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ABSTRACT

We present the Planck Sky Model (PSM), a parametric model for generating all-sky, few arcminute resolution maps of sky emission at submillime-
tre to centimetre wavelengths, in both intensity and polarisation. Several options are implemented to model the cosmic microwave background,
Galactic diffuse emission (synchrotron, free-free, thermal and spinning dust, CO lines), Galactic H II regions, extragalactic radio sources, dusty
galaxies, and thermal and kinetic Sunyaev-Zeldovich signals from clusters of galaxies. Each component is simulated by means of educated in-
terpolations/extrapolations of data sets available at the time of the launch of the Planck mission, complemented by state-of-the-art models of the
emission. Distinctive features of the simulations are spatially varying spectral properties of synchrotron and dust; different spectral parameters
for each point source; modelling of the clustering properties of extragalactic sources and of the power spectrum of fluctuations in the cosmic
infrared background. The PSM enables the production of random realisations of the sky emission, constrained to match observational data within
their uncertainties. It is implemented in a software package that is regularly updated with incoming information from observations. The model is
expected to serve as a useful tool for optimising planned microwave and sub-millimetre surveys and testing data processing and analysis pipelines.
It is, in particular, used to develop and validate data analysis pipelines within the Planck collaboration. A version of the software that can be used
for simulating the observations for a variety of experiments is made available on a dedicated website.
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1. Introduction

The cosmic microwave background (CMB), which is relic radi-
ation from the hot Big Bang, carries an image of the Universe at
an age of about 380 000 years. CMB anisotropies reflect the in-
homogeneities in the early Universe, and are thus an observable
that is very important for constraining the parameters of the Big
Bang model.

For this reason, a large number of experiments dedicated to
CMB anisotropy detection and characterisation have observed
the sky at wavelengths ranging from the sub-millimetre to a few
centimetres (frequencies from a few to a few hundred GHz).
Stimulated by CMB science, astronomical observations in this
wavelength range have enriched many fields of scientific inves-
tigation, ranging from the understanding of emission from the
Galactic interstellar medium (ISM), to the study of a large popu-
lation of extragalactic objects, including radio galaxies, infrared
galaxies, and clusters of galaxies.

The WMAP satellite, launched by NASA in June 2001,
has surveyed the sky in five frequency bands, ranging from 22
to 94 GHz (Bennett et al. 2003a). The data from this mis-
sion have provided an all-sky map of CMB temperature and
an unprecedented data set for the study of sky emission at
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millimetre wavelengths — both in total intensity and in polarisa-
tion (Jarosik et al. 2011). The Planck mission', launched by ESA
in May 2009, has started to provide even better observations of
the sky in nine frequency bands, ranging from 30 to 850 GHz
(Tauber et al. 2010; Planck Collaboration 2011a). These obser-
vations, which will be released to the scientific community in
early 2013, are expected to become the new reference in this
frequency range.

It has long been recognised that planning future observations
and developing methods for analysing CMB data sets both re-
quire realistic models and simulations of the sky emission and of
its observations (Gawiser et al. 1998; Bouchet & Gispert 1999;
Giardino et al. 2002; de Oliveira-Costa et al. 2008; Sehgal et al.
2007, 2010). For preparing the analysis of CMB data sets such
as those of the Planck mission, it has proven useful to put a
model of sky emission together, the Planck Sky Model (PSM),
which can be used to predict or simulate sky emission for various

' 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
telescope reflectors provided in a collaboration between ESA and a sci-
entific Consortium led and funded by Denmark.
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assumptions and various parameter sets. The pre-launch version
of this model, based on publicly available data sets existing be-
fore Planck observations (see Sect. 2.3), is used in particular as
a simulation tool in the context of Planck.

This paper summarises the outcome of this preparatory mod-
elling and simulation effort. Software, and simulations are made
available to the scientific community on a dedicated website?.
The current version of the PSM, described in the present pa-
per, is v1.8. We plan to regularly update models and software
tools on the basis of upcoming observations (in particular those
of the Planck mission), and when additional sophistication be-
comes useful for upcoming experiments and scientific investiga-
tions. The PSM developers welcome suggestions for improving
the models or implementing alternate options.

Although nothing prevents running the PSM to simulate sky
emission at any frequency, our sky model is actually valid, at
present, only for frequencies ranging from about 3 GHz to about
3THz, i.e., wavelengths ranging between 100 um and 10cm.
At lower frequencies, Faraday rotation is important and our po-
larised maps are not representative of the sky emission, as this
effect is presently neglected. Intensity maps, however, should
be reasonably accurate down to about 500 MHz. At frequen-
cies higher than 3 THz, the complexity of the dust emission is
not properly taken into account by the present model, for which
the representation of dust emission is based on spectral fits valid
below 3 THz.

The paper is organised as follows: in Sect. 2 we review the
basic features of the model as well as the architecture of the
package; in Sects. 3—5 we describe the simulation and imple-
mentation of CMB anisotropies, diffuse Galactic and compact
object emissions; and finally, in Sect. 6, we summarise the status
of our sky model at the time of this publication and draw some
conclusions.

2. The model
2.1. Rationale and examples of application

The development of a sky model and sky-emission simulations
has several complementary objectives. First, a prediction of sig-
nals is useful for the optimisation of planned instruments (in
terms of resolution, number and characteristics of frequency
channels, acceptable noise level, and in general for making the
necessary compromises between instrumental performance and
costs or feasibility). Secondly, an emission model is necessary to
simulate representative “observed” data sets, i.e., simulate ob-
servations of the modelled sky, which can then be used as test
cases for developing dedicated data analysis software and for
testing data analysis pipelines. Finally, such a model is a tool for
easy comparison of any observed data set (at the time it becomes
available) with what is expected based on previous empirical
or theoretical understanding. Because of these different objec-
tives, two different philosophies co-exist in the development of
the model.

For some applications, we address the problem of making an
accurate prediction of sky emission, considering existing obser-
vations and present knowledge about the emission mechanisms.
The objective is then to give the best possible representation of
our sky as it has been observed. Such a prediction can be used as
a basis for calibration of future data against a common model, for
selecting sky areas to be observed or for cleaning observations

2 http://www.apc.univ-paris7.fr/~delabrou/PSM/psm.
html
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from expected contamination by a particular component. A pre-
diction of sky emission is strongly data-driven; when only upper
limits are available on the basis of existing observations (e.g.,
CMB B-modes, cluster peculiar velocities, ...), we assume our
knowledge to be non-existent, and a prediction is not possible.

For other applications, such as the development of data pro-
cessing and analysis pipelines, or comparison of methods such
as in Leach et al. (2008), we need a realistic, statistically rep-
resentative, sky simulation, with the appropriate complexity and
with some level of randomness, compatible with current uncer-
tainties in the observational data and their interpretation in terms
of a model.

Our model is designed to implement both sky emission pre-
dictions and simulations. For practical uses, the two are com-
bined to achieve a realisation of the sky, at the desired com-
plexity and resolution, in the context of a given experiment or
general study. For each of the components, several options exist
for the modelling, this feature allowing the user to investigate
the impact of theoretical uncertainties in our interpretation and
parametrisation of sky emission. The PSM can also be used to
generate model data sets similar to those which could be pro-
duced by an instrument. Basic “sky observation” tools allow for
the integration of the sky emission in frequency bands, smooth-
ing with instrumental beams, and observing along scans. A com-
parison of “observed” sky predictions with actual data being col-
lected by upcoming instruments allows for real-time assessment
of the proper operation of experiments.

The sky simulation tool implemented with the PSM was
originally developed for investigating component separation
methods, building on early work by Bouchet & Gispert (1999)
for the Phase A study of the Planck space mission. Sky obser-
vations targeting the measurement of CMB intensity and po-
larisation anisotropies in fact contain a superposition of emis-
sion from several other astrophysical sources: the diffuse ISM
of our Galaxy; radiogalaxies and infrared galaxies; the Sunyaev
Zeldovich (SZ) effect from the hot intra-cluster electron gas in
massive clusters of galaxies. Separating these components into
contributions from distinct processes is important for the in-
terpretation of the observations. In the past 15 years, compo-
nent separation methods developed by several authors have been
making use of simulated sky maps to assess the performance
of the proposed approaches, or to validate them before appli-
cation to real data sets (see Leach et al. 2008; Delabrouille &
Cardoso 2009; Dunkley et al. 2009, and references therein, for
an overview).

It is likely that astrophysical confusion (i.e., contamina-
tion by other astrophysical emission), rather than by instrumen-
tal noise, will set the limit on the performance of upcoming
CMB observations, such as those of the Planck mission. For
this reason, component separation is a very active topic of re-
search, for which accurate predictions or realistic simulations of
the sky emission, such as those provided by the present model,
are necessary.

Sky emission maps from various astrophysical components
in the PSM can be generated for different models, all of which
are regularly updated. For each model, the sky emission de-
pends on a set of parameters. The generation of sky maps
within the PSM allows for comparison of such variants with ac-
tual observations, and hence to distinguish between models, or
evaluate the impact of their parameters. The COSMOMC tool de-
veloped by Lewis & Bridle (2002) is an approach for constrain-
ing cosmological parameters from CMB observations. In the
same spirit, the PSM could be used in Monte-Carlo simulations
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Table 1. Summary of the main astrophysical components included in the current version of the model. See text for detailed description of each

component.
Component Description
Dipole WMAP dipole (Jarosik et al. 2011), or user-defined.
CMB Gaussian (constrained or unconstrained), non-Gaussianity, lensing component.
Synchrotron Haslam et al. (1982) normalised and extrapolated with a power law (Miville-Deschénes et al. 2008, model 4).
Free-free Dickinson et al. (2003) with normalisation of Miville-Deschénes et al. (2008).

Spinning dust
Thermal dust
CcO

SZ

Radio sources
Infrared sources
CIB

UCH I regions

Radio surveys extrapolated with power laws.

Draine & Lazarian (1999) with normalisation of Miville-Deschénes et al. (2008).
Two-component model 7 of Finkbeiner et al. (1999).

COJ=1—-0,J=2—1,J =3 — 2using Dame et al. (2001) and line ratios.

Cluster surveys, cluster counts, semi-analytic simulation or N-body+hydrodynamical simulation.

IRAS survey modelled with modified blackbody emission laws.
Clustering properties of Negrello et al. (2004).
IRAS catalogue with radio power law and modified blackbody function.

to constrain parameters which govern the physics of other sky
emission mechanisms.

2.2. Astrophysical components

The total emission of the sky in the 3 GHz-3 THz frequency
range is modelled as the sum of emission from different pro-
cesses, which we classify for convenience into three large
categories:

1. cosmic microwave anisotropies (including the dipole);

2. Galactic diffuse emission;

3. emission from compact objects (external galaxies, clusters of
galaxies, and Galactic compact sources).

Each identified process with a given emission law is consid-
ered as an independent astrophysical component. The current
software implements the CMB dipole, CMB anisotropies, syn-
chrotron, free-free, thermal dust, spinning dust, CO molecular
lines, thermal SZ effect, kinetic SZ effect, radio sources, infrared
sources, far infrared background and ultracompact HII regions.
Solar-system emission from the planets, their satellites, from a
large number of small objects (asteroids), and from dust particles
and grains in the ecliptic plane (which generate zodiacal light),
are not modelled in the current version.

The emission of all components is represented using para-
metric forms. Some components are modelled with a fixed emis-
sion law which does not depend on the sky location. In the
current implementation, this is the case for the CMB, the non-
relativistic SZ effects (thermal and kinetic), free-free and spin-
ning dust emission. Synchrotron and thermal dust are modelled
with emission laws which vary over the sky. Each point source
is also given its own emission law.

A summary of the astrophysical components included in the
model is given in Table 1.

2.3. Data sets used in the model

The models of sky emission implemented in the PSM rely on
maps and object catalogues obtained from observations made
with different instruments. The main data sets serving as a basis
for this are full-sky (or near full-sky) observations of the Galactic
diffuse emission at various frequencies, and catalogues of ob-
served compact objects. The selection of the data used in the
model is based on a practical compromise between availability
and usefulness for the present implementation, and will evolve
with future releases.

We currently use: maps from IRAS, DIRBE and WMAP, as
detailed below; the 408 MHz survey of Haslam et al. (1982) (ver-
sion from the LAMBDA server®, reprocessed to remove point
sources and striping); maps of CO emission from Dame et al.
(2001); and the Ha maps of Finkbeiner (2003). Most of these
data sets, in HEALPIX format (Gorski et al. 2005), have been
downloaded from the LAMBDA web site.

The modelling of compact sources makes use of several ra-
dio surveys (listed in Sect. 5.2, Table 2), of the IRAS cata-
logue of infrared sources (Beichman et al. 1988), and of cat-
alogues of galaxy clusters observed with ROSAT (compilation
from Piffaretti et al. 2011), as well as with the Sloan Digital
Sky Survey (SDSS, Koester et al. 2007). Details about the use of
each of the above data sets are postponed to the description of
individual components below.

2.4. SKy prediction

Rather than simply interpolating existing observations,
sky-emission predictions with the PSM implement recipes
for combining available data to produce a set of modelled
astrophysical components. Model predictions hence decompose
observations into components, each of which is described
according to a parametric model. Such predictions are determin-
istic, always returning the same products once global parameters
(frequency, pixelisation scheme, coordinate system, model used
to interpret the data) are set.

The accuracy of predictions is limited by two factors: the
quality of sky observations (resolution, noise levels and system-
atic effects); and the appropriateness of the model assumed to
make the predictions.

Predicted maps of emission at a given frequency are de-
signed to best match the real sky emission as would be observed
at a target resolution specified by the user. The effective resolu-
tion of the map, however, depends on the available data used to
make the prediction. Prediction makes no attempt to extrapolate
observations to smaller scales, whereas simulation does.

Predicted synchrotron maps are at present determined by
408 MHz observations and by WMAP observations in the low-
est frequency channels, and hence have a resolution of about 1°.
Predicted dust maps, based on Model 7 or 8 of Finkbeiner et al.
(1999), have a resolution of about 9" (except in the 4 percent
of the sky not covered by IRAS, where the resolution is that of
DIRBE, i.e., about 40"). The predicted CMB is obtained from
WMAP 5-year data, and has a resolution of order 28’, after

3 http://lambda.gsfc.nasa.gov/
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applying a Wiener filter to minimise the integrated error in the
reconstructed CMB map (see Sect. 3.2.2). A predicted SZ ef-
fect is obtained from known ROSAT and SDSS clusters, for
which a model of SZ emission is produced from the universal
cluster pressure profile, as presented by Arnaud et al. (2010).
The scaling relations for estimating the SZ flux are normalised
on the basis of WMAP and Planck data (Melin et al. 2011;
Planck Collaboration 2011d,e). This prediction contains more
than 15000 clusters (see details in Sect. 5.1.1).

2.5. Simulations

Simulations generated with our model are random (or partially
random) realisations. Each time a simulation is generated, a new
sky is produced. It is possible however to re-generate exactly
the same sky by rerunning the same version of the PSM, with
the same sky model options and the same simulation seed (for
random number generation).

For given cosmological parameters, the power spectrum of
the CMB can be predicted using, e.g., the CAMB software®
(Lewis et al. 2000), so that a plausible CMB sky can be sim-
ulated by drawing at random the ag,,s of a simulated CMB, ac-
cording to normal distributions with variance C,. An interface to
the CLASS? software (Blas et al. 2011) is also implemented in
the PSM.

Specific realisations of sky emission can be produced for
other components as well. A model of cluster counts as a func-
tion of mass and redshift, dN(M, z)/dMdz, can be used to sim-
ulate at random a population of clusters, and correspondingly,
a model of SZ emission (Delabrouille et al. 2002a). The same
is true for point sources, on the basis of number counts as a
function of flux density.

Completely stochastic models of Galactic emission are more
problematic, as the underlying statistical distribution of the emit-
ting material is not known (if this concept makes sense at all).
Nonetheless, a prescription to simulate realistic Galactic fore-
ground emission is needed in any model of millimetre sky emis-
sion. For such components, we adopt an approach which uses
the predictive model based on existing observations, and com-
plements it with stochastic corrections representative of current
uncertainties in the data and the model.

