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Plan of talk

Intrinsic galaxy shapes and alignments as cosmological probes,
alternative or complementary to conventional galaxy clustering

Motivation

Galaxy ellipticity fields as a novel probe of cosmology :
Measurements & future forecast

Improved modeling in redshift space

Summary



Mapping large-scale structure

Galaxy surveys play a major role

v/ Imaging surveys v/ Spectroscopic surveys
(DES, HSC, KiDS, .. (BOSS, DESI, Euclid, Subaru-PFS,...)
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N‘I;q." .m! Mwlﬁ' '“IM‘.”.W" AR il

SPIRAL GALAXY

P — Redshift of galaxy

https:/dc.watch.impress.co.jp/docs/review/special/545930.html https:/www.nao.ac.jp/research/project/pfs.html
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Mapping large-scale structure

Information of LSS we can get
Imaging surveys -

2D galaxy density field + projected shapes/alignments

(As a function of angular position)

Redshift Z —
Spectroscopic surveys d

3D galaxy density field

(As a function of angular position & redshift)

These information have been so far treated separately
In this talk, we consider the benefit of combining these information



Characterizing galaxy shape/alignment

Galaxies are not circular, are aligned in a certain direction

As a simple characterization,
Intensity

d*01,,,(0) 0,0

O

Second moment . =
of galaxy image J

Ellipticity 7y, =——

(Traceless & offdiagonal)

— Have been long used in weak-lensing analysis What is extra benefit ?



Characterizing galaxy shape/alignment

Galaxies are not circular, are aligned in a certain direction

As a simple characterization,
Intensity

Second moment I[.. = [dzé? 1, (@) O, 6}

of galaxy image J

Ellipticity 7, = T hiar cos(2p), Vx =

(Traceless & offdiagonal)

Minor-to-major
“d 7, <0 axis ratio

— Have been long used in weak-lensing analysis What is extra benefit ?



alaxy density & intrinsic ellipticity fields

Galaxy density + ellipticity fields

~ 3D version of CMB anisotropies (temperature & polarizations)
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Galaxy density & intrinsic ellipticity fields

Galaxies are known to follow the mass density field of large-scale structure (LSS)

“> (i.e., 0, is a tracer field of LSS)

Likewise,

Distanca galaxies are supposed to be aligned with the
tidal force field of large-scale structure

(i.e., 7, is also a tracer field)

LY

(Galaxy clustering

TNG Simulations




Ellipticity field as cosmological probe

Tightening cosmological parameter constraints
Chisari and Dvorkin ("1 3); AT & Okumura ('20); Okumura & AT ("22); Shim, Okumura & AT ("25ab)

Probing parity violation signature Philcox et al. (2024); Kurita, Jamieson, Komatsu & Schmidt ('26)
(See also Bakx et al. ('26), Shim et al. ("25),Yu, Shim & Song ('26))

Probing dark matter self-interaction Harvey, Chisari, Robertson & McCarthy (21)

Imprint ()f Saga, Okumura, Al & Inoue ('23)

Imprint of primordial Non-Gaussianity (by higher spin fields)

Schmidt, Chisart & Dvorkin ("1 5); Kogal, Matsubara, Nishizawa & Urakawa ("1 8);
Kogal, Akitsu, Schmidt & Urakawa ("2 1); Akitsu, et al. (2 1); Kurrta & Takada ('23)

L.ong-wavelength
Schimit & Jeong ("12); Schimit Pajer & Zaldarriaga (' 14); Chisari, Dvorkin & Schmidt (" 14);
Biagetti M, Orlando G ('20); Akrtsu, Li & Okumura (23)

Long-wavelength primordial magnetic field Saga, Shiraishi, Akitsu & Okumura ('24)



‘Two-point statistics “

Combining the information from imaging & spectroscopic surveys,

Observables: 04(X) Yo s (X)
calaxy density field galaxy ellipticity field
‘ x : 3D comoving position constructed
from angular position @ and redshift z
Two-point . Eoo(F) = (Oy(X1) Oy(X7)) GG correlation
Statistics Eo () = (0,(x)) 74(x))) Gl correlation

(r=x, —x,)

Gox Vanishes by symmetry cx(r) = (1) 7,.(60) £ 7,(x1) 7)) [l correlation

Other statistics are worth for further investigation (e.g., Minkowski tensors)



‘Two-point statistics )

Combining the information from imaging & spectroscopic surveys,

Observables: 04(X) Yo s (X)
galaxy density field galaxy ellipticity field
E/B-mode decomposition
Fourier counterpart ‘ ve + i yp = e_i2¢k{y +iy,)
Two-point .. | Py, (k) GG correlation
statistics Pog(k) Gl correlation

