
,

PHYSICAL REVIEW D, VOLUME 60, 103520
Reionization by active sources and its effects on the cosmic microwave background

Jochen Weller
Blackett Laboratory, Imperial College, Prince Consort Road, London SW7 2BZ, United Kingdom

and Department of Physics, University of California at Davis, Davis, California 95616*

Richard A. Battye
Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Silver Street, Cambridge CB3 9EW

United Kingdom

Andreas Albrecht
Blackett Laboratory, Imperial College, Prince Consort Road, London SW7 2BZ, United Kingdom

and Department of Physics, University of California at Davis, Davis, California 95616*
~Received 5 October 1998; published 27 October 1999!

We investigate the possible effects of reionization by active sources on the cosmic microwave background.
We concentrate on the sources themselves as the origin of reionization, rather than early object formation,
introducing an extra period of heating motivated by the active character of the perturbations. Using reasonable
parameters, this leads to four possibilities, depending on the time and duration of the energy input: delayed last
scattering, double last scattering, shifted last scattering, and total reionization. We show that these possibilities
are only very weakly constrained by the limits on spectral distortions from the Cosmic Background Explorer
Far Infrared Absolute Spectrometer measurements. We illustrate the effects of these reionization possibilities
on the angular power spectrum of temperature anisotropies and polarization for simple passive isocurvature
models and simple coherent sources, observing the difference between passive and active models. Finally, we
comment on the implications of this work for more realistic active sources, such as causal white noise and
topological defect models. We show for these models that non-standard ionization histories can shift the peak
in the cosmic microwave background power to larger angular scales.@S0556-2821~99!08120-5#
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I. INTRODUCTION

It is well known that the angular power spectra of te
perature anisotropies and polarization of the cosmic mic
wave background~CMB! depend sensitively on the therm
history of the universe@1–8#. Around the time of recombi-
nation (z'1100), when protons and electrons recomb
into neutral hydrogen, the microscopic physical processe
work are relatively well understood and the calculation of
photon visibility function, which feeds into the angula
power spectra, is relatively simple, at least in theories w
passive fluctuations, such as inflation.

However, even in these theories the universe must h
become reionized, since there is no Lyman-a trough in dis-
tant quasar spectra~the Gunn-Peterson test@9#!. It is thought
that this must be due to virialized objects, such as proto
axies, massive stars and quasars, which formed relati
early in the history of the universe@10–12#. The microphys-
ics of such processes is less well understood, but photo
ization due to radiative objects cannot happen earlier t
when these objects have been created, which is believe
be at redshifts belowz5100, and it is actually thought mor
likely to have happened much later, afterz'30 @4,10–19#. If
this is the case, then the actual observed CMB anisotro
and polarization will be a small perturbation on those cal
lated using the standard thermal history, just including
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combination, due to the small optical depth of the time
reionization. Nonetheless, there are some potentially obs
able effects, particularly in the polarization@20#.

As always the situation is much less clear in the case
actively generated perturbations, such as those from to
logical defects@21–23#. In such models, one is forced to tr
to model highly non-linear processes from the time of def
formation to the present day, which is approximately 25
ders of the magnitude in expansion. Even with the most po
erful super-computers available at present, it is difficult
achieve much more than a factor of 1000 in expansion
hence extrapolations are necessary. Notwithstanding th
difficulties there does seem to be a consensus at the pre
as to the predictions of the simplest models, cosmic stri
and textures@24–26,29–31#, using the standard thermal his
tory. It appears that flat universe models with critical mat
density (Vm51) would require unacceptably large bias
('5) on 100h21 Mpc scales to be consistent with the o
served galaxy distribution@24–26#, although more exotic de
fect models may not have this problem@26–28#. More ac-
ceptable models can be constructed in an open univers
one dominated by a cosmological constant@29,31,32#. Even,
if these models were to be ruled out by future observation
is still important to investigate the possibility of more ge
eral active sources as the only credible alternative to in
tion.

The purpose of this paper is to investigate the poss
effects of the active character of such sources for struc
formation on the thermal history of the universe. The ba
conceptual difference between active and passive mod
such as inflation, is that the sources are present in the
©1999 The American Physical Society20-1
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and post-recombination plasma. This can create potent
large, local, non-linear perturbations, which can accele
matter causing shock heating up to temperatures of a
million Kelvin in the baryons@33#. In order to perform a
convincing quantitative treatment of these effects one wo
have to incorporate the sources accurately into a full hyd
dynamic simulation which has sufficient resolution to acc
rately model both the activation of ionization by the gravi
tional effect of the sources on the smallest scales and
large enough to model the effects of an expanding unive
Obviously, the amount of computer resources required
such a simulation would be prohibitative, and so as a co
promise we simply incorporate a Gaussian energy input
the thermal history calculation, which models what we b
lieve would be the effect of a network of active sources. T
effectiveinfluence of a network is given by asmoothtem-
perature change of the baryons over a certain period of ti
A simple way to introduce a smooth ‘‘jump’’ in the temper
ture is by an error function, so that the heating rate i
Gaussian. This model based approach allows us to inv
gate whether there are potentially interesting effects, be
resorting to the more time consuming simulation based
proach. This source has three parameters, the redshift o
maximum energy input, the amplitude at the maximum a
width of the Gaussian which models the increase to and
crease from the maximum. Surprisingly, we find that t
limits on the spectral distortions in the black-body spectr
of the CMB provided by the Far Infrared Absolute Spe
trometer~FIRAS! instrument on the Cosmic Background E
plorer~COBE! satellite, only constrain these parameters v
weakly.

The thermal history calculation yields the so called ph
ton visibility function @1#, parametrized by time, which act
as a source for the linear Einstein-Boltzmann sol
CMBFAST @34#. This function encodes statistical informatio
on when the photons which we observe today were last s
tered. For the standard thermal history including just reco
bination, it can be modeled as a Gaussian centered aro
z'1100 with widthDz'50. When we include the energ
input there are four interesting situations which can occur
the energy input is around or just after recombination the
is possible to modify the time and length of the last scat
ing epoch. If the energy input occurs once the recombina
epoch is ostensibly over, and is sufficiently short for some
the photons to remain unscattered, then it is possible to h
effectively two surfaces of last scattering, one around
time of recombination and the other around the time
reionization due to the energy input. If the energy input
sufficiently late for recombination to be complete, and lo
enough for almost all the photons observed today to be
scattered at reionization, then it is possible for there to b
single surface of last scattering at a much lower redsh
effectively shifting the time of last scattering. Finally, if th
period of heating is very late and long, then the unive
remains at least partially ionized for most of the time af
recombination and becomes totally ionized afterz'10. We
shall describe these four possibilities as delayed, double
shifted last scattering, and total ionization in the rest of t
paper. Of course none of these possibilities is totally fun
10352
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mental and just about anything is possible for a sufficien
complicated source, but they do have some illustrative va

In the next section, we discuss the calculation of the th
mal history. First, we include a detailed review of the sta
dard thermal history used in most linear Einstein-Boltzma
solvers. Then we introduce our topological defect motiva
energy source and illustrate the different effects it can h
on the thermal history of the CMB by reference to the pho
visibility function. The effect of this source on the black
body spectrum of the CMB is discussed and we show t
the current limits on spectral distortions would have to
substantially improved before we could exclude such ther
histories. In Sec. III, we discuss the effects of these modifi
thermal histories on the angular power spectra of tempera
anisotropies and polarization, using simple analytic ar
ments to provide qualitative understanding and a lin
Einstein-Boltzmann solver to give quantitative results.
nally, we discuss the possible implications for more realis
active models such as topological defects and causal w
noise models. It should be noted that we have used nat
units (\5k5c51) throughout this paper.

II. THERMAL HISTORY CALCULATIONS

A. The standard thermal history

Originally, the thermal history of the CMB was studie
using the Saha equation. This gave sensible quantitative
sults, which were subsequently extended by Peebles
Zel’dovich @35,36# to include various corrections due to th
complexity of recombination to the ground state of hydr
gen. These calculations have been further extended to
clude more aspects of the underlying Boltzmann equati
for the photons and electrons, and calculations are now a
stage where further improvements should only lead to ab
1% corrections to the angular power spectra of tempera
anisotropies and polarization@8#, although even further im-
provements@37# lead to somewhat higher than 1% corre
tions. In this section, we review these calculations of
standard thermal history.

We quantify the change in the number density of a p
ticular species in terms of the relevant Boltzmann equatio
Strictly, speaking there are seven equations for the prot
hydrogen, helium, singly ionized helium, doubly ionized h
lium, electrons and photons. However, it is sufficient to tre
the helium, both singly and doubly ionized, just using t
Saha equation approximation, since the recombination
for helium is much faster than the expansion rate during
relevant epoch@38#. Also we are really only interested in th
evolution of the photons and electrons since the interac
of the photons with the relatively heavy baryons is neg
gible. The number of photons is much larger than the el
trons and therefore their evolution can be decoupled from
electrons, with this interaction being treated in terms of
spectral distortions discussed later. Hence, we can mode
combination in terms of the fraction of ionized free electro
xe[ne

free/nH , wherenH5nB(12YHe) is the number density
of hydrogen nuclei,nB is the number density of baryons an
YHe'0.24 is the mass fraction of primordial helium creat
at Big Bang Nucleosynthesis. In fact,
0-2
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xe5xH1
1

4

YHe

12YHe
xHe, ~1!

wherexH is the fraction of ionized hydrogen andxHe is that
due to helium. Using the Saha equation, one can show
the fraction of He1 is about 1025 for redshifts belowz
52000 and for He11 this is even lower. Hence,xHe is al-
ways less than 1025 and can be included simply into th
calculation using only hydrogen. One slightly odd side-eff
of including helium in this way is thatxe can be greater than
one, although this is only the inclusion of helium modifyin
the calculation in the appropriate way;xH is always one or
less. The equation which governs the recombination of p
tons and electrons into hydrogen is

dxH

dt
52t rec

211tpi
211tci

21, ~2!

with t rec
21 , tpi

21 and tci
21 being the rates for recombination o

hydrogen, photoionization and collisional ionization. In t
standard case, there are no external sources of photoio
tion and collisional ionization and, therefore, we just need
calculate the recombination rate.

