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Polarization generated by
local quadrupole in
temperature.

Sources of quadrupole:
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The Planck satellite



The Planck mission

o

o Third generation satellite missions.

o Launchedin 2009 to L2, operated
until 2013.

Sun
L

vA¢
AYA




¥ 9 Frequencies, 2 instruments
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.

« 15t release 2013: Nominal mission,15.5
months, Temperature only.

. 2" release 2015: Full mission, 29
months for HFI, 48 months for LFl,
Temperature + Polarization




What changed since 20137



4 things that changed since 2013 and *
that are relevant for cosmology

1. Full mission data (more than double w.r.t. 2013).
Also use smaller galactic masks.

2. Calibration -> +2%. Planck 2015 and WMAP now
perfectly agree

3. Systematics better handled (e.g. [~1800 dip due to
the 4K line).

4. Polarization.

1. Low-l (large scales, I1<30) polarization from Planck LFI
instead of WMAP9 polarization (used in 2013) to
constrain reionization.

2. High-l (small scales, 1>30) polarization from HFI.
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2015 Polarization power spectra

Planck 2015
Pre-Planck measurements : :
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1) Modifies the angular power spectrum at high-I

(e.g.smooths the peaks/throughs)

Planck detects lensing in the angular

power spectrum at 100!

2) Breaks isotropy of the CMB.

Lensing potential reconstructed from the
non-gaussian 4-point correlation
function.

Planck 2015 detects lensing from 4-p.

function at 400!
(250 in 2013)

[L(L + 1)]2C¢ J2m [x107]
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CMB lensing
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—— van Engelen et. al. 2012

T

Planck 2014
Planck 2013

— Das et. al. 2013
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Results on ACDM



ACDM results from TT

[1] Parameter 2013N(DS) 2015F(CHM) (P1ik)
1000mc - o 1.04131 £ 0.00063  1.04086 + 0.00048
Qph* . . .o 0.02205 + 0.00028  0.02222 + 0.00023
Qh% . . 0.1199 + 0.0027 0.1199 + 0.0022
Ho .. ooviii o, 67.3 1.2 67.26 + 0.98
Mg oo 0.9603 + 0.0073 0.9652 + 0.0062
Qm oo oo 0.315 £ 0.017 0.316 + 0.014
o S 0.829 +0.012 0.830 + 0.015
T o .. 0.089 +0.013 0.078 + 0.019
107Ase™" . ... 1.836 = 0.013 1881 £0.014 | .3 5 sigma shift

2013=Planck Nominal 2013 TT+low-| WMAP polarization
2015=Planck Full 2015 TT+low-I| Planck LFI polarization.

* Very good consistency between 2013-2015.

* Error bars improved by ~30%
* Calibration change shifts 10°A e™*".
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Direct measurements H,

H,=67.8+0.92
(PlanckTT+lowP+lensing)

VS

H,=72.8+2.4
(Riess+11)

[20 tension]

H,=70.6 £ 3.3 [1o tension]
(Efstathiou+14)

H,=74.3 + 2.6 [2.50 tension]

(Freedman+12)
[in Km/s/Mpc]



Extensions of ACDM
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T Curvature:

Compatible with flatness at the
level of 103

Sum of neutrino masses:

Bound already stronger than what
achievable by Katrin (tritium beta

decay)

Number of relativistic species:
Compatible with standard

predition N_4=3.046 with 3 active

neutrinos

Helium abundance

Good agreement with
measurements of primordial
abundances and BBN predictions

Running of the scalar spectral
index

Compatible with no running

: Excellent agreement with ACDM!
Qx = 0.000 = 0.005 (95%)

(PlanckTT+lowP+Lensing+BAQ)

Z m, < 0.23 eV

(PlanckTT+lowP+Lensing+ext)

Neg = 3.13+£0.32

(PlanckTT+lowP)

YpoN = 0.253 4+ 0.021
(PlanckTT+lowP)

dng

= —0.0084 £ 0.0082
d}nk

(PlanckTT+lowP)




-~ High-l Polarization further improves constraints!
Yy Curvature:

Compatible with flatness at the Qg = 0.000 &= 0.004 (95%)

level of 103 (PlanckTT+lowP+Lensing+BAO +TE+EE)

Sum of neutrino masses:

Bound already stronger than what Z m, <0.19 eV
achievable bydKatrlr)\ (tritium beta (PlanckTT+lowP+Lensing+ext+TE+EE)
ecay

Number of relativistic species:

Compatible with standard Neff = 3.04 £0.17
predition N_4=3.046 with 3 active (PlanckTT+lowP+TE+EE)
neutrinos

Helium abundance

Good agreement with
measurements of primordial
abundances and BBN predictions

YpoN = 0.251 +0.014
(PlanckTT+lowP+TE+EE)

Running of the scalar spectral
index dns

=—0.0057 £ 0.0071
: : : dInk
Compatible with no running - (PlanckTT+lowP+TE+EE)




dE 5
dt

Planck TT,EE, TE+lowP

<OV >

WMAP9
CVL i
Possible interpretations for:

AMS-02/Fermi/Pamela -3

Fermi GC '," .

