
Astronomy & Astrophysics manuscript no. HFIDPC c© ESO 2018
3rd November 2018

Planck 2013 results. VI. High Frequency Instrument
data processing

Planck Collaboration: P. A. R. Ade86, N. Aghanim59, C. Armitage-Caplan90, M. Arnaud73, M. Ashdown70,6, F. Atrio-Barandela19, J. Aumont59,
C. Baccigalupi85, A. J. Banday93,10, R. B. Barreiro67, E. Battaner95, K. Benabed60,92, A. Benoît57, A. Benoit-Lévy25,60,92, J.-P. Bernard93,10,

M. Bersanelli35,50, P. Bielewicz93,10,85, J. Bobin73, J. J. Bock68,11, J. R. Bond9, J. Borrill14,87, F. R. Bouchet60,92∗, F. Boulanger59, J. W. Bowyer55,
M. Bridges70,6,64, M. Bucher1, C. Burigana49,33, J.-F. Cardoso74,1,60, A. Catalano75,72, A. Chamballu73,16,59, R.-R. Chary56, X. Chen56,

H. C. Chiang28,7, L.-Y Chiang63, P. R. Christensen81,38, S. Church89, D. L. Clements55, S. Colombi60,92, L. P. L. Colombo24,68, C. Combet75,
F. Couchot71, A. Coulais72, B. P. Crill68,82, A. Curto6,67, F. Cuttaia49, L. Danese85, R. D. Davies69, R. J. Davis69, P. de Bernardis34, A. de Rosa49,

G. de Zotti45,85, J. Delabrouille1, J.-M. Delouis60,92, F.-X. Désert53, C. Dickinson69, J. M. Diego67, H. Dole59,58, S. Donzelli50, O. Doré68,11,
M. Douspis59, J. Dunkley90, X. Dupac41, G. Efstathiou64, T. A. Enßlin78, H. K. Eriksen65, F. Finelli49,51, O. Forni93,10, M. Frailis47,

A. A. Fraisse28, E. Franceschi49, S. Galeotta47, K. Ganga1, M. Giard93,10, G. Giardino42, D. Girard75, Y. Giraud-Héraud1, J. González-Nuevo67,85,
K. M. Górski68,96, S. Gratton70,64, A. Gregorio36,47, A. Gruppuso49, J. E. Gudmundsson28, F. K. Hansen65, D. Hanson79,68,9, D. Harrison64,70,
G. Helou11, S. Henrot-Versillé71, O. Herent60, C. Hernández-Monteagudo13,78, D. Herranz67, S. R. Hildebrandt11, E. Hivon60,92, M. Hobson6,
W. A. Holmes68, A. Hornstrup17, Z. Hou29, W. Hovest78, K. M. Huffenberger26, G. Hurier59,75, A. H. Jaffe55, T. R. Jaffe93,10, W. C. Jones28,
M. Juvela27, E. Keihänen27, R. Keskitalo22,14, T. S. Kisner77, R. Kneissl40,8, J. Knoche78, L. Knox29, M. Kunz18,59,3, H. Kurki-Suonio27,43,

G. Lagache59, J.-M. Lamarre72, A. Lasenby6,70, R. J. Laureijs42, C. R. Lawrence68, M. Le Jeune1, R. Leonardi41, C. Leroy59,93,10,
J. Lesgourgues91,84, M. Liguori32, P. B. Lilje65, M. Linden-Vørnle17, M. López-Caniego67, P. M. Lubin30, J. F. Macías-Pérez75, C. J. MacTavish70,

B. Maffei69, N. Mandolesi49,5,33, M. Maris47, F. Marleau62, D. J. Marshall73, P. G. Martin9, E. Martínez-González67, S. Masi34, M. Massardi48,
S. Matarrese32, F. Matthai78, P. Mazzotta37, P. McGehee56, P. R. Meinhold30, A. Melchiorri34,52, F. Melot75, L. Mendes41, A. Mennella35,50,

