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~inflaton “coupling to vector field
e.g.,Watanabe, Kanno, Soda: 0902.2833 A — Avev 4 6A
Po ~V >> pa .
. . . n
= stable isotropic inflation assume () « a

- n > 0: strong coupling regime
Hin® ~ C (Evev + OE + 3E2) ~N= O: electric field dominates
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®primordial correlators
<C2> ~ [[dT]2 <C2 (Hin(")2> « E; Eb <OE, OEp> « | - (k * E)?2

<C3> ~ [de]3 <C3 (Hint(l))z Hint(2)> o <6Ei 6E]> <6Ei 6Ek> E] Ek
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1 (kl .Evev) a (k2 . Evev) n (kl . Evev) (k2 . Evev) (kl ‘kz)

<C*> ~ [[dT]* <T* (Hinc)2 (Hine@)2>
« <OE, OE.> <OE, OE4> <OE, OE,> Ec E4

% quadrupolar statistical anisotropy

Of course, quadrupolar anisotropy also appears in scalar-tensor-
cross and tensor-auto correlators: <Ch>, <h2>, <C2h>, <h3>, ...
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inflaton = axion e.g., Sorbo: | 101.1525, Barnaby +: 1210.3257
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¥ parity violation
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- recombination (z ~1100)

. = reionization (z ~10)
- inflation

Statistical anisotropy creates

|sotropic case . .
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Parity violation search
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CMB

relic of the primordial fluctuations stretched by the
inflationary expansion

T/E(n) ~ [h(+2) + h(-2)] AT/E(t)

T/E(n) ~ C Are®
(n) ~ T At B(n) ~ [h(*2) - h(D] Ag(

a,,X = [ d2n X(n) Y, (n)

2, TE ~ [h(*2) + (-1)¢ h(2] Arje®

a,,/E~ C AT/E6) P ~ [h(+2) - (- | )Z h(-2)] Ag®



odd parity in ¢-space
2,7 ~ h® + (1) hO a,B ~ h®) - (-1)¢ hO

Cua™T, CigBB ~ <h®hM> + (-1)4+2 <h()h()>

Cun™ ~ <h(Hhh*)> - (-|)€|+[2 <hGh)>
BioaT™T, Bins ™8 ~ <hOhMh®> + (-])d+2+3 <hOhOhO)>

B/1237T8, B/123BBB ~ <h(H)h(Hh(*)> - (-])1+2+3 <h(h(h()>

Kamionkowski & Souradeep: 1010.4304, MS, Nitta, Yokoyama: | 107.0682

GW correlators

<hH)---hH#)> = o <h®)--hE)>

P-even (p = +) TT,BB, TTT, TBB 1B, TTB, BBB

P-odd (p = -) 1B, TTB, BBB TT,BB, TTT, TBB




CBB ~ P,() + Ph() ~ r P¢

ATBin | -6 =0
CTB ~ Py(*) - Ph0) ~ r X Pt

081 ' -
VWMAP3 Saito, Ichiki, Taruya: 0705.370 0.32 Gerbino, Gruppuso, Natoli, MS,

Melchiorri: 1605.09357
0.24 Planck+BK
0.16
0.08 -
5 05 0 05 1
X X

IS 2 (CTB)2
<_) =) (204 1)~7t=55 unconstrained since CTT >> CB ~ (/T8
TB / Oﬁ Cﬁ



CMB (angle-averaged) bispectrum

0 by ¢ &
Bioyes = Z (mll m22 T§3><l—[1a€nmn> ‘61—€2|§€3§‘€1 —|—€2|

mima2ins

Fergusson +: 0912.5516, 1006.1642

(f.i,L)

equilateral
(L~ 0~ 6

flattened
(O + b ~ 0

squeezed
b~ 6 >> 03
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(0 + ¢ + = odd
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Wtensor NG /& = lim

ki—k <<k1 Ck2 CkS > |f§%:

MS +:1403.4222
fanrtens / 102 Even Odd

200 -

SMICA
120+ 110

150

100-
120 £ 110

110 = 100

consistent with VWMAP limits: Ms +:1409.0265 . .
faLtens / 102 =4 1 16 (even),80 £ | 10 (odd) |O SIgnals of parlty-odd NG

] 5 1 o ~  Barnaby, Namba, Peloso: 1102.4333 o | 0 ‘
L= —— (0 —V _ ZF? _ —_HFF  Cook& Sorbo: 1307.7077 = 71 <33
2 ( ¢) (¢) 4 4f ¢ MS, Riciiardone, Saga: 1308.6769 S 2f

