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Reionization
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FIG. 1.ÈOptical spectra of quasars observed with Keck/ESI in the observed frame. The spectra have been smoothed to 4 pixel~1 and have beenz Z 5.8 A!
normalized to the observed z-band Ñux. The spectrum of SDSS 1044[0125 has been taken from Fan et al. (2000). In each spectrum, the expected wavelengths
of prominent emission lines, as well as the Lyman limit, are indicated by the dashed lines.

j1402 feature is detected at D9800 but it is difficult to ÐtA! ,
its proÐle because of the weakness of the line and possible
absorption lines nearby. We therefore adopt a redshift of
5.99 ^ 0.02 for SDSS 1306]0356.

In the spectrum of SDSS 1306]0356, we notice a strong
absorption feature at D7130 where over D80 there isA! , A!
no detectable Ñux. The rest-frame equivalent width is D15

typical for a damped Lya system, at a redshift ofA! , zabs \

4.86. A strong absorption feature is detected at j \ 9080 A! ,
corresponding to C IV absorption at the same redshift. This
feature is double peaked in absorption, consistent with the
jj1548, 1551 components of the C IV doublet, although the
signal-to-noise ratio is low at that wavelength. This system,
if conÐrmed by high-S/N spectroscopy, is the highest-
redshift damped Lya system known (the previous record
holder was at z \ 4.47, et al. 2001 ; Dessauges-Pe" roux
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Outline

• If the DM is a WIMP, some particles annihilate, releasing energy. 

• Some of this energy heats and ionizes Hydrogen atoms.

• Free electrons scatter CMB photons, changing the polarization power, 
and the observed optical depth. 
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Particle annihilation:

charged particles
photons
neutrinos
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Scattering by CMB photons.
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Scattering cross section:

• Photoionization.

• Compton scattering.

• Pair production (with atoms)

γγ → γγ
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Optical depth for CMB photons

I. INTRODUCTION

Studies of quasar spectra indicate that the Universe is highly ionized up to a redshift
z ∼ 6. In the standard approach, early stars, early galaxies, quasars, etc. are thought to be
the sources responsible for reionizing the Universe. The free electrons that exist after reion-
ization scatter microwave photons, resulting in an increase in the degree of polarization of
the cosmic microwave background (CMB) radiation. The Wilkinson Microwave Anisotropy
Probe (WMAP) has confirmed the reionization of the Universe and has computed the optical
depth due to scattering of CMB photons with free electrons [1–5].

There is considerable uncertainty regarding the extent to which early stars reionize the
Universe. The epoch of formation of the first stars, their masses, their abundance, etc are
model dependent factors that influence the ionization efficiency. There are also questions
regarding the nature of the first stars. In some models with weakly interacting massive
particles (WIMPs) being the dark matter, the earliest generation of stars were dark stars
[6] characterized by a low surface temperature, and very high mass. In these theories, it is
unclear how the next generation of stars formed, and whether they were able to partially
reionize the Universe. Here, we will consider dark matter annihilation to be a source of
reionization.

Several authors have studied the impact of particle decay and annihilation on reioniza-
tion [7]. Annihilating dark matter with mass mχ ∼ 10 − 100 GeV may be detectable by
future CMB polarization measurements [8]. More recently, there has been an interest in con-
straining the properties of dark matter models using the WMAP measured optical depth.
In previous work [9, 10], we studied dark matter halos with low WIMP masses, with the
restriction that they be consistent with the measured optical depth. Heavier dark matter
particles mχ

>∼ 100 GeV in halos could reionize the Universe for favorable particle physics
parameters [11], and could possibly account for the positron excess in high energy cosmic
rays found by ATIC [12] and PAMELA [13]. Reionization by annihilating dark matter for a
variety of particle and cosmological parameters was presented in [14]; reference [15] studies
the allowed regions in the dark matter mass-cross section plane. More recently, [16] have
analyzed a combination of recent CMB data sets for evidence of dark matter annihilation. In
this article, we investigate whether it is possible to distinguish standard reionization theories
from more exotic dark matter scenarios, using CMB observations.