M. Migliaccio64,70, S. Mitra54,68, M.-A. Miville-Deschênes59,9, A. Moneti60, L. Montier93,10, G. Morgante49, D. Mortlock55, S. Mottet60,
D. Munshi86, J. A. Murphy80, P. Naselsky81,38, F. Nati34, P. Natoli33,4,49, C. B. Netterfield20, H. U. Nørgaard-Nielsen17, C. North86, F. Noviello69,

D. Novikov55, I. Novikov81, F. Orieux60, S. Osborne89, C. A. Oxborrow17, F. Paci85, L. Pagano34,52, F. Pajot59, R. Paladini56, D. Paoletti49,51,
F. Pasian47, G. Patanchon1, O. Perdereau71, L. Perotto75, F. Perrotta85, F. Piacentini34, M. Piat1, E. Pierpaoli24, D. Pietrobon68, S. Plaszczynski71,

E. Pointecouteau93,10, G. Polenta4,46, N. Ponthieu59,53, L. Popa61, T. Poutanen43,27,2, G. W. Pratt73, G. Prézeau11,68, S. Prunet60,92, J.-L. Puget59,
J. P. Rachen21,78, B. Racine1, W. T. Reach94, R. Rebolo66,15,39, M. Reinecke78, M. Remazeilles69,59,1, C. Renault75, S. Ricciardi49, T. Riller78,

I. Ristorcelli93,10, G. Rocha68,11, C. Rosset1, G. Roudier1,72,68, M. Rowan-Robinson55, B. Rusholme56, L. Sanselme75, D. Santos75, A. Sauvé93,10,
G. Savini83, D. Scott23, E. P. S. Shellard12, L. D. Spencer86, J.-L. Starck73, V. Stolyarov6,70,88, R. Stompor1, R. Sudiwala86, F. Sureau73,

D. Sutton64,70, A.-S. Suur-Uski27,43, J.-F. Sygnet60, J. A. Tauber42, D. Tavagnacco47,36, S. Techene60, L. Terenzi49, M. Tomasi50, M. Tristram71,
M. Tucci18,71, G. Umana44, L. Valenziano49, J. Valiviita43,27,65, B. Van Tent76, L. Vibert59, P. Vielva67, F. Villa49, N. Vittorio37, L. A. Wade68,

B. D. Wandelt60,92,31, S. D. M. White78, D. Yvon16, A. Zacchei47, and A. Zonca30

(Affiliations can be found after the references)

Preprint online version: 3rd November 2018

Abstract

We describe the processing of the 531 billion raw data samples from the High Frequency Instrument (hereafter HFI), which we performed to
produce six temperature maps from the first 473 days of Planck-HFI survey data. These maps provide an accurate rendition of the sky emission
at 100, 143, 217, 353, 545, and 857 GHz with an angular resolution ranging from 9.′7 to 4.′6. The detector noise per (effective) beam solid angle
is respectively, 10, 6 , 12, and 39 µK in the four lowest HFI frequency channels (100–353 GHz) and 13 and 14 kJy sr−1 in the 545 and 857 GHz
channels. Relative to the 143 GHz channel, these two high frequency channels are calibrated to within 5 % and the 353 GHz channel to the percent
level. The 100 and 217 GHz channels, which together with the 143 GHz channel determine the high-multipole part of the CMB power spectrum
(50 < ` < 2500), are calibrated relative to 143 GHz to better than 0.2 %.

