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Abstract

Context. This paper provides an overview of the Low Frequency InsémntnfLF1) 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 27-77 GHz
range, below the peak frequency of the Cosmic Microwave geamind (CMB) radiation 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 instriisgaresented in
the context of the Planck mission. The LFI approach to onugdoand in-flight calibration is described. We also proviakescription

of the LFI ground segment. We present results of a numbersts that 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
and its very sub-units. The data analysis pipeline has lestad and its main functionalities proven.

Concliicione After the commics<ionina calihration nerformance andfivestion nhace< are combpleted diirina the firet three monthes



1. Introduction will be measured in flight by observing planets and strongprad
sources (Burigana et al. 2001).

In 1992 the Cosmic Background Explorer (COBE) team an- a suymmary of the LFI performance requirements adopted to
nounced the discovery of intrinsic temperature fluctuation riye the instrument design is reported in Table 1.

the cosmic microwave background radiation (CMB) on angular

scales larger than°7and at a level of a few tens @K Smoot

et al. (1992a). One year later two space-borne CMB expeTable 1.LFI performance requirements. The average sensitivity3per
ments were proposed to the European Space Agency (ESApixel or per FWHM resolution elements{T andsT/T, respectively) is
the framework of the Horizon 2000 Scientific Programme: tr@iven here in CMB temperature (i.e. equivalent thermodyinaem-
Cosmic Background Radiation Anisotropy Satellite (COBRASPerature) for 14 months of integration. The white noise peqdency
an array of receivers based on High Electron Mobility Tratusi channel and 1 sec of integration in given in antenna tempezat
(HEMT) amplifiers; and the SAtellite for Measurement of

Background Anisotropies (SAMBA), an array of detectorsduhas :ilrs%lje‘igg%/o?tgggr?ﬁél oay 3|(\)/|C|;(|;_| z ﬁI%HZ M7,3?CHZ
on bolometers. The two proposals were accepted for asses

) X ngular resolution [arcmin] 33 24 14
ment study with the recommendation to merge. In 1996 ESAst per 30 pixel kK] 8 8 8
selected a combined mission called COBRBSMBA, subse-  sT/T per pixel kK/K] 267 3.67 6.29

quently renamed Planck, as the third Horizon 2000 Mediumiumber of radiometers (or feeds) 4(2) 6 (3) 12 (6)
Sized Mission. Today Planck forms part of “Horizon 2000 ” ESA Effective bandwidth [GHz] 6 8.8 14
Programme. System noise temperature [K] 10.7 16.6 29.2
The Planck CMB anisotropy probe, the first European andVhite noise pew channel K - vs] 116 113 105
third generation mission after COBE and WMAP, represergs th SYyStematic #ects L] <3 <3 <3
state-of-the-art precision cosmology today. The Planghqzel
(telescope instrument and cooling chain) is a single, kigh . ; ; L
tegrated space-borne CMB experiment. Planck is equippted w The constraints on thermal behavior required to minimize

a 15m dfective aperture telescope with two actively-cooled i I_%;/stematlc fects dictated a Planck cryogenic architecture that is

struments which will scan the sky in nine frequency chann ne of the most complicated ever conceived for space. Mergov
from 30 GHz to 857 GHz: the Low Frequency Instrument (LFI e spacecraft has been designed to exploit the favoranéi

operating at 20K with pseudo-correlation radiometers, thed onditions of the L2 orbit. The thermal system is a combina-

X . .. tion of passive and active cooling: passive radiators aeel as
High Frequency Instrument (HFI) with bolometers operating therma?shields and pre-cooling gta%es while active aygtars
100mK. Each instrument has a specific role in the program !

; C 9raMMls used both for instruments cooling and pre-cooling. Tiie c
The present paper describes the principal goals of LFhssu- ochain consists of the following main sub-systems (Coliagd
ment characteristics and programme. The coordinated uke OfPassvogeI 1999):

two different instrument technologies and analyses of their out-

put data WiII_allow_optimaI 90!‘”0.' and suppressioln of syste _ pre-cooling from 300 K to about 50 K by means of passive
atic dfects, including discrimination of astrophysical sources. |, jiators in three stages 150 K, ~100 K, ~50 K), which
All the LFI channels and four of HFI channels will be sensi- .o alled V-Grooves due to their conical shape"

tive to linear polarization of the CMB. While HFI is more séns _ cooling to 18 K for LFI and pre-cooling the HFI 4 K cooler

tive and achieve slightly better angular resolution, theesgistic via a H, Joule-Thomson Cooler with sorption compressors
combination of the two instruments is needed to fully exiloé (the Sorption Cooler);

Planck data. ~_— cooling to 4 K for pre-cooling the HFI dilution refrigerator
LFI consists of an array of 11 corrugated horns feeding 22 and for the LFI reference loads via a Helium Joule-Thomson
polarisation sensitive pseudo-correlation radiometaset on cooler with mechanical compressors;
HEMT transistors and MMIC technology which are actively _ cooling of the HFI to 1.6 K and finally 0.1 K with an open
cooled down to 20 K by a new concept sorption cooler specif- loop “He-*He dilution refrigerator.
ically designed to deliver highficiency, long duration cooling
power. The radiometers cover three frequency bands ceatred The LFI front end unit is maintained at its operating tem-
30 GHz, 44 GHz, and 70 GHz. The design of the radiometgsgrature by the Planck HSorption Cooler Sub-system (SCS):
has been driven by the need to minimize the introduction &f syq closed-cycle vibration-free continuous cryocooler glesd
tematic errors and suppress noise fluctuations generatié@ into provide 1.2 Watt of cooling power at a temperature of
amplifiers. 18 K. Cooling is achieved by hydrogen compression, expan-
The design of the horns is optimized for achieving beansson through a Joule-Thomson valve and liquid evaporatton a
with the highest resolution in the sky together with the lstvethe cold stage. The Planck SCS is the first long-duration sys-
side lobes. Typical LFI main beams have full width half maxtem of its kind to be flown on a space platform. Operations and
imum (FWHM) resolutions of about 3327, and 13, respec- performances are described in more detail in Sect. 3.3 and in
tively at 30 GHz, 44 GHz, and 70 GHz, slightly better thaiMorgante (2009b).
the requirements listed in Table 1 for the cosmologicalrdgd Planck is a spinning satellite. Thus, its receivers willae
channel. The beams are approximately elliptical with &llify the sky through a sequence of (almost great) circles foligwi
ratio (i.e. majofminor axis) of~ 1.15— 1.40. The beam profiles a scanning strategy (SS) aimed at minimizing system#é@ces
and achieving all-sky coverage for all receivers. Seveaedme-
The address to which the proofs have to be sent is: ters are relevant f(_)r th‘? SS. The mainoneis th? angte,_etween
Nazzareno Mandolesi the spacecraft spin axis and the telescope optical axierGhe
INAF-IASF Bologna, Via Gobetti 101, 1-40129, Bologna, ital extension of the focal plane unit, each beam centre poirits to
fax: +39-051-6398681 specific angleg;. The anglax is set to 85 to achieve a nearly
e-mail: mandolesi@iasfbo.inaf.it all-sky coverage even in the so-calledminalSS in which the
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spacecraft spin axis is kept always exactly along the datiso2.1. Cosmology
direction. This choice avoids the “degenerate” case= 9(°,

characterized by a concentration of the crossings of saan fhe LFI instrument will play a crucial role for cosmologys It

FI 70 GHz channel is in a frequency window remarkably clear
jom foreground emissions, making it particularly advaetaus

cles only at the ecliptic poles and then the degradation ef t
quality of destriping and map making codes (Burigana et

1999: Maino et al. 1999a). Since the Planck mission is desigri® ©Pserve both CMB temperature and polarization. The two
to minimize straylight contamination from the Sun, Earthda 1OWer frequency channels at 30 GHz and 44 GHz will accurately

Moon (Burigana et al. 2001; Sandri et al. 2009), it is posstbl monitor Galactic and extra-Galactic foreground emissies

introduce modulations of the spin axis from the ecliptiaylao  S€Ct- 2.2) whose removal (see Sect. 2.3) as is critical ®th
maximize the sky coverage keeping constant the solar agpectSUccessful mission. This aspect is of key importance for CMB
gle of the spacecraft for thermal stability. This drivesaods the Plarization measurements since Galactic emission ddesna
adoptecbaselineSS (Maris et al. 2006a). Thus, the baseline S§€ Polarized sky.
adopts a cycloidal modulation of the spin axis, i.e. a preioas
around a nominal antisolar direction with a semiamplitudeec 2 1 1. |arge scale anomalies
of 7.5°. In such a way all Planck receivers will cover the whole
sky. A cycloidal modulation with a 6 month period satisfies thObservations of CMB anisotropies contributed to the bogdi
mission operational constraints while avoiding sharp grats  of the standard cosmological model, also known as concegdan
in the pixel hit count (Dupac & Tauber 2005). Furthermorés thmodel, involving a set of parameters on which CMB observa-
solution allows one to spread the crossings of scan cirales itions and other cosmological and astrophysical data se¢eag
wide region which is beneficial to map making, particulady f spatial curvature close to zero, almost 70% of dark energy,
polarization (Ashdown et al. 2007b). The last three SS paran20-25% of cold dark matter (CDM),-45% of baryonic matter,
ters are: the sense of precession (clockwise or anticlaRwihe nearly scale invariant adiabatic Gaussian primordial ybse-
initial spin axis phase along the precession cone, andlyfjtia¢ tions. Although the CMB anisotropy pattern obtained by WMAP
spacing between two consecutive spin axis repointingssaois largely consistent with the concordant€DM model, there
at 2 to achieve four all-sky surveys with the available guara@e some interesting and curious deviations from it, inipart
teed number of spin axis manoeuvres. ular on the largest angular scales. These deviations hae be
LFI is the result of an active collaboration among about @Ptained with detailed analyses and can be listed as follbyvs
hundred universities and research centres, in Europe,daank@Ck of power at large scale3he angular correlation function
and USA, organized in the LFI Consortium (supported by mofe found to be uncorreleted (i.e. consistent with 0) for asgl

than 300 scientists) funded by national research and spf@er than 60 In (Copi et al. 2008, 2007) it has been shown
agencies. The Principal Investigator leads a team of 26 92t this event happens in 0.03% of realizations of the cenco
Investigators responsible for the development of the imsent dance model. The surprisingly low amplitude of the quadkeipo
hardware and software. The hardware has been developed ufglén of the angular power spectrum (APS), already found by
the supervision of an Instrument Team. The data analysis :%QBE (Smoot et al. 1992b; Hinshaw et al. 1996), has been con-
its scientific exploitation are mostly carried out by a Coeafi I'med by WMAP (Dunkley et al. 2009; Komatsu et al. 2008).

of about 100 scientists, working in close connection wita tHInlikely alignments of low multipoleén unlikely (for a statis-

