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Abstract. We present an overview of the Europ ean Space Agency's Planck mission, its scierntic objectives and the
main elements of its technical design. The current programmatic status of Planck within ESA's Scientic Programme,
implementation plans, and near-term milestones are also outlined. We place some emphasis on the design of Planck as
a polarimeter and we discuss its potential contribution to our knowledge of the magnetized interstellar medium in the
Milky Way.

1 Overview

1.1 Scientic Objectiv es

Planck (http://www.rssd.esa.int/Planck ) is a spaceobsenatory designedto image the temperature
anisotropies of the Cosmic Microwave Background (CMB) over the whole sky, with unprecedened
sensitivity ( T=T 2 10 ) and angular resolution (5 arcminutes). Planck will provide a major
sourceof information relevant to seweral cosmologicaland astrophysical issues,sudc astesting theories
of the early universeand the origin of cosmicstructure.

The ability to measureto high accuracy the angular power spectrum of the CMB uctuations
will allow the determination of fundamental cosmologicalparameterssuch asthe density parameter
(' o), and the Hubble constart Hp, with an uncertainty of order a few percert (e.g. Bersanelli et al.,
1996, Bond et al., 1997; Efstathiou and Bond, 1999). Planck will not only measurethe temperature
uctuations of the CMB, but alsoits polarisation state. This measuremen (e.g. Seljak, 1997) will not
only yield new scienti ¢ results, but will also help to analyzethe CMB temperature anisotropies (in
particular by resolvingdegeneraciesn the estimation of somecosmologicalparameters;seeZaldarriaga
et al., 1997; Kamionkowski and Kosowsky, 1998).

In addition to the main cosmologicalgoals of the mission, the Planck sky survey will be usedto
study in detail the very sourcesof emissionwhich \contaminate" the signal due to the CMB, and will
result in a wealth of information on the properties of extragalactic sources,and on the dust, gas,and
magnetic eld in our own galaxy (e.g. De Zotti et al., 1999).

1.2 Payload design

The scierti ¢ prescription which will allow Planck to meet its ambitious objectivescalls for:
an o set telescope with a physical aperture of size 1.5m. to achieve the angular resolution

state-of-the-art broadband detectors covering the range 25to 1000 GHz, to achieve the
required sensitivity and the ability to remove foreground sourcesof emission

a survey with all-sky coveragecarried out from a far-Earth orbit

extreme attention to rejection of unwanted systematic e ects.
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To achieve this prescription a payload was conceiwed for Planck (Bersanelli et al., 1996) consisting
of three basic componerts: (1) a telescope and baing system, providing the angular resolution and
rejection of straylight; (2) a Low FrequencyInstrument (or LFI) { an array of tuned radio receiwers,
basedon HEMT ampli ers, covering the frequencyrange25{ 110GHz, and operated at a temperature
of 20K; and (3) a High FrequencyInstrument (or HFI), consisting of an array of bolometersoperated
at 0.1 K and covering the frequencyrange 90{ 1000GHz.

The major elemers of the Planck payload and their disposition on the spacecraftcan be seenin
Figures 1 and 2.

Telescope

Instruments

Service Module

I/F to Ariane

Fig. 1. A conceptual view of the arrangement of the main elemerts of the Planck payload. The instrument focal plane
unit contains both low and high frequency detectors. The function of the large shield surrounding the telescope is to
control the far sidelobe level of the radiation pattern as seenfrom the detectors. Specular conesthermally decouple the
Service Module (located below the payload) from the Payload Module, and allow the payload environment to reach its
nominal temperature of 50 K. The satellite's spin axis is indicated; the Sun is always kept in the anti-spin direction
(perpendicular to the solar array). The satellite views are courtesy of Alcatel Space (Cannes).

1.3 Programmatic aspects

Planck was selectedin 1996 as the third Medium-Sized Mission (M3) of ESA's Horizon 2000 Scien-
tic Programme; today it is part of ESA's Cosmic Visions programme. Planck was formerly called
COBRAS/SAMBA. After the mission was selectedand approved (in late 1996), it was renamed in
honor of the German sciertist Max Planck (1858{1947), Nobel Prize for Physics in 1918. Planck
will be launched together with ESA's Hersdel Far-Infrared and Submillimetre SpaceObsenatory in
February of 2007.