The generation of such constrained realisations, in which
simulations match observations within observational errors, is
implemented for most sky emission components in the present
model (see, for example, paragraphs about CMB anisotropies in
Sect. 3.2.3, galactic emission with small scales in Sect. 4.6, and
constrained thermal SZ effect in Sect. 5.1.2).

2.6. Use of the PSM in the Planck collaboration

The PSM is the standard sky modelling tool used for simula-
tions in the Planck collaboration. Maps and catalogues obtained
from the PSM are either used directly in component separation
separation challenges (Leach et al. 2008) or used as inputs to
the Level-S software for simulating Planck timelines (Reinecke
et al. 2006). The PSM software package includes an interface
with descriptions of the Planck HFI and LFI instruments for the
generation of band-integrated sky maps, and the calculation of
colour-correction coefficients.

4 http://camb.info
> http://class-code.net
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2.7. The model in practice

In practice, the present sky model consists of a collection of data
sets (maps and catalogues) and a software package, which can
be used to produce maps of estimated or simulated sky emis-
sion. The software presently available is written mostly in the
IDL programming language®, and amounts to about 50 000 lines
of code. Input data sets are stored in the form of ASCII and FITS
files, for a total of about 500 GB of data. The software is de-
signed to be used on a modest computer (e.g., a standard laptop);
its data files are downloaded automatically from the associated
data repository during the execution itself, which avoids storing
on local disks large data files which are rarely used (i.e., those
that are used only for very specific values of input parameters).
The HEALPIX sky pixelisation scheme (Gérski et al. 2005), in
Galactic coordinates, is used in the current implementation.

All the input parameters are passed using a single configu-
ration file, which is read upon execution of the code. This con-
figuration file is stored with the outputs of the simulation for
traceability of the simulation. The software consistently uses one
single master seed for the generation of all the necessary chains
of random numbers, which guarantees the reproducibility of a
set of simulations, and the independence of the various random
numbers used for the generation of different components of sky
emission and instrumental noise.

The simulations can be generated at various resolutions, for
various values of HEALPIX pixel size, and for various values
of maximum harmonic mode number ¢;,x. In principle, there
is no limitation to the resolution (which can be set to 0), or to
the HEALPIX pixel size (which is limited only by the HEALPIX
software itself). The maximum CMB harmonic mode is set by
the CAMB (or CLASS) software (reference CMB power spec-
tra have been precomputed for £y,,x = 10000). In practice, the
model is constrained by observational data on scales of 6" to
1° for intensity, and few degrees for polarisation, depending on
the component considered. The accuracy of extrapolations at
smaller scales are expected to grow worse with increased res-
olutions, and the model is expected to be useful down to the
resolution of the Planck HFI (about 4’ resolution). Test cases
have been run up to HEALPIX N4 = 4096, and {1.x = 6000.
Technical information about the model, released software, data
sets and documentation can be obtained from the PSM web site.
PSM developers will make all possible efforts to maintain the
code, document the consecutive versions, and give information
about limitations and bugs on this website as well.

The code runs in three consecutive steps: generation of a sky
model; generation of sky emission maps at specific frequencies
or in specified frequency bands, and generation of simulated data
sets as observed by simulated instruments.

2.7.1. Step 1: the sky model

The sky model is generated at a finite resolution that is set by the
user and is common to all components. The sky model therefore
implements maps of the sky smoothed with a Gaussian beam of
full width at half maximum (FWHM) 6. This ensures that all
maps are near band-limited, and hence can be properly sampled
(with an appropriate HEALPIX pixel size, which must be smaller
than about one third of fy).

A particular sky model uses a common pixelisation scheme
for all components (HEALPIX, in Galactic coordinates, ring

6 http://en.wikipedia.org/wiki/IDL_(programming_
language)
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ordering, and a given pixel size appropriate for sampling maps
with no power above a specific harmonic mode ¢;,x). Polarised
emission modelling is optional.

The sky model consists of a set of maps of physical or
phenomenological parameters describing the components: CMB
temperature and polarisation anisotropy; synchrotron amplitude,
polarisation, and spectral index maps; dust amplitude, polari-
sation and temperature maps; catalogues of point sources (de-
scribed by their coordinates and by their emission laws for inten-
sity and polarisation); catalogues of clusters (described by their
coordinates, mass, redshift, temperature), etc. The sky model
generated with the software is saved at the end of this first step;
i.e., all the data sets used to model the sky are part of the output
of a given run. It is then possible to apply steps two and three to
the model at any time later on, without the need to re-run step
one.

2.7.2. Step 2: sky emission maps

Sky emission maps result from the calculation of the observed
emission at given frequencies, or in given frequency bands, on
the basis of the sky model generated in the first step. The sky
emission maps are what an ideal noiseless instrument would ob-
serve with the specified frequency bands and with ideal Gaussian
beams with FWHM equal to the resolution of the model sky 6y,
and are sampled using the same HEALPIX scheme as component
maps. Note that this step is not fully independent of Step 3, as
it is the list of instruments used to “observe” the sky which sets
the list of frequency bands used in Step 2.

2.7.3. Step 3: observations

Finally, sky emission maps generated in Step 2 can be “ob-
served” by simple model instruments. Each channel of the in-
strument is defined with a frequency band, a beam, polarisation
properties, an observing scheme, noise properties, and a format
for the generated data sets. Although the generation of instru-
mental noise excludes at the present slow drifts correlated be-
tween detectors, which generate signals that interfere with com-
ponent separation (Delabrouille et al. 2002b; Patanchon et al.
2008), it is possible to include the generation of such effects in
future developments of the code.

The LEVEL-S software (Reinecke et al. 2006) can also be
used as a means for sophisticated instrument simulation.

2.8. Limitations

The pre-launch PSM is based on our understanding of the sky
prior to Planck observations. It is intended to make available
representative maps, to be used essentially in simulations. It
should not be used for inferring the properties of the real sky.
Limitations specific to some of the models of the individual com-
ponents are specified at the end of each of the relevant sections.

3. Cosmic microwave background

CMB anisotropies are modelled in the form of temperature fluc-
tuations of a perfect blackbody. The assumed default CMB tem-
perature is Tevmp = 2.725 K (Fixsen et al. 1996; Fixsen 2009).
Brightness fluctuations are modelled on the basis of a first order
Taylor expansion of a blackbody spectrum,

Iemp (6, @) = Acms (VAT (6, ¢), ey

CMB Dipole

—3354

3354 uKeys

Fig. 1. CMB dipole prediction as generated by the code (here for a 1°
“sky resolution”, in Galactic coordinates).

where AT (6, ¢) is a map of temperature anisotropies, and where
the emission law A(v) is the derivative with respect to tempera-
ture of the blackbody spectrum:

0B (T)
T lr=tews

2

AcmB(Y) =

We ignore any effects, such as a non-zero chemical potential,
which move the distribution of the CMB photons away from a
perfect blackbody.

The same emission law is used for CMB polarisation, which
is represented with polarisation maps Q(6, ¢) and U(6, ¢) or,
alternatively, by the maps of scalar and pseudo-scalar modes,
E(6, ¢) and B(0, ¢) (Zaldarriaga & Seljak 1997; Kamionkowski
et al. 1997).

3.1. The CMB dipole

The CMB dipole is mostly due to the motion of the solar system
with respect to the background. It is modelled on the basis of
the measurement obtained with WMAP seven-year data (Jarosik
et al. 2011). The measured amplitude and direction are

Agip = (3.355 +0.008) mK;
laip = 263.99° +£0.14%;
baip = 48.26° +0.03°. 3)

A dipole prediction uses by default these measured values.
Alternatively, these values can be supplied by the user for set-
ting up a different predicted dipole.

A dipole simulation generates amplitude and direction as-
suming a Gaussian distribution with default average values
and standard deviations as given by the WMAP measurement.
Alternatively, the simulation can use amplitude, direction and
error as supplied in the input parameter list.

Upon generation of a model sky, the amplitude of the CMB
dipole map is modified to take into account the smoothing by
the sky beam (even if for small beams the effect is negligible
in practice). The default predicted CMB dipole generated by the
PSM (here for a 64y, = 1° sky map resolution) is displayed in
Fig. 1.

Note that in addition to the dipole, the peculiar motion of
the observer generates higher order terms (Doppler quadrupole
and higher-order corrections), which are ignored in the current
version of the PSM.
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3.2. Temperature and polarisation anisotropies

On smaller scales, the CMB map is modelled as the outcome
of a random process (the random generation of perturbations in
the early universe). In the simplest model, fluctuations in the
CMB are assumed to be Gaussian and stationary, so that its
statistical distribution is entirely determined by its power spec-
trum C,. In addition to this generic model, the software imple-
ments a non-Gaussian CMB model, as well as predictions and
constrained realisations matching WMAP observations.

3.2.1. Gaussian CMB anisotropies

Anisotropies on scales smaller than the dipole are imprinted on
the CMB mostly at z ~ 1100, when primordial nuclei captured
free electrons to form neutral atoms. In the simplest model,
these primary anisotropies are assumed Gaussian and station-
ary. Additional secondary perturbations arise due to electromag-
netic and gravitational interactions, while photons propagate to-
wards us. Reionisation of the universe at late times smoothes the
small scale structure of the acoustic peaks, and generates “reion-
isation bumps” in the polarisation power spectra. Gravitational
interaction generates large-scale anisotropies via the integrated
Sachs-Wolfe (ISW) effect, and modifies small scale anisotropies
via lensing by large-scale structure (galaxies, and clusters of
galaxies).

The statistics of the temperature and polarisation fluctuations
of a Gaussian CMB are fully described by the multivariate tem-
perature and polarisation power spectrum C; of one tempera-
ture map 7" and two polarisation maps E and B. For a standard
cosmology (ignoring such effects as, e.g., cosmological birefrin-
gence), the only non-vanishing terms in the power spectrum are
CIT,ClE, CEE, CPP, the other two (C}? and CE#) vanishing for
parity reasons. Fast and accurate software is available to com-
pute these power spectra for a given cosmological model, and
to randomly generate CMB temperature and polarisation maps
for any given such spectrum: in the current version, interfaces
to the CAMB (Lewis et al. 2000) and CLASS (Blas et al. 2011)
software are implemented to compute CMB power spectra for a
given cosmological model. Alternatively, a default CMB power
spectrum can be used, which matches current observational data.
Figure 2 displays the power spectra used in the code for the
current cosmological best fit, with no primordial tensor modes
(and hence C£# from lensing of E modes only).

3.2.2. CMB prediction

CMB anisotropies have been observed by a number of exper-
iments. In particular, CMB temperature maps have been ob-
tained from publicly released WMAP data by a number of au-
thors (e.g. Tegmark et al. 2003; Eriksen et al. 2004; Delabrouille
et al. 2009; Basak & Delabrouille 2012). Each of these maps
can be used to predict the expected level of CMB anisotropy
at any point of the sky. In the current version of the model, we
use the Wiener-filtered Needlet ILC (NILC5) map obtained from
WMAP 5-year data by Delabrouille et al. (2009) as the standard
CMB map at the resolution of the WMAP W-band channel. The

harmonic coefficients x?m of that map are connected to the true

CMB harmonic coefficients a; by
T W T
Xp, = WeB ag, + ngy, 4)

where B}V are the coefficients of the expansion of the sym-
metrised beam of the WMAP W-band channel (as released with
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Fig.2. CMB intensity and polarisation power spectra used by default
(for Gaussian CMB simulations) — black: C;7; red: CI* (dashed parts
are negative); green: CE%; blue: C58 (from scalar modes only).

the WMAP 5S-year data), w, the coefficients of the harmonic
Wiener filter applied to the NILC map, and ng, is a residual ad-
ditive term that accounts for all sources of error in the NILC5
map (in particular instrumental noise and residual foreground
emission).

A predicted map at a different sky resolution (as specified in
the list of input parameters of the code) is obtained from this one
by multiplying the spherical harmonic coefficients by B;/BY,
where By are the coeflicients of the expansion of the equivalent
Gaussian beam corresponding to the target sky resolution

B,
-T _ T
Apy = ﬁ Xem+ (5)

Predicted CMB polarisation maps for Q and U are obtained as
well, on the basis of the model TE correlation. The predicted
E-mode harmonic coeflicients are

-E _ _t =T
Aem = CTT Ao (6)
t

where Ez?m are the predicted CMB temperature harmonic coeffi-

cients computed from Eq. (5). This polarisation prediction, how-
ever, is quite uncertain, since the TE correlation is weak. The
predicted B-type polarisation vanishes in the current model im-
plementation. Figure 3 shows the predicted CMB temperature
and polarisation at a target sky resolution of 1°.

The predicted CMB maps are produced in such a way that
the error term (difference between predicted map, and true CMB
map at the target resolution) is minimised. They hence provide
the best possible image of the true CMB sky given the present
observations used in the model. With this criterion however, the
power spectrum of the predicted CMB maps does not match the
theoretical model. Indeed, given a noisy observation xs,, = ¢, +
nem, the Wiener filter as a function of € is wy = S¢/(S¢ + Ny),
where S, is the power spectrum of the signal, and N, that of the
noise. Then the power spectra of the predicted CMB temperature
map is

c,' = <|a§m|2> = w (B2CIT), 7
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Fig.3. CMB temperature and polarisation anisotropy predictions as
generated for a 1° beam, Ngqg. = 256, in Galactic coordinates. This pre-
diction is based on the CMB extracted from WMAP 5-year data using
an ILC in needlet space. Note that the maps are not fully exempt from
contamination by foregrounds and noise (see Delabrouille et al. 2009,
for a complete discussion of the component separation method used to
obtain the CMB temperature map).

i.e., the power spectrum is lower than expected, by a fac-
tor wy. Similarly, the power spectrum of the predicted E-mode
polarisation map is

2
TE
=EE (Cf ) 2 ~EE
¢ = LUZW (B[Cf ), (8)
and the cross spectrum of 7" and E is
—TE
C, =we(BiClF). 9)

3.2.3. Constrained Gaussian realisations

Constrained CMB realisations, compatible with these observa-
tions, are generated in the PSM on the basis of a theoreti-
cal model (power spectra of temperature and polarisation), and

constraints (the observed CMB temperature map described in
Sect. 3.2.2).

Recall that if (X,Y)' is a two—dimensional random vector
with mean (0, 0) and covariance matrix

O'i Jxy

oxy O'?, ’
then the conditional probability of X given Y is Gaussian with
mean m and variance o> given by

(10)

m="2y, (1n)
Ty
and
2
o
o’ =0y - =L (12)
Ty

We simulate the constrained as, by drawing random vari-
ables following the conditional distribution of ag, given some
observation day,,,.

The observation is performed at finite resolution, charac-
terised by an effective beam B,. Each ay,, of the CMB map is
also measured with an error €;,. The multipole coefficients of
the observed map are

13)

agm = Beagn + €,

where a, and €, are centred and independent Gaussian ran-
dom variables, with variance C, and N, respectively. By is the
response of the beam in harmonic space (the beam is assumed to
be symmetric).

As cov(ag, agn) = BeCy, var(ag,) = Cr and var(dg,) =
B%Cg + N, (we ignore correlations between the errors for dif-
ferent (£, m), so that each mode can be generated independently
of the others), we obtain, from the previous result, harmonic co-
efficients of the constrained realisation that are Gaussian with
mean

B,.C, __
dpn = —————dyms 14
{m B?Cﬁ " Ng {m ( )
and variance
C¢N,
o-? - % 15)
B{,C[ + Ny

We note that as Ny — oo or By — 0, this law becomes
N(0,Cy) (which is an unconstrained realisation of the CMB
field), whereas if N; = 0 the conditional mean is ay,,/B¢. The
mean value of the distribution of each harmonic coeflicient
matches the Wiener-filtered prediction described in Sect. 3.2.2.

3.2.4. Non-Gaussian CMB anisotropies

Non-Gaussian corrections to the statistics of CMB primary
anisotropies are expected in the early Universe (inflationary) sce-
narios. Software to generate non-Gaussian CMB maps has been
developed by Smith & Zaldarriaga (2007), Liguori et al. (2007)
and Elsner & Wandelt (2009).

The first simulations of CMB temperature maps with primor-
dial non-Gaussianity (NG) of the “local type” have been based
on the generation of the underlying primordial perturbation in
Fourier space (Komatsu et al. 2003). A different method has then
been proposed in Liguori et al. (2003, 2007), where the authors
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work with filter functions to introduce the proper spatial corre-
lations of the primordial potential. The current version of the
model uses maps generated according to the method of Elsner &
Wandelt (2009), a recent improvement of the method of Liguori
et al. (2003) with better numerical efficiency.