Data Processing Centre (DPC). The Core Team is closelydink%Cally isotropic random field) alignment of the quadrupate
to a Planck wider scientific community, comprising, othearth € octupole (Tegmark et al. 2003; Copi et al. 2004; Schwarz

LFI, the HFI and Telescope Consortia, organized in a streaiti €t &l- 2004; Weeks 2004; Land & Magueijo 2005). Moreover,

Working Groups. Planck is manaaed by the ESA Planck Sciere@th quadrupole and octupole align with the CMB dipole Copi
Teaml. d P ! ) y I et al. (2007). Other unlikely alignments are described inaito

The paper is oraanized as follows. In Section 2 we re etal. (2006) 3) Hemispherical asymmetriels is found that the
pap 9 : po& wer coming separately from the two hemispheres (defined

the LFI scientific objectives and role in the mission. Set8ds - ; : ;

, . ; by the ecliptic plane) is too asymmetric (especially at 16w
devoted to the LFI optics, radiometers and Sorption Coadér : : ;
up and performances. The LFI programme is set forth in Srect%E”ksen etal. 2004a,b); ar) Cold SpotVielva et al. (2004)

4. LFI Data Processing Center is illustrated in Section érafta (_atected anon Gaus_S|an be_hawour in the southern heméspher
P ; . . with a wavelet analysis technique.
report of the LFI tests and verifications in Section 5. Cosidns o . . .
: : It is still unknown if these anomalies are hints of new (and

are drawn in Section 7. . .
fundamental) physics beyond the concordance model oryf the
are simply the residual of some imperfectly removed astyeph
ical foreground or systematidfect. Planck data will give a pre-

2. Cosmology and astrophysics with LFI cious contribution not only to refine the cosmological pagam
ters of the standard cosmological model but also to solve the

Planck is the third generation space mission for CMBforementioned puzzles thanks to a better foreground ramov

anisotropies and will open a new era in the understandinigeof tand control of systematidfects. In particular, the LFI 70 GHz

Universe. It will measure cosmological parameters with @imuchannel will be crucial to this scientific aim, since, as @by

greater level of accuracy than all previoukoets. Furthermore, WMAP, the foreground at large angular scales in minimum in

Planck’s high resolution all-sky survey, the first ever ie thi- the V band.

crowave range, will feed the astrophysical community faarge

to come. L
2.1.2. Sensitivity to CMB angular power spectra

The above nominal SS is kept as backup solution in the case of B€ Statistical information enclosed in CMB anisotropies,
possible verification in flight of an unexpected, bad behavid Planck  both temperature and polarization, can be analyzed in tefms
optics. a “compressed” estimator, the angular power spectrum (APS)
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andW; is the beam window function. For a symmetric Gaussian
beamW, = exp(-{(¢ + 1)o3) whereog = FWHM/ V8In2 de-
fines the beam resolution.

Even in the limit of an experiment with infinite sensitivity
(o = 0) the accuracy on the APS is limited by the so-called cos-
mic and sampling variance, reducing to pure cosmic variamce
the case of all-sky coveragéfy, = 1), which is quite relevant at
low ¢ because of the relatively small number of available modes
mper multipole in the spherical harmonic expansion of sky map
The multifrequency maps to be obtained with Planck willallo
one to improve the foreground subtraction and maximize the e
fective sky area used in the APS analysis, thus improvingiupo
the understanding of the CMB APS obtained from previous ex-
periments.

At intermediate and high multipoles, the greater Planck sen
sitivity and resolution will produce a significant step fama
over previous CMB anisotropy experiments. Clearly, giviea t
telescope size, the angular resolution naturally incieasth

Figure 1. CMB temperature anisotropy APS (black solid line) Compa‘ﬁequency. Also, foreground fluctuations are frequencyedep

ible with WMAP data are compared to WMAP (Ka band) and LFY

(30 GHz) sensitivity to the APS (Knox 1995), assuming sudtéa

the noise expectation, forfiérent integration times as reported in th

figure.The plot report separately the cosmic variance kbillaee dot-
dashes) and the instrumental noise (red and green linesKb&®vand
LFI, respectively) assuming a multipole binning of 5%. Reliyag sam-
pling variance, an all-sky survey is assumed here for siitpli

WMAP V ban
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ent. Therefore, an appropriate comparison between ttierper
mance of diferent projects should consider the most similar fre-
guency bands.

Figs. 1 and 2 compare WMAP and LFI sensitivity to CMB
APS of temperature anisotropy at two similar frequency lsand
displaying separately the uncertainty coming from cosnaig-v
ance and instrumental performance and considerifigrdnt
project lifetimes. For ease of comparison, we consider dnees
multipole binning (in both cosmic variance and instruménta
sensitivity). The figures show how the multipole region wher
cosmic variance dominates over instrumental sensitivibyes
to higher multipoles in the case of LFI and that the LFI 70 GHZ
channel allows to extract information on about two addiion
acoustic peaks with respect to those achievable with the-cor
sponding WMAP V band.

A somewhat similar comparisonis shown in Figs. 3 and 4 but
for the E and B polarization modes considering in this casg on
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. Chgddre-
grounds are much more critical to measurements of polasizat
than they are to measurements of temperature. At the WMAP V
band and the LFI 70 GHz channels the polarized foreground is
minimal (at least considering a very large sky fraction apda
the range of multipoles already explored by WMAP). Thus, we

Figure 2. As in Fig. 1 but for the sensitivity of WMAP in V band and consider these optimal frequencies to show the potentiggnin

LFl at 70 GHz.

APS provided that anisotropies obey Gaussian statisticgrex

dicted in a wide class of models, contains most of the relev

statistical properties. The quality of the recovered AP&dsod

predictor of the &iciency in extracting cosmological parameter

through a comparison with theoretical predictions arigiogn
Boltzmann codes. Strictly speaking, the latter task mustare
ried out through likelihood analyses. Neglecting systéoneait
fects (and correlated noise), the sensitivity of a CMB atingguy
experiment to APSC,, at each multipolé is summarized by the
equation (Knox 1995)

~ 2 1
"\ T2+ 1)

whereA is the size of the surveyed arefgy = A/4r, o is the

AU'Z

oCy N
NC,W;

[

: (1)

tainty expected from polarized foregrounds. While the Giada
foreground dominates over the CMB B mode and also over the
CMB E mode up to multipoles of several tens, a foreground
subtraction at 510% accuracy at map level is enough to make

®alactic reduce residual contamination to well below theBCM

E mode and below the CMB B mode for a wide range of mul-
ﬁpoles. If we are able to model Galactic polarized foregas

at several % accuracy, at the LFI 70 GHz channel the main limi-
tation will come from the instrumental noise which will pesut

an accurate E mode evaluationfat- 7 ~ 20 and the B mode
detection aff /S < 0.3. Clearly, a better recovery of the APS po-

larization modes will come from the exploitation of the Rikn
data at all frequencies and in this context LFI data will be-cr
cial to better model the polarized synchrotron emissiorciviig
necessary to remove at some % accuracy (or better) at mdp leve
to be able to detect primordial B modes fofS < 0.1.

In this comparison, we exploit the LFI realistic optical andtru-

rms noise per pixelN is the total number of observed pixelmental performances as described in the following sections



th

Mandolesi et al.: The Planck-LFI Programme 5

WELIRIVS

[(e e

WMAP Ka band vs. Planck LFI 30 GHz — E & B — 30% binning WMAP V band vs. Planck LFI 70 GHz — E & B — 30% binning
—— . — . : ‘;“F;{’ — ——— AR
TN \
10.00000 (— / :‘.r‘\j/f 10.00000 fuy=74%
/o F
/
/S :
1.00000 — AT TN - 1.00000 [~
7 E—mode Fo= Galaxy
P — : o LFi—4s
cvtsv+n e WMAP—E.XL.»" X K. ENES s CVASVN
0.10000 — noise only ’ '»,,.’n“""”a' — —  0.10000 ¥, " hoise onl —
----- N -
0.01000 [ . i S 0.01000 [~ i
0.00100 lensing 0.00100
0.00010 [~ - 0.00010
- lensing
fay=74%
0.00001 . . P . . R 0.00001 I A . . -
10 100 10 100 1000

Multipole (£) Multipole (£)

Figure3. CMB E polarization modes (black long dashes) compatFigure 4. As in Fig. 3 but for the sensitivity of WMAP in Ka band and
ble with WMAP data and CMB B polarization modes (black solid.Fl at 70 GHz, and including also the comparison with Gataatid ex-
lines)for diferent tensor-to-scalar ratios of primordial perturbaiontragalactic polarized foregrounds. Galactic synchro{pnple dashes)
(T/S = 1,0.3,0.1, at increasing thickness) are compared to WMARNd dust (purple dot-dashes) polarized emissions proceeverall
(Ka band, 9 years of observations) and LFI (30 GHz, 4 survegs}i- Galactic foreground (purple three dot-dashes). WMAP 3ewer-law
tivity to the APS (Knox 1995), assuming subtracted the neigeecta- fits for uncorrelated dust and synchrotron have been used.ofapari-
tion. The plots include cosmic and sampling variance plagimental son, WMAP 3-yr results derived directly from the foregroundps are
noise (green dots for B modes, green long dashes for E matedeti shown on a suitable multipole range: power-law fits provigiengrous)
with cv+sv+n; black thick dots, noise only) assuming a multipole binupper limits for the power at low multipoles. (For simpligitve report
ning of 30%. Note that the cosmic and sampling (74% sky c@era here only the WMAP results found for the Galactic B mode, drat
variance implies a dependence of the overall sensitivitpwtmulti-  different from those found for the E mode, but much less remarkabl
poles onT/S (again the green lines refer /S = 1,0.3,0.1, from than for the case of CMB modes). Residual contaminationsdigctc
top to bottom), which is relevant for parameter estimatiostfrumen- foregrounds (purple three dot-dashes) are shown for 10%a6%3%
tal noise only determines capability to detect the B mode Bimode of the map level, at increasing thickness, as labeled in thedi The
induced by lensing (blue dots) is shown for comparison. residual contribution by unsubtracted extragalactic mﬁfsps and
the corresponding uncertaim‘&(:;esps computed assuming a relative
uncertaintysIT/II = 6Sjim/Sim = 10% in the knowledge of their de-
2.1.3. Cosmological parameters gree of polarization and in the determination of the souretection

. . . threshold, are also plotted as green dashes, thin and thigectively.
Given the improvement with over the WMAP APS recovery,

achievable with the better sensitivity and resolution ariek
(as discussed in the previous section for LFI), a corresingihyg . -
better determination of cosmological parameters is exge@f - 1hiS iS maximized for the dark matter abundaizedue to

course, the great HFI sensitivity together with its highes- f the better performance of the LFI 70 GHz channel with re-

quency location than WMAP and LFI, and corresponding high8P&Ct t© WMAP 5. From Fig. 5 it is clear that the expected im-
resolution, will greatly contribute to the Planck’s seiviy. provement from Planck in cosmological parameters deteamin

We present here the comparison between the determinatii8 compared to that of WMAP 5 can open a new stage in our

of a suitable set of cosmological parameters with data froffiderstanding of cosmology.

