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Isocurvature perturbations

isocurvature (entropy) 
perturbation

•Initial perturbation for structure formation
adiabatic (curvature) 

perturbation

•Models for isocurvature perturbations
•axion model » CI

•Affleck-Dine mechanism » BI

probe for generation mechanisms of CDM/baryon
•curvaton scenario » CI, BI
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Can we distinguish CI/BI?

•We need observations that are sensitive to       in the 
form other than      .

�b

�m

•21 cm line observation is promising!

•We investigate to what extent CI/BI can be 
distinguished with future 21 cm surveys.

target redshifts: z>30

•CMB and other observations of total matter or metric 
perturbations are only sensitive to the total 
isocurvature perturbation       .
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•21 cm line observation is promising!

•We investigate to what extent CI/BI can be 
distinguished with future 21 cm surveys.

target redshifts: z>30
• 
•  nonlinear gas physics 

�b � �cdm

At lower redshifts

•CMB and other observations of total matter or metric 
perturbations are only sensitive to the total 
isocurvature perturbation       .
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Redshifted 21 cm line

HI gas
at redshift z

Observed at photon

•21 cm line emission/absorption
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•Spin temperature Ts

HI gas
at redshift z

Observed at photon

•21 cm line emission/absorption

•atomic collision (H-H, H-p, H-e)

•Thomson scattering with CMB
•scattering of UV photons

Evolution is determined by: 

Lewis & Challinor 2007
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21 cm brightness 
temperature

•Brightness temperature

optical depth

20 30 50 100 200 500
−50

−40

−30

−20

−10

0

10

z

Tb/mK

100τε

4000C1/2
104 /mK

Lewis & Challinor 2007

T21cm �
Ts � TCMB

1 + z
�21cm

�21cm(z) =
3�2

0hcA10nHI(z)
32�kBTs(z)H(z)

T21cm[mK]



21 cm brightness 
temperature

•Brightness temperature

optical depth

20 30 50 100 200 500
−50

−40

−30

−20

−10

0

10

z

Tb/mK

100τε

4000C1/2
104 /mK

Lewis & Challinor 2007

T21cm �
Ts � TCMB

1 + z
�21cm

�21cm(z) =
3�2

0hcA10nHI(z)
32�kBTs(z)H(z)

absorption
T21cm < 0

T21cm[mK]



21 cm brightness 
temperature

•Brightness temperature

optical depth

20 30 50 100 200 500
−50

−40

−30

−20

−10

0

10

z

Tb/mK

100τε

4000C1/2
104 /mK

foregrounds
dominate

less 
signal

Lewis & Challinor 2007

T21cm �
Ts � TCMB

1 + z
�21cm

�21cm(z) =
3�2

0hcA10nHI(z)
32�kBTs(z)H(z)

absorption
T21cm < 0

T21cm[mK]



21 cm brightness 
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•Brightness temperature
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21 cm brightness 
temperature

•Brightness temperature

isotropic
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: line-of-sight 
direction

•Fluctuation in brightness temperature

�21cm �
T̄CMB

T̄s � T̄CMB
(�Ts � �TCMB) + �nHI �

n̂ · d�vb/dr

H
depends on depends only on �m

Tomography helps the separation!

optical depth
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21 cm power spectrum

CI & BI can be in principle distinguished by 21 cm observations.

•2d anisotropic power spectrum
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using “CAMB source”
Lewis & Challinor 2007
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Fisher matrix analysis

•Fisher matrix for 3d survey [Tegmark 1997]

F (21cm)
ij =

�
d3u

(2�)3
V�

[P (tot)
�Tb

(�u)]2

�
�P (signal)

�Tb
(�u)

��i

��
�P (signal)

�Tb
(�u)

��j

�
.

�i cosmological parameter

: survey volume
: band widthB

•limitation in k-space volume

k < knl � 0.1Mpc�1 : linear evolution

: foreground removalk� > 1/y(z)B

P (tot)
�Tb

(�u) = P (signal)
�Tb

(�u) + P (noise)
�Tb

(�u)

signal+noise covariance: 

k-space ⇔ u-space

y(z) =
(1 + z)2

�0H(z)

k� = u�/y(z)
�k� = �u�/dA(z)



sky coverage

array area

antenna coverage 

Field of View 

system temperature
(Galactic synchrotron)

observation time

Band width

Survey specification

P noise
�Tb

(�u) =
4�fsky�2

�T 2
sys

A�FoVfcovertobs
W (�u�)2

•Fast Fourier Transform Telescope [Tegmark & Zaldarriaga 2009]

Gaussian window function

(c) Tegmark



Future constraint
• Fisher matrix analysis with 

niso = 3 niso = 22d marginalized
constraints

Future 21 cm surveys can distinguish CI/BI if                .

