in the range ¥, > # > 1 Mg we obtain

P 0.4
Ape = 0.5 A I (2.5)
7 -1.2
Qrr(Ape) ~ 7x10"49-[ﬁ (2.6)
0]
Q -1.5 vz )o.s A
~ —d4 *» r k -
=~ 2x10 [0.1 [Eﬂ . 5 J > m >05.

This exceeds the contribution from stars in the range 10Mg > M > M, The red-
shift of galaxy formation only enters Eq. (2.6) through the long wavelength limit.
To show how large (p could in principle be from such stars, we plot Eg. (R.6) in
curve TS of Fig. la for the maximum value (0.1) of Q, consistent with dynami-
cal constraints. {1, is likely to be much smaller. Indeed the optical constraints
demand that it be much smaller unless the light is reprocessed by grains., Stars
smaller than 1#g would still be burning: if we assume their lumminosity and tem-

perature scale as #* and #%7, respectively, we obtain

-0.7 3
A el M
Ape Blo.mo #. Opr(H) ~7%10 v[o.m@

Stars with M <0.1M could in principle provide the dark matter in galactic

Q,

0.1 @7

halos; curve LMS in Fig. la shows the associated background if # = 0.1Mo
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(b) Pregalactic stars

A more speculative source of an IR background would be a population of
pregalactic stars. In many cosmological scenarios one would expect such stars
to form because the existence of galaxies implies that there must have been
density fluctuations in the early Universe, which would in sorme cases extend at
z ~ 1000 down to scales as small as ~10%#g. Thus the first objects to form could
be pregalactic clouds with this mass {Peebles and Dicke 1968: Carr and Rees

19684, Peebles 1984),

These clouds would presumably fragment into stars. The background radia-
tion generated by these first stars can be derived as in case (a), but the
wavelengths will be reduced by about 0.6 (because zero-metallicity stars are
somewhat hotter than Population II stars) and the appropriate values of Q. M.
and z will be different. The value of # is particularly uncertain. Sorne authors
have argued that the first stars could be much smaller than teday (# < 0.1Mg)
due to molecular cooling (e.g. Palla, Salpeter, and Stahler 1984). In this case,
most of the light would be produced at the present epoch {z ~ 1) and the fact
that the stars were pregalactic would be largely irrelevant. Others have argued
that the first stars could be much more massive than the cnes forming today
{perhaps in the VMO range above 10°M,) due to the lack of metallicity and/or
the effects of the 3K background (e.g., Silk 1977, Terlevich 1983. Kashlinsky and
Rees 1983). Pregalactic clouds might collapse and the first stars form at a red-

shift zp around 100; providing

f
Zp < 2, (M) ~ 300 mn{l'[lﬂfﬂ
o]

(QR?)VE  (H > 10My) (2.8)

this is also the redshift at which most of the light from stars of mass & will be

produced. Therefore z, = min(300,2p} is the redshift of light production.
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The value of 2, cannot be predicted in the pregalactic star model, but it
can be constrained (Carr, Bond, and Arnett 1984). For example, if we assurne
that the pregalactic enrichment cannot exceed 107° (the minimum metallicity
observed in Population [ stars), this implies a limit on the .density of radiation
from stars in the mass range z,/3<M/ M5<i0% of the form given by Eq. (2.3)
with zg~2, > 100~300. Since Ay is 0.6 times the value of Eq. (2.1), this gives

e

Qeriiee) <2><10-?[OZE} [c?i}

(2.9)

0.7
1+z.,] < Agk <5 1+z,,]
100 ]~ w 100 |

For stars in the range 10<M/ My<z,/3. which burn out after z, Eq. (2.8)

implies

)‘pk:

I P e ¥ N F T ke W
Qrr(Ape) < 4%10 f’{um} [ z A 53 >-;LL>2. (2.10)

(These limits are very conservative; it might be more reasonable to assume that
the pregalactic enrichment cannot exceed 107°, corresponding te the minimum
Population I metallicity (Bond 1981}, in which case {lpr is reduced by 100.)
Curve [7100 in Figs. lab indicates the maximum background consistent with
Egs. (2.9) and (2.10). Since z, < 300, the peak of the undegraded backgrocund

never appears beyond 12 4.
It the stars were in the mass range 200—10%#, they would be expected to
collapse to black holes after their main-sequence phase without any metal ejec-

tion (Bond, Arnett, and Carr 1984). Here our best constraint is that these holes

should eventually cluster inside galaxies, sc the density of their precursors must
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satisfy (0, € 0.1 in order to avoid malking too much dark matter in galactic halos

{Faber and Gallagher :979). From Eq. {2.2). one thus has a limit for their pre-

142, \
56 \‘“ (2.12)

where we use the fact that g5 and Ts are independent of M for such stars. Of

black hele radiation

17,

o al 1tz
QRT(APIC) < axi0 3{ Teo

course, if VMOs with M > 200Mg formed efliciently, their remnants might be
good candidates for explaining the dark matter {Carr, Bond, and Arnett 1984).
Black holes could also derive from SMOs (iL.e.. stars larger than 10°My) since
these may coilapse directly, even before burning their nuciear fuel, as a result
of relativistic instabilities (Fowler 1968; Fricke 1973). However, black holes
larger than 10%My are precluded trom providing galactic hales by dynamical
constraints (Carr 1977, Lacey 1984), so there is only a narrow mass range in
which pregalactic stars could generate the dark matter without also generating
considerable radiation. The maximum IR background frotn pregalactic VMOs
with M > 200H is shown by curve VMO in Figs. la,b. Clearly, if the dark matter
does derive from such stars, the existence of a large IR background is an inevit-
abie consequence: Eq. {2.11) with z, =~ 10 implies that Qp could be as high as

4x1075,

(¢) Black holes

A third source of an IR background cculd be accreting black holes, such as
the precursors of the black holes which are currently thought to power quasars
(e.g. Rees 1978) or holes hypothesized to explain the dark matter in hales. A
great deal of uncertainty exists because the luminosity of the heles depends cn
how they are fueled, and how the energy released in accretion is reprocessed in

the surrounding medium before escaping.
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If Qy gcc is the mass density of the matter which accreted onto the holes at

redshift z, and ¢ is the efficiency of its conversion to radiation, then
{lpp = sf)b'm(1+z ,)—l . (2.12)

Clearly, a large abundance of efficlently accreting holes can be strongly ruled
out from background light constraints. We consider two models: one in which
(% acc ~ (O and which might be applicable to active galactic nuclei (hereinafter,
AGN’s), and the other in which (0 ¢cc < (0 and is perhaps meore appropriate to

smaller black heles acereting in the pregalactic medium.

First consider a case which might apply to observed galactic nuclei {see e.g.
Begelman, Blandford, and Rees 1984). Assume that each present-day galaxy
contains a 102 M, hole, and that at z, ~ 10 each of these holes radiated at the
Eddington limit Mg for the time it takes to double its mass. (This applies,
in particular, if the hole derived from a much smaller initial "seed"

hole .) This rtimescale is the mass—-independent "Salpeter time"

(Mgs M)™' = 4.1x10% y (2.13)

which equals the age of the universe at 1+z = 8.4Q" VY3323 WithQ~0.1in
galaxies and 10'*#, per galaxy, (b g = 107% hence Qpp ~ 107%2({1+2,)/ 10)™".
Much of the bolometric luminosity in such an Eddington-limited flow is thought
to come i{rom the photesphere of an optically thick accretion torus and to pro-
duce a roughly thermal spectrum with temperature ~20 —30,000 K (Begeiman
1984), corresponding to an observed peak wavelength Ag ~ 2uf{i+z,)/10]
More generally, if blackbody emission cccurs frem a photosphere at a distance
10¢, GM/ c? from a hole of mass M = 108#yM,, where ¢, ~ 1 would correspend

to the inner edge of an accretion disk, then the temperature would be
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T = 5.5% 103K 7Y M 7 M)V M4 (2.14)

The low temperatures observed in AGN's seem to imply large £, and hence large,

optically thick accretion tori.

However, this picture may be inappropriate for pregalactic holes. For the
case of halo holes accreting from a nearly uniform medium in their early his-
tory, M may be much less than the Eddington rate. To estimate Qp we adept the
Bondi {1952) accretion rate for M appropriate to spherically syrmmetric accre-
tion onto slewly-moving holes located in a medium with gas density », and tem-

perature T = 10*T K.
Hp/ M = (5.3x10%) " Mg(ng / cn ) T7¥2 (2.15)

We parametrize the gas density by ny = 1.1x1073Q,6h*1 +2)%m %, where §, the
gas clumpiness relative to the cosmological average, could be quite large.
The fraction of material accreted over a Hubble time at redshift z, is relatively

small (unless 4 is large), vielding an associated radiation density

Q
Opr =~ 6.6% 10*3[;—11143 [ﬁ (0, 6RQ"VVRT ;Y2

(Carr, McDowell, and Sato 1983). Though £ may be quite small if accretion

172
it+z,

5 (2.18)

is truly spherically symmetric, the Bondi formula still applies for gas with
sufficient angular momentumn to form a disk, since the accretion radius is

Ry ~5x10%T1GH / c? £ ~ 0.1 is plausible for thin disks.

Radiation frem thin disks may be predominantly nonthermal, though a
blackbody could arise for sufficiently small aceretion rates,
M/ Mg < 1.2x107%HM§"/® (Eardley et al. 1978). The temperature is approxi-
mately given by Eq. (2.14) with ¢; ~ 1 {c!. Begelmén 1984). With # given by Eq.

(2.15), we have
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174 /4 3/4
VI L N ST
Taise ™ 3X104K[[f1]] [ %.l T8¢! T (2.17)
hence an observed peak wavelength
-174 a)-1/¢ /4
~ £ ] Qg 6h ] sra gz 1t {218
)‘P“"l'a“[o.lj [ ot ) HT T ' (2.18)

The background level expected for Bondi accretion with &~1 at z =40
for a dark matter density (ﬂ.bNO.l) of ].06]5‘[G holes is indicated by
curve VMBH in Fig. la. The value z,=40 is chosen because Carr et al.
{1983) argue that this is the redshift at which the Bondi rate first
satisfies the Eardley et al. criterion for a thermal spectrum and most
of the radiation should come from that epoch.

