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We investigate the effect of the population III (Pop III) stars supernova explosion (SN) on the high
redshifts reionization history using the latest Planck data. It is predicted that massive Pop III stars
ð130 M⊙ ≤ M ≤ 270 M⊙Þ explode energetically at the end of their stellar life as pair-instability
supernovae (PISNe). In the explosion, supernova remnants grow as hot ionized bubbles and enhance
the ionization fraction in the early stage of the reionization history. This enhancement affects the optical
depth of the cosmic microwave background (CMB) and generates the additional anisotropy of the CMB
polarization on large scales. Therefore, analyzing the Planck polarization data allows us to examine
the Pop III star SNe and the abundance of their progenitors, massive Pop III stars. In order to model the
supernova(SN) contribution to reionization, we introduce a new parameter ζ, which relates to the
abundance of the SNe to the collapse fraction of the Universe. Using the Markov chain Monte Carlo
method with the latest Planck polarization data, we obtain the constraint on our model parameter, ζ. Our
constraint tells us that observed CMB polarization is consistent with the abundance of PISNe predicted
from the star formation rate and initial mass function of Pop III stars in recent cosmological simulations. We
also suggest that combining further observations on the late reionization history, such as high redshift
quasi-stellar object (QSO) observations, can provide tighter constraints and important information on the
nature of Pop III stars.
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I. INTRODUCTION

From recent observations and theoretical studies, it is
believed that the first stars known as population III (Pop III)
stars played essential roles in the history of the cosmo-
logical structure formation. As the first luminous objects in
the Universe, they formed around a few hundred million
years after the big bang (the redshift z ∼ 10–30) [1]. After
their birth, Pop III stars contributed to the ionizing and
heating of the surrounding intergalactic medium (IGM)
gas [2,3] and provided a significant impact on the first
galaxy formation [4,5]. They could also trigger the for-
mation of supermassive black holes [6–8]. However,
despite their importance, the detailed nature of Pop III
stars is still unknown. Various observational approaches are
demanded to obtain further information about Pop III stars.
Although, compared with typical stars at present, Pop III

stars are luminous and massive, m≳ 10 M⊙ [9,10], it is
difficult to observe them directly. However, the recent
studies pointed out that Pop III stars with a mass between
130 M⊙ and 270 M⊙ end with pair-instability supernovae
(PISNe), which is roughly 100 times more powerful than
typical Type Ia or Type II SNe [11,12]. Furthermore,
cosmological simulation [9,10] also show such relatively

massive Pop III stars, and therefore their PISNe would not
be rare. Hence, it could be possible that we obtain the probe
for the PISNe from the cosmological and astrophysical
measurements.
One way to get the probe is the next-generation obser-

vation of near infrared. The redshifted ultraviolet emission
from PISNe in high redshifts is a good target for it, such as
the James Webb Space Telescope1 and the Nancy Grace
Roman Space Telescope.2 So far, there are a lot of
theoretical works which examine the detectability of such
PISNe using these observations (e.g., Refs. [15–17]).
Besides near-infrared observations, it is also suggested
that the sampling of metal-poor stars in the Milky Way can
provide the limit on the PISNe rate [18].
Additionally, Ref. [19] studied the effect of PISNe in

high redshifts on the temperature anisotropy of the cosmic
microwave background (CMB). Since the gas inside an SN
remnant (SNR) is a hot ionized plasma, CMB photons
passing through the SNR suffer the inverse-Compton
scattering. That is, the thermal Sunyaev-Zel’dovich (tSZ)
effect of PISNe, creating the CMB temperature anisotropy
on small scales. Although the anisotropy amplitude
depends on the model of Pop III stars and PISNe, they
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showed that the tSZ temperature anisotropy due to PISNe
could be subdominant to the one from galaxy clusters.
This work investigates the effect for the global ionization

fraction of PISNe in high redshifts with Planck polarization
data. The gas inside the SNRs of PISNe is compressed and
fully ionized. If many PISNe occur, the CMB photons
suffer more scattering, and the E-mode angular power
spectrum of CMB traces it.
Using Markov chain Monte Carlo (MCMC) method with

the Planck 2018 polarization data, we constrain the amount
of PISNe events. After that, we also show that the restraints
would lead us to the further astrophysical information of
Pop III stars.
The rest of this paper is organized as follows. In Sec. II,

we describe the time evolution of the SNR shock shell.
Accordingly, we show the relevant time scale for this work. In
Sec. III, introducing the effect for global ionization fraction
due to the PISNe, we explain our reionization model
considered here. After that, we show the equation of
computing the number density of the PISNe with the model
parameter. In Sec. IV,we explain theMCMCmethods used in
this work and show the resulting constraint. Subsequently, we
discuss the restriction compared with the cosmological
simulation about the Pop III stars in Sec. V. Finally, we
summarize in Sec. VI. Throughout our paper, we take the
flat ΛCDM model with the Planck best fit parameters [20];
ðΩm;Ωb; h; ns; σ8Þ ¼ ð0.32; 0.049; 0.67; 0.97; 0.81Þ.