However, to do this we will also need to model the ev
lution of the temperature of these distributions. The pho
temperature is just redshifted by the expansion of the u
verseTg5T0(11z) at redshiftz, whereT052.728 K is the
current temperature of the CMB, while all the other no
relativistic species remain in thermal equilibrium with ea
other. One can derive the evolution of the electron tempe
ture Te using the first law of thermodynamics@15#,

dTe

dt
522

ȧ

a
Te1

2

3

1

123YHe/41~12YHe!xe
~G2L!

2
12YHe

123YHe/41~12YHe!xe
Te

dxe

dt
, ~3!

wherea is the Friedman-Robertson-Walker~FRW! scale fac-
tor, G is the heating rate per baryon andL the cooling rate
per baryon. The first term on the right hand side is cool
due to expansion, the third term characterizes cooling
heating due to the change in the number of free partic
The second term is a summation of the heating and coo
rates of the physical processes involved

G5Gsrc, L5L rec1LCMB , ~4!

where L rec is cooling due to recombination,LCMB is the
Compton cooling from the interaction with the CMB photo
and Gsrc is any energy input which we might postulate, a
sumed to be zero for the standard case. This can be fu
simplified by realizing that the recombination cooling due
the loss of kinetic energy from the changing number of f
particles is

L rec5
3

2
Te~12YHe!t rec

21. ~5!
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In the standard case, where we have no source of photo
ization or collisional ionization, one can use~2! to replace
t rec

21 with dxe/dt, which then exactly cancels the last term
~3!.1 Physically, we are just canceling off two process
which are in equilibrium. Hence, in order to calculate t
standard thermal history we must just computet rec

21 and
LCMB , and then use a numerical routine to solve the diff
ential equations forxe and Te, although the stiff nature of
these differential equations does require some caution.

In order to compute these two quantities we shall n
assume a flat,V051, universe with the Hubble parameter

H~a!5H0a22~a1aeq!
1/2, ~6!

where a051, aeq5(11zeq)
21 and zeq52.40

3104h2(T0/2.728 K)24 is the redshift of radiation-matte
equality, with the Hubble constant parametrized in the us
way, H05100h km Mpc21 sec21. The recombination rate
that we must calculate here is the ‘‘net’’ rate, taking in a
count both the recombination and ionization rate to and fr
all states of the hydrogen atom. Recombination directly
the ground state produces a Lyman-a photon, which, with
high probability, immediately ionizes a hydrogen atom,
ther the one which it has come from or one of its clo
neighbors. Hence, we do not have to consider recombina
to the ground state with the exception of two possibilitie
Firstly, some of the Lyman-a photons may be redshifted ou
of their resonance line, before they have the chance to
reabsorbed. Failing that the ground state can only be reac
by the two photon decay: 2s1/2→2p1/21g→1s1g. The net
recombination rate for transitions to and from states ab
the ground state and these two possibilities for the gro
state is given by@35,39#

t rec
215aexHnHC2be~12xH!e23D/4TeC. ~7!

This complicated expression requires some explanat
Firstly, and most simply, we defineD'13.60 eV to be the
binding energy of the ground state. The rate of recombi
tion to all excited levels is@40#

ae52AS 2Te

pme
D 1/2 D

Te
f8S D

Te
D ḡ, ~8!

where A525323/2a3pA0
252.105310222 cm2 given in

terms of the fine structure constanta51/137 and the Bohr
radius A050.529 Å, andme50.511 MeV is the electron
mass. Also included is a quantum correction2 for radiative
effects known as the Gaunt factor which is given byḡ
'0.943 for temperatures below 5000 K. The functionf8(te)

1Strictly speaking the description in the text should include
effects of helium, but exactly the same cancelation will take pla
when this is included correctly for the same physical reasons.

2A more precise fitting formula for the recombination rate is giv
in @8#. However, the effect on the anisotropy power spectrum,
including these corrections is less than 2%.
0-3
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WELLER, BATTYE, AND ALBRECHT PHYSICAL REVIEW D 60 103520
comes from summing up the interaction cross-sections o
excited levels and is given by@40,41#

f8~ te!5
1

2 S 1.7352 ln te1
te

6 D2
1

te
e1/teE1~1/te!, ~9!

where

E1~x!5E
x

`

e2u/u du ~10!

is the exponential integral function andte5Te/D. The ion-
ization ratebe is related to the recombination rate by a d
tailed balance argument and local thermal equilibrium
tween all the excited states, and is given by

be5aeS meTe

2p D 3/2

e2B2 /Te, ~11!

with B25D/4 being the binding energy of the lowest lyin
excited,n52, state. Finally, the correction due the redsh
of Lyman-a photons and the two photon decay is@35,39#

C5
11KDn1s

11K~D1be!n1s
, ~12!

where K5la
3a/8pȧ, la51216 Å is the wavelength o

the Lyman-a photons,D58.23 s21 is the net rate of the
two-photon decay andn1s.(12xH)nH the number density
of hydrogen atoms in the 1s state. At very late times the
density of the baryons and electrons is low and direct rec
bination to the ground state is possible, since the densit
the produced Lyman-a photons is then low as well@42#. This
leads effectively toC→1 at low redshifts, where we hav
choosenz,100. The inclusion of this effect did not chang
the reionization histories we studied.

In order to calculate the Compton cooling rate, one m
use the Boltzmann equation for the photon distributio
which in full generality is@43–47#

dn

dt
~n,t !5

]n

]t U
cs

1
]n

]t U
br

1
]n

]t U
dc

, ~13!

where the subscripts refer to Compton scattering, produc
of bremsstrahlung~free-free! photons and double Compto
scattering, respectively andn is the frequency of the photons
We only need to concern ourselves with the term due
Compton scattering, since the other two processes lea
negligible cooling. When integrated over frequency, t
gives the Compton cooling rate for Thomson scattering
hot electrons off photons in the plasma@43–45,12#

LCMB5
Te2Tg

Tg
S ne

freesT

p2menB
D E

0

`

v4nCMB~nCMB11!dv

5
4sTp2

15me
~Te2Tg!Tg

4~12YHe!xe ~14!
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s S Te2Tg

D D S Tg

D D 4

~12YHe!xe,

where the Thomson scattering cross section issT56.65
310229 m2 andnCMB is the undistorted cosmic microwav
background spectrum,nCMB

21 5ev/Tg21.

B. The Gaussian energy input

In the previous section we reviewed the standard ther
history of the CMB. We ignored the effects of photoioniz
tion, which is usually assumed to be the source of ionizat
in the intergalactic medium due to early object formatio
and set to zero the heating due to sources,Gsrc. As already
stated the purpose of this paper is to investigate the poss
effects of the active sources themselves and in this sec
we introduce a phenomenological expression forGsrc, which
is intended to model the effects of a network of topologic
defects, specifically cosmic strings. In order to do this
have to make various assumptions which basically allow
to say that the whole universe becomes ionized in an es
tially homogenous way. This is unlikely to be complete
true in a realistic model, since sources are random, but
required for us to make calculations possible. The effects
inhomogeneous reionization contribute only to second or
in the CMB anisotropies and will be the subject of futu
work.

We assume, therefore, that the active sources are dis
uted homogeneously in the universe and more importa
that the density of these sources is large enough that
will interact significantly withall the baryons over a shor
timescale. At early times the thermal velocity of the partic
in the plasma is large and the velocity perturbations will
relatively small, so the sources will have negligible effect
the baryons. But as the perturbations grow and the ther
velocities are redshifted by expansion, the sources will
come more significant. In the case of cosmic strings, it
been suggested@33# that the formation of wakes start
aroundz'800, which can shock heat the plasma up to te
peratures of a few million Kelvin during subsequent epoc
dependent on the small scale properties of the string
work. The increasing kinetic energy of the plasma leads t
partial reionization of hydrogen, but as the density of act
sources decreases, the energy release in the plasma wil
decrease. Therefore, the heating takes place only over a fi
period of time and afterwards the temperature of the bary
will remain constant, if, for the moment, we neglect the e
fects of cooling. One could model this effect in many wa
and we have chosen to do this using a smooth function wh
interpolates between temperature of the plasma before
energy input and the temperature after heating by
sources, once again assuming no cooling. More specifica
all the baryons are heated up to a temperature ofTheatduring
a time interval of lengthDz5r, centered aroundz5 z̄, using
the energy per free particle per comoving volume

q5
Theat

2 F11
Ap

2
erfSA2

r
~z2 z̄! D G , ~15!
0-4
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FIG. 1. An example of the en-
ergy input. On the left the energy
input per free particle per comov
ing volume, q, as a function of
redshift and on the right the corre
sponding rate of energy input
2dq/dz.
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where erf(x) is the error function defined, in the standa
way, by

erf~x!5
2

Ap
E

0

x

e2u2
du. ~16!

