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Current CMB constraint on PNG

®Planck 2018« f,,l°@'=-0.9 +- 5.1
i 8 =-26 +- 47
i fNLortho =-38 +- 24
" gy/°% = (-5.8 +- 6.5) X 10

CMB experiments are already close to CV-limited ones.
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Current LSS constraint on PNG

& Galaxy power spectrum
fi /0@ = -113 +-154 (10) [Ho+(2013)]

fNLlocaI =5 +- 21 (10) [Giannaotonio+(2013)]

fr 0% = -15+-36 (20) [Castorina+(2019)]
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How do we constrain local
PNG with galaxy surveys?



Luminous sources should be
treated as biased tracer of LSS.

Galaxy bias

[Kazuhiro’s talk]

Short-wavelength
perturbation

Vq— Long-wavelength
perturbation

matter overdensity 0,

position



Galaxy bias

Galaxy number density contrast 6__, does not exactly

gal
coincide with matter overdensity field 0 _, but ...

Oy, = FIO,)..]
=b,6_+b,06 2/2+..

Linear bias Nonlinear bias

(which is naturally induced by
nonlinear gravitational evolution)

v’ In the Gaussian case, the bias on large scales is scale-invariant.



fn° induces scale-dependence(1)

[Dalal+Dore+Huterer+Shirokov(2008) ]

€ ‘Rough” estimation [Kazuhiro’s talk]
— 2
Dy = g + fiulde)
@ Acting the Laplacian on Q...

V20,.=V2b. + 2f( (b V2D + =
oC 5NG oc § oc §/k? o< §

[ 6,6 = (1+ 2fy )5




fn'°? induces scale-dependence(2)

[Smith+LoVerde(2011), Smith+Ferraro+LoVerde(2011) ]

@ To be precise, let us decompose t

CD = cI)s.hort t (blong

he potential into

Yuichiro’s talk]

II:> ACD = (1 t szLcI)Iong) ACDshort t...

€ The halo number density on large scales is given by

Nialo = Npg + (dN/dE

long

) &

long

+ 2fy (dn/dAg) &, +...



fu/'° induces scale-dependence(3)

» Local-type PNG induces Abo<c 1/k?* dependence
such that the effect dominates at very large scales:

[Dalal+(2008), Desjacques+(2009)]

. 3I_IQZQm,OCSc(bG — 1)
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E{ S - fNL=+100- - [Dalal+(2008)]
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fu/'° induces scale-dependence(3)

P . — (b1_|_ bNG(f)fNLIocaI/ )2 P

Heavier galaxy o fy=10
sample 77 =2
R pie. f,=50
> e
o) e
:23_. ................ I "'--.,‘
I - “
= nghter galaxy N .
g sam ple .’\‘\ \\\\
o, NN
AN
AN N\
0.001 0.01 0.1 1
k (h Mpc™!)

[Ferremacho+(2014)]



fau Gy @and Ty,

fNLIocaI > Ab = bNG(f)fNLlocal /
gNLIocaI > Ab = bNG(g) gNLIocaI/

> iyl F Ty €aS€ ~ oo |

i ng = [(b1+ bNG(f)fNL/ )2



Constraining local PNG with galaxy survey

[Ferraro+Smith(2014)]
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[ Sekiguchi+Takahashi+Tashiro+Yokoyama(2018)]

Constraining local PNG with minihalos

Planck
o(gy,)/103= ] 7\ Cen
18 [COrE(CMB)] & “ i Slanck oA
2.3 [SKA] | Planarl
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fNLequiI IfNLfOId and fNLortho

fNLIocaI > Abp ochLIocaI/

@ Relatively weak k-dependence

i fNLequiI > Ab ochLequiI/ i
£ 9 > Abocf, fold

[e.g., Matsubara(2012)]

It is difficult to constrain non-local PNG with scale-dep bias...



[Yoo(2010), Challinor+Lewis(2011), Bruni+(2011),...]

Note: Relativistic corrections

€ The observed galaxy overdensity on superhorizon
scales depends on the gravitational potentials:

A(n,z)zN(n’Z)_<N>(Z)—p( )—)P() oV (n, z)

(N) (2) N (2 V(2)

1 Ov ,
S A Y
standard lensing

oC 5/k2 (Poisson eq.)