Thermal relic _|

III| A’I Ll L L1l 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII_
1 10 100 1000 10000

my [GeV]

e pc ng?)M (1 + Z) f;’ﬁ m— pg,nn

X

Most of parameter space
preferred by AMS-02/
Pamela/Fermi ruled out at
95%, under the assumption
<ov>(z=1000)=<ov>(z=0)

Thermal Relic cross
sections at z~1000 ruled
out for:

m~<40 GeV (ee")
m~<16 GeV (u*tu’)
m~<10 GeV (t*1).

Only a small part of the
parameter space
preferred by Fermi GC is
excluded
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A slight preference for high lensing in the power

spectrum
14001 lensed g | Plad 200 |
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(ol
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0

A, parametrizes amplitude of
lensing power spectrum.

In LCDM+A model, TT power
spectrum prefers a ~2-sigma

larger lensing amplitude than
LCDM prediction.

We do not think this is physical,
because the lensing
reconstruction does not share
this preference for high
amplitude.

This could still just be an
unlucky statistical fluctuation of
the data. It has an impact on
extensions of LCDM whichcan
provide a larger lensing
amplitude in the power
spectrum.



w=Small deviations of LCDM due to the
preference of lensing

 To obtain more lensing in the power spectrum, one can have:
— Negative Q, (positive curvature)

— Negative dark energy equation of state
— Modified gravity models that modify perturbations

Parameter TT | TT+lensing | TT+lensing+ext

Ok oo —0.05210%4  _0,005+0016  _(,0001+0.00%4
myleV].......... < 0.715 < 0.675 < 0.234 95% c.l.
W e -1 .54i8:g% -1.41 ig:gg -1 .006i8:83?

e BUT! Statistically not very significant. Additionally, lensing
reconstruction does not share this preference for higher
amplitude amplitude, it drives back the constraints closer to
LCDM.



The BICEP story

: BICEP2 claims detection of r=0.16%)%2
in tension with Planck constraints from TT alone,
r<0.11, unless open extensions of LCDM.

: Flauger+ 2014, Mortonson & Seljak 2014
notice high contamination of dust, Planck collaboration
(PIP XIX) publishes at intermediate latitudes higher
dust polarization fraction then assumed in BICEP
foregrounds models.

: Planck collaboration publishes results
on dust polarization at high latitudes. Dust can
account for all the signal observed by BICEP2.



¢ The Bicep2/Keck+Planck analysis

: Joint analysis Bicep2/Keck+Planck collaborations
e Used all auto and cross-spectra BB of BICEP2/Keck at 150 and Planck at

217, 353 (detsets) at 1=20-200.

* Dust: power law with D~I%4and modified black body frequency spectrum
(Fixed Ty, prioron B)  I4(v) o< vP4B,(Tq) Ty =19.6K Bq = 1.59 & 0.11

e Sta

1 BK+P |

B+P
K+P

0.8

?‘3 0.6
_'CL
3
0.4

0.2

0 . i
0 005 01 015 02 025 03
r

x 0.6

o
3

o
Q.

1

0.8

0.4

0.2

0

0 - 5 6 7

1 3 ,
ACI 1=80 & 353 GHz [uK?]

* r=0.048+0.035,r<0.12 at 95% C.L.
« 5.1sigma detection of dust power
e Adding Planck TT, r<0.08.

Planck, Bicep & Keck collaborations 2015



s, Current constraints

 BICEP2/Keck data at 150GHz and 95GHz
* Planck polarized (30—353 GHz) +WMAP 23 & 33GHz

* ACDM +r+ A +A,

70.05 < 0.09 BK+Planck+WMAP, BB alone
70.05 < 0.12 PlanckTT+lowP+lensing+BSH
ro.o5 < 0.07 BK+Planck+WMAP, BB +

PlanckTT+lowP+lensing+BSH
BICEP2&KECK 2015 (1510.09217)

* For the first time, constraints from BB alone are stronger than the

ones from TT .
* Combination of Planck TT+BB data and BICEP/KECK BB provides

strongest constraints on tensor to scalar ratio to date.
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What's next? <2020

