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Abstract

Context. This paper provides an overview of the Low Frequency InsemniniLFI) programme within the ESA Planck mission.

Aims. The LFI instrument has been developed to produce high poeaisaps of the microwave sky at frequencies in the 27 GHz
range, below the peak of the Cosmic Microwave Background B Mdiation spectrum.

Methods. The scientific goals are described, ranging from mainstreasmology to Galactic and extragalactic astrophysics. The
instrument design and development is outlined, togethiértve model philosophy and testing strategy. The instraisqaresented in
the context of the Planck mission. The LFI approach to onxgdoand in-flight calibration is described. We also providkescription

of the LFI ground segment. We present results of a numbeists teat demonstrate the capability of the LFI Data Prongssentre
(DPC) to properly reduce and analyse LFI flight data, fronertedtry information to sky maps and other scientific produttse
organization of the LFI Consortium is briefly presented a#l asthe role of the Core Team.

Results. All tests carried out on the LFI flight model show the excdilperformance of the various sub-units and of the instrument
as a whole. The data analysis pipeline has been tested andiitunctionalities proved.

Conclusions. The commissioning, calibration, performance, and vetificephases will be performed during the first three months
after launch. After this, Planck will start its operatiofiiég, which LFI appears ready to support.

Key words. (Cosmology): Cosmic Microwave Background — Galactic anmlagalactic astrophysics — Space vehicles — Calibration
— Data analysis

1. Introduction cosmic microwave background (CMB) on angular scales larger
than 7 at a level of a few tens giK Smoot et al. (1992a). One
?/'ear later two space-borne CMB experiments were proposed

nounced the discovery of intrinsic temperature fluctuaiarthe to the European Space Agency (ESA) in the framework of the
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(SAMBA), an array of detectors based on bolometers. The twable 1.LFI performance requirements. The average sensitivity3per
proposals were accepted for assessment study with the recoixel or per FWHM resolution element({T andsT/T, respectively) is
mendation to merge. In 1996 ESA selected a combined missiiven here in CMB temperature (i.e. equivalent thermodyinaem-

called COBRAZSAMBA, subsequently renamed Planck, as theerature) for 14 months of integration. The white noise peqdency
third Horizon 2000 Medium-Sized Mission. Today Planck fermchannel and 1 sec of integration in given in antenna temperat

part of “Cosmic Vision 2020” ESA Programme.

. . . . Frequency channel 30GHz 44GHz 70GHz

Planck is equipped with a 1.5 nffective aperture telescope

. h S InP detector technology MIC MIC MMIC
which will scan_the_sky in nine frequency _channels from 30 GHZAnguIar resolution [arcmin] 33 24 14
to 857 GHz with its two active cooled instruments, the LOW 5T per 30 pixel K] 8 s )
Frequer_my Inst.rument (LFD operati_ng at 20 K with pseudo-sT/T per pixel K/K] 2.67 3.67 6.29
correlation radiometers and the High Frequency Instrumentiumber of radiometers (or feeds) 4(2) 6(3) 12 (6)
(HFI) whose bolometers operate at 100 mK. LFI and HFI to-Effective bandwidth [GHZ] 6 8.8 14
gether will have a sensitivity up to 10 times better and aagul System noise temperature [K] 10.7 16.6 29.2
resolution up to 3 times better than the Wilkinson MicrowaveWhite noise pev channel [K - vs] 116 113 105
Anisotropy Probe (WMAP). The use of twofBrent instrument _ Systematic fects K] <3 <3 <3

technologies and the comparison between their data wilhall
an optimal control and suppression of systemafieats. All the

Lzllacr?szl?[ir:)enls and four ofthe HFI channels are sensitive teslin pre-cooling stages, while active cryocoolers are usedfooth-
P : struments cooling and pre-cooling. The cryochain considise

Today Planck, the first European and third generation m : : _ : i
sion after COBE and WMAP, is the best CMB anisotropy problf{ie)-IIOWIng main sub-systems (Collaudin & Passvogel 1999):

in space. The Planck payload (telescope, instruments avld co

ing chain) is indeed a single, highly integrated spaced@xB  — Pre-cooling from 300 K to about 50 K by means of passive
experiment. While HFI is more sensitive and achieves dijght ~ radiators in three stages150 K, ~100 K, ~50 K), which
better angular resolution, it is only the combination of the are called V-Grooves due to their conical shape;
instruments that will achieve the tight control of systeimand ~— €00ling to 18 K for LFI and pre-cooling the HFI 4 K cooler

astrophysical iects necessary for the full exploitation of Planck ~ Via @ H qule-Thoms.on Cooler with sorption compressors
data. However, each of the two instruments has its own specifi (the Sorption Cooler); _ - .
role in the programme. The present paper describes theiprin¢ cooling to 4 K for pre-cooling the HFI dilution refrigerator

pal scientific goals of LFI, its instrument characteristicsl pro- and for the LF| reference loads via a Helium Joule-Thomson
gramme. cool_er with mechanical compressors; _

Planck retains the heritage from the original proposal COO“Z‘Q O; the HFI to 1.6 K and finally 0.1 K with an open
COBRAS in the optical concept, an aplanatic Gregorifimgis loop“He-"He dilution refrigerator.
telescope with a wide focal plane containing the two instru-
ments. The LFI front end unit is maintained at its operating tem-

LFI consists of an array of 11 corrugated horns feeding Z®rature by the Planck HSorption Cooler Sub-system (SCS):
polarisation sensitive pseudo-correlation radiometaisetd on a closed-cycle vibration-free continuous cryocooler giesd
HEMT transistors and MMIC technology which are activelyo provide 1.2 Watt of cooling power at a temperature of
cooled down to 20 K by a new concept sorption cooler specit8 K. Cooling is achieved by hydrogen compression, expan-
ically designed to deliver highfiéciency, long duration cooling sion through a Joule-Thomson valve and liquid evaporatton a
power. The radiometers cover three frequency bands ceatrethe cold stage. The Planck SCS is the first long-duration sys-
30 GHz, 44 GHz, and 70 GHz. The design of the radiometdrm of its kind to be flown on a space platform. Operations and
has been driven by the need to minimize the introduction sf syperformances are described in more detail in Sect. 3.3 and in
tematic errors and suppress noise fluctuations generatibg in Morgante (2009b).
amplifiers. Planck is a spinning satellite. Thus, its receivers willale

The design of the horns is optimized for achieving beantise sky through a sequence of (almost great) circles foligwi
with the highest resolution in the sky together with the lstvea scanning strategy (SS) aimed at minimizing system#gces
side lobes. Typical LFI main beams have full width half maxand achieving all-sky coverage for all receivers. Seveasame-
imum (FWHM) resolutions of about 3327, and 13, respec- ters are relevant for the SS. The main one is the anglestween
tively at 30 GHz, 44 GHz, and 70 GHz. The beams are apprdke spacecraft spin axis and the telescope optical axienGhe
imately elliptical with ellipticity ratio (i.e. majgminor axis) of extension of the focal plane unit, each beam centre poirits to
~ 1.15+1.40. The beam profiles will be measured in flight by obspecific angleg;. The angler is set to 88 to achieve a nearly
serving planets and strong radio sources (Burigana et @lL)20 all-sky coverage even in the so-calledminalSS in which the

A summary of the LFI performance requirements adopted $pacecraft spin axis is kept always exactly along the datiso
drive the instrument design is reported in Table 1. direction. This choice avoids the “degenerate” case= 90,

The requirement to minimize systematiteets has imposed characterized by a concentration of the crossings of scalesi
stringent constraints also on the thermal behaviour, aptiiet only at the ecliptic poles and then the degradation of thd-qua
that the Planck cryogenic architecture is one of the most-coity of destriping and map making codes (Burigana et al. 1999;
plicated ever conceived for space. Moreover, the spaddtaaf Maino et al. 1999a). Since the Planck mission is designed to
been designed to exploit the favorable thermal conditiditiseo minimize the straylight contamination by Sun, Earth, ancoklo
L2 orbit. The thermal system is a combination of passive arfBurigana et al. 2001?), it is possible to introduce modulations
active cooling: passive radiators are used as thermaldshaeld of the spin axis from the ecliptic plane to maximize the sky-co
erage keeping constant the solar aspect angle of the spétcecr
httpy/wmap.gsfc.nasa.gov for thermal stability. This drives towards the adoptekeline
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SS (Maris et al. 2006). Thus, the baseline SS adopts a cptloidspect is of particular relevance for polarization sincéaGic
modulation of the spin axis, i.e. a precession around a n@miemission dominates the polarized sky.

antisolar direction with a semiamplitude cone d&°7 In such a

way all Planck receivers will cover the whole sky. A cycldida )

modulation with a 6 month period satisfies the mission ope#-1.1. Large scale anomalies

ational constraints while avoiding sharp gradients in theslp . : . .
: . . Observations of anisotropies of cosmic microwave backggou
hit count (Dupac & Tauber 2005). Furthermore, this SOIum&MB) radiation contributed to the building of the standaod-

allows to spread the crossings of scan circles in a wide negi : .
P 9 9 ological model, also known as concordance model, involv-

which is beneficial to map making, particularly for polatina a set of parameters on which CMB observations and other

(Ashdown et al. 2007b). The last three SS parameters are: g%)%mological and astrophysical data sets agree: spatig-cu

se_nser(])f preclessmﬂ (dOCkW'Se or anuclockéw?e), Itlhcairrlspm ture close to zero, almost 70% of dark energy:-28% of cold
axis phase ajong the precession cone, and, finally, t ErEpad sk matter (CDM), 45% of baryonic matter, nearly scale in-
between two consecutive spin axis repointings, chosen #t 2 ' ’

: : : variant adiabatic Gaussian primordial perturbationshédigh
achieve four all-sky surveys with the available guarantasu- ; . .
ber of spin axis manoeuvres. the data coming from the anisotropy pattern of CMB obtained

LFI is the result of an active collaboration among about %OWMAP are largely consistent with the concordangebM

. " : del, there are some interesting and curious deviatiam fr
hundred universities and research centres, in Europe,daanﬁl in particular on the largest angular scales. They haanbe

k of power at large scale3he angular correlation function
€ found to be uncorreleted (i.e. consistent with 0) for asgl
%}%{ er than 60 In (Copi et al. 2008, 2007) it has been shown

this event happens 0.03% of realizations of the corzrare
del. Still in this category we mention the surprisinglylo

agencies. The Principal Investigator leads a team of 26
Investigators responsible for the development of the umséant
hardware and software. The hardware has been developed u
the supervision of an Instrument Team. The data analysis aj

its scientific exploitation is mostly carried out by a Coreaite amplitude of the quadrupole term of the angular power spettr

of about 100 scientists, working in close connection with t APS), already found by COBE (Smoot et al. 1992b; Hinshaw
Data Processing Centre (DPC). The Core Team is closelydinkg; 5 "1996) and now confirmed by WMAP (Dunkley et al. 2009:
to a Planck wider scientific community, comprising, othearth Komatsu et al. 2009R) Unlikely alignments of low multipoles
LFI,the HFland Telescope Consortia, organized mastre(nq An unlikely (for a statistically isotropic random field) gii-
Working Groups. Planck is managed by the ESA Planck Scieng@ ¢ of the quadrupole and the octupole is described in ref-

Team. . . . erence (Tegmark et al. 2003; Copi et al. 2004; Schwarz et al.
The paper is organized as follows. In Section 2 we reposhog. Weeks 2004; Land & Magueijo 2005). Moreover, both

the LFI scientific objectives and role in the mission. Set83S  4,adrupole and octupole align with the CMB dipole Copi et al.

devoted to the LFI optics, radiometers and_ Sorption C_JocGEr 32007). Other unlikely alignments are described in Abratrad.e

up and performances. The LF| programme is set forth in Sre"3"%2006).3) Hemispherical asymmetrigsis found that the power

4. LFI Data Processing Center is illustrated in Section &r@® ¢ ming separately from the two hemispheres (defined by the

report of the LFI tests and verifications in Section 5. Cosicns ecliptic plane) is too asymmetric (especially at I6\(Eriksen

are drawn in Section 7. et al. 2004a,b}4) Cold SpatVielva et al. (2004) detected a non

Gaussian behaviour in the southern hemisphere with a wavele
] ) analysis technique.

