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CMB Polarization

Quadrupole

Anisotropy
Isotropy
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"“"The Planck satellite

3rd generation full sky satellites (COBE, WMAP)
Launched in 2009, operated till 2013.
2 Instruments, 9 frequencies.
LFI:
« 22 radiometers at
30, 44, 70 Ghz.
HFI:
« 50 bolometers (32 polarized) at
100, 143, 217, 353, 545, 857 Ghz.
« 30-353 Ghz polarized.

o 1st release 2013: Nominal mission,15.5 months, Temperature only (large
scale polarization from WMAP).

« 2" release 2015: Full mission, 29 months for HFI, 48 months for LFI,
Temperature + Polarization, large scale pol. from LFI.

« 3nd release 2018: Full mission, improved polarization, low/high-|l from
HFI. Better control of systematics specially in pol., still systematics limited.
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2018 Power spectra
TT, TE, EE: different likelihoods at low-| (<30) and high-l (>30).

Better systematics modeling in polarization
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6 ACDM parameters
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" Baseline ACDM results 2018

(Temperature+polarization+CMB lensing)

Mean o [%]
Q,h? Baryon density 0.02237 0.00015 0.7
Q.h? DM density 0.1200 0.0012 1
1008 Acousticscale 1.04092 0.00031 0.03
T Reion. Optical depth ~ 0.0544 0.00/3 13
In(A, 1019) power
Spectrum amplitude 3.044 0.014 0.7
Ng Scalar spectral
index 0.9649 0.0042 0.4
H, Hubble 67.36 0.54 0.8
Q. Matter density 0.3153 0.0073 2.3
Og Matter perturbation
amplitude 0.8111 0.0060 0.7

Robust against changes of likelihood, <0.50.

% voa

Most of parameters
determined at (sub-)
percent level!

Best determined
parameter is the
angular scale of sound
horizon 6 to 0.03%.

t lower and tighter
due to HFI data at
large scales.

N.is 8o away from
scale invariance (even
in extended models,
always >30)

Best (indirect) 0.8%
determination of the

Hubble constant to
date.

1 PLanck



Take away message stable across releases

Changes across releases
compatible with
statistical fluctuations
and systematics
corrections.

ACDM is a good fit to the
data
No evidence of
preference for classical
extensions of ACDM

Just a few (2-30 )
outliers.

— TT 2018 (DR3)

- TT 2016

— TT2015(DR2) - TT 2013 (DR1)

A [ O\
0.0216  0.0224
Qph?

g 1 .
0.114 0.120 0.126
Q.h?

1.040 1.042
1000 ¢

s ! N
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Ns
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7.7 8Strong tension between early and

late universe probes of H,.

Early universe ﬂat ACDM Late universe

67C_|14'BU"” Water Megamaser
_.L') (Pesce et al. 2020)
BAO+lensing+BBN 73.9+£3.0
67.4" 1) - - -
-. 1.2 SnIA+Tip of the red giants
(Freedman et al. 2020) SnIA+Cepheids
69.6+1.9 +1.4
4.0
o @
Time delays multiply imaged quasars
1.7
@® Planck (Planck Collaboration 2018) 73°3j1.8
® DES+BAO+BBN (Abbott et al. 2018) ®
O SHO.ES (Riess et aI.. 2019) 73 8+1'1
@ HOLICOW 2019 (this work) ‘O _ 1.1
° . +
@ Late Universe (SHOES + HOLICOW)

H() [km S_1 MpC_l] Modified from Wang+ 2019



" "So what's wrong?
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Statictical fluctuati likel
Systematics in distance ladder and time delays?
Systematics in CMB and BAQO?

New physics
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distance ladder from 57 50Mpc
supernovae i* :

Cepheids — Type Ia Supernovae ‘[

e A
g nfF
2] L]
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Systematics in direct measurements?

