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In comoving distance




Observed CMB power spectrum
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Observations j1> Constrain theory of early universe

(105 perturbations) + evolution parameters and geometry

Linear perturbation theory very accurate: given a model, can calculate to high precision


https://arxiv.org/abs/1807.06209
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E-mode polarization

2018: polarization now included in main results.
Improved understanding and correction of systematics (e.g. TE leakage), but some
unresolved issues (e.g. with polar efficiencies) remain
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Cross-correlation with temperature
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CMB lensing reconstruction

1.6 - Planck MV 2018 (aggr.)
: ) Planck MV 2018 (cons.)
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Perturbation evolution

Perturbations: End of inflation Perturbations: Last scattering surface
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CMB (z ~ 1060)


http://images.google.com/imgres?imgurl=http://www.olegvolk.net/olegv/newsite/samos/eye.jpg&imgrefurl=http://www.olegvolk.net/olegv/newsite/samos/samos.html&h=542&w=800&sz=67&tbnid=-Fj6h3BoFeoJ:&tbnh=96&tbnw=142&start=40&prev=/images?q=eye&start=20&svnum=100&hl=en&lr=&rls=GGLD,GGLD:2004-31,GGLD:en&sa=N

A

v

g X _
2 S
.

5

1006, = 1.04109 + 0.00030 S

Planck TT,TE,EE+lowE+lensing
(0.03% precision!)
I

s
E

z=0 CMB (z ~ 1060)

bueq big 10H


http://images.google.com/imgres?imgurl=http://www.olegvolk.net/olegv/newsite/samos/eye.jpg&imgrefurl=http://www.olegvolk.net/olegv/newsite/samos/samos.html&h=542&w=800&sz=67&tbnid=-Fj6h3BoFeoJ:&tbnh=96&tbnw=142&start=40&prev=/images?q=eye&start=20&svnum=100&hl=en&lr=&rls=GGLD,GGLD:2004-31,GGLD:en&sa=N

ACDM baryon density at fixed 8., €, h?

(baryons deepen overdensity compressions: enhance odd peaks of spectrum)
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Odd/even height ratio distinctive and quite robust:
Qph? = 0.0224 4+ 0.0002

(and agrees with BBN prediction based on element abundance observations, Cooke et al.)



ACDM matter density at fixed 9,, 0, h?

(more matter lowers amplitude for modes that enter horizon in matter domination)

0.24
BOQD
0.22
5000 4
020
4000 A
-0.18
Q,h?
FO16

3000 4

B+ 1)Cy/2m[uK?]

2000 4
014

1000
012

010

0 500 1000 1500 2000 2500

Can be partly compensated by changing initial power A, ng and foregrounds.
But detailed shape is still quite distinctive and robust:

Q,,h? = 0.143 4 0.001
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Aepoy

Assume baryons, CDM, photons, 3 neutrinos
Know Tcyg, peaks measure Q. h?, O, h?

= comoving sound horizon:
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CMB Assuming flat ACDM cosmology
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15, 8, = Comoving radial distance y,.~ (13.87 £+ 0.03) Gpc
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QpHE = H3 — Q,,HZ and know Q,,,h? = H,
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(., — Hy degeneracy

e 0, constrained more tightly than anything else
e InACDM 0, ~ constant = (,,h3 ~ const at Planck parameters
e = O, and H, (and OQ,,h? and H,) tightly anti-correlated
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Planck 2018 ACDM TT,TE,EE+lowE+lensing parameters

Parameter Plik best fit Plik [1] CamSpec [2] ([2] = [1D)/oy Combined
Quh? .. 0.022383  0.02237 +0.00015 0.02229 + 0.00015 -0.5 0.02233 = 0.00015
QR 0.12011 0.1200 = 0.0012 0.1197 £ 0.0012 -0.3 0.1198 = 0.0012
1000vc ..ol 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
Fg v oo e e et 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[kms'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
Zre o v e 7.68 7.67+£0.73 7.61 +£0.75 -0.1 7.04 +0.74
1006, ............ 1.041085 1.04110 +0.00031 1.04106 = 0.00031 -0.1 1.04108 = 0.00031
Farag (IMpC] .. ..o oL 147.049 147.09 = 0.26 147.26 = 0.28 +0.6 147.18 £ 0.29

Baseline likelihood

Alternative likelihood

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



AD]T [uk?]

Model fits

LCDM best-fits: H, = 67.3 (ng, = 0.966, Q,, = 0.32,Q,,h? = 0.143)
vs. best fit for Hy, = 73.0 (n, = 0.995, Q,, = 0.25,Q,,h? = 0.132)
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ACDM polarization/temperature consistency

B Planck EE+lowE+BAO [ Planck TE+lowE B Planck TT+lowE I Planck TT,TE,EE+lowE

72

70

66

64 -

0.36 |

034

e 032F
G

030

0.28

0.84
082

£ 080

0.78

0.76

1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.022 0.024 0.112 0.120 0.128 1.038 1.042 0.04 0.06 0.08 295 3,00 3.05 310
Q,h? Q2 1000yc - ny In(101°A,)



CMB and BAO consistency in ACDM

Aepoy

ANAN

Osao = 7q/Dy(z)

Comoving sound horizon
when baryons decouple:
g ~ (147.1 £ 0.3) Mpc

Line-of-sight BAO:

0z
0z = ard = T'dH(Z)

z=0 BAO (z ~ 0.5)
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H(z)/(1+ z)[kms ' Mpc 1]
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Assuming ACDM + Planck sound horizon r,

Riess et al. (2018) 4
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(transverse and other BAO also very consistent)

Planck prediction



Planck CMB lensing ACDM parameters
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Qn,
Hy=67.973 kms™'Mpc™', Also adding robust CMB 6, constraint:
oz =0.811+0.019, 68 %, lensing+BAO Hy, = 68.0 + 0.7 (68 %, lensing+BAO+6,)

0.016
Qn = 0.3037091¢,

(“Lensing-only” priors: Q,h% = 0.0222 4+ 0.0005, n, = 0.96 + 0.02,0.4 < h < 1)



ACDM inverse distance ladder comparison

76 -

Riess et al. (2018)
72 =

Ho [kms™' Mpc™!]
\:"

BAO+Pantheon+D/H BBN

BAO-+Pantheon+D/H BBN+ 6y
Planck TT,TE,EE+lowE

0.24 0.28 0.32 0.36 0.40
Qr,

Note BAO inverse distance ladder and CMB 6, degeneracies different
- cannot have big fluctuation along one degeneracy direction



WMAP, Planck and inverse distance ladder ACDM constraints agree well
(also ACTpol, SPTpol, BUT SPTpol find Hy =71+ 2 atl > 1000)

WMAP+BAO

70 lensing+BAO+Pantheon+6«
TTTEEE+lowE+lensing

69 -

o
L 68-
67 -
66 -

0.270 0.285 0.300 0.315 0.330
Qpn,

(c.f. Aubourg, Addison, Cuesta, Heavens, DES collaboration, etc et al.)



H, constraint model dependent
...but in practice constraint fairly robust to many model extensions

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 Ay is not a physical model (see Sect. 6.2).

Parameter(s) Quh? QN 1000yc H, 1, In(10'°4,)
Base ACDM ....... 0.02237 £ 0.00015  0.1200 = 0.0012 1.04092 = 0.00031 6736 054 | 09649 +£0.0042 3.044+0.014
o e 0.02237 +£0.00014  0.1199 + 0.0012 1.04092 + 0.00031 6740+ 054 | 0.9659 £0.0041 3.044 +0.014
dng/dInk.......... 0.02240 = 0.00015  0.1200 = 0.0012 1.04092 = 0.00031 6736 £0.53 | 09641 +£0.0044 3.047 =0.015
dng/dInk,r ..... ... 0.02243 £ 0.00015  0.1199 +£ 0.0012 1.04093 + 0.00030 | 6744 +0.54 | 09647 +0.0044 3.049 +0.015
d’ng/dInk?, dng/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
Ne o oo 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
T, e 0.02236 +£0.00015  0.1201 +£0.0013 1.04088 = 0.00032 67.1 itl)fﬁ 0.9647 £0.0043 3.046 +0.015
M, Nog o oo oo 0.02223 £ 0.00023  0.1180 + 0.0029 1.04113 = 0.00044 66.0f::§ 0.9587 £0.0086 3.038 £0.017
e Nt 0024200 0120000 LoA0MIE | 67.11d% | 09652 3os0men
[0 2 T 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 et 0.02243 £ 0.00015  0.1193 £0.0012 1.04099 = 0.00031 . 0.9666 £0.0041 3.038 £0.014
Qr oo 0.02249 + 0.00016  0.1185 + 0.0015 1.04107 = 0.00032 63.63:‘1’ 0.9688 + 0.0047 3.030i8:8i;
Yp.o 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
YoNetw oo 0.02224 +0.00022  0.1171:00042 1.0415 = 0.0012 66.0°17 | 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 3.029i8;8i§

Note:

No useful constraint in varying dark energy models, but consistently constrained adding SN/BAO

Higher neutrino mass or dark energy with w > —1 only lower H,. Qf also pulls towards low H,,.



Extra relativistic degrees of freedom (Ng¢ # 3.046)
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Ness

No preference from Planck alone, though errors somewhat increased.

ACDM+N,¢ Planck+BAO:  Hy = (67.3+1.1)kms™'Mpc™" (still 36 from Riess et al.)



Conclusions

Planck 2018 gives high-precision measurements of TT, TE, EE spectra and lensing

Systematic errors/modelling parameter uncertainties thought to be <1¢. And o is very small!
Angular acoustic scale 8, measured to 0.03%.

Details of acoustic peak amplitudes constrain physical densities to percent precision.

CMB does not measure H, directly, but provides tight indirect constraints if a model is assumed.
Planck TT, TE, EE and lensing data consistent with ACDM and H, ~ (67.4 + 0.5) km/s/Mpc.
Other CMB experiments and inverse distance ladder give consistent results.

No simple late-time model extensions substantially change H, without conflicting with
lensing, SN and/or BAO.

Any change to early-universe physics to change 7 (and r4r,¢) and hence inferred H,
must reproduce observed spectrum shape quite accurately (changing N.¢ does not)
- Simons Observatory, S4 could detect small differences due to new physics not resolved by Planck/SPT/ACT

There are some other oddities in the Planck data fits - could hint at new physics (peaks slightly too smooth, dip at low ¢)
- are there any models which simultaneously change r4.,4 , keep broad fit, but resolve oddities ??
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