2. Cosmology and astrophysics with LFI It is still unknown if these anomalies can be considered as

Planck is the third generation space mission for CMBINts of new (and fundamental) physics beyond the concaelan

anisotropies and will open a new era in the understanding BPdel or if they are the residual of some not perfectly rendove

the Universe. Planck will measure cosmological parametégirophysical foreground or systematiteet. Planck data will

with a much greater level of accuracy than all previofieres. 9ive @ precious contribution not only to refine the cosmoelogi

Furthermore, its high resolution all-sky survey, the fingerein  Cal parameters of the standard cosmological model but also t

the microwave range, will feed the astrophysical commuiaity solve the aforementioned puzzles thanks to a_better fouegro
years to come. removal and control of systematiffects. In particular, the LFI

70 GHz channel will be crucial to this scientific aim, since, a
probed by WMAP, the foreground at large angular scales in min
2.1. Cosmology imum in the V band.

The LFI 70 GHz channel is located within a frequency window
remarkably clear from foreground emiss_ions and thus partic2 1.2, Sensitivity to CMB angular power spectra
larly advantageous to observe the CMB, in both temperande a o _ _ _ )
polarization. Thus, the LFl instrument will play a cruciale for The statistical information enclosed in CMB anisotropiis,
cosmology. both temperature and polarization, can be analyzed in tefms
The two lowest LFI frequency channels working at 30 GH& “compressed” estimator, the angular power spectrum (APS)
and 44 GHz provide an accurate monitor of Galactic anthich, provided that anisotropies obey Gaussian stadists
extra-Galactic foreground (see Sect. 2.2) whose remoeal (gpred|cted in a wide class of models, contains most of theaelke
Sect. 2.3) is critical for the success of the Planck missidnis ~ statistical properties. The quality of the recovered AP&gsod
tracer of the #iciency in extracting cosmological parameters
The above nominal SS is kept as backup solution in the case offgough a comparison with theoretical predictions arisiogn
possible verification in flight of an unexpected, bad behavig Planck  Boltzmann codes. Strictly speaking, the latter task musteave
optics. ried out through likelihood analyses. Neglecting systéecneft
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WMAP Ka band vs. Planck LFI 30 GHz — 5% binning WMAP Ka band vs. Planck LFI 30 GHz — E & B — 30% binning
" OOOOO E\ L L B L L LN L B B BN ZA BRI \’\,‘ \w TTTTT \5 T T T T T T T T T T T “} ;’
g S A i
C 1 10.00000 — / }\ i |
r g / ;‘ 3}6
1000.0f - i
B 3 1.00000 [~ - =~ /‘ —
n) J -~ /
— F, . LF1 N 7 Efmo(Teﬁ,a‘lpii,;P
g Y ] — , -
B N e 4 cv+sv+n d WMAP—9 &~
= L e T — = [ . e
i 100.0 E . 3 = 0.10000 P noise only ) PR ]
5 £ cosmic 1 & = TNT/S=1 e
~ r WMAP -~ i variance J >~ -
< T T e T T T e 1S oo0m000f ‘
X 10.0 ‘ E ¥ B X
= = 3 S /S=0.1 .
© L ] = 000100 _lensing
L solid: WMAP 1yr & LFI 2 surveys 4 .
1.0 e dashes: WMAP Syr & LFI 4 surveys —
£ dots: WMAP 9yr E 0.00010 - h
0.1 Libuli s T R P R SRR 0.00001 e fskyf74%‘ L
0 100 200 300 400 500 600 700 10 100
12 Multipole (£)

Figure 1. CMB temperature anisotropy APS (black solid line) comFigure3. CMB E polarization modes (black long dashes) compati-
patible with WMAP data are compared to WMAP (Ka band) and LAtle with WMAP data and CMB B polarization modes (black solid
(30 GHz) sensitivity to the APS (Knox et al. 1995), assumingtsacted  lines)for diferent tensor-to-scalar ratios of primordial perturbation
the noise expectation, forfiiérent integration times as reported in th€T/S = 1, 0.3,0.1, at increasing thickness) are compared to WMAP (Ka
figure.The plot report separately the cosmic variance khillee dot- band, 9 years of observations) and LFI (30 GHz, 4 surveysithéty
dashes) and the instrumental noise (red and green linesfbi®vand to the APS (Knox et al. 1995), assuming subtracted the naisecta-
LFI, respectively) assuming a multipole binning of 5%. Reliigg sam-  tion. The plots include cosmic and sampling variance plagimental

pling variance, an all-sky survey is assumed here for siitpli noise (green dots for B modes, green long dashes for E madeset
with cv+sv+n; black thick dots, noise only) assuming a multipole bin-
WMAP V bond vs. Planck LFI 70 GHz — 5% binning ning of 30%. Note that the cosmic and sampling (74% sky cae&ra
100000~ ~ T T T T T T variance implies a dependence of the overall sensitivitpwtmulti-

poles onT/S (again the green lines refer /S = 1,0.3,0.1, from
top to bottom), which is relevant for parameter estimatiostrumen-
tal noise only determines capability to detect the B mode Bimode

=TT

1000.0

i induced by lensing (blue dots) is shown for comparison.
T i WMAP
= 00T : E
3 C ]
< i , 1 low ¢ because of the relatively small number of available modes
§ ook T ,,4"—;,--<:;_ cosmic | mper multipole in the spherical harmonic expansion of sky map
= ’ e 1 The multifrequency maps that will be obtained with Planck wi

allow to improve the foreground subtraction and to maximize
the dfective sky area used in the APS analysis, thus improving
with respect to previous experiments in the knowledge ofdive
multipole region of CMB APS.
e L L L At intermediate and high multipoles, the Planck sensitiv-
O 00 800 R0 BO0 10001200 1400 ity and resolution will produce a significant step forwardepv
previous CMB anisotropy experiments. Clearly, given tHe-te
Figure 2. As in Fig. 1 but for the sensitivity of WMAP in V band and SCOpe size, the angular resolution naturally increasefs fnet
LFIl at 70 GHz. guency. Also, foreground fluctuations are frequency depend
Therefore, an appropriate comparison between the perfarena
of different projects should consider the most similar frequency
bands.
equation P) Figs. 1 and 2 compare WMAP and L_Fl_sensitivity to CMB
APS of temperature anisotropy at two similar frequency lsand
displaying separately the uncertainty coming from cosnaig-v
6Cy 2 ; . :
=t 1) ance an_d |_nstrumental perfo_rmance angl con&dernﬁ@r_dnt
Ce fsky(20 + 1) project lifetimes. For an easier comparison, we consider th
same multipole binning (in both cosmic variance and inseom
whereA is the size of the surveyed arefayy = A/4r, o is the tal sensitivity). The figures show how the multipole regidmene
rms noise per pixelN is the total number of observed pixel,cosmic variance dominates over instrumental sensitivioyes
andW, is the beam window function. For a symmetric Gaussiag higher multipoles in the case of LFI and that the LFI 70 GHZ
beamW, = exp(£(¢ + 1)0%) whereog = FWHM/ v8In2 de- channel allows to extract information on about two addgion
fines the beam resolution. acoustic peaks with respect to those achievable with the-cor
Even in the limit of an experiment with infinite sensitivitysponding WMAP V band.
(o = 0) the accuracy on the APS is limited by the so-called cos-
mic and sampling variance, reducing to pure cosmic varimce  In this comparison, we exploit the LFI realistic optical a@ndtru-
the case of all-sky coveragéfy, = 1), which is quite relevant at mental performances as described in the following sections

.,
solid: WMAP 1yr & LFl 2 surveys =77
dashes: WMAP 5yr & LFI 4 surveys
dots: WMAP Qyr

fects (and correlated noise), the sensitivity of a CMB atngguy
experimentto APSC,, at each multipolé is summarized by the

1

Ao
+ b
NC[W[]
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WMAP V. band ve. Planck LFI 70 CHz = E & B = 30% cinning  ter) at map level to be able to detect primordial B modes for

T/S 201

10.00000 [~ fay=74%

1.00000 - 2.1.3. Cosmological parameters

% Given the improvement with respect to WMAP in APS recovery,
= 010er achievable with the better sensitivity and resolution afriek
N (as discussed in the previous section for LFI), a corresingyl
80010001 i better determination of cosmological parameters is exgle€f
< ‘ course, the great HFI sensitivity joined to the frequencatmn

0.00100 [~ of its channels, higher than those of WMAP and LFI, and their
corresponding higher resolution, will largely contributethe
Planck sensitivity.

We present here the comparison between the determina-
tion of a suitable set of cosmological parameters with WMAP,
Planck, and Planck LFI alone.

In Fig. 5 we report the forecasts ofrland 2r contours for
Figure 4. As in Fig. 3 but for the sensitivity of WMAP in Ka band and4 cosmological parameters of the WMAP5 best-ACDM cos-

LFI at 70 GHz, and including also the comparison with Gatzatid ex- Mological model as expected from Planck LFI 70 GHz chan-
tragalactic polarized foregrounds. Galactic synchrofmnple dashes) nel after 14 months of observations (red lines) comparetd wit
and dust (purple dot-dashes) polarized emissions prodweewerall the Planck combined sensitivity for the 70 GHz, 100 GHz, and
Galactic foreground (purple three dot-dashes). WMAP 3gmwgr-law 143 GHz channels for the same integration time (blue lined) a
fits for uncorrelated dust and synchrotron have been used.dfepari- \WMAP five year observations (black lines). We have taken the
son, WMAP 3—yr results Qerlved directly from the .foregro.undps are 70 GHz channels and the 100 GHz and 143 GHz as the rep-
shown on a suitable multipole range: power-law fits provBnerous) oqentative channels for LFI and HFI (note that for HFI we
upper limits for the power at low multipoles. (For simpligitve report h . e . .

ave used angular resolution and sensitivities as givemen t

here only the WMAP results found for the Galactic B mode, Hrat | K Scientifi f loqical
different from those found for the E mode, but much less remaykafl l2NCk Scientific Programnfg for cosmological purposes, re-

than for the case of CMB modes). Residual contaminationsdlgeic  SPectively, and considered a coverage of the 85% of the sky.
foregrounds (purple three dot-dashes) are shown for 10%ak%3% While we have not explicitly considered the other channels
of the map level, at increasing thickness, as labeled in thedi The of LFI — 30 GHz and 44 GHz — and HFI — at frequencie217
residual contribution by unsubtracted extragalactic sesiC/**">and  GHz — note that their are essential to achieve accurateatipar
the corresponding uncertainyC/*>"* computed assuming a relativeof the CMB from astrophysical emission.
uncertaintysI1/I1 = 6Sjm/Sim = 10% in the knowledge of their de-  The improvement on cosmological parameters from LFI (2
gree of polarization and in the determination of the soureteation surveys) with respect to WMAP 5 is clear from Fig. 5 . This
threshold, are also plotted as green dashes, thin and thigectively. is maximized for the dark matter abundargzedue to the bet-
ter performance of the LFI 70 GHz channel with respect to
WMAP 5. From Fig. 5 it is clear that the improvement which
we will get from Planck in the cosmological parameters com-
A similar comparison is shown in Figs. 3 and 4 but fopared to WMAP 5 can open a new stage in the understanding of

the E and B polarization modes considering in this case orfigsmology.
the longest mission lifetimes (9 yrs for WMAP, 4 surveys for

Planck) reported in previous figures and a larger multipate b
ning: note the increasing of signal-to-noise ratio. Clgéfdre-
grounds are much more critical in polarization than in tempeplanck data in total intensity and polarization will eithemo-
ature. At the WMAP V band and the LFI 70 GHz channels thgde the first actual meaurement of non-Gaussianity (NGhén t
polarized foreground is minimum (at least considering & veprimordial curvature perturbations, or tighten the erigtcon-
large sky fraction and up to the range of multipoles already estraints, based on WMAP data, by almost an order of magnitude
plored by WMAP). Thus, we consider these optimal frequen- probing primordial NG is another activity that must be car-
cies to show the potential uncertainty expected from poéaki ried out on foreground cleaned maps. Hence, the frequenpg ma
foregrounds. While the Galactic foreground dominates @ver of hoth instruments must be used to this purpose.

