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Cosmic Microwave Background 
(CMB)

Credit: NASA / WMAP Science Team

Penzias and Wilson (1965)

» 3K

» 3mK

» 30¹K

(Relic of the Big-Bang, 3K black body)

(velocity relative to the
 CMB flame:  ～620km/s)

(primordial fluctuations
＋foregrounds)



  

COBE-WMAP-PLANCK

1990s 2000s 2010s

Planck's polarization data will come out 2014/06
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“6 parameter standard model”
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Linear evolution CMB anisotropies
Free streaming
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● Geometry of the universe
–

● Initial conditions
– matter densities…

– fluctuations…

● astrophysics
–

　hubble parameter,

baryons, cold dark matter

optical depth to the last scattering surface

amplitude,
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parameter dependence (real space)

ΛCDM standard

Which is which?：extra CDM, extra baryon, larger ns, larger τ



  

parameter dependence (real space)

Extra CDM

Extra baryon

larger ns

Larger τ

ΛCDM standard

Which is which?：extra CDM, extra baryon, larger ns, larger τ



  

Parameter dependence（k-space）

Observationally, positions of the
peaks are most easily determined
(0.1% precision)

µacoustic = 0:596724±§ 0:00038±

µacoustic / mh3 (Percival et al., 2002)

take power spectra

see, Hu, Sugiyama & Silk, Nature, 1996

[¹K2]

Why these shapes?



  

Parameter dependence（k-space）

Observationally, positions of the
peaks are most easily determined
(0.1% precision)

µacoustic = 0:596724±§ 0:00038±

µacoustic / mh3 (Percival et al., 2002)

take power spectra

see, Hu, Sugiyama & Silk, Nature, 1996

[¹K2]

Why these shapes?



  

1996-2003

G. Hinshaw, et al., 2003, ApJS, 148, 135



  

2003 (WMAP1)

G. Hinshaw, et al., 2003, ApJS, 148, 135



  

WMAP final result (2013)



  

Planck (2013)



  

Age of the universe

１３.７Gyr

１３.８Gyr

Before PLANCK After

H0 tension tension¾8



  

Planck & SPT(another CMB experiment)
are consistent, but WMAP data show
2.6% larger amplitude in the power
spectrum. 

That leads larger (2.6σ)          than
WMAP+SPT, and consequently different 

Planck team says the result from WMAP
+SPT is not consistent with BOSS's BAO
data.

Why Large         ？

ch
2

¤; H0 values （3.2σ, 2.7σ）.

M



  

Latest result from BOSS

PLANCK prediction

WMAP prediction
New data

(Anderson+,1312.4877)

BOSS is in between



  

SZ signal from Planck

Stacked signal from PLANCK

● Some CMB photons are Compton-scattered by hot electrons in      
   clusters of galaxies, leading to a distortion of the Blackbody
● Total thermal energy → unbiased mass-limited selection
● Number of clusters highly depends on the fluctuation amplitude
● All-sky survey → rarest clusters → cosmology (DE,  ν-mass)
● Can probe high-z clusters



  

Planck 2013 cluster results
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(different colors take into account
 different possible systematics)

(CMB anisotropies) + (6 parameter model) suggest more clusters than observed



  

kSZ as a probe of EoR
(From Zahn et al., 12)

Dunkley et al., JCAP, 2013

Zahn et al., ApJ, 12

WMAP only

+SPT



  

Polarization measurements

E-mode has been already measured

BICEP collaboration arxiv: 1310.1422

Polarization due to the
Density fluctuations

Polarization due to the
Inflationary GWs

B-mode upper bounds



  

B-mode indirect detection --- SPTPol

SPTpol E-mode Herschel (500μm):
Lensing map alternative

B-mode prediction
And correlate this map
With observation

arxiv:1307.5830

detection7:7¾



  

Polarbear results
Cross correlation between reconstructed lensing and Herschel CIB

B-mode polarization map contains
Lensing information (2.3 sigma)

EE and BE estimators combined (4.0 sigma)

Arxiv:1312.6645



2
3

ichiki kiyotomo

Concordant cosmology 2013 
● The results of PLANCK have indicated two 

possible tensions:
– 1) matter fluctuation amplitude today

● Extrapolation from CMB suggests larger amplitude 
of matter fluctuation       than measured in the 
local universe

– 2) Hubble parameter today
● Extrapolation from CMB suggests smaller         than 

measured in the local universe
H0

¾8

やること決まった！

http://www.pixiv.net



  

How do you reconcile the tension?
● Interestingly, other cosmological measurements seem to 

indicate the same tendency

CMB lensing
(PLANCK)

galaxy lensing
(CFHTLenS)

Kilbinger+ MNRAS, '12

(from 1308.5870)

prediction from CMB

Redshift space distortions

Macaulay, PRL, 2013

（Taruya-san & Yamamoto-san's talks）



  

How do you reconcile the tension?
● How do you reconcile the      tension?

