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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 sq86556-282(99)08120-3

PACS numbd(s): 98.80.Cq

[. INTRODUCTION combination, due to the small optical depth of the time of
reionization. Nonetheless, there are some potentially observ-
It is well known that the angular power spectra of tem-able effects, particularly in the polarizatip20].
perature anisotropies and polarization of the cosmic micro- AS always the situation is much less clear in the case of

wave backgroundCMB) depend sensitively on the thermal actively generated perturbations, such as those from topo-

history of the universé1—g]. Around the time of recombi- odical defect421-23. In such models, one is forced to try

nation ~1100), when protons and electrons recombine® model highly non-linear processes from the time of defect

into neutral hydrogen, the microscopic physical processes formation to the present day, which is approximately 25 or-

ork are relatively well understood and the calculation of the, o of the magnitude in expansion. Even with the most pow-
w € atively well U : ; yiatl erful super-computers available at present, it is difficult to
photon visibility function, which feeds into the angular

. . . X X ._achieve much more than a factor of 1000 in expansion and
power spectra, is relatively simple, at least in theories withygnce extrapolations are necessary. Notwithstanding these
passive fluctuations, such as inflation. _ difficulties there does seem to be a consensus at the present
However, even in these theories the universe must havgs to the predictions of the simplest models, cosmic strings
become reionized, since there is no Lymarnrough in dis-  and texture§24—26,29—3), using the standard thermal his-
tant quasar spectighe Gunn-Peterson tefd]). It is thought  tory. It appears that flat universe models with critical matter
that this must be due to virialized objects, such as protogaldensity (2,,=1) would require unacceptably large biases
axies, massive stars and quasars, which formed relatively~5) on 100~ * Mpc scales to be consistent with the ob-
early in the history of the univerd@0—12. The microphys- served galaxy distributioj24—26, although more exotic de-
ics of such processes is less well understood, but photoiorfect models may not have this probldi®6—2§. More ac-
ization due to radiative objects cannot happen earlier thaneptable models can be constructed in an open universe or
when these objects have been created, which is believed e dominated by a cosmological constg#8,31,33. Even,
be at redshifts below= 100, and it is actually thought more if these models were to be ruled out by future observations, it
likely to have happened much later, affer 30[4,10—19. If is still important to investigate the possibility of more gen-
this is the case, then the actual observed CMB anisotropid‘@l active sources as the only credible alternative to infla-
and polarization will be a small perturbation on those calcu!lon-:

lated using the standard thermal history, just including re- TN Purpose of this paper is to investigate the possible
effects of the active character of such sources for structure

formation on the thermal history of the universe. The basic
conceptual difference between active and passive models,

*
Permanent address. such as inflation, is that the sources are present in the pre-
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and post-recombination plasma. This can create potentialljnental and just about anything is possible for a sufficiently
large, local, non-linear perturbations, which can accelerateomplicated source, but they do have some illustrative value.
matter causing shock heating up to temperatures of a few In the next section, we discuss the calculation of the ther-
million Kelvin in the baryons[33]. In order to perform a mal history. First, we include a detailed review of the stan-
convincing quantitative treatment of these effects one wouldlard thermal history used in most linear Einstein-Boltzmann
have to incorporate the sources accurately into a full hydrosolvers. Then we introduce our topological defect motivated
dynamic simulation which has sufficient resolution to accu-energy source and illustrate the different effects it can have
rately model both the activation of ionization by the gravita-©n the thermal history of the CMB by reference to the photon
tional effect of the sources on the smallest scales and alsgSibility function. The effect of this source on the black-
large enough to model the effects of an expanding universddy spectrum of the CMB is discussed and we show that
Obviously, the amount of computer resources required fothe curre_znt I|_m|ts on spectral distortions would have to be
such a simulation would be prohibitative, and so as a comSuPstantially improved before we could exclude such thermal
promise we simply incorporate a Gaussian energy input intgistories. _In Sec. I1I, we discuss the effects of these modified
the thermal history calculation, which models what we be-thermal histories on the angular power spectra of temperature
lieve would be the effect of a network of active sources. TheAnisotropies and polarization, using simple analytic argu-
effectiveinfluence of a network is given by smoothtem- ments to provide qualitative u_nderstan(_jlng and a Imegr
perature change of the baryons over a certain period of timesINSteéin-Bolzmann solver to give quantitative results. Fi-
A simple way to introduce a smooth “jump” in the tempera- nal!y, we discuss the possible |mpl|cat|ons for more reahsup
ture is by an error function, so that the heating rate is &Ctive models such as topological defects and causal white
Gaussian. This model based approach allows us to investilo!Se models. It should be noteq that we have used natural
gate whether there are potentially interesting effects, beforéNits (¢ =k=c=1) throughout this paper.
resorting to the more time consuming simulation based ap-
proach. This source has three parameters, the redshift of the II. THERMAL HISTORY CALCULATIONS
maximum energy input, the amplitude at the maximum and
width of the Gaussian which models the increase to and de-
crease from the maximum. Surprisingly, we find that the Originally, the thermal history of the CMB was studied
limits on the spectral distortions in the black-body spectrurmusing the Saha equation. This gave sensible quantitative re-
of the CMB provided by the Far Infrared Absolute Spec-sults, which were subsequently extended by Peebles and
trometer(FIRAS) instrument on the Cosmic Background Ex- Zel'dovich [35,36 to include various corrections due to the
plorer (COBE) satellite, only constrain these parameters verycomplexity of recombination to the ground state of hydro-
weakly. gen. These calculations have been further extended to in-
The thermal history calculation yields the so called pho-Clude more aspects of the underlying Boltzmann equations
ton visibility function[1], parametrized by time, which acts for the photons and electrons, and calculations are now at the
as a source for the linear Einstein-Boltzmann solverstage where further improvements should only lead to about
CMBFAST [34]. This function encodes statistical information 1% corrections to the angular power spectra of temperature
on when the photons which we observe today were last scagnisotropies and polarizatid®], although even further im-
tered. For the standard thermal history including just recomprovementg37] lead to somewhat higher than 1% correc-
bination, it can be modeled as a Gaussian centered aroui@ns. In this section, we review these calculations of the
z~1100 with widthAz~50. When we include the energy standard thermal history.
input there are four interesting situations which can occur. If We quantify the change in the number density of a par-
the energy input is around or just after recombination then iticular species in terms of the relevant Boltzmann equations.
is possible to modify the time and length of the last scatterStrictly, speaking there are seven equations for the protons,
ing epoch. If the energy input occurs once the recombinatioflydrogen, helium, singly ionized helium, doubly ionized he-
epoch is ostensibly over, and is sufficiently short for some ofium, electrons and photons. However, it is sufficient to treat
the photons to remain unscattered, then it is possible to hawde helium, both singly and doubly ionized, just using the
effectively two surfaces of last scattering, one around théSaha equation approximation, since the recombination rate
time of recombination and the other around the time offor helium is much faster than the expansion rate during the
reionization due to the energy input. If the energy input isrelevant epochi3g]. Also we are really only interested in the
sufficiently late for recombination to be complete, and longevolution of the photons and electrons since the interaction
enough for almost all the photons observed today to be reof the photons with the relatively heavy baryons is negli-
scattered at reionization, then it is possible for there to be gible. The number of photons is much larger than the elec-
single surface of last scattering at a much lower redshiftfrons and therefore their evolution can be decoupled from the
effectively shifting the time of last scattering. Finally, if the electrons, with this interaction being treated in terms of the
period of heating is very late and long, then the universespectral distortions discussed later. Hence, we can model re-
remains at least partially ionized for most of the time aftercombination in terms of the fraction of ionized free electrons
recombination and becomes totally ionized afterl0. We  X.= nfg%/nH, whereny=ng(1—Yy) is the number density
shall describe these four possibilities as delayed, double araf hydrogen nucleing is the number density of baryons and
shifted last scattering, and total ionization in the rest of thisYy~0.24 is the mass fraction of primordial helium created
paper. Of course none of these possibilities is totally fundaat Big Bang Nucleosynthesis. In fact,