Starting in 1993, a number of technical studies laid the basisfor the issuein Septenber 2000 of
an Invitation to Tender (ITT) to Europeanindustry for the procuremert of the Hersctel and Planck
spacecraft. From the submitted proposals, a single prime cortractor, Alcatel Space (France), was
selectedin early 2001 to dewelop both Herschel and Planck spacecrafts.Alcatel Spaceis supported
by two major subcontractors: Alenia Spazio (Torino) for the Service Module, and Astrium GmbH
(Friedrichshafen) for the Herscel Payload Module; and by many other industrial sub-cortractors
from all ESA menber states. The detailed de nition work beganin June 2001, and is very advanced
at the time of writing. A view of the current designof Planck is shavn in Figure 1.
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Planck is a survey-type project which is being developed and operated as a Principal Investigator
mission. In early 1999, ESA selectedtwo Consortia of scierti ¢ institutes to provide the two Planck
instruments: the Low FrequencyInstrument will be dewveloped and deliveredto ESA by a Consortium
led by Reno Mandolesi of the Istituto di Astro sica Spaziale e Fisica Cosmica (CNR) in Bologna
(Italy); similarly, the High Frequency Instrument will be provided to ESA by a Consortium led by
Jean-Loup Puget of the Institut d'Astrophysique Spatiale (CNRS) in Orsay (France). More than forty
European institutes, and some from the USA, are collaborating on the dewelopmern, testing, and
operation of these instruments, as well as the ensuing data analysis and exploitation. The currently
foreseencapabilities of the instruments are described in Table 1; more detailed recern descriptionscan
be found in Mandolesi et al. 2003 (LFI) and Lamarre et al. 2003 (HFI).

In early 2000, ESA and the Danish Space Researt Institute (DSRI, Copenhagen) signed an
Agreemert for the provision of the two re ectors that constitute the Planck telescope. DSRI leadsa
Consortium of Danish institutes, and has subcortracted the developmen of the Planck re ectors to
Astrium GmbH (Friedrichshafen), who are manufacturing the re ectors using state-of-the-art carbon
bre technology.

The instrument developmert has proceededlargely accordingto schedule,in spite of a number of
nancial di culties during 2002,which at the time of writing have beenresolved. Hardware subsystems
are already being manufactured and tested. The rst deliveriesof instrument quali cation modelsare
expected in mid-2004, with the igh t models due in mid-2005.

2 Scientic performance

The principal objective of Planck is to produce maps of the whole sky in nine frequency channels.
The currently foreseencharacteristics of the two Planck instruments (seeFigure 2) are summarized
in Table 1; these characteristics largely drive the quality of the nal maps.

Table 1. The currently foreseen characteristics of the Planck payload.

Telescope 1.5 m. (pro j. apert.) Aplanatic, Temp. 50 K; sy stem 1%
Shared focal plane; viewing direction oset 85Y from spin axis

Instrumen t LFI HFI

Center Frequency (GHz) 30 [ 44 [ 70 100 [ 143 [ 217 [353 [545 [ 857

Detector Technology HEMT receiv er arrays Bolometer arrays

Detector Temp erature 20 K 0.1K

Cooling Requiremen ts H, sorption cooler H, sorption + 4K J-T activ e stage + °He-?He Dilution

Num ber of Unp olarised Detectors - - - - 4 4 4 4 4

Num ber of Linearly Polarised Detectors 4 6 12 8 8 8 8 - -

Bandwidth ( =) 0.2 0.2 0.2 0.33 0.33 0.33 0.33 0.33 0.33

Angular Resolution (arcmin) 33 24 14 9.2 7.1 5.0 5.0 5.0 5.0

Average T=T per pixel (Stok es]I) 2.0 2.7 4.7 25 2.2 4.8 14.7 147.0 6700

(12 mos., 1 , 10 & units)