Therefore, the rate of energy input has a Gaussian shap

Gsrc5
3

2 S 12
3

4
YHe1~12YHe!xeD dq

dz

dz

dt

5
3

2
A2

pS 12
3

4
YHe1~12YHe!xeD

3~11z!5/2
H0Theat

r
expF2

2

r2
~ z̄2z!2G , ~17!

wherer is the width of the Gaussian,Theat/r is proportional
to its height andz̄ is the position of the peak. The energ
input ~15! and the rate~17! are plotted in Fig. 1 forz̄
5700, r5200 andTheat55.03106 K. We want to empha-
size again that our heating model is just an ansatz, whic
what we believe a reasonable one and allows one to pre
the behavior of the CMB caused by such a heating proc

Of course, the plasma will never achieve these high te
peratures since Compton cooling is very efficient forz.10,
and in fact we find that it is difficult for the actual electro
temperature to get much aboveTe'5000 K. If the effects of
the energy input are not significant at late times, then
temperature of the electrons will drop back to the CMB te
perature, once the heating has stopped. However, it is
sible for the electron temperature to remain around 5000
the energy input is significant at low redshift~see, for ex-
ample, thetotal ionizationmodel discussed below!.

So we now have a source term to add to the stand
thermal history which is motivated by a network of evolvin
topological defects. In the standard thermal history we m
a number of assumptions, which need to be re-examine
the presence of this source. Firstly, there is still no source
photoionization, since ionization by free-free emissions
negligible for our shock motivated source. The addition
the source can also lead to collisional ionization, but we h
10352
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explicitly checked that this is negligible. The main reason
this is that the densities are not high enough and the fact
D'13.60 eV'158000 K is much higher than the temper
ture of the plasma achieved by the thermal input. Simila
we have checked that collisional ionization and excitation
not play a significant role in the cooling process since th
are much weaker than Compton cooling.

Hence, we conclude that to model the effects of a to
logical defect network on the thermal history of the CM
one can just modify the standard calculation by the inclus
of the source term~17! bearing in mind the uncertainties o
the ansatz. One might wonder how the ionization occu
since we have explained above that the usual phys
processes—photoionization and collisional ionization—
negligible. The basic mechanism is by modifying the ra
for recombination and ionization,ae and be respectively,
creating a shift in the balance between atomic hydrogen
free protons and electrons. More specifically, the increas
Te creates a significant modification toae ~the probability
that an electron is captured by a proton decreases with
creasingTe) and a slightly smaller effect inbe, reducing
t rec

21 , hence shifting the balance towards free protons a
electrons. In other words, ionization dominates over reco
bination as long as the matter temperature is large.

We have investigated the effects of using this source fo
wide range of parameters and found that there are four c
which can illustrate interesting effects. We call themde-
layed, doubleandshiftedlast scattering, andtotal ionization
and an example of each is discussed below. Before doing
we should discuss what we shall use to quantify their eff
on the microwave background. The differential optical dep
due to Thomson scattering isṫ5xenHsTa and hence the
optical depth of any particular conformal timeh is

t~h!5E
h

h0
ṫ~h8!dh8, ~18!

where h0 is the conformal time of the present day. Fro
these two quantities we can construct two photon visibi
functions@1#, the last scattering visibility function

g~h!5 ṫ~h!e2t(h), ~19!
0-5
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FIG. 2. The effects ofdelayedlast scattering
on the thermal history and photon visibility func

tions. We have usedz̄51000, r5350 andTheat

51.33108 K. The plots are~top, left! the elec-
tron temperatureTe; ~top, right! the fraction of
ionized electronsxe; ~bottom, left! the last scat-
tering visibility function; ~bottom, right! the cu-
mulative visibility function, all plotted agains
redshiftz. On each plot there are two curves, th
modified ~solid line! and standard~dotted line!
thermal histories.
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and the cumulative visibility function

h~h!5e2t(h), ~20!

which encode statistical information about when the CM
photons observed today were last scattered or influence
objects, such as topological defects, along the line of si
We have already commented that in the standard ther
history the last scattering visibility function is a Gaussian
width Dz'50 centered aroundz'1100. The cumulative vis-
ibility function is even simpler, being effectively zero forz
.1100 and increasing sharply to one forz,1100 in the
standard case. This reflects our inability to see directly
objects beyond the surface of last scattering since the
verse is opaque. It also has a simple statistical interpreta
for any given conformal timeh, thenh(h) is the probability
that a given photon was scattered beforeh and 12h(h) is
the probability that it was scattered afterh. We shall see tha
these functions occur naturally in the calculation of CM
anisotropies and hence it is important for us to underst
the effects of our energy input on them.

Delayed last scattering.If the energy input is significan
during or close to the epoch of recombination then it is p
sible to delay standard recombination. An example of thi
z̄51000, r5350 andTheat51.33108 K, whose effects on
the thermal history and photon visibility functions are illu
trated in Fig. 2. We see that the temperature of the elect
deviates away from that of the photons aroundz'1500 and
only manages to get back down to be close to the pho
temperature aroundz'100. This allows a significant dela
in recombination process with the ionization fraction rema
ing greater than 70% until aroundz'700. The last scattering
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visibility function is still similar to a Gaussian, but it peak
aroundz'700, as opposed toz'1100, with a larger width
and consequentially smaller amplitude. A correspond
change in the cumulative visibility function is also observe
with the transition from zero to one happening aroundz
'700.

Double last scattering.If the energy input is slightly later,
then it is possible for recombination to take place in t
standard way, withxe decreasing almost to zero before i
creasing once again as the electron temperature begins to
due to the energy input. If the period of heating is sh
enough for a substantial fraction of the photons which w
originally last scattered at the standard time to remain
scattered during the reionized epoch, then it is possible
have effectively two surfaces of last scattering. This can

achieved, for example, if z̄5500, r5100 and Theat

5107 K, and its effects are compared to the standard cas
Fig. 3. As fordelayedlast scattering the electron temperatu
deviates significantly from that photon temperature, but n
it takes place over a relatively short timescale, betweez
'700 andz'300. The first epoch of recombination is effe
tively over by around the time at whichTe begins to in-
crease, but this increase leads to ionization which reach
maximum of around 30% byz'450, before decreasing
again. The last scattering visibility function can be appro
mated by two Gaussians one centered aroundz'1100 and
the other aroundz'500. The cumulative visibility function
has two steps, from zero to 0.3, and then from 0.3 to o
This tells us that 30% of the photons observed today w
last scattered around the time of standard recombinat
while the other 70% were last scattered during the epoch
reionization.
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FIG. 3. The effects ofdouble last scattering

using z̄5500, r5100 andTheat5107 K. The
plots are arranged in the same order as Fig. 2
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Shifted last scattering.If the energy input takes place afte
the standard recombination has taken place, as fordouble
last scattering, but the duration for which it takes place
much longer, then most of the CMB photons will be r
scattered during the epoch of reionization and the pho
visibility function will be almost zero around the time o
standard recombination. Although, this is physically distin
10352
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from delayedlast scattering, the photon visibility function
will be very similar apart from a shift to lower redshift, an
hence we call thisshifted last scattering. Usingz̄5500, r
5200 andTheat543107 K, one can shift the surface of las
scattering to lower redshift, as illustrated in Fig. 4. In th
case, the electron temperature is above that of the pho
from aroundz'800 until very close to the present day (z
ig.
FIG. 4. The effects ofshifted last scattering

using z̄5500, r5200 and Theat543107 K.
The plots are arranged in the same order as F
2.
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FIG. 5. The effects oftotal ionizationusing

z̄5350, r5300 and Theat51.53107 K. The
plots are arranged in the same order as Fig. 2
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'10), with the fraction of free electrons being larger th
10% betweenz'700 andz'100. The last scattering visibil
ity function is now approximately a single Gaussian cente
aroundz'500, with a much larger width than in the standa
case. The cumulative visibility function can be approxima
by a single step atz'500, re-enforcing the fact that almo
all the photons were last scattered during the epoch of re
ization.

Total ionization.If the energy input is very late and ove
a substantial period then it is very difficult for the universe
become neutral to any great degree between the epoc
standard recombination and the present day. In this case
photon visibility function will be relatively small since
large fraction of the CMB photons observed today have
stopped scattering through the whole history of the unive
and effectively there is no well defined concept of last sc
tering. One interesting side effect of this is that the unive
becomes totally ionized at aroundz'10 and the electron
temperature does not come back down to the photon t
perature, remaining at around 5000 K. An example of t
type of thermal history is given in Fig. 5 usingz̄5350,
r5300 andTheat51.53107 K. The electron temperature i
much higher than the photon temperature forz,700, where
the energy input becomes significant, and remains aro
3000 K until aroundz'20. At this point the effects of
Compton cooling reduce substantially and the electron t
perature increases to be greater than 5000 K forz,10. There
is a corresponding two step increase in the fraction of f
electrons. The last scattering visibility function is mu
smaller than in all the other cases, but still has a peak aro
the time of standard recombination and a broader peak ac
a wide range of redshifts. The cumulative visibility functio
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increases from zero to about 0.1 around the epoch of s
dard recombination and then increases very slowly to
betweenz'500 andz'1. Hence, only 10% of the photon
observed today were last scattered during the epoch of s
dard recombination and the other 90% were scattered
some point afterz'500. The amount of energy per baryo
injected into the universe is given byE/Nb53/2Theat, which
gives in the case ofdelayed last scattering16.8 keV per
baryon. After the baryons reach equilibrium with the CM
this energy input is recognizeable as spectral distortion of
Planckian spectrum which is discussed in the next sub
tion. The resulting distortions should be small since there
about 109 photons per baryon.

We should emphasize that none of these possibilitie
fundamental and the effects described above will often
superposed in a non-trivial way. Also only thetotal ioniza-
tion model achieves substantial ionization at late times a
hence some other mechanism, probably photoionizat
would be required to pass the Gunn-Peterson test.

