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RSD: What

Real space: r
ar o Relationship between real and redshift-space clustering:
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RSD: Why

 What you observe in a redshift survey is the density field
in redshift space

— Combination of density and velocity fields
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RSD: Why

e Tests of Gravitational Instability

— Structure growth driven by motion of matter and
inhibited by expansion
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Dynamics of gravitational instability

* Mass conservation (continuity equation)

P LT[+ 6)3] =0

0t
* Momentum conservation (Euler equation)
ov . e .
—+ Hv + (0.V).7 = —V¢

0t

* Matter-gravitational potential relation (Poisson equation)

2 = 3 2
V2§ = 4nGpo = 5 QpH’

— On large scales, where perturbations are small, one can
linearize the equations and obtain: ¢ +2Hé —47Gpé =0

> (k) = 6,.(k)Dy(t) +6-(k)D-(t) and f(z) = dlnD(z))/dln(z;
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RSD: Why

* Constraints on General Relativity

— GR provides prediction for growh rate of structure f
f(a) = Qm(a)ﬂ"‘ with 'Y=055
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Extract o, from the 2-point
correlation function
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2 origins for non-linearities

e Real-to-redshift space mapping
—>How to express &(s) as a function of &(r)
Where E(r) = < 0(x)0(x+r) >
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2 origins for non-linearities

* Non-linear evolution of matter density and
velocity fields

= Next cosmoclub, for now we assume 0=0, ...,
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History of RSD models

Linear theory
e Kaiser (1987)

e Gaussian streaming model (Fisher, 1995) with
density-velocity and velocity-velocity couplings
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Kaiser, 1987

* The redshift-space position of a galaxy differs from its
real-space position due to its peculiar velocity v (in

1 . _ _ Vz
h*Mpc): s=r+v,(x).z=r[1+ ?] V(%) = u,(x)/(aH)

* The exact Jacobian for the real-space to redshift-space
transformation is obtained using:

d3s = s2dssin?0 df dp P dis
d*r = rdr sin*6 d6 do d3r (1 17 ) A+

dvz

* The galaxy overdensity field in the redshift space can
be obtained by imposing mass conservation:

(1+6;)d?s = (1+6;)d*r 10/36



Kaiser, 1987

e Distant-observer (or plane-parallel) approximation

—v,/z< 1 where the LOS direction of each object is
taken to be the fixed direction z »

1+85 = (1+6r)(1+%) (1)

* Irrotational velocity field assumption
—>Potential flow: §=-V.v 50 v, = —iV‘ZB

(d/dz)%.V 2= (k,/k)* = u% which gives %—J—) —ué 6(k)
(1) becomes

85 (k) = 65(k) + pcb (k) + ui |65 @ 8](k) + p[6 @ 8] (k) + -+
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Kaiser, 1987

* Linear coupling: 8(k) = f&,,(k) where f = —— = 09:35(2)

* Bias matter tracers: §, = bd,,

Monopole

€8 = (B2 + 5 fbo+ = F)6(r) = B1+ 2B+ 6165
Quadrupole
& = B35+ 2B)(En (1) — &nlr)] —

En(r) = 3 / e (r')r2dr’
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eBOSS expected values for tog
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Fisher, 1995

There have been two models used in the literature to describe &(r,, 7). The first and perhaps most well known model expresses
&(r,, r,) as a convolution of the real-space correlation function with the probability distribution for velocities along the line of sight,’

[ Erer 1) = f w@é(f)ﬂ[h-}’-%%:(r)], } )

- o

where r?> = y? + r? and v,,(r) is the mean relative peculiar velocity of two galaxies separated by r (cf., Peebles 1980, § 76; Peebles
1993, p. 478). F(V) is the probability distribution of relative velocities about v,,(r) which is usually assumed to be isotropic. By
“isotropic” we mean that the tensor second moment of the velocity distribution, {v;v;), is assumed to be of the form, o 55 (65
denotes the usual Kronecker delta symbol). Throughout this paper, the model for &(r,, r,) given in equation (1) with an isotropic
dispersion will be referred to as the “ streaming ” model. The streaming model has mainly been used to estimate the galaxy pair-wise
velocity dispersion from the suppression of &(r,, r,) on small scales (e.g., Davis & Peebles 1983).

