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* Planck 2018 results.
* Planck 2018 results.

|. Overview, and the cosmological legacy of Planck

ll. Low Frequency Instrument data processing

lll. High Frequency Instrument data processing

V. CMB and foreground extraction

VI. Cosmological parameters

VIIl. Gravitational lensing

X. Constraints on inflation

XI. Polarized dust foregrounds (submitted)

XII. Galactic astrophysics using polarized dust emission

Coming later

Planck 2018 results. V. Legacy Power Spectra and Likelihoods
Planck 2018 results. VII. Isotropy and statistics
Planck 2018 results. IX. Constraints on primordial non-Gaussianity

= Only lensing likelihoods released today. CMB likelihoods with likelihood paper.
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2018: 7 = 0.0506 + 0.0086 (68 %, lowE)
2015; 7 = 0.067 + 0.022
2016: 7 = 0.055 = 0.009



LCDM* parameters: temperature + low-# polarization

—— Planck TT+lowP (2015) Planck TT+lowE (2018)
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* Flat, power-law scalar adiabatic perturbations, 3 active neutrinos, m, = 0.06 eV



LCDM parameters: all temperature + polarization

—— Planck TT,TE,EE+lowP (2015) Planck TT,TE,EE+lowE (2018)
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CMB lensing reconstruction

1.6 - Planck MV 2018 (aggr.)
: ) Planck MV 2018 (cons.)
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CMB lensing best measures ~ 030%2> = 0.589 + 0.020.
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Baseline TT,TE,EE+lowE+lensing LCDM parameters

Parameter Plik best fit Plik [1] CamSpec [2] ([2] = [1])/oy Combined
Quh? ... 0.022383  0.02237 +0.00015 0.02229 + 0.00015 -0.5 0.02233 = 0.00015
Q> .. 0.12011 0.1200 = 0.0012 0.1197 £ 0.0012 -0.3 0.1198 = 0.0012
1000vc ..o oo 1.040909 1.04092 £+ 0.00031 1.04087 = 0.00031 -0.2 1.04089 + 0.00031
T o 0.0543 0.0544 + 0.0073 0.0536f8:88(7’3 -0.1 0.0540 = 0.0074
In(10"°A¢) ......... 3.0448 3.044 +£0.014 3.041 £ 0.015 -0.3 3.043 £0.014
Tlg v ve e et e 0.96605 0.9649 + 0.0042 0.9656 + 0.0042 +0.2 0.9652 + 0.0042
Quh> 0.14314 0.1430 = 0.0011 0.1426 = 0.0011 -0.3 0.1428 = 0.0011
Hy [ km s™'Mpc™'] 67.32 67.36 £ 0.54 67.39 £ 0.54 +0.1 67.37 £ 0.54
Qo oo 0.3158 0.3153 +£0.0073 0.3142 + 0.0074 -0.2 0.3147 = 0.0074
Age[Gyr] ....... .. 13.7971 13.797 £ 0.023 13.805 = 0.023 +0.4 13.801 + 0.024
o 2 S 0.8120 0.8111 = 0.0060 0.8091 = 0.0060 -0.3 0.8101 = 0.0061
Sg = 03(Q,/0.3)%3 0.8331 0.832 +£0.013 0.828 +0.013 -0.3 0.830 +£0.013
Tre o v ome e 7.68 7.67+0.73 7.61 £0.75 -0.1 7.64 +0.74
1000, ............ 1.041085 1.04110 £ 0.00031 1.04106 = 0.00031 -0.1 1.04108 = 0.00031
Farag (IMpe] ... L 147.049 147.09 = 0.26 147.26 £ 0.28 +0.6 147.18 £ 0.29

Baseline likelihood

LCDM results robust to ~ 0.5¢0 (where o is small)

Alternative likelihood



Is Planck+LCDM consistent with other
astrophysical data?