Although the mechanisms of heating and reionization d
cussed in this paper are entirely different, the results can l
very similar to reionization due to the presence of light s
persymmetric particles~e.g. a light photino or higgsino!
@48,49#. These light inos decay into UV-photons which su
sequently ionize the matter. Dependent on the lifetime
light inos the~re-!ionization history is comparable to the on
discussed in the present paper. The remaining energy o
ionizing photons can heat the matter to much larger temp
tures as in the cases discussed here@49#. Other mechanism of
reionization which have been studied in the past are re
ization by decaying massive neutrinos@50–52# or the evapo-
ration of primordial black holes@5,53#. It should be noted
0-8
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FIG. 6. On the left ay-distorted~solid line! and a Planckian~dotted line! spectrum are plotted, where it can be seen that the photon
redistributed from lower frequencies, to higher frequencies. In the middle a free-free distorted spectrum~solid line! is plotted where the
increased number of low-frequency photons is established. On the right the distortions with the value of the upper limits from th
FIRAS experiment are plotted~solid line y-distortion, dotted line free-free distortion! relative to the related Planckian spectrum@(n
2nPl)/nPl#.
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that these mechanisms can also lead to reionization histo
similar to the ones presented in this paper.

C. Spectral distortions

We have already noted that the number of photons is
much larger than the number of baryons and hence the
lution of the photon spectrum can be decoupled from
evolution of the number density of free electrons during st
dard recombination and subsequent epochs of reioniza
But the spectrum does evolve and, assuming the deviat
from a pure black-body are small, as they will be for cas
under consideration here, the evolution of the spectrum
be studied in terms of the spectral distortions, known as
Comptony-parameter ory-distortion@44,46,54,55#, the free-
free distortion@56,57# and them-distortion @44,46,58#. The
COBE satellite had on board an instrument, known
FIRAS, which measured the spectrum of the CMB to hi
degree of accuracy, placing apparently stringent up
bounds on these distortions. Subsequently, it was sh
these upper bounds placed constraints on energy inpu
epochs before the standard time of recombination, but as
will show they place only very weak limits on the type
energy input that we have discussed in the previous sec

The source of energy input we have introduced will on
lead to free-free andy-distortions, with them-distortion zero,
if there is no significant energy input before the time of sta
dard recombination, since the rate of Compton scatterin
much slower than the expansion at these redshifts@61#. Simi-
larly, we can ignore double Compton scattering relative
single Compton scattering after recombination@61#. Hence,
we need only consider they-distortion and the free-free dis
tortion. Compton scattering conserves the total numbe
photons and hence the only way to increase the energy o
radiation due to the interaction with the hot plasma is
redistributing the photons from lower frequencies to high
frequencies. This is measured using they-distortion. The
thermal bremsstrahlung process on the other hand prod
photons in the low frequency region, creating the free-f
distortion. If the temperature is measured in the Raylei
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Jeans part of the spectrum, it deviates due to the increa
decreased number of photons in this part of the spectrum
@44,59#

TRJ~x!2T0

T0
522y,

TRJ~x!2T0

T0
.

Yff

x2
, ~21!

whereTRJ(x) is the Rayleigh-Jeans temperature andT0 is the
measured temperature of the Planckian distribution.

The COBE FIRAS limits@60# on these two parameter
are uyu,1.531025 ~95% C.L.! and uYffu,1.931025 ~95%
C.L.!. In Fig. 6 ~left! we have plotted the brightnessI @ I
}x3n(x), with x}n/T# of a spectrum withy51.531022. The
redistribution of low frequency photons to higher freque
cies, due to the interaction with the hot plasma, is evid
from this graph. In Fig. 6~middle! the brightness of a spec
trum with a distortion due to the release of bremsstrahlu
photons from the plasma is shown, withYff50.1. Note that
the distorted graph in Fig. 6~middle! is only valid in the
Rayleigh-Jeans limit. However, one can see the increa
brightness due to extra photons in the low frequency reg
Figure 6 ~right! shows the relative distortion of the brigh
ness,I rel5@ I (x)2I Pl(x)#/I Pl(x) where I Pl(x) is the bright-
ness of the Planckian spectrum. The values of the distort
in this plot are taken from the upper limits from the COB
FIRAS experiment.

The creation of spectral distortions is dictated by the p
ton Boltzmann equation~13! sourced by the Kompaneet
term for Compton scattering@43–46#

]n

]t U
cs

5ne
freesT

Tg

me

1

x2

]

]x S x4F Te

Tg

]n

]x
1n~11n!G D , ~22!

and free-free bremsstrahlung via@43,46#
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]n

]t U
br

5k
e2xp

x3
@12n~exp21!#, ~23!

where x52pn/Tg and xp52pn/Te are dimensionless fre
quencies relative toTg the unperturbed temperature of th
CMB and the electron temperatureTe. The coefficientk is
given by

k5
32p3e6ne

freenBgbr~xp!

3meTg
3A6pmeTe

, ~24!

for a plasma containing both hydrogen and helium@61# and
gbr(xp) is a Gaunt factor, accounting for quantum correctio
to the free-free radiation process. One can either use a
quency averaged Gaunt factorgbr(xp)5ḡbr'1.2 which gives
an error less than 20%@62#, or a more precise definition
gbr(xp)5A3 ln(2.25/xp)/p for xp<0.37 andgbr(xp)51 for
xp>0.37 @61#.

To account for the distortions in the black-body spectru
we solve the Boltzmann equation in terms of the unpertur
spectrumn0(x) and the spectral distortionsy or Yff , that is,
n(x)5n0(x)1y f(x), where@44#

f ~x!5
xex

~ex21!2 S x

tanh~x/2!
24D . ~25!

If we do this in anV51 universe then they distortion is
given by

y[E
t0

th
sTne

freeS Te2Tg

me
Ddt

'1.16310211Vbh~12YHe!E
0

zhS Te2Tg

1 K D xe~z!

3~11z!1/2dz, ~26!

and the free-free distortion is given by@59#

Yff[E
t0

th
k

Te2Tg

Te
dt'2.3331026ḡbrVb

2h3~12YHe!

3E
0

zhS 12
T0

Te
~11z! D S Te

1 KD 21/2

xe~z!~11z!1/2dz,

~27!

where th and zh are the time and redshift when the ener
input becomes significant.

One can estimate an upper bound on the distortions du
our energy input, assuming that we achieve total ionizat
that is, xe51 and a constant temperature,Te over a finite
range, sayz5zh to z50, with zh@1. We find that the
y-distortion is given by@11#

y'2.331025S Vb

0.05D S h

0.5D S 12YHe

0.76 D S Te

5000 KD S zh

1000D
3/2

,

~28!
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and the free-free distortion is@59#

Yff'6.3310212S ḡbr

1.2
D S Vb

0.05D
2S h

0.5D
3S 12YHe

0.76 D
3S Te

5000 KD
21/2S zh

1000D
3/2

. ~29!

Since our heating model does not result in larger values t
Te55000 K, it is easy to see that it would be difficult t
achieve much more thany'1025 andYff'1027 using stan-
dard cosmological parameters and therefore, the limits
spectral distortions from FIRAS do not constrain our mod
to any great degree. In fact, the actual spectral distortions
likely to be smaller than the upper bounds~28! and ~29!
since the ionization fraction and electron temperature ar
their maxima only for a small portion of the range. We ha
calculated these distortions for the four models which
have been considering. They arey'3.231026 and Yff
'4.331028 for delayedlast scattering,y'3.031027 and
Yff'5.231029 for doublelast scattering,y'1.731026 and
Yff'2.631028 for shifted last scattering, and finallyy
'9.831027 and Yff'1.631028 for total ionization. For
comparable heating temperatures these are also the app
mate distortions given in@11,59#, however@59# does not con-
sider a particular model for the heat input. The heating te
peratures in the model used in@11# are higher than the one
discussed in this paper, resulting in much stronger limitatio
when reionization can occur. Similar results are obtained
@44,63# under the assumption of stationary heating. Fut
measurements of the cosmic microwave background s
trum, like the experiments on the satellite missions MA
~Microwave Anisotropy Probe! @64#, Planck Surveyor
@65,66# and DIMES ~Diffuse Microwave Emission Survey!
@67,68#, are at the level of 0.1% accuracy and can prov
more stringent bounds on the distortions and could rule
some of the models discussed here. However this depend
how accurately one can remove the galactic dust contam
tion from the data@69#.

III. ANGULAR POWER SPECTRA OF TEMPERATURE
ANISOTROPIES AND POLARIZATION

A. Simple analytic arguments

To predict CMB anisotropies one has to solve the evo
tion equation for each species of particles either numeric
@2,3,34,70,71# or analytically @72–76#. One can understand
the qualitative structure of temperature anisotropies and
larization using a formalism first applied to passive adiaba
models @77–80# and later adapted to incorporate acti
source models@81–83#. For the purpose of this section w
shall ignore the vector and tensor contributions to
anisotropies, and concentrate on the scalar component s
it is this which is most affected by the modifications to t
thermal history discussed earlier. In this case, the ang
0-10
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REIONIZATION BY ACTIVE SOURCES AND ITS . . . PHYSICAL REVIEW D 60 103520
power spectra for the temperature anisotropies,Cl
T , and the

polarization,3 Cl
E are given by@77,79#

Cl
T5

2

pE0

`

k2dk^D l~k,h0!D l* ~k,h0!&,

~30!

Cl
E5

2

pE0

`

k2dk^El~k,h0!El* ~k,h0!&,

whereD(k,h0 ,m) and E(k,h0 ,m) are the temperature an
polarization distribution functions expanded in terms
spherical harmonics of the angular variablem5cosu, with
coefficientsD l(k,h0) andEl(k,h0). The basic procedure in
volves writing these multipoles in terms of an integral ov
the lower multipoles and the gravitational potentials alo
the line of sight.