Average T=T per pixel (Stok esU, Q) 2.8 3.9 6.7 4.0 4.2 9.8 29.8

(12 mos., 1 , 10 & units)

These maps will not only include the CMB itself, but also all other astrophysical foregrounds,
whether galactic (free-free, synchrotron or dust) or extragalactic in origin. All nine Planck sky maps
will be usedto produce a single map of the Cosmic Microwave Background anisotropies. The key that
allows to reacd this objective is the wide spectral coverageachieved by Planck. Each astrophysical
foreground has a distinct spectral characteristic; specializeddata processingalgorithms (e.g. Tegmark
1997;Hobson et al., 1998; Bouchet and Gispert, 1999) will usethis information to iterativ ely extract
the signal due to eadt foreground component, until only the CMB signal remains.

Instrumental systematice ects (e.g. Delabrouille 1998;Burigana et al., 1998;Maino et al., 1999),as
well asuncertainties in the recovery of parameterscharacterizing the foregroundswill degradethe nal
noiselevel in the CMB maps. Thereforethe nal sciertic performanceofthe missiondependsnot only
on the instrumental behavior, but alsoon the detailed nature of the various astrophysical foregrounds,
the behavior of many systematic e ects which produce spurious signals (such as straylight), and the
ability to remove these signals from the measureddata by means of data processingalgorithms.
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Current estimatesof the performanceof Planck are basedon simulations of the measuremen process
(e.g. Bersanelli et al., 1996; Bouchet and Gispert, 1999; Knox, 1999; Tegmark et al., 2000), which

include sud e ects to the best of available knowledge,aswell asof the signal extraction process.These
simulations suggestthat the ability to extract the CMB signal from the measuremets will be limited

mainly by the badkground of noise originating in unresolved structure in the various foregrounds.

The Planck instruments are also designedto provide information on the polarisation state of the
CMB. Although simulations of the extraction of polarisation from Planck are at a lesssophisticated
level than those dealing with temperature anisotropies, it is expected that Planck will be able to
measurewith good accuracythe angular power spectrum of the \E-comp onernt" of CMB polarisation
(Hu and White, 1997),with the consequen improved estimation of cosmologicalparameters(Bouchet
et al., 1999;Prunet et al., 2000). A detection of the \B-comp onent" should alsobe achieved (Hu 2002).

Naturally, as a by-product of the extraction of the CMB, Planck will also yield all-sky maps of
all the major sourcesof microwave to far-infrared emission,opening a broad expanseof astrophysical
topics to scrutiny. In particular, the physicsof dust at long wavelengthsand the relativ e distribution of
interstellar matter (neutral and ionized) and magnetic elds will be investigated using dust, free-free
and syndirotron maps. In the eld of star formation, Planck will provide a systematic seard of the
sky for dense,cold condensationswhich are the rst stagein the star formation process.One speci c
and local distortion of the CMB which will be mapped by Planck is the Sunyaev-Zeldwich (SZ)
e ect arising from the Compton interaction of CMB photons with the hot gasof clusters of galaxies
(Aghanim et al. 1997, Pointecouteauet al. 1998). The very well de ned spectral shape of the SZ e ect
allows it to be cleanly separatedfrom the primordial anisotropy. The physics of gas condensationin
cluster-sizepotential wellsis an important elemer in the questto understand the physicsof structure
formation and ultimately of galaxy formation.

Therefore, even though that is not its primary scierti ¢ objective, Planck will deliver high quality
all-sky maps of all extended foreground emissioncomponerts betweencm and submm wavelengths.
Thesemapswill constitute a scierti ¢ product which is comparableto the IRAS and COBE-DIRBE
maps at shorter wavelengths. The high-resolution all-sky nature of the maps, coupled with the broad
spectral coverageand highly accurate calibration, will present a unique opportunity to explore in a
global senseall the extended emissioncomponerts of our own as well as external galaxies.

