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Summary

Evolution of dark matter fluctuations from inflation until today.

¢ Initial conditions: (@, (k)®,(K)) ~ % 5ok 1}

¢ Evolution of the gravitational potential governed by:
®" 4+ 3(1 + c5)YH®' + c2k*® =0

Radiation: oscillations and decay.
Matter: constant (gravity balanced by expansion)

¢ Evolution of the dark matter fluctuations governed by:
60+ HO, = —k*® 4 3HP + 3"

Radiation: logarithmic growth.
Matter: linear growth
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Power spectrum

Super-horizon scales:
governed by the
primordial amplitude
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Correlation function
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¢

¢

¢

¢

¢

Missing elements

Dark energy

Redshift-space distortions

Baryon acoustic oscillations

Non-linearities

Relativistic effects

Saas Fee 2014 Redshift distortions

Camiille Bonvin

pP- 8 /63



Dark Energy

B supernovae measurement we know that the  CRiFEis
started accelerating recently at z ~ 0.5.

¢ For most of the dark matter evolution, dark energy was negligible.

¢ Dark energy affects all the observable scales in the same way,
geeilise they were all inside the horizon when daficReEREHE
started dominating.

¢ Dark energy will modify the amplitude of the power spectrum,
but not Its shape = the density can be expressed as:

¥ initial conditions

At late time: 5dm (k, 77) aee D1 (a)T(g(k)(I)p(k)
4 \"
growth rate: transfer function:

independent of scale independent of time
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Dark Energy

B supernovae measurement we know that the  CRiFEis
started accelerating recently at z ~ 0.5.

¢ For most of tt ) equality DE today was negligible.
= o
¢Dark energy  w he same way,
because the.y S dark energy
started domir &

¢ Dark energy
but not Its she

NEr SPeChEElHE
S 5
Time [log(a)]

onditions
At late time: Udm\ By 1]) — L/1\W) LY\ v ) ¥p\ 1)
4 Y
growth rate: transfer function:

independent of scale independent of time
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Growth function

In @ matter dominated universe: Di(a) =a

How does this change with dark energy!

Inturtively we expect a slower growth (acceleration).
@ SNEhon 0. o, — k0 3HO 30l
Inside the horizon: we keep only the first term.

' 2T 9 radiation is negligible and dark
Poisson: k2@ = dnGa ,Odm5dm energy does not cluster

5gm S Héélm — 47TGCL2,5dm5dm =)
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Growth function

Equation for the growth function:
i) = Ca g, ) — 0

In a universe with matter and a cosmological constant:

8rGa? , _ .
A= 3 (PA 55 pm(a))
Slissuiiuon;  u = o 7 e (da (aH) ) —

Growing mode:
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Result

g 1+z
E 10 1
3 ]_ T T T T T T T
0 B /
N oo/
v 508 m - > less growth with
. O - - dark energy
s ® - o7 -
2 = 0.6 i -
K Bl ~ Q,= 0.7
5 S04F -
gz L et
2 O - =" i
O =02+ ~_--""Q_ =03 .
) =" i
O ] 1 ] I ] [
0.1 1
a

At late tme: H = const and D;(a) — const

No growth in a universe dominated by dark energy.
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Redshift-space
distortions
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Coordinates
¢ Until now we have calculated 64, (x,n)
BERECrer space dam(k,n) = /d3x % 6. (%)

¢ The position of a galaxy x Is given by Its direction and
IEREiSiance x = (n,r)

¢ In a survey we do not measure r but we measure the redshift z

¢ \We calculate the radial distance from the redshift.

¢ Photons travel on null geodesics 1+2z= % i %
A
dn d 1 1
dr:dn:—n—adz:— dz — A

da dz a' (1+ z)? H
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Coordinates

1
14+ 2/ )YH(Z)

B idicl distance  7(z2) = / dz’(
0

¢ The relation depends on the cosmology (from SNe, CMB).

¢ Problem: the above relation between redshift and radial
distance is only correct iIn a homogeneous universe,
e reine redshift Is entirely due to the expansichieil

the universe:

1
G — o
a

¢ In a universe with fluctuations, the redshift is affected by
other effects.
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Doppler effect

¢ The motion of galaxies with respect to us induces a
Doppler shift.