The non-Gaussian CMB model assumes a linear-plus-
quadratic model for Bardeen’s gauge-invariant curvature poten-
tial ®’, namely
O(x) = BLx) + fiu (P~ (PL(x))) (16)
where @y is a Gaussian random field and the dimensionless non-
linearity parameter fy sets the level of NG in the primordial po-
tential. The kind of NG described by this linear-plus-quadratic
model is theoretically motivated by detailed second-order cal-
culations of the NG arising during — or soon after — infla-
tion in the early Universe (Bartolo et al. 2004); the assumption
that the NG level is set by a constant parameter fyr, is a fair
approximation, as long as |fyp| > 1.

Once realisations of the NG potential @ are obtained, the har-
monic coefficients for 7" and E are calculated by radial integra-
tion of the linear and non-linear parts of the potential indepen-
dently, yielding maps of harmonic coefficients ay, for T and E
and for both the linear and the non-linear part. The correspond-
ing input templates are used to generate simulated CMB skies
for different values of fnr.

Because the computation of a non-Gaussian simulation at
Planck resolution can take up to about 20 CPU hours, the code
to make such simulations is not directly included in the pack-
age. Instead, we use a number of pre-computed simulations with
Cmax = 3500, and pick among those to generate a simulated
non-Gaussian CMB sky.

Full-sky maps of one of the non-Gaussian simulations in-
cluded in the model are shown in Fig. 4, where the top panel
is the linear part and the bottom panel the non-linear correction
(fOI' fNL = 1)

3.3. Lensed CMB

One of the most important physical mechanisms that gener-
ate secondary anisotropies is weak gravitational lensing of the
CMB, which arises from the distortions induced in the geodesics
of CMB photons by gradients in the gravitational matter poten-
tial. As a result, the CMB temperature anisotropy that we ob-
serve at a particular point on the sky in a direction 72 is com-
ing from some other point on the last scattering surface in a
displaced direction, 72, such that,

X = X@),
W= h+d@),

A7)
(18)

where X stands for any of the lensed CMB Stokes parameters /,
Q or U and X is its unlensed counterpart. The directions 72 and 7’
are connected by the deflection field d(z).

In the Born approximation, the deflection field is related
to the line-of-sight projection of the gravitational potential,
Y(da(x)i, x) as d(it) = VO(i), such that,

~ s dA(Xs _X)
() =-2 dy —————
@ L SRS

7 Bardeen’s gauge-invariant potential @ is defined in such a way that
the temperature anisotropy reduces to AT/T = —®/3 in the pure
Sachs-Wolfe limit.

P(dalon, x), (19)
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Fig. 4. Linear part (fop panel) and non-linear correction (bottom panel)
for a non-Gaussian CMB realisation, at 1° resolution. Note the different
colour scales, and that fy. ~ 1 (or a few) is a typical expected level.
The cosmological parameters assumed for this simulation are from the
fit of WMAP 7-year + BAO + SN observations, as made available on
the LAMBDA web site.

where da(y) is the comoving angular diameter distance corre-
sponding to the comoving distance y, and y; is the comoving
distance to the last scattering surface. Although lensing depends
upon all of the large-scale structure between us and the last scat-
tering surface, most of the effect comes from structures of co-
moving size of order few hundred Mpc at redshifts below 10.
The typical deflection angle is around 2’ to 3’ but is correlated
over several degrees.

Weak gravitational lensing has several important effects on
the CMB (see, e.g., Lewis & Challinor 2006, for a review). In ad-
dition to being an extremely robust prediction of the cosmolog-
ical concordance model, it is a probe of the structure formation
process in cosmology, overlapping with the onset of cosmic ac-
celeration, mainly in the linear or quasi-linear regime. The power
spectrum of the deflection field is therefore useful for measur-
ing parameters like the total neutrino mass (Lesgourgues et al.
2006) or the dark energy equation of state (see, e.g. Acquaviva
& Baccigalupi 2006).

Besides its intrinsic cosmological interest, the distortion of
primary CMB anisotropies by lensing is a source of confusion
for several scientific objectives of sensitive CMB experiments.
Lensing modifies the CMB power spectrum, and generates,
through non-linear mode coupling, non-Gaussianity competing
with the primordial one (Lesgourgues et al. 2005). It also mixes
primordial £ and B modes, the main effect being the conversion
of a fraction of the E-modes into B-modes, which is a nuisance
for the precise measurement of CMB B-modes from primordial
gravitational waves.
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Weak lensing of CMB anisotropies by large-scale
structure (LSS) has been measured on WMAP data by
cross-correlation with the NRAO VLA Sky Survey (NVSS),
used as a high-redshift radio galaxy catalogue (Smith et al.
2007), as well as in a combined analysis with SDDS and NVSS
(Hirata et al. 2008). Although marginally detectable in WMAP
data, CMB lensing should be measured with high signal to noise
by Planck without need to rely on an external data set (Hu &
Okamoto 2002). However, in order to carry out this measure-
ment in practice, the impact of instrumental (anisotropic beams,
missing data, correlated noise) and astrophysical (Galaxy
contamination, point sources, etc.) systematic effects on the
CMB lensing estimators has to be studied with great care. This
calls for the implementation, in the present model, of fast and
accurate methods to simulate the lensing of CMB maps.

In principle, such lensing should be compatible with the dis-
tribution of matter between the last scattering surface and the ob-
server. This matter distribution is connected to the distribution of
galaxies contributing to the anisotropies of the cosmic infrared
background, to the radio source background, and to high-redshift
galaxy clusters, which are simulated as well by the PSM. This
connection between the different components of sky emission
is ignored in the current PSM implementation, but will be the
object of future improvements.

3.3.1. Use of Non-equispaced FFT

In order to compute the lensed CMB field on HEALPIX grid
points, we need to resample the unlensed CMB at arbitrary po-
sitions on the sphere. The method implemented for doing so is
based on the possibility to recast remapping on a sphere into
remapping on a 2-d torus, and uses the non-equispaced fast
Fourier transform (NFFT) to compute lensed CMB anisotropies
at HEALPIX grid points. The method is based on the previous
work of Basak et al. (2009), which we briefly review here.

The basic idea of the NFFT is to combine the standard fast
Fourier transform and linear combinations of a window function
that is well localised in both the spatial and frequency domains.
Suppose we know a function f by means of N evaluations f;
in the frequency domain. According to the NFFT, the Fourier
transform of that function evaluated at M non-equispaced grid
points x; in the spatial domain can be written as,

. 1
fxp) = E Z O(ox;—m)

mezZ
N/2-1 .
2rimk fx
- 20
. k:ZN:ne p[ oN ]‘15(27”(/0']\/)’ <0

where ¢(¢) is a window function in Fourier space, ®(¢) its coun-
terpart in pixel space, and o is the oversampling factor. The in-

dices j of the grid points x; take the values j =1,2,3,..., M.

The efficient evaluation of f(x) on irregularly spaced grid
points requires a window function ®(¢) that is well localised
both in space and frequency domain. The computational com-
plexity is O(ocNlog N + K M), where K is the convolution
length, o is the oversampling factor, M is the number of real
space samples, and N is the number of Fourier modes. Among
a number of window functions (Gaussian, B-spline, sinc-power,
Kaiser-Bessel), the Kaiser-Bessel function is found to provide
the most accurate results (Fourmont 2003; Kunis & Potts 2008),
and is used in our simulations by default.

3.3.2. Simulation procedure

We summarise here the main steps of the simulation procedure
of lensed CMB maps:

1. Generate a realisation of harmonic coefficients of the CMB,
both temperature and polarisation, and lensing potential
from their respective theoretical angular power spectra ob-
tained using CAMB;

2. Transform the harmonic coefficients of the unlensed CMB
fields and of the displacement field into their 2-d torus
Fourier counterparts using the symmetry and recursion rela-
tion of the Wigner rotation matrix (Varshalovich et al. 1988;
Challinor & Lewis 2005);

3. Sample the displacement field at HEALPIX pixel centres us-
ing the NFFT on the 2-d torus, apply this displacement field
to obtain displaced positions on the sphere, and compute the
additional rotation needed for the polarised fields using iden-
tities of the spherical triangle (Lewis 2005);

4. Resample the temperature and polarisation fields at the dis-
placed positions using the NFFT to obtain the simulated
lensed CMB fields, sampled at the HEALPIX pixel centres.

In Fig. 5, we show one realisation of unlensed CMB tempera-
ture anisotropies, together with the lensing correction, the am-
plitude of the deflection field and the lensing potential map. We
show a small portion of the same set of maps in Fig. 6 to il-
lustrate the lensing effect more clearly. The correlation between
the deflection field and the difference between the lensed and
unlensed CMB temperature anisotropies is clearly visible. We
have found that, for unlensed CMB and deflection field maps
with Ngge = 1024 and fe = 2048, 1078 accuracy is easily
reached when setting the (o, K) parameters to (2,4). The cur-
rent implementation of the method to simulate lensed CMB with
these parameters requires 15 min wall-clock computing time, us-
ing 7.9 GB of RAM, on an ordinary PC configuration. Figure 7
shows that the average angular power spectra recovered from
1000 realisations of lensed CMB maps (Nsige = 1024) are con-
sistent with the corresponding theoretical ones. This agreement
between our numerical power spectra estimates and the CAMB
predictions is a validation of both our numerical method and of
the CAMB estimates based on partially re-summed perturbative
calculations.

The accuracy of the lensing simulation is set by default in
the current implementation, and is not a parameter of the soft-
ware. If necessary it can be improved by increasing both the
oversampling factor and the convolution length, at the expense
of extra memory consumption and CPU time. Since the full pre-
computation of the window function at each node in the spa-
tial domain requires storage of large amount of real numbers
([2K +17? per pixel in 2-d), we have used a tensor product form
for the multivariate window function (the default method within
the NFFT library), which requires only unidimensional pre-
computations. This method uses a medium amount of memory to
store 2[2K+1] real numbers per pixel, but at the cost of extra mul-
tiplication operations to compute the multivariate window func-
tion from the factors. In addition to that, pre-computation of win-
dow function at harmonic domain requires storage of 2[2¢,x+2]
real numbers.

An increase in the convolution length not only increases the
computational cost of the interpolation part of the NFFT, but also
increases the cost of the pre-computation of window function
and memory requirement as one has to compute and store the
window function at a larger number of grid points in the spatial
domain before applying the NFFT. On the other hand, increasing
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Fig. 5. Simulated lensed CMB temperature anisotropy map (top left), the amplitude of the difference of a simulated lensed and unlensed CMB
temperature anisotropy map (fop right), the amplitude of the simulated deflection field map (bottom left) and the lensing potential map (bottom
right) with HEALPIX pixelisation parameter Ngq. = 1024. These maps are obtained using the NFFT for the oversampling factor o = 2 and

convolution length K = 4.

the oversampling factor only impacts the memory and CPU re-
quirements of the (oversampled) FFT part of the algorithm.

The simulated displacement fields are computed from the
gradients of Gaussian potential fields, neglecting non-linearities
produced by the growth of structures and rotation induced by
departure from the Born approximation. For CMB studies on
scales comparable to or larger than arc-minutes, this approx-
imation is excellent (see e.g. Bartelmann & Schneider 2001),
and enables us to compare our lensed power spectrum estimates
to the CAMB predictions, for which analytical estimates ex-
ist. However, our method is valid for any given displacement
field; hence we could relax the Born approximation if needed,
replacing it with ray-tracing in dark matter N-body simulations
(Carbone et al. 2008, 2009). Ray-tracing is affected by similar
problems as the simulation of the lens effect on CMB maps, i.e.,
difficulties in accurately resampling a vector field on the sphere.
Current state-of-the-art ray-tracing algorithms, such as described
by Teyssier et al. (2009), could be made more accurate by using
the technique described here.

It should be noted that the displacement field used to gen-
erate lensed CMB maps is sampled at the centres of HEALPIX
pixels. For large pixels, the displacement field sampled at the
pixel centre will not necessarily correspond to the average of
the displacement field integrated over the pixel area (in other
words, lensing and smoothing do not commute). For numerical
accuracy, it is recommended to generate simulations with reso-
lution and pixel sizes smaller than the typical displacement due
to lensing.

While in general for temperature and polarisation E-modes
the main effect of lensing is visible on small scales, it is not the
case for CMB B-modes, for which lensing generates an appre-
ciable amount of large-scale B-modes, as compared to primor-
dial B-modes due to tensor perturbations. For accurate lensing
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B-modes, it is important to make a simulation that properly
samples the E-polarisation field, i.e. maximum harmonic mode
Cmax = 2000 or more, and HEALPIX nside of 1024 or more.

3.4. Limitations of the CMB models

The various CMB models implemented in the PSM suffer from
the following limitations:

1. The prediction model is based on a CMB map extracted
from WMAP data. That map is contaminated by noise and
residuals of foreground emission, particularly in the vicin-
ity of the Galactic plane. It has been Wiener-filtered to min-
imise the total error. This however results in a filtered CMB
map, the power spectrum of which hence is not that expected
for the cosmological model considered.

2. The CMB lensing and ISW as currently modelled are not
connected to the distribution of large-scale structures. This
will be developed in a future version.

3. The non-Gaussian CMB is limited to £,,x = 3500, although
the Gaussian signal can be extended to higher harmonic
modes.

4. Lensing of the CMB is currently implemented in the PSM
pipeline only for Gaussian CMB models. It is possible, how-
ever, to use the 1lens code distributed with the PSM to lens
Non-Gaussian CMB maps in a post-processing step.

4. Diffuse Galactic emission

Diffuse Galactic emission originates from the ISM of the Milky
Way. The ISM is made up of cold atomic and molecular clouds,
of a warm inter-cloud medium that is partly ionised, and of a hot
ionised medium. The ISM also comprises magnetic fields and
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Fig. 6. Portion of a simulated lensed CMB temperature anisotropy map (fop left), the amplitude of the difference of a simulated lensed and
unlensed CMB temperature anisotropy map (top right), the amplitude of the simulated deflection field map (bottom left) and the lensing potential
map (bottom right) with HEALPIX pixelisation parameter Ngq. = 1024. These maps are obtained using the NFFT for the oversampling factor o = 2
and convolution length K = 4. The size of the maps displayed here is about 16° on a side.

cosmic rays. Galactic emission from the ISM is usually sepa-
rated into distinct components according to the physical emis-
sion process: synchrotron radiation from relativistic free elec-
trons spiralling in the Galactic magnetic field; free-free emission
from the warm ionised medium, due to the interaction of free
electrons with positively charged nuclei; thermal (vibrational)
emission from interstellar dust grains heated by radiation from
stars; spinning dust emission from the dipole moment of rotating
dust grains; line emission from atoms and molecules. As the in-
terstellar matter is concentrated in the Galactic plane, the inten-
sity of these diffuse emissions decreases with Galactic latitude
approximately according to a cosecant law (the optical depth of
the emitting material scales proportionally to 1/sin |b]).

The Galactic diffuse emission carries important information
on the cycle of interstellar matter in the Milky Way and its
link with the star formation process. The precise mapping of
the microwave sky by the COBE and WMAP experiments and
the detailed analysis of the Galactic contamination to the CMB
anisotropies have contribued significantly to our understanding
of the Galactic ISM (Wright et al. 1991; Bennett et al. 1992;
Boulanger et al. 1996; Finkbeiner et al. 1999; Banday et al.
2003; Bennett et al. 2003b; Finkbeiner 2004; Davies et al. 2006;
Miville-Deschénes et al. 2008). This has even led to the discov-
ery of a new Galactic emission component: the anomalous mi-
crowave emission (Kogut et al. 1996a). The Planck experiment

will certainly expand our knowledge on the Galactic ISM; it al-
ready has with its first series of papers (Planck Collaboration
20111,m,n,0).

