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Abstract: The primordial non-Gaussianity (PNG) is a key feature to screen various inflationary models and it is one of the main targets in the next
generation galaxy surveys. In particular, the local-type of PNG makes the galaxy bias scale-dependent in large-scales, which is known as the
scale-dependent bias, allowing to constrain the local-type PNG from galaxy surveys. In thistalk, | will present the galaxy shape correlation, called
the “intrinsic alignment", can explore the angular-dependent PNG. Using N-body simulations, we show the angular-dependent PNG induces the
scale-dependent bias in the intrinsic alignment, just as the angular-independent PNG leads to the scale-dependent bias in the galaxy number density
correlation. By combining photometric and spectroscopic surveys to measure the intrinsic alignment, future galaxy surveys are potentially capable
of constraining the angular-dependent PNG better than CMB experiments.
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» Intrinsic Alignment (IA)
> Linear alignment model

> 3D power spectrum of IA

Imprint of the primordial non-Gaussianity (PNG) on galaxy clurstering

» Galaxy bias in the Gaussian universe
» Scale-dependent bias from the local-type PNG
> Imprint of angular-dependent PNG on IA
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Intrinsic alignment :

a big picture

-

Halo/galaxy clusters

Central galaxy shape
- Red galaxies

- Shape ~ halo shape

- Tidal alignment
@ Satellite galaxy

@ Galaxy on filaments

credit:B. Diemer
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Intrinsic Alignments (IA)
= Physical correlations between shapes of
galaxy or halos though LSS

> Intrinsic correlation before the weak lensing effect ..., ‘00
» weak lensing : extrinsic effect

> Source of systematic errors in weak lensing i iaaseliok ‘04
L 1 obE RS I ele GI IG II
> Y =Y t% o > G =0T+ + G + G

WL

b {New cosmological signal
Today's talk
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Tidal alignment (Linear alignment) model

Catelan+ ‘00, Hirata&Seljak ‘04

» Origin of IA : interaction with the gravitational tidal field

> similar to the polarization of CMB photon

» Quadrupole ~ tidal field

low density low density

low density low density

high density
Apisuap ybiy
high density

Apsuap ybiy
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shape as a biased tracer of tidal fields

» Galaxy shape ~ Halo shape ~ Tidal field of large-scale structure

> %ij (%) = b Kij(X) w/ Kot = (% - 305) a0 ~ (005 - 3050°) 0
» cf. Galaxy number density ~ matter density field: d,(x) = b10m (x)

» b < 0: prediction of the LA model

- I '
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The shape-density correlation
as a clean probe of IA

> How to extract IA signal from observed shapes?

obs

K T | N
> Vi =Wyt N TN
WL

» lensing : LSS between us and source galaxy

> IA : Tidal field (LSS) surrounding source galaxy

> (1775 = (v59%) + 26/ B ) + (V)
> (7°%%8g) = (7'8g) ~ bkb1(SmOm)

» The shape-density correlation is suite for exploring IA!

observer TN
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N-body simulations

» L-Gadget2 & Rockstar

S & ' | A ® Inertial tensor as halo shape:
Halos as ellipsoid - (

P N b 4

> L= ) w(|Az,|)AziAz]
pehalo

» I;; is the 3D shape tensor

Ihw L I3
ILij= | Io1 Iaa I3
Is1 I3z 133
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Observable

2D projected shape

® Projection: I3*(x) = P{(R)P]"(A)Ijn ()
Pij(R) = 855 — it

2D sh ape

(311( z) Iis(z)| flﬂ(m))
Lj(z) = | |ai(x) 122(."__;__ 23(x)

:3rd-axis

Iy () Iso(x) Iss(x)

> Projected ellipticity: spin-2 field
JFll e IZIE
I + In2

> +27(k) = 714 (k) £ iyx (k)

P Y+ =
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E/B decomposition of shape fields

> At each 3D grid, projected 2D shape fields (and density field) are defined.
(319, 30, 72 (K0, 7 (09} > {6l 500, ER), B}
E/B decomposition P4
B(K) = 74 (k) cos 2% + 7 (k) sin 2% o
B(k) = 74 (k) sin 2¢ — yx (k) cos 2

> IA power spectra: 3D power spectra of 2D projected shape field
(0m (k) E(k)), (9n(k)E(k)), (E(k)E(k)),
> Linear theory prediction (linear alignment(LA) model) : 7i; = bk K;;

me,‘k:b ]_-Epmk 1. = Pm\k:b zpmk
5(k) :{( “2)2 () (bn=~k-f1) cf Kaiser formula: ()= f'ﬂgjg (k)
Pgg(k) = by (1 — u*)" Pu(k) Pon(k) = (b1 + fu®)" Pm(k)
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The shape-density correlation
as a clean probe of IA

> How to extract IA signal from observed shapes?