A. The standard thermal history
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1 Yee In the standard case, where we have no source of photoion-
Xe=Xnyt ZWXHea ) ization or collisional ionization, one can us$®) to replace
He t,ec With dx./dt, which then exactly cancels the last term in

wherex is the fraction of ionized hydrogen ang, is that (3)-_1 Physically, we are just canceling off two processes
due to helium. Using the Saha equation, one can show thAyhich are in equilibrium. Hence, in order to calculate the
the fraction of Hé& is about 105 for redshifts belowz  Standard thermal history we must just compufgt and
=2000 and for H&™ this is even lower. Hence, is al-  Acwe, and then use a numerical routine to solve the differ-
ways less than I® and can be included simply into the €ntial equations fox. andTe, although the stiff nature of
calculation using only hydrogen. One slightly odd side-effectthese differential equations does require some caution.

of including helium in this way is that, can be greater than ~ In order to compute these two quantities we shall now
one, although this is only the inclusion of helium modifying @ssume a flat)o=1, universe with the Hubble parameter
the calculation in the appropriate waxs, is always one or 72 -

less. The equation which governs the recombination of pro- H(a)=Hoa “(a+aey) ™ (6)
tons and electrons into hydrogen is

where  ap=1, ag=(1+2e) * and  Zz,=2.40
dx, o X 10°h?(To/2.728 K) # is the redshift of radiation-matter
T R (20 equality, with the Hubble constant parametrized in the usual

way, Ho=100h km Mpc ! sec!. The recombination rate
with t.>, t;> andt_ ! being the rates for recombination of that we must calculate here is the “net” rate, taking in ac-
p o o o count both the recombination and ionization rate to and from
hydrogen, photoionization and collisional ionization. In the . ;

. .ZaI_I states of the hydrogen atom. Recombination directly to
c}f:r‘]e ground state produces a Lymanphoton, which, with
calculate the recombination rate. igh probability, !mm_edlately ionizes a hydrogen atom, ei-

ther the one which it has come from or one of its close

However, to do this we will also need to model the evo-_ . S
neighbors. Hence, we do not have to consider recombination

lution of the temperature of these distributions. The photor{0 the around state with the excention of two possibilities
temperature is just redshifted by the expansion of the uni- 9 P P '

VeSeT,~T(13) at redsitz whereT~2.728 Kis e {10\ SOTE O e Lymam photans nay be ecrter ot
current temperature of the CMB, while all the other non- o absorbed Failing that, the groundétate can only be reached
relativistic species remain in thermal equilibrium with eachb the t .h ton d ) - 1o+ yl'h t
other. One can derive the evolution of the electron tempera>) "¢ WO pnoton ecay:sg;;—2py+ y—1s+y. The ne
ture T, using the first law of thermodynamigas], recombination rate for transitions to a_nq_ from states above
€ the ground state and these two possibilities for the ground

state is given by35,39

tion and collisional ionization and, therefore, we just need t

dTe ZéT+2 1 T—A)
dt ~ “a ' ® 31-3Y,d4+(1—Yho)Xe tror=aXyNC— B 1—x,y) e 384TeC, (7
- 1~ Yhe Te%, (3)  This complicated expression requires some explanation.
1-3Ynd4+(1—Ype)xe © dt Firstly, and most simply, we defind~13.60 eV to be the

binding energy of the ground state. The rate of recombina-

wherea is the Friedman-Robertson-WalkéfRW) scale fac-  +ion to all excited levels i§40]

tor, I' is the heating rate per baryon andthe cooling rate
per baryon. The first term on the right hand side is cooling 112
; . ) - 2T\ M7 A A\
due to expansion, the third term characterizes cooling or ae=2A T—¢’ T g, (8)
heating due to the change in the number of free particles. TMe e e
The second term is a summation of the heating and cooling

_n52-3/2_3 2__ — 22 H H
rates of the physical processes involved where A=2°3""Fa"7A;=2.105<10 cn? given in
terms of the fine structure constasat=1/137 and the Bohr
I=Tqe A=A ot Acus, (4) radiusA;=0.529 A, andm.=0.511 MeV is the electron

mass. Also included is a quantum correcfidar radiative

where A .. is cooling due to recombinatiom\ g is the  effects known as the Gaunt factor which is given gy
Compton cooling from the interaction with the CMB photons ~0.943 for temperatures below 5000 K. The functipi(te)

and I’y is any energy input which we might postulate, as-

sumed to be zero for the standard case. This can be further—

simplified by, rquIZIng that the recomblnat.lon cooling due to Istrictly speaking the description in the text should include the
the loss of kinetic energy from the changing number of fre

. . Ceffects of helium, but exactly the same cancelation will take place
particles is

when this is included correctly for the same physical reasons.
2A more precise fitting formula for the recombination rate is given
Arecnge(l_YHe)tr;g- (5) in [8].. However, the effect Qn the anisotropy power spectrum, by
2 including these corrections is less than 2%.
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comes from summing up the interaction cross-sections of all eV (Te—T,\(T,\*
excited levels and is given Hy0,41] ~6.232€ A N (1= Yhe) Xes
o tel 1
¢'(t)=5| 1735 Intet o | = —eTeEy(1fte), (9 where the Thomson scattering cross sectionsis=6.65
€ X107 2% m? andngyg is the undistorted cosmic microwave
where background spectrunmys=e®/Tr—1.
Ei(x)= fwe—u/u du (10) B. The Gaussian energy input
X

In the previous section we reviewed the standard thermal
history of the CMB. We ignored the effects of photoioniza-

is the exponential integral function ang=T./A. The ion- tion. which i i med to be th ; f ionization
ization ratep, is related to the recombination rate by a de-. on, ch IS usually assumed o be Ihe source ol ionizatio

tailed balance argument and local thermal equilibrium bell the intergalactic medi_um due to early object formation,
tween all the excited states, and is given by and set to zero the heayng due to so_ur%. As already .
' stated the purpose of this paper is to investigate the possible
meTe
Be= ae(

312 effects of the active sources themselves and in this section
——| e B2/Te (11 we introduce a phenomenological expressionlfgg, which
27 is intended to model the effects of a network of topological
defects, specifically cosmic strings. In order to do this we
have to make various assumptions which basically allow us
to say that the whole universe becomes ionized in an essen-
tially homogenous way. This is unlikely to be completely
1+KDn true _in a realistic model, since sources are random, but it is
- 5 (12)  required for us to make calculations possible. The effects of
1+K(D+BeNis inhomogeneous reionization contribute only to second order
_ in the CMB anisotropies and will be the subject of future
where K=)\ia/87-ra, \,=1216 A is the wavelength of work.
the Lymane photons,D=8.23 s! is the net rate of the We assume, therefore, that the active sources are distrib-
two-photon decay and; =(1—Xxy)ny the number density uted homogeneously in the universe and more importantly
of hydrogen atoms in theslstate. At very late times the that the density of these sources is large enough that they
density of the baryons and electrons is low and direct recomwill interact significantly withall the baryons over a short
bination to the ground state is possible, since the density dimescale. At early times the thermal velocity of the particles
the produced Lymai photons is then low as wglt2]. This  in the plasma is large and the velocity perturbations will be
leads effectively toC—1 at low redshifts, where we have relatively small, so the sources will have negligible effect on
chooserz<100. The inclusion of this effect did not change the baryons. But as the perturbations grow and the thermal
the reionization histories we studied. velocities are redshifted by expansion, the sources will be-
In order to calculate the Compton cooling rate, one museome more significant. In the case of cosmic strings, it has
use the Boltzmann equation for the photon distributionbeen suggested33] that the formation of wakes starts
which in full generality is[43—47 aroundz~800, which can shock heat the plasma up to tem-
peratures of a few million Kelvin during subsequent epochs,
dependent on the small scale properties of the string net-
) (13 work. The increasing kinetic energy of the plasma leads to a
de partial reionization of hydrogen, but as the density of active
sources decreases, the energy release in the plasma will also
Hecrease. Therefore, the heating takes place only over a finite
period of time and afterwards the temperature of the baryons
will remain constant, if, for the moment, we neglect the ef-
ects of cooling. One could model this effect in many ways
negligible cooling. When integrated over frequency, this: nd we have chosen to do this using a smooth function which
. ’ . ; ]Jnterpolates between temperature of the plasma before the
gives the Compton cooling rate for Thomson scattering o

