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Polarized Dust Emission




Dust Intensity & Polarization




Synchrotron Emission




The cosmic microwave background




Effect of gravity on
Photons




EL










Recombination & photon diffusion

Before (re)combination: photons
scatter on free electrons

After: photons free-stream through
Universe

Observed CMB light from surface of
last scattering

Finite duration of recombination
oermitted photons to diffuse

Struktures smaller than 5 arcmin are
erased

Details depend on

ionization history:

more late ionization

— less CMB temperature structure
+ more polarization signal
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CMB polarization on larger scales
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gravitational lensing




gravitational lensing




projected mass distribution




The cosmic microwave background




Angular power spectrum

Temperature fluctuations [ i K? ]
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TT+lowP TT+lowP+lensing TT+lowP+lensing+ext TT.TE.EE+lowP  TT,TE,EE+lowP+lensing TT,TE.EE+lowP+lensing+ext

Parameter 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits
Qo .. 0.02222 £ 0.00023  0.02226 + 0.00023 0.02227 + 0.00020 0.02225 + 0.00016 0.02226 + 0.00016 0.02230 + 0.00014
Q.. 0.1197 £+ 0.0022 0.1186 + 0.0020 0.1184 + 0.0012 0.1198 £+ 0.0015 0.1193 £ 0.0014 0.1188 + 0.0010
1006y« o v v o 1.04085 £ 0.00047  1.04103 + 0.00046 1.04106 + 0.00041 1.04077 + 0.00032 1.04087 + 0.00032 1.04093 + 0.00030
T oo e 0.078 £ 0.019 0.066 + 0.016 0.067 £ 0.013 0.079 +0.017 0.063 £ 0.014 0.066 + 0.012
In(10"°4) . . . ... .. 3.089 +0.036 3.062 + 0.029 3.064 + 0.024 3.094 + 0.034 3.059 +0.025 3.064 + 0.023
Hs v oo 0.9655 + 0.0062 0.9677 + 0.0060 0.9681 + 0.0044 0.9645 + 0.0049 0.9653 + 0.0048 0.9667 + 0.0040
Hy . ........... 67.31 £ 0.96 67.81 £0.92 67.90 = 0.55 67.27 + 0.66 67.51 £0.64 67.74 £ 0.46
[0 0.685 +0.013 0.692 + 0.012 0.6935 + 0.0072 0.6844 + 0.0091 0.6879 + 0.0087 0.6911 + 0.0062
Qo oo 0.315+0.013 0.308 + 0.012 0.3065 + 0.0072 0.3156 + 0.0091 0.3121 + 0.0087 0.3089 + 0.0062
Quh® ... 0.1426 + 0.0020 0.1415 + 0.0019 0.1413 + 0.0011 0.1427 £ 0.0014 0.1422 + 0.0013 0.14170 £ 0.00097
Quh® ... 0.09597 £ 0.00045  0.09591 + 0.00045 0.09593 + 0.00045 0.09601 + 0.00029 0.09596 + 0.00030 0.09598 + 0.00029
T8 v v e e 0.829 £ 0.014 0.8149 + 0.0093 0.8154 + 0.0090 0.831 £0.013 0.8150 + 0.0087 0.8159 + 0.0086
o QL 0.466 + 0.013 0.4521 + 0.0088 0.4514 + 0.0066 0.4668 + 0.0098 0.4553 + 0.0068 0.4535 + 0.0059
o QB 0.621 +0.013 0.6069 + 0.0076 0.6066 + 0.0070 0.623 + 0.011 0.6091 + 0.0067 0.6083 + 0.0066
e v o oo 9.91’{:2 S.Sfi:z 8.9t%§ 10.01’{:; S.St%é SSfH
10°4 ... 2.19870 108 2.139 + 0.063 2.143 £ 0.051 2.207 +0.074 2.130 £ 0.053 2.142 £ 0.049
10%Age72 .. ... .. 1.880 +0.014 1.874 + 0.013 1.873 £ 0.011 1.882 +0.012 1.878 £ 0.011 1.876 + 0.011
Age/Gyr ... ... .. 13.813 £ 0.038 13.799 + 0.038 13.796 + 0.029 13.813 £ 0.026 13.807 + 0.026 13.799 + 0.021
Do oo 1090.09 + 0.42 1089.94 + 0.42 1089.90 + 0.30 1090.06 + 0.30 1090.00 + 0.29 1089.90 + 0.23
P v e 144.61 £ 0.49 144.89 + 0.44 144.93 + 0.30 144.57 £ 0.32 144.71 + 0.31 144.81 + 0.24
1006, . ......... 1.04105 £ 0.00046  1.04122 + 0.00045 1.04126 + 0.00041 1.04096 + 0.00032 1.04106 + 0.00031 1.04112 + 0.00029
Zdrag c v e e e e e 1059.57 £ 0.46 1059.57 + 0.47 1059.60 + 0.44 1059.65 = 0.31 1059.62 £ 0.31 1059.68 + 0.29
Fdrag « « o v 0o oo e 147.33 £ 0.49 147.60 + 0.43 147.63 + 0.32 147.27 £ 0.31 147.41 +0.30 147.50 + 0.24
kp oo 0.14050 + 0.00052  0.14024 + 0.00047 0.14022 + 0.00042 0.14059 + 0.00032 0.14044 + 0.00032 0.14038 + 0.00029
Zeg « v v e e 3393 +£49 3365 + 44 3361 £ 27 3395 £33 3382+£32 3371+ 23
keg o oo 0.01035 £ 0.00015  0.01027 £ 0.00014 0.010258 + 0.000083 0.01036 + 0.00010 0.010322 + 0.000096 0.010288 + 0.000071
10005 - o oo oo .. 0.4502 + 0.0047 0.4529 + 0.0044 0.4533 + 0.0026 0.4499 + 0.0032 0.4512 + 0.0031 0.4523 + 0.0023

