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The simple assumption of an instantaneous reionization of the Universe may bias estimates of
cosmological parameters. In this paper a model-independent principal component method for the
reionization history is applied to give constraints on the cosmological parameters from recent Planck
2015 data. We find that the Universe is not completely reionized at redshifts z ≥ 8.5 at 95% C.L. Both the
reionization optical depth and matter fluctuation amplitude are higher than but consistent with those
obtained in the standard instantaneous reionization scheme. The high estimated value of the matter
fluctuation amplitude strengthens the tension between Planck cosmic microwave background observations
and some astrophysical data, such as cluster counts and weak lensing. The tension can be significantly
relieved if the neutrino masses are allowed to vary. Thanks to a high scalar spectral index, the low-scale
spontaneously broken supersymmetry inflationary model can fit the data well, which is marginally
disfavored at 95% C.L. in the Planck analysis.

DOI: 10.1103/PhysRevD.92.123521 PACS numbers: 98.80.Cq

I. INTRODUCTION

Accurate measurements of the reionization history of the
Universe play an important role in understanding the early
stages of structure and star formation. Fortunately, the
evolution of the intergalactic Lyman-alpha opacity mea-
sured in the spectra of quasars can provide valuable
information on the reionization history [1]. The recent
measurements suggest that the reionization of the inter-
galactic medium was largely complete at redshift z ≈ 6 [2].
The rapid decline in the space density of Lyman-alpha
emitting galaxies in the region z ¼ 6–8 also implies a low-
redshift reionization process [3]. However, the detailed
evolution of the electron ionization fraction with redshift is
currently unknown due to the difficulties in probing the
reionization state of the Universe at higher redshifts
through the Lyman-alpha opacity. The most promising
observation in the near future is detection of the 21 cm
transition of neutral hydrogen. The 21 cm emission is a
direct probe of the large-scale distribution of neutral
hydrogen during the epoch of reionization, and is, there-
fore, a complementary probe to the Lyman-alpha emission
at lower redshifts. According to current understanding of
reionization sources, high energy photons may arise from
the first star-forming galaxies and quasars. The uniqueness
of these objects as the sources of photons to reionize the
Universe is more challenging to establish.
High precision measurements of the cosmic microwave

background (CMB) anisotropies provide new insights into

the reionization history. There are two main effects of
reionization on the CMB angular power spectra. The first
effect produces a suppression of the acoustic peaks in the
CMB angular power spectra through the optical depth
integrated over the whole reionization history. Earlier
reionization leads to the larger suppression of the acoustic
peaks. The second effect changes the shape of the large-
scale polarization angular power spectra. This gives a
characteristic bump in the spectra on scales larger than
the horizon size at reionization. The position of the bump is
proportional to the square root of the redshift at which the
reionization occurs, while the amplitude is proportional to
the optical depth [4,5]. Therefore, measurements of the
large-scale polarization angular power spectra can be used
to constrain the reionization history [6,7].
The current constraint on the reionization optical depth

from the Planck temperature data in combination with the
low-multipole polarization data is τ ¼ 0.078� 0.019 in the
base Λ cold dark matter (ΛCDM) model [8], which is
smaller than τ ¼ 0.089� 0.014 estimated by theWilkinson
Microwave Anisotropy Probe (WMAP) nine-year data [9],
but consistent with that from WMAP polarization mea-
surements cleaned for dust emission using 353 GHz
polarization maps from the high frequency instrument
[10]. These results are based on the assumption of an
instantaneous reionization. If such a simple assumption is
not true, the estimated values of cosmological parameters
are biased. Since there is currently no convincing model of
the reionization history, it is important and necessary to
constrain it in a relatively model-independent way.
Hu and Holder proposed a principal component analysis

(PCA) of the reionization history to quantity the informa-
tion contained in the large-scale E-mode polarization [7].
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The principal components are the eigenfunctions of the
Fisher matrix that describe the dependence of the polari-
zation angular power spectra on the reionization history. In
practice, no more than the first five principal components
are needed to parametrize the reionization history [11]. This
approach has been applied to WMAP data and simulated
future data [12–17]. It was recently claimed that the
Harrison-Zel’dovich primordial spectrum is consistent with
the WMAP seven-year data in such a general reionization
scenario [18,19]. In this paper, we perform the principal
component analysis of the reionization history from
recently released Planck 2015 data and study the impact
of the reionization history on the estimates of the cosmo-
logical parameters. We also investigate the bounds on the
neutrino masses and primordial tensor perturbations in a
general reionization scheme.
The paper is organized as follows. In Sec. II we describe

the principal component method for parametrizing the
reionization history that we adapt in our analysis. The
results are presented in Sec. III. The last section is devoted
to our conclusions.