II. THE PROPERTIES OF SUPERNOVA
REMNANTS OF POP III STARS

Since Pop III stars are massive, m≳ 10 M⊙ [9,10], it is
theoretically predicted that Pop III stars cause SNe at the
final stage of their lives, which is about 1 Myr after its birth.
In addition, from the recent studies, the Pop III stars with
mass between 130 M⊙ and 270 M⊙ end with super
energetic SNe, called PISNe, which are roughly 100 times
more powerful than typical Type Ia or Type II SNe [11,12].
Once supernovae occur, the supernovae remnants (SNRs)
would expand with a shock wave. In this section, we
describe the time evolution of the general SNR with the
analytical model.
After occurring the SN explosion, a certain mass is

ejected into a surrounding gas with supersonic velocity.
The ejecta sweeps up the surrounding gas, creating the
expanding shock waves. This is a trigger to form the SNR.
The SNR expands outwards nearly spherically.
The evolution of the SNR has mainly three phases [21].

The first phase is called the free-expansion phase. In this
initial phase, the swept-up mass by the SNR is negligible
compared with the ejected mass. Therefore, the evolution
of the SNR in this phase is determined by only the initial
energy and the ejected mass. The SNR evolution enters
the second phase, the adiabatic phase, when the mass of
the swept-up surrounding gas is comparable with the
initial ejected mass. The swept-up surrounding gas is

compressed and heated by the shock and forms a shell
structure. The evolution in this phase is well described
by the Sedov-Taylor self-similar solution. As the SNR
evolves, the velocity of the SNR decreases, and the
resultant expansion times scale of the SNR becomes
long. Finally, since the expansion time scale will be
longer than the cooling time scale, the radiative cooling is
not negligible in the evolution of the SNR. This third
phase is called the momentum conserving phase. The
thermal energy of the SNR is lost by the radiative cooling.
The expansion of the SNR just followed the momentum
conservation.
To evaluate the impact of the SNR as the cosmological

ionization photon source, we are interested in the second
phase, the adiabatic phase. This is because the first phase
has a very short duration and, in the third phase, most
energy is taken away to the CMB through the inverse-
Compton scattering.
As mentioned above, the evolution of the SNR shocked

shell in the adiabatic phase is well described by the Sedov-
Taylor self similar solution. In this solution, the radius
evolution of the shocked shell can be written as the function
of the SN explosion energy ESN,

RSNðtÞ ¼ 2.0 ½kpc�
��

t
107 yr

�
2
�

Esn

1046 J

��
103 m−3

ng

��1
5

;

ð1Þ

where t represents the time after the SN explosion, and ng is
the number density of the hydrogen atom in the outer gas of
the shocked shell. First the SNR propagates in a denser gas
in the host dark matter halo and subsequently in the IGM
outward. In this work, we neglect the effect of the over-
density in a halo, and set ng ≈ nb;IGM, where nb;IGM is the
number density of baryons in the IGM. Although the SNR
can expand larger than the virial radius, high density gas in
a halo reduces the energy of the SNR in the IGM
propagation and decreases the radius given in Eq. (1). In
order to evaluate such an overdensity effect, one needs to
perform the numerical calculation including the density
profile in where the SNR propagates.
In the limit of a strong shock, the number density in the

shell, nSN, is related to the surrounding one ng with the
adiabatic index γ, nSN ¼ ðγ þ 1Þ=ðγ − 1Þng. Furthermore,
the thickness of the shocked shell, ΔRSN, is obtained
from the mass conservation law as ΔRSNðtÞ ¼ ðγ − 1Þ=
ð3ðγ þ 1ÞÞRSNðtÞ. Here, we neglect the density profile in
the shock shell. For γ, we adopt a monoatomic gas case,
γ ¼ 5=3 [22].
The adiabatic phase terminates when the cooling

becomes effective. Since the gas in SNRs is fully ionized
by the shock heating, the major cooling mechanism is
Compton cooling. The time scale of Compton cooling is
given by
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tC ¼ 3me