If & or z, is large enough, I.*LB can exceed %E and accretion would
be Eddington-limited. This could conceivably apply even for the dark
matter holes,in which case Eq.{2.12) implies a very high value of.D.RT
indeed. It should anyway apply for black holes in active galactic nuclei:
curve AGN9 in Fig.l indicates the background fromEddington-limited

aceretion at z,=9 withR, ~ 10—5.

b
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(d) Formation of Large scale structure

Several authors have proposed that galaxy clustering is a byproduct of
energetic events at high redshift. In a scenario propoesed by Ostriker and Cowie
(1881), the structure is created by hydredynamic motions of gas caused by
supernova explosions. The thermal energy density required to generate struc-
ture having (dp/ p) ~ 1 on a cemoving scale d = 10d,9Mpc is characteristically of
order {Hogan 1984)

2

Q. h
PinarmarCe = my(H (2 )d(1+2.) VP, =~ 107 %V cm'3(1+sz)(l+zz)3[ gl (hd1q)?

where my is the nuclear mass, (), is the density parameter of gas destined to
form clustered galaxies, and z; is the epoch of the explosions. Suppose super-
novae generate 100gz times as much energy in optical light, including all of the
light radiated by their main sequence progenitors (which probably exceeds the
light from the blast itseif), as they do in blast energy. Then their radiation back-

ground would have an energy density (for 3 = 1) independent of 2,:
QRT o 10-432(‘.’9._1.&24120 . (220)

Sample parameters for supernovae explosions are e,~03 for 10M stars and ~ 3
for 50My stars. However, a metallicity constraint appiies to the explosive energy

available from metal producing supernovae: with optirnal parameters,
Pexpc? £ 2x107%V cm 3(Q R/ 0.1)(1+2,)%(Z/ 1079 , (2.21)

where Z is the allowed average metallicity. This limits the characteristic scale
d over which nonlinear structure may arise. It is also possible to have exple-
sions which eject no metals, involving VMOs (Bond. Arnett, and Carr 1964) or the

jet energy from AGNs.

{2.19)
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These estimates obviously depend sormewhat on the details of how the explo-
sive energy release translates into nonlinear structure for motion, but any simi-

lar scheme is likely to produce an intense background.

A different mechanism {Hogan 1983; Hogan and Kaiser 1983) is to generate
large-scale structure using radiation-pressure gradients from pregalactic radia-
tion sources at z 3 100. This mechanism can be much more energy-efficient
than the previous cne. Even so, successful and plausible models of this type
usually require an infrared flux 1% of the microwave background flux. or
Qg » 1077 So it appears that if galaxy clustering energy is not a primordial
phenemenon, the concomitant waste heat from whatever process produced it is

likely te be observable.

(e) Decaying Particle Backgrounds

Decaying weakly interacting relies of the Big Bang which have photons in
cne of their decay channels generate an electromagnetic background The
amplitude and wavelength regime depend upon the abundance parameter Qg
the massive relic particles (which we call X) would have had today had they not
decayed, their mass, my, their lifetirne Ty (or, equivalently, their decay redshift
z4 defined by H(zy)Ty = 1), and their branching ratio to the photon decay
modes, By. For heavy neutrines of mass <1 MeV, Silk and Stebbins (1983) have
shown that, if 7y < 50 y, the decay energy is unobservable, being predominantly
redistributed into the microwave background. 1t 50y < Ty < 3x10%, the decay
energy will give a Bose-Einstein distorticn of the CBR with a nonzero chemnical
potential which current observations now strongly constrain. Longer lifetimes
give backgrounds with present spectra which just reflect the redshift of the phe-

ton decay energy.
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For illustration, consider nonrelativistic relics decaying in the epoch after
Bose-Einsteinization. Corrections for relativistic decay are straightforward {Silk
and Stebbins 1983) and do not affect the result appreciably in the regime of
interest to us. We assume a radiative decay moede Xy - X; + ¥ where the weakly
interacting product X; is taken to be much lighter than Xy: the photons are
then produced with an energy my/ 2 When redshift eflects are taken into
account, the energy now at the peak of the spectrum is Cymy/ {1+24), where
C\ ™1 is a constant which depends upon whether zy falls in the radiation or

matter dominated era. The peak wavelength nowis

A ——E'-lgi' 'L \:osz fmy/ ke V)L, (2.22)

The density in decay radiation is

BxQy
Qrr = ¥Ce l):-zf = 5x1078Ce By Qp

10°
mﬂ (2.23)

where Cp & 1 is another constant depending upon the epoch of decay. Thus a
lkeV particle decaying at redshift 10° with abundance Qy ~ 1 and By ~ 1 would
produce a 100u background at the 5x107° level, near the limit of IRAS sensi-
tivity.

We have assurned that there is no relationship between (y, my, Ty, and By.
For specific models, there will be. For example, for massive neutrinos with
m, < LHeV, Quh® = 10(m,/ keV): lkeV neutrines decaying at z ~ 10°% could then
be ruled out by current [RAS limits {Low ef al. 1985 Rewan-Robinson 1383) if
B, ~ 1. Typical neutrino decay models give lifetimes much longer than this (de
Rujula and Glashow 1980).

The spectral shape is typically of form

Qe (A) = (Apk/ AP expl—RC, (Age/ AP}, (2.24%)
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where the constant Cs ® | and the power p is 1.5 or 2 depending upon whether
zg lies in the matter or radiation dominated eras. The spectrum is plotted in
Fig. lb {curve DP) for a particle with By(Qy = 107° decaying with a lifetime

Bx10% {zg = 10" inan = 1, A = 0.5 universe.

. THE OPACITY DUE TC DUST GRAINS

In this section we will examine how the presence of dust can modify the
spectra derived in Sec. 2. By making rather simplistic assumptions about the
form of the grains, we derive the radiative transfer equation and use this to

determine the circumstances in which the Universe goes opaque.

(a) Grain characteristics

Let us assume that a fraction {}y of the critical density is in the form of
grains. The absorption cross-section of each grain is close to its geometric
cross-section for wavelengths A well below the grain size ry., but for typical
grains it falls off roughly as A~! for wavelengths between r; and 200u; at longer
wavelengths the slope steepens. tending to A2 at around 10%u (Erickson et al.
1981; Schwartz 1982; Draine and Lee 1984). For simplicity, we assurne the grains
are spherical. Unless they are extremely elongated, and are also good conduc-
tors, these assurnpticns will not change our results by more than a factor of
order unity (Purcell 1969; Hildebrand 1983; Wright 1982). Many of our resuits

carry over to the case of melecular cpacity {see Appendix).

Since we are generally interested in absorption in the optical and UV, and

emission in the IR, a convenient expression for the grain absorpticn rate at {re-

g al—1
T o

quency w is

Fo(w.z.t) = nq(z.t)ogc|l +
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Here o4 = nT¢, g is the grain number density at position Z and time ¢, and
wg=¢ Cy/ T4 is an angular frequency characterizing the onset of the A™! behavior.
(Typically Cy ~ 1. so the equivalent wavelength is Ay = 2nry.) The value of = is
known to vary widely for grains in the galaxy, models typically have a spectrum
of sizes between 0.01x and 0.3u {Mathis, Rumpl and Nordsieck 1977). An inter-
mediate value of 0.1u is here adopted as a fiducial standard. Equation {3.1)
ignores all resonant effects; spectral features with A/ A< 0{1) would be impor-
tant for observations with good spatial and spectral resolution {Hogan and Rees
1979} but can be negiected for many purposes because they tend to be smeared
out by cosmological redshift eflects into an effective continuum (see Appendix).
We are also ignoring scattering processes: although these have a cross-section
comparable to that for absorption if © = w4, they are irreievant for our pur-

poses.

(b) The radiative transfer equation with dust

The eflect of the dust on the background radiation can be derived by con-
sidering the radiative transfer equation. If we neglect scattering, Doppler shifts,
stimulated emission, and polarization, the transfer equation for the distribution

function f {g.2.t) in an expanding Universe takes the {orm:

a@t * ‘};@'Vf =Ta(g.2.t)(foq = F) + Ps(g) (3.2)

where

-1
Jeqg = [exp[g%d—] - 11 . {3.3)

The general relativistic scalar f is the mean occupation number of the comov-

ing momenturn state g in the neighborhood of the spacetime point (z.t), f,q is
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the Planck distribution function, Pg is the radiant emission incident upon the
grains, and a = {1+2)7! is the cosmological scale factor. The grains are
assumed to be in thermal equilibrium internally with temperature 7y. We take
h=c =k =, so the photon energy is an angular frequency « and the ternpera-
ture is in energy units. The anguiar frequency cobserved at the present epoch is

= wa and the associated wavelength is A = 2m/g. In this section and the next
we consider only the angle-averaged version of Eq. {3.2) for spatially uniform Ty.
The spatial gradients and z-dependence of the absorption rate are therefore

ignored, although they are explicitly taken into account in Secs. & and 6.

