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Reionization: It Happens

• Reionization cuts short the free-streaming epoch, when monopole temperature 
perturbations at decoupling are converted to higher multipole temperature 
anisotropies. Thus the dumping of power from large to small scales is cut short, 
leading to a peak in TT and TE autocorrelation functions at large angular scales. 
From this effect, WMAP team inferred                                        .

• Gunn-Peterson trough (blank spectral region blueward of Lyman     in QSO rest 
frame) indicates presence of HI in diffuse IGM beyond         .

3

Fig. 1.— Optical spectra of z ! 5.8 quasars observed with Keck/ESI, in the observed frame. The spectra have been smoothed to 4Å
pixel−1, and have been normalized to the observed z band flux. The spectrum of SDSS1044–0125 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.

α

z ≈ 6

noise weighting (Hinshaw et al., 2003b),3

Mll′ ! ( MllMl′l′ )0.5 r∆l. (11)

The largest off-diagonal contribution, −2.8%, is at ∆l = 2 from the symmetry of our sky
cut and noise coverage. The total anticorrelation is

∑
∆l !=0 r∆l = −0.124. Because of this

anti-correlation, the error bars for the binned cTE
l are slightly smaller than the naive estimate.

Figure 3 shows the polarization cross-power spectra for the WMAP one-year data.
The solid line shows the predicted signal for adiabatic CMB perturbations, based only
on a fit to the measured temperature angular power spectrum cTT

l (Spergel et al., 2003;
Hinshaw et al., 2003b). Two features are apparent. The TE data on degree angular scales
(l > 20) are in excellent agreement with a priori predictions of adiabatic models (Coulson et al.,
1994). Other than the specification of adiabatic perturbations, there are no free parame-
ters – the solid line is not a fit to cTE

l . The χ2 of 24.2 for 23 degrees of freedom indicates
that the CMB anisotropy is dominated by adiabatic perturbations. On large angular scales
(l < 20) the data show excess power compared to adiabatic models, suggesting significant
reionization.

The WMAP detection of the acoustic structure in the TE spectrum confirms several
basic elements of the standard paradigm. The amplitudes of the peak and anti-peak are a
measure of the thickness of the decoupling surface, while the shape confirms the assumption

3Note that Hinshaw et al. (2003b) define off-diagonal elements in terms of the inverse covariance matrix,
which differs from r∆l by a sign.

Figure 3: Polarization cross-power spectra cTE
! for the WMAP one-year data. Note that we

plot (l + 1)/2π cTE
l and not l(l + 1)/2π cTE

l . This choice emphasizes the oscillatory nature
of cTE

! . For clarity, the dotted line shows cl = 0. The solid line is the predicted signal based
on the cTT

! power spectrum of temperature anisotropy – there are no free parameters. The
TE correlation on degree angular scales (l > 20) is in excellent agreement with the signal
expected from adiabatic CMB perturbations. The excess power at low l indicates significant
reionization at large angular scales.
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τ ≈ 0.17 → 11 < zr < 30



Physics of the 21 cm line:
Evolution of the Spin Temperature

(Attractive plot courtesy of J. Pritchard)

• Evolution of the gas kinetic 
temperature        : Scattering off 
residual       locks        to             until   
huhhuh, at which point       are too 
sparse for CMB photons and gas to 
stay in equilibrium.    When the 
first ionizing sources (Pop III 
stars, QSOs) turn on (           ) , the 
gas is heated so                        .

• Collisions couple the spin 
temperature, defined by            
jujoiijoijoijoijoijoijiojoiijoijoijoijjoijio
joijoijoijoijoijoijoijoijoi,ito theijoij   
huhiuhiuhiuhuihiuhiuhiuhiuhiuh 
kinetic temperature until             , 
after which the collision rate falls 
below the Hubble rate, and the 
spin temperature “tries” to track   
u bh    until the first sources turn 
on.
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Wouthuysen-Field Effect/Zeeman Splitting

• HI is seen in absorption untiljbbkjb  njnjkn:                                  

• Sources produce anisotropic radiation field, leading to anisotropic F=1 
population     radiative transfer + coupling to CMB photons yields polarized 
signal.huhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuh

• Large optical depth to Ly    scattering isotropizes most incoming radiation. 
Bluer photons are less likely to be isotropized, but they are also less likely to 
interact with HI and pump F=1 state: Negligible polarization signal.

• Zeeman Splitting may also polarize emission (Furlanetto/Cooray 2004), but 
given theoretical/observational constraints on B-field in IGM, this effect would 
be undetectable.

z ≈ 20 Tb = τ

(
Ts − Tγ

1 + z

)

α

→



Challenges

• Foregrounds:  Galactic synchrotron radiation, extragalactic radio sources, 
terrestrial radio broadcasting. (10 K vs 10 mK signal in          )

• Foreground frequency dependence is smooth, whereas 21-cm emitters/
absorbers will show sharp frequency dependence (cutting over to a different 
distance)--> Could be used to extract 10 mK signal in spite of 10 K 
foreground. (Fluctuation can be extracted)

• Measurement of                             moments requires large collecting area 
(LOFAR, SKA,  PAST).