4σTaT4
γ
¼ 1.4 × 107

�
1þ z
20

�
−4

yr: ð2Þ

The SNR evolves following the equation (1) until t ¼ tC.
After that, the thermal energy, which drives the shell
expansion, is quickly lost by Compton cooling. In this
paper, we simply evaluate the effect of SNRs discussed in
the following section at t ¼ tC.
The radial profiles of the electron density in an SNR is

given by

neðrÞ ¼
γ þ 1

γ − 1
ng;

�
γ − 1

3ðγ þ 1Þ rSN < r < rSN

�
; ð3Þ

where r is the comoving radial distance from the center of
the SNR and, therefore, rSN is rSN ¼ ð1þ zÞRSN. As the
SNRs are cooled, electrons in them are recombined again.
Accordingly, the effect for global ionization fraction from
the SNR is suppressed. The time scale of recombination in
the SNR can be written as

trec ¼
γ − 1

αBðtCÞðγ þ 1Þng
¼ 3.3 × 107

�
1þ z
20

�
−0.12

yr; ð4Þ

where αB is the case B recombination rate given in
Ref. [23]. This time scale is not negligible, compared with
the cosmological time scale, tcos. We take into account this
suppression in the abundance of PISNe in the next section.

III. THE REIONIZATION MODEL

In the standard analyses of the reionization history
adopted by Planck CMB measurements, only the overall
optical depth of electrons is considered assuming a tanh-
model reionization history. The polarization data, however,
should contain additional information for the full reioniza-
tion history. Here we investigate the effect of Pop III star
supernovae especially in PISNe for the global ionization
history with these data.

A. Reionization model

In the reionization models considered here, we add the
effects from PISNe of Pop III stars to the fiducial ionization
history adopted by Planck CMBmeasurements. We assume
that the Pop III stars are only hosted by the massive halos
with the virial temperature Tvir > 104 K. The condition
of Tvir > 104 K comes from the efficiency of the atomic
cooling in the halo.
It is a fact that the Pop III stars can be formed in the

halos which are not satisfied by this condition. However,
if the virial temperature Tvir is lower than 104 K, the star
formation rate is suppressed and even in the halo-host-star
case, may become “one star per halo” because internal UV
photodissociation of H2 by the Pop III stars ceases further
gas cooling and star formation [24]. Moreover, in the case

of the more massive halos with Tvir > 104 K, there is a
conceivable scenario that many stars form together in such
a halo where atomic cooling allows gas to collapse and
have much higher density [25].
The effect of PISNe on the cosmic reionization could be

subdominant and the main reionization photon sources
are Pop II stars and first galaxies. Therefore, taking into
account the PISNe reionization effect, we assume that the
evolution of the global ionization fraction can be decom-
posed into three terms,

xeðzÞ ¼ xrece ðzÞ þ xreioðzÞe þ xSNe ðzÞ; ð5Þ

where xrece is the global ionization fraction in the recombi-
nation epoch and xreioe represents the contribution from the
main reionization source including Pop II stars and gal-
axies. For obtaining xrece , we employ the recombination
code RECFAST [26–29]. Then, we adopt the widely used
“tanh” model for xreioe [30],

xreioe ðzÞ ¼ xbeforee þ 1

2
ðxaftere − xbeforee Þ

×

�
1þ tanh

�
yreio − yðzÞ

Δy

��
; ð6Þ

yðzÞ ¼ð1þ zÞ3=2; ð7Þ

where yreio ¼ yðzreioÞ, Δy ¼ 1.5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zreio

p
Δz with the

duration of reionization, Δz ¼ 0.5. In Eq. (6), xaftere is
the ionization fraction after finishing reionization, xaftere ¼ 1

and xbeforee is the left-over ionization fraction well after the
recombination epoch adopted as xbeforee ¼ 10−4.
The impact of PISNe on the reionization process is

provided by the additional term, xSNe . Since the gas inside
SNRs is fully ionized, the volume occupation of the SNRs
represents the global ionization fraction. Thus we estimate
the SN term by

xSNe ðzÞ ¼ fionðzÞnSNðzÞV ionðzÞ; ð8Þ

where fionðzÞ, nSN and Vion represent the survival proba-
bility of ionized SNRs, the number density of PISNe, and
the volume of each ionized SNR respectively. In this form
of additional ionization fraction of Eq. (8), we assume
that each SNRs cover a different region. Although it is
totally ionized soon after the creation, the inside of SNRs
gradually become neutral in the time scale of recombina-
tion, trec. In order to account for this effect, we introduce
the probability fionðzÞ ¼ trecðzÞ=tcosðzÞ with the upper
bound, fion ≤ 1. The volume V ion is given by V ionðzÞ ¼
4π=3R3