In the context of the study of CMB anisotropies, Galactic
emission is a nuisance. Its impact on the accuracy that can be
reached on the cosmological parameters has been a concern
for a long time and it is still paramount. For this reason, there
have been significant efforts to model Galactic emission over the
whole sky in the frequency range where the CMB fluctuations
can be best observed. Many studies deal with specific Galactic
components: synchrotron (Giardino et al. 2002; Platania et al.
2003), free-free (Dickinson et al. 2003; Finkbeiner 2003), ther-
mal dust (Finkbeiner et al. 1999) and, more recently, polarised
synchrotron and dust (Waelkens et al. 2009; Fauvet et al. 2011;
O’Dea et al. 2012). Some address the question more globally
(Bouchet et al. 1996; Bouchet & Gispert 1999; Tegmark et al.
2000), trying to estimate the foreground contamination as a func-
tion of frequency and scale. Because of the highly non-stationary
statistical properties of the Galactic diffuse emission, this exer-
cise has limitations that can be partly overcome by using a tool
that predicts maps of foreground emission for specific regions of
the sky.

In that spirit de Oliveira-Costa et al. (2008) developed a tool,
based on a principal component analysis decomposition of radio
survey maps, to produce maps of the total-power Galactic diffuse
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Fig. 7. In all panels, the solid black line is the theoretical angular power
spectrum of the lensed CMB, and red filled circles are the average an-
gular power spectrum recovered from 1000 realisations of lensed CMB
maps at HEALPIX Ngq. = 1024. Lensed CMB maps are obtained using
the NFFT for the oversampling factor o = 2 and convolution length
K =4.

emission in the 10 MHz to 100 GHz range with an angular res-
olution of 1° to 5°. The PSM is similar but also models the sub-
millimetre and far-infrared sky dominated by thermal dust emis-
sion, a dominant foreground in much of the Planck frequency
range, and the polarised Galactic emission. The PSM also has
the capability to produce simulations down to arcminute reso-
lution. Also, contrary to the model of de Oliveira-Costa et al.
(2008), the PSM is strongly linked to physical models of the
Galactic emission processes. It is intended not only to simulate
foreground emission for CMB studies but also to serve as a tool
to gather relevant knowledge and models of the Galactic ISM.
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For each Galactic emission component, the emission across
frequencies is modelled using template maps (either observa-
tions or model maps that are constructed on the basis of existing
data), which are interpolated in frequency according to specific
emission laws. Each emission law depends on a set of physi-
cal or empirical parameters, which can vary across the sky. Note
that Galactic emission is actually implemented as a collection of
different models using various input templates, and any of these
can be easily called to produce different results. The PSM has
been designed in such a way as to facilitate the integration of
new models, in particular the ones coming out of the analysis of
the Planck data themselves. At the time of writing, much has al-
ready been learned about the Galactic emission with the Planck
data. This knowledge is not in the PSM yet but it will be after
the Planck data become public.

In the following we describe the different models imple-
mented for Galactic emission and in particular the combination
of models which we believe, at the current time, is the most
plausible and complete given the available data. The default
Galactic emission model of the PSM is based on the combina-
tion of the work of Miville-Deschénes et al. (2008) who mod-
elled the 23 GHz WMAP data by a sum of synchrotron, free-
free and spinning dust emission, and the model of Finkbeiner
et al. (1999) for thermal dust emission. In polarisation, the de-
fault PSM model includes 1) a synchrotron component based on
the 7-year 23 GHz WMAP polarisation data (Gold et al. 2011)
extrapolated in frequency with the same spectral index as for the
total intensity; and 2) a dust component based on a new model
presented in Sect. 4.7.2. This subset of models was chosen in
order to reproduce the WMAP data, in intensity and in polarisa-
tion, while including an unpolarised spinning dust component.

4.1. Synchrotron

Galactic synchrotron emission arises from relativistic cosmic
rays accelerated by the Galactic magnetic field (e.g., Rybicki &
Lightman 1979). It is the dominant contaminant of the polarised
CMB signal at low frequencies (below about 80 GHz). The in-
tensity of the synchrotron emission depends on the cosmic ray
density n., and on the strength of the magnetic field perpendicu-
lar to the line of sight. The spectral signature of the synchrotron
emission is determined by the energy distribution of cosmic rays.
In the simplest model, in the radio-mm frequency range, for elec-
tron density following a power law of index p, (n.(E) o< E7P),
the synchrotron frequency dependence is also a power law,

Liync(v) oc V2*2, 1)

or equivalently, in units of antenna (Rayleigh-Jeans)
temperature,
Tsync(V) o« Vﬁss (22)
where /(v) and T'(v) are related via the equation:

2kv?
10) = =T, (23)

and where the spectral index, 8s = —(p + 3)/2, is equal to —3 for
a typical value p = 3.

The synchrotron spectral index depends on cosmic ray prop-
erties. It varies with the direction on the sky, and possibly, with
the frequency of observation (see, e.g., Strong et al. 2007, for a
review of propagation and interaction processes of cosmic rays
in the Galaxy).
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Observations in the radio frequency range from 408 MHz to
10 GHz have shown spatial variations of the spectral index
from —2.8 to —3.2 (Reich & Reich 1988; Davies et al. 1996;
Platania et al. 2003; Bennett et al. 2003b), with a general steep-
ening of the spectrum towards high Galactic latitudes. In a more
recent analysis, Miville-Deschénes et al. (2008) find a lower
scatter of the spectral index by taking into account the presence
of additional emission in the radio domain from spinning dust
grains. The spectral index map obtained in this way is consistent
with S5 = —3.00+0.06. Thus, as shown in this latter work, the in-
ferred synchrotron spectral index map depends on assumptions
made about other components.

Due to energy loss of the cosmic rays, a break in the
synchrotron spectrum is expected at frequency higher than
~20 GHz. A detection of this effect has been reported by the
WMAP team in the analysis of the WMAP first year data
(Bennett et al. 2003b). As mentioned in the analysis of the 7-year
data, this apparent steepening could also be explained on the ba-
sis of a contribution of spinning dust to the total radio emission
(Gold et al. 2011).

Synchrotron emission is modelled on the basis of the tem-
plate emission map observed at 408 MHz by Haslam et al.
(1982). The original map, reprojected on a HEALPIX grid in
Galactic coordinates at Ngg. = 512, and reprocessed to sup-
press residual stripes and point sources, is obtained from the
LAMBDA website. We further correct the map for an offset
monopole of 8.33 K (Rayleigh-Jeans), which is subtracted to
match the zero level of the template synchrotron of Giardino
et al. (2002). This offset includes the CMB (2.725 K), an
isotropic background produced by unresolved extra-galactic ra-
dio sources, the background monopole of synchrotron emission,
and any zero level error in the data.

This template synchrotron map is extrapolated in frequency
using a spectral index map. Three options exist in the PSM for
the spectral index.

1. A constant value on the sky (set to —3.0 by default);

2. the spectral index map of Giardino et al. (2002) obtained us-
ing a combination of 408, 1420 and 2326 MHz data;

3. the spectral index map provided by model 4 of
Miville-Deschénes et al. (2008) obtained using a com-
bination of the 408 MHz and WMAP 23 GHz data. This
model can be used with or without steepening at frequencies
higher than 23 GHz.

This third model, without spectral curvature, is the default syn-
chrotron model in the PSM. The template 408 MHz map used
to model synchrotron emission is displayed in Fig. 8, and the
spectral index map in Fig. 9. In the case of a simulation with
resolution better than 1°, additional small scale fluctuations are
added to the synchrotron intensity and spectral index maps, as
described below in 4.6.

4.2. Free-free

Free-free emission is produced by electron-ion interactions in
the ionised phase of the ISM. It is in general fainter than either
the synchrotron or the thermal emission from dust, except in ac-
tive star-forming regions in the Galactic plane.

The free-free spectral index depends only slightly on the lo-
cal value of the electronic temperature T, and it is a slowly vary-
ing function of frequency (Bennett et al. 1992, 2003b; Dickinson
et al. 2003). Between 10 and 100 GHz, the spectral index varies
only from 2.12 to 2.20 for 4000 < T, < 10000 K. In the PSM,

Synchrotron amplitude, Stokes |

0.00032 0.074 Mly/sr

Synchrotron amplitude, Stokes |

0.00032 .

0.074 Mly/sr

Fig. 8. Template map at 408 MHz used to model the intensity of syn-
chrotron emission in the PSM. The colour scale of the bottom panel is
histogram-equalised to increase the dynamic range.

Synchrotron spectral index
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Fig. 9. Synchrotron spectral index map used by default in the PSM.

the spectral dependance of the free-free emission is based on the
model described by Dickinson et al. (2003), assuming a constant
electronic temperature (7. = 7000 K is the default value). The
default free-free emission law is plotted in Fig. 10.

Three options exists in the PSM to model the spatial varia-
tions of the free-free emission.

1. The map of Dickinson et al. (2003) that uses a Ha emission
template (a combination of WHAM (Reynolds et al. 1998)
and SHASSA (Gaustad et al. 2001) data) corrected for ex-
tinction using the E(B — V) map of Schlegel et al. (1998);

2. The Maximum Entropy Method (MEM) free-free map of
WMAP (Bennett et al. 2003b);

3. The free-free map obtained by Miville-Deschénes et al.
(2008) that is a combination of the two previous maps. It uses
the WMAP MEM decomposition of Bennett et al. (2003b) in
regions where the extinction is E(B — V) > 2 (or Ay > 6).
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Fig.10. Emission law of the free-free, spinning dust, and main
CO molecular line emission (in units of spectral brightness /,, e.g.,
o«MJy sr™!). The spinning dust emission law is here normalised to unity
at v = 23 GHz and the free-free emission law to /, = 2 at the same ref-
erence frequency. The integrated amplitude of the first 2CO emission
lines (transition (J = 1-0)) is normalised to unity, and the other lines
(transitions (J = 2-1) and (J = 3-2)) are displayed in proportion to
their integrated intensity relative to the first one.

Free—free amplitude, Stokes I
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Fig. 11. Template map at 23 GHz used to model the intensity of free-
free emission in the PSM. As seen in the top panel, free-free emission
is strongly concentrated in compact regions of the Galactic plane. The
colour scale of the bottom panel is histogram—equalised to increase the
dynamic range, and to show more extended, diffuse structures.

In more diffuse regions, where Ha can be used more reli-
ably as a proxy for free-free emission, it uses the estimate of
Dickinson et al. (2003), unless the WMAP MEM free-free is
lower than the Ha estimate.

These three maps have a resolution of 1°. The third one, dis-
played in Fig. 11, is the default free-free model in the PSM.
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4.3. Molecular lines

Molecular line emission is seen towards dense molecular clouds
in our Galaxy and external galaxies. The strongest lines in the
useful frequency range are those of '>CO at frequencies of
115.27 GHz, 230.54 GHz, and 345.80 GHz (for (/ = 1 — 0),
(J =2 — 1)and (J = 3 — 2) respectively). Other emission
lines of interest, although fainter than those of 12CQ, include:

1. those of CO molecules involving other isotopes of carbon
and oxygen (the most important being the '*CO emission at
multiples of 110.20 GHz);

2. aset of HCN lines around multiples of 88.63 GHz;

3. the HCO" lines at multiples of 89.19 GHz®.

Many other lines, such as those of CN, C;H and HNC, which
have also been recently detected in high density molecular
clouds in M82 (Naylor et al. 2010), are known to exist in the
frequency range covered by the PSM. However, their contribu-
tion to the observed broad-band emission in the frequency range
covered by the PSM is small.

The '2CO lines are of special interest, as they are the
strongest ones located inside three of the Planck HFI frequency
bands (the 100, 217, and 353 GHz channels; see Planck HFI
Core Team 2011). They are thus important in the global model of
sky emission. The '>CO emission is implemented in our model
on the basis of the '>CO (J = 1 — 0) survey map of Dame et al.
(2001). The original map is not full sky, but contains most of the
regions of strong emission (about 45% of the sky is covered, i.e.,
essentially all of the sky at Galactic latitudes |b] <30°).

As surveys of other 2CO lines are missing, we choose to
model the (/ =2 — 1) and (J = 3 — 2) lines by scaling the
(J = 1 — 0) map using the following line ratios in units of
Kgy km s~ (Boulanger 2010):

U=2->1)/J=1-0)=0.65;
J=3-2)/(J=2-1)=0.50.

The resulting relative integrated line intensities are displayed
in Fig. 10. Emission from other molecular lines ('>CO lines of
higher order or involving isotopes, and molecules other than CO)
is neglected in the current model.

4.4. Thermal dust emission

The thermal emission from heated dust grains is the dom-
inant Galactic signal at frequencies above about 80 GHz.
Contributions from a large range of grain sizes and composi-
tions are required to explain the infrared spectrum of dust emis-
sion from 3 um to 1 mm (Désert et al. 1990; Li & Draine 2001;
Compiegne et al. 2011). At long wavelengths of interest for
CMB observations (above 100 microns), the emission from big
dust grains at equilibrium with the interstellar radiation field
should be the dominant source of the observed radiation.

The thermal emission from interstellar dust is estimated on
the basis of Model 7 or 8 (up to the user, model 7 being the de-
fault) of Finkbeiner et al. (1999). This model, fitted to the FIRAS
data (7° resolution), is based on the hypothesis that each line of
sight can be represented by the sum of the emission of two dust
populations, one cold and one warm. To limit the number of pa-
rameters, the model rests on three important assumptions:

1. that the two dust populations are well mixed spatially and
therefore both heated by the same radiation field;

8 http://www.splatalogue.net/
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Dust emission ratio 100/240 pm

Fig. 12. Map of the ratio of 100 um to 240 um emission, as obtained by
Finkbeiner et al. (1999) and used in the present model.

2. that the optical properties of the two populations are constant
(i.e., fixed S and opacity €);
3. that the ratio of their abundance (in mass) is constant.

These assumptions imply that the ratio of absorbed (and emit-
ted) power of the two populations is constant, a limitation that
will be alleviated in the future using the 5’ all-sky dust temper-
ature derived from combining the IRAS and Planck data, such
as computed in Planck Collaboration (20111). At present, how-
ever, given these assumptions, Finkbeiner et al. (1999) showed
that the spectral and spatial variations observed are only deter-
mined by the local strength of the interstellar radiation field and
the total dust column density. One can estimate the dust temper-
ature of the two populations using only the ratio of the emission
at two wavelengths. Following Finkbeiner et al. (1999), we use
their map of the ratio of 100 yum to 240 um emission based on
DIRBE data, which has been processed to have a constant signal-
to-noise ratio over the sky, resulting in a lower angular resolution
(several degrees) at high Galactic latitude than in the plane (40”).
This map is shown in Fig. 12. From the temperature of each dust
population at a given position on the sky, the assumed ratio of
emitted power, and the observed 100 um brightness, one can es-
timate the dust column density &; of the two populations at each
sky position. The extrapolation at any frequency is then given by
the sum of two modified blackbodies,

2
I, =) Ny’ BTy, 24)
i=1

where B, (T;) is the Planck function at temperature T;, N; is the
column density of species i, and € % accounts for the normali-
sation and frequency dependence of the emissivity. The 100 um
map used is the one of Schlegel et al. (1998) or a modified ver-
sion of this map, displayed in Fig. 13, for which residual point
sources, including a catalogue of ultra-compact H 11 regions (see
Sect. 5.4), were removed.

The main uncertainty in this representation of thermal dust
emission comes from the model itself, rather than from noise in
the observations used. We recall that the model is a fit to the
very large scale dust emission (7°). Variations of dust proper-
ties are observed everywhere in the ISM (Planck Collaboration
2011n,0). In addition, some models of interstellar dust predict
significant variations of the modified blackbody spectrum for
amorphous silicate grains (Boudet et al. 2005). The validity of
the hypothesis of a constant ratio of absorbed power is there-
fore to be questioned. Recent work, modelling dust emission as

Dust emission template at 100 pm

i P

100.0 MJy/sr

Fig. 13. Map of thermal dust emission 100 um. Colours are saturated
at 100 MJy sr™!, and the colour scale is histogram-equalised to increase
the dynamic range and make both regions of low and high intensity
visible.

a two-level system in a disordered medium (Meny et al. 2007,
Paradis et al. 2011), predicts significant curvature in the dust
spectral index at frequencies below 1 THz and is a counter-
example to the assumption of a simple modified blackbody.
Under the hypothesis where the model used here is correct,
the main uncertainty would come from the low angular resolu-
tion of the map of the ratio of 100 um to 240 ym emission which
does not trace the small scale variations of the dust temperature.