II. MODEL

Since there is no convincing physical model of the
reionization history, the instantaneous reionization history
is usually assumed when investigating cosmological con-
straints from CMB measurements. Such a one-parameter
phenomenological model may bias the estimates of the
optical depth and other cosmological parameters. In gen-
eral, the hydrogen ionization fraction xeðzÞ is a function of
redshift. Binning the hydrogen ionization fraction in red-
shift bins is a good idea to parametrize the reionization
history. However, the degeneracy between the binned
ionization fraction leads to weak constraints [20]. The
principal component analysis provides a solution to this
problem [7].
The PCA approach is often adopted to reduce the

number of variables while containing most of the system’s
information. It converts a set of correlated variables into a
set of linear uncorrelated variables by an orthogonal
transformation. The principal components are the eigen-
vectors of the diagonalized matrix, which are picked out
according to the corresponding eigenvalues. Intuitively, the
larger the eigenvalue is, the more information the corre-
sponding eigenvector gives.
Following [11], we parametrize the reionization

history. Consider a binned ionization fraction xeðziÞ,
i ∈ f1; 2;…; Nzg, with redshift bins of width Δz ¼ 0.25
spanning zmin ≤ z ≤ zmax. The bin width of Δz ¼ 0.25 is
sufficiently small so that the final results we obtain are
independent of the redshift binning [11]. Here we take
zmin ¼ 6 and zmax ¼ 30. With the definition z1 ¼ zmin þ Δz
and zNz

¼ zmax − Δz, it’s easy to figure out that Nz þ 1 ¼
ðzmax − zminÞ=Δz. For z ≥ zmax, the ionization fraction is set
to the residual fraction of recombination, while xe ¼ 1.0 for

3 ≤ z ≤ zmin consistent with astrophysical observations [2]
and xe ¼ 1.08 for z < 3 when the Helium reionization is
taken into account. The principal components of xeðziÞ are
the eigenfunctions of the following Fisher matrix Fij,

Fij ¼
Xlmax

l¼2

�
lþ 1

2

� ∂ lnCEE
l

∂xeðziÞ
∂ lnCEE

l

∂xeðzjÞ ; ð1Þ

which describes the dependence of the polarization spec-
trum CEE

l on the ionization fraction xeðziÞ. To calculate the
Fisher matrix, we should set a fiducial reionization history
xfide ðziÞ as well as other cosmological parameters. The
fiducial model parameters are chosen as the estimated
values of cosmological parameters from the Planck 2015
data including the temperature and polarization power
spectra for the base ΛCDM model [8], listed in Table I.
We adopt xfide ðziÞ ¼ 0.1 in the range of redshifts 6 ≤ z ≤ 30
to get the same optical depth as the instantaneous reioni-
zation. Actually our results are not sensitive to the fiducial
model. Since the effect of xeðziÞ on CEE

l can be neglected
on high l, as shown in Fig. 1, we can cut off l safely to
lmax ¼ 100 in the Fisher matrix. The perturbation to the
fiducial xfide is a delta function correlated with the nearby
region [7].
The Fisher matrix Fij is decomposed as

Fij ¼ ðNz þ 1Þ−2
XNz

μ¼1

SμðziÞσ−2μ SμðzjÞ; ð2Þ

TABLE I. Fiducial model consistent with results from the 2015
Planck temperature and polarization spectra for the standard
ΛCDM model.

Ωbh2 Ωch2 h τ Ase−2τ ns

0.02225 0.1198 0.6727 0.079 1.882 × 10−9 0.9645
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FIG. 1 (color online). Fractional power spectrum response
to a delta function perturbation of unit amplitude at
6.25 < zi < 29.75. Here we have chosen Δz ¼ 0.25.
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where σ2μ are the inverse eigenvalues and SμðzÞ are the
eigenfunctions that satisfy the orthogonality and complete-
ness relations