CMBpol alone

CMBpol+FFTT
 @ z=30, 40, 50

at

(�b,�c,H0, �reion, nadi, Aadi, rCI, rBI, niso)

rCI = PCI(k0)/Padi(k0), rBI = PBI(k0)/Padi(k0) k0 = 0.0002Mpc�1

★ true model: 
pure CI

(rCI, rBI) = (0.1, 0)

rCI rCI

r B
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Blue-tilted isocurvature 
power spectrum?

•Preference from recent observations
Bean+ 06, Keskitalo+ 06, Sollom+ 09, Li+ 10, etc.

Kasuya & Kawasaki 09, etc. 

Li+ 10  

From the mixed initial conditions, the constraints on the
adiabatic perturbation are log½1010Aadi

s " ¼ 3:165$ 0:044
and nadis ¼ 0:972$ 0:014 at 68% confidence level. The
adiabatic spectrum index becomes larger, when comparing
with the constraint nadis ¼ 0:964$ 0:010ð1!Þ from the
pure adiabatic initial condition. For the CDM isocurvature
mode, the constraints are log½1010Aiso

s " ¼ '1:375þ1:233
'1:306

and nisos ¼ 2:246þ0:494
'0:428 (68% C.L.), which indicate that

the current observational data favor a very blue-tilted iso-
curvature spectrum. The coefficient of the correlation is
limited as '0:113< cos!< 0:473 at 95% C.L. We com-
pare the fitting results between the two cases: the pure
adiabatic model and the mixed model based on the mini-
mal "2 analysis. We find that the minimal "2 is reduced by
3.5 for the mixed model with three additional free parame-
ters. We also find that the fraction of CDM isocurvature
modes is tightly limited by the data, which cannot be larger
than 14.9% at 95% confidence level. The constraining
power mainly comes from WMAP7 temperature and po-
larization power spectra, since a too-large fraction of the
CDM isocurvature mode will lead to the overstated modi-
fication of the shape of acoustic peaks in TT and TE power
spectra, as illustrated in Fig. 1. Our results are consistent
with the previous results reported in Ref. [44].

The constraints on the other cosmological parameters
are also affected by different initial conditions. We find
that, with the mixed initial conditions, the results favor a

slightly smaller !m and larger #, and this is due to the
correlation of the CDM isocurvature perturbations with
other cosmological parameters when considering the non-
adiabatic initial condition in our analysis.
The correlations among the isocurvature mode parame-

ters and those of adiabatic modes inevitably existed. In
Fig. 3 we plot a two-dimensional cross correlation of the
parameters, such as nisos ' Aiso

s , nisos ' nadis , Aiso
s ' Aadi

s , and
so on. We find a strong correlation between nisos ' Aiso

s .
Also, the coefficient cos! is correlated with"m, because a
positive correlated adiabatic and isocurvature component
raise the peaks of the TT spectrum, which can be compen-
sated by lower "m.

B. Information on reduced distance parameters

The WMAP normalization priors given by WMAP
group include the shift parameter R, the acoustic scale lA,
and the photon decoupling epoch z). R and lA correspond
to the ratio of angular diameter distance to the decoupling
era over Hubble horizon and sound horizon at decoupling,
respectively, given by

Rðz)Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"mH

2
0

q
rðz)Þ; (12)

lAðz)Þ ¼ $"ðz)Þ=rsðz)Þ; (13)

TABLE II. The mean values and 1! errors of the parameters related to the mixed initial adiabatic and CDM isocurvature
perturbations.

log½1010Aadi
s " nadis log½1010Aiso

s " nisos cos! "2
min

Adiabatic 3:204$ 0:036 0:964$ 0:010 – – – 8217.0
Mixed 3:165$ 0:044 0:972$ 0:014 '1:375þ1:233