The line of sight integral for the temperature anisotrop
is then@77#

D l~k,h0!5E
0

h0
dh~ST

0~k,h! j l@k~h02h!#

1ST
1~k,h! j l

10@k~h02h!#

1ST
2~k,h! j l

20@k~h02h!#!, ~31!

where

j l
10~x!5 j l8~x!, j l

20~x!5@3 j 9~x!1 j l~x!#/2,

ST
0~k,h!5g~h!~D01C!1h~h!~Ċ2Ḟ!,

~32!
ST

1~k,h!5g~h!VB , ST
2~k,h!5g~h!P,

C,F are the gravitational potentials characterizing the
fects of the sources,VB is the baryon velocity andP5(D2
2E2)/2. The equivalent expression for the electric comp
nent of the polarization distribution is@80,84#

El~k,h0!52A6E
0

h0
dhg~h!P~k,h!e l@k~h02h!#,

~33!

where

e l~x!5A3

8

~ l 12!!

~ l 22!!

j l~x!

x2 . ~34!

For the standard thermal history the last scattering visibi
function can be approximated for pedagogical purposes b
delta function ath* and the cumulative visibility function by
a step function at the same point, that is,g(h)5d(h2h* )
andh(h)5Q(h2h* ). Hence,~31! and~33! can be approxi-
mated by@77,80#

3Note that since we have ignored the vector and tensor com
nents of the source, there is no magnetic component of the p
ization @87#.
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D l~k,h0!5~D01C!~k,h* ! j l@k~h02h* !#

1VB~k,h* ! j l
10@k~h02h* !#

1P~k,h* ! j l
20@k~h02h* !#

1E
h
*

h0
dh~Ċ2Ḟ! j l@k~h02h!#, ~35!

and

El~k,h0!52A6P~h* !e l@k~h02h* !#. ~36!

Therefore, one can investigate the qualitative nature of
anisotropies and polarization by estimatingD01C, VB and
P around the time of last scattering4 and Ċ2Ḟ along the
line of sight.

We shall primarily be interested in the contribution fro
acoustic oscillations, since it is they which are most sensi
to the ionization history. Using the tight coupling approx
mation, that is, an expansion in powers of 1/ṫ, one can de-
duce that@77#

D̂0~h* !5D0~h* !1F~h* !

5e2k2/ks
2(h

*
,0)D̂0~0!cosS kh*

A3
D

1
A3

k
Ḋ̂0~0!sinS kh*

A3
D

1A3

kE0

h
* dh8e2k2/ks

2(h
*

,h8)

3sinS k

A3
~h* 2h8!D F~h8!, ~37!

where we have ignored the effects of baryons,F(h)
5k2(F2C)/3 is the structure function of the source,

ks
22~h2 ,h1!5

4

27Eh1

h2 dh

ṫ~h!
, ~38!

is the damping length due to photon diffusion@1,80,88# and
D̂0(h)[D0(h)1F(h). This serves as an approximation fo
the intrinsic anisotropy created around the time of recom
nation. Furthermore, the other important quantitiesVB andP

are related toD̂0 by P;VB;D1;D̂
˙

0 around this time.
With a few subtleties, the three parts to the tight coupli

solution ~37! correspond to the passive adiabatic@D̂
˙

0(0)
50,F(h)50#, passive isocurvature@D̂0(0)50,F(h)50#

and active sources@D̂0(0)50,Ḋ̂0(0)50#. When all the rel-

o-
r-4In fact, we will calculate theD01F around the time of last
scattering and assume thatC2F is small.
0-11
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WELLER, BATTYE, AND ALBRECHT PHYSICAL REVIEW D 60 103520
evant effects are taken into account the contribution fromVB
is suppressed relative to that fromD01C, and that fromP is
even further suppressed. Therefore, there are in genera
oscillatory components to the temperature anisotropy wh
are out of phase with each other, one which gives rise
peaks,D01C, and the other which fills in between the
creating troughs,VB . These arguments lead to the much d
cussedacoustic peaksin the standard adiabatic scenari
which has the first peak at aroundl 5200 corresponding to
the size of the sound horizon at time of recombinatio
Isocurvature and active source models also have similar p
structures,5 albeit with the main peak at slightly largerl @89#.
The effective source of polarizationD1 is out of phase with
that for the peaks in the anisotropy spectrum and there is
contribution to the polarization from their source,D01C.
This leads to a set of tight peaks which are out of phase w
those for anisotropy. The amplitude of the polarization
generally much lower than the anisotropy since no net po
ization is created during the tight coupling epo
@1,3,34,84,85#. We wish to modify this simple qualitative
treatment of the structure of the anisotropies to the c
where we have a more complicated ionization history.
order to do this, we replace the last scattering visibility fun
tion by @20,86#

g~h!5e2t(hr)d~h2h* !1~12e2t(hr)!d~h2h r!,
~39!

whereh r is the time of reionization. Using this one can d
duce that the cumulative visibility function will be given b
h(h)50 for h,h* , h(h)5e2t(hr) for h* ,h,h r and
h(h)51 for h.h r . This is similar to the case ofdoublelast
scattering discussed in the previous section which is the m
general case. However, we shall discuss how this appro
can be modified to understand the effects of theshiftedand
delayedlast scattering scenarios. Since the visibility fun
tions are not well represented in this way for the case of
total ionizationscenario, we shall only comment briefly o
its effects in this section.

Using ~39! we can deduce that@20#

D l~k,h0!5e2t(hr)$~D01C!~k,h* ! j l@k~h02h* !#

1VB~k,h* ! j l
10@k~h02h* !#1P~k,h* ! j l

20

3@k~h02h* !#%1~12e2t(hr)!$~D01C!

3~k,h r! j l@k~h02h r!#1VB~k,h r! j l
10

3@k~h02h r!#1P~k,h r! j l
20@k~h02h r!#%

1e2t(hr)E
h
*

hr
dh~Ċ2Ḟ! j l@k~h02h!#

1E
hr

h0
dh~Ċ2Ḟ! j l@k~h02h!#. ~40!

5We are only considering coherent active source models at
stage.
10352
wo
h

to

-

.
ak

o

th
s
r-

e
n
-

st
ch

-
e

The first term in curly brackets is due to photons which we
last scattered at the time of recombination. Only a fract
e2t(hr) of the total number of photons observed today w
have not scattered since that epoch and the remainder, a
tion 12e2t(hr), was scattered at the time of reionization. T
effect of these photons on the temperature anisotropy
given by the second term. The final two terms are a simila
modified version of the integrated Sachs-Wolfe~ISW! effect.

We have already estimated the effects ofD01C andVB
at the time of recombination, and these are just damped
the factore2t(hr ) in these scenarios. However, we must no
also estimate their effects at the time of reionization. W
assume that the photons free stream from the time of rec
bination until just before reionization at timeh r2e, wheree
is usually small when compared toh r . This yields

D0~h r2e,k!5~D01C!~k,h* ! j 0@k~h r2e2h* !#

1E
h
*

hr2e

dh~Ċ2Ḟ! j 0@k~h r2e2h!#.

~41!

If we now assume that the ISW component to this is ne
gible, as it will be in most applications, then this simp
multiplication can be used as an initial condition for the e
och when the photons re-enter the phase where the pho
couple again to the electrons. Using~37!, one can deduce
that @20#

D̂0~h r!5D0~h r!1F~h r!

5e2k2/ks
2(hr ,hr2e)F D̂0~h r2e!cosS ke

A3
D

1
A3

k
Ḋ̂0~h r2e!sinS ke

A3
D G

1A3

kEhr2e

hr
dh8e2k2/ks

2(hr ,h8)

3sinS k

A3
~h r2h8!D F~h8!. ~42!

ComputingVB andP around the time of reionization is mor
tricky since there is pre-existing anisotropy. If this is lar
then it can modify the relation betweenVB , P andD1. We
do not believe that this will have a substantial effect on
temperature, but we shall return to this point when we d
cuss polarization below.

We are now in a position to discuss the effects of t
doublelast scattering scenario on the CMB anisotropies. T
fact that there are two last scattering surfaces will lead to
sets of peaks with relative amplitudese2t(hr) and 1
2e2t(hr), whose scales will be set by the sound horizons
the time of recombination (k* ;h

*
21) and the time of reion-

ization. By substituting the free-streamed tight coupling s
lution into ~42!, one can deduce that this scale iskr;(h*
1e)21, which implies that the size of the sound horizon
is
0-12
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proportional to the time for which acoustic oscillations ta
place. Remember thate is small relative toh r , but so long as
h r@h* , then it is possible fore;O(h* ), creating peaks
which are based around very different scales. These sc
can be projected intol-space@77# using the fact that the
spherical Bessel functionj l(x) is peaked aroundx5 l , which
in the case of the anisotropy created at the time of last s
tering is l'k* (h02h* ) and for that created at reionizatio
is l'kr(h02h r).

This qualitative approach can be modified to also expl
the nature of the structure of the anisotropy in theshiftedlast
scattering scenario. In this case, the optical depth of
reionization is very large,t(h r)@1, which implies that one
can ignore the first term in~40!, and hence the anisotropy
given by

D l~k,h0!5~D01C!~h r! j l@k~h02h r!#

1VB~h r! j l
10@k~h02h r!#1P~h r! j l

20@k~h02h r!#

1E
hr

h0
dh~Ċ2Ḟ! j l@k~h02h!#. ~43!

Furthermore, one can assume that the tight coupling reg
effectively never ended at the time of recombination, wh
requires us to make the approximationh r'e ~and h* 50).
This is clearly not totally true, since recombination of t
protons and electrons did take place, but the only thing c
cal for estimating the anisotropies is the visibility. In th
specific case ofshifted last scattering which we are consid
ering here, the visibility of the time of recombination is a
most negligible. Therefore, we can estimate

D̂0~h r!5D0~h r!1F~h r!

