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What's new

0 Results 201 3: temperature and CMB lensing from 15.5
months, combined with WMAP polarizationat | < 23 to
constrain T

0 Results 2015: full mission (29 months HFI), resolved
calibration difference with WMAP, TT and preliminary
TE EE. LFIl polarization to measure T

0 Results 2018: same data as 2015; reduce systematics in
HFI polarization at low |; new low-I likelihood to
constrain 7. Better characterization of T to P leakage
and relative calibrations of P spectra (with limitations).

0 Very little effect on high-1 TT TE EE wrt 2015.
Difference mainly comes from low-| analysis.



? new papers currently out
B

Planck 2018 results. |. Overview and the cosmological legacy of Planck
Planck 2018 results. Il. Low Frequency Instrument data processing
Planck 2018 results. Ill. High Frequency Instrument data processing and frequency maps

Planck 2018 results. IV. Diffuse component separation
Planck 2018 results. VI. Cosmological parameters
Planck 2018 results. VIIl. Gravitational lensing

Planck 2018 results. X. Constraints on inflation

Planck 2018 results. Xl. Polarized dust foregrounds

o oo oo oooo oo d

Planck 2018 results. XIl. Galactic astrophysics using polarized dust emission

3 more papers to come: V (Legacy Power Spectra and Likelihoods), VII (Isotropy and Statistics),
and IX (Constraints on primordial non-Gaussianity) will be made public at a later time
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Planck 2018 cosmology paper

S
Methodology and Likelihoods

ACDM baseline results

Comparison with high-l experiments (SPTPol, ACTPol)

Comparison with external datasets

Internal consistency in ACDM
Extensions to ACDM

O Early Universe

O 0o o o o ad

Curvature

Dark Energy and Modified Gravity
Neutrinos

BBN

Recombination

Reionization

Dark Matter annihilation

https: //arxiv.org/pdf/1807.06209.pdf
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Likelihood: hybrid analysis
N

| < 30 TT: Comander component separation (86% coverage);

new EE likelihood (lowE) SimALL, maps produced with Sroll mapmaking
algorithm (201 8)

Correlation between low and high | are neglected.



CamSpec vs Plik

S
0 Agreementin TT

0 Small differences in TE and EE

0 Correction of polarization efficiencies have largest
uncertainty: recalibrated fitting in 200-1000 against @
fiducial LCDM. The polarization efficiencies fitting TE or
EE should be the same, however the ones from EE are
20 lower than the ones from TE (statistics? Systematics?)

0 Plik: assumes EE values for both (map-based)

0 CamSpec: leaves T-to-P calibration free to vary
(spectrum-based)

o Small shifts on LCDM (< 0.5 g) and ~ 0.6 0 on 4;



A word of caution
B

to A = 1.142 + 0.066 differing from unity by 2.10~. Readers
of this paper should therefore not over-interpret the Planck po-
larization results and should be aware of the sensitivity of these
results to small changes in the specific choices and assumptions
made in constructing the polarization likelihoods, which are not



CMB lensing likelihood

0 Planck2018 increases the significance of the detection of lensing in
the polarization maps from 50 to 90. Combined with temperature,
lensing is detected at 400.

0 Spectra are always lensed

0 + CMB lensing means that the spectrum of the lensing potential is
reconstructed from 4-point function, over 8 < | < 400

It probes z < 2
Prefers less power at small scales than from other spectra
Very compatible with LCDM

Reconstruction assumes a fiducial LCDM; power spectrum corrected
perturbatively in the normalization for changes in the fiducial.