SNðtc; zÞ using the radius the SNe in (1) with
Esn ¼ 1046 J. In the next subsection, we discuss the
number density of PISNe, nSN.
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In our model, we assume that each PISN occurs
isolatedly and an ionized SNR expands in the neutral
IGM to increase the ionization fraction. This assumption
could lead to an overestimate of the contribution of SNRs
to the ionization fraction. In Sec. VA we will discuss the
limitation of our assumptions and the cases where our
assumption is not applicable.

B. The abundance of PISNe

Since the abundance of PISNe has not been well decided
yet because of lots of theoretical uncertainties (i.e., the
mass function of the Pop III stars), here we consider it is
proportional to the collapsed mass of baryon in the dark
matter halo. We model the number density of PISNe at
given z as

nSNðzÞ ¼ ζ
1

m�
fcollðMminÞρ̄bðzÞ; ð9Þ

where ζ is the model parameter whose combination ζfcollρ̄b
means the total mass of the Pop III stars which occurs
PISNe in one halo, Mmin is the mass corresponding to Tvir,
ρ̄b is the background baryon density, and m� is the typical
mass of the Pop III star which occurs PISNe. Although it is
known that the Pop III stars cause PISNe in the case of
mass range ½130M⊙; 270M⊙� [11], we simply assumem� ¼
130M⊙ in our model. We set the geometry of the gravi-
tational collapse to a spherical one (i.e., the halo mass
function is Press-Schechter). Then, fcollðMÞ which is the
collapse fraction in halos with the mass Mhalo > M is
calculated by

fcollðMÞ ¼ 2ffiffiffiffiffiffi
2π

p
σðMÞ

Z
∞

δc

dδ exp

�
−

δ2

2σ2ðMÞ
�

¼ erfc

�
νffiffiffi
2

p
�
; ð10Þ

where ν≡ δc=σðMÞ and δc ¼ 1.67. The variance of the
matter density fluctuation σ is written by

σ2ðMÞ ¼
Z

dlogkW2ðkRvirÞPðkÞ; ð11Þ

where Rvir is the virial radius for M. Here WðkRÞ is the 3D
window function. In this work, we employ the top-hat
window function

Wðk; RÞ ¼ 3

ðkRÞ3 ðsin ðkRÞ − kR cos ðkRÞÞ: ð12Þ

The nondimensional matter power spectrum PðkÞ can be
calculated as

PðkÞ ¼ 4

25

�ð1þ zÞk
H0

�
4

T2
qPRðkÞ; ð13Þ

using the transfer function Tq formulated by Bardeen
et al. [31],

Tq ¼
lnð1þ 2.34qÞ

2.34q

× ½1þ 3.89qþ ð16.1qÞ2 þ ð5.46qÞ3 þ ð6.71qÞ4�−1=4;
ð14Þ

where q≡ k=Γ hMpc−1, and Γ is the apparent shape para-
meter including baryonic effect [32], Γ≡Ωmh expð−Ωb−ffiffiffiffiffiffi
2h

p
Ωb=ΩmÞ. The nondimensional primordial power spec-

trum PR is

PR ¼ As

�
k

kpivot

�
ns−1

; ð15Þ

where As, kpivot and ns are the amplitude of the primordial
scalar power spectrum, the pivot scale, and the scalar
spectral index respectively.
As Pop III star formation proceeds, the primordial IGM

is contaminated by metals through SNe of Pop III stars.
When the metallicity reaches the critical threshold value at
zend, the formation of Pop III stars terminates. Although
new Pop III PISNe no longer happen after that, SNRs
created until zend still survive for a while because the
recombination time scale in SNRs is comparable the
cosmological time scale at that redshift. Therefore, SNRs
of Pop III stars can contribute the global ionization fraction
even after zend In order to take this contribution, we provide
xSNe ðzÞ as

xSNe ðzÞ ¼ fionðzÞnSNðzendÞV ionðzendÞ ðz < zendÞ; ð16Þ

where we assume that the SNRs created at zend fade away
in the time scale trecðzÞ. For simplicity, we set zend ¼ 12 in
this work. We will discuss the impact of zend on our
analysis later.
Figure 1 shows the global ionization history with Pop III

