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Impact of Inhomogeneous Reionization on Cosmic Microwave Background Anisotropy
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It is likely that the reionization of the Universe did not occur homogeneously. Using a model
that associates ionized patches with overdense regions, we find that the resulting cosmic microwave
background (CMB) anisotropy power spectrum peaks at angular scales corresponding to the extent
of the ionized regions, and has a width that reflects the correlations between them. There is
considerable uncertainty in the amplitude. Neglecting inhomogeneous reionization in the determination
of cosmological parameters from high resolution CMB maps may cause significant systematic error.
[S0031-9007(98)07011-2]
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Observations of cosmic microwave background (CMB)second order in perturbation theory [9]. Since the typical
anisotropy are providing strong constraints on theories opatch size is much smaller than the scale of variation of
cosmological structure formation. Planned CMB observathe velocity field, the Doppler effect contributions come
tions can potentially provide constraints on the parametersnly from regions where the flow is coherent. The result-
of these theories at the percent level [1,2]. One of the reang anisotropy pattern depends sensitively on the model
sons the CMB is such a wonderful probe of cosmologi-of reionization. Thus, the signature of IHR in the CMB
cal parameters is that predictions for a given theory camprovides an indirect window on a poorly probed but inter-
be made with great precision [3]. This is because lineaesting era in which the first stars and galaxies formed. On
perturbation theory is an excellent approximation over thehe other hand, if these anisotropies are large enough, they
relevant length scales at= 1100 when the CMB was last can create systematic errors in the determination of cosmo-
tightly coupled to matter. logical parameters. So, after calculating the anisotropies,

However, new anisotropies can be generated at latee compute the magnitude of these systematic errors, i.e.,
times by the nonlinear process of reionization as the CMBiow much a given cosmological parameter mighinfis-
photons are brought back into contact with matter viaestimatedf IHR is ignored.

Thomson scattering. We know this reionization took place Anisotropy spectrum: Formal solutior-The perturba-
before redshift = 5 because spectra of distant squares ddion to the photon temperature distribution functidn=

not show a continuum of absorption by neutral hydrogensT/T, is governed by the Boltzmann equation, which at
It is unlikely that reionization occurred at= 60 for in  the late times of interest is

that case the level of anisotropies on degree scales would 0A(x,m,9)/dn = n.oray - v(x,n), (1)

be significantly lower than on0° scales, when actually \\hereq = (1 + z)~! is the scale factor of the Universe

just the opposite is true [4]. , normalized to unity todayy = [dt/a is the conformal
Reionization affects the CMB in several ways. First, thetime, n, is the free electron density;; is the Thomson

fluctuation power on small angular scales is damped by @;qss sectiony is the direction of the photon momentum,
factore ™" wherer is the optical depth back to last scat- anqy is the electron velocity. Henceforth we work in
tering. Second, as Sunyaev and Kaiser [5] pointed oUlits \where the conformal time today is unig = 1; and
secondary anisotropies are generated on large scales di&; me a flat, matter dominated universe= n2. The

to the Doppler effect when photons scatter off moving fre€;qytion to Eq. (1) for the photon perturbations here and
electrons. They also noted that the effect is strongly sups g,y [atx = xo and” = 1: Ao(%) = A(xo, 70, 3] is

pressed on small scales because photons get nearly oppo-

1
site Doppler shifts on different sides of a density peak, a A, ($) = 4.06 x 1073 Qbhj d_nxe(x’ )% - v(x),
consequence of potential flows generated by gravitational n M

instability. Both of these effects—the damping and the 2)
Sunyaev-Kaiser (SK) effect—are linear and therefore inwhere, v(x,n) = —27n v(x)(Mpc/h), n, = i, x.(x,
cluded in standard Boltzmann codes [3]. n)a3, and m,orne = 0.122Q,h, with 7, the present

Here we focus on the effects of inhomogeneities inmean electron densitf), the baryon density in units of
the ionization field [6—8]. We show that inhomogeneousthe critical density, and: the Hubble constant in units
reionization (IHR) restores the SK effect at small scaleof 100 kms~! Mpc~!. Both x, and v are evaluated at
due to modulation of the velocity field with the spatial vari- x = xo — 9 (1 — %), the position at timey of a photon
ation of the ionization fraction, an effect analogous to thewith direction vectory incident on us today. Note that
modulation by the density field in the homogenous case ahe integral includes all contributions starting from,
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a time far after standard recombinationspt= 0.03, but 1 T : ' T
before reionization occurs.

We focus on predicting the two-point correlation func-
tion C(0) = (Ao(9)A0(9')), where co® = 4 - 9’ and
the angular brackets indicate an average over aII locations
xo. Using Eqg. (2) we obtain the correlation function due
to reionization:

C(0)=10‘12(Q”h> [ d"[ d” C(n,7'.86).