∆Tb

l ≈ 100 − 1000



The promise of high-z cosmology with the 21 cm line

• Possibility of multi-band (jiojoijoijoijo   )                         
21 cm absorption maps.              could be   
measured at small scales: 

• Measurement of                could identify 
baryon oscillations imprinted at CMB 
decoupling. Could provide a standard 
ruler for measurement of w(z) of dark 
energy.

• Measurement  of          during the epoch 
of reionization could tell us about 
spatial distribution of ionizing sources. 
Careful analysis could separate out 
physics (linear power spectrum) from 
astrophysics (distribution of ionizing 
sources).

20 < z < 200

P (k)

P (k, z)

Acoustic Oscillations

• Correlation across the radiation sound horizon, left over from 
coupling of gas to CMB at z>1000.

• Standard ruler- sensitive probe to cosmological parameters.

Inflation: t=0

Gas is freed to fall into dark matter 

potential fluctuations at z~1000

Barkana & Loeb 2005
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Whence Polarization?
Thompson Scattering

• Polarization is produced by 
Thomson scattering of 
incoming 21 cm photons.

• Scattered isotropic radiation 
is not polarized.hhuguygb

• huihiuhiuhiuhiuhiuhiuhi,jijiji
jijijiojoijoijiojoijijoijoijoijoijoijo 
so the re-scattered radiation 
is polarized only if incoming 
radiation has a quadrapole 
moment.

• 21-cm radiation will be 
polarized for the same 
reason the CMB is polarized!

dσ

dΩ
=

3σT

8π
|#εi · #εf |

2
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How reionization polarizes 21-cm radiation

• Reionization produces free       that “see” a temperature 
quadrapole because the emitting HI gas is 
inhomogeneous:            huhiuhiuhuihiuhiuhuihiuhiuhi      
1) jBaryons are inhomogeneously distributed.                             
2)oReionization occurs at slightly different times in 
different directions                  . 

• Because these arise from temperature/density 
perturbations (scalar quantities), the polarization will E-
mode. This could be used to control for foregrounds and 
instrumental effects.oisjgfoiejsfoijseoifjesoifjhoioijh

e
−

δxHI != 0



Polarization Power Spectra

• fApplying preceding results for 
in the post-reionization limit 
ofnnjnjknkj  ,   , keeping only 
terms linear in the 
perturbations, projecting to 
obtain the quadrapole 
component, and integrating 
over k, the authors obtain an 
expression for the familiar 
looking 

δTb(z)

Ts >> TCMB

CE
l (ν) =

2

π

∫
k2dk

[
x2

HIPδ(k) + PxHI
(k)

]
×

[
∆E

l (k, ν)
]2

5

tions,

δ∆
E
l (k, ν)=

3

4

√
(l + 2)!

(l − 2)!

∫ ηR

0
dη

g(η)

η2k2
jl(kη)

× [ j2[k(ηE − η)] − j′′2 [k(ηE − η)]], (11)

and the ionization fraction fluctuations,

x∆E
l (k, ν) =

3

4

√
(l + 2)!

(l − 2)!

∫ ηR

0
dη

g(η)

η2k2
jl(kη)j2[k(ηE−η)].

(12)
We must make this distinction since we cannot simply
model the ionization fraction fluctuations in terms of the
baryonic density fluctuation or primordial curvature per-
turbation.

The observed E-type polarization power spectrum can
be expressed as

CE
l (ν) =

2

π

∫
k2dk [x̄2

HPδ(k) [δ∆
E
l (k, ν)]2

+Px(k) [x∆E
l (k, ν)]2], (13)

where Pδ(k) is the baryonic power spectrum and Px(k)
is the ionization fraction power spectrum. Here we have
defined x̄H to be the average ionization fraction. We
will ignore the cross-correlation between δ and xH . The
baryon density fluctuation can be expressed as

δ(k, ηE) = T (k)D(ηE)ζ(k), (14)

where T (k) is the standard transfer function calculated
by CMBFAST 8, D(η) is the linear theory growth func-
tion and ζ(k) is the primordial curvature fluctuation pro-
duced by inflation. Thus, the baryonic power spectrum
can be expressed as

Pδ(k, ηE) = T 2(k)D2(ηE)Pζ(k), (15)

where Pζ(k) is the scale-invariant primordial curvature
power spectrum.

