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Abstract

This paper provides an overview of the Low Frequency InseminfLFI) programme within the ESA Planck mission. The LHEtimment has
been developed to produce high precision maps of the miewsky at frequencies in the 27-77 GHz range, below the pemluéncy of the
Cosmic Microwave Background (CMB) radiation spectrum. Shientific goals are described, ranging from fundamentsinmbogy to Galactic
and extragalactic astrophysics. The instrument desigdanelopment are outlined, together with the model philbgamnd testing strategy. The
instrument is presented in the context of the Planck misdiba LFI approach to on-ground and in-flight calibrationéscribed. We also provide
a description of the LFI ground segment. We present resbiisiamber of tests that demonstrate the capability of theDadth Processing Centre
(DPC) to properly reduce and analyse LFI flight data, frorertedtry information to sky maps and other scientific produtte organization of
the LFI Consortium is briefly presented as well as the rolehef €ore Team. All tests carried out on the LFI flight model shibes excellent
performance of the instrument and its various sub-unite ddta analysis pipeline has been tested and its main faafities proven. After the
commissioning, calibration, performance, and verifiaafhases are completed during the first three months aftechadPlanck will begin its
operational life, which LFI is fully ready to support.

Key words. (Cosmology): Cosmic Microwave Background — Galactic anttagalactic astrophysics — Space vehicles — Calibratiorata D
analysis

1. Introduction Agency (ESA) in the framework of the Horizon 2000 Scientific

. Programme: the Cosmic Background Radiation Anisotropy
In 1992 the Cosmic Background Explorer (COBE) team aisyie|iite (COBRAS: Mandolesi et al. (1994)), an array of re-
nounced the discovery of intrinsic temperature fluctuaion cqjyers hased on High Electron Mobility Transistor (HEMT)
the cosmic microwave background radiation (CMB; see agmyjifiers: and the SAtellite for Measurement of Background
pendix A for a list of the acronyms appearing in thiS paxnisotropies (SAMBA), an array of detectors based on bolome
per) on angular scales larger than and at a level of a few (o1 (Tauber et al. 1994). The two proposals were acceptesfo
tens of uK Smoot et al. (1992). One year later two Spac&sessment study with the recommendation to merge. In 1996 ESA
borne CMB experiments were proposed to the European Spgﬁ?ected a combined mission called COBR®&MBA, subse-
qguently renamed Planck, as the third Horizon 2000 Medium-
Sized Mission. Today Planck forms part of “Horizon 2000” ESA
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The Planck CMB anisotropy probethe first European and Table 1.LFI performance requirements. The average sensitivity3per
third generation mission after COBE and WMAP (Wilkinsomixel or per FWHM resolution elementsT anddT/T, respectively) is
Microwave Anisotropy Probe), represents the state-ofaitte givenin CMB temperature (i.e. equivalent thermodynamicierature)
precision cosmology today (Tauber et al. 2009; Bersanedll.e for 14 months of integration. The white noise per frequertgnmel and
2009; Lamarre et al. 2009). The Planck payload (telescope {flnsec of integration in given in antenna temperature. SekePaand 6
strument and cooling chain) is a single, highly integrateate- or LFI measured performance.

borne CMB experiment. Pla}nck is eqyipped with an ef- Frequency channel 30GHz 44GHz 70GHz
fecpve aperture telescopc_a Wlt.h two actively-cooled unstents —-s-qstector technology MIC MIC— MMIC
which will scan the sky in nine frequency channels from 30angylar resolution [arcmin] 33 24 14
GHz to 857 GHz: the Low Frequency Instrument (LFI) op- sT per 30’ pixel K] 8 8 8
erating at 20K with pseudo-correlation radiometers, ar@ thsT/T per pixel pK/K] 2.67 3.67 6.29
High Frequency Instrument (HFI) with bolometers operaihg Number of radiometers (or feeds) 4(2) 6 (3) 12 (6)
100mK. Each instrument has a specific role in the programmekiTective bandwidth [GHz] 6 8.8 14
The present paper describes the principal goals of LFhésu-  System noise temperature [K] 10.7 16.6 29.2
ment characteristics and programme. The coordinated uhe of White noise pew channel [K - ys] 116 113 105

two different instrument technologies and analyses of their outSystematic iects K] <3 <3 <3

put data will allow optimal control and suppression of syste
atic dfects, including discrimination of astrophysical source on of passive and active cooling: passive radiators aee @s
All the LFI channels and four of the HFI channels will be Sensfherma?shields and ore-coolin gfap es. while active woters
tive to linear polarization of the CMB. While HFI is more sen- d both for i F: i 9 I'g ' d pre-cooli VT
sitive and should achieve slightly better angular resohytthe ar?] used bot orfln; r]lcjrnen_s cooling aB pre-coo mg.n gg ¢
combination of the two instruments is required to accuyateb- ochain CO?S'StS O, the following main sub-systems (Colia
tract Galactic emission thereby allowing a reconstructibthe Passvogel 1999):

primordial CMB anisotropies to high precision. = pre-cooling from 300 K to about 50 K by means of passive
LFI (see (Bersanelli et al. 2009) for more details) coni$ts  radiators in three stages 150 K, ~100 K, ~50 K), which

an array of 11 corrugated horns feeding 22 polarisatiositea are called V-Grooves due to their conical shape;

(see (Leahy et al. 2009) for more details) pseudo-cormiat-  _ ¢ooling to 18 K for LFI and pre-cooling the HFI 4 K cooler

diometers based on HEMT transistors and MMIC technology yija a H, Joule-Thomson Cooler with sorption compressors

which are actively cooled down to 20 K by a new concept sorp- (the Sorption Cooler);

tion cooler specifically designed to deliver higfigiency, long _ cooling to 4 K for pre-cooling the HFI dilution refrigerator

duration cooling power (Wade et al. 2000; Bhandari et al&200  and for the LFI reference loads via a Helium Joule-Thomson

Morgante et al. 2009b). A derential scheme for the radiome-  copler with mechanical compressors;

ters is adopted in which the signal from the sky is compared ¢qgling of the HFI to 1.6 K and finally 0.1 K with an open

with a stable reference load at 4K (Valenziano et al. 2009).  |goop“He-*He dilution refrigerator.

The radiometers cover three frequency bands centred at 20 GH

44 GHz, and 70 GHz. The design of the radiometers has beenThe LFI front end unit is maintained at its operating tem-

driven by the need to minimize the introduction of systematperature by the Planck+Sorption Cooler Sub-system (SCS):

errors and suppress noise fluctuations generated in the-amglclosed-cycle vibration-free continuous cryocooler giesd

fiers. Originally, LFI was to include seventeen 100 GHz horne provide 1.2 Watt of cooling power at a temperature of

with 34 high sensitivity radiometers. This system, whiclildo 18 K. Cooling is achieved by hydrogen compression, expansio

have granted redundancy and cross calibration with HFI #is weirough a Joule-Thomson valve and liquid evaporation at the

as cross check of systematics, was not implemented. cold stage. The Planck SCS is the first long-duration system o
The design of the horns is optimized for achieving beanits kind to be flown on a space platform. Operations and perfor

with the highest resolution in the sky together with the lstvemance are described in more detail in Sect. 3.3 and in Moegant

side lobes. Typical LFI main beams have full width half maxet al. (2009b).

imum (FWHM) resolutions of about 3327, and 13, respec- Planck is a spinning satellite. Thus, its receivers willae

tively at 30 GHz, 44 GHz, and 70 GHz, slightly better thathe sky through a sequence of (almost great) circles fotigwi

the requirements listed in Table 1 for the cosmologicalrigd a scanning strategy (SS) aimed at minimizing systeméices

70 GHz channel. The beams are approximately elliptical witmd achieving all-sky coverage for all receivers. Seveasdme-

ellipticity ratio (i.e. majofminor axis) of~ 1.15- 1.40. The ters are relevantforthe SS. The main one is the angletween

beam profiles will be measured in flight by observing planetie spacecraft spin axis and the telescope optical axierGhe

and strong radio sources (Burigana et al. 2001). extension of the focal plane unit, each beam centre poirits to
A summary of the LFI performance requirements adopted specific angleq,. The anglar is set to 85 to achieve a nearly
drive the instrument design is reported in Table 1. all-sky coverage even in the so-calledminalSS in which the

The constraints on thermal behavior required to minimiZ&Pacecraft spin axis is kept always exactly along the aatisio-
systematic fiects dictated a Planck cryogenic architecture thatfigction. This choice avoids the “degenerate” aase 90, char-
one of the most complicated ever conceived for space. Mereo\acterized by a concentration of the crossings of scan situiéy
the spacecraft has been designed to exploit the favourtadite t at the ecliptic poles and the consequent degradation ofutae q
mal conditions of the L2 orbit. The thermal system is a corabinity of destriping and map making codes (Burigana et al. 1997;

Maino et al. 1999; Wright et al. 1996; Janssen & Gulkis 1992).

1 planck (httpywww.esa.intPlanck) is a project of the EuropeanSince the Planck mission is designed to minimize straytbgint

Space Agency - ESA - with instruments funded by ESA membeéestatamination from the Sun, Earth, and Moon (Burigana et al 1200
(in particular the PI countries: France and Italy), and wiecial con- Sandri et al. 2009), it is possible to introduce modulatioithe

tributions from Denmark and NASA (USA). spin axis from the ecliptic plane to maximize the sky coverag
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keeping constant the solar aspect angle of the spaceartieie WMAP Ka band vs. Plonck LFI 30 CHz — 5% binning

mal stability. This drives us towards the adoptexselineSS?2 O T
(Maris et al. 2006a). Thus, the baseline SS adopts a cytloida cuB ]
modulation of the spin axis, i.e. a precession around a n@min ..., : i
antisolar direction with a semiamplitude cone d&°7 In such a N ,"LH

way all Planck receivers will cover the whole sky. A cycldida 0,
modulation with a 6 month period satisfies the mission opet- 100.0 Ry
ational constraints while avoiding sharp gradients in thelp & g WMAP T~ cosmic
hit count (Dupac & Tauber 2005). Furthermore, this solutibn = L T i e
lows one to spread the crossings of scan circles in awidemegf, ~ 100- " o T
which is beneficial to map making, particularly for polatina g L
(Ashdown et al. 2007). The last three SS parameters are: the - solid: WMAP Tyr & LFI 2 surveys
sense of precession (clockwise or anticlockwise), theirspin 10/ doshes: WMAF yr & LF1 4 surveys
axis phase along the precession cone, and, finally, therapaci o ot An S
between two consecutive spin axis repointings, chosen &t 2
achieve four all-sky surveys with the available guarantasd- Ol i bbb
ber of spin axis manoeuvres. ¢

LFI is the result of an active collaboration among about a
hundred universities and research centres, in Europe,daanbigure 1. CMB temperature anisotropy APS (black solid line) com-
and USA, organized in the LFI Consortium (supported by mogatible with WMAP data is compared to WMAP (Ka band) and LFI
than 300 scientists) funded by national research and spég@GH2) sensitivity to the APS (Knox 1995), assuming sultéd the

; P : ise expectation, for fierent integration times as reported in the fig-
agencies. The Principal Investigator leads a team of 26 C:J&?e. The plot reports separately the cosmic variance (age dot-

ane(zjsngators dres?t(\;vnmblgr;:or;he ddevel?]pmgnt ofC}he uImBHndt dashes) and the instrumental noise (red and green linesNbhRVand
ardware and software. Ihe haraware has been develope URge respectively) assuming a multipole binning of 5%. Relijag sam-
the supervision of an Instrument Team. The data analysis g}l variance, an all-sky survey is assumed here for sizitpliThe use

its scientific exploitation are mostly carried out by a Coeafi  of the CAMB code is acknowledged (httfzamb.infg).
of about 100 scientists, working in close connection with th

Data Processing Centre (DPC). The Core Team is closelydinke
to a Planck wider scientific community, comprising, othaarth to observe both CMB temperature and polarization. The two
LFI, the HFl and Telescope Consortia, organized in a streciti lower frequency channels at 30 GHz and 44 GHz will accurately
Working Groups. Planck is managed by the ESA Planck Scieno@nitor Galactic and extra-Galactic foreground emissies
Team. Sect. 2.2) whose removal (see Sect. 2.3) as is critical f=th