4.5. Spinning dust

In the 10-100 GHz range several observations have pointed to
excess emission, the so-called anomalous microwave emission
(Kogut et al. 1996b; Leitch et al. 1997; de Oliveira-Costa et al.
1999; Watson et al. 2005). At frequencies above ~20 GHz this
diffuse emission has a spectrum falling with frequency, simi-
lar to synchrotron, but has a spatial structure closer to the dis-
tribution of thermal dust. One model proposed by Draine &
Lazarian (1998) attributes this emission to small spinning dust
particles. A detailed analysis of the WMAP data by Davies et al.
(2006) revealed the presence in selected areas of a component
spatially correlated with thermal dust and with a spectral signa-
ture compatible with the model of Draine & Lazarian (1998).
The spinning dust hypothesis is also compatible with the analy-
sis of the WMAP 23 GHz polarisation data (Miville-Deschénes
et al. 2008), with the ARCADE 2 measurements between 3 and
10 GHz (Kogut et al. 2011) and with the fact that the microwave
anomalous emission is well correlated with the 12 ym emission
divided by the radiation field strength (Ysard et al. 2010a), as
predicted by models (Ysard & Verstraete 2010b). In addition,
a recent joint analysis of data from the Planck mission, from
WMAP, and from the COSMOSOMAS experiment shows un-
ambiguous detection of a component in some specific regions,
the spectrum of which peaks around 20 GHz and is compatible
with spinning dust (Planck Collaboration 201 1m).

Similarly to the free-free component, the spinning dust emis-
sion is modelled using a spinning dust template map extrapo-
lated in frequency using a single emission law. Three template
maps are available.

1. The E(B — V) map of Schlegel et al. (1998).
2. The spinning dust template based on model 2 of
Miville-Deschénes et al. (2008). This template was obtained
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Fig. 14. Top: small patch of free-free emission before and after adding
random small scale fluctuations. Middle and bottom: power spectrum of
free-free emission before and after adding small scales.

using the WMAP 23 GHz data and assuming a constant syn-
chrotron spectral index of —3.0.

3. The spinning dust template based on model 4 of
Miville-Deschénes et al. (2008). Same as the previous one
but assuming a synchrotron spectral index constrained with
the 23 GHz polarisation data. This model is the default one
in the PSM.

The emission law can be parameterised following the model of
Draine & Lazarian (1998); the default adopted in the PSM, plot-
ted in Fig. 10, is a mixture of 96% warm neutral medium and 4%
reflection nebula. This specific parametrisation of the Draine &
Lazarian (1998) model has not been selected on any physical
ground but because it fits the average spinning dust spectrum
found in Miville-Deschénes et al. (2008).

4.6. Adding small-scale fluctuations

Small-scale fluctuations are automatically added to Galactic
emission simulations when the resolution of the simulated map
is greater than the resolution of the original template. The
method used is described in Miville-Deschénes et al. (2007). A
Gaussian random field G, having a power spectrum defined as

Co =" [exp_fz‘rfim - exp_fz‘r'zem] , (25)
is generated on the HEALPIX sphere at the proper Ngjq.. Here
Osim and o are the Gaussian widths (in radians) of the simu-
lation and of the template to which small-scale fluctuations are
added. The zero mean Gaussian field G is then normalised and
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Fig. 15. Top: small patch of spinning dust emission before and after
adding random small scale fluctuations. Middle and bottom: power
spectrum of spinning dust emission before and after adding small
scales.

multiplied by the template map exponentiated to a power 3, in
order to generate the proper amount of small-scale fluctuations
as a function of local intensity. This is motivated by the fact that
the power of the Galactic emission fluctuations at a given scale
generally scales with the local average intensity at a given power
between 2 and 3 (Miville-Deschénes et al. 2007). The resulting
template map with small-scale fluctuation added is then

I/

tem

= lem + @Gy I (26)

em’

where @ and 3 are estimated for each template in order to make
sure that the power spectrum of the small-scale structure added
is continuous with the large-scale part of the template. This ap-
proach for generating small scales is similar to what has been
done by Giardino et al. (2002), although in our case the weight-
ing by the low-resolution map is slightly different.

The addition of small scales is illustrated for free-free in
Fig. 14 and for spinning dust in Fig. 15.

4.7. ISM Polarisation
4.7.1. Synchrotron polarisation

If the electron density follows a power law of index p, the syn-
chrotron polarisation fraction is

fo=3(p+1D/CGp+D.

For p = 3, f; = 0.75, a polarisation fraction that varies slowly
for small variations of p. Consequently, the intrinsic synchrotron

27)
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Fig. 16. E and B power spectra of diffuse Galactic emission simulated
with the model at WMARP central frequencies (solid and dashed thick
lines respectively). The PO6 Galactic mask is used. The WMAP derived
foreground levels from Gold et al. (2011) are also shown (thin lines).

polarisation fraction should be close to constant for a given vol-
ume element in the Galaxy. However, once projected on the sky,
geometric depolarisation arises due to variations along the line-
of-sight of the angle between the magnetic field orientation and
the line of sight direction. The magnetic field orientation de-
pends on the spiral structure of the large-scale Galactic magnetic
field and on local perturbation of the field due to turbulent mo-
tions or shell expansions. The former can be estimated using a
model of the spiral structure of the field (Han et al. 2006; Sun
et al. 2008; Sun & Reich 2010; Jansson et al. 2009; Jaffe et al.
2010, 2011; Fauvet et al. 2011), but the latter can only be es-
timated statistically (Miville-Deschénes et al. 2008). Note that,
since the synchrotron spectral index varies across the sky due to
variations of the cosmic ray energy spectrum across the Galaxy,
and since geometric depolarisation effects also depend on local
effects in three dimensions, it is expected that the spectral in-
dex f; is different for 7, Q and U. We neglect this subtlety at this
stage.

Instead of relying directly on a model of the Galactic mag-
netic field, our model of polarised synchrotron emission is built
on the basis that synchrotron is the main low-frequency polarised
emitter. Hence we use the WMAP 23 GHz channel polarisation
maps Q»3 and Uss, extrapolated in frequency using the same syn-
chrotron spectral index as that of intensity. Other options may be
implemented in the future, using either different models of the
Galactic magnetic field or interfacing the PSM with dedicated
software for simulating Galactic synchrotron emission, such as
the publicly available HAMMURABI code (Waelkens et al. 2009).

To extend the resolution of Q3 and U,s, small scales are
added in a similar way as for the total intensity templates (see
Eq. (26)), but because Q and U are not strictly positive, the scal-
ing of the Gaussian random field cannot be done with the tem-
plate itself. Instead the small scale field is scaled with the unpo-
larised intensity field. For Qo3 thatis Q); = Q23 + @ G 153.

Figure 17 displays synchrotron Q and U maps, as well as
the polarisation fraction and angle as modelled here. The power
spectrum of the polarised sky emission model at WMAP fre-
quencies, using the P06 mask, is displayed in Fig. 16. The figure
illustrates the consistency of the simulated signal with WMAP
results for polarisation (Page et al. 2007; Gold et al. 2011), at
intermediate and high Galactic latitudes. It shows the C, for the
sum of the polarised Galactic diffuse emissions evaluated in the
WMAP K, Ka, Q and V bands, computed for simulation outputs
and adopting the same WMAP P06 mask, excluding the bright-
est Galactic emission. No beam convolution is applied. On large
angular scales, a direct comparison with the spectra obtained by
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Fig. 17. Synchrotron Q and U maps at 23 GHz for a sky resolution of 3°.
At this frequency the synchrotron Q and U maps of the sky model are
exactly the WMAP 7-year data. The two bottom panels show the polar-
isation fraction and the polarisation angle as implemented in our model.
The average polarisation fraction is about 18%.

Goldetal. (2011, see also Fig. 17 in Page et al. 2007), shows rea-
sonable consistency between the model and observed foreground
levels.

4.7.2. Dust polarisation

Polarisation of starlight by dust grains indicates partial align-
ment of elongated grains with the Galactic magnetic field (see
Lazarian 2007, for a review of possible alignment mechanisms).
Partial alignment of grains also results in polarisation of their
emission in the far-infrared to millimetre frequency range.

Very few observational data are currently available to model
polarised dust emission, although things will drastically change
soon with the observations of the Planck mission (Tauber et al.
2010). So far, dust polarisation measurements have mostly con-
centrated on specific regions of emission, with the exception
of the Archeops balloon-borne experiment (Benoit et al. 2004),
which has mapped the emission at 353 GHz over 17 percent
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of the sky, showing a polarisation fraction around 4-5% in the
Galactic plane, and up to 10-20% in some clouds. Recently, po-
larisation of dust emission at 100 and 150 GHz has been ob-
served by BICEP over a smaller region of the Galactic plane
(Matsumura et al. 2010) and by QUaD (Culverhouse et al. 2010).
A large-scale estimate of the polarised dust power spectrum has
been obtained with WMAP 7-year data by Gold et al. (2011).
The measured dust polarisation fraction is in rough agreement
with what is expected from the polarisation of starlight (Fosalba
et al. 2002).

Draine & Fraisse (2009) have shown that for particular mix-
tures of dust grains, the intrinsic polarisation of the dust emis-
sion could vary significantly with frequency in the 100-800 GHz
range. As for synchrotron, geometrical depolarisation caused by
integration along the line of sight also lowers the observed po-
larisation fraction; the observed polarisation fraction of dust de-
pends on its three-dimensional distribution, and on the geometry
of the Galactic magnetic field.

By making use of presently available data, we model po-
larised thermal dust emission by extrapolating dust intensity,
I,(p) (see Sect. 4.4), to polarisation intensity, assuming intrin-
sic polarisation fractions, f3, for the two dust populations and a
model for the dust geometric depolarisation, g4, and dust polari-
sation angle, yq4. The Stokes Q and U parameters for dust are

0,(p) = faga(p) L,(p) cos(2ya(p)),
U,(p) = faga(p) L, (p) sin(2ya(p)).

The value of f; is set to 0.15 for the two dust populations,
consistent with maximum values observed by Archeops (Benoit
et al. 2004) and in good agreement with the WMAP 94 GHz
measurement. It should be noted that fy does not correspond to
the average observed polarisation fraction P,/I,, where P, =

VU2 + Q2. This is fqga(p), which has a mean of about 5% by
default in the current model. Setting the same value of f; for
the two dust populations implies that the polarisation fraction in
the PSM does not change with frequency. The model has been
designed to allow for different values of fy for the two dust pop-
ulations, but in the absence of observational evidence, both dust
populations have been given the same value for now.

Because of the lack of observations, modelling polarised
dust emission comes down to estimating maps of the geomet-
ric depolarisation, g4, and of the polarisation angle, y4. One ap-
proach is to use the large-scale structure of the Galactic magnetic
field with a prescription for the turbulent depolarisation along
the line-of-sight as O’Dea et al. (2012) did. This produces very
smooth maps of g4 and y4 as it does not reproduce the structure
projected on the sky due to the Galactic magnetic field associated
with the ISM turbulent dynamics. Such structure can be included
by using a code like HAMMURABI (Waelkens et al. 2009) that
simulates the turbulent part of the magnetic field in three dimen-
sions. This was done by Fauvet et al. (2011) and is implemented
as an option in the PSM but, even though the geometric depolar-
isation and polarisation angle maps produced that way have sen-
sible morphology and statistical properties, their detailed struc-
ture does not match the observed sky. Another option would be
to use polarisation angle derived from optical starlight measure-
ments (Heiles 2000; Berdyugin et al. 2001, 2004; Berdyugin &
Teerikorpi 2002). However, there are several drawbacks to using
optical measurements. These data are under sampled on the sky,
with very few measurements at high Galactic latitudes, which
makes it difficult to use them to generate full-sky polarisation
angles. Also, polarisation in absorption in the optical does trace
only the dust located in front of the star on which the absorption

(28)
(29)
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is measured, unlike the dust polarisation in the sub-millimetre
that samples the whole line of sight.

Hence, in order to simulate dust polarisation maps that stay
as close as possible to the data, and to be coherent with the po-
larised synchrotron model, we make use of the 23 GHz WMAP
polarisation data to estimate the geometric depolarisation and
polarisation angle maps for dust. Here we explicitely make the
assumption that, on average, synchrotron and thermal dust po-
larised emission are influenced by the same magnetic field and
that their maps of g and y should be correlated. Therefore, in
our model g4 and y4 are based on equivalent maps estimated
for the synchrotron emission using the WMAP 23 GHz and the
Haslam 408 MHz data, the synchrotron polarisation angle

I
¥s = 5 tan '(~U23.,02). (30)
and geometric depolarisation factor
1/2
Uy, + 03
gs ( ) (3D

= FTaos (23/0.408)3°

where all templates are smoothed to 3°. In order to imprint a
specific signature of dust on gy and s, we have modelled what
would be the large-scale structure of those two quantities for dust
and synchrotron. In order to do that, we have built maps of 7, Q
and U for dust and synchrotron given a model of the Galactic
magnetic field and a simplistic model of the distribution of dust
and electrons in the Milky Way. The maps of g and y are then
obtained by inverting Egs. (28) and (29).

Assuming only one dust population of volume density nq,
the total intensity of dust is

Ia(v) = f naeg By(Ty) dz, (32)
Z

where the integral is along the line of sight z. For Q and U the

integrals include terms related to the angle between the magnetic

field direction and the line of sight:

Qu(v) = fi f ng€g* B,(Ty) cos 2¢ sin a dz, (33)
:
and
Usv) = fi f na€a’*B,(Ty) sin 2¢ sin a dz, (34)
where
B} - B;

cos2¢ = Bi s (35)
sin2¢ = QBL{B!/, (36)

sine = /1 - B2/B?, (37)
and
B, = B2+ B, (38)

with the x-y plane corresponding to the plane of the sky. For
synchrotron, the unpolarised intensity / is given by

L) = f ePon B2 dz,

z

(39)
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where f3; is the synchrotron spectral index defined in Eq. (22). As
in the dust case, the Stokes parameters of polarised synchrotron
emission are

o) = f, f e nB " cos 2¢ sina dz, (40)
z

and

Us(v) = f, feszSneB(LHp)/z sin 2¢ sin @ dz. (41)
z

The polarisation fraction f; is related to the cosmic ray energy
distribution according to Eq. (27).

Equations from (32) to (41) show the difficulties of mod-
elling polarised emission. This requires a three-dimensional
model of all dust properties (nq4, €1, B4 and Ty), of the energetic
electrons, and of the magnetic field geometry. To simplify this
task we assume that €4, 84 and Ty are constant along a given line
of sight. Then, following Page et al. (2007), Miville-Deschénes
et al. (2008) and Fauvet et al. (2011), we model the density dis-
tribution of dust and electrons with a galacto-centric radius and
height function

n = ngexp(—r/h,) sech’(z/h.), (42)

with scaling parameters for the galacto-centric radius and height
dependence equal to , = 3 kpc and h; = 0.1 kpc for dust, and
h, =5 kpc and h, = 1 kpc for electrons.

Finally we use the model of the magnetic field described in
Miville-Deschénes et al. (2008), which has a regular component
following a bi-symmetrical spiral with a pitch angle of —8.5°
and a turbulent component with an amplitude of 1.7 uG (i.e.,
0.57 times the local value of the magnetic field By = 3 uG). The
turbulent part of the field used here cannot reproduce the multi-
scale properties of the interstellar emission on the plane of the
sky; it is included to take into account the fact that longer lines of
sight in the Galactic plane have a stronger depolarisation effect,
due to a larger number of turbulent fluctuations of the magnetic
field than at high Galactic latitude. The turbulent part of each
line of sight is simulated independently of its neighbours, so this
method produces no turbulent structures on the plane of the sky.

The maps of g and y obtained using this model reflect po-
larisation effects on large scales (>20°). These maps, shown in
Fig. 18, are similar to the ones used in the model of O’Dea
et al. (2012). As mentioned previously, local variations of the
dust and electron densities and of the magnetic field properties
caused by the complex physics of the ISM will produce spe-
cific structures in the real maps that cannot be reproduced in this
simple model. The objective here is to capture large-scale differ-
ences between the synchrotron and dust polarised emission due
to the fact that 1) dust grains and energetic electrons have dif-
ferent scale-heights and lengths in the Galaxy; and that 2) their
respective polarised emissions do not depend in the same way
on the magnetic field (unlike the dust, the synchrotron emissiv-
ity depends only on B, — see Eq. (39)). Figure 18 shows indeed
that the geometrical depolarisation and polarisation angle maps
of these two processes are slightly different.