3 Polarimetry with Planck

The Planck instruments werenot originally designedto measurepolarisation, though they were always
basedon linearly polarised detectors. However, sinceits selection,there hasbeena growing realisation
of the sciertic importance of measuringthe polarisation state of the CMB. Therefore a number of
design changeshave been made in the past few yearsto allow Planck to better exploit its existing
capabilities. Still, its operation asa polarimeter remains non-standard, and is therefore addressechere
in somedetail.

The LFI is basedon the coherert ampli cation of radiation collectedby a corrugated feedhornfrom
the telescope and deliveredto a Low-NoiseAmpli er, for evertual detection after seweral ampli cation
stages.An Ortho-Mo de Transducer located behind the corrugated feedhorn selectstwo orthogonal
linearly polarisedmodesand feedsthem to independent ampli cation chains. Thereforein the LFI ead
horn is coupled to two orthogonal polarisations on the sky. The two measuremets are independert
and allow to determine two Stokesparameters,e.g.l and Q. If an additional horn/OMT/ampli cation
unit is rotated by 45° (around the horn axis) and is pointed to the samepart of the sky, the four
measuremets together allow to determine three Stokes parameters, |, Q, and U.

The principle of Planck polarimetry consistsof a focal plane design(seeFigure 3) that allows each
part of the sky to be measuredby two horns (four detectors,sampling all polarisation directions spaced
by 45°). This is achieved by placing pairs of horns in the focal plane in such a way that they follow
the samepath on the sky, acquiring data on the samepixels with a small time delay. Each detector
(of a set of at least four) is sampled independertly, and post-processingon the ground ensuresthat
I, Q, and U are recovered. The last Stokesparameter (V, parametrising circular polarisation), is not
measuredby Planck, but at the sametime is not expectedto be presert in the CMB signals.



Polarimetry and the Planck Mission 5

Fig. 2. On the right (top) is shown the combined focal plane unit formed by the LFI and HFI; the colors on each horn

correspond to frequency channels. The HFI focal plane is inserted into the ring formed by the LFI horns, and includes

thermal stagesat 20 K, 4 K, 2 K and 0.1 K.The LFI horns and detectors are cooled to 20 K, and are attached by

waveguides to a lower unit containing back-end ampliers; a complex mechanical structure stiens the assenbly. On

the left is shown the manner in which the various instrument units are distributed throughout the Payload and Service

Modules. In general all cryogenic units are located in the Payload Module and all warm units (electronics, coolers) are
located in the Service Module. The gures are courtesy of Alcatel Space (Cannes) and Laben (Milano).

The above principle also appliesto the HFI. As for the LFI, the radiation is collected by a cor-
rugated feedhorn. However, in this case,it is delivered directly to incoherert detectors, so-called
Polarisation Sensitive Bolometers (Jones et al. 2003). These consist essetially of grids of parallel
wires which couple to one linear polarisation only; the energy of the radiation absorbed by the grid
is dissipated as heat that increasesthe temperature of a solid-state thermometer. In eat horn are
located two perpendicular grids which allow the independent detection of two orthogonal linear polar-
isations. Note that not all HFI channelsallow polarisation measuremets: the two highest frequencies
have been designedto support multi-mo ded operation, which make them intrinsically unsuited to
cleanly propagate linearly polarised modes;they contain instead standard (\spider-w eb") bolometers
which absorb simultaneously all polarisations of incident radiation.

A number of systematic e ects will be presert in the Planck polarisation measuremets, which
are speci ¢ to the measuremeh method. These systematics originate in the optics of the detector-
feedhorn-telesco combination, in receiver-speci ¢ e ects (such asmismatchesbetweenthe properties
of eadh detector within a set), thermal e ects, calibration e ects, and e ects due to the scanstrategy.
Thesee ects are currently under detailed analysisto estimate their impact on the recovery of CMB
polarisation information (Leahy et al. 2002;Leahy et al. 2004). Their impact on the recovery of galactic
emissionpolarisation is expectedto be much lessthan for the CMB, giventhe much larger signal levels
expected.
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Fig. 3. The footprint of the Planck focal plane on the sky. Each spot corresponds to the -10 dB contour of the beam

pattern of eadch single horn; ead frequency is color-coded. The black crossescorrespond to the directions of linear

polarisation of each pair of detectors supported by the horn. In this diagram the beams are scanned by the satellite in a

horizontal direction. Each horn is followed on its scan path by (at least) a second horn, whose directions of polarisation
are rotated by 45°. using this scheme, Planck can measure three Stokes parameters (I, Q, and U).