The paper is organized as follows. In section 2 we repaticcessful mission. This aspect is of key importance for CMB
the LFI cosmological and astrophysical objectives and nole polarization measurements since Galactic emission ddesna
the overall mission. A certain attention is there devotedaim- the polarized sky.
pare LFI and WMAP sensitivities to the CMB angular power The full exploitation of the cosmological information con-
spectrum in almost common frequency bands and to discusstiieed in CMB maps will be largely based on the joint analysis
cosmological improvement with respect to WMAP from LFbf LFI and HFI data. While a complete discussion of this as-
alone and in combination with HFI. Section 3 is devoted to theect is out of the scope of this paper, in the next subsections
LFI optics, radiometers and Sorption Cooler set up and perfove will discuss some topics of particular relevance for LFIl o
mance. The LFI programme is set forth in Section 4. LFI Dafar a combined analysis of LFI with HFI data. In Subsect.2.1.
Processing Centre is illustrated in Section 6 following poré  we will review the LFI sensitivity to the angular power spec-
on the LFI tests and verifications in Section 5. Conclusiars arum on the basis of the realistic LFI sensitivity (see TalB)e
drawn in Section 7. and resolution (see Table 3.1) derived from extensive.t&bis

instrument description is adopted in Subsect. 2.1.2 tonesé
) ) the LFI accuracy in the extraction of a representative set of
2. Cosmology and astrophysics with LFI and Planck cosmological parameters, alone and in combination with. HFI
ubsect. 2.1.3 addresses the problem of the detection -of pri
dial non-Gaussianity, a topic, of particular interestfe LFI

o

Planck is the third generation space mission for CMB
anisotropies and will open a new era in the understanding ; ¢ .
the Universe (The Planck Collaboration 2006). It will measu _ons?rEIL:JIm, tr(;a|t_|\|/:vllll I_argel)llqtake adva_mtac?le frorr?_ the q(ﬂr;b'
cosmological parameters with a much greater level of ac&yura{'on Od Aaln sm;:e t elnecs\jli/:%\/Po ﬁatc Ing wit ore-f
than all previous gorts. Furthermore, Planck’s high resolutiorﬁ:c’l;n S. At aggetﬁn%/ubar zc?hes, Sttc;lw?tﬁ rrlillr‘—]:r%r(glg
all-sky survey, the first ever in the microwave range, wibyide € forégroundinine v:band, tnus we expect tnat the z

a leaacy to the astrophvsical community for vears to come. channel will be of particular inter_est. for inves_tigation ihfe
gacy phy ylory CMB pattern at large scales, a topic discussed in Subséc4. 2.

2.1. Cosmolo L
9y 2.1.1. Sensitivity to CMB angular power spectra

The LFI instrument will play a crucial role for cosmologys It
LFI1 70 GHz channelis in a frequency window remarkably cle
from foreground emissions, making it particularly advaetaus a

Jhe statistical information encoded in CMB anisotropies, i
oth temperature and polarization, can be analyzed in tefms
“compressed” estimator, the angular power spectrum (APS)
2 The above nominal SS is kept as backup solution in the case dPEOvided that the CMB anisotropies obey Gaussian statjsi
possible verification in flight of an unexpected, bad behavis Planck  predicted in a wide class of models, the APS contains mokeof t
optics. relevant statistical properties. The quality of the recedeAPS
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WMAP V band vs. Planck LFI 70 GHz — 5% binning WMAP Ka band vs. Planck LFI 30 GHz — E & B — 30% binning
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Figure 2. As in Fig. 1 but for the sensitivity of WMAP in V band and Figure 3. CMB E polarization modes (black long dashes) compati-
LFl at 70 GHz. ble with WMAP data and CMB B polarization modes (black solid
lines) for diferent tensor-to-scalar ratios of primordial perturbation
(r = T/S = 1,0.3,0.1, at increasing thickness; = T/S is defined
is a good predictor of thefleciency in extracting cosmological here in the Fourier space) are compared to WMAP (Ka band, 1 yéa
parameters through a comparison with theoretical prexisti observations) and LFI (30 GHz, 4 surveys) sensitivity toARS (Knox
arising from Boltzmann codes. Strictly speaking, the tatisk 1995), assuming subtracted the noise expectation. The jiolude
must be carried out through likelihood analyses. Neglgctiys- €0OSMic and sampling variance plus instrumental noise (gd@s for
tematic dfects (and correlated noise), the sensitivity of a CMB Mmodes, green long dashes for E modes, labeled witisewn; black

. - . . ick dots, noise only) assuming a multipole binning of 306te that
anisotropy experiment to APE,, at each multipolé is sum- the cosmic and sampling (74% sky coverage) variance imaléEpen-

marized by the equation (Knox 1995) dence of the overall sensitivity at low multipoles pgagain the green

lines refer tor = 1,0.3,0.1, from top to bottom), which is relevant for
6C, 2 A2 ] parameter estimation; instrumental noise only determiagsbility to
— 1+ , (1) detect the B mode. The B mode induced by lensing (blue dossioan
C fsy(2€ + 1) NC W, for comparison.

whereA is the size of the surveyed arefgy = A/4r, o is the
rms noise per pixelN is the total number of observed pixelsacoustic peaks with respect to those achievable with thee-cor
andW; is the beam window function. For a symmetric Gaussiaghonding WMAP V band.
beamW; = exp(¢(¢ + 1)o3) whereog = FWHM/ v8In2 de- A somewhat similar comparison is shown in Figs. 3 and 4
fines the beam resolution. but for the E and B polarization modes considering in thigcas
Even in the limit of an experiment with infinite sensitivityonly the longest mission lifetimes (9 yrs for WMAP, 4 surveys
(o = 0) the accuracy on the APS is limited by the so-callefdr Planck) reported in previous figures and a larger mulpo
cosmic and sampling variance, reducing to pure cosmicwegia binning: note the increase in signal-to-noise ratio. QYeéore-
in the case of all-sky coverage, which is quite relevant@atdo grounds are much more critical to measurements of polasizat
because of the relatively small number of available madesr than they are to measurements of temperature. At the WMAP V
multipole in the spherical harmonic expansion of a sky méye. T band and the LFI 70 GHz channels the polarized foreground is
multifrequency maps to be obtained with Planck will alloneonminimal (at least considering a very large sky fraction apdau
to improve the foreground subtraction and maximize tfieee the range of multipoles already explored by WMAP). Thus, we
tive sky area used in the APS analysis, thus improving upen tbonsider these optimal frequencies to show the potentizgmtin
understanding of the CMB APS obtained from previous expetinty expected from polarized foregrounds. While the Giada
iments. Anyway, the main benefits of the improved foregrourfidreground dominates over the CMB B mode and also over the
subtraction come in polarization and for non-Gaussiaey.t CMB E mode up to multipoles of several tens, a foreground sub-
Figs. 1 and 2 compare WMAPand LFI* sensitivity to the traction at 5-10% accuracy of the map level is enough to reduce
APS of CMB temperature anisotropies at two similar freqyencesidual Galactic contamination to well below the CMB E mode
bands displaying separately the uncertainty coming froemio and below the CMB B mode for a wide range of multipoles typ-
variance and instrumental performance and considerifigrdi ically for r = T/S < 0.3 (r is defined in the Fourier space). If

ent project lifetimes. For ease of comparison, we consider tye are able to model Galactic polarized foregrounds at aever
same multipole binning (in both cosmic variance and inS8OM o4 accuracy, at the LFI 70 GHz channel the main limitation will
tal sensitivity). The figures show how the multipole regidmre  come from the instrumental noise. This will prevent an accu-
cosmic variance dominates over instrumental Sensitivity®s ate E mode evaluation @t ~ 7 — 20. or a B mode detection
to higher multipoles in the case of LFI and that the LFI 70 GHgy < 0.3, Clearly, a better recovery of the APS polarization
channel allows us to extract information on about two adddi . i
modes will come from the exploitation of the Planck data ht al
% httpy/lambda.gsfc.nasa.gov frequencies and in this context LFI data will be crucial téiée

4 In this comparison, we exploit realistic LFI optical andtisnen- model the polarized synchrotron emission which is necgssar
tal performance as described in the following sections. remove at some % accuracy (or better) at map level to be able
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WMAP V band vs. Planck LFI 70 GHz
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Figure 4. As in Fig. 3 but for the sensitivity of WMAP in V band and

LFlat 70 GHz, and including also the comparison with Gataatid ex-

tragalactic polarized foregrounds. Galactic synchrofmmple dashes)

and dust (purple dot-dashes) polarized emissions prodeceverall
Galactic foreground (purple three dot-dashes). WMAP 3ewer-law
fits for uncorrelated dust and synchrotron have been useddropar-
ison, WMAP 3-yr results derived directly with the HEALPix glage
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b c s

(httpy/healpix.jpl.nasa.ggy Gorski et al. (2005)) from the foreground Figure 5. Forecasts of & and 2r contours for the cosmological param-

maps are shown on a suitable multipole range: power-law fitgige
(generous) upper limits for the power at low multipoles.r(§mplicity,
we report here only the WMAP results found for the Galactic &de,

eters of the WMAPS5 best-fit CDM cosmological model with reioniza-

tion as expected from Planck (blue lines) and from LFI alaed (ines)

after 14 months of observations. The black contours areetbbtined

that are diferent from those found for the E mode, but much less rérom WMAP five years observations. See the text for more tetai

markably than for the case of CMB modes). Residual contaiima
by Galactic foregrounds (purple three dot-dashes) are 1sHionw10%,
5%, and 3% of the map level, at increasing thickness, asddbelthe

taken the 70 GHz channels and the 100 GHz and 143 GHz as the

figure. The residual contribution by unsubtracted extragiat sources, representative channels for LFI and HFI (note that for HFI we

C;**"S and the corresponding uncertaindg;="°

of their degree of polarization and in the determinationha source

detection threshold, are also plotted as green dashesntithick, re-
spectively.

to detect primordial B modes far< 0.1 (Efstathiou & Gratton
20009).

2.1.2. Cosmological parameters

computed assuming
a relative uncertaintyIl/II = 6Sjim/Sim = 10% in the knowledge

have used angular resolution and sensitivities as givemlneT
1.3 of the Planck Scientific Programme prepared by The Planck
Collaboration (2006),) for cosmological purposes, retipely,
and we assumed a coverage of 85% of the sky. Fig. 5 shows that
HFI 100 GHz and 143 GHz channels are crucial to obtain the
best cosmological parameter determination.

While we have not explicitly considered the other channels
of LFI — 30 GHz and 44 GHz — and HFI — at frequencieg17
GHz — note that they are essential to achieve accurate separa
tion of the CMB from astrophysical emissions, particulaidy
polarization.

The improvement in cosmological parameters precision

Given the improvement over the WMAP APS recovery achiefrom LFI (2 surveys) compared to WMAP 5 is clear from Fig. 5.

able with the better sensitivity and resolution of Planck dés-

This is maximized for the dark matter abundagxedue to the

cussed in the previous section for LFI), a correspondingly b better performance of the LFI 70 GHz channel with respect to
ter determination of cosmological parameters is exped®¥d. WMAP 5. From Fig. 5 it is clear that the expected improvement

course, the better sensitivity and angular resolution dfdtian-

from Planck in cosmological parameters determination com-

nels compared to WMAP and LFI ones will largely contribut@ared to that of WMAP 5 can open a new stage in our under-
to the improvement on cosmological parameters expected $ignding of cosmology.

Planck.