WMAP, Planck, and Planck LFI alone.
In Fig. 5 we compare the forecasted af nd 2r con- 2 1 4. Primordial non-Gaussianity
tours for 4 cosmological parameters of the WMAPS5 best-fit
TACDM cosmological model expected from the Planck LFAPlanck total intensity and polarization data will eitheoyide
70 GHz channel after 14 months of observations (red line#)g first actual meaurement of non-Gaussianity (NG) in te pr
the Planck combined sensitivity for the 70 GHz, 100 GHz, arfdordial curvature perturbations, or tighten the existirun-c
143 GHz channels for the same integration time (blue lirss), Sstraints, based on WMAP data, by almost an order of magnitude
the WMAP five year observations (black lines). We have taken Probing primordial NG is another activity that requiresgfor
the 70 GHz channels and the 100 GHz and 143 GHz as the rgpund cleaned maps. Hence, the frequency maps of botb-instr
resentative channels for LFI and HFI (note that for HFl weehayments must be used to this purpose.
used angular resolution and sensitivities as given in thadi A very important feature is that the primordial NGnwodel
Scientific Programme The Planck Collaboration (2006)) tte-c dependentAs a consequence of the assumed flatness of the
mological purposes, respectively, and considered a cgeavh inflaton potential any intrinsic NG generated during stadda
the 85% of the sky. single-field slow-roll inflation is generally small, hencdia
While we have not explicitly considered the other channelmtic perturbations originating from quantum fluctuatiohthe
of LFI — 30 GHz and 44 GHz — and HFI — at frequencies inflaton field during standard inflation are nearly Gaussiisna d
217 GHz — note that their are essential to achieving accuratibuted. Despite the simplicity of the inflationary parguah,
separation of the CMB from astrophysical emissions. however, the mechanism by which perturbations are gertkisate
The improvement in cosmological parameters precisiomt yet fully established and various alternatives to thadard
from LFI (2 surveys) compared to WMAP 5 is clear from Fig. Scenario have been considered. Non-standard scenaritsefor
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clue on the fluctuation generation mechanism. At the same tim
Planck temperature and polarization data will allovfetient
predictions for theshapeof non-Gaussianities to be tested. Here,
shape of NG essentially refers to the triangle configurati@m
harmonic space) yielding the dominant contribution to the a
gular bispectrum of temperature anisotropies (and pataa).
Indeed, it has been shown that the above model, with constant
fuL is dominated by so-called “squeezed” triangle configura-
tions, for which one multipole, sa¥;, is much smaller than
the other two:f; < ¢, 3. This “local” NG is typical of mod-
o1 o2 els which produce the perturbations right after inflationcts

as for the curvaton or the inhomogeneous reheating scahario
So-called DBI inflation models, based on non-canonicalticne
terms for theinflaton (the scalar field which drives inflation),
lead to non-local forms of NG, which are dominated by equilat
\ eral triangle configurationg; ~ ¢» ~ £3. Recently, it has been
0022 0.024 01 012 005 01 015 pointed out (Holman & Tolley (2008)) that excited initiabtts

for the inflaton may lead to a third shape, called “flatteneidit

0.022 0.024

- gle configuration. Thus, the shape information providegtsaro
o006 @ 1 important test for the physical mechanism which generdted t
' \ 4 k initial seeds of CMB anisotropies and large-scale stractar-
. mation.
0022 p.024 ' 01 012 005 01 015 0.92 096 1 The strongest available CMB limits ofy, for local NG
b ¢ ! s comes from WMAP 5-yr data. In particular, Smith et al. (2009a

Figure 5. Forecasts of & and 2 contours for the cosmological param-have obtained-4 < fy. < 80 at 95% C.L. using the optimal

eters of the WMAP5 best-fitACDM cosmological model as expectedestimator for local NG. Planck total intensity and polatiza

from Planck (blue lines) and from LFI alone (red lines) aftémonths data will allow one to reduce the above window | | below

of observations. The black contours are those obtained AP  ~ 10 (Yadav et al. (2007)). Notice that accurate measurement

five years observations. See the text for more details. of E-type polarization will play a relevant role for this s

Note also that the limits that Planck can achieve in this case

. _ ) _ L i . are very close to those for an “ideal” experiment. Equilater

generation of primordial perturbations in single-field oualti shape NG is less strongly constrained at present. The WMAP

field inflation indeed allow for greater NG levels. MoreovadF, eam (08) obtained-151 < fy. < 253 at 95% C.L.. Also in

ternative scenarios for the generation of the cosmologedlr- - thjs case, Planck will have a strong impact on this constrain

bations like the so-called curvaton, the inhomogeneowsat#y  |ndeed, various authors (Smith & Zaldarriaga (2006); Baréo

and DBI scenarios, are characterized by a potentially IliGe Riotto (2009)) have estimated that Planck data will allovtais
level (see, e.g. Bartolo et al. (2004), for a review). Fos t@ia- edquce the bound dfin. | down to around 70.

son detecting or even just constraining primordial NG sigima Measuring the primordial non-Gaussianity in CMB data to
the CMB is one of the most promising ways to shed light on thg,ch |evels of precision requires accurate handling ofiptess
physics of the Early Universe. contaminants, such as those introduced by instrumentaénoi

In the standard way to parametrize primordial nonmask and imperfect foreground and point source removakd@he
as 5 ) with the help of synthetic maps of the CMB including primaidi
O = O+ fu (@ - <‘DL>) ; 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 NX. Astrophysics
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. <

The accuracy of the extraction of the CMB anisotropy pattern

from Planck maps largely relies on the quality of the sepamat

1, while much larger values dfy.| are allowed by the non- of thebackgroundignal of cosmplogical_originfromthe v_arious
foregroundsources of astrophysical origin that are superimposed

standard inflationary models mentioned above. _ 20 X =
For this reason both a positive measurement of the ndAto the maps (see also Sect. 2.3). This is particularljcadifor

Gaussianity strengttiy. or an upper limit on its amplitude Polarization measurements where a simple masking of highly
would represent a crucial observational discriminant leetw CONtaminated sky regions at low and middle Galactic lagtus
competing models for primordial perturbation generatién. unsatisfactory even forﬂrstord_er analyses. A minimal apph
positive detection offy. ~ 10 would imply that all standard could focus only on the separation of the CMmB fro_m all the othe
single-field slow-roll models of inflation are ruled out. Gret COMPoNents. On the contrary, the Planck scientific programm
contrary, an improvement of the limits on the amplitudefiqf foresees a full exploitation of the. multiirequency datamt

will allow one to strongly reduce the class of non-standaed i the Separation of each astrophysical component. This adllif

flationary models allowed by the data, thus providing a uaiq ate a wgalth of qstrophysical studies using Planck datzeaio
in combination with other data sets.

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 for the interplay between stellar formation and ambientgitsf
perties will be further tested.

. . ro
Planck will carry out all-sky survey of the fluctuations 01p Planck will have also a chance to observe some bright

Galactic emissions at its nine frequency bands: At100 GHz Galactic sources (like e.g. Cygnus X) in a flare phase and per-

the main improvement with respect to COBE will come frorrflO : i :
; , . rm a multifrequency monitoring of these events on timesca
the HFI channels that will be crucial for the understandifig %rom hours to v(\jeeksy 9

the Galactic dust emission, still poorly known particufarl po- Finally, Planck will provide a crucial information for mod-

larization. : : : P
. eling the moving of objects and ftlise interplanetary dust b
'!'he LFI frequency channels will be relgvant_for the .StUdgmigsions fromgSoIar éystem. The mm anrzj sub-nz/m emis}slion
of diffuse synchrotron and free-free Galactic emissions, in Pgfsm pjanets and up to 100 asteroids will be studied (Crersene
ticular through the channels at 30 GHz and 44 GHz. While SYBtal. 2002). Moreover the Zodiacal Light Emission will beane

Chrotr(t).n"emlssmln IS S|gn£||cantg p;olzi[\.nzgd,;‘ree-.fre%mn IS sured with great accuracy, free from residual Galactic it
essentially unpolarized. Also, Galactic dust emissi m- (r)]ation (Maris et al. 2006b).

inates over free-free and synchrotron at 70 GHz (see e.dd(G
et al. 2009) and references therein), where LFI will provide
cial information on the low frequency tail of this component 2.2.2. Extragalactic Astrophysics
Results from the WMAP lowest frequency channels sugg
the presence of a further contribution, likely correlatéthwslust.
While a model with complex synchrotron emission pattern al
spectral index cannot be excluded, several interpreatdmi-
crowave (see e.g. (Hildebrandt et al. 2007; Bonaldi et 8730
and radio (La Porta et al. 2008) data, and in particular the
cent ARCADE 2 results (Kogut et al. 2009), seem to supp
the identification of this anomalous component as spinnirgj d
(Lazarian & Finkbeiner 2003). The improvement in sendiivi
and resolution with respect to WMAP achievable with LFI, i

particular at 30 GHz, will put new light on this intriguing s LFI will allow a substantial progress. Applying a new multi-

tion. . N : - S
T, : frequency linear filtering technique to realistic LFI siratibns
An other intriguing component that will bgfurthe( addred;_se the sky, Herranz et al. (2009) detected, with 95% religbil
by Planck data is the so-called haze emission in the in X
Galactic region, possibly generated by synchrotron eoissi:: 00, 1550, and 1000 sources at 30, 44, and 70 GHz, respec-
' tively, over about 85% of the sky. The 95% completeness fluxes

from relativistic electrons and positrons produced in thaia X
hilations of dark matter particles (see e.g. (Hooper et @D72 are 540, 340, and 270 mJy at 30, 44, and 70 GHz, respeciively.

