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ABSTRACT

Statistical observations of the epoch of reionization (EOR) power spectrum provide a rich data set for under-
standing the transition from the cosmic ‘‘dark ages’’ to the ionized universe we see today. EOR observations have
become an active area of experimental cosmology, and three first-generation observatories—MWA, PAST, and
LOFAR—are currently under development. In this paper we provide the first quantitative calculation of the three-
dimensional power spectrum sensitivity, incorporating the design parameters of a planned array. This calculation is
then used to explore the constraints these first-generation observations can place on the EOR power spectrum. The
results demonstrate the potential for upcoming power spectrum observations to constrain theories of structure
formation and reionization.
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1. INTRODUCTION

The reionization history of the universe provides an im-
portant tool for understanding the epoch of structure formation
and the appearance of the first luminous objects. Existing ex-
perimental clues about this period are confusing, however. The
large Thompson scatteringmeasured by theWilkinsonMicrowave
Anisotropy Probe (WMAP) satellite implies that reionization oc-
curred by redshift z � 15 (Kogut et al. 2003), whereas quasar
absorption-line studies show significant neutral hydrogen at red-
shift z � 6 (Djorgovski et al. 2001; Becker et al. 2001; Fan et al.
2003; Wyithe & Loeb 2004a). Reconciling these measurements
seems to require a fairly complicated reionization history (Haiman
&Holder 2003;Cen 2003; Sokasian et al. 2003;Madau et al. 2004).

Directly observing the process of structure formation during
the epoch of reionization (EOR) would resolve these uncertain-
ties. As the primordial hydrogen cools and later reheats, density
contrasts are revealed as fluctuations in the brightness temper-
ature of the redshifted 21 cm neutral hydrogen line (Sunyaev &
Zeldovich 1972; Hogan & Rees 1979; Scott & Rees 1990;
Shapiro et al. 1994; Loeb & Zaldarriaga 2004; Barkana & Loeb
2005b). In addition, as the first luminous objects ionize their
surroundings, bubbles appear in the diffuse 21 cm emission
(Madau et al. 1997; Tozzi et al. 2000; Ciardi & Madau 2003;
Zaldarriaga et al. 2004; Furlanetto et al. 2004b).

The neutral hydrogen emission from this period appears in
the low radio frequencies as faint fluctuations between 75 and
200MHz (for redshifts between 18 and 6). Directly imaging the
fluctuations will require the sensitivity of the Square Kilometer
Array (Furlanetto & Briggs 2004), but statistical observations
of the fluctuation power spectrum should be obtainable with the
much smaller first-generation EOR observatories currently under
construction, assuming the challenges facing low-frequency
observations can be overcome. Measuring the power spectrum
and its evolution would provide a wealth of information about
structure formation and the fundamental astrophysics behind

reionization. At high redshift, observations would explore struc-
ture formation in the linear gravity regime and constrain the
properties of dark matter (Loeb & Zaldarriaga 2004; Pen 2004),
and at lower redshifts they would probe reionization and follow
the emergence and properties of the first luminous objects (Tozzi
et al. 2000; Somerville et al. 2003; Furlanetto et al. 2004a, 2004b;
Iliev et al. 2005).
Measuring the EOR power spectrum builds on the statistical

techniques developed for analyzing the cosmic microwave back-
ground (CMB) anisotropy. Unlike the CMB, however, the EOR
signal is fully three-dimensional, since the frequency of the red-
shifted 21 cm line maps to the line-of-sight distance. Recent ef-
forts have shown how the three-dimensional nature of the EOR
signal can be used to increase instrumental sensitivity and miti-
gate against foreground contamination (Morales & Hewitt 2004;
Zaldarriaga et al. 2004; Bharadwaj & Ali 2005).
In this paper, we utilize the formalism of Morales & Hewitt

(2004) andMorales (2005) with the parameters of a planned array
to provide the first quantitative calculation of the three-dimensional
power spectrum sensitivity of forthcoming observations. The
calculations include realistic observational parameters such as
antenna layout, field of view, and antenna temperature, and
provide a fiducial mark for the capabilities of the first generation
EOR observations.
We begin in x 2 by detailing the observational parameters and

techniques used for our calculation. Section 3 then presents the
results, analyzing the EOR sensitivity as a function of length
scale, redshift, and global ionization fraction. In x 4 we discuss
the additional experimental issues that must be confronted in a
realistic array, and we conclude in x 5.

