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osmic Microwave Background

Microwave radiation from
last-scattering surface
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- Almost isotropic
- Almost complete blackbody radiation with 2.726K
(cf. COBE)

- Tiny anisotropic fluctuations induced by
quantum fluctuations in inflation
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CMB observation

Multipole moment, ¢
2 10 50 500 1000 1500 2000 2500

6000 |

5000

4000 1

3000 |

2000 f

1000

Temperature fluctuations [ © K? ]

900°  18° 1° 02° 0.1° 0.07°
Angular scale

http://www.sciops.esa.int

Theoretical prediction < Observational data

i for example...

2-point function (Power spectrum) of primordial curvature perturbation

(C(k1)C(ko)) = (2m)° P (k)0 (k1 + ko)

—1
A\ _ +0.080 —9  Planck Collaboration,
P(k)= A = A =2196"7 75 X 10 arXiv-//1502.01589
¢ k
*k

n, = 0.968 & 0.006



Non-Gaussianity

3-point function (Bispectrum)

(C(k1)C(ka)¢(ks)) = (2m)° Be (ks ko, k3)6™) (k1 + ko + ks)

If the PDF of ¢ is Gaussian,
1 2 /e 2
P(¢) = e=¢ /27 = (((¢) =0
(© V2o

Bispectrum measures the non-Gaussianity, deviation from Gaussian PDF

Gaussian:  (((kj)((k2)((ks)) =0
Non-Gaussian : <C(k1)g(k2)g(k3)> #~ 0

Parametrised by fyq,

) _ _ (Be- Brmrt)
NL (Btemp(i) . Btemp(i))
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Bispectrum

How is non-zero bispectrum signal produced ?
— Non-linear process

- primordial

Higher-order operators of inflaton Lagrangian

Maldacena, JHEP0305 (2003) 013 [arXiv:astro-ph/0210603]
e.g. Domenech et al. JCAPO05 (2017) 034 [arXiv:1701.05554]

- post-inflation

* Non-linearity of Einstein’s equation and fluid equations.

sk - 1 1c1 B lo, M , Ri , JCAP 0606 (2006) 024 -ph/0604416
Non-linear collision term  gariolo, Matarese, Riotto, 3CAP 0606,(2008) 924 [astro-p ]

Beneke, Fidler, PRD82 (2010) 063509 [arXiv:1003.1834]

* -3 1 Fidler, Koyama, Pettinari, JCAP 04 (2015) 037 [arXiv:1409.2461]
NOH hnear propagatlon R.Saito, Naruko, Hiramatsu, Sasaki, JCAP10(2014)051 [arXiv:1409.2464]
etc...
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Primordial origin

Maldacena, JHEP0305 (2003) 013 [arXiv:astro-ph/0210603]

S = /[M&R — 0Ot =V (¢)] V=g d'z

R > CvNiv h’ij ¢(t7$) — ¢0(t) T @(tv :13)

—

o = /ﬁ(C,Nz’,hzj,@) d*z

in-in formalism

—

Bispectrum from slow-roll inflaiton

(2m)* 1 3 2 2z ik
Belky, ka, k) = ~2 k; kik;
C( 1, 2, 3) 8 PCHk’? (36 77); v _I_EZ j+8€k1—|—k2—|—k3

i7]




Primordial origin

Temperature anisotropy bispectrum

vam = (i) [ Tk eyTa (v, ()

(27)°
Zég;ng - <a£1m1af2’m2af3’m3>
A3k 3 ko d>k
o [EREEEE  Ce)C )l

(C(k1)C(k2)C(k3)) = (2m)°(k1 + ko + k3) Be (K1, ka, k3)
Reduced bispectrum

B . E : g1 g2 g3 Bm1m2m3
£1£2£3 T ml m2 m3 £1£2£3

(2 3\/(2£1+1)(2£2+1)(2£3+1) 0 Uy Ly
A\ 167 0 0 O

X / dkydkydls KIRER3T, ) (k) T3 (k) TR (k) T, oy (R K, )

(J£1£2£3 (klv k27 k3) — /dr 7°2jg1 (kl)jfz <k2)j£3 <k3))



Primordial origin

Tensor-Scalar-Scalar case

Domenech et al. JCAPO05 (2017) 034 [arXiv:1701.05554]