PISNe models. In the model I and II, we set the model
parameter to ðzreio; log10 ζÞ ¼ ð6.90;−2.17Þ; ð6.60;−1.86Þ,
respectively. For comparison, we plot the standard reioni-
zation model without the PISNe effects. One of good
indicators for the cosmological reionization history is the
optical depth of the Thomson scattering for CMB photns,

τ ¼
Z

dz
HðzÞ σTxeðzÞneðzÞ: ð17Þ

All of the three models have the same optical depth of the
Thomson scattering, τ ≃ 0.054, which is consistent with

KATSUYA T. ABE and HIROYUKI TASHIRO PHYS. REV. D 103, 123543 (2021)

123543-4



the Planck result. We can see that the Pop III PISNe can
enhance the ionization fraction in the early universe,
zreio < z ≤ 15.
In our model, we neglect the reionization due to the

Pop III stars, which do not have enough mass for PISNe
to occur, although they also contribute to the early stage of
the cosmic reionization. The fraction of such low-mass
stars depends on the initial mass function of Pop III stars
which is still under debate. In this paper, we ignore the
contribution of Pop III stars on the cosmic reionization
for simplicity; however, we will come back to this issue
in Sec. VA.

IV. MCMC ANALYSIS WITH PLANCK 2018

In order to constrain the effect of PISNe based on our
model in Eq. (5), we employ the MCMC analysis with
Planck 2018 data. Chains of MCMC samples are generated
by the publicly open code MontePYTHON [33], which adopts
the code CLASS [34] for calculating the theoretical CMB
angular power spectrum. We have modified the CLASS code
including the PISNe effect for global ionization fraction
represented in Eq. (5).
The optical depth is mainly constrained by the reioniza-

tion bump that appeared on small scales in the CMB
polarization. Since we are interested in ζ and zreio,
which mainly control the ionization history and the optical
depth τ with zreio in equation (6), we fix other cosmological
parameters to the Planck best-fit parameter of the TT,
TE, EE, low − lþ lensing measurement, Ωb ¼ 2.237,
Ωcdm ¼ 0.1200, 100θs ¼ 1.04092, ln 1010As ¼ 3.044, and
ns ¼ 0.9649. These parameters do not affect the reioniza-
tion bump much.
To obtain accurate results from MCMC methods, it is

essential to check if the MCMC chains contain enough
samples which are independent of each other and cover a
sufficient volume of parameter space such that the density

of the samples converges to the actual posterior probability
distribution. Therefore, here, we run the MCMC chain
until the Gelman and Rubin convergence statistic R,
which represents the ratio of the variance of parameters
between chains to the variance within each chain, satisfies
R − 1 < 0.05 [35,36].

V. RESULTS AND DISCUSSION

Our resulting constraint is shown in Fig. 2, in which ζ
and zreio are our model free parameters and the optical
depth τ is derived from Eq. (17) with the sampling data of ζ
and zreio. The dark green region shows the 1σ region and the
light green region represents the 2σ region. Since the CMB
anisotropy is sensitive to the total optical depth τ during and
after the cosmic reionization, the Planck measurement
basically provides the constraint on τ. In our model, the
main contribution to τ comes from the “tanh” term while,
the PISNe effect is subdominant. Therefore, zreio for the
“tanh” term is strongly constrained. When ζ increases more
than ζ > 10−3, SNRs can induce early reionization and
make a non-negligible contribution to τ. To compensate
for this effect, small zreio is preferred as ζ becomes large
as shown in Fig. 2. However, when ζ is larger than 10−2,
even only PISNe can fully ionize the Universe. Therefore,
ζ > 10−2 can be ruled out.
The Planck measurement gives the constraint on our

model parameter, ζ ≤ 10−2. Now let us discuss what
implication on the physics of Pop III stars we can obtain
from our constraint. Our model parameter ζ is introduced to
connect between the number density of the PISNe and the

FIG. 2. MCMC result.