O O O O



Consistency with other datasets

Discussion on all data;
minimal use of external datasets in the analysis



BAO: good agreement

Baryonic Acoustic Oscillations (BAO)

Measure the distance ratio:

1.10 1 sDSS
MGS  WiggleZ
S 1
c
S S 1.05 9 |
Combination of A DES (D)
angular-diameter s
~
. 1.00 - i
distance and H(z) Q e Y
= .
O ———————————— A%o
. . 5 BOSS ¢
Comoving sound horizon X 095 DR12 SDSS quasars
) L hich Q 6DFGS
at the epoch In whic DR14 LRG
baryons decouple 0.90 - J
* 1 1 1 I 1
dynamically from 0.5 1.0 1.5 2.0 25

photons

Included: BOSS DR12, 6DFGS, SDSS MGS

Excluded:BOSS Ly-a (more complicated, assumptions)



RSD: good agreement

4
Redshift Space Distortions (RSD)

0.8
Anisotropies induced by peculiar SDSS MGS
velocities: constraints f og 0.7 7
0.6 - SDSS LRG FastSound

Modelling non-linearities 3} ok BOSS ¢ VIPERS

‘.E 05 J+Snla
BOSS fits for (D,/r,, Fap f O3) 0.4 -'H/
where f is the growth rate, 03 [eres
Fap is the Alcock Paczynski
parameter. H(z) 0.2 . T . . . . .

Fap(z) = DM(Z)T-

Included: BOSS DR12 (Alam et al 2017)
Not independent of BAO because

D,/r. is already used in the BAO
likelihood




SNae Type la: good agreement
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Hy: 3.6 0 tension

Direct measurement of Hy 76 -
. Riess et al. (2018)
72 -
O
o
=
T 68
/2]
£
=,
T 64 7 gao+Pantheon+D/H BEN
BAO+Pantheon+D/H BBN+lensing
60 - BAO+Pantheon+D/H BBN+6yc
Planck TT,TE,EE+lowE
1 1 1 1
0.24 0.28 0.32 0.36 0.40
Qn,
Planck TTTEEE+lowE+lensing 2018 Riess et al 2018

Hy = (67.27 + 0.60) km s~'Mpc™'  LCDM Ho = (73.48 + 1.66) km s™'Mpc ™

Hy = (68.35+0.82)kms 'Mpc™, (wo varying), (Riess etal 2018 not used for DE and
Hy = (68.34 +0.83)km s 'Mpc™!,  (wo, w, varying) MG beyond wO,wa)



Weak Lensing
N

Cosmic shear: distortion of shapes of distant galaxies due to LSS along the line of sight.

Galaxy - galaxy lensing: cross correlation between foreground (lens) galaxy positions and
lensing shear of background source galaxies
Galaxy autocorrelation

CFHTLenS and KiDS: tension ~ 2 o (lower gg)
KiDS+GAMA GC (van Uitert et al 2018): consistent with Planck
KiDS+ spectroscopy (2dFLS + BOSS) (joudaki et al 201 8): tension ~ 2.6 ¢ (lower gg)
KiDS (reanalysis by Troxel et al 201 8): consistent with Planck

DES (using improved modelling, DES 2017): consistent with Planck

DES (joint shear-galaxy; galaxy — galaxy; shear) tension (lower og)

Included: DES1yr cosmic shear, redone in Planck fixing neutrino masses

Excluded: DES1yr joint analysis

Non-linear regime: HMcode Mead etal 2016



Weak Lensing
N

DES lensing Il
121 Planck lensing [0
DES lensing+Planck lensing [l
Planck TT,TE,EE+lowE N
1.0 A DES joint -----
o KiDS-450 -
Included: DES1 yr cosmic shear, ©
redone in Planck fixing neutrino 0.8 -
masses
. . 0.6 - e
Excluded: DES1yr joint analysis