Z
zmax

zmin

dzSμðzÞSνðzÞ ¼ ðzmax − zminÞδμν; ð3Þ

XNz

μ¼1

SμðziÞSμðzjÞ ¼ ðNz þ 1Þδij: ð4Þ

So these eigenfunctions form a set of orthogonal and
complete bases. An arbitrary reionization history can be
decomposed into a sum of the eigenmodes,

xeðzÞ ¼ xfide ðzÞ þ
X
μ

mμSμðzÞ; ð5Þ

where mμ are the amplitudes of the principal components
for a particular reionization history. We order the eigenm-
odes so that the smallest σ2μ has the lowest index number μ,
starting at μ ¼ 1. Since the effect of each eigenmode on
CEE
l becomes smaller as μ increases, we pick out the first

few eigenmodes. It is enough to choose the first 3–5
eigenmodes shown in Fig. 2 because of the existence of the
cosmic variance

ΔCEE
l

CEE
l

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2

2lþ 1

r
; ð6Þ

so that the error in CEE
l from high μ eigenmodes is smaller

than the cosmic variance.
In our analysis, we parametrize the reionizaton history

as (5) with the five amplitudes mμ for μ ¼ 1;…; 5. We
consider a spatially flat ΛCDMmodel described by a set of
cosmological parameters

fΩbh2;Ωch2;Θs; As; nsg;

where Ωbh2 and Ωch2 are the physical baryon and cold
dark matter densities relative to the critical density,Θs is the
ratio of the sound horizon to the angular diameter distance
at decoupling, As is the amplitude of the primordial power

FIG. 2 (color online). The five lowest-variance principal com-
ponents of xeðzÞ over the redshift range of 6.25 < z < 29.75. The
variances increase with the index μ.

TABLE II. 68% constraints on the PCA reionization and other cosmological parameters from 2015 Planck CMB angular power
spectra. For the total mass of neutrinos and tensor-to-scalar ratio, the 95% upper limits are given.

Parameters

ΛCDM ΛCDM ΛCDM þ r ΛCDMþ Σmν

Planck TTþ lowP Planck TT;TE;EEþ lowP Planck TTþ lowP Planck TTþ lowP

Ωbh2 0.02223� 0.00023 0.02224� 0.00016 0.02225� 0.00023 0.02210� 0.00030

Ωch2 0.1192� 0.0021 0.1196� 0.0015 0.1190� 0.0021 0.1201� 0.0024

100θMC 1.04092� 0.00047 1.04079� 0.00032 1.04095� 0.00047 1.04066� 0.00056

τ 0.092� 0.017 0.092� 0.015 0.092� 0.017 0.095� 0.017

ns 0.9689� 0.0064 0.9663� 0.0049 0.9698� 0.0064 0.9662� 0.0075

lnð1010AsÞ 3.115� 0.033 3.117� 0.030 3.115� 0.032 3.121� 0.034

H0 (km s−1 Mpc−1) 67.54� 0.96 67.34� 0.65 67.64� 0.96 64.85� 3.34

σ8 0.838� 0.014 0.840� 0.012 0.839� 0.014 0.788� 0.063

Ωm 0.3116� 0.0132 0.3144� 0.0091 0.3104� 0.0131 0.3507� 0.0525

r0.002 � � � � � � <0.091 � � �
Σmν (eV) � � � � � � � � � <1.03

m1 0.0569þ0.0625
−0.0534 0.0485þ0.0590

−0.0510 0.0528þ0.0608
−0.0523 0.0663þ0.0712

−0.0563

m2 −0.0457þ0.1193
−0.1091 −0.0689þ0.1073

−0.1065 −0.0543þ0.1198
−0.1076 −0.0536þ0.1300

−0.1096

m3 0.0498þ0.1450
−0.1440 0.0409þ0.1338

−0.1489 0.0586þ0.1381
−0.1340 0.0642þ0.1465

−0.1613

m4 −0.010þ0.1503
−0.1500 −0.0190þ0.1499

−0.1398 −0.0127þ0.1435
−0.1427 −0.0102þ0.1549

−0.1547

m5 0.0524þ0.1566
−0.1570 0.0406þ0.1460

−0.1448 0.0519þ0.1551
−0.1549 0.0560þ0.1688

−0.1689
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spectrum of scalar perturbations, and ns is the scalar
spectral index. Moreover, we consider two one-parameter
extensions to the ΛCDM model, ΛCDMþ Σmμ and
ΛCDMþ r, where Σmμ is the total mass of neutrinos
and r is the tensor-to-scalar ratio. When the tensor con-
tribution to the CMB angular power spectra is considered,
the inflationary consistency relation, nt ¼ −r=8, is
assumed where nt is the tensor spectral index. For com-
parison with the Planck results, r is defined at the pivot
scale k� ¼ 0.002 Mpc−1 (denoted r0.002).