(Power spectra)
Pr(k), Ppp(k)(~0) [l correlation

P, vanishes by symmetry

Other statistics are worth for further investigation (e.g., Minkowski tensors)



Evidence of gravity-induced ellipticit;

Measurement of for elliptical galaxies —|IENTASHERTT ALY
SDSS LRG @ z~0.33 § a  (LRO)
<5g}’+>(’”) Angular scale at z=0.5 (arcmins) | P
10 100 . 5
Aligned | : Projected correlation 4 oL
——~__ Halo ellipticity
T 1 insimulations

Halo ellipticity +
‘misalignment

in simulations

Okumura &‘Li (’o%)
! _ - ]

| | I

”1'0_'1 100
', (N "Mpc)

Galaxy ellipticity is a tracer of gravitational tidal force field of large-scale structure
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Dependence on galaxy type

Behaviors of IA correlation crucially depend on galaxy type and how you measure 1A

<

4+ Projected correlation

Galaxy-IA correlation
(GI correlation)

BOSS LOW/Z

ﬁg 2| (early type
= . |
SR SDSS rhain | (Og¥+)
&S | (INA
L | B No clear correlation signal is detected
= 44 Main red L3+L4 WiggleZ -
~ -1 for late-type galaxies
1 Main blue L3+L4
—2|| +—1 WiggleZ
b4 LOWZ

1071 10° 10* 10°

Joachimi et al. ('15)

ELG is also the case (but see next slide)



A novel shape estimator

Inertia tensor of building blocks (subhalos): Shi, Osato, Kurita & Takada (21
B (see also Ishikawa, AT et al. '24)

x, : . 2D position of surrounding

newys — Z W X X .: - building blocks

j n-nit-"nj ?
- n W, ¢ weight func. ( flux)
250 5010kp} 750 1000
» Shape measurement can be to star-forming galaxies (ELG) & clusters
101"* # y w3

GI cross power = New estimator

B 1}“".@:\

= 0 S
Spectrum T i ™~k Conventional
'ﬁa | Apertdire inertia [ pixels with S/N> 3) |
10~ FRedudked inertia (stellar parficles in ELG) B . . .
s (DMfe:tered e ' This method is robust even in the presence
v - " of mis-identified members  (ishikawa et al. 23)



Anisotropies in ellipticity correlations

Okumura, AT & Nishimichi ('20)
Interesting and important features (See also Kurita et al. '21)

Gl & Il correlations exhibit intrinsic anisotropies along the line-of-sight direction

S’\mu\at'\orxs Gl and Il correlations for (sub-)halos in simulations @ z=0.3

Gl correlation Il correlation

(‘fi = St T Cux

I I O B [T T T T[] g
r

T ——
~
~

___Redshift

A b el
50 100 —100 —50

I..I;II'IIIIIIIII

50 100 —100 =50

—100 =50

0 0 0
r, [h~'"Mpc] r, [h~"Mpc] r, [h~"Mpc]
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Linear alignment (LA) model

Anisotropic features in simulations can be nicely described by linear model

(Vs 72) & — (V2 _V2 OV V ) D Gravitational  catelan et al. (o)
° X o x Vy

potential Hirata & Seljak ('04)
Tidal force1 - +> 0 yT
>§J | (9,9, - 555? V4D High [ High %
Obcerver density | B density

Note—. Lensing leads toy, < 0

* Anisotropic Gl & Il correlations can be analytically expressed (Okumura & AT "20)

* Beyond linear order, EFT description has been developed (Vlah et al. 20, "21; Bakx, et al. "23)



Analytical expressions

Gl QQI’I’QIQLIQH Okumura & AT (’20)
r 2
— =r,/r
ML 8L =bcbeos @)1 — i)E () =
¢ :azimuthal anglein 7,

1
Redshift &% (r) = £, (1) == b f cos (29) (1 — 1) :gg 2(r) — (Tu? = 1) B§Q, 4(r)

space

Il correlations

8 ]
Real & s+(r) = Ebz 77’o(u) 3§3)o(r)+ 10 P> () :fsg)z(r) +3Pa(11) 353%)4(1")

redshift
space

£ (r) = b2 cos(4¢) (1 — ) E5s4(r) For £,, no distinction between real &

redshift space (at leading order)

o0 2 n
2%y (1) = (aHf)" / - PXY(k) jo(kr) P,(n) :Legendre polynomials



Anisotropies in ellipticity correlations

Okumura, AT & Nishimichi ('20)
(See also Kurita et al. "21)