Key words. cosmology: cosmic background radiation – surveys – methods: data analysis

1. Introduction

This paper, one of a set associated with the 2013 release of
data from the Planck1 mission (Planck Collaboration I 2014-
Planck Collaboration XXXI 2014), describes the processing of

∗ Corresponding author: F. R. Bouchet, bouchet@iap.fr.
1 Planck (http://www.esa.int/Planck) is a project of the

European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and

data from the Planck High Frequency Instrument (HFI) to pro-
duce calibrated and characterized maps. HFI (Lamarre et al.
2010; Planck HFI Core Team 2011a) observes in the 100, 143,
217, 353, 545, and 857 GHz bands with bolometers cooled to
0.1 K. The HFI instrument comprises 50 signal bolometers, as
well as two dark bolometers, 16 thermometers, a resistor, and
a capacitor used for monitoring and housekeeping. The count

telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.
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of 50 bolometers includes 12 polarization sensitive bolometer
(PSB) pairs, four each at 100–353 GHz; the rest are unpolarized
spider-web bolometers (SWBs). We describe the steps taken by
the HFI data processing centre (hereafter DPC) to transform the
packets sent by the satellite into sky maps at HFI frequencies,
with the help of ancillary data, for example, from ground calib-
ration. These are temperature maps alone, as obtained from the
beginning of the first light survey on 13 August 2009, to the end
of the nominal mission on 27 November 2010.

Planck defines a sky survey as the time over which the spin
axis rotates by 180◦, a period close to six months in duration
in which about 95 % of the sky is covered at each frequency.
During routine operations, Planck scans the sky by spinning in
circles with an angular radius of roughly 85◦. The spin axis fol-
lows a cycloidal path on the sky by periodic step-wise displace-
ments of 2′, resulting in typically 40 (35 to 70) circles of typ-
ical duration 46 minutes, constituting a stable pointing period
between repointings. The scanning strategy is discussed in more
detail in Tauber et al. (2010), Planck Collaboration I (2011), and
Planck Collaboration I (2014). The 15.5 months of nominal mis-
sion survey data then provide 2.5 sky surveys, and maps are
provided for the first two sky surveys separately, as well as for
the complete nominal mission. As a means to estimate aspects
of the noise distribution, we also deliver “half-ring” maps made
out of the first and second half of each stable pointing period.
Maps are produced for individual detectors, as well as for aver-
ages over each band and for selected detector sets defined within
each band (see Table 1).

The next section provides an overview of HFI data pro-
cessing. Section 3 is devoted to the processing of time-ordered
information (hereafter TOI) from individual detectors to produce
cleaned timelines. These timelines are used to estimate the tem-
poral noise properties in Sect. 3.10 and to determine the detector
pointings and beams in Sects. 4 and 5. Section 6 discusses the
creation of maps and their photometric calibration, while Sect. 7
presents tests applied to assess the consistency and accuracy of
the products. For completeness, component separation and fur-
ther processing are briefly described in Sect. 7.5. Section 8 con-
cludes with a summary of the characteristics of the HFI data
delivered, as currently processed.

Some of the specific processing steps for HFI data are
described more fully elsewhere: Planck Collaboration VII
(2014) discusses the transfer function and beams;
Planck Collaboration VIII (2014) the calibration of HFI
detectors; Planck Collaboration IX (2014) the determination of
the spectral bands for each detector and their combination; and
Planck Collaboration X (2014) the effect of so-called “glitches”
such as cosmic-ray hits on the detectors. The processing of
data from the Low Frequency Instrument (LFI) is discussed
in Planck Collaboration II (2014). Technical details of specific
data products are discussed in Planck Collaboration (2013). We
have applied to the delivered data products many consistency
and validation tests to assess their quality (see in particular
Planck Collaboration IX 2014; Planck Collaboration XII 2014;
Planck Collaboration XV 2014; Planck Collaboration XVI
2014). While the products meet a very high standard, as
described here, we did find limitations. Their mitigation, and
related data products, are left to future releases. In particular,
HFI analysis revealed that nonlinear effects in the on-board
analogue-to-digital converters (ADC) modified the recovered
bolometer signal. In situ observations over 2012–2013 are
measuring this effect, and algorithms have been developed to
explicitly account for it in the data analysis. However, the first-

order effect of the ADC nonlinearity mimics a gain variation in
the bolometers, which the current release measures and removes
as part of the calibration procedures. This is discussed further in
Sects. 6.2 and 7.2.1.