We present here the comparison between the determinati
of a suitable set of cosmological parameters with data fr

WMAP, Planck, and Planck LFI alone.
In Fig. 5 we compare the forecasts fos- and 2r con-

9MS3. Primordial non-Gaussianity

om

Planck total intensity and polarization data will eithepyide
the first actual meaurement of non-Gaussianity (NG) in tle pr

tours for 4 cosmological parameters of the WMAP5 best-finordial curvature perturbations, or tighten the existirup-c
ACDM cosmological model (with reionization parametrized bgtraints, based on WMAP data, by almost an order of magnitude

the Thomson optical depth) expected from the Planck LFI

Probing primordial NG is another activity that requiresgfor

70 GHz channel alone after 14 months of observations (rgcbund cleaned maps. Hence, the frequency maps of both-nstr

lines), the Planck combined sensitivity for the 70 GHz, 10

and 143 GHz channels for the same integration time (blus)ine

ments must be used for this purpose.
A very important feature is that the primordial NGnwodel

and the WMAP five year observations (black lines). We hawependentAs a consequence of the assumed flatness of the
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inflaton potential any intrinsic NG generated during staddahave obtained-4 < fy. < 80 at 95% C.L. using the optimal
single-field slow-roll inflation is generally small, hencdia estimator for local NG. Planck total intensity and polatiaa
batic perturbations originating from quantum fluctuatiohthe data will allow to reduce the above window ¢fiy, | below 10.
inflaton field during standard inflation are nearly Gaussian dIndeed, Babich & Zaldarriaga (2004) and Yadav et al. (2007)
tributed. Despite the simplicity of the inflationary parmgua, have shown that a sensitivity to local non-Gaussiafify, ~ 4
however, the mechanism by which perturbations are gertbisate(1 sigma) is achievable with Planck data (having assumed a
not yet fully established and various alternatives to taeadard ACDM cosmology). Notice that accurate measurement of E-
scenario have been considered. Non-standard scenaritisefortype polarization will play a relevant role for this resultote
generation of primordial perturbations in single-field oulth  also that the limits that Planck can achieve in this case ang v
field inflation indeed allow for greater NG levels. Moreowedr, close to those for an “ideal” experiment. Equilateral-shiSi® is
ternative scenarios for the generation of the cosmologiedlr- less strongly constrained at present. The WMAP team (Kamats
bations like the so-called curvaton, the inhomogeneoweatitny et al. 2009) obtained 151 < fy. < 253 at 95% C.L.. Also in
and DBI scenarios, are characterized by a potentially |1&iGe this case, Planck will have a strong impact on this condtrain
level (see e.g. Bartolo et al. (2004) for a review). For tlea-r Indeed, various authors (Smith & Zaldarriaga (2006); Bar&
son detecting or even just constraining primordial NG sigima  Riotto (2009)) have estimated that Planck data will allowtas
the CMB is one of the most promising ways to shed light on tireduce the bound drfiy. | down to around 70.
physics of the Early Universe. Measuring the primordial non-Gaussianity in CMB data to
In the standard way to parameterize primordial norsuch levels of precision requires accurate handling ofipless
Gaussianity, the primordial gravitational potentia? is written contaminants, such as those introduced by instrumentaénoi
as by the use of masks and imperfect foreground and point source
O =D+ fy (d)f - <<Df>) , removal. These aspects are presently being dealt with by the

h . . dom field is a di ionl Planck team, also with the help of synthetic maps of the CMB
where®, is a Gaussian random field ag. is a dimensionless ¢y, ding primordial NG as well as realistic models for theiv
parameter measuring the expected level of quadratic NGeMj,,5 contaminants.

generally, the parametdg,. should be replaced by a suitable
function, and the product by a (double) convolution. Stadda
single-field slow-roll inflation producefy. < 1, while much 2.1.4. Large scale anomalies

larger values offy,| are allowed by the non-standard inflation- . . . . o
ary models mentioned above. Observations of CMB anisotropies contributed to the boddi

For this reason both a positive measurement of the noggzgr?ézng%gjefoﬁygﬁg'Czl L,ne?doily 2?§rrl1(gt%vrvsmoﬁr?v'\\/ﬂhﬁ:?1n&:MB
Gaussianity strengtHy,. or an upper limit on its amplitude ; ’ 9 T p .
would represent a crucial observational discriminant leetw CP2Servations and other cosmological and astrophysicalsizs
competing models for primordial perturbation generatian. agree: spatial curvature close to zerc:); 7_0% of the cosmie den
positive detection offy. ~ 10 would imply that all standard ?gé:\;;)_th4e_;%/m}noggfrgniecnﬁgé’eﬁi; Imsfglde ?r?\;grirgﬁ:tzzji-
single-field slow-roll models of inflation are ruled out. Bgre abatic ,Gausgian rir}r/mrdial ertu,rbatiorils Althouah thaec
trast, an improvement of the limits on the amplitudefiaf will N prime P A gnh the
allow one to strongly reduce the class of hon-standard ioflat anisotropy pattern obtained by WMAP is largely consisteshw

ary models allowed by the data, thus providing a unique ctue g"le concordancACDM model, there are some interesting and

the fluctuation generation mechanism. At the same time,cRIanCurlous deviations from it, in particular on the largest alag

temperature and polarization data will allovifdrent predictions chgezn-ghggﬁ %eev'lg;ggsagaﬁlgﬁgn I_O;(;[E'g?d z’)vv'\fgrdgﬁla“;dea
for the shapeof non-Gaussianities to be tested. Here, shape i | h I lation f PR ¢ P dtob 9
NG essentially refers to the triangle configurations (imiamic scla esdT_ € angular corre_artllon functlonl IS Ioun toh € uncor-
space) yielding the dominant contribution to the angular bi€ ated (i.e. consistent with 0) for angles larger than. 60

; : ization) (Copi et al. 2008, 2007) it has been shown that this event hap-
ﬁeﬁ;rsug]ez;ti?gﬁ;am;? ?r? ésggg\%e;gnéjl pv?ilt?]”igtrllst@pgg’ pens only in 0.03% of realizations of the concordance model.

: ) “ g : ; The surprisingly low amplitude of the quadrupole term of the
dominated by so-called “squeezed” triangle configuratiéms angular power spectrum (APS), already found by COBE (Smoot

which one multipole, sa¥, is much smaller than the other two: o :
{1 < €, {3. This “local” NG is typical of models which produce?éﬁhéggzétH;?sgg&?tg 'r::tzﬁ) ’erth:lsl bze()eggg)ou]lrnr—?izdﬁgri\év;pr
the perturbations right after inflation (such as for the aton or y et al. ' ' 7 P
the inhomogeneous reheating scenarios). So-called Dtii  2SYMmMetriesitis found that the power coming separately from
' the two hemispheres (defined by the ecliptic plane) is tomasy

models, based on non-canonical kinetic terms foritiilaton metric (especially at low) (Eriksen et al. 2004a.b; Hansen
(the scalar field which drives inflation), lead to non-loaainfis P Yy ; : T
t al. 2004).3) Unlikely alignments of low multipoleg&n un-

of NG, which are dominated by equilateral triangle configur . . . - ;
tions:¢1 ~ €, ~ €3, Recently, it hg\/s t?een pointed ogt(Holmgn A;?kely (for a statistically isotropic random field) alignmieof

A - he quadrupole and the octupole (Tegmark et al. 2003; Copi
Tolley (2008)) that excited initial states for the inflatomayriead . ; ) -
to a third shape, called “flattened” triangle configuratidohus, et al. 2004; Schwarz etal. 2004; Weeks 2004; Land & Magueijo

the shape information provides another important test ter t2005)' Moreover, both quadrupole and octupole align with th

: : : P B dipole Copi et al. (2007). Other unlikely alignments are
hysical mechanism which generated the initial seeds of C . ; .
gniysotropies and Iarge-scalegstructure formation. escribed in (Abramo et al. 2006; Wiaux et al. 2006; Vielva

The strongest available CMB limits ofi. for local NG et al. 2007)4) Cold Spot Vielva et al. (2004) detected a non

) ; : aussian behaviour in the southern hemisphere with a wavele
comes from WMAP 5-yr data. In particular, Smith et al. (2009 nalysis technique (see also Cruz et al. (2005)).

5 More precisely we refer to Bardeen’s gauge-invariant dgsavi It is still unknown whether these anomalies are hints of
tional potential, which is such that the CMB anisotrapy/T — —®/3 new (and fundamental) physics beyond the concordance model
in the pure Sachs-Wolfe limit. or whether they are simply the residual of some imperfectly
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removed astrophysical foreground or systemafiect. Planck etal. 2007) will improve Archeops results (Ponthieu et 80%)
data will give a precious contribution not only to refine tlos¢ measuring polarized dust emission at frequencies higraar th
mological parameters of the standard cosmological model 853 GHz. Recent all-sky surveys at 1.4 GHz (see e.g. (Buaigan
also to solve the aforementioned puzzles thanks to better foet al. 2006) and references therein) and in the range few GHz
ground removal and control of systematiffeets. In particu- to 15 GHz will complement the low frequency side (see e.g.
lar, the LFI 70 GHz channel will be crucial to this scientific®PGMS (Haverkorn et al. 2007), C-BASS (Pearson & C-BASS
aim, since, as probed by WMAP, the foreground at large amgutollaboration 2007), QUIJOTE (Rubino-Martin et al. 2008),
scales is a minimum in the V band. GEM (Barbosa et al. 2006)) allowing an accurate multifretpye
analysis of the depolarization phenomena at low and interme
diate Galactic latitudes. The detailed knowledge of theesnd
lying noise properties in Planck maps will allow one to mea-

The accuracy of the extraction of the CMB anisotropy pattefit!re the correlation characteristics offdse component, greatly
from Planck maps largely relies, particularly in polariaat on improving physical models for the interstellar medium (M
the quality of the separation of tHeackgroundsignal of cos- The ultimate goal of these studies is the development of a con
mological origin from the variouforegroundsources of astro- Sistent Galactic 3D model, which includes the various compo
physical origin that are superimposed onto the maps (see d&nts of the ISM, large and small scale magnetic fields (see
Sect. 2.3). The scientific case for Planck has been presbyptec®-9. Waelkens et al. (2009)), and turbulence phenomena (Cho
The Planck Collaboration (2006) and foresees a full exglioih & Lazarian 2003). . S

of the multifrequency data aimed not only at the extractibn o While at moderate resolution and limited in flux to a few
the CMB, but also at the separation and study of each astssphjundred mJy, Planck will also provide multifrequency, sii

ical component, using Planck data alone or in combinatigh winformation on discrete Galactic sources, from early stagfe
other data sets. This section provides an update of thetiitien massive stars to late stages of stellar evolution (Umana et a

case, with particular emphasis on the contribution of thetbF 2006), from HIl regions (Paladini et al. 2003) to dust clouds
the science goals. (Pelkonen et al. 2007). Models for the enrichment of the |3l a

for the interplay between stellar formation and ambientgtsf
. ) properties will be further tested.
2.2.1. Galactic Astrophysics Planck will have also a chance to observe some Galactic

Planck will carry out an all-sky survey of the fluctuations o icro-blazla}][s (ke e.g. Cy_gnu_s X-?)hin a flare phase_ ag:per—
Galactic emissions at its nine frequency bands. The HFI-chdf'™m & multifrequency monitoring of these events on timesta
nels aty > 100 GHz will provide the main improvement with!ToM hours to weeks. A Quick Detection Software (QDS) for the

respect to COBE on the Galactic dust emis&jostill poorl identification of source flux variation, work.ing_on Planc_km'
knor\)/vn particularly in polarization. However, sincepGaiéct ordered data, has been developed by the Finnish group abeoll
dust emission still dominates over free-free and syncanoat °ration with LFI DPC (Aatrokoski et al. 2009).

70 GHz (see e.g. (Gold et al. 2009) and references therefi), L Finally, Planck will provide crucial information for modag
will provide crucial information on the low frequency taflthis "€ émission from moving objects andfdse interplanetary dust

; ; in the Solar System. The mm and sub-mm emission from planets
gg%w:ggg IE%H;I J\:ﬁ'qgjeep;)é\gﬁr;gﬂﬁ’eI;Egg&ﬂﬁé&fseand up to 100 asteroids will be studied (Cremonese et al.;2002

significantly polarized synchrotron emission and for theees Maris & Burigana 2009). Moreover the Zodiacal Light Emissio
tially unpolarized free-free emission will be measured with great accuracy, free from residuaaGiad

Results from the WMAP lowest frequency channels suggdntamination (Maris et al. 2006b).
the presence of a further contribution, probably correlatéh
dust. While a model with complex synchrotron emission patte2 2. 2. Extragalactic Astrophysics
and spectral index cannot be excluded, several interpreat ) o ]
of microwave (see e.g. (Hildebrandt et al. 2007; Bonaldilet d e higher sensitivity and better angular resolution of £6ifn-
2007)) and radio (La Porta et al. 2008) data, and in parhicul@ared to WMAP W|II_ allow us to obtain substantially nchen&_’;l
the recent ARCADE 2 results (Kogut et al. 2009), seem to suples of extragalactic sources at mm wavelengths. Applying a
port the identification of this anomalous component as spgin "W multi-frequency linear filtering technique to realistiF|
dust (Draine & Lazarian 1998; Lazarian & Finkbeiner 2003fimulations of the sky, Herranz et al. (2009) detected, @&%
LFI data, in particular at 30 GHz, will shed new light on thig€liability, 1600, 1550, and 1000 sources at 30, 44, and 7@,GH
intriguing question. respectively, over about 85% of the sky. The 95% completenes
Another intriguing component that will be further addresse/luXes are 540, 340, and 270 mJy at 30, 44, and 70 GHz, respec-
by Planck data is the so-called haze emission in the inrfiely. For comparison, the total numbersjf> 5° sources de-
Galactic region, possibly generated by synchrotron emnissit€Cted by Massardi et al. (2009)ato in WMAP 5-yr maps at
from relativistic electrons and positrons produced in thaia 33: 41, and 61 GHz, including several possibly spuriousaibje
hilations of dark matter particles (see e.g. (Hooper et@n72 areé 307, 301, and 161, respectively; the correspondingiete
Cumberbatch et al. 2009; Hooper et al. 2008) and referendBats increase from- 1Jy at 23 GHz, te= 2Jy at 61 GHz. The
therein). number of detections reported by Wright et al. (2009) is lowe

Furthermore, the full interpretation of the Galacti¢fdse by =~ 20%. . .
emissions in Planck maps will benefit from the joint analy- AS illustrated by Fig. 6, the much bigger source sample ex-

sis with radio and far-IR data. For instance PILOT (Bernar{rﬁecuz‘d from Planck will allow us to have good statistics fibr d
erent sub-populations of sources, some of which are notlgr o

6 At far-IR frequencies significantly higher than those ceder Poorly represented in the WMAP sample. The dominant radio

by Planck, much information comes from IRAS (see e.g. (Mivil population at LFI frequencies consists of flat-spectrumarad
Deschénes & Lagache 2005) for a recent version of the maps). quasars (FSRQs), for which LFI will provide a bright sample

2.2. Astrophysics
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redshifts of order unity via their thermal Sunyaev-Zeladvef-
T . fect (Leach et al. 2008; Bartlett et al. 2008). This sampléhve
atse 2. |1 extremely important both to understand the formation ogdar
Steep scale structure and the physics of the intracluster medion.

tot_counts

Planck

3 o such measurements, a broad spectral coverage, i.e. thenamb
= F = tion of data from both Planck instruments (LFI and HFI), is a
2 N, 1 key asset. Such a combination, supplemented by groundtbase
w2 { follow-up observations planned by the Planck team, withw||
= . in particular, accurate correction for the contaminatiamf ra-
o dio sources (mostly thanks to LFI channels) and from dusty
o

galaxies (HFI channels) either associated with the clasiem
their foregroungbackground (Lin et al. 2009).

