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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
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Concordant picture of the Universe

Lambda cold dark matter (ACDM) model

Minimal model characterized by 6 parameters

Model describes both cosmic expansion and structure formation
over 13.8 billion years

Years after the Big Bang

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

|
The Big Bang

saby Meq ayl
Aep juasaid

Mgl
& o
:_‘
o'3
S D,
o =
3 5
06' ”
® 8
o5
O @
® =,
e &
(/)’_"

K

W _ .. Reionisation
Fully ionised @ Neutral <o as 78 & > Fulyionised

10
Redshift + 1

https://www.eso.org/public/images/eso | 620a/



'.

Grawta’clonal
_ Iensgng

Years after the Big Bang

B
400 thousagid 0.1 billion 1 billion 4 billis 8 billio 13.8 billion
I

The Big Bang

L

Aep juesaid

seby Mieq ayl
*}SJY Y} JO UojBWIOY ~ 4

-
. S}0alqo [edlWouo.se

Fully ionised
|

Typfe la,
\sﬁpernovae

https://www.eso.org/public/images/eso | 620a/



Nobel prize
winners

Years after the Big Bang

0.1 billion

1 billion

[
The Big Bang

Fully ionised
|

seby Mieq ayl

-
- $}09[g0 [edlwouoi)se

L

“3SJI Y} JO UoneWIOY * 4

Reionisation
&

A

- » Fully ionised
: :

»

Aep juesaid

10
Redshift + 1

https://www.eso.org/public/images/eso | 620a/



Unresolved issues

Success of minimal model does not imply model is convincing

Mysterious components Cold ¢TI
Dark matter 5
aryon
Dark energy (late-time cosmic acceleration) 69%

Dark energy

Untested hypothesis

Cosmic inflation

General relativity on cosmological scales
Gaussianity of primordial fluctuations

Tension

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




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)



Baryon acoustic oscillations (BAO)

Characteristic oscillatory features of primeval baryon-photon fluid
imprinted on galaxy clustering pattern at ~100Mpc

— BAO scale can be used as a standard ruler
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Redshift-space distortions (RSD)

Apparent distortions of galaxy line-of-sight position due to peculiar
velocity of galaxies via Doppler effect

— Strength of anisotropies depends on growth of structure
dlnD (Kaiser '87)
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Constraints from BAO & RSD

Alam et al. (20)
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Ongoing/upcoming surveys

From stage lll to stage IV-class surveys (ground & space)
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Future

arXiv:1611.00036
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Improving cosmological constraints

Toward a better cosmological constraints,
without conducting extra surveys

Pushing available Fourier modes to a larger value &, /' (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



Improving cosmological constraints

Toward a better cosmological constraints,

without conducting extra surveys

Pushing available Fourier modes to a larger value &, /' (small scales)

Theoretical modeling far beyond linear regime is challenging

Using technique/method that maximizes cosmological information :

Combining several statistics such as bispectrum

Focus of this seminar

Intrinsic alignment (IA) of galaxies as a cosmological probe

Statistical properties of 3D correlations

& cosmological information



Intrinsic alignment (lA) of galaxy

Projected shape of observed galaxies/dark matter halos

In general, galaxy/halo has elliptical shape, alighed to some directions:
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Intrinsic alignment (lA) of galaxy

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

yd 28 %=1 ( <) S5 \

‘ ! (a =+ or X) Reduced shear

Gravitational lensing induces non-zero spatial correlation

— A clue to detect lensing signal
However,

|A can have non-zero spatial correlation L o 4.1 C15)

(contaminant of lensing measurement)  Joachimi et al. (’15)



Intrinsic alignment (lA) correlation

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

angular position (2D) + redshirt + shape
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Measured result resembles the halo ellipticity correlation in
N-body simulations (solid & dashed lines)



Intrinsic alignment (IA) correlation

Behaviors of |A correlation crucially depend on galaxy type

Projected correlation

BOSS LOWZ
(early type)
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Galaxy-lA correlation

(Gl correlation)
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|A in hydrodynamic simulations

llustris- TNGBOO 40 x 40 (h- 'Mpc)2 Shi et al. (20)
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|A in hydrodynamic simulations

llustris-T NG3OO 40 x 40 (h'Mpc)2 " et al. (20)
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Mechanisms of |A correlation

Tidally induced alignment

aligned along the tidal field induced by large-scale structure

}’CIl x 0D Grawtatpnal Strong correlation
potential n—
Determined by large-scale structure g

~ Early-type

Spin-induced alignment

aligned along the acquired angular momentum direction

»

2 Normalized
oo j2 L )
angular momentum

Determined mainly by local physics




Cosmology with |A

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

Relevant surveys:

BOSS" LOWZ (z ~ 0.3) & CMASS (z ~ 0.5) =
eBOSS* LRG (0.6 <z < 1)

DESI* ' RG (()6 <z< 12) TBaryon Oscillation Spectroscopic Survey

*Fextended Baryon Oscillation Spectroscopic Survey

* Dark Energy Survey Instrument

Q

* How well one can model/predict |A correlations ?

Gl & Il correlations: (6 ya) (y }/b) (@.b=+.%)

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



Linear alignment (LA) model

For cosmological purpose,

Observing |A of early-type galaxies looks very interesting

A model for tidally-induced |A (Catelan et al.’0l, Hirata & Seljak '04)
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In galaxy redshift surveys, one can measure 3D spatial correlation



Observer
w Aot s

|A statistics in 3D

Il correlation
Sab = <7¢Iz(x1)}’;£(x2)>

Gl correlation
Eyq = (8,(x)74(x))
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Galaxy
density field

With the |A defined by projected shape, their correlation becomes
along line of sight, characterized as a function of (7, )




Anisotropic Gl & Il correlations

They are given as function of (r,, r)) Okumura &AT (20)
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Analytical formulas

Okumura & AT (20)

Gl correlation
MU — r”/r
Ry _ _,,2y=0 Real space .
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Testing LA model predictions

Okumura, AT & Nishimichi (’20)

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

Gl correlation ‘ Il correlation (§,. =&, , £ &) ‘
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Solid contours: LA model prediction



Testing LA model predictions

Okumura, AT & Nishimichi ('20)
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Testing LA model predictions

Okumura, AT & Nishimichi ('20)
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Geometric & dynamical constraints

RSD & BAO can be measured
from Gl & Il correlations

GG+GI+II
GG
Il
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Fisher forecast

BAO & RSD measurements from BOSS (finished) & DESI (upcoming)
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|A as a promising early-universe probe

In contrast to galaxy density field given as a scalar quantity,

|A is given as a tensor field, and thus can be a sensitive probe to
what is difficult to detect with galaxy density field

Endlich et al. (I 3),
Shiraishi et al. (' | 3),
Arkani-Hamed &

Primordil Bx) = 9x) + 2 K0 Y [(431)2(x) — (¥3;)?)] Maldacera (15),

potential ” Lee et al. ('16)

Anisotropic primordial non-Gaussianity (PNG)

|A field
— ij(k) = [bx + 126y [RTZMTH(E)] (kk; — 5513) 5(k)

Schmidt et al. (’15), Kogai et al.
(’18,’20); Akitsu et al. (’20)



Constralnlng new non-Gaussianity
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Summary

The intrinsic alignment (IA) of galaxies as a novel probe of
precision cosmology & early-universe physics

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

Linear alignment (LA) model
e accurately predicts large-scale IA correlations (Gl & Il)
* quantitatively explain anisotropies inherent in 3D correlations

BAO & RSD can be measured

Forecast study with |A correlations

GG+GI+Il improves cosmological constraints by a factor of >1.5