The mapmaking procedure uses the full intensity and polar-
ization information from the HFI bolometers. The current ana-
lysis cannot guarantee that the large-scale polarization signal is
free from systematic effects. However, the preliminary analysis
shows that the small-scale maps have the expected CMB con-
tent at high signal-to-noise, as discussed in Sect. 6.7 below, and
in Planck Collaboration I (2014) and Planck Collaboration XVI
(2014). Although we do not use these maps for cosmological
measurements, future work will use them for investigations of
the properties of polarized emission of the Galaxy.

Finally, since the March 2013 data release, we have found
strong evidence that the ` ' 1800 dip in some 217 GHz
detector cross-spectra is stronger in the first six-month sur-
vey than in subsequent surveys and that its amplitude may
be reduced by additional data flagging targeting electromag-
netic interference from the 4He-JT (hereafter 4 K) cooler
drive and read-out electronics (see Sect. 3.6). This dip is
therefore likely to be a (small) residual systematic effect
in the data, which we show has little impact on cosmolo-
gical parameter determination (Planck Collaboration XV 2014;
Planck Collaboration XVI 2014), but which contributes to the
weak detection of a feature in the power spectrum reconstruc-
tion done in Planck Collaboration XXII (2014).

2. HFI data processing overview

The processing of HFI data proceeds according to a series of
levels, shown schematically in Fig. 1. Level 1 (L1) creates a data-
base of the raw satellite data as a function of time (TOI objects).
The full set of TOI comprises the signals from each HFI bolo-
meter, ancillary information (e.g., pointing data), and associated
housekeeping data (e.g., temperature monitors). Level 2 (L2),
the subject of this paper, uses these data to build a model of the
HFI instrument, the Instrument Model (IMO), produces cleaned,
calibrated timelines for each detector, and combines these into
aggregate products such as maps at each frequency. Level 3
(L3) takes these instrument-specific results and derives various
products: component-separation algorithms transform the maps
at each frequency into maps of separate astrophysical compon-
ents; source detection algorithms create catalogues of Galactic
and extragalactic objects; finally, a likelihood code assesses the
match between a cosmological and astrophysical model and the
frequency maps.

Of course, these processing steps are not done completely
sequentially: HFI data are processed iteratively. In many ways,
the IMO is the main internal data product from Planck, and the
main task of the HFI DPC is its iterative updating. Early ver-
sions of the IMO were derived from pre-launch data, and from
the first-light survey of the last two weeks of August 2009.
Further revisions of the IMO, and of the pipelines themselves,
were derived after the completion of successive passes through
the data. These new versions included expanded information
about the HFI instrument: for example, the initial IMO contained
only coarse information about the shape of the detector angu-
lar response (i.e., the full-width at half-maximum of an approx-
imating Gaussian); subsequent revisions included full measured
harmonic-space window functions.

In somewhat more detail, L1 software fills the database
and updates, daily, the various TOI objects. Satellite atti-
tude data, sampled at 8 Hz during science data acquisition

2
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Table 1. Detector sets (“ds”) used in this data release.

Set name Frequency Type Detectors in the set Weights in the set Products
[GHz]

100-ds0 100 MIX All 8 detectors 0.33, 0.44, 1.50, 0.76 N, B, F, H, S1, S2, HR1, HR2
2.08, 1.40, 0.97, 0.52 Z-N, Z-S1, Z-S2

100-ds1 100 PSB 1a+1b + 4a+4b 0.58, 0.78, 1.71, 0.93 C
100-ds2 100 PSB 2a+2b + 3a+3b 1.05, 0.53, 1.45, 0.98 C