The emission rate of the grains into the momentum space volume
d% / (2ra)? is [y feg- Thisis related to the grain iurmnomty densuy for radiation

in the frequency band {w,0.+ da), x.d(w t)ydw/w, by

4
Lafw.t) = ;—{H Ta(g.£)feq(g.2) - (3.4)

Similarly, the luminosity density Z5{w,t) associated with the source term Py in

4
Ls{w.t) = ﬁg‘{i‘] Ps{g.t). (3.5)

For sources which emit before the dust is formed, the time-integration of Ps(g)

Eq. (3.2) is

just gives rise to the distribution function f{g.ts) at some initial time fg5. If

thermal sources are homogeneous, we then get

fs(a.f) = f dt'ng ()LL) ﬂg{ [wi’m]-ll' | (3.6)

Here [, Ts and ns are the luminoesity, temperature, and number density of the

sources. Added Lo this is the thermal CBR distribution function.
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(c) The angle-averaged optical depth

If we neglect spatial gradients and re-emission, the hornogeneous transfer

equation has the simple sclution

flg.t) = flg.tslexp[-F(g.ts) + T(g.t)]. {3.7)

Here T{g.t) is the angle-averaged optical depth of the Universe for a photon of

present momentum g from the present (ty} back to time ¢:

ny(t)oget |

L [1+ 20 [___
q 4

¢
T(g.t) ="Z"I'a(t)dt = (3.8)

3

P

(The form of the denominator comes from evaluating the integral in the high
and low frequency limits and linearly interpolating.) In terms of the reduced

observed wavelength A= A/ 2w = ¢! and the redshift z, we have

_ - - - !7«1 *
F(A2z) = -;—Q:Q VaPcn‘tPid[C"l:?'d 1(1'*'2)3/2[1 + 3(15—&) ,ﬂ
3/2,' a
_ 1+ l 5 i?ﬂ
~ 1.304,_5Q 1,2h(2—/pid)(01,£&/ 1’5)[ lc:z [l + 3(1"5’) ;ﬂ

e = 2la—1
3+2a

-1

-1

. (3.9}

where we used the relation t:%H:Q‘Vz(Hz)‘S’z, which is valid for 1+z > Q7
- .
Hy =~ 31072 "!s is the Ruskle btime  and pyq is the internal grain density in

g cm % The redshift at which T reaches 1 is thus given by

R/S . 2/ (1-¢)
1+zl=10[ﬂ [1‘1();_2_@591/5}1—2/5[92;‘1_] (1—-5)""’5}

-e 3g/%
Td A
X[m‘] [ﬁ ., A> T'd/ar (Slﬁa)



_24__

23
= 8.20;_2../530‘/3:’1-2/3[0?;# (pid/a)afa , AL ry/a, (310b)
where Oy _s=10°Qy. The form of (3.10) is relatively simple if « = 1 {2 = Q). Fig.

2 indicates the A-dependence of this redshift for a particular case.

In the x> ri{1+2) case, it will also be useful to express the critical redshift

for absorption in terms of the emitted wavelength [A, = A(1+2)7!]:

273 2{a-1)/3
3 7:2{ )

Ao _ - -
1+2z = le{o.ih (Qg.-s0 Y30/ 2) TR {1 -2)] 2"’[“ . R>Tq . (3.11)

This equation specifies the rminimum grain abundance required te make the
Universe opaque to radiation of given emitted wavelength at a redshift z. In the
A< 1;(1+z) case, the equivalent condition can be derived directly from Eg.

(3.10b). The opaque ({y.2) regime in this case is indicated in Fig. 3.

Sco far we have assumed that the grain abundance is fixed. However, (4
raust itself be a function of z, so Eq. (3.10) only determines the redshift when
the Universe goes opaque implicitly. Cne can regard (4{z} as specifying a tra-
jectory in Fig. 3. The Universe will be optically thick te dust absorption for seme
periced providing this trajectory penetrates the opaque region. Note, however,
that Fig. 3 assumes 7&(1;(14—2) and abserption is only guaranteed for radiation
which always satisfles this condition If the radiation is generated before the
grains, it may be redshifted to the waveband in which the absorption efliciency
is reduced before it encounters them. Thus penetration of the opaque region in
Fig. 3 is a necessary but not sufficient condition for abserption. Whether or not
{34({z) does penetrate the opaque region is uncertain Since quasar-reddening
measurements imply that a uniform dust distribution must have )y < 6x107%A~}
for z < 2 {Wright 1981), T is certainly below 1 at the present epoch. On the other

hand, this limit does not apply for clumpy dust (Ostriker and Heisler 1984) and
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in any case only a tiny abundance would be required to ensure absorption at
high redshifts. For example, Matsumoto et al.’s {1983) IR background (if real)
might derive from unabsorbed pregalactic stars at z = 100 (Carr, McDowell, &
Sato 1983 ), but even an Qg of 107% at such a redshift would suffice to absorb the

starlight {de Bernardis et al. 1885).

(d) Absorption by dust in galaxies
As emphasized by Ostriker and Heisler {1984) and Alfvén and Mendis (1977,
but see Pcllaine 1978), it is possible that the dust in galaxies alone could provide

sufficient opacity to abserb any pregalactic background. The contribution of

galactic dust to (4 can be written as

O P X
g =10 [ [0.1

0.01] ][QGB } (8.12)

JICE R

where ¢4 is the fraction of the gas mass in dust, ¢g is the fraction of the galactic
baryons in gaseous form, and Qg is the density parameter associated with the
baryons in galaxies. Thus, (g ~ 1077 is a typical galactic contribution, and

(y ® 107*is feasible at early times if some dust is later swallowed by stars.

Provided the redshift of galaxy formation exceeds the redshift at which
T = l,given by Eq. (3.10b), pregalactic radiation will, on the average, be absorbed
by intervening dust in galaxies. However, if the dust is sufficiently clumped that
it does not cover the sky, then most pregalactic photons could propagate to the
observer unimpeded even though the average value of T exceeds 1. Thus, in
order to ensure absorption, we must supplement Eq. {3.10b) with the covering
condition. If the galaxies have a radius Rg = 10R¢ckpe and comoving number
density ng, (assumed constant), then their covering factor at redshift z {ie.,
the fraction of sky covered if this is less than ! or the number of galaxies along a

typical line of sight if this exceeds 1) is
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K = No(z) ¥ ng REct V2 [(14+2)¥2% ~ 1], (1+2 > 071, (3.13)
This reaches 1 at a redshift

]—2/3

o1 ]z/a Q
L+ 2= 11}?5{5" 1B [OGB DR-HE (3.14)

107%*gem™3] 01
comparable to the redshift (3.10b} at which 7 reaches 1. The galaxies have been
assumed to have a uniform internal density in baryons, pigp, and baryonic mass
Mg = 4mpigp R/ 3. The density parameter for baryons in galaxies is then given

by

- ki W pws ]
Qeg = 2x107° : ' -
@ ==X [0.0lhsﬂpc ‘SJ{IQ-E'lg cm-aJRé‘th (3.15)

where the normalization of ng, is that of bright galaxies. Dwarf galaxies, espe-

cially at early epochs, would give much larger values of ng,.

Note that the covering factor is just the optical depth given by Eq. (3.9)
divided by the optical depth associated with an individual galaxy; for

wavelengths less than vy, the latter is

-1
PicB .| Pap T4 l Pics 1 2

~ 15 Rpwoi = ' {3.18
Pua l%% [10‘3 HO.l,u.] [m‘a“gcm"aJ GO P (8.18)

A mere precise treatment of the effect of galactic cbscuration would obvi-

ously have to allow for the way in which the grain abundance in the protogalaxy
builds up as its radius decreases. At present a typical galaxy has AT <1
(although it may be opaque along some lines of sight if it forms a disk), How-
ever, both the {actors ¢4 and ¢, change with time, so a typical galaxy could still
pass through a phase in which Ar exceeds 1. Initially the galaxy will centain no
grains and so any starlight will propagate out unimpeded. After a while, how-

ever, ¢g may reach a value at which the light gets absorbed before escaping
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from the galaxy (AT > 1 in Eq. {3.16)). This is certainly plausible if g4 rernains of
order unity during the dust build-up. Eventually, as continued star formation
decreases the gas content, the galaxy may become optically thin again. It is not
inevitable that galaxies pass through an optically thick period like this, but if
they do, it would have important censequences for gquasar evolution [t would
also invalidate some of the considerations of the next two sections. IRAS results
seern to indicate that only a small fraction of galaxies at the present absorb

most of their own optical emission (Soifer ef al. 1984).

V. THE SPECTRUM OF THE RE-EMITTED RADIATION

In this section we will calculate the spectrum of the radiation emitted by
the grains. In order to do this, we first calculate the grain temperature. Provid-
ing the bulk of the emitted radiation is not re-absorbed, a condition which we
show is usually fulfilled, the spectrum can be estimated straightforwardly. We
confine ourselves to analytic considerations; a proper integration of the radia-

tive transfer equation has been undertaken by Negroponte (1985).

(a) Thermal balance

After the pregalactic radiation has been absorbed, it will be re-emitted with
a spectrum which depends on the grain temperature T;. Providing the grains
absorb and emit their own heat capacity in radiation on a timescale short corn-
pared to the cosmological tirme (but that grains are large enough that radiative
equilibrium is not affected by single photons), Ty will be determined by the bal-
ance of emission and absorption. If we assume that only the pregalactic sources
and the CBR contribute to the incorming radiation, and if we neglect IR self-
absorption and the fact that scme of the initial radiation wili have already been

absarbed, this balance gives
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2 Telt)* _ rns{tLa(tt alt)dt’ A2 T.(t)* (4.1)
15 1+8lwg/ Ta(t)]* ~ 4 1+8lwgalt)/ Tsa ()] 15 1+8[wy/ T, (1) '
where T; is the CBR temperature and
IR ¢ S a9
£= (B+o)!¢ara (£2)

Equation (4.1) is only approximate. The denorninators were obtained, as in Eq.
{3.8), by evaluating the integrals in the w « wg and @ > wy limits and linearly
interpolating. This is a reascnable bridge between the two extreme regimes.
Inclusion of prior absorption of some of the source radiation would reduce the
integrand by a factor expi{F(g.t') — 7{(g.£){. However, (4.1} is a gocd approxima-

tion for the dust which is re-emitting most of the energy.

Qur approximation here in assuming uniform T, is only valid if, from a dust
grain's point of view, an appreciable fraction of the optical radiation impinging
on it comes from sources outside its own local concentration of stars. This is
equivalent to assuming that at least ~1/2 of the UV radiation escapes from a
tyvpical source.This is certainly true of galaxies today, and likely to be of pre-
galactic associations as well. Thus for the higher density, optically thick
universe, the spectrum of the reemitted radiation is likely to be relatively insen-
sitive to the dust and source distribution. If this assumption is not valid, then
our estimate of the spectrum breaks down and becomes dependent on specific
details of the source intensity and evoluticn, and the dust distribution, espe-
cially its density contrast. If dust were in "cocoons” around sources, the radia-
tion would appear at a shorter wavelength today than in this calculation; we are
therefore estimating the "softest” spectrum the re-emitted radiation could be

expected to have. This limiting case may alsc be the most plausible.
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The presence of the CBR appears in the second term on the right hand side
of Eq. (4.1). and ensures that Ty is always at least as large as T.. The heating
effect of the integral term in Eq. (4.1) will tend to make 7y larger than T,.
Indeed the CER term may be relatively unimportant because one expects the
sources {unlike the CBR) to have Ts > wy. It will be useful te introduce a param-
eter £ which gives the ratio of the comoving radiation density generated by the

sources, us,(t), to the comoving CBR density:

4
aTe)* = Qps(E)/ Oear(t) . us,(t) = [ns{t)L{t)alt ) ar .
s

%

F(t) = ‘U.s,(t)/

Eq. (4.1) then implies that the heating effect of the sources at redshift z will be

significant for

IOS(I-C(} ]

* 1+z]m
&) (&.4)

10 |

Flz) 2 5x10-ﬂ{oz‘“}

Providing Ty is well below wy, Eq. {4.1) has the simple solution!