N Y 2.3. Scientific data analysis
1.0 05 0.0 0.5

Data analysis for a high precision experiment such as LFitmus
log S (%) provide reduction of the data volume by several orders of-mag
nitude with minimal loss of information. The sheer size of th
Figure 6. Integral counts of dferent radio source populations at 7Qjataset, the high sensitivity required to achieve the seigoals,

GHz (flat-spectru)m radio dquazabrs, hFSdRQZS; BL Llaf objecitg:};r)]ste and the significance of the statistical and systematic ssuné
spectrum sources), as predicted by the de Zotti et al. (20@8lel. The - : -

vertical dotted lines show the estimated completenessslifoi Planck errql[r?ll Consplrekt.o mlake data 333'3/5'3; an IaII but tr|VIakIa. b
and WMAP (61 GHz) surveys (see text). e map making layer provides a lossless compression by

several orders of magnitude, projecting the dataset frora to-

main to the discretized celestial sphere (Tegmark 1997¢hkYri

et al. 1996; Lineweaver et al. 1994; Janssen & Gulkis 1992).
of > 1000 objects, well suited to cover the parameter spacemirthermore, timeline-specific instrumentdlegts that are not
current physical models. Interestingly, the expected rembf  scan synchronous get reduced in magnitude when projected fr
blazars and BL Lac objects detectable by LFI are similaréséh time to pixel space (see e.g. Mennella et al. (2002)) andein g
expected from the Fermi Gamma-ray Space Telescope (feral, the analysis of maps provides a more convenient means t
merly GLAST; (Abdo 2009); (FermiLAT Collaboration: W.B. assess the level of systematics as compared to timelingsimal
Atwood 2009)) It is |Ik8|y that the LFI and _the Ferr_ni blazar Several map making a|go|’ithms have been proposed to pro-
samples will have a substantial overlap, making possible@m duce sky maps in total intensity (Stokes I) and linear poétion
better definition of the relationships between radio andmam (Stokes Q and U) out of LFI timelines. So-called “destriging
ray properties of these sources than has been possible $téar algorithms have historically been proposed first. These &k
analysis of spectral properties of the ATCA 20 GHz bright sanjantage of the details of the Planck scanning strategy tpresp
ple indicates that quite a few high-frequency selected c&sur correlated noise (Maino et al. 1999). Although computaityn
have peaked spectra. Most of them are likely to be aged bearagtient, these methods do not -in general- yield a minimum
objects (blazars) whose radio emission is dominated bydesinyariance map. To overcome this problem, minimum variance
knot in the jet caught in a flaring phase. The Planck sample Wihap making algorithms have been devised and implemented
allow us to get key information on the frequency and timesgalspecifically for LFI (Natoli et al. 2001; de Gasperis et al03}
of such flaring episodes, on the distribution of their peak fr The latter are also known as Generalized Least Squares (GLS)
quencies, and therefore on the propagation of the flare ah@ng methods and are accurate and flexible. Their drawback isahat
jet. A small fraction of sources showing high frequency ealpjanck size, they require a significant amount of massively-p
may be extreme High Frequency Peakers (Dallacasa et al),20@@ed computational resources (Poutanen et al. 2006; Ashdow
thought to be newly born radio sources (ages as low as thdusapal. 2007, 2009) and are thus infeasible to use within a Blont
years). Obviously, the discovery of just a few such souraasiev - Carlo context. To overcome the limitations of GLS algorithm
be extremely important to shed light on the poorly undemtoghe LFI community has developed so-called “hybrid” algmis
mechanisms that trigger the radio activity of Galactic sore  (Keihanen et al. 2005; Kurki-Suonio et al. 2009; Keihaeeal.

WMAP has detected polarized fluxes:a# o in two or more  2009). These algorithms rely on a tunable parameter coedect
bands for only five extragalactic sources (Wright et al. 20090 the I/ f knee frequency, a measure of the amount of low fre-
LFI will substantially improve on that, providing polarii@an quency correlated noise in the time ordered data: the hitjeer
measurements for tens of sources, thus allowing us to gétshe knee frequency, the shorter the “baseline” length that sieete
statistically meaningful unbiased sample for polarizaitudies chosen to properly suppress thgf Icontribution. In this view,
at mm wavelengths. It should be noted that Planck poladmatithe GLS solution can be thought of as the limiting case when
measurements will not be confusion limited, as in the case-of the baseline length approaches the sampling interval.iddv
tal flux, but noise limited. Thus the detection limit for potsed that the knee frequency is not too high, hybrid algorithm can
flux in Planck-LFI channels will be- 200-300 mJy, i.e. lower achieve GLS accuracy at a fraction of the computational de-
than for total flux. mand. Furthermore, they can be tuned to desired precisienwh
As mentioned above, the astrophysics programme of Plarsgeed is an issue (e.g. for timeline to map Monte Carlo produc

is much wider than that achievable with LFI alone, both fa thtion). The baseline map making algorithms for LFI is an hgtbri
specific role of HFIl and, in particular, for the great scifioyn- code dubbedadan.
ergy between the two instruments. As a remarkable example we Map making algorithms can in general compute the correla-
mention below the Planck contribution to the astrophysics tion (inverse covariance) matrix of the map estimate they pr
clusters. Planck will detect thousands of galaxy clustetst@ duce (Keskitalo et al. 2009). At high resolution such a compu
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tation, though feasible, is impractical, because the sfzth® the Introduction, the actual design of the Planck telesaimpe
matrix makes its handling and inversion prohibitive. At losg- rives from COBRAS and has been further tuned by the subse-
olution the covariance matrix will be produced insteadsibf quent studies of the LFI team (Villa et al. (1998)) and Thales
extreme importance for the accurate characterizationeofdiv  Alenia Space. These studies demonstrated the importarice of
multipoles of the CMB (Keskitalo et al. 2009; Gruppuso et atreasing the telescope diameter (Mandolesi et al. (2000},
2009). mizing the optical design, also showed how complex it would
A key tier of Planck data analysis is the separation of astrbe to match the real focal surface with the horn phase centres
physical from cosmological components. A variety of methodValenziano et al. (1998)). The optical design of LFl is tee r
have been developed to this end (Leach et al. 2008). Pointsousult of a long iteration process in which the position anewori
extraction is achieved exploiting non-Planck cataloguewall tation of each feed horn has been optimized as a trétees
as filtering Planck maps with optimal functions (waveleta) ¢ tween angular resolution and sidelobe rejection levelni¢8a
pable of recognizing beam like patterns. In addition toditg et al. (2004); Burigana et al. (2004); Sandri et al. (200Bipht
combining the maps or fitting for known templatedfuie emis- limits were also imposed by mechanical constraints. TheH? G
sions are separated by using the statistical distributadrtee system has been subject to a dedicated activity to imprave th
different components, assuming independence between thensjrgle horn design and its relative location in the focafas.
by means of a suitable parametrization and fitting of foragth As a result the angular resolution has been maximized.

unknowns on the basis of spatial correlations in the dat&or,  The feed horn development programme started in the early

alternative, multi-frequency single resolution elemenntly. stages of the mission with prototype demonstrators (Betkan
The extraction of statistical information from the CMB usuet al. (1998)), followed by the Elegant Bread Board (Villaakt

ally proceeds via correlation functions. Since the CMB field (2002)) and finally by the Qualification and Flight Models|(¥/i

Gaussian to large extent (Smith et al. 2009), most of theiinde et al 2009). The horn design has a corrugated shape with a dual

tion is encoded in the two-point function or equivalentljtsre- profile (Gentili et al. (2000)). This choice was a posterjositi-

ciprocal representation in spherical harmonics spaceurAs®)  fied by the complexity of the focal plane and the need to respec
rotational invariance, the latter quantity is well desedloy the the interfaces with HFI.

APS (?jeilfég' G?(;S'gi %.994)|)' For an id((jaal ex%erliment, the €S 4 0h of the corrugated horns feeds an orthomode transducer
timated could be directly compared to a Bolizmann CO‘ﬁléMT) which splits the incoming signal into two orthogonalp
prediction to constrain the cosmological parameters. lewe |,i-aq components (D'Arcangelo et al. 2009a). The podditn

in view of incomplete sky coverage (which induces couplings, jjjities of the LFI are guaranteed by the use of OMTS just
among multipoles) and the presence of noise (which, in génefge ihe corrugated horns. While the incoming polarizasiate

is not rofcationally invariant due to the coupling betweerrgo is preserved inside the horn, the OMT divides it into two lin-
lated n0|se_|§\r:1dl_ic?2nlng fstra:_egyf) a mé)re ac_:curgtl\iéa\nmy&éar orthogonal polarizations allowing LFI to measure thedir
necessary. 1ne likelinood function for a aussian sky ¢ olarization component of the incoming sky signal. The typi

be easily written and provide a sound mechanism to constraify \ajue of OMT cross polarization is abotB0dB setting the

models and data. The direct evaluation of such a function; hogp, o5 polarization of the LFI optical interfaces at aelesf
ever, poses untractable computational issues. Fortynatdy 450

the lowest multipoles require exact treatment. This candreed ble 2 sh h I ical ch -
either by direct evaluation in the pixel domain or samplingt ___1ablé 2 shows the overall LFI optical characteristics as ex-

L Jictrib it ; ; ted in flight (Tauber et al. (2009)). The edge taper (ETF) va

posterior distribution of the CMB using sampling methodstsu P€C )
as the Gibbs approach (Jewell et al. 2004; Wandelt et al.)2004€S: quoted in Table 2, refer to the horn taper. They arearéer
At high multipoles, where the likelihood function cannotval-  Values assumed during the design phase and do not correspond
uated exactly, a wide range affective, computationallyféord- to the f?a' edge taper on the mirrors (se_e S_andr| et al. (2009)
able approximations exist (see e.g. Hamimeche & Léewis (008" dheLalll?). The reported angul?r lrlesholutlr(])n IS tlhe a\ﬁm
and Rocha et al. (2009) and references therein). The low aff§th ha mﬁxmum (FVIVHZ/!) o al the channels aLt ea;ame
high ¢ approaches to power spectrum estimation will be joindgF44€ncy-: The cross polar discrimination (XPD) is thearate-
into an hybrid procedure, pioneered in Efstathiou (2004). tween the antenna solid angle of the cross polar patterntmnd t

The data analysis of LFI will require daunting computatibn%]menn.a solid angle of the copolar pattern, both caIc_ulathh
resources. In view of the size and complexity of its dataaet, e solid angle of the3_dB contour. The Sub and Main re_ﬂector
curate characterization of the scientific results and srpoop- SPillovers are the fraction of power that reaches the hoiitfs w
agation will be achieved through massive use of Monte Caffit being intercepted by the main and sub reflectors respsct

simulations. A number of worldwide distributed superconepu

centres will support the DPC in this activity. A partial list-

cludes NERSC-LBNL in the USA, CINECA in lItaly, CSC in Table 2.LFI Optical performance. All the values are averaged over al
Finland and MARE NOSTRUM in Spain. The european cerghannels at the same frequency. ET is the horn edge tapeuradast

tres will benefit of the Distributed European Infrastruetfior 22 rom the horn axis; FWHM is the angular resolution in arcneis
SupercomputerAppIicatioﬁ the ellipticity; XPD is the cross polar discrimination in dBsp is the

Sub reflector spillover (%); Msp is the Main reflector spikoy%). See
text for details.

