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RESULTS

« In-flight performance of Planck cooling chain surpassed optimistic expectations

 0.1K dilution: Low pressure operation doubled lifetime. Fantastic stability (~10uK/yr)
4K Stirling cooler: stable and uninterrupted functionality
« 20K sorption cooler: FM1 (second unit) outstanding duration and performance

 No significant of degradation in LFI and HFI (100% functional since start)

» Two mission extension proposals by PST, approved by ESA, leading to full
exploitation of HFI and LFI lifetimes:

HFI: 29 months, ~5 sky surveys
LFI: 48 months, ~8 sky surveys

* Followed by a third and final release in 2015




In-flight cryo-chain performance & mission lifetime

Excellent in-flight thermal performance

— Bolometer plate = 103mK

— LFI reference loads = 4.4-4.6 K

— LFI focal plane = 19.8-20.8 K

— Secondary mirror = 39.6 K

— Primary mirror = 36.5 K

— V-groove 3 (final radiative pre-cool) = 45-47 K

Thermal stability

Excellent Planck cryo-chain performance
more-than-doubled mission lifetime




Sorption Cooler & Planck lifetime

Sorption Cooler & LFl lifetime
G.L. Morgante & D. Pearson EOL.' October

i 7/ 1112 7Nz
Date

» FM1 continues to outperform projections

» Recent experiments at JPL (Bob Bowman) indicate that regeneration is
effective at 30 Bar (~in-flight pressure)

- Possibility of extending “LFl-only” phase beyond January 2013

f-esa @gﬁ ‘ Estec, 28-30 March 2012 — PST#57
e M.Bersanelli- LFI Extension




Good bye Planck!
Darmstadt, 23 October 2013
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Can we improve over this?

Multipole moment, ¢

500 1000 1500 2000

Planck (CMB+lensing)

Parameter Best fit 68 % limits

0.022242 0.02217 + 0.00033
0.11805 0.1186 + 0.0031
1.04150 1.04141 + 0.00067
0.0949 0.089 + 0.032
0.9675 0.9635 + 0.0094

3.098 3.085 +0.057

0.6964 0.693 £ 0.019
0.8285 0.823 £0.018
11.45 10.8+31
68.14 67.9x15
13.784 13796 + 0.058
104164 1.04156 = 0.00066
147.74 147.70 + 0.63

I 0.2°
Angular scale

Can we achieve comparable accuracy in polarization?
What’s the scientific gain?




Aiming at ultimate ﬂ CMB measurement

3G, (f
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Whlte noise

- Push detector sensitivity to fundamental limits
-> Cool to cryogenic temperatures
- Make large arrays of detectors

Power spectrum accuracy

2
5Cz — 12 2 1+ Aaplx

c, ¥ \VN2r+1 N, C, W

[ N

Sky Cosmic Instrument

coverage variance noise and
beams

Stability (1/f noise)

- Differential systems
- Internal or sky reference
- Modulate bolometer reedout

Simulated T power spectrum

Multipole [fg-1)




Planck scanning strategy

S ig nal tO I‘IOise = sensitivity and noise

100.0

Planck spin frequency

o "‘le“""‘.ﬁl differenced data|
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A et i
i . Total power data _|
T o~ 1
Rafiometer differenced data Bl {
|

L I: It 1 1

-3 A2 - 0 1 ~2 i=3
10 10 10 10 10
Frequency (Hz)
i Observing the Universe with the

Aniello Mennella £ Cosmic Microwave Background
? L'Aquila, April 22-26, 2014

 Noise power spectrum has knee frequency 10-50 mHz
* Spin frequency needs to be comparable or higher
- Planck: 1rpm = 16mHz




Full Mission data release

“LFl-only” extension: 8 full sky surveys
2013 Release

S1 S2 s3 15.5
Phase @-=340° months
29 months
2014 Release HFI | EOL
S1 S2 s3 sS4 S5 S6 S7 S8 49
e, . i—— . hiRL=, months

Phase @=340° Phase @=250°

« Multiple full-sky redundancy: powerful tool to test systematics

* Planck scanning strategy: odd and even surveys couple differently with global sky
signal (straylight, beam ellipticity)

Galactic straylight (simulation)