To produce the dust geometrical depolarisation (gq) and po-
larisation angle (y4) maps we combine this large-scale model
(that provides the structure at scales larger than 20°) with the
synchrotron g5 and 7y, estimated with the 23 GHz and 408 MHz
templates (see Egs. (30) and (31)) to add structures between 3°
and 20°. The dust geometrical depolarisation and polarisation
angle maps used in the model are then defined as

g4 = g4+ (9s — 92, (43)

g synchrotron 046
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Fig. 18. Maps of the large-scale geometrical depolarisation ¢’ and po-
larisation angle y” for the synchrotron and dust, based on a model of
the Galactic magnetic field and density distributions of the energetic
electrons and dust grains. These maps are used to correct the dust de-
polarisation and polarisation angle maps deduced from the 23 GHz po-
larisation data for the difference in the large-scale structure between
synchrotron and dust (see Eqs. (43) and (44)).

and

Ya = Y5+ (s =¥, (44)

where g; and y; are the maps built with the large-scale model and
shown in Fig. 18. The addition of fluctuations at scales smaller
than 3° is performed in a similar way as for the synchrotron po-
larisation: they are added in Q and U directly with a scaling
following the intensity /.

The dust polarisation maps estimated with our model at
200 GHz (in the frequency range of interest for high resolution
CMB observations) are shown in Fig. 19. As expected, the po-
larisation fraction and polarisation angle maps are very similar
to the ones for the synchrotron shown in Fig. 17. On the other
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Fig. 19. Model of the dust polarisation at 200 GHz and at 3° resolution.
The polarisation fraction and polarisation angle maps are slightly mod-
ified versions of the same maps obtained for synchrotron at 23 GHz
using the WMAP and 408 MHz data.

hand, the maps of Q and U are significantly different from those
for the synchrotron, because of the distinct spatial structure of
the thermal dust and synchrotron unpolarised emission. We ex-
pect the modelling of polarised dust to be significantly improved
in the future, with the use of the Planck polarised data between
100 and 353 GHz.

4.7.3. Polarisation of other ISM emission

Free-free emission is intrinsically unpolarised. At second or-
der, one expects some polarisation towards ionised regions by
a mechanism similar to that giving rise to CMB polarisation: if
incident light, scattered by free electrons in the ionised gas has a
quadrupole moment perpendicular to the line of sight, then scat-
tered light is preferably polarised perpendicular to the direction
of incidence of the strongest incoming radiation, by reason of
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the polarisation dependence of the Thomson cross section. This
is neglected in the current version of the model. The Thomson
scattered free-free light is expected to be small (a few percent or
likely less, Page et al. 2007; Gold et al. 2011; Macellari et al.
2011), with a maximum of about 10% on the edge of bright
H11 regions (e.g., Rybicki & Lightman 1979).

Spinning dust emission is observed to be at most weakly
polarised, of order a few percent (Battistelli et al. 2006;
Lopez-Caraballo et al. 2011; Dickinson et al. 2011). On the theo-
retical side, Lazarian & Draine (2000) predict very low (but pos-
sibly measurable) levels of polarisation for spinning dust emis-
sion. Even if anomalous dust emission is due to magnetic dust
(Draine & Lazarian 1999), the polarisation is expected to be low
(~0.5%) if the iron inclusions are random (Lazarian & Draine
2000). In the current software implementation, given the absence
of observational evidence or theoretical predictions of significant
spinning dust polarisation, its emission is assumed unpolarised.

4.7.4. Limitations of the models of galactic emission

There is no theoretical statistical model for ISM emission.
Models for the emission of all the galactic components are
phenomenological descriptions based on observed emission. As
such, the models are at least as uncertain as sky observations.

In particular, free-free emission, which does not dominate
at any frequency, is poorly measured so far. Maps of free-free
emission used in the PSM are derived from either or both of an
Ha emission composite map that combines two different surveys
and a map based on the WMAP MEM decomposition. The for-
mer, using Ha as a proxy for free-free emission, is subject to
various uncertainties (dust absorption, scattering of Ha by dust
grains, variations in electron temperature). The latter strongly
depends on the model assumed in the WMAP analysis, and does
not seem to match well the radio recombination line measure-
ments in Alves et al. (2010) (albeit over a limited sky region).
Hence none of the two basic free-free templates used in the PSM
is very reliable, and the modelled PSM free-free emission should
be considered at best as indicative.

Thermal dust emission is modelled following the study of
Finkbeiner et al. (1999) based on an analysis of the FIRAS data.
These authors showed that the data can be decomposed by the
sum of the emission from two dust populations. First, it is im-
portant to note that, even though it is thought that interstellar
dust is made of carbonaceous and silicate grains, the dust spec-
tral indices and equilibrium temperatures used in this model are
not compatible with the current knowledge of thermal emission
from big grains (Li & Draine 2001; Compiegne et al. 2011).
Combined with the limited signal-to-noise ratio of the FIRAS
low frequency data used to develop this model, the spectral
shape of the dust emission at frequencies lower than 300 GHz
is not expected to be very accurate. Second, the template of the
dust temperature used in this model is based on a version of
the 100/240 um ratio map from the DIRBE data, smoothed at
high Galactic latitude to increase the signal-to-noise ratio. Thus
the effective resolution of the dust temperature template is vary-
ing across the sky, from 30 arcmin in the plane to only several
degrees at high Galactic latitude. That has to be kept in mind
when investigating the variations of the dust emission properties
at high Galactic latitude. Similarly, the template and emission
laws of spinning dust emission are representative, but not ex-
act. The models for thermal and spinning dust emissions will be
adjusted in future releases of the PSM, after the analysis of the
Planck observations has been completed.
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As discussed by Sun et al. (2008), the synchrotron emission
is absorbed at low frequency by foreground thermal electrons
that produce free-free emission. This absorption is less impor-
tant at 23 GHz than at 408 MHz, which produces an artificial
flattening of the synchrotron spectral index. Therefore, Sun et al.
(2008) showed that it is likely that in the inner portion of the
Galactic plane, where the free-free absorption can be significant,
the 408 MHz map underestimates the synchrotron emission if
extrapolated at higher frequencies with a constant spectral in-
dex. At this point, given the significant uncertainty on the free-
free emission in the Galactic plane and on the filling factor of the
diffuse ionised gas (the opacity is proportional to the square of
the electron density), it is difficult to quantify this effect on the
408 MHz map. In addition, the fiducial synchrotron model of the
PSM is not based on an extrapolation of the 408 MHz map; this
synchrotron template has been derived from the WMAP 23 GHz
polarisation data, corrected for a model of the synchrotron depo-
larisation Miville-Deschénes et al. (2008). In this case the uncer-
tainty on the synchrotron map is coming from the model of the
depolarisation itself.

5. Emission from compact sources

Numerous galactic and extragalactic compact sources emit radi-
ation in the frequency range modelled in the PSM. Extragalactic
emission arises from a large number of radio and far-infrared
galaxies, as well as clusters of galaxies. Compact regions in
our own galaxy include molecular clouds, supernovae remnants,
compact H1I regions, as well as galactic radio sources.

The thermal and kinetic SZ effects, due to the inverse
Compton scattering of CMB photons off free electrons in ionised
media, are of special interest for cosmology. These effects oc-
cur, in particular, towards clusters of galaxies, which are known
to contain hot (few keV) electron gas. SZ emission is modelled
here both on the basis of known existing clusters, observed in
the optical and/or in X-rays, and on the basis of cluster number
counts predicted in the framework of a particular cosmological
model.

Distant radio and far-infrared sources are not resolved by
CMB instruments, and are represented in our model as a pop-
ulation of point sources, each of which is described by a number
of parameters (type of the source, position on the sky, flux and
polarisation as a function of frequency). Although unresolved,
the brightest objects are detected individually in observations,
and represented in the form of a catalogue (rather than a map).

In addition to those brightest sources, a diffuse source
background arises from the integrated emission of a large
number of objects that are too faint to be detected individu-
ally, but which contribute to sky background inhomogeneities.
Background sources are represented using maps of resulting
brightness fluctuations.

Finally, our Galaxy itself contains a number of compact
regions of emission that can be modelled as point sources.
Some of those are modelled as part of the catalogues of radio
and far-infrared sources (without distinction between galactic
and extragalactic objects). A specific population, identified as
ultra-compact galactic HII regions, is singled out and treated
separately.

5.1. Sunyaev-Zeldovich effects

Hot electron gas, as found in the largest scale structures in the
universe, interacts with incoming photons by inverse Compton

scattering. In particular, background photons are scattered by hot
gas in clusters of galaxies, giving rise to secondary anisotropies
of the CMB by shifting the energy of the interacting photons.
The general properties of the effect have been described first
by Sunyaev & Zeldovich (1972) (see also Birkinshaw 1999;
Carlstrom et al. 2002, for recent comprehensive reviews).

Classically, a distinction is made between two SZ effects.
The thermal SZ effect (tSZ) corresponds to the interaction of
the CMB with a hot, thermalised electron gas, while kinetic
SZ (kSZ) corresponds to CMB interaction with electrons hav-
ing a net ensemble peculiar velocity along the line of sight.

In the thermal case, the electron population is characterised
by a Fermi distribution at a temperature 7. much larger than
the CMB temperature (in typical clusters of galaxies, T, is of
order few keV). For non-relativistic electrons, the change in sky
brightness is:

6L, = yf(V)By,(Tcms),

where B,(Tcmp) is the CMB blackbody spectrum, f(v) is a uni-
versal function of frequency that does not depend on the physical
parameters of the electron population (and hence on the galaxy
cluster they are associated with), given by

(45)

xe® |x(e*+1)

f)=——= [——4}, (46)
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where x = hv/kTcyvp. The Compton parameter y is proportional

to the integral along the line of sight of the electronic density n,

multiplied by the temperature of the electron gas:

kT,
y = f e2 neordl.
MmeC

For a standard cluster detectable at millimetre wavelengths from
its thermal SZ effect with current instruments, 7. ~ 5 keV, the
optical depth of the gas, 7 = fneO'le, is of order 1072, e 1074
and the Compton parameter integrated over the cluster angular
extent, Ysz, is of order 10™* arcmin? for a typical cluster angular
size 1’.

In the kinetic case, the interaction of CMB photons with a
population of moving electrons results in a shift of the photon
distribution seen by an observer on Earth:

(47)

9B,(T)
oTr

ol, = —ﬁ,‘r[ , (48)

]T—TCMB

where 3, = v,/c is the dimensionless cluster velocity along the
line of sight. Hence, the kinetic SZ effect has the same frequency
dependence as CMB primary anisotropies themselves. For typi-
cal radial velocities of 300 km s~! B, = 1073), and for 7 =~ 1072
the net kinetic SZ effect is AT /T ~ 107.

At present, only limited SZ observations are available. Those
observations aim both at studying previously known clusters
(Basu et al. 2010; Zwart et al. 2011; Hincks et al. 2010) and
at discovering new objects blindly (Vanderlinde et al. 2010;
Williamson et al. 2011; Planck Collaboration 201 1¢; Marriage
et al. 2011a; Reichardt et al. 2013). They have not only con-
firmed the existence of the effect but they have also made pos-
sible a variety of studies which allow predictions of the general
properties of the SZ sky, such as the shape and normalisation
of its angular power spectrum (Shaw et al. 2009), and the con-
nection between SZ observables and cluster masses or the X-ray
luminosity from direct free-free emission of the hot ionised gas
(Melin et al. 2011; Planck Collaboration 2011d,e).
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Several options are available to simulate SZ emission with
the present sky model. A prediction model generates thermal
SZ effect as expected from catalogues of known clusters, ob-
served in X-rays with ROSAT or in the visible with SDSS
(Sect. 5.1.1). A simulation of both thermal and kinetic SZ emis-
sion is possible on the basis of cluster number counts from
cluster mass functions (Sect. 5.1.2), or using N-body and hy-
drodynamical simulations of large-scale structures (Sect. 5.1.3),
or making use of hydrodynamical simulations at low redshift
(z < 0.25), complemented by cluster counts at higher redshift
(Sect. 5.1.4).

5.1.1. SZ emission prediction

For any given cluster of known mass and redshift, scaling rela-
tions exist that allow one to predict the level of thermal SZ emis-
sion originating from that particular cluster. The prediction of the
thermal SZ emission of the sky in our model is based on the ob-
servations of 1743 galaxy clusters with the ROSAT X-ray satel-
lite (NORAS Bohringer et al. 2000; REFLEX Bohringer et al.
2004, serendipitous surveys), and of 13 823 optically selected
clusters extracted from the SDSS galaxy survey. 215 clusters are
common to these two independent catalogues.

The ROSAT catalogue used in the model is the Meta-
Catalogue of X-ray detected Clusters of galaxies (MCXC) by
Piffaretti et al. (2011). It covers the full sky, although with un-
even depth. These clusters are located at redshifts ranging from
0.003 to 1.26, the median redshift of the sample being 0.14. For
each cluster observed in X-rays, the predicted SZ flux Ysq is
given by the combination of the Lx-M relation of Pratt et al.
(2009) and the M-Y relation of Arnaud et al. (2010). The cluster
model adapted here and its normalisation on the basis of clus-
ter observations is detailed in Planck Collaboration (2011d). We
simply cite here the two key scaling laws used in the model. The
first one connects the X-ray luminosity and the mass:

“13 Lsoo B ZE) .
E@ (1044 ergs") = Civ (3>< 1014 M@) ’ “9)

where E(z) is the Hubble parameter normalised to its present
value, Lsq is the X-ray luminosity emitted, in the [0.1-2.4] keV
band, from within the radius Rsop at which the mean mass den-
sity is 500 times the critical density of the universe at the cluster
redshift, M5 is the cluster mass within Rsgo, and the numerical
values of the constants are log (Cry) = 0.274 and apy = 1.64.
The second one connects the SZ flux and the mass:
1
_ Mo vy

Ysoo = 1.383x107°I1(1)|——0—
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where Y50 is the SZ flux in Rsg, I(1) = 0.6145 is a numerical
factor arising from the volume integral of the pressure profile,
D4 (z) is the angular distance and @y, = 0.561.

MaxBCG clusters (Koester et al. 2007) are detected mostly
in the northern Galactic hemisphere (see Fig. 20). These clus-
ters are located at redshifts ranging from 0.1 to 0.3, the median
redshift of the sample being 0.23. We compute the SZ flux Ysg

using the Ys00— N> relation derived by the Planck Collaboration
(20111),

Nogo

a0 D
Y500 = Yo (—) E2/3(Z)(ﬂ

20 500 Mpc
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Fig. 20. Density of MaxBCG clusters. The clusters are mainly concen-
trated in the northern Galactic hemisphere.

where Nay is the cluster richness, Yoo = 7.4 x 107> arcmin? and
0 = 2.03.

The SZ prediction implemented in the current version of our
model does not include kinetic or polarised SZ effects.

5.1.2. SZ emission from cluster mass functions

An approach for simulating the SZ effect from galaxy clusters
consists in assuming a cluster mass function N(M, z). Following
the simulation method described in Delabrouille et al. (2002a),
we start from a set of cosmological parameters (Hubble param-
eter h; density parameters for matter Q,, vacuum energy Q,,
and baryons Qp; amplitude og of fluctuations on 8 h™!' Mpc
scales). This set of cosmological parameters matches what is
used for simulating CMB anisotropies (and hence is defined
uniquely for both). The cluster distribution in the mass-redshift
plane (M, z) is then drawn from a Poisson law whose mean is
given by a mass function: Press-Schechter (Press & Schechter
1974), Sheth-Tormen (Sheth & Tormen 1999), Jenkins (Jenkins
et al. 2001), Evrard (Evrard et al. 2002), or Tinker (Tinker et al.
2008). Cluster Galactic coordinates (I, b) are then drawn at ran-
dom on the sphere, with a uniform probability distribution func-
tion (which here neglects correlations in the large-scale struc-
tures traced by galaxy clusters). Baryons are pasted on clusters
assuming an electron density profile (either a Navarro et al. 1996
profile, modified according to Nagai et al. 2007 and Arnaud
et al. 2010 or a S-model) and using a mass-temperature rela-
tion (Pierpaoli et al. 2003), the normalisation of which is a free
parameter, or a Ysz-M relation from Chandra or XMM observa-
tions (Nagai et al. 2007; Arnaud et al. 2010).

