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11 History of the universe

Initial seed

Evolution of initial seeds
in primordial plasmas Non-linear evolution of

matter fluctuations
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1.2 Large-scale structure

Large-scale structure of the universe

the inhomogeneous distribution of galaxies and/or matters on very large scales
(on scales much larger than individual galaxies)

dominated by the gravity of cold dark matters (CDM) seeded during inflation

Dark Matter

Dark Energy

©Planck

Observing large-scale structure would shed light on the dark components, initial condition,
and nature of gravity.
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1.3 Galaxy redshift surveys

mapping the universe by measuring

Aobs = Ao

obs

redshift: z =

cm

angular position: (6, ¢)

Observed redshift ©Hubblesite

Cosmological redshift (Hubble flow)
+ Doppler effect (peculiar velocity)

Observed position (inferred from redshift) # Actual position
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1.4 Redshift space distortions (RSD)

Observed galaxy distribution appears distorted

l

Redshift space distortions (RSD)

Primary source: Doppler effect induced by peculiar velocity

Real space

Large scale: coherent infall
Redshift space\

(Apparent position)

\_

(Actual position)

* line-of-sight direction

Observer

Kaiser effect /

Small scale: virial motion
/Real space Redshift spacm

(Actual position) (Apparent position)

|

* line-of-sight direction

/

kObserver
Finger-of-God effect
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1.5 Two-point correlation function
Theory vs Observation

E®(s, u) = (69(s1)8®)(s,)) ~ galaxy number count with a fixed separation

A specific direction: line-of-sight, breaks the statistical 1sotropy.

!
E(8) = M;_ : J du E&(s, )P (1) (P (u): Legendre polynomial)
-1

Two-point correlation function
SDSS DR11 #700,000, 043 <z<0.7 200

H.Guo et al. [1407.4811]
T
[ CMASS

100

s2&0(s)

~100 H
0.1 1 10 100
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106 cosmOIogy In RSD N. Kaiser (1987)

Redshift space > Real space ~
14z . .
redshift space s = r T (’U , 2) s (special relativity, v «< 1)
real space (Z ) Z: constant line-of-sight vector
\_ P y

continuity equation (linear): 5L +—V.-v~0
a

conservation law: (1 + 5(8)(s)) d3s = (1 + 5(r)) d3r

Kaiser formula
s dlno,
5®(k) = (b + f(k - 2) ) o (k) f= : linear growth rate
dlna
0.8
, , Planck 2018 VI [1807.06209
Linear growth rate depends on the gravity theory . 2pss Mes TR | ]|
— a probe of gravity on cosmological scales . e e FastSound
ercs pri2 | VIPERS
O 55 LE)O 05 —+Snla | 1
F f = ' T |
or ACDM: f ~ (Q,(a)) N ,W W\
[ J \‘
0 —6dFGS CAMA s
0.2 T T T T T T T

o0 02 04 06 08 10 12 14 16
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21 General relativistic effects

Observed redshift

Cosmological redshift (Hubble flow)
+ Doppler effect (peculiar velocity)

’\/V\/\@+

Other relativistic effects:

+ gravitational redshift (Sachs-Wolfe)
+ integrated Sachs-Wolfe
+ Shapiro time delay

+ gravitational lensing
+ 00

distorted light-rays

© NASA, ESA & L. Cal¢cada
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A.Challinor and A.Lewis [1105.5292]
2.2 RelatiViStic RSD C.Bonvin and R.Durrer [1105.5280]
J.Yoo [1409.3223], and many works
How do relativistic effects imprint on redshift space?

Perturbed FLRW: ds* = |—(1 + 2®)ds* + a*(1 — 2¥)dx?|

, dk¥
Solve the geodesic eq.: a + FZ ﬂk“kﬁ =0

. . . (kﬂl/t'u)s
Define observed redshift including all effects: 1 + z =
(k,uu'u)o
f_ Redshift space including possible relativistic effects 4\
1 .
6=y +z (v - F)P (Doppler effect) (weak field approx.)

14z 1 L. g !
— —(I)+5v2—J (CI>+‘I’>dt’ ?—J (‘I’+‘P)d)(’f’—[ (X —xHV (P +P)dy
t 0 0

 gravitational redshift « Shapiro time delay
* Transverse Doppler  1ntegrated Sachs-Wolfe
k  gravitational lensing J

What is the unique signature of relativistic effects ?
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2.3 Recalling Doppler effects

The peculiar velocity induces the even multipoles in RSD

dInop

590 = (b+fle-2?)6.k)

v

(line-of-si1ght vector)? — Quadrupole anisotropy

: linear growth rate

(Kaiser formula

dlna
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2.4 Linear theory of relativistic RSD
K—Observed redshift including possible relativistic effects

l+z ..
s =r+ (v -rr
1+z 1 L ! !
k r— _¢+5v2_[ <CI>+\P>dt’ f—[ (‘P+‘P)d;(’f~—J (x=x)V (@ +W)dy
t 0 0

