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Years since
the Big Bang

~300000
(z~1000)

~100 million
(z~20-40)

~1 billion
(z~6)

~13 billion
(z=0)

ß Big Bang: 
the Universe is filled with ionized gas
ß Recombination:The gas cools and becomes neutral

ß The first structures begin to form.

Reionization starts (z ~12)

ßReionization is complete 

ß Today�s structures

Dark Ages

Reionization

Brief History of the Universe
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Model: ALP (Axion-like particles) i.e. Ultra-light scalars

KK, Yi Mao, Kiyomoto Ichiki, Joseph Silk (2014) 

“Cosmologically probing ultra-light particle dark matter using 21 cm signals” 

Ultra-light mass :
                                                           DE (Barbieri et al (2005),…)
                                                           Fuzzy DM (Hu (2000),…)  
                                                         String axiverse (Arvanitaki et al (2009),...)

mu ∼ H0 ∼ 10−33eV
mu ∼ ∼ 10−22eV
mu ∼ ∼ 10−22eV − 10−10eV
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Figure 1: The perturbation evolutions for ULPs (mu = 105H0, fu = 0.05) and CDM.
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Figure 2: Left: The (linear and nonlinear) power spectrum P (k) with and without the ULPs for
mu = 105H0, fu = 0.05. Right: The transfer function T 2(k) = P (k)ULPs/P (k)no ULPs representing
the ratio of the power spectrum including the ULPs (fu = 0.05) to that without the ULPs (the
values of mu in the figure are in terms of H0 ≈ 2× 10−33eV ).
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KK, Mao, Ichiiki, Silk (2014)
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FIG. 1: The scales probed by cosmic microwave background anisotropies (solid line) and cosmic 21-cm fluctuations (dashed
line). The two power spectra have been aligned using the small-scale relation k ≃ l/dA(zCMB), where dA(zCMB) ≃ 13.6 Gpc is
the comoving angular diameter distance at the surface of recombination in the standard cosmological model.

measured in a radial direction r̂ at redshift z (corre-
sponding to 21-cm radiation observed at frequency ν =
c/[λ21(1+z)]). Here, A is the Einstein spontaneous emis-
sion coefficient for the 21-cm transition, Vr is the phys-
ical velocity in the radial direction (including both the
Hubble flow and the peculiar velocity of the gas v), and
∂Vr/∂r is the velocity gradient in the radial direction.
Explicitly, we have

∂Vr

∂r
=

H(z)

1 + z
+

∂(v · r̂)
∂r

. (8)

Combining Eqs. (7) and (8) and expanding to linear or-
der, we find

δTb = −T b
1 + z

H(z)

∂vr

∂r
+

∂Tb

∂δ
δ, (9)

where T b is the mean brightness temperature, vr = v · r̂

is the peculiar velocity in the radial direction, and δ =
(nH − nH)/nH is the overdensity of the gas.

Moving to Fourier space, we find

δT̃b = −T b
1 + z

H(z)
µ2 (ikṽ) +

∂Tb

∂δ
δ̃, (10)

δT̃b = T b

[
µ2 + ξ

]
δ̃, (11)

where µ = k̂ · r̂ = cos θk is the cosine of the angle
between the radial direction and the direction of the
wavevector k, and ξ is defined by ξ ≡ (1/T b)(∂Tb/∂δ).
The second line, Eq. (11), uses the additional relation
δ̃ = −(ikṽ)(1 + z)/H , which is, strictly speaking, valid
on scales larger than the Jean’s length during the mat-
ter dominated epoch. The total brightness-temperature
power spectrum is thus [32, 51]

⟨δT̃b(k)δT̃b(k
′)⟩ = (2π)3δ(3)(k + k′)PTb

(k), (12)

Kleban+(2007)

What can we do with 21cm? ΔP/P ∼ 1/ N
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Figure 3: 1σ error contour for the ULP and neutrino fractions with respect to the total matter
fu, fν . The solid curves are the contours from both 21 cm and CMB observables while the dashed
curves are for the CMB alone. The fiducial values (fu, fν) = (0.05, 0.0044) for the normal neutrino
mass hierarchy is indicated by +.

the ULP parameter estimations due to the parameter degeneracies. We choose the conventional
normal mass hierarchy scenario for our fiducial neutrino mass pattern consisting of three neutrinos
(mν1 , mν2, mν3) = (0, 0.009, 0.05)[eV] based on the global analysis of neutrino oscillation data giving
∆m2