2. FIRST-GENERATION EOR EXPERIMENTS

The initial detection of redshifted 21 cm emission from the
EOR is anticipated to be a challenging experimental undertaking,
and a variety of approaches are being implemented. Several
small experiments are underway that are designed to detect dis-
tinct features, such as a global step in the 21 cm line, that may be
present if reionization occurred very rapidly. Beyond these pre-
liminary efforts, the first generation of radio observatories target-
ing the full EOR power spectrum consists of three instruments
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that are currently under development and should be operational
by the end of the decade: PAST, MWA, and LOFAR.

The Primeval Structure Telescope (PAST) is a project of the
National Astronomical Observatories, Chinese Academy of Sci-
ences. PAST is located in the radio-quiet Ulastai valley in north-
western China, and will consist of 10,000 single-polarization
Yagi antennas arranged generally in east-west and north-south
arms. The array will observe the north celestial pole with a field
of view of �10�. PAST will be the first of the three arrays to
begin acquiring data and features a relatively flexible design
that will allow the experiment to change based on initial ex-
periences. (Pen et al. 2005)

The Mileura Widefield Array (MWA) is a collaboration of the
Massachusetts Institute of Technology, the Harvard-Smithsonian
Center for Astrophysics, the Australian University Consortium,
the Australian National Telescope Facility, and the Western Aus-
tralian government. The MWA will be located at the Mileura
radio-quiet site in the Western Australian desert. The low fre-
quency portion of the array will consist of 8000 dual-polarization
dipoles and have a large field of view (15

�
–45

�
) and high spatial

dynamic range.With its radio-quiet location and dual-polarization
measurements for every baseline, the MWA should achieve a
high calibration precision, which will aid in the removal of fore-
ground contamination. (Salah et al. 2005)

The LowFrequencyArray (LOFAR) is being built byASTRON
in the Netherlands, and will consist of 72,000 dual-polarization
dipoles operating at frequencies relevant for EOR experiments.
LOFAR features the largest collecting area of the first genera-
tion arrays and, if the challenging radio frequency interference
(RFI) environment of the Netherlands can be overcome, it
should be capable of achieving sensitive measurements of the
EOR. (Kassim et al. 2004)

2.1. The Fiducial Observation

To calculate accurately the sensitivity of an EOR measure-
ment, we need to specify both the details of the instrument and
the observing strategy. For this paper we wish to choose a set of
realistic observation parameters so that we can discuss the sta-
tistical sensitivity of first-generation EOR experiments.

We have chosen our reference measurement to be a deep
observation of a single target field using an array configuration
based on the MWA. Of the first-generation arrays, the MWA is
intermediate in theoretical sensitivity and has good control of
systematic errors.

Many factors contribute to the instrumental response of an
array. Among the most important to consider are the field of
view, angular resolution, collecting area, antenna distribution,
and bandwidth.

For the MWA, each antenna consists of 16 crossed dipoles in
a 4 ; 4 m grid as shown in Figure 1. A beamforming operation
on the dipoles within an antenna produces a field of view of
15�–45� (FWHM), depending on frequency.

The reference array consists of N ¼ 500 antennas distributed
within a D ¼ 1500 m diameter circle. The density of antennas
as a function of radius is taken to be approximately �(r)� r�2.
The angular resolution is given by k/D and the collecting area
by N dA, where dA is the collecting area of each antenna and
scales as dA�16(k2/4) for wavelengths below 2 m.

Although the bandwidth of the MWA is 32 MHz, we restrict
the bandwidth of our reference observation to B ¼ 8MHz. This
avoids complications introduced by cosmic evolution, yet still
provides measurements along the line-of-sight at the length
scales of the strongest fluctuations in the 21 cm signal. It is also
the minimum bandwidth suggested by Wyithe & Loeb (2004b)
to ensure sensitivity to fluctuations during the final stage of
reionization when ionized bubbles first overlap completely.

Finally, the integration time on the target field must also be
specified. Observing for 4 hr per day over the course of a 6 month
season would result in approximately 720 hr of integration. Con-
servatively rejecting half the data for nonideal conditions yields
360 hr of integration during the most favorable circumstances.