¢ LA model can describe anisotropic features in Gl and II correlations

Gl correlation ll correlatlon (cf+ = <§++ . 5><><)

n
qimulatio
30 . ' S 207
e . : |
o §g+ w/ lmea.r P(k) j mfﬁé
> - --- w/ nonlinear P(k)| 5|
N :: |
= Pk T
~2 _
S li
&5 L
N : ”\"z.\\

—|—7“2§R,O(7“)
—7"255,2(7“)
+r2ef () ]

+T2§+,0(7">
+7”sz,2(7"> |
—|—7“2§f 4(7)

Monopole

r|Mpc/h| r[Mpc/h]

Real space

Multipole expansion

5(r)
Legendre
polynomials

% Associated Legendre may
provide a more natural basis

Baryon acoustic oscillations (BAO) & redshift-space distortions (RSD) are clearly visible



Anisotropies in ellipticity correlations

Okumura, AT & Nishimichi ('20)
(See also Kurita et al. "21)

¢ LA model can describe anisotropic features in Gl and II correlations

Gimulatiot!
Gl correlation. . [lcorrelation (¢, =&, % &)
301 : ' 1 +r26% o(r) ] +77E2 (1)
e T W/ linear P(k) e e |6 L e
i =+ T — S —7T T
25 t o o 1 +.,2 1 g “‘ —,2 l
R w/ nonlinear P(k)| 5] RO e N N
2 ' i |2 27 RS ' Multipole expansion
§“ [~ Quadrupole -x'// IR - b b
& 10,7 " = =X | O "
lﬁ / !'/'ﬂn*ﬂih\ (f - 2) // e % -\!\:K\ _ 5 (I’ )
= 1 TN 7 SN _
3 5| '\\ﬂl\ ’ \!\\\\4;\_ — Zf 5/(7‘) :@K(r”/r)
“ "\““\\ . \5\* | a Legendre
T N Ry ' :
Of e e polynomials
IMonopole |
ot/ e/ Associated Legendre may

provide a more natural basis

Baryon acoustic oscillations (BAO) & redshift-space distortions (RSD) are clearly visible
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SDSS LRG Okumura & AT, ApJL 945, L30 ('23)

A clear detection of RSD
— growth rate constraint (f6g) (Kaiser 87

Gravitational growth of structure

_ o &
— GG 0.55 - . Planck
| : ¢ cc
[RG D _ : ® GGH+IA .-
(0.16 < 7 < 0.47) % 0.50 - : ]
< ; i
_ ! ]
I %CMASS I
0.45F o | | -
<ol ® _ Combining IA gives
— | @ : :
5 e a tighter constraint
| [ L1 1 1 L‘E 4__ ' ]
D O %Q((o Q5 | ! | . | . | : | , |
TNV Y MV 0.2 0.3 0.4 0.5 0.6 0.7




Measurement of redshift-space distortions (RSD)

150 F : LOWZ -
B BOSS LOWZ Okumura & AT, ApJL 945, L30 ('23)
50 / . .
o) A clear detection of RSD
—50:.””; .
— growth rate constraint (f6g) (Kaiser 87
. 1 Gravitational growth of structure
: GG 0.55__ | Planck _
: - - : | $ GG
+ N = LOWZ = $ GGHIA |
K éoch%»: \3 : (Ol6<z<043)/_\050__ 1
1 | @i» # | q|:| + II(+) Qz%‘o :: :
= s et o : %CMASS I
R
O - - h? Q.QCO 0.45T | | | | | ' ' - )
! : : RS L . . .
F 2 mE 53 \ <6l : Cembmmg IA gives
o A==EE --?3'17-—51——.- [[(—) 3@ ¥ \ ; A e a tighter constraint
T hehwasaw T L e
SNUU SR DU Y NE SRR 02 03 04 05 06 07
0 r[h~! Mpc] 0




Measurement of redshift-space distortions (RSD)

T
150 F : CMASS - 7

-y o . "x : :
-7
R GG

BOSS CMASS Okumura & AT, ApJL 945, L30 (23)

100 £ N @63

50

A clear detection of RSD
— growth rate constraint (f6g) (Kaiser 87

0F

Gravitational growth of structure

— 055 i [ Planck |
| $ cc -
CMASS S [RC ¢ GGH+IA |
043 <7<070) S '
~ 0.0 F _
= ' g=====- -
. |
: *CMASS :
) L, PP .
< 6l ¢
— B ‘ —
\ =
=4t . _
L1 - (] '
q)Q C}by C}Oo Q%.Q%.Qby.ga qja%Q(\%QQ | | , | | . | |
T e e ot 0.2 0.3 0.4 0.5 0.6 0.7