4 Planck and the Magnetized Interstellar Medium

Planck's ability to measurepolarisation over a wide frequency range and over the whole sky will be
of great usefor the determination of magnetic eld levels and directions, both within nearby objects
and at galactic scales.Planck’s unique strength is its ability to probe the sameunderlying magnetic
eld simultaneously via its e ect on two physically di erent coupling mecanisms, which operate in
two largely non-overlapping frequency ranges.

The presenceof magnetic elds in the ISM leavesan imprint in the polarisation characteristics
of its emission.The two important coupling medanismsare syndrotron and thermal dust emission.
Syndirotron emission,discussedextensiwvely in theseproceedingsresults from the interaction of cosmic
ray electronswith a magnetic eld and is strongly polarised and sensitive to both the magnitude and
direction of the magnetic eld. Thermal dust emissioncan be polarised depending on the properties
of the grains and their level of alignment to the magnetic eld.

Until recertly, surveysof synchrotron emissionhave beencarried out from the ground, however they
are either at very low frequencieswhere Faraday rotation erasesmuch of the usefulinformation on the
large-scalegalactic magnetic eld, or covering very limited areaswithin the Galactic plane. The situa-
tion hasrecertly changedsincethe WMAP satellite (Bennett et al. 2003, http://lamb da.gsfc.nasa.goy
hasmapped CMB and galactic emissionover the whole sky between20 and 90 GHz; it is expectedthat
polarisation maps will be releasedby WMAP very soon to the public. The main (future) advantage
of Planck at theselower frequencieswill be its much higher sensitivity (nominally a factor of 5).

At higher frequencies,where most of the information related to dust polarised emissionresides,
the panoramais currently much lesswell covered, with only limited areasof the galactic plane having
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beensurveyed by recert balloon experiments (Boomerang: Montroy et al. 2003; Archeops:Benoit et
al 2003), and a few pointed high-resolution obsenatins of nearby denseobjects. In this region Planck
will be probing a virtually unexplored region.

In the above light, the prospectsare very good for Planck to make a very signi cant impact on the
study of the magnetic eld within the Milky Way, both at galactic scalesand in nearby objects. To
achieve this, it will be necessaryto use not only the Planck data, but in addition a host of ancillary
(continuum and line-emission) data at many frequencies,that will allow to disertangle the various
contributors to the various componerts of galactic emission. The data reduction e ort neededto
recover the magnetic eld information will therefore be major, and is the object of speci c ongoing
preparations within the Planck collaboration.

5 Mission prole

Planck will be launched together with Hersdel in February of 2007 by an Ariane 5 rocket from the
Europeanspaceprt in Kourou (French Guiana). Planck and Herschel will separateimmediately after
launch, and ead will proceedindependerly to dierent orbits around the L2 point of the Earth-
Sun system. At this location, the payload can be cortinuously pointed in the anti-Sun direction,
thus minimizing potentially confusing signalsdue to thermal uctuations and straylight entering the
detectors through the far sidelobes.

The transit time for Planck will be between3 and 4 months; this period will be usedfor commis-
sioning of the spacecraftand instruments. The spacecraft(S/C) will be placedinto a Lissajous orbit
around L2 characterisedby a 4 month period and a maximum elongation from L2 of about 380000
km, such that the Sun-S/C-Earth anglewill not exceedl15°. From this orbit, Planck will carry out two
complete surveys of the full sky, for which it requires between12 and 14 months of observingtime.