» lensing : LSS between us and source galaxy

> IA : Tidal field (LSS) surrounding source galaxy

B {,Yn‘t'.-s,}fnhs) - (,T(},}rﬂ} £ 2(,}{{;,};) i {,FITI} i (,}}IﬁrND
("."Gbség) 3 ("."Iég) ~ brb1(OmOm)

» The shape-density correlation is suite for exploring IA!

observer TN
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E/B decomposition of shape fields

> At each 3D grid, projected 2D shape fields (and density field) are defined.
{0m(k), dn(k), 7+(k), ¥x(k)} ———p {m(k), n(k), E(k), B(k)}

. 8 e C
E/B decomposition ‘*—ﬁ

V4 (k) cos 2¢ + vx (k) sin 2¢y, / 1
) LOS
v+ (k) sin 2¢ — yx (k) cos 20 4=

> IA power spectra: 3D power spectra of 2D projected shape field
(0m(k)E(k)), (on(k)E(k)), (E(k)E(k)), ---
> Linear theory prediction (linear alignment(LA) model) : 7i; = bx Ki;

— 5 e ) . 2
Pup(k) =0k (1=p")Pmlk) "\ _ £.3)  ck Kaiser formuta: ~ “B0%) = 01+ J4") Fn(k)
Ppg (k) = bj (1 — u®)?Pu(k) Pan(k) = (b1 + fp?)? P(k)
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Observable = 2D projected shape

» Projection: I3*(x) = P{(n)P]"(R)Ijn (x)

g Pii(n) = JK 4T
g - : 2D shape ’ .
LOS:3rd-axis d

(111( ) }12(1’) ( ))
Lij(z) = | |L1(x) In(z g- 23(2)

Iy (x) Iso(m) Iss(x)

> Projected ellipticity: spin-2 field
Jrll s IZIE
Iy + Iz

p +27(k) = 74 (k) L ivyx (k)

P Y=
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E/B decomposition of shape fields

» At each 3D grid, projected 2D shape fields (and density field) are defined.
{0m(K), On(k), 7+(k), Yx(k)} ——————b {On(k), dn(k), E(k), B(k)}
| E/B decomposition ) |
E(k) = 74 (k) cos 2¢k + vx (k) sin 2¢
B(k) = v+ (k) sin 2¢ — vx (k) cos 2¢

> IA power spectra: 3D power spectra of 2D projected shape field
(Om (k) E(k)), (On(k)E(k)), (E(k)E(k)), ---
> Linear theory prediction (linear alignment(LA) model) : vi; = bk Ki;

A . ) 2 2
Prup (k) = b,h U “, ),Pm(k) p==k-n) cf Kaiser formula: Fan(k] =it + f,u‘ )er (k)
Peg(k) = by (1 — p*)* Pn(k) Pun(k) = (b1 + fu°)* Pm(k)
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The shape-density correlation
as a clean probe of IA

How to extract IA signal from observed shapes?

obs

T I N
P Vij M VT Tas
WL

> lensing : LSS between us and source galaxy

> IA : Tidal field (LSS) surrounding source galaxy

> <Tnhs,}fuhs> i, (,},G,},G> de 2<,}f(;‘,}f1> + {"}41"}’1} + {“TN'TND
(J':,f'}bsg::g) = (ﬁflég> ~ bﬁ'bl (61’::1(5111}

> The shape-density correlation is suite for exploring IA!

observer TN
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E-mode power spectra from N-body

LA

model works on large scales.

> Negative correlation p%) <

B g 3 1) I{T j

» Png X Pum on large-scales

The large-scale constant bias when

Pirsa: 21010018

P FE(k) ~ bgdm(k) with

Equivalence principle

Adiubai'ic&G_qggg_iqr_l_I_C;_

What happens with PNG?

b;{ ~ —0.1

doe ﬁ! . z =048
4L @ ]
5 = : ®®%000, My = 10120~ Mg
) %00,
=% & ®e
Z 1% ik o “eoo,
Jt".‘ TT 1**‘“ ...'l‘.
= %00,
S 0zl

< 10
Q. @ 5
oS ¢ -Fif

101} i Py

].U_l L ; & : |
- i?&ﬁmlm%
9 ;
a5
Sl [ipg 3= '

