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Although empirical evidence indicates that the Universe’s gas had become ionized by redshift z � 6,

the mechanism by which this transition occurred remains unclear. In this article, we explore the possibility

that dark matter annihilations may have played the dominant role in this process. Energetic electrons

produced in these annihilations can scatter with the cosmic microwave background to generate relatively

low energy gamma rays, which ionize and heat gas far more efficiently than higher energy prompt

photons. In contrast to previous studies, we find that viable dark matter candidates with electroweak scale

masses can naturally provide the dominant contribution to the reionization of the Universe. Intriguingly,

we find that dark matter candidates capable of producing the recent cosmic ray positron excesses observed

by PAMELA (or the electrons spectrum measured by the Fermi Gamma Ray Space Telescope) are also

predicted to lead to the full reionization of the Universe by z� 6.
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I. INTRODUCTION

The Universe’s baryonic gas has undergone two major
phase changes in cosmic history. First, nuclei and electrons
combined at redshift z � 1100, transforming the Universe
from an optically thick plasma into a gas of electrically
neutral atoms. More recently, these atoms have returned to
an ionized state. Although the mechanism by which this
second transition took place is not yet well understood, it is
commonly suggested that the first astrophysical objects to
produce significant fluxes of ultraviolet light (the minimum
frequency required to ionize hydrogen), quasars, and early
stars, may have reionized the Universe between approxi-
mately 6< z < 20 (for reviews, see Refs. [1–3]).

It is not clear, however, whether either quasars or the first
stars were capable of producing enough radiation to fully
reionize the Universe. Previous studies [4–6] have found
that, unless the luminosity function of quasars favored
more dim (and thus unobserved) quasars at high redshifts
than in the present epoch, too few quasars would have been
present at high redshifts to reionize the Universe alone.
While it is plausible that radiation from early stars may
have lead to this transition [7,8], the limited empirical
information available regarding these objects make it dif-
ficult to draw concrete conclusions regarding their role in
reionization.

Another possible source of ionizing radiation at high
redshifts is the annihilation [9–17] or decay [10–13,18–20]
of dark matter particles. Here, we revisit this possibility,
focusing on the case of annihilating dark matter particles
with masses at or near the electroweak scale (� 50–
1000 GeV). We include in our calculation the evolution
of the halo mass function and the effects of gas heating. We
also include the impact of gamma rays produced through
the inverse Compton scattering of energetic electrons

with the cosmic microwave background. These inverse
Compton photons are especially important for reionization,
as they have considerably larger cross sections with elec-
trons (compared to photons of higher energy), which en-
able them to transfer approximately �102 times more
energy into the ionization and heating of gas than prompt
gamma rays from dark matter annihilations.
In contrast to previous studies, we find that electroweak

scale dark matter particles can naturally play the dominant
role in the reionization of the Universe. Although a dark
matter particle with a �100 GeV mass and a typical ther-
mal cross section (h�vi � 3� 10�26 cm3=s), will only
lead to approximately 1%–10% of the observed ionization,
a nonthermally produced dark matter candidate, such as a
100–200 GeV wino, for example, could easily provide a
rate of ionizations consistent with observations (without
large contributions from quasars or early stars).
The cosmic ray positron fraction measured by the ex-

periment PAMELA [21] has been interpreted as a possible
indication of dark matter annihilations taking place in the
Galactic Halo [22,23]. To accomplish this, however, the
halo dark matter must annihilate largely to charged leptons,
and with a higher annihilation rate than would be naively
predicted for a thermal relic. Furthermore, the cosmic ray
electron (plus positron) spectrum reported by the Fermi
Gamma Ray Space Telescope (FGST) collaboration also
contains indications of a new nearby source or sources of
high energy particles [24] (the balloon-based experiment
ATIC has also observed an excess in the cosmic ray elec-
tron spectrum [25]). If one interprets the PAMELA or
FGST signals as the product of dark matter annihilation,
this leads us to consider dark matter candidates which are
naturally expected to fully reionize the Universe by z� 6
without significant contributions from astrophysical
sources.
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II. REIONIZATION OF GASWITH DARKMATTER
ANNIHILATION PRODUCTS