In order not to bias the estimation of PNG, it will be
crucial to correctly model the relativistic corrections |



Note: Relativistic corrections

[Jeong+Schmidt+Hirata(2011)]

_ k z=1.3, b=1.7 ]
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Multi-tracer cosmology



Multi-tracer cosmology

Cosmic variance: fundamental limit to large-scale obs.

* Only a finite number of Fourier modes in our Hubble volume
* Biased populations probe the same DM field - deterministic
* Tracer-dependent quantities are no CV-limited [Seljak(2008)]

Tracerl 61 = (b1 + f u?) 6D|v|
Tracer2 §, = (b, + f u?) Opn/

6,/6,= (b, +fu?)/(b, + f u?)

Ratio is deterministic

Tracers are stochastic

Noise on MT quantities scales like shot noise
- Need high source density & large bias ratio



Multi-tracer cosmology

» Error on cosmological parameter

o(9) = (F..)"¥2= ( dP/dB = Cov[P,P]*+ dP/d0) /2

O

»Single tracer case
o(InP) = (P=(P+N1)2=P )12 31+0(1/PN)

Even when N> oo,
finite error remains.
:Cosmic Variance



[Seljak (2009), Hamaus+Seljak+Desjacques(2011)]

Multi-tracer cosmology
All galaxy samples
Ntot, $
6gal - btot 0

o(9) = (Fu.) 2= (dP/dO = Cov[P,P] 1= dP/d0) /2




[Seljak (2009), Hamaus+Seljak+Desjacques(2011)]

Multi-tracer cosmology

All galaxy samples
Ntot, >
6gal - btot 0

[ p = { p(11) p(12) p(22)}= { ’pP,, raP,, P, }]

w
0(5) = (F..)/2= ( dP/d6 + Cov[P,P] - dP/d0) /2
f T
e
(( 2P+, )2 (a?P,+N ., )raP, r2a?p,2 \\
Cov = * (0P +N )Pyt N, J+r2a?Py?)/2 P+, )raP,
* * (P2+ )2

_ \ -,




[Seljak (2009), Hamaus+Seljak+Desjacques(2011)]

Multi-tracer cosmology

All galaxy samples
Ntot, >
6gal - btot 0
[ p={ P11, pl2) p22)}={ 2P ropP,, P, ) ]

e ———
o(a) = (F,.,)Y?=( dP/da=-Cov[P,P]*-dP/da) /2

4 )

[> of ) > ((P,/V,)1 + a?(Py/,) )2
Error on ratio is determined only by shot noise!

- /




amplitude
A

Shape of/CV noise is same...

waveNaumber



Constraining power of MT

[Ferraro+Smith(2014)]
MT is effective for low shot-noise region.
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Constraining f,,'°< with SKA+Euclid

[DY+Takahashi+Oguri(2014)]
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Constraining local PNG with SKA+Euclid

[DY+Takahashi(2015)]
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Can we confirm SY-inequality?

A

fiducial

<> prohibited

<((6/5)/,,)?

fiducial



Can we confirm SY-inequality?

fiducial

-

\_

For large 7, the constraining power on fy,

decreases, because the correction from
to the bias dominates.

~

It is generally
difficult to detect

small fy,, and/or

<((6/5)/,,)?
fiducial f,,




Confirming Suyama-Yamaguchi ineq.

[DY+Takahashi(2015)]
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Can we constrain non-local
PNG with galaxy surveys?



Local-type/non-local type PNG

» Local type - Can be determined by scale-dependent bias

Bp'o% (ky,ky,k3) = 2 fiy, (Polky)Poplk,)+cyc)

» Non-local type
e Equilateral
Bpt(ky,ky,k3) = 6 fiy [- (Polky)Pglky)+cyc)
-2 (Pcp(kl)PcD(kz) Pq;(kg))z/3
+ (Ppl/3(ky)Pp?/3(k,) Pylks)+5perm) ]
* Orthogonal
By,otM(ky,ky,k3) = 6 fy [-3(Pgp(k )Py lk,)+cyc)
-8 (Po(k))Polky) Polks))?

|

§9S3Y3] ulesisuod
Aanins Axe|eg ue)

+ 3 (PuY3(ky)Pp?3(k,) Pylks)+5perm) |



non-local type PNG is NOT sensitive
to scale-dependent bias

fNLIoc - Ab[fNI_IOC] ocC 1/k2

gn°¢ = Ab[gy, '] o< 1/k?