: energy input and the temperature after heating by the
hot electrons off photons in the plasif#8-45,12 sources, once again assuming no cooling. More specifically,

all the baryons are heated up to a temperaturﬁhgj_tduring

with B,=A/4 being the binding energy of the lowest lying
excited,n=2, state. Finally, the correction due the redshift
of Lyman-« photons and the two photon decay| 85,39

dn an

a(vyt)ZE

on
at

cs

an
ot

br

where the subscripts refer to Compton scattering, productio
of bremsstrahlundfree-free photons and double Compton
scattering, respectively andis the frequency of the photons.
We only need to concern ourselves with the term due t
Compton scattering, since the other two processes lead

T-T nfreeo_ » . ] E
ACMB:¥ : T ) f o*neys(Neve+ 1) do a time interval of lengtiA z= p, centered around=z, using
y \mmgng/ Jo the energy per free particle per comoving volume
4o T ™ 2 —
ZW(Te—Ty)T‘;(l— Yhe)Xe (14) q= ;eat[ 1+ gerf( \/7_(2— z)) , (15)
e
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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, g, as a function of
redshift and on the right the corre-
sponding rate of energy input,
. —dg/dz

T (106K)

0.005 -

0 . . 0 . L .
1500 1000 500 0 1500 1000 500 0
Z Z

where erf§) is the error function defined, in the standard explicitly checked that this is negligible. The main reason for
way, by this is that the densities are not high enough and the fact that
A=~13.60 e\=158000 K is much higher than the tempera-
2 (x ture of the plasma achieved by the thermal input. Similarly
erf(x) = \/——f e “du. (16)  we have checked that collisional ionization and excitation do
7o not play a significant role in the cooling process since they
are much weaker than Compton cooling.

Hence, we conclude that to model the effects of a topo-
dq dz logical defect network on the thermal history of the CMB,
_— one can just modify the standard calculation by the inclusion
dz dt of the source ternil7) bearing in mind the uncertainties of

2 3 the ansatz. One might wonder how the ionization occurs,
\ﬁ( 1- —YHe+(1—YHe)xe) since we have explained above that the usual physical

m 4 processes—photoionization and collisional ionization—are

negligible. The basic mechanism is by modifying the rates
, (170  for recombination and ionizationg, and B, respectively,
creating a shift in the balance between atomic hydrogen and
free protons and electrons. More specifically, the increase in
wherep is the width of the Gaussiaipeaf p is proportional T, creates a significant modification t@, (the probability
to its height andz is the position of the peak. The energy that an electron is captured by a proton decreases with in-

input (15) and the rate(17) are plotted in Fig. 1 forz cr?asingTe) and a slightly smaller effect 8., reducing
=700, p=200 andT},=5.0x10° K. We want to empha- trec: hence shifting the balance towards free protons and
size again that our heating model is just an ansatz, which iglectrons. In other words, ionization dominates over recom-
what we believe a reasonable one and allows one to predi&ination as long as the matter temperature is large.
the behavior of the CMB caused by such a heating process. We have investigated the effects of using this source for a

Of course, the plasma will never achieve these high temwide range of parameters and found that there are four cases
peratures since Compton C00|ing is very efficienti@r]_o, which can illustrate interesting effects. We call thete-
and in fact we find that it is difficult for the actual electron layed doubleandshiftedlast scattering, antbtal ionization
temperature to get much aboVe~5000 K. If the effects of and an example of each is discussed below. Before doing this
the energy input are not significant at late times, then th&ve should discuss what we shall use to quantify their effect
temperature of the electrons will drop back to the CMB tem-on the microwave background. The differential optical depth
perature, once the heating has stopped. However, it is poslue to Thomson scattering is=Xnyota and hence the
sible for the electron temperature to remain around 5000 K ibptical depth of any particular conformal timgis
the energy input is significant at low redshitee, for ex-
ample, thetotal ionizationmodel discussed belgw 70.

So we now have a source term to add to the standard 7( ﬂ)zf m(n')d7y’, (18
thermal history which is motivated by a network of evolving 7
topological defects. In the standard thermal history we made ) )
a number of assumptions, which need to be re-examined ify€re 70 is the conformal time of the present day. From
the presence of this source. Firstly, there is still no source of’€5€ WO quantities we can construct two photon visibility
photoionization, since ionization by free-free emissions igunctions[1], the last scattering visibility function
negligible for our shock motivated source. The addition of .
the source can also lead to collisional ionization, but we have g(n)=1(n)e ", (19

Therefore, the rate of energy input has a Gaussian shape

3
1- ZYHe+ (1= Yhe)Xe

Lgc=

N| W N| W

2

HyT 2
X (142)52—2%eyq — = (z—2)2
p p
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0 1000 100 =1.3x10® K. The plots aretop, lefy the elec-
z tron temperaturd; (top, righy the fraction of
ionized electrons,; (bottom, lef) the last scat-
0.03 1r ] tering visibility function; (bottom, righ} the cu-
| 09 7 mulative visibility function, all plotted against
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§ . 06 [ 7] thermal histories.
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and the cumulative visibility function visibility function is still similar to a Gaussian, but it peaks

aroundz~ 700, as opposed tp~1100, with a larger width
- and consequentially smaller amplitude. A corresponding
h(n)=e ", (200 change in the cumulative visibility function is also observed,

. o . with the transition from zero to one happening around
which encode statistical information about when the CMB . 7qq

photons observed today were last scattered or influenced by DoleIe last scatteringf the energy input is slightly later,

objects, such as topological defects, along the line of Sighttrl:en it is possible for recombination to take place in the
We have already commented that in the standard thermal,_ .- 4 way, with, decreasing almost to zero before in-

history the last scattering visibility function is a Gaussian Ofcreasin once again as the electron temperature begins to rise
width Az~50 centered arounzk=1100. The cumulative vis- 9 gain emp - Deg
- S . . : due to the energy input. If the period of heating is short
ibility function is even simpler, being effectively zero far enough for a substantial fraction of the photons which were
>1100 and increasing sharply to one <1100 in the loug PN .

: R yrlgmally last scattered at the standard time to remain un-

objects beyond the surface of last scattering since the ungcattered dlurlng the reionized epoch, then,'t 1S p(_)ssmle to
verse is opaque. It also has a simple statistical interpretatiofiave effectively two surfaces of last scattering. This can be
for any given conformal timey, thenh( ) is the probability ~achieved, for example, ifz=500, p=100 and Tyeqa
that a given photon was scattered befgrand 1—h(7) is =10" K, and its effects are compared to the standard case in
the probability that it was scattered after We shall see that Fig. 3. As fordelayedast scattering the electron temperature
these functions occur naturally in the calculation of CMB deviates significantly from that photon temperature, but now
anisotropies and hence it is important for us to understanit takes place over a relatively short timescale, between
the effects of our energy input on them. ~700 andz~300. The first epoch of recombination is effec-