¢ Homogeneous universe: all galaxies move with the
Hubble flow.

¢ Inhomogeneous universe: galaxies are attracted
towards over-dense regions.

¢ The positions of the galaxies on the map are shifted.

¢ Consequence: this changes the observed large-scale
structure, e.g. the shape over-densities.
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Distortions
Linear regime: over-densities are squeezed along the line of sight.

Real space Redshift space
! -
*— 0 ® ®
I o
Observer. Observer.

Non-linear regime: virialised objects (clusters) are elongated,
lifi=Ers o1 god eflect.

Real space Redshift space

\ < .

Observer. Observer.
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/h™Mpc

™

Contours

Hawkins et al. (2002), astro—ph/0212375
2dFGRS: g = 0.49 + 0.09
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Fingers of god

Fingers of God in a portion of the Sloan Digital Sky Survey.
Image from the Cosmus Open Source Science Outreach project.

The non-linear effect can be
seen by eyes.

The linear redshift-space
distortion Is statisticail
detectable In the corirclEiEE
function.
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Redshift
Eg

BllccRoi peculiar velocity on the redshift: 1+ 2= el ©
Vo EO

How does the energy change between source and observer!

Photons travel on null geodesics determined by the metric.

ds’ = —ar [(1 el 2\Il)d772 + (1 — 2<I>)(5ijdxidxj}

dn*

| Tolar. . — 0o o
galaxy geodesic equation: ™ + T gnn” =0
n# il gecaiesic: @, =0
1
orleerellipieh gk = ) (1, —n)

observer fluctuation: nt (v, )
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Redshift

. S . 1
o IS the projection of n” onto the velocity ut—= E(uo’v)
\%
g L Es /peculiar
— 1+ 2z = E_O proper time velocity
Background: 1+ z = =0
as

Fluctuations:

4= 214G n Vo Do - 1) [ERTP

Doppler Gravitational redshift Integrated Sachs-Wolfe

Gravitational redshift: \// observer

ISW: integrated along the trajectory. Sensitive to dark energy.
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Galaxy distribution

How do the redshift fluctuations affect the observation of é?

VWe extract the number of galaxies per volume element.

redshift distortion

—>

Number of galaxies is conserved: p(xobs) d°Xobs = p(x) d°x

:5(1 ol 50bs) dgxobs e /5(1 T 6) dSX
i cicinice 0 0, IS due to the change from x 1O Xobs

Only the radial coordinate is affected by redshift perturbations

b =1z =rlztLo2) =z % 02
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Galaxy over-density

Bl — T+ G 02 @ = =
e 52 8z (1+2)H
Ve keep only the Doppler contribution:  rops =7 + %v ‘N
Jacobian: La T ] + o (v-n)+ ﬂv ‘N ! ¥
' or H e

e lecting the second term;

In

1
(1+ 8obs) 1+ 370, (v - m)]dx = (1 +6)d°x | Obsanve

Oobs = 0 — %&P(V 1)
Kaiser (1987)
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Galaxy over-density

r —’r—l—@5 @— .
ol T e 5z (1+2)H

e 1
We keep only the Doppler contribution:  rops =7+ —v - n

H

Jacobian: agibs =] %&r (v-n)+ %v N

We see a distorted
Neglecting the second term: alsErtluen @ geledes
because we are not able
1 3 to measure distances
4 G [1 il ﬁar (v n)} d"x = directly. How problematic
is that!?

Kaiser (1987)
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Interest of redshift distortions

Redshift distortions provides an opportunity to measure
peculiar velocities. Galaxies move according to dark
matter inhomogeneities —» another way of mapping the
matter distribution.

VWe already know the peculiar velocities from Euler equation:
5=l

¢ We want to test Euler equation (interacting DE and DM)

¢ Velocities measure directly the evolution of the density.
More sensitive to modified gravity.

¢ Peculiar velocrties are not sensitive to bias:

5:b‘5dm but V = VUdm
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Anisotropy

How do we measure redshift distortions and separate

velocities from density?
line of sight

The velocity part Is anisotropic e — 0 — %&(v .n)

VWe expect differences along and transverse to the line-of-sight.

distortion
I - We can detect this
&> <o nodistortion : g
t anisotropy statistically
In the correlatieH
function.

