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Yukawa Institute for Theoretical Physics

Started in 1952 after Prof. H.Yukawa got Nobel physics prize

Research institute at Kyoto University (~30 faculty members):

High energy physics, Nuclear physics, Astrophyics & cosmology,
Condensed matter physics, Quantum information physics

Promoting workshops/conferences on various topics related to
fundamental physics and hosting domestic & overseas researchers
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Plan of talk

The intrinsic alignment (IA) of galaxies as a novel probe of
precision cosmology

Introduction & motivation
Modeling intrinsic alignment signals

Forecast for cosmological constraints

Summary

Refs.
T. Okumura & A.Taruya & T. Nishimichi, MNRAS 494, 694-702 ('20)

A.Taruya & T. Okumura, ApJL 891, L42 (’20)
T. Okumura & A.Taruya, MNRAS 493, L124-L128 ('20)
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Concordant picture of the Universe

Lambda cold dark matter (A\CDM) model

Minimal model characterized by 6 parameters

Model describes both cosmic expansion and structure formation
over /3.8 billion years

Years after the Big Bang

400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billion

The Big Bang
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Unresolved issues

Success of minimal model does not imply model is convincing

Mysterious components NP -k matter
Dark matter
Baryon (
Dark energy (late-time cosmic acceleration) 69%

Dark energy

Untested hypotheses

Cosmic inflation
General relativity on cosmological scales
Gaussianity of primordial fluctuations

Tensions

Discrepancy of Planck ACDM model parameters with
those obtained from other observations (Ho, Ss, ...)
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Large-scale structure

Large-scale matter inhomogeneities over Mpc~Gpc scales

evolved under the influence of gravity & cosmic expansion

Its statistical nature carries rich cosmological information

Using (mainly) galaxies as a tracer of LSS,

v Photometric/imaging surveys  Weak lensing effect
(angular position + galaxy shape)

v Spectroscopic surveys Baryon acoustic oscillation (BAO)

(angular position + redshift) Redshift-space distortions (RSD)




A quick review of BAO & RSD
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Strength of RSD (anisotropies) o  f0g(z)

BAQ: characteristic oscillatory feature of primeval baryon-
photon fluid imprinted on galaxy clustering pattern at ~100Mpc
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— cosmological test of gravity
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Constraints from BAO & RSD

DO
o

Expansion history

Alam et al. (20)
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BAO distance
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RSD measurements
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redshift
arXiv:2007.0899
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Alam et al. (20)
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Ongoing/upcoming surveys

From stage |l to stage IV-class surveys (ground & space)

Imaging
surveys

Nancy Grace Roman Space
Telescope (WFIRST)

Spectroscopic
surveys




Improving cosmological constraints

Toward a better cosmological constraints,
without conducting extra surveys

Pushing available Fourier modes to a larger value k,,, /' (small scales)
Theoretical modeling far beyond linear regime is challenging

Using technique/method that maximizes cosmological information :

Combining several statistics such as bispectrum

Cross correlating multiple data set,
also utilizing the information that has been abandoned
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Improving cosmological constraints

Toward a better cosmological constraints,
without conducting extra surveys

Pushing available Fourier modes to a larger value k., / (small scales)

Focus of this talk

Intrinsic alignment (IA) of galaxies as a cosmological probe

BAO Faltenl?acher et al. ('12), Chisari &
Dvorkin (’|3), Okumura et al. (’19),

: : L Schmidt & Jeong (’12), Schmidt et al. ('12),
Primordial non-Gaussianity  Kogai et al. ('18,°20), Akitsu et al.('20)

Primordial gravitational waves

Here, we particularly focus on

statistical properties of 3D correlations (BAO & RSD)
& cosmological information

15




Intrinsic alignment (IA) of galaxy

Projected shape of observed galaxies/dark matter halos

In general, galaxy/halo has elliptical shape, aligned to some directions:

. intensity
2
Quadrupole moment obs [d 01,,,(0) 0, 6; 1
of galaxy image 9 = G,j=12)
[dzalobs(a)
obs _ _obs 9) obs
Ellipticity © €, = 922 ¢, = 12

obs obs
qi1° + 49>
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qi1° T 49>
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Intrinsic alignment (IA) of galaxy

Ellipticity of distant galaxy is induced by the gravitational lensing of
foreground large-scale structure :

=1+ 285 8= T (<D R

‘ ! (a =+ or X) Reduced shear

Gravitational lensing induces non-zero spatial correlation

— A clue to detect lensing signal
However,

IA can have non-zero spatial correlation o C15)

(contaminant of lensing measurement)  Joachimi et al. ('15)
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Intrinsic alignment (lA) correlation

Y (@)

a

{

3D spatial correlation of luminous red galaxy (LRG) samples

angular position (2D) + redshirt + shape
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Okumura, Jing & Li ('09)

10 1 100
r (h " Mpc)

Measured result resembles the halo ellipticity correlation in
N-body simulations (solid & dashed lines)
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Intrinsic alignment (IA) correlation

Behaviors of |A correlation crucially depend on galaxy type

Projected correlation

4 ]
3 BOSS LOWZ A Galaxy-IA correlation
] (early type) ‘ (Gl correlation)
T 2} ]
8 I
= 1l S SS:Qin | <5g7+>
7 IR .
& _1f| £ Mainred L3+L4 nggle£K \ ~ No clear signal is detected
—f Main blue L3+L4 ' .
Sl wiggiez for late-type galaxies
+—+ LOWZ
_30'1 10° 10 10°

Joachimi et al. (’15)
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JA in hydrodynamical simulations

llustris-TNG300 40 x 40 (h-'Mpc)? Sh_i_ et al. (20)

2 2

—
o

[-(ods, )/ (v, —y)] Aususq pawoaforg

—
o

—
o

Blue: star-forming ‘alaxy'

Red: quiescent ‘galaxy’ Blue seems to be randomly oriented
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|A in hydrodynamical simulations

llustris-TNG300 40 x 40 (h-'Mpc)2z >Nt etal.-(20)

Gl correlatlon (power spectrum)

% §t$llar mass- I|m|ted %,; S-SFR- I|m|ted i

TE bo op = —10- 4([ﬂ Mpc"3)3 TE 6 ny = 1074(h Mpc =)~

< ¢ . <
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& NI vl S EEATIRAAAN]
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o Circles: —kP; S o % z2=2

< 0 Squares —kP 0)_ < b 0.5

B 1071 1(I)0 101 B 107! 160 1(I)1
k[hMpc!] k[hMpc]

Blue: star-forming ‘galaxy’ : ' 6% .
blue seems to De ranaomly orlented

Red: quiescent ‘galaxy’
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Mechanisms of |A correlation

: : : Joachimi et al. ('15), Troxel & Ishak (’15)
Tidally induced alignment

aligned along the tidal field induced by large-scale structure

},CII x 02D Grawtatlf)nal »Strng correlation
/ potential .

Determined by large-scale structure

Spin-induced alignment

aligned along the acquired angular momentum direction
2 Normalized
ycIl x J2 ( ) »
angular momentum

/

Determined mainly by local physics
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Cosmology with |A

Tidally-induced |As look promising and measuring these can have
a potential to improve cosmological constraints

Relevant surveys: A

BOSS" LOWZ (z ~ 0.3) & CMASS (z ~ 0.5) = e,

eBOSS*™ LRG (0.6 <z<1) L)
DESI* LRG (06 <z< 12) TBaryon Oscillation Spectroscopic Survey

*extended Baryon Oscillation Spectroscopic Survey

*Dark Energy Survey Instrument

* How well one can model/predict IA correlations !

Gl & Il correlations: (5g7/611), (varp) (a,b=+,X)

* Combining IAs with conventional GG correlation, how
well one can improve the cosmological constraints ?

23



Linear alignment (LA) model

For cosmological purpose,

modeling A of early-type galaxies is a crucial |st step

A model for tidally-induced IA (Catelan et al.’0l, Hirata & Seljak '04)

(}/—IH }/>I<) X — (V)zc — V%? 2Vxvy)(l)

Observer )E/T ..................