Shohei Saga

—~

' . (S) 3¢ — 3
c.f. Kaiser formula conservation law: <1 +0 (S)) d’s (1 +o(r )) d’r

(linear approximation)

Linear density field with relativistic effects

-

\_

§) = by — ;[’r - a@ (7 - ) (the line-of-sight vector is highlighted by red)
r
2 H\. 1/ 0 ) .
(TH+H2>T-U+H(r-ar\I!Jr’Hr-err-v)
d 1 [T r—r 2 1 r . .
— — + — ! — A ® + v — 4+ — v dr’ (U + @
20w gy [0 (2270 a0 ) @ )+<”"‘H+H2>( o, o (o B

(line-of-sight vector)odd = odd multipole anisotropies
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2.5 Odd multipole anisotropies

The peculiar velocity induces the even multipoles in RSD

Relativistic effects induces the odd multipoles in RSD
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2.6 Dipole moment [91

Shohei Saga

3 (!
Dipole moment: &, = EJ' (f(s)(sl, §5) COS 9) dcosd
-1

TH[h‘lMpC]

—40 -20 0 20
71 [h™'Mpc]

40 —40 =20 0 20 40

v L [h'Mpe] E.Giusarma et al. [1709.07854]
Doppler effect Relativistic effect

Linear theory A.Challinor and A.Lewis [1105.5292], C.Bonvin and R.Durrer [1105.5280], J.Yoo [1409.3223],

implies £, & (b, — b,) = Cross-correlating with different biased object is essential.

Remark:

beyond the distant-observer limit, the Doppler effect also leads to the dipole, called wide-
angle effect

-
-

¢
X
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2.7 Evidence of relativistic effects?

2.80 dectection of relativistic effects in SDSS DR 12
CMASS galaxy sample

S. Alam et al. [1709.07855]

New cosmological probe of gravity!

Linear regime is well understood.
Q. non-linear (or quasi-linear) regime??
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3.1 N-body simulations

Shohei Saga

M-A.Breton, Y.Rasera, A.Taruya, O.Lacombe, S.Saga [1803.04294]

» Using cosmological N-body code RAMSES.

« Storing gravitational potential data on light cone

» Tracing back the light ray to the source by direct integration of geodesic equation

* We obtain "Observed" position and redshift

Lbor

A

..................

7 Cell0: Cell t:
p.9,Yd p,& Vo

Cell 2: -
povo .

..................

o

Simulation box

..................

e

(ETT TTTTT TP rrs

Reconstructed light-cone

(2.625 h-1Mpc)3, 40963 DM particles, assumed O=Y

Then, all possible relativistic effects are taking into account

RayvGalGroupSims By Michel-Andres Breton and Yann Rasera
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3.2 Measurements in RayGalGroupSims

M-A.Breton, Y.Rasera, A. Taruya, O.Lacombe, S.Saga [1803.04294]

Small scales

Large scales

Doppler
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3.3 Measurements in RayGalGroupSims

M-A.Breton, Y.Rasera, A. Taruya, O.Lacombe, S.Saga [1803.04294]

z=0.34 z=0.34
le—3 ' ' ' ' ' , 2 018—4' , , , , , 1 01e—2 ‘ ‘ ‘ ‘ ‘ 1018—2 : ‘ ‘ ‘
1.4 A i ational redshif | b =207 b, =2.07
o\ ift | L =2. 1 =4
19 Doppler | 15 \\\GraV1tat10na redshift | b —1.08 | 0l b, =1.08
_ g O l } t
4 . ik SR e —
= 0.5 1Z 0.0 | t B S bodl T g I S
< 0.0—4 ’ Gravitational
—od Doppler | _g5 v .O |
0.5 T . redshift
0. S— =R | | | . . .
L ey "0 40 60 80 100 120 140 1% ——5 5 55 35 30 5 10 15 20 25 30
r(Mpc/h) r(Mpc/h) r(Mpc/h)

Based on RayGalGroupSims and/or linear theory...

Gravitational Doppler effect

Both effects

redshift (wide-angle effect)

—
Non-linear Quasi-linear linear regime scale

regime regime

We make a quasi-linear model taking into account both effects
based on Lagrangian PT (Zel'dovich approx.)

Related works:
A.Taruya, S.Saga, M-A.Breton, Y.Rasera, T.Fujita [1908.03854] Castorina & White [1803.08185]
S.Saga, A.Taruya, M-A.Breton, Y.Rasera [2004.03772] E. Di Dio & Seljak [1811.03054]

F.Beutler & E. Di Dio [2004.08014]
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41 Quasi-linear modelling

S.Saga, A. Taruya, M-A.Breton, Y.Rasera [2004.03772]

All relativistic effects:

l+z . 1+z Lo ("6 o ._ [ [ / /
s =r+ v-ryr + —D 4+ —y° — <(I>+‘I’> di |lr— | W+P)dy'r—| (x—x)V, (®+P)dy
H H 2 ; 0 0

Gravitational Doppler effect

redshift Both effects (wide-angle effect)