143-ds0 143 MIX 11 detectors 1.04, 0.44, 1.06, 0.93, 0.88, 0.94 N, B, F, H, S1, S2, HR1, HR2
0.80, 0.66, 1.32, 1.27, 1.66 Z-N, Z-S1, Z-S2

143-ds1 143 PSB 1a+1b + 3a+3b 1.26, 0.53, 1.06, 1.15 C
143-ds2 143 PSB 2a+2b + 4a+4b 1.23, 1.08, 0.92, 0.76 C
143-ds3 143 SWB 143-5 C
143-ds4 143 SWB 143-6 C
143-ds5 143 SWB 143-7 C
217-ds0 217 MIX All 12 detectors 1.54, 1.44, 1.62, 1.83, 0.60, 0.77 N, B, F, H, S1, S2, HR1, HR2

0.62, 0.67, 0.81, 0.85, 0.64, 0.59 Z-N, Z-S1, Z-S2

217-ds1 217 PSB 5a+5b + 7a+7b 0.79, 1.02, 1.07, 1.12 C
217-ds2 217 PSB 6a+6b + 8a+8b 0.98, 1.06, 1.01, 0.94 C
217-ds3 217 SWB 217-1 C
217-ds4 217 SWB 217-2 C
217-ds5 217 SWB 217-3 C
217-ds6 217 SWB 217-4 C
353-ds0 353 MIX All 12 detectors 2.45, 2.38, 0.44, 0.65, 0.61, 0.57 N, B, F, H, S1, S2, HR1, HR2

0.64, 0.64, 0.31, 0.34, 1.62, 1.35 Z-N, Z-S1, Z-S2

353-ds1 353 PSB 3a+3b + 5a+5b 0.75, 1.09, 1.09, 1.07
353-ds2 353 PSB 4a+4b + 6a+6b 1.33, 1.25, 0.68, 0.73
353-ds3 353 SWB 353-1
353-ds4 353 SWB 353-2
353-ds5 353 SWB 353-7
353-ds6 353 SWB 353-8
545-ds0 545 SWB 3 detectors (1, 2, 4) 0.94, 1.10, 0.96 N, B, F, H, S1, S2, HR1, HR2

Z-N, Z-S1, Z-S2

857-ds0 857 SWB All 4 detectors 1.14, 1.11, 1.15, 0.60 N, B, F, H, S1, S2, HR1, HR2
Z-N, Z-S1, Z-S2

Unpolarized SWBs are used alone, while PSBs (with individual bolometers denoted “a” and “b”) are used by pair; “MIX” denotes a combination
of detector types. Here we consider only the temperature map extracted from the analysis of four bolometers (two pairs of PSBs). The weights

indicate the relative weighting used in producing maps out of the TOI of several detectors. The relative weights in a set are given in the numerical
order of each detector (e.g., 1a, 1b, 2a, 2b, 3a, 3b, . . . for the 100-ds0 set). The last column details the specific products created for each set. “B”:

beam information; “C”: detector-set spectra, corrected for the beam transfer function, for the detector sets used in the high-` likelihood; “F”:
frequency band information; “H”: pixel hit-count maps; “HR1”, “HR2”: maps made from the first or second half of each ring; “N”: nominal

mission maps; “S1”, ”S2”: survey maps generated from the data collected during the first six months or the next six months; and “Z”:
ZLE/FSL-corrected maps.

and at 4 Hz otherwise, are resampled by interpolation to the
180.37370 Hz (hereafter 180.4 Hz) acquisition frequency of the
detectors, corresponding to the integration time for a single
data sample; further information on L1 steps was given in
Planck HFI Core Team (2011b). Raw timelines and housekeep-
ing data are then processed by L2 to compensate for the instru-
mental response and to remove estimates of known artefacts. The
various steps in TOI processing are discussed in Sect. 3. First,
the raw timeline voltages are demodulated, deglitched, and cor-
rected for the bolometer nonlinearity and for temperature fluc-
tuations of the environment using correlations with the signal
TOI from the two dark bolometers that serve as bolometer plate
temperature monitors. Narrow lines in the TOI frequency spec-
tra caused by the 4He-JT (4 K) cooler are also removed before
deconvolving the temporal response of the instrument. Finally,
various flags are set to mark unusable samples.

