Planck and B-mode missions:
robustness, implications for inflation, and near-term prospects
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Planck HFI Core Team: Planck carly results. IV.
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*T TUNK Nou SHOULD & MORE
EXPLIUT HERE N STEP TWO, "

Sidney Harris (2006)

KITP — UC Santa Barbara Primordial Cosmology 4 April 2013



=500 e— — 500 }LKWE

Boomerang 143 GHz WMAP W-band 7 year HFT 143 GHz

—150 150 uK cmb -150 150 uK cmb -150 150 uK cmb
-15¢ -100 -50 [} S0 100 150 -150 -100 -50 o 50 100 150 -15¢ -100 -50 [} 50 100 150




Boomerang 143 GHz WMAP W—band 7 year
-300

300 uK _cmb

HFI 143 GHz
-300
-300 -200 -100 O 100 200 300

-300
-300 -200 -100 0 100 200 300 —-300 -200 -100 0 100
WCRT RO N
e

300 uK_cmb

B
-

200 300

S Tl al T RUTE
o7 J BT |
2 '.’. ", .‘

Deo [Deg]
Deo [Deg]
Deo [Deg]

Boomerang 143 GHz

HFI 143 GHz
-100 100 uK_cmb -100
-100 -50 o S0 100

100 uK cmb -100
-100 -50 0 S0 100

100 uK_cmb
-100 -50

Deo [Deg]
Deo [Deg]
Deo [Deg]

TRV I

R 2 LR R AV P VAT R

~rviv v viniv iy

e e



Cosmic Planck (143GHz)
Concordance.

Cosmic
Concordance.

Cosmic
Concordance.

ACT (148GHz)

(across more than three
orders of magnitude in
scale!)

(C) Amir Hajian
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Planck Collaboration: The Planck mission

104 i ! T T T T T
] {  Planck ]
S T WMAPY ]
- F % I ACT -
- F
F s \9"‘% . SPT -
— 103 L[’ %& :
X aih Y :
3 % ‘
— o
@ x%
102 | !i%‘i .
o :
% -
K
e»\ob;
2 100 500 1000 1500 2000 2500 3000

4

)
NIIr— UL ogdlila balvadia rinurJial Cudliiivivgy 4 ANIN £VU1O



The standard flat, six-parameter, ACDM model successfully describes the Planck temperature
and lensing-potential power spectra at multipoles ¢ > 40.
No evidence of deviation from power-law, adiabatic, scalar fluctuations
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Cosmological Summary:

ACDM best fit driven by 80 < ¢< 2000

lensing breaks the geometric degeneracy (both lensed C;7, C%)
A baryons, A\ dark matter, cosmological const.

excellent agreement with BBN, BAO acoustic scale

scale invariance (n, < 1) ruled out at 5.4 sigma (CMB alone)
low H, relative to HST

no evidence for (data disfavor)
* anything beyond the 3 standard neutrino species
e curvature, running index, dynamical dark energy, isocurvature, sterile neutrinos, ...
* local type NG, fy, < 6 or so.

above multipole of 40, excellent agreement with ACDM
below multipole of 40, the x? doesn’t tell the story...
complicated disagreement with WMAP on the CMB
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FOUR-YEAR COBE' DMR COSMIC MICROWAVE BACKGROUND OBSERVATIONS: MAPS AND BASIC RESULTS

C. L. BennerT,2 A. J. BANDAY,? K. M. GORsK1? G. HInsHAW,? P. JACKSON.? P. KEEGSTRA?
A. Kogur,? G. F. Smoor,* D. T. WiLkinson,5 anD E. L. WriGHT®
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The lensing potential
according to Planck
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The lensing power spectrum

1.5x10~7

1077

[W(+1)PC?? /2m

5%10

] ] ] ] I ] ] ] ] ] ] l ] ] ] ]
T LIS Ll T T 1 T T T T T T T T T
- bt & P N - -
{ L v 1

1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
100 200 300 400 500

250 detection

AA
—-0.4-0.2 0 0.2 O
|
I
I

KITP — UC Santa Barbara Primordial Cosmology 4 April 2013



ACDM Cosmological Parameters
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Planck Collaboration: Cosmological parameters
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Fig. 25. The Planck+WP+highL data combination (samples; colour-coded by the value of Hy) partially breaks the geometric degen-
eracy between €, and £, due to the effect of lensing in the temperature power spectrum. These limits are significantly improved
by the inclusion of the Planck lensing reconstruction (black contours). Combining also with BAO (right; solid blue contours) tightly
constrains the geometry to be nearly flat.
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Acoustic-scale distance ratio consistency between
Planck and other experiments
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Acoustic-scale distance ratio consistency between