As previously mentioned, there will also be correla-
tions in the ionization fraction fluctuations. The rela-
tive importance of the contributions from the baryonic
power spectrum and the ionization fraction power spec-
trum depends on the mean ionization fraction as well
as the topology of H II regions. The calculation of
Px(k) is complicated by uncertainties about the ionizing
source population and the radiative transfer of the ioniz-
ing radiation. There have been recent attempts to semi-
analytically model this power spectrum based on the halo
model (McQuinn et al. 2005), which divides the power
spectrum into contributions from the internal distribu-
tion of individual halos and the large scale clustering of
halos that are biased tracers of the linear baryonic mat-
ter power spectrum (Cooray & Sheth 2002). The con-
tribution from individual halos introduces Poisson fluc-
tuations in the H II regions and dominates the power
spectrum on small scales. On large scales, the halos are
a biased tracer of the linear baryonic power spectrum.
The transition between these two regimes occurs near
the characteristic bubble size.

In this paper we focus on the contribution to the inci-
dent quadrupole from Poisson fluctuations in the number

8 http://www.cmbfast.org/

Fig. 1.— A schematic illustration of the scattering geometry.
Each electron along the dotted (rightmost) line-of-sight scatters
21cm radiation that was emitted just before the end of reionization
at a redshift zR from a spherical shell around it. All emitting
shells are tangent to the bounding shell around the observer. 21cm
radiation emitted by the patchy H I distribution in these shells and
scattered after reionization by the electrons at the shell centers will
show polarization at a wavelength of 21cm × (1 + zR). The two
solid lines-of-sight on the left which are separated by an angle θ will
show correlations in their polarization amplitudes due to scattering
electrons with intersecting emission shells.

of H II regions. For simplicity and definitiveness we will
only include this effect at the end of reionization, namely
the surface of bubble overlap, where we can robustly cal-
culate the size and number density of H II regions based
on the general cosiderations of cosmic variance and light
propagation delay9 (Wyithe & Loeb 2004b). As long as
the volume filling fraction of ionized bubbles is small, the
21cm fluctuations are small, and so most of the signal
naturally originates around the time of bubble overlap
anyway. We will ignore the correlations of the ionization
fraction due to large scale biasing of the H II regions,
as well as, cross correlations between the baryon den-
sity and the ionization fraction. Biasing effects can only
be important on scales above the characteristic size of
the H II regions. However at the end of reionization the
characteristic size of the H II regions is extremely large
(∼ 70 comoving Mpc) (Wyithe & Loeb 2004b). On these
scales the amplitude of the baryonic power spectrum is
quite small so the biased H II region power spectrum
will be modest at the end of reionization. Besides these

9 Note that inclusion of the light propagation delay is essential
for the calculation of the size of an H II bubble at the end of
reionization, as viewed from the location of a scattering electron.
Any calculation of the typical bubble size in a spacelike snapshot of
the universe (as commonly done in the literature) is not adequate
for this purpose.



Dealing with fluctuations in ionization fraction

• Modeling of spatial variation in ionized fraction is complicated by 
astrophysical uncertainties such as poor knowledge of ionizing source 
population and of radiative transfer of ionizing radiation between bubbles 
and neutral regions.

• By focusing on signal emitted at the epoch of reionization, relatively robust 
predictions can be made by applying Press-Schechter formalism to calculate 
size and number density of HI bubbles right before they overlap 
(reionization). This yields a characteristic bubble size of                      and 
power spectrum

• For               ,                    everywhere and Poisson fluctuations disappear.ze > zr xHI = 1

70h−1Mpc

Px(k) =
1

n
e
−k

2
R

2
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The first galaxies to appear in the Universe at redshifts z > 20
created ionized bubbles in the intergalactic medium of neutral
hydrogen left over from the Big Bang. The ionized bubbles
grew with time, surrounding clusters of dwarf galaxies1,2 and
eventually overlapped quickly throughout the Universe over a
narrow redshift interval near z < 6. This event signalled the
end of the reionization epoch when the Universe was a billion
years old. Measuring the size distribution of the bubbles at
their final overlap phase is a focus of forthcoming programmes
to observe highly redshifted radio emission from atomic
hydrogen. Here we show that the combined constraints of
cosmic variance and light travel time imply an observed bubble
size at the end of the overlap epoch of ,10 physical Mpc, and a
scatter in the observed redshift of overlap along different lines-
of-sight of ,0.15. This scatter is consistent with observational
constraints from recent spectroscopic data on the farthest
known quasars. This implies that future radio experiments
should be tuned to a characteristic angular scale of 0.5 degrees
and have a minimum frequency bandwidth of ,8 MHz for an
optimal detection of 21-cm flux fluctuations near the end of
reionization.
During the reionization epoch, the characteristic bubble size