1
e ]
r 4+a
aTy(z) = aT, (2)|1 + F(Z)B{o.:p 11;: . (4.5)

<— Because of the small value of the exponent, 7y is never very different from

T;. When (4.4) is not satisfled, it is almost exactly equal to T,; even when that
condition is satisfled, Ty never exceeds 7, by mere than a facter of 10. (The
reason for the small exponent in (4.5) can ultimately be traced to the T* law for
blackbody radiaticn.) This shows that the assumption Ty < wg is well justified so

the calculation is consistent. The fact that aTy is nearly constant has important

1 the depth is large enough that the optical and UV photons get used up quickly, the
effective value of F' in Eq. (4.5) will decrease and so Ty will fall to T;. However, most of the
light will be emitted at the temperature corresponding to the initial vajiue of Ty, the time-
integrated spectrum falling as A ™%,

_v!.'

ul
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implications, since it means that the bulk of the re-radiated refuse of the pre-
galactic sources tends fo pile up in one waveband. The other notable feature is
that this band depends only weakly on various uncertain and ill-determined

parameters, such as ry.

The significance of these results for present day cbservations is indicated in
the (g.a) space of Fig. 2. The above analysis pertains to incident radiation to
the left of the "photosphere,” given by Eq. (3.10). We see that the radiation is
unabsorbed only below a critical redshift which, for pig = 3gem™ and r¢ = 0.14,
is given by 1+2 = B(Qq-sh)™*3 A line of Ts = 3x10*K has been drawn to show
where a typical photon at seurce will lie in this space. However, if this photon is
absorbed, it will generate a large number of IR photens external to the IR photo-
sphere andlthese will propagaie along horizontal trajectories until the present if
Tz is to tble right of the (IR) photosphere at that time. These trajectories
correspand to the lines Ty specified by Eq. (4.5); for comparison the line g = a7,
is also shown. The photons will appear as a far IR background or as distortions

in the CBR according to whether or not Eq. (4.4) is satisfied.

(t) The angle-averaged IR emission

Here we obtain the spectrum of the radiaticn ermnitted by the grains, assum-
ing that we are not in the regime where IR self-absorption is important, and that
aTy is approximately constant. The angle-averaged distributien function at the

present time is the solution of the radiative transfer equation (3.2):
~g.t gt
7(g.£0) = fag(@){L = e T 4 e TS g t5) (4.6)
for T << 1 the first contribution just reduces to

7 (q.tc) = foq(a/ aTu)T(q.t5) (4.7)
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The associated integrated energy density is thus smaller than the equilibrium

black-body density at temperature 7; by a factor {474 .t5):
Qpr = 877 Ta bs X Ta/ TV Qeap - (4.8a)

The input source comoving energy density equals the output grain comoving

energy density: Qpp = Qps(ls)/ {1+25).

The observed energy density spectrum associated with Eq. (£.7) has mere

power at short wavelengths than an equivaient blackbody shape:
_ x4+a _
Qe () = 0.04(443)931{;-:}, z=q/Ty. (4.8b)

It peaks at the comoving frequency g & (4+a)aT; and hence the wavelength

f a
1| T4
Ape = 365IF 1[0—1“—}

which depends only weakly on the redshift of emission. If ry 3 107%u, Api neces-

1

! Q-\
a 4+a

1 !
1tz dtale, oy 3+ '1‘9\4*4) [ A
5 (48} 10 J (4.9)

10

sarily exceeds 200u for & = 1, £ £ 1; for comparison, (Qgge peaks at 1400u. (The
auerage energy correspends to 2000u for the CBR, and 480u for the grain emis-

sion.) The appropriate value to use for z in Eq.(4.9) is discussed in§5.

Of course, Eq. {4.8) describes only cne of three components of the back-
ground radiation. There is also the unabsorbed optical background and the
unabsorbed CBR (which certainly dominates at long wavelengths). The overall
spectrum therefore has three peaks, with Eq. (4.8) corresponding to the middle
cne. In the limit of high redshift or smaill IR flux, two of the peaks are almost
superposed, so that one expects distortions in the CBR spectrum instead of a
distinct far-IR background. These qualitative features appear in numerical cal-

culations of McDowell (1985) and Negroponte (1985).



-a2.

(c) Reabsorption of grain radiation

So far we have assumed that the radiation from the grains is never reab-
sorbed. This is justified providing the opacity given by Eq. (3.9) is less than 1
when A, is replaced by the wavelength associated with the grain radiation. Egs.

(4.9) and (3.10) imply that re-absorption will be negligible for

2/23

"
L+ 2 < B5(Qy_sh TV 2%p /2 ’)_ms(o.fﬂ v (4.10)

(For simplicity, we have adopted a = 1.) This redshift is insensitive to moderate
variations in 74 and £, but is quite sensitive to the grain abundance. Indeed, we
can view Eq. (4.10) as defining a relationship between (; and z, the upper boun-
dary of the shaded region in Fig. 3. The shaded region therefore defines the
domain of validity of Eq. (4.5). Below this region, the pregalactic light is

unaffected, whereas it is at least partially thermalized (reabsorbed) above it.

If reabsorption could occur at centimeter wavelengths, the CBR could itself
derive from grains (Layzer and Hively 1973). However, as pointed out by these
authors and emphasized by Wright (1982), it requires an implausibly large abun-
dance of "normal” grains for thermalization to be achieved at centimeter
wavelengths or longer. (A much smaller abundance is required if the grains are
very elongated conducting needles.) As shown in Fig. 3, the most probable situa-
tion even in the submillimeter region is that the pregalactic light will be
absorbed by the grains but not re-absorbed. This was generally true in models
to explain the Woedy & Richards (1981) resuits (Rowan-Robinsen. Negroponte,
and 3ilk 1979; Puget and Heyvaerts 1980; Negroponte, Rowan-Robinson, and Silk
1981); these models characteristically produced an optical depth T~0.1 near the
CBR peak, where the distortion was observed. Other discussions of thermalizing
in the microwave region may be found in Wickramasinghe et al (1975), Rees

(1978b), and Rana (1981).
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V. ANISOTROPIES: GENERAL CONSIDERATIONS

Anisotropy is introduced by inhomegeneities in the dust density, dust emis-
sion properties, and dust temperature. Only the first of these is considered
here. This is because one can imagine situations, such as the case where all of
the dust is formed well after the bulk of the radiation {so that all of the dust at a
particular epoch receives similar irradiation), in which one or both of the other
effects are small: but one generally expects that the dust will be inho geneous
if the matter is. Another good reason fer concentrating on this source of aniso-
trepy is that a number of approximations are often valid which considerably

simplify the treatment of radiative transfer.

(a) Extent of the IR emission shell

Photons arriving at the earth (z,.ty) from the direction ~§ have a distribu-

tion function given by the soiution to Eq. (3.2)

1 f f=) F
R “relke) oy a da . 5{g.9.x)
flg.dzota)=e T7f(q.d.x)+ -—Vﬁ(x)tf (9.9 + — - (5.1)
o O Ta(a.3.%)
These photons propagate along the light-cone trajectories z(a) = z, - Fx(a)
from the point of emission to the point of absorption (if any). The comoving dis-
tance out to redshift z,

ty 2H-1(1,_a1/2) .
x({a) =-{:$t) = ‘

(5.2)

=1
[ 1+vag+1
~1(-1/2 2 =0
RH OV Bn| o e 0= T 0

can be used as a time coordinate; ; refers to some peint before dust creation.

The visibility function

d{l-e —fﬁtx)!

dlna (8.3)

Ve 00 = -
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picks out the region of greatest change in the depth to grains, and the combina-

tion V5 fe, determines where the bulk of the erission occurs.

For the case of the microwave background radiation. the onset of recombi-
nation causes the depth to be very small just after recombination, and very
large just before it, so the visibility functicn is sharpiy peaked. The result is a

fairly well-defined last scattering surface, with a thickness only ~10—-100 Mpc.

The fuzziness of the eflective surface of emission is much larger in extent in
the grain case. At high redshift, V vanishes, rising up to some peak value as
grain production occurs, then falling off as 7~ a™¥2 for a = 1 [Eq. (3.9)] once
the grain abundance has ceased to change dramatically. If the peak occurs at
24p. then a reasonable estimate of the comoving length scale over which grain

emission may be copious is

Ay = _2x _ w22

dlng
~172
1+
= 950(9}12)-1/2[‘120—"1—] Mipe | (5.4)

where
X = RHg' = 8000A™! Mpe (5.5)

is the current horizon size for (1= 1. We have assumed that o4 < ag in Eq
(5.4). The average number of galaxies intercepted across this logarithmic red-

shift interval is

dNg

T = (ngRE/ a?)dx/ dina
2 . 3r2
= g ] fg ] ~wa|ltZe
- 0'3[0.01h3Mpc-35[10kpc1 (%) 10 (5.6)
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where the subscript # refers to comoving quantities. As discussed in Sec. 3, it is
not implausible that this number can be in excess of one. If it is significantly
larger than one, the emission surface can in principle be substantially narrower
than the estimate Eg. (5.4), since the emission is governed by the combination
V;fsq rather than by V; alone. [, is a function of a7y which depends only
weakly on redshift [~(1+2)"%if a = 1] unless the depth to the UY and optical is
large, in which case aTy drops as expl —(Tyy{z;} — Tuv{2))/ 5] until it reaches the
CBR temperature. {The subscript UV denotes the high frequency limit for the
depth.) For a given frequency observed today, g, fo, ~ exp[—¢/aT;{t}] could
therefore become quite small. In general, the peak emission shell will depend
upon frequency; for example. low frequencies will predominantly arise from
those regions where aTy is small due to the drop in the comeving source energy
density. Such a region occupies a shell characterized by a function of {re-
quency, zg{g). determined by the point at which the IR luminosity at given g
peaks [d%f /d)® = d(I‘,ae_'r*f,q)/ dx = 0]. This condition is relatively compli-
cated in the general case. Instead, we determine the redshift at which most of

the IR energy is emitted.