P-odd TTE and TEE are very informative = Ofni(T+E) / Ofnu(T) ~ 0.1
LeT'S see PIClan 2018 % usual P-even scalar case: ~ 0.5
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e.g., Barnaby +: 1206.61 17, Cook & Sorbo: 1307.7077, Ferreira & Sloth: 1409.5799

@inflaton @ does not directly couple to A and sustains a
stable inflation due toVe >> Vg

@pseudoscalar 0 enhances A, generating sourced modes

A+A -0 — Clov
- A + A — h(sou)

o @maximum speed @ T = T+
& Then O is maximally amplified!
EX O

VJ(O') - [COS (_> + 1] Namba, Peloso, MS, Sorbo, Unal: 1509.07521



Source modes roughly have a peak @ k ~ k+ = -+

PC(SOU)’ Ph(sou) Namba, Peloso, MS, Sorbo, Unal: 1509.07521

Exact
Fit

£, =5

Depending on k+, a detectable peak appears in B-mode spectrum!
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green case (lpeak ~ 50) is easier to see!



[ (1+1) C; B/ (2m) x Ta [uK?]

1B

|

10 100

[
TB ~ <h+2h+2> - <h_2h2> ~ P4;(sov)




P (1+1)% boPY (2m)° x 1

BBB (¢ + & + ¢3 = even)

\

| 10 l1oo
!
BBB ~ <h+2(SOU)h+2(sou)h+2(sou)>
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Signal-to-noise ratio
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ideal noiseless CV-limit (fsky

' 0 ' ' ' ' o0
BB ——

TB+EB —

- BBB

17T

_ MS, Hikage, Namba, Namikawa, Hazumi: 1606.06082 -
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[max

TTT is undetectable, but BBB is detectable



Planck (fsky = 0.7)
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theBIRD (fsky — 0.5)

Imax

S/N BB > BBB > TB+EB > |!!




2 1 a Tauv A a Tapv
(aX) _‘/v(><)_117,ul/}7’u _|_EXF/LI/FM

Dimastrogiovanni, Fasiello, Fuijita, : 1608.04216

DO | —

..... BBO V — LISA'| — LiteBIRD V
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k [Mpc—]
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Thorne, Fujita, Hazumi, Katayama, Komatsu, MS: 1707.03240
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& tensor NG >> Scalar’ NG Agrawal, Fujita, Komatsu: 1707.03240



Statistical anisotropy




Interesting (¢1,2) configurations

inflation
parity | rotational odels
symmetry | symmetry
o | o s L
inflation
f(P)*FF,
| - -
s = f(®)*RR .
2
O . MO+ o 7E | TBEB | XX TE
Avev £ 0O
HOYFF + I I I
X X AVGVqt O a a a

x XX =TT, EE, BB, all = XX, TE, TB, EB

Bartolo, Matarrese, Peloso, MS: 1411.2521

off-diagonal components contain pure anisotropic information




primordial correlators: parity O isotropy X

¢ - | = even in TT, TE, EE, BB |6 - | = odd in TB, EB

S 1F ™D \ / Sav PSR I N =
X \ / 1 | 3 . \ <
L ] - oy . TN/ N\ | 10° L \/ \ ~ .
- / < C h > \".' ','// l| ( "| .'N/_\..l ~ — i[ | II
3 U | [ |V 'l'\/".. - : i .t I i’ [ |-,
- .+ 1 0-2 — M Al ‘/, i ] 0..{ L, - I | ‘1 !’m". '.':
N <h2> [ r I’ f“ i | |J I\
o ~ |‘ r
: ]04 - : ]0-’- — \r
+| & I 1 + 5 . Watanabe, Kanno, Soda: 101 1.3604
= 1 /) 1= 10f F
10°% = (iii) 7 107 F EB
(W) ~ " isotropic BB *++-
1 1 1 Lol 1 1 L1l i . o aa . . il . ) Y
10 100 1000 10 100 1000
multipole moment [ multipole moment. /

(Ciey Gieo) = (27)26P) (k1 + ko) P (k) [1 + . (k; - off-diagonal componets of
TE, EE, BB,TB, EB have NOT

Planck 2015: g« = 0.23+1.70 4% | 0-2 measured yet!