Cluster Counts
—

0 Calibration of cluster masses is the dominant uncertainty and essential to used them
for cosmology

00 Planck CMB-lensing & cluster count (Zubeldia & Challinor, in preparation):
agreement with LCDM

0 Not used in Planck 2018 (paper states: no compelling evidence of tension)

0.88f 20 .I 3 | — )
1 Planck
0.80f C B

0.76

0

o Planck
s clusters

0.200 0.225 0.250 0275 0.300 0325 0350 0375 0.400

m




Internal consistency tests



High and low multipoles
B

0 Agreement between WMAP (ell ~800) and Planck (ell ~2500) at scales measured by
WMAP

0 Dip at 20 <1< 30 (2013, WMAP, at multiple frequencies, identical feature in 2018)
0 The high| (> 801) pulls parameters towards higher matter and lower Hg
0 For temperature: low and high multipoles constraints differ at 2.8 o

0 Adding polarization: low and high multipoles are more consistent but still differ at 2 o

72 1 —— TT (2<£<801)
With Commander | sl ~F- TT (30 < £<801)
7049+ T —4— TT (£>802)
: ~&F— TT (£ > 802)+lensing
_ 684+ + ¥ :l: —f— TE,EE (30 < £ < 801)
4 L

. T : i i —$— TE,EE (£ > 802)
Without Commander | swggaiy { 1 3 TEEE (¢ > 802) Hlensing
I ~—F— TT,TEEE (2 <£<801)

—4— TT,TEEE (£ > 802)
—%— TT,TE,EE (£ > 802)+lensing

64




High and low multipoles

BN 2</<801 B 802 < ¢ <2508

O

O

For temperature: low and

high multipoles constraints
differ at 2.8 o

Adding polarization: low
and high multipoles are
more consistent but still
differat 2 o

B EE-+lensing+(Q,h? = 0.0222 4 0.0005)
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Lensing amplitude A,
N

Parameter that rescales the amplitude of the lensing power spectrum. If the analysis is

consistent, it has to be 1. No physical meaning, it is a consistency test.

0 A inferred from the CMB spectra:
o TT: Al>1at~20
o TTTEEE + lowEE: A > 1 at ~2.8 o (Plik) and at ~2 o (CamSpec)
o TTTEEE + lowEE + lensing: A > 1 at ~20

mine definitively which approach is the more reliable. Although
both likelihoods clearly show a preference for Ay, > 1, this can-
not be claimed to be a robust detection at much over 2 o.

—~—— - - -



Lensing amplitude A,
N

0 Degenerate with ng, neutrinos, DE, MG (and anything modifying lensing amplitude)
0 With A free to vary, fits prefer less matter, higher Hy, higher n, (in a LCDM model)
0 Higher A, are also slightly preferred by the dip at low |

0 Statistical fluctuation? Systematics? New Physics? Anything isotropic that mimics
higher lensing amplitude, without affecting scale and shape

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

16

1.4

AL

1.2

1.0

0.0216 0.0228 0.108 0.116 0.124 0.96 0.99 66 68 70 72
Qph? Q.h? ng Ho Qn og



CMB as a probe for DE and MG
S

Shorter update with respect to the Planck DE & MG paper 2018



Models tested in 2015

Includes:

Background parametrizations

a. w expansion and PCA

b. Early Dark Energy

c. Generic potentials
Perturbation parametrizations

a. Effective Field Theory (EFT)

b. Gravitational potentials
Examples of particular models

a. Universal couplings

b. Non universal couplings



eA
Models updated in 2018 5%

Includes:

Background parametrizations
a. wexpemsionaneRPCA— W, wo, w,
b. EertyDearkEnergy——
c. Genericpotentials—

Perturbation parametrizations

a. Effective Field Theory (EFT)

b. Gravitational potentials (only one parameterization)
Examples of particular models

d. Hniverselcovelings——

b. Nenuniverseal-couplings



Data in 2015

Planck baseline: Planck TT + low- £ Polarization Planck
Planck + BSH
Planck + WL
Background: Planck + RSD
BSH: BAO + SNe + H, Planck + WL + RSD

Perturbations:

RSD: Redshift Space Distortions (BOSS DR11, Samushia etal 2014)
WL: Weak Lensing (CFHTLens, Kitching etal 2014, Kilbinger etal
2013, Heymans etal 2013 + ultraconservative cut of non-linear
scales)