'1:306 2:246þ0:494
'0:428 0:094þ0:075

'0:095 8213.5

3.1 3.2 3.3

   log[1010 A
s
adi]

−4 −2 0

    log[1010 A
s
iso]

−1 0 1
cos∆

0.94 0.96 0.98 1

n
s
adi

1 2 3
         n

s
iso

0 0.5 1
α

FIG. 2 (color online). The one-dimensional probability distributions of initial conditions associated parameters are plotted with red
solid lines. For log½1010Aadi

s " and nadis , we specially make a comparison with the results obtained from the pure adiabatic initial
conditions which are plotted with black dashed lines. We also plot the adiabatic perturbation modes fraction parameter %1 and %2 using
the purple dash-dotted line and blue solid line, respectively.

HONG LI et al. PHYSICAL REVIEW D 83, 123517 (2011)

123517-4

•Some theoretical models

Data={WMAP7, ACBAR, CBI, Boomerang, 
             SDSS LRG, Union SNeIa}

niso � 2 � 3

where rðz"Þ and rsðz"Þ denote the comoving distance to z"
and comoving sound horizon at z", respectively. The
decoupling epoch z" is given by [55]

z" ¼ 1048½1þ 0:00124ð!bh
2Þ'0:738(½1þ g1ð!mh

2Þg2(;
(14)

where

g1 ¼
0:0783ð!bh

2Þ'0:238

1þ 39:5ð!bh
2Þ0:763 ;

g2 ¼
0:560

1þ 21:1ð!bh
2Þ1:81 :

(15)

The WMAP normalization priors encode in part of the
CMB information and can be used to constrain cosmologi-
cal parameters to some extent. They are derived parameters
from the CMB power spectra based on the fiducial cosmo-
logical model. Thus, they are model-dependent [47,56].
By using the WMAP7 data, in Fig. 4 we show the
one-dimensional probability distributions of the WMAP
normalization priors in two different initial perturbation
conditions. The red solid lines are given by pure adiabatic
initial perturbations, while the black dash-dotted lines are
the mixed case. We find the obvious difference in the
probability distributions of R, lA, and z". As we know,
the WMAP normalization priors mainly include the infor-
mation on the oscillatory structures of the CMB power
spectrum. Based on the constraints on isocurvature modes
we get above, the current CMB data favor a very blue
power index and consequently this blue-tilted isocurvature
spectrum can significantly modify the locations and the
height of the peaks of the CMB TT power spectrum, which
is shown in Fig. 1. Thus, the information of WMAP
normalization priors can be different for the cases of the
pure adiabatic model and the mixed model1

In Table III, we list 1! constraints on WMAP normal-
ization priors from the full WMAP7 data for different
initial conditions. One can see that, by taking into account
the contribution from the initial CDM isocurvature modes,
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FIG. 4 (color online). One-dimensional posterior distributions
of lA, R, z", and rs with WMAP7 data. The red solid lines are
given by the mixed initial perturbations, while the black dashed
lines are from pure adiabatic perturbations, and the blue dash-
dotted lines are given by fitting with the data combination of
CMBþ LSSþ SN Ia.

1For the scale-invariant isocurvature spectrum, which only
enhances the CMB TT power spectrum at large scale, the
influence on the final results of WMAP normalization priors
are modest.

COLD DARK MATTER ISOCURVATURE PERTURBATIONS: . . . PHYSICAL REVIEW D 83, 123517 (2011)

123517-5

ln[1010Aiso]



Blue-tilted isocurvature 
power spectrum?

•Preference from recent observations
Bean+ 06, Keskitalo+ 06, Sollom+ 09, Li+ 10, etc.

Kasuya & Kawasaki 09, etc. 