Due to the overall emission-absorption balance, the bulk of the emission
occurs from the region where most of the UV and optical radiation is absorbed.
Indeed, the comoving IR density is related to the energy density of the sources

by the conservaticn law for total comoving energy density,
um.(f) + uS*(t) = uS#(ti) ! (5-7)

provided most of the source production occurs before grain re-emission. More
generally, the right-hand side is repiaced by f (sx(t))preqydt . the time integral

of the production rate of source energy density. If Eq. (5.7) is valid, then

uma(t) = (1= e 2V g (e
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Argy(t) = Tuv(ts) = Tuv(E) (5.8)

The redshift of maximum emission is therefore z4 where the comoving IR
energy density generated over the comoving length dy. {dup.(t)/ dx)dx,peaks.

Since

dullh[ dlna} Tauv(a)

d? = ~dy|. ,
U, A = + T l ax | Fa)0? +2~-d,; {5.9)
_ dlnng (a)
'S e (5.10)

the redshift is determined by setting the quantity in square brackets to zero.
The solution is very dependent upon the comoving grain production rate 2;. In
particular, if d;<2,then ug(t} would control the shape of the shell. If the grains

were to suddenly appear at redshift z;, then 24 = 24

The fuzziness of the emission occupies a comoving width Ay =~ 2g, about the

peak distance g, where

-/2
? dz dumv H
=& ——X-—J |df +3~7/2d, —da| V2,
Oy F n ax HX# e T +3-7/2d, 2|
dzlnﬂd*
dz = Tma—L,,- (6.11)
If we ignore abundance changes at Zgp, (d,=dy=0)

Ay = (2/V3)|dy/ dina | 4, essentially the value of Eq. (5.4). If d; > 2 at peak,
then the fuzziness of the emission surface becomes ~v3/ d; narrower. For plau-
sible choices, (5.4) again provides a good estimate. (The width of the emissicn
might also depend on the evelution of source luminosity, but would typi-

cally skill Ye of order 1 inlegz.)
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The angular fluctuations in the dust distribution in this ermission shell
determine the level of anisotropy in the infrared background. These fluctua-
tiens are generally higher the narrower the shell. The shell thickness estimated
by Eq. (5.4) is generally expected to be significantly larger than the correlation
length for the dust {Gpc compared with Mpe). Angular correlations thus reflect
dust autocorrelations but are diluted by statistical cancellation along a line of
sight. In Sec. 6, we find the anisotropies would be typically at the percent level
for areminute beams. It is worth noting that if the dust or molecular emissivity
has sharp spectral features, the eflfective width of the emission shell may be
reduced by using a narrow-band detector (Hogan & Rees 1979). The fractional

anisotropy may be increased in this way by a factor up to (6A/A)"V/2.

(b} Assumptions in modeling anisotropies

To simplify the mathematies, we will make the following approximations in
discussing the statistics of the random variable f given by Eq. (5.1): (1) We
neglect the initial input f{g.4.2;). (2) We ignore the non-grain emission Ps. —»
(3) We assurne that Jag is approximately time-independent over the epoch of
dominant grain emission. This last point results in a major simplification, and is
justified by Eq. (4.5) which shows that a7, varies as the one-fifth power of the
expansion facter, provided the comoving energy density created by the optical

and UV sources does not change by a large factor in less than an expansion time.

With the above three assumptions, the distribution function for the IR emis-

ston reaching us takes the simple form:

£(q.§.2=0) = (1 - T 0y (5.13)

Thus, the statistics of f are entirely embodied in those of T [The general case

would include a7y (z.t) variations.] Notice that if T3 > 1 along a line of sight, a
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black-body distribution would be seen coming fram that direction.

We now suppose that over the angular resolutions we are interested in the
depth in the IR is small, so f = 73f4q. 73 is related to a time integral of the

grain density, which we can model by the "shot-noise” distribution:
ng{Z.t) = fndc{f -2 tng(z' )diz" . (5.14)

Here, nys gives the distribution of dust in a given galaxy, and ng is the random

density field of the galaxies:

ng(Z,t) = Y 6O - £,()) . (5.15)
G

Provided the angular scale corresponds to a length scale exceeding that of the
galactic grain distribution, so that the spatial Fourier transforms of the number

densities obey
ng(k) = %—no(k} . kRe/a <1,
¢

where R is the radius of the dust in the galaxy, the grain density and galaxy
density statistics will be identical. The point process for the distribution of the
position of the galaxy centers, zp(£), is best characterized by a hierarchy of N-

point correlation functions (Peebles 1980C).

The angle-average of Eq. {5.13) is, of course, Eq. (4.7). The combination of
the y-integral with the angular integral can be used to set up shells which have
sufficient volume that the galaxy density averaged over the shell will exhibit only
small statistical fluctuations. If we denote the fractional number density
fluctuation by 84 = (ng—fig)/ fig. then the fluctuation in the IR distribution func-
tion from the angle-average is

X
Af(g.§.x=0) = {K(t)ﬁc(t)df;(:‘c = -§x.t)dx. (5.16a)



-39-

where

fig(t) agecq

K(t) =
() Sy

Faglg.t) . (5.16b)

If we recall that the specific intensity, i, = 4%/,/dvd(}, is related to f by
vi, = g*f /{4n?), and use Eq. (3.4) for the IR luminosity density, then we can

cast Bq. (5.16) into the more conventional form

iy
A (viy)= f;-_[(l+z)"‘ax.d‘dt . (5.17)

VI. THF IR CORRELATION FUNCTION

For the {limited) angular resolutions of primary interest to us, the statis-
tics are embodied in the 2-point intensity correlaticn function. This is the angu-
lar correlation of the column cormoving luminosity density, Eq. (5.17), which
Shectman {1973, 1974) and Peebles (1980) have discussed for optical light, We

calculate the 2-peint functicn for various model problems in this section.

{a) Scaling of fluctuations with resolution angle

Before embarking on a rigerous discussion of the angular structure of the
anisotropy it is useful to cutline the general behavior one expects. As a model of
the dust distribution, suppose that the universe is divided into cells of comoving
size z, and that the total emission from each cell (i.e., the total amount of dust)
is uncorrelated, with ({677 7)%cens = | for the ensemble. Within each cell sup-
pose the dust is at uniform temperature but has a ciustered structure with
correlation function £(x) = ¢ /%x,)™7. Let 8; be the angle subtended by z,. For
O > 8y, we have white noise intensity fluctuations in a beam of size & (§6(e)

below)
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LB/ NBHVRx NVR (2 sot) s/ 60)" (6> 8y), (6.1)

where N is the number of cells in a beam of size  within the emission shell.
This is the form of anisotropy most likely to be observed with instruments hav-

ing resolution worse than ®1arcmin (&g for z, = 2Mpe(i+2)71).

However, better resolution can probe statistical properties of structure on
smaller scales, even if many cells lie along a line of sight. For & < g5, we use the
following scaling argumment. At resolution &, the distribution "breaks up” into
clouds of size 7, .- The cross section for hitting one is ng‘ The nurnber density of
these clouds is n_= (pr:\“ (the reciprocal of the mass of each cloud), so the
mean number intersected by a beam N ngli'-xp‘lrc‘l. The effective density of
each cloud p goes like ¢(r), so N x ro?‘l. As before, the variance in intensity

goes like N1, so

Lz,
LI/ 1BDVex NV2x (r set)/?{(Tr8y) 2 (S<8g). (8.2)

(b) Intensity autacorrelation function

We now derive the same result using more rigorous methoeds, which permit
a more precise normalization. (The final results for single-beam fluctuations are

given in §6(f).) The autocorrelation cf the random variable {5.16) is given by
(87305, = (6.3)

X X
{dhju-anff'(Xl)K(Xz)ﬁo(Xl)ﬁc(Xz)(fio("@l)(l-f1)56(-’32)(2-152)) .

To evaluate this, we assume that we can replace the light cone autecorrelation
by an equal time correlation. This is certainly justified. The equation for the Af

correlation is very similar to Limber's equation:
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X

(Af3 bf3) = [ D KA x)RE () (xising )

r{xH/ Xisecé-cole ..

I = ysin@ f + f dyéelx = xlsinsvyzﬂ.tl) , (6.4)
0 o

where we have transformed the yz-integral into one over

[
Y= X2 —cat8=\

~ x,siné X15iné

2 Juz
z -1

Here, the comoving distance from the point ¥, to a point on the xgray is z. The
galaxy-galaxy correlation function, £g{z.t) = {Sp(£ + £ £)6¢(£ t)) is assumed

to be a function of |z |.

We now introduce C(8) for the fractional intensity correlation function, fol-

lowing the notational convention used in cosmic background radiation studies:

C(8) = <Af(q.7,.x=0)Af (g.§2x=0>/ F(g)?. (6.5)
Here,

Xi
= { d XK ()T (x) (6.8)

is the angle-averaged emission. [This C differs by a factor of 16 from that used
in the CBR studies of AT/ T correlations. The C introduced by Peebles {1980,
§58) has dimensions of the square of specific intensity.] The Limber's squation
for the angular projecticn of the galaxy correlation function, w(8), would have
extra powers of x plus a selection function in the integrands, but otherwise the

equation is identical to that for C(8).
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(c) Power law model for the galaxy correlation function

In this subsection, we adopt a power law form for the galaxy correlation

function to illustrate the solution to Eq. {8.4):

o{z t) = (zqlt )/ 2)7. (6.7)

Here, the comoving scale of nonlinearity zo(t) may be time dependent (see
below). Since the upper limits of integration in the expression for [ in Eq. {6.1)
are usually large, we can ignore detailed boundary effects and replace both
upper ranges by infinity. Therefore, we immediately obtain a power law expres-

sion in sing for /:
7 I = 3 xi(ze/ X)) 7sint g,

y—1
T
dy _ T [2

J = 3"{ Y3+ 172 3 T(w2)

(6.8)

N12 for y=18.