(v (k1)C(k2)C(k3)) = (2m)?5(k1 + ko + k3 ) Fe(ky, ka, ks)e* (k) kaiks;

e o (8m)32 s Ay oy (G (2011
€ij kaiksj = 6 S 2M<k1)Y1m<k2)Y1m’<k3) M m m
3/2
(T'SS) _é §) / (_i>£1+£2+£3
bitats — g\ o
01 Uy U3
x Yy ottt e O L T 10 L1 Lo Ls
LiLyL3 2 1 1

x / dkrdkadks K2RZR3TT (k)T (k) TE (ka) F (v ke, o) Jey st (s ez, Kes)

Shiraishi et al., PTP125 (2011) 795 [arXiv:1012.1079]
Shiraishi, thesis [arXiv:1210.2518]
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Primordial origin

Tensor-Scalar-Scalar case

it (T)

=K 1000 15K A0

II-I_J:'C

Domenech et al. JCAPO05 (2017) 034 [arXiv:1701.05554] Planck collaboration, A&A594 (2016) A17 [arXiv:1502.01592]]




Post-inflationary origin

v (2)
= 5(2)3/0(2)
Ay B el o N
Inflation End LSS
7
0. ) 4©_09 .00 d"00 .,
dn  On Oy, /dn Iy T
@2),@2) CAf]

O4(k, 10) — [0 " Sk m)jelkmo — )] dn

Other sources : A = 406 + 66006 nél)(n)
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Bispectrum templates

Quantify the magnitude of NG

Be(k1, k2, k3) Z B D (ky, kg, k3)

signals templates

Bispectrum templates

local _ local Gangui et al., APJ 430 (1994) 447
By (k1, ko, k3) = 2fNi” [Pa (k1) Pa(k2) + 2 perms| Verde et al., MNRAS 313 (2000) L141

Komatsu, Spergel, PRD63 (2001) 063002

Bcebquﬂ _ 6fequ11 [ {Ps(k1)Ps (ko) + 2 perms} — 2Pc1>(k1)2/3p<1>(k2)2/3P<1>(k3)2/3

+ Po(k1)"/® Py (k2)*® Py (ks) + 5 Pel’msl
Babich et al., JCAP 0408 (2004) 009

Byrtho — ¢ portho [ 3{Psp(k1)Ps(k2) + 2 perms} — 8Py (k1)%/® Py (k2)?/3 Py (k3)?/?
+3 {P¢(k1)1/3P¢(k2)2/3P¢(k3) + 5 perms
Senatore et al., JCAP 1001 (2010) 028

piolded _ g folded [{PCI,(M)P@(@) + 2 perms} + 3P (k1)2/3 Po (k2)2/3 Pe (k) /3

- {Pcb(kl)l/gp@(kQ)Q/Bbe(k3) + 5 pel‘ms}]
Chen et al., JCAP 0701 (2007) 002
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Komatsu-Spergel estimator

Komatsu, Spergel, PRD63 (2001) 063002
Using the least-square method, we determine the f1tt1ng parameter fNI)J so that

2
Emax (3616263 Z NL £1£2£3)

X2 = Z IS minimised.
2§£1§£2§€3 £1£2£3
local-type
equilateral-type
o— orthogonal-type
(4) (4)
FY = Z BﬁlizésBﬁﬂzﬁg
2shislests  OBE O _ (Y
' Be,,0, B0 -
G] — Z 14243
2<01<l5<0ls 041050
e.g. Propagation effect yields local — 0.3 fequﬂ — — 9.4 Hanson et al., PRD 80 (2009) 083004
0 2102457 = 25457 AT 265450 - 0.8+5.0
e~ 13470 — —16+70  fITTE) v 3443 5 —4443

Planck collaboration, A&A594 (2016) A17 [arXiv:1502.01592]]
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Non-linear nature of geodesics

Temp. fluc. on LSS
= 'Source’

e

........