& PPy PR,
1077 10~ 10

k [hMpe™!]
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S/N of shape power spectrum

SfN of P, is about

z =048,V =1 h~3Gpc®

compared with halo clustering P, T

400{

> bias: by ~ O(1), bx ~ O(0.1) i
> Noise: 1/ny, 53,. /T cf-'
T

a2 ~ 0.05 -

i

=

O

> For galaxies S/N can be decreased

> misalignm ent Okumura+'09
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The importance of 3D power spectrum

o _ [ m(E) mea(z)
2 = ( Ye1(x)  Y22() )

2D shape components from imaging

> What if only using imaging survey?

r ‘i"'""':"'x.lfi

2 J- s AP Ay -.— e

Yij \EL) = / dzz v;(T 1, 3)
Xx—Ax/2

kmax [RMpe™ 1]
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Primordial non-Gaussianity (PNG)

> The primordial perturbations obey the Gaussian distribution
> predicted by the standard (single field & slow roll) inflation
» completely described by the power spectrum (2pt function):
(®(k1)P(kz2)) = (2m)°6p (k1 + ko) P (k1) :
» PNG: the deviation from the Gaussianity ( i.e. the standard inflation)
> its leading order effect is characterized by the bispectrum (3pt function):
(®(k1)®(k2)@(ks)) = (27)°0p (k1 + ko + k3)Ba (k1, ko, ks)

> Local-type: Bg(ki, k2, k3) = 2fnL [Pa(ki)Pe(ke) + 2 perms.]
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Halo/Galaxy bias in a nutshell

» What determines the halo/galaxy abundance in a local region?
1. The local background matter density : piocal(x)
2. The amplitude of small-scale fluctuations : P, (kgport %)

» In the standard cosmology (i.e. Gaussian&adiabatic ICs + GR)

B ﬁkiﬂﬂl(x) — F_’Igrllnhal [1 . 5:::'15(")] while Pm(kshort|x) = Pm(kﬁhﬂft)

B Pm — Pl + Oo"8(x1)]

d]nﬁ( dlﬂﬁr T
== '[[jl — _-; — Iun; /..- \
dln gy dé.o

II-jj'hg-(klr:mg) S— bldm(kiong:]
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Effect of PNG on galaxy number density

Dalal+'08

> What if there is the local-type PNG?

> long-&short-modes are coupled-> the power spectrum is position-dependent.

Rn(k‘shmt) o Pm (kshurt |}E} — Pm{kshurt) [-l + ﬁl'fNL{i’lungl:x)] ¢ Be l:k*‘h“rt‘ Kshort kt”“g) =~ 4 fnrPs (kﬁh"rtjlp‘i'(kl“r'gj

> Amplitudes of small-scale fluctuations at distant points are now correlated.

> Now 72 (x) = p&ioba! [1 + 61"8(x)] and Pr (Kshort|X) = Pm(kshort) [1 + 4fnL8""8 (x)]

y 4, Alnm; _ didn, L dinrg Pm = Pl +08(x1)] > Pl + 675(xa)
“  dinA, dlnog  d(4fnpo'oE)

long
am

B> dg(Kiong) =b10m (Kiong) + 4bs fnr.@(Kiong) / | \

— ;51 — -’1b¢fm,M_l{k1.,ng]] 5r,,(k]mlgj
with (k) = M(k)o(K)
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Scale-dependent bias from the local-type PNG

> There appears 1/k*> enhancement in galaxy/halo density field on large-scales.

> dg(k) = [b1 + 4bg fxe M (k)] 6m (k)
—¥ Prg(k) = [b1 + 4bg fxL M ™' (k)] Prm(k)
» M7 (k) x 1/k* on large-scales
4 0u(k) ~ k*¢(k) from Poisson eq.

> Constraints on fnr, from galaxy surveys
—16 < fni, < 26 from BOSS T.Glannantonios'14 ~

o(fn1,) ~ O(1) in the near future (SPHEREX)

F,

> Note: there is no modulation in P, (k)

Fy
A A

f,'*'%ia

® Gaussian
A PNG(s=0):{
Y PNG(s=2)

&
&

&

matter-halo density

& |

102
k [hMpc™!

T
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Angular-dependent PNG

> The quadrupole local-type PNG: Bs (ki ko, k3) = 2377 | La(k: - ko) Po(k; ) Pa(ks) + 2 perms.]
> cf. the usual local-type PNG: Ba(ki, ks, k3) = 2f1. [Po(ki)Ps(ka) + 2 perms.]