CMB B mode and also over the CMB E mode up to multipoles of A very important point s that the primordial NGrisodel de-
several tens, a foreground subtraction-at6% accuracy at map pendentAs a consequence of the assumed flatness of the infla-
levelis enough to make Galactic residual contamlnatlombcel_ ton potential any intrinsic NG during standard single-figlolv-

low the CMB E mode and below the CMB B mode for a widgg|| inflation is generally small, hence adiabatic perttidrzs
range of multipoles. If we will be able to model Galactic pela griginated by the quantum fluctuations of the inflaton field-du
ized foregrounds at several % accuracy, at the LFI 70 GHzchgRy ' standard inflation are nearly Gaussian distributed pbes

nel the main limitation will come from the instrumental M®is (e simplicity of the inflationary paradigm, however, theaine
which will prevent an accurate E mode evaluatiodi at7 + 20 gnism by which perturbations are generated is not yet fuly e
and the B mode detection &S < 0.3. Clearly, a better recov- tapjished and various alternatives to the standard saeharie

ery of the APS polarization modes will come from the exploitebeen considered. Non-standard scenarios for the geneitio
tion of the Planck at all frequencies and in this context L&ad primordial perturbations in single-field or multi-field iaflon

will be crucial to better model the polarized synchrotroniem indeed allow for larger NG levels. Moreover, alternativersar-

sion which is necessary to remove at some % accuracy (or ket for the generation of the cosmological perturbatiokes the
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2.1.4. Primordial non-Gaussianity
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sentially refers to the triangle configurations (in harncapace)
yielding the dominant contribution to the angular bispgetrof
temperature anisotropies (and polarization). Indeedastiieen
shown that the above model, with constéqt is dominated by
so-called “squeezed” triangle configurations, for whick amul-
tipole, sayf1, is much smaller than the other twé; < £, (3.
This “local” NG is typical of models which produce the pertur
bations right after inflation (such as for the curvaton oritte-
mogeneous reheating scenarios). So-called DBI inflatiod-mo
els, based on non-canonical kinetic terms for ithiéaton (the
o1 o2 scalar field which drives inflation), lead to non-local forofs
NG, which are dominated by equilateral triangle configoradi

{1 ~ €, = {3. Recently, it has been pointed out (Holman &
Tolley (2008)) that excited initial states for the inflatoayrlead

to a third shape, called “flattened” triangle configuratidhus,

\ the shape information provides another important test lier t
0.022 0.024 01 012 005 01 0.15 physical mechanism which generated the initial seeds of CMB
anisotropies and large-scale structure formation.

@) : The strongest available CMB limits ofy. for local NG
\ &~ comes from WMAP 5-yr data. In particular, Senatore et al.

, (Smith et al. (2009a)) have obtained < fy. < 80 at 95%
0022 024 01 Q12 005 01 015 092 096 1 C.L. using the optimal estimator for local NG. Planck data in
2, 2h T " total intensity and polarization will allow to reduce theoab

Figure 5. Forecasts of & and 2r contours for the cosmological param-WmeW on|fy.| below~ 10 (vadav et al. (2007)). Notice that

eters of the WMAP5 best-fitACDM cosmological model as expected@ccurate measurement of E-type polarization will play a-rel

of observations. The black contours are those obtained twAP  achieve in this case are very close to those for an “ideal” ex-
five years observations. See the text for more details. periment. Equilateral-shape NG is less strongly constdhiat
present. The WMAP teanf?(8) obtained-151 < fy. < 253
at 95% C.L.. Also in this case, Planck will have a strong intpac
so-called curvaton, the inhomogeneous reheating and DBl son this constraint. Indeed, various authors (Smith & Zaidga
narios, are characterized by a potentially large NG levet (s (2006); Bartolo & Riotto (2009)) have estimated that Pladata
e.g. Bartolo et al. (2004), for a review). For this reasoredng will allow us to reduce the bound dfyy | down to around 70.
or even just constraining primordial NG signals in the CMB is
one of the most promising ways to shed light on the physics of Measuring the primordial non-Gaussianity in CMB data to
the Early Universe. such levels of precision requires accurate handling ofipless
The standard way to parametrize primordial non-GausgianQOﬂtaminantS, such as those introduced by instrumentaénoi
is as follows. The primordial gravitational potentillis written mask and imperfect foreground and point source removak&he
as aspects are presently being dealt with by the Planck tea, al
® =D+ fiyL (q)ﬁ - <(1)E>) , with the help of synthetic maps of the CMB including primaidi
NG as well as realistic models for the various contaminants.
where®_ is a Gaussian random field arfg. is a dimension-
less parameter measuring the expected level of quadratic NG
In more generality, the parametéy. should be replaced by a
suitable function, and the product by a (double) convotutio
Standard single-field slow-roll inflation producés. (fn. <
1, while much larger values dfy| are allowed by the non- The accuracy of the extraction of the CMB anisotropy pattern
standard inflationary models mentioned above. from Planck maps largely relies on the quality of the sepamat
For this reason both a positive measurement of the nd¥-thebackgroundsignal of cosmological origin from the various
Gaussianity strengtfy. or an upper limit on its amplitude rep-foregroundsources of astrophysical origin that are superimposed
resent a crucial observational discriminant between ceimgpe into the maps (see also Sect. 2.3). This is particularlycafitn
models for the primordial perturbation generation. A pusit Polarization where a simple masking of highly contaminated
detection offy. ~ 10 would imply that all standard single-fieldregions at low and middle Galactic latitudes is unsatisfact
slow-roll models of inflation are ruled out. On the contraay, €ven for first order analyses. A minimal approach could focus
improvement of the limits on the amplitude &§_ will allow only on the separation of the CMB from all the other compo-
to strongly reduce the class of non-standard inflationargietso nents. On the contrary, the Planck scientific programmestee
allowed by the data, thus providing a unique clue on the fluct@ full exploitation of the multifrequency data aimed at tepa-
ation generation mechanism. At the same time, Planck data@iion of each astrophysical component. This will allow &org
temperature and polarization will allow to testferent predic- Out a wealth of astrophysical studies using Planck dataeaton
tions for theshapeof non-Gaussianities. Here, shape of NG edd combination with other data sets.

0.022 0.024

)
<0.96

2.2. Astrophysics

More precise|y we refer to Bardeen’s gauge_invariant gaa"ana| For the sake of bl’eVity, in the next subsections we discuss

potential, which is such that the CMB anisotrapy/T — —®/3inthe a few topics relevant for the so-called Planck secondagnsei
pure Sachs-Wolfe limit. and for the LFI Consortium.
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2.2.1. Galactic Astrophysics

Planck will carry out all-sky survey of the fluctuations of ditoe SI1 ]

Galactic emissions at its nine frequency bands: At100 GHz EN ot Sleep
the main improvement with respect to COBE will come from h
the HFI channels, that will be crucial for the understandifng
the Galactic dust emission, still poorly known particuan po-
larization.

The LFI frequency channels will be relevant for the study
of diffuse synchrotron and free-free Galactic emissions, in par- g . ]
ticular through the channels at 30 GHz and 44 GHz. While syn- b T A
chrotron emission is significantly polarized, free-freassion is g ) o R 1
essentially unpolarized. Also, Galactic dust emissidhduimi-
nates over free-free and synchrotron at 70 GHz, where LHI wil
provide crucial information on the low frequency tail of ghi
component.

Results from the WMAP lowest frequency channels suggest
the presence of a further contribution, likely correlatethwlust.  Figure 6. Integral counts of dferent radio source populations at 70
While a model in terms of complex synchrotron emission patteGHz (flat-spectrum radio quasars, FSRQs; BL Lac objectepste
and spectral index cannot be excluded, several interpyatat spectrum sources), as predicted by the De Zotti et al. (20@&)e!l. The
and in particular the recent ARCADE 2 results, seem to suppagertical dotted lines show the estimated completenessslifoi Planck
the identification of this anomalous component in terms of-sp ahd WMAP (61 GHz) surveys (see text).
ning dust.

The improvement in sensitivity and resolution with respe
to WMAP achievable with LFI, in particular at 30 GHz, will
put new light on this intriguing question. Furthermore, fak WMAP has provided the first all-sky surveys at wavelengths
interpretation of the Galactic fluse emissions in Planck mapsshorter than 5 cm, and the only blind surveys available satfar
will benefit from the joint analysis with radio and far-IR dat mm wavelengths. Wright et al. (2009) listed 390 point sosirce
For instance PILOT will measure polarized dust emissiomeat f detected at least at one frequency in WMAP five-year maps. The
quencies higher than 353 GHZ while recent all-sky surveys i@-analysis by Massardi et al. (2009), using both blind amd-n
1.4 GHz ¢nettere ref) and in the range few GHz to 15 GHz will blind detection techniques, increased to 484 the numbeatetd
complement the low frequency side. A joint analysis of LFilantions with signal to noise ratip 5, at|b| > 5°. The completeness
radio data will be relevant for an accurate understandirth®f level at high Galactic latitudes is 1 Jy at 23 GHz, and increases
depolarization phenomena at low and intermediate Galkttic somewhat at higher frequencies/@ Jy at 61 GHz.
tudes. The detailed knowledge of the underling noise pt@gser  The higher sensitivity and better angular resolution of
in Planck maps will allow one to measure the correlationabtar LFI will allow a substantial progress. Applying a new multi-
teristics of dituse component greatly improving physical modfrequency linear filtering technique to realistic LFI siratibns
els for the interstellar medium (ISM). The ultimate goalluése of the sky, Herranz et al. (2009) detected, with 95% relighil
studies is the development of a consistent Galactic 3D mod&600, 1550, and 1000 sources at 30, 44, and 70 GHz, respec-
which includes the various components of the ISM and theelartively, over about 85% of the sky. The 95% completeness fluxes
and small scale magnetic fields. are 540, 340, and 270 mJy at 30, 44, and 70 GHz, respectively.