In this section, we follow an approach similar to
Ref. [15] to calculate the fraction of baryons that are ion-
ized by the products of dark matter annihilations. We begin
by considering the annihilation rate per volume of dark
matter particles at a redshift, z0, which is given by

Rðz0Þ ¼
Z 1

Mmin

dn

dM
ðM; z0Þð1þ z0Þ3dM h�vi

2m2
X

�
Z

�2ðr;MÞ4�r2dr; (1)

where dn=dM is the differential comoving number density
of dark matter halos of mass M, h�vi is the dark matter
annihilation cross section, mX is the mass of the dark
matter particle, and � is the density of dark matter in a
halo as a function of the distance from the center of the
halo, r. The second integral can be written as

Z
�2ðr;MÞ4�r2dr ¼ M ��ðzFÞ

3

�
�X

�M

�
2
Fðc200Þ; (2)

where ��ðzFÞ is the average density of dark matter density in
a halo within a radius, r200, at which the density is 200
times larger than the cosmological average (at the time of
formation)

��ðzFÞ ¼ 200�c�Mð1þ zFÞ3; (3)

where �c is the critical density and zF is the redshift at
which the halo formed. The quantity Fðc200Þ is determined
by the shape of the dark matter halo profile. For a halo
profile of the form

�ðrÞ ¼ �s

ðr=rsÞ�½1þ r=rs��
; (4)

we have

Fðc200Þ ¼ c3200
Rc200
0 dxx2�2�ð1þ xÞ�2�

½Rc200
0 dxx2��ð1þ xÞ���2 ; (5)

where c200 � r200=rs is the halo concentration.
Throughout this study, we will adopt a halo profile of the
Navarro-Frenk-White form (� ¼ 1,� ¼ 2) [26], with con-
centrations given by the analytic model of Bullock et al.
[27]. If we had adopted a profile of the Einasto form (with
� � 0:2) [28], for example, the overall annihilation rate
would be slightly larger.

For the number density of dark matter halos as a function
of mass and redshift, we use the analytic model developed
by Press and Schechter [29]:

dn

dM
ðM; zÞ ¼ �M

M

d ln��1ðM; zÞ
dM

fð��1ðM; zÞÞ; (6)

where �M is the average matter density, �ðM; zÞ is the
variance of the linear density field, and fð��1Þ is the
multiplicity function. The redshift and cosmology depen-

dence is contained in �ðM; zÞ, which can be defined in
terms of the matter power spectrum, PðkÞ, and top-hat
function, Wðk;MÞ ¼ ð3=k3R3Þ½sinðkRÞ � kR cosðkRÞ�,
where R ¼ ð3M=4��MÞ1=3,

�2ðM; zÞ ¼ D2ðzÞ
Z 1

0
PðkÞW2ðk;MÞk2dk: (7)

For determining the cold dark matter power spectrum [30],
we adopt cosmological parameters as measured byWMAP
[31] (�bh

2 ¼ 0:022 67,�ch
2 ¼ 0:1131,�� ¼ 0:726, and

h ¼ 0:705). The growth function,DðzÞ, is the linear theory
growth factor, normalized to unity at z ¼ 0 [32]. We use
the ellipsoidal (Sheth-Tormen) form of the multiplicity
function [33],

fð�Þ ¼ A
�sc

�

�
1þ

�
�2

a�2
sc

�
p
�
exp

�
a�2

sc

�2

�
; (8)

where p ¼ 0:3, �sc ¼ 1:686, and a ¼ 0:75 [34]. We fix
A ¼ 0:3222 by the requirement that all of the mass lies in
halos,

R
dMM dn

dM ¼ �MS. The halo mass function is most

sensitive to variations in the cosmological parameters �8

and ns. Throughout this study, we adopt two sets of values
for these parameters: ns ¼ 0:96, �8 ¼ 0:812 and ns ¼
0:986, �8 ¼ 0:864. The first of these sets consists of the
WMAP (5 year) average values, whereas the second con-
tains the values corresponding to the 2� upper limit.
In Fig. 1, we plot the halo mass function at several

different redshifts found using these two sets of cosmo-
logical parameters. At relatively low redshifts (z & 10), the
differences resulting between these parameter sets are
modest. At higher redshifts, however, there are large var-
iations in the predicted number of halos.