» Solid inflation, Magnetic fields, Spin-2 particles during inflation

Endlichs’ 12 Shiraishis’13 Arkani-Hamed&Maldacena' 15

> The (small-scale) power spectrum becomes position-dependent&anisotropic

. ks ais . ‘ .0 1
- - l] i il
® Pr(Kshort|X) = Pm(kshort) |1+ .jf[fm‘z E T.U.i?“g(x}k:m,rtkjh“ﬂ_ Wl‘l'h L .
i

K 1

> cf. angular-independent case: Pu(ksmori/x) = Pu(kshort) [1 + 4fnr8'*"%(x)]
9' 97

“an fsm Y BTaJd?

B k*kIoy ~ 52
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Intrinsic alignments with angular-dependent PNG

Schmidt+'15

> What determines the halo/galaxy intrinsic shapes in a local region?

1. The local background tidal field: Ki;(x) = (a;fj - %5{2) Om(X) ~ (aiaj - %556?) ®(x)

2. The amplitude of small-scale tidal fluctuations: anisotropy in Py (ksnort|x)

» Standard (Gaussian&Adiabatic ICs + GR) term: by = ;1_;? = %ij (Kiong) = bx Kij(Kiong)
ij

> Angular-dependent PNG -> small-scale tidal fluctuations are correlated

plong 3 aiaj' 1 K (lon
Wij E=.2 [ 52 _3’-";'3' T

= gy
d(4f3T%0:7")

B ”.‘rt'j{k]ang} :bH Eﬁ.j{kluugJ = ’1bu'1f}f1f21o':f1ij (';ﬁll:mg‘,:I

= [bi + by FETIM ™ (kiong)] K (iong

B by
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Angular-dependent PNG ICs & simulations

KA+'20a
> Generating initial condition with angular-dependent PNG

1. Generate random Gaussian fields ¢(kwith the variance Py(k)

2. Prepare auxiliary fields v;(k) =§ [h% — ;rfff..-] (k)

3. FT to configuration space and construct non-Gaussian fields according to

d(x) = p(x) + ifﬁizzw?j(x) (leading to Bs(ki, ks, ki) = 2f37° [1:2(121 ko) Py(k1) Py(ka) + 2 p{‘.rmﬂ.] )

cf. (x) = ¢(x) + fRT ¢’ (x) (leading to Ba(ki,ka, ks) = 2f3L° [Ps(k1)Ps(k2) + 2 perms.])

4. FT back to Fourier space, then do the 2LPT

~ Simulation: L = 4.096 Gpc/h, N, = 2048°

» (ffz, fRt>) = (0,0), (500,0) , (0,500)
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Scale-dependent bias in the IA power spectrum

KA+'20a

> There appears 1/k* enhancement in galaxy/halo shape field on large-scales.

P 7ii(Kiong) = [ K + 6by fﬁiﬂjw—l ( *«'—1.-::,._5']] K (Kiong)

: ® (Gaussian

.. g e < Fiy =
—» Pup(k) = [bx + 6by FSE2M (k)] Pa(k) FNGie =0)

» M~'(k) x 1/k* on large-scales

om(k) ~ k*¢(k) from Poisson eq.

> The angular-independent PNG has no
impact on shape field, i.e. Pur & Per

» The angular-dependent PNG has no

impact on density field, i.e. Pun & Pun
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Scale-dependent bias in various power spectrum

= & A #®  Caussian -ﬂ-: = 10°F3
> A & PNG(s =0) =8 & ") v
A - | £
_:Enl{]‘r" ﬁa‘a' i, 'Ta 10 TT*Tvv '_l.:j' & ‘r*
v
Ié * '.I'I%* g {.*;:;3 :.5:3:. 'l;v1lr
) 1{, i T 13?1‘# Y, | 2 ﬁ“;;gn |
£ Bl B 3% N
& ¢ | matter-halo l:h':':r"usi'cy'ﬂIl [ matter-shape & 102} { shape-shape !,
102 10-1 102 10! 102 10!
k [hMpc ] k [hMpe ™ k [AMpc™]
= . 10° - -
> The spin-0 and -2 observables only respond to the = |} } coe
- s : ey A PNG(s=0)
s=0 and s=2 PNGs, respectively é * . ¥ NGl
1 F.\
. . b 1%y
The halo density-shape cross power spectrum Az is S il ‘ ,fig .
affected by both angular-independent&-dependent B } ¢ s,
PNGs ! halo density-shape "
102 10~
> Pun responds to only the angular-independent PNG. k [hMpc™]
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Summary of imprint of various PNGs

