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Summary

¢ Three important features of the power spectrum, not encoded
in the original dark matter calculation.

¢ Dark energy dominates the universe today.

B c 00 not observe the correlation function In real spacEN N
in redshift space. The mapping from real to redshift space:

¢ Modifies the amplitude of the correlation function.

BRE Ciicdies a dependence of the correlation: TUNCLICRSCHMERE
orientation of the pair: a quadrupole and an hexadecapole.

¢ We can extract these multipoles by weighting the average over

the angles: D
o= —5— | dul(r,s,p)Pelp)
— 1
. . d
¢ [his provides a measurement of the growth rate f = = =

D1 da
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Summary

¢ Baryon acoustic oscillations: it is not correct to treat all
the matter as dark matter.

¢ The subdominant baryons behave differently before
recombination: they couple to the photons and oscillate.
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¢ The scale of the oscillations is used as a standard ruler.
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Missing parts

large scales: small scales:
corrections to corrections to
the Newtonian the linear
calculation calculation
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Non-linearities

¢ Basic equations: continurty and Euler.

Ot (%) + V| (14 8am (%, 1)) - Vam (%, m)| = 0

VZlm (Xa 77) + HVdim (Xa 77) + Vdm (Xa 77) - VVim (Xa 77) = va

¢ Linear regime: Sgm, Vam ~ 107° > S4m - vam ~ 107° negligible
RS Y Vi (X, 1) = 0
Vo (X,1) + Hvgm(x,n) = =V
¢ We know that 64, < 1 is not always true, e.g. in galaxies
and clusters.

BMERIRIS case the linear equations are Wrong:  ddm * Ydm = Odm
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Non-linearities
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non-linear
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Validity of the linear resolution

s our linear calculation completely wrong!

The answer depends on the scale.

—®

o— :
linear mode
non-linear

non-linear

The non-linear physics is not correlated. Only the long wavelength
modes Induce correlations d4m, (kr,n) < 1: linear physics is valid.

lhe galaxies share the same ReMHIHR
/\/\" physics: they are correlated by 64, (knr,m) > 1

- Linear physics is not valid.

non-linear mode
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Validity of the linear resolution

The linear calculation is valid until &nt,
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What can we do in the non-linear regime!
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Beyond the linear regime

Gian (%,1) + V | (1+ 8 (x,m)) - Vam (x,1)| = 0

Vilm (X7 77) Pl HVdm (X7 77) T Vdm (X7 77) : vVdm (Xa 77) = —Vo

¢ Without approximations, we cannot solve analytically these
equations -» numerical N-body simulations.

¢ The power spectrum can be measured from the simulations,
but they take time and depend on the cosmology.

¢ An analytical description can help.

¢ One possibility 1s to do perturbation theory: keep terms
up to a certain order in the equations.
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Perturbation theory

¢ We expand:  8am = 85 + 632 + 65 +

va \% N

€ 62 63

¢ If ¢ < 1,the higher order terms are negligible: keep only (5(1)

B e higher order terms are larger: KecnEiaicsill
expansion, I.e. fully non-linear resolution.

56(],2) 5(1)

dm !

¢ If € <1,we have a hierarchy 6 < and we can
improve the calculation by including higher order terms.

B iilreation theory allows to calculate the peiies
spectrum In the mildly non-linear regime, for a range of k.

¢ Beyond that we need something else.
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Perturbation theory

VWe do a similar expansion for the velocity.

We use g (x,1) = VVam(x,n)

X
O, O ~ k*®
Oam (ka 77) = —k vgm (ka 77)

We insert the expansions into the continuity and Euler equations.
g ) +V {(1 4= Gt LI < Vismlerd 77)} =

V() + HVam (X, 0) + Vam (X, 1) - Vvgn(x,n) = Vo

Linear order: 5&2, +6') =0

m

/ 3
02+ 1, = K80 = 2220, 1))
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Second order

R Vs (X, 1) = —V (0am (X, 1) - Vam (X))

v ¥ \ 2
2 0 0o :

Fourier transform:

¢ left-hand side 5&2/ + 6

dm Fourier Fourier

A A
¢ right-hand side / 43X €™V (84 (%, 1)V (%, 7))

the linear modes source
&) (2) o the second-order modes
5dm (k7 77) By Hdm(k7 77)

d3k4 (k1 + ko) - ki (1 i
i / oo / 4k, 6p(k — ki — ko) = 05 (K1, 7)35,) (K2, 7)
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Second order

R Vs (X, 1) = —V (0am (X, 1) - Vam (X))

v ¥ \ 2
2 0 0o :

Fourier transform:

d3k2 —1ko-x d3k1 I
¢ left-hand side /(27r)3 e b d) /(gﬁ)s e Oam (ka,7)

R A
¢ right-hand side / A% €™ XV (84 (%, 1)V (%, 7))

the linear modes source
&) (2) o the second-order modes
5dm (k7 77) By Hdm(k7 77)

d3k ki +k2) ki 1
_/ (%;3 /d3k2 Sp(k —k; — kg)( = 05 (K1, 7)35,) (K2, 7)
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Solution

/ 3 /
O (1, 71) + MO (k1) + §Qm’H25§2 (k,n) =

d’k ki + ko|2k; - k
_/ (271-)13 /d3k2 5D(k—k1 —k2)‘ 1 2132|k21 2 Hc(l}?)l(kl’n)ec(li%(k2,n)
1/2

Coupled system of equations, with a known source term.