CMB and BAO
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CMB and BAO
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CMB and BAO
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X« ~ 14000 Mpc
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Comoving sound horizon:
y+v+b+CDM= 1, ~ 147 MPC
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Osao = 7q/Dy(2)

Line-of-sight BAO:
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Transverse and averaged BAO

1.10 94 spss
MGS  WiggleZ

|
1.05 4 |

\ DES (D)
L

1.00 -

i

BOSS

(D/rdrag)/(D/rdrag)Planck

0.95 - DR12 SDSS quasars
6DFGS
DR14 LRG
0.90 ~
1 1 1 1 1
0.5 1.0 1.5 2.0 2.5

Use BAO = DR12+MGS+6DFGS (adding others would make little difference)



Supernovae

« Observe redshift and flux for different redshifts: S(z) = LS—ZN
4mdi(z)
 Luminosity distance d;, = (1 + 2)?D, = (1 + z)Dy,
. — [(eat) — (8x) L L da late-time LCDM
DM f( a ) f(azH) Ho” JaQm+a*(1-Qp) [ !

= can measure H, only if you know Lgy,

= can measure (,, (+w,w,) without knowing H, or Lgy (if assumed constant)



Supernovae: Pantheon (Scolnic et al) fits LCDM well (limits room for wy, w,)

0.4 - g e | L Y
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Hubble Parameter

Forward ladder measurement (SHOES, Riess et al.);
radial BAO with Planck LCDM 74,4
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Planck LCDM: H, = (67.36 + 0.54) km/s/Mpc
Riess et al 2018b: Hy = (73.52 + 1.62) km/s/Mpc

= 3.6 o tenson



Ho [kms™ Mpc™!]

“Inverse distance ladder”
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fCTs
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Extensions to LCDM
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Z m. <0.12 eV (95 %, Planck TT,TE,EE+lowE
o +lensing+BAO).
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(95 %, TT,TE,EE+lowE+Iensing
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Consistency with element abundance observations
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Aver et al. (2015)
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Table 4. Constraints on 1-parameter extensions to the base-ACDM model for combinations of Planck power spectra, Planck lensing,
and BAO (equivalent results using the CamSpec likelithood are given in Table A.2). Note that we quote 95 % limits here.

Parameter TT+lowE TT, TE,EE+lowE  TT, TE, EE+lowE+lensing  TT, TE, EE+lowE+lensing+BAO
Qp .o —0.0Séfgzg‘s‘é —0.044f8:8§i —0.01 lfgjgg 0.0007i8:88§§
m,[eV] .......... < 0.537 < 0.257 < 0.241 < 0.120
Net oo 30005 2925038 28903 299%0%
+0.03 +0. +0. +0.023
Yoo oo 0.246" 01 0.2407 55 0.2397 055 0.2427 54
dng/dInk.......... —0.004f8:8:§ —0.006j818}§ —0.005i818}§ —0.004i8:8}§
FOO02 « 0 v o e e e e e < 0.102 < 0.107 <0.101 < 0.106
Wo v e 1567040 158403 1577030 1047010

Table 5. Constraints on standard cosmological parameters from Planck TT,TE,EE+lowE+lensing when the base-ACDM model is
extended by varying additional parameters. The constraint on 7 is also stable but not shown for brevity; however, we include Hy (in
km s“Mpc’]) as a derived parameter (which is very poorly constrained from Planck alone in the ACDM+w( extension). Here a_,
is a matter isocurvature amplitude parameter, following PCP15. All limits are 68 % in this table. The results assume standard BBN
except when varying Yp independently (which requires non-standard BBN). Varying A is not a physical model (see Sect. 6.2).