31 = 2.47 × 10−3eV2,∆m2
21 = 7.54 × 10−5 eV2 where ∆mij ≡ m2

i − m2
j [57, 58] (accordingly

we choose Neff = 1.046, fν = 0.0044). Because of the analogous effects to suppress the matter
power, we can expect the negative correlation between fu and fν . This is confirmed in Fig. 3
which shows the 1σ error contours with all the other parameters marginalized over, even though
there do exist the distinctive features between the ULPs and neutrinos such as the ULPs’ scale
dependent effective sound speed and transition from the dark energy to dark matter like behavior
which the neutrinos do not possess. Consequently, the precise measurements of the power spectrum
around the suppression starting scale for each species should be able to distinguish these species
from one another. Fig. 3 indeed shows the tendency of the CMB losing the sensitivity to the ULPs
for mu ≫ 105H0 because the ULP oscillation starts well before the last scattering surface epoch
for such a large mu. The CMB observables however are still essential to improve the constraints
on ULPs from the 21 cm observables because of lifting the degeneracies among the cosmological
parameters. For instance, the 21 cm alone without adding the CMB observables cannot constrain
the ULP parameters so well because of too strong degeneracies between As and xHI

both of which
affect the 21 cm power spectrum amplitude as given in Eq. 4.

The main goal of this paper is to clarify the power of the 21 cm observables to constrain the
ULP parameters, and our results are summarized in Fig. 4 which shows the 1σ uncertainties in the
ULP parameters for several representative ULP masses for fu = 0.05. The 1σ errors on the ULP
parameters fu, mu can be of order a few percent for the mass range to which the 21 cm signals are
most sensitive. The sensitivity of the cosmological observables to the ULP parameters, however,
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l-dependent. Note that, due to this decorrelation, the fre-
quency dependence of the foreground brightness temper-
ature will actually have departures from a power law and
change with position on the sky.

If Cl is dominated by Poisson fluctuations, then ξ =
1/∆α where ∆α = ⟨(α−ᾱ)2⟩1/2. This was the case consid-
ered by Tegmark (1998). If Cl is dominated by clustering
and d lnCl/d lnα = 0 then ξ = σα/∆α2 where, following
Zaldarriaga et al. (2004), we assume that correlations be-
tween sources with α1 and α2 fall off as exp [−(α1 − α2)2/(2σ2

α)].
In Table 1 we show the parameters of our fiducial models

for the four different contaminants that we now discuss.
Figure 5 shows the expected foreground power spectrum
together with the signal at 140MHz.

3.1. Extragalactic point sources

The extragalactic sources of contamination likely to be
important at the relevant low flux levels are radio galaxies,
active galactic nuclei and normal galaxies. There are sev-
eral surveys of extragalactic sources in or near the wave-
length range of interest including the 6C survey (Hales
et al. 1988) at 151 MHz, the 3CR survey at 178 MHz
(Laing et al. 1983) and a survey by Cohen et al. (2004) at
74 MHz.

All but the Cohen et al. (2004) survey were used by Di
Matteo et al. (2002) to estimate the angular power spectra
from unresolved sources at 150 MHz. They model both the
Poisson contribution and the correlated contribution, as-
suming the sources are clustered like Lyman break galax-
ies (Giavalisco et al. 1998) at z ∼ 3. They find that if
sources brighter than Scut = 0.1 Jy can be detected and
removed, then the clustering signal, and not the Poisson
signal, will be the dominant contribution to the variance of
maps smoothed on angular scales larger than about 1’. As
the flux cut is reduced further, the Poisson contribution
drops faster than the clustering contribution, due to the
Poisson contribution’s heavier weighting of the brightest
sources.

We use the Di Matteo et al. (2002) model with Scut =
0.1 mJy for the angular power spectrum of the background
of unresolved sources 6. This translates into A = 57mK2,
and β = 1.1 as shown in Table 1.

For the frequency dependence we turn to Cohen et al.
(2004) who compare fluxes of 947 of their 949 sources that
appear also in the NVSS survey at 1400 MHz (Condon
et al. 1998). Assuming the spectrum of each source follows
a power-law in intensity, Iν ∝ νγ , they find an average
power-law index of γ̄1400

74 = −0.79 with a scatter of about

6Note that the model for the differential source counts is dN/dS =
4(S/1Jy)−1.75Sr−1mJy−1

A(mK2) β ᾱ ξ
extragalactic point sources 57.0 1.1 2.07 1.0
extragalactic free-free 0.014 1.0 2.10 35
Galactic synchrotron 700 2.4 2.80 4.0
Galactic free-free 0.088 3.0 2.15 35

Table 1

Fiducial parameters at l = 1000 and 130MHz.
Parameters are defined in equations 14, 15 and 16.

δγ = 0.2. They also see a trend for flattening of spectral
index as the 74 MHz flux density drops from 1 Jy down to
0.2 Jy going roughly as

γ̄1400
74 = −0.83 − 0.13 log10 (I74/Jy) . (18)

Extrapolating further down to 0.1 mJy we find γ̄1400
74 =

−0.31.
Cohen et al. (2004) also find 545 of the 947 sources in the

WENSS catalog at 325 MHz (Rengelink et al. 1997). They
find a significant flattening of the spectra of most sources
towards lower frequencies. The mean spectral indices are
related by γ̄325

74 = 0.24 + γ̄1400
74 = −0.07.