FIG. 1. The comoving number density of dark matter halos as
a function of mass, at redshifts of 80, 60, 40, 20, 10, and 0 (from
bottom-to-top). The solid (dashed) lines were calculated using
�8 ¼ 0:812 and ns ¼ 0:96 (�8 ¼ 0:864 and ns ¼ 0:986).
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The spectrum of photons present at redshift z, having
been produced previously in dark matter annihilations, is
given by

dN�

dE�

ðE�; zÞ ¼
Z 1

z

dz0Rðz0Þ
Hðz0Þð1þ z0Þ

dN0
�

dE0
�

ðE0
�Þ
�
1þ z

1þ z0

�
3

� ½1� Abðz; z0; E0
�Þ�; (9)

where E0
� ¼ E�ð1þ z0Þ=ð1þ zÞ is the energy of the

gamma ray when it was produced at redshift z0, and
dN0

�=dE
0
�ðE0

�Þ is the spectrum of photons produced per

dark matter annihilation. Abðz; z0; E0
�Þ is the fraction of

photons which is absorbed between redshift z0 and z, which
we will return to later. The factor of Hðz0Þð1þ z0Þ in the
denominator converts Rðz0Þ from a number of annihilations
per volume, per time, into a number of annihilations per
volume, per redshift. This factor can be written as

1

Hðz0Þð1þ z0Þ ¼
1

H0½�Mð1þ z0Þ3 þ���1=2ð1þ z0Þ
� 1

H0�
1=2
M ð1þ z0Þ5=2 ; (10)

where the last step in the above expression is valid during
the matter dominated era, for which ð1þ zÞ � ��=�M.

The spectrum of gamma rays that is produced through
dark matter annihilations, dN0

�=dE
0
�ðE0

�Þ, depends on the

characteristics of the dark matter candidate being consid-
ered. When dark matter particles annihilate, they can pro-
duce a wide variety of particles which fragment and decay
into combinations of gamma rays, electrons, neutrinos, and
protons (and their antimatter counterparts). The gamma
rays and electrons (indirectly, through inverse Compton
scattering) each contribute to the injected photon spectrum.

The probability per time of a gamma ray scattering with
an electron in a hydrogen atom, leading to its ionization, is
given by

PðE�; zÞ ¼ ��eðE�Þnbð1þ zÞ3½1� xionðzÞ�c; (11)

where nb � 2:5� 10�7 cm�3 is the current baryon num-
ber density, ��e is the Klein-Nishina cross section, and

xionðzÞ is the fraction of the baryons which is ionized at
redshift z. Of the energy transferred from the photon in
these scatterings, approximately 1=3 goes into the reioni-
zation of atoms [35], which induces the following number
of ionizations:

NionðE�Þ �
E�

3

�
0:76

0:82

1

13:5 eV
þ 0:06

0:82

1

24:6 eV

�

� 2:4� 107
�

E�

1 GeV

�
; (12)

where the two terms account for the relative abundances
and ionization potentials of hydrogen and helium,
respectively.

At GeV energies, a large majority of the incident pho-
ton’s energy is transferred to the scattered electron. At
lower energies, the fraction of energy transferred is some-
what reduced. A 1 MeV (10 MeV) photon, for example,
loses on average 44% (68%) of its energy in such a
collision. The remaining lower energy photon, however,
will be reasonably likely to scatter again, depositing still
more of its energy into ionization and heating. For sim-
plicity, we assume that all of the photon’s energy is ulti-
mately transferred in these scatterings.
In the case of a dark matter particle with an electroweak

scale mass (� 50–1000 GeV), the majority of the energy
in gamma rays is carried away by photons with�100 MeV
or more energy each. A photon with an energy of 1 GeV
has a cross section with electrons of only �10�27 cm2,
however, which leads to a�0:03% chance of scattering per
billion years (at z� 10). Highly energetic photons are very
inefficient ionizers of gas.
In addition to gamma rays, however, dark matter anni-

hilations can also produce high energy electrons. Such
electrons transfer their energy to low energy photons
through inverse Compton scattering at a rate of

dEe

dt
¼ 4

3
�T�radc

�
Ee

me

�
2
; (13)

where �rad is the energy density of radiation and �T is the
Thompson cross section. By scattering off of photons in the
cosmic microwave background (CMB), an electron will
lose energy at a rate of

dEe

dt
¼ 4

3
�T�CMBðz ¼ 0Þð1þ zÞ4c

�
Ee

me

�
2
;