Delayed last scatteringf the energy input is significant tively over by around the time at whicli, begins to in-
during or close to the epoch of recombination then it is poscrease, but this increase leads to ionization which reaches a
iible to delay standard recombination. An example of this isnaximum of around 30% by~450, before decreasing
z=1000, p=350 andTe,=1.3x10® K, whose effects on again. The last scattering visibility function can be approxi-
the thermal history and photon visibility functions are illus- mated by two Gaussians one centered arozssd 100 and
trated in Fig. 2. We see that the temperature of the electronthe other around~500. The cumulative visibility function
deviates away from that of the photons aroure1500 and has two steps, from zero to 0.3, and then from 0.3 to one.
only manages to get back down to be close to the photoithis tells us that 30% of the photons observed today were
temperature aroungd~100. This allows a significant delay last scattered around the time of standard recombination,
in recombination process with the ionization fraction remain-while the other 70% were last scattered during the epoch of
ing greater than 70% until arourze= 700. The last scattering reionization.
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Shifted last scatterindf the energy input takes place after from delayedlast scattering, the photon visibility functions
the standard recombination has taken place, asdémble  will be very similar apart from a shift to lower redshift, and
last scattering, but the duration for which it takes place ishence we call thishiftedlast scattering. Usin§= 500, p
much longer, then most of the CMB photons will be re- =200 andT,,=4x 10" K, one can shift the surface of last
scattered during the epoch of reionization and the photoscattering to lower redshift, as illustrated in Fig. 4. In this
visibility function will be almost zero around the time of case, the electron temperature is above that of the photons
standard recombination. Although, this is physically distinctfrom aroundz=800 until very close to the present day (
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0.03 T T 1 [T pr—r—— The plots are arranged in the same order as Fig.
09 - | ] 2.
~ 08 ]
'&0.02 - - 07 ]
it . 06 [ 7
3 - 1 005 [ N
T 04 - ]
Qo0 03 .
L i i 02 [ .
01 [ ]
o ilindii AN o = M PP
1000 100 10 1000 100 10
Z Z

103520-7



WELLER, BATTYE, AND ALBRECHT PHYSICAL REVIEW D60 103520

6000 T T T T T T T T T T LALLLE B LLLLL
r b 1 E E
5000 F 3
— 4000 01 F =
& o g E
3000 ol - .
e L ]
2000 - % | 00k 3
1000 -, . [ ]
0 I luini |.'..1I'M-n [ Ladiddodd | o'm1 E_ Ly :..f"'lbuul 1 [T _E
1000 100 z 10 ! 1000 100 z 10 1 FIG. 5. The effects ototal ionization using
z=350, p=300 and Tpe,=1.5x10" K. The
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~10), with the fraction of free electrons being larger thanincreases from zero to about 0.1 around the epoch of stan-
10% betweerz~700 andz~ 100. The last scattering visibil- dard recombination and then increases very slowly to one
ity function is now approximately a single Gaussian centeredetweenz~500 andz~1. Hence, only 10% of the photons
aroundz~=500, with a much larger width than in the standard observed today were last scattered during the epoch of stan-
case. The cumulative visibility function can be approximateddard recombination and the other 90% were scattered at
by a single step at~500, re-enforcing the fact that aimost some point aftez~500. The amount of energy per baryon
all t_he photons were last scattered during the epoch of reionnjected into the universe is given 18/N,=3/2T s, Which
Ization. gives in the case oftlelayed last scattering6.8 keV per
Total ionization.If the energy input is very late and over paryon. After the baryons reach equilibrium with the CMB
a substantial period then it is very difficult for the universe toiig energy input is recognizeable as spectral distortion of the
become neutral to any great degree between the epoch pianckian spectrum which is discussed in the next subsec-
standard recombination and the present day. In this case, thn. The resulting distortions should be small since there are
photon Vvisibility function will be relatively small since a zpout 16 photons per baryon.
large fraction of the CMB photons observed today have not \ye should emphasize that none of these possibilities is
stopped scattering through the whole history of the universgngamental and the effects described above will often be
an(_j effectivgly therg is no well defined_ concept of Iast_ Scat'superposed in a non-trivial way. Also only thetal ioniza-
tering. One interesting side effect of this is that the universgjon model achieves substantial ionization at late times and
becomes totally ionized at arourm~10 and the electron pence some other mechanism, probably photoionization,
temperature dqe; not come back down to the photon tem/vould be required to pass the Gunn-Peterson test.
perature, remaining at around 5000 K. An example of this  Ajthough the mechanisms of heating and reionization dis-
type of thermal history is given in Fig. 5 using=350, cussed in this paper are entirely different, the results can look
p=300 andT}e,=1.5x10" K. The electron temperature is very similar to reionization due to the presence of light su-
much higher than the photon temperatureZer700, where  persymmetric particlege.g. a light photino or higgsino
the energy input becomes significant, and remains arounfd8,49. These light inos decay into UV-photons which sub-
3000 K until aroundz=~20. At this point the effects of sequently ionize the matter. Dependent on the lifetime of
Compton cooling reduce substantially and the electron temlight inos the(re-)ionization history is comparable to the one
perature increases to be greater than 5000 Kk$0t0. There discussed in the present paper. The remaining energy of the
is a corresponding two step increase in the fraction of fregonizing photons can heat the matter to much larger tempera-
electrons. The last scattering visibility function is much tures as in the cases discussed 8. Other mechanism of
smaller than in all the other cases, but still has a peak arounetionization which have been studied in the past are reion-
the time of standard recombination and a broader peak acrogzsation by decaying massive neutrind®—-52 or the evapo-
a wide range of redshifts. The cumulative visibility function ration of primordial black hole$5,53. It should be noted
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FIG. 6. On the left a/-distorted(solid line) and a Planckiaigdotted ling spectrum are plotted, where it can be seen that the photons are
redistributed from lower frequencies, to higher frequencies. In the middle a free-free distorted spsdiidrting) 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 the COBE
FIRAS experiment are plotte¢solid line y-distortion, dotted line free-free distortipmelative to the related Planckian spectrijifn

—npp/np|].

that these mechanisms can also lead to reionization historiekeans part of the spectrum, it deviates due to the increased/

similar to the ones presented in this paper. decreased number of photons in this part of the spectrum by
(44,59
C. Spectral distortions TriX)—To )
We have already noted that the number of photons is so To Y

much larger than the number of baryons and hence the evo-
lution of the photon spectrum can be decoupled from the
evolution of the number density of free electrons during stan- Tr{X)~To 2ﬁ
dard recombination and subsequent epochs of reionization. To X2
But the spectrum does evolve and, assuming the deviations

from a pure black-body are small, as they will be for C‘rJlse%vhereTRJ(x) is the Rayleigh-Jeans temperature dgds the
under consideration here, the evolution of the spectrum caf) s asured temperature of the Planckian distribution

be studied in terms of the spectral distortions, known as the L
. . i The COBE FIRAS limits[60] on these two parameters
i o, o, e =15¢10 (6% CL) and vl <L9<10 ! 053
L M : T C.L.). In Fig. 6 (left) we have plotted the brightness[|
COBE satellite had on board an instrument, known as . o .
; - < 3¢n(x), with xo v/ T] of a spectrum witly=1.5x 10 2. The
FIRAS, which measured the spectrum of the CMB to high . Y= . )
redistribution of low frequency photons to higher frequen-

degree of accuracy, placing apparently stringent uppeEies, due to the interaction with the hot plasma, is evident

bounds on these distortions. Subsequently, it was show;, : . . ) i
these upper bounds placed constraints on energy input grtom this graph. In Fig. middle) the brightness of a spec

. o rum with a distortion due to the release of bremsstrahlung
epochs before the standard time of recombination, but as wi . o

) - photons from the plasma is shown, witty=0.1. Note that
will show they place only very weak limits on the type of

) - . . ._the distorted graph in Fig. émiddle) is only valid in the
energy input that we have discussed in the previous SeCtlorI]-?ayleigh-Jeans limit. However, one can see the increasing
The source of energy input we have introduced will only : '

; ! . . . brightness due to extra photons in the low frequency region.
!ead to free fre_e a}nyl-dlstortmns! with thew dlstort!on Z€r0, Figure 6(right) shows the relative distortion of the bright-
if there is no significant energy input before the time of stan- - = Pl Pl s .
o9 . . .ness,l o =[1(X)—17(x)]/17(x) wherel™(x) is the bright-
dard recombination, since the rate of Compton scattering is . , .
. e ness of the Planckian spectrum. The values of the distortions
much slower than the expansion at these redsféftg Simi-

larly, we can ignore double Compton scattering relative o this plot are taken from the upper limits from the COBE