While at moderate resolution and limited in flux to a few ©F comparison, the total number|bf > 5° sources detected by

hundred mJy , Planck will also provide multifrequency,sity  Massardi et al. (2009) & So in WMAP 5-yr maps at 33, 41,
information on discrete Galactic sources, from stars dy ead and 61 GHz, including several possibly spurious objec30%&
late stages of their evolution, to HIl regions and cold core301; and 161, respectively. ,

Models for the enrichment of the ISM and for the interplay be- AS illustrated by Fig. 6, the much bigger source sample ex-

tween stellar formation and ambient physical propertidshei Pected from Planck will allow us to have good statistics for
further tested. different sub-populations of sources, some of which are not or

) _only poorly represented in the WMAP sample. We may note,

Planck will have also a chance to observe some brigh this respect, that high-frequency surveys will reallyenpa
Galactic sources (like e.g. Cygnus X) in a flare phase and pgfindow on extragalactic radio sources. Those dominating o
form a multifrequency monitoring of these events on timésca frequency surveys are characterized, primarily, by oiyi¢ain
from hours to weeks. synchrotron emission and fade away at high frequencieshMuc

Finally, Planck will provide a crucial information for themore complex physics shows up at high frequencies: electron
modeling of the emission from Solar System moving objects angeing &ects on optically thin emission, spectral peaks due to
diffuse interplanetary dust. The mm and sub-mm emission frahort-lived evolutionary phases, spectral steepeningtalike
planets and up to 100 asteroids will be studied. Moreover thtransition of emission regions from the optically thick hetop-
Zodiacal Light Emission will be measured with great accyracdtically thin regime.
free from residual Galactic contamination. The dominant radio population at LFI frequencies are flat-
spectrum radio quasars (FSRQs), for which LFI will provide a
bright sample of>= 1000 objects, well suited to cover the pa-

At far-IR frequencies significantly higher than those cedeby rameter space of current physical models. Interestinigéyeix-
Planck great information comes from IRA9)( pected numbers of blazars and BL Lac objects detectable by

Planck 4

WMAP

log N(>S)[sr]

O: . . . . | . . \‘ . | . ‘\\J\ i . \T .
—-1.0 —-0.5 0.0 0.5
log S (Jy)

9r0. Extragalactic Astrophysics
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LFI are similar to those expected from the Fermi Gamma-rdlye significance of the statistical and systematic sourtesor
Space Telescope (formerly GLAST; (Abdo 2009); (F¢LtrAT  all conspire to make data analysis an all but trivial task.
Collaboration: W. B. Atwood 2009)). Itis likely that the LBhd The map making layer provides a lossless compression by
the Fermi blazar samples will have a substantial overlaf-maeveral orders of magnitude, projecting the dataset frome ti
ing possible a much better definition of the relationshige/een domain to the discretized celestial sphere (Tegmark 1997).
radio and gamma-ray properties of these sources than has Hegrthermore, timeline-specific instrumentdleets that are not
possible so far. scan synchronous get reduced in magnitude when projected fr
The analysis of spectral properties of the ATCA 20 GHtme to pixel space (see e.g. Mennella et al. (2002)) andein g
bright sample indicates that quite a few high-frequencgcted eral, the analysis of maps provides a more convenient mean to
sources have peaked spectra. Most of them are likely aggsess the level of systematics as compared to timelingsasal
beamed objects (blazars) whose radio emission is domibgted Several map making algorithms have been proposed to pro-
a single knotin the jet caught in a flaring phase. The Planck saduce sky maps in total intensity (Stokes I) and linear poéari
ple will allow us to get key information on the frequency andéion (Stokes Q and U) out of LFI timelines. So-called “degstri
timescales of such flaring episodes, on the distributiorhefrt ing” algorithms have historically been proposed first. ke
peak frequencies, and therefore on the propagation of the fladvantage of the details of the Planck scanning strategypo s
along the jet. A small fraction of sources showing high fremey  press correlated noise (Maino et al. 1999b). Although compu
peaks may be extreme High Frequency Peakers (Dallacas#ationally ficient, these methods do not -in general- yield a
al. 2000), thought to be newly born radio sources (ages as lovinimum variance map. To overcome this problem, minimum
as thousand years). Obviously, the discovery of just a fesh suvariance map making algorithms have been devised and imple-
sources would be extremely important to shed light on thelpoomented specifically for LFI (Natoli et al. 2001; de Gaspetiale
understood mechanisms that trigger the radio activity. 2005). The latter are also known as Generalized Least Sgjuare
Spectral peaks at frequencies of tens of GHz are also §GLS) methods and are accurate and flexible. Their drawtsack i
sociated to late phases of the evolution of Active Galactibat, at Planck size, they require significant amount of melss
Nuclei, characterized by low accretjpadiative dficiency POWer computational resources (Poutanen et al. 2006; Aghdo
(ADAF/ADIOS sources). Predictions on the counts of sucgt al- 2007c,a) and are thus unfeasible to serve within a &ont
sources are extremely uncertain, but according to some imodearlo context. To overcome the limitations of GLS algoithms
(Pierpaoli & Perna 2004) LFI may detect a significant numbé&ie LFI community has developed ad-hoc hybrid algorittins

of them. In any case, Planck will setimportant constraintthe Which can perform as a destriper when this is desirable or ap-
space density of these sources. propriate, but can reach the accuracy of a GLS algorithm when

WMAP has detected polarized fluxesas o in two or more & higher computational cost can béoaded. While, in the lat-
bands for only five extragalactic sources (Wright et al. 300d€r €ase, hybrid algorthms and GLS demand similar resoprces

LFI will substantially improve on that, providing polarizan unlike the GLS, the hybrid approach is user tunable to désire

measurements for tens of sources, thus allowing us to géitshe Prescision. The baseline map making algorithms for LFl is an
statistically meaningful unbiased sample for polarizagtudies NyPrid code dubbedladan.

at mm wavelengths. It should be noted that Planck poladaati Ma&p making algothms can in general compute the correla-
measurements will not be confusion limited, as in the case-of tion (inverse covariance) matrix of the map estimate théiyele

tal flux, but noise limited. Thus the detection limit for poed 2 At high resolution such a computation, though feasiblanis

flux in LFI channels will bex 100-200 mJy, i.e. substantiallyPractical, because the size of the matrix makes prohibits/e
lower than for total flux. handling and inversion. At low resolution the covariancerira

. . il instead be produced, and it is of extreme importancetier
As mentioned above, the astrophysics programme of IDlam\a%cl:lcurate characterization of the low multipoles of the C®IB

is much wider than that achievable with LFI alone, both fa th A Kev i f Planck dat vsis is th i f
specific role of HFI and, in particular, for the great sciéati N ey |I$r of Flanc | a alana ysIS 'St eAsepgr? 'Orf'kg ?S'
sinergy between the two instruments. As a remarkable exam ppnysical irom cosmological components. A variety of met -
we mention below the Planck contribution to the astroptysfc 20S have been developed to this extent. They can be grossly di
clusters vided in two groups, depending on the nature of the priorrinfo

’ . ation used. The so-called blind methods rely only on the sta
e e ey et Wil dependenceof bckground and foreground enss
fect (Leach et al 2005)3/' Bartlett et al. 2008) ¥his samplebe while non blind methods assume and exploit prior informatio

. . about the physical modelling of the foreground. In eithesega
extremely important both to gnderstanq the formation afear i frequency data is necessary to achieve robust sepauait
scale structure and the physics of the intracluster medion.

; X the components. Non blind methods can be véigative when
such measurements, a broad spectral coverage, i.e. therra)mq P ey

. ! ; he prior information can be trusted. For total intensityyg-
tion of data from bqth Rlanclgmstrum.ents (L_Fl and HF), i=gk op) modelling of foreground emission rests on solid basig, a
asset. Such combination will allow, in particular, to aataty

S ; the choice of non blind methods appears well motivated. @n th
correct for the contamination from radio sources (mosthnts bp

to LFI channels) and from dusty galaxies (HFI channels)eeithOther hand, non blind algorithms are prone to bias and thfis un

iated to the cl i their f K d when prior information is lacking or unreliable. For thigsen,
associated to the clusters or in their foregrotxagkground. blind methods are likely to turn out a better choice for piakar

tion.
2.3. Scientific data analysis The extraction of statistical information from the CMB usu-
ally proceeds via correlation functions. Since the CMB fiisld
Data analysis for a high precision experiment such as LFtmu3aussian to large extent (Smith et al. 2009b), most of the in-
provide reduction of the data volume by several orders of-magrmation is encoded in the two-point function or equivalgn
nitude with minimal loss of information. The sheer size of thin its reciprocal representation in spherical harmonicacep
dataset, the weakness of the vast majority of the sciengeti&ar Assuming rotational invariance, the latter quantity is Ivekd-
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scribed by the APS. For an ideal experiment, the estimate®l ABpillover are the fraction of power that reaches the hormisouit
could be directly compared to a Boltzmann code prediction being intercepted by the main and sub reflectors respegtivel
constrain the cosmological parameters. However, in vieim-of

complete sky coverage (which induces couplings among multi

poles) and the presence of noise (which, in general, is not r@ble 2. LFI Optical performances. All the values are averaged olfer a
tationally invariant) a more accurate analysis is necgs3dre channels at the same frequency. ET is the horn edge taper;NMF&H
likelihood function for a Gaussian CMB sky can be easily writhe angular resolution in arcmie;is the ellipticity; XPD is the cross
ten and provide a sound mechanism to constrain models d@ethr discrimination in dB; Ssp is the Sub reflector spilioi); Msp
data. The direct evaluation of such a function, howevergpods the Main reflector spillover (%). See text for details.

untractable computational issues. Fortunately, only dveebt
multipoles require exact treatment. This can be done elijier ET FWHM e XPD Ssp Msp
direct evaluation using massively parallel computers orsing 70 1rdB22  13.03 122 -3473 0.17 0.65
the posterior distribution of the CMB using adequate meshod 44 30dB22 2681 126 -30.54 0.074 018
such as the Gibbs approach (Chu et al. 2005). At high multi- 30 30dB22 33.34 1.38 -32.37 024 059
poles, where the likelihood function cannot be evaluatedty,

a wide range offective, computationallyfiordable approxima-

tions exist (see e.g. Hamimeche & Lewis (2008) and reference

therein).

3.2. Radiometers
3. Instrument LFl is designed to cover the low frequency portion of the wide
3.1, Optics band Planck all-sky survey. A detailed description of theigie