For a Gaussian random field:
- Streaming Model with a Gaussian velocity distribution and a scale-
dependent velocity dispersion (pairwise velocity PDF)

_ dy 1 [ry =y — (y/r)y5()]°
é(rm ru)_ J‘\/’z—na-(r) 6('.) Cxp 2 U%_(r)
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Fisher, 1995

* Density-velocity coupling For Gaussian fields:
uy,(r)) = (v — o)1 + o)1 + 9')) <0(x)v(x)>=0
= {¥'0) — {(wd') + higher order terms

fb
—2F I j dk kP(k)j,(kr) (in linear theory)
= vy,(r)F,

In linear theory, it is straightforward to how that the density/velocity coupling is given by

fb
(Ov') = —F o dk kP(k)j(kr) ,

If it is not straightforward for you, as it
was not for me, see next slide!
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d3k
(2m)3

Fourier convention: §(x) =

d3k' d3k

<§gx)v(x+7r)>r= 2n)? (21)3

3 3 ! . :
_f 3k dk l(k+k ).xelk_r lfzzk-"' < 5m(k)6m(k ) > —

(2m)3 (27:)3

ik.r
2n)3 ° k2

3
=f d’k lfbkrP )

[sotropic case: d3k = d¢ cos@d6 k?dk and k.r = krcosé
21 1

ei(k+k').xeik.r < 69 (k)v(k’) S 7

v(k) = —B(k)

LLIWE

. .
<y +71)>1r= f do f cosO dO ek7cos9 cos0 f ?2 d)I; lff P (k)
\\\\A ikrcos@
We set u = cos6 2.(cos6)e
<5, X)v(x+71)>1= rf%ifkam(k) f 2du et*Thy
2ij;(kr)

<dxX)vx+r)>r= —r—fdkkP (k)j, (kr)
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Fisher, 1995

e Velocity-velocity coupling (Gorski, 1988)

In linear theory there is also a velocity/velocity coupling given by

<vl v)> ‘Pl(r)é + [lp |(r) ‘pl(r)]rl Jjoe

where the velocity correlation functions parallel and perpendicular to the line of separation are (Gorski 1988)

which gives:

¥, = zﬂ—; dk P(k)J ‘(k')
2 2, (k
¥, () = 2” ; | dk P(k)[jo(kr) - Lk(r—')]

o) = 2[07 — ¥ () — (1 - 1) E ()]

/

1D velocity dispersion,
Y <v(x)v(x)>
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T2

Wl/og Is) Vil [km/s]

Linear theory: summary

dinD

~ (0.55
dlna Qo (2)

Linear coupling: 6(k) = f6,,(k) where@:

1+ &g(s1,50) = | dnll+ & (1P (2, o)

R. Scoccimarro, 2004, Phys.Rev.D

s00 b I‘ ‘I o o ; Dispersion velocity 6°,, prop to f?
4 5 —> - From N-body simulations
600 3 s 4 > - Linear prediction
400 L= TS 3
20 Mean infall velocity v,, prop to fb
- From N-body simulations

0.5 ;

0k Skewness €— Pairwise velocity PDF

; ——> non-Gaussian at all
“ ? Kurtosis <— scales

o0.
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BEYOND LINEAR THEORY



2 origins for non-linearities

* Real-to-redshift space mapping
—>How to express &(s) as a function of &(r)
Where &(r) = < (x)O(x+r) >

Gaussian Streaming Model:

L+ 8y 15) = [ AL+ &P @iz, o)

Linear theory:
- vy, prop to fb

- 0%, prop to f2
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2 origins for non-linearities

* Non-linear evolution of matter density and
velocity fields

—> Let go back to the dynamics of gravitational

instability to understand how non-linear evolution
comes
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Dynamics of gravitational instability

* Mass conservation (continuity equation)

dé6
1V 51 =0 (1)
37 + V.[(1+ 6)v]

* Momentum conservation (Euler equation)
—+Ho + (0.V).v=-Vgp ()

0t

* Matter-gravitational potential relation (Poisson equation)

3
V2§ = 4nGpé = S0, HE  (3)

Next slide:
1. V(2) + use (3) to replace V20
2. Fourier transformation
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Dynamics of gravitational instability

* Mass conservatio3n .
d4(k) d°q1d°q2 ,
o7 +0(k) = —/ (27)3 dp(q1 + g2 — k(41)5(Q2)

* Momentum conservation

o0(k) 30 i
2+ HO(k) + SO MRS (R) = - /

d3(]1d3(12

(2m)?

Fundamental mode couplings

(91)0(q2)

op(q1 +q2 — k

k-q k2(q1 - q2)
a(q1,q2) = , B(q1,q2) =
( ) q? ( ) 2¢3q3

— Encode the non-linearity of the evolution (mode coupling) and come
from the non-linear terms in the continuity equation and in the Euler
equation.