1% -order x Lensing (= ISW-Lensing)

@ET(Q) is sourced by 1% -order x Time-delay
15 -order x Deflection

quite tiny...
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CMB lensing

Remapping approach

Goldberg, Spergel, PRD 59 (1999) 103002

Lensing potential Hu, PRD 62 (2000) 043007
Zaldarriaga, PRD 62 (2000) 063510
d(n) = —2 /dD gs(D)¥ (x, D) Review : Lewis, Challinor, PR 429 (2006) 1

Lensed photon is expanded in terms of lensing potential

&(n) ~ O(n) + V;6(n) V'O (n) + -

: . . : Hanson et al., PRD 80 (2009) 083004
Leading contribution to lensing bispectrum

o e =19.3
B€1€2€3 <@£1@£2@€3> C’ C’ _|_ sperms. equil 2 4
NL —
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CMB lensing

Deflection angle

gradient mode  curl mode 5 .
di = Vip(n) + +xV;w(7) (V =G T Sine@
* 1 eg — égoaéqb — —€g

R

Easy to generalise: O(R) — »X (7)) = X (7 + d;)

X =0,E B for scalar, vector, tensor modes
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CMB lensing

Taylor expansion

—~

X(n) = X(n) + di(n) V' X (1) + %di(ﬁ)dj (A)VVIX(R) 4 - -

Harmonic expansion

Same for ¢, @

Should perform the integrations like /dﬁ, ViYom (ﬁ)ViSl{g//m,, (n)sYy (1)

Reconstruction of tensor power spectrum 16/26




CMB lensing

Derivative — Harmonics

ViYom = oLy 1Yemmy” + oLy —1Yemm;

Z*V@l/ﬁm — _OLz_llffmm;F + OLf——lnmmi—
m* = L(é@ F iéy,) xm® = tim™
\/5 ¥
Li_i\/(£¢s)(£is+1)
s 2

In general, n"-order derivatives can be decomposed into a sum of products of .Yy,,
n
_ p +3F  Di)y 1, P Pn
) —

17726

Reconstruction of tensor power spectrum




CMB lensing

Integration of products of harmonics

[ 40 Yo (09 Yo 0), Y )

— Z(product Of Sth) /dﬁ Syyﬁﬂ;n(ﬁ)s’ l/g/m/ (ﬁ)su ng//m// (ﬁ)

(_1)s+m\/(2£+1)(2£'+1)(2£"+1) (z ¢ 6””)(g /' gll)

AT s —s —s —m m' m”

Wigner's 3j symbol
(=Clebsch-Gordan coeff.)

s—s —s"=0

Non-zero if
=0 <" <i+

Reconstruction of tensor power spectrum 18/26



CMB lensing

Lensed signal

X Lot x; XX —
Xiv =X + Z M T ovn X g1

Mmm/'
'mm’ Xx
1 Lee' e s xy; X X __
+§ Z MMmm’m” ajfmyﬁlm/Xg//m// —|— ..
200" mm/m'" X zy
X=0,E B
r=¢,w
. —
XLM X1
Lim, /
Lensing potential
\_ gp D,

Reconstruction of tensor power spectrum 19/26




CMB lensing

Coefficient at second-order

(X)
{L};x(0)
sz XX o) {L?() {O}<> ’
Let'o XX _ 2 (+ L};a(—
Mt B ) ’ ]g}} (—) _i{Lj\}{} (+) .
0 J{M}, J{M}, B
(X) o E B
Lot x(s L / /! )
Jhetsa(s) _ (_qym (_M ‘ m/) g
eSy oy = [=L(L+1) + (£ 4+ 1) + £(¢' +1)] (S g %)
SO = crweS\ )y o o
y 0 eSO — o /0t + D)0 + 1
Sée)eq? = CLegfeSég)ﬁ CLit VAL + 1) +1) (0 . 1) o
Sé(jZ = cLueSge St = [=L(L+1) + L+ 1) +£(¢ +1)] (iz 0 :F2>
SL_;l?’(b — CLEE’GS?igg/ - s oy p
(—)w - ST = Sppp + 2V L+ 1) = 1)(0' +2) (2 1 —1>
SL(w) ) = CLM’GS{;SM/
) é. /
Spee = CLew€Sp gy Copry, = \/(25 + 1)(251; 1)(2L + 1)
T
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Lensed spectra