WMAP, Planck and other experiments
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Consistency between Planck and BBN
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A determination of H, from the CMB alone

KITP — UC Santa Barbara

T L L] ] L] T T L] l
Planck
—a—

WMAP9

P

Cepheids+SNela

—a—

Carnegie HP

HST Key Project

UGC 3789

RXJ11.31—12§1

SZ clusters

I
PO TN SN TN NN AN SN TN SN NN TN U SN SN NN SN SN SN S SN SN S S |

60

65 70 75 80

Hy [km s” "Mpe™']

Primordial Cosmology

85

4 April 2013



Qk

dns/dIn k

-1.0

—15

-2.0

0.021  0.022 0.023

Q,h?

012 013 0.14

Q. h?

ns

0.99

1.02 45 60 75 90 060 0.75 0.90 1.05

Ho 08

4 April 2013

Primordial Cosmology

KITP — UC Santa Barbara



Cosmological Summary:

ACDM best fit driven by 80 < ¢< 2000

lensing breaks the geometric degeneracy (both lensed C;7, C%)
A baryons, A\ dark matter, cosmological const.

excellent agreement with BBN, BAO acoustic scale

scale invariance (n, < 1) ruled out at 5.4 sigma (CMB alone)
low H, relative to HST

no evidence for (data disfavor)
* anything beyond the 3 standard neutrino species
e curvature, running index, dynamical dark energy, isocurvature, sterile neutrinos, ...
* local type NG, fy, < 6 or so.

above multipole of 40, excellent agreement with ACDM
below multipole of 40, the x? doesn’t tell the story...
complicated disagreement with WMAP on the CMB
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Planck Collaboration: Planck 2013 Results. XXIV. Constraints on primordial NG

Table 9. Results for the fy;. parameters of the primordial local, equilateral, and orthogonal shapes, determined by the KSW, binned
and modal estimators from the SMICA, NILC, SEVEM, and C-R foreground-cleaned maps. Both independent single-shape results and
results marginalized over the point source bispectrum and with the ISW-lensing bias subtracted are reported; error bars are 68%

CL.
Independent ISW-lensing subtracted
KSW Binned Modal KSW Binned Modal
SMICA
local ................ 0.8+5.8 92+59 83+£59 ..... 27 +58 22+59 1.6 6.0
Equilateral -37+75 -20£73 2077 ..... -42+75 -25x+73 2077
Orthogonal —-46 + 39 -39 £ 41 -36x41 ..... -25+39 -17 41 -14 +42
NILC
local ................ 11.6 £ 5.8 105+5.8 9459 ..... 45+58 36+58 27 +£6.0
Equilateral -41+76 -31£73 2076  ..... -48 +76 -38+73 -20+78
Orthogonal -74 +£40 -62 + 41 -60+40 ... -53 +40 -41 + 41 -37+43
SEVEM
Local ................ 10.5+£59 10.1£62 9460 ..... 3459 32+6.2 26+6.0
Equilateral -32+76 -21+73 -13£77 ..... -36+76 -25+73 -13+£78
Orthogonal -34+40 -30 £ 42 -24+42 ... -14 £ 40 -9+ 42 -2+42
C-R
local ................ 124+60 113£59 109+£59 ..... 6.4+ 6.0 55+£59 51+£59
Equilateral -60 +79 -52+74 -33+78 ..... -62+79 -55+74 -32+78
Orthogonal -76 +42 -60 =42 -63+42 ..... -57 +42 -41 +42 -42+ 42
KITP — UC Santa Barbara Primordial Cosmology 4 April 2013



I
<
<
<
=
=

+
'y}
Y]

<
<
+
@
e
<
=
*
<

4 April 2013

Primordial Cosmology

KITP — UC Santa Barbara



15.0 mm— 5.0 P re



KITP — UC Santa Barbara

Planck Collaboration: Planat 2013 Results. XXT'V. Constraints on primondial NG

Table 19. Resuks for fie (asssmed independent) of the SXICA half-ring null maps, deiermined by the KSW, binned and modal
estimalors.