Observer In
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Anisotropy

Iwo-point correlation function:

¢ = {(30x.1) = g0rvem) - m) (3(.1) = 0w} )

Without distortion: &(s,r) With distortion; &(s,r, 8)

Additional dependence

on orientation:
Depends on:

¢ separation

. . max signal: 0 =0, m
¢ distance of the pair

<
min signal: 3 = —

%

n AMn’

Observer Observer
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Anisotropy

Iwo-point correlation function:

1

<= <(5(X’ i) — GalCsls n) (5(X’,n’) — %@’V(X’,n’) - n)>

Without distortion: &(s,r) With distortion; &(s,r, 8)

Additional dependence

s\ 8 =0 on orientation:
Depends on:

¢ separation ,
P max signal: 5 =0, w
¢ distance of the pair

<
min signal: 3 = >

/
niyn n

Observer Observer
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Anisotropy

Iwo-point correlation function:

1

£ = <(5(x, n) — —0,v(x,n) - n) (5(X',77’) = %(%’V(X/ﬂ?/) ‘ n’)>

H

Without distortion: &(s,r)

Depends on:
¢ separation

¢ distance of the pair

n AMn’

Observer

With distortion: &(s,r, B)

‘ Additional dependence
= 7T/2 on orientation:

max signal: 5 =0,

<
min signal: 3 = —

%

Observer
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Derivation

¢ = ((30xm) = 0rv(n) ) (/) — 0w n)

¢ Fourier transform d(x,n) = d(k,n) v(x,n) = v(k,n) = ikv(k,n)
gEliesequation v(k,n) = %5’(k, n)
¢ Relate density to primordial potential d(k,n) = D1(a)Ts(k)®,(k)

E A D
S0V m = (ko) olin) = (kP Ea T (2, (09
d d
e i e ) a d
anl (Cl) HCLda 1(&) anisotropy f = D_%Dl evolution
AL A :

3506,1) = 30,0 m = (14 (K- F) Dy ()T (k) B, ()
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Derivation

i dSk dSk/ —z(k i 2 IND
_/(zw)3/(2w)3 1+ £k n)?) (14 £ E - 0')?)
x D1(a) D1(a’) Ts (k) T5 (k") (@p(k)@p (k"))

v

s e /
known initial conditions ~ 55[) (k + k )

Simplification: distant observer approximation: n = n’

/T—T\ e

=y the sky is approximated as
flat —» there is only one
line-of-sight for each pair.

nfn’ b

Observer Observer
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Derivation

depends on the direction of k

d’k —ik-(x—x’ B 772 / A}b N

¢ = [ ase = (14 sk ) (1+ £k - w'))
x Dy (a) D (o) T2(K) (2,(k)2,(K')

¢ 1

known initial conditions 3 oD (k o k/)
Simplification: distant observer approximation: n = n’
=y the sky is approximated as

flat —» there is only one
line-of-sight for each pair.

nfn’ b

Observer Observer
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Result

9 2 4 e
¢ = D? { (1 - gf - %)MO(S) = (gf - %) p2(s)Pa(cos 5)

8 f?
+¥ 4 (s)Py(cos B) Hamilton (1992)

A dk L ns—1 . sets the shape of the
e | ST B =00 s correlation as a function
ME( ) 2 / k <H0) 2 ( )32( ) of separation.

other terms: ¢ cross-terms density-velocity proportional to f

¢ velocity-velocity terms proportional to f2
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Result

¢ = D? { (1 L f—2>uo(8) - (ﬁ i 4—fQ> p2(s) P2 (cos B)

3 9 3 7
\ 2
h funct 8/

growth function _|_3—];,LL4(3)P4 (COS 5) } Hamilton (1992)
primordial amplitude

RA ns—1 sets the shape of the
MO(S) - / % (i) T(?(k) ]O(k : 5) correlation as a function

i k Hy of separation.