Li+ 10  

From the mixed initial conditions, the constraints on the
adiabatic perturbation are log½1010Aadi

s " ¼ 3:165$ 0:044
and nadis ¼ 0:972$ 0:014 at 68% confidence level. The
adiabatic spectrum index becomes larger, when comparing
with the constraint nadis ¼ 0:964$ 0:010ð1!Þ from the
pure adiabatic initial condition. For the CDM isocurvature
mode, the constraints are log½1010Aiso

s " ¼ '1:375þ1:233
'1:306

and nisos ¼ 2:246þ0:494
'0:428 (68% C.L.), which indicate that

the current observational data favor a very blue-tilted iso-
curvature spectrum. The coefficient of the correlation is
limited as '0:113< cos!< 0:473 at 95% C.L. We com-
pare the fitting results between the two cases: the pure
adiabatic model and the mixed model based on the mini-
mal "2 analysis. We find that the minimal "2 is reduced by
3.5 for the mixed model with three additional free parame-
ters. We also find that the fraction of CDM isocurvature
modes is tightly limited by the data, which cannot be larger
than 14.9% at 95% confidence level. The constraining
power mainly comes from WMAP7 temperature and po-
larization power spectra, since a too-large fraction of the
CDM isocurvature mode will lead to the overstated modi-
fication of the shape of acoustic peaks in TT and TE power
spectra, as illustrated in Fig. 1. Our results are consistent
with the previous results reported in Ref. [44].

The constraints on the other cosmological parameters
are also affected by different initial conditions. We find
that, with the mixed initial conditions, the results favor a

slightly smaller !m and larger #, and this is due to the
correlation of the CDM isocurvature perturbations with
other cosmological parameters when considering the non-
adiabatic initial condition in our analysis.
The correlations among the isocurvature mode parame-

ters and those of adiabatic modes inevitably existed. In
Fig. 3 we plot a two-dimensional cross correlation of the
parameters, such as nisos ' Aiso

s , nisos ' nadis , Aiso
s ' Aadi

s , and
so on. We find a strong correlation between nisos ' Aiso

s .
Also, the coefficient cos! is correlated with"m, because a
positive correlated adiabatic and isocurvature component
raise the peaks of the TT spectrum, which can be compen-
sated by lower "m.

B. Information on reduced distance parameters

The WMAP normalization priors given by WMAP
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             SDSS LRG, Union SNeIa}

➡ To be tested by Planck

niso � 2 � 3

where rðz"Þ and rsðz"Þ denote the comoving distance to z"
and comoving sound horizon at z", respectively. The
decoupling epoch z" is given by [55]

z" ¼ 1048½1þ 0:00124ð!bh
2Þ'0:738(½1þ g1ð!mh

2Þg2(;
(14)

where

g1 ¼
0:0783ð!bh

2Þ'0:238

1þ 39:5ð!bh
2Þ0:763 ;

g2 ¼
0:560

1þ 21:1ð!bh
2Þ1:81 :

(15)

The WMAP normalization priors encode in part of the
CMB information and can be used to constrain cosmologi-
cal parameters to some extent. They are derived parameters
from the CMB power spectra based on the fiducial cosmo-
logical model. Thus, they are model-dependent [47,56].
By using the WMAP7 data, in Fig. 4 we show the
one-dimensional probability distributions of the WMAP
normalization priors in two different initial perturbation
conditions. The red solid lines are given by pure adiabatic
initial perturbations, while the black dash-dotted lines are
the mixed case. We find the obvious difference in the
probability distributions of R, lA, and z". As we know,
the WMAP normalization priors mainly include the infor-
mation on the oscillatory structures of the CMB power
spectrum. Based on the constraints on isocurvature modes
we get above, the current CMB data favor a very blue
power index and consequently this blue-tilted isocurvature
spectrum can significantly modify the locations and the
height of the peaks of the CMB TT power spectrum, which
is shown in Fig. 1. Thus, the information of WMAP
normalization priors can be different for the cases of the
pure adiabatic model and the mixed model1

In Table III, we list 1! constraints on WMAP normal-
ization priors from the full WMAP7 data for different
initial conditions. One can see that, by taking into account
the contribution from the initial CDM isocurvature modes,
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FIG. 4 (color online). One-dimensional posterior distributions
of lA, R, z", and rs with WMAP7 data. The red solid lines are
given by the mixed initial perturbations, while the black dashed
lines are from pure adiabatic perturbations, and the blue dash-
dotted lines are given by fitting with the data combination of
CMBþ LSSþ SN Ia.

1For the scale-invariant isocurvature spectrum, which only
enhances the CMB TT power spectrum at large scale, the
influence on the final results of WMAP normalization priors
are modest.
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Summary

•We investigated possibility for distinguishing primordial CDM 
and baryon isocurvature perturbations. 