« H, reanalysis of the Riess (2011/2016) data:

_—

7Z—

=
17

Zhang et al. 2017 (arxiv:1706.07573v1): Riess 2011 data,global fit, impact of
systematics from cepheids (outliers, anchors, period) and SNIA.
Applied on R11, finds Hy, = 72.5 £ 3.1(stat) £ 0.77(sys) km/s/Mpc
Follin & Knox 2017 (arxiv:1707.01175) (modelling of cepheid photometry.
Ho=73.3 £ 1.7 (stat) km/s/Mpc)

Cardona et al. 2017 (arxiv:1611.06088): Bayesian hyper-parameters for
outlier rejection. H, = 73.75 £ 2.11 km/s/Mpc

Feeney et al. 2017 (arxiv:1707.00007): Bayesian hierarchical model, impact of
non-gaussian likelihoods. Hy = 72.72 £ 1.67 km/s/Mpc

Dhawan et al 1707.00715.pdf. Use of NIR observations of a subsample of
the Riess 2016 supernovae (9/19 for the intermediate calibration rung,
27/300 SN in the Hubble flow). H,=72.8 = 1.6 (stat.) £ 2.7 (syst.) km/s/

Mpc.

I-Id consistently high! But there are still remaini %




A few examples of open debates In
late time measurements

1. Direct distance ladder measurements:

a. For tip of the red giants branch: extinction of TRGB in large
magellan cloud overestimated (Yuan+ 2019) which
underestimated HO. Reply from Freedman+ 2020: that
analysis is wrong. Still open debate.

b. For cepheids: differences in photometry of cepheids
(observed in crowded environments) between first and
second ladder might bias results.

c. For SNIA in general: SN brighness might be different in
galaxies with different ages=> bias between 2 and 3rd step
of the ladder (Rigault 2018, 2015). Reply from Jones+
2015: nope that effect is too small. Still open debate.

2. Time delays measurements: uncertainties in lens modeling might be
underestimated (see eg. Kochanek 2019, Blum+ 2020).

3
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Courtesy: Martin Mill



Systematics in the CMB ?

Consistency between different experiments

Planck vs WMAP

Baselines

Planck WMAP
TT 2-2500 TT 2-1200
TE,EE 2-30 TE 2-800

72 |~ T
. I
68 |- I ..

H, [Km/Mpc/s]

Only TT, same t
Planck WMAP

TT 2-800

} Huang et al. 2018

% 2000
<5 2500

% 2000
<5 2500

2000
2 2500
= 3000

Planck vs SPT-SZ

Planck full-sky

~ |Planck in patct
1143 x 143

Planck X SPT

in patch
1150 x 143

SPT in patch

1150 x 150

001 094 097 67 71 75
N H

Hou et al. 2017
Ayden et al. 2017

Aylor et al. 2017 arXiv:1706.10286
Hou et al. 2017 arXiv: 1704.00884




Systematics in the CMB ?
Consistency between different experiments

Planck 2018 H,=67.4+0.5

Riess+ 2019 H,=74.0£1.4

. , . See al
*  WMAP and SPT give somewhat larger but still consistent Sf,i,fos,?TE’EE)
with Planck values of H, Ho =71.2 % 2.12 (Henning+17)

* WMAP9* Hy;=70%2.2 [Km/s/Mpc] (Hinshaw et al. 2013) ACTPo! (TT.TE, EE)
* SPI-5Z  Hy=73.3 £ 3.5 (Aylor et al. 2017) H, =67.3 + 3.6 (Louis+17)

* Are these consistent with the low H, Planck measurement? When adding BAO, yes!

* Combining WMAP ACT and SPT with BAO to decrease errors low H,
e WMAP9+BAO (BOSsDR11+6dFGS+Lyman a)+high-z Sne
Hy,= 68.1 % 0.7 (Aubourg+ 2015)
e WMAPY9+ACT+SPT + BAO (BOSS DR11+6dFGS)

. Hy, = 69.3 £ 0.7 (Bennet+ 2014) —

. *NB: these were obtained usin
\\\\\\§§ % slightly different assumptions fir
"« “Blanck, WMAP and SPT are consistent with each other. oD s and oplen pent?

w.r.t. Planck, see also Calabrese+16



A giant void in ACDM cannot explain'it .