2‘(;1030 ........... 299+29 304+29 303+28 295+2.7 302+£27 300+£2.7

21[“}1035‘2” ......... 324+2.1 328+2.1 327+£2.0 322+19 328+19 32619

oo 106.0 2.0 106.3 +2.0 106.2+2.0 1058+ 1.9 106.2 + 1.9 106.1 + 1.8
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Parameter Space Extensions

Planck TT4+lowP
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DM annihilation

e DM might annihilate into any oM particle

e [hese loos energy mainly via collisions with CMB
ohotons and cosmic electrons

— heat input & re-ionization (after recombination)

Main parameter is re-ionization efficiency

dE . 2 22 6
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tH/'[cool

Photon cooling

Slatyer, Padmanabhan, Finkbeiner (arXiv:0906.119772)
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Energy deposition fractions
Slatyer, Padmanabhan, Finkbeiner (arXiv:0906.119772)
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Energy deposition fractions

Slatyer, Padmanabhan, Finkbeiner (arXiv:0906.119772)
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on"H(2))

(dn,./dt)/(n

Changed ionization history
Finkbeiner, Galli, Lin, Slatyer (arXiv:1109.6322)
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Angular-spectral distortions

Slatyer, Padmanabhan, Finkbeiner (arXiv:0906.119772)
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FIG. 5: CMB power spectra for three different DM annihilation models, with power injection normalized to that of a 1 GeV
WIMP with thermal relic cross section and f = 1, compared to a baseline model with no DM annihilation. The models give
similar results for the TT (left), TE (middle), and EE (right) power spectra. This suggests that the CMB is sensitive to only
one parameter, the average power injected around recombination. All curves employ the WMAPS5 fiducial cosmology: the

effects of DM annihilation can be compensated to a large degree by adjusting ns and og [? |.



WMAP contraints

Slatyer, Padmanabhan, Finkbeiner (arXiv0906.11972)
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Planck DM constraints
Planck Collaboration (arXiv:1502.01589)
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Planck DM constraints
Planck Collaboration (arXiv:1502.01589)
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Hydrogen 2s — 1s transition rate
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Constraints on neutrino masses

Assuming normal mass hierarchy
Planck base model assumes X, m, =~ 0.06 eV

Larger neutrino mass permits for a smaller o
— reducing tension with

cluster abundance (X-ray, SZ by Planck)
& CMB lensing (Planck)

Neutrino mass offects

» background expansion (absorb-able by Ho)

e carly ISW effect (by getting non-rel.)

e [ate time lensing (by diminishing small-scale power)




Constraints on neutrino masses

Zm,, < 0.72 eV Planck TT+lowP ;

va < 021 eV  Planck TT+lowP+BAO;
va < 049 eV Planck TT, TE, EE+lowP :
va < 0.17 eV Planck TT, TE, EE+lowP+BAO .




Constraints on neutrino masses
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Constraints on neutrino masses
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Neutrino number

effective number of relativistic (non-photon) d.of. @ recombination

4/3 Standard cosmological
. NeﬁZ( 4 ) o, , prediction: Neg = 3.046

8 11 | | T ) I
|| | 0.900
8 . | 0.885
Planck °
— 0.870

|
TT.TEEE |
T +HowP+BAC |

|

Cepheid data L, 1 0840 O

-1 0.825

t

I

I

| — -1 0.855
I

I

I

| 0.810
I

0.795

| | 0.780

y (% b |
3.5 4.0 4.5

Nest Extra neutrinos / bosons
Photon heating required here decoupling @ different epochs




Neutrino number

effective number of relativistic (non-photon) d.of. @ recombination
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Perturbations in neutrino background
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Conclusions

Planck has - so far - confirmed
the standard models
of cosmology & particle physics.
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