Scattering of free electrons by CMB photons causes additional polarization at scales
∼ the horizon at reionization, resulting in excess power at low multipoles compared to a
Universe that is not reionized. The large angle EE polarization ∝ τ 2 is an excellent probe
of reionization, but is seen at high significance by WMAP only for l < 10 [3, 5]. With 1
year of data, the WMAP experiment detected a reionization signal in the TE polarization
power spectrum, implying an optical depth τ = 0.17± 0.04 [1]. This value was shown to be
too large by the WMAP 3-year analysis [2]. With 3 years of data, WMAP obtained a value
for τ = 0.10± 0.03 using EE data alone, and τ = 0.09± 0.03 using EE, TE, and TT data
[1]. The 3-year measurement of τ has been confirmed by the 5-year analysis [3, 4]. The 5-
year WMAP measured EE power spectrum is largely cosmic variance limited at multipoles
2 ≤ l ≤ 6 [3]. The WMAP 5-year analysis provides a mean value τ = 0.087 ± 0.017
using all WMAP data [4]. With BAO and SN data included, the measured optical depth
is τ = 0.084 ± 0.016 [17]. Assuming an instantaneous reionization model, WMAP reports
a reionization epoch z∗ = 11 ± 1.4 using WMAP data alone, and z∗ = 10.8 ± 1.4 using
WMAP+BAO+SN data [17]. These results are in excellent agreement with the recent 7-

2

year result τ = 0.088± 0.015 for sudden reionization and τ = 0.087± 0.015 for a fit which
allowed a varying width of a one step reionization scenario. The low l polarization data
(EE) alone, implies a detection of reionization at the 5.5σ level [18].

In Section II, we provide a brief discussion of dark matter annihilation and the inverse
compton scattering process. We compute the energy absorbed by gas at a given redshift,
and the expected ionization and temperature histories. In Section III, we consider dark
matter models with different particle masses and concentration parameters, and calculate
the expected polarization power spectra using the CAMB program [19] with appropriate
modifications. We first consider dark matter annihilation by free (gravitationally unbound)
particles at high redshifts z > 100 with and without residual electrons. Ionization in this
regime directly probes the particle physics properties of the model. We then consider ion-
ization at all redshifts, including WIMP annihilation in halos, and compare with a standard
2-step reionization model. Finally, we present our conclusions.

II. PARTICLE ANNIHILATION IN HALOS.

The number of dark matter annihilations per unit volume and per unit time, at a redshift
z is given by:

dNann

dtdV
(z) =

〈σav〉
2m2

χ

ρ2χ(z). (1)

〈σav〉 is the annihilation cross section times the relative velocity of the particles, averaged
over the WIMP velocity distribution. mχ is the particle mass, and ρχ(z) is the dark matter
density at z. We have assumed that two WIMPs participate in an annihilation process
producing particles with total energy 2mχc2 per annihilation. Before the epoch of halo
formation, ρ2χ takes the simple form:

ρ2χ,free(z) = (1 + z)6 ρ2c Ω
2
dm, (2)

where ρc is the critical density, and Ωdm is the dark matter fraction today.
As the annihilation rate is proportional to the square of the WIMP density, it is enhanced

by the formation of structure in the Universe. Hierarchical structure formation starts at a
redshift z # 60 [20, 21]. The boost in density due to clustering of WIMPs is partially
countered by the small halo volume. Nevertheless, the annihilation from WIMPs eventually
dominates (unless the concentration parameter is very small). After halos have formed at
z # 60 [20, 21], we expect the halo contribution to be dominant:

ρ2χ,halo(z) = (1 + z)3
∫

Mmin

dM
dnhalo

dM
(M, z)

[∫ r200

0
dr 4πr2ρ2h(r)

]
(M, z). (3)

nhalo is the comoving number density of halos. The volume integral over the halo is a function
of both halo mass M and redshift z. Here we have assumed the halo radius r200 to be the
radius at which the mean density enclosed equals 200 times the background density at the
time of halo formation. ρh(r) is the halo density at a distance r from the halo center. Eq.
(3) ignores halo-halo interactions, as well as interactions between free dark matter and dark
matter in halos.
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Sudden and complete recombination at z=1000.
Values of τ(60 < z < 1000) for different dark matter masses.

mχ (GeV) 10 50 100 500

τ (τR = 0) 0.070 0.033 0.024 0.011

τ − τR 0.028 0.007 0.004 0.001

τ 0.429 0.407 0.404 0.401

n 0.295 0.253 0.234 0.171

xion(z∗)× 104 8.9 4.2 3.1 1.5

TABLE I: Estimated values of the optical depth for the different dark matter models with and
without residual electrons. The second row τ(τR = 0) is due to dark matter annihilation only, and
assumes zero residual electron contribution. The third and fourth rows include residual electrons
computed using the RECFAST code. τ − τR is the contribution due to dark matter in the presence
of residual electrons, while τ is the full optical depth, which includes contributions due to both
dark matter and residual electrons. Most of the contribution to τ comes from z > 700. n and
xion(z∗) are defined in the text. z∗ ≈ 400.

model are chosen primarily for convenience, and are not motivated by any particular theory
of star formation.