Further use of the data requires knowledge of the pointing
for individual detectors, as discussed in Sect. 4. During a single

stable pointing period, Planck spins around an axis pointing
towards a fixed direction on the sky (up to an accounted-for
wobbling), repeatedly scanning approximately the same circle
(Planck Collaboration I 2014). The satellite is re-pointed so that
the spin axis follows the Sun, and the observed circle sweeps
through the sky at approximately one degree per day. Assuming
a focal plane geometry, i.e., a set of relations between the satel-
lite pointing and that of each of the detectors, we build rings of
data derived by analysing the data acquired by a detector during
each stable pointing period (“ring” refers to the data obtained
during a single stable pointing period). This redundancy per-
mits averaging of the data on rings to reduce instrument noise.
The resulting estimate of the sky signal can then be subtracted
from the timeline to estimate the temporal noise power spectral
density, a useful characterization of the detector data after TOI
processing. This noise may be described as a white noise com-
ponent, dominating at intermediate temporal frequencies, plus
additional low- and high-frequency noise. The effect on maps

3
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Figure 1. Overview of the data flow and main functional tasks of the HFI Data Processing Centre. Level 1 creates a database of
the raw satellite data as a function of time. Level 2 builds a data model and produces maps sky maps at the six frequency of the
instrument. This flow diagram illustrates the crucial role of the Instrument Model (IMO), which is both an input and an output of
many tasks, and is updated iteratively during successive passes of the data. Level 3 takes these instrument-specific products and
derives final astrophysical products. This paper is mostly concerned with Level 2 processing and its validation.

of the low-frequency part of the noise can be partially mitigated
by determining an offset for each ring. These so-called “destrip-
ing” offsets are obtained by requiring that the difference between
intersecting rings be minimized. Once the offsets are removed
from each ring, the rings are co-added to produce sky maps.

As explained in Sect. 6, a complication arises from the fact
that the detector data include both the contribution from the solar
dipole induced by the motion of the Solar System through the
CMB (sometimes referred to as the “cosmological” dipole), and
the orbital dipole induced by the motion of the satellite within

4



Planck Collaboration: HFI data processing

the Solar System, which is not constant on the sky and must
therefore be removed from the rings before creating the sky map.
The solar dipole is used as a calibration source at lower HFI fre-
quencies, and bright planet fluxes at higher frequencies. Since
we need this calibration to remove the orbital dipole contribu-
tion to create the maps themselves, the maps and their calibra-
tions are obtained iteratively. The dipoles are computed in the
non-relativistic approximation. The resulting calibration coeffi-
cients are also stored in the IMO, which can then be used, for
instance, to express noise spectra in noise-equivalent temperat-
ure (NET) units. The destriping offsets, once obtained through a
global solution, are also used to create local maps around plan-
ets. As described in Sect. 4 these are used to improve our know-
ledge of the focal plane geometry stored in the previous version
of the IMO and to improve measurements of the “scanning” beam
(defined as the response to a point source of the full optical and
electronic system, after the filtering done during the TOI pro-
cessing step, described in Sect. 5).

The ring and mapmaking stages allow us to generate many
different maps, e.g., using different sets of detectors, the first or
second halves of the data in each ring, or data from different sky
surveys. Null tests using difference maps of the same sky area
observed at different times, in particular, have proved extremely
useful in characterizing the map residuals, described in Sect. 7.