Since fluctuations in antenna temperature follow as δT (ν) ∝
ν−2δIν , then ᾱ = 2 − γ̄. Our best guess based on the ex-
trapolations to lower flux densities and lower frequencies
is that γ̄ = −0.07 and therefore we use ᾱ = 2.07 as our
fiducial value.

Since clustering, according to Di Matteo et al. (2002),
is the dominant source of fluctuation power we have ξ =
σα/∆α2. For our fiducial model we take ∆α = δγ = 0.2,
consistent with Cohen et al. (2004). The value for σα is less
clear. As Zaldarriaga et al. (2004) argue, if the sources are
all tracing the same dark matter distribution, even with
different biases, then they would be perfectly correlated
with each other; i.e., σα = ∞. Certainly on large scales we
expect this to be a good approximation. In the context of
the halo model (Cooray & Sheth 2002), the relevant length
scale is the size of a typical halo hosting these sources. How
this translates to an angular scale depends on distance to
the source.

We have not attempted to calculate σα here, but merely
point out that even taking the conservative assumption
that σα = ∆α we get ξ = 5. Because, as we will see, we

Fig. 5.— The 21cm power spectrum (blue thick line) at z=9.2
(ν = 140 MHz) and its foregrounds. Point sources - red thin solid
line, Galactic Synchrotron - red thin dotted line, Extragalactic free-
free - red thin dashed line and Galactic free-free - red thin long-
dashed line. CMB - green dot-dashed line.

Santos et al (2014)

21cm signal

CMB

Extra-galactic free-free

Galactic synchrotron

Extra-galactic point sources

Galactic free-free

10

C.L. Bennett + (2013)

PTEP 2014, 06B109 K. Ichiki

Fig. 1. The root-mean-square intensity of each foreground outside the KQ85 mask (upper curve) and the KQ75
mask (lower curve). Taken from Fig. 22 in [17]. Credit: C.L. Bennett et al., “Nine-Year Wilkinson Microwave
Anisotropy Probe (WMAP) Observations: Final Maps and Results,” ApJS, Vol. 208, Issue 2, id. 20, 54 pp.
(2013) © AAS. Reproduced with permission.

Which foreground sources dominate at frequencies relevant to CMB? It is now well known that
synchrotron emission from the Galaxy dominates at low microwave frequencies (!30 GHz), while
thermal dust emission does at higher frequencies ("70 GHz). Between the two components in fre-
quency, it has been argued that thermal free-free emission and non-thermal dust emission, which are
possibly due to spinning dust grains, become important [17] (Fig. 1). In addition, it now becomes
clear that the rotational transitions of carbon monoxide (CO) significantly contaminate the PLANCK
observing bands [18]. One of the purposes of this brief review is therefore to summarize the current
status of our knowledge about each component of the Galactic foregrounds.

Even though there is no doubt that understanding the foregrounds is important, they are not a
major issue for observations of temperature anisotropies, because it is observationally evident that
cosmological CMB photons dominate at high Galactic latitudes. Situations are similar for E-mode
observations, because both the foregrounds and the cosmological signal are polarized at ∼10% lev-
els. However, the primordial B-mode signal is expected to be !1% of the foreground emission,
and thus extraction of such a faint signal would be challenging. If the B-mode signal turns out
to be !10% of the current upper limit, the Galactic foregrounds are always larger than the signal
at all frequencies. Since the foreground emission is relatively smooth, it becomes more impor-
tant on large angular scales (say, "1◦). Therefore, development of foreground subtraction methods
has become increasingly more important, and many methods have been proposed so far based on
analyses of data at different frequencies and different frequency dependence of the astrophysical
emission laws [19].

After submitting the initial draft, a striking result was announced from the BICEP2 collaboration
[20]. They claim that “we find an excess of B-mode power over the base lensed-!CDM expecta-
tion in the range 30 < ℓ < 150, inconsistent with the null hypothesis at a significance of > 5σ” [21].
If this excess is interpreted as signals due to primordial gravitational waves, the tensor-to-scalar
ratio should be as large as r ≈ 0.2. This is somewhat in tension with the WMAP and PLANCK
temperature angular power spectra which suggest r ! 0.1 [22], stimulating further detailed investi-
gation. The observation was done toward the “Southern Hole” direction where polarized foregrounds
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Figure 1. Temperature (black), E-mode (green), B-mode (blue) and TE cross-correlation (red)
CMB power spectra from curvature perturbations (left) and gravitational waves (right) for a
tensor-to-scalar ratio r = 0.24. The B-mode spectrum induced by weak gravitational lensing is
also shown in the left-hand panel (blue).