We also consider 3 models motivated by dark matter annihilation. In these models,
reionization is due to both dark matter and luminous sources. For z < 25, we assume the
same reionization scenario considered in Model A. For intermediate redshifts 25 < z < 60,
partial reionization is due to dark matter annihilation in halos. For z > 60, free dark matter
particles play the dominant role. In the intermediate redshift range 25 < z < 60, where
dark matter halos are the primary source of ionization, we assume a Navarro-Frenk-White
[34] type density profile, and a Sheth-Tormen [35] type distribution of halo masses. The
concentration parameter of the halos is treated as a free parameter. DM Model #1 has a
particle mass mχ = 100 GeV, and a concentration parameter c = 15. DM Model #2 has mχ

= 10 GeV, c = 5, and DM Model #3 has mχ = 10 GeV, c = 15. The optical depth at low
redshifts τ(z < 25) is set to a value of 0.087 for all models, consistent with the measurements
reported by WMAP.

To quantify the difference between two modelsX and Y , let us compute the σ(l) deviation
for the E mode polarization, defined as:

σ2(l) =

(
CX

l − CY
l

∆Cl

)2

. (13)

Cl = CEE
l is the 2 point EE polarization power spectrum for multipole l. ∆Cl = ∆CEE

l is
the 1σ cosmic variance error at l:

(∆Cl)
2 =

2

2l + 1
C2

l , (14)

which neglects instrument noise and assumes 100% sky coverage. In general, C2
l in Eq. (14)

should be replaced by
(
CAB

l

)2
=

1

2

[
CAA

l CBB
l +

(
CAB

l

)2]
(15)
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60 < z < 1000

Residual electrons:
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Values of τ(60 < z < 1000) for different dark matter masses.
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TABLE I: Estimated values of the optical depth for the different dark matter models with and
without residual electrons. The second row τ(τR = 0) is due to dark matter annihilation only, and
assumes zero residual electron contribution. The third and fourth rows include residual electrons
computed using the RECFAST code. τ − τR is the contribution due to dark matter in the presence
of residual electrons, while τ is the full optical depth, which includes contributions due to both
dark matter and residual electrons. Most of the contribution to τ comes from z > 700. n and
xion(z∗) are defined in the text. z∗ ≈ 400.
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Values of τ(60 < z < 1000) for different dark matter masses.
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TABLE I: Estimated values of the optical depth for the different dark matter models with and
without residual electrons. The second row τ(τR = 0) is due to dark matter annihilation only, and
assumes zero residual electron contribution. The third and fourth rows include residual electrons
computed using the RECFAST code. τ − τR is the contribution due to dark matter in the presence
of residual electrons, while τ is the full optical depth, which includes contributions due to both
dark matter and residual electrons. Most of the contribution to τ comes from z > 700. n and
xion(z∗) are defined in the text. z∗ ≈ 400.
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Gradual recombination using RECFAST code.

60 < z < 1000

Residual electrons:

Sudden and complete recombination at z=1000.
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Residual electron dominate for z > 800

DM particles ionize the Universe  60 < z < 800

DM halos ionize the Universe  25 < z < 60
Baryonic objects are important for z < 25

Optical depth up to z=25 = 0.087
Optical depth for z > 25 =   ???
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DM Model #1: 

DM Model #2: 

DM Model #3: 
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Error bars drawn for the 2-step baryonic reionization model.

〈σav〉 = 3 × 10−26 cm3/s

mχ = 100 GeV, c = 15

mχ = 10 GeV, c = 5

mχ = 10 GeV, c = 15

−dxion

dz
= I(z) − R(z)

xion = xinit when z = 1000

τ = cσT
∫ dz

(1+z)H(z) n(z)xion(z)

2 ≤ l ≤ 6

e−κ ≈ N δ(z − z′)

= H(z)(1+z)
cn(z)σ(Eγ ) δ(z − z′)

Nγ(z) = Nγ(z′) e−κ

κ =
∫

cdt n(z)σ(Eγ)

δκ = cn(z)σ(Eγ)
H0

√
Ωm

(

∆z
1+z

)