� 2:3� 10�17 GeV=sð1þ zÞ4
�

Ee

1 GeV

�
2
: (14)

As a result of this process, a 1 GeVelectron at redshift z ¼
6 will lose 99% of its energy to the CMB in approximately
50 million years (and 99.9% of its energy in 500 million
years). At higher redshifts, the transfer of energy is even
more rapid. Thus the vast majority of the energy that is
deposited via dark matter annihilations into electrons gets
almost immediately transferred into lower energy photons.
An inverse Compton scattering between an energetic

electron and a CMB photon results in a photon with an
average energy of

EIC ¼ 4

3

�
Ee

me

�
2
ECMB

� 3:2� 10�4 GeVð1þ zÞ
�

Ee

10 GeV

�
2
: (15)

As the Klein-Nishina cross section is more than 2 orders of
magnitude larger at the typical energies of these inverse
Compton photons (� 10�3 GeV) than at the energies of
prompt photons (� GeV), we conclude that electrons
from dark matter annihilations provide us with a far more
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efficient mechanism for reionizing the Universe. This is
illustrated in Fig. 2, where we plot the spectrum of prompt
gamma rays (solid) and electrons (dots) from the annihi-
lations of a 100 GeV dark matter particle which annihilates
to WþW� (we have used PYTHIA [36] to calculate these
spectra). At lower energies, we plot as dashed lines the
spectrum of inverse Compton photons which results from
those electrons scattering with the CMB (for three different
redshifts). For further details regarding the spectrum re-
sulting from inverse Compton scattering, see Ref. [37]. In
the right frame of the figure, the Klein-Nishina cross
section is shown as a function of photon energy. The

inverse Compton photons naturally fall within or near the
range in which the cross section is approximately equal to
the Thompson cross section. Prompt photons, in contrast,
typically have much greater energy and thus a much
smaller cross section.
Combining these expressions, we arrive at the number of

ionizations induced per volume, per time, at a redshift z,

IðzÞ ¼
Z mX

0
dE�

dN�

dE�

ðE�; zÞPðE�; zÞNionðE�Þ

¼ ½1� xionðzÞ�ð1þ zÞ6nbcð2:4� 107 GeV�1Þ
H0�

1=2
M

h�vi
2m2

X

�
Z mX

0
dE���eðE�ÞE�

�
Z 1

z
dz0

½1� Abðz; z0; E0
�Þ�

ð1þ z0Þ5=2
dN0

�

dE0
�

ðE0
�Þ

�
Z 1

Mmin

dn

dM
ðM; z0ÞdM

Z
�2ðr;MÞ4�r2dr: (16)

Where Abðz; z0; E0
�Þ denotes the fraction of photons

which are absorbed between redshifts z0 and z,

Abðz; z0; E0
�Þ � exp

�Z z0

z

dz00��eðE00
�Þnbð1þ z00Þ3c

H0�
1=2
M ð1þ z00Þ5=2

�
: (17)

In addition, we consider the competing effect of recombi-
nation which, neglecting significant baryon clumping, oc-
curs at a rate per volume, per time, given by

RcðzÞ � n2bx
2
ionðzÞð1þ zÞ6

�
0:76

0:82
�HðzÞ þ 0:06

0:82
�HeðzÞ

�
;

(18)

where [38]

�HðzÞ � 3:75� 10�13 cm3=s

�
TðzÞ
1 eV

��0:724

�HeðzÞ � 3:93� 10�13 cm3=s

�
TðzÞ
1 eV

��0:635
:

(19)