FIG. 1. Global ionization history with several values of ζ.
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collapse fraction as shown in Eq. (9). On the other hand,
conventionally, one can relate the PISN density to the dark
matter mass function

nSNðzÞ ¼
Z

mmax

mmin

dm
dn�ðm; zÞ

dm
; ð18Þ

dn�
dm

¼ g�ðmÞ
m

Z
Mmin

dMfhostðMÞf�ðMÞMdnðM; zÞ
dM

; ð19Þ

where dn�ðm; zÞ=dm is the mass function of Pop III stars
with a mass m at a redshfit z, and mmin and mmax are the
lower and upper mass limit of the Pop III stars which occur
PISNe. In Eq. (19), dnðM; zÞ=M is the mass function
of dark matter halos with a halo mass M at z, Mmin is a
minimum mass of dark matter halos for hosting Pop III
stars, fhostðMÞ is the fraction of dark matter halos with
mass M which can host stars, f� is the fraction of the
total stellar mass to the dark matter halo massM, and g�ðmÞ
is the initial mass function(IMF) of Pop III stars which is
normalized as

R
dmg�ðmÞ ¼ 1 (g� has a dimension of

ðmassÞ−1). In general, fhost, f� and g�ðmÞ also depend on
redshift z.
For the mass function of dark matter halos, dnðMÞ=dM,

we adopt the Press-Schechter theory here. Therefore, we
can relate the mass function with collapse fraction fcoll as

fcollρ̄mðzÞ ¼
Z
Mmin

dMM
dn�ðm; zÞ

dm
; ð20Þ

where ρ̄mðzÞ is the background matter density at z. It is
useful to define the weighted average value for fhostðMÞ
and f�ðMÞ

f̄X ¼
R
Mmin

dM fXðMÞM dnðM;zÞ
dMR

Mmin
dMM dnðM;zÞ

dM

; ð21Þ

where the subscript X stands for � or host. We also
introduce the number fraction of PISN progenitors to total
Pop III stars as

fmf ≡
Z

mmax

mmin

dmg�ðmÞ: ð22Þ

If the IMF is the delta-function type mass function,
g�ðmÞ ¼ δDðm −m�Þ with mmin < m� < mmax, fmf equals
to unity, and if the IMF is the mass function obtained
from Pop III star formation simulation in Ref. [10],
it is about g�ðmÞ ∼ 0.3. Here we set ðmmin; mmaxÞ ¼
ð130M⊙; 270M⊙Þ as before.
Using Eqs. (20), (21), and (22), we can approximately

estimate the number density of PISNe from Eq. (18) in

nSNðzÞ ≈
1

m�
fmffstarfcollðMminÞρ̄mðzÞ; ð23Þ

where fstar is defined as fstar ≡ f̄hostf̄� and represents the
fraction of the total stellar mass to the total dark matter halo
mass in the universe. Comparing both Eqs. (9) and (23), we
obtain the relation as

ζ ≈ fmffstar
Ωm

Ωb
: ð24Þ

Therefore, the constraint, ζ ≲ 10−2, can be converted into

fmffstar ≲ 1.4 × 10−3: ð25Þ

Cosmological numerical simulations suggest fstar≲10−3

around the epoch of Pop III star formation in Ref. [37],
although there are still some uncertainties in both our
theoretical model and the redshift evolution of fstar (f̄host
and f̄�). Therefore, it is difficult to provide the constraint on
fmf from our MCMC analysis on ζ ≲ 10−2. However, it is
worth mentioning that, if further observations provide
more information on the evolution of the ionization fraction
during reionization, the constraint on PISNe allows us to
access the Pop III star IMF through fmf. For example, the
recent high-redshift QSO observation suggests that the
volume-averaged neutral fraction is hxHIi ¼ 0.60 at
z ¼ 7.54. When considering this result, our constraint could
be improved to ζ ≲ 10−3 [38]. In this case, our constraint
tells us fmf < 0.1 and prefers the Pop III star IMFs in which
the progenitors of Pop III stars are subdominant in the terms
of the total Pop III star abundance.
In our model, one of the most important uncertainties is

zend, which is the redshift for the termination of PISNe. In
general, zend is significantly related to the metal pollution of
theUniverse, that is, the cumulative number density of PISNe.
However, in this paper, we introduce zend by hand. In order to
investigate the impact of zend on the constraint of ζ, we
perform the MCMC analysis with different zend between
10 < zend < 14. As a result, our constraint is changed by
about �25% and we find out the fitting form in

log10 ζ ≤ −2.0
�
zend
12

�
1.22

: ð26Þ

The second one is the energy injected into SNRs of PISNe,
Esn. In this paper, although we adopt a constant injected
energy, Esn ¼ 1046 J, it depends on the progenitor mass and
themetallicity. In ourmodel,Esn affect our constraint through
the SNR volume in Eq. (8) where one can see that both ζ and
Esn degenerate each other. Therefore, our constraint on ζ have
the dependence on Esn,