Ll
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Itis therefore determined by an integral over adjacent lines g
of sight of the four-point correlation function 10-6 £~
. Fo) Cue
C(n,n",0) = 39 (xex,viv}), (4) o L i .
where, for exampley, = x.(x/, n’). Different models of -
reionization will lead to different four-point functions. We ool L o i b b
now explore several possibilities. 0.18 0.185 n 0.19 0.195

Homogeneous reionization-The simplest possibility o o
is that reionization takes places homogeneously. Whil&!G. 1. The mean ionization fractiox, for HR (z; =
not particularly plausible, it is a useful limiting case 20:9% = 4. the velocity two-point functionC,(7.,0.188,0)

for d . he S lati h for the SCDM (standard cold dark matter) model with = 1.2
or demonstrating the SK cancellation. In homogeneoughere o is the rms of mass fluctuations in spheres of radius

reionization (HR),x, = X.(n), wherex, is the fraction of 84! Mpc today, and the ionization fraction two-point function
the Universe that is ionized. Thus we have for uncorrelated”y¢ and correlated bubbles®. Dashed lines

HR , . , denote negative values.
C™(n,n',0) = x.x.Cy(n,n',0) 5)
ization process: independent sources turn on randomly and
instantaneously ionize a sphere with comoving radtus
and volumeVg, which then remain ionized. The resulting
four-point function can be written as

and we takex, to be zero at times earlier than + dz;,
unity at times later than;, and to increase linearly with
redshift during the transition. The velocity correlation
function can be written as

uc / — / uc / + =/
Cv(n, 77/90) — \I}J_ COSB C (T]’ 77 ,0) - Cv(ns 1’ ’0) [ng (77’ 7] 99) + xe-xe]'

(-9 - 5) ©)
+ (V) — W) 2 ’ 6)  Ssince X (where y =1 — x,) is equal to the proba-
bility that no ionizing source is within volumé/g,
the probability that no source is withiR of either
x or x' is (at equal times)yyx/) = xR2Ve=VO/Ve =
vy V() Ve = —
k kr XXX where for r < 2R, V(r) = Vg[l
W (r) = / k(Q)[ jo(kr) — ]1](“ )}d% (") (3/4)(r/R) + (1/16)(r/R)*] is the overlap volume of
the spheres centered onand x’. Therefore, with the

wherer = x — x’. The correlation functions of the ve-
locity components parallel and perpendiculartare

Pk i(k roper generalization to unequal times, we have
i = [ R ek @ P e e
k= kr Cye = (xexl) — %X, = (xx') — XX (10)
where P(k) is the matter power spectrum, throughout iy =V Ve
assumed to be that of the standard cold dark matter theory = xx Dx(min(n. 7)) 1. (11
[10]. Figure 1 show<”,(n, n’,0) as a function ofy for Cy¢ is sharply peaked at smalt =~ | — 7’| (see

fixed n’ = 0.188. C, is strongly peaked at equal times, Fig. 1, whereR = 1 Mpc), therefore in Eq. (9)'¢(0) =
where the two lines of sight share the same velocity. OrC,(n, ,6). Thus, the SK cancellation of HR is avoided;
the other hand, at large; — 7’|, C, becomes negative IHR modulates the velocity field, accessing only the region
due to infall from opposite sides into an overdense regionwhere the velocity field is highly coherent. Note, though,
The integration, in Eq. (3), of this oscillatory function with that the modulation is not particularly effective since the
the slowly varyingr,x’, leads to a cancellation of Doppler ionization radiusk is typically very small, and thus only
effects, as described by Kaiser [5] in Fourier space. a tiny region ofn contributes. Therefore, as Gruzinov
Uncorrelated inhomogeneous reionizatiehThe SK  and Hu (GH) [7] have pointed out, a model of this type
cancellation can be avoided if the velocity two-point func-produces anisotropies with amplitude proportionakto
tion C, is modulated by the spatial dependenceof To Figure 2 shows the anisotropy spectrum arising from
demonstrate this effect, we adopt a toy model of the reionthe two-point function of Eq. (11), assumiag= 26 and
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6z; = 4. The GH results for the same parameter choicesegions. From this scenario we expect [10,11]
would each have peaks 30% lowerliand 2 times larger

in amplitude due to a slower fall off af ;¢ with » and one %, = 2E / d8Pg (8) = E erfC< )
less factor of1 — x.) in their version of Eq. (11). Despite 8. V2 op ()
these differences, they correctly identified the qualitative (12)

features of this type of IHR: (i) amplitude proportional
to R; (i) white noise €;"* =« constant) on large scales C¢°
due to lack of correlations at > R; and (iii) peak at

(xex2>=aa"/6 dB]B dé'Pr (8,8

I ~ (1 — n,)/R where reionization takes placegt. We aa Zx (r) »2(n) + v2(n)

now show that the first two of these features break down =~ ; N € F{——}
o~ h 27 o (n)or(n') 2

when more realistic models are considered. (13)