: comparison, the total number|bf > 5° sources detected by
S]Lérpe?ﬁ)rbatch et al. 2009; Hooper et al. 2008) and referen{%ssardi et al. (2009) at 5 in WMAP 5-yr maps at 33, 41,

Furthermore, the full interpretation of the Galacti¢fdse and 61 GHz, including several possibly spurious objeci

emissions in Planck maps will benefit from the joint anaI)EOl' ar_1d 161, respect_lvely. .

sis with radio and far-IR data. For instance PILOT (Bernard ~S lllustrated by Fig. 6, the much bigger source sample ex-
et al. 2007) will improve Archeops results (Ponthieu et 8D%) pected from Planck .W'" allow us to have good statistics for

measuring polarized dust emission at frequencies higkeer tHJIlfferent sub-populatlons. of sources, some of which are not or
353 GHZ while recent all-sky surveys at 1.4 GHz (see e. .nIy.poorIy representgd in the WMAP sample.. We may note,

(Burigana 2006) and references therein) and in the range f his respect, that high-frequency surveys will realiyeom

GHz to 15 GHz (Haverkorn et al. 2007; Pearson & C-BASS co vindow on extragalactic radio sources. Those dominating lo
laboration 2007; Rubino-Martin 'et al. é008; Barbosa 200d) w requency surveys are characterized, primarily, by offficain

complement the low frequency side. A joint analysis of LFd ansynchrotron emissio_n and fade away at high freque_ncieshMuc

radio data will be relevant for an accurate understandirtpef MC'€ COMPlex physics shows up at high frequencies: electron
depolarization phenomena at low and intermediate Galkattic ageing éects on pptlcally thin emission, spectral peak_s due to

tudes. The detailed knowledge of the underling noise ptaser short-lived evolutionary phases, and spectral steepatisegio

in Planck maps will allow one to measure the correlation abar the transition of emission regions from the optically thiokhe

teristics of difuse component greatly improving physical mod(_)ptically thin_regime. . . . .
els for the interstellar rrEediumg(jISM)}./ThguItimgltICeJ gyoalhxﬁs;e The dominant radio population at LFI frequencies consists

studies is the development of a consistent Galactic 3D mod fIat—sBpgc;;um ratljiooguialgggs (kl):_SRth), fI?rWPightLFl Witbf[’r:
which includes the various components of the ISM, large aHbde a t“g sampi i Oh Jec SI’ Weds:u el to cover the
small scale magnetic fields (see e.g. (Waelkens et al. 2604)) parameter space of current physical modess. In eresiiigey
turbulence phenomena (Cho & Lazarian 2003). expected_nqmbers of blazars and BL Lac objects_ detectable by
While at moderate resolution and limited in flux to a fevr| 2r€ similar to those expected from the Fermi Gamma-ray
hundred mJy, Planck will also provide multifrequency, sii¢ pace Telescope (formerly GLAST, (Abdo 2009); (FetmT

information on discrete Galactic sources, from early stagfe Collaboration: Atwood 2009)). It is likely that the LFI anldet

massive stars to late stages of stellar evolution (Umana. et %erml blazar samples will have a substantial overlap, nakin

2006), from HII regions (Paladini et al. 2003) to dust cloudggc;z'tgﬁ da r;r%?r:‘af)gterr((j)egrr]tlitéc;no?Ir}ggergfl?r?:gihtlﬁasnb:gg%ee
(Pelkonen et al. 2007). Models for the enrichment of the 18kl a possible sg far y prop

At far-IR frequencies significantly higher than those ceder ~ The analysis of spectral properties of the ATCA 20 GHz
by Planck great information comes from IRAS (see e.g. (Mivil bright sample indicates that quite a few high-frequencgcted
Deschénes & Lagache 2005) for a recent version of the maps). sources have peaked spectra. Most of them are likely aged

%AP has provided the first all-sky surveys at wavelengths
r.%mrter than 5 cm, and the only blind surveys available satfar
mm wavelengths. Wright et al. (2009) listed 390 point sosirce
detected at least at one frequency in WMAP five-year maps. The
’ -analysis by Massardi et al. (2009), using both blind ammln
ﬁind detection techniques, increased to 484 the numbegtete

ions with signal to noise ratip 5, at|b| > 5°. The completeness
level at high Galactic latitudes is 1 Jy at 23 GHz, and increases
r§omewhat at higher frequencies&@ Jy at 61 GHz.

The higher sensitivity and better angular resolution of




8 Mandolesi et al.: The Planck-LFI Programme

scale structure and the physics of the intracluster mediton.
T . such measurements, a broad spectral coverage, i.e. thermamb
atse -2~ |1 tion of data from both Planck instruments (LFI and HFI), isegt k
ool 1 asset. Such a combination will allow, in particular, acte@or-
rection for the contamination from radio sources (mosthniks
to LFI channels) and from dusty galaxies (HFI channels)egith
associated with the clusters or in their foregrofmagkground.

Planck

WMAP

2.3. Scientific data analysis

log N(>S)[sr™]
|

Data analysis for a high precision experiment such as LFitmus
provide reduction of the data volume by several orders of-mag
nitude with minimal loss of information. The sheer size of th
dataset, the weakness of the vast majority of the sciengetr
and the significance of the statistical and systematic ssun€
error all conspire to make data analysis an all but triviskta

log S (%) The map making layer provides a lossless compression by

several orders of magnitude, projecting the dataset frome ti

Figure 6. Integral counts of dferent radio source populat!ons at 7Qyomain to the discretized celestial sphere (Tegmark 1997).
GHz (flat-spectrum radio quasars, FSRQs; BL Lac object®pste p;thermore, timeline-specific instrumentdleets that are not

spectrum sources), as predicted by the De Zotti et al. (2@@8)el. The : . .
vertical dotted lines show the estimated completenessslifoi Planck scan synchronous getreduced in magnitude when proje fr

and WMAP (61 GHz) surveys (see text). time to pixel space (see e.g. Mennella et al. (2002)) andeim g
eral, the analysis of maps provides a more convenient means t

assess the level of systematics as compared to timelingsamal
i _ o . Several map making algorithms have been proposed to pro-
beamed objects (blazars) whose radio emission is domitigtedy,,ce sky maps in total intensity (Stokes 1) and linear patari
asmg_le knotin the jet caughf[ in aflarl_ng phase. The Planck sajjgp, (Stokes Q and U) out of LFI timelines. So-called “desiri
ple will allow us to get key information on the frequency ang,y- aigorithms have historically been proposed first. Ehizdke
timescales of such flaring episodes, on the dlstrll_)unomefrt advantage of the details of the Planck scanning strategypo s
peak frequencies, and therefore on the propagation of the figress correlated noise (Maino et al. 1999a). Although compu
along the jet. A small fraction of sources showing high freagy  ationally eficient, these methods do not -in general- yield a
peaks may be extreme High Frequency Peakers (Dallacas@ffimum variance map. To overcome this problem, minimum
al. 2000), thought to be newly born radio sources (ages as IQ¥iance map making algorithms have been devised and imple-
as thousand years). Obviously, the discovery of just a fesh Sunented specifically for LFI (Natoli et al. 2001; de Gaspetiale
sources would be extremely important to shed light on thelpoo005). The latter are also known as Generalized Least Ssjuare
understood mechanisms that trigger the radio activity. (GLS) methods and are accurate and flexible. Their drawback
Spectral peaks at frequencies of tens of GHz are also @sthat, at Planck size, they require a significant amountas-m
sociated with late phases of the evolution of Active Gatactkjvely powered computational resources (Poutanen et 86;20
Nuclei, characterized by low accretjpadiative éficiency Ashdown et al. 20071%) and are thus infeasible to use within
(ADAF/ADIOS sources). Predictions on the counts of such Monte Carlo context. To overcome the limitations of GLS al-
sources are extremely uncertain, but according to some Is10dgyrithms the LFI community has developed ad-hoc hybrid al-
(Pierpaoli & Perna 2004) LFI may detect a significant numbgprithms Keihanen et al. (2005)); 2, which can perform as a
of them. In any case, Planck will setimportant constrainthe@  destriper when desirable or appropriate, and can reactcthe a
space density of these sources. racy of a GLS algorithm when a higher computational cost can
WMAP has detected polarized fluxesat o in two or more  be aforded. While, in the latter case, hybrid algorthms and GLS
bands for only five extragalactic sources (Wright et al. 200&4emand similar resources, unlike the GLS, the hybrid apgiroa
LFI will substantially improve on that, providing polarizan s user-tunable to desired prescision. The baseline majngak
measurements for tens of sources, thus allowing us to gétshe algorithms for LFI is an hybrid code dubbaeddam.
statistically meaningful unbiased sample for polarizastudies Map making algorithms can in general compute the correla-
at mm wavelengths. It should be noted that Planck poladmatition (inverse covariance) matrix of the map estimate they pr
measurements will not be confusion limited, as in the case-of duce?. At high resolution such a computation, though feasible,
tal flux, but noise limited. Thus the detection limit for poied is impractical, because the size of the matrix makes its livand
flux in LFI channels will be~ 100-200 mJy, i.e. substantiallyand inversion prohibitive. At low resolution the covarianoa-
lower than for total flux. trix will be produced instead: it is of extreme importancetfee
As mentioned above, the astrophysics programme of Plaracurate characterization of the low multipoles of the CRIB
is much wider than that achievable with LFI alone, both fa& th A key tier of Planck data analysis is the separation of astro-
specific role of HFI and, in particular, for the great sciéati physical from cosmological components. A variety of method
sinergy between the two instruments. As a remarkable examphve been developed to this end. They can be grossly divided
we mention below the Planck contribution to the astropts/sfc in two groups, depending on the nature of the prior infororati
clusters. used. The so-called blind methods rely only on the stadiktic
Planck will also detect thousands of galaxy clusters out tedependence of background and foreground emissionse whil
redshifts of order unity via their thermal Sunyaev-Zeladvef- non-blind methods assume and exploit prior informationuabo
fect (Leach et al. 2008; Bartlett et al. 2008). This samplélve the physical modelling of the foreground. In either caseltimu
extremely important both to understand the formation aféar frequency data are necessary to achieve robust separdtion o

! RN . \
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the components. Non-blind methods can be véirgative when polarized component®). Since the horns do not perturb the po-
the prior information can be trusted. For total intensityygi- larization state of the incoming wave, this technique afidw|

cal modelling of foreground emission rests on a solid basid, to measure a linear polrized component. Typical value of OMT
the choice of non-blind methods appears well motivated.i@n tcross polarization is about30dB setting the spurious polariza-
other hand, non-blind algorithms are prone to bias and thfis u tion of the LFI optical interfaces at a level of0D1.

when prior information is lacking or unreliable. For thissen, Table 3.1 reports the overall LFI optical characteristiss a
blind methods are likely to prove the better choice for paar expected in flight (Tauber 2009). The reported edge tape)y (ET
tion. guoted in Table 3.1 does not correspond to the measured ET on