The full parameter set for our fiducial observation is sum-
marized in Tables 1 and 2.

2.2. The Data Cylinder

Since neutral hydrogen is optically thin to the 21 cm line, the
visibility measurements of EOR observatories inherently sam-
ple the emission from a three-dimensional volume of space at

Fig. 1.—Photograph of the first MWA prototype antenna being tested on site in Mileura. The antenna consists of 16 crossed dipoles in a 4 ; 4 m grid, and is
elevated approximately 0.5 m above the ground. Five hundred antennas will be placed in a 1500 m diameter array for the low-frequency band of the first-generation
MWA. [See the electronic edition of the Journal for a color version of this figure.]
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high redshift. To good approximation, these measurements form
a three-dimensional data cylinder in visibility space (u; v; f ),
due to the overall circular shape of the array.

By applying Fourier transforms along one or more of the
coordinates of the data cylinder, the measurements also may be
represented as cylinders in several additional useful coordinate
spaces. These include real space (with units of comoving Mpc),
cosmological Fourier space (k � k1; k2; k3), image space (�x; �y; f ),
and instrumental Fourier space (u; v; �). Each coordinate space
possesses advantages for different stages of the analysis. For
example, point source foreground removal is most conveniently
accomplished in the image space, while the power spectrum of
the EOR signal has symmetries that are most easily exploited in
the Fourier space. Since space is isotropic (rotationally invari-
ant), the EOR signal is approximately spherically symmetric
in the Fourier space. All of the measurements from a spherical
shell are thus drawn from the same statistical ensemble and can
be averaged together to maximize the signal-to-noise (Morales
& Hewitt 2004; Morales 2005). The spherical symmetry is the
basis of the three-dimensional statistical EORmeasurement and
employed in our sensitivity calculation below.

At redshift z ¼ 8, the data cylinder in cosmological Fourier
space has a diameter of 0.55 Mpc�1 in the k1k2-plane and spans
48 Mpc�1 in the line-of-sight direction. Clearly the data cylinder
is very elongated in Fourier space, with the line-of-sight axis
responsible for the high spatial frequency contribution. Table 3
lists the dimensions of the data cylinder in additional frames.
We will see in the following sections that the dimensions of
the data cylinder play an important role in the planned statistical
measurements.

2.3. The Instrumental Response

Wehave so far outlined the details of the fiducial observation.
In order to understand the sensitivity of the experiment, the
21 cm power spectrum must be mapped to an instrumental
response. Following the development of Morales & Hewitt

(2004), this response is given by the convolution of the power
spectrum, P(k), with the instrumental window function, W (k),
according to

CI (k) ¼ hj�I(k)j2i ¼
Z

P(k)jW (k� k0)j2 d3k 0: ð1Þ

Thewindow function is given by the array’s spatial and frequency
response. We approximate it with a function that is independent
of frequency within the band, and that depends on � as

W (�) ¼ cos2
�

2

�

�

� �
; � < �; ð2Þ

where� is the antenna response scale size andW (�) is zero out-
side the defined region. In general, the Fourier space window
function, W (k), is a very sharply peaked function. At redshift
z ¼ 8, the width ofW (k) for the example array configuration is
approximately 0.003 Mpc�1 in the k1k2-plane and 0.05 Mpc�1

along the k3-direction.
Inherent in every radio observation is thermal noise. The con-

tribution of this noise can be estimated by dividing the Fourier
space into a large number of independent cells, where the size of
each cell is given by the window function, W (k). The thermal
noise per independent cell can then be approximated using
(Morales 2005, eq. [11])

CN
ij (�)

h i
rms

¼ 2
2kBTsys

� dA d�

� �2
1

B n̄(�) t
�ij; ð3Þ

where dA is the physical antenna area, d� is the inverse of the
total bandwidth, kB is Boltzmann’s constant, Tsys is the total
system temperature, � is the efficiency, B is the total bandwidth,
n is the time average number of baselines in an observing cell,
� � u2 þ v2ð Þ1/2, and t is the total observation time.
The thermal noise is approximately independent of fre-

quency within the observing band and has a cylindrical symmetry
in Fourier space. The measured value of the power spectrum,
however, is an average over spherical shells in Fourier space.
Thus, to calculate the uncertainty due to thermal noise in the
measurement, we must average the uncertainty contributions
from all of the independent cells in spherical shells. The result
is that the uncertainty at a given length scale has a somewhat
complicated dependence on thermal noise, and therefore, on the
antenna distribution of the array.
The top panel of Figure 2 shows four candidate antenna pro-

files for the MWA. All of the distributions contain 500 antennas
and respect the minimum physically possible antenna spacing
(which is responsible for the density plateaus as r ! 0). The