6(2)

dm

d’k,d3k
(k,m) = / (217T)3 25D(k K k2)G2(k1,k2,U)5§3(k17U)5§2(k2,ﬁ)

A’k d’k
5&?7)1(1{7 77) o / (217'(')3 : 5D (k B k1 TR kQ)FQ(kla k27 77)56(;71(1{17 77)56(12(1{27 77)

The solution s: e (pm(n) >——
A ptot(n)

1 k1°k2 k1 k2 1 " 2
F = 2(1 Aol as ]
5 2( +€) + ; (k2+ k1>+2( €)(ky - ko)
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Power spectrum

Equation for 62 and 6%

6élm (X7 77) an VVdm, (X7 77) P _v((sdm (Xa 77) " Vdm (Xa 77))
\4 ¥ '2 Y

o o 20 T

The second-order solutions source the third order, and so on.

Power spectrum

. (05 05)) + (05 632 + (65 632y + (032 01
v v N V4

linear correction

L) <) <0
(G Oamam) = 0
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Result
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1 FILL

0.01

At very small scales, the solution from perturbation theory is not good enough.

Can we do better analytically?

0.10 ;
Wavenumber [h Mpc™']

Yes: with the Press and Schechter formalism.
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Higher order correlations

In a Gaussian field (642 6(V6(My =0 > the power spectrum
contains all the information.

Non-linearities generate non-Gaussianities:
(8am 8am Oam) = (O s Sarn) = (G O Sy Oan) 7 0

1)

m

Even if the linear 6% remains Gaussian, the observed one is not.

DO /el spectrum Is not sufficient to characterise d.

Bispectrum:

<6dm (kla 77)5dm (k27 77)5dm(k37 77)>
= (27T)35D (kl s k2 ap k3)F2 (k17 k27 n)P(kla n)P(k27 77) i CycC.
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Press and Schechter formalism

How can we do better than perturbation theory!?

|dea: describe the distribution of matter as a collection of halos.

density profile

102 I TTTTm T 1T
M 1 e =
2 i
0.1

10-%
1072

107 M, =2x1012M, \
10

107 g
halos With different masses 10—7 LI AT IIIHLU.' LU
10=0.1 1 10 102 10°%

r [kpe]

p [My/pc?]

With such a description we can calculate the correlation function:
Bipc) — Z M; - u(x — x;, M;)

§(x,x") = (p(x)p(x')) — {p(x))(p(x"))
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Spherical collapse

First ingredient: understand how and when the density
becomes non-linear and collapses into halos.

Spherical collapse: The sphere evalicss il
closedlmiverse:

over-dense 3 dR 2 L
sphere — (t) R
g R2 \ dt R?
¥
R e
expanding universe R(??) aa L = COS(AU)

t(n) ~ An — sin(An)
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Spherical collapse

First iIngredient: understand how and when the density
becomes non-linear and collapses into halos.

Spherical collapse: R(n) ~ 1 — cos(An)
t(n) ~ An — sin(An)

over-dense

/ sphere

R

expanding universe

n
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Critical density

We calculate the density contrast §spn = Psph — P

17

In a matter dominated universe, the linear density contrast is:

2/3
3 ot : :
& 20 (tmax)

@SlEmee 0L (Lo} = 0uph (2fmax) = 1.69 Sani (toom) = 180

Two lessons:

B e the linear density contrast Is larger than d; e
over-density collapses.

¢ A halo has an average non-linear density 200 larger than
the background.

Saas Fee 2014 Non-linearities Camiille Bonvin p- 21/28



Distribution of halos

How can we predict the distribution of halos from the
spherical collapse!

Let us smooth the linear density at a scale R
Smlbidi= /d3x’ W(x—x',R) () When ég > 6. collEdp =t

| | Above the threshold
i”h oy Smoothing /5‘./ ‘e oo
lighoi N " Uy (or picking up a ;-;ff;ﬁa!( we have halos of Inrtial

“g b f certain mass M) [V ‘,, . :
th ﬁ{%}i’ E— ﬂ;ﬁ,‘&;: pL7Ab radius R, 1.e. mass

Galaxies

4 R3
M ~ el
o, 3
L y; Aeaks
X " above threshoid The PeakS belong .to

halos of mass equal
CredicDeong  OF Srreater thantnis
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Distribution of halos

We can calculate how many peaks we have.

¢ 6 Is gaussianly distributed with known variance.

¢ Or Is also a gaussian with smooth variance og

f(>M) = /500d5R P(Or)

Oc

(&

Repeat for all B, lie. M anc S libeuine
fraction of mass in halos off mics Rl

f(M)dM = f(> M + dMy — (Sl
-» Halo mass function

Problem with under-dense region: x2
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| |
o >

In(M/p,(dn/dlnc-1))

|
@

— 0

Halo mass function

Credit: Jenkins et al. (2001).
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Density profile

The second ingredient Is the distribution of mass within each halo.

10% g
10
: : : : : 1
¢ [t 1s difficult to predict this analytically. T 01
£ 1072
<’ 10-3
: : : o 107 i
¢ Profile taken from numerical simulations. & 1o p Mo
;::8:2 lllllllll lIIlllIlI IIIHIIII Illllllll l[lll%
1020.1 1 10 102 103
r [kpec]
Enough to calculate the correlation function.
2 halos
/ 1h / 2h /
’/;‘ E(x,x") = £ (x,x) + cRGaua

| halo
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Credit: Cooray and Sheth (2002)
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Bias
¢ Consequence: galaxies are biased tracers of the dark matter.

¢ Galaxies form In halos: in a first approximation we can
populate each halo with one galaxy.

¢ Halos form If the density Is higher than the threshold.

¢ It we have a long wavelength mode of dark matter, it
modulates the formation of halos.

o=vo
W‘\/\

X

(o7

'

Credit: J.A. Peacock (2003)
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