# density tracer 5 shape tracer Vi
(spin-0 observable) (spin-2 ¢bservable) '*/

linear theory dg = b16n Yij = bk Kij

B(x) = ¢(x) + RL°9° (x),  Pu(k;x) = Pm(k) [1 +4/XL 9" (x)]

scale-dependent bias

X

s=0 PNG |

B(x) = ¢(x) + %fﬁf’*’" > v3(%),  Pa(lx) = Pu(k) [1+ 4fFE20l 80k k|
s=2 PNG :

X | scale-dependent bias

Bo (K1, ks, ka) = 25" | La(ky - ko) Py (k1) Py(kz) + 2 perms|
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Forecast

L__ hh+hE w/o lensing

v i -2 hh+hE+ EE w/o lensing
USIng bOth Phh & 'PhE i i | 1 hh+hE w/ lensing

: [ hh+hE + EE w/ lensing
P Viurvey = 69 (Gpe/h)®

B M, > 10" Mg/h, iy =29 x10™* (Mpc/h)®

The current CMB constraints:
o(fyr’) =19

Planck2018

We need both photo&spec surveys

> Projected (2D) shapes: photometric survey

> 3D position of galaxies: spectroscopic survey
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Challenge of IA cosmology

Complete degenerary between b, and f&L° Pumr(k) = [bx +6£;..;,__fﬁ§2M—1{k)] P (k)
> Density case: Png(k) = [b1 + 4byfnr. M1 (k)| Pm(k)

» From peak theory: by = 26..by = 26 (b7 — 1) KA+ 20b
0.00F
> need to develop theory on shape bias
: —0.05
» Some hints:
w —0.10

)

> universal relation between b, and b
—0.15

> by /bkx looks constant -
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Challenge of IA cosmology

> Complete degenerary between b, and fXi® Pugs(k) = [bx + 6by SRz M~ (k)] Pu(k)
> Density case: Pn,(k) = [b + 4b, f.”.LM_l(k)] P (k)
> From peak theory: by = 24..b% = 25, (bF — 1)
> need to develop theory on shape bias

> Some hints:

My [h 1M ,3.]
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Extension to even higher spins

Kogai, KA+'20

|-th moment of galaxy shape

1 .
Viria-ie(X) = Fg f x d°y yi,yi, - ¥, B(X +¥) rank-1 symmetric tensor
* R g A

responds to only s=l PNG Bs(ki, ks, k3) = O Famt [ﬁg(f&:l -EE)P¢{k1}P¢(kg) + 2 }'JUI‘I'HH.}
Arkani-Hamed&Maldacena'15

> |-th shape moment has only two independent spin components

— oy At ig
£0Y = MMy - M Vigig-i
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Extension to even higher spins

Kogai, KA+'20

1 i
> I-th moment of galaxy shape Yii-i.(%) = 5 / &y yi i, v B(x +y)
y<R. rank-l symmetric tensor

responds to only s=| PRlG_Rel

» |-th shape moment has orfi

+¢y =mimzt - -m® = Yirt
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Extension to even higher spins
Kogai, KA+'20

. ke N k.
» For 4th moment, no linear term :

—— PNG, biisds =05

on large scales. [ LA, b = 0.1

—-— NLA

» Uncertainty of shape noise
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Summary

> Intrinsic Alignment itself can be seen as new cosmological signal

> The angular-dependent PNG induces the scale-dependent bias in the IA
power spectrum

> But no impact on number density tracers

» The angular-independent PNG has no impact on IA (while it affects number
density tracers)

» Galaxy surveys (both photo&spec) can constrain fi’ better than CMB
» Extension to higher shape moments kogaiaxa+'20

> Future: theory for the shape bias, including bispectrum information, etc.
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Forecast

L_-_ hh+hE w/o lensing
: . l -2 hh+hE + EE w/o lensing
B " |
USIﬂg both Phh & -F’hE _ i | 1 hh+hE w/ lensing
i - [ hh+hE + EE w/ lensing
El} 1i"':-'1.:1'1.-'r|_'].-' S ﬁg {_Gpc."‘!hﬂ}d

B M, > 10"Mg/h, fiy = 2.9 x 107* (Mpc/h)3

? The current CMB constraints:
o(fiL) ~ 19

Planck2018

> We need both photo&spec surveys

> Projected (2D) shapes: photometric survey

> 3D position of galaxies: spectroscopic survey
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