. . : FIRAS experiment.
single Compton scattering after recombinat[@d]. Hence, . . . - i
we need only consider thedistortion and the free-free dis- The creation of spectral distortions is dictated by the pho

tortion. Compton scattering conserves the total number O?on Boltzmann equationi13) sourced by the Kompaneets

photons and hence the only way to increase the energy of the™ for Compton scatteringt3—44

radiation due to the interaction with the hot plasma is by
redistributing the photons from lower frequencies to higher an
frequencies. This is measured using tpéistortion. The -
thermal bremsstrahlung process on the other hand produces
photons in the low frequency region, creating the free-free
distortion. If the temperature is measured in the Rayleighand free-free bremsstrahlung \i43,46

(21)

_ nfree TY 10 4
=Ng o1 — — | X
Me x2 JX

Te&n+ 14
T_y&_x n(1+n)

. (22

Ccs
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an e %p and the free-free distortion [$9]
— | = _ Xp__
|, =" (1D (23
= 2 3/1_
wherex=27v/T.,, and x,=2mv/T, are dimensionless fre- - 1o Gor| [ o )7 D1 Ve
. Y p Yx~6.3x 10
quencies relative td, the unperturbed temperature of the 1.2/10.05 0.5 | 0.76
CMB and the electron temperatufg. The coefficientx is 1 a2
. T Z
given by X e _h (29)
5000 K 1000
327NN pgp(Xp) 0
K= 3 ’
3SMeT, VEmMmeTe Since our heating model does not result in larger values than

T.=5000 K, it is easy to see that it would be difficult to
chleve much more thayr=10"° andYx~10"’ using stan-
éiard cosmological parameters and therefore, the limits on
spectral distortions from FIRAS do not constrain our model
to any great degree. In fact, the actual spectral distortions are
likely to be smaller than the upper boun@8) and (29
since the ionization fraction and electron temperature are at
their maxima only for a small portion of the range. We have
8alculated these distortions for the four models which we
have been considering. They age~3.2<10 ¢ and Yy
~4.3x10 8 for delayedlast scatteringy~3.0x10 ' and
Yg~5.2x 10" for doublelast scatteringy~1.7x 10 ° and

for a plasma containing both hydrogen and heliigt] and
gu(Xp) is a Gaunt factor, accounting for quantum corrections
to the free-free radiation process. One can either use a fr

quency averaged Gaunt facy(xp) =gy~ 1.2 which gives
an error less than 20%62], or a more precise definition
Ior(Xp) = V3 IN(2.25K,)/  for x,<0.37 andgp(x,)=1 for
Xp=0.37[61].

To account for the distortions in the black-body spectrum,
we solve the Boltzmann equation in terms of the unperturbe
spectrumng(x) and the spectral distortionsor Y¢, that is,
n(x) =ny(x) +yf(x), where[44]

N X Y~2.6x10 8 for shifted last scattering, and finally
f(x)= ——— 7 ) (255 ~9.8x10 7 and Yy4~1.6x10 8 for total ionization For
(e*—1)2 | tanf(x/2) comparable heating temperatures these are also the approxi-

L . . o mate distortions given ifiL1,59, howevel59] does not con-
If we do this in an)=1 universe then thg distortion is  gjger a particular model for the heat input. The heating tem-

given by peratures in the model used [ih1] are higher than the ones
discussed in this paper, resulting in much stronger limitations

th Te—T R P . .
yzf nggeﬁ( y)dt when reionization can occur. Similar results are obtained in
to Me [44,63 under the assumption of stationary heating. Future

= measurements of the cosmic microwave background spec-
~1.16x10" M0 h(1— YHe)f ( ) XJ(Z) trum, like the experiments on the satellite missions MAP
(Microwave Anisotropy Probe [64], Planck Surveyor
[65,66 and DIMES (Diffuse Microwave Emission Survéy
[67,68, are at the level of 0.1% accuracy and can provide
more stringent bounds on the distortions and could rule out
some of the models discussed here. However this depends on
th Te—T o how accurately one can remove the galactic dust contamina-
Yﬁzf Kk ——"dt~2.33x 10769, 02h3(1— Y0 tion from the datg69].
to

Te
Zh
“Js
0
(27) A. Simple analytic arguments

wherety, and z, are the time and redshift when the energy  To predict CMB anisotropies one has to solve the evolu-
input becomes significant. tion equation for each species of particles either numerically
One can estimate an upper bound on the distortions due {@,3,34,70,71 or analytically[72—76. One can understand
our energy input, assuming that we achieve total ionizationthe qualitative structure of temperature anisotropies and po-
that is,x,=1 and a constant temperaturg, over a finite  |arization using a formalism first applied to passive adiabatic
range, sayz=z, to z=0, with z;>1. We find that the models [77-80 and later adapted to incorporate active
y-distortion is given byf11] source model$81—-83. For the purpose of this section we
3o shall ignore the vector and tensor contributions to the
Qp ) (L 1_YHe)( Te K)( Zn anisotropies, and concentrate on the scalar component since
0.05/10.5/\ 0.76 /{5000 1000 it is this which is most affected by the modifications to the
(28 thermal history discussed earlier. In this case, the angular

X (1+2z)Ydz, (26)

and the free-free distortion is given p§9]

—1/2
1- —(1+Z)) ( 1 K) Xo(2)(1+2) Yz, lIl. ANGULAR POWER SPECTRA OF TEMPERATURE
ANISOTROPIES AND POLARIZATION

y~2.3x 10" (
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power spectra for the temperature anisotrop@s, and the Aj(K,70) =(Ag+W) (K, 72,) 1L K( 70— 74) ]
polarization® CF are given by[77,79 1
+Va(k, 7)1 Tk( 70— 7]

2 o)
C'TZEL K2dk(A, (K, 70) AF (K, 70)), +P(K, 7)1 K10~ 75)]
2 (- (30 + [Py - )i [k(no- ], (35
cF=;f K2dK(E, (K, 7o) EF (K, 7)), ”
0
and

whereA(k, 9, u) andE(k, 7q,un) are the temperature and

polarization distribution functions expanded in terms of Ei(K, 70) = — VBP( 7, ) e[ (70— 7). (36)
spherical harmonics of the angular variahle= cosé, with i _ o
coefficientsA, (K, 7o) andE,(k, 7). The basic procedure in- Therefore_, one can myesygate the_quaﬁltatlve nature of the
volves writing these multipoles in terms of an integral overanisotropies and polarization by estimatifig+ ¥, Vg and

the lower multipoles and the gravitational potentials alongP around the time of last scatterthgnd W — & along the

the line of sight. line of sight.
The line of sight integral for the temperature anisotropies We shall primarily be interested in the contribution from
is then[77] acoustic oscillations, since it is they which are most sensitive
to the ionization history. Using the tight coupling approxi-
70 . . . . P
Ak, :f dn(S2K, )i [K( 70— mation, that is, an expansion in powers of,16ne can de-
1(K, 70) . 7(Sy(k, ) ji[k(7o—7)] duce tha{ 77]
1 1 _ o
Sk miiTk(ro= 7] Ao(ne)=Ao(7,)+ @ (7,)
+SHk, i Tk(m0— )], (3D) K
K23, OR 7%
=e st P A o(0)co
where V3
J00=1{ 00, 0 =[3i"(x)+]i(x)]/2, Vi [kn,
+ TAO(O)Sm f
SHk, ) =g(7)(Ao+¥)+h(n) (¥ - D),
(32 \F T KUKy )
St(k,m)=9g(m)Vs, Stk n)=g(7)P, TN, dre T
¥,® are the gravitational potentials characterizing the ef- K
fects of the sourced/y is the baryon velocity an®=(A, Xsinl —= (7, — 77’)) F(#n'), (37
—E,)/2. The equivalent expression for the electric compo- V3

nent of the polarization distribution [80,84] ,
where we have ignored the effects of baryors|7)