In the absence of heating, we estimate the temperature of
the gas to vary with redshift as TðzÞ � 5:3� 10�3½ð1þ
zÞ=61�2 eV. In addition, however, the energy released in
dark matter annihilations can heat the gas and suppress the
rate of recombination. In our calculation, we assume that
one third of the energy transferred from dark matter anni-
hilation products into atoms via electron scattering goes
into gas heating [35].
The contributions from ionization and recombination

collectively lead to the following rate of change in the
fraction of ionized baryons

dxion
dt

ðzÞ ¼ IðzÞ � RcðzÞ
nbð1þ zÞ3 ; (20)

or equivalently,

FIG. 2. In the top panel, we plot the spectrum of prompt
gamma rays (solid) and electrons (dots) from the annihilation
of 100 GeV dark matter particles to WþW�. We also plot, as
dashed lines, the spectrum of inverse Compton photons which
results from those electrons scattering with the cosmic micro-
wave background (for redshifts of z ¼ 0, 10, and 60, from left to
right). In the right frame, the Klein-Nishina cross section is
shown as a function of photon energy. Because of the rapidly
falling cross section, the inverse Compton photons are far more
efficient at reionizing the Universe than higher energy prompt
gamma rays.
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dxion
dz

ðzÞ � IðzÞ � RcðzÞ
�nbð1þ zÞ11=2H0�

1=2
M

: (21)

In Fig. 3, we show the effect on the ionization history of
the Universe of the annihilations of a 100 GeV dark matter
particle which annihilates toWþW� with a cross section of
h�vi ¼ 3� 10�26 cm3=s (the value for a typical thermal
relic). In the upper left frame, we show the rate at which the
fraction of ionized baryons changes as a function of red-
shift as a result of dark matter annihilations. In the upper
right frame, we plot the evolution of the gas temperature. In
the lower frame, the ionized fraction is shown. In each
frame, we show results for two sets of cosmological pa-
rameters (ns ¼ 0:96, �8 ¼ 0:812 and ns ¼ 0:986, �8 ¼
0:864). In each case, we have also adopted a minimum halo
mass of Mmin ¼ 10�8M�.

From the ionized fraction of baryons over cosmic his-
tory, we can calculate the resulting Thompson optical
depth of the Universe,

� ¼ nb�T

�
� 0:88

0:82

Z 3

0
dz

dt

dz
ð1þ zÞ3 �

Z 6

3
dz

dt

dz
ð1þ zÞ3

�
Z 1

6
dz

dt

dz
ð1þ zÞ3xionðzÞ

�
: (22)

In this expression, the first (second) term accounts for the
contribution since z ¼ 3 (between 3< z < 6), and as-
sumes the helium to be doubly (singly) ionized [39,40].
The last term describes the contribution prior to z ¼ 6.

Our empirical knowledge regarding the ionization his-
tory of the Universe consists of essentially two observa-
tions. Firstly, the lack of significant Ly� absorption
observed in the spectra of quasars lead us to conclude
that the Universe has been highly ionized since a redshift
of z � 6 [41]. This is why we have assumed complete
ionization in the first two terms in Eq. (22). Secondly,
WMAP has measured the Thompson optical depth of the
Universe to be � � 0:087	 0:017 [31]. The contribution
to this quantity from a fully ionized universe since z ¼ 6 is
approximately 0.04, considerably less than the total mea-
sured quantity. This forces us to conclude that sources prior
to z ¼ 6 have contributed approximately half of the total
optical depth of the Universe.

We can use the values of xion shown in the lower frame of
Fig. 3 to calculate the total optical depth of the Universe
and compare it to the value measured by WMAP. For this
choice of dark matter mass, cross section, and dominant
annihilation channel, dark matter annihilations lead to on
the order of 1% of all baryons being ionized by z ¼ 6, and
to a total contribution to the optical depth prior to z ¼ 6 of
�� � 0:000 21 or 0.000 31, for the two sets of cosmologi-
cal parameters considered. These values are far too small to
account for the optical depth observed by WMAP.