- Non-linear evolution of 6(k,t) and 6(k,t) is determined by the mode

coupling of the fields at all pairs of wavevectors whose sum is k
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Beyond linear term:
perturbative expansion

Standard Perturbation Theory

5(k;7) = ) a"(7)dn (), O(k;7) = —H(r) p_ a"(7)0n(k)

s

Mode coupling functions
constructed from o and f3

\
\
\
\
Diagrammatic representation of the n'® order contribution to §(k). /

« .O
//’/

bn(k) = —>—¢\:—:>——O
oA

L e

O

() o -
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History of RSD models

Beyond linear theory

Reid & White 2011
Matsubara 2008

Carlson, Reid & White 2013
Wang, Reid & White 2014
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Assumption: the pairwise velocity PDF is defined by its 2 first moments, v, and 0,
- Scale-dependent Gaussian Streaming Model

1+ 815 = [ Al + £ (1P 1z, o)

—> Which perturbation theory to calculate &(r), v,,(r) and o2,,(r,u)?

Standard Perturbation Theory

Lagrangian Perturbation Theory

S =X+ 1,(X)Z,
where v,(X) = u,(x)/(aH)

(1+6;)d*s = (1+6;)d’r

o(k;7) = Z a"(7)0n (),

O(k;T) = —H(T 7)0n(k),

||M8

x(q,t) = g+ ¥(q, 1),

where W is the displacement field

[1+6m(x,1)] d°z = [1 +6m(q,0)] d°¢ = d’q

¥(q,7) = ¥V(q,1) + ¥2(q,1) + ¥V(g,1) +

where W) is the Zel’dovich solution
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Local Lagrangian bias model

Biased trace

Matsubara, 2008

'S

In this paper, we assume locality of the bias in Lagrangian
space: the Lagrangian density field p‘.;bj(q) 1s assumed to be
a function of a smoothed linear overdensity at the same La-
grangian position,

5r(@) = f &g Wella - '@,

where Wg, is a smoothing kernel of size R, and 61.(q) is the (un-
smoothed) linear overdensity. We call such biasing scheme

a

“local Lagrangian bias

p?

in this paper.

Lagrangian bias function F(0)

1+4(q) =

F[(Sm,R(q)]

Link between Eulerian and
Lagrangian bias

In Eulerian space: on large

scales one expects a linear
bias such that 60 = bé,,

In Lagrangian space: on
large scales, one expects
1+<F’>=b where <F’> is the
15t Lagrangian bias
parameter (see slide 30)
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E(r) using CLPT
Carlson, Reid & White 2013

* Tracer density field (from (1) and (2))

a -1
L+oxed) = |2 Flow@) = f dq FI6x(g)160 [ — g — ¥(q.)]

aq
 Correlation function

E=<0(x,)0(x,)>
ik, &Pk, . : )
1+ — Lo & 1 2 iki-(x1-q1) Liky(x2-g3) + Fourier
x(7) f hed (2n)? (2n)? ‘ ¢ transformation
dA, dA, - - .
% f_1_2 F(/ll)F(/lz) <el[/1161+/17_62—k1-‘l’1—k2-‘l'2])1 N\
2 2w

Change of coordinates: (q,,9,) 2 ( 9=9,-q9,, Q=(q,+q,)/2 )

&k . dA; dA, ~ -
1 = | &q | — ”"(q")f—l—zFF K(q, k, A1, 1),
+&x(r) f QI(zﬂ)3e e o F1F2 (9, k, 21, 12)

where we have defined

K(qa k, /11 ’ /12) = <ei(’1161 +/12(52+k-A)> (4)

28/36



E(r) using CLPT
Carlson, Reid & White 2013

. . N )
* Cumulant expansion theorem: ¢ =exp[z #(xm],
N=1"""

Since W is Gaussian, only second cumulant survives.
(161 + by + k-A?) = (A} + B)ok + Aijkik;
-+ 2/11/12§R + 2(/11 + /12)Uik,‘,

where we have defined

0% = <6%>c = <6%>u fR(q) = <6162>ca
Aii(q) = (AiAj)e, Ui(q) = (01Ai)c = (62A).

Thus (4) becomes:

2

- Go to higher order: perturbative expansion of K

1 1
K = exp -E(zf + D)ok — =Aijkik; — A1 A26r — (A1 + A)Uik;

- Non-perturbative resummation of 0%; and A; (since 0%; and A; do not vanish
when q tends to infinity (large-scale limit) 29/36



E(r) using CLPT
Carlson, Reid & White 2013

* Perform integrations

d2; d2
_ 3 RIACE L2 BF,K(q. k,
1+6x(r) = fd f(z y fzn 2 [P KGR A, ),

di
| Lab = [ G52 FA)FG K b2
| — d’k ik-(g-r) |
| M(r,q) = f(27)3 e L(q, k)
Mapping K->L
(" dA . n —Llp2,2 dé _2p d'F ™
ZFQ @) e %= | —— k= = (F
| 55 F — = (F)

E=Ey+<F>E  +<F'>E, + <F'>%E,, + <F'><F’>E  +<F’">%,
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Clustering and velocity statistics in CLPT
Wang, Reid & White 2014