5e2k2/ks
2(hr,0)F D̂0~0!cosS kh r

A3
D

1
A3

k
Ḋ̂0~0!sinS kh r

A3
D G1A3

kE0

hr
dh8e2k2/ks

2(hr ,h8)

3sinS k

A3
~h r2h8!D F~h8!. ~44!

We see now that there is just one set of peaks with their s
set bykr;h r

21 . Sinceh r@h* , this corresponds to a shift o
the entire peak structure to smallerl. Also the diffusion
damping lengthks

21(h r,0) has grown considerably and hen
the effects of Silk damping@88# are prevalent on large
scales than in the standard scenario@86#.

We could also use this limit to understand the effects
delayedrecombination, since there is just one surface of l
scattering, but it seems more logical to treat this case a
name suggests as an increase inh* , with t(h r)50. This
leads to a simple shift in the time of recombination, a
hence the size of the sound horizon when the photons
scatter. The observational consequence is that the w
spectrum of anisotropies and also the Silk damping enve
are shifted to larger scales.
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The effects of these modified thermal histories on the
sition of peaks in the polarization is very similar to the
effects on the temperature anisotropy. This is since the e
lution of the source of polarization inside any surface of l
scattering induced by reionization is very much the same
in the standard case. Therefore, if we make the same ass
tions about the surface of last scattering, then the polar
tion is given by@20#

El~k,h0!52A6$e2t(hr)P~h* !e l@k~h02h* !#

1~12e2t(hr)!P~h r!e l@k~h02h r!#%. ~45!

As for the anisotropy, the functione l(x)} j l(x) peaks around
l'x and the two contributions to~45! produce peaks on the
two scalesl'k* (h02h* ) andl'kr(h02h r). Similar shifts
in the peak position are possible in the cases ofshiftedand
delayedlast scattering. Since the polarization has only o
source, as opposed to the temperature which has a num
this effect will be seen much more clearly.

However, the amplitude of polarization on different sca
is much more difficult to understand in any kind of gener
ity. First, there are effects of Silk damping, which are like
to be very much the same as for the anisotropy. But m
importantly there is the added difficulty of pre-existing p
larization at the time of reionization. In the standard case,
quadrupole is negligible until very close to the time of la
scattering and so its amplitude increases during that ti
while oscillating out of phase with the monopole. It is th
balance between this increase and the effects of Silk da
ing which makes the amplitude maximum at around the th
or fourth peak. If the quadrupole is nonzero before the ti
of reionization, as is likely to be the case particularly in t
doublelast scattering scenario, then it is possible to shift t
balance to larger scales. Hence, it is possible for the m
mum amplitude to be at the first peak.

It is hard to obtain any analytical predictions for the to
ionization model. This is because the last scattering visibi
function is smeared out over the whole history since reco
bination and cannot be approximated by a simple funct
with two peaks~Fig. 5!. Therefore the line of sight integral
~31!, ~33! cannot be carried out in a simple way. The on
prediction we can make is, since this scenario gives a sm
cumulative visibility up to very late times~see Fig. 5, last
scattering visibility function!, that the resulting anisotropy
power spectrum will be suppressed up to relatively la
scales.

B. Isocurvature white noise

Our main emphasis in this paper is on active source m
els. However, there is a class of passive models, known
isocurvature white-noise models, which have a number
the features of an active model. We have integrated the
earized Einstein-Boltzmann equations with an integra
known asCMBFAST @34# for an isocurvature cold dark matte
~CDM! model @90–92# with the initial power spectrum

Pi~k!5k0, ~46!
0-13
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FIG. 7. The temperature~left! and polariza-
tion ~right! anisotropy power spectra for a
isocurvature CDM model. The dotted line refe
to the standard thermal history, the long dash
line to delayed last scattering, the solid line
shifted last scattering, the dot-dashed line
double last scattering, and the short dashed line
the total ionization scenario.
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hich
that is, an initial white-noise spectrum and the results for
sample of modified thermal histories discussed in the pr
ous section are shown in Fig. 7. The power spectrum is p
ted up tol 51500, because we do not expect interesting f
tures on smaller scales in this first order approach.
should note first that, for the standard thermal history,
amplitude and spectrum of such a model is very much
conflict with the current observations@93#. However, as we
shall discuss in Sec. III D, part of the motivation for th
work is to investigate how the changes in the ionization h
tory might create a more acceptable model.

We see that the peak structure in the delayed and sh
last scattering scenarios is moved to much larger scales
that amplitude is suppressed by the damping envelope,
much in keeping with the analytic arguments of the previo
section. For the case of double last scattering the ana
treatment suggests that there should be a second set of p
at larger scales, but it appears that in this particular case
this second set of peaks is suppressed below that of the
set. The first peak which appears for the standard casel
'350 also appears to be ‘‘washed’’ out by the damping
the time of reionization. However, the three peaks wh
remain are on exactly the same scales as those in the
dard case and represent the anisotropy created at the tim
the initial epoch of recombination, suppressed by the da
ing factore2t(hr). Finally the total ionization scenario resul
in a heavy suppression of power up to very large scalel
'20). This is because the last scattering visibility function
smeared out over the whole time since recombination~Fig.
5!. We should note that reionization only appears to be
fective on small scales and in each case the anisotrop
scales withl ,20 remains unchanged.

As already discussed the peak structure of the polariza
power spectrum is a more clean test of our analytic ar
ments, although our understanding of the amplitude is m
less clear. In the standard case, the first peak is aroul
'250 and the damping becomes effective on scales wil
.1000. Once again the action of the delayed and shifted
scattering is easily understood from our analytic argume
with just a universal shift of the spectrum and dampi
scales. In the double last scattering scenario we now see
there are two clear sets of peaks which have different sca
those at the smaller scales being those created at the tim
recombination damped by the appropriate amount. Since
visibility function at recombination is not completely zer
the damping phase leads to a quadrupole moment in the
perature anisotropies. This quadrupole contribution acts
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seed for the creation of polarization anisotropies~33! during
reionization and hence the first peak in the polarization
this model is more prominent than in the others. Finally, to
ionization results in a severely damped polarization sp
trum, although even in this very extreme case one can
observe the remnants of the polarization created at the s
dard time of recombination.

C. Simple coherent scaling source models

In order to study active sources we will first discuss t
simple coherent scaling source models introduced in R
@94,95#. Although these kind of sources are unlikely to b
realized in the early universe, they have some some illus
tive value. The scaling source is introduced as compone
of the Newtonian metric perturbations; specifically the c
vature F5Fgb1Fs and the gravitational potentialC
5Cgb1Cs, whereFgb andCgb are the contributions from
the photon-baryon fluid, andFs and Cs are those for the
source. These sources terms can be related to the dens
the sourcers, its velocity vs and anisotropic stressps by
@95#

k2Fs54pGa2S rs13
ȧ

a
vs/kD ,

~47!
k2~Cs1Fs!528pGa2ps,

where the derivatives are with respect to conformal timeh
5*dt/a. The conservation equations for the seed source
@95#

ṙs13
ȧ

a
~rs1ps!52kvs,

~48!

v̇s14
ȧ

a
vs5kps2

2

3
kps,

whereps is the pressure of the source. Clearly, there are o
two independent quantities here and we can in gen
choose any two arbitrarily, the other two being computed
evolving these equations. One simple scaling ansatz, w
we shall call the pressure source, is given by@95#

4pGa2ps5h21/2
sin~Akh!

Akh
,

~49!
ps50,
0-14
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FIG. 8. Temperature~left! and
polarization ~right! anisotropy
power spectra for a pressur
source model withA51.0. The
dotted line refers to the standar
thermal history, the long dashe
line to delayed last scattering, th
solid line to shifted last scattering
the dot-dashed line to double las
scattering, and the short dashe
line to the total ionization sce-
nario.
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where 0,A,1 and another which we shall call the stre
source has

4pGa2ps5h21/2
6

B2
22B1

2 Fsin~B1kh!

B1kh
2

sin~B2kh!

B2kh G ,
~50!

where 0,(B1 ,B2),1, with ps given by the pressure sourc
For the results presented here we have chosen to usA
51.0, B151.0 andB250.5.

Figures 8 and 9 show the results of incorporating the p
sure and stress sources intoCMBFAST. For the pressure
source the anisotropy results follow the exact pattern p
dicted by our analytic arguments and already confirmed
the isocurvature white noise model. Now the main contrib
tion to the intrinsic anisotropy is from the third term of th
tight coupling solution~37!, which moves the dominant pea
in the temperature anisotropy to smaller scales. The dela
and shifted scenarios comprise a single set of peaks at la
scales than in the standard case, and in particular the m
peak, which is at aroundl'350 in the standard case,
moved to aroundl'250 in the delayed scenario. In the ca
of double last scatteringone can still recognize the peak
from the recombination epoch on small scales. However
expected second set of peaks from reionization is hardly
10352
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ognizeable. The polarization in each of these cases also
lows the pattern already established.

One should note that in these truly active models
large-scale anisotropy is created by the ISW effect due to
existence of the sources along the line of sight. In the
layed, shifted and double last scattering scenarios reion
tion takes place very much beforez'100, whereas most o
the ISW effect comes from sources present after this tim
Therefore, reionization has very little impact on this cont
bution, that is, the penultimate term in~40! is effectively
zero. In the total ionization scenario, where the universe
ionized for most of the time between standard last scatte
and the present day, this is not necessarily the case and r
ization can interfere with the anisotropy on large scales. T
is illustrated in Fig. 8, although superficially it appears th
the large-angle contribution has increased. This is not in
the case since the normalization to COBE makes all
models equally aroundl 510. What has happened is a redi
tribution of the large-scale power and a reduction of the c
tribution to the COBE normalization from scales smal
thanl'10. This will not always be the case since it depen
critically on the time when most of the anisotropy is creat
relative to the ionization history.