ξ : eV/s per atom

γγ → e+e−

γγ → γγ

mχ = 100 GeV

E dN
dE

E (GeV)

mχ = 1 GeV

1%

90%

99.9%

1

See also:
Iocco (2009)
Kanzaki, Kawasaki, Nakayama (2009)
Naselsky and Kim (2010)
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FIG. 3: Comparing the 3 dark matter models with baryonic Model A. For z < 25, the dark
matter models are identical to Model A, and have an optical depth τ(z < 25) = 0.087. For z > 25,
the dark matter models feature partial ionization due to halos and free particles. Also shown for
comparison is a ‘sudden’ reionization model. (a) shows the ionization history for the different
models. (b) shows the respective polarization power spectra (EE), with 1σ cosmic variance error
bars computed using the power spectrum of Model A. (c) shows the σ(l) deviations of the different
models (EE power spectra), all compared to Model A. The solid (black) curve denotes the ‘sudden’
reionization model, while the 3 dashed curves are drawn for the 3 dark matter models. DM Model
#1 is indistinguishable from Model A.

where A and B could stand for T or E. Instrument noise is not negligible in real experiments.
For example, instrument noise for the Planck experiment is expected to become comparable
to cosmic variance at l = 20 [30]. However, in this article, we use Eq. (14) and consider a
cosmic variance limited observation.

Fig. 3(a) shows the ionization histories of the different models. The baryonic model A
is shown by the solid (red) curve. For comparison, we also include a ‘sudden’ reionization
model, shown by the solid (black) curve. In the sudden reionization model, the Universe is
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What about TT ?
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FIG. 4: The TT power spectrum. Partial ionization by dark matter results in a larger optical
depth, causing a suppression of power (top panel). Decreasing the amplitude of the primordial
scalar power As by ∼ 5% can mimic the effect of τ (bottom panel).

to l ∼ 10 [31] and have good signal to noise up to l ∼ 20 [30]. The CMBPol experiment
is expected to perform even better. These future experiments may be able to distinguish
between different reionization models, and place constraints on dark matter halos as well as
particle parameters.

IV. CONCLUSIONS.

In this article, we have looked at how dark matter models influence the CMB polarization
power spectrum, and whether current, and future observations can be used to distinguish
dark matter reionization models from the standard theory. In Section II, we briefly reviewed
dark matter annihilation resulting in ionization and heating, and derived an expression for
the energy absorbed per gas atom ξ(z). We also considered inverse compton scattering of
high energy charged particles with the CMB, resulting in lower energy photons (Fig. 1).
When the inverse compton process is efficient, ξ(z) can be expressed in a much simpler form.
At very high redshifts, ξ(z) can be further simplified since most of the released energy is
absorbed close to the redshift of particle annihilation. In this regime, the ionization directly
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What about TT ? A  reduced by 5%s  
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FIG. 5: The large angle EE (top panel) and TE (bottom panel) power spectra. The 1σ cosmic
variance error bars are drawn for baryonic Model A. The solid (black) curve is drawn for the
baryonic model with reduced As . The dashed curve (blue) is plotted for dark matter Model #3
(mχ=10 GeV, c=15). It is harder to distinguish different models using the TE power spectrum
because CTE

l ∝ τ , while CEE
l ∝ τ2. Following the WMAP convention, the bottom panel shows

(l + 1)CTE
l /2π and not l(l + 1)CTE

l /2π

probes fem〈σav〉/mχ, where fem is the fraction of energy transported by electromagnetic pro-
cesses. In Section III, we discussed the optical depth contribution at different redshifts and
the resulting CMB polarization power spectrum. We first considered dark matter annihila-
tion at high redshifts z > 100, both with and without residual electrons (Fig. 2, Table 1).
Taking residual electrons into account makes dark matter annihilation less effective except
for very small particle masses. We then considered dark matter annihilation at all redshifts,
and calculated the ionization history for different dark matter masses, and concentration
parameters (Fig. 3). We also considered the temperature power spectrum, and showed that
it is not as useful as the polarization power spectrum in distinguishing different reionization
scenarios (Figs 4,5). The EE power spectrum is more sensitive to reionization than the TE
power spectrum.

In this article, we have restricted ourselves to the case of a thermal relic with cross
section 〈σav〉 = 3×10−26 cm3/s. However, dark matter annihilation at high redshifts probes
fem〈σav〉/mχ and thus, our results are valid for a wide range of masses, for corresponding
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Taking residual electrons into account makes dark matter annihilation less effective except
for very small particle masses. We then considered dark matter annihilation at all redshifts,
and calculated the ionization history for different dark matter masses, and concentration
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it is not as useful as the polarization power spectrum in distinguishing different reionization
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to l ∼ 10 [31] and have good signal to noise up to l ∼ 20 [30]. The CMBPol experiment
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particle parameters.
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Conclusions

• WIMP DM can alter the CMB power spectra and the optical depth.

• WMAP does not observe the optical depth to last scattering and 
cannot distinguish DM from a 2-step baryonic model.

• Planck will do better with EE data up to l=20.

• Future surveys will place better constraints on WIMP DM.
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