and implementation of the LFI instrument is given in Berdlne
During the design phase of LFI, gredfart has been dedicatedet al. (2009) and references therein, while the resultsebti
to the optical design of the focal plane unit. As already meground calibration and test campaign is presented in Mémetl
tioned in the Introduction, the actual design of the Plarst&-t al (2009) and Villa et al (2009). The LFl is an array of cryogen
scope derives from COBRAS and has been further tuned by g#dly cooled radiometers designed to observe in three &ecy
subsequent studies of the LFI teaPh§nd Thales-Alenia Space.bands centered at 30 GHz, 44 GHz, and 70 GHz with high sen-
These pointed out the importance to increase the teles¢ape d Sitivity and freedom from systematic errors. All channele a
eter (Mandolesi et al. (?2??)), to optimize the opticalgteand sensitive to thd, Q andU Stokes parameters thus providing
also showed the complexity to match the real focal surfate winformation on both temperature and polarisation anigiés
the horn phase centre (Valenziano & Bersanelli (??2??))ophe The heart of the LFI instrument is a compact, 22-channel mul-
tical design of LFI is the result of a long iteration process itifrequency array of dferential receivers with cryogenic low-
which the position and orientation of each feed horn has beeoise amplifiers based on indium phosphide (InP) high-edeet
optimized as a tradefbbetween angular resolution and sidelobgobility transistors (HEMTs). To minimise power dissifaatiin
rejection levels (san (???7?)). Tight limits were also ingaby the focal plane unit, which is cooled to 20 K, the radiometers
mechanical constraints. The 70 GHz system has been subjedre split into two subassemblies (the front-end module, FEM
a dedicated activity to improve the single horn design asd #&nd back-end module, BEM) connected by a set of composite
relative location in the focal surface. As a result the angres- Waveguides, as shown in Figure 1. Miniaturized, low-loss-pa
olution has been maximized. sive components are implemented in the front end for optimal
The feed horn development programme started in the eaﬂgrformance and for compatibility with the stringent therm
stages of the mission with prototype demonstrators (Betkan mechanical requirements in the interface with the HFI.
et al. (1998)), followed by the Elegant Bread Board (Villaakt The radiometer design is driven by the need to supprgss 1
(2002)) and finally by the Qualification and Flight ModelsI{&i type noise induced by gain and noise temperature fluctusition
et al 2009). The horn design has a corrugated shape with a diral amplifiers, which would be unacceptably high for a simple
profile (Gentili et al. (2000)). This choice was a posterjosti- total power system. A dlierential pseudo-correlation scheme is
fied by the complexity of the focal plane and the need to réspeeiopted, in which signals from the sky and from a blackbody
the interfaces with HFI. reference load are combined by a hybrid coupler, amplified in
Each of the corrugated horns feeds an orthomode transdtwes independent amplifier chains, and separated out by adeco
ers (OMT) which splits the incoming signal in two orthogonathybrid (Figure 2). The sky and the reference load power cam th
polarized component8). Since the horns do not perturb the pobe measured andftierenced. Since the reference signal has been
larization state of the incoming wave, this technique afldWl subject to the same gain variations in the two amplifier cham
to measure a linear polrized component. Typical value of OMTe sky signal, the sky power can be recovered with high preci
cross polarization is about30dB setting the spurious polariza-sion. Insensitivity to fluctuations in the back-end ampifiand
tion of the LFI optical interfaces at a level ofdD1. detectors is realized by switching phase shifters at 8 khie sy
Table 3.1 reports the overall LFI optical characteristiss @hronously in each amplifier chain. The rejection ¢f hoise
expected in flight (Tauber 2009). The reported edge tape) (E3s well as the immunity to other systematiteets is optimised
quoted in Table 3.1 does not correspond to the measured ETifahe two input signals are nearly equal. For this reasorrdfie
the mirror. The reported angular resolution is the averadje ference loads are cooled to 4 K by mounting them on the 4 K
width half maximum (FWHM) of all the channels at the samstructure of the HFI. In addition, thefect of the residual -
frequency. The cross polar discrimination (XPD) is theaé- set & 1 K in nominal conditions) is reduced by introducing a
tween the antenna solid angle of the cross polar patternrend gain modulation factor in the on-board processing to baldhe
antenna solid angle of the copolar pattern, both calculaitin  output signal. As shown in Figure 2, theffédrencing receiver
the solid angle of the 3dB contour. The Sub and Main reflectorgreatly improves the stability of the measured signal.
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unit, which is mounted on the top panel of the Planck SVM and
Bopods it is maintained at a temperature of 300 K. The BEU comprises
the eleven BEMs and the data acquisition electronics (DAE)
unit which provides adjustable bias to the amplifiers andspha
switches as well as scienctific signal conditioning. In theks
end modules the the RF signals are further amplified in the two
legs of the radiometers by room temperature amplifiers. Tthe s
nals are then filtered and detected by square low detectdeslio
A DC amplifier then boosts the signal output which is conng:cte

Support stucture

Waveguides — R\ G AP A to the data acquisition electronics. After on-board preives
G ' provided by the Radiometer Box Electronics Assembly (REBA)
inferfaces | SR the compressed signals are downlinked to the ground stition

gether with housekeeping data. The sky and reference load DC
signals are transmitted to the ground as two separatedrstrea
data to ensure optimal calculation of the gain modulati@tofia

300K for minimal 1/f noise and systematidfects. The complexity
s q I\ of the LFI system called for a highly modular plan for testing
N 1N and intergation. Performance verification was first caraetat
Back-end Unit S single unit-level, followed by campaigns at sub-assemiolg a

instrument level, then completed with full functional &after
Figure 7. The LFI radiometer array assembly, with details of the froninteégration in the Planck satellite. Scientific calibratitas been
end and back-end units. The front-end radiometers are asedde- Carried out in two main campaigns, first on the individual ra-
band low-noise amplifiers, fed by corrugated feedhorns whiglect diometer chain assemblies (RCAs), i.e. the units commisin
the radiation from the telescope. A set of compsite wavesgiichnsport feed horn and the two pseudo-correlation radiometers atade
the amplified signals from the front-end unit (at 20 K) to tlelend to each arm of the orthomode transducer (see Figure 2), and th
unit (at 300 K). The waveguides are designed to meet sinetiasly at instrument level. For the RCA campaign we used sky loads
r.adlometrlc, thermal, and mechanical requirements, aedr@rmally  5n( reference loads cooled near 4 K which allowed accuraite ve
t?geggg tggglt‘_rgﬁ dVEJ%ri?Ol\cl) ?:gt]s&moarlwl ?Qé,effstﬁgﬁﬂ?ﬂ%ﬁo?ﬁg' fication of the instrument performances in near-flight ctinds.
contains additional amblification as well as the detectans|, is inter’- Instrument 'eV.e' tests wgre carried out with Ioad_s at ZQ Kictvh
faced to the data acquisition electronics. The HFI is irskmto and a"OV‘_’ed to_ verify th_e radiometer performances in the irden
attached to the frame of the LFI focal-plane unit. configuration. Testing at RCA and Instrument level, bothtier
qualification model (QM) and for the flight model (FM), were
carried out at Thales Alenia Space, Vimodrone (Milanoyltal
Finally, system-level tests of the LFI integrated with HRiIthe

_ SKY
HYBRID VN YN
g | ¢ [

B Planck satellite were carried out at CSL in the summer of 2008
. rd LOAD
/ SKY
| ] | r”'\f\\! I‘W&“\i

3.3. Sorption Cooler

4K LOAD
REFERENCE LOAD |
174096 sec The Sorption Cooler Sub-system (SCS) is the first active etem

Figure 8. Schematic of the LFI front-end radiometer. The front-enit unOf the Planck cryochain. Its purpose is to cool the LFI raciem
is located at the focus of the Planck telescope, and conspdsel pro- ters down to their operational temperature around 20 K while
filed corrugated feed horns; low-loss (0.2 dB), wideband20%) or- providing a pre-cooling stage for the HFI cooling system.zi4
thomode transducers; and radiometer front-end moduldsiwibtrids, mechanical Joule-Thomson cooler and a Benoit style opde cyc
cryogenic low noise amplifiers, and phase switches. dilution refrigerator. Two identical sorption coolers leaseen
fabricated and assembled by Jet Propulsion Laboratory)(JPL
under a contract with NASA. JPL has been a pioneer in the
The LFI amplifiers at 30 GHz and 44 GHz use discrete Inffevelopment and application of such cryocoolers for spade a
HEMTSs incorporated into a microwave integrated circuit @)l  the two Planck units are the first continuous closed cycledwd
At these frequencies the parasitics and uncertaintiesdotted gen sorption coolers to be used for a space mission (Morgante
by the bond wires in a MIC amplifier are controllable and the a@009b).
ditional tuning flexibility facilitates optimization forolw noise.
At 70 GHz there will be twelve detector chains. Amplifiers at  Sorption refrigerators are attractive systems for cooiing
these frequencies will use monolothic microwave integraie  struments, detectors and telescopes when a vibrationyséens
cuits (MMICs), which incorporate all circuit elements af#t is required. Since pressurization and evacuation is aclisineol
HEMT transistors on a single InP chip. At these frequenciesimply by heating and cooling the sorbent elements secplbnti
MMIC technology provides not only significantly better pmef with no moving parts, they tend to be very robust and, essen-
mance than MIC technology, but also allows faster assenmtaly &ially, generate no vibrations on the spacecraft. This jolesex-
smaller sample-to-sample variance. Given the large numbercellent reliability and long life. Also, cooling by Jouleadmson
amplifiers required at 70 GHz, MMIC technology can rightjull (3-T) expansion through orifices, the cold end can be loaated
be regarded as enabling for the LFI. motely (thermally and spatially) from the warm end. Thisaié
Fourty-four waveguides connect the LFI front-end unifor excellent flexibility in integration of the cooler to tremld
cooled to 20 K by a hydrogen sorption cooler, to the back-epéyload and the warm spacecraft.
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— Operational lifetimez 2 years (including testing)

3.3.2. Operations

The SCS is composed of a Thermo-Mechanical Unit (TMU, see
Fig. 10) and electronics to operate the system. Coolingas pr
duced by J-T expansion with hydrogen as the working fluid. The
key element of the 20 K sorption cooler is the Compressor, an
absorption machine that pumps hydrogen gas by thermally cy-
cling six compressor elements (sorbent beds). The priaa@pl
operation of the sorption compressor is based on the piepert
of a unique sorption material (a La, Ni and Sn alloy), which
can absorb a large amount of hydrogen at relatively low pres-
sures, and desorb it to produce high-pressure gas whendheate
in a limited volume. Electrical resistances accomplishtinga

of the sorbent while the cooling is achieved by thermally-con
necting, via gas-gap thermal switches, the compressoregiem
to a warm radiator at 270 K on the satellite Service Module
(SVM). Each sorbent bed is connected to both the high pres-
sure and low-pressure sides of the plumbing system through
check valves, which allow gas flow in a single direction only.
To damp out oscillations on the high-pressure side of the-com
pressor, a High-Pressure Stabilization Tank (HPST) system
utilized. On the low-pressure side, a Low-Pressure StoBage
(LPSB) filled with hydride, primarily operates as a storage b
for a large fraction of the Hinventory required to operate the
cooler during flight and ground testing while minimizing the
pressure in the non-operational cooler during launch aarustr
portation. The compressor assembly mounts directly orgo th
Warm Radiator (WR) on the spacecraft. As each sorbent bed
is taken through four steps (heat up, desorption, cool-gdalrn
sorption) in a cycle, it will intake low-pressure hydrogemda
output high-pressure hydrogen on an intermittent basisrder

to produce a continuous stream of liquid refrigerant thgp-sor
tion beds phases are staggered so that at any given times one i
desorbing while the others are heating up, cooling downeer r
absorbing low-pressure gas.

The compressed refrigerant then travels in the Piping and
Cold End Assembly (PACE, see Fig. 10), through a series df hea
exchangers linked to three V-Groove radiators on the spaftec

Figure 9. Top panel: picture of the LFI focal plane showing the feedwhich provide passive cooling down to approximately 50 K.

horns and main frame. The central portion of the main frardessgned
to provide the interface to the HFI front-end unit, where tbference
loads for the LFI radiometers are located and cooled to 4KtdBo
panel: A back-view of the LFI integrated on the Planck saelVisible
are the upper sections of the waveguides interfacong tiné-&ad unit,
as well as the mechanical support structure.

3.3.1. Specifications

m
The main requirements of the Planck SCS can be summari;gg

below:

Provide about 1 W total heat lift at instrument interfaces

ing a< 60 K pre-cooling temperature at the coldest V-groo

radiator on the Planck spacecraft

— Maintain the following instrument interfaces temperagure

- LFlat< 22.5 K[80% of total heat lift]

- HFl at< 19.02 K [20% of total heat lift]
Temperature stability (over its operating perio@000 s):

- <450 mK, peak-to-peak at HFI interface

- <100 mK, peak-to-peak at LFI Interface

electronics)

Once pre-cooled to the required range of temperatures,abe g
is expanded through the J-T valve. Upon expansion, hydro-
gen forms liquid droplets whose evaporation provides tha-co
ing power. The liquigvapour mixture then sequentially flows
through the two Liquid Vapour Heat eXchangers (LVHX) in-
side the cold end. LVHX1 and 2 are thermally and mechanically
linked to the corresponding instrument (HFI and LFI) index.
The LFI is coupled to the LVHX2 through an intermediate ther-
| stage, the Temperature Stabilization Assembly (TSA). A
dback control loop (PID type), operated by the coolec-ele
tronics, is able to control the TSA peak-to-peak fluctuation
uJ%own to the required levelkl00 mK). Heat from the instru-
ents evaporates liquid hydrogen and the low pressure gaseo
hydrogen is circulated back to the cold sorbent beds for com-
pression.