3. Instrument ET FWHM e XPD  Ssp  Msp

: 70 17dB @22 13.03 122 3473 0.17 065
3.1. Optics 44 30dB @22 26.81 126 -3054 0074 018
During the design phase of LFI, gredfat was dedicatedtothe _30 30dB @22 3334 1.38 -3237 0.24 0.59
optical design of the focal plane unit. As already mentioimed

7 www.deisa.eu
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Figure 8. Schematic of the LFI front-end radiometer. The front-endl un
is located at the focus of the Planck telescope, and conspdsel pro-
filed corrugated feed horns; low-loss (0.2 dB), wideband20%) or-

thomode transducers; and radiometer front-end moduldstwibrids,
cryogenic low noise amplifiers, and phase switches. Forildetae
(Bersanelli et al. 2009).

N AL hybrid (Figure 8). The sky and the reference load power cam th

- b i be measured andftrenced. Since the reference signal has been
> subject to the same gain variations in the two amplifier cham

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

Figure 7. The LFI radiometer array assembly, with details of the fronision. Insensitivity to fluctuations in the back-end ampigiand

end and back-end units. The front-end radiometers are lmasedde- detectors is realized by switching phase shifters at 8 kHie sy

band low-noise amplifiers, fed by corrugated feedhorns whbilect chronously in each amplifier chain. The rejection ¢f hoise

the radiation from the telescope. A set of compsite waveggithnsport as well as the immunity to other systematiteets is optimised

th(=j amplified signals from thg front-end unit (at 20 K) to t}m:lbend if the two input signals are nearly equal. For this reasomefe-

unit (at 300 K). The waveguides are designed to meet simediasly oce |oads are cooled to 4 K (Valenziano et al. 2009) by mount-

radiometric, thermal, and mechanical requirements, aadtarmally ing them on the 4 K structure of the HFI. In addition, tHEeet

linked to the three V-Groove thermal shields of the Planghkqed mod- . . . . .
ule. The back-end unit, located on top of the Planck servioelute, of the residual fiset < 1 K in nominal conditions) is reduced by

contains additional amplification as well as the detectansi is inter- Introducing a gain modulation factor in the on-board preaes
faced to the data acquisition electronics. The HFI is ieskitto and t0 balance the output signal. As shown in Figure 8, tifiecenc-
attached to the frame of the LFI focal-plane unit. ing receiver greatly improves the stability of the meassigdal
(see also Fig. 8 in Bersanelli et al. (2009)).

The LFI amplifiers at 30 GHz and 44 GHz use discrete InP
HEMTSs incorporated into a microwave integrated circuit QI
At these frequencies the parasitics and uncertaintiesdatred
LFI is designed to cover the low frequency portion of the wideby the bond wires in a MIC amplifier are controllable and the ad
band Planck all-sky survey. A detailed description of thsigie ditional tuning flexibility facilitates optimization forow noise.
and implementation of the LFI instrument is given in Berdline At 70 GHz there will be twelve detector chains. Amplifiers at
et al. (2009) and references therein, while the results@bti  these frequencies will use monolothic microwave integrate
ground calibration and test campaign is presented in Méane&iuits (MMICs), which incorporate all circuit elements arh t
et al. (2009) and Villa et al. (2009b). The LFI is an array oHEMT transistors on a single InP chip. At these frequencies,
cryogenically cooled radiometers designed to observerigeth MMIC technology provides not only significantly better paef
frequency bands centered at 30 GHz, 44 GHz, and 70 Ghtance than MIC technology, but also allows faster assentigly a
with high sensitivity and freedom from systematic errord. Asmaller sample-to-sample variance. Given the large number
channels are sensitive to the Q and U Stokes parametersamplifiers required at 70 GHz, MMIC technology can rightjull
thus providing information on both temperature and poarisbe regarded as enabling for the LFI.
tion anisotropies. The heart of the LFI instrument is a cothpa  Fourty-four waveguides connect the LFI front-end unit,
22-channel multifrequency array offtéirential receivers with cooled to 20 K by a hydrogen sorption cooler, to the back-end
cryogenic low-noise amplifiers based on indium phosphid@)! unit, which is mounted on the top panel of the Planck SVM and
high-electron-mobility transistors (HEMTs). To minimigewer it is maintained at a temperature of 300 K. The BEU comprises
dissipation in the focal plane unit, which is cooled to 20 Kihe eleven BEMs and the data acquisition electronics (DAE)
the radiometers are split into two subassemblies (thefadt unit which provides adjustable bias to the amplifiers andspha
module, FEM, and back-end module, BEM) connected by a satitches as well as scienctific signal conditioning. In thaek
of composite waveguides, as shown in Figure 7. Miniaturizeend modules the the RF signals are further amplified in the two
low-loss passive components are implemented in the frodt elegs of the radiometers by room temperature amplifiers. he s
for optimal performance and for compatibility with the sggent nals are then filtered and detected by square law detectbeslio
thermo-mechanical requirements in the interface with tké H A DC amplifier then boosts the signal output which is conng:cte

The radiometer design is driven by the need to supprglss 1to the data acquisition electronics. After on-board pretes
type noise induced by gain and noise temperature fluctusiion provided by the Radiometer Box Electronics Assembly (REBA)
the amplifiers, which would be unacceptably high for a simplhe compressed signals are downlinked to the ground sttation
total power system. A dierential pseudo-correlation scheme igether with housekeeping data. The sky and reference load DC
adopted, in which signals from the sky and from a blackbodyjgnals are transmitted to the ground as two separatedrstrea
reference load are combined by a hybrid coupler, amplified dtata to ensure optimal calculation of the gain modulatiatofia
two independent amplifier chains, and separated out by andectr minimal 1/ f noise and systematidtects. The complexity

3.2. Radiometers
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of the LFI system called for a highly modular plan for testin
and integration. Performance verification was first caroietiat
single unit-level, followed by campaigns at sub-assemblg a
instrument level, then completed with full functional tesif-
ter integration in the Planck satellite. Scientific caltima has
been carried out in two main campaigns, first on the indivi
ual radiometer chain assemblies (RCAS), i.e. the units ¢immp
ing a feed horn and the two pseudo-correlation radiometars ¢
nected to each arm of the orthomode transducer (see Figure
and then at instrument level. For the RCA campaign we us
sky loads and reference loads cooled near 4 K which allo
us accurate verification of the instrument performance arne
flight conditions. Instrument level tests were carried oithw
loads at 20 K, which allowed us to verify the radiometer pe
formance in the integrated configuration. Testing at RCA a
Instrument level, both for the qualification model (QM) aiod f
the flight model (FM), were carried out at Thales Alenia Spac
Vimodrone (Milano, Italy). Finally, system-level teststbg LFI
integrated with HFI in the Planck satellite were carried aut
CSL in the summer of 2008.

3.3. Sorption Cooler

The Sorption Cooler Sub-system (SCS) is the first active @hgm
of the Planck cryochain. Its purpose is to cool the LFI racdem
ters down to their operational temperature around 20 K wh
providing a pre-cooling stage for the HFI cooling system.zl
mechanical Joule-Thomson cooler and a Benoit style opde ¢
dilution refrigerator. Two identical sorption coolers leabeen
fabricated and assembled by Jet Propulsion Laboratory) (&L
der a contract with NASA. JPL has been a pioneer in the dey|
opment and application of such cryo-coolers for space aad
two Planck units are the first continuous closed cycle hyeinog
sorption coolers to be used for a space mission (Morgante et
2009b).

Sorption refrigerators are attractive systems for coolimg
struments, detectors and telescopes when a vibrationyfstes
is required. Since pressurization and evacuation is aclisinegl
simply by heating and cooling the sorbent elements secalbnti
with no moving parts, they tend to be very robust and, esse

tially, generate no vibrations on the spacecraft. This jplesvex- . o ,
cellent reliability and long life. Also, cooling by Joulehdmson F'9ure 9. Top panel: picture of the LFI focal plane showing the feed-
horns and main frame. The central portion of the main frandessgned

(J-T) expansion through or_'f'ces’ the cold end can be Ipcmted to provide the interface to the HFI front-end unit, where téference

motely (thermally and spatially) from the warm end. Thi®@# 545 for the LFI radiometers are located and cooled to 4KtdBo

for excellent flexibility in integration of the cooler to thedld  panel: A back-view of the LFI integrated on the Planck sieelVisible

payload and the warm spacecraft. are the upper sections of the waveguides interfacong tié-émd unit,
as well as the mechanical support structure.

3.3.1. Specifications

The main requirements of the Planck SCS can be summarizeg 2. operations
below:

_ ) ) ) The SCS is composed of a Thermo-Mechanical Unit (TMU, see
Provide about 1 W total heat lift at instrument interfaces U$|g 10) and electronics to operate the System. Coo“ngds pr
ing a< 60 K pre-cooling temperature at the coldest V-Groovgyced by J-T expansion with hydrogen as the working fluid. The

radiator on the Planck spacecraft key element of the 20 K sorption cooler is the Compressor, an
— Maintain the following instrument mterfaces temperafire absorption machine that pumps hydrogen gas by thermally cy-
- LFlat <22.5 K [80% of total heat lift] cling six compressor elements (sorbent beds). The priacipl
- HFl at< 19.02 K [20% of total heat lift] operation of the sorption compressor is based on the piepert
— Temperature stability (over one full cooler cyele5000's):  of a unique sorption material (a La, Ni and Sn alloy), which
- <450 mK, peak-to-peak at HFI interface can absorb a large amount of hydrogen at relatively low pres-
- <100 mK, peak-to-peak at LFI Interface ~ sures, and desorb it to produce high-pressure gas whendheate
— Input power consumptiog 470 W (at end of life, excluding in a limited volume. Electrical resistances accomplishtinga
electronics) of the sorbent while the cooling is achieved by thermally-con

— Operational lifetimez 2 years (including testing) necting, via gas-gap thermal switches, the compressoregiem
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to a warm radiator at 270 K on the satellite Service Modubarough the two Liquid Vapour Heat eXchangers (LVHX) in-
(SVM). Each sorbent bed is connected to both the high presee the cold end. LVHX1 and 2 are thermally and mechanically
sure and low-pressure sides of the plumbing system througtked to the corresponding instrument (HFI and LFI) index.
check valves, which allow gas flow in a single direction onlyThe LFI is coupled to the LVHX2 through an intermediate ther-
To damp out oscillations on the high-pressure side of the-comal stage, the Temperature Stabilization Assembly (TSA). A
pressor, a High-Pressure Stabilization Tank (HPST) syssemfeedback control loop (PID type), operated by the coolec-ele
utilized. On the low-pressure side, a Low-Pressure StoBage tronics, is able to control the TSA peak-to-peak fluctuation
(LPSB) filled with hydride, primarily operates as a storagé b down to the required levelk@00 mK). Heat from the instru-
for a large fraction of the Hinventory required to operate thements evaporates liquid hydrogen and the low pressure gaseo
cooler during flight and ground testing while minimizing thdwydrogen is circulated back to the cold sorbent beds for com-
pressure in the non-operational cooler during launch aantstr pression.

portation. The compressor assembly mounts directly on¢o th

Warm Radiator (WR) on the spacecraft. As each sorbent bg(% ;

is taken through four steps (heat up, desorption, cool-dalwn ->-3- Performance

sorption) in a cycle, it will intake low-pressure hydrogemda The two flight sorption cooler units were delivered to ESA in
output high-pressure hydrogen on an intermittent basistder 2005, Prior to delivery, in early 2004, both flight models and
to produce a continuous stream of liquid refrigerant thesoryent sub-system level thermal vacuum test campaigns atidPL.
tion beds phases are staggered so that at any given times ongting 2006 and summer 2008 respectively, SCS Redundant and
desorbing while the others are heating up, cooling downeer INominal units were tested in cryogenic conditions on thespa
absorbing low-pressure gas. craft FM at the Centre Spatial de Liege (CSL) facilities. iess
from these two major test campaigns are summarized in Table 3
and reported in full detail in Morgante et al. (2009b).

] LVHX1
PACE —— Coldend 4. LFI Programme

The model philosophy adopted for LFI and the SCS was chosen
Lvixz A | % to meet the requirements of the ESA Planck System which as-
o . sumed from the beginning that there would be three develapme
models of the satellite:

Piping with
pre-cooling heat
- /O exchangers — The Planck Avionics Model (AVM) in which the System
= b <D L Bus was shared with the Herschel satellite, and allowed ba-
. \.. sic electrical interface testing of all units and commutiara

N
™~
~~

d protocol and software interface verification.
_— on all the advanced instrumentation of the payload that had

— The Planck Qualification Model (QM) which was limited to
the Planck Payload Module (PPLM) containing QMs of LFlI,
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,

COMPRESSOR ey Sgrbenthed low a cryogenic qualification test campaign to be performed
-_—v -
4 =T gl L . . i
‘ ol to fully perform in cryogenic conditions.
X 2 HPST
- S — The Planck Protoflight Model (PFM) which contained all
-,.;?"—".':'»’*; — the Flight Model (FM) hardware and software that would
T — undergo the PFM environmental test campaign culminating
P — ) in extended thermal and cryogenic functional performance
e P tests.
p - '—-""T-"'.ﬂ Y
= ’
- w 4.1. Model Philosophy
In correspondence with the system model philosophy it was de
cided by the Planck Consortium to follow a conservativeéncr
Figure 10. SCS Thermo-Mechanical Unit. mental approach containing Prototype Demonstrators.