Full Planck scan
cycle is 1 year




Full Mission data release

“LFl-only” extension: 8 full sky surveys
2013 Release

S1 S2 S3 15.5
Phase @=340° months
29 months
2014 Release HFI | EOL
S1 S2 S3 sS4 S5 S6 S7 S8 49
e v T e months

Phase @=340° Phase @=250°

Next release will take advantage of multiple full-sky redundancies
(main motivation for extension)

Planck scanning strategy: time scales

« "Sky cirlce”: subsequent 1-min scans in the sky 1 min
« "Half-ring”: 1st — 2nd half of data acquired in each pointing period 45 min
 "Survey”: Full sky (Even/odd have different orientations) 6 months

» “Year”: Full scanning period 1 year

» "Phase”: Opposite phase of 7° precession 2 years




Full mission: LFI and HFI sensitivity
Noise measured on maps at full mission (CMB channels)

30GHz 44GHz 70GHz  100GHz 143GHz 217GHz 353GHz

Angular resolution [arcmin] 33.2 28.1 13.1 9.7 7.3 5.0 4.9
Noise sensitivity [ pKcyg S¥7 148.5 173.2 151.9 41.3 17.4 23.8 78.8
NOISE/PIXEL
Nominal mission [months] 155 15.5 15.5 15.5 15.5 15.5 15.5
From detector sensitivity [MUKyg | 9.2 12.7 23.9 9.6 5.4 10.7 36.5
Measured from maps [PKcys | 9.2 12.5 23.2 11.2 6.6 12.0 43.2
Extended mission [months] 48 48 48 29 29 29 29
Expected [uKcyg | 5.2 7.1 13.2 8.2 4.8 8.8 31.6
Expected [ AT/T] [ 1.9 2.6 4.8 3.0 1.8 3.2 11.6]
Blue book [ AT/T] 2.0 2.7 4.7 2.5 2.2 4.8 14.7
R « At end of mission both LFI and HFI fulfill the “Blue Book”

PLANCK sensitivity goals
| » 2014 release has capability of reaching all scientific
objectives described in Planck Bluebook

e Provided that...
we properly tackle systematics and foregrounds

e
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Polarization anisotropies
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Main challenge: systematic effects
LFI Systematics summary (Mennella et al)

“TOP DOWN" 2013

Match between half-ring and |+———— ———
S-S differences indicates low |[CMB TT SPectrum
residual systematics

L S | T T LI SR S B I |

nce el -
o iffere ing NOY®
suf\’ ey & alf-ring
o ATsys = |JK
2 b - —— A . e e e e Totalsystemat|cs =
" XN ' - S
) idelobe
_ o -n-__ _____________j_\/ “ -‘ AT
1993 € 7 [L22C ATy ,Loq\)&«/ SO0
k. 20Kf|uct T
mobility transistor) amplifiers. COBRASq-will exploit this si

which ean achieve the required sensitivity with passive cooling.
COBRAS observational requirements, which are set to meet th i
1(:\113\'-0“5

Table 1

ikes
-Hz spike
o Angular resolution: ¢ ~ 2030/ 1-Hz sP
o Sensitivity: ~ 1078
o Imaging ohservations (wide window funetion)

o Large sky coverage (> 40% ) ahons

00K T fluctu
o Spectral range: 30 GHz < v < 140 GHz

¢ High control over potential systematic effects:

[Planck Collaboratlonlll LFI Systematlcs 2013]
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10* 102 103

— Off-axis optics

- Multifrequency observations
— Minimum, frequency-dependent foregrounds
- Observation strategy (redundancy, closure)

Frequent calibration

2 The COBRAS payload

In order for the observations to be confusion-limited very accur
mstru.mout is requn'vd Tha main gml of thc p'u load desw'u is

“BOTTOM UP”




Systematic effects: Thermal fluctuations

(Terenzi, Morgante , Tomasi et al)

Temperature changes are “slow” compared to spin rate: frema << fgu,=16 MHz

7\ '
y \ §! RefLoads (4K)
R - AT~ 0.9 mK

f~ 1.1 mHz (15min)
. [~ 0.2 mHz (90min)

How can we
quantify these effects?
» Representative Temperature
LFZ?e:e;B%rsnfEOK) Sensors data (4-yr streams )
f~ 1.1 mHz (15min)  Apply thermal transfer functions
 Apply radiometric transfer
» Re-sample and build differenced
«f time ordered data
v AT~02K « Build destriped map

> T BEU (300K) £~ 0.012 mHz (24h) » Compute power spectrum
(up to OD 258)

Sarption coaler piping




Amplitude(K)

Systematic effects: Thermal fluctuations
Front-end fluctuations (20K)
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(Planck Collaboration 2011) (Mennella et al. 2011)



Main challenge: systematic effects
LFI Systematics summary (Mennella et al)
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CMB TT spectrum »
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[Planck Collabora:[ion [ll. LFI Systematics, 20113]
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 Systematics are well under control for TT
 LFI and HFI have different dominant effects

Challenge: can we reach comparable confidence for polarization?