The extraction of statistical information from the CMB usuthe mirror. The reported angular resolution is the averadje f
ally proceeds via correlation functions. Since the CMB fisld width half maximum (FWHM) of all the channels at the same
Gaussian to large extent (Smith et al. 2009b), most of the ifnequency. The cross polar discrimination (XPD) is thearaig-
formation is encoded in the two-point function or equivélien tween the antenna solid angle of the cross polar patterntend t
in its reciprocal representation in spherical harmonicacep antenna solid angle of the copolar pattern, both calculattin
Assuming rotational invariance, the latter quantity is lveld-  the solid angle of the 3dB contour. The Sub and Main reflector
scribed by the APS. For an ideal experiment, the estimate®l ABpillover are the fraction of power that reaches the hortisowit
could be directly compared to a Boltzmann code prediction teeing 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 nrot fg@ble 2.LFI Optical performances. All the values are averaged oler a
tationally invariant) a more accurate analysis is necgs3are Cchannels at the same frequency. ET is the horn edge taperMF&H
likelihood function for a Gaussian CMB sky can be easily writh® ?ré?gé%rniﬁlsa?:gﬂcm cljnB?gg;I?s;lfhtehgEglfélf?ggéo)r(zgl;s&jﬁ :Argss
ten and pro_\/lde a soun_d mechanism to constrain models i [fe Main reflector spiIIO\’/er (%). See text for details. ’
data. The direct evaluation of such a function, howeverepos
untractable computational issues. For;unately, only tveebt =T VYTV D) Ssp Msp
m_ultlpoles require exact treatment. This can be done e_hpler Z0 T7dB2% 1303 122 3473 017 065
direct evalgatloln using massively parallel_computers onding 44 30dB22 2681 126 -3054 0074 018
the posterior distribution of the CMB using adequate method 39 30dB22 3334 138 -32.37 024 0.59
such as the Gibbs approach (Chu et al. 2005). At high multi-
poles, where the likelihood function cannot be evaluatedy,

a wide range offective, computationallyffordable approxima-
tions exist (see e.g. Hamimeche & Lewis (2008) and reference

therein). 3.2. Radiometers

LFI is designed to cover the low frequency portion of the wide
3. Instrument band Planck all-sky survey. A detailed description of thsigie
3.1. Optics and implementation of the LFI instrument is given in Berdlne

et al. (2009) and references therein, while the resultsebii

During the design phase of LFI, gredtat has been dedicatedground calibration and test campaign is presented in Ménael
to the optical design of the focal plane unit. As already ment (2009) and Villa et al (2009). The LFl is an array of cryogen
tioned in the Introduction, the actual design of the Plamd&-t cally cooled radiometers designed to observe in three &ecy
scope derives from COBRAS and has been further tuned by tiends centered at 30 GHz, 44 GHz, and 70 GHz with high sen-
subsequent studies of the LFI tea?) &nd Thales-Alenia Space.sitivity and freedom from systematic errors. All channels a
These pointed out the importance of increasing the telesdbp sensitive to thd, Q andU Stokes parameters thus providing
ameter (Mandolesi et al. (???7?)), and optimizing the opdiea information on both temperature and polarisation anisg®
sign and also showed the complexity to match the real focal stThe heart of the LFI instrument is a compact, 22-channel mul-
face with the horn phase centre (Valenziano & Bersaneli?p? tifrequency array of dierential receivers with cryogenic low-
The optical design of LFl is the result of a long iterationgees noise amplifiers based on indium phosphide (InP) high-edeet
in which the position and orientation of each feed horn hanbemobility transistors (HEMTS). To minimise power dissiatin
optimized as a tradefitbetween angular resolution and sidelobthe focal plane unit, which is cooled to 20 K, the radiometers
rejection levels (san (????)). Tight limits were also ingabBy are split into two subassemblies (the front-end module, FEM
mechanical constraints. The 70 GHz system has been subjearid back-end module, BEM) connected by a set of composite
a dedicated activity to improve the single horn design aad ivaveguides, as shown in Figure 1. Miniaturized, low-loss-pa
relative location in the focal surface. As a result the aagrés- sive components are implemented in the front end for optimal
olution has been maximized. performance and for compatibility with the stringent therm

The feed horn development programme started in the eamgchanical requirements in the interface with the HFI.
stages of the mission with prototype demonstrators (Betan  The radiometer design is driven by the need to supprgfs 1
et al. (1998)), followed by the Elegant Bread Board (Villeaét type noise induced by gain and noise temperature fluctusiion
(2002)) and finally by the Qualification and Flight Modelsl{&i the amplifiers, which would be unacceptably high for a simple
et al 2009). The horn design has a corrugated shape with a dwédl power system. A dlierential pseudo-correlation scheme is
profile (Gentili et al. (2000)). This choice was a posterjosti- adopted, in which signals from the sky and from a blackbody
fied by the complexity of the focal plane and the need to raspeeference load are combined by a hybrid coupler, amplified in
the interfaces with HFI. two independent amplifier chains, and separated out by aadeco

Each of the corrugated horns feeds an orthomode transdhgbrid (Figure 2). The sky and the reference load power cam th
ers (OMT) which splits the incoming signal in two orthogonabe measured andfi&renced. Since the reference signal has been
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by the bond wires in a MIC amplifier are controllable and the ad

Bopods ditional tuning flexibility facilitates optimization forol noise.
At 70 GHz there will be twelve detector chains. Amplifiers at
these frequencies will use monolothic microwave integtate
cuits (MMICs), which incorporate all circuit elements armbt
HEMT transistors on a single InP chip. At these frequencies,
MMIC technology provides not only significantly better pa¥f
mance than MIC technology, but also allows faster assenmaly a

; )’ AL smaller sample-to-sample variance. Given the large nummber
Waveguides — 2\ D recd voms amplifiers required at 70 GHz, MMIC technology can rightjull

Support stucture

Vegronves —— \ be regarded as enabling for the LFI.
B Front-end Unit Fourty-four waveguides connect the LFI front-end unit,

cooled to 20 K by a hydrogen sorption cooler, to the back-end
unit, which is mounted on the top panel of the Planck SVM and
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
— N ||l switches as well as scienctific signal conditioning. In thelb
) end modules the the RF signals are further amplified in the two
legs of the radiometers by room temperature amplifiers. The s
Figure 7. The LFI radiometer array assembly, with details of the fronthals are then filtered and detected by square low detectdeslio
end and back-end units. The front-end radiometers are lmasedde- A DC amplifier then boosts the signal output which is conngcte
band I(l)wjn0|se amplifiers, fed by corrugated ffeedhorns Whillect g the data acquisition electronics. After on-board preires
the radiation from the telescope. A set of compsite wavegithnsport ,qyided by the Radiometer Box Electronics Assembly (REBA)
the amplified signals from the front-end unit (at 20 K) to tleelk-end the compressed signals are downlinked to the ground station

unit (at 300 K). The waveguides are designed to meet simediasly . -
radiometric, thermal, and mechanical requirements, aadtarmally gether with housekeeping data. The sky and reference load DC

linked to the three V-groove thermal shields of the Plangigzd mod-  Signals are transmitted to the ground as two separatedrsire
ule. The back-end unit, located on top of the Planck serviodute, data to ensure optimal calculation of the gain modulatiatoia

contains additional amplification as well as the detectansi is inter- for minimal 1/f noise and systematidfects. The complexity
faced to the data acquisition electronics. The HFI is imskinto and of the LFI system called for a highly modular plan for testing
attached to the frame of the LFI focal-plane unit. and intergation. Performance verification was first caroetat
single unit-level, followed by campaigns at sub-assemiolg a
instrument level, then completed with full functional tesfter
integration in the Planck satellite. Scientific calibrativas been

_ SKY
HYBRID 2% A% |
! | ] |

@1, / LOAD carried out in two main campaigns, first on the individual ra-
LHAs / sky | diometer chain assemblies (RCAs), i.e. the units commigin
g | MAN sy | feed horn and the two pseudo-correlation radiometers aiede
Wy | "] toeacharm of the orthomode transducer (see Figure 2), and th
4K LOAD at instrument level. For the RCA campaign we used sky loads
REFERENCE LOAD . .
YISy and reference loads cooled near 4 K which allowed accuraite ve

fication of the instrument performances in near-flight ctiods.
Figure 8. Schematic of the LFI front-end radiometer. The front-enil uninstrument level tests were carried out with loads at 20 Kictvh
is located at the focus of the Planck telescope, and conspdsel pro- allowed to verify the radiometer performances in the irdéepl
filed corrugated feed horns; low-loss (0.2 dB), wideband20%) or-  configuration. Testing at RCA and Instrument level, bothtfier
thomode transducers; and radiometer front-end modulés wibrids, qualification model (QM) and for the flight model (FM), were
cryogenic low noise amplifiers, and phase switches. carried out at Thales Alenia Space, Vimodrone (Milanoy)tal

Finally, system-level tests of the LFI integrated with HRfIthe

) _ o _ - ~ Planck satellite were carried out at CSL in the summer of 2008
subject to the same gain variations in the two amplifier cham

the sky signal, the sky power can be recovered with high preci

sion. Insensitivity to fluctuations in the back-end ampigiand 3.3. Sorption Cooler

detectors is realized by switching phase shifters at 8 kHie sy

chronously in each amplifier chain. The rejection ¢f hoise The Sorption Cooler Sub-system (SCS) is the first active ef¢m

as well as the immunity to other systematiteets is optimised of the Planck cryochain. Its purpose is to cool the LFI racdiem

if the two input signals are nearly equal. For this reasorréfie ters down to their operational temperature around 20 K while

erence loads are cooled to 4 K by mounting them on the 4gfoviding a pre-cooling stage for the HFI cooling system:5i

structure of the HFI. In addition, thefect of the residual mechanical Joule-Thomson cooler and a Benoit style opdr cyc

set < 1 K in nominal conditions) is reduced by introducing alilution refrigerator. Two identical sorption coolers lealieen

gain modulation factor in the on-board processing to baldhe fabricated and assembled by Jet Propulsion Laboratory)(JPL

output signal. As shown in Figure 2, thefférencing receiver under a contract with NASA. JPL has been a pioneer in the

greatly improves the stability of the measured signal. development and application of such cryocoolers for space a
The LFI amplifiers at 30 GHz and 44 GHz use discrete Infhe two Planck units are the first continuous closed cycledwd

HEMTSs incorporated into a microwave integrated circuit@ll gen sorption coolers to be used for a space mission (Morgante

At these frequencies the parasitics and uncertaintiesdotted 2009b).
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3.3.1. Specifications

The main requirements of the Planck SCS can be summarized
below:

Provide about 1 W total heat lift at instrument interfaces us
ing a< 60 K pre-cooling temperature at the coldest V-groove
radiator on the Planck spacecraft
Maintain the following instrument interfaces temperasure

- 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
Input power consumptiog 470 W (at end of life, excluding
electronics)
— Operational lifetime> 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 storagé b

horns and main frame. The central portion of the main frardessgned dfor a Iarge_fract_lon of the Hlnventory_ requwed to operate the

to provide the interface to the HFI front-end unit, where téference cooler du_rlng flight and gr_ound testing Wh”e minimizing the

loads for the LFI radiometers are located and cooled to 4ktogp Pressure in the non-operational cooler during launch earestr

panel: A back-view of the LFI integrated on the Planck sieelVisible ~Portation. The compressor assembly mounts directly orto th

are the upper sections of the waveguides interfacong tné-énod unit, \Warm Radiator (WR) on the spacecraft. As each sorbent bed

as well as the mechanical support structure. is taken through four steps (heat up, desorption, cool-dalwn
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 thg-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.

