
Reionisation and cross-correlation between CMB polarisation and 21-cm line

fluctuations

H. Tashiro
Institut d’Astrophysique Spatiale (IAS), Bâtiment 121, F-91405, Orsay (France)

The cosmic microwave background (CMB) polarisation and the 21 cm line fluctuations are
powerful probes of cosmological reionisation. We study how the cross-correlation between
the CMB polarisation (E-modes) and the 21 cm line fluctuations can be used to gain further
understanding of the reionisation history, within the framework of inhomogeneous reionisation.
Since the E-mode polarisation reflects the amplitude of the quadrupole component of the
CMB temperature fluctuations, the angular power spectrum of the cross-correlation exhibits
oscillations at all multipoles. The first peak of the power spectrum appears at the scale
corresponding to the quadrupole at the redshift that is probed by the 21 cm line fluctuations.
The peak reaches its maximum value in redshift when the average ionisation fraction of the
universe is about half. On the other hand, on small scales, there is a damping that depends
on the duration of reionisation. Thus, the cross-correlation between the CMB polarisation
and the 21 cm line fluctuations has the potential to constrain accurately the epoch and the
duration of reionisation.

1 Introduction

The history of the cosmological reionisation is one of the open problems of modern cosmology.
Questions like what causes the reionisation and how it proceeds are intimately related to the
evolution of matter density fluctuations and to the formation of the first structures. CMB
polarisation measures the optical depth of the Thomson scattering from the last scattering
surface to the present epoch. The WMAP 3 years data provide an optical depth τ ∼ 0.09
suggesting that reionisation began around z = 10.

In addition to CMB polarisation, the observation of fluctuations of the 21 cm line background
is expected to be one of the most promising methods to study reionisation. After decoupling of
the baryon temperature from the CMB temperature around z ∼ 300, neutral hydrogen atoms
absorb or emit a 21 cm line, depending on their temperature. Since the 21 cm line is redshifted
by the cosmological expansion, we can obtain redshift slices of the Universe by choosing the
frequency of observation. It is thus possible to follow the evolution of the Universe before and
during reionisation directly. Now, several projects are designed for measuring the fluctuating
line background (e.g. LOFARa, SKAb).

Here, we examine the cross-correlation between CMB E-mode polarisation (a more effective
probe than the temperature anisotropies) and the fluctuations of the 21 cm line background on
large scales. Although this correlation is observationally difficult to obtain, besides the observa-
tions of the 21 cm lines, measuring E-mode polarisation is also the present challenging observa-

ahttp://www.lofar.org
bhttp://www.skatelescope.org



tion. However, there are projects to measure the CMB polarisation precisely, e.g. Planck and
CMB-pol. Hence, it is useful to investigate what the information on reionisation we can extract
from this cross-correlation. Indeed, we show here that the cross-correlations are a potentially
powerful tool to constrain the history of cosmic reionisation. Throughout the paper, we use 3
year WMAP values for the cosmological parameters, i.e. h = 0.73 (H0 = h × 100km/s/Mpc),
T0 = 2.725K, h2Ωb = 0.0223 and h2Ωm = 0.128 for a flat cosmology. We also set the speed of
light to c = 1.

2 Cross-correlation between CMB E-mode polarisation and 21 cm lines

The angular power spectrum of the cross-correlation between E-modes and 21 cm line fluctua-
tions can be written as
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where T0 = 23(Ωbh2/0.02)[(0.15/Ωmh2)(1 + zobs/10)]1/2mK, DE is the transfer function for the
source term of CMB polarisation with the initial gravitational potential Φ0 as P (0) = DE(k, η)Φ0,
and PΦδb and PΦδx

are the power spectra of the cross-correlation between the gravitational
potential and the baryon density fluctuations, and between the gravitational potential and the
fluctuations of the ionised fraction, respectively.

The cosmological linear perturbation theory provides the relation between the baryon density
fluctuations and the initial gravitational potential. The power spectrum PΦδb can thus be written
in terms of the initial power spectrum of the gravitational potential PΦ.

In order to calculate the power spectrum PΦδx
, we assume that the fluctuations of the ionised

rate are associated with the matter density contrast using the Press-Schechter description. We
utilize the bias models which are discussed in Alvaretz et al. 1.

Finally, we assume the evolution of the mean neutral hydrogen fraction,

x̄H(z) =
1

1 + exp[−(z − zre)/∆z]
, (2)

where zre is the reionisation epoch (defined as the redshift at which the ionised fraction equals
0.5), and ∆z is the duration of reionisation.

3 Results and discussions

As one can see in Eq. (1), the angular power spectrum CE−21
ℓ of the cross-correlation is a

function of several key parameters that encode the prominent details of the reionisation history.
Consequently, and as we show here, the global shape of the CE−21

ℓ as well as the amplitude and
redshift dependence of its first peak are features that can be traced back to the reionisation
characteristics.