High
density

o>0

Gravitational
potential

y,. >0
M High
- density

o> 0

In galaxy redshift surveys, one can measure 3D spatial correlation
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Li

Observer
'I‘ Aot S

|A statistics in 3D

Il correlation
Sab = <Vcll(x1)}’1£(x2)>

—

Ne ofslght

Gl correlation
Cop = <5g(x1)7611(x2)>

o Observer
w At s
Y

x.] po

(a,b=+,%X)

Galaxy
density field

With the |A defined by projected shape, their correlation becomes
along line of sight, characterized as a function of (ry, r,)
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Anisotropic Gl & Il correlations

Okumura & AT ('20)

100

50

al [h~'Mpc]

—50

—-100

Anisotropic correlations characterized as function of (r,, )

Gl correlation

r2

Il correlation ({,. =&, £&,..)

&y (ro,ry)

(ro.m)

Seo

Line-of-sigh

direction

—50 0 50
r1 [h~'Mpc]

Baryon acoustic oscillation
feature (appears as ‘bump’)

100

—100

—50 0

50 100

r1 [h~'Mpc]

115

1—15

—60

r) : line-of-sight separation
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Analytical formulas

Okumura & AT ('20)

Gl correlation

~ o . [Rel HE NI
R (o _ e eal space 5
Sg+ (1) = Ciby c0s (20)(1 — 7) 85 (1) ¢ :azimuthal angle in 7

5.0 =£8 0+ éafcos 2¢) (1 — u?) [82‘23,2<r> — (Tu* = 1) a&%,4<r>}

) Redshift space
|l correlation

8 ~
£4(1) = = CF | TPo() Biflo(r) + 10 Pa(i) B, () +3Pa(u0) Ei4(r)

Expressions are identical In
both real & redshift space

8
= o2 Ci cos(49) [7Po() + 10 Pa(uo) + 3 Pa()] E534(r)

£.(r) = Clcos (4p) (1 — p2)" ED,(r)

k>—"dk
— Pxy (k) jo(kr) Pe() :Legendre polynomials

EXy ((r) = (@H[)" / 5
0
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N-body simulations

Gl correlation

r €h+ (ro,r)/bn P& (ro,ry)/ba

Testing LA model predictions

Okumura, AT & Nishimichi (’20)

Gl & Il correlations measured @ z=0.3 from (sub-)halo catalog in

‘ Il correlation (. =&, £ &) ‘

r§+(rl ) r§+(rl )

1710 50f

—20

-30

100 f

50 F

~100

1 100k

50

1 50

1 100

| aAFar | N[
—-100 —50 0 50

ry [h_lMpc]

r2 &8 (r,m) 25 (ry,m))

Solid contours: LA model prediction
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Testing LA model predictions

Okumura, AT & Nishimichi ("20)

Multipole
Real space . r) =2 r) P (rylr
P expansion s(r) ¢ 6e(1) P )/7)
Gl correlation Il correlation (&, ) |l correlation (&_)
' 20 - :
30f ]
Gl LG () /by el (r) el (r)
2¢R [T (+) 2¢R I (-) 2¢R
951 b 0(r) /b booAriEa(r) poomrEss(r)
C,\g, +7"2§}1L%+74(r)/bh 157 +r2gf74(7“) T ./yﬁﬁ* ’"—i—r?gRA(r) 1
e, 20 ] ey W}\
S i T A Y
£ Sy 10—‘/_/<$‘Quadrupole " ‘_.---);l,;.# \
| |/ v i J = \ o 1 ,.'"' - " Pl
s 1¥a Wk (=T A\
: ko \ﬁ mﬁ? I+]\\ ’ // :\\ k
\2 10r M, > 108M,, ] _ 4\\ _;/ i\\\ i
N \\@ 5 i\\Jf\
N N\ AN
~ A S \J\ N
5 \{ e N (N
N A ™
0 \% ] ) e |
| Monopole
102 102 102
r[Mpc/hl r[Mpc/hl r[Mpc/hl]

dashed : LA model with non-linear P(k), dotted : LA model with linear P(k)
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Testing LA model predictions