Sorption refrigerators are attractive systems for coolimg The compressed refrigerant then travels in the Piping and
struments, detectors and telescopes when a vibrationyiséens  Cold End Assembly (PACE, see Fig. 10), through a series df hea
is required. Since pressurization and evacuation is aclisinel  exchangers linked to three V-Groove radiators on the spaftec
simply by heating and cooling the sorbent elements seaalbnti which provide passive cooling down to approximately 50 K.
with no moving parts, they tend to be very robust and, essédnce pre-cooled to the required range of temperatures,abe g
tially, generate no vibrations on the spacecraft. This jplewvex- is expanded through the J-T valve. Upon expansion, hydro-
cellent reliability and long life. Also, cooling by Jouldhdmson gen forms liquid droplets whose evaporation provides tha-co
(J-T) expansion through orifices, the cold end can be loaated ing power. The liquidvapour mixture then sequentially flows
motely (thermally and spatially) from the warm end. Thisa# through the two Liquid Vapour Heat eXchangers (LVHX) in-
for excellent flexibility in integration of the cooler to trmld side the cold end. LVHX1 and 2 are thermally and mechanically
payload and the warm spacecraft. linked to the corresponding instrument (HFI and LFI) indext.

Figure 9. Top panel: picture of the LFI focal plane showing the fee
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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.

and Nominal have been tested in cryogenic conditions on the

L spacecraft FM at the Centre Spatial de Liege (CSL) fadlitie
PACE ——P cColdend Results from these two major test campaigns are summarized i
Table 3.3.2 and reported in full detail in Morgante (2009b).
LVHX2 ?
." » 4. LFI Programme
Biping with The model philosophy adopted for LFI and the SCS was chosen
B prifé;ﬂ:,’;,%?.f o to meet the requirements of the ESA Planck System which as-
; : P sumed from the beginning that there would be three develapme
> . P g models of the satellite:
\. LY
e . ¥ — The Planck Avionics Model (AVM) inwhich the System Bus
\ was shared with the Herschel satellite, and allowed basic
T electrical interface testing of all units and communicatio
\ protocol and software interface verification.
= — The Planck Qualification Model (QM) which was limited to
Sorbent bed the Planck Payload Module (PPLM) containing QMs of LFI,

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, in particulhr,
low a cryogenic qualification test campaign to be performed
on all the advanced instrumentation of the payload that had
to fully perform in cryogenic conditions.

— The Planck Protoflight Model (PFM) which contained all
the Flight Model (FM) hardware and software that would
undergo the PFM environmental test campaign culminating
in extended thermal and cryogenic functional performance
tests.

Figure 10. SCS Thermo-Mechanical Unit. 4.1. Model Philosophy

In correspondence with the system model philosophy it was de
cided by the Planck Consortium to follow a conservativeéacr
The LFI is coupled to the LVHX2 through an intermediate themental approach containing Prototype Demonstrators.
mal stage, the Temperature Stabilization Assembly (TSA). A
feedback control loop (PID type), operated by the coolec-ele
tronics, is able to control the TSA peak-to-peak fluctuatiorf1-1- Prototype Demonstrators PDs)

down to the required level<(L00 mK). Heat from the instru- The scope of the PDs was to validate the LFI radiometer design
ments evaporates liquid hydrogen and the low pressure gasegyncept giving early results on intrinsic noise, particiyld / f
hydro_gen is circulated back to the cold sorbent beds for copyise properties, and characterise in a preliminary fashjs-
pression. 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
noise HEMT amplifiers, hybrid couplers, and phase switches.
The two flight sorption cooler units were delivered to ESA ifThe PD development started early in the programme during the
2005. Prior to delivery, in early 2004, both flight models and ESA development Pre-Phase B activity and ran in paralléi wit
went sub-system level thermal vacuum test campaigns at JBie successive instrument development phase of elegaad bre
In spring 2006 and summer 2008 respectively, SCS Redundhaarding.

3.3.3. Performance
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4.1.2. Elegant Breadboarding (EBB) 4.1.5. The AVM

The fundamental purpose of the LFI EBBs was to demonstratbe LFI AVM was composed of the DAE QM, and its secondary
full radiometer design maturity prior to initiating quadifition power supply box removed from the RAA of the LFI QM, an
model build over the whole frequency range of LFI. Thus fulVM model of the REBA and the QM instrument harness. No
continuous comparison radiometers (2 channels and thes-covadiometers were present in the LFI AVM, and their active in-
ing a single polarisation direction) were constructed hbn puts on the DAE were terminated with resistors. The LFI AVM
100 GHz, 70 GHz, and 30 GHz running from their expected desas used successfully by ESA in the Planck System AVM test
sign of the corrugated feed-horns at the their entrance&std campaigns to fulfil its scope outlined above.

as their expected design diode output stages at their batk-e

These were put through thorough functional and performan .

tests with their front end sections operating at 20 K as etggec 42. The SCS Model Philosophy

in flight. It was towards the end of this development that thehe SCS model development was designed to produce two cool-
financial dificulties which terminated the 100 GHz channel desrs - a nominal cooler and a redundant cooler. The early part o

velopment hit the programme. the model philosophy adopted was similar to that of LFI em-
ploying prototype development and testing of key compamient
4.1.3. The QM such as single compressor beds prior to the building of an EBB

containing a complete compliment of components as in a coole

The development of the LFI QM commenced in parallel with thitended to fly. This EBB cooler was submitted to an intensive
EEB activities. From the very beginning it was decided thyo functional and performance test campaign. The Sorptiorig2oo
a limited number of radiometer chain assemblies (RCA), ealtectronics (SCE) meanwhile started development with aB EB
containing 4 radiometers and thus covering fully two orihvwgj and was followed by a QM and then FMFM2 build.
polarisation directions) at each frequency should be ohefland The TMUs of both the nominal and redundant sorption cool-
that the remaining would be represented by thermal mechhniers went through protoflight unit testing prior to assembithw
dummies. Thus the LFI QM contained 2 RCA at 70 GHz and ortkeir respective PACE for thermfafyogenic testing before de-
each at 44 GHz and 30 GHz. The active components of the Davary. To conclude the qualification of the PACE a spare unit
Acquisition Electronics (DAE) were thus dimensioned adeor participated in the PPLM QM system level vibration and cryo-
ingly. The Radiometer Electronics Box Assembly (REBA) QMyenic test campaign.
supplied was a full unit. All units and assemblies went tigfou An important constraint in the ground operation of the sorp-
approved unit level qualification level testing prior todgtation tion coolers is that they could not be fully operated withithe
as the LFI QM in the facilities of the instrument prime cogtca compressor beds far from a horizontal position. This was to
Thales Alenia Space Milano. avoid permanent non homogeneity in the distribution of tire h

The financial diiculties that have already been mentionedrides in the compressor beds and the ensuing losidaieacy.
also disrupted QM development and lead to the use by ESA ofrathe fully integrated configuration of the satellite, thENP
thermal-mechanical representative dummy of LFI in theeyst thermal and cryogenic test campaign, for test chamber config
level satellite QM test campaign because of the ensuing dela uration, schedule and cost reasons would allow only onescool
the availability of the LFI QM. The LFI QM was however funda+to be in a fully operable orientation. Thus the first cooleb&
mental in the development of LFI as it gave the LFI Consortiusupplied, which was designated the redundant cooler (FVHS,
the opportunity to perform representative cryo-testingaaf- mounted with the PPLM QM and put through a cryogenic test
duced model of the instrument and thus confirm the design @impaign (termed PFM1) with similar characteristics tostho
the LFI flight Model. of the final thermal balance and cryogenic tests of the fully i
tegrated satellite prior to integration in the satelliteendr only
short fully powered health checking would be done on it. The
4.1.4. The FM second cooler was designated as the nominal cooler (FM2) and
The LFI FM contained flight standard units and assemblies trRarticipated fully in the final cryo-testing of the satellitFor
went through flight unit acceptance level tests prior togragion POt coolers final verification (TMU assembled with PACE) was
as the LFI FM. In addition prior to mounting in the LFI FM eactfchieved during the Planck system level vibration test cagmp
RCA went through a separate cryogenic test campaign after 880 subsequent tests. o
sembly to allow preliminary tuning to achieve best perfoncen ~ The AVM of the SCS was supplied using the QM of the SCE
and confirm the overall functional performance of each naio and a simulator of the TMU to simulate the power load of a real
ter. At the LFI FM test level the instrument went through afOoler.
extended cryogenic test campaign that included a furthed le
of tuning and the instrqment c_alibration that_ could not be P€4.3. System Level Integration and Test
formed when mounted in the final configuration on the sagellit
because of schedule and cost constraints. At the time of-dellThe Planck satellite together with the instruments wagjiaited
ery of the LFI FM to ESA for integration on the satellite thén the Thales Alenia Space facilities at Cannes in France.
only significant verification test that remained to be donswa The SCS nominal and redundant coolers were integrated on
the vibration testing of the fully assembled Radiometerafrr to the Planck satellite before LFI and HFI.
Assembly (RAA) that could not be done in a meaning-full way Prior to integration on the satellite, the HFI FPU was inte-
at instrument level because of the problem of simulatingthe grated in to the FPU of LFI. This involved mounting the LFI
pled vibration input through the DAE and the LFI FPU mountK-Loads on HFI before starting the main integration preces
ing in to the RAA (and in particular in to the waveguides). § hiwhich was a very delicate operation considering that wheredo
verification was completed successfully during the sa¢adliFM  the closest approach of LFI and HFI would be of the order of
vibration test campaign. 2 mm. It should be remembered that LFI and HFI had not “met”
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during the Planck QM activity and so this integration was-per  ynit RCA RAA Satellite In-flight
formed for the first time during the Planck PFM campaign. The
integration process had undergone much study and required %__ (}
special rotatable GSE for the LFI RAA, and a special suspen™ *f &
sion and balancing system to allow HFI to be lifted and lowlere :
in to LFI at the correct orientation along guide rails fronoab.
Fortunately the integration was completed successfully.
Subsequently the combined LFI RAA and HFI FPU were in-
tegrated on to the satellite supported by the LFI GSE which whigure 11. Schematic of the various calibrations steps in the LFI devel
eventually removed during integration to the telescope.filo- opment.
cess of electrical integration and checkout was then caexble
for LFI, the SCS and HFI, and the Proto-Flight Model test cam-
paign was commenced. et al. 2009) and on the complete radiometric assemblies both
For LFI this test campaign proceeded with ambient fun@s independent RCAs (Villa et al. 2009) and in RAA, the final
tional checkout followed by detailed tests as a complete subtegrated instrument configuration (Mennella et al. 2009)
system prior to participation with the SCS and HFI in the se- In Table 5 (taken from Mennella et al. (2009)) we list the
guence of alignment, EMC, sine and acoustic random vilmationain LFI radiometric performance parameters and the iategr
tests, and the sequence of system level verification tetiistingé tion levels at which they have been measured. After the flight
Mission Operations Control Centre (MOC at ESOC, Darmstadt)strument 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 whie fi-
inal and redundant SCS were put through ambient temperatoat 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 Focaliltyac _ o _
of the Centre Spatial de Liege, Belgium. The test was deditme Table 5. Main calibration parameters and where they have beeiti