(defined here as the spherically averaged mean radius of the H II

regions that contain most of the ionized volume2) increased with
time as smaller bubbles combined until their overlap completed and
the diffuse intergalactic medium (IGM) was reionized. However,
the largest size of isolated bubbles (fully surrounded by H I

boundaries) that can be observed is finite, because of the combined
phenomena of cosmic variance and light travel time. Figure 1
presents a schematic illustration of the geometry. There is a surface
on the sky corresponding to the time along different lines-of-sight
when the diffuse (uncollapsed) IGM was most recently neutral. We
refer to it as the surface of bubble overlap (SBO). There are two
competing sources for fluctuations in the SBO, each of which is
dependent on the characteristic size, RSBO, of the ionized regions
just before the final overlap. First, the finite speed of light implies
that photons observed from different points along the curved
boundary of an H II region must have been emitted at different
times during the history of the Universe. Second, bubbles on a co-
moving scale R achieve reionization over a spread of redshifts owing
to cosmic variance in the initial conditions of the density field
smoothed on that scale. The characteristic scale of H II bubbles
grows with time, leading to a decline in the spread of their formation
redshifts1 as the cosmic variance is averaged over an increasing
spatial volume. However, the light travel time across a bubble rises
concurrently. Suppose a signal photon that encodes the presence of
neutral gas (for example, a 21-cm-line photon) is emitted from the
far edge of the ionizing bubble. If the adjacent region along the line-
of-sight has not become ionized by the time this photon reaches the
near side of the bubble, then the photon will encounter diffuse
neutral gas. Other photons emitted at this lower redshift will
therefore also encode the presence of diffuse neutral gas, implying
that the first photon was emitted prior to overlap, and not from the

SBO. Hence the largest observable scale of H II regions when their
overlap completes corresponds to the first epoch at which the light
crossing time becomes larger than the spread in formation times of
ionized regions. Only thenwill the signal photon leaving the far side
of the H II region have the lowest redshift of any signal photon along
that line-of-sight.

The observed spectra of all quasars beyond z < 6.1 each show a
Gunn–Peterson trough3,4, a blank spectral region at wavelengths
shorter than Lyman-a (Lya) at the quasar redshift, indicating the
presence of H I in the diffuse IGM. The detection of Gunn–
Peterson troughs indicates a rapid change5–7 in the neutral content
of the IGM at z < 6, and hence a rapid change in the intensity of
the background ionizing flux. This rapid change implies that

Figure 1 The distances to the observed surface of bubble overlap (SBO) and surface of

Lya transmission (SLT) fluctuate on the sky. The SBO corresponds to the first region of

diffuse neutral IGM observed along a random line-of-sight. It fluctuates across a shell with

a minimum width dictated by the condition that the light crossing time across the

characteristic radius R SBO of ionized bubbles equals the cosmic scatter in their

formation times. Thus, light travel time and cosmic variance determine the characteristic

scale of bubbles at the completion of bubble overlap. After some time delay, the IGM

becomes transparent to Lya photons, resulting in a second surface, the SLT. The upper

panel illustrates how the lines-of-sight towards two quasars (Q1 in red and Q2 in blue)

intersect the SLT with a redshift difference dz. The resulting variation in the observed

spectrum of the two quasars is shown in the lower panel. Observationally, the ensemble of

redshifts down to which the Gunn–Peterson troughs are seen in the spectra of z . 6.1

quasars is drawn from the probability distribution dP/dz SLT for the redshift at which the

IGM started to allow Lya transmission along random lines-of-sight. The observed values

of z SLT show a small scatter4 in the SLT redshift around an average value of

kz SLTl < 5.95. Some regions of the IGM may have also become transparent to Lya

photons prior to overlap, resulting in windows of transmission inside the Gunn–Peterson

trough (one such region may have been seen7 in SDSS J1148 þ 5251). In the existing

examples, the portions of the Universe probed by the lower end of the Gunn–Peterson

trough are located several hundred co-moving Mpc away from the background

quasar, and are therefore not correlated with the quasar host galaxy. The distribution dP/

dz SLT is also independent of the redshift distribution of the quasars. Moreover, lines-of-

sight to these quasars are not causally connected at z < 6 and may be considered

independent.
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Why Bother?

• Polarization of high-z 21 cm emission is a unique signature of reionization.

• Known E-mode, achromatic signature of reionization induced polarization can 
improve subtraction of foregrounds from measurements of         . (Faraday issue)∆Tb



Results in Baryon Fluctuation Dominated Regime
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Fig. 2.— The brightness temperature (red, dashed) and polariza-
tion (black, solid) due to baryon density fluctuations for emission
redshift of zE = 20 and reionization redshift zR = 17.

straightforward to incorporate into our formalism. Since
we will find that the dominant signal, which is produced
by H II region Poisson fluctuations, is rather feature-
less and exponentially damped below scales of tens of
arcminutes (l > 103) reasonable instrument bandwidths
(∆ν ∼ 0.4 MHz) will not substantially affect our results.