primordial correlators: parity O isotropy X Gaussianity X

triangle conditions plpe==ls|"< U < |01 + {o]

| ] ] ] ] ] I -
MS & Yokoyama: | 107.0682
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Isotropic measurement of anisotropic bispectrum

myq T N3

14 14 14
B ey = Z ( : y ° ) <a€1m1a€2m2a€3m3>

mi1momTns

:( Ly L3 >_1/d2A<ag Aoy Olarms )

mi1 Mo Ms3 41

d2A A
/ C kl, k‘g, k’g) Z CnPn(kl y kg)PC(kl)PC(kg) -+ (2 perm)

n MS, Komatsu, Peloso, Barnaby: 1302.3056

—10.7 S Co S 16.7 —&9 S C1 S 324 —d7 S C9o S 47

Planck 2015: 1502.01592



LD f(o) (—1F2 - 1FF>

! !
selectric part: E=E" +§E = — £2(¢) Al = — £2(¢) ( Xqﬁ))l
when () « a4 « T4 Evev = const
» EOM of perturbations: 0V}’ + <k2 | 4iwk — %) oVx =10
5E, | ‘ej;; 25/23\7;/&/2 0E,. | > |0E_|
**curvature correlators: <Csou?> ~ <C()2> « Eyer?2 OF2

Csou o Evev * 6 E + 6E2 <Csou3> ~ <C(I)C(I)§(2)> o Evev2 6E4
=T + <Gsou*> ~ <C(NT(NT@T@> = Eve? OES



AN eIl pyev o — - 2Ncms Shalal ’ .
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€ Po 3

10 | |
Planck upper bounds

Bartolo, Matarrese, Peloso, MS: 1505.02193

1079 |




barity violation in the scalar sector

MS: 1608.00368

parity tranformation = T(k) = T(-k) cf. hG)(k) = h(s)(-k)

Rotational invariance enforces parity ,
invariance in 2 and 3-pt correlators § /

<Cle)Tla)> = <C(k)C(KD)> Y
<(kn) (k)T (ka)> = <C(-kn)T(-ka)T(-ka)? ;

4-pt is the lowest-order parity-violating correlator

<C(k1)C(k2)C(k3)C(ks)> € C
+ <C(-k.)C(-klzl)c(-k3)§(-k4)> - .
<C(k1)C(k2)T(k3)TC(k4)>" T
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Beyond large-scale
CMB correlators

(Ciey Cs) = (27)° P (K1)0) (ky + ko)

(Ciey G} = (27)° P (k)6 (kq + ko)

1+ ZQQMf(kl)YQM(IAfl)
M

1+2Y Ay f(k1)Yin(2)
M




Y anisotropic 3D galaxy power
MS, Sugiyama, Okumura: 1612.02645

2
P*(k, 7)) = P (k,,9) [b+ f( - 7)?]
directional dep. RSD

BipoSH decomposition Z EM (Yo (k) @ Yo (7)Y L

e LM

if isotropic, i.e., Pm = Pm(|K]) PN = Py(k)de.e01, 00010

5 :
if anisotropic, Pyt (k) = PE’(k)\/ E(% +1) (54 (2))2 gom f (k)
the L =2 | components

3 /
also become nonzero! P (k) = pe(k)\/;(%/ +1)(L¢ (1))2A1Mf(k)
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N AR = (k1 k)" Euclid ——— _
i S . # PFS - - fOr f(k) - I
) N f(/\)—1 :
\ T k) = (A/A) —_—
SN\ \ k) = (k1 k)2 —— 4873
107 | . N - AQQM:J 73
~ - N IMmax
S ~ . .
5o T~ > Planck Vs.
10‘2 ———
A A N . .
-~ - - — A 2D ~ 87-‘-
------------- \—: gQM - f
y sky max
10—3 L L
107 107!
ko [hMpc]
Agom [ 102
AAm/ 102 7k SDSS | CMASS |PFS|Euclid
IM
7(k) SDSS | CMASS [PFS|Euclid (k/kg)™ || 1.2(3.3) | 0.55 (2.4) |0.40| 0.22
(k/kS) 72 [[4.4 (7.2)[ 2.4 (5.0) | 1.6 | 0.84 N Lol 236 1'; (3.5) 0708 0.4
(1 —k/k%)?||1.4 (2.9)]0.70 (2.0)]0.48| 0.26 (k/kqg) 2.8(3.5) | 1.7(2.5) | 1.0} 0.55
a) [l = =) ' (k/kq)~2|10.93 (0.65)|0.66 (0.51)|0.36| 0.19




Likelihood
nw o o 3

O

Constraints from the BOSS-CMASS data

{' } M'=1(reall)

2 0.04

0.06

0.08
k [hMpc']

0.10

0.12

0.14

Sugiyama, MS, Okumura: 1704.02868

{t M=2 (real)

0.02

0.04

0.08  0.10

k [hMpc!]