B ; be measured. The following abbreviations have been used: SA
follow very closely the expected cool-down scenario atienich 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 COOlerWeCSusceptibility. ' ' ‘

demonstrated together not only their combined capalsiltigt

also their operational margins, with success. Category | Parameters RCA T RAA | SAT T ELI
Tuning FE LNAs Y Y Y Y
P FE PS Y Y Y Y
5. LFI test and verification BE ofset andl vV v v v
The LFI has been tested and calibrated before launch atugario gain
levels of integration, from the single components up torinst Quantisation / 1 N Y Y Y
ment and satellite levels; this approach, which is sumredris : compression
schematically in Fig. 11, provided inherent redundancy gmd Radiom. | Photometric Y Y v Y
. . T calibration
timal instrument knowledge. _ Cinearity v v 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 Tn-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 D’Arcangelo et al. (2009). I/t slope Y Y Y Y
Susc. FE temperaturg Y Y Y Y
fluctuations
Table 4. Measured performance parameters of the LFI passive compo- BE temperature, Y Y N N
nents. fluctuations
FE bias fluctua-| Y Y N N
Feed Horns  Return Losg, Cross-polar£45°) and Co-polar tions

patterns (E, H and:45° planes) in amplitude
and phase, Edge taper at22

OMTs Insertion Loss, Return Loss, Cross-polarisation,

Isolation RCA and RAA test campaigns have been key to characterise

the instrument functionality and behaviour, and meassrext
Waveguides  Insertion Loss, Return Loss, Isolation pected performance in flight conditions. In particular 30 GH
and 44 GHz RCAs have been integrated and tested in lItaly, at
! return loss and patterns (E,H for all frequencies, al46 and cross- the Thales Alenia Space (TAS-|) laboratories in Milan, \&hiie
polar for the 70GHz system) have been measured for the asempy GHz RCA test campaign has been carried out in Finland at
FH+OMT as well. the Yilinen-Elektrobit laboratories (Villa et al. 2009)ftar this
testing phase the 11 RCAs have been collected and integrated
Also radiometric performances were measured several timeish the flight electronics in the LFI main frame at the TAS-
during the LFI development on individual sub-units (ameli$, | labs where the instrument final test and calibration hasrtak
phase switches, detector diodes, etc.) on integratedéothind place (Mennella et al. 2009). Custom-designed cryofaeslit
back-end modules (Davis et al. 2009; Artal et al. 2009; Var{3erenzi et al. 2009b; Morgante 2009a) and high-performanc
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black-body input loads (Terenzi et al. 2009a; Cuttaia €2@09) and HFI, on the cooling chain, and on the telescope. The data
have been developed in order to test the LFI in the most flighgrocessing will be performed by two Data Processing Centres
representative environmental conditions. (DPCs) (Pasian et al. 2000; Pasian & Gispert 2000; Pasian &
A particular point must be made about the front-end bias tuSygnet 2002). However, despite the existence of two separat
ing which is a key step in setting the instrument scientific pedistributed DPCs, the success of the mission relies heavily
formances. Tight mass and power constraints called for plsimthe combination of the measurements from both instruments.
design of the DAE box so that power bias lines have been di- The development of the LFI DPC software has been per-
vided in five common-grounded power groups with no bias voltermed in a collaborative way across a consortium spreaasacr
age readouts. Only the total drain current flowing through tlover 20 institutes in a dozen countries. Individual sciatbe-
front-end amplifiers is measured and is available in the &#oudonging to the Software Prototyping Team develop prototype
keeping telemetry. code, which is then delivered to the LFI DPC Integration Team
This design has importantimplications on front-end bias tuThe latter is responsible for integrating, optimizing aesting
ing, which depends critically on the satellite electricatiaher- the code, and has produced the pipeline software to be used du
mal configuration. Therefore this step has been repeatdidrat a ing operations. This development takes advantage of tamls d
tegration stages and will also be repeated during groumdligat fined within the Planck IDIS (Integrated Data and Informatio
tests and in flight before the start of nominal operationgalle System) collaboration.
about bias tuning performed on front-end modules and on the A software policy has been defined, with the aim of allowing
individual integrated RCAs can be found in Davis et al. (2009%the DPC to run the best possible algorithms within its pisli
Varis et al. (2009) and Villa et al. (2009). while fostering collaboration inside the LFI Consortiumdan
Parameters measured on the integrated instrument have bgnss Planck, and preserving at the same time the intedllect
found essentially in line with measurements performed diir in property of the code authors on the processing algorithms de
vidual receivers; in particular the LFI shows excellepf kta- vised.
bility and rejection of instrumental systematiffexts. On the The Planck DPCs are responsible for the delivery and archiv-
other hand the very ambitious sensitivity goals have nonbeing of the following scientific data products, which are thediv
fully met and the white noise sensitivity (see Table 6)80% erables of the Planck mission:

higher than requirements, the measured performances nfdke L. cjiprated time series data, for each receiver, after rainov
the most sensitive instrument of its kind, a factor of 2 to Gdye of systematic features and attitude reconstruction.

than WMAP at the same frequencies. — Photometrically and astrometrically calibrated maps &f th
sky in the observed bands.

Table 6. Calibrated white noise from ground test results extrapdlat Sky maps of the main astrophysu_:al components. .
CMB input signal level. Two dferent methods are used here to provide~ Catalogues of sources detected in the sky maps of the main

areliable range of values (see Mennella et al. (2009) fah&urdetails). astrophysical components.

The final verification of sensitivity will be derived in fliglduring the ~— CMB Power Spectrum cdicients.

CPV phase. Additional products, necessary to the total understandirige
Frequency channel 30GHzZ 1AGHzZ ~0GHz instrument, are being negotiated for inclusion in the Pdanc
White noise pew channel 142154 152160 130:146 Legacy Archlve_ (PLA). The produ<_:ts foreseen to be added to

[uK- V3] the formally defined products mentioned above are:

— Data sets defining the estimated characteristics of each de-
tector and the telescope (e.g. detectivity, emissivityetre-
sponse, main beam and side lobes, etc. ...).

— “Internal” data (e.qg. calibration data sets, data at inttiate
level of processing);

In order to take maximum advantage of the capabilities of the- Ground Calibration and AlV Databases produced during the

Planck mission and to achieve its very ambitious scientlfic o  instrument development; and gathering all informationtada

jectives, proper data reduction and scientific analysisquiares and documents relative to the overall payload and all sys-

were defined, designed, and implemented very carefully. The tems and sub-systems. Most of this information is crucial fo
data processing was optimized so as to extract the maximum processing flight data and updating the knowledge and the
amount of useful scientific information from the data set and performances of the instrument.

to deliver the calibrated data to the broad scientific comitgun ; ; - ;
within a rather short period of time. As demonstrated by mar;ryhe LFIDPC processing can be logically divided in three keve

6. LFI Data Processing Center

previous space missions using state-of-the-art techiedpthe — Level 1: includes monitoring of instrument health and be-
best scientific exploitation is obtained by combining thieust, haviour and the definition of corrective actions in the case
well-defined architecture of a data pipeline and its assedia  Of unsatisfactory functioning, and the generation of Time
tools with the high scientific creativity essential whenifiagc Ordered Information (TOI), a set of ordered information on

unpredictable features of the real data. Although manysstep @ temporal basis or scan-phase basis, as well as data display

required for the transformation of data have been defined dur checking and analysis tools.

ing the development of the pipeline, since most of the farese — Level 2: TOIs produced at Level 1 will be cleaned up by

able ones have been implemented and tested during simdatio  taking away noise and many other types of systeméces

some of them will remain unknown until flight data are obtaine ~ on the basis of calibration information. The final product of
Planck is a PI mission, and its scientific achievements will the Level 2 includes “frequency maps”.

depend critically on the performance of the two instrumdrés ~ — Level 3: “Component maps” will be generated by this level
through a decomposition of individual “frequency maps” us-

Calculated on the final resolution element per unit intégnaime ing also products from the other instrument.
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One additional level (Level S) is used to develop the most g e — Auitary Data from MOC
phisticated simulations based on actual instrument pa&sie S ﬂ
. . . Flows of Telemetry from MOC Flow of Consolidated
extracted during the ground test campaigns, was also imp ﬂﬁrewemewrequemmmopc
mented. ]

. . . . Within 10 hours instrument alarms ——
We describe in the following sections the DPC Levels ar if\_{L

the software infrastructure, and we finally report brieflytba @
tests that were applied to ensure that all pipelines areyriad —
<::| Auxliary Informations
archive @ @
6.1. DPC Level 1 (¢ -
TQL archive

Telemetry Ungscrambler

the launch.

Level 1 takes input from the MOC's (Mission Operation Cepte

Data Distribution System (DDS), decompresses the raw dg P —

and outputs Time Ordered Information for Level 2. Level 1sl0¢ = <;:> TaTol

not include scientific processing of the data; actions are p e

formed automatically by using pre-defined input data andrinf o e

mation from the technical teams. The input to Level 1 aratele gy ‘ oy

try (TM) and auxiliary data as they are released by the MO

Level 1 uses TM data for performing a routine analysis (RTAgjgyre 12, Level 1 structure.

Real Time Assessment) of the Spacecraft and Instrumensstat

in addition to what is performed at the MOC, with the aim of

monitoring the overall health of the payload and detectiag-p

sible anomalies. A quick-look data analysis (TQL - Telemetr ) ) _ - )

Quick Look) of the science TM is also done, to monitor the opn order to identify any suspect or unidentified behaviouaioy

eration of the observation plan and to verify the perforneanéesults from the detectors.

of the instrument. The processing is meant to lead to the full The first task that the level 2 performs is the creation of

mission raw-data stream in a form suitable for subsequeat ddifferenced data. Level 1 stores data from both Sky and Load.

processing by the DPC. These two have to be properly combined to produ@edinced
Level 1 deals also with all activities related to the produdata therefore reducing the impact of hoise. This is done

tion of reports. This task includes the results of telematrgl- via the computation of the so-called gain modulation fatisr

ysis, but also the results of technical processing carrigid avhich is derived taking the ratio of the mean signals fromhbot

on Time-Ordered Information (TOI) to understand the curreky and Load.

and foresee_n_ behaVlo.Ur of the instrument. This second item i After differenced data are produced, the next step is the pho_
cludes specific analysis of instrument performance (LIFE} L tometric calibration which transforms the digital unit inysical
Integrated perFormance Evaluator), and more general fteckynits. This operation is quite complexfigirent methods are im-

of time series (TSA - Time Series Analysis) for trend anaysplemented in the Level 2 pipeline that use the CMB dipole as an

purposes and comparison with the TOI from the other instrgpsolute calibrator allowing to convert data into physigaits.
ment. Additional tasks of Level 1 relate to its role of instrent Another major task is beam reconstruction, which is imple-

ﬁ)c\)/ilqitr:m:cnt%r?spacl:remti?;z(r:riévc;?h the MOC. In particular, the fo mented using information from planets crossing. We dewadop
9 P : an algorithm performing a bi-variate approximation of thaim

Bfa_am section of the antenna pattern and reconstructinggie p

fying the instrument setup. tion of the horn in the focal plane and its orientation witegect

— Preparation of instrument database (MIBs). to a reference axis.