ζ ≤ 10−2
�

Esn

1046 J

�
−3=5

: ð27Þ
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In this paper, we neglect the effect on the reionization
process, which Pop III stars provide directly by emitting the
ionization photons during their main sequence. The authors
of Ref. [39] have investigated this effect on the early stage
in the reionization history. They parametrized the abun-
dance of Pop III stars, relating the collapse fraction as we
have done for the parametrization of the PISN abundance in
this paper, and provide the constraint by using MCMC
methods with Planck 2015 data. Using the similar way to
obtain Eq. (25), their result suggests f̄escfstar ≤ 10−2 where
f̄esc is the weighted average escape fraction of ionizing
photon for dark matter halos. Therefore, the constraints
on PISNe and Pop III stars are complementary: the
constraint on PISNe is sensitive to the IMF of Pop III
stars through fmf while the one on Pop III stars provides
useful information on f̄esc.

A. The limitation of our isolated SNR assumption

In our model, we take the assumption that isolated PISNe
create the SNRs expanding in the neutral IGM and increase
the ionization fraction. For the validity of this assumption,
there are mainly two concerns. One is the ionized bubble
created by a massive Pop III star before a PISN and the
second is the overlapping (or clustering) of SNRs. Before
PISN explosions, massive Pop III star emit ionizing photon
and creates the ionized bubbles. When an ionized bubble is
larger than a SNR of PISN, PISNe cannot increase the
ionization fraction and most of PISNe energy is consumed
to heat up the SNRs. The size of the ionized bubbles is
roughly estimated by the Strömgren radius, rs which is
given by the equilibrium between the number of ionizing
photons and the neutral hydrogen. With the ionizing
photons emitting from a massive Pop III star, Nγ, the
Strömgren radius in the IGM density is

rs ¼ 2.8

��
fesc
0.1

��
Nγ

105

��
1=3

�
13

1þ z

�
kpc: ð28Þ

where fesc is the escape fraction of ionizing photons.
Although there is still a large theoretical uncertainty in
the escape fraction, fesc, some theoretical works predict
the escape fraction smaller than the unity. For example,
Ref. [40] reported that fesc ≲Oð10−2Þ is preferred in the
high redshifts from their simulations and Ref. [41] suggest
0.05 < fesc < 0.3 in a redshift z ∼ 10.
Figure 3 shows the comparison between RSN and rion

with two different fesc. The blue solid line shows the
redshift evolution of RSN in Eq. (1), and the orange dotted-
dashed and green dotted lines represent the one of radius of
the ionized bubble with fesc ¼ 0.1 and 0.3 respectively.
When fesc < 0.3, the figure tells us that RSN is larger than
rion, in particular, in redshifts ðz < 15Þ. Therefore we can
conclude that, in fesc < 0.3, the bubble created by a Pop III
star before the SNe can be destroyed by an SNR and SNRs
can increase the ionization fraction substantially. Note that

in the above estimation, we assume that the SNR energy
does not significantly lose in a dark matter halo. However,
as the ionizing photons are absorbed in dark matter halos
and are reduced by fesc, some fraction of the SNR energy is
consumed inside a dark matter halo and, then, the SNR
radius might be smaller than in Eq. (1). The dependency on
the gas density, rs ∝ n−1=3g and RSN ∝ n−1=5g , suggest us
that, even in high density ng ∼ 200ng;IGM, the SNR can
escape a dark matte halo more easily than the Strömgren
radius. Nevertheless considering the propagation of the
SNR in a dark matter halo requires smaller fesc to satisfy
the condition rs < RSN.
The overlapping of SNRs also leads to overestimate the

SNR contribution to the ionization fraction. One can see
in Fig. 1 that the additional ionization fraction in the early
reionization stage due to PISNe is xSNe ≲Oð0.1Þ. In such a
small ionization fraction, the probability of the overlapping
would be small. However, in massive halos, there is a
possibility that the star formation is very effective and many
stars form almost at the same time. When such starburst
mode happens, PISNe also happens simultaneously in a
massive halo and, resultantly, one large SNR is created with
the total energy of all PISNe in this halo. If this starburst
mode is dominant in the star formation, our constraint
would be overestimated. Although we neglect it, the
contribution of small-mass Pop III stars also causes the
overestimation of the SNR contribution. The clustering of
small-mass Pop III stars near a massive Pop III progenitor
of PISNe could create a large bubble before the PISNe.
Therefore, the SNR cannot contribute to increase the
ionization fraction when the bubble sized is much larger
than the PISNe. In order to evaluate this effect, it is required
to include the ionized bubble evolution by assuming the
IMF, the escape fraction, and clustering of Pop III stars
consistently. Such computation can be performed in cos-
mological numerical simulation and it is beyond our scope.