Lensed spectra

* L XY A A
<XLMYLM> o OL 5LL5MM
_ npXYZ
<XL1M1 YL2M2 ZL3M3> T BL1L2L3;M1M2M3

_ mWXYZ
<WL1M1XL2M2YL3MSZL4M4> — T LiLoLsLg;MqMosMsgMy

Reduced spectra

L L L
XYz __ 1 2 3 XY Z
BL1L2L3 — Z (Ml M2 M3> BL1L2L3;M1M2M3

My Mo Ms
L L L L L L
WXYZ o _ (L 2 3 4
Tt = @LAD) D, (-1) (Ml M, M> (Mg M, —M>
(M3 M TWXYZ

LyLoL3La; My Mo MsMy
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Lensed spectra

did

Lensed spectra

0% 1 XX, YY,y XY 0t 3 YY g A Xy AV
CXY = 5= 2 2 M ™ (M CFY O + (- )M Mg o))

el zyXY

XY Z,518283 XX,z XY (52) ~xZ(53)

BL1L2L3 _ E : (MLngLQOLQ CL3 58182
Xz B B
_ \Li1+Lo+Lsp s XX,x XZ(s3) ~xY (s2)
+( 1> ML1L2L30L3 OL2 53133

U pWxvz 5 s Spo(—1)ltEs 2Ls +1 3D {M(I)WX;M,W,YZ Ly OWX WK AWy Z ]

T—i—l L1L2L3L4;L 142 314 0 2L1+1 — L1£1£2,L2£1£2;£1£2L3 L1£1£2,L2£2£1;£1£2L3

L1€2 a2 WX

+Z Z YBWXwe WZXY 0 WX XaY W2 (OWXwZWXaY g ()W X wZ,aW XY Ly Ly L
L1¢1L4,Lot1L3;81L4L5 L161L4,LoL3li;61Lsly LiL4#y,LoL3ly;L401 L3 LyLyly, Loty L3;Laly L3 L3 Ly 61 ’

b1 waWX

+Z Z YW Xwr WY XZ 0 WX X aZ WY (OWXwY WX aZ g (DWXwY W, X7 Ly Ly L
L101L3,Loly Lyl L3Ly L161L3,LoLaly;61L4L3 LiL3ly,LoLlaly;0381 04 LiL3gly,Loly La;LglyLy L, L3 ¢

1 waWX

(0)AB;A1A2,2304,A5) 6 .__ AfAA G BB,b A1 ~Asda A5 )6
Mp1p2p3,Q1QQQ3;T’17’2T3 T Mp1p2p3 MQ1CI2CJ3 Ch 07’2 C?“s
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Lensed spectra

Observed bispectra

AXYZ,818233 . )?YZ,Slsgsg _|_ BX?Z,313233 _l_ BXYZ,818283
L,LoLs T LiLoLs L, LoLs L,LoLs

- , 81828 | XY,Q? YY S92 xZ(s )
Bfif@ (21 Z _ . 0s,CL, ( )CL3( V0515, + (Y Z)}
X
| YX,z XZ(s rX (s
3 M ORI O 5+ (X o 2)]
X
[ ZX.T XX (s1) ~xY (52
+ 3 (MESE Cp X e s (X e Y)]
Xz
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Lensed spectra

Relevant combinations

(00,0F,0B,EE,EB, BB)

EXYZ,SSSI (XY)
(0, E, B)

LiLoLs3 (Z)

B‘XYZ,SSS

Ty (XY Z) = (000,00F,00B,0FEFE,0EB,0BB, EEE, EEB, EBB, BBB)
1442443

Taking into account the fact that scalar mode yields no B,
we have totally 102 kinds of bispectra.

Reconstruction of tensor power spectrum 24/26



Current status of CMB2ND

- Linear power spectra of Scalar/Vector/Tensor ®/E/B-modes

- Linear power spectra of Gradient/Curl-modes induced by
S/V/T perturbations

- Lensed power spectra and bispectra of all possible combinations
upto 2x2 and 2x1x1
(50 Cy‘sand 102 By, e,e4°s)

- fn1, estimator for Local/Equilateral/Orthogonal/Folded templates

Reconstruction of tensor power spectrum 25/26



Test results and discussion

50 power spectra

'TEST COMPUTATION!

00+ 1)Cy/ (2m) [uK?]

800  10ee 1200 1400 1600 1800

gmax

Using CMB2nd, we study...

- Cosmic strings, inducing the unequal-time correlation P (k, 11, 12)
e.g. Daveiro et al., PRD93 (2016) 085014, arXiv:1510.05006

- Improve lensing potential estimator and delensing scheme ?
- Prove beyond-GR effects through CMB lensing ?

Reconstruction of tensor power spectrum 26/26
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