CMB lensing and TT TE EE polarization



Data in 2018 vs 2015

S
Planck baseline: PlamckFF=+tow=fPotarization [k

. Planck + BS:

Planck TTTEEEE + lowEE +lensing Planck + WL

Background: Planck + RSD
BSH: BAO + SNe +Hg~ Al AR Wi o [EID

Perturbations: DR12, Alam et al 2017
RSD: Redshift Space Distortions (BOSS DRII—Semushia-etel-2014)

WL: Weak Lensing-teFHHens;Kitchingetal-201+4—Kitbinger-etal-
2013, Heymuonsetat26+3—vuttraconservativecot-of morn=timreoar—

scc:les) DES shear (no galaxy-galaxy lensing)

CMB lensing and TT TE EE polarization



Results: equation of state
]

w(a) = wo + (1 — a)w,

Planck alone allows for a large region in
parameter space. 1 -\

Planck TT,TE,EE+4lowE+lensing
+BAO+SNe
+BAO/RSD+WL

(95 %, Planck TT,TE,EE+lowE

wo < =0.95 +lensing+SNe+BAO).

wo

Let’s just fix wg = -1. Many models have a background close to -1. Perturbations?




Parameterizing MG
S

DE-related
I : IPlemck ] I
1.0 lanci N
2 functions of scale and time: | Pkt
Planck+BAQO/RSD
~ 05 - \ Planck-+WL+BAO/RSD ]
K modifies the growth (higher L -> higher 0g) ! \
 oo0Fb - — — — N — — — — —
N is the ratio of the gravitational potentials = |
— —-05 l i
') |
Q |
O ~1.0 ] | ] 1 ]
Tension: o = 0 L 2 3
. . . . Q) mo — 1
- Planck alone lies at the 2 sigma limit >
- Higher tension with external datasets (WL) a | e |
. . Planck+WL+BAO/RSD
- degenerate with optical depth and A, To) 10 | : Planck +lensing WL+ BAO/RSD -
-  WL+RSD will help to tighten constraints Q |
- Tension reduced when including CMB lensing -0 . |
| \
£ 00
—0.5

-1.0




Parameterizing MG planck.
N s

1
I Planck TT,TE,EE-+lowE+lensing (2015)
1.0 H i Planck TT,TE,EE+lowE-+lensing

201 8: consistent results with 2015

ol 1o . .. +BAO/RSD+WL
- Planck alone still lies at the 2 sigma limit 0.5 - i

i
(prefers higher lensing amplitude); |
. . T 0.0 NN
constraints move along the degeneracy line :
- New external datasets reduce the tension 5 05 -
(DES disfavours higher lensing amplitudes) 2
. . Q— —10 T é T T I
- Degenerate with optical depth and A, ~ i ' j : !
- WLHRSD will help to tighten constraints g o — 1
- Tension increases without CMB lensing & .
. ) PlanckETT,TE,EE+|owE+BAO/RSD
reconstruction o) 1.0 { —— Planck TT,TEEE+lowE+BAO/RSD(2015)
A Planck TT,TE,EE+lowE (2015)+BAO/RSD(2015)
0 i
— 0.5
8 —
|
Degeneracy direction corresponds to constant g 00-
lensing amplitudes
—0.5 1
—-1.0 T i T T T




MG and lensing amplitude

075 = 1
MG (X # 1) are preferred if | Planck TT,TE,EE+lowE-+lensing
A =1 i +BAO/RSD+WL
L=
0.50 - Planck TT,TE,EE+lowE
with slightly higher values of H,
i
| 0.25 -
o
W
0.00 NSl N
—0.25 o
I I : I | I
0.75 0.90 1.05 1.20 1.35
AL
With CMB lensing Without CMB lensing
Planck Planck Planck Planck Planck Planck
Parameter +SNe+BAO +BAO/RSD+WL +SNe+BAO +BAO/RSD+WL
Hy[kms'Mpc™']... 68.20 £ 0.63  68.19 + 0.45 68.09 + 0.45 68.23 + 0.71 68.26 + 0.48 68.09 + 0.46