– Planck CMB measurement is wrong by 15%  (Spergel+, 1312.3313)

– Sys. Error in the cluster mass estimates by 45% (not likely)

– 2/3 of clusters are missing (never happens)

– massive neutrinos with 0.2-0.3 eV (Wyman+1307.7715; Battye+1308.5870)

– Decaying dark matter with lifetime 200Gyr (Aoyama, KI+, submitted)

– Local underdensity (Marra+, PRL 13; Lee, 1308.3869)

¾8

Battye & Moss, 1308.5870

Aoyama et al.



  

Extra-radiation components?

● The tension in H0 can be reconciled with extra 
radiation component --- Why?

– Larger N_eff → Expansion faster → smaller acoustic 
scale → we need shorter distance to CMB (to keep the 
position of the peaks fixed) → Larger H0 !

● A global solution

– One sterile neutrino
with mass ～eV

CMB only

CMB+H0+BAO
+ Lensing

(Hamann+, 1308.3255)



  

Local structure ?

● Evidence for a local void ?

– smaller

– larger 　

(Keenan et al., ApJ, 2013)

¾8

H0

(Lee, 1308.3869;  Ichiki,Yoo,Oguri, in prep)

     (Marra+, PRL, 2013)

Sylos Labini, CQG. 28, (2011) 164003



  

Local structure ?

● Evidence for a local void ?

– smaller

– larger 　

(Keenan et al., ApJ, 2013)

¾8

H0

(Lee, 1308.3869;  Ichiki,Yoo,Oguri, in prep)

     (Marra+, PRL, 2013)

KI,Yoo,Oguri

Cosmic variance ↔ New systematics?



  

global local structure

● Cosmic Variance ↔ New systematics 
KI & Yokoyama, to be submitted

Power law OK

bh
2 = 0:02205 § 0:00028

ns = 0:9603 § 0:0073

§0:0002

§0:002

An error inherent to the fact 
that we have only one observable
universe

We need an accurate model, P(k),
to derive correct  value of baryon 
density, from precise data



  

Precise vs. Accurate?

Data Reduction and Error Analysis
For the Physical Sciences, 
Bevington&Robinson, McGraw-Hill



  

Error in Planck? Spergel et al. 1312.3313

・Spergel et al. find a possible systematics
  Planck's 217GHz band

  Strange signal comes from pixels 
  observed once

・That reconcilse a part of the tension, 
  But not entirely



  

CMB future experiments (3 directions)

● B-mode polarization measurements
– Spider(2013-), EVEX(2013-), QUIET, PolarBeaR, 

QUBIC(2014-), QUIJOTE(2014-), PLANCK(-2014)
LiteBird, COrE, EPIC, … and more!

● spectroscopy
– PRISM, PIXIE (O(100) band detectors!)

– Small distortion from black body, detect all 
clusters 

● Toward lower frequency (21cm cosmology)
– LOFAR,MWA,HERA,SKA

– Vast information 107 1018modes (2D) modes (3D)



  

summary
● PLANCK determined cosmological parameters 

precisely

– upto l=2500, basically consistent with ΛCDM
● B-mode measurements have just begun! 

– Lensing x CIB cross correlations
● Planck's CMB and local measurements indicate some 

tensions (3 sigma)

– Neutrino mass, local void, extra-radiation, … any 
idea?