surface are therefore a linearly-processed version of the nearly scale-free primordial per-
turbation. On scales large compared to the Hubble radius at last-scattering, only gravity
is important but on smaller scales the acoustic physics of the primordial plasma and
photon diffusion dominate. Gravity-driven infall will tend to enhance a positive density
perturbation, but this is resisted by photon pressure setting up acoustic oscillations in
the plasma. The sine and cosine-like modes of oscillation extrapolate back to decaying
and constant modes at early times. Inflation is democratic, putting equal power into
each mode at generation, but any decaying mode is totally negligible by the time the
acoustic oscillations begin. This process leaves only cosine-like oscillations in the plasma,
so that oscillations on all scales start off in phase. However, different scales oscillate at
different frequencies and scales which have reached extrema of their oscillations by last-
scattering have enhanced power in the anisotropies on the corresponding angular scales.
In this way, the sound horizon rs(t∗), i.e. the (comoving) distance a sound wave can
have propagated by time t∗, introduces a preferred length scale to the fluctuations. It
is a fortunate coincidence that the corresponding angular scale rs/dA (where dA is the
angular-diameter distance back to last-scattering) is around 1◦ and so straightforward
to observe at frequencies around 100GHz where the CMB is brightest.
Figure 1 shows the predicted angular power spectrum, CT

l , from inflationary curvature
perturbations. The power spectrum is the variance of the multipoles Θlm in a spherical-
harmonic expansion Θ(n̂) =

∑

lm ΘlmYlm(n̂). The multipole index l corresponds roughly
to anisotropies at scale 180◦/l. The plateau in Cl on large scales is from the combination
of primary anisotropies on scales large enough to be unaffected by acoustic processing,
and from the integrated-Sachs-Wolfe effect from late-time decay of the gravitational
potentials. On intermediate scales, we have acoustic peaks. Finally, on smaller scales

l(l
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1)
C

BB l
/2

π(
μK

)2

8

FIG. 3: EE (a), BB (b), T E (c), T B (d), and E B (e) angular power spectra for m = 10−22 eV and gφ = 10−20 eV−1 (black
solid line), the black dotted line is the standard case in which there is no coupling between photons and pseudoscalars (θ = 0).
For the BB power spectrum (b) we plot for comparison also the polarization signal induced by gravitational lensing (black
dotted line), and primordial BB signal if r = 0.1 (blue dot-dashed line). The cosmological parameters of the flat ΛCDM model
used here are Ωb h

2 = 0.022, Ωc h
2 = 0.123, τ = 0.09, ns = 1, As = 2.3× 10−9, H0 = 100 h kms−1 Mpc−1 = 72 kms−1 Mpc−1.

lensing
r=0.1

m = 10−22eV, β = 10−20eV−1
Galaverni+(2008)
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FIG. 3: EE (a), BB (b), T E (c), T B (d), and E B (e) angular power spectra for m = 10−22 eV and gφ = 10−20 eV−1 (black
solid line), the black dotted line is the standard case in which there is no coupling between photons and pseudoscalars (θ = 0).
For the BB power spectrum (b) we plot for comparison also the polarization signal induced by gravitational lensing (black
dotted line), and primordial BB signal if r = 0.1 (blue dot-dashed line). The cosmological parameters of the flat ΛCDM model
used here are Ωb h

2 = 0.022, Ωc h
2 = 0.123, τ = 0.09, ns = 1, As = 2.3× 10−9, H0 = 100 h kms−1 Mpc−1 = 72 kms−1 Mpc−1.
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Figure 1: Left: The dark energy scalar field evolution (in units of the reduced Planck scale).
Right: The ionization fraction and the visibility function.
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The different systematics

21cm fluctuations >> B mode fluctuations
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Lϕγ = −
β
4

ϕFμνF̃μν = βϕE ⋅ B

θ(η) =
1
2 ∫ (ω+ − ω−)dt = −

β
2 (ϕ(η0) − ϕ(η))

(Q ± iU) → e∓2iθ (Q ± iU)
e.g. For the time-indept constant rotation

Eobserved = E cos(2θ) − B sin(2θ)
Bobserved = E sin(2θ) + E sin(2θ)

ω± ∼ k ± β
2 ( ∂ϕ

∂t
+ ∇ϕ ⋅

k
k )

13

( Carroll, Field, Jackiw (1990), Harari,Sikivie (1992),Lue, Wang,Kamionkowski (1999), …)Cosmological Birefringence

40 Pseudoscalar fields - coupling with photons

Figure 3.1: Photon propagation in a cosmological axion field background.

B modes from E modes. The parity violating nature of the interaction

generates non-zero parity-odd correlators (T B and E B) which would be

otherwise vanishing for the standard Gaussian cosmological case [16, 23].

In particular the T B power spectrum may be very useful to constrain the

coupling constant gφ between photons and pseudoscalars, since it is larger

than the auto and cross power spectra in polarization; in general, these non-

standard correlators are already constrained by present data sets [6, 33, 34]

(see also Tab. 1.1).