3. RESULTS

Based on the formalism developed in §2, we present
numerical results for a variety of emission and reioniza-
tion redshifts in order to understand how the signal de-
pends on these parameters. We consider the simplest
model in which reionization is assumed to be sudden,
so the ionization fraction is a step function, and homo-
geneous, except for the effect of Poisson fluctuations of
H II regions on the incident 21cm quadrupole. This im-
plies that the 21cm power spectrum will simply be due
to correlations in the baryonic density and that the gas is
always completely neutral, x̄H = 1, when the redshift of
the emission is greater than the redshift of reionization.
When we observe emitted radiation from the redshift of
reionization, we include the contribution from the Pois-
son fluctuations in the H II region distribution. Once the
universe becomes reionized, it does so uniformly. Our ap-
proximate treatment ignores scattering due to the patch-
iness of the universe while it is only partially ionized.
We adopt for our first treatment this simplified model
because it has the smallest number of free parameters;
more complicated models with uncertain astrophysical
parameters can be considered in the future.

Figure 2 compares the temperature brightness power
spectrum (CT

l
) and the polarization power spectrum

(CE
l

) due to baryon density fluctuations for zE = 20,
zR = 17. The features in CT

l
and CE

l
are quite different.

In addition to being at a lower amplitude, CE
l

peaks and
begins to oscillate and decay at high l . The polarization
transfer function, defined in equation (1), is the line-of-
slight integral of two spherical Bessel functions, weighted
by the visibility function and additional factors due to

10 100 1000

0.0001

0.001

l

Fig. 3.— The polarization power spectrum sourced by baryon
density fluctuations for an emission redshift zE = 20 and reioniza-
tion redshift zR = 17 (black, solid), zR = 15 (red, dotted), zR = 10
(blue, dashed) and zR = 6 (green, long dashed).

the polarization spin lowering operators. The properties
of the spherical Bessel function are well-known: when
x " 1 jl (x) ∼ xl, it has a peak at x ∼ l and then at large
x it oscillates and decays as jl (x) ∼ sin(x− πl/2)/x. We
will utilize these features to understand the behaivor of
CE

l
.

Figure 3 shows the polarization power spectrum for
various reionization redshifts, zR = 17, 15, 10, 6 (top-to-
bottom), and a single emission redshift, zE = 20. The
basic physical processes become clear by comparing these
various power spectra. We will first consider the angular
position of the peak in the polarization power spectra.
The spherical Bessel function jl (kη) peaks at l ∼ kη
and likewise j2[k(ηE − η)] at 2 ∼ k(ηE − η). These two
constraints imply that the polarization power spectrum
peaks at

lpeak ∼
2ηR

ηE − ηR
, (26)

where ηE and ηR are the comoving distances to the red-
shifts of emission and reionization, respectively. Here
we have effectively assumed an infinitely sharp visibil-
ity function. The inclusion of the altered free-streaming
term, due to peculiar velocities, only has a minor effect
on this argument. Thus changing zR, for a given zE ,
will shift the power spectrum features to higher l . This
is clearly observed in Fig. 3 and numerically the peak
locations agree with equation (26).

The oscillatory features are due to the free-streaming of
the monopole brightness temperature fluctuations. The
incident quadrupole on a scatterer, equation (9), con-
tains the spherical Bessel function, j2[k(ηE − η)], which
describes how a monopole fluctuation of wavevector k at
ηE becomes a quadrupole fluctuation at η. The pro-
jection of this oscillatory function, the free-streaming
quadrupole, on the sky causes the features in Fig. (3).
These are not the analogs of the acoustic peaks observed
in the primary temperature anistotropies of the CMB
(Barkana & Loeb 2005c). Both are caused by projecting
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of the spherical Bessel function are well-known: when
x " 1 jl (x) ∼ xl, it has a peak at x ∼ l and then at large
x it oscillates and decays as jl (x) ∼ sin(x− πl/2)/x. We
will utilize these features to understand the behaivor of
CE

l
.

Figure 3 shows the polarization power spectrum for
various reionization redshifts, zR = 17, 15, 10, 6 (top-to-
bottom), and a single emission redshift, zE = 20. The
basic physical processes become clear by comparing these
various power spectra. We will first consider the angular
position of the peak in the polarization power spectra.
The spherical Bessel function jl (kη) peaks at l ∼ kη
and likewise j2[k(ηE − η)] at 2 ∼ k(ηE − η). These two
constraints imply that the polarization power spectrum
peaks at

lpeak ∼
2ηR

ηE − ηR
, (26)

where ηE and ηR are the comoving distances to the red-
shifts of emission and reionization, respectively. Here
we have effectively assumed an infinitely sharp visibil-
ity function. The inclusion of the altered free-streaming
term, due to peculiar velocities, only has a minor effect
on this argument. Thus changing zR, for a given zE ,
will shift the power spectrum features to higher l . This
is clearly observed in Fig. 3 and numerically the peak
locations agree with equation (26).

