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1) Cosmological information leaks to
non-Gaussian (non-linear) density

fluctuations.
2) Breaking parameter degeneracy

Anisotropic Bispectrum

Hubble parameter from the AP effect
Growth rate from the RSD effect

=)

Testing gravity theories

Time dependence of dark energy
Neutrino mass




Anisotropic Signal
In two point statistics

Yamamoto et al. 2006
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Leakage of information into
Higher-order statistics
Takahashi Iet'al.' 2009:
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Three-point statistics:
History

Angular catalogues:
Peebles & Groth (1975);
Groth & Peebles (1977);
Fry & Slender (1982)



Three-point statistics:

History

Spectroscopic surveys in configuration-space

Kayo et al. (2004);

Jing & Boerner (2004);

Wang et al. (2004);

Gaztanaga et al. (2005);

Nichol et al. (2006):

Kulkarni et al. (2007);
Gaztanaga et al. (2009);
McBride et al. (201 1a, b);

Marin (2011);
Marin et al. (201 3);
Guo et al. (201 3):

Slepian et al. (2017a,b);

Kayo et al. (2004)

: equilatéral all{r<17.0)]
<1 —— ! ]
_i} : &
0 | 4
" 1 =<l early
L e i <—19
&
s FF




Three-point statistics:
History

Spectroscopic surveys in Fourier-space
Scoccimarro et al. 2001;

Feldman et al. 2001;

Verde et al. 2002;

Gil-Marin et al. 2015a,b;

Gil-Marin et al. 2017;

Pearson & Samushia 2017;



Breakthrough

Scoccimarro 2015: FFT-based estimator
(Slepian & Eisenstein 2015)

STREEDH L
Full-configuration analysis D& 7

Siepian ot . 2017 (BAO detection In configuration-space) |
| Gil-Marin et al. 2017 (P+B analysis in Fourier space) '
| Pearson & Samushia 2017 (BAO detection in Fourler-space)

S& DRSS, Bispectrum (3PCF)
& D joint analysis HiE£¥ICTE 5,



S IEADRIRED B DSDD ?

1) Anisotropic signal
2) BEiROWDR

3) HEDES
4) Window function effect




ME—-FDIEFES UL,
Triangle condition H\¥FE U » %L\,

Scoccimarro et al. (1999): *

Bk, ko, 7) = Xppr Bm (ki ko)Y, (A)
k1, k2, k3
1) EREOHEELIE>TWS,

2) HEBEHODBEMHE (triangle condition)h\#&>TW\ 3,
3) FHIEHN—HREFS,



M ZiE9,
Triangle condition Z5&9,

NS et al. (2018):

Bpe,n(kr, ko) o< Y (ke b ) B (ke ko)

M1 1TN21M 3

27 21 2 A
M d-k d“ k> d“n
?:an (kl’kZ) — Nf]sz/ / /

Xy k)Yt (ka)y M () Blky, ko, B),

1) EliEOBEHREIREZXS.
2) EBEIOBHEIREZSD (Triangle condition =9 )
3) MEIN—1BREREWIET,



New Bispectrum Multipoles

Bflsz(kla k2)

1) &1 = &» (k1 < k2)

2) |61 — 0| < L < |6+ 6 (EEE)
3) {4 +6 + L =even. (JINUF+)
4) L. = even (RSD)



Relation to Power Spectrum Multipoles

Be ¢, 1.(k1, ko)
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Theoretical advantage
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EER D Bi-
(1) Scoccimarro et al. (1999)
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EEiSR oD Bi-
(1) Scoccimarro et al. (1999)

Ne e, He e, 1 d cos 0
Beo,1.(k1, kp) = ———= / 12

VE@mQ2L + 1) 2
X Z (%1 - Al;) yEZM*(COS 612, 0)
M _

X By pr(ky, ko, 612).




EER D Bi-
(2) Hashimoto et al. 2017
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EEIRE DB
(3) Slepian et al. 2017
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EEISERDHI:
(3) Slepian et al. 2017

d cos 61 / dcos Brdy1o

BglgzL(kla ky) = Nee,LHe 6oL / 2 477

x Z (1{;}1 grzn o)yel (61,0)y,," (62, ¢12)

| m

X B(k1,kp, 01,607, ¢12).



EERER DB
(4) HIET 558

T = Y (z){cos dg COS @g, COS g Sin g, Sin dg }

Comoving distance inati
9 Right ascension Declination

North Pole %' z i



Estimator

-~ t1 £o L
Buorthk) = Hoer Y, (2 )

myny M

Nf 61 [ d%k . d’ky .
el e N e

3
X d"k3 (271)3(3D (k] + ky + k’;)
(27)°

X 6n(kq) dn(k,) 6n,L (k3),




1)

2)
3)
4)
9)

Estimator

Bispectrum estimator @ Triangle
conditionZ FFT Zf#E> TR I 35 %
Shot noise

Three-point function estimator
Three-point function shot noise
Global plane-parallel approximation
(Simulations)



1)

2)
3)
4)
9)