Okumura, AT & Nishimichi ("20)

PO &) = B £,() Polry /D)

expansion
Gl correlation Il correlation (&, ) |l correlation (&_)
- 20 . .
30} ]
+7“2€i§+,0<7“>/bh b 42 () b 265 ()
251 ' _T2€g+,2(7")/bh ] ¥ +7"2€i,2(7‘) N _7’255,2(7“>
Cr\g . ‘___—: +7‘2€f‘?+74<7'>/bh 15' +T2£i74(7") T "x,//‘;;/-*"‘ '_~+7"2§S74(T) i
§ 20-’ ’ _____ /' At
S (ﬁ | 10_./;_ = Quadrupole I ///’-":;u\"‘k N
< Vf\ \ Mﬁ\ (& =2) x{,«'-// AN X
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= 10} A\ X \\ 7 N
¥ \ 5 \ - SN
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RN " T4
\T\ ) A S e
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dashed : LA model with non-linear P(k), dotted : LA model with linear P(k)
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Geometric & dynamical constraints

RSD & BAO can be measured
d.(z), H(z), .
from Gl & Il correlations +GG > {da(z), H(z), foy(z)}

10 GG+Gl+II

1.05¢ ] GG
§1oo I Expected constraints
3 BOSS CMASS ‘ using large-scale info.

0.95¢}

(z=0.50) at k < 0.1 hMpc~!

GG : galaxy clustering
;1A statistics

GG+GI+ll ; both combined

99| | | AT & Okumura (20)

0.90 0.95 1.00 1.05 1.10 0.90 0.95 1.00 1.05 1.10 )
fog/(fog)fiq daldfig arXiv:2001.05962
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Fisher forecast
AT & Okumura (’20)

BAO & RSD measurements from BOSS (finished) & DESI (upcoming)

0.8

% gngGH” GG+GI+Il
0.4 GG

0.6 12 T
S (Z)GS(Z) S / Solid contours : BOSS
0.3 Shaded regions:
4 BOSS & DESI LRG
(CMB pri dded
BOSS DESI ! — priors adde
— da(2)(Ho/c) \ 7 \

LOWZ CMASS LRG
T 20] i/} « Improvement by a factor of ~1.5
%_1.5- M | (compared to GG alone) /,
N

f og(2)
o
I

— H(2)/Ho

o
o
Ho [km/s/Mpc]

o

31.0

= < 0

N

?O:‘O.S- errorx 5 ] 1

da(2) %
0. | | | | | =275 15 —1.0 —0. . . .
%o 0.2 04 06 0.8 10 T, 20-15 Vﬁoo R 60H0 [6k5m,s,{,|°pc] 73
Z
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Fisher forecast

AT & Okumura (’20)

Synergy between DESI (spec-z) and subaru-HSC (shape info.)

Yo GGHGI+II
¥ GG GG+GI+II
' T I GG
S (Z)Gg(Z) M
LRG only
D ESI (CMB priors added)
LRG 106 <z<L1.2
—— H(2)/Hy
| — da2)H/o
H(z)
=
dA(Z) §__ —1

-2

0.2

| | 90 —15 —1.0 —0.5 : : . 60 65 70 75
0.8 1.0 1.2 Wy O Hy [km/s/l\/[pc]
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Summary

The intrinsic alignment (IA) of galaxies as a novel probe of
precision cosmology

The |A for late-type galaxies can be an ideal tracer of large-scale
tidal fields

¢ Linear alignment (LA) model
* provide simple analytical formulas for |A correlations (Gl & 1)
* quantitatively explain anisotropies inherent in 3D correlations

— BAO & RSD can be measured

¢ Forecast study of cosmological constraints by a factor

f~I1.5
suggests combining GG with Gl & Il gives an improvemento

Observing |A delivers beneficial information, worth for further study
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