Peculiar velocities. If we live in a large void and peculiar velocities are
not properly taken into account when measuring redshifts, the local
measurements of Hy might be biased (e.g. Keenan 2013, Romano+ 2016).
However, simulations show it would need to be a very atypical void (e.g.
Marra+ 2013, Wojtak+ 2013, Odderskov+ 2016, Wu+ 2017 ), sample variance at the
level of ~0.3km/s/Mpc. Supernovae at different redshifts do not show any

deviation.

) oo _ Drp ]
[~/ Odderskov+ 2016~ Hrp

. L
100 200

Tmaz [Mpc/h]

—10 k

AH¢

Ho

5.0% 1
4.0% A
3.0% A
2.0%
1.0% A
0.0% A
-1.0% A
-2.0% A
-3.0% 1
-4.0% A

-5.0% A

X KBC void

Local underdensity

X WS14 void

30
20

lo

Local overdensity

Kenworthy+ 2019

0.04

T T ‘
0.06 0.08 0.10 0.12 0.14 5

0.01 < z< 2.26 Zsplit

~— F1 Peanck



7 Indirect measurement of the Hubble
constant from the CMB

Calculate the physical dimension of sound
horizon assumes model for sound speed and
expansion of the universe before recombination
(after measuring w,, and w,)

dz

@)
Cs\ 2
Measure the angular s — s(2)
scale of sound horizon s H(z)
from the position of the

peaks
\ g

05
Da(z =1100) = [ a/H()
0
Infer the distahce to
the last scattering
surface, which Expansion rate after recombination
depends on H, 2 — 2 3
\ Friedmann equation, H (Z)_HO (Qm (Z+1) +QD,E,+'_') | o
\\ infer H _ : .
\\&\ =" o Model dependent=> New physics can change the inferrec

value of H,!



Early and late time solutions

1. Change in late time universe

« (late-time dynamics of dark matter and/or dark energy, e.g.
dynamical dark energy, decaying DM (Poulin+ 2018, Vattis+
2019) interacting dark matter-dark energy etc..) => highly
constrained by BAO, Supernovae and other probes.

- Modified gravity changes to Cepheid period-luminosity
relation (Desmond et al. 1907.03778)=> but might be

constrained by time delays. See also e.g. Bernal
+2016, Lemos+
2018, Aylor 2018

1. Change in the early time physics. BAO and CMB measure angles,
assuming calculation of sound horizon r,.one can infer the distances
and thus Hy=> changing r, can change inferred H,, but hard because
usually these models impact other observables as well.
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Early universe proposed solutions

Number of relativistic species
CMB is sensitive to radiation density.
N.¢ is radiation density other than
photon. N.=3.046 (standard).

Non-standard could be radiation
(sterile neutrino, light relics) or non-
standard thermal history.

Planck 2018 constraint consistent to
standard value.

Proposed as possible solution to H,
tension (N s-H,degeneracy)

Tension remains still at ~3c

Early Dark Energy model (Poulin et
al 1811.04083), but also Smith
+2019, Agrawal+ 2019 but many
others.

Neutrino strong interaction model
(Kreisch et al. 1902.00534) (but
bimodal and interactions order of
magnitude stronger than standard
weak ones).

Ho [kms™! Mpc™!]

75

70

65

60

Riess et al. (2018)

i 2557
- s +H, ShOes
) \\ +BAO+lensing
TT,TE,EE+lowE

| | | |
2.0 2.5 3.0 3.5 4.0
Nese

0.84

0.83

- 0.82

- 0.81

— 0.80

0.79

0.78

0.77

Planck TT,TE,EE+lowE+lensing+BAO

Negr =2.99 £0.17
Hy=(673t1.1)kms™'Mpc™'

80




Problems with the early dark energy
solution.