TABLE 1

Fiducial Observation Parameters

Parameter Value

Array configuration, � (r)......................... �r�2

Array diameter, D .................................... 1500 m

Bandwidth, B ........................................... 8 MHz

Frequency resolution................................ 8 kHz

Integration time, t .................................... 360 hr

Number of antennas, N............................ 500

Note.—Observation parameters used in the sensitiv-
ity analysis.

TABLE 2

Redshift-Dependent Parameters

Parameter z ¼ 6 z ¼ 8 z ¼ 10 z ¼ 12

Angular resolution (deg)................... 0.06 0.07 0.09 0.10

Antenna collecting area, dA (m2) ..... 9 14 18 18

Antenna response scale, � (deg)...... 19 31 38 43

Frequency (MHz) ............................. 203 158 129 109

System temperature, Tsys (K) ........... 250 440 690 1000

Notes.—Characteristics of the fiducial observation that depend on frequency,
and thus on redshift. Note that the antenna collecting area is capped above z ¼ 10
due to self-shadowing by the antennas at low frequencies. Also, the system tem-
perature is dominated by sky noise and depends significantly on frequency.

TABLE 3

Data Cylinder Dimensions for Redshift z = 8

Frame Diameter Depth (Line-of-sight)

Cosmological Fourier (k)............. 0.55 Mpc�1 48 Mpc�1

Image (�x, �y, f ) .......................... 62� 8 MHz

Instrumental Fourier (u; v; �)........ 790k 1:2 ; 10�4 Hz�1

Real .............................................. 9400 Mpc 130 Mpc

Visibility (u; v; f ).......................... 790k 8 MHz

Notes.—Dimensions of the data cylinder at redshift z ¼ 8 for the example
array configuration in different frames. The diameter of the cylinder is in the
plane of the first two coordinates and the depth is along the third coordinate.
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four distributions are labeled by the antenna density profiles at
large radii: �(r) � r0, r�1, r�2, and r�3.

The second panel shows the density of visibility measure-
ments in the uv-plane for each of the antenna distributions. The
density is related to the average number of measurements per
cell, n̄(�), in equation (3) by the cell size.

The third panel of Figure 2 gives the uncertainty due to
thermal noise per spherical logarithmic shell in cosmological
Fourier space with five bins per decade. Two limiting regimes
are evident in this plot. For small shells in Fourier space, the noise
depends strongly on the density profile, since only visibility
measurements from baselines smaller than a shell’s radius con-
tribute. Increasing the steepness of the antenna profile condenses
the visibility measurements toward the origin of the k1k2-plane,
reducing the noise in small shells. In the other limiting case,
shells in Fourier space that have extended beyond the radius of
the largest baseline in the k1k2-plane (kk0:5 Mpc�1) include
information from every antenna, and the density profile has
little effect on the noise.

Second-order effects, such as the distinction between co-
herent integration of visibility measurements within a cell and
the incoherent averaging of independent cells, lead to the small
differences seen at large k. Between these limiting cases, the
interaction of the cylindrical symmetry of the thermal noise

with the spherical symmetry and logarithmic widths of the shells
causes a more complicated behavior. At length scales compa-
rable to the diameter of the data cylinder, where visibility mea-
surements are sparse over much of a shell, the uncertainty even
has a local maximum for the centrally condensed arrays.

It is clear from Figure 2 that the sensitivity of the statisti-
cal EOR measurement is tightly linked to the array antenna
distribution. The difference in uncertainty between the uniform
distribution and the steeper power-law distributions is as much
as 2 orders of magnitude, depending on the length scale of
interest. As indicated in Table 1, we use the �(r) � r�2 antenna
distribution as our reference in the remainder of the paper.