0 =k?(®—W)/3 is the structure function of the source,
Ei(k, 7o) = — \/5J0 dng(n)P(k, ) €e[k(70— )],

N 4 (n72dy
(33) kS 2( 72, 77]_) = 2_7f - ’ (38)
n 7(7)
where

- is the damping length due to photon diffusigh80,89 and
€(X)= \ /E (1+2)! J'(;() _ (34) AO( n)=Aq(n)+P(n). This serves as an approximation for
8 (1-2)! x the intrinsic anisotropy created around the time of recombi-

i . ... nation. Furthermore, the other important quantitgsandP
For the standard thermal history the last scattering visibility !

function can be approximated for pedagogical purposes by are related ta\, by P_NVBNAlNAO around this time.
delta function aty, and the cumulative visibility function by ~ With a few subtleties, the three parts to the tight coupling

a step function at the same point, thatd¢,) = &(7—7.)  solution (37) correspond to the passive adiabafik(0)
andh(»)=0(»— 7,). Hence(31) and(33) can be approxi- _ 0F(7)=0], passive isocurvaturgA(0)=0F(7)=0]

mated by[77,8( A -
and active sourcelsA(0)=0,A4(0)=0]. When all the rel-

3Note that since we have ignored the vector and tensor compo-
nents of the source, there is no magnetic component of the polar-“In fact, we will calculate theAy,+® around the time of last
ization [87]. scattering and assume th#t—® is small.
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evant effects are taken into account the contribution fkgn  The first term in curly brackets is due to photons which were
is suppressed relative to that fralg+ ¥, and that fronPis  last scattered at the time of recombination. Only a fraction
even further suppressed. Therefore, there are in general twe () of the total number of photons observed today will
oscillatory components to the temperature anisotropy whiclihave not scattered since that epoch and the remainder, a frac-
are out of phase with each other, one which gives rise tdion 1—e~ "), was scattered at the time of reionization. The
peaks,Ay+V, and the other which fills in between them effect of these photons on the temperature anisotropy is
creating troughsyy . These arguments lead to the much dis-given by the second term. The final two terms are a similarly
cussedacoustic peaksn the standard adiabatic scenario, modified version of the integrated Sachs-Wdl®W) effect.
which has the first peak at arouhe 200 corresponding to We have already estimated the effectsAgf+V andVg

the size of the sound horizon at time of recombination.at the time of recombination, and these are just damped by
Isocurvature and active source models also have similar peake factore™ "7 in these scenarios. However, we must now
structures, albeit with the main peak at slightly largef89].  also estimate their effects at the time of reionization. We
The effective source of polarizatiah, is out of phase with assume that the photons free stream from the time of recom-
that for the peaks in the anisotropy spectrum and there is nbination until just before reionization at timg— €, wheree
contribution to the polarization from their sourcéqy+W.  is usually small when compared tg. This yields

This leads to a set of tight peaks which are out of phase with

those for anisotropy. The amplitude of the polarization is Ao 7= €,K)=(Ao+W)(K, 7, )jolK(7,— €= 7,)]

generally much lower than the anisotropy since no net polar- e
ization is created during the tight coupling epoch +f " dp(V—d)jok(n—e—n)].
[1,3,34,84,85 We wish to modify this simple qualitative 7

treatment of the structure of the anisotropies to the case (41)
where we have a more complicated ionization history. In

order to do this, we replace the last scattering visibility func-If we now assume that the ISW component to this is negli-

*

tion by [20,86 gible, as it will be in most applications, then this simple
- - multiplication can be used as an initial condition for the ep-
d(n)=e "M5(n—n,)+(1-e M) 5(n— 7)), och when the photons re-enter the phase where the photons

(39 couple again to the electrons. Usig7), one can deduce

. . o ) _ that[20]
where 7, is the time of reionization. Using this one can de-

duce that the cumulative visibility function will be given by A —A +d
h()=0 for n<n, , h(n):e—f(m) for 7,<n<n, and ol 7¢) ol ) (m70)
h(#)=1 for > »,. This is similar to the case afoublelast

T
scattering discussed in the previous section which is the most = e K/klm m=e)

A ke
Ao( 7= 6)005( —)

general case. However, we shall discuss how this approach V3
can be modified to understand the effects of shdtedand N ke
delayedlast scattering scenarios. Since the visibility func- + —Ao( 79— e)sin( _H
tions are not well represented in this way for the case of the k \/5
total ionizationscenario, we shall only comment briefly on
its effects in this section. n \ﬁf e dﬂ/e—kzlkﬁ(m,v’)
Using (39) we can deduce th&R0] KJy-e
) + i — k
A1k, 70) =€~ (8o + W) (K, 7 )i [K( 79— 7, )] Xsm(T(m_ n,))w,)_ w
+Va(k, 7,)i Tk (70~ 7)1+ P(k, 7,)° 3
X[K(7o— 7)1} +(1—€” T(’/r)){(AO+ V) ComputingVg andP around the time of reionization is more
tricky since there is pre-existing anisotropy. If this is large
X (K, 7)J1[K( 70— 7)1+ Va(K, ) ° then it can modify the relation betweafy, P andA;. We
o do not believe that this will have a substantial effect on the
X [k(0= 7)1+ Pk, 70 PTKC 0= 70) 1} temperature, but we shall return to this point when we dis-
» o cuss polarization below.
+e 70 [ dp(¥—D)j[k(70— )] We are now in a position to discuss the effects of this
% doublelast scattering scenario on the CMB anisotropies. The
70 o fact that there are two last scattering surfaces will lead to two
+ [ dp(V—®)j[Kk(0— 7)]. (400  sets of peaks with relative amplitudes 7 and 1
K —e (" whose scales will be set by the sound horizons at

the time of recombinationk(, ~ 7, 1y and the time of reion-
ization. By substituting the free-streamed tight coupling so-

SWe are only considering coherent active source models at thiftion into (42), one can deduce that this scalekis- (7,
stage. + €)1, which implies that the size of the sound horizon is
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proportional to the time for which acoustic oscillations take The effects of these modified thermal histories on the po-
place. Remember thatis small relative top,, but so long as  sition of peaks in the polarization is very similar to their
>, , then it is possible fore~O(7, ), creating peaks effects on the temperature anisotropy. This is since the evo-
which are based around very different scales. These scaldstion of the source of polarization inside any surface of last
can be projected intd-space[77] using the fact that the scattering induced by reionization is very much the same as
spherical Bessel functiofj(x) is peaked aroung=1I, which  in the standard case. Therefore, if we make the same assump-
in the case of the anisotropy created at the time of last scations about the surface of last scattering, then the polariza-
tering isl~k, (79— 7, ) and for that created at reionization tion is given by[20]
BRI h can be modified to also explai

is qualitative approach can be modified to also explain _ — () _
the nature of the structure of the anisotropy in shétedlast Ei (k. 70) =~ V6{e” " P(7) @lk( 0= 7,)]
scattering scenario. In this case, the optical depth of the +(1—e "NP(5)ek(no— 1) ]1}. (45
reionization is very larger(#,)>1, which implies that one
can ignore the first term if40), and hence the anisotropy is

given by As for the anisotropy, the functiog) (x) «j,(x) peaks around

| ~x and the two contributions tG45) produce peaks on the
Ay(K, 70)= (A o+ W) (51 [K( 70— 7,)] two scaled ~k, (79— 7, ) andl~k,(no— 7,). Similar shifts
in the peak position are possible in the caseshiftedand
+ V() it K 70— 7)1+ P(7)j k(70— 7)]  delayedlast scattering. Since the polarization has only one
o source, as o_pposed to the temperature which has a number,
+J dy(¥—d)j[k(70—7)]- (43  this effect will be seen much more clearly.
7 However, the amplitude of polarization on different scales
is much more difficult to understand in any kind of general-
Furthermore, one can assume that the tight coupling regimgy First, there are effects of Silk damping, which are likely
eﬂ:ectively never ended at the t|me of recombination, Whichto be Very much the same as for the anisotropy_ But more
requires us to make the approximatigge~ e (and , =0).  importantly there is the added difficulty of pre-existing po-
This is clearly not totally true, since recombination of the |arization at the time of reionization. In the standard case, the
protons and electrons did take place, but the only thing critiquadrupole is negligible until very close to the time of last
cal for estimating the anisotropies is the visibility. In the scattering and so its amplitude increases during that time,
specific case oshiftedlast scattering which we are consid- while oscillating out of phase with the monopole. It is the
ering here, the V|S|b|||ty of the time of recombination is al- balance between this increase and the effects of Silk damp-

most negligible. Therefore, we can estimate ing which makes the amplitude maximum at around the third
. or fourth peak. If the quadrupole is nonzero before the time
Ao(7r)=Ag(77,) + P (7,) of reionization, as is likely to be the case particularly in the
doublelast scattering scenario, then it is possible to shift this
:e—kZ/kﬁ(y,r,O) AO(O)CO{ @) balance to larger scales. Hence, it is possible for the maxi-
V3 mum amplitude to be at the first peak.