Planck alone

+LSS+SHOES

LSS

Constraints on EDE (n = 3) for varying data sets

Parameter Planck 2018 Planck 2018 Planck 2018 Planck 2018 Planck 2018
TT+TE4EE TT+TE+EE, TT+TE+EE, TT+TE+EE, TT+TE+4EE,
CMB lensing, BAO, | CMB lensing, BAO, | CMB lensing, BAO, | CMB lensing, BAO,
RSD, SNIa, RSD, SNIa, RSD, SNIa, RSD, SNIa,
and SHOES SHOES, SHOES, DES-Y1,
and DES-Y1 DES-Y1, and HSC, KiDS (Ss)
and HSC, KiDS (Ss) (no SHOES)
feDE < 0.087 0.091 + 0.034 0.067 70053 0.052 70055 < 0.053
log,,(zc) 3.66 7028 3.63 7017 3.70 7029 3.75 7027 > 3.17
0; > 0.36 2.53 1035 2471093 2.34 1053 > 0.34
Hy [km/s/Mpc] | 68.291:92 70.73 £ 1.07 70.33 1105 70.00 7992 68.75 4 0.50
o3 0.8198 190192 | 0.8320 4 0.0107 0.8200 4 0.0103 0.8126 4 0.0095 0.8050 4 0.0064
Hill 2020+

1. Planck alone does not prefer early dark energy solution.
Planck+LSS excludes early dark energy since it increases
og through increase in Q_.h2.

2. Requires early dark energy to kick in at a very fine tuned
redshift around matter-radiation equality, and to then
dilute faster than radiation.

~ o ey
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' D|screpancy with weak lensing data'?

1 |
KV450 N
DES-Y1 N
0.9 | KV450 + DES-Y1 W |

Planck 2018 am SS = oy Qm/03, ;

& 08} .
0.7} .
071 oiz 013 of4 of5
Qpn
Planck 2018 TTTEEE+IlowE
+CMB lensing

S, = 0.832 + 0.013

Joudaki+ 2019 (DES+KiDS)
Sg = 0.762+0.025 [2.60]
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Numbers change for different experiments
and data combinations
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Residuals TT with respect to LCDM

Well behaved residuals, very good %? (unbinned coadded*

at 1=30-2508 PTE=16% dof=2478).

TT+lowlTT+lowE
(lowlTTnot shown in this plot)

o | | | 1% CMB | ¢ ¢ Residuals ACDIM
40 | 4
N |
ORI | Hﬁ (1t +f“f++++++ ‘) *[
11 AR
—20 | 4
—40 | 4
» | | | _ Al=50
0 500 1000 1500 2000 2500

Residuals of the coadded CMB spectrum, assuming the ACDM best fit cosmology and

foreground model
(coadded~weighted average of foreground cleaned 100x100, 143x143, 143x217 and

217x217 spectra)

*[x2 slightly different because for full-frequency binned



CMB lensing and A

Lensed CMB power spectrum is a
convolution of unlensed CMB with
lensing potential power
spectrum=>smoothing of the
peaks and throughs.

A, is a consistency parameter,
which rescales the amplitude of the
lensing potential which smooths
the power spectrum.

v N4
Cg Hzéll,c(g Calabrese+ 2008

Lensing is better measured taking the 4-
point correlation function of the CMB
maps, since lensing breaks isotropy of
the CMB, giving a non-gaussian signal.

7
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See e.g. Lewis & Challinor 2006



" 'Peak smoothing in the power spectra

. AI iS an unphysical parameter Amplitude of the lensing potential power spectrum.