We study two representative examples for the dynamics of a pseudo-

Goldstone field behaving as dark matter (cosine-type and exponential poten-

tial) and one where the pseudoscalar field explains the current dark energy

density. The case of a field growing linearly in time has been studied in [99].

We compare the polarization power spectra obtained describing the rotation

of linear polarization with a time dependent angle with the ones obtained

considering a constant rotation angle.
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Figure 5.1: This figure illustrates the e↵ect of rotation of a pure E-mode polarization, by an arbitrary
amount in every point in the sky. Notice that the resulting polarization pattern is a combination of
an E mode and a B mode.

where [51]

P
r
ab(bn) =

1X

l=2

X̀

m=�`

E`mY
B
(`m)ab(bn). (5.2)

A pure E mode thus gets rotated into a B mode, where the presence of this B mode becomes one

of the characteristic signatures of rotation (see Figure 5.1 for illustration). Note that Eq. (5.2) is

valid only in the limit of small angles, ↵(bn) ⌧ 1. Given that, the B mode will be small compared

to the E mode, which satisfies existing empirical constraints. Since the primordial B mode is also

constrained to be much smaller than the primordial E mode, and so is the B-mode signal induced

by the weak gravitational lensing, the assumption we made about a pure E mode holds well, to first

order. Considerations of the higher-order e↵ects are beyond the scope of this work.

Just like the temperature, rotation is also a scalar field in the sky, and can thus be expanded in

terms of spherical harmonics,

↵(bn) =
X

LM

↵LMYLM (bn), (5.3)

where ↵LM are the coe�cients of the expansion. Now, using Eqs. (5.1), (5.2), and (5.3), the B mode

induced by a small rotation angle from a pure E mode can be expressed as1

�B`m =

Z
dbn�Pab(bn)Y B⇤,ab

(`m)
(bn) = 2

X

LM

X

`2m2

↵LME`2m2

Z
dbnY B⇤,ab

(`m)
Y(LM)Y

B
(`2m2)ab

. (5.4)

1Notice that we drop explicit dependence on (bn) in triple-Y integrals, for clarity of the expressions.
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Planck Collaboration: The cosmological legacy of Planck

-160 160 µK0.41 µK

Fig. 6. The Planck CMB sky. The top panel shows the 2018, SMICA temperature map. The middle panel shows the polarization field
as rods of varying length, superimposed on the temperature map, when both are smoothed at the 5� scale. This smoothing is done
for visibility purposes, but the enlarged region presented in Fig. 7 shows that the Planck polarization map is dominated by signal at
much smaller scales. Both these CMB maps have been masked and inpainted in regions where residuals from foreground emission
are expected to be substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution
temperature map. The bottom panel shows the Planck lensing map (derived from r�, i.e., the E mode of the lensing deflection
angle), specifically a minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the
unmasked area covers 80.7 % of the sky, which is larger than that used for cosmology.

13

 0

 0.2

 0.4

 0.6

 0.8

 1

 5  6  7  8  9  10  11
 0

 5x10-6

 1x10-5

 1.5x10-5

 2x10-5

 2.5x10-5

PSfrag replacements

φ(z)
φ(z)

z

io
n
iz
at
io
n
fr
ac
ti
on

x̄
i

vi
si
b
il
it
y
fu
n
ct
io
n
g(
χ
(z
))

z

g

x̄i

Figure 2: The ionization fraction and the visibility function.

7

21 cm models 7

0

40

80

120

160

c
M

p
c
/h

200 190 180 170 160 150 140 130

� [MHz]

0

0.5

1

Q
i

6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

z

0

40

80

120

160

c
M

p
c
/h

3

0

�3

lo
g

10
(
T

b
/m

K
)

Figure 5. Light cones of the ionized fraction (top panel) and the 21 cm brightness temperature (bottom panel) in the Late/Default model
from z = 6 to 10. The ionized fraction is obtained using the excursion set method and our hydrodynamical simulations. 21 cm brightness
temperature is derived by calibrating the ionization field to the Late/Default reionization history with assumptions for self-shielding in
high density regions as suggested by Rahmati et al. (2013).

hydrogen number densities. We assume T = 104 K in ionized
regions.

Figure 2 illustrates the e↵ect of self-shielding by show-
ing the distribution of neutral hydrogen density, total gas
density, and the ionization field along a line of sight through
the simulation box at z = 7 for the Late/Default model.
Panel (a) shows the H i density distribution in the absence
of self-shielding. Panel (b) shows the H i density distribu-
tion with self-shielding. Panels (c) and (d) show the total
gas overdensity and the large scale ionization field along
this line of sight. In the absence of self-shielding the pho-
toionization rate is constant across the large ionized region
from x ⇠ 25 to 150 h�1cMpc and the neutral hydrogen
fraction is significantly non-zero only outside this region.
In contrast, panel (b) shows the neutral hydrogen distribu-
tion when self-shielding is applied following the prescription
in Equations (8) and (9). Locations within ionized regions
now show high neutral hydrogen fraction if they have su�-
ciently high density as seen, e.g., at around x ⇠ 100 and 120
h�1cMpc. Our calibration technique allows us to account for
these self-shielded regions.