The oscillatory features are due to the free-streaming of
the monopole brightness temperature fluctuations. The
incident quadrupole on a scatterer, equation (9), con-
tains the spherical Bessel function, j2[k(ηE − η)], which
describes how a monopole fluctuation of wavevector k at
ηE becomes a quadrupole fluctuation at η. The pro-
jection of this oscillatory function, the free-streaming
quadrupole, on the sky causes the features in Fig. (3).
These are not the analogs of the acoustic peaks observed
in the primary temperature anistotropies of the CMB
(Barkana & Loeb 2005c). Both are caused by projecting

Reionization history is treated simply as a step function
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an oscillatory function on the sky; however the acoustic
oscillations originate from pressure waves in the baryon-
photon fluid prior to recombination.

The decay of CE
l

at high l is explained by oscilla-
tory cancellation of the line-of-sight integration. The
two spherical Bessel functions would have had different
phases and therefore integrated to zero if the range of in-
tegration was infinite. When the wavelength of the per-
turbation becomes comparable in size to the width of the
visibility function, this effect begins to become impor-
tant. Since the visibility function becomes progressively
more peaked at higher reionization redshift, progressively
smaller intervals along the line-of-sight contribute to the
transfer function and therefore there is less damping. We
observe this phenomenon in Fig. 3, as the high l tail de-
cays less and retains oscillatory features for the curves
corresponding to the higher reionization redshifts. If the
change in the ionization fraction is not sudden as we have
assumed but rather gradual, then these oscillatory fea-
tures would be smoothed out.

In these examples we have assumed that reionization is
instantaneous, while in reality reionization must be grad-
ual (Furlanetto & Loeb 2005). As mentioned in §2.2,
the adopted reionization history will imprint a signature
on the polarization power spectrum. Next we demon-
strate that the polarization power spectrum sourced by
baryon density fluctuations and produced for a given
gradual reionization history can be well approximated
(within the appropriate cosmic variance and instrumen-
tal noise errorbars) by an instantaneous reionization his-
tory (with the total optical depth not being necessarily
the same in the two reionization histories). In the bottom
panel of Fig. 4 the polarization power spectra sourced
by baryon density fluctuations are displayed for the in-
stantaneous and gradual reionization histories plotted in
the top panel. While there are differences between the
two reionization histories, they are fairly modest com-
pared to the much greater instrumental noise and model
uncertainties. The use of the simple model of instanta-
neous reionization is therefore well justified for the scope
of this paper.

Figure 5 displays the polarization power spectra
sourced by Poisson fluctuations of H II region, for differ-
ent redshifts of emission and reionization: zE = zR = 30
(black, solid), zE = zR = 25 (red, dotted), zE = zR = 17
(blue, dashed), zE = zR = 10 (black, long dashed) and
zE = zR = 6 (red, dot dashed). The theoretical detection
threshold of SKA is also shown for a 1 month integration
time and a 1 year integration time. We can understand
the basic features of the polarization power spectra by
inspecting equation (22). The amplitude of the polariza-
tion power spectra is proportional to the characteristic
volume of an H II bubble at the time of bubble overlap.
If reionization completes at a higher redshift, then the
H II bubbles are smaller and therefore more numerous
at the surface on bubble overlap which defines the end
of reionization (Wyithe & Loeb 2004b). Subsequently,
this reduces the level of the Poisson fluctuations, which
is inversely proportional to the H II region number den-
sity. The window function related to the finite size of
a typical H II region, produces an exponential decay in
the power spectrum on smaller spatial scales. Thus the
power spectra corresponding to higher reionization red-
shifts, and therefore smaller characteristic sizes, begin to
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Fig. 4.— Top Panel: The gradual and instantaneous reionization
histories appropriate for the polarization power spectra displayed
in the botton panel. Bottom Panel: The polarization power spectra
are displayed for the instantaneous and gradual reionization histo-
ries assuming that the 21cm fluctuations are sourced by density
inhomogeneities. The color coding is the same in both panels.
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Fig. 5.— The polarization power spectrum sourced by Poisson
fluctuations of H II regions for an emission and reionization red-
shift zE = zR = 30 (black, solid), zE = zR = 25 (red, dotted),
zE = zR = 17 (blue, dashed), zE = zR = 10 (black, long dashed)
and zE = zR = 6 (red, dot dashed). The theoretical detection
threshold of SKA is also shown for a 1 month integration time and
a 1 year integration time with a bandwidth of 0.4 MHz.

exponentially decay at higher values of l.
In Fig. 5 the amplitude of the polarization power spec-

tra increases with increasing reionization redshift. This
conflicts with the naive expectation that the polariza-
tion power spectra will be smaller at high redshift since
the Poisson fluctuations are smaller. The reason is that
the decrease in the characteristic H II region size is rather
gradual and the visibility function is significantly increas-
ing at high redshifts. This is the main reason for the fact
that the polarization power spectra with low reionization



Polarization due to baryon density: Discussion

• Standard CDM transfer function for baryons used.

• Wiggles present in        but not       . Wiggles in               not analogous to photon-baryon 
fluid oscillations imprinted on               .