For dark matter annihilations to account for the total
opacity observed by WMAP, they must reionize the
Universe at a considerably higher rate than found in this

FIG. 3. The rate of change of the fraction of ionized baryons
(top panel), the temperature of gas (center panel), and the
fraction of ionized baryons (lower panel), as a function of
redshift. Here, we have considered a 100 GeV dark matter
particle which annihilates to WþW� with a cross section of
h�vi ¼ 3� 10�26 cm3=s. We show results using two sets of
cosmological parameters (ns ¼ 0:96, �8 ¼ 0:812 and ns ¼
0:986, �8 ¼ 0:864). In the top panel, the dotted line denotes
the evolution of the gas temperature without heating from dark
matter annihilations.
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first example. This could be potentially accomplished in a
number of ways, the most straightforward being to simply
increase the annihilation cross section and corresponding
annihilation rate of the dark matter particle. Consider, for
example, dark matter in the form of a winolike neutralino.
Such dark matter candidates, which appear naturally in
models of anomaly mediated supersymmetry breaking,
have larger annihilation cross sections than that expected
from a typical thermal relic. A 100 GeV wino, for example,
has an annihilation cross section to WþW� of approxi-
mately h�vi � 4:5� 10�24 cm3=s. If winos are produced
in the early universe through a nonthermal mechanism
[42,43], they can constitute the measured cosmological
dark matter abundance despite their high annihilation rate.
In Fig. 4, we show the ionization history of the Universe

resulting from a 100 GeV, winolike dark matter particle.
For this dark matter candidate, we find that nearly full
reionization is reached by z � 6. In Fig. 5, we show the
contribution to the optical depth prior to z ¼ 6 resulting
from a 100 GeV dark matter particle annihilating to
WþW�, as a function of its annihilation cross section.
From this figure, we see that such a dark matter particle
can generate the total measured optical depth if it possesses
a cross section of approximately * 5� 10�24 cm3=s.
Dark matter in the form of a �100 GeV wino is thus
predicted to lead to an optical depth similar to that mea-
sured by WMAP, even without any significant contribu-
tions from quasars or early stars.

FIG. 4. The same as shown in Fig. 3, but for the case of a
100 GeV dark matter particle which annihilates toWþW� with a
cross section of 4:5� 10�24 cm3=s (a winolike neutralino, for
example). Dark matter annihilations in this model lead to nearly
total ionization by z � 6, and constitute the primary source the
optical depth as measured by WMAP.

FIG. 5. The contribution to the optical depth of the Universe
(over z > 6) from dark matter annihilations. Here we have
considered a 100 GeV dark matter particle which annihilates
toWþW�. The horizontal dotted lines denote the range of values
measured by WMAP, �� � 0:047	 0:017. A relatively light
(� 100 GeV) winolike neutralino would naturally lead to an
optical depth consistent with this measurement.
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Another way to potentially increase the contribution to
the optical depth of the Universe is to consider dark matter
particles which annihilate largely to electron-positron pairs
(or 	þ	� or �þ��), which deposit a larger fraction of
their energy into inverse Compton photons. In Fig. 6, we
show the ionization history and optical depth resulting
from dark matter which annihilates to eþe�. Comparing
this result to that found in Fig. 5, we find that the eþe�
annihilation channel is approximately an order of magni-
tude more efficient in reionizing gas than annihilations to
WþW�.

III. IMPLICATIONS OF PAMELA AND FGST FOR
REIONIZATION

Recently, the PAMELA [21] collaboration has an-
nounced the observation of a surprisingly large flux of
high energy positrons in the cosmic ray spectrum. These
observations appear to imply the presence of a relatively
local source of energetic electron-positron pairs. Although
the origin of these particles remains unknown, a nearby
pulsar [44,45] and dark matter annihilations [22,23] have
each been proposed as possible sources.
If annihilating dark matter particles are to explain the

PAMELA signal, they must have some rather specific
properties, however. In particular, they must annihilate at
a rate considerably larger than expected for a simple ther-
mal relic distributed smoothly throughout the Galactic
Halo. Furthermore, to reproduce the very hard spectra
observed by these experiments, the dark matter particles
must annihilate largely to eþe� or other charged leptons
(for examples of models designed to possess this feature,
see Refs. [46–51]).
Dark matter particles with large annihilations or which