With a chosen self-shielding criterion, we obtain a neu-
tral hydrogen distribution across the box. This can then also
be used to calculate the mean free path of ionizing photons.
To estimate the mean free path, we calculate the mean trans-
mission at 912 Å across a large number of sightlines through
the box. Figure 3 shows the mean transmission obtained
from 1000 sightlines in the box at z = 7 corresponding to
the two self-shielding cases shown in Figure 2. The mean free
path �mfp is then just obtained by fitting the mean trans-
mission by

hexp (�⌧912)i = F0 exp

✓
� x

�mfp

◆
, (11)

where x is the position along a sightline, as expected for
radiative transfer in a highly ionized medium (Rybicki &
Lightman 1985).

Figure 4 shows the result of calibrating our simulation
to the HM12 (purple curves and symbols), Late/Default (red
curves and symbols), and Very Late (blue curves and sym-
bols) reionization models at redshifts z = 7, 8, and 10. The
volume-weighted ionization fraction, QV , in the simulation
is matched to the model by tuning the e↵ective ionization
emissivity parameter ⇣e↵ . We then get a good agreement
between the mean free path and clumping factor in the sim-
ulation and the models. This is reflected in the good agree-
ment on the total ionizing photon emission rate, ṅion and the
photoionization rate. Note that Figure 4 shows the clumping
factor of regions with overdensity less than 100 for consis-
tency. In our analysis, we use the clumping factor calculated
throughout the ionized regions. At redshift 10, the low value
of the photoionization rate in Equation (10) results in an
unrealistically low value of �ss, which can potentially self-
shield all the gas in the ionized regions. This problem has
been noted by CPHB15. Here we restrict �ss � 10 while cal-
ibrating our simulation at this redshift. As already discussed
the reionization history in our Late/Default model is very
similar to the default model in Chardin et al. (2015) . Note
that the required ionizing emissivity (upper right panel) in
the simulations of Chardin et al. (2015) depends on reso-
lution due to recombinations in the host haloes of the ion-
izing sources. The simulations of Chardin et al. (2015) are
furthermore monochromatic. The ionizing emissivities there-
fore di↵er between their work and our model, even though
the evolution of the ionized volume fraction is very similar.

MNRAS 000, 1–18 (2016)

                KK, Ooba, Tashiro, Ichiki, Liu (2019)                      
Kulkarni+(2016)
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Fig. 2: E, B (left panel; the lower three thick curves are B modes) and EB (right panel) mode power
spectra from the cosmological quintessence birefringence with di↵erent coupling strength.

density and pressure of the quintessence,

⇢� = �
M

2

2
g
µ⌫
@µ�@⌫�+ V (�) ,

p� = �
M

2

2
g
µ⌫
@µ�@⌫�� V (�) . (61)

From Eqs. (30) and (31), their means and fluc-
tuations are then given by

⇢̄� =
M

2

2a2
˙̄
�
2 + V (�̄) ,

p̄� =
M

2

2a2
˙̄
�
2
� V (�̄) , (62)

�⇢�(~k, ⌘) =
M

2

a2
˙̄
���̇~k +

@V

@�̄
��~k ,

�p�(~k, ⌘) =
M

2

a2
˙̄
���̇~k �

@V

@�̄
��~k . (63)

Inflation creates a nearly scale-invariant primor-
dial power spectrum of adiabatic density pertur-
bations in all light fields. It means that the en-
tropy perturbation for the entire fluid, just after
inflation, vanishes:

T �s = �p�
˙̄p
˙̄⇢
�⇢ = 0 . (64)

This enables us to find the relation between ˙��
and ��. From the fact that long-wavelength fluc-
tuation modes are frozen outside the horizon, we
also set ˙��(⌘i) = 0.
In Ref. [34], the authors considered two initial

conditions, the so-called smooth and adiabatic
cases. The former is that ˙�� = �� = 0; the

latter is that �⇢�/⇢̄� = �⇢r/⇢̄r = (4/3)�⇢m/⇢̄m,
where the last two are the radiation and matter
energy densities respectively. The adiabatic case
has this form because the EOS of quintessence
equals to that of radiation (w� = wr = 1/3)
in the early radiation-dominated epoch. It was
shown that the CMB anisotropy power spec-
trum is insensitive to the choice of initial con-
ditions. The di↵erence in the anisotropy power
spectrum is much smaller than the cosmic vari-
ance limit in both cases. We can use the initial
condition, �⇢�/⇢̄� ' 10�16. This implies that
��(⌘i) ' 10�16 and ˙��(⌘i) = 0. It was also
shown that the isocurvature initial condition can
be ignored because the isocurvature perturba-
tion decays with time [35]. Thus, we can just
consider the adiabatic initial condition for our
calculation.