Unique capability of Planck: compare two technologies over large
multipole space and at nearby frequencies

HFI

HEMT amplifiers ] | | Bolometers




% Unique capability of Planck: compare two technologies over large &\\%esa

multipole space and at nearby frequencies

Recalibration factor (wrt 143GHz) maximizing CMB con  sistency

LFI o ; - HFI

HEMT amplifiers Bolometers

k & I — ¢ ¢ 2013 data 50-300
?ﬂ;_ ~{ { 2013 data 300-700

Agreement in CMB channels (70-217 GHz) maps <0.3%
Consistent with expectation from simulations




Planck 2014: Dipole calibration

Planck vs WMAP
t  Planck ]
[ - _
_ g N { WMAP9 |
¥ * t  ACT
+
’ A e s . SPT
iﬁ‘* ]
Py ]
*i i
*.....%
* Very good overall agreement %
~1% level discrepancy Planck-WMAP Igﬂ
% i
« WMAP low ell polarization used in analysis S
« ACT and STP provide important ancillary data for 3]
high-multipole foregrounds oed
2 100 500 1000 1500 2000 2500 3000
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Planck 2014: Dipole calibration
Planck vs WMAP

Consistency between CompSep methods at low multipoles
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[Planck Collaboration XII. 2013]



Planck 2014: Dipole calibration

» The measured dipole is a combination of the “Solar” and “Orbital” components

1 ~
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C

 For 2013 release, all Planck detectors (LFI and HFI) were calibrated using as a
reference the Solar Dipole as measured by WMAP
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2014 Planck release: Dipole calibration
Planck orbital dghptHecahhlbaaton

For 2014 release — Planck calibration based on Planck satellite
orbital velocity (Earth orbit + S/C orbit speed)

Preliminary results from Planck 44 GHz channel

300 OGS _ DX9d Orbital gain fit LFI24M 10 OGS _| DX9d Orbltal gain fit LFI24M
Gain = 1.000532 +- 0.001048 chi~2 0.63 - Gain = 1 000532 +- 0.001048 h ~20.63
Oﬁ‘ = 0.346906 +- 0.002485 ',.v Off 0.346906 +- 0.002485
-
200 f‘.ﬂ'
= 5
S~
¥ 100} ,-"j g 1
— . —
(=} s
, g i Iy
Lo | S oo S g
2 -
: s | 1
P18 , : f |
& =100 "1’:! 'tt_:
o4 O _gl
- =2 5
2
—200} r
>
4 .
4 Expected from ephemeris Linear fit removed
73070300 72‘00 71‘00 (I) 160 260 300 1—%00 —200 —100 D 100 200 300

Orbital dipole bin [uK] Orbital dipole bin [uK]

« Data visiting same spot 6 months apart with opposite velocity is used to separate
orbital velocity effect from intrinsic sky signal

 Galaxy and other foregrounds need to be masked/removed
« Relative calibration scheme based on solar dipole or house-keeping data



2014 Planck release: Dipole calibration
Planck orbital dghptHecahhlbaaton

Limitations:

Relative gain variations ~0.2% (extra noise component)
Far-sidelobes ~0.2% (biases 6 month differences)
Foreground contamination

Current best results are at 44 GHz where the far-sidelobes are 4 times smaller

Dipole velocity Dipole axis position

T 48.40 T T T T
NB subject to correction for H 44GHz

. 4 WMAP
1a.35.Sidelobes and foregrounds ]

372

370+

] R e T } ——————————— :
L
=1

3681 | 2

367} .

|

48.30+

latitude [° ]
&
&

——
S
ee]
o

48. 1 1 L 1 L L L
&%4.5 264.4 2643 264.2 264.1 264.0 2639 263.8 263.7

» Good agreement with WMAP

« With improved relative calibration and far-sidelobe correction, simulations
suggest we should achieve 0.1% absolute calibration