The results of using the stress source are very simila
those from the pressure source as illustrated in Fig. 9. H
e

FIG. 9. Temperature~left! and
polarization ~right! anisotropy
power spectra for a stress sourc
model with A51.0, B151.0 and
B250.5. The key to the curves is
the same as in Fig. 8.
0-15
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WELLER, BATTYE, AND ALBRECHT PHYSICAL REVIEW D 60 103520
ever, there is one case which is quantitatively different
appears that the first peak in the polarization spectrum for
shifted scenario is higher than that for the double last s
tering scenario, where in the two cases already consid
~the isocurvature white noise and pressure models! these
peaks have almost the same height. We believe that
subtle effect is due to the quadrapole of the temperature
isotropy, which is the source for polarization, being non-z
when the second tight-coupling epoch begins, although
have no analytic reasoning for this.

D. Causal white noise

One of the original motivations for studying these no
standard thermal histories was to attempt to rectify some
the observational problems of a class of structure forma
models known as causal white noise~CWN! models@96,97#.
These models were spawned out of the realization that s
dard scaling models with defect motivated stress-ene
components are unable to explain the observed matter
tuations on 100h21 Mpc scales in a Einstein-de-Sitter un
verse, unless in case where large scale biases are accep
It was suggested that if the source was switched off at so
point before a critical redshift (zc'100), then the power on
100h21 Mpc scales was exactly that observed and the
cess of power on smaller scales can be rectified by mo
cations to cosmological parameters. An observationally
acceptable side-effect of this is the spectrum of CM
anisotropies produced.

Figure 10 illustrates these problems for a simple CW
model in the standard thermal history, plus the effects of
total ionization scenario, in both an Einstein-de-Sitter c
mology and also one with a non-zero cosmological const
In the standard scenario we see that there appears to b
excess of power on small scales and the shape of the s
trum on large scales is in conflict with the COBE data. T
is because these models effectively tilt the spectrum tow
smaller scales. The action of reionization is to reduce
power on small scales to a more acceptable level, but
problems on large-scales remain. These can be partially
lieved by the inclusion of a cosmological constant, but at
expense of reducing the power on smaller scales. It was
cluded in Refs.@96,97# that although such models can e
plain the formation of structure, they have considerable pr
lems explaining the observed CMB power spectrum.

E. Cosmic strings with a cosmological constant

The other motivation is to investigate whether acous
peaks in defect models may shift to larger angular scale
realistic thermal histories. We have already mentioned
these models appear to predict a peak~if any at all, see Refs
@24–26,30#! on much smaller scales than in the stand
adiabatic scenario, and in fact only very convoluted mod
can rectify this@94#. One might ask is this a generic phenom
ena and clearly our earlier arguments suggest that the ion
tion history can be modified to allow this to happen in mo
generic defect models.

We have applied the same modified thermal histories
the model of structure formation by cosmic strings with
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cosmological constant presented in Ref.@29#. The introduc-
tion of a non-zero cosmological constant can improve
shape of the matter power spectrum and its amplitude
scales of 100h21 Mpc to an acceptable level, and it wa
shown that an important consequence of this is a broad p
in the CMB power spectrum on aroundl 5500. The model
presented here hasVB50.05, Vc50.15 andVL50.80. In
Fig. 11 we have plotted the temperature anisotropy po
spectrum for our thermal histories with this model. The sp
trum behaves very much as one might have expected f
our earlier analytic arguments and also like the simple coh
ent models, although it should be noted that in this incoh
ent model the concept of peaks is slightly different. For st
dard recombination~dotted line! the peak is atl'500 and
has an amplitude of'95 mK, which has been shifted, fo
example, in the case ofdouble last scattering~dot-dashed
line! to a broader peak atl'200 and a height of 60mK.
Similar modifications are made in the shifted and delay
last scattering scenarios. This is clearly an improvement w
respect to the current observational data, although maybe
a necessary one.

IV. DISCUSSION AND CONCLUSION

We have introduced a heating source motivated by
active character of structure formation in the context
sources like a cosmic strings. The main assumption is
there exists a phase in the universe after recombinat
where the density of active sources is large enough to h

FIG. 10. Temperature anisotropy power spectrum for a cau
white noise model. The dotted line is for a standard thermal hist

the solid line fora total ionization history with the parametersz̄
5400, r5350 andTheat533107 K and the long dashed line is
for the same model with inclusion of a cosmological constantVL

50.65, Vb50.1 andVc50.25. The spectra include scalar, vect
and tensor contributions and are normalized to COBE. Also
cluded are the observations data points@98#.
0-16



f
th
de
n
u
co

we
nt
on

o

vio-
x-

ug-
d
in-

tion
cal-
ex-
ere
py
ifted
last
sup-
last
lar-
ent

We
to a
ble

N
ger
it
the

of
b-
gs
.B.
p-

one
er,
e-

p-
ry

m

ls
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the baryonshomogenously, at least over a short period o
time. After this the influence of the active sources on
heating was assumed to be irrelevant for our effective
scription. Sources of ‘‘late’’ reionization, such as, photoio
ization through early object formation are not included in o
analysis. We also have not considerd the second order
tribution from the Vishniac effect@99,100#, which will lead
to an extra contribution in the temperature anisotropy po
spectrum at largel ( l .2000). An inhomogenous treatme
would also have led to such second order contributi
@101#.

We calculated the spectral distortions for a wide range

FIG. 11. The temperature anisotropy power spectra for a cos
string model under inclusion of a cosmological constantVL

50.80. The key of the plot is the same as in Fig. 7. We have a
included the data points with errorbars@98#.
oc

ld,

D
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heat source parameters and established that it is hard to
late the COBE FIRAS limits on these quantities. We e
tended the framework of the semi-analytical Hu and S
iyama formalism @77# to the case of reionization an
analyzed four generic heat source types explaining their
fluence on the CMB temperature anisotropy and polariza
power spectra for isocurvature white noise and simple s
ing source models. The behavior of the models was
plained well by these arguments. We have found that if th
is only a shift of the surface of last scattering, the anisotro
power spectrum becomes damped and the peaks are sh
to larger scales. If there appears a second surface of
scattering the acoustic peak structure changes and the
pression on small scales is not as large for a just shifted
scattering surface. The most important feature of the po
ization power spectrum is the appearance of a promin
contribution on intermediate scales due to reionization.
then applied the source models to CWN models and also
realistic cosmic string model. We found that it was possi
to reduce the amount of power on small scales in CW
models and to move the peak in string models to lar
scales — the original motivation for this work. However,
appears to not be possible to have a substantial effect on
spectrum at large angles in CWN models.

ACKNOWLEDGMENTS

We thank U. Seljak and M. Zaldarriaga for the use
CMBFAST and L. Knox, R. Crittenden, M. Rees, and A. Ste
bins for helpful conversations. The model for cosmic strin
used to produce Fig. 11 was developed by A.A. and R.A
in collaboration with James Robinson. This work was su
ported by PPARC and some of the computations were d
at the UK National Cosmology Supercomputing Cent
funded by PPARC, HEFCE and Silicon Graphics/Cray R
search. R.A.B. is funded by Trinity College. J.W. is su
ported by DAAD financed by the German Federal Minist
for Research and Technology.

ic

o

c.
@1# N. Kaiser, Astrophys. J.282, 374 ~1984!.
@2# N. Vittorio and J. Silk, Astrophys. J. Lett.285, L39 ~1984!.
@3# J.R. Bond and G. Efstathiou, Astrophys. J. Lett.285, L45

~1984!.
@4# H.M.P. Couchman and M.J. Rees, Mon. Not. R. Astron. S

221, 53 ~1986!.
@5# E.I. Dorosheva and P.D. Nasel’skij, Astrophys.24, 321

~1986!.
@6# J.R. Bond, G. Efstathiou, P.M. Lubin, and P.R. Meinho

Phys. Rev. Lett.66, 2179~1991!.
@7# N. Sugiyama, J. Silk, and N. Vittorio, Astrophys. J. Lett.419,

L1 ~1993!.
@8# W. Hu, D. Scott, N. Sugiyama, and M. White, Phys. Rev.

52, 5498~1995!.
@9# J.E. Gunn and B.A. Peterson, Astrophys. J.142, 1633~1965!.

@10# J. Miralda-Escude´ and J.P. Ostriker, Astrophys. J.350, 1
~1990!.
.

@11# M. Tegmark, J. Silk, and A. Blanchard, Astrophys. J.420,
484 ~1994!.

@12# R. Durrer, Infrared Phys. Technol.35, 83 ~1994!.
@13# M. Fukugita and M. Kawasaki, Mon. Not. R. Astron. So

269, 563 ~1994!.
@14# A.R. Liddle and D.H. Lyth, Mon. Not. R. Astron. Soc.273,

1177 ~1995!.
@15# J. Arons and D.W. Wingert, Astrophys. J.177, 1 ~1972!.
@16# P.R. Shapiro and M.L. Giroux, Astrophys. J. Lett.321, L107

~1987!.
@17# A. Meiksin and P. Madau, Astrophys. J.412, 34 ~1993!.
@18# P.R. Shapiro, M.L. Giroux, and A. Babul, Astrophys. J.427,

25 ~1994!.
@19# Z. Haiman and A. Loeb, Astrophys. J.483, 21 ~1997!.
@20# M. Zaldarriaga, Phys. Rev. D55, 1822~1997!.
@21# Ya.B. Zel’dovich, Mon. Not. R. Astron. Soc.192, 663

~1980!.
0-17



tt

tt

tt

l-

ys

s

n

.

.

