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- recombination (z ~1100)

©NASA

CMB

- inflation

The Universe is
✓isotropic
✓homogeneous
✓parity-symmetric

If <ζ2> is directional 
dependent…

isotropic

- reionization (z ~10)

ζ, h

?????
Dimopoulos: 0906.0903

21cm

galaxy



Sources?



<ζ3> ~ <ζ(1)ζ(1)ζ(2)> ≠ 0

<ζ2> ~ <ζ(1)2> ∝ Eavev Ebvev <δEa δEb> ∝ [1 - (k・Evev)2] δD(k + k’)

Gaussian vector field with <δEa(k) δEb(k’)> ∝ (δab - ka kb) δD(k + k’)

<ζ4> ~ <ζ(1)ζ(1)ζ(2)ζ(2)> ≠ 0

quadrupolar power asymmetry + anisotropic NG!

vector field
A + A → φ → ζ ∝ Evev・δE + δE2
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dipolar modulation from a superhorizon mode

Δζmod(x) ~ Re[ζq exp(i q･x)]

~ Re[ζq (1 + q･x)]
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Can we see these?



3σ signal of A1M with f(k) ∝ k-0.5

TT in |l1 - l2| = 0, 2

TT in |l1 - l2| = 1

|g2M| < 0.01

Planck 2015: 1506.07135

Kim & Komatsu 1310.1605 
Planck 2015: 1502.02114

�10.7  c0  16.7 �89  c1  324 �57  c2  47
Planck 2015: 1502.01592

MS, Komatsu, Peloso, Barnaby: 1302.3056
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TTT in |l1 - l2| ≦ l3 ≦ l1 + l2 (angle-averaged form)



Bartolo, Matarrese, Peloso, MS: 1505.02193

Planck upper bounds
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MS: 1608.00368
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For γ = 0, see MS, Komatsu, Peloso: 1312.5221



Beyond large-scale 
CMB correlators



RSD

anisotropic 3D galaxy power

※2D analysis with ClGal |g2M| < 0.1 (SDSS DR5) Pullen & Hirata: 1003.0673

MS, Sugiyama, Okumura: 1612.02645 
(published in PRD 2days ago)

2D (L2) vs. 3D (k3)!
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if isotropic, i.e., Pm = Pm(|k|) 

if anisotropic, 
the L ≧ 1 components 
also become nonzero!
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f(k) = 1 f(k) = k-0.5
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More future?



Anisotropic Tμ correlations

Pajer & Zaldarriaga: 1201.5375

✤z > 2×106: e- + γ → e- + 2γ

✤5×104 < z < 2×106 : e- + γ → e- + γ

Nγ changes, BB is restored

Nγ = const, BB is not restored

energy injections due to acoustic waves distort CMB’s blackbody (BB)!
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MS, Liguori, Bartolo, Matarrese: 1506.06670

μ ~ ζζ
T ~ ζ → <Tμ> ~ <ζζζ>

off-diagonal components!
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<TTμ> ~ <ζζζζ>TTμ correlations

vector field model (d2)

MS, Bartolo, Liguori: 1607.01363
Bartolo, Liguori, MS: 1511.01474
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MS, Bartolo, Liguori: 1607.01363
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Anisotropic 21cm power spectrum
MS, Munoz, Kamionkowski, Raccanelli : 1603.01206

advantage
• tomography: 20 < z < 50
• small scale: k < 102 Mpc-1
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CMB 
anisotropy galaxy CMB 

distortion 21cm

scale 
[Mpc-1] 10‒4 - 10-1 10-3 - 10-1 10+1 - 10+4 < 10+2

pow:  
Δg2M, ΔA1M

10-2 10-2 (CMASS) 
10-3 (PFS)

>> 1 (CMBpol) 
10-2 (CVL)

> 1 (SKA) 
10-5 (CVL)

bis: Δc2 10
10 (2020’s?) 
[e.g. 1507.05903 (SKA), 
1607.05232 (LSST) ]

102 (CMBpol) 
10-3 (CVL)

10-2 (CVL) 
[1506.04152]

tris: Δd2 100 ? 104 (CMBpol) 
10-2 (CVL) ?