FIG. 3. The comparison between the Strömgren radius in
Eq. (28) and the Sedov-Taylor self-similar solution in Eq. (1).
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VI. CONCLUSION

It is theoretically predicted that massive Pop III stars can
cause energetic PISNe at the final stage of their lives. The
generated SNRs expand to several kpc and their inside
continues to be fully ionized. In this paper, we investigate
the impact of PISNe of Pop III stars on the reionization
history. The abundance of PISNe is unknown both theo-
retically and observationally. Therefore, to model the PISN
contribution to cosmic reionization, we have introduced a
parameter ζ, which relates to the abundance of the PISNe to
the collapse fraction of the universe. We have shown that,
although PISNe cannot ionize the universe entirely enough,
PISNe induce early reionization and its efficiency highly
depends on the abundance of PISNe.
Since the early reionization can affect the CMB anisot-

ropies, the CMB anisotropy measurement allows us to
obtain the constraint on the abundance of PISNe. In order to
investigate the constraint, we have performed the MCMC
analysis with the latest Planck data incorporating our model
of the PISN early reionization. On top of the PISN
contribution, our reionization model include the conven-
tional “tanh” type, which represents the contribution of first
galaxies and Pop II stars as the main sources of ionization
photons. We have found that when ζ < 10−3, the PISN
contribution is totally subdominant, and the constraint on
the “tanh” type is similar to the constraint without the
PISNe. However, when ζ > 10−3, PISNe strongly affect the
Thomson optical depth of CMB and the reionization by
“tanh” type delayed to compensate the early reionization
due to PISNe. Our constraint on the PISN abundance is
ζ < 10−2 from the latest Planck measurement.
In general, the abundance of PISNe depends on the

nature of Pop III stars including their mass fraction to the
dark matter halo mass and the IMF. We have shown that
our parameter ζ is related to the mass fraction of Pop III
stars to dark matter halos of the universe, fstar, and the
number fraction of PISN progenitors in the total Pop III
stars, fmf. Our constraint on ζ can be converted to
fmffstar ≲ 1.4 × 10−3. Cosmological simulations suggests

fstar ∼ 10−3 for the Pop III star formation [37]. It is difficult
to obtain the constraint on the Pop III star IMF, fmf, from
our current analysis. However, we have also shown that our
constraint can be improved and provide useful information
on the Pop III star IMF. The high redshift QSO observation
suggests xe ∼ 0.5 at z ∼ 7.5. When we take into account
this result, our constraint can be improved to ζ < 10−3 and
fmf ≲ 0.1. Therefore, the further measurements of the
ionized fraction in high redshifts allow us to rule out the
top-heavy IMF, in which massive Pop III stars causing
PISNe dominate smaller Pop III stars in abundance.
The most effective theoretical uncertainties in our model

is the termination redshift of PISNe, zend. Although it
strongly depends on the abundance of PISNe, we set zend by
hand. In order to investigate the impact of this redshift
on our constraint, we have redone the MCMC analysis for
the different redshifts. We found out that the dependence
of our constraint on zend is approximated to log10 ζ ≤
−2.0ðzend=12Þ1.22 in the range of 10 < zend < 15.
Our constraint is obtained in the isolated SNR

assumption with neglecting the reionization due to Pop
III stars. These assumptions are valid in the limited case as
discussed in Sec. VA and, otherwise, could lead our result
to be overestimated. Besides, in order to constrain the PISN
contribution to the reionization more, we need to take into
account the Pop III star contribution as well. To address
these concerns consistently, the cosmological numerical
simulation could be required. We leave a detailed study to
our future work.
Although our work is based on the optimistic case, our

result illuminates that the CMB measurement has the
potential to explore observational signatures of PISNe.
Further investigation on the PISNe contribution can pro-
vide the access to the nature of Pop III stars.
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