. . - 4.1.1. Prototype Demonstrators (PDs
The compressed refrigerant then travels in the Piping ancil' P (PDs)

Cold End Assembly (PACE, see Fig. 10), through a series df h@de scope of the PDs was to validate the LFI radiometer design
exchangers linked to three V-Groove radiators on the spaftecconcept giving early results on intrinsic noise, particiyld / f
which provide passive cooling down to approximately 50 knoise properties, and characterise in a preliminary fashies-
Once pre-cooled to the required range of temperatures,abe tgmatic éfects to give requirement inputs for the rest of the in-
is expanded through the J-T valve. Upon expansion, hydstrument design and at satellite level. The PDs also gavadhe
gen forms liquid droplets whose evaporation provides tha-co vantage of being able to test and gain experience with vevy lo
ing power. The liquidvapour mixture then sequentially flowsnoise HEMT amplifiers, hybrid couplers, and phase switches.



Mandolesi et al.: Planck Pre-launch Status: the PlanckRtBgramme 13

SCSUnit WarmRad 3VGroove Cold End T (K) Heat Lift Input Power Cycle Time

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

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

Table 3. SCS flight units performance summary.

The PD development started early in the programme during thé.4. The Flight Model
ESA development Pre-Phase B activity and ran in paralleéd wit

the successive instrument development phase of elegaad bréhe LFI FM contained flight standard units and assembliess tha
boarding. went through flight unit acceptance level tests prior togragon

as the LFI FM. In addition prior to mounting in the LFI FM each
RCA went through a separate cryogenic test campaign after as
sembly to allow preliminary tuning to achieve best perfoncea
and confirm the overall functional performance of each naio
ter. At the LFI FM test level the instrument went through an
The fundamental purpose of the LFI EBBs was to demonstraigtended cryogenic test campaign that included a furthve le
maturity of the full radiometer design over the whole freqeie  of tuning and the instrument calibration that could not be pe
range of LFI prior to initiating qualification model constiu formed when mounted in the final configuration on the sagellit
tion. Thus full comparison radiometers (two channels coger pecause of schedule and cost constraints. At the time of-deli
a single polarisation direction) were constructed, cetesn ery of the LFI FM to ESA for integration on the satellite the
100 GHz, 70 GHz, and 30 GHz, extending from the expect@d.{y significant verification test that remained to be done wa
design of the corrugated feed-horns at their entrance todbe  the vibration testing of the fully assembled Radiometerafrr
put stages at their back-end. These were put through furatioassembly (RAA) that could not be done in a meaning-full way
and performance tests with their front-end sections opeyatt at instrument level because of the problem of simulatingthe
20 K as expected in flight. It was towards the end of this deveited vibration input through the DAE and the LFI FPU mount-
opment that the financial ﬂﬁCU|ti€$ which terminated the LFI ing in to the RAA (and in particular in to the waveguides). hi
100 GHz channel development hit the programme. verification was completed successfully during the satefiFM
vibration test campaign.

4.1.2. Elegant Breadboarding (EBB)

4.1.3. The Qualification Model 4.1.5. The Avionics Model

The development of the LFI QM commenced in parallel witlthe LFI AVM was composed of the DAE QM, and its secondary
the EBB activities. From the very beginning it was decideat thpower supply box removed from the RAA of the LFI QM, an
only a limited number of radiometer chain assemblies (RCANM model of the REBA and the QM instrument harness. No
each containing four radiometers (and thus covering fwilg t radiometers were present in the LFI AVM, and their active in-
orthogonal polarisation directions) at each frequencyikhbe puts on the DAE were terminated with resistors. The LFI AVM
included and that the remaining instrumentation would pege was used successfully by ESA in the Planck System AVM test
sented by thermal mechanical dummies. Thus the LFI QM cogampaigns to fulfil its scope outlined above.

tained 2 RCA at 70 GHz and one each at 44 GHz and 30 GHz.

The active components of the Data Acquisition Electronics ) _

(DAE) were thus dimensioned accordingly. The Radiometér2. The Sorption Cooler Sub-system Model Philosophy

Electronics Box Assembly (REBA) QM supplied was a full unit .
All units and assemblies went through approved unit leval-qu The SCS model development was designed to produce two cool-

ification level testing prior to integration as the LFI QM inet ers - a nominal cooler and a redundant cooler. The early jpart o

facilities of the instrument prime contractor Thales AleSpace '€ Model philosophy adopted was similar to that of LFI em-
Milano. ploying prototype development and testing of key compasent

such as single compressor beds prior to the building of an EBB

The financial dificulties that have already been mentionegontaining a complete complement of components as in acoole
also disrupted QM development and lead to the use by ESA oféended to fly. This EBB cooler was submitted to an intensive
thermal-mechanical representative dummy of LFI in theesyst functional and performance test campaign. The SorptioriéCoo
level satellite QM test campaign because of the ensuing rela Electronics (SCE) meanwhile started development with aB EB
the availability of the LFI QM. The LFI QM was however funda-and was followed by a QM and then FIFM2 build.
mental in the development of LFI as it gave the LFI Consortium The TMUs of both the nominal and redundant sorption cool-
the opportunity to perform representative cryo-testingaag- ers went through protoflight unit testing prior to assembithw
duced model of the instrument and thus confirm the designtbkir respective PACE for thermiatyogenic testing before de-
the LFI flight Model. livery. To conclude the qualification of the PACE a spare unit
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participated in the PPLM QM system level vibration and cryahrough to normal mission operations and it was during these
genic test campaign. tests that the two instruments and the Sorption Cooler tijrec

An important constraint in the ground operation of the sorglemonstrated together not only their combined capatsiltigt
tion coolers is that they could not be fully operated withithealso their operational margins, with success.
compressor beds far from a horizontal position. This was to
avoid permanent non homogeneity in the distribution of tire h
drides in the compressor beds and the ensuing losSiaiescy.
In the fully integrated configuration of the satellite, thENP  The LFI has been tested and calibrated before launch atugrio
thermal and cryogenic test campaign, for test chamber configvels of integration, from the single components up torinst
uration, schedule and cost reasons would allow only oneecooinent and satellite levels; this approach, which is sumredris
to be in a fully operable orientation. Thus the first cooleb& schematically in Fig. 11, provided inherent redundancy emd
supplied, which was designated the redundant cooler (FMHS, timal instrument knowledge.
mounted with the PPLM QM and put through a cryogenic test Passive components, i.e. feed-horns, OMTs and waveguides,
campaign (termed PFM1) with similar characteristics tosthohave been tested at room conditions at the Plasma Physics
of the final thermal balance and cryogenic tests of the fullg-  |nstitute of the National Research Council (IFP-CNR) using
grated satellite. Then FM1 was later integrated into thellt& \ector Network Analyser. A summary of the measured perfor-
where only short, fully powered, health checking was donit.onmance parameters is provided in Table 4; measurements and re
The second cooler was designated as the nominal cooler (FMg)ts are discussed in detail in Villa et al. (2009a); D'Argelo
and participated fully in the final cryo-testing of the shttel For et al. (2009b,a).
both coolers final verification (TMU assembled with PACE) was
achieved during the Planck system level vibration test Gagmp
and subsequent tests. Table 4. Measured performance parameters of the LFI passive compo-

The AVM of the SCS was supplied using the QM of the SCEENtS:
and a simulator of the TMU to simulate the power load of areal raeqHorns Return Los<, Cross-polar£45°) and Co-polar
cooler. patterns (E, H and-45° planes) in amplitude

and phase, Edge taper at'22

5. LFI test and verification

4.3. System Level Integration and Test OMTs Insertion Loss, Return Loss, Cross-polarisation,
The Planck satellite together with the instruments wagated Isolation
in the Thales Alenia Space facilities at Cannes in France. Waveguides Insertion Loss, Return Loss, Isolation
The SCS nominal and redundant coolers were integrated on ,
to the Planck satellite before LFI and HFI. Lreturn loss and patterns (E,H for all frequencies, al46 and cross-
Prior to integration on the satellite, the HFI FPU was int 'OHliE)T\%'tQSV\ZgIIGHZ system) have been measured for the alsemb

grated in to the FPU of LFI. This involved mounting the LF

4K-Loads on HFI before starting the main integration preces
which was a very delicate operation considering that wheredo
the closest approach of LFI and HFI would be of the order of
2 mm. It should be remembered that LFI and HFI had not “met”
during the Planck QM activity and so this integration was- per
formed for the first time during the Planck PFM campaign. The ;‘;iﬁ‘——
integration process had undergone much study and required *
special rotatable GSE for the LFI RAA, and a special suspen

sion and balancing system to allow HFI to be lifted and lowlere

in to LFI at the correct orientation along guide rails fronoaé.

Fortunately the integration was completed successfully.

: . Figure 11. Schematic of the various calibrations steps in the LFI devel
Subsequently the combined LFI RAA and HFI FPU were Ir{;pment.

tegrated on to the satellite supported by the LFI GSE which wa
eventually removed during integration to the telescope. fio-
cess of electrical integration and checkout was then caemple  Also radiometric performance was measured several times
for LFI, the SCS and HFI, and the Proto-Flight Model test canaturing the LFI development on individual sub-units (amphi,
paign was commenced. phase switches, detector diodes, etc.) on integrated-&omand

For LFI this test campaign proceeded with ambient fun®ack-end modules (Davis et al. 2009; Artal et al. 2009; Varis
tional checkout followed by detailed tests as a complete sudt al. 2009) and on the complete radiometric assembliesasoth
system prior to participation with the SCS and HFI in the séadependent RCAs (Villa et al. 2009b) and in RAA, the final
quence of alignment, EMC, sine and random acoustic vibmatimtegrated instrument configuration (Mennella et al. 2009)
tests, and the sequence of system level verification tethshe In Table 5 (taken from Mennella et al. (2009)) we list the
Mission Operations Control Centre (MOC at ESOC, Darmstadtjain LFI radiometric performance parameters and the iategr
and LFI DPC. During all these tests, at key points, both thre-notion levels at which they have been measured. After the flight
inal and redundant SCS were put through ambient temperatimstrument test campaign the LFI has been cryogenicaltgdes
health checks to verify basic functionality. again after integration on the satellite with the HFI whhe fi-

The environmental test campaign culminated with the themal characterisation will be performed in flight before siay
mal balance and cryogenic tests carried out in the Focaliijac nominal operations.
of the Centre Spatial de Liege, Belgium. The testwas dedigme ~ RCA and RAA test campaigns have been key to characterise
follow very closely the expected cool-down scenario afienich the instrument functionality and behaviour, and meassrext

Unit RCA RAA Satellite In-flight




Mandolesi et al.: Planck Pre-launch Status: the PlanckRtBgramme 15

Table 5. Main calibration parameters and where they have Beeili  requirements. Nevertheless, the measured performancesmak
be measured. The following abbreviations have been used: SA LFI| the most sensitive instrument of its kind, a factor of 2 to

Satellite, FLI= In-flight, FE= Front-end, BE= Back-end, LNA=Low 3 petter than WMAPF at the same frequencies_
Noise Amplifier, PS= Phase Switch, Radiom Radiometric, Suse

Susceptibility.
Table 6. Calibrated white noise from ground test results extrapolat

