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Outline

1. tension in ACDM between
CMB fit and “direct” measurements

Ho and Os

2. dark matter interacting with
dark radiation model to the rescue



ACDM cosmic concordance model

Standard Model + collisionless dark matter
+ cosmological constant + “big bang”

w‘DM mejoﬂS -QA As ng T

reio



Planck CMB

6000 FT ' ?' LU B B B B B B B BN B B B B NN B B B B B B B B %

5000

4000

3000

2000

1000

el ! T TN T TN (Y TN TN NN SR N SN MY SN SN NN SN SN SN S NN S SN S S
2 10 30 500 1000 1500 2000 2500
14

~AAA

100fF
80 [
60 [
a0 |
20 |

o

70 |

-70

-140 [




Planck CMB  (TTEEE Lowp)

Quhs ... 0.02225 + 0.00016
Qh* ... 0.1198 £ 0.0015
1006pmc .« .. ... .. 1.04077 = 0.00032
Tt e 0.079 = 0.017
ln(lOloAS) ...... 3.094 + 0.034
Mg oo e 0.9645 + 0.0049
Hy ........... 67.27 + 0.66
Qn oo 0.3156 + 0.0091

o ST 0.831 + 0.013
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Matter Power Spectrum from weak lensing
DES astro-ph/150705552
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Galaxy Power Spectrum, SDSS-DRY,

P(k)/(h~3-Mpc?)
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Galaxies don't track dark matter perfectly

“"Galaxy bias" Pom(k) = Pga(k) (a + b k + ¢ k?)

Power Spectrum
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P(k)/(h~3-Mpc?)

Galaxy Power Spectrum, SDSS-DR7
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weak lensing: CFHTLens
DES (science verification 2015)
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Planck lensing  0.815+-0.009 Planck CMB
Planck SZ 0.761+-0.012 0.831+-0.013
_yman alpha 0.832+-0.017
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DM+DR model
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)\ am p\e . Non-Abelian dark sector
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QXamPk= Abelian dark sector
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What are imporart hew ffeds
o energy density 1 dark vudlition =>2Neg
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Momentiun, transler rate
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Inear perturbations
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growth of perturbations
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Pammz\er dependence
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ACDM ANeff ~ 0.5
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How well do we do?

Ax° =-12.7 with 2 new parameters

Fisher - test: p=0.002 (>30)

o dorkmdikion fyes W o w0
g )

~ T ) | ) o &
(o] i M LXcs Te FSa S‘;Yw (( \L Lo



back up!



Parameter |CMB+BAO | CMB+LSS | CMB+BAO | CMB+BAO
+LSS +LSS5+Hy
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CMB: we use the Planck 2015 TT + low-¢ likelihood from Ref. [26].

BAO: we use measurements of Dy /7y, at 2 = 0.106 by 6dFGS [27], at z = 0.15 by
SDSS-MGS [28], at z = 0.32 by BOSS- LOWZ [29], and anisotropic BAO measure-
ments at z = 0.57 by BOSS-CMASS-DR11 [29].

LSS: we use three probes of Large Scale Structure: the Planck 2015 lensing like-
lihood [30], the constraint og(€2,,/0.27)%4 = 0.774 4+ 0.040 (68%CL) derived from
the weak lensing survey CFHTLenS [31], and the constraint og(€2,,/0.27)"%0 =
0.782 + 0.010 (68%CL) from Planck SZ cluster mass function [32]. The latter con-

H,: we occasionally also use the constraint Hy = 73.8 £2.4 km/s/Mpc (68%CL) from
Riess et al. [16]. Direct measurements of the local Hubble rate by e.g. [16, 17] have
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Colliders: mono-jets
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