2.4. The Model Power Spectrum

For our calculations we use a simple model of the red-
shifted 21 cm power spectrum that has been used commonly in
the literature, in which the hydrogen in the intergalactic medium
(IGM) is fully neutral, follows the dark matter distribution, and
has a spin temperature much larger than the CMB temperature
(Madau et al. 1997; Tozzi et al. 2000; Zaldarriaga et al. 2004).
This is a reasonable model for the fluctuations after the spin
temperature has been heated by the Wouthuysen-Field effect or
other processes and before reionization by the first luminous
objects, although over what redshift range this may be observed
is uncertain.

This model power spectrum is computed using CMBFAST
(Seljak & Zaldarriaga 1996) and does not include velocity dis-
tortions, but Barkana & Loeb (2005a) have shown that includ-
ing peculiar velocities increases the signal amplitude by about
a factor of 2. Distortions due to geometrical effects (such as a
scaling between the line-of-sight and sky-plane axes) and pecu-
liar velocities could allow separation of cosmological and astro-
physical effects and provide sensitive probes of the underlying
cosmology, but are not included in our simple model (Alcock &
Paczynski 1979; Kaiser 1987; Barkana & Loeb 2005a).

Given the limited information currently available, it may be
possible that the redshift range accessible to the first genera-
tion experiments spans periods before, during, or after reioni-
zation. Theoretical predictions of the redshifted 21 cm power
spectrum during reionization are generally similar in shape to
the simple model stated above, although their amplitudes vary
(both above and below the fully neutral model) depending on
global ionization fraction (see x 3.3 for examples). In particular,
it seems unlikely that the universe is fully ionized by redshift
z ¼ 8, the target of our fiducial observation, and therefore that
the simple model power spectrum represents a decent approxi-
mation. However, even if this were not true, an observed null
result would be interesting and help to constrain the history of
reionization.

Figure 3 shows the results of performing the above calcula-
tions for the fiducial experiment using our simple neutral hydro-
gen power spectrum at redshift z ¼ 8 with standard concordance
cosmology (�M ¼ 0:3; �� ¼ 0:7; h ¼ 0:7). The power spec-
trum was convolved with the instrumental window function to
produce the solid black line, which is plotted in the observer
units Jy2 Hz2 (see Morales & Hewitt [2004] for a discussion of
units).

Just as there is an inherent uncertainty due to thermal noise,
there is also an inherent cosmic sample variance in the observed
power spectrum. For a spherical shell in Fourier space, the sam-
ple variance can be estimated by considering the number of
independent samples in the shell and approximating by using
Gaussian statistics. This uncertainty is plotted as the dark gray

Fig. 2.—Four model antenna configurations (top), the corresponding den-
sities of visibility measurements (middle), and 1 � uncertainties in the measured
power spectrum due to thermal noise (bottom). The antenna configurations are
characterized by power-law density profiles, �(r) � r�3 (solid line), r�2 (dashed
line), r�1 (dotted line), and r�0 (dash-dotted line). The abscissas of the three
panels are aligned so that the r, u, and k coordinates correspond. The vertical
gray bars represent the 4mwidth of an antenna ( far left), the 750m radius of the
array (middle) and the 1500 m maximum baseline in the uv-plane (right). The
uncertainties in the bottom panel extend beyond the bounds of the maximum
baseline due to the elongated k3 axis, as described in x 2.2.
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region around the ideal power spectrum in Figure 3, while the
combined uncertainty due to sample variance and thermal noise
is added in quadrature, and the light gray region shows the full
1 � uncertainty.

3. RESULTS

3.1. The Measured Power Spectrum

Several effects of the instrumental response are contained
in the measured power spectrum shown in Figure 3. Since the
shape of the power spectrum is smeared by convolution with the
instrumental window function, both the relative amplitude of
the peak and the distinction of the baryon bump at k ’ 0:04 are
slightly reduced. In addition, the uncertainty due to thermal
noise and cosmic sample variance increases rapidly as k ! 0,
creating unfavorable sensitivity on large length scales.

The field of view is a significant factor in determining the
uncertainty at low k, since the number of measurements at these
scales is proportional to�2. Since the line-of-sight depth of the
data cylinder in real space is less than these length scales, the
advantages of a three-dimensional data set do not apply at low k.
Only spherical shells with radius kk 0:02 contain contributions
from measurements with k3 6¼ 0.

