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Comparison of Planck-only and WMAP-only Six-Parameter ACDM Fits*

Parameter Planck WMAP Difference
(“CMB+Lens”) (9-year) value  WMAP o

Qh® 0.02217 4 0.00033  0.02264 & 0.00050  —0.00047 0.9
Q.h? 0.1186+0.0031  0.1138+0.0045  0.0048 11
o) 0.693 % 0.019 0.721 + 0.025 —0.028 11
r 0.089 = 0.032 0.089 £ 0.014 0 0
to (Gyr) 13.796 £ 0.058 13.74 £ 0.11 56 Myr 0.5
Ho (km s~ Mpc™!) 67.9+1.5 70.0+2.2 —2.1 1.0
oy 0.823 £0.018 0.821 + 0.023 0.002 0.1
[ 0.0481° 0.0463 £0.0024  0.0018 0.7
Q 0.257" 0.233 +0.023 0.024 1.0

*The new Planck results strongly favor the standard six-parameter ACDM model with

cter values that arc consistent with WMAP as shown in this table which

compares results derived entirely from Planck data with those derived entirely from WMAP
data.

“Parameters derived from quoted values. No error estimate is given for this data/model
combination.

http://lambda.gsfc.nasa.gov/common/images/planck_wmap_table.svg
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Open questions in cosmology

ssues of the ACDM model, coming from cosmological simulations

» Core/Cusp problem [de Blok, 2009]
» Missing Satellites problem [Bullock, 2010]
» Too big to fail problem [Boylan-Kolchin et al., 2011]
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Why do we need dark matter?

» Dynamics of galaxies in clusters (virial mass) [Zwicky, 1933]

» Dynamics of stars in galaxies (velocity curves) [Sofue and
Rubin, 2001]

X-ray luminosity in clusters of galaxies
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Why do we need dark matter?

» CMB peaks structure
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What is dark matter?
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» MOND [Milgrom, 1983]
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» TeVeS [Bekenstein, 2004]
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What is dark matter?

» New particles [Bertone et al., 2005]
Modified gravity
» MOND [Milgrom, 1983]
P = mpu(a/as)a

» TeVeS [Bekenstein, 2004]
» Conformal gravity [Mannheim, 2002]

S:/d4$ /_gcabcdcabcd

Non-trivial GR effects:

» Non-Newtonian effects from an axial symmetric geometry
[Balasin and Grumiller, 2006]
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Dark matter particles

Some famous candidates:

» Sterile Neutrino (m 2 10 keV) [Dodelson and Widrow,
1994]

L=y (f) vrvr + Mvgrg + h.c.

» Axion (m < 0.01 eV, s = 0, non-thermally produced)
[Peccei and Quinn, 1977]

» Neutralino (MSSM) (m 2 100 GeV) or WIMP in general.

(m/TCd)/25
(0annv)/1 pb

Stable relics from the electroweak scale

QWIMP ~ 0.2
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Primordial evolution of DM

If DM particles were in thermal equilibrium with the primordial
plasma:

» Thr = m: DM particles become non-relativistic
» Iy xee0f = Fu: chemical decoupling (7' = Teq)
» I'xifoxyr ~ Tu: kinetic decoupling (7' = Tiq)

For WIMPS Tiq < Teq < Tyr and 5 < Tiq/MeV < 3000
[Profumo et al., 2006]
The precise values depend on the DM particles model

For the neutralino, Toq ~ 4 GeV (z ~ 1013) and Tiyq ~ 25 MeV
(z = 1011).



Physics of the primordial evolution of DM

When Tha <T<Teq
» Collisional damping — Damping scale [Green et al., 2004]



Physics of the primordial evolution of DM

When Tyg < T < Tiq
» Collisional damping — Damping scale [Green et al., 2004]
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Physics of the primordial evolution of DM
When Tig < T < Teq
» Tight coupling — Acoustic oscillations [Loeb and
Zaldarriaga, 2005]
Tia \ °

Myt ~ 1074
cut MeV

Mg

Transfer Function
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FIG. 2 (color online). Transfer function of the CDM density
perturbation amplitude (normalized by the primordial amplitude
from inflation). We show two cases: (i) T,/M = 10"+ and
T4/Teq = 107; (i) T,/M = 1075 and T,/T., = 10. In each
case the oscillatory curve is our result and the other curve is
the free-streaming only result that was derived previously in the
literature [4.7.8).
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Physics of the primordial evolution of DM
When T < Tiq

» Free-streaming — Free-streaming length [Green et al.,
2004]

Free-streaming wavenumber

1.7 x 108 (m/100 GeV)*/? (Tiq/30 MeV)'/?

ks ~
f Mpc 1+ In (Tia/30 MeV) /19.2

Free-streaming mass
My ~ 1075M

Total correction to the transfer function (including collisional
damping)
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2013]



Physics of the primordial evolution of DM
When T' < Tigq
» Temperature fluctuations — Jeans length [Piattella et al.,
2013]

Jeans wavenumber
127G
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Comparison with free-streaming length
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Boltzmann equation in GR

Distribution function
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f<t,xZ,P1:m az)

dr

Boltzmann equation
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Boltzmann equation in cosmology
[Bernstein, 1988]

Flat FLRW metric
ds? = g drtde” = —dt* + a(t)?6;;dz"da?
Proper momentum
p? = a(t)*5;;P'P?