'4 \Y
transfer function separation

other terms: ¢ cross-terms density-velocity proportional to f

¢ velocity-velocity terms proportional to f2
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Result

2 2
£ = D? { (1 + % + %)MO(S)— (% - %) p2(s)Pa(cos B)

8 f?
+¥ 4 (s)Py(cos B) Hamilton (1992)

. A dk k ns_}g N6 slightly different dependence
:LLQ(S) 7 2—7_‘_2 ? FO Y ( )«72( ; S) in separation than the density

) Vv redshift distortion
L 6
density The angular dependence is given by:
3 1
r Py (cos B) = 5 cos? — 5

Observer
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Quadrupole dependence

1.0
s
2
S
Q
~ 0.0}
0.5
@b rver I = 0 a5 90 135 180
B

SRliic hplitlude of the correlation URCHGRENE
modulated by Py (cos )

¢ [he quadrupole Is negative: i
3
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Quadrupole dependence

1.
s
2
S
Q
~ 0.0}
0.5
@b rver I = 0 a5 90 135 180
B

SRliic hplitlude of the correlation URCHGRENE
modulated by Py (cos )
4f

¢ [he quadrupole Is negative: _ =/
3

Saas Fee 2014 Redshift distortions Camille Bonvin pP-39/63



Quadrupole dependence

1.0
s
2
S
Q
~ 0.0}
0.5
@b rver I = 0 a5 90 135 180
B

SRliic hplitlude of the correlation URCHGRENE
modulated by Py (cos )

¢ [he quadrupole Is negative: i
3

Saas Fee 2014 Redshift distortions Camille Bonvin p-40/63



Quadrupole dependence
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Quadrupole dependence

1.0
s
2
S
Q
~ 0.0}
0.5
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Quadrupole dependence

1.0
s
2
S
Q
~ 0.0}
0.5
@b rver I = 0 a5 90 135 180
B
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3
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Negative quadrupole

Hawkins et al. (2002), astro—ph/0212375
2dFGRS: g = 0.49 + 0.09

Redshift distortions
increase the gradient
along the line-of-sight.

n  /h”'Mpc

-20

0 20

¢ /h”'Mpc

At a given separation, the correlation Is stronger

transverse to the line-of-sight than along the line-of-
sisht = negative quadrupole.
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Negative quadrupole

Hawkins et al. (2002), astro—ph/0212375
2dFGRS: g = 0.49 + 0.09

Redshift distortions
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P_4(cosp)

Hexadecapole dependence

£ = b { (1 + 2 + f—2>,uo(8) = (ﬂ =1 4—f2> p2(s)Pa(cos B)

@il (crms:
the quadrupo

Py(cos B) = %

3 9 3 7

8 f* |
+¥ 4 (s)Py(cos B) Hamilton (1992)

velocity-velocity correlations contribute to
e and generate an hexadecapole.

_35 cos*B — 30 cos?8 + 3}

1.0F
08}
0.6}
04}
0.2}
0.0}
-0.2F

-04}

Maximium at 5 = (famnaks

Velocity-density decreases monotonically.

Velocity-velocity have a complicated
structure due to a combination of cos?

GoRE 0 10 15

2.0 25 3.0
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Multipoles extraction

How can we separate redshift distortions from density?

VWe can use the particular angular dependence of the terms.

1

| . 1
Ve average over all orientations: 5/ du &(s,r, 1)
—1

1 1
/ dy Po(p) =0  and / dp Py(p) =0
=

— 1

- extract the monopole

3 5 3 7

£ = 95 { (1 < <A f—2>,u0(8) - (ﬁ - 4—f2> p2(s)Pa(cos B)

2
+%,u4(s)P4(cos 6)}
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Multipoles extraction

¢ =Dy { (1 A f—2>uo(8) T (g e 4—‘7&) p2(s) P2 (cos )

3 5 3 7

8 f2
39

¢ lo extract the quadrupole we weight by Ps(u)

5

1 4
5 /_1du SERE () (gf 1 %) pa2(s)

¢ o extract the hexadecapole we weight by Py(u)

1

Saas Fee 2014 Redshift distortions Camiille Bonvin
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+——p4(s)Py(cos 5)} Hamilton (1992)
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Bias

Fluctuations in the number of galaxies are biased with
respect to the dark matter fluctuations: d =b- dgm