3.3.3. Performance

The two flight sorption cooler units have been delivered t&ES
in 2005. Prior to delivery, in early 2004, both flight modets u

Input power consumptiog 470 W (at end of life, excluding derwent sub-system level thermal vacuum test campaigfiat J

In spring 2006 and summer 2008 respectively, SCS Redundant
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SCSUnit WarmRad 3VGroove Cold End T (K) Heat Lift Input Power Cycle Time

T (K) T (K) HFI1/F  LFII/F (mW) V) (s)
270.5 45 17.2 18.% 1100 297 940
Redundant 277 60 18.0 2074 1100 460 492
282.6 60 18.4 19.9° 1050 388 667
Nominal 270 47 171 187 1125 304 940
273 48 175 18.7 N/A ¢ 470 525

a8 Measured at Temperature Stabilization Assembly (TSA)estag
b In SCS-Redundant test campaign TSA stage active controhuizsnabled
¢ Not measured

Table 3. SCS flight units performance summary.

— The Planck Qualification Model (QM) which was limited to
the Planck Payload Module (PPLM) containing QMs of LFI,
PACE ——P cColdend HFI, and the Planck telescope and structure that would allow
a qualification vibration test campaign to be performed at

payload level, alignment checks, and would inparticular al

] LVHX1

LvHX2 A | % low a cryogenic qualification test campaign to be performed
J; X on all the advanced instrumentation of the payload that had
Piping with to fully perform in cryogenic conditions.
pre-cooling heat — The Planck Protoflight Model (PFM) which contained all
» /° exchangers the Flight Model (FM) hardware and software that would
= 45 . 552 J undergo the PFM environmental test campaign culminating
- \.. in extended thermal and cryogenic functional performance
D\ L tests.
\' _ 4.1. Model Philosophy
\ s In correspondence with the system model philosophy it was de
Sorbent bed cided by the Planck Consortium to follow a conservativeéacr
e — = mental approach containing Prototype Demonstrators.

4.1.1. Prototype Demonstrators PDs)

The scope of the PDs was to validate the LFI radiometer design
concept giving early results on intrinsic noise, particiyld / f
noise properties, and characterise in a preliminary fashys-
tematic dfects to give requirement inputs for the rest of the in-
strument design and at satellite level. The PDs also gavadhe
- vantage of being able to test and gain experience with vavy lo
o J noise HEMT amplifiers, hybrid couplers, and phase switches.
o The PD development started early in the programme during the
ESA development Pre-Phase B activity and ran in paralléi wit
Figure 10. SCS Thermo-Mechanical Unit. the successive instrument development phase of elegaad bre
boarding.

and Nominal have been tested in cryogenic conditions on the

spacecraft FM at the Centre Spatial de Liege (CSL) faalitieg 1 2. Elegant Breadboarding (EBB)

Results from these two major test campaigns are summarized i

Table 3.3.2 and reported in full detail in Morgante (2009b).  The fundamental purpose of the LFI EBBs was to demonstrate
full radiometer design maturity prior to initiating quadiéition
model build over the whole frequency range of LFI. Thus full
4. LFI Programme continuous comparison radiometers (2 channels and thus-cov

The model philosophy adopted for LFI and the SCS was chodBf 2 single polarisation direction) were constructed xehon
to meet the requirements of the ESA Planck System which d§0 GHz, 70 GHz, and 30 GHz running from their expected de-

sumed from the beginning that there would be three develapm&ign of the corrugated feed-horns at the their entrance &t
models of the satellite: as their expected design diode output stages at their batk-e

These were put through thorough functional and performance
— The Planck Avionics Model (AVM) inwhich the System Bugtests with their front end sections operating at 20 K as ebgokec
was shared with the Herschel satellite, and allowed bagicflight. It was towards the end of this development that the
electrical interface testing of all units and communicatiofinancial dificulties which terminated the 100 GHz channel de-
protocol and software interface verification. velopment hit the programme.
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4.1.3. The QM ploying prototype development and testing of key compamient

: ... .,.such as single compressor beds prior to the building of an EBB
The development of the LFI QM commenced in parallel with the yaining a complete compliment of components as in a coole

EEB activities. From the very beginning it was decided tT8y0 jnangeq to fly. This EBB cooler was submitted to an intensive

a limited number of radiometer chain assemblies (RCA) eagl, tional and performance test campaign. The Sorptiori€Zoo
containing 4 radiometers and thus covering fully two ortwe@l |0 04ronjcs (SCE) meanwhile started development with aB EB
polarisation directions) at each frequency should be getiend - 4 \vas followed by a QM and then FMEM2 build.

that th? remaining would be repr(_asented by thermal mecainic The TMUSs of both the nominal and redundant sorption cool-
dumm'f’jfgﬂs thedLgé%M co_lr_lrt]alne(tj_ 2RCAat70 ?Hzfamd % s went through protoflight unit testing prior to assembithw
€ach at 4 zanad. Z. 1he active components ot th€ Dgig;, respective PACE for thernfatyogenic testing before de-
Acqwsmon EIe_ctromcs (DAE) were thus dimensioned adeor ivery. To conclude the qualification of the PACE a spare unit
ingly. The Radiometer Electronics Box Assembly (REBA) QM ticinated in the PPLM QM system level vibration and cryo-
supplied was a full unit. All units and assemblies went tigfou genic test campaign

approved unit level qualification level testing prior toagtation An important constraint in the ground operation of the sorp-
tion coolers is that they could not be fully operated withithe

as the LFI QM in the facilities of the instrument prime cocta
compressor beds far from a horizontal position. This was to

Thales Alenia Space Milano.
The financial dificulties that have already been menz, . P i 1
. . avoid permanent non homogeneity in the distribution of h
tioned a_Iso disrupted QM development and I_ead toa therma'ldespin the compressor be%s anglthe ensuing Ios[ﬁdlmt(j:]f
mechanical representative dummy of LFI being employed hy 6 f,ly integrated configuration of the satellite, thENP
rmal and cryogenic test campaign, for test chamber config

ESA in the system level satellite QM test campaign because,pf
the ensuing delay in the availability of the LFI QM. The LFl, qtion schedule and cost reasons would allow only oneecool
thbeina fully operable orientation. Thus the first cooleb&

QM was however fundamental in the development of LFI as
gave the LFI Consortium the opportunity to perform reprézen supplied, which was designated the redundant cooler (FivH9
tive cryo-testing of a reduced r_nodel of the instrument ang thmounted, with the PPLM QM and put through a cryogenic ’test
confirm the design of the LF flight Model. campaign (termed PFM1) with similar characteristics tostho
of the final thermal balance and cryogenic tests of the fully i

4.1.4. The FM tegrated satellite prior to integration in the satelliteaendonly

) _ _ _ short fully powered health checking would be done on it. The
The LFI FM contained flight standard units and assembliess thgscond cooler was designated as the nominal cooler (FM2) and
went through flight unit acceptance level tests prior togrééion  participated fully in the final cryo-testing of the satelitFor
as the LFI FM. In addition prior to mounting in the LFI FM eacthoth coolers final verification (TMU assembled with PACE) was
RCA went through a separate cryogenic test campaign after gghieved during the Planck system level vibration test Gagmp
sembly to allow preliminary tuning to achieve best perfone® and subsequent tests.
and confirm the overall functional performance of each nawio The AVM of the SCS was supplied using the QM of the SCE

ter. At the LFI FM test level the instrument went through agnd a simulator of the TMU to simulate the power load of a real
extended cryogenic test campaign that included a furthe le cgoler.

of tuning and the instrument calibration that could not be pe

formed when mounted in the final configuration on the sagellit .

because of schedule and cost constraints. At the time of-def-3. System Level Integration and Test

ery of the LFI FM to ESA for integration on the satellite therpe pjanck satellite together with the instruments wagjiated
only significant verification test that remained to be dons W&, tne Thales Alenia Space facilities at Cannes in France.
the vibration testing of the fully assembled Radiometeragrr

: . The SCS nominal and redundant coolers were integrated on
Assembly (RAA) that could not be done in a meaning-full way, ihe Planck satellite before LFI and HFI.

atinstrument level because of the problem of simulatingthe Prior to integration on the satellite, the HFI FPU was inte-
pleq vibration input thrgugh the DAE and the LFI FPU moun_tgrated in to the FPU of LFI. This involved mounting the LFI
ing in to the RAA (and in particular in to the waveguides). Shig | oads on HFI before starting the main integration prsces
verification was completed successfully during the s#eftFM i was a very delicate operation considering that wheredo
vibration test campaign. the closest approach of LFI and HFI would be of the order of
2 mm. It should be remembered that LFI and HFI had not “met”

4.1.5. The AUM during the Planck QM activity and so this integration was per

. formed for the first time during the Planck PFM campaign. The
The LFI AVM was composed of the DAE QM, and its secondamtegration process had undergone much study and required a
power supply box removed from the RAA of the LFI QM, anspecial rotatable GSE for the LFI RAA, and a special suspen-
AVM model of the REBA and the QM instrument harness. Ngion and balancing system to allow HFI to be lifted and lowlere
radiometers were present in the LFI AVM, and their active inn to LFI at the correct orientation along guide rails fronoaé.
puts on the DAE were terminated with resistors. The LFI AVMrortunately the integration was completed successfully.
was used successfully by ESA in the Planck System AVM test Subsequently the combined LFI RAA and HFI FPU were in-

campaigns to fulfil its scope outlined above. tegrated on to the satellite supported by the LFI GSE which wa
eventually remove_d during integration to the telescope. gio-
4.2. The SCS Model Philosophy cess of electrical integration and checkout was then caexble

for LFI, the SCS and HFI, and the Proto-Flight Model test cam-
The SCS model development was designed to produce two cqadign was commenced.
ers a nominal cooler and a redundant cooler. The early part of For LFI this test campaign proceeded with ambient func-
the model philosophy adopted was similar to that of LFI entional checkout followed by detailed tests as a complete sub
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system prior to participation with the SCS and HFI in the se- In Table 5 (taken from Mennella et al. (2009)) we list the
quence of alignment, EMC, sine and acoustic random vilmatimain LFI radiometric performance parameters and the iategr
tests, and the sequence of system level verification tetiigdhg tion levels at which they have been measured. After the flight
Mission Operations Control Centre (MOC at ESOC, Darmstadtjstrument test campaign the LFI has been cryogenicaltgdes
and LFI DPC. During all these tests, at key points, both the-no again after integration on the satellite with the HFI white fi-
inal and redundant SCS were put through ambient temperatned characterisation will be performed in flight before stay
health checks to verify basic functionality. nominal operations.