.

l.

ys

ys

In-

-

i-

://

ov/

s

dy

v,

J.

,

ys.

ys.

v.

WELLER, BATTYE, AND ALBRECHT PHYSICAL REVIEW D 60 103520
@22# A. Vilenkin, Phys. Rev. Lett.46, 1496~1981!.
@23# N. Tuork and D.N. Spergel, Phys. Rev. Lett.64, 2736~1989!.
@24# U.L. Pen, U. Seljak, and N. Turok, Phys. Rev. Lett.79, 1615

~1997!.
@25# A. Albrecht, R.A. Battye, and J. Robinson, Phys. Rev. Le

79, 4736~1997!.
@26# A. Albrecht, R.A. Battye, and J. Robinson, Phys. Rev. D59,

023508~1999!.
@27# C. Contaldi, M. Hindmarsh, and J. Magueijo, Phys. Rev. Le

82, 679 ~1999!.
@28# L. Pogosian and T. Vachaspati, Phys. Rev. D60, 083504

~1999!.
@29# R.A. Battye, J. Robinson, and A. Albrecht, Phys. Rev. Le

80, 4847~1997!.
@30# B. Allen, R.R. Caldwell, S. Dodelson, L. Knox, E.P.S. She

lard, and A. Stebbins, Phys. Rev. Lett.79, 2624~1997!.
@31# P.P. Avelino, E.P.S. Shellard, J.H.P. Wu, and B. Allen, Ph

Rev. Lett.81, 2008~1998!.
@32# P.P. Avelino, R.R. Caldwell, and C.J.A.P. Martins, Phy

Rev. D56, 4568~1997!.
@33# A. Sornborger, R. Brandenberger, B. Fryxell, and K. Olso

Astrophys. J.482, 22 ~1997!.
@34# U. Seljak and M. Zaldarriaga, Astrophys. J.469, 437 ~1996!.
@35# P.J.E. Peebles, Astrophys. J.153, 1 ~1968!.
@36# Ya.B. Zel’dovich, V.G. Kurt, and R.A. Sunyaev, Zh. E´ksp.

Teor. Fiz.55, 278 ~1968! @Sov. Phys. JETP28, 146 ~1969!#.
@37# S. Seager, D.D. Sasselov, and D. Scott, Astrophys J.~to be

published!.
@38# C.P. Ma and E. Bertschinger, Astrophys. J.455, 7 ~1995!.
@39# P.J.E. Peebles,Principles of Physical Cosmology~Princeton

University Press, Princeton, NJ, 1993!.
@40# R.J. Gould and R.K. Thakur, Ann. Phys.~N.Y.! 61, 351

~1970!.
@41# G.R. Burbidge, R.J. Gould, and S.R. Pottasch, Astrophys

138, 945 ~1963!.
@42# M. Rees~private communication!.
@43# A.S. Kompaneets, Zh. E´ksp. Teor. Fiz.31, 876 ~1957! @Sov.

Phys. JETP4, 730 ~1957!#.
@44# Ya.B. Zeldovich and R.A. Sunyaev, Astrophys. Space Sci4,

301 ~1969!.
@45# R.A. Sunyaev and Ya.B. Zeldovich, Astrophys. Space Sci7,

20 ~1969!.
@46# K.L. Chan and B.J.T. Jones, Astrophys. J.195, 1 ~1975!.
@47# A.P. Lightman, Astrophys. J.244, 392 ~1981!.
@48# P. Salati and J.C. Wallet, Phys. Lett. B144, 61 ~1984!.
@49# X. Asselin, G. Girardi, P. Salati, and A. Blanchard, Nuc

Phys.B310, 669 ~1987!.
@50# D.W. Sciama and A.L. Melott, Phys. Rev. D25, 2214~1982!.
@51# D.W. Sciama, Mon. Not. R. Astron. Soc.198, 1P ~1982!.
@52# D. Scott, M.J. Rees, and D.W. Sciama, Astron. Astroph

250, 295 ~1991!.
@53# P.D. Nasel’skij and A.G. Polonare¨v, Pis’ma Astron. Zh.13,

167 ~1987! @Sov. Astron. Lett.13, 67 ~1987!#.
@54# R. Weymann, Astrophys. J.145, 560 ~1966!.
@55# C. Burigana, G. de Zotti, and L. Danese, Astron. Astroph

303, 323 ~1995!.
@56# L. Danese and G. de Zotti, Riv. Nuovo Cimento7, 277

~1977!.
@57# A. Stebbins and J. Silk, Astrophys. J.300, 1 ~1986!.
10352
.

.

.

.

.

,

J.

.

.

@58# R. Weymann, Phys. Fluids8, 2112~1965!.
@59# J.G. Bartlett and A. Stebbins, Astrophys. J.371, 8 ~1991!.
@60# G. Smoot, inProceedings of the NATO Advanced Study

stitute on The Cosmic Microwave Background, Strasbourg,
France, edited by C.H. Lineweaveret al. ~Kluwer Academic,
Boston, 1997!.

@61# W. Hu and J. Silk, Phys. Rev. D48, 485 ~1993!.
@62# G.B. Rybicki and A.P. Lightman,Radiative Processes in As

trophysics~Wiley, New York, 1979!.
@63# M.B. Entel, P.D. Nasel’skij, and V.N. Lukash, Nuovo C

mento B89, 47 ~1985!.
@64# See the MAP homepage at: http://map.gsfc.nasa.gov/
@65# See the Planck Surveyor homepage at: http

astro.estec.esa.nl/SA-general/Projects/Planck/
@66# M. Bersanelli et al., Phase A study for theCobras/Samba

Mission. Paris: European Space Agency D/SCI~96!3 ~1996!.
@67# See the DIMES homepage at: http://ceylon.gsfc.nasa.g

DIMES/
@68# A. Kogut, in Proceedings of the XVI Moriond Astrophysic

meeting, Les Arcs, France, edited by J. Traˆn Thanh Vân et al.
~Editions Frontiers, Paris, 1996!.

@69# A. Stebbins, inProceedings of the NATO Advanced Stu
Institute on The Cosmic Microwave Background~Ref. @60#!.

@70# P.J.E. Peebles and J.T. Yu, Astrophys. J.162, 815 ~1970!.
@71# M.L. Wilson and J. Silk, Astrophys. J.243, 14 ~1981!.
@72# A.G. Doroshkevich, Ya.B. Zel’dovich, and R.A. Sunyae

Astron. Zh.55, 913 ~1978! @Sov. Astron.22, 523 ~1978!#.
@73# A.G. Doroshkevich, Pis’ma Astron. Zh.14, 296~1988! @Sov.

Astron. Lett.14, 125 ~1988!#.
@74# P.D. Nasel’skij and I. Novikov, Astrophys. J.413, 14 ~1993!.
@75# F. Atrio-Barandela and A.G. Doroshkevich, Astrophys.

420, 26 ~1994!.
@76# H.E. Jo”rgensen, E. Kotok, P.D. Nasel’skij, and I. Novikov

Astron. Astrophys.294, 639 ~1995!.
@77# W. Hu and N. Sugiyama, Astrophys. J.444, 489 ~1995!.
@78# W. Hu and N. Sugiyama, Phys. Rev. D51, 2599~1995!.
@79# M. Zaldarriaga and D.D. Harari, Phys. Rev. D52, 3276

~1995!.
@80# W. Hu and M. White, Phys. Rev. D56, 596 ~1997!.
@81# J. Magueijo, A. Albrecht, D. Coulson, and P. Ferreira, Ph

Rev. Lett.76, 2617~1996!.
@82# J. Magueijo, A. Albrecht, P. Ferreira, and D. Coulson, Ph

Rev. D54, 3727~1996!.
@83# R.A. Battye, Phys. Rev. D55, 7361~1997!.
@84# W. Hu, U. Seljak, M. White, and M. Zaldarriaga, Phys. Re

D 57, 3290~1998!.
@85# K.L. Ng and K. Ng, Phys. Rev. D51, 364 ~1995!.
@86# W. Hu and M. White, Astrophys. J.479, 568 ~1997!.
@87# U. Seljak and M. Zaldarriaga, Phys. Rev. Lett.78, 2054

~1997!.
@88# J. Silk, Astrophys. J.151, 459 ~1968!.
@89# W. Hu and M. White, Astrophys. J.471, 30 ~1996!.
@90# A.D. Linde, Phys. Lett.158B, 375 ~1985!.
@91# D. Seckel and M.S. Turner, Phys. Rev. D32, 3178~1985!.
@92# P.J.E. Peebles, Astrophys. J. Lett.483, L1 ~1997!.
@93# W. Hu, E.F. Bunn, and N. Sugiyama, Astrophys. J. Lett.447,

L59 ~1994!.
@94# N. Turok, Phys. Rev. D54, R3686~1996!.
0-18



p
p://

REIONIZATION BY ACTIVE SOURCES AND ITS . . . PHYSICAL REVIEW D 60 103520
@95# W. Hu, D.N. Spergel, and W. White, Phys. Rev. D55, 3288
~1997!.

@96# A. Albrecht, in Proceedings of the International Worksho
on Particle Physics and the Early Universe, Ambleside, ed-
ited by L. Roszkowski~World Scientific, New Jersey, 1998!.

@97# A. Albrecht, R.A. Battye, J. Robinson and J. Weller~in
10352
preparation!.
@98# The data points have been compiled by M. Tegmark at htt

www.sns.ias.edu/;max/cmb/experiments.html
@99# E. Vishniac, Astrophys. J.322, 597 ~1987!.

@100# S. Dodelson and J.M. Jubas, Astrophys. J.439, 503 ~1995!.
@101# W. Hu and A. Gruzinov, Astrophys. J.508, 435 ~1998!.
0-19