* Velocity moments

u(xz) —u(x1) = a (kX2 — X1) = aA |
Time-independent approximation: k) « DF
v = kH o™ v,(X) = u,(x)/(aH)

Vn(X2) — va(X1) = Zkag") — ﬂ
k

H

* Velocity generating function:

_ dA1 dA2
Z(r,J) = | d°q oik-(a r)/
ety / /(27r)3 2T 2w
x F(\)EF(\2) <e (>‘151+)\252+k'A+J-A/H)>
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Clustering and velocity statistics in CLPT

Wang, Reid & White 2014

* £(r)in CLPT
1+¢&(r) = /d3q Mo(r,q)

* V,,(r)in CLPT
vian(e) = [1+€00) 7" [ d% Mun(r,
* O,(r)in CLPT

2

CTlZ,fvnz

CLPT code:
(input: P (k))

(r) = [1 + £(r)] " [ 42q Mo, (r, Q)

- ’ 77 12
A=A, +<F>A,+<F">A, +<F>A,,
+ <F'><F’">A; + <F”>2A02
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Analysis at z=0.55 for BOSS CMASS galaxies
Wang, Reid & White (2014)

¢(r) comparison at z=0.55

8 —_—
Tt y_y MDPL;vcvithFi\z,?,-idfzjsj Myar 12,781 |1
6
_ 12.484 < Iog(M/Msun) <12.784
£ <F’>=0.435 +/- 0.004
5 2 <F’>=0.16 +/- 0.06
1t
0 B R
_q 5 - o - ) o S 200 Mean infall velocity vlgg_r)cml IIIII
ipen] 250l g MDPL2 e st e~ 12751
. 200+t
* MultiDark N-body T
simulations: MDPL2 5
) 21001
http://www.cosmosim.org/
50}
T —
20 40 60 Wp(éjg | 100 120 331/4@6



Analysis at z=1.55 for eBOSS QSO sample

¢(r) comparison at z=1.55

— linear CLPT with b=2.4
—— CLPT with F} = 1.4, F, = 0.01
7 » , » ¥ ¥ MDPL2 with My, = 121, My, = 13.1 |4

12.1 < log(M/M_,,) <13.1
<F'>=14+/-0.21
<F’>=0.01

- &(r) [Mpe.h ™Y

20 10 G0 30 100 120 300 ' ' Mean infall ve]ocity UlggT)
r[Mpe.h ™

— CLPT linear
= CLPTFi=14F =0.01

Y ¥ MDPL2 My = 12.1 Mypg, = 13.1

- To be checked: CLPT
predictions agreement with N- ‘7
body simulations at z~1.5 for
scales above 20 h"1.Mpc and
for the full halo mass range

v
vvvvvvvvvv

20 40 60 <0 100 120 140
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s-&(s) [Mpc.h™

RSD model for eBOSS QSO monopole

Gl . ¥—v BigMD QSO mock with redshift smearing | |
. ==+ CLPT-GS model F; = 1.4 F, =0.01

—— CLPT-GS model with o, = 6Mpe.h !

’ B Vi et e | RSD-GS model
| prediction for monopole
and quadrupole

-1 20 10 60 ) 100 190 140 160
s[Mpc.h™]

T
<
S
=
“w
=
w
) Lot )
""" Rt ¥—v BigMD QSO mock with redshift smearing
=3 --. CLPT-GSmodel F; = 1.4 F, = 0.01
':' — CLPT-GS model with 0. = 6Mpec.h~!
—4r '.' ==+ Linear theory with b = 2.4
¢ ¢ eBOSS QSO data : bootstrap error
= H H H H 1 1 1
—J
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Modeling RSD

Perturbation theory

Linear theory

Galaxy-halo connection
- scale-dependent bias

- velocity bias

- galaxy assembly

- FoG

Non-Gaussianity

Evolution of density and velocity fields

Perturbative expansion about O, gz in SPT

d(k;T) = Za”('r )on(k),

Perturbative expansion about W) in LPT
Y(q,1) = YV(q,1) + ¥P(q,1) + ¥ (g, 1) + - --

From halos to galaxies: bias definition
- Local Lagrangian bias (Matsubara 2008)
- Non-local Lagrangian bias (Matsubara 2011,

White 2014)

Linear order:
0= 6uNEAR =3

Linear coupling:

6(k) = fom(k)

Linear power spectrum:
Pss = Pso = Pgg= Py

Scale-independent and
linear bias: §, = bé,,

Real-to-redshift space mapping

Include skewness
(39 moment) in the
expression of P

Gaussian assumption: P is deﬁned|by its 2 first moments

1+84(s,8L) = J dr[1+ fg&T‘)]P(Vu» 0fy)

>

Small scales

20:

30 Intermediate scales

60-

80 Large scales h1 Mpc