– Need ACCURATE models to compare with PRECISE 
measurements

● Bright future

– B-mode polarization（GWs）, spectrometry, 21cm
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CMB anisotropies

Microwave sky:

CMB: Density fluctuations  
380,000 yr after the big-bang

Expand with the spherical 
harmonics

¢T (n̂)

T0
=
X

`m

a`mY`m

Power spectrum: Calc the variance
of the expanded coefficients

=
1

2` + 1

X

m

ja`mj2

¢T (n̂)

T0

C` = ha¤`ma`mi

WMAP power spectrum



Today's question

● The variance (    ) contains most of the 
cosmological information

● Why should we divide the squares by           , and 
not by    ? (textbooks say we should divide by 
(d.o.f -1) to get an unbiased estimate)

● This is because we have implicitly assumed 
that the mean of         is zero.

C`

C` =
1

2` + 1

X

m

ja`mj2

a`m

(2` + 1)

2`



condition for the zero-mean

● We believe that, according to the cosmological 
principle, we can write any perturbation variables 
as

● This is possible when              is statistically 
homogeneous:

● The condition should be tested by observations!

Á(t; x) = Á0(t) + ±Á(t; x)

Á(t; x)

hÁ(~x)i =
D
Á(~x + ~T )

E
~T : arbitrary vector

Independent of position (   )h±Á(t; x)i = 0 x



Another motivation

● In the analysis of CMB anisotropies, zero mean is 
usually assumed implicitly.

– Any higher order statistics, such as variance, 
skewness, kurtosis etc... are affected by this 
assumption.

– Non-zero mean have been indicated by LSS 
(e.g., Sylos Labini, QCG '11)

● However, LSS suffers from bias, selection 
rules, galaxy evolution,...

Let's look for in the CMB anisotropies !



Sylos Labini, CQG. 28, (2011) 164003



Mean of CMB anisotrpies (1)

● CMB fluctuations                are related with the 
primordial fluctuations (random variable) 
through transfer function               as
 

● Expanded coefficients of CMB fluctuations:

● Therefore,

● Furthermore, if         are Gaussian, so are

Á(~k)
±T (x; n̂)

T (~k; n̂)

Legendre coefficients
of the transfer function  

±T (x; n̂) =

Z
d3k

(2¼)3
T (~k; n̂)Á(~k)ei

~k¢~x

a`m =

Z
d2n̂±T (n̂)Y`m(n̂)

= 4¼(¡i)`
Z

d3k

(2¼)3
T`(k)Á(~k)Y`m(k̂)

Á(~k) a`m

hÁi = 0 ! ha`mi = 0



Difficulty...Foreground,Noise,Mask

● Some of the CMB photons are not primordial 
origin

– Dust emission, synchrotron, free-free...

– They have non-Gaussian dist., non-zero mean

● Cleaning should not be perfect

– masking the galactic disk

– induces unwanted correlations

● Instrumental noises

– they have zero-mean

Bennett et al., 2003



Beating the mask

● Mask introduces unwanted correlations between 
the sample       s

● Simple statistical tests rely on the independence... 
what would you do?

– Do a test including the correlations
● Monte Carlo simulation

– Construct a de-correlated variable
● V-vector method
● Principal component analysis 

a`m

(Armendariz-Picon, JCAP '11, KI in prep.)

(Kashino, KI, Takeuchi, PRD '12)

amask`m =
X

M`m;`0m0a`0m0 or ~amaskm = M ¢~am



v-vector method (Armendariz-Picon, JCAP, '11)

● Goal: to remove the effect of the mask from the 
observed spherical harmonic coefficients

● Let us use a vector notation:

● Find m-independent v-vectors (by SVD) that satisfy

binning
v`m =

(
v` for jmj · mmax and mmax · ` · `max

0 (otherwise)

● Construct        as a dot product of     anddm ~v ~cm

~v t = ~v tM

for (jmj · mmax)

observed signal
amask`m =

X
M`m;`0m0a`0m0

~amaskm = M ¢~am

dm ´ ~v ¢~amaskm =
X

`

v`mamask`m = ~v ¢ (M~am) = ~v ¢ ~am



v-vector method (Armendariz-Picon, JCAP, '11)

● Construct        as a dot product of     anddm ~v

● The new stochastic variable         have following 
properties:

– Foreground insensitive (because we work on              )

– Statistically independent samples (because    is constant)

– zero-mean Gaussian if         are zero mean Gaussian 

– have m-independent variance

dm

a`m

~v

● Find m-independent v-vectors (by SVD) that satisfy

~v t = ~v tM

dm ´ ~v ¢~amaskm = ~v ¢ (M~am) = ~v ¢~am

~amaskm

amask`m



RESULTS



Distribution of the stochastic variable from PLANCK and CMB



Noise levels

・black – signal,     blue – noise
・noise becomes significant on smaller angular scales
・noise contributes upto 40 % for WMAP @ lmax=256

PLANCKWMAP



Result

KI, to be submitted

2:5¾
3:1¾



Result (2)

Independent of the foreground cleaning methods



Monte-Carlo simulation results
Kashino, KI, Takeuchi, PRD, '12

99.93% anomalyWe found the same tendency!