The three-dimensional velocities of the clusters are drawn
from a Gaussian distribution with zero mean and standard de-
viation given by the power spectrum of density fluctuations
(Peebles 1993). This, again, neglects correlations between clus-
ter motions, i.e., largest-scale bulk flows. The kinetic SZ map is
obtained using this velocity field and the electron density of the
clusters.

This semi-analytic method of simulating SZ clusters requires
relatively small amount of CPU time. It is hence fast enough to
allow for a new generation of the cluster catalogue with each
run of the code, and thus makes it possible to produce many dif-
ferent sky maps with different input parameters as, for example,
a varying value of og. The gas properties and scaling relations
can be easily tuned to the observed ones (and match those mea-
sured recently from WMAP and Planck data). It is possible to
include the contribution from clusters in an arbitrarily large mass
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range, including groups of galaxies. Simulations can be repeated
many times with different seeds, which permits us to charac-
terise the selection function of a data processing chain (Melin
et al. 2005) and to evaluate errors in parameter estimation by
Monte-Carlo methods. Current drawbacks are the lack of proper
halo-halo correlations and of large-scale velocity flows, and the
absence of halo substructure for the resolved clusters. Note also
that the approach based on a cluster mass function does not in-
clude the faint SZ emission of the filamentary structures of the
cosmic web.

Comparison of cluster counts

Figure 21 shows the cumulative counts for clusters of mass
Msgy > 10 Mg, for a subset of the mass functions available
to simulate the SZ effect and for different values of og. Counts
are quite different between the various options. The dependence
of counts on og is important and its precise value still uncertain,
with a typical allowed range extending from about 0.81 as ob-
tained from primary CMB constraints (Komatsu et al. 2011) to
about 0.87 as obtained from weak lensing (Massey et al. 2007).
Moreover, the dependence on the mass function is weaker but
not negligible: for example, for the same set of WMAP 7-year
cosmological parameters, the Jenkins and Sheth-Tormen mass
functions predict about 50% more cluster above Msgy > 10'* M,
than the Tinker mass function. The sky model software can be
used to produce maps with different mass functions and values
of o S.

Constrained SZ simulations

The simulation of cluster catalogues on the basis of a mass func-
tion can be refined to constrain the catalogue to match available
observational data. We then replace a subset of clusters of the
randomly drawn catalogue by the clusters of the ROSAT all-sky
survey and SDSS. The subset of replaced clusters in our cata-
logue is then chosen to match best the redshift-mass distribution
of the MCXC and MaxBCG catalogues. The resulting maps can
be computed quickly and are fully consistent with the X-ray and
optical characteristics of the known clusters.

5.1.8. SZ emission from large-scale structure simulations

A complete and accurate simulation of the SZ effect requires
a simulation of the distribution of hot electron gas in the uni-
verse. As full scale simulations, including all the physics of the
baryons in any given cosmological scenario, are not available
at present, we adopt a simplified approach which relies both
on N-body+hydrodynamical simulations of the distribution of
baryons for redshifts z < 0.025 (the local universe), and on pure
N-body simulations of dark matter structures in a Hubble vol-
ume.

The local simulation of baryonic matter is obtained from the
N-body-+hydrodynamical simulation of Dolag et al. (2005). The
distribution is constrained by the observed IRAS 1.2-Jy all-sky
redshift survey, so that the positions and masses of the closest
galaxy clusters are constrained to match quite closely those of
real clusters. The distribution and peculiar motion of the bary-
onic gas as obtained in the simulation permits us to simulate
directly the corresponding thermal and kinetic SZ effect.

The distribution of matter at higher redshift is obtained start-
ing from a pure N-body simulation of a Hubble-volume (a cube
of 1 Gpc size). The SZ map for this latter simulation is obtained
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Fig. 21. Top panel: cluster number counts for different mass functions.
Bottom panel: cluster number counts for different values of o, using
the Tinker mass function.

by putting, in the position of each dark matter concentration in
the Hubble-volume simulation, a suitable cluster extracted from
a template obtained using a different N-body+hydrodynamical
simulation of a smaller volume (Schiifer et al. 2006).

Merging the two simulations, thermal and kinetic SZ maps
are obtained by co-adding the contributions of the high redshift
and low redshift structures. It is worth noting that while the
higher redshift map contains only clusters, the hydrodynamical
map used to describe the SZ emission from the local universe
features the SZ from all the filamentary structure of the cosmic
web. One pre-generated SZ simulation obtained in this way is
currently available in the model.

The N-body+hydrodynamical SZ simulation has several ad-
vantages. First of all, it is the only model presently implemented
in the code that properly takes into account halo-halo correla-
tions, models halo substructure and adiabatic gas physics, and
provides cluster peculiar velocities in agreement with what ex-
pected from the actual density contrast and its evolution with
time. The simulation also models properly the filamentary struc-
ture of the cosmic web for the low redshift universe. It also
matches the observed low redshift matter distribution. The main
drawbacks is the lack of flexibility: one single simulation is
available, generated for fixed cosmological parameters (h = 0.7,
Qn =0.3,04 =0.7,Qp =0.04, g = 0.9, ng = 1). In addition,
the SZ map is generated on the basis of the extraction of a num-
ber of halos from the output of the LSS simulation. Hence, the
mass range of the clusters included in the map is limited by the
cluster templates used: many low-mass systems, and even a few
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Fig. 22. Maps of thermal and kinetic SZ effect from the Hubble volume simulation (left column), from the local universe (middle column), and total
thermal and kinetic SZ effects from both simulations together, smoothed here to a sky resolution of 5 arc-min (right column). All the displayed
maps are small 5° X 5° patches centred on the North Galactic Pole. The original full sky maps are at HEALPIX N4 = 2048 for the Hubble volume,
and at Ngg. = 1024 for the local hydrodynamical simulations. The contribution from the local universe comprises a large cluster at sky coordinates
close to those of the Coma cluster, which dominates the total SZ emission in the maps displayed here.

high-mass ones, may be missing in the final map. Finally, the
cluster gas properties and scaling relations strongly depend on
the physics included in the N-body+hydrodynamical code used
to generate the cluster templates. If some of these properties are
not in complete agreement with X-ray cluster observations, this
approach does not easily allow us to modify them to correct for
this effect.

In order to cover redshifts out to the anticipated limit for
Planck, several light-cone outputs were combined in the Hubble
volume simulation: first, a sphere covering the full solid angle
of 4m was used for redshift radii up to z = 0.58. For redshifts
exceeding z = 0.58, octant data sets, spanning a solid angle of
/2, were replicated by rotation in order to cover the full sphere.
Note that this generates fake replications of the farthest simu-
lated clusters, the effect of which can be seen by careful inspec-
tion of the maps displayed in the left column of Fig. 22.

5.1.4. SZ from LSS simulations and high z cluster counts

In the previous approach, full hydrodynamical simulations at
low redshift are complemented with a single high-redshift sim-
ulation of large-scale structures. An alternate solution consists
in merging a low redshift full hydrodynamical simulation, con-
taining the constrained local SZ map, with a high redshift model
based on cluster number counts.

In this model, the low redshift SZ signal is simulated in con-
centric layers around the observer using snapshots from full hy-
drodynamical simulations up to z =~ 0.25. Seven layers, each
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with a comoving thickness of 100 h™' Mpc, are used to generate
the required volume. The thermal and kinetic SZ signals are then
integrated using the method in da Silva et al. (2000, 2001) and
the HEALPIX sky pixelisation scheme. For the innermost layer
we used the local constrained simulation in Dolag et al. (2005),
i.e., the baryon distribution and the resulting local constrained
SZ map used in Sect. 5.1.3. For the remaining layers up to
z = 0.25 we use the ACDM simulation in De Boni et al. (2010).
Both hydrodynamical simulations feature full baryonic gas dy-
namics and state-of-the-art modelling for gas cooling, heating by
UV, star formation and feedback processes.

We then draw at random additional clusters modelled as in
Sect. 5.1.2 for z > 0.25. As in the previous approach, the simu-
lation is generated for fixed cosmological parameters (h = 0.70,
Qn =027, Q4 = 0.73, Q, = 0.044, 03 = 0.78, ng = 0.95).
The main advantage of this approach with respect to the pre-
vious one is that the simulation features a model for the local
SZ diffuse component and filamentary structures up to z = 0.25.
Note that the cosmological parameters used are different from
those of Sect. 5.1.3.

5.1.5. Polarised SZ effect

The polarised SZ effect arises from local quadrupoles in the
incoming radiation pattern as seen from the cluster (Audit &
Simmons 1999; Sazonov & Sunyaev 1999; Liu et al. 2005). Such
quadrupoles can be either cosmological (the CMB quadrupole
as seen from the location of the cluster) or kinetic (due to a
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Fig. 23. Power spectra D, = {({+1)C,/2r of thermal and kinetic SZ ef-
fect, as modelled by the PSM for various options. Black (resp. green)
curves give the spectrum of the tSZ (resp. kSZ) maps as modelled on the
basis of a population of clusters as described in 5.1.2. Upper curves are
obtained using the mass function of Tinker et al. (2008) with WMAP 7-
year cosmological parameters and the Y-M scaling law of Arnaud et al.
(2010). Lower curves are obtained when the value of o is set to 0.75
instead of 0.809, and assuming an hydrostatic bias of 15% in the Y-M
scaling law, i.e., the Y parameter is 15% lower than in Arnaud et al.
(2010) for a given cluster mass. Red (resp. blue) curves are tSZ (resp.
kSZ) power spectra for the model described in 5.1.4, where the high
redshift part is generated with the same two modelling alternatives (up-
per curves for og = 0.809 and no hydrostatic bias, lower curves for
og = 0.75 and 15% hydrostatic bias). As the low-redshift part of the
SZ maps uses maps at HEALPIX N4 = 1024, power spectra for this
case are computed only up to £ = 2000. The red diamond at £ = 3000 is
the tSZ measurement of D52 = 3.65 + 0.69 uK? obtained recently by

3000
SPT (Reichardt et al. 2012), improving on previous measurements from

Lueker et al. (2010), Dunkley et al. (2011), and Shirokoff et al. (2011).
The blue arrow is the corresponding upper limit for kSZ.

relativistic effect of the transverse motion of the cluster). This
effect is neglected in the current implementation.

5.1.6. Limitations of the SZ models

The SZ maps derived from N-body+hydrodynamical simula-
tions are stored in HEALPIX format, with Ngq. = 1024 (pixel
size of 3.44’) and Ngq. = 2048 (pixel size of 1.72") respec-
tively. Running the PSM at smaller pixel size would not upgrade
the resolution of the maps, i.e., in spite of the larger number of
pixels, no cluster substructures at scales below 1.72” would be
present.

The semi-analytic model does not suffer from this limitation,
as clusters are modelled using analytic profiles which are scaled
and normalised using scaling laws between flux, size and red-
shift, mass. This model, however, does not include cluster sub-
structure, nor scatter in the scaling relations and profiles. Hence,
two distinct clusters that have the same mass and redshift would
be strictly identical on the modelled SZ map. In addition, the dif-
fuse SZ effect is not modelled in the current version, as the SZ ef-
fectis generated by spherically symmetric clusters distributed on
the sky with uniform probability and no correlation.

Figure 23 illustrates the large fluctuations these different op-
tions yield in terms of the thermal and kinetic SZ power spectra.
The semi-analytic model can be adjusted to fit current measure-
ments at high ¢, adjusting the value of o3 and the Y—M scal-
ing law, but has significantly less power on large scales than

simulated SZ maps based on hydrodynamical simulations at low
redshift.

The current implementation of the thermal SZ effect is based
on maps of the Compton y parameter. The relativistic SZ effect
is included only at some level for the models that are based on
the generation of a cluster catalogue.

5.2. Radio sources

Radio sources in our model are mainly modelled on the basis of
surveys of radio sources at frequencies ranging from 0.85 GHz
to 4.85 GHz. A summary of these surveys is given in Table 2.
Figure 24 illustrates their sky coverage. For the present purpose
it is useful to distinguish four cases:

1. green points are sources with fluxes measured at both ap-
proximately 1 GHz (NVSS or SUMSS) and 4.85 GHz (GB6
or PMN): 109 152 sources;

2. blue (yellow) points are sources present only in the NVSS
(SUMSS) and thus with fluxes only at 1.4 (0.843) GHz:
1813551 (158 284) sources;

3. red points are sources with only PMN (4.85 GHz) fluxes:
8656 sources;

4. the small white regions are those not covered by any survey.

Extrapolation of the flux of each source to all useful frequencies
requires the knowledge of the spectral behaviour of the sources
which, for any individual object frequently is quite complex (see
e.g. Sadler et al. 2006). For the present work, we resort to a
power law approximation of the spectra of the sources, of the
form S, oc v™*. Spectral indices, however, are different in a few
pre-selected intervals of electromagnetic frequency.

For sources of the group (1) above, which have measure-
ments at two frequencies, the individual spectral indices « below
5 GHz can be directly estimated as

a = —10g (S 485 GHz/S 1ow)/10g (4.85 /Viow),

where vjoy is either 1.4 GHz (if we are in the region covered by
the NVSS) or 0.843 GHz (if we are in the lower declination re-
gion covered by the SUMSS). However, the calculation is not as
straightforward as it may appear, because the surveys at differ-
ent frequencies have different resolutions, implying that a single
source in a low resolution catalogue can correspond to multi-
ple sources at higher resolution. The spectral index estimates
were carried out by degrading the higher resolution survey to
the resolution of the other. In practice, whenever the higher res-
olution (NVSS or SUMSS) catalogue contains more than one
source within a resolution element of the 4.85 GHz one, we have
summed the NVSS or SUMSS fluxes, weighted with a Gaussian
beam centred on the nominal position of the 4.85 GHz source,
and with FWHM equal to the resolution of the 4.85 GHz survey.

On the other hand, the low frequency surveys, and espe-
cially the NVSS, are much deeper than the 4.85 GHz ones, which
also have inhomogeneous depths. Simply summing all the lower
frequency sources within a resolution element has the effect
of including a variable fraction of the background, unresolved
at 4.85 GHz, thus biasing the spectral index estimates. To cor-
rect for this, we have selected 159195 control fields, free of
4.85 GHz sources, and computed the average flux of NVSS or
SUMSS sources within a 4.85 GHz beam pointing on the field
centre, again taking into account the 4.85 GHz response func-
tion. The average fluxes of control fields, ranging from 1.67 to
3.16 mJy for the different combinations of low and high fre-
quency catalogues (NVSS/GB6, NVSS/PMN, SUMSS/PMN),

(52)
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Table 2. Summary of the large-area surveys of point sources used in this work.

Frequency Catalogue Sy, (mJy) Decrange  Angular resolution
GB6 18 0-+75 3.5 Gregory et al. (1996)
PMNE 40 -9.5-+10 4.2 Griffith et al. (1995)
4.85GHz PMNT 42 -29--95 4.2 Griffith et al. (1994)
PMNZ 72 -37--29 4.2 Wright et al. (1996)
PMNS 20 -87.5--37 4.2 Wright et al. (1994)
1.4 GHz NVSS 2.5 —-40—+90 45" Condon et al. (1998)
0.843GHz  SUMSS 18 -50—30 45" cosec(]o]) Mauch et al. (2003)

8 -90—50 45" cosec(|d])

b [deg]

150

Ildeg]

Fig. 24. Sky coverage of the surveys listed in Table 2, in Galactic coordi-
nates. Green points: sources present in both ~1 GHz (NVSS or SUMSS)
and 4.85 GHz (GB6 or PMN) catalogues; blue points: sources in the
NVSS catalogue only; yellow points: sources in the SUMSS catalogue
only; red points: sources in the PMN catalogue only; white regions: not
covered by any survey.

have been subtracted from the summed NVSS or SUMSS fluxes
associated with 4.85 GHz sources. In this way we obtained spec-
tral indices from 1 to 5 GHz for a combination of complete
5 GHz selected samples with somewhat different depths, sum-
ming up to 109 152 sources over about 95% of the sky.