- Unprecedented accuracy on absolute dipole measurement



Next Planck release: Polarization

Polarization data analysis is more complex than for
temperature data:

- No “good” celestial polarized calibrator (Crab)

- Amplitude of CMB signal is low (E-mode: few uK, B-mode:
<0.1pK)

- Astrophysical foregrounds dominate over the most of the sky

- Specific systematic effects




Next Planck release: Polarization
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Planck CMB polarization

« Scientific analysis on polarisation on-going
* Both HFI and LFI in rapid progress

Preliminary Planck polarization already show spectacular performance

* High ell polarization TE and EE (preliminary!) spectra demonstrate the excellent

TE Correlation, EE power spectrum (preliminary)

¢

quality of the data (note: solid line is best fit of TT 6-parameters model!)

» Foregrounds and systematics are not dominant at high multipoles
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Planck CMB polarization

« Scientific analysis on polarisation on-going

* Both HFI and LFI in rapid progress

Preliminary Planck polarization already show spectacular performance

Stacked maps for I and polarization Q, (30" resolution)
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E/B-mode challenges

* Very low multipoles (ell < 20): “reionization bump”
» Measurement of optical depth Tau (E modes)
« search for B-modes at very large scales

» Intermediate ell (70 < ell < 100): “recombination bump”
« Verify polarized foregrouds impact on Bicep2 field
» Independent measurement or upper limits of r

o Chellenges: Planck polarisation at 353 GHz (Taurus region)

» Systematic effects
» Foregrounds

»

N —— e/ /

Polarised intensity at 353 GHz (in
mK_CMB) and polarization
orientation indicated as segments
of uniform length,
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E/B-mode challenges
B-modes and Bicep?2 verification

Oh

Example:
FDS dust
model

6h |

» No foregrounds subtraction

I(1+1)CP%/2m [uK?]

0.02

0.015¢
0.01¢

0.0051)]

Dashed: Dust auto spectra
- Solid: BICEP2xDust cross spectra

0

o0 100 150 200

Multipole

* Single frequency, 150 GHz: near foraground minimum

 Very “clean” region

 Planck will verify poarised synchrotron and dust in Bicep2 region
(30GHz, 353GHz, spectal index measurements)

250 300



LFI systematic effects

Effects considered in 2013 analysis New approach required for
(Will be extended to full 8-survey mission) 2014 (polarization) analysis

» Sidelobes effects —> Residual uncertainty after removal

» Gain uncertainty — Include uncertainty in relative calibration
» Thermal effects

- 4K Reference loads

- Focal plane unit (20K)

- Back end (300K)

« Bias fluctuations
» 1 Hz spykes

Effects to be included in 2014 analysis (not considered in 2013)

« Straylight from intermediate sidelobes

 Optics and OMT cross-polarization

 Uncertainty in polarisation angle

 Residual uncertainty after bandpass mismatch correction

For each effect:
Basic codes/algorithms are (mostly) ready; Team & leader identified.
(Overall coordination: A. Mennella)



Polarization systematics: LFI

From ESLAB Conference (Aapril 2013)
Much progress in LFI and JFI low-ell pol in past few months

 Low ell thermal effects & spikes below
significance for EE
 Analysis not yet complete
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Polarization systematics: HFI

From ESLAB Conference (Aapril 2013)
Much progress in LFI and JFI low-ell pol in past few months

 Low ell affected by gain leakage: much work in progress, high priority for 2014
* At high multipoles systematics are sub-dominant
- Quantitative assessment on-going

100GHz
T

Planck EE Best-fit ———

noise — — — —
bandpass leakage
calibration leakage
polarisation orientation error
polarisation efficiency error

[Planck 2013 results. V1. HFI data processing]

217GHz

multipole

Estimation based on dedicated MC simulations at ring level



Polarization specific effects: Bandpass mismatch

Polarization Sensitive Bolometer Radiometer Chain Assembly (OMT)
. 'L-:HJJ \\ AK Radiometer R0
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Polarization specific effects: Bandpass mismatch

Frequency response is asymmetric on the two OMT arms

M-00 - S-11 _S-10-M-01

65 70 75 : ) 65 70 75

Effect expected on polarisation measurements that depend on
the difference between the two OMT arms. Can be corrected if
bandshape known within ~ 0.2% accuracy