Fisher forecast for upcoming surveys

Combining GG, GI & Il correlations, future BAO & RSD
measurements further tighten cosmological constraints

0.37

0.57

0.47

PEFS-1

L JA4KSZ
§ Clustering
% Clustering+1A+kSZ

Adopting a novel

ike survey)Shape estimator by
Shi et al. ("21)

EO.ZL |
G 0.3
0.2 ]

L

H(z)/Ho
- (1 +2)Da(z)(Ho/c)

7
— -
'
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’
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e
,/
’/

H(Z)__/ HO elj_lfor><__4 _%//,
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A0
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[ (1 -I-:Z)DA(Z) (H}/c)
malf e |

S 007

—0.61
S0

-
—

<70 |
T
60 |

1.0
>0.0 |

Okumura & AT ('22)
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: PEFS-like survey
| @ Clustering

D o iIA
@ | Ky = 025 Mpe- |
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Fisher forecast for upcoming surveys

A benefit of combining IA & kSZ measurements depends Okumura & AT ('22)
on surveys and cosmological model to constrain

-------------------- 0.4l T Model: wy, w,, v - non-flat
0.5l f(2)og(2) GE 0:3_ / | Euclid—like survey
| Euclid-like survey © CluStermg |
| 0.2 o
0.4} 4 1AHLSZ < 06 o +IA
. . | o q)
§ Cluster?ng % 0.0l ( ) | ( ) |
0‘3'_ % Clustering+IA+kSZ = o4l | - kmax — 02 hMp
— ‘ SOF T ' ]
[ | T H(z)/Hy //'/- =70t 1 N\ | A
J T (rana@Ue T T 60_ \ N | &
- H(Z)/H error X 4%& @/ 1.00 l
7 %@ | 00 N | N | @
,,,,,,,,,,, (1 + 2)D4(2) (HO/C) L S D DU S
=T ' ol | | | |
1__ Sl \ | | 4 | I 6?
error X & _of | | | |
05 10 15 20 —2 -1 0 0.20.304—0.60.0 0.6 60 70 800.2 0.6 1.0

< 1N Qm 1OOQ 178 Ha Y



Full-shape analysis

Shim, Okumura & AT (25a & ‘25b)

Unlocking the power spectrum shape information, IA statistics can provide

significant benefits in tightening cosmological parameters beyond ACDM model

—0.79r1

SO ~1.00

—-1.21F

0.81p Y-

5“3 0.00

—0.81r

—0.79r1

§ ~1.00

—1.21F

0.81

3‘6 0.00

—0.81F

—0.81

™
_

wow, CDM - ~0.79
BN GC t \
GC+IA

wow,m, CDM

B GC
GC+IA

—0.99 ||

N

—0.94 |

N

GC+IA

1 wow, 2. CDM

| —_— GC

GC+IA

—0.99 || 0.

In(10% Ay)

Improvement factor Fractional errors

. (%) 0-7,/97,
PFS-llke 10 20 30 0.0 0.15 0.30 0.45
— B
SUrvey wow,CDM [ 19:1 [PIH 0.018 0.102 [JEEE
+m, [17.8 0.019 0.102 [IRP¥
_ 13.5 BPASR VARG 0.021 0.103 geRmsiele
Ky = 0.2hMpe™! [0 EEIEES
max +m,,~y | 13.5 0.021 0.104 [UEPE
"I"Qk 18.4 17.9 Wi 0.025 0.130 geRsiais!
"I'Qkamy 16.7  17.7 [Visns 0.026 0.131 ['K‘vy,
‘|_Qk77 13.0 15.0 Bvas: 0.043 0.177 jeR:iex!
_|_Qk’mwr~>/ 155 16.7 0.044 0.186 [‘K:yy,
In particular, Ay wy w, Ay wy w,
. Constraints on dark energy EoS can be
Correlation
coefficient  improved by 25§-30%




Improving theoretical predictions

AT, Kurita & Okumura ('25)
Nonlinear modeling is the key to extending the analysis to higher k..