This leads to an intensity correlation function C(8) ~ 8~"1 for small angles.
This does not depend upon the specific history of the emission. The &7~
behavior of w(8) for power law correlation functions arises in exactly the same

way.

(d) Normaljzation for the correlation amplitude

To obtain the normalization for this power law requires further assumptions
in order to allow evaluation of the time integral. We also now assume the follow-
ing in addition to (1)~{3) of section V{b): (4) The redshifts z4; and 243 over which

the TR emission is large are both » Q7. (These redshifts encompass z4 of peak
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emission.) (5) The comoving density of infrared emitting galaxies is time
independent over this redshift regime. (8) XK [Eq. (5.16b)] may be taken to be
time independent over this redshift interval. (7) The galaxy correlation fune-
tion (6.7} evolves in a self-sirnilar fashion with a pewer law dependence on red-

shift:
(zo(£))? = a? {t)(zo(ta))” . (6.9)

Peebles (1980, §56.20) adopts p = 3~y + &, where ¢ is a constant to describe the
nonlinear evolution of {;. Stable bound systems, such as galaxies cr virialized
groups, give p =3—y, ¢ =0. For linear evolution of the correlation funection,
p =2

.With these assurnptions, the time integral can then be performed exactly in
terms of hypergeometric functions, but this is not a very useful form to work

with. A reasonable approximation to the integral which is valid for all realistic

cases,is:

Ficie) = Kndaql [xaadf?] zo(0)7ad, {1 = [adl]‘%l“-p

2[%1—“'?IL Ql/2 Jxé"lsin"'”lel 4z |

(6.10)

We should compare this fluctuation level with the mean background:. in this

model,

~ 5/
7= KFic,aqt Xu UE{]' - [041 l _ (6.11)

5 ni/2 041 g2

Thus, the fractional rms fiuctuations at a given point will be

=1
8¢

C(G)E[e
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11
25 X415in@ . [1—{ay)/ ags) ®
= — ¢olxq 5in8.24,)
2[_1__1__p xuQ 12 g2 SO " 1~(ag1/ ag2) V2
2

-z

]

(8.12)

Since xq19 is the distance along the shell, and Ax ~ xy0™%aj{? [Eq. (5.4)] is the
emission surface thickness, C{8) is just the galaxy correlation function times
the ratio of the arc to the shell thickness. This latter factor {due to many
uncorrelated regions along a beam), substantially lowers the correlation ampli-

tude. The angle subtended by the correlation length zg(¢4,) is

z5(0)
8cltar) = Zo(tg))/ Xa1 = 2.9'aB{7 (1 — af{?)~1|—=2 Qe 6.13
etbar) = Zolty1)/ Xa: af{7{l - a4{?) [Sh.“‘Mpc (6.13)
leading to the expression
t 8olta) |7
C(6) = 25 r-’zo( ::1)‘141}[ O(Gdl)} ‘ (6.14)

11 l clg,
o157

For the specific power law model we can estimate the correlation angle &, at

which the rms fluctuation level reaches unity:

8, ™ dq

zolte) Til_adll,‘.‘-' %—l[;-‘r] _ (6.15)

Ctg

For the special case of ¥ = 1.8 and z¢(¢g) = 5h~'Mpec, the explicit value is

T -0k
_ 0'12”%10 P °

= T-ai®

(6.16)

The overail amplitude is therefore quite sensitive to clustering evolution param-
eters p and 7, and, for some p, to the redshift at which dust appears. (On the

other hand, for y = 1.8 and ¢ = 0, the exponent of a is only 0.2.)
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The case of a burst of infrared radiation which accompanies galaxy forma-
tion can be illustrated in this model by taking

Alne = In{aqa/ ag1) = 20y |dlna/dy|, where o, is given by Eq. (5.11):

C(a) ~ Xdpg I zo(t@) ]7
T w Y %a?) /2lana | X |

{6.17)

These resuits brealk down if the predicted 8. is less than the mean pre-
jected separation G, of galaxy centers in the sky, in which case pointlike galax-

ies would obviously produce C{85,) = 1

z 7] z /2
T a " G 41 . o 1/27-3/2
Esepm\/S[X—Ap 0.8 [Mpc QY41 - adf'?] (8.18)

Here z. = ngy/? is the comoving separation between galaxies, zq * 4.8h7'Mpc
being the mean separation of bright galaxies. In this case galaxy discreteness
dominates the anisotropy at small angles. There is alse an angle at which the
finite size of a galaxy becomes important, for then the correlation function
power law will saturate at some sort of "core radius.” which we assume is the
galactic radius. If galaxies have proper size H;, then this angle is redshift-

dependent, given by

8¢ = Rg/ (ax(a)) = 3'4”[%{10}12c (QRHV3(1 = gl/¥)t. (8.19)

0f course, our treatment is still valid even for these cases as long as ¢ne regards
(6.7) as the dust autocorrelation function. For example, an appropriate model
for dust clustering might be to adept ¥y =2, p = 3, xo(to) ~ 10~ Mpe, which
roughly corresponds to stable galaxies with a present-day {dust) density con-
trast of 10° on the scale 10h~'kpc. (6.15) then takes the particularly simple

form
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with no z-dependence. This closely approximates the discrete galaxy model at
small @ because it predicts 6, ~ 0.5, although the larger-angle behavior differs
because of the different clustering. Two sample models are shown in Figure 5:
one which is anisotropic only because of protogalaxy discreteness, one which

includes clustering.

(e) Finite resolution effects

In a realistic experiment, the resolution will be finite, either due to te}e—
scope limitations (diffraction limited observations) or to imaging on pixels hav-
ing some rescluticn scale. Typically, the pixels are designed to have resolution
at the level of the diffraction limit. This will probably be the case with SIRTF.
{The resolution of IRAS was, however, determined by detector-width.) The inten-

sity fluctuation is then convolved with a resolution function F(§ -7 ). where §

denotes the beam center and §' denotes the photon directions:
(AF )r(9.§.x=0) = [ dOgF(§-§"YA7 (9.9" x=0) . (6.21)

We refer to this convolution as beam smearing whether it is due to telescope or

pixel resclution.

The photon trajectories are rays characterized by the direction —§, which
define coordinates on a sphere. Thus we can envisage a sphere in the sky upon
which the intensity distribution is imprinted. Provided the distance to the
sphere is much less than the distance to the emission shell, this distribution
directly gives the pattern we receive. Smearing corresponds to the filtering of
small angular scale structure on this sphere. Iiiﬂraction—limited observations

thus smooth this sky brightness pattern over the resolution scale, ¢. A lattice of
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pixels in the focal plane of the telescope defines a grid on the sphere which
quantizes the smocothed brightness inte intensities averaged over angular boxes.
The lattice-work may be fixed on the sphere, as in imaging observations, or
sweeping across the sphere, as in drift scan measurements. In some cases, it
may be considered useful to add the intensities of many nearby pixels together,
for example te decrease noise. This corresponds to smearing over a larger

scale, so we may treat the resolution scale as a variable.

The evaluation of the smoothed intensity autocorrelation between two
directions separated by an angle g requires smoothing of the intensity structure
In each of the two directions, invelving two integrations over the sphere. The
product of the intensity fluctuations in the two patches is then averaged over all
of the 2-sphere, with the separation angle 6 being held fixed to obtain the aver-
age autocorrelation. We have implicitly done the second spherical averaging by
utilizing the galaxy correlation function, which is volurme averaged over a spheri-
cal spatial shell at a given redshift. {The shell thickness must be large enough to

contain many galaxies; Az ~ 1 suffices.)

The precise form of the beam smearing function is specific to the instru-
ment used, and can be quite complicated. To illustrate the effects of beam
smearing, we adopt a Gaussian form with angular dispersion ¢ for the smearing

function F:

Flg-3) = ; {— 19-9 '2} . (6.22)

It is normalized to one when integrated over 4 steradians (provided ¢ « lrad.}

The smeared autocorrelaticn is then given by (e.g., Wilson and Silk 1980)

(92+912)]

o 66, 6,48,
c(8.0) —_{exp[— yve: JIU

2¢% Jc(e‘) 2%

(6.23)
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where 6, the angle between the two beam centers, is assumed small (less than a
few degrees). The modified Bessel functicn of zero argument, I, complicates
the evaluation of this integral. Generally it would have to be done numerically.
The smoothing angle @ is wavelength-dependent. For IRAS, SIRTF, and projec-

tions of LDR's capabilities, we have

o ~ 180" (A\/ 100um)%8? 104 < A < 100um IRAS  {8.24a)
g ~ 30" (A/ 100um) , 24 < X < 750um SIRTF  (6.24b)
g ~4"(A/100um) , A280u, o~R", A<S50um LDR (6.24c)

DIRBE and FIRAS, which wiil ly aboard COBE. are optirmized to determine the IR

spectrurn from 1 to 1.3x10%um rather than to determine anguiar structure:

their resclution scales are only 1° and 7°.

At small angular separation, it is possible that the intensities reaching
nearby pixels will be cerrelated, and a complete map of the intensitly variaticons
would take this into account. If the beam centers define a grid 8;, where L runs
over a set of integers, then the relevant Auctuations to consider will be these

between two pixels:
(AF )y = (A7 21 = (87); - (8.25)
The rms fluctuations will depend upon the separation of the grid points:

Af .
-<—<-);_—U‘)L= 2(C(0:a) = Cl8y — 6,.0)) . (6.26)

If the separation is smaller than the correlation angle then of course the pixel
intensities will be correlated, resulting in a small rms pixel-to-pixel fluctuation.
The pixel to pixel variation becomes largest for & > 8g, for then the intensities in
the two will be uncorrelated, with each contributing the single-pixel rms fluctua-

tion C{0;0)}/2 This accounts for the factor of twe in Eq. {6.26).
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(f) Single beam rms fluctuations

Here, we consider the dispersion expected within one beam; that is, we cal-

culate C(0;0) = {(81/ % (o)
C(Gia) = [e¥ayC(2ovy) . (6.27)
Q
The power law form of C(4) yields

-1
C(o;a)=[3° P[S—;ﬂ I(0.6) = 1.49 . (6.28)

2q |
This demonstrates that the power law remains a (6// [ms ~ 0""/? law as a

function of beam angle. Further, if we use Eq. (6.12) for C(4), we can write this

result in the form:

.25 3~y ]
C0i0) = 51 2) F[ 2 |

Zoltap ) 2ap ][90(“&?) i (8.29)
Ctgp 8 J - '

This is the result obtained in Eq. (8.2) using simpie scaling arguments, apart
from a numerical factor 1.77 for the p = 2 case. Inserting the parameters of Eq.