KSW Binned Modal
SHICA halfring
loal ......... ~008 £ 018 -0086+020  -013:035
Equitsteral .. ... 01622 13+21 066 +20
Orthogoral ... .. -0035 + 05 0sl+0s57 014 + 060
DML ps - 1629 ~005 = 060 003 £ 068 005 + 065
ISW-kensing . (006 + 20077 (-22:47107 0009 + 0030

Table 20 Results for f; (assumed i of several null maps determined by the binned estimatoc We comsider half-ring
(rl = r2)/2, survey (52 — 51)/2, and detector et (4] — 42)/2 difference maps for SMICA and the raw 143 GHz channel

SHICA 143 Gz 143 Gl 143 Gir

half-ring hadf-ring survey de tecior set
Biored

local ......... ~0086+ Q20 0016+ 003 043 + 056 19217

Fquilateral . 13+21 12+ 18 -15:42 09+58

Orthogorad ... .. asi +0s7 12:06 ~17£13 ~13218

DULps . 1629 Q0 + 068 Q19+ 19 14+32 ~L0=243

1SW-lensing (-22247x107 (-Q5+ 17107 (-06+ NpI07 0033 =002

Table 21. Summary of cur fi;. analyss of resicaals. For malistic kensed FFPS simalations processed h the SMICA
and NILC component s paration pipelines, we report: the average fip with and without foreground resadaals added to the maps, the
j,,_Mﬂ&vwmwhmmmnﬂt&nﬂd&vmd&mﬂm[,‘mm&“chn and

“contaminated” sample. The impact of msiduals is clearly subdominant when compared to statistical error bars for 2l
shapes Resuks mported below have been obtained using the modal estimator
SHICA SMICA NILC NILC SNICA NILC
Clean rsidml ciean vsidml  residaml - clan  esidml - ciean
Moda!
locd ... ..... 77 £59 T8+59 77T £58 T4 £ 60 a4 = L0 -Q27+ L1
Equiaeral ..... -05+77 -87=79 -06=73 -20=79 -13282 ~-44 + 3
Orthogonal ... .. ~-[ x4l -25= 41 ~-24 £ 40 ~-26 + 41 ~20247 ~24 48
ISW-kensing . LI0+03% 10103 101 038 102:038 (0006 + 0052 M3 + a0s2

Primordial Cosmology
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Constraints on Inflation: n_is robust

Two key results:
robust detection of a blue tilt: n, = 0.9585 + 0.0070

a “low” value of the Hubble constant: H, = 67.3 + 1.2 km/s/Mpc
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Constraints on Inflation
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PHYSICAL REVIEW D 82, 043003 (2010)

Relic gravitational waves in light of the 7-year Wilkinson Microwave Anisotropy Probe data and
improved prospects for the Planck mission

W. Zhao,"*** D. Baskaran,'" and L.P. Grishchuk'**

VL. THEORETICAL FRAMEWORKS THAT WILL
BE ACCEPTED OR REJECTED BY PLANCK
OBSERVATIONS

Our forecast for the Planck mission, as any forecast in
nature, can prove its value only after actual observation.
We predict sunny days of confident detection of relic
gravitational waves, but the reality can turn out to be

gloomy days of continuing uncertainty. One can illustrate
this point with the help of probability distributions in

Polnarev, et al.
Mon. Not. R. Astron. Soc. 386, 1053—-1063 (2008)

(S/N)TE = ﬁy#ﬁf ~ \/Eyi
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Status of CMB Polarization Observations
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Suborbital Polarimeter for Inflation Dust and the Epoch of Reionization

 Long duration (2+ day
* Sensitive to scales from 20° to 0.5°
* Instrumental sensitivities 5x that of Planck
* Polarization modulation and survey redundancy

* Technical Pathfinder: solutions appropriate for a space mission
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* 94/150 GHz flight in 2013/14 (~2600 detectors)
* 8% full sky, 0.27/0.20 uKyp/deg?

* 5x Planck’s sensitivity

* Probing Inflation at r ~ 0.03

* Detect weak lensing

* Detect Galactic polarization

—— With foregrounds
---- No foregrounds

Likelihood

Planck

SPIDER 2

0 001 002 003 004
r
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CMB Polarization Power Spectra:
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Planck Collaboration: Constraints on inflation 25
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Fig. 16. CMB multipole spectrum residuals for best fit primordial power spectrum reconstruction at A = 103, The panels show the

C; spectrum residuals (compared to the best fit power law fiducial model represented by the horizontal straight dashed line) for the

four auto- and cross-spectra included in the high-£ likelihood. Here, D, = (£(£ + 1)/(27))C. The data points have been binned with

A¢ = 31 and foregrounds subtracted according to the best fit foreground parameters. The solid black line shows the CMB spectrum
K residual for the maximum likelihood primordial power spectrum reconstruction with smoothing parameter A = 10°.



Would the real PIanck please stand up?
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Survey null tests fail with high
significance (and low amplitude)
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CMB Power Spectrum on the Larger Scales

The high-[ Planck data essentially determine the best-fit ACDM model.
This model gives more large-scale power than can be seen in the data.