0.812+0%4

080700 07991302
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[Effective Field Theories (EFT)] f(R)
N

Gubitosi etal 2013
f d4x«/_{ 21 + Q)R + A1) — d*c(1)68™

M4( ) 2 002 _ 113 2500
———(a“0g™")" — M;(1)2a"6g " 0K,
2(T) M3(7) .
(JK#)Z 32 6K55K; + 104 — Planck TT,TE, EE+IowE+Iensmg i
| — +BAO/RSD+WL RO |
+m2(‘r)(g‘"’ +nt'n” )6,,(a2g°0)6,,(a2g( - =- Planck TT,TE,EE+lowE ;
0.8 { --- +BAO/RSD+WL i
Vary only 1 Q:Z“ 0.6 - |
Q
Planck alone prefers models with 0.4
higher lensing amplitude /
0.2 - /!
4
4
’/
0.0 — T
—0.4 —0.3 —0.2



Conclusions plafick

Overall agreement between Planck and LCDM.

New low-| polarization and better high-l polarization

Tighter constraints on optical depth (and therefore on other parameters)
Agreement with BAO, SNe, RSD BOSS DR12, WL DES cosmic shear

Tensions with other external data sets:
- Tension with Hg (= 3.6 0, neutrinos don’t help; MG helps)
- Tension with other datasets at most 2.5 o (DES galaxy-galaxy lensing lower gg,)

Internal consistency checks:
- low/high |, tension at 20
- A_more lensing than in LCDM (MG helps) = 2-2.8 0 depending on likelihood

- Polarization efficiencies: affects parameters at ~0.2- 0.8 0 depending on parameter
- Plik vs Camspec: some difference mainly inm,,, A;, Qp

Be aware of choices in this story: in systematics, theories tested, data used, likelihood used
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Neutrinos
S

Increasing the neutrino mass leads to lower values of Hy
-> increases tension with direct measurements

N.¢ relativistic d.o.f.: a higher value, leads to smaller sound horizon,
therefore higher Hg (reduces tension, but less than DE or MG) but
increases also gg potentially increasing tension with WL



In numbers (baseline fit to LCDM)

Parameter Plik best fit Plik [1] CamSpec [2]
Quh? oo 0.022383  0.02237 + 0.00015 0.02229 + 0.00015
QR .o 0.12011 0.1200 + 0.0012 0.1197 +0.0012
1000y« oo oo el 1.040909 1.04092 + 0.00031 1.04087 + 0.00031
T o e e e 0.0543 0.0544 + 0.0073 0.0536f8:88§3
In(10°A¢) . ........ 3.0448 3.044 + 0.014 3.041 + 0.015
s v oo e et e 0.96605 0.9649 + 0.0042 0.9656 + 0.0042
Quh> . 0.14314 0.1430 + 0.0011 0.1426 + 0.0011
Hy [ km s 'Mpc™] 67.32 67.36 + 0.54 67.39 + 0.54
Qo oo 0.3158 0.3153 +0.0073 0.3142 + 0.0074
Age[Gyr] ......... 13.7971 13.797 + 0.023 13.805 + 0.023
(o2 ST 0.8120 0.8111 + 0.0060 0.8091 + 0.0060
S = 05(Q,/0.3)°% 0.8331 0.832 +0.013 0.828 + 0.013
Tre v vvveeee e 7.68 7.67 +0.73 7.61 +0.75
1000, ............ 1.041085 1.04110 + 0.00031 1.04106 + 0.00031
Farag [MpC] . .. ... ... 147.049 147.09 + 0.26 147.26 + 0.28
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