3. TOI processing

In the L1 stage of processing (previously described in Section
3 of Planck HFI Core Team 2011b), the raw telemetry TOI are
unfolded into one time series for each bolometer. The signal is
regularly sampled at 180.4 Hz. We denote as TOI processing
the transformation of the TOI coming from L1 into clean TOI
objects, which can be used for mapmaking after focal plane
geometry reconstruction and photometric calibration have been
performed. The general philosophy of the TOI processing is
to modify the timelines as little as possible, and therefore to
flag regions contaminated by systematic effects (e.g., cosmic-ray
glitches). We deal with each bolometer signal separately. Aside
from allowing the possible flagging of known bright sources,
the only pointing information that is used in the main TOI pro-
cessing is the phase (see Sect. 3.3), so the TOI processing as-
sumes perfect redundancy of the data within a given pointing
period. The output of TOI processing is not only a set of clean
TOI but also accompanying qualifying flags and trend para-
meters used internally for detailed statistics. Moreover, all data
samples are processed, although only clean samples will be pro-
jected on maps. For beam measurement (see Sect. 5), specific
processing is performed on pointing periods that are close to
Mars, Jupiter or Saturn (see Sect. 3.11).

A flow diagram is shown in Fig. 2, illustrating the TOI pro-
cessing steps detailed in the following subsections. Section 4 of
Planck HFI Core Team (2011b) presents the early version of the
TOI processing. The pipeline has changed sufficiently since then
to warrant a self-contained global description of the TOI pro-
cessing. We refer the reader to Planck Collaboration (2013) and
the various companion papers mentioned above for more details.
The changes mostly reflect the improvement in performance and
in our understanding of the underlying effects. The TOI are not
delivered in the present data release, but their processing is an es-
sential, though hidden, ingredient in the delivered maps. Some
of the systematic effects arising in the map analysis can only be
understood by referring to the bolometer timeline behaviour and
processing.

It was recently realised that some apparent gain variations,
spotted comparing identical pointing circles one-year apart, ac-
tually originate in nonlinearities in the bolometer readout system
ADCs. Note that the ADC nonlinearity is not explicitly correc-
ted for in the TOI processing, but rather as an equivalent gain
variation at the mapmaking level (see Sect. 6.2 and Sect. 7.2.1).

3.1. Input flags

Strong signal gradients can adversely affect some stages of TOI
processing. We flag the data expected to have strong gradients
using only the pointing information, exclusively in the interme-
diate stages and not for mapmaking. We also flag data where
the pointing is known to be unstable. Input flags come from the
following.

1. A point-source flag. This is based on the locations of
sources in the Planck Early Release Compact Source Catalog
(ERCSC; see Planck Collaboration VII 2011). A mask map
is generated around each of them from which flag TOI ob-
jects are created using the pointing information.

2. A Galactic flag. This is based on IRAS maps with a threshold
that depends on the frequency.

3. A BigPlanet flag. Any sample that falls within a given dis-
tance of Mars, Jupiter, or Saturn is flagged.

4. An Unstable pointing flag (see Sect. 4). This accounts for
depointings between stable pointing periods and other losses
of pointing integrity.

Flagged data are either processed separately or ignored, depend-
ing on the specific analysis. The flags are described in more de-
tail in Planck Collaboration (2013).

3.2. Demodulation

The bolometers are AC square-wave modulated to put the ac-
quisition electronics 1/ f noise at high temporal frequencies
(Lamarre et al. 2010). The modulation frequency is fmod =
facq/2 = 90.18685 Hz. A demodulation step is done as follows.
First a one-hour running average of the modulated timeline is
computed, known as the AC offset baseline. This is carried out
by excluding data that are masked due to glitches (see below)
or by the Galactic flag (see above). Once the AC offset baseline
is subtracted from the raw timeline, a simple (+,−) demodula-
tion is applied. The overall sign of the signal is set to obtain a
positive signal on point sources and Galaxy crossings. This AC
offset baseline removal is needed in order to correct for the slow
drift of the zero level of the electronics. Any possible drift of
the baseline on a timescale smaller than one hour is dealt with at
the filtering stage (see below). The baseline varies very smoothly
over the mission and fluctuates by less than ten minimum resol-
ution units from the middle of the range of 65536 values allowed
by the on-board ADC, discussed in greater detail in Sect. 7.2.1.