2500 . . . .
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<
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S 1500 [ - -1 0.960 _-':
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(paper 15) Maximum multipole moment, £;,ax

This effect requires the whole range of multipoles measured by Planck to be seen.

All the “anomalies” previously detected by WMARP are still detected, now with higher statistical
significance, by Planck (paper 23).
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WMAP / Planck

Planck sees less power than WMARP at large angular scales.

As they stand, our and WMAP’s error budgets cannot explain a difference at this level.

Band Solid Angle Time Response Near Sidelobes Colour Correction Monte Carlo
[GHz] [arcmin?]

100 104.2 —-0.030 £ 0.04 % 0.10 (0.18)% < 0.3% 0.53%
143 58.4 -0.027 £ 0.013 % 0.15 (0.18)% < 0.3% 0.14%
217 26.9 -0.025 £ 0.01 % 0.14 (0.17)% < 0.3% 0.11%
353 25.1 —-0.002 + 0.0013 % 0.20 (0.24)% < 0.5% 0.10%
545 254 0.035 + 0.001 % 0.11 (0.18)% < 2.0% 0.13%
857 23.0 0.092 + 0.0006 % 0.23 (0.24)% < 1.0% 0.15%

Planck beam error budget

The absolute calibration of the Planck CMB channels is known to better than 0.4%.

The overall uncertainty at these scales in the Planck data is smaller than 1%.
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WMAP / Planck

Planck sees less power than WMARP at large angular scales.

As they stand, our and WMAP’s error budgets cannot explain a difference at this level.
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Planck (CMB-+lensing) Planck +W P+highL+BAO

Parameter Best fit 68 % limits Best fit 68 % limits
Quh? . . 0022242 0.02217 + 0.00033 0022161  0.02214 + 0.00024
Qir 0.11805 0.1186 = 0.0031 0.11889 0.1187 = 0.0017
1006y 104150  1.04141 + 0.00067 104148  1.04147 £ 0.00056
T 0.0949 0.089 + 0.032 0.0952 0.092 £0.013
n, 09675 0.9635 + 0.0094 0.9611 0.9608 = 0.0054
In(10"°A,) 3.098 3.085 + 0.057 3.0973 3.091 £ 0.025
Q, 0.6964 0.693 £ 0.019 0.6914 0.692 = 0.010
L8 T 03036 0.307 £ 0.019
O8 o 0.8285 0.823 £ 0018 0.8288 0.826 +0.012
Zee - 11.45 10.831 11.52 113=1.1
Ho .. ......... 68.14 67915 6177 67.80 077
10°A, 2215 21901
QR ... 0.14094 0.1414 £ 0.0029
QR L 0.09603  0.09593 + 0.00058
Yp 0247785  0.24775 £ 0.00014
Age/Gyr .. ..... 13.784 13.796 + 0.058 13.7965 13.798 = 0.037
T i 1090.01 1090.16 + 0.65
r. 14458 14496 + 0.66
1004, 1.04164  1.04156 + 0.00066 1.04163  1.04162 = 0.00056
Biag ¢ 2nassccas 1059.59 1059.43 + 0.64
Tang « <« < v v nnn - 147.74 147.70 + 0.63 147.611 147.68 = 0.45
kp 0.13998  0.13996 + 0.00062
1006, . 0.161196  0.16129 £ 0.00036
g oo e e 3352 3362 + 69
By cscnsacnaa 0.8224 0.821 £ 0013
Tang/Dv(0ST) . . . . 0.07207 0.0719 £ 0.0011
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Planck Collaboration: Cosmological parameters
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Fig. 28. Lefi: 2D joint posterior distribution between Neg and ) m, (the summed mass of the three active neutrinos) in models with

extra massless neutrino-like species. Right: Samples in the Ncm—nff werile Plane, colour-coded by Qchz, in models with one massive

sterile neutrino family, with effective mass mf,ﬁ erje> and the three active neutrinos as in the base ACDM model. The physical mass
of the sterile neutrino in the thermal scenario, m™“™! is constant along the grey dashed lines, with the indicated mass in eV. The

physical mass in the Dodelson-Widrow scenario, sterile+ 1 constant along the dotted lines (with the value indicated on the adjacent
dashed lines).
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Cosmology from SZ Cluster Counts (Paper
20)

Planck SZ cluster counts prefer a lower og, lower Q_ region of the
parameter space than the CMB.

... or a modest hydro mass bias and a reasonable neutrino mass!
[in fact a bias similar to that from the maxBCG analysis (2011, A&A, 536, A12)]
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