Parameter(s) Quh? Q.h? 1008y H, n, In(10'94.)
Base ACDM ....... 0.02237 +£ 0.00015  0.1200 + 0.0012 1.04092 + 0.00031 67.36+£054  0.9649 £0.0042 3.044 +0.014
F o 0.02237 £0.00014  0.1199+0.0012  1.04092 + 0.00031  67.40+0.54  0.9659 £0.0041 3.044 +0.014
dng/dnk.......... 0.02240 £ 0.00015  0.1200+0.0012  1.04092 + 0.00031  67.36+0.53  0.9641 =0.0044 3.047 +0.015
dng/dInk,r ........ 0.02243 + 0.00015  0.1199 + 0.0012 1.04093 + 0.00030 6744 +0.54 0.9647 +0.0044 3.049 +0.015
d*ng/dInk?, dn/dInk. 0.02237+0.00016  0.1202+0.0012  1.04090 + 0.00030  67.28 +0.56  0.9625 +0.0048 3.049 + 0.015
Nefooooee e 0.02224 £ 0.00022  0.1179 = 0.0028 1.04116 = 0.00043 663+14 0.9589 +0.0084 3.036 +0.017
Neg, dng/dInk ... ... 0.02216 £ 0.00022  0.1157 = 0.0032 1.04144 + 0.00048 652+1.6 0.950 +£0.011 3.034+0.017
Ty e 0.02236 + 0.00015  0.1201 £ 0.0013 1.04088 + 0.00032 67.1 L',:%T 0.9647 +0.0043 3.046 +0.015
2, Nogp ooo oo 0.02223 £ 0.00023  0.1180 = 0.0029 1.04113 + 0.00044 66.01?; 0.9587 £0.0086 3.038 £0.017
W e Nt 0024200 020002 LOMOTAUNES  eLIIBE 0965200 305000
o E 0.02238 £0.00015  0.1201 +£0.0015  1.04087 £ 0.00043  67.30+0.67 0.9645 +0.0061 3.045+0.014
WO o oo e e 0.02243 + 0.00015  0.1193 +0.0012 1.04099 + 0.00031 . 0.9666 +0.0041 3.038 +0.014
Qr o 0.02249 +£ 0.00016  0.1185 +0.0015 1.04107 + 0.00032 63.6j§j‘{ 0.9688 + 0.0047 30'301:;:;:1
Yo oo, 0.02230 £ 0.00020  0.1201 +£0.0012  1.04067 + 0.00055  67.19+0.63  0.9621 +0.0070 3.042 +0.016
Yo.Negr oot 0.02224 + 0.00022 0.117 li:;i;::ji 1.0415 £ 0.0012 66.013 0.9589 £ 0.0085 3.036 +0.018
AL 0.02251 + 0.00017  0.1182+0.0015 1.04110 = 0.00032 68.16 £ 0.70  0.9696 + 0.0048 3.029:&:::2




Curiosities
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Probability density
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(Polarization unstable because of systematics/modelling uncertainties in
polarization: only just above 20 with CamSpec)
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Physical models that give more lensing are probably not the answer.



Probability density
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A; degeneracies

More lensing = lower third+ peak = higher n;

= lower large-scale power = better fit to low-£ data

(plus offer effects)

A; ~ 1.1 preference from smoothing effect
A; > 1.1 preference driven by degeneracies

B Planck TT+lowE (ACDM + A;)

B Planck TT,TE,EE+lowE (ACDM + A;)

Planck TT,TE,EE+lowE (ACDM)
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Spatial Curvature
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po—1

KW = —u(a, k) 4nGa® [pA + 3(p + P)]

I [® — n(a, k)Y] = u(a, k) 122Ga*(p + P)or

1.0

0.5

0.0

—0.5

—1.0

Ad hoc modified gravity

uz) =1+ E1Qpe(2);

nz) =1 + E> Qpg(2).

Planck TT, TE,EE+lowE+lensing (2015)
Planck TT,TE,EE+lowE+lensing

+BAO/RSD+WL
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PINY:

K [® + V] = —X(a, k)4nGa* [2pA = 3(p + P)r]

—— TT,TE,EE+lowE

—— TT,TE,EE+lowE+lensing

— TT,TE,EE+lowE+WL

==== TT,TE,EE+lowE+lensing+WL+RSD

1.4

0.88

0.86

— 0.84

—- 0.82

—= 0.80

0.6 T T T T

0.78

0.76

0.74

80



Low-£ vs high-£ iIn LCDM
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Conclusions

Planck parameters reliable, no major change since 2015

Polarization now better understood (but not perfect; ~ 0.50 systematic uncertainty)
Planck alone fits LCDM well: T, P + lensing all consistent

Planck+LCDM consistent with BAO, SN, RSD, DES lensing

Planck+LCDM moderate tension with DES joint probes

Planck+LCDM in strong 3.60 tension with H, from SHOES
Cannot just be problem with Planck (BAO+D/H+SN agree with Planck).

Some curiosities (4;, low-high features), but not more than 20 — 3 o

If new physics is the solution to tensions, new physics does not have large signal in CMB

https://wiki.cosmos.esa.int/planck-legacy-archive/index.php/Cosmological Parameters



https://wiki.cosmos.esa.int/planck-legacy-archive/index.php/Cosmological_Parameters
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