(6.13) with p = 2, we obtain intensity fluctuations
(817 Irms = VC(Gio) = 002K/ 6)%*, 24, =4
= 0.018(1' /o), z4 =9. {8.30)

However, if 8 < ' [Ba. (6.11)], the form of the dependence would change at
(more accessible) larger angles. If C is approximated by a top hat, going to zero

beyond some ccherence angle 8.,,. then

C(0;a)

C(O}(1 =~ exp[~(8con/ 20)?])

12

C(0)Beon/RT¥, 3> Beon - (6.31)
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This is the "white noise” result discussed above [Eq. (6.1)], namely that the rms
intensity fuctuations scale as ¢~! for beams larger than the characteristic
coherence length. It is difficult to realize a correlation which will be precisely of

this top hat form however.

A truncated power law for C{4) is a more realistic approximation which

lllustrates the resuit of a lack cf correlation on large angular scales:
C(S) = (ec/ a)?_lHtacnh - 8) ' (6.32)

where A is the Heaviside function. The associated single-beam dispersion

invelves incomplete gamma functions:

9_:}1_1I.3- Pfa Erﬂ]a “
2q 2'12'20 ‘ (8.33)

This expressicn gives power laws for the intensity fluctuations in the appropriate

A&

-

C(0:g) =

limits:

>»-1 r-1
C(0;o) = 1"[3;7} ::} 95:;} . 0<0.36.. (6.34a)
=1 2
C{0:0) = Siy {Gi:n} [esz‘} T > Beon - (6.34b)

In the ranges indicated, these approximations are excellent fits to the behavior

given by Eq. (6.33), as illustrated in Fig. 2.

The important issue for observability is the ncrmalization amplitude
(8.7 8.on)T"". For the case of galaxies confined to superciusters or pancakes at
early times, we might take p =0, Q=1, g, 208", 8,p ~5; hence
(8c/ 8.on )T /% % 0.08 in the linear regime of evoh;tion. Thus, we might expect

to have considerable correlation power at angular scales ¢~ 8.,. A
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contribute only a modest background flux at 100pm, may produce significant
brightness fluctyations. Here we estirnate the "confusion limit” of anisotropy
measurements: what is the level of fluctuations likely te be produced by

" unresoived foreground galaxies?

Generally, "confusion” refers to the preblem of identifying discrete sources
with finite resolution when they become too dense on the sky. Here, we ask
whether marginally unresolved discrete sources will contribute more anisotropy
than fluctuating background noise which is almost certainly unresclved. The
contamination is thus the result of the brightest galaxies which a given tele-
scope just fails to resclve. The following discussion owes much to notes by

M. Werner {unpublished).

Let us suppose we know the number N, of galaxies on the sky (per sr)
brighter than a certain limiting Aiux 53 The usuai Euclidean fux-density rela-

tion
S = Sg{N/ Ng) %3 (7.1)

then tells us the brightness cutoff of local sources with some specified surface
density N. [Note that sources at z > 1 in a shell of comoving thickness
AMogz ~ 1 are at nearly (to within a factor of order unity) the same luminosity
distance. Therefore z > 1 sources produce a "spike” in the leg N —logS relation:
below some limiting flux S{z}, there is a sudden increase in N. Significant eve-
lution in the interval z ~ 1 -3 just produces a non-Euclidean power-law, as we are
already familiar with from the radic source counts. This could also be the case
in the infrared, but for simplicity we here divide the sources into

"foregroundones with z « 1 and "background” ones with z > 1.]

To  estimate the confusion limit of a telescope with aperture D, we note

that its half-power diffraction beamwidth is
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Gp =~ A/ D ~20" (A 100um){D/ im)~" (7.2)

Sources more numerous than about 1 per 108p% will be unresolved and appear
as "background fluctuations"; thus, the confusion limit is
Seont = So{Neont/ No) ™3 where Neope = 1/ 1085% At present, only rough esti-
mates are available for S and Ng at long wavelengths (based either on extrapo-
lations from shorter wavelengths, [rom small samples, or preliminary IRAS

results). We use the IRAS numbers (cf. Soifer ef al. 1884, Houck et al. 1985),
Ng = 0.35deg™®, Sp=205Jy, A=60u; {7.3)

and simply adept the same numbers Ngp Sp for 100u, effectively assuming that

the typical spectrum in this region is flat. We then obtain
Scont = LIy MEF Dm*’® [So(N)7 Se(100ura)] . (7.4)

Fluctuations ¢/ of this order occur due to foreground galaxies in square "pixels”
Boony ®38p on a side. Figure 5 shows the bolometric flux corresponding to the
confusion limited fluctuation for a 1m (SIRTF class) telescope at 100w and
(assuming a = ! emissivity} at 300u. The white-noise fluctuations at 8 > 36p are
those remaining after identifiable sources are subtracted out; the true total

fluctuation on scale 8 would always be dominated by those with N ~ 672

For this reason, a larger mirror {e.g.. LDR) is very useful in removing fore-
ground contaminants, as well as probing interesting angular scales 8p £ o
where clustering properties become impertant. {Clustering of fereground galax-
ies has been ighored in the above calculation, and would worsen the situation at

small 8.)

-1
Now consider, for illustration. a background of 0.3MJy sr,ie.,
Qph? = 2x1077. I it peaks at ~ (00, it may be marginally observable as diffuse

emission above galactic and zodiacal emission, but ils small-scale anisotrepy is
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invisible to IRAS, and will only be discernable even by SIRTF if the emitting
material is quite highly clustered (cf. Fig. 5). If it peaks at 2300u, it should
stand cul conspicueusly above local diffuse scurces in COBE measurements, and
its anisotropy should deminate foreground galaxies even if the scale of cluster-
ing of the emitting material is roughly a galactic scale, with the anisotropy being
due entirely to galaxy discreteness. It is also clear that for strongly clustered
emitters, the anisotropy of the IRBE might be cobservable above the confusicn
limit even if the diffuse component itself is unobservable, buried behind local
diffuse emission. In this case, deep, high angular resclution surveys would pro-

vide the best search technique for detecting the background.

VIII. DISCUSSION AND CONCLUSIONS

Most current cosrmological scenarios predict the existence of background
radiation in the far infrared. If no such background is detected by COBE, it will
imply that the universe was indeed dark during the "dark ages” between z~4
and z~1000. compared with its [uminesity today. This is conceivable, but seems
highly uniikely in view of several phenomenawhich may be indicative of an
energetic early universe. High redshiit radiation by familiar types of sources
would produce a near-infrared background, were it not for the likely presence of
obscuring dust. Dust opacity leads to generic averaged spectra which are so
insensitive to prevailing conditions that the background spectrurn, even if
detected, would not necessarily contain useful information about its origin.
However, the anisotropy of the radiation would still convey information about
the dust distribution and hence about the distribution of matter at high redshift.
SIRTF offers a realistic hope of observing this anisotropy. In this section, we

summarize our main results and discuss how they may fit into the framework of
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current cosmological theories.

(1) Observational limits and prospects. It is useful to keep in mind the fol-
lewing benchmarks, expressed in terms of (zh? ; total
CBR flux ~2 x107% limits on diffuse near-infrared emission ~4x10~* limits on
diffuse optical and UV backgrounds ~&x 1078 100 w emission at the galactic
poles ~1x107% of which about half is zodiacal emission and about half is galactic
(Low et al. 1988} or extragalactic {Rowan-Robinson 1985); intrinsic [RAS sensi-
tivity ~107%; COBE sensitivity ~3x10_8 for 500}A<7\<lcm; SIRISFlstgrzsit ivity ~ 10'8.
(R) Sources of /R radiation. In the absence of dust. a near [RB is expected
from primeval stars, whether they are pregalactic or ferm in primeval galaxies.
If iarge scale structure is generated by supernova explosions, the IRB from
the main-sequence precursors is expected (cf. eq. 2.22) to have Qp ~ 107*, 1f
we exclude this possibility, a reasonable upper bound to Qg (cf. eq.
2.11) corresponds to VMOs preducing black holes at a dark matter density of
Q,~0.1 Qg ~107 for z, ~50. A lower bound arises if we include only those
stars required to produce metals {cf. eq. 2.3); to generate Population II abun-
dances at z ~ 10 implies 0z ~ 1077 to generate Population I abundances at z < 1
6

implies "Q‘RN 10-6. Black hole accretion could also generate _nflo'.

A near or far IRB may arise from decaying relics of the Big Bang. Qp and
Ape are sensitive to the mass, lifetime, and abundances of the particles (cf.eq.
2.25). For example, a 1keV neutrino decaying at redshift ~10° would give
Ry~ 5%107°
(3) Distribution of dust. The cosmic IR background is probably strongly
affected by dust. Dust at early times would rno-st likely be associated with

primeval galaxies, but could have a uniform pregalactic component. The best



constraint on the abundance of uniform dust arises from the lack of QS0
reddening: Qqh < 8x107% (Wright 1982). The clumped dust abundance is much
less constrained; (4 ~ 107° is typical of that expected in galaxies. Since the
cptical depth to absorption by dust through a large spiral galaxy is of order one,
if such galaxies cover the sky, the universe would be optically thick to dust
(Ostriker and Heisler 1984). The redshift when the sky is just covered by galax-
ies and the redshift when the angle-averaged optical depth reaches unity are

both about 10 (eq. 3.9, 3.14).