Given a quintessence potential, we solve for
the time evolution of the mean field �̄ in Eq. (32)
and the perturbation ��~k in Eq. (38). Then, us-
ing Eq. (49), we obtain the rotation power spec-
trum as

C
↵
l

=
⌦
|↵

m
l |

2
↵

=
1

2⇡


@BFF̃

@�̄
(⌘s)

�2
⇥

Z
dkk

2
{��k(⌘s) jl[k(⌘0 � ⌘s)]}

2
, (65)

where we have assumed that

⌦
��~k(⌘s) ��~k0(⌘s)

↵
= ��

2
k(⌘s) �(~k � ~k

0) . (66)
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FIG. 2. Reach for current and future searches for the washout and AC oscillation e↵ects induced by an axion field of mass m�

constituting all of the dark matter ( = 1, in the notation of Sec. IV C). We find that the green shaded region is excluded on the
grounds that a reduction in the predicted polarization amplitude of at least 0.58% is in conflict at 95% confidence with Planck
measurements [115]; see Sec. V A 2. The dashed green line indicates how the bound would improve if the 95%-confidence upper
limit on the fractional reduction were improved to 0.082%, our projection for the sensitivity if all three of the power spectra
CTT,TE,EE

l were measured to the cosmic-variance limit out to lmax = 3000 (assuming the Planck sky coverage, fsky = 0.577);
see Sec. V A 3. The dash-dotted red line indicates where the AC oscillation e↵ect has an amplitude of rotation of at least
0.1�; based on the statistical power of the DC search conducted in Ref. [105], we estimate that, at a minimum, this region
may be excludable at 95% confidence given current sensitivity of the Planck measurements, although this would require a
dedicated time-series analysis to confirm. The dotted red line indicates the reach of the AC oscillation search if a 0.01� rotation
amplitude were detectable, as an example of future potential. For comparison, the reach for the AC search exceeds the current
(respectively, future) washout reach for a rotation amplitude of 0.059� (0.022�). Note that all of our bounds and projections are
upward-sloping diagonal lines g�� / m� because all the rotation e↵ects are / g���0,⇤, while m2

��2
0,⇤ / const.; see Eqs. (35) and

(38). The vertical grey line marked ‘Lyman-↵’ denotes the smallest axion mass claimed to be consistent at 95% confidence with
observed small-scale structure in the Lyman-↵ forest [112]. The graduated shaded grey region labelled ‘small-scale structure’ is
where the axion de Broglie wavelength is large enough to cause tension with observed galactic small-scale structure [16]. The
horizontal grey shaded region is the current 95%-confidence exclusion limit from CAST [119]. The horizontal dashed grey line
is a limit arising from conversion to gamma-rays in galactic magnetic fields of axions emitted by SN1987A [120] (we take their
‘10.8M�, Jansson and Farrar’ limit).

with the observed CXY,l auto- and cross-correlation power spectra being defined as

C
obs.
XY,l ⌘

1

2l + 1

X

m

a
⇤
X,lmaY,lm, (51)

for X,Y 2 {T, E,B}. Up to the limitations imposed by cosmic variance, the observed C
obs.
XY,l are compared to the true

CXY,l ⌘ hC
obs.
XY,li (with h · · · i denoting the average over the ensemble of possible statistical realizations of the sky),
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forthcoming experiments for such a simple dark matter scalar field model.

With the unprecedented progress in the radio and CMB experiments, there is a growing
interest in the 21cm and B mode observations. Considering the experimental challenges in
detecting these signals, verifying the detection and interpretation of those signals by measuring
the cross-correlations among different observables would be crucial for our further confidence
that the signals are indeed of the cosmological origin we are interested in. Motivated by those
intensive studies on the 21cm cross-correlation measurements, we studied the 21cm-B mode
cross-correlations to probe the cosmological birefringence as an astrophysical test of the fun-
damental physics. We have discussed the 21cm-B mode cross-correlation signals in existence
of an evolving scalar field using the concrete toy models, the quintessence-like dark energy
model and ultra-light axion-like dark matter model. For such simple models/parameters, we
found that the cross-correlation signals are too small for the detection. We on the other hand
demonstrated through those examples that the signals are heavily dependent on the reioniza-
tion scenarios and scalar field dynamics, and the further investigation beyond our first attempt
on the 21cm-B mode cross-correlation study would be warranted. For instance, one of the
examples discussed in our paper (the dark energy scalar with β = 0.01, zobs = 8) resulted in
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Figure 5. Light cones of the ionized fraction (top panel) and the 21 cm brightness temperature (bottom panel) in the Late/Default model
from z = 6 to 10. The ionized fraction is obtained using the excursion set method and our hydrodynamical simulations. 21 cm brightness
temperature is derived by calibrating the ionization field to the Late/Default reionization history with assumptions for self-shielding in
high density regions as suggested by Rahmati et al. (2013).

hydrogen number densities. We assume T = 104 K in ionized
regions.