2 2
(= D { (542 D) (2L 4+ 40 opygensi

2
+%u4(s)P4(cos B) }

The monopole and quadrupole are affected by bias, but
e xcidecapole s not. This reflects the fact thattie

velocities are not biased v = v,

By measuring all multipoles we can measure both b and f
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Results: monopole

without redshift distortions with redshift distortions
20
‘£OZD% b2NO(5) fO:D% <b2+?+€> to(s)

150

100

2
s“ &

50

50 100 150 200
s [Mpc/h]
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Results: quadrupole

2
o =-0% (B + 2L ) o)

2
§° &

50 100 150 200
s [Mpc/h]
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Results: hexadecapole

> 8f°

— e S

&4 1 35 M4( )
8
6
W4
9
0

50 100 150 200
s [Mpc/h]
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L. Samushia et al, arXiv:1312.4899 (2013)

& (h™ Mpc)®

BOSS

150r|r[1||||

100

50

a CMASS DR11 North + South

|
N O |
|

I

Xiy =18/27 dof

=50
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Fourier space

Effect of redshift distortions on the power spectrum.

Sobs(K, 7)) = (1 + (k- n)? f)5(k, n) Ps(k) 6p(k + k')
7
(Bobs () Bons (K, ) = (1+ (k-m)2f) (14 (K- )2 ) (6(k, n)o (', )}

Distant observer approximation: n =n'’

2 ~
PP (k,n, cosa) = (1+ cos®(a) f2) Ps(k,n) n-k =cosa
Fourier space Real space
a &
>/ k Breaking of isotropy: .>/. Breaking of isotropy:
the power spectrum the correlation function
depends on the direction depends on the orientation
1 of the Fourier mode. A of the pair.
n o
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Multipole expansion

¢ We rewrite the cosine In terms of Legendre polynomial

(orthogonal basis)

P25 (k,n, cos o) = {1 + h + f—2 + (% + 4—]7[2>P2(00804)

3 5
8 2
ol 3—£P4(cos a)}Pg(k,n)

¢ The density power spectrum factorises out.

¢ In the correlation function this was not the case: different
SEnicicnce In the separation due to the sphickiEd
Bessel functions.
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Multipole extraction

¢ monopole
L 2 2
PO (k,m) = 5/ du P3P (kym, 1) = (1 + ?f + %)Pg(k,n)
|
¢ quadrupole

. 5.0 . Af e
e () — §/ldMP2(M) IS (g i 7>P5(k777)

¢ hexadecapole

9

1 2
ODS ODS 8f
PP (kn) = 5 [ du Palu) P5(kymo ) = =Ptk

We can measure fog
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Results: monopole

without redshift distortions with redshift distortions
2b 2
b2 Ps(k,n) <b2 — Tf + %) Ps(k,n)

™

e

SR

()

§ 1000
o 100
<

0.001 0.01 0.1 1 10
k |[h/Mpc]
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Results: quadrupole and hexadecapole

quadrupole

4b A fe

104 5

100

0.01 A a a
0.001 0.01 0.1 1 10

k [h/Mpc]

hexadecapole

32
— Ps(k
35 5( 777)

104 5

100

0.01 A a A
0.001 0.01 0.1 1 10

k [h/Mpc]
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F. Beutler et al,arXiv:1312.4611 (2013)

NONRERRARNON A

AP2/0P2 APy/op,

¥
E-Y

i e CMASS-DR11 NGC
» CMASS-DR11 SGC
best fit NGC
best fit SGC

PR I O O P

Monopole
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Growth evolution

Which kind of constraints can we obtain from redshift distortions?

The monopole and quadrupole allow to measure fos and bog

L. Samushia et al, arXiv:1312.4899 (201 3)
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Modified gravity

- . . : . : a d
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Consistency of General Relativity

How can we quantify deviations from general relativity?

: el Peebles (1980)
Bt o
Useful parameterisation: f(a) = Q,,(a) Wang and Steinhardt (1998)

In general relativity with a cosmological constant: v = 0.55

Observing a different values would mean a deviation
igem ACDM.

This 1s not a general parameterisation but it allows to
test the consistency of general relativity.
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L. Samushia et al, arXiv:1312.4899 (2013)

Consistency of General Relativity
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