— Communicate to the MOC “longer-term” inputs deriving The step following the production of calibrated timelines i
from feedback from DPC processing. the creation of calibrated frequency maps. In order to ds, thi

pointing information will be encoded into Time-Ordered &
In Level 1 all actions are planned to be performed on ig. pixel numbers in the given pixelisation scheme (HEA{Pi
“day-to-day” basis during observation. In Fig. 12 the stuwe identifying a given pointing direction ordered in time. Irder to
of Level 1 and time required is reported. For more detailsrrefproduce temperature maps it is necessary to reconstrust e
to (Zacchei et al. 2009). pattern for the two polarization directions for the mairieime-
diate and far part of the beam pattern. This will allow conabin
tion of the two orthogonal components into a single tempeeat
6.2. DPC Level2 timeline. On this temperature timeline a map-making atbani

At this level data processing steps requiring detailectimsent Will be applied to produce a receiver map.

knowledge (data reduction proper) will be performed. The ra  The instrument model allows one to check and control sys-
time series from Level 1 will be also used for reconstrucéngtematic dfects, and the quality of the removal performed by
number of sets of calibrated scans per each detector, agsvelnap-making and calibration of the receiver map. Receivgrama
instrumental performances and properties, and maps okihe sleaned from systematidfects at diterent levels of accuracy
for each channel. The processing is iterative, since samatius will be stored into a calibrated maps archive. The productio
evaluation of quite a number of parameters should be made b&frequency calibrated maps is done processing togethes-al
fore the astrophysical signal can be isolated and averaged aceivers from a given frequency channel in a single map-ngakin
all detectors in each frequency channel. Continuous exgehah run. In Figures 13 and 14 we report the steps performed by the
information between the two DPCs, will be necessary at L2vel evel 2 with the foreseen time associated.

LEVEL 1

— Preparation of telecommanding procedures aimed at mo
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6.3. DPC Level 3

main of relevance are expected to b#&atient for total intensity

and polarization. Both blind and non-blind techniques megqu
that the dfferent emission processes superposed in the data fea-
ture a diferent behaviour with frequency. While the non-blind
category requires one to know in advance thefittients scal-

ing each signal at each frequency, the blind approach is-capa
ble of reconstructing the same scaling and does not need it as
an input. In total intensity, a non-blind approach is rdkaénd
achievable by means of the priors on the foreground which ex-
ist in the microwave band as well as outside. On the other hand
the final results are biased by the constraints imposed. @ bli
approach represents the most unbiased option, being abje to
tract components which are uncorrelated with the otherat iEh
therefore most appropriate for CMB extraction. In polatiaa,

the lack of reliable priors may make the non-blind approath i
possible, and a blind pipeline may be the only viable altéraa
Wiener filter and Maximum Entropy have been proposed in the
literature and were exploited in the non-blind categorye Tare

of the blind approach is the Independent Component Analysis
technique.

The inputs of the level 3 pipeline are the three calibrated re
ceiver maps from LFI together with the six calibrated HFI-fre
guency maps that are planned to be exchanged between DPCs on
aregular basis. This is a crucial point: due to the greatatdege
of exploiting the full range of frequencies covered by Planc
the two DPCs have to work with the full set of calibrated maps
(both LFI and HFI) in order to fully exploit the performancg o
the component separation tools. The Level 3 pipeline hap dee
links with most of the stages of Level 1 and Level 2. Systemati
effects appearing in the TODs, source catalogues, noiseuistri
tion and statistics are all examples of important inputs iard
formation to the component separation process. On the bhsis
that knowledge a confidence interval, or faithfulness drita
for CMB and foreground reconstruction can be built.

Two are the main targets of the Level 3 pipeline: one is
the most faithful reconstruction of the CMB total intengity-
mary anisotropy pattern; the other is the weakening of the-fo
ground contamination in polarization, allowing one to yusix-
ploit Planck to detegpose upper limits on the existence of cos-
mological gravitational 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 impletaen
two independent and 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

Level 3 will produce optimized component maps that will bdhe combination of the two produce the final estimation of the
delivered to the Planck Legacy Archive (PLA) with other inangular power spectrum from LFI data. Combining LFI with
formation and data needed for the public release of the RlartdF| data where CMB is the dominant source of the sky emission,

products.

will produce in a similar manner the complete Planck CMB an-

The main task of the DPC Level 3 is the production of thgular power spectrum. Itis clear in this last stage of data@ss-
maps for the dferent astrophysical and cosmological compdng that a complete knowledge of both instruments is esslenti
nents present in the sky signal. From the reconstructed CNi® the extraction of an un-biased power spectrum. Theesdtir
component (generated by component separation algoritnmghe basic instrumental properties (beam shapes and widite n
through a suitable linear combination #mdmasking of the spectra) should be properly and accurately known and atedun

original calibrated frequency maps), the angular powectspm

for. In Fig. 15 we report the step performed by the Level 3 with

of the CMB is computed for both temperature modes (TT) 4Be foreseen time associated.

well as polarization and cross temperatpatarisation modes.

The separation algorithms used belong to two main caley ppc Level S
gories, operating by means of priors on the signals to recove -

(unsupervised), or relying on the statistical independaiche

It was widely agreed within both Consortia that a software ab

background and foreground emission (supervised). Their do simulate the instrument footprint, starting from a prféetkd
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Figure 15. Level 3 pipeline structure.

sky, was indispensable for the full period of the Planck liss  for data inpytoutput, connected to a database (either relational
Based on that idea, an additional processing level, LevesS, or object oriented) and aimed at archiving and retrievalatfd
developed, and was upgraded whenever the knowledge ofthegRd the relevant meta-information; it also features a usgk G
strument improved (Reinecke et al. 2006). Level S includ®® n The ProC is a controlled environmentin which software mesul
all the instrument characteristics as they were understaddg can be added to create an entirely functional pipelinepiestall

the ground test campaign. Simulated data were used to égalyRe information related to versioning of the modules usedtad
the performance of data-analysis algorithms and softwstee temporary data created within the database while using € D
scientific requirements of the mission and to demonstrateah Ap|. |n Fig. 16 an example of LFI pipeline is shown. Finallyet
pability of the DPCs to work using blind simulationsthat&in | js an API that, using a remote LDAP database, assigns the
unknown parameter values to be recovered by the data procegspropriate permission to the users with reference to ¢atsa,

ing pipeline. software access and pipeline run privileges.

6.5. DPC Software Infrastructure 6.6. DPC Test performed

deal with lated to inf Each pipeline and sub-pipeline (Level 1, Level 2 and Level 3)
eisa;y to deal with aspects r]:a ated to information minagvgmﬁave undergone flerent kinds of tests. We report here only the
which pertain to a variety of activities concerning the venol,; ;g tests conducted with ESA, without referring to the inte

projept,_ ranging from ingtrumgnt information (technic.alac— nal tests which were dedicated to DPC subsystems. Level 1 was
acteristics, reports, configuration control documentwiligs, e most heavily tested as this pipeline is considered kunc

public pommunicati.ons, etc.), tolsoftware developdmnﬁrol_ critical. As a first step it was necessary to validate the wiutp
(mcludmg the tracking of each bit produced by each pigglin with respect to the input: to do that we ingested in the instru
For this purpose, an Integrated Data and Information Systefi+ 5 well known signal as described in (Frailis et al. 2009)

(IDIS) was developed. IDIS (Bennett et al. 2000) is a colleg;y, the purpose of verifying if the processing inside Letel

tion of infrastructure software for supporting the Plandﬂ.@ was correct. Afterwards more complete tests, includingrall

; . X . MeSerfaces with other elements of the ground segment, were per
software, data and ancillary mforma‘glon. The mfrastunetls_ formed. Those tests simulate one week of nominal operations
relevant to the Fieyelopment, operational and post-ojeraiti (SOVTL1 - System Operation Validation Test) (Keck 2008) and,
phases of the mission. o . during the SOVT2, one week of Commissioning Performance
The full IDIS can be broken down into five major cOMPOyification (CPV) phase. During these tests we demonstrate
nents: that the LFI Level 1 is able to deal with the telemetry as ittdtlo

_ Document Management System (DMS), to store and sh&# acquired during operations. _
documents Tests performed on Level 2 and Level 3 were more science

— Data Management Component (DMC), allowing the inge§/iented to demonstrate the scientific adequacy of the LRT DP
tion, efficient management and extraction of the data (or suBlPeline, i.e. its ability to produce scientific results aoensu-
sets thereof) produced by Planck activities. rate to the objectives of the Planck mission. These tests wer

— Software Component (SWC), allowing to administer, docilpased on blind S|mulat|qns of growing complexity. The Rha}se
ment, handle and keep under configuration control the sok{est data, produced with Level S, featured some simptfyin
ware developed within the Planck project. approximations:

— Process Coordinator (ProC), allowing the creation and fun o . i
processing pipelines inside a predefined and well conttolle— the sky model was based on the “convergence model” CMB

environment. (no non-gaussianity); _ o
— Federation Layer (FL), which allows controlled access & th— the_d|pole did not include modulations due to the Lissajous
previous objects and acts as a glue between them. orbitaround L2;

— Galactic emission was obtained assuming non-spatially
The use of the DMS allowed the entire consortia to ingest and varying index;
store hundreds of documents with affi@ent way to retrieve — the detector model was “ideal” and did not vary with time;
them. The DMC is an API (Application Programming Interface)— the scanning strategy was “ideal” (i.e. no gaps in the data).
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and the results were in line with the objective of the missgae
(Perrotta & Maino 2007).

The Phase 2 tests are still ongoing. It takes into accoung mor

realistic simulations with all the known systematics andwn
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Bennett, K., Pasian, F., Sygnet, J.-F., et al. 2000, in 8paé Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, A1, Society of
Photo-Optical Instrumentation Engineers (SPIE) Confegeberies, ed. R. I.
Kibrick & A. Wallander, 2—-10

Bernard, J.-P., Ade, P., Debernardis, P., et al. 2007, in EASlications

problems (e.g. data gaps) in the data. Results are expatted iseries, Vol. 23, EAS Publications Series, ed. M.-A. Mivideschénes &

May 2009.

7. Conclusion
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Ground testing shows the LFI works as anticipated. The ebsBuwrigana, C., Malaspina, M., Mandolesi, N., et al. 1999, ArAstrophysics

vational program will start after the Plantlerschel launch on

May 14th, 2009.

e-prints
Burigana, C., Natoli, P., Vittorio, N., Mandolesi, N., & Besmelli, M. 2001,
Experimental Astronomy, 12
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will prepare the LFI for nominal operations that will stabtcat

Chu, M., Eriksen, H. K., Knox, L., et al. 2005, Phys. Rev. D, 723002

90 days after launch. After20 days the instrument will be Collaudin, B. & Passvogel, T. 1999, Cryogenics, 39, 157
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for about 25 days until the last in-flight calibration phatse(so-
called “first light survey”), 14 days of data acquisition iom-
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paper)
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436, 1159
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