« Correction depends on nature and intensity of foregrounds in observed sky
» Most important in the galactic plane

» Requires knowledge of instrument response

« In-flight measures of polarized synchrotron and thermal dust sources

* Much improvement with Full Mission data set




Straylight removal

(Maura Sandri et al)

Beam integration across the band

Power (dBi)

 Full beams (main beam + sidelobes) at >20 frequencies within

band computed for each LFI radiometer (GRASP10)

 Integrated beams: weighted mean taking into account radiometer

bandshape

» 2014 release will include removal of Galactic straylight from timelines
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Straylight removal

30 GHz, S2-S1
Straylight simulation
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Straylight removal

30 GHz, S2-S1 (DX9 data)
Before correction
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Straylight removal

30 GHz, S2-S1 (DX9 data)
After correction




Planck Full Mission: Cosmological parameters

» Improved sensitivity on TT power spectrum
» Sumultaneous additional constraints from TE and EE

. Matter density | L Curvature

Iﬂ:ﬂﬂ — wlnd|'|.-'-:'|-:'|"i'0 e IOIOD —

by Wayne Hu
- Increased accuracy in cosmologuical parameters

HO’QM’Q/\’QB’QO’ZmV




Planck Full Mission: Cosmological parameters

6-parameters model

Parameter

Baryon density today

Cold dark matter density today
Thomson scattering optical depth
Hubble constant [km/s/Mpc]

Scalar spectrum power-law index

Parameter

Effective number of neutrino species
Fraction of baryonic mass in helium
Dark energy equation of state

Varying fine-structure constant

2013 uncertainty
(Planck+WP)

0.00028
0.0027
0.013
1.2
0.007

2013 uncertainty
(Planck+WP)

0.42
0.035
0.32
0.0043

Expected 2014
(Planck T+P)

0.00013
0.0010
0.0042
0.53
0.0031

Expected 2014
(Planck T+P)

0.18
0.010
0.20
0.0018

- Expected reduction in error bars by factors of 2 or more




Planck Full Mission: Cosmological parameters
The WMAP experience
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Relative error in the basic six parameters of a standard cosmological mode
using four different data-sets based on 1, 3, 5 and 7 years of WMAP data. These
are compared with the naive expectation for improvement,
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For the first time, Planck has measured the SZ effect on the full sky

Early Planck release: 187 galaxy clusters




PLANCIK

For the first time, Planck has measured the SZ effect on the full sky

Early Planck release: 187 galaxy clusters
Planck 2013 release: 1227 galaxy clusters




For the first time, Planck has measured the SZ effect on the full sky

Planck 2013 release

Category N Source

Previously known
X-ray: MCXC meta-catalogue
Optical:  Abell. Zwicky, SDSS
SZ.: SPT, ACT
Misc: NED & SIMBAD

New confirmed XXMM, ENO, WFI, NTT. AMI. SDSS

New candidate
reliability: : High
Medium

Low

Total Planck SZ. catalogue

Early Planck release: 187 galaxy clusters
Planck 2013 release: 1227 galaxy clusters
Planck 2014 release: ...stay tuned!




Improved SZ studies

Mass redshift distribution: expectations for the full survey
 Lower mass limits (Mgy,~4x10*Mg at z=1)
» Possibility of finding clusters at z>1

—ft r r 1 117
Planck lusters with redshift @
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redshift

All sky thermal SZ maps
» Improved statistics and higher control on systematics will benefit SZ power spectrum
and cosmological parameters estimation



2014 Planck release
Conclusions

» The excellent performance of Planck instruments and coolers allowed for major
extensions of the Planck survey (5 surveys for HFI, 8 surveys for LFI)

* Increased observing time and multiple redundancy will lead to higher sensitivity
and more stringent control of systematic effects and calibration:
- the key for more science results!

» The Planck full mission and new polarization data will bring Cosmology in yet
unmatched precision levels

—> parameters, non-G, lensing, anomalies (vs. polarization!), ...

- E/B modes at low ell, verification of Bicep2 results

« Significant advances in several aspects of mm-wave astrophysics, including
Galactic diffuse components, sources catalogs, SZ studies

* Polarization requires working at the very limit of our instruments and of our
knowledge of the instruments themselves

The work of many people has to be greeted!
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