It is hard to obtain any analytical predictions for the total
\F T, K2K(y.y  lONization model. This is because the last scattering visibility
+ Efo dn'e s function is smeared out over the whole history since recom-
bination and cannot be approximated by a simple function
k with two peaks(Fig. 5. Therefore the line of sight integrals
><sin(—(77r— 77’)) F(7n'). (44) (31), (33) cannot be carried out in a simple way. The only
V3 prediction we can make is, since this scenario gives a small

_ . . cumulative visibility up to very late time¢see Fig. 5, last
We see now }hat'there IS just one set of peaks with the.'r‘gcalgcattering visibility functiol, that the resulting anisotropy
set byk,~ n, ~. Sincen,> 7, , this corresponds to a shift of

. e ower spectrum will be suppressed up to relatively large
the entire peak structure to smaller Also the diffusion P P PP P y arg

: 1 ) scales.
damping lengttkg ~(7,,0) has grown considerably and hence
the effects of Silk dampind88] are prevalent on larger
scales than in the standard scen4é6). B. Isocurvature white noise
We could also use this limit to understand the effects of  oyr main emphasis in this paper is on active source mod-

delayedrecombination, since there is just one surface of lask|s. However, there is a class of passive models, known as
scattering, but it seems more logical to treat this case as it§ocurvature white-noise models, which have a number of
name suggests as an increasenin, with 7(7,)=0. This  the features of an active model. We have integrated the lin-
leads to a simple shift in the time of recombination, andearized Einstein-Boltzmann equations with an integrator
hence the size of the sound horizon when the photons laghown ascmerasT[34] for an isocurvature cold dark matter

scatter. The observational consequence is that the wholgpm) model[90-92 with the initial power spectrum
spectrum of anisotropies and also the Silk damping envelope

are shifted to larger scales. Pi(k)=K°, (46)

. k
+ \/TgAO(O)sin( S

V3
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FIG. 7. The temperaturdeft) and polariza-
tion (right) anisotropy power spectra for an
isocurvature CDM model. The dotted line refers
to the standard thermal history, the long dashed
line to delayed last scattering, the solid line to
shifted last scattering, the dot-dashed line to
double last scattering, and the short dashed line to
the total ionization scenario.

&

H
(A1+1) CF/2n)2 XT_y uK

(1(1+1) /2m)Ve XT,., WK

that is, an initial white-noise spectrum and the results for ouseed for the creation of polarization anisotropigd) during
sample of modified thermal histories discussed in the previreionization and hence the first peak in the polarization for
ous section are shown in Fig. 7. The power spectrum is plotthis model is more prominent than in the others. Finally, total
ted up tol = 1500, because we do not expect interesting featonization results in a severely damped polarization spec-
tures on smaller scales in this first order approach. Weérum, although even in this very extreme case one can just
should note first that, for the standard thermal history, thebserve the remnants of the polarization created at the stan-
amplitude and spectrum of such a model is very much irdard time of recombination.

conflict with the current observationf93]. However, as we

shall discuss in Sec. Ill D, part of the motivation for this C. Simple coherent scaling source models

work is to investigate how the changes in the ionization his-
tory might create a more acceptable model.

We see that the peak structure in the delayed and shift
last scattering scenarios is moved to much larger scales a
that amplitude is suppressed by the damping envelope, ve
much in keeping with the analytic arguments of the previou i

section. For the case of double last scattering the analytiSature d=d_+®d, and the gravitational potentiall

treatment suggests that there should be a second set of pea:kQP L v&ﬁere% andW . are the contributions from

at larger scales, but it appears that in this particular case that | E)%otor?-baryon flnbid and;/b and .. are those for the
l S S

this secon_d set of pea!<s is suppressed below that of the ﬁrgburce. These sources terms can be related to the density of
set. The first peak which appears for the standard cate atthe sourcep,, its velocity v, and anisotropic stress, by

~350 also appears to be “washed” out by the damping a 95]
the time of reionization. However, the three peaks whic
remain are on exactly the same scales as those in the stan-

dard case and represent the anisotropy created at the time of k?d =4mrGa’
the initial epcgcr; of recombination, suppressed by the damp-
ing factore™ "', Finally the total ionization scenario results 2 _ 2
in a heavy suppression of power up to very large scdles ( KWty =—8rGa'ms,

%20) This is because the last Scattering V|S|b|||ty function iSWhere the derivatives are with respect to conformal tm‘]e

smeared out over the whole time since recombinatleig. = fdt/a. The conservation equations for the seed source are
5). We should note that reionization only appears to be effgs]

fective on small scales and in each case the anisotropy on
scales withl <20 remains unchanged. . a

As already discussed the peak structure of the polarization pst 37 (pstpg)=—kvs,
power spectrum is a more clean test of our analytic argu-
ments, although our understanding of the amplitude is much _ a 2
less clear. In the standard case, the first peak is ardund Vet 4-vg=Kkps— 5 Kmg,
~250 and the damping becomes effective on scales Wwith a 3

>1000. Once again the action of the delayed and shifted lagfherep, is the pressure of the source. Clearly, there are only
scattering is easily understood from our analytic argumentgyo independent quantities here and we can in general
with just a universal shift of the spectrum and dampingchoose any two arbitrarily, the other two being computed by

scales. In the double last scattering scenario we now see thg{iolving these equations. One simple scaling ansatz, which
there are two clear sets of peaks which have different scale§e shall call the pressure source, is given[8§]

those at the smaller scales being those created at the time of

In order to study active sources we will first discuss the
sjimple coherent scaling source models introduced in Refs.
%4,9&1 Although these kind of sources are unlikely to be
alized in the early universe, they have some some illustra-
e value. The scaling source is introduced as components
the Newtonian metric perturbations; specifically the cur-

a
pst 35Vs/k) ,
(47)

(48)

recombination damped by the appropriate amount. Since the ., ,,SIN(Akn)
s e . . . . 477Ga2p =n 12—~ 77
visibility function at recombination is not completely zero, s Akyp '
the damping phase leads to a quadrupole moment in the tem- (49)
perature anisotropies. This quadrupole contribution acts as a ms=0,
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100 — T — T —— 10 ———

FIG. 8. Temperaturdeft) and
polarization (right) anisotropy
power spectra for a pressure
source model withA=1.0. The
dotted line refers to the standard
thermal history, the long dashed
line to delayed last scattering, the
solid line to shifted last scattering,
the dot-dashed line to double last
scattering, and the short dashed
line to the total ionization sce-
nario.