Looking elsewhere effect:
Stouffer's weighted Z test

● Combining the results of multiple, independent 
tests of a hypothesis  → Stouffer's weighted Z

Normal distribution

Pi

Zi

      is taken to be the number of 
degree of freedom for each bin

Result:

Z ´
Pn
1 wiZipPn
1 w2i

wi

Z = 2:38(WMAP) Z = 1:74(PLANCK)

(Stouffer+,The American soldier 1949)

wi = 2m(i)
max



summary

● In the analysis of CMB anisotropies, “zero mean” 
has been assumed implicitly (or by the Cosmo. Principle)

– Zero mean should be confirmed using 
observation data themselves!

● We test this hypothesis using recent WMAP and 
PLANCK temperature anisotropies maps

● We find a hint of deviation ( 3σ) from the zero-
mean hypothesis at               in both WMAP and 
PLANCK

– Stouffer's z → 2.3σ(WMAP) 1.7σ(PLANCK)

● How does the non zero mean sky look like in 
terms of non-Gaussianity?

` ¼ 230



Meaning of the zero mean

a3m = (1; 1) for m ¸ 0

do not necessarily meanha`mi = 0

a31 = (1; 0); a3;3 = (¡1; 0)
a30; a3;2 = (0; 0)

Z
dn̂

¢T (n̂)

T
=
X

`m

Z
dn̂a`mY`m(n̂) = 0Fluctuations such that 



CMB MAP in practice

● Putting the mask

We cannot use a simple statistical test
(such as the student's t-test)

   and   are not independent  due to the coupling 
hN`mi = 0

M(n̂)

±T (n̂)obs ´ M(n̂)±TCMB(n̂)

Going to the spherical harmonic space

observed
signal

• Zero mean still holds true if                   , however
amask`0m0amask`m

(±Tobs)`m ´ amask`m =
X

M`m;`0m0(a`0m0 + N`0m0)



Visualization of v-vectors

(`max;mmax) = (212; 177)

銀河面が除かれた重み付けがなされる。

(`max;mmax) = (18; 1)



PLANCK foreground reduced maps



● SMICA (spectral matching ICA)

– Internal linear combination in harmonic space 
giving  minimum variance 

● SEVEM

– Internal template fitting

● Commander-Ruler

– Pixel based, foreground model parameters are 
fitted using mcmc

●  NILC

– Internal linear combination in needlet space



statistical anomalies?
● large-scale anomalies

– low quadrupole, 
lack of correlations 
(COBE,WMAP,PLANCK)

– multipole alignment (e.g., Copi+, '06)

– dipole modulation (e.g., Eriksen+, '04)

● small-scale anomalies

– Features in the primordial power spectrum

– cold spot

Low quadrupole

WMAP 7yr 
data

Gordon+,PRD, '05

Credit: WMAP team/NASA

power-law OK

oscillatory feature?

KI & Yokoyama, in preparation

lack of correlations

Copi+, 1310.3831



statistical anomalies?
● large-scale anomalies

– low quadrupole, 
lack of correlations 
(COBE,WMAP,PLANCK)

– multipole alignment (e.g., Copi+, '06)

– dipole modulation (e.g., Eriksen+, '04)

● small-scale anomalies

– Features in the primordial power spectrum

– cold spot

lack of correlations

Copi+, 1310.3831

low 
quadrupole

WMAP 7yr 
data

Gordon+,PRD, '05

Credit: WMAP team/NASA

power-law OK

oscillatory feature?

KI & Yokoyama, in preparation

Let's look for a signal beyond the standard cosmological model



  

Scaling relation
・fitting to the XMM Newton 71 clusters 

E¡2=3(z)

·
D2
AY500

10¡4Mpc2

¸
= 10¡0:19§0:01

µ
MYx
500

6 £ 1014M¯

¶1:79§0:06

simulation 71 data points
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