0.06

data is consistent with anisotropies due to survey geometries

— = CMASS NGC
CMASS SGC
LOWZ NGC
LOWZ SGC
all

0.0
Re[g20]

—0.1

-0.09 < g+ < 0.08 (95%CL)

0.1

Power spectrum
I I 1

0.0
Re[g]

—0.1

0.1

0.0
Im [g21]

—0.1

0.1

0.0
Re[gx]

—0.1 0.1 -0.1 0.0

Im[g]

0.1

vs.-0.0225 < g+ < 0.0363 (Planck2015)




% Anisotropic TU correlations

energy injections due to acoustic waves distort CMB’s blackbody (BB)!
oz >2x|06e-+Yy > e +2y Ny changes, BB is restored

o5x104<z<2x|0¢:e-+Y > e +Y Ny=const,BBis not restored

Pajer & Zaldarriaga: 1201.5375




Be(ki, ko, k) = ngLPg(h)Pg(/@) 1+ Z A2 (YZM(I;l) + Y2M(1A<2)) + (2 perm)

off-diagonal components!
MS, Liguori, Bartolo, Matarrese: 1506.06670
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Y TTU correlations
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Y Anisotropic 2| cm power spectrum

advantage

e tomography: 20 <z < 50
* small scale: k < 102 Mpc-!

MS, Munoz, Kamionkowski, Raccanelli : 1603.01206

E FRA: Dbase —

Avt,f?

cover

(2m)° T3 (v) <€

L) )

: SKA: Dpase = 6km, feover = 0.02,to = Syr
100km, feover = 0.2, to = 10yr

flky 82M CVL 21 cm SKA FRA CVL CMB T CVL CMB T +E
(k/k,)* 50x 1079 (3.2x 1077) 4.2 (22) 1.4 x 1075 (6.6 x 1079) 55 %1074 32 x 1074
(k/k,)" 6.7 x 1078 (4.3 x 1077) 20 (95) 3.6 x 107* (1.7 x 1073) 1.5 x 1073 8.3 x 1074
1 7.9 x 107° (5.0 x 1075) 33 (150) 1.3 x 1073 (6.3 x 1073) 34 x 1073 19 x 1073
(k/k,)~" 3.8 x107% (24 x 107) 17 (78) 1.3 x 1073 (7.2 x107%) 43 x 1073 2.1 x 1073
(k/k,)~2 32x107* (20 x 1079) 3.4 (16) 42 x 107 (24 x 107?) 6.1 x 1073 3.7 x 1073
& AIM CVL 21 cm SKA FRA CVL CMB T CVL CMB T + E
| —k/ky 8.0 x 1077 (5.1 x 107) 13 (62) 6.4 x 1074 (3.3 x 1073) 1.3 x 1073 9.3 x 10~4
(1 = k/ky)? 1.4 x 1077 (8.7 x 1077) 14 (64) 6.9 x 107% (3.6 x 1073) 1.5 x 1073 1.0 x 1073
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10+1 - 10+4

< 10+2

102 (CMASS) >> 1 (CMBpol)| > 1 (SKA)
10-3 (PFS) 10-2 (CVL) 10> (CVL)
10 (2020's?) 1102 (CMBpol)| 102 (CVL)
g o | 103 (CVL) | nsesonsa
> 104 (CMBpol) >

102 (CVL)




Agapy

v,/L(Be,yond spin-l fields S DO gSHQ/d4x63Ht exp([(gb))ail...isUil"'is

S 212 s [D(s+ 1)) OT (2543 Y? (5)
D(A55)D (3R )0 (22D (242 oT (2572 + /7L (s + 1)
Cs 272 g2 (G)* N7
~ Y (P > 1 cs X 22

s honvanishing components: g2M, g4M, ..., §(2s-2M and g(2s)M
Baltolo, Kehagias, Liguori, Riotto, MS, Tansella: 1709.05695
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10 el
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g2s)M is almost independent of s, so gosm ~ 10-3 will be detectable