Correlated inhomogeneous reionizatienBecause the
ionizing sources in the model of Eqg. (11) and that devisedvhere erf¢x) denotes the complementary error function,
by GH are independent of each other, correlations in thee = 2E(1 — X,) (see below),Pg (8) and P (8,8’) are
ionization field exist only on scales comparable to, orthe one- and two-point distributions of the smoothed
smaller than, the ionization radi®s However, overdense field ¢, respectively; the smoothed correlation function
regions, such as galaxies and clusters of galaxies, ais given by(88’) = Er (r), or, = Eg.(0), andv(n) =
observed to be highly correlated with each other. Ifs./ox (7).
overdense regions are the source of the ionizing radiation Despite a number of studies of the details of reion-
(which they are very likely to be), then their clustering will ization [12,14], we are still far from a satisfactory un-
lead to long-range correlations in the ionization field andderstanding. Therefore, we take two simple models for
therefore affecC'™R(9). E, which can vary by many orders of magnitude (see,

The physical process we imagine is that the mass in ang.g., Table 2 in [12]). The requirement that objects more
region where the linear theory density contrast smoothethassive tham/,(z) = 108 Mo[10/(1 + z)]*/? are neces-
on a comoving scal®&,, 6, exceeds a critical threshold sary for reionization leads t8, = 0.22n Mpc [13]. Our
(8. = 1.69), collapses, forms stars or quasars which theriwo choices forE areE = 7 X 10° 7° [13], resulting in
ionize a region with siz& = E'/3R.. The efficiencyEis  z; = 26 andE = 114 (the “middle of the road” model in
the ratio of the volume of the ionized regions to collapsed12]), which givesz; = 31. Note that current scenarios
for reionization generally lead tB > 1, i.e., the sources
tend to ionize a region much larger than their typical vol-
ume (see, however, [8] for a different view).

Figure 1 shows the results of Eq. (13) for the= 26
model. The clustering of overdense regions naturally leads
to a much wideiCy?, which falls off only as a power law,
thus more eff|C|entIy modulating,. For this reason, the
correlated models in Fig. 2 (dashed lines) show a much
wider distribution of power, and the white noise regime
is reached only at scales much larger than the patch size.
Over the range of plotted, the power spectrum of the
uncorrelated models with the same valuesRfas in
the peaks model would be orders of magnitude smaller.
The dashed lines in Fig. 2 are the result of assuming
(xexlvv’)y = (x.x.)(vv’) and then applying Eq. (13) for
(x.x.). For the solid lines, we use an expression for
a b (xexLvv’) similar to that forx,x’) in Eq. (13) but with an

102 103 104 integral over the joint probability distribution &f, 6/, v, v’
multipole moment, ¢ [15]. This leads to a modification of the white noise
FIG. 2. The angular power spectrua, defined byc(6) = behavior at large s_cales. Cross correlation l?etwe/en HR
3,2 + 1)C;/(4m)P;(cosh). The thick ‘solid line on top is .?_Ed IHR Iea;js 0 hlghglr order terrgs suchx(;}Sc ng >”
the linear spectrum. The rest are different approximations to ese are of comparable magnitudé tox, vv’) and wi
the IHR anisotropies, all assuming, = 0.1 and # = 0.5.  be discussed in [15]. Note that the flatness of the power
The curves peaked dt= 4000 and [/ = 20000 are from the spectra in Fig. 2 abové = 3000 reflects the near scale
uncorrelated® = 5 Mpc andR = 1 Mpc models, respectively. jnvariance of the matter power spectrum over the relevant
The oscillations are ringing due to the sharp cutoff Vofr). length scales.

The dashed curves show the model of Eg. (13) fpe= 26 | ¢ ter det inatior-Th iSOtroDi
(bottom) andz; = 31 (top). The remaining solid lines include ~ 'MPAact on parameter determinaties: 1he anisotropies

velocity-ionization field cross correlations. The correlatedProduced during IHR may significantly affect the
model curves do damp beyorid= 1/R > 30000. exquisite parameter determination anticipated from future
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TABLE |. Ratio of systematic offset to statistical uncertainty expected for Planck [16] from
the two “peaks” models in Fig. 2. Since IHR affects very small scales, MAP [16] is much
less sensitive to this offset. Variables are, from left to right, the primordial power spectrum
index, the ratio of tensor to scalar contributions(g the optical depth, and the contribution

to 42 from b aryons, (b) curvature (curv), cold dark matter), and massive neutrinos. The
power spectrum derivatives were evaluated at the parameter values of the SCDM model in
[2]. This does not include polarization information; however, since polarization is sourced by
the quadrupole moment, not velocity, the polarization IHR power spectrum will be down by
roughly a factor of(1073/1073)? from the IHR temperature power spectrum.

Model N Tis T Q,h? Qeur h? Q,,h? QO h?
z; = 31 0.75 0.65 0.01 2.25 0.20 —-1.02 0.94
z; = 26 0.34 0.29 0.006 1.01 0.09 —0.46 0.42
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