-2 Ab|

- ADb|

ful® 2> Ab

£ "

- Ab|

[e.g., Matsubara(2012)]

] o< 1/k

] o< 1/k

oc 1/k?

] o< 1/k

- Strong low-k dependence
— Scale-dependent bias

in galaxy power spectrum

r Relatively weak

— Galaxy bispectrum




Galaxy bispectrum

* Galaxy power spectrum for tracer (a) and (b)
P2I0) = (b, (@) +fu,?) (b, +fu,?) P (k)

* Galaxy bispectrum for tracer (a), (b), and (c)

Bs,grav(a)(b)(C) = (1/6)[(b1(a) +fl'l12)(b1(b) +f:u22)
X (b, +2p, )+(perm) 1P, (k,)P(k,) +cyc.
Nonlinear
bias

v

includes
PNG contribution



[DY+Yokoyama+Takahashi(2017)]

MT for galaxy bispectrum

» For simplicity, let us consider equilateral bispectrum

B(@b¢) (k,k,k) = ( b,'¥b,®)b,) + (perm) )P 2 (k)

1O

o(9) = (F,.)*?=(dB/d5+Cov[B,B]*=dB/d) />
g /\
B ={ 3(111)’ 3(112)’ 3(122)’ 3(222)}

- { ZVBZ) ( 2+2 V)BZ/3I (2 +V)BZ/3; Bz }
\_ /

\




[DY+Yokoyama+Takahashi(2017)]

MT for galaxy bispectrum

» For simplicity, let us consider equilateral bispectrum

B(@b¢) (k,k,k) = ( b,'¥b,®)b,) + (perm) )P 2 (k)

O

o(y) = (F,)?= ( dB/dy* Cov[B,B]*-dB/dy) /2

4 o(y = bz(l)/bz(z)) A
> (3P,3/BAM2 ((P.) + 02(P ) V2

Ratio of nonlinear bias factor is also determined only
_ by shot noise!

/




[DY+Yokoyama+Takahashi(2017)]

Error on f,, from galaxy bispectrum

MT is effective for low shot-noise region.
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[DY+Yokoyama+Takahashi(2017)]

non-local f,, with galaxy bispectrum

Euclid (1-tracer) SKA (1-tracer)
Euclid (2-tracer) — SKA (2-tracer)
0.003 . .
0.002 |- N T ]
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fNLeq fNLorth
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SKA2 25.1 23.0 SKA2 12.4 10.2



[DY+S.Yokoyama+T.Takahashi, work in progress]

Scale-dependent PNG

» Genelarized local-type bispectrum  [Shandere+Dalal+Huterer (2011)]

Bo(ky,kyks) = 2 fiy o [€(k3) & (K1)E (k) Polky) Polky)+cyc. ]

(s,m)

W|th fs’m(k):(k/kpiv) anL )
v' Galaxy bispectrum is useful to break the degeneracy!

v' Scale-dependent linear bias is also induced.
[Matsubara(2012), Desjacques+ (2011),Shandere+ (2011)]

- Combined analysis of galaxy power- and bi-spectrum



[DY+S.Yokoyama+T.Takahashi, work in progress]

Constraining scale-dependent PNG

SKAZ like survey

[ [ — =L
—

only pow (1tracer)

pow+bi (1tracer) ——3
only pow (2tracer)

pow+bi (2tracer) 1




Can we reach f,~0.01?



Far future 21cm line survey
[Cooray(2006)]

If we use multi-freq
information

-

[Fc/2a]™ or [Ix/2x]" (mK)

between z=100 and 10° /’/<a|mzalm*> : XI 5”5&;:1}“
2=30, we can probe ) ——

(S/N)=100fy,  <wf — _——

> fNL=0.01! £,




Short summary

€ Primoridial non-Gaussianity can be
constrained by using future LSS surveys!

v' Local-type PNG - galaxy power spectrum
with scale-dependent bias

@ We may confirm (or reject) SY-inequality in near future(?).

v" Non-local PNG = galaxy bispectrum



What’s next?