60 i particularly in redshift space

’g_ z=1.03

= S0 7 Redshift-space Gl power spectrum

'5 40) - (halo density X E-mode cross power spectrum)
< . . S

_.: 30- Solid: Full mOfiel (this work) Pg(E)(k) — Z oF, Lﬂ(k) P f(kH k)

S 2. Dashed: w/o higher-order RSD Y Red: PgE,O (monopole)

§ o Dot-dashed: Linear Blue: — PgE,z (quadrupole)

@uz : —P,p 4 (Hexadecapole)

S o ’

Y 0 " 03 Solid & dashed : one-loop PT predictions

k [hMpc1] based on linear alignment model



Improving theoretical predictions

AT, Kurita & Okumura ('25)

) (K)/(b1, obk o) (h~! Mpc)3/?2

(S
gE,

k3/2P

60

50 -

40 -

30-

20 -

10-

7=1.03 Il

Solid: Full model (this work)

Dashed: w/o higher-order RSD

Dot-dashed: Linear

0.0

0.1 0.2 0.3
k [hMpc1]

particularly in redshift space

B Full model
I w/o higher-order

k... 0.172 hMpc™!

Nonlinear modeling is the key to extending the analysis to higher k_ ..

- Fiducialé

|

|

S J |
09 1.0 1.1 0.5 1.0 1.5
f/ fig o,/ 0y jin




Improving theoretical predictions

AT, Kurita & Okumura ('25)

100
7z=0.484 i
o0- 7y
60 -
10 - Solid: Full model (this work)
Dashed: w/o higher-order
20- Dot-dashed: Linear
O i
-0 | |
0.0 0.1 0.2

k [hMpc~1]

0.3

particularly in redshift space

B Full model
w/o higher-order

k... 0.172 hMpc™!

Nonlinear modeling is the key to extending the analysis to higher k_ ..

- Fiducial

AW

B

09 1.0 L1
f/ fig

0.5

Uv/av, lin

1.0

1.5




Improving theoretical predictions

AT, Kurita & Okumura ('25)

1.2 -
_ 7=048% | z=1.03 | 1 I =148
o1 0k R 1.I.3.%. N L. B T S S S T S0 N S ] '
&1 iif—%iii *Ii %Ezgz ii%i% *Lmeargrowth
= | 5 Fiigt 1 K111 | - $ - rate
¥ X X X
0.8 ¥ ¢ X X + + _
— ® s ¢ © ¢ ¢ ® _ T %
S 1 L E}I*t*** ..................... ¥ !::‘:: ............... oty . B
o | . } i 1 } A A X x 3
) il 1
: A
) y A % Linear .
i ® T e T A WOoAA&B T .
& \, s Lo o wass For large k..., higher-
i % T A A o T A A i
Cataaant Y Y ity aen order EFT terms need
0.0 0.1 0.2 0.0 0.1 0.2 0.0 0.1 0.2 to be takn into account

Kmax LD Mpc_l] Kmax Lh Mpc_l] Kmax L[h Mpc_l] (Kurita et al. in progreSS)



EFT description of ellipticity fields

Ellipticity fields are perturbatively described, in a unified manner, as a tracer

tensor field constructed with matter density & velocity fields (0 & ®):

Schmitz et al. ('18)
Blazek et al. ('19)

Vlah et al. ("20ab)
Chen & Kokron ("23)

/ Tidally induced alignment (bk<o) See also
8 () = bg Kij / Spin-induced alignment Bakxetal. (23)

Similar to the description I I\ _
of galaxy density field (}/+’ }/X) o (gxx - gyy’ 2gxy)

Akitsu et al. ('23)

|
K 2
Matter density field Velocity-divergence field of matter
1 1 - 0,0, 1 - 00, 1 1
K, = 0.0, — —5KV2| @ = | — —5K|s ..=[ it _K] _S51: @= .
7 4nGpa?l 't/ 3V 02 3 Y. lj = 02 351] 1©-0}; @ czH(V V)




Summary

Intrinsic galaxy shape/alignment carries ample cosmological information
complementary to galaxy density field — New frontier of cosmology

4+ Tracer of tidal field of large-scale structure (matter distribution)

AT & Okumura ('20), Okumura & AT ('22),

- Help tightening cosmological constraints Shim, Okumura & AT (‘252 & “25b)

- First cosmological constraints on growth of structure (Test of gravity)
Okumura & AT ("23)

- Precision EF T-based modeling in redshift space
AT, Kurita & Okumura ('25), Kurita, AT & Okumura (in prep)

4+ Sensitive probe of cosmological vector/tensor fields
Akitsu et al. ('23), Kurita & Takada ('23), Kurita et al. ('26), ...

Precision modeling & new statistical characterization deserve further investigation