The antenna distribution of the array, as we saw in x 2, also
affects the uncertainty of the measurement. Althoughmore con-

densed arrays produced less uncertainty at large length scales
(see Fig. 2), other considerations that rely on synthesis imaging,
such as removing astrophysical foregrounds, are adversely af-
fected by condensing the antenna distribution and could poten-
tially negate any benefits from such a change.
The sensitivity decreases again for large k, since the power

spectrum falls off more rapidly than the thermal noise. For
the example array, the best range for constraining the measured
power spectrum at redshift z ¼ 8 is approximately 10�2 <
k < 10�1 Mpc�1.

3.2. Redshift Range

We can estimate the sensitivity of the array at additional
redshifts by modifying the parameters of the fiducial observa-
tion. Four primary characteristics of the array are frequency
dependent: the field of view (and thus the instrumental window
function,W ), the collecting area, the angular resolution, and the
system temperature, Tsys. Table 2 lists the values of these pa-
rameters at four frequencies corresponding to redshifts of z ¼ 6,
8, 10, and 12.
The changes in these parameters require both the measure-

ment uncertainty and the instrumental response to the redshifted
21 cm emission to be calculated for each redshift, since the in-
dependent cell size, data cylinder dimensions, and characteristic
thermal noise are directly affected. Figure 4 displays the results
of such calculations for observations at the redshifts listed in
Table 2. Again, the reference signal was a fully neutral IGM and
the measurement was averaged over spherical logarithmic bins
of width corresponding to five points per decade.
The top panel, for redshift z ¼ 6, illustrates the measure-

ment with the greatest sensitivity. Two factors contribute to this
performance: the amplitude of the power spectrum increases as
z ! 0, and the system temperature of the instrument, primarily
responsible for the uncertainty, decreases. On the other hand,
the field of view and collecting area are reduced considerably,
thus limiting the improvement in sensitivity for lower red-
shifts. The net result is that the amplitude of the power spec-
trum increases by a factor of�8 between redshifts z ¼ 12 and 6,
while the system temperature, dominated by Galactic foreground
emission, decreases by a factor of �3.5. The sensitivity is suffi-
ciently great at redshift z ¼ 6 that the dominant source of uncer-
tainty at large scales is sample variance. Although it is unlikely
that no ionization will have occurred by redshift z ¼ 6, even
significantly weaker signals should be detectable.
There is a clear degradation of the measurement sensitivity in

Figure 4 as the redshift increases until, by redshift z ¼ 12, the
observation is not feasible without longer integrations or ad-
ditional collecting area.

3.3. Sensitivity to Reionization Models

Based on the above conclusions and assuming also that ex-
perimental challenges can be overcome, it is worth considering
whether the first generation of EOR experiments may be able to
go beyond simple detections of high-redshift neutral hydrogen
and distinguish between different theoretical reionization sce-
narios. Several theoretical reionization models have been dis-
cussed in the literature (Santos et al. 2003, 2005; Zaldarriaga
et al. 2004; Furlanetto et al. 2004a, 2004b). Figure 5 shows the
results of a simulation based on the example array configuration
for redshift z ¼ 8 and includes for comparison Furlanetto et al.
(2004a, 2004b) models for several power spectra with different
global reionization fractions. The solid black line and shaded
gray regions are the same as in Figure 4, center-left panel. It is

Fig. 3.—Combined 1 � uncertainty for logarithmic shells of width equivalent
to five spectral points per decade in the measured power spectrum due to sample
variance (dark gray) and combined sample and thermal variance (light gray).
The instrumental response to the ideal neutral hydrogen power spectrum at
redshift z ¼ 8 is shown in black. The details of the example observation con-
figuration are specified in Tables 1 and 2. In the upper panel the signal is shown
in observer units (where the measurement errors are Gaussian), while the lower
panel uses the theoretical convention by changing the ordinate to (k3P/2�2)1/2

and plotting on log-log axes.
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evident from the figure that the large changes in peak amplitude
of the power spectra for these models would be ideal for con-
straining the ionization fraction.