Non-linear Quasi-linear linear regime scale
regime regime

Pick up the dominant contributions
’ v Doppler effect

v QGravitational redshift effect
o +z N 14z B
s =r+ I (v-ryr o

SR )

Doppler effect Gravitational redshift

Dominant term:
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4.2 Lagrangian Perturbation Theory (LPT)

— analytical approach to motion of fluid element via Lagrangian picture

trajectory of a fluid element W¥: displacement field
" (displacement of a fluid element
‘Il from the 1nitial position)

llllllll
....................
* L 4
0‘ *

initial position r=q+Y¥4q,1

(Lagrangian coordinate) Zel'dovich (1970), Shandarin and Zel'dovich (1989),
F.R.Bouchet et al, (1992), T.Buchert (1992), F.R.Bouchet et
al. [astro-ph/9406013], F.Bernardeau [astro-ph/9311066], ...

.. : 1
Equation of Motion: W + 2H(2)W = — — V.p(x)
’ a
Poisson equation: A ¢(x) = 47Gpa’d(x, 7)

Zel'dovich approximation (1st order LPT):
V, ¥zalq, 1) = = D, (9)5,(q) (D,(): Linear growth factor)

1 +7 1 +7

v-rr— I, r=q+¥;5(q.1)

S =r+
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4.3 Modelling gravitational potential

S.Saga, A.Taruya, M-A.Breton, Y.Rasera [2004.03772]

Our model:
s = r+

1 +7 . 1+7z
(v-r)r—
H

The gravitational potential © must be modified by the
gravitational potential of haloes

r = q + \IIZA(qa t)

Modelling non-linear potential
linear potential non-linear halo potential
ViD| (x) = — 47Gap(V - ¥y,)

We estimate O, using

e NFW profile
Dy, « N-body simulations

Assumptions: Oni 1s a constant value determined by halo masses and redshifts
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4.4 Analytical prediction

1 +z2 . 14z
Ourmodel: s=r+ v -F)r— = r=q+¥,.(q,1
— (DL + (I)NL
Gravitational redshift Doppler + Gravitational redshift
_3 —
1.00 19 100 310"
Potential only Doppler and Potential
0.75 data_H1600 X data_HlOO 0.75F data_H1600 X data_HlOO
(z=0.33) (z=0.33)
0.50 | 0.50
0.25[ ~~_ 0.25

¢1(9)
¢1(9)
~—

~025f / ~0.25}
—0.50 — - - Linear theory —0.50 — - - Linear theory
—0.75¢ —0.75}
— without non-linear potential —— without non-linear potential
~1.00—— '2I5' — '5I0' ~ '7I5' ~ '160' — 'liSI 150 ~1.00== '2'5' - '5'0' - '7'5' - '1(')0' - 'liSI 150

_1 —_
s [k Mpc] s [~ Mpc]
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4.5 Results (z=0.33)

S.Saga, A.Taruya, M-A.Breton, Y.Rasera [2004.03772]

Large scales Small scales

x10_ 0.5
03l Gravitational redshift Gravitational redshift

Gravitational

of v
) -1.0 1
redSh |ft 0.1} Linear theory Linear theory
—0.2 -15}
Our model [w/ ®xi.(N-body)] Our model [w/ ®ni.(N-body)]
0.3 . RayGalGroupSims
RayGalGroupSims 20 . . . .
0. | - - - s . 5 10 15 20 25 30
Y0720 60 80 100 120 140 »
1 s |[h Mpc]
B s [h Mpc]
2010
Doppler
+ ~
° ° :F 1
Gravitational ..
o ~1.0}
I‘edSh Ift Doppler. . . 1.5} Doppler
-1.5} & Gravitational redshift & Gravitational redshift
20T 0 60 80 100 120 140 —2.05 10 15 20 25 30

s [h""Mpc] s [h'Mpe]
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L K
406 DeteCta bl I Ity S.Saga, A.Taruya, M-A.Breton, Y.Rasera [2004.03772]

S.Saga et al. in prep

Future surveys:

o <<
> Lo S -~
-

o CNNTY
SUb aru-PES (2 022"“) s S WAL
-:: e “. 2 20 R 44 b4 85 0‘-1.*. 2‘.. S ST PR
. P e S
Y > @ . :

> i A

SKA2(2030~)  ©

25
- == DESI-LRGXDESI-ELG
== DESI-LRGx*Euclid
’ == DESI-LRGxXSKA2
201 == DESI-LRG*PFS
! == DESI-BGSxSKAI
w= DESI-BGSXSKA2
sk == Euclid*PFS
S
10
5[ Synergy between two
observations 1s quite important
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5. Summary

Our model:
Lagrangian perturbation theory + modelling of non-linear potential

1 +z 1 +7
— I Y% r = ) , 1
S=r (v-r)r q 7A(g, 1)

this quasi-linear model taking into account both Doppler and
gravitational redshift effects

We found

v our model describes RayGalGroupSims results
v linear theory 1s recovered at large scales.
v non-linear halo potential plays important role at small scales

We expect

v the dipole signal can be a new probe to explore gravity theory
v we can propose the "best" survey strategy, based on the feasibility study
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