o ®
[=] o
L T

-
o
T

(1(+1) CF/2m)2 *T ., uK

(UQ1+1) C}/2m) V2 xT,, uK

20 -

where 0<A<1 and another which we shall call the stressognizeable. The polarization in each of these cases also fol-

source has lows the pattern already established.
One should note that in these truly active models the
6 [sin(B;ky) sin(Bykz) large-scale anisotropy is created by the ISW effect due to the
4nGalmg=17y 12 > oo - ' existence of the sources along the line of sight. In the de-
B3-B2| Biky Bokz :

layed, shifted and double last scattering scenarios reioniza-
tion takes place very much before=100, whereas most of

where 0<(B;,B,)<1, with p, given by the pressure source. the ISW effect comes from sources present after this time.
For the results presented Shere we have chosen toAuse Therefore, reionization has very little impact on this contri-
=1.0, B;=1.0 andB,=0.5. bution, that is, the penultimate term {@0) is effectively

Figures 8 and 9 show the results of incorporating the preszero. In the total ionization scenario, where the universe is
sure and stress sources iNBFAST. For the pressure ionized for most of the time between standard last Scattering
source the anisotropy results follow the exact pattern preand the present day, this is not necessarily the case and reion-
dicted by our analytic arguments and already confirmed irization can interfere with the anisotropy on large scales. This
the isocurvature white noise model. Now the main contribuds illustrated in Fig. 8, although superficially it appears that
tion to the intrinsic anisotropy is from the third term of the the large-angle contribution has increased. This is not in fact
tight coupling solution37), which moves the dominant peak the case since the normalization to COBE makes all the
in the temperature anisotropy to smaller scales. The delayadodels equally arounb=10. What has happened is a redis-
and shifted scenarios comprise a single set of peaks at larg#&ibution of the large-scale power and a reduction of the con-
scales than in the standard case, and in particular the matribution to the COBE normalization from scales smaller
peak, which is at aroundi=350 in the standard case, is thanl~10. This will not always be the case since it depends
moved to aroundi=~250 in the delayed scenario. In the casecritically on the time when most of the anisotropy is created
of double last scatteringpne can still recognize the peaks relative to the ionization history.
from the recombination epoch on small scales. However the The results of using the stress source are very similar to
expected second set of peaks from reionization is hardly redhose from the pressure source as illustrated in Fig. 9. How-

(50

60 T T T i 6

N
o
T
S
I

FIG. 9. Temperaturdeft) and
polarization (right) anisotropy
power spectra for a stress source
model withA=1.0, B;=1.0 and
B,=0.5. The key to the curves is
the same as in Fig. 8.

]
o
T

(1Q+1) Cr/ampe <1, uK
N
I

((+1) Cl/2m)72 «T,, uK
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ever, there is one case which is quantitatively different. It 150 L A B
appears that the first peak in the polarization spectrum for the :
shifted scenario is higher than that for the double last scat- I PN

tering scenario, where in the two cases already considere: I \
(the isocurvature white noise and pressure modgisse 3 K
peaks have almost the same height. We believe that thic=
subtle effect is due to the quadrapole of the temperature an & 100 -
isotropy, which is the source for polarization, being non-zero%
when the second tight-coupling epoch begins, although weg
have no analytic reasoning for this.

D. Causal white noise

11+1) ¢,/27)

One of the original motivations for studying these non-
standard thermal histories was to attempt to rectify some of~
the observational problems of a class of structure formation
models known as causal white noig&WN) models[96,97].
These models were spawned out of the realization that stan
dard scaling models with defect motivated stress-energy
components are unable to explain the observed matter fluc °
tuations on 100! Mpc scales in a Einstein-de-Sitter uni-
verse, unless in case where large scale biases are acceptable, )
It was suggested that if the source was switched off at some FIG. 10. Temperature anisotropy power spectrum for a (_:ausal
point before a critical redshiftz,~100), then the power on white noise model. The dotted line is for a standard thermal history,

10001 Mpc scales was exactly that observed and the eXghe solid line fora total ionization history with the parameters

N B B . IS
cess of power on smaller scales can be rectified by modifi= 400 #=350 andThe,=3x 10" K and the long dashed line is

. : - for the same model with inclusion of a cosmological constapt
cceptable. side-ofiect of s is fhe. specium of G085 0v=0.1 and.=025. The specia include scalar, vector
anisotropies produced. alntzi tgnsor Eontgbutlon.s an((jj are normalized to COBE. Also in-
Figure 10 illustrates these problems for a simple cwNoee are the observations data pojigs.
model in the standard thermal history, plus the effects of our ) ) ]
total ionization scenario, in both an Einstein-de-Sitter cos€0Smological constant presented in R&9]. The introduc-
mology and also one with a non-zero cosmological constanfion of & non-zero cosmological constant can improve the
In the standard scenario we see that there appears to be &ape of the matter power spectrum and its amplitude on
excess of power on small scales and the shape of the spetcales of 100~ Mpc to an acceptable level, and it was
trum on large scales is in conflict with the COBE data. ThisShown that an important consequence of this is a broad peak
is because these models effectively tilt the spectrum toward) the CMB power spectrum on arourhe- 500. The model
smaller scales. The action of reionization is to reduce th@resented here hddg=0.05, (.=0.15 and(2,=0.80. In
power on small scales to a more acceptable level, but thEig- 11 we have plotted the temperature anisotropy power
problems on large-scales remain. These can be partially réPectrum for our thermal histories Wl_th this model. The spec-
lieved by the inclusion of a cosmological constant, but at thé'um behaves very much as one might have expected from
expense of reducing the power on smaller scales. It was cor@ur earlier analytic arguments and also like the simple coher-
cluded in Refs[96,97] that although such models can ex- €nt models, although it should be noted that in this incoher-
plain the formation of structure, they have considerable prob€nt model the concept of peaks is slightly different. For stan-

lems explaining the observed CMB power spectrum. dard recombinatiorfdotted ling the peak is at~500 and
has an amplitude o~95 uK, which has been shifted, for

example, in the case alouble last scatteringldot-dashed
o . ) _line) to a broader peak dt~200 and a height of 6QuK.

The other motivation is to investigate whether acousticsimilar modifications are made in the shifted and delayed
peaks in defect models may shift to larger angular scales ifyst scattering scenarios. This is clearly an improvement with

realistic thermal histories. We have already mentioned thafespect to the current observational data, although maybe not
these models appear to predict a pelny at all, see Refs. 5 necessary one.

[24-26,30) on much smaller scales than in the standard
adiabatic scenario, and in fact only very convoluted models
can rectify thig94]. One might ask is this a generic phenom-
ena and clearly our earlier arguments suggest that the ioniza- We have introduced a heating source motivated by the
tion history can be modified to allow this to happen in moreactive character of structure formation in the context of
generic defect models. sources like a cosmic strings. The main assumption is that
We have applied the same modified thermal histories tdhere exists a phase in the universe after recombination,
the model of structure formation by cosmic strings with awhere the density of active sources is large enough to heat

E. Cosmic strings with a cosmological constant

IV. DISCUSSION AND CONCLUSION
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FIG. 11. The temperature anisotropy power spectra for a cosmi
string model under inclusion of a cosmological const&ht
=0.80. The key of the plot is the same as in Fig. 7. We have als

included the data points with errorbd@8].
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heat source parameters and established that it is hard to vio-
late the COBE FIRAS limits on these quantities. We ex-
tended the framework of the semi-analytical Hu and Sug-
iyama formalism[77] to the case of reionization and
analyzed four generic heat source types explaining their in-
fluence on the CMB temperature anisotropy and polarization
power spectra for isocurvature white noise and simple scal-
ing source models. The behavior of the models was ex-
plained well by these arguments. We have found that if there
is only a shift of the surface of last scattering, the anisotropy
power spectrum becomes damped and the peaks are shifted
to larger scales. If there appears a second surface of last
scattering the acoustic peak structure changes and the sup-
pression on small scales is not as large for a just shifted last
scattering surface. The most important feature of the polar-
ization power spectrum is the appearance of a prominent
contribution on intermediate scales due to reionization. We
then applied the source models to CWN models and also to a
realistic cosmic string model. We found that it was possible
to reduce the amount of power on small scales in CWN
models and to move the peak in string models to larger
scales — the original motivation for this work. However, it
8ppears to not be possible to have a substantial effect on the

0spectrum at large angles in CWN models.
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