•21 cm observations can measure the fluctuation of baryon 
separately from total matter perturbations, and in principle 
distinguish CI/BI, which is difficult from other cosmological 
observations, such as CMB.

•Future 21 cm tomography surveys can distinguish these two 
isocurvature modes, if their power spectra are blue-tilted.



Thank you for your attention!
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k2� = 4�Ga2�̄tot [�tot + (1 + wtot)vtot]

gauge: 
conformal Newtonian

•photon & baryon Euler eqs. (anisotropic stress neglected)

v̇b = �Hvb + k� +
4�̄�

3�̄b
�̇ [v� � vb]

v̇� =
k

4
�� + k�� �̇ [v� � vb] momentum transfer only

No difference btw.      and �b

CI/BI cannot be discriminated by observations of CMB, 
total matter and metric perturbations.
These are only sensitive to total matter isocurvature                                              .Sm =

�cdm

�m
SCI +

�b

�m
SBI

H = ȧ/a

a : scale factor

�̇ = ane�T

�cdm �b
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Full set of perturbation eqs.
(in synchronous gauge)

•photon

•Einstein eq.

k2�̇T = �4�Ga2(�̄tot + p̄tot)vtot

k2�T �
1
2
HḣL = �4�Ga2�̄tot�tot

�̇� = �4
3
v� �

2
3
ḣL

v̇� = k2

�
1
4
�� � ��

�
� a�T ne(v� � vb)

•baryon

•CDM

�̇b = �vb �
1
2
ḣL

v̇b = Hvb �
4�̄�

3�̄b
a�T ne(v� � vb)

�̇c = �vc �
1
2
ḣL

v̇c = Hvc

•massless neutrino

�̇� = �4
3
v� �

2
3
ḣL

v̇� = k2

�
1
4
�� � ��

�
.

pressure gradient

     and 
only appear in the form of       .

Thomson scatter
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Evolution of spin temperature

is affected by

• Absorption of CMB photons

• Atomic (H-H, H-p, H-e) collision 

• Scattering of UV photons 
   (after formation of first objects)
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Evolution of brightness temperature

�21cm(z) =
3�0hcA10n̄HI

32�kBT̄sH
(z)

� 1.08� 10�2xHI

�
Ts

TCMB
(z)

��1 � �b

0.023

� � �m

0.13

��1/2
�
1 + z

10

�1/2

�Tb =
Ts � TCMB

1 + z
�21cm

•optical depth of 21 cm line emission/absorption

•Differential brightness temperature
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21 cm tomography

•frequency difference           distance in line-of-sight direction

Consider an observation at around frequency    ; �

•correspondence in Fourier space

•sky-position           distance in transverse direction 

Observed data resides in u-space

z� =
�0

�
� 1

r� = y(z�)�� y(z) =
(1 + z)2

�0H(z)

dA(z) =
� z

0

dz�

H(z�)�r� = dA(z�)��

central redshift:

k� = u�/y(z�)

�k� = �u�/dA(z�)

f(�u) =
�

d��d2� f(��, ��) exp
�
i(��u� + �� · �u�)

�

f(�k) =
�

d3r f(�r) exp
�
i�r · �k

�



Fisher matrix of 21 cm tomography

•Fisher matrix [Tegmark 1997]

•signal+noise covariance

P (tot)
�Tb

(�u) = P (signal)
�Tb

(�u) + P (noise)
�Tb

(�u)

F (21cm)
ij =

�
d3u

(2�)3
V�

[P (tot)
�Tb

(�u)]2

�
�P (signal)

�Tb
(�u)

��i

��
�P (signal)

�Tb
(�u)

��j

�
.

�i cosmological parameter

: survey volume
: band widthB

k < knl � 0.1Mpc�1

•limitation in k-space volume

: linear evolution

: foreground removalk� > 1/y(z)B



sky coverage

array area

antenna coverage 

Field of View 

system temperature
(Galactic synchrotron)

observation time

Band width

FFTT parameters 

P noise
�Tb

(�u) =
4�fsky�2

�T 2
sys

A�FoVfcovertobs
W (�u�)2

•FFTT noise power spectrum [Tegmark & Zaldarriaga 2009]

• Gaussian window function• survey volume
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redshift-dependence
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n_iso-dependence
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constraint for n_iso=2



constraint for n_iso=3