The satellite will rotate at 1 rpm around a spin axis pointed within 10° of the Sun. The payload
will always remain in the shadowv of the Sun. The solar array ensuresthis as long as it is inclined
with respect to the Sun-S/C line by lessthan 10°. The Planck telescope and focal plane de ne a
sparselysampled eld of view (FOV) approximately 8° in diametre (seeFigure 3) around a reference
line-of-sight which is inclined by 85° with respect to the spin axis. As the satellite rotates, the FOV
will thus trace a circle of diametre 17(° on the sky.

In order to carry out its two consecutiwe full-sky surveys and maintain the payload in the solar
shadow, the spin axis of Planck must be displaced on the averageby 1° per day in the direction
de ned by the orbital motion of the Earth around the Sun. This is achieved by spin axis depointing
manoeuvers at regular intervals. As the spin axis is displaced, the obsened circle also moves and
gradually covers a large fraction of the sky.

Planck will dump ead day to Earth within a period of 3 hours the data acquired during 24 hours.
Obsenations will not be interrupted during the downlink period, and the S/C will not be reoriented
towards the Earth. The telemetry antenna is designedto have adequate gain within a 15° half-cone
from the spin axis, ensuring that even at the extremesof its orbit the Planck telemetry can achieve
full bandwidth.

6 Operations and Data Pro cessing

The Planck spacecraftwill be cortrolled from a dedicated Mission Operations Centre developed and
operated by ESA in Darmstadt (Germany). From there, the sciertic data produced by Planck will
be piped daily to two Data ProcessingCerntres (DPCs), which will be developed and operated by the
two Consortia selectedto provide the Planck instruments.

In particular, the two DPCs will be responsible for: (a) daily and long term analysis of instrument
health and performance;

(b) daily analysis of sciencedata;

(c) all levels of processingof Planck data, from raw telemetry to deliverable scierti ¢ products.

The two DPCs will sharea basic information managemen infrastructure, the Planck Integrated
Data and Information System (IDIS, Bennett et al., 2000). IDIS is being conceived from an object-
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oriented point of view, and is plannedto contain v e di erent components: (a) a Documert Manage-
ment Componert, cortaining all relevant documertation;

(b) a Software Management Componert, encompassinghe software in common betweenthe two
Consortia;

(c) aProcessCoordinator Componert, providing a single software ervironment for data processing
(e.g. a data pipeline manager);

(d) a Data Managemen Componert, allowing the ingestion, e cien t managemem and extraction
of the data (or subsetsthereof) produced by Planck activities;

(e) a Federation layer, providing inter-connection among IDIS componerts (e.g. relating objects
controlled by ead componert).

The main sciertic products of the mission will be produced by the two DPCs jointly, and will
consist of all-sky maps in ten frequency bands, which will be made publicly available one year after
completion of the mission (i.e. in late 2010), together with a rst generation set of maps of the CMB,
Sunyaev-Zeldwich e ect, galactic emission(dust, free-free,and syndrotron), and point-source cata-
logs. The time seriesof obsenations (after calibration and position reconstruction) will alsoeventually
be made available as an on-line archive.

7 Conclusions

Planck is the next quantum stepin Cosmic Microwave Background researd and is now in full develop-
mernt towards ful lling its main cosmologicalobjectives.At the sametime, the all-sky maps of Planck
will constitute a unique opportunity to carry out new and fundamertal researt on our Galaxy with
unprecederted obsenational advantages:broad spectral coverage(including completely new frequency
windows), ability to measurepolarised emission,high sensitivity, high photometric accuracy high spa-
tial resolution especially at the shortest wavelengths,and full-sky coverage.These characteristics will
enable detailed and global studies of the componerts, physical conditions and spatial distribution of
the gasand dust in the Milky Way. The ability to measurepolarisation will allow to estimate the
morphology and characteristics of the galactic magnetic eld both at small and large scales.A par-
ticular strength in this respect is its broad frequency range, which allows it to probe simultaneously
two di erent mecdanisms coupling the magnetic eld to the emission. However, speci ¢ techniques
to reduce the Planck data and correlate it with a host of other tracers of the galactic Interstellar
Medium and Magnetic Field still needto be deweloped, to allow to exploit fully in this respect the
Planck database.
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