Although this is the best we can do with the available data, it
is clear that the derived individual spectral indices are uncertain,
due to a combination of several factors: measurement errors, un-
certainties associated to the corrections applied, that are of sta-
tistical nature, and variability (the surveys have been carried out
at different epochs). As a result, the absolute values of several
individual spectral index estimates turned out to be unrealisti-
cally large, and the global distribution was found to be much
broader than indicated by accurate studies of smaller samples.
Furthermore, we obtain an estimate of the 5 GHz counts exceed-
ing by an average factor of roughly 1.8 those directly observed,
again indicating that the spectral index distribution is spuriously
broadened. Therefore, we use these spectral index estimates only
to assign the sources either to the steep- or to the flat-spectrum
class (the boundary value being @ = 0.5) and to determine the
mean spectral index of each population. We find {a@geep) = 1.18,
{agay = 0.16. The spectral index distributions are approximated
by Gaussians with variances O eep,nac = 0.3, consistent with the
results by Ricci et al. (2006). We then extrapolate the 5 GHz
fluxes to 20 GHz by assigning to each source a spectral index
randomly drawn from the Gaussian distribution for its class.
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Sources with flux measurements at a single frequency have
been randomly assigned to either the steep or to the flat-spectrum
class in the proportions observationally determined by Fomalont
et al. (1991) for various flux intervals, and assigned a spectral
index randomly drawn from the corresponding distribution. The
holes in the sky coverage have been filled by randomly copy-
ing sources from other regions in proportion to the surface den-
sity appropriate for each flux interval. The same procedure was
adopted to add fainter sources in the regions where the existing
surveys are shallower, until a coverage down to at least ~20 mJy
at 5 GHz over the full sky was achieved. We have checked that
still fainter sources do not appreciably contribute to fluctuations
in Planck channels for detection limits in the estimated range
(approximately 200 to 500 mJy; Lépez-Caniego et al. 2006), as
expected since fluctuations are dominated by sources just be-
low the detection limit. This check is carried out computing the
power spectra of fluctuations due to sources below such limits
in regions covered by the NVSS (the deepest survey) and in re-
gions covered to shallower limits: the results are indistinguish-
able. This, however, holds for simulations of Planck observa-
tions. For other experimental setups, this check should be re-
peated considering a correspondingly different combination of
resolution and sensitivity.

The regions less covered by the surveys used in the model,
where the fraction of simulated sources is larger, are mostly
around the Galactic plane, where they have a small effect com-
pared to free-free and synchrotron emissions. At Galactic lat-
itudes |b| > 10° the fraction of real sources (at least as far
as positions are concerned) is about 97%; over the full sky it
is about 95%. Therefore we expect that the simulated maps
faithfully reflect also the clustering properties of radio sources.

In Fig. 25 the source counts at 5 and 20 GHz obtained from
our map are compared with observed counts, with the model
by Toffolatti et al. (1998), and with an updated version of the
model by de Zotti et al. (2005), allowing for a high-redshift de-
cline of the space density of both flat-spectrum quasars (FSQs)
and steep-spectrum sources (not only for FSQs as in the orig-
inal model). The model adopts luminosity functions (in units
of Mpc™ (dlog L)™") of the form

I
(L/L)* + (L/L.)P’

and lets those of steep-spectrum sources and of FSQs evolve in
luminosity as

D(L,z) = (53)

Lepsrq(2) = La(0) 103079, (54)

while for BL Lac objects a simpler evolutionary law is used
L.(2) = L.(0) explkey7(2)],

where 7(2) is the look-back time in units of the Hubble time, H; !,
and where ke, and z,,, parametrise the luminosity evolution. The

(55)
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Fig. 25. Modelled source number counts at 5 and 20 GHz for one sky
realisation, normalised to ANy = S (Jy)~>°, compared with models and
observational data. Data at 5 GHz are from Kellermann et al. (1986),
Fomalont et al. (1991), and Haarsma et al. (2000). Data in the 20 GHz
panel are from the 9C survey (Waldram et al. 2003) at 15 GHz and from
the ATCA survey at 18 GHz (Ricci et al. 2004a); no correction for the
difference in frequency was applied.

new values of the parameters are given in Table 3. Figure 26
similarly shows a comparison of the radio source number count
in the present model with predicted number counts from the
Degree Angular Scale Interferometer (DASI) and the Very
Small Array (VSA), and observed number counts from Planck,
Planck ACTA Coeval Observations (PACO), the South Pole
Telescope (SPT) and the Atacama Cosmology Telescope (ACT).

Note that we do not distinguish, for the moment, Galactic ra-
dio sources from extragalactic ones. While comparisons of num-
ber counts are made with cosmological evolution models for ex-
tragalactic radio sources, Galactic sources do affect only number
counts at low galactic latitudes, typically |b| < 5°.

Due to the complex spectral shape of radio sources, the
power-law approximation holds only for a limited frequency
range. To extrapolate the fluxes beyond 20 GHz we use the mul-
tifrequency WMAP data (Bennett et al. 2003) to derive the dis-
tributions of differences, da, between spectral indices above and
below that frequency. Such distributions can be approximated
by Gaussians with mean 0.35 and dispersion 0.3. To each source
we associate a spectral index change drawn at random from the
distribution. Finally, for a small number of sources with exceed-
ingly low negative values of «, yet another spectral index is as-
signed at frequencies higher than 100 GHz. In summary, each
radio source in the model is simulated on the basis of four dif-
ferent power laws: One at frequencies below 5 GHz, another one
between 5 and 20 GHz, another one between 20 and 100, and a
last one at v > 100 GHz (which is, for most sources, the same
as between 20 and 100 GHz). Our method of assigning to each
source a different spectral index in these three regions of the
electromagnetic spectrum naturally results in a source popula-
tion that includes some sources peaked at 5 or at 20 GHz, and
some sources with inverted spectra up to v = 100 GHz.

We also produce maps and catalogues of polarised radio
source emission attributing to each source a polarisation degree
randomly drawn from the observed distributions for flat- and
steep-spectrum sources at 20 GHz (Ricci et al. 2004b), and a po-
larisation angle randomly drawn from a uniform distribution.

5.2.1. The special case of WMAP sources

Sources available in the WMAP Point Source catalogue (Gold
et al. 2011) have been included in the model as follows:

Given a WMAP source, we search for a match in the avail-
able radio sources in the catalogue built from low frequency sur-
veys. The identification is made with the brightest radio source
at 4.85 GHz within 11’ from the WMAP source location. This
method provides radio counterparts for all the WMAP sources.
The value of 11’ coincides with the one used by WMAP authors
for source identification at 5 GHz.

The matching radio sources are removed from the radio
source catalogue described in Sect. 5.2, and are included in a
separate catalogue which merges measured low frequency and
WMAP fluxes.

These WMAP sources are simulated with seven power laws:
The first at frequencies below 5 GHz, and then between 5 and
23 GHz (WMAP K band), between 23 and 33 GHz (Ka band),
between 33 and 41 GHz (Q band), 41 and 61 GHz (V band), 61
and 94 GHz (W band), and the final emission law for frequencies
over 94 GHz. In this last frequency range, the spectral index is
taken to be the same as between 61 and 94 GHz, unless it is
positive (flux increasing with frequency) in which case it is set
to 0.

Note that most of WMAP radio sources are highly variable
(Gonzélez-Nuevo et al. 2008). Including them in the simulations
hence makes sense for simulating WMAP sky observations, but
not for all types of simulations.

If the simulation is polarised, then the WMAP sources polar-
isation is set at the (simulated) value of their radio counterpart.

5.2.2. Limitations of the radio source model

Extrapolations of radio source counts to frequencies >30 GHz
show evidence of substantial incompleteness below about 0.1 Jy
(see Fig. 28). This is not a serious problem for WMAP or
Planck-related simulations because the fluctuations due to un-
resolved radio sources are dominated by sources brighter than
this limit. On the other hand, the current version of the PSM un-
derestimates the amplitude of radio shot noise for experiments
with higher spatial resolution and correspondingly lower con-
fusion noise levels. Note, however, that at frequencies greater
than 200 GHz, the radio shot noise becomes quickly negligi-
ble compared to that due to far-IR galaxies. In the next release
of the PSM this problem will be cured by taking into account
the data from the AT20G survey (Hancock et al. 2011; Murphy
et al. 2010), that allows a much better determination of the flux-
density dependent distribution of spectral indices up to 20 GHz,
as well as the high frequency counts and spectral information
from the SPT survey at 150 and 220 GHz (Vieira et al. 2010)
and from the ACT survey at 148 GHz (Marriage et al. 2011b).
Further information on high-frequency source spectra is pro-
vided by the quasi-simultaneous multifrequency observations re-
ported by Bonavera et al. (2011); Massardi et al. (2011); Planck
Collaboration (201 1h,i); Procopio et al. (2011).

5.3. Far-infrared sources

5.3.1. IRAS sources

The software uses a compilation including all FIR sources taken
from the IRAS Point Source Catalog (PSC, Beichman et al.
1988) and the Faint Source Catalog (FSC, Moshir et al. 1992).
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Table 3. Best-fit values of the parameters of the evolutionary models for canonical radio sources.

Source type Luminosity function Evolution
log 1o (Mpc™>) a b log L.(ergs™' Hz™' at 5GHz, z = 0) key Ziop
FSQ -8.989 0.658 2.938 34.043 0.224 2.254
BL Lac —7.956 0975 1.264 32.831 1.341
Steep —7.389 0.729  2.770 33.177 0.262  2.390
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Fig. 26. Comparison of modelled radio source counts (red points) and
the Planck radio counts (blue points, Planck Collaboration 2011g). Also
shown are: the counts estimated at 31 GHz from DASI (grey dashed
box, Kovac et al. 2002) and PACO (grey diamonds, Bonavera et al.
2011), at 33 GHz from the VSA data (grey box, Cleary et al. 2005),
and the SPT (grey squares, Vieira et al. 2010) and ACT (grey stars,
Marriage et al. 2011b) counts of radio sources.

Sources identified as ultra-compact HII regions are removed
from the catalogue, and given a special treatment (see Sect. 5.4).

For the remaining sources, fluxes are extrapolated to Planck
frequencies, adopting modified blackbody spectra v’B(v, T),
B(v, T) being the blackbody function. For sources detected at
only one IRAS frequency, the values of b and T are taken to be
those of the average spectral energy distribution of the sample
by Dunne et al. (2000), i.e., b = 1.3 and T = 35 K. If the source
is detected at 60 and 100 um, then b = 1.3 is still assumed but
the temperature is obtained from a fit to the data.

Since the PSC does not contain objects where the confusion
from Galactic sources is high, and thus does not penetrate the
Galactic centre well, and since the FSC is restricted to regions
away from the Galactic plane, the source density is a function
of Galactic latitude. For each PSM simulation, we add randomly
distributed sources until the mean surface density as a function
of flux matched everywhere the mean of well covered regions
down to Sgs7 g, ~ 80 mJy. The coverage gaps of the catalogue
(the IRAS survey missed about 4% of the sky) are filled by the
same procedure.

To each source we assign a polarisation fraction drawn from
a y? distribution with one degree of freedom, the global level of
which can be adjusted as an input parameter (and is 1% by de-
fault). The polarisation angle is randomly drawn from a uniform
distribution.

In the near future, the catalogue of observed far-infrared
sources implemented in the model will be complemented with
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the Planck Early Release Compact Source Catalogue (ERCSC,
Planck Collaboration 2011b).

5.3.2. Cosmic Infrared Background anisotropies

An important, and possibly dominant, contribution to sub-
millimetre small-scale anisotropies comes from galaxies se-
lected by SCUBA and MAMBO surveys (see, e.g., Scott et al.
2006; Coppin et al. 2006), that are probably strongly clustered
(Negrello et al. 2004, 2007). These galaxies are interpreted as
massive proto-spheroidal galaxies in the process of forming
most of their stars in a gigantic starburst. We adopt the counts
predicted by the model of Lapi et al. (2006), which success-
fully accounts for a broad variety of data including the SCUBA
and MAMBO counts and the preliminary redshift distribution
(Chapman et al. 2005).

The clustering properties of these sources are modelled as
in Negrello et al. (2004), using their more physical model 2.
The simulation of their spatial distribution is produced using
the method by Gonzdlez-Nuevo et al. (2005). Once a map
of the source distribution is obtained at the reference fre-
quency Vi, extrapolations to any other frequency v; are ob-
tained via the flux-dependent effective spectral indices @ =
—1og (Ster/Si)/1og (Veer/vi), where S; is defined by n(>S;;v;) =
n(>S ref; Vrer)- The spectral indices are computed in logarithmic
steps of Alog (Srr) = 0.1. We check that the counts computed
from the extrapolated maps accurately match those yielded, at
each frequency, by the model.

As first pointed out by Blain (1996), the combination of the
extreme steepness of the counts determined by SCUBA surveys
and of the relatively large lensing optical depth corresponding
to the substantial redshifts of these sources maximises the frac-
tion of strongly lensed sources at (sub)-mm wavelengths. We
include such sources in our simulation by randomly distributing
them with flux-dependent areal densities given by Perrotta et al.
(2003). The frequency extrapolations are made via the spectral
indices obtained in the same way as for the proto-spheroidal
galaxies.
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Fig. 28. Similar to 26, but with additional green points showing the
counts of WMAP radio sources as represented in our model. The solid
black curve shows the total number counts of extragalactic radio sources
as predicted by the updated model of de Zotti et al. (2005).
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Figure 29 shows the power spectrum of cosmic infrared
background anisotropies as computed on a simulated sky, and
as measured by Planck (Planck Collaboration 2011k), and ACT
(Dunkley et al. 2011). The agreement between the model and the
measured power spectra is reasonable, but not perfect, and dis-
crepancies will be addressed with improved modelling in future
releases, in the light of recent advances on number counts and on
correlations from observations with the BLAST balloon-borne
experiment (Patanchon et al. 2009; Viero et al. 2009), SPT (Hall
et al. 2010), Herschel (Maddox et al. 2010; Cooray et al. 2010),
and from a combined analysis of ACT and BLAST (Hajian et al.
2012). Also, the correlation between the CIB maps across the
frequency range is almost unity in the current model, a feature
that will have to be improved in the future using a more detailed
model constrained by upcoming additional Planck observations.

Cosmic infrared background anisotropies as implemented in
the current model are assumed unpolarised.

5.3.3. Limitations of the far-infrared source model

The main uncertainties in the model for relatively nearby far-
infrared galaxies arise from the extrapolations of IRAS flux den-
sities. The Planck data (Planck Collaboration 2011j) show evi-
dence for colder dust than has previously been found in external
galaxies so that our model likely underestimates the (sub)-mm
flux densities of at least a fraction of IRAS galaxies and, con-
sequently, the source counts. Moreover, the CO emission lines
are not included in the simulations. The CO(J = 1 — 0),
COJ =2 - 1), CO(J = 3 — 2), that, for low-z galaxies,
fall within the Planck 100, 217 and 353 GHz passbands, respec-
tively, may contribute significantly to the observed fluxes, while
higher order CO transitions are probably negligible. A careful
investigation of the possible contamination by these lines is in
progress in preparation for future releases of the PSM.

A wealth of data on faint far-IR sources, those that dominate
the small-scale fluctuation at frequencies higher than 200 GHz,
have become available after the extragalactic source model was
worked out. These include source counts (Clements et al. 2010;
Oliver et al. 2010; Béthermin et al. 2010; Glenn et al. 2010)

857
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Fig.29. Cosmic infrared background power spectrum. Solid lines are
obtained from a simulation. Data points are from Planck observations
(Planck Collaboration 2011k). Dashed lines at high multipoles for 143
and 217 GHz are from the Dunkley et al. (2011) best-fit model for
IR sources (at 148 and 218 GHz, extracted from Fig. 2 of their pa-
per). The CMB power spectrum (in black) is a theoretical model fitting
WMAP observations.

and estimates of the power spectrum of the cosmic infrared
background anisotropies (Planck Collaboration 201 1c; Amblard
et al. 2011). The models implemented in the PSM fare reason-
ably well with the new data, but the steep (sub-)mm spectrum
of dusty galaxies, coupled with the fast cosmological evolution,
make both the faint counts and the CIB power spectrum exceed-