Estimator

Bispectrum estimator @ Triangle
conditionZ FFT Zf#E> TR I 35 %
Shot noise

Three-point function estimator
Three-point function shot noise
Global plane-parallel approximation
(Simulations)

HiELET,




Estimator

(k1,k2) DE>Y &, FFT hw=,
20 k-bin ZEZhid. 20%20=400 FFTs

%l‘%lﬂk o2& FFT iJ“fZ\Eo

E“J@ﬂﬂ:s *FFﬂEE:
1) EXE mock hip=E
2) FERE»DID S,



2RTTDEIIIFE L » B,
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Covariance DEHIFEESULELS B,

Booo kl = (0.21 kz)

(
Booo(k1 = 0.19 kz) i | i e ] =
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Covariance: i#fHBE D4+

kziké

/\

Cov (B€1€2L(k17 k2), B£’1€’2L’(k,17 ké))

ki = k!
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Covariance: i#fHBE D4+

COV (BelgzL(k7 k)? BEIIEQL’ (k,7 k,))



Lb&: BOOO

Full Diagonal
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Cumulative S/N:

CMA
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Covariance &® (1)

z=0.5 T. k=0.1 G5, 90% L LDIBEERHEIIET S,
k=0.2 DiESE. 70-80%.

higher-order statistics H}E ?

k1=k2 [CERIEHRD B S,

INDXA—TRRZRES EVWSEKRTIE. k1=k2T+5%?
(Z£ Fisher analysis)



k.z Bl.?ll?.gL—O(k"ﬂ k)

Higher Multipoles:
L = O (monopole)

x 107 | | |
¢ ¢+ DBow { { data |
t ¢+ Bruo W MD-Patchy mocks
t t Baw - == shot noise
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Higher Multipoles: L =2, 4
(quadrupole, hexadecapole)
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Covariance
L~/

Bios(k. k)
By:o(k, k)
Baa(k, k)
Buw(k, k)
Byo(k, k)
Buoo(k, k)

Iy(k)

Py(k)

Py(k)

Po P» P, Bow Bio B2zo B2z Bz B



Covariance & & (2)

Bispectrum L=2 mode (quadrupole)D{&ii.
Bispectrum L=4 (hexadecapole)i3ki&iti.
(Power spectrum THR U, )

Bispectrum & power spectrum (d.
L=ell D5 ICIHED B S,

k1=k2 2ZRNIE. EVDEDVELTIH.
TR, STRIFEEH,
HB53h. full analysis H—BEFEULWIhE,



Window function

Largest theoretical uncertainties



Power spectrum (2PCF) Dig&

gmask (T) — (2[}

DY (4% E)" Qe ()€ (r)
Wilson et al. 2015
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Power spectrum (2PCF) Dig&
gmask(r) — (2(? 1) Z (ED1 Eog 6)2 Qfl (7")&?2 (T)
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0(7‘1, 7‘2)

Q6,1

Bi spectrum (3PCF) D&

Qflsz(rla I‘2)
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Bi spectrum (3PCF) D&
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Bispectrum Window corrections

100}

IBIIO(k: k)l

- tree-level w/o window corrections -

—  lrze-level w/ window correclions
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Bispectrum Window corrections
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Summary (1):
Theoretical advantage

1) RN —IREFEFE+/INY T« WHEZRBTI,
2) B[RO EFEHICEKFELLZL,

3) FFT ZILAY X LH{EZR S,

4) BRED DD T, AVINT bo 5HEEL,
5) Window function #1RH» A %,



Summary (2):
Measurements

1) k~0.Th/Mpc T 90%DIEHRZMEIET S,
2) k~0.2 h/Mpc &4 b BHEDHD .
3) FRIEMIT k1=k2 ICTEET B,
4) L=2 (anisotropic )mode ®

first detection (14 sigma) !
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HAIEDEHRED SIS,
HS5MEIEHBDFEEA-

RIFEHETIL

ETFILBIED T,



Future works

1) Fisher analysis

(Gaussian limit covariance [auto, cross], AP effect,
Primordial non-Gaussian, neutrino mass)

2) non-linear BAO modeling
(exponential damping)
3) anisotropic BAO analysis

4) RSD full shape modeling

5) full RSD analysis

6) Primordial non-Gaussianity
(Reconstruction?

7) IBLWIF E. Reconstruction ICIZRIEEE
Zz2RERULTWS,



Simplest model for non-linear BAO

Gamma-expansion
of LPT with Lagrangian bias
| 41:3 ) _ .- %‘f")[l+‘2;.!'}j'—;1")_l .:-]o_:- o %l;“‘)[l+'3;'."i,;"+,ll.")f"}]o") o %lcfj:l+2;:3j+,u:";_/')]0.':'
< 2Z(k1, k2)Z(k1)Z (k2) Pin (k1) Piin (k2)



Simplest model for non-linear BAO
Comparison with box
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bl1=16,b2=1.8
The error bars are multiplied by 2.15 in order to corresponds to

CMASS NGC:
the volume of CMASS NGC ~ (1.5Gpc)”*3 and the volume of box

is ~ (2.5Gpc)*3. (2.5/1.5)%(3/2)~2.15