(4) Regimes of cosmic radiative transfer with dust. In many situations, the
universe is thick in the UV and aoptical at z 35, but is thin in the far-infrared.
As Figures 2 and 3 emphasize. the most likely regimes in Q4 —2 space
correspeond either to total transparency to primeval radiation or to absorption
by intervening primeval dust with the degraded re-emitted radiation undergoing

transparent transmissicen.

(5) The infrored photosphere. The bulk of the dust abscrption and emission
would come from a shell localized in redshift, Az £z. The position of the far side
of the shell is determined by the turn-on epoch for radiation or dust production
{whichever comes later), and the position of the near side by the condition that
the shell have unit optical depth. The concept of a sheil appliesif the emission
region has comoving thickness significantly less than its comoving
distance. For example , if galaxies form at z=10, the thickness and

distance are lh_lec and 4h~1Gpc, respectively,

(6) Spectrum of reprocessed radiation. The output radiaticn density from
the dust is just the input from the sources, Qrs . The peak
wavelength of dust radiation,redshifted to the present,is insensitive to parame-

ters (cf. eq. 4.9 with a=1):

-1/5
10 |

1+zd‘,J

Qrs h* 1
1078 |

0.1
Ty J

Api =ssa,u[

where the appropriate value to use for zdp is discussed in Sec.V{a).
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Since the CBR pealts at 1400y, the peak filux levels for many of the sources dis-
cussed above represent a significant excess over the CBR, which has
Np{400u)A® = 6x10™7 and Qp(R00u)h® = 2x107® Our conclusions regarding the
IR spectrum and anisctropy are insensitive to the dust distribution within galax-
ies, except that if the bulk of the energy sources are shrouded in very dense
dust clouds with ¥ > 1 and a srall net covering factor, there may be another

component for which Ap will be less than calculated here.

(7) Epoch of dust formation. In the "isccurvature” models of gaiaxy forma-
tien in barycn-dominated universes, much of the universe is expected to form
bound objects by z ~ 100 leading to relatively early dust formation. On the
other hand, the adiabatic "pancake” models would not form dust until the time
of pancake collapse, 2 ~ 5. The impact of the dust on the largely optical and UV
backgrouncd radiation would liwety ve small (# < 1). In cold dark matter models,
structures on scales ~107-10'"§ would have formed almost simultaneously,
predorninantly during the epoch 2 ~ 5-20. In explosion scenarios, dust obscura-

tion at z ~5-10 is already observationally reguired.

{8) Infrared anisotropy at small angular scale. Statistical fluctuations in
the dust distribution and temperature in the shell lead to far IRB anisotropies.
it the dust is distributed like galaxies, whose correlation function may be taken
to be a power law {c¢f. eq. 8.7) truncated above the correlation tength zy{z}, then
the {racticnal rms fluctuations in a single "beam” smeared over a resoiution
angle o are A/ ] =« g~ W2 if g < 8y, =o' if 8 > 8y Here. 83~ 3 is the angle
subtended at the emission shell by the correlation length In gseneral there are
many regions of scale ~x; across the shell, so the fluctuation amplitudes in the
radiation are relatively small. For SIRTF parameters at 400u, a~120", the
fluctuations are likely to be in the o7} regime. Typical fluctuation levels weould

then be A// [ ~ 0.02-0.07{1'/ o), depending on the evelution of the correlation
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function. These Auctuations tnay, in some circumstances, be seen above the
confusion limit associated with the direct [R emission from unresolved fore-

ground {low z) galaxies.
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APPENDIX: COSMOLOGICAL PURCELL'S THEOREM

Suppose that the universe is filled with a space density ny of spherosidal
grains, each with dielectric constant £4, semiaxis ¢ along the axis of symimetry,
and semiaxis b along the perpendicular dimension. Let P{\) be the probability
per unit length of a photon of wavelength A interacting with matter. Purcell

(1969) proved that

S P(NdA = 2nPngab?F
[+

where F(a/b.54), the ratio of the susceptibility of isotropicaliy-criented
spheroids to conducting spheres ?f the same volume, is of order unity unless the
grains are both good conductors and very elongated (log|{a/¥b)) > 1 and
Eq > 1, see Wright 1982). Purcell's theorem demonstrates that the probability
of absorption or scattering of broad-band radiation is related directly to the

total length traversed by a light path through solid matter, and only weakly
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depends on the size, composition, and distribution of the matter (indeed, the
relation also applies to MA-integrated molecular line emission). Light of
wavelength A must pass through a length ~A of soiid material to have a
significant chance of absorption or scattering. The integrated optical depth for
photons emitted at z with observed wavelength Ag is

¢y

Tolhoz) = [ cdtP[Ay/ (1+2)]

t{z)

Combining these equations with standard cosmeology gives a cosmological ver-

sion of Purcell’s theorem,
oo F4
fd?\nf()\wz) = 0.0BFQth,Qlfdz'(l-a-z’)“’(l + 0pz" )72y _o(2)
) [

where A, = Ag/ Lu. Note that this expression takes account of the possibility of
opacity by molecular line emission or any other resonanat radiation mechanisms
"smeared” into a continuum absorption by cosmological redshift. Some of the
conclusions in the text,based on a crude model of dust opacity, thus carry over

to smaller grains, large hydrocarbon molecules, or even CO opacity.
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FIGURE, CAPTIONS

Figure la. — Integrated radiation density as a fraction of the closure energy
density, Eq. (1.1}, in terms of peak observed wavelength {assuming no dust
obscuration) for the following sources: (1I9) Massive (metal preducing)stars
generating Population II abundances (Z = 107%) at z = 9. (11100) The same. but
at z = 100. (I1} Massive stars at z<< ! generating Population I abundances
(AZ = 10°%). (IMS) The maximum background from non-metal-producing inter-
mediate mass stars-(This scales aafl ; we here take (), =0.1). (LMS) The
maximum background from low mass stars {0.1Mp) if these provide the dark
matter in halos (Q, ~ 0.1). (VMQ) Very Massive Objects at z = 100 with 2, = Q.1,
{VMBH) 10°H, black holes with (2, = 0.1 accreting from a uniform pregalactic
medium at z ~ 20, (AGN9) Eddington-limited accretion from black holes at
z = 9 with (0, = 107° appropriate to quasar precursors. {DP) Massive Decaying
Big Bang relic particles with my = 1keV, FyxQx = 107% decaying at redshift
zg = 10°. Sample background light limits at 6 wavebands in the optical and near

IR are also shown { Cacr eral. \%= ),

Figure 1b. — Sample spectra for selected cases in la. For lI9, II100, and 11 a
generic 25Mg star with 40,000K was taken. Population III VMOs are at 10°K. A
generic 25,000K blackbody was taken for N8 as representative of radiaticn tori
thermal emission. Though these spectra indicate typical wavelength spreads,
inclusion of a population of objects radiating over a band of redshifts will gen-

erally give broader curves. The DP case is, however, exact.

Figure 2. -Absorption and emission by cosmic dust. Observed wavelength A is
pletted against (1+=z}. Thus, unabsorbed photons propagate

along vertical trajectories. For constant [y = 1075, 1;\ = 0.1u, and emissivity
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exponent a = 1, the Shaded Wwne T = 1 shows the redshift beyond which an
emitted photon {of fixed A) would have been absorbed by a grain before reaching
the present. We assume (Q=h = 1. The peak wavelength of unabsorbed red-
shifted starlight is shown for T, = 3x10*K. If encugh starlight is present to
equal the CBR energy density uniformly distributed dust will have an equilibrium
temperature Ty with peak wavelength of emission as shown. For 1024100, the
universe is optically thick to emitted starlight, but optically thin to radiaticn at
the peak dust emission frequency: thus. starlight emitted during this period is
degraded intc an anisotropic nenthermal far-infrared backgreund, described by

approximations in the text which ignore dust reabsorption.

Pigure 3. —Critical grain abundance as a function of redshift. The snadede
region indicates regime where UV photons are absorbed by grains but re-
emitted IR is not (the regime of most interest here). The regime above and to
the right is thick at the peak emission wavelength of the dust, while the lower
region is transparent even in the UV. Limit from observation of high-redshift

quasars {s shown, assuming uniformly distributed dust. The CBR {s thick to the

dust at peak above the A = l.4mrm line; it is thick at the >

Rayleigh-Jeans wavelength A = 1 cm only above the corresponding line.

Figure 4.-The variance of the fractional intensily $wctuations
{81/ N (a) = C{0:2) in a single beam given by Eq. (8.33) are plotted against
resolution angle o; 8.4, is the coherence angle. The low and high o limit fits are
given by Eq. {6.34). A typical coherence angle would be 4' if there is no correla-
tion function evolution, and 20" if there is correlation function evolution with
p =2 [Bq. (6.13)]. For the latter case, the resolution angles of IRAS, SIRTF, and

LDR are shown, at A = 100u, as well as the angles subtended by galaxies of 10kpe
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radii. The normalization amplitude, {8./ 9c0r)7"t. where 8. is the correlation

angle [typically 0:C\ " Eq. (6.15)] is ~2x1072 in this special case.

Figure 5.—Observability of cosmic backgrounds. Angular scale ¢ (in radians) is
plotted against broad band energy flux, F = v/, m6°/4, or rms flux variation
AF, in a beam (fleld of view) of size o.. . Uniform cosmic black-body is
labeled CBR. A hypothetical "IR" background is shown with 107® of CBR flux. (At
100um, this is roughly the faintest level detectable above zodiacal and galactic
emission with coarse angular resolution.) Anisotropy, AF, is shown for two
models of dust clustering: "IRG" with dust distributed in discrete but
unclustered galaxies, "IRC” with dust clustered up to a comoving scale
zg~3Mpe, g~ 1.5 (cf. § 6.2), and slope g = 2/5~—y in the clustered regime
(plotted for p = 1, ¥ = R, z = 10, and z¢(¢g) = 10Mpc). The two models are nor-
malized to give similar density contrast on the scale of 10kpc. Confusion limit
set by foreground galaxies with assumed properties given in Sec. 7 is shown for
diffraction-limited 100w and 300u detectors on a 1m telescope, and for IRAS at

100 pm.
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