We modified the Boltzmann CAMB code [21] to
appropriately incorporate the PCA reionization history
and used the publicly available CosmoMC package to
explore the parameter space by means of the Monte Carlo
Markov chains technique [22].
In our analysis we use recently released Planck like-

lihood code and data, including the Planck low-l likelihood
at multipoles 2 ≤ l ≤ 29 and high-l Plank likelihood at
multipoles l ≥ 30 based on pseudo-Cl estimators. The
former uses foreground-cleaned LFI 70 GHz polarization

FIG. 3 (color online). Marginalized 2D contours (68% and 95% C.L.) and posterior distributions for the amplitudes of the principal
components mμ, derived from Planck TTþ lowP.
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maps together with the temperature map obtained from the
Planck 30 to 353 GHz channels by the Commander
component separation algorithm over 94% of the sky.
The polarization part of this likelihood is denoted as
“lowP.” The latter uses 100, 143, and 217 GHz half-mission
cross-power spectra, avoiding the galactic plane as
well as the brightest point sources and the regions where
the CO emission is the strongest. “Planck TTþ lowP”
denotes the combination of the TT likelihood at l ≥ 30
and a low-l temperature-polarization likelihood. “Planck
TT;TE;EEþ lowP” denotes the combination of the like-
lihood at l ≥ 30 using TT, TE, and EE spectra and the low-l
temperature-polarization likelihood.

III. RESULTS

Table II summarizes the constraints on the reionization
history and cosmological parameters from the Planck TTþ
lowP and Planck TT;TE;EEþ lowP data. The results from
the temperature and polarization power spectra are con-
sistent with those from Planck TTþ lowP, but with
increased precision. Since temperature-to-polarization
leakage corrections are not considered in the 2015
Planck TE and EE power spectra [8], in our analysis
Planck TTþ lowP is usually quoted. Actually the reioni-
zation history is not sensitive to the TE and EE power
spectra at l ≥ 30.
The mean posterior values and 68% confidence limits of

mμ are listed in Table II. Compared to WMAP data, Planck
data place strong constraints on the amplitudes of the
principal components. The marginalized two-dimensional
(2D) contours and posterior probability distributions are
plotted in Fig. 3. As expected, the correlations between
fmμg are weak and the probability distributions are
Gaussian. Moreover, we reconstruct the reionization his-
tory from Monte Carlo chains using the PCA approach
in Fig. 4. The blue curve is the mean value of the
hydrogen ionization fraction xeðzÞ in the redshift range
6.25 < z < 29.75, with 68% (dark color) and 95% (light

color) confidence regions. As we can see the Universe is
not completely reionized at z ≥ 8.5 at 95% C.L. This result
is consistent with the estimated value of the reionization
redshift zre ¼ 8.8þ1.7

−1.4 derived from Planck TTþ lowPþ
lensing in the instantaneous reionization model.
The constraint on the optical depth of the PCA reioniza-

tion is τ ¼ 0.092� 0.017, larger than that of the instanta-
neous reionization obtained in the 2015 Planck analysis,
but with nearly the same uncertainty [8]. The reason is that
the ionization fraction at high redshift makes a larger
contribution to the optical depth than at low redshift.
The optical depth between any two redshifts z1 and z2 is
an integration of xe,

τðz1; z2Þ ¼ 0.0691ð1 − YpÞΩbh
Z

z2

z1

dz
ð1þ zÞ2
HðzÞ=H0

xeðzÞ;

ð7Þ

10 15 20 25 30

0.0

0.5

1.0

z

X
e

FIG. 4 (color online). Reconstructed reionization history with
the PCA method from PlanckTT þ lowP. The blue curve is the
mean value of the hydrogen ionization fraction xeðzÞ in the
redshift range 6.25 < z < 29.75, with 68% (dark color) and 95%
(light color) confidence regions.