annihilate to charged leptons are, of course, precisely what
we have shown to be needed if dark matter is to play a
significant role in the reionization of the Universe. More
specifically, to produce the PAMELA excess with 100 GeV
dark matter particles which annihilate to eþe�, an annihi-
lation cross section of approximately h�vi � ð7:2–69Þ �
10�26 cm3=s is required (assuming no large boost factors
from local inhomogeneities in the dark matter distribution)
[22]. From the right frame of Fig. 6, we see that this range
of cross sections can naturally lead to approximately the
observed optical depth of the Universe. This conclusion
holds regardless of whether the large annihilation cross
section is accommodated by a nonthermal production
mechanism, or results from Sommerfeld-type enhance-
ments (assuming saturation occurs at velocities not far
below typical velocities of the Milky Way) [52–54]. We
thus reach the very interesting conclusion that dark matter
particles with the characteristics required to explain the
PAMELA excess also lead to very significant contributions
to reionization.
In addition to the PAMELA result, the Fermi Gamma

Ray Space Telescope (FGST) [24] and the balloon-based
experiment ATIC [25] have measured the spectrum of
cosmic ray electrons and positrons and found it to contain
nontrivial features. In order for annihilating dark matter
particles to accommodate the observation of FGST, they
must be very heavy ( * TeV) and annihilate largely to
muons, or perhaps other charged leptons [55]. Very large
annihilation rates are also required to normalize the cosmic
ray electron-positron flux to the results of FGST and
PAMELA. In Fig. 7, we show the contribution to the
Universe’s optical depth for a 1600 GeV dark matter
particle which annihilates to	þ	�, chosen to accomodate
the results of both FGSTand PAMELA. For an annihilation

FIG. 6. In the top panel, we show the fraction of ionized
baryons, as a function of redshift, for the case of a 100 GeV
dark matter particle which annihilate to eþe� with a cross
section of h�vi ¼ 3� 10�26 cm3=s. In the bottom panel, we
show the contribution to the optical depth of the Universe (over
z > 6) from dark matter annihilations to eþe�, as a function of
the annihilation cross section. The horizontal dotted lines denote
the range of values measured by WMAP, �� � 0:047	 0:017.
In each frame, we show results using two sets of cosmological
parameters (ns ¼ 0:96, �8 ¼ 0:812 and ns ¼ 0:986, �8 ¼
0:864).
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cross section (times boost factor) of �ð3–6Þ �
10�23 cm3=s, both the FGST and PAMELA signals can
be produced. From Fig. 7, we see that this annihilation rate
once again leads to a significant contribution to the optical
depth. The similarity between this result and that shown in
Fig. 6 can be explained by the fact that with the appropriate
normalization, the steady-state electron-positron cosmic
ray spectra in each case is nearly identical below
�100 GeV, indicated by the fact that they both provide
excellent fits to the PAMELA data. Although they predict
different spectra at higher energies, such particles produce
relatively high energy photons through their inverse
Compton scattering, which do not efficiently reionize the
baryonic gas.

IV. SUMMARYAND CONCLUSIONS

In this article, we have calculated the contribution to the
reionization of gas that results from annihilating dark
matter particles. The primary mechanism for ionization is
the production of gamma rays through the inverse
Compton scattering of high energy electrons, which are
themselves products of dark matter annihilations. The
inverse Compton photons have a much larger cross section
for scattering with electrons, and are thus more efficient in
ionizing and heating gas, than higher energy prompt
photons.
Although dark matter particles with typical thermal

annihilation cross sections (h�vi � 3� 10�26 cm3=s)
only produce about 1%–10% or less of the ionization rate
required to explain the optical depth of the Universe ob-
served by WMAP, dark matter particles with larger cross
sections can completely reionize the Universe by z� 6 and
provide the total observed optical depth. Dark matter par-
ticles which annihilate directly to eþe� or other charged
leptons lead to a higher ionization rate than particles which
annihilate to gauge bosons or quarks.
Intriguingly, we note that dark matter candidates capable

of producing the cosmic ray positron fraction observed by
PAMELA (and the cosmic ray electron plus positron spec-
trum measured by FGST) generally possess cross sections
and dominant annihilation channels which will lead to the
significant ionization of gas in the Universe by z� 6. If
this observation is, in fact, a product of dark matter anni-
hilations, then dark matter should be expected to play a
major role in the reionization history of the Universe.
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