• Free streaming monopole becomes quadrapole--Small scale features come from 
projecting oscillating modes onto a sky map---See Figure.

• Reionization history affects structure of higher order peaks in baryon sourced 
power spectra. These are well below current detection limits, but perhaps a next-
generation experiment could disentangle reionization history through polarization 
peak structure.

• As distance to reionization becomes larger relative to distance to emission, visibility 
function is more peaked as function of     , so a smaller range of wave-numbers  
contribute to the line of sight projection. The oscillation of the Bessel function 
doesn’t have a chance to washed by integration, and peak structure is more 
pronounced.
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an oscillatory function on the sky; however the acoustic
oscillations originate from pressure waves in the baryon-
photon fluid prior to recombination.

The decay of CE
l

at high l is explained by oscilla-
tory cancellation of the line-of-sight integration. The
two spherical Bessel functions would have had different
phases and therefore integrated to zero if the range of in-
tegration was infinite. When the wavelength of the per-
turbation becomes comparable in size to the width of the
visibility function, this effect begins to become impor-
tant. Since the visibility function becomes progressively
more peaked at higher reionization redshift, progressively
smaller intervals along the line-of-sight contribute to the
transfer function and therefore there is less damping. We
observe this phenomenon in Fig. 3, as the high l tail de-
cays less and retains oscillatory features for the curves
corresponding to the higher reionization redshifts. If the
change in the ionization fraction is not sudden as we have
assumed but rather gradual, then these oscillatory fea-
tures would be smoothed out.

In these examples we have assumed that reionization is
instantaneous, while in reality reionization must be grad-
ual (Furlanetto & Loeb 2005). As mentioned in §2.2,
the adopted reionization history will imprint a signature
on the polarization power spectrum. Next we demon-
strate that the polarization power spectrum sourced by
baryon density fluctuations and produced for a given
gradual reionization history can be well approximated
(within the appropriate cosmic variance and instrumen-
tal noise errorbars) by an instantaneous reionization his-
tory (with the total optical depth not being necessarily
the same in the two reionization histories). In the bottom
panel of Fig. 4 the polarization power spectra sourced
by baryon density fluctuations are displayed for the in-
stantaneous and gradual reionization histories plotted in
the top panel. While there are differences between the
two reionization histories, they are fairly modest com-
pared to the much greater instrumental noise and model
uncertainties. The use of the simple model of instanta-
neous reionization is therefore well justified for the scope
of this paper.

Figure 5 displays the polarization power spectra
sourced by Poisson fluctuations of H II region, for differ-
ent redshifts of emission and reionization: zE = zR = 30
(black, solid), zE = zR = 25 (red, dotted), zE = zR = 17
(blue, dashed), zE = zR = 10 (black, long dashed) and
zE = zR = 6 (red, dot dashed). The theoretical detection
threshold of SKA is also shown for a 1 month integration
time and a 1 year integration time. We can understand
the basic features of the polarization power spectra by
inspecting equation (22). The amplitude of the polariza-
tion power spectra is proportional to the characteristic
volume of an H II bubble at the time of bubble overlap.
If reionization completes at a higher redshift, then the
H II bubbles are smaller and therefore more numerous
at the surface on bubble overlap which defines the end
of reionization (Wyithe & Loeb 2004b). Subsequently,
this reduces the level of the Poisson fluctuations, which
is inversely proportional to the H II region number den-
sity. The window function related to the finite size of
a typical H II region, produces an exponential decay in
the power spectrum on smaller spatial scales. Thus the
power spectra corresponding to higher reionization red-
shifts, and therefore smaller characteristic sizes, begin to
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Fig. 4.— Top Panel: The gradual and instantaneous reionization
histories appropriate for the polarization power spectra displayed
in the botton panel. Bottom Panel: The polarization power spectra
are displayed for the instantaneous and gradual reionization histo-
ries assuming that the 21cm fluctuations are sourced by density
inhomogeneities. The color coding is the same in both panels.
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Fig. 5.— The polarization power spectrum sourced by Poisson
fluctuations of H II regions for an emission and reionization red-
shift zE = zR = 30 (black, solid), zE = zR = 25 (red, dotted),
zE = zR = 17 (blue, dashed), zE = zR = 10 (black, long dashed)
and zE = zR = 6 (red, dot dashed). The theoretical detection
threshold of SKA is also shown for a 1 month integration time and
a 1 year integration time with a bandwidth of 0.4 MHz.

exponentially decay at higher values of l.
In Fig. 5 the amplitude of the polarization power spec-

tra increases with increasing reionization redshift. This
conflicts with the naive expectation that the polariza-
tion power spectra will be smaller at high redshift since
the Poisson fluctuations are smaller. The reason is that
the decrease in the characteristic H II region size is rather
gradual and the visibility function is significantly increas-
ing at high redshifts. This is the main reason for the fact
that the polarization power spectra with low reionization



Polarization due to Poisson Fluctuations

• Earlier reionization means smaller bubbles--> More bubbles, few fluctuations in 
number of HII regions: Expect polarization correlation power to fall with higher 
redshift.