The environmental test campaign culminated with the ther-
mal balance and cryogenic tests carried out in the Focalilityac
of the Centre Spatial de Liege, Belgium. The test was dedigme Table 5. Main calibration parameters and where they have besif
follow very closely the expected cool-down scenario aéienich be measured. The following abbreviations have been used: SA

. . . . tellite, FLI= In-flight, FE= Front-end, BE= Back-end, LNA= Low
through to normal mission operations and it was during the%%ise Amplifier, PS= Phase Switch, Radiom Radiometric, Suse

tests that the two instruments and the Sorption CoolertigyrecSusceptibility
demonstrated together not only their combined capalsiltigt '

also their operational margins with success. Category | Parameters RCA | RAA T SAT | ELI
Tuning FE LNAs Y Y Y Y
e FE PS Y Y Y Y
5. LFI test and verification BE ofset andl Y v % v
The LFI has been tested and calibrated before launch atugario gain
. . . : Quantisation / N Y Y Y
levels of integration, from the single components up torinst compression
ment anq satgllite_ levels; this_ app_roach, which is sumredris  —gagiom T Photometric % % Y %
schematically in Fig. 11, provided inherent redundancy @md calibration
timal instrument knowledge. Linearity Y Y N N
Passive components, i.e. feed-horns, OMTs and waveguides, [solation Y Y N N
have been tested at room conditions at the Plasma Physics In-band re-| Y N N N
Institute of the National Research Council (IFP-CNR) using sponse
Vector Network Analyser. A summary of the measured perfor-| Noise White noise Y Y Y Y
mance parameters is provided in Table 4; measurements and re Knee freq. Y Y Y | Y
sults are discussed in detail in Villa et al. (2009¢,b); DiAngelo Y/t slope Y Y Y Y
et al. (2009). Susc. FE temperature Y Y Y Y
fluctuations
BE temperaturg] Y Y N N
: fluctuations
1’:2{2.4. Measured performance parameters of the LFI passive compo FE bias fluctua— v v N N
1ons

Feed Horns  Insertion Loss, Return Loss, Cross-polad§°)
and Co-polar patterns (E, H aa@d5° planes) in

amplitude and phase, Edge taper &t 22 . )
P P getap RCA and RAA test campaigns have been key to characterise

OMTs '”Slert,ion Loss, Return Loss, Cross-polarisation,  the jnstrument functionality and behaviour, and meassresit
Isolation pected performance in flight conditions. In particular 30 GH
Waveguides Insertion Loss, Return Loss and 44 GHz RCAs have been integrated and tested in Italy, at

the Thales Alenia Space (TAS-I) laboratories in Milan, wliiie

70 GHz RCA test campaign has been carried out in Finland at
the Yilinen-Elektrobit laboratories (Villa et al. 2009&ter this
testing phase the 11 RCAs have been collected and integrated
with the flight electronics in the LFI main frame at the TAS-

| labs where the instrument final test and calibration hasrak
place (Mennella et al. 2009). Custom-designed cryoféeslit
(Terenzi et al. 2009b; Morgante 2009a) and high-perforraanc
black-body input loads (Terenzi et al. 2009a; Cuttaia 2@09)
have been developed in order to test the LFI in the most flight-
representative environmental conditions.

A particular point must be made about the front-end bias tun-
g which is a key step in setting the instrument scientific pe
rmances. Tight mass and power constraints called for pleim

design of the DAE box so that power bias lines have been di-
vided in five common-grounded power groups with no bias volt-
Also radiometric performances were measured several tingge readouts. Only the total drain current flowing through th
during the LFI development on individual sub-units (amph$, front-end amplifiers is measured and is available in the &ous
phase switches, detector diodes, etc.) on integrated-éothind  keeping telemetry.
back-end modules (Davis et al. 2009; Artal et al. 2009; Varis This design has importantimplications on front-end bias tu
et al. 2009) and on the complete radiometric assemblies baily, which depends critically on the satellite electricatdiaher-
as independent RCAs (Villa et al. 2009a) and in RAA, the finahal configuration. Therefore this step has been repeatdidrat a
integrated instrument configuration (Mennella et al. 2009)  tegration stages and will also be repeated during grouedligat

Unit RCA RAA Satellite In-flight

Figure 11. Schematic of the various calibrations steps in the LFlI deve'#rl
opment. 0
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tests and in flight before the start of nominal operationgall®e the Planck IDIS (Integrated Data and Information Systenk) co

about bias tuning performed on front-end modules and on tladoration.

individual integrated RCAs can be found in Davis et al. (2009 A software policy has been defined, with the aim of allowing

Varis et al. (2009) and Villa et al. (2009a). the DPC to run the best possible algorithms within its pipeli
Parameters measured on the integrated instrument have bebite fostering collaboration inside the LFI Consortiumdan

found essentially in line with measurements performed dit in across Planck, and preserving at the same time the intedllect

vidual receivers; in particular the LFI shows excellepf ta- property of the code authors on the processing algorithms de

bility and rejection of instrumental systematiffexts. On the vised.

other hand the very ambitious sensitivity goals have nohbee The Planck DPCs are responsible for the delivery and archiv-

fully met and the white noise sensitivity (see Table 6)80% ing of the following scientific data products, which are tledivd

higher than requirements, the measured performances nikke érables of the Planck mission:

the most sensitive instrument of its kind, a factor of 2 to 8dye

than WMAP at the same frequencies. — Calibrated time series data, for each receiver, after remov

of systematic features and attitude reconstruction.
— Photometrically and astrometrically calibrated maps &f th

Table 6.Calibrated white noise from ground test results extrapolat sky in the observed bands. )
CMB input signal level. Two dferent methods are used here to provide— SKy maps of the main astrophysical components.
areliable range of values (see Mennella et al. (2009) fehéurdetails). — Catalogues of sources detected in the sky maps of the main
The final verification of sensitivity will be derived in fliglturing the astrophysical components.
CPV phase. — CMB Power Spectrum cdicients.
Frequency channel 30GHZ A4GHZ 70GHz Additional products, necessary to the total understandfrige
White noise pev channel 143154 152160 13G-146 instrument, are being negotiated for inclusion in the Ptanc
[uK- VE] Legacy Archive (PLA). The products foreseen to be added to

the formally defined products mentioned above are:

— Data sets defining the estimated characteristics of each de-
tector and the telescope (e.g. detectivity, emissivibyetre-

6. LFI Data Processing Center sponse, main beam and side lobes, etc. ...).

— “Internal” data (e.g. calibration data sets, data at inttiate
In order to take maximum advantage of the capabilities of the |evel of processing);
Planck mission and to achieve its very ambitious scientific 0 — Ground Calibration and AlV Databases produced during the
jectives, proper data reduction and scientific analysisguares  instrument development; and gathering all informatiottada
were defined, designed, and implemented very carefully. The and documents relative to the overall payload and all sys-
data processing was optimized so as to extract the maximum tems and sub-systems. Most of this information is crucial fo

amount of useful scientific information from the data set and processing flight data and updating the knowledge and the
to deliver the calibrated data to the broad scientific comityun  performances of the instrument.

within a rather short period of time. As demonstrated by mar_P/ . . . .
previous space missions using state-of-the-art techiespthe he LFI DPC processing can be logically divided in three lgve

best scientific exploitation is obtained by combining theust,  _ Level 1: includes the Time Ordered Information (TOI) gen-
well-defined architecture of a data pipeline and its assedia  eration (a set of ordered information on a temporal basis or
tools with the high scientific creativity essential whenifecun- scan-phase basis). The current definition of the DPC product

predictable features of the real data. Although many steps r  foresees the Real Time Assessment (RTA) and Quick Look
quwed for the transformation of _data can and must be defined Analysis (QLA) packages be integrated into the Level 1
early in the development of the pipeline (most of the forabé®  _ | evel 2: TOIs produced at Level 1 will be cleaned up by
ones have already been tested and |mplemented in the SImU'a‘taking away noise and many Othertypes of Systemmg
tions made by the teams of both Consortia), some of them will on the basis of calibration information. The final product of

remain unknown until flight data are obtained. the Level 2 includes “frequency maps”.
Planck is a PI mission, and its scientific achievements wilL | evel 3: “Component maps” will come out from this level
depend critically on the performance of the two instrumgrfe$ through a decomposition of single “frequency maps” using

and HFI, on t_he cooling chain, and on the telescop_e. The data also products from the other instrument.

processing will be performed by two Data Processing Centres .

(DPCs) (Pasian et al. 2000; Pasian & Gispert 2000; Pasian &€ additional level (Level S) used to develop the most so-

Sygnet 2002). However, despite the existence of two S@araplsncated S|mulat|pn based on re_al parameters extraciealg

distributed DPCs, the success of the mission relies heawily 9round test campaign, was also implemented. All these devel

the combination of the measurements from both instruments.Make use, inside the LFI DPC, of a pre-defined software infras
The development of the LFI DPC software has been péfucture developed inside the IDIS collaboration.

formed in a collaborative way across a consortium spreassacr e describe in the following sections the DPC Levels and

over 20 institutes in a dozen countries. Individual sciatbe- the software infrastructure, and we finally report brieflytbe

longing to the Software Prototyping Team develop prototyﬁ@StS that were applied to ensure that all pipelines areyriad

code, which is then delivered to the LFI DPC Integration Teari{'€ launch.

The latter is responsible to integrate, optimize and testtide,

and has produced the pipeline software to be used durin@epe&s 1. ppc Level 1

tions. This development takes advantage of tools definddrwit . o )
Level 1 takes input from the MOC's (Mission Operation Center

Calculated on the final resolution element per unit intégratime ~ Data Distribution System (DDS), decompresses the raw data,
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Wihin max 16 hours from Auwdliary Data from MOC time series from Level 1 will be also used for reconstructing
Src ik @ number of sets of calibrated scans per each detector, assvell
Flow of Telemetry from MOC Flow of Consolidated . .
ﬂﬁmmmwm pPC instrumental performances and properties, and maps okthe s
i

o — for each channel. The processing is iterative, since sanafius
Arehive evaluation of quite a number of parameters should be made be-
i}_‘ \_{L @ fore the astrophysical signal can be isolated and averaged o
— all detectors in each frequency channel. Continuous exgehah
o=

information between the two DPCs, will be necessary at L2vel
— results from the detectors.
<:j The first task that the level 2 perform is the creation difedti
TQL

Telemetry Unscrambler Auwdliary Informations

in order to identify any suspect or unidentified behaviouamy
enced data. Level 1 stores data from both Sky and Load. These
two have to be properly combined to producé&eatienced data

e — S Ee therefore reducing the impact off hoise. This is done via the
computation of the so-called gain modulation factor “R” @i

is derived taking the ratio of the mean signals from both Sig/ a
i ‘ Sualty Load.

Quality
Report

Quality
Report

LEVEL 1 After differenced data are produced, the next step is the pho-
tometric calibration which transforms the digital unit inysical
units. This operation is quite complexfidirent methods are im-
plemented in the Level 2 pipeline that use the CMB dipole as an

and outputs Time Ordered Information for Level 2. Level 1$joéalbsglutehcallbra}tor a”ﬁV.V'”g to convert data Into pf;]ystl:r_ats.. |
not include scientific processing of the data; actions are pe Another major task is beam reconstruction, which Is imple-

formed automatically by using pre-defined input data and ipented ysing informz?\tion frpm planets cros.sing.. we deve_mop
; : an algorithm performing a bi-variate approximation of thaim
telemetry (TM) and auxiliary data as they are released by tB§&M Section of the antenna pattern and reconstructingtie p
MOC. Level 1 uses TM data for performing a routine analys n of the horn m_thefocal plane and its orientation witsgect
(RTA - Real Time Assessment) of the Spacecraft and Instraméf & reference axis. . . T .
status, in addition to what is performed at the MOC, with the 1€ Step following the production of calibrated timelines i
aim of monitoring the overall health of the payload and detedN® creation of cahbra_ted frequency maps. In order to dg.’ thi
ing possible anomalies, and performing a quick-look datdyan pointing mformaﬂop will b? enco.deq into Time-Ordered élix .
sis (TQL - Telemetry Quick Look) of the science TM to monitol-€- Pixel numbers in the given pixelisation scheme (HEA)Pi
the operation of the observation plan and to verify the biehav Identifying a given pointing (j|r_ect|0n orderedin time. Iruer to
of the instrument. The processing is meant to lead to the fhfjoduce temperature maps itis necessary to reconstruetme

mission raw-data stream in a form suitable for subsequeat dgat:ern fg; the tvx;o ]Ptcr)]Iarl;zatlon dgectmps_ for_tlrellma|{tempe—kJ
processing by the DPC. iate and far part of the beam pattern. This will allow to cam!