4. EXPERIMENTAL CONSIDERATIONS

Radio observations in the meter bands are notoriously diffi-
cult. While this paper has focused on the theoretical sensitivity
of first-generation EOR observations, it is important to re-
member that there are many other observational difficulties that
must be overcome by the experiments. In this section we briefly
describe some of the additional observational considerations.

The redshifted 21 cm radiation targeted by EOR experiments
falls in the frequency range commonly used for television, FM
radio, and satellite transmission. Both MWA and PAST have
chosen very remote locations to get away from the radio com-
munications that are now ubiquitous in many parts of the world,
and all three experiments are developing advanced RFI miti-
gation techniques.

In addition, turbulence in the Earth’s ionosphere refracts
low-frequency radio waves. This acts much like atmospheric
distortions at optical wavelengths, and must be corrected using
techniques similar to wide-field adaptive optics. However, the
relatively modest baselines (<3 km) involved for the initial EOR
experiments will not require the as yet undeveloped ‘‘global
self-calibration’’ techniques that have been proposed to handle
wide-field imaging on longer baselines.

After RFI and ionospheric distortions have been removed
from the observations, there are still astrophysical foreground
contaminants that are 5 orders of magnitude brighter than the
EOR emission. Initial analysis suggested that these foregrounds—
which include synchrotron and free-free emission from the Gal-
axy, free-free emission from electrons in the IGM, and extended
and point sources—were an insurmountable obstacle (Di Matteo
et al. 2002; Oh&Mack 2003), but additional studies indicate that
multifrequency observations and statistical techniques should
providemethods to separate the foregrounds from the EOR signal
(DiMatteo et al. 2004; Zaldarriaga et al. 2004;Morales & Hewitt
2004; Santos et al. 2005).

Fig. 5.—Same as Fig. 4, center-left panels for redshift z ¼ 8, but the data points
show a simulated realization of the measured power spectrum. The error bars are
the 1 � uncertainties calculated from the thermal noise. The dashed lines are dif-
ferent values of the ionization fraction in the Furlanetto et al. (2004a, 2004b)
models and are, from top to bottom, xi ¼ 0:51, 0.0 (solid line), 0.43, 0.38, 0.25,
and 0.13. Note that the amplitude of the power spectrum for the fully neutral IGM
is within those of the other ionization fractions. In general, the amplitudes of the
model power spectra drop rapidly between xi ¼ 0:0 and 0.13, and then slowly
increase with ionization fraction as large bubbles increase the contrast.

Fig. 4.—Same as Fig. 3, but computed for observations at four redshifts. From left to right, the redshifts are z ¼ 6, 8, 10, and 12. Note that the vertical scales are
different for each of the upper plots. The small peaks in uncertainty at k � 0:5 for z ¼ 10 and 12 correspond to the increase in uncertainty due to thermal noise at length
scales sampled by the largest baselines (see Fig. 2).
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Another concern is the instrumental effects related to Ga-
lactic emission and imperfect instrumental calibration. Galactic
synchrotron radiation dominates the sky at low radio frequen-
cies and is responsible for the large system temperatures used in
the fiducial observation. In addition, the radiation is Faraday-
rotated by the interstellar medium and presents a bright, highly
structured polarized emission pattern across the sky. This places
very tight constraints on the precision of the instrumental po-
larization calibration.

These experimental effects will significantly complicate the
analysis of EOR power spectra in actual observations. Efforts
are underway to determine the best techniques for mitigating
against the experimental contamination.

5. CONCLUSION

Radio observations of the redshifted 21 cm emission dur-
ing the epoch of reionization are capable of providing statisti-
cal measurements of the properties of neutral hydrogen at high
redshift. If experimental challenges can be overcome, these
measurements can be carried out with the relatively small first-

generation EOR instruments. Larger arrays, such as the Square
Kilometer Array, will be capable in principle of mapping in-
dividual features on the sky, and increased collecting areas should
also allow high-precision measurements of the EOR power spec-
trum at higher redshifts, with important implications for funda-
mental cosmological measurements (Loeb & Zaldarriaga 2004).
In this paper, we have illustrated explicitly the fundamental

uncertainties for a realistic experiment. This analysis provides
a firm foundation to motivate continued development in this
field. Measurements of the reionization history are fundamental
to understanding the evolution of the universe, and with prop-
erly designed experiments, these measurements are feasible and
may be obtained in the very near future.
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