Table 5. Pre-2020 instruments

Advanced ACTPol specifications, http://arxiv.org/abs/1406.4794

frequencies [GHz] | fractional bandpass %] | sensitivities [uK-arcmin] | fo, [%] | FWHM [arcmin] | min | £max
90.0 11.0 2.2
150.0 30.0 9.8 50.0 1.3 20 | 4000
230.0 35.4 0.9
BICEP3 + Keck specifications
frequencies [GHz] | fractional bandpass %] | sensitivities [uK-arcmin] | foy [%] | FWHM [arcmin] | £min | £max
95.0 1.7 25.0
150.0 30.0 34 1.0 30.0 20 | 1300
CLASS specifications, http://arxiv.org/abs/1408.4788
frequencies [GHz] | fractional bandpass [%)] | sensitivities [uK-arcmin] | focy (%] | FWHM [arcmin] | fmin | Zmax
38.0 39.0 90.0
93.0 10.0 40.0
148.0 30.0 15.0 70.0 24,0 20 | 1100
217.0 43.0 18.0
EBEX10K specifications, proposal to NASA in 2015
frequencies [GHz] | fractional bandpass %] | sensitivities [uK-arcmin] | foy [%] | FWHM [arcmin] | £min | max
150.0 5.5 6.6
220.0 11.0 4.7
980.0 30.0 5.4 2.5 3.9 20 | 4000
350.0 53.0 3.3
PIPER specifications, http://arxiv.org/abs/1407.2584
frequencies [GHz] | fractional bandpass [%)] | sensitivities [uK-arcmin] | foy (%] | FWHM [arcmin] | fmin | Zmax
200.0 30.0 31.4 21.0
270.0 30.0 45.9 21.0
350.0 16.0 162.0 8.0 21.0 20 | 1000
600.0 10.0 2659.2 21.0
Simons Array specifications, Ref. [74]
frequencies [GHz] | fractional bandpass [%] | sensitivities [uK-arcmin| | fo, [%] | FWHM [arcmin] | £min | max
90.0 14.4 5.2
150.0 30.0 11.8 65.0 3.5 20 | 4000
220.0 40.3 2.7
SPIDER specifications, http://arxiv.org/abs/0807.1548
frequencies [GHz] | fractional bandpass [%)] | sensitivities [uK-arcmin] | focy (%] | FWHM [arcmin] | fmin | Zmax
90.0 24.0 21.2 45.0
150.0 24.0 17.7 8.0 30.0 20 | 800
SPT-3G specifications, http://arxiv.org/abs/1407.2973
frequencies [GHz] | fractional bandpass [%)] | sensitivities [uK-arcmin] | foy (%] | FWHM [arcmin] | fmin | £max
95.0 27.0 7.0 1.6
148.0 26.0 4.5 6.0 1.1 20 | 4000
223.0 23.0 7.5 1.0

Advanced ACTpol (ground)

BICEP3+KECK (ground)

CLASS (ground) _
r<~103
(when combined with
Planck)

EBEX 10K (balloon)

PIPER (balloon)

SIMONS Array (ground)
Spider (balloon)

SPT 3G (ground)
Errard+ 2015



What's next? >2020

Table 6. Post-2020 instruments

COrE+ specifications, http://conservancy.umn.edu/handle/11299/169642

frequencies [GHz] | fractional bandpass [%] | sensitivities [uK-arcmin] | fg, [%] | FWHM [arcmin] | £min Lrnax

60.0 16.0 14.0

70.0 14.9 12.0

80.0 12.9 10.5

90.0 9.2 9.3

100.0 8.5 8.4

115.0 7.0 7.3

130.0 5.9 6.5

145.0 5.0 5.8

160.0 0.0 5.4 00 5.3 2

175.0 5.3 4.8 4000
195.0 5.3 4.3

220.0 8.1 3.8

255.0 12.6 3.3

295.0 274 2.9

340.0 43.7 2.5

390.0 77.8 2.2

450.0 164.8 1.9

520.0 418.2 1.6

600.0 1272.4 1.4

LiteBIRD-ext specifications http://1td16.g

renoble.cnrs.fr/IMG/Us

erFiles/Images/09_TMatsumura_2

0150720_LTD_v18.pdf

frequencies [(GHz] | fractional bandpass %] | sensitivities [pK-arcmin] | fa (%] | FWHM [arcmin] | £yin Lrnax
40.0 42.5 108
50.0 26.0 86
60.0 20.0 72
68.4 15.5 63
78.0 12.5 55
88.5 10.0 49
100.0 12.0 43
118.9 30.0 9.5 70.0 36 2 1350
140.0 7.5 31
166.0 7.0 26
195.0 5.0 22
234.9 6.5 18
280.0 10.0 37
3374 10.0 31
402.1 19.0 26

Stage-IV specifications, derived so tha

t the noise after component separation, ocapB, is ~ 1 pK-arcmin, Refs. [64, 77]

frequencies [GHz] | fractional bandpass [%] | sensitivities [uK-arcmin] | fg, [%] | FWHM [arcmin] | £min max
40.0 3.0 11.0
90.0 1.5 5.0

150.0 30.0 1.5 50.0 3.0 20 4000
220.0 5.0 2.0
280.0 9.0 1.5

PIXIE specifications, Ref. [78]
frequencies [GHz] | fractional bandpass [%] | sensitivities [uK-arcmin] | fay [%] | FWHM [arcmin] | fmin Linax
see Fig. 14 70.0 96.0 2 500

COrE (satellite)

r<~10+4

LiteBIRD-ext (satellite)

Stage-IV (ground)

Pixie (satellite)
Errard+ 2015
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