Level 1 deals also with all activities related to the produ(%.he two orthogonal components into a single temperature-tim
tion of reports. This task includes the results of telematrgl- IN€: On this temperature timeline a map-making algorithith w
ysis, but also the results of technical processing carried (pe appll_ed to produce a receiver map.

on Time-Ordered Information (TOI) to understand the curren . 1€ instrument model allows to check and control system-
and foreseen behaviour of the instrument. This second item f¢ €Fects, quality of the removal performed by map-making
cludes specific analysis of instrument performance (LIFEF L and cahb_ratlon of the receiver map. Receiver maps cleanoed f
Integrated perFormance Evaluator), and more general mgacksystemat_lc ffects at d‘iferen_t levels of accuracy will be stored
of time series (TSA - Time Series Analysis) for trend anaiys|tC & calibrated maps archive. The production of frequezaty
purposes and comparison with the TOI from the other instrlP—rated maps is done processing together a!l receivers _ﬁom
ment. Additional tasks of Level 1 relate to its role of instrent  91VenN frequency channelin a single map-making run. In Fagur
control and DPC interface with the MOC. In particular, the fo £ @nd 14 we report the steps performed by the Level 2 with the

lowing actions are performed: foreseen time associated.

Figure 12. Level 1 structure.

— Preparation of telecommanding procedures aimed at mogiz ppc | evel 3
fying the instrument setup. o

— Preparation of instrument database (MIBs). The main task of the DPC Level 3 is the production of the
— Communicate to the MOC “longer-term” inputs derivingnaps for the dferent astrophysical and cosmological compo-
from feedback from DPC processing. nents present in the sky signal. From the reconstructed CMB

] component from component separation algorithms (or from a

In Level 1 all actions are planned to be performed on dyitable linear combination afat masking of the original cali-
“day-to-day” basis during observation. In Fig. 12 the stuwe prated frequency maps) the angular power spectrum of the CMB
of Level 1 and time required is reported. For more detailemefis computed for both temperature modes (TT) as well as polar-

to (Zacchei et al. 2009). ization and cross temperatypelarisation modes.
The separation algorithms which will be exploited belong to
6.2. DPC Level? two main categories, operating by means of priors on theatsgn

to recover (non-blind), or relying on the statistical indagence
At this level data processing steps requiring detailedumsent of the background and foreground emission (blind). Their do
knowledge (data reduction proper) will be performed. The ramain of relevance are expected to b&etient for total intensity
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were exploited in the non-blind category. The core of thadli
approach is the Independent Component Analysis technique.

The inputs of the level 3 pipeline are the 3 calibrated resreiv
maps from LFI together with the 6 calibrated HFI frequency
maps that are planned to be exchanged on a monthly basis. This
is a crucial point: due to the great advantage of exploithey t
full range of frequencies covered by Planck, the two DPCghav
to work with the full set of calibrated maps (both LFI and HFI)
in order to fully exploit the performance of the componeipsse
ration tools. The Level 3 pipeline has deep links with moghef
stages of Level 1 and Level 2. Systematieets appearing in the
TODs, source catalogues, noise distribution and stagistie all
examples of important inputs and information to the compdne
separation process. On the basis of that knowledge a conéden
interval, or faithfulness criterium for CMB and foregrouret
construction can be built.

The main targets of the Level3 pipeline are two: one is the
most faithful reconstruction of the CMB total intensity ary
anisotropy pattern; the other is the weakening of the fanegd
contamination in polarization, allowing to fully exploitdhck to
detectpose upper limits on the existence of cosmological gravi-
tational waves.

Level 3 will produce optimized component maps that will
be delivered to the Planck Legacy Archive (PLA) with other in
formation and data needed for the public release of the Rlanc
products. As for power spectrum estimation Level 3 impletsen
two independentand complementary approaches: a Monte-Car
method suitable for high multipoles (based on the MASTER ap-
proach but including cross-power spectra from independent
ceivers) and a maximum-likelihood method for low multiple
The combination of the two produce the final estimation of the

and polarization. Both blind and non-blind techniques fiegu @ngular power spectrum from LFI data. Combining LFI with
that the diferent emission processes superposed in the data fef! data where CMB is the dominant source of the sky emission,
ture a diferent behaviour with frequency. While the non-blindVill produce in a similar manner the complete Planck CMB an-
category requires to know in advance the fiieients scaling gular power spectrum. Itis clearin this last stage of data@ss-
each signal at each frequency, the blind approach is capablé"d that a complete knowledge of both instrument is essentia

reconstruct the same scaling and does not need it as an in

ij[he extraction of an un-biased power spectrum. Theesdtir

In total intensity, a non-blind approach is reliable andiech the basic instrumental properties (beam shapes and widitse n
able by means of the priors on the foreground which exist fiPectra) should be properly and accurately known and a¢edun
the microwave band as well as outside. On the other hand {RE In Fig. 15 we report the step performed by the Level 3 with
final results are biased by the constraints imposed. A blpd ghe foreseen time associated.

proach represents most unbiased, being able to extractazomp

nents which are uncorrelated with the others. That is toeeef 5 4 ppc | evel s

most appropriate for CMB extraction. In polarization, tiael

of reliable priors may make the non-blind approach imposdi-was widely agreed within both Consortia that a strong nefed
ble, and a blind pipeline may be the only viable. Wiener filtesoftware able to simulate the instrument footprint, starfrom
and Maximum Entropy have been proposed in the literature aadgredefined sky, was indispensable for the full period of the
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Planck mission. Based on that idea the Level S was develoy:"
and as soon the knowledge of the instrument grew the Leve
was developed in agreement (Reinecke et al. 2006). It iesluc -
all the instrument characteristics as they were undersiaddg
the ground test campaign. Simulated data were used to ¢wall
the performance of data-analysis algorithms and softwatbes
scientific requirements of the mission and to demonstratedh
pability of the DPCs to work using blind simulations that tain
unknown parameter values to be recovered by the data proc
ing pipeline.

6.5. DPC Software Infrastructure

During the whole of the Planck mission it was necessary tb dédgure 16.1DIS ProC pipeline Editor.
with aspects related to information management, whichapert
to a variety of activities concerning the whole project,gan
ing from instrument information (technical charactedstire-
ports, configuration control documents, drawings, pubiime
munications, etc.), to software developmeantrol (including
the tracking of each bit produced by each pipeline). Forghis
pose, an Integrated Data and Information System (IDIS) eas
veloped. IDIS (Bennett et al. 2000) is a collection of infras-
ture software for supporting the Planck Data Processingr€en
in their management of large quantities of software, dath
ancillary information. The infrastructure is relevanthe tdevel-
opment, operational and post-operational phases of th&anis

The full IDIS can be broken down into five major compo
nents:

idate the output with respect to the input: to do that we iteges
in the instrument a well known signal as described in (Fsaili
et al. 2009) with the purpose of verifying if the processingjde
Level 1 was correct. Afterwards more complete tests, irinyd
c?" interfaces with other elements of the ground segmentewe
performed. Those tests simulate one week of nominal opersti
(SOVTL1 - System Operation Validation Test) (Keck 2008) and,

uring the SOVT2, one week of Commissioning Performance

erification (CPV) phase. During this test we demonstrated t
the LFI Level 1 is able to deal with the telemetry as it showdd b
acquired during operations.

Tests performed on Level 2 and Level 3 were more science
oriented to demonstrate the scientific adequacy of the LKT DP
— DMS Document Management System - to store and shaigeline, i.e. its ability to produce scientific results coensu-

documents rate to the objectives of the Planck mission. These test were
— DMC Data Management Component, allowing the ingestiobased on blind simulation of growing complexity. The tesag&h
efficient management and extraction of the data (or subsetproduced with the Level S, assumed some simplifying appro
thereof) produced by Planck activities. imations:
— SWC Software Component, allowing to administer, docu- . .,
ment, handle and keep under configuration control the soft= the sky model was based on the “convergence model” CMB

ware developed within the Planck project. (no non-gaussianity); _ . ,
— ProC Process Coordinator, allowing the creation of pro-  — the dipole did notinclude modulations due to Lissajoustorbi

cessing pipelines inside a predefined and well controlled en @round L2; _ _ ,

vironment. - Gala}cuq emission was obtained assuming non-spatially
— FL Federation Layer, allowing the access control to the pre- Varying index; _ _ L

vious object and that act as a glue between there. — the detector model was “ideal” and did not vary with time;

i i — the scanning strategy was “ideal” (i.e. no gaps in the data).
The use of the DMS allowed the entire consortia to store hun-

dreds of document with anffecient way to retrieve them. The and the results were in line with the objective of the misssae
DMC is one API (application programming interface) for théPerrotta & Maino 2007).
data inputoutput versus a database (relational or object oriented) The test phase 2 is still ongoing. It takes into account more
for the archiving of the data itself and its meta-informatand realistic simulations with all the known systematics andwn
it is provided with a user GUI. The ProC is a controlled enviproblems (e.g. data gaps) in the data. Results are expected i
ronment in which each software module can be add to createMay 2009.
entire functional pipeline, it store all the informatiorgegding
versioning of the modules used, data, temporary data d-@ate
the database using the DMC API. In Fig 16 an example of L
pipeline is shown. And finally the FL is an API that using a rexF| works as expected. The programme starts on May 14th.
mote LDAP database, assign the right permission to the usersA challenging commissioning and final calibration phase
respect data access, software access and pipeline run. will prepare the LFI for nominal operations that will stabtcat
90 days after launch. After20 days the instrument will be
switched on and its functionality will be tested in paraliéth
6.6. DPC Test performed the cooldown of the 20 K stage. Then the cooldown of the HFI
Each pipeline and sub-pipeline (Level 1, Level 2 and Level 3)cal plane down to 4 K will be exploited by the LFI to tune volt
were subject to dierent kind of tests. We report here only thege biases of the front end amplifiers and phase switcheshwhi
so-called “dficial tests” without referring to the internal testswill set the instrument final scientific performances. Lasitngs
that are more module-oriented. and calibration will be performed in parallel with HFI adties
The Level 1 was the most heavily tested as this pipelinefigr about 25 days until the last in-flight calibration phatbe (so-
considered launch-critical. As a first step it was necedsavgl- called “first light survey”), 14 days of data acquisition iom-

IZI' Conclusion
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inal mode that will benchmark the whole system, from sdgelliLand, K. & Magueijo, J. 2005, Physical Review Letters, 95181

and instruments to data transmission, ground segment aad
processing levels.

The first light survey will produce the very first Planck map

This will not be aimed to scientific exploitation but will rer

dgino, D., Burigana, C., Maltoni, M., et al. 1999a, A&AS, 1483

Maino, D., Burigana, C., Maltoni, M., et al. 1999b, A&AS, 1483

Mandolesi, N., Bersanelli, M., Burigana, C., et al. ????

Saris, M., Bersanelli, M., Burigana, C., et al. 2006, Memodella Societa
Astronomica ltaliana Supplement, 9, 460

serve as a final test of the instrumental and data processpay ¢ Mennella, A., Bersanelli, M., Aja, B., et al. 2009, A&A, thislume

bilities of the mission. After this, the Planck scientificavptions
will begin.
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