used for consistency check. 10 ; TT+lowE
II
« Since 2013 preference for high g - :': ;Eillsvvvvg
1
\dlzlvui:éizr: ?I%enitrlum prefers 2.40 g Camspec :: TT,TE,EE+IlowE |
. 5 6 - TT,TE,EE : :“\ TT,TE,EE+4lowE-+lensing
Ap = 1.243+£0.096 (68 %, Planck TT+lowE), >, (2.10) g\ S
| = gty " +CMB
* Not really lensing, not preferred 2 4 r )
by CMB lensing reconstruction. S ¥ wsmg
~ Plik
» Preference for higher lensing 2 : TTTE EE
projects into small deviations in et
extensions which have analogous 0 - 2'80|)

effect on lensing (&, w, Zm,). 02 06 10 14 18 22 26
. : . AL
Addlng polar|zat|on, AL Planck 2018 results. VI. Cosmological parameters

degenerate with systematics _
corrections and thus likelihood Different treatments of

used. systematics in polarization (as

Ay = 118040065 (68%, Planck TT.TE,EE+lowE) done in our two likelihoods)
AL = 1.149 + 0.072 (68 %, TT,TE,EE+lowE [CamSpec]) can impact extensions of
\ ACDM at ~0.50 level.

dcesa
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Residuals TT

A, is a phenomenological parameter which allows to better fit both
the high and low-ell by Ax?=5.3 (A;=1.24 £0.1) (plus Ax?=2.3 from

lowl TT)
60 T T T T T
— ACDM-ACDM+AyL, Ax?(¢ = 30 — 2508)=-5.34 ¢ ¢ Residuals ACDM
0L 1% CMB |
20 |7 / \ [ .
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F 3000 _40 B N
T a0
1000 l

9. §3§ W‘v*«"’mﬂ"‘“‘ _60 ] ] ] ] ]
éﬁzz“iw“i, 0 500 1000 1500 2000 2500

- The features which lead the the high Alens could just be due to statistical
fluctuations! In other words, Alens might just be fitting noise/cosmic variance.
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The difference between low and high-l, the deviation in A, Q,, W,
and MG with Planck power spectra alone all fit similar features
in the power spectra.

However, fitting these features with these parameters is in
disagreement with other datasets.




Curvature, dark energy, modified gravity .

etc..

Curvature Q, <1, phantom dark energy
w<-1, modified gravity etc.. can allow
larger lensing amplitude, thus preferred
by Planck spectra at the 2-30 level.

In the baseline likelihood configuration,
the delta-chi2 between ACDM and ACDM
+Q, is 11. With a different correction for
systematic effects, it reduces to 5.
Thus, deviation from ACDM depends
somewhat on systematic effects.

Furthermore, when adding CMB
lensing reconstruction, less
preference for deviations, further
tightened by BAO.

Qg = 0.0007 = 0.001

9 (68 %, TT,TE,EE+lowE
+lensing+BAO).
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Outline

1.Short recap on Planck results

2.Post-Planck Issue 1: Comparison with other
probes. The H, problem and the og
discrepancies

I \

3. Post-Planck Issue 2: Internal “curiosities” in
the Planck data (A, curvature etc..)

4. Are Issue 1 and Issue 2 related?
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Can the A, deviation solve the
tensions with other probes?

Riess+ 2019 H, = 74.03 £ 1.42 km s~1 Mpc-1 Joudaki+ 2019 Sg = 0.762+0.025
Planck TT+lowlEE
2018 Ho >3 AL
ACDM 66.88 = 0.92 [4.20] 0.840 + 0.024 [2.30] | 1.
ACDM+Alens 68.9 +1.2 [2.70] 0.788 + 0.029 [0.60] | 1.24+0.096

Planck TTTEEE
+lowlEE 2018

ACDM 67.27 + 0.60 [4.206] | 0.834 £ 0.016 [2.40] |1
ACDM+Alens 68.28 + 0.72 [3.60] | 0.804 + 0.019 [1.30] | 1.180 =
0.065

For Hy not that much. Tension remains at the 3.60
level.

For Sg it could help, but it does not help in
disantangling whether this is a statistical fluctuation
~ in Planck and WL exp., a systematic or new physics.
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- "Thefuture is bright and full of new

data!
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1.Correction in systematics in the legacy
release have improved spectacularly
the robustness of the Planck results.

2. The ACDM model is an excellent fit to
the data.

3.Curiosities in the Planck data remain at
the 2-3s level, and cannot explain the
H, tension (partly related to the Sg
one.)
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