SO
)

P'==n

ISHRS]

where 5ijﬁiﬁj = 1. VE becomes

of dpdf
o Taay ="

Because of isotropy, no dependence on z' and 7.



Solution and important quantities

Solution
f = f(ap)

Particles number density

n= [ dépfian) =1 /0 dx 22 f(z)

Velocity dispersion

Call



Momenta

Non-relativistic approximation: Neglect O (p4 / m4) terms
(p*/m* ~ 1076 for the neutralino).
Zero momentum

of dp Of on
3 - =
/d ( " —H— : > 0 = +3Hn =0

Second momentum

] pz .
dPpf—n'n! — H [ &° n'nl =
at/ pf R / ppa n'n’ =0

88(7+2H0—0 = 0o a2

i.e.



Density evolution

Density
€= / BpEf

multiplying Vlasov equation by d®pE and integrating over the
momenta gives

0 1
£+3H <£+3mn0) =0

B akd\3 = MNkdOkd [0kd\°
e=mnqg|— ) +—— (—) .
a 2 a

For the neutralino oyq =~ 1073, Velocity dispersion acts like a
pressure. Does its perturbation act as a pressure perturbation?



Perturbations
[Ma and Bertschinger, 1995]
Synchronous gauge

ds® = CLQ(T) [—dT2 + (655 + hij) dxidxj]
Scalar perturbations only

hij(x,7) = /dgk exp(ik-x) [l%il;‘jh(k, T)+ (l%l =

;5ij> 677(k,7)}

Fluctuation in the distribution function

f(r, 2", P") = fo(r,p) + fi(r, 2", P")

Perturbed Vlasov-Einstein equation:

(ik - 8) f, + p200 [7’7— h+677<1;.ﬁ)2] —0

Op 2



Perturbed quantities
Particle number density

n=mng+n = /d3pf0 +/d3pf1
Peculiar velocity '
. oy
nov' = /d3ppnf1
m

Perturbed velocity dispersion

2
no'i — / Ep Y (fo+ fr)aisd
m

Define vy as

2
.. .. p d A L3
nooy +niog = /d?’pm2f1n’nj = ngvy
v1 acts as a pressure perturbation. Energy density
1

1
p=nom-+nim + §nom00 + §n0mv1



Zero momentum

Define

1 o
Op = — kv = ik;0"
ng

Zero momentum

5n+kv+ﬁ20

2
But
s=P_ nim +mnovi /2 Op +v1/2
o Lo n0m+m7l000/2 1+0'()/2
So

oo\ - Go. 1 h
1 7> —_— _—— —_ =
(+25+25 2+kv+2 0



First momentum

First momentum
. a Sos g
U+ -V — kkikj’l)l =0
a
Expand vij in its trace and traceless part
vij = %5” + %

Then . .
o+ S — Sy — k=0
a 3
where we have defined the anisotropic shear as

Il = kik,; %9



Perturbed Einstein equations

la,
k2 — =25 = 4rGa2oT,
2a
k% = 4rGa®ik'6T?;
h+2gh—2ﬁn:—@nG&&ﬁi
b+ 6ii + 22 (h + 67) — 2k = 24xGakik? (5T — 6T45;/3)
a
Modified contribution for DM
6T%(DM) = —poé

: kv
ik'6TY;(DM) = pg———
1 ( ) L0 1 + 0_0/2

. 1
0T ;(DM) = pg—-—~
(DM) P oor2

II

L. 1.J v splosi —
b (0T = 0T'8%;/3)(DM) = pog——



Adiabaticity

Tds=% L2,
n
Tds = 0 for DM
o 00/3
7:5 = —
1+tw " YT 1402
Therefore
5 14+00/2 5
V] = 000 = —————= =0
T304 w) " T 1+500/63 "

Thus, assuming II =0

. a h ah 5,



DM power spectrum
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DM and baryon transfer function
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DM power spectrum
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DM power spectrum
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DM and baryon transfer function
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DM power spectrum
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CMB TT spectrum

6000

5000

4000

3000

(1 +1)Cy /27 [uK? ]

2000

D =

1000

200
100
0
=250 -100
—-500f 1 1-200

10t 500 1000 1500 2000 2500
Multipole I

0
500
250

AD; [uK*)
o




Summary and Conclusions

1. Velocity dispersion of DM acts as a pressure

Ut

Fluctuations in the velocity dispersion of DM act as a
pressure perturbation

A Jeans scale is set

This scale is very small, because DM velocity dispersion is
relevant at very early times

Qualitatively, today 3? has to be smaller than 107°.



Future work

Spherical collapse
Mass function

Seeds for cosmological simulations

Ll

Extension for WDM (it decouples relativistically, so our
treatment is no more valid)
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