3.3. Deglitching and gap-filling

The timelines are affected by obvious “glitches” (cosmic ray hits
and other large excursions) at a rate of about one per second.
This generates a huge Poisson noise if not dealt with. Such
glitches are detected as a large positive signal followed by a
roughly exponential tail. There are three basic classes of glitches
affecting bolometers. The statistical and physical understanding
of the different populations is given by Planck HFI Core Team
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Figure 2. Main TOI processing steps. Pipeline modules are represented as filled squares. TOI: time ordered information. ROI: ring
ordered information (i.e., one piece of information per stable pointing period). Ring: data obtained during a stable pointing period
(typically 40 satellite revolutions of one minute each).

(2011b), and revised and expanded by Planck Collaboration X
(2014). Here we present the general algorithm.

The type of TOI used in the deglitching is slightly different
from the one used in the main processing described in the fol-
lowing sections. Before deglitching, the timeline is demodulated
and digitally filtered with a three-point (0.25, 0.5, 0.25) mov-
ing kernel. Linear interpolation is performed on those parts of
the timeline when the bolometer pointing nears Mars, Jupiter
or Saturn, as determined by the BigPlanet flag (see Sect. 3.1).
This step is done to treat the pointing periods containing a planet
crossing whose large gradients would otherwise be confused
with glitches.

The algorithm also requires an estimate of the sky signal in
order to assess the magnitude of excursions about the mean. It
relies on the fact that the signal component of the timeline is
periodic within a stable pointing period (up to the slight wob-
bling of the satellite spin axis). We construct a phase-binned ring
(PBR), a useful estimate of the sky signal obtained by averaging
the unflagged TOI samples in bins of constant satellite rotation
phase. The phase of a sample is given by the pointing recon-
struction pipeline and varies continuously from 0 to 2π for each
scan circle (about one minute). The bin size is about the width
of a single sample, i.e., 1.′7, and the definition of the zero of the
phase is irrelevant.

The algorithm treats each pointing period separately and one
bolometer at a time. The localization of glitches is performed
with a sigma-clipping method applied to the sky-subtracted TOI.
A template fitting method is used to identify the type of each
glitch. After masking and subtracting the series of fitted glitches
from the original timeline, the PBR is then recomputed as the
average of unflagged samples. Several iterations (generally six)
are performed until the variation of χ2 becomes negligible. The
spike part of each glitch is flagged and the exponential tail, below
the 3.3σ level, is subtracted using the last iteration of the glitch
template fitting process.

Most of the samples flagged by this process are due to cos-
mic ray hits. Figure 3 shows the mean evolution per channel
of the fraction of flagged samples over the full mission. More
glitch statistics are given in Planck Collaboration X (2014) and
Planck Collaboration (2013).

Figure 3. Evolution of the fraction of the flagged data per bo-
lometer averaged over a channel for the six HFI channels. A
running average over 31 pointing periods (approximately a day)
is shown. The general decrease of the fraction of flagged data
comes from the increase in the solar activity and the correlated
decrease of the cosmic ray flux. The sharp peaks are due to solar
flares.

All gaps due to flagged samples within a ring of data are
replaced with an estimate of the signal given by the PBR. For
samples around planets, we fill the timeline with the values read
from a frequency map (made by excluding planets) from a previ-
ous iteration of the data processing at the corresponding pointing
coordinates.

3.4. Bolometer nonlinearity correction

If the environment of a bolometer changes, its response will
change accordingly. The extreme thermal stability of Planck is
shown by the measured total power level, which is seen as almost
constant (see the next paragraph). Nevertheless, the timelines
must be corrected to account for the slightly varying power ab-
sorbed by the bolometer coming from the sky load and 100 mK
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