Category | Parameters RCA | RAA | SAT | FLI CMB input signal level. Two dferent methods are used here to provide
Tuning FE LNAs Y Y Y Y a reliable range of values (see Mennella et al. (2009) fahé&urdetails).
FE PS Y Y Y Y The final verification of sensitivity will be derived in fliglturing the
BE offset and| Y Y Y Y CPV phase.
gain
Quantisation / N Y Y Y Frequency channel 30GHz 44GHz 70GHz
compression White noise per channel 143154 152160 13G-146
Radiom. | Photometric Y Y Y Y [uK- /3]
calibration
Linearity Y Y Y Y
[solation Y Y Y Y
In-band re-| Y N N N .
sponse 6. LFI Data Processing Centre
Noise \Q’h'tefno'se $ $ ¥ $ In order to take maximum advantage of the capabilities of the
1/?6;0;?' Y Y v Y _Plar_wck mission and to achi_eve its very a_rr_lbitious s_cientiﬁc 0
Susc. FE temperaturd Y Y Y Y jectives, proper dat_a reduction and scientific analysisquiares
fluctuations were defined, designed, and implemented very carefully. The
BE temperature] Y % N N data processing was optimized so as to extract the maximum
fluctuations amount of useful scientific information from the data set and
FE bias fluctua-| Y Y N N to deliver the calibrated data to the broad scientific comigun
tions within a rather short period of time. As demonstrated by many

previous space missions using state-of-the-art techiedpthe
best scientific exploitation is obtained by combining theust,
well-defined architecture of a data pipeline and its assedia

pected performance in flight conditions. In particular 30 GHtools with the high scientific creativity essential whenifec
and 44 GHz RCAs have been integrated and tested in Italy,uforedictable features of the real data. Although manysstep
the Thales Alenia Space (TAS-I) laboratories in Milan, whilrequired for the transformation of data have been defined dur
the 70 GHz RCA test campaign has been carried out in Finlaif@ the development of the pipeline, since most of the faese
at the Yilinen-Elektrobit laboratories (Villa et al. 2009kfter ~ able ones have been implemented and tested during simdatio
this testing phase the 11 RCAs have been collected and $@me of them will remain unknown until flight data are obtaine
tegrated with the flight electronics in the LFI main frame at Planck is a Pl mission, and its scientific achievements will
the TAS-I labs where the instrument final test and calibratiglepend critically on the performance of the two instrumglcfes
has taken place (Mennella et al. 2009). Custom-designed cajpd HFI, on the cooling chain, and on the telescope. The data
ofacilities (Terenzi et al. 2009b; Morgante et al. 2009a)l arProcessing will be performed by two Data Processing Centres
high-performance black-body input loads (Terenzi et a0®0 (DPCs) (Pasian et al. 2000; Pasian & Gispert 2000; Pasian &
Cuttaia et al. 2009) have been developed in order to testfhe ISygnet 2002). However, despite the existence of two separat
in the most flight-representative environmental condggion ~ distributed DPCs, the success of the mission relies heavily

A particular point must be made about the front-end bias tufile combination of the measurements from both instruments.
ing which is a key step in setting the instrument scientific pe ~ The development of the LFI DPC software has been per-
formance. Tight mass and power constraints called for alsimfiormed in a collaborative way across a consortium spreamsacr
design of the DAE box so that power bias lines have been @ver 20 institutes in a dozen countries. Individual sceatbe-
vided in five common-grounded power groups with no bias vollenging to the Software Prototyping Team develop prototype
age readouts. Only the total drain current flowing through tgode, which is then delivered to the LFI DPC Integration Team
front-end amplifiers is measured and is available in the @oud he latter is responsible for integrating, optimizing agslting
keeping telemetry. the code, and has produced the pipeline software to be used du

This design has importantimplications on front-end bias tuind Operations. This development takes advantage of tasls d
ing, which depends critically on the satellite electricatiaher- fined within the Pla_mck IDIS (Integrated Data and Informatio
mal configuration. Therefore this step has been repeatéidrat a Systém) collaboration. _ _ _ _
tegration stages and will also be repeated during grouedisat A software policy has been defined, with the aim of allowing
tests and in flight before the start of nominal operationsae the DPC to run the best possible algorithms within its pipei
about bias tuning performed on front-end modules and on tpbile fostering collaboration inside the LFI Consortiumdan

individual integrated RCAs can be found in Davis et al. (20092¢70SS Planck, and preserving at the same time the intellect
Varis et al. (2009) and Villa et al. (2009b). property of the code authors on the processing algorithms de

Parameters measured on the integrated instrument have péged- . . .
found essentially in line with measurements performed dirin | ne Planck DPCs are responsible for the delivery and archiv-

vidual receivers; in particular the LFI shows excellent stabil- "9 Of the following scientific data products, which are tesizt

ity and rejection of instrumental systematibeets. On the other €rables of the Planck mission:
hand the very ambitious sensitivity goals have not beey fa#t 8 Calculated on the final resolution element per unit intégrat
and the white noise sensitivity (see Table 6}89% higher than time.
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— Calibrated time series data, for each receiver, after ramo e — Auitary Data from MOC
of systematic features and attitude reconstruction. e ﬂ
. . . lows of Telemetry from ow of Consolidate
— Photometrically and astrometrically calibrated maps @f t ! ﬂﬁ Telemetry ecuest flom DPC
i

sky in each of the observed bands.

. . Within 10 hours instrument alarms ~—

— Sky maps of the main astrophysical components. Frchve

— Catalogues of sources detected in the sky maps of the m if \_{L i
astrophysical components. —

— CMB Power Spectrum cdiécients and a likelihood code. <:

Additional products, necessary to the total understandirige @ @

instrument, are being negotiated for inclusion in the Fkan <::|
L

Telemetry Ungscrambler Auxliary Informations

Legacy Archive (PLA). The products foreseen to be added
the formally defined products mentioned above are:

— Data sets defining the estimated characteristics of each <:>
tector and the telescope (e.g. detectivity, emissivityetie- 1 1
sponse, main beam and side lobes, etc. ...). e T
— “Internal” data (e.g. calibration data sets, data at ineziiate S ‘ gen
level of processing);
— Ground Calibration and AlV Databases produced during t%ure 12, Level 1 structure.
instrument development; and gathering all informationada
and documents relative to the overall payload and all sys-

tems and sub-systems. Most of this information is crucial f@uick Look) of the science TM is also done, to monitor the op-
processing flight data and updating the knowledge and tBgstion of the observation plan and to verify the perforneanc
performance of the instrument. of the instrument. The processing is meant to lead to the full
The LFI DPC processing can be logically divided in three leve mission .raw-data stream in a form suitable for subsequeat da
processing by the DPC.
— Level 1: includes monitoring of instrument health and be- Level 1 deals also with all activities related to the produc-
haviour and the definition of corrective actions in the cag®n of reports. This task includes the results of telematrgl-
of unsatisfactory functioning, and the generation of Timgsis, but also the results of technical processing carrigd o
Ordered Information (TOI), a set of ordered information oon Time-Ordered Information (TOI) to understand the curren
a temporal basis or scan-phase basis, as well as data disgag foreseen behaviour of the instrument. This second ibem i
checking and analysis tools. cludes specific analysis of instrument performance (LIFEF L
— Level 2: TOIs produced at Level 1 will be cleaned up byntegrated perFormance Evaluator), and more general afgeck
taking away noise and many other types of systemd#iacts of time series (TSA - Time Series Analysis) for trend anaysi
on the basis of calibration information. The final product gburposes and comparison with the TOI from the other instru-
the Level 2 includes “frequency maps”. ment. Additional tasks of Level 1 relate to its role of instrent
— Level 3: “Component maps” will be generated by this levadontrol and DPC interface with the MOC. In particular, thé fo
through a decomposition of individual “frequency maps” udewing actions are performed:

ing also products from the other instrument and, possibly, ) _ _ _
ancillary data. — Preparation of telecommanding procedures aimed at modi-

. ) fying the instrument setup.
One additional level (Level S) is used to develop the most so= Preparation of instrument database (MIBS).

phisticated simulations based on actual instrument pasme _ Communicate to the MOC “longer-term” inputs deriving
extracted during the ground test campaigns, was also imple- from feedback from DPC processing.

mented. — Calibration of REBA parameters to fit long term trends in the
We describe in the following sections the DPC Levels and instrument setup.

the software infrastructure, and we finally report brieflytba

tests that were applied to ensure that all pipelines areyrimad In Level 1 all actions are planned to be performed on a

the launch. “day-to-day” basis during observation. In Fig. 12 the stiue

of Level 1 and time required is reported. For more detailsrref

to (Zacchei et al. 2009).

LEVEL 1

6.1. DPC Level 1

Level 1 takes input from the MOC's (Mission Operation Centre; 5 ppe [ evel 2

Data Distribution System (DDS), decompresses the raw data,”

and outputs Time Ordered Information for Level 2. Level 1sloéAt this level data processing steps requiring detailedimsent

not include scientific processing of the data; actions are p&nowledge (data reduction proper) will be performed. The ra
formed automatically by using pre-defined input data andrinf time series from Level 1 will be also used for reconstructing
mation from the technical teams. The inputto Level 1 arattele number of sets of calibrated scans per each detector, assvell
try (TM) and auxiliary data as they are released by the MO@strumental performance and properties, and maps of the sk
Level 1 uses TM data for performing a routine analysis (RTAfer each channel. The processing is iterative, since sanatius
Real Time Assessment) of the Spacecraft and Instrumensstagvaluation of quite a number of parameters should be made be-
in addition to what is performed at the MOC, with the aim ofore the astrophysical signal can be isolated and averaged o
monitoring the overall health of the payload and detectiag-p all detectors in each frequency channel. Continuous exgghah
sible anomalies. A quick-look data analysis (TQL - Telemetrinformation between the two DPCs, will be necessary at L2vel
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radio sources

calibrated TOD (sorted by reseiver), calibraed TOD fsorted by receiver),
incleding Time-Ordered Fixels inchuding Time-Grdared Finels
raw TO archive
Catalog of : ;
within 18 krs p: -
generation of alarms for
unexpected sources

<

A

TEA +Trend analysis Beam pattsm reconstruction “J Sioply ntiaaisl m
components
T e
L rawTOr scinttfic alarms | Maimicbe + !
o/ (orted by recetverparameter) within 10 krs 7 infermediate and 7
£ ¥ 7 Jar beams ¥
Corelation between dats and HE | 4 i LEVEL 2
Stray light analysis h Detector noise
sviiee I | Map-making per receiver * properties
|
evaluation of dipole /7 o Instmment model
inputfrom / {freg. maps archive
ofher data- z (af different levels of accuracy)
o parametars 4 1

Instrument +SCS characterization (DE) ‘ Cenitlmnluemensl ot apienslion

| Catibration
; ’mmd—4| sexscomiose e within 2 days
S \—“ matrix; (PTH-LP) : i
R e Wom— a ) /75 calitpated maps (by receiver) (weekiy partial maps)

calibrafed TOD archive
(at different levels of accuracy)

L (sorted by receiver)

within 20 hrs satellite Merging of receiver maps

j’ Point Source processor veloeity and caibration
j HFI calibrated TOD e i v;r;';t;}r;fweek
e teditraed nart S (G ek parial maps
LEVEL?2 (periodic exchange)

Figure 13. Level 2 Calibration pipeline. Figure 14. Level 2 MapMaking pipeline.
i i 1 1 i 1 . ithin 1 Kk
in order to identify any suspect or unidentified behaviouamy PPN I S W kb
results from the detectors. i@ feguency) e

The first task that the Level 2 performs is the creation ¢ _+ igoutatssgasiion S sitcatrasinas

H | s Y rEGuRic),
differenced data. Level 1 stores data from both Sky and Loi s 57 e e
i } s i L ithin 1 month
These two have to be_ properl_y combined to produﬁie_r.hnced - e s
data therefore reducing the impact of hoise. This is done
component maps archive LEVEL 3

af different levels of accuracy)

via the computation of the so-called gain modulation fatir
which is derived taking the ratio of the mean signals fromhbo
Sky and Load.
After differenced data are produced, the next step is the pl  setomar - ‘ Cokis oo N
tometric calibration which transforms the digital unit inysical end of 247 survey)
units. This operation is quite complexfigirent methods are im-
plemented in the Level 2 pipeline that use the CMB dipole as
absolute calibrator allowing to convert data into physigats.
Another major task is beam reconstruction, which is imple-
mented using |nform§t|on frpm planet crossings. We de\gﬂop6'3' DPC Level 3
an algorithm performing a bi-variate approximation of thaim
beam section of the antenna pattern and reconstructingtiie pThe goal of the DPC Level 3 is to estimate and characterissmap
tion of the horn in the focal plane and its orientation witegect of all the diferent astrophysical and cosmological sources of
to a reference axis. emission (“components”) present at Planck wavelengthsgJs
The step following the production of calibrated timelines ithe CMB component obtained after point source extractiah an
the creation of calibrated frequency maps. In order to ds, thcleaning from difuse, Galactic emission, the angular power
pointing information will be encoded into Time-Ordered @i spectrum of the CMB is estimated for temperature, poldasat
i.e. pixel numbers in the given pixelisation scheme (HEAQPi and cross temperatypolarisation modes.
identifying a given pointing direction ordered in time. Irder to The extraction of the signal coming from Galactic poinelik
produce temperature maps itis necessary to reconstrun¢tile  objects, other Galaxies and clusters of them is achievedies a
pattern for the two polarization directions for the mairteime-  step, either using pre-existing catalogues based on remmclel
diate and far part of the beam pattern. This will allow conabin data, and filtering the multi-frequency maps with optimal fil
tion of the two orthogonal components into a single tempeeat ters for the detection and identification of beam like olgdste
timeline. On this temperature timeline a map-making athoni Herranz et al. (2009) and references therein).
will be applied to produce a map from each receiver. The algorithms dedicated to the separation dfudie emis-
The instrument model allows one to check and control sysions fall into to four main categories, depending on the cri
tematic dfects, and the quality of the removal performed bteria exploited to achieve separation, and making use of the
map-making and calibration of the receiver map. Receivgramawide frequency coverage of Planck (see Leach et al. (20G8B) an
cleaned from systematidfects at diferent levels of accuracy references therein). Internal Linear Combination and Tatep
will be stored into a calibrated maps archive. The productid-itting achieve linear mixing and combination of the multi-
of frequency calibrated maps is done processing togethes-al frequency data with other datasets, optimized for CMB oefor
ceivers from a given frequency channel in a single map-ngakiground recovery. The Independent Component Analysis works
run. In Figures 13 and 14 we report the steps performed by tinghe statistical domain, without making use of foregrooratl-
Level 2 with the foreseen time associated. eling or spatial correlations in the data, but assumingassta-

feedback on L2
processing

%Q:]ure 15. Level 3 pipeline structure.
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tistical independence between the components to recoler. -
correlated component analysis, on the other hand, makes
of a parametrization of foreground unknowns, and usesalpal -
correlations in order to achieve separation. Finally, Petaic
Methods consist in modeling foreground and CMB treatindea
resolution element independently, achieving fitting of the
knowns and separation by means of a maximum likelihood an
ysis. The LFI DPC Level3 includes algorithms belonging tolea
of the four categories outlined above. The complementafity
different methods for flierent purposes, as well as the cros
check on common products, are required for achieving riglialk
and complete scientific products. I