FIG. 5 (color online). Marginalized 2D contours in the σ8-Ωm plane, with 68% and 95% C.L., for the ΛCDM model (left panel) and
ΛCDM þ Σmν (right panel) with the PCA (blue) and instantaneous (red) reionization history, derived from Planck TTþ lowP.
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where Yp is the helium abundance. Since the Hubble
parameterH falls off as ð1þ zÞ3=2 in the matter domination
epoch, the same xe can contribute more to the optical depth
at higher redshift. It is known that the amplitude of
primordial spectrum of scalar perturbations As degenerates
with optical depth τ in the form Ase−2τ on small scale [10],
which means that a large τ leads to a large As. Hence, a
higher value of the matter fluctuation amplitude,
σ8 ¼ 0.838� 0.014, is favored in the PCA reionization
than in the instantaneous reionization, as shown in the left
panel of Fig. 5. This means that such a general reionization
history strengthens the tension between Planck CMB
observations and some astrophysical data, such as cluster
counts and weak lensing. As shown in the right panel of
Fig. 5, this tension can significantly be relieved if the
neutrino masses are allowed to vary, thanks to the degen-
eracy between the reionization history and the neutrino
masses. Larger neutrino masses lead to a lower σ8 through
the effects of neutrino free streaming on structure
formation. The constraint on the total mass of neutrinos
can be relaxed to Σmμ < 1.03 eV at 95% C.L. in the PCA
reionization scenario. In Fig. 6 we also show the correlation
of the neutrino masses with the Hubble constant. The
constraint has a broad tail to high masses, which illustrates
the acoustic scale degeneracy with H0.
It is claimed in [18] that the Harrison-Zel’dovich

primordial spectrum (i.e., scale-invariant spectrum) of
scalar perturbations is consistent with the WMAP seven-
year data in the PCA reionization scenario. However, our
analysis indicates that the Harrison-Zel’dovich spectrum is
disfavored by Planck TTþ lowP at 4.9σ C.L., although the
scalar spectral index is shifted towards slightly higher
values. To test inflationary models the contribution of
primordial tensor fluctuations to the CMB angular power
spectra is taken into account. Figure 7 depicts the

marginalized 2D contour in the r0.002-ns plane, with
68% and 95% C.L., for the PCA (blue) and instantaneous
(red) reionization history, derived from Planck TTþ lowP.
We find that the allowed contour is shifted towards higher
values of ns, compared to the instantaneous reionization.
This shift is important for the constraints on inflationary
models. For example, it is pointed out in [23] that the class
of inflationary models with a power-law potential ϕp for
p ≪ 1 and the low-scale spontaneously broken supersym-
metry (SUSY) inflationary model are marginally disfa-
vored by Planck data at 95% C.L. In the PCA reionization
scenario, however, these models are in agreement with
recent CMB observations. Moreover, the constraints on the
tensor-to-scalar ratio are tighter compared to the instanta-
neous reionization because the large amplitude of the scalar
spectrum suppresses the tensor-to-scalar ratio.

IV. CONCLUSIONS

We have considered the principal component paramet-
rization of the reionization history and studied the effects of
the PCA reionization on the estimates of cosmological
parameters using recently released Planck data. From the
reconstructed reionization history we found that the
Universe is not completely reionized at z ≥ 8.5 at
95% C.L. This conclusion can be tested by future astro-
physical experiments such as SKA. The reionization optical
depth is higher than but consistent with that obtained in the
instantaneous reionization scheme. The higher value of τ
leads to the higher value of As, hence the higher σ8, which
strengthens the tension between Planck CMB observations
and some astrophysical data, such as cluster counts and
weak lensing. But the tension can significantly be relieved
if the neutrino masses are allowed to vary. The constraint on
the total mass of neutrinos from CMB data is relaxed due to
the degeneracy with the reionization history. Thanks to the
shift of the scalar spectral index to higher values in the PCA

FIG. 6 (color online). Marginalized 2D contour in the H0-Σmν

plane, with 68% and 95% C.L., for the ΛCDM þ Σmν model
with the PCA (blue) and instantaneous (red) reionization history,
derived from Planck TTþ lowP.

FIG. 7 (color online). Marginalized 2D contour in the r0.002-ns
plane, with 68% and 95% C.L., for the ΛCDMþ r model with
the PCA (blue) and instantaneous (red) reionization history,
derived from Planck TTþ lowP.

WEI-MING DAI, ZONG-KUAN GUO, and RONG-GEN CAI PHYSICAL REVIEW D 92, 123521 (2015)

123521-6



approach, the low-scale spontaneously broken SUSY infla-
tionary model, which is marginally disfavored at 95% con-
fidence level in the Planck analysis, can fit the data well.
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