• Figure belies this expectation! What’s going on?

• Visibility function sharply rises at high redshift, and this effect is more dramatic 
than the fall in power due to lower Poisson fluctuations. The higher density of free 
electrons at higher redshift increases                     and thus the amplitude of 
polarization power spectra.

• Polarization signature of reionization could be detected by SKA, LOFAR, and MWA at 
a variety of redshifts. SKA could even detect             .

• Reionization redshift is equal to emission redshift, so photons have no time to free-
stream and carry power from lower to higher multipoles. Looking at the line of sight 
integral in an appropriate limit shows that when reionization and emission redshifts 
are the same, projected anisotropies do not have a multiple-peak structure.

τThompson

zr = 6



Physics of the 21 cm line:
Hyperfine Splitting in Neutral Hydrogen.

• Fine Structure: Spin orbit 
coupling and relativistic effects 
lower energy of HI ground state.

• Addition of nuclear and electron 
spin yield F=1 triplet and F=0 
singlet combined spin states.

• Hyperfine splitting: F=1 state 
(anti-parallel e and p magnetic 
moments) is less affected by SO 
interaction, higher energy than 
F=0 state.

• Transition between F=1 and F=0 
states is a magnetic dipole 
transition, yields 21 cm line:

ν = 1420.405751768 ± 1Mhz



Whence Polarization?
Intrinsically Polarized Sources?

B. Zeeman Splitting.
• Application of external B-field will split 

degenerate F=1 triplet.

•                                                            feature is 
undisturbed.

•                                                                picks up an 
energy splitting: 
huhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhihuhi

• The                        line produces left and right 
handed circular polarizations of the 21-cm 
line with differential polarization measure 
jnkjnjknjkkj       
huhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiuhiu

• Mpc-scale HII regions surrounding QSOS at                           
hbgbgbgbgbgcould polarize 21-cm radiation.

• To be detected with SKA, would  require       
huihiuhiuhiuhiuhu,orders of magnitude 
above theoretical predictions (Furlanetto/
Loeb 2001) and Faraday-rotation determined 
upper limits on extragalactic B-field.

(F = 1,mF = 0) → F = 0

(F = 1,mF = ±1) → F = 0

ν = ν0 ±
eB

4πmec
mf = ±1

z ≥ 6

B ≥ 100µG

s−1∆T
′

(ν)
n̂ ·

"B

10µG
∆TLR = 28



Parity of Polarized 21-cm emission

• B-modes may be produced by 
lensing, but are small in 
amplitude (Zaldarriaga and 
Seljak 1998).

• B-modes may be produced by 
Faraday rotation of 21-cm 
emission by B-field in Galactic 
ISM and IGM--Frequency 
dependence of Faraday 
rotation known. This effect 
could theoretically be removed. 
(analagous to how galactic 
synchrotron emission is 
removed from WMAP data)

Figure from Wayne Hu’s website 



Messy Stuff:
Boltzmann Equation and Line of Sight Formalism

• Transfer Function                   relates initial density inhomogeneity field to 
observed correlations between polarization on different parts of sky.

• Conserving particle number in an expanding universe and adding a source/
sink term for Thompson scattering yields Boltzmann Equation for. Solution 
requires use  of tensor harmonics (Kamionkowski, Kosowski, Stebbins) or 
spin-weighted spherical harmonics (Seljak and Zaldarriaga) and is 
juijiojoijoijoijoijoijoijoijoijoisjefij seoufjesoifj soijf 
osiejfoisejfoisejfoijseoifjseoifjoiesjfoiisejfoisejfoijseoifjseoifjseoifjsoeijfoisejfoisej
foisejfoisejfoisejfoisejfoisejfoisejfoisejfoisejfoisejfoisejfoisejfoisejfoisejfosiefjosiej
foesijfoisejfoisejfoisejfoisejfoiesjfoisejfoisejfoisejoijoiijoijoisjo, where the effect 
of Thompson scattering (and reionization) is included through the visibility 
functionjijoijoijoijoijoijoijoiijoijoiijoiijoijoijoijoijoiijoiijoijoijoijoijoijoiijoijoijoijoijoij
oijoijoijoijoijoijoiijoijoijoijoijoijo,ijoijoijoij,,joijoijoijoijoijoijoijo,,oijoijoijoijoijoijoijoi
jandijoijo is the quadrapole component of the incident fluctuation in 21 cm 
brightness temperature.

∆P (k, ν)

∆E
l (k, ν) =

3

4

√
(l + 2)!

(l − 2)!

∫ ηR

0

dη
g(η)

η2k2
jl(kη)Π(k, η, ν)

g(η) =
dτ

dη
e−τ(η)

Π