As for power spectrum estimation, two independerii”
and complementary approaches have been implemented (Sgere 16.IDIS ProC pipeline Editor.
Gruppuso et al. (2009), and references therein): a Monte&sCa

method suitable for high multipoles (based on the MASTER ap- . .
proach but including cross-power spectra from indepencent Bor this purpose, an Integrated Data and Information System

ceivers) and a maximum-likelihood method for low multipole (IDIS) was developed. IDIS (Bennett et al. 2000) is a collec-

A combination of the two methods will be used to produce tl'gOn of |r_1frasct:ructture_sotfrt]wgre for suppor:m? lthe Planc:td?
final estimation of the angular power spectrum from LFI datg, oc€SSINg LEntres in their managément ot largeé quantities

before combining with HFI data. In Fig. 15 we report the ste Iftwar?,t d?;]a a:jnd a|nC|IIarytmformatyon.IThedmfratstrmens_
performed in the the Level 3 pipeline with the foreseen ticags < cvant 1o the development, operational and pos -operalti
associated. phases of the mission.

The inputs to the Level 3 pipeline are the three calibrat The full IDIS can be broken down into five major compo-

frequency maps from LFI together with the six calibrated H nts:

frequency maps that are planned to be exchanged on a monthlyDocument Management System (DMS), to store and share

basis. The Level 3 pipeline has links with most of the stades o documents

Level 1 and Level 2 pipelines, and therefore the most coraplet- Data Management Component (DMC), allowing the inges-

and detailed knowledge of the instrumental behavior is rmost tion, eficient management and extraction of the data (or sub-

portant for achiveing its goals. Systematiteets appearing in sets thereof) produced by Planck activities.

the time ordered data, beam shapes, band width, source cataSoftware Component (SWC), allowing to administer, docu-

logues, noise distribution and statistics are examplespbi- ment, handle and keep under configuration control the soft-

tant inputs to the Level 3 processing. Level 3 will producerse ware developed within the Planck project.

catalogues, component maps and CMB power spectra that will Process Coordinator (ProC), allowing the creation and fun o

be delivered to the Planck Legacy Archive (PLA) togethehwit  processing pipelines inside a predefined and well conttolle

other information and data needed for the public releasbeft environment.

Planck products. — Federation Layer (FL), which allows controlled access & th
previous objects and acts as a glue between them.

6.4. DPC Level S The use of the DMS allowed the entire consortia to ingest and
, - ) store hundreds of documents with affi@ent way to retrieve
It was widely agreed within both Consortia that a softwarte abihem, The DMC is an API (Application Programming Interface)
to simulate the instrument footprint, starting from a pffet 1o, yata inpytoutput, connected to a database (either relational
sky, was indispensable for the full period of the Planck iiss  gpject oriented) and aimed at archiving and retrievalatad
Based on that idea, an additional processing level, LeveS, anq the relevant meta-information; it also features a usgh G
developed, and was upgraded whenever the knowledge ofthefe proC is a controlled environmentin which software megul
strumentimproved (Reinecke et al. 2006). Level S includ®® n ¢4 pe added to create an entirely functional pipelineotestall
all the instrument chara_tctens_ﬂcs as they were understaddg the information related to versioning of the modules useda.d
the ground test campaign. Simulated data were used to &alygmporary data created within the database while using M€ D
the performance of data-analysis algorithms and softwatbe aAp| |n Fig. 16 an example of LFI pipeline is shown. Finallyet
scientific requirements of the mission and to demonstr&eah | is an AP that, using a remote LDAP database, assigns the

pability of the DPCs to work using blind simulations that ain 5 ropriate permission to the users with reference to datzsa,
unknown parameter values to be recovered by the data proc are access and pipeline run privileges.

ing pipeline.

6.6. DPC Test performed
6.5. DPC Software Infrastructure o o
Each pipeline and sub-pipeline (Level 1, Level 2 and Level 3)

During the whole of the Planck project it was, and it will bech have undergone flerent kinds of tests. We report here only
essary to deal with aspects related to information managemehe dficial tests conducted with ESA, without referring to the
which pertain to a variety of activities concerning the wholinternal tests which were dedicated to DPC subsystems.| Leve
project, ranging from instrument information (technichbc 1 was the most heavily tested as this pipeline is considered
acteristics, reports, configuration control documentawitigs, launch-critical. As a first step it was necessary to validate
public communications, etc.), to software developrf@mttrol output with respect to the input: to do that we ingested in the
(including the tracking of each bit produced by each pipglin instrument a well known signal as described in (Frailis et al
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2009) with the purpose of verifying if the processing insidéons from Denmark and NASA (USA). The Planck-LFI project
Level 1 was correct. This had also the benefit to give an iis developed by an International Consortium led by Italy Bnd
dependent test of important functionalities for the REBAt-so volving Canada, Finland, Germany, Norway, Spain, Switzat|
ware responsible for the onboard preprocessing of scientifik, USA. The Italian contribution to Planck is supported bg t
data. Afterwards more complete tests, including all irtees Italian Space Agency (ASI) and INAF. We wish also to thank the
with other elements of the ground segment, were performedany people of the HerschiBlanck Project and RSSD of ESA,
Those tests simulate one week of nominal operations (SOVTASI, THALES Alenia Space Industries and the LFI Consortium
System Operation Validation Test) (Keck 2008) and, durhmg t that have contributed to the realization of LFI. We are grate
SOVT2, one week of Commissioning Performance Verificatidl to our HFI colleagues for such a fruitful collaborationre
(CPV) phase. During these tests we demonstrated that the i so many years of common work. The German patrticipa-
Level 1 is able to deal with the telemetry as it should be aegui tion at the Max-Planck-Institut fir Astrophysik is fundég
during operations. the Bundesministerium fir Wirtschaft und Technologietigh
Tests performed on Level 2 and Level 3 were more scienttee Raumfahrt-Agentur of the Deutsches Zentrum fur Luft-
oriented to demonstrate the scientific adequacy of the LRT DRind Raumfahrt (DLR) [FKZ: 50 OP 0901] and by the Max-
pipeline, i.e. its ability to produce scientific results anensu- Planck-Gesellschaft (MPG). The Finnish contribution ip-su
rate to the objectives of the Planck mission. These teste wgorted by the Finnish Funding Agency for Technology and
based on blind simulations of growing complexity. The Phasenovation (Tekes) and the Academy of Finland. The Spanish
1 test data, produced with Level S, featured some simptifyinparticipation is funded by Ministerio de Ciencia e Innowarci
approximations: through the project ESP2004-07067-C03 and AYA2007-68058-
3. C. Baccigalupi and F. Perrotta acknowledge partiat sup
o f the NASA LTSA Grant NNG04CG90G. We acknowl-
(no non-gaussianity); grt 0
: : : . o ge the use of the BCX cluster at CINECA under the agreement
- glﬁi;jg)rglfn%li;ot include modulations due to the L'SsaJOLTRIAI\IA:/CINECABWekacknogll:()edgeAt\helus_e ?{Xﬁég%mémcmve
: o . . . icrowave Background Data Analysis . Support
B \(/Baarﬁﬁgcspeenc]tlrssll?r?devxgs obtained assuming non-spaﬂaﬁ& LAMBDA is provided by the NASA Qfice of Space Science.
' We acknowledge use of the HEALPIx (Gorski et al. 2005) soft-

— the detector model was “ideal” and did not vary with time; : . e
_ the scanning strategy was “ideal” (i.e. no gaps in the data)\fvare and analysis package for deriving the results in thigepa

— the sky model was based on the “concordance model” C

The results of this test were in line with the objective of ithis- ) _

sion (see Perrotta & Maino (2007)). Appendix A: List of Acronyms
The Phase 2 tests are still ongoing. They take into account

more realistic simulations with all the known systematiosl a

known problems (e.g. data gaps) in the data. Results aretxpe

in May 20009. ADAF/ADIOS = Advection Dominated Accretion Flow

Advection Dominated In-flow Out-flow Solution

AIV = Assembly Integration and Verification

API = Application Programming Interface

APS= Angular Power Spectrum

ASI = Agenzia Spaziale Italiana (Italian Space Agency)
ATCA = Australian Telescope Compact Array

AVM = AVionic Model

7. Conclusion

Ground testing shows the LFI works as anticipated. The ebser
vational program will start after the Plantlerschel launch on
May 14th, 2009.

A challenging commissioning and final calibration phase

will prepare the LFI for nominal operations that will staltcat
90 days after launch. After20 days the instrument will be
switched on and its functionality will be tested in paralléth

the cool down of the 20 K stage. Then the cool down period of

the HFI focal plane down to 4 K will be exploited by the LFI to
tune voltage biases of the front end amplifiers, phase sestch

BEM = Back-End Module

BEU = Back-End Unit

C-BASS= C-Band All-Sky Survey

CDM = Cold Dark Matter

COBE = COsmic Background Explorer

COBRAS = COsmic Background Radiation Anisotropy

and REBA parameters, which will set the final scientific perfoSatellite

mance of the instrument. Final tunings and calibration |
performed in parallel with HFI activities for about 25 days u
til the last in-flight calibration phase (the so-called ‘filight
survey”), 14 days of data acquisition in nominal mode thak wi
benchmark the whole system, from satellite and instrumients
data transmission, ground segment and data processitg. leve

The first light survey will produce the very first Planck maps.
This will not be aimed to scientific exploitation but will rer
serve as a final test of the instrumental and data procesapag ¢
bilities of the mission. After this, the Planck scientificavptions
will begin.
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CMB = Cosmic Microwave Background
CSL = Centre Spatial de Liege

DAE = Data Acquisition Electronics

DBI = Dirac-Born-Infeld (inflation)

DC = Direct Current

DDS = Data Distribution System

DMC = Document Management Component
DMS = Document Management System
DPC= Data Processing Centre

EBB = Elegant BreadBoarding

ESA = European Space Agency

ET = Edge Taper

FEM = Front-End Module

FL = Federation Layer

FM = Flight Model

FSRQ-= Flat Spectrum Radio Quasar
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FWHM = Full Width Half Maximum
GEM = Galactic Emission Mapping

GLAST = Gamma ray Large Area Space Telescope

GLS = Generalized Least Square
GSE= Grand Support Equipment
GUI = Graphical User Interface

HEALPix = Hierarchical Equal Area isoLatitude
Pixelization

HEMT = High Electron Mobility Transistor

HFI = High Frequency Instrument

HPST= High-Pressure Stabilization Tank

ICA = Independent Component Analysis

IDIS = Integrated Data and Information System
ILC = Internal Linear Combination

IR = Infra Red

ISM = Inter Stellar Medium

LBSP = Low-Pressure Storage Bed

LDAP = Lightweight Directory Access Protocol
LFI = Low Frequency Instrument

LIFE = LFI Integrated perFormance Evaluator
LNA = Low Noise Amplifier

LVHX = Liquid Vapour Heat eXchange

MIB = Mission Information Base

MIC = Microwave Integrated Circuit

MMIC = Monolothic Microwave Integrated Circuit
MOC = Mission Operation Centre

NG = Non Gaussianity

OMT = Orthomode Transducer

PACE = Piping and Cold End Assembly

PD = Prototype Demonstrator

PFM = Planck Prototype Model

PGMS= Parkes Galactic Meridian Survey

PI1 = Principal Investigator

PID = Proportional Integral Derivative
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