Figure 2 illustrates the e↵ect of self-shielding by show-
ing the distribution of neutral hydrogen density, total gas
density, and the ionization field along a line of sight through
the simulation box at z = 7 for the Late/Default model.
Panel (a) shows the H i density distribution in the absence
of self-shielding. Panel (b) shows the H i density distribu-
tion with self-shielding. Panels (c) and (d) show the total
gas overdensity and the large scale ionization field along
this line of sight. In the absence of self-shielding the pho-
toionization rate is constant across the large ionized region
from x ⇠ 25 to 150 h�1cMpc and the neutral hydrogen
fraction is significantly non-zero only outside this region.
In contrast, panel (b) shows the neutral hydrogen distribu-
tion when self-shielding is applied following the prescription
in Equations (8) and (9). Locations within ionized regions
now show high neutral hydrogen fraction if they have su�-
ciently high density as seen, e.g., at around x ⇠ 100 and 120
h�1cMpc. Our calibration technique allows us to account for
these self-shielded regions.

With a chosen self-shielding criterion, we obtain a neu-
tral hydrogen distribution across the box. This can then also
be used to calculate the mean free path of ionizing photons.
To estimate the mean free path, we calculate the mean trans-
mission at 912 Å across a large number of sightlines through
the box. Figure 3 shows the mean transmission obtained
from 1000 sightlines in the box at z = 7 corresponding to
the two self-shielding cases shown in Figure 2. The mean free
path �mfp is then just obtained by fitting the mean trans-
mission by

hexp (�⌧912)i = F0 exp

✓
� x

�mfp

◆
, (11)

where x is the position along a sightline, as expected for
radiative transfer in a highly ionized medium (Rybicki &
Lightman 1985).

Figure 4 shows the result of calibrating our simulation
to the HM12 (purple curves and symbols), Late/Default (red
curves and symbols), and Very Late (blue curves and sym-
bols) reionization models at redshifts z = 7, 8, and 10. The
volume-weighted ionization fraction, QV , in the simulation
is matched to the model by tuning the e↵ective ionization
emissivity parameter ⇣e↵ . We then get a good agreement
between the mean free path and clumping factor in the sim-
ulation and the models. This is reflected in the good agree-
ment on the total ionizing photon emission rate, ṅion and the
photoionization rate. Note that Figure 4 shows the clumping
factor of regions with overdensity less than 100 for consis-
tency. In our analysis, we use the clumping factor calculated
throughout the ionized regions. At redshift 10, the low value
of the photoionization rate in Equation (10) results in an
unrealistically low value of �ss, which can potentially self-
shield all the gas in the ionized regions. This problem has
been noted by CPHB15. Here we restrict �ss � 10 while cal-
ibrating our simulation at this redshift. As already discussed
the reionization history in our Late/Default model is very
similar to the default model in Chardin et al. (2015) . Note
that the required ionizing emissivity (upper right panel) in
the simulations of Chardin et al. (2015) depends on reso-
lution due to recombinations in the host haloes of the ion-
izing sources. The simulations of Chardin et al. (2015) are
furthermore monochromatic. The ionizing emissivities there-
fore di↵er between their work and our model, even though
the evolution of the ionized volume fraction is very similar.
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Fig. 6. The Planck CMB sky. The top panel shows the 2018, SMICA temperature map. The middle panel shows the polarization field
as rods of varying length, superimposed on the temperature map, when both are smoothed at the 5� scale. This smoothing is done
for visibility purposes, but the enlarged region presented in Fig. 7 shows that the Planck polarization map is dominated by signal at
much smaller scales. Both these CMB maps have been masked and inpainted in regions where residuals from foreground emission
are expected to be substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution
temperature map. The bottom panel shows the Planck lensing map (derived from r�, i.e., the E mode of the lensing deflection
angle), specifically a minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the
unmasked area covers 80.7 % of the sky, which is larger than that used for cosmology.
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Figure 3.1: Photon propagation in a cosmological axion field background.

B modes from E modes. The parity violating nature of the interaction

generates non-zero parity-odd correlators (T B and E B) which would be

otherwise vanishing for the standard Gaussian cosmological case [16, 23].

In particular the T B power spectrum may be very useful to constrain the

coupling constant gφ between photons and pseudoscalars, since it is larger

than the auto and cross power spectra in polarization; in general, these non-

standard correlators are already constrained by present data sets [6, 33, 34]

(see also Tab. 1.1).

We study two representative examples for the dynamics of a pseudo-

Goldstone field behaving as dark matter (cosine-type and exponential poten-

tial) and one where the pseudoscalar field explains the current dark energy

density. The case of a field growing linearly in time has been studied in [99].

We compare the polarization power spectra obtained describing the rotation

of linear polarization with a time dependent angle with the ones obtained

considering a constant rotation angle.