First it is worth noting that because of the double integration of the spherical Bessel functions
in Eq. (1), the angular power spectrum reflects the source term P (kobs), namely the quadrupole
term of the CMB temperature anisotropy, at zobs where kobs satisfies kobs = ℓ/(η0 − ηobs).
Accordingly, the angular power spectrum of the cross-correlation exhibits its first peak at a
multipole ℓ < 10 which corresponds to the angular separation of the quadrupole at zobs. The
oscillations at higher ℓs (> 10) are due to the free streaming of the quadrupole at redshifts
higher than zobs.
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Figure 1: The left panel shows the angular power spectra of the cross-correlation between E-mode polarisation
and 21 cm line fluctuations. We set zre = 10, zobs = 10 for all curves. For comparison the thin solid line, shows the
angular power spectrum of CMB E-modes for zre = 10 and ∆z = 1. The right panel is the angular power spectra

of the cross-correlation between E-mode polarisation and 21 cm line fluctuations. We use ∆z = 1, zobs = 10.

We first investigate the effect of the duration of reionisation ∆z. We present in the left panel
of Fig. 1 three cases. We compute the angular spectra of the cross-correlation between 21 cm
line fluctuations and CMB E-mode fluctuations for those different durations but for the same
given epoch of reionisation, zre = 10 and an observing redshift, zobs = 10. The difference in the
duration of reionisation induces both a minor and a major effects on the spectra. The minor
effect is the observed shift of the peak position to higher ℓs with increasing durations. The major
effect of ∆z is the damping at high ℓs with increasing durations of reionisation. As a matter
of fact, it is difficult to see differences among CMB polarisation spectra for different durations,
because the Thomson optical depth is not strongly sensitive to this parameter. However the
plots in the left panel of Fig. 1, clearly show that the damping of angular spectrum of the cross-
correlation is sensitive to the duration of reionisation making it a potential tool for constraining
this parameter of the reionisation history.

We now vary the reionisation redshift zre keeping the other parameters fixed, and setting
zobs = 10, ∆z = 1. We find that increasing zre shifts the position of the first peak to small scales
(the right panel in Fig. 1).

The left panel in Figure 2 shows the evolution of the first peak amplitude as a function
of zobs, the redshift of the 21 cm line emission, for the three above-mentioned durations of
reionisation ∆z. Here, we set zre = 10. The amplitude of the cross-correlation of the CMB
E-mode polarisationand the 21 cm line fluctuations reaches its maximum. The reason for this
is that CMB polarisation is produced in the ionised regions whereas 21 cm line fluctuations are
associated with neutral regions.

The difference between the curves is easily interpreted. In the ∆z = 2 case, full reionisation
takes longer to complete than in the ∆z = 1 case. Therefore, neutral regions persist longer,
broadening the skewed bell-shape of the curve centered on zobs = zre. The slight difference in
the peak value is due to the cumulative effect of the integral in Eq. (1). This is particularly well
illustrated by the case of “instantaneous reionisation” (∆z = 0.01).

The evolution of the first peak amplitude for different zre is shown in the right panel of Fig. 2.
As expected, the amplitude reaches its maximum value at each zre. Since the 21 cm optical depth
is higher at high zobs, the amplitude of the 21 cm line fluctuations at higher redshifts is higher
than that at lower redshifts. Therefore, as exhibited by the comparison of the amplitudes for
the different zre, the maximum value of the first peak cross-correlation amplitude is larger in
the early reionisation case than in the late reionisation case. The evolution, with the observed
redshift, of the shape and the amplitude of the first peak of cross-correlation between the 21 cm
line fluctuations and E-mode fluctuations should allow us to constrain both the duration and
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Figure 2: The left panel shows The amplitude of the first peak of the cross-correlation signal as a function of
redshift zobs. For both plots, zre = 10. The right panel is the evolution of the first peak amplitude for different

zre. In this figure, we assume ∆z = 1.

redshift of reionisation.

4 Conclusion

We have examined the cross-correlation between the E-mode CMB polarisation and the fluctu-
ations of the 21 cm line background. In particular, we calculated the angular power spectrum
of the cross-correlation on large scales using a simple parameterization of reionisation, focusing
explicitly on the redshift zre of its occurrence and on its duration ∆z.

The angular power spectrum of the cross-correlation traces the quadrupole component of
CMB temperature anisotropies at the redshift where the 21 cm line is observed. Both the
amplitude and the position of the first peak depend on the reionisation epoch. We showed that
the signal peaks when zobs matches zre, that is when the 21 cm observations probe the epoch at
which the ionised fraction becomes one half. When probing higher redshifts, the polarisation and
21 cm cross-correlation signal decreases slowly, whereas it falls off rapidly when lower redshifts
zobs are considered.

The location of the first peak in the (zobs – CE−21
ℓ ) plane is essentially independent of ∆z.

Therefore, tracking the evolution of the first peak amplitude by scanning the sky in zobs bins
would allow to determine zre. Moreover, the width of the bell-shaped curve describing the
evolution with zobs of the CE−21

ℓ first peak depends on ∆z. The duration of the reionisation is
thus also accessible through this observable quantity.

We also showed that, in addition to the amplitude and the position of the first peak, the
duration of reionisation induces a significant damping of the oscillations on small scales. This
strong dependence on the duration shows specifically in the cross-correlation power spectrum as
it does not arise in the auto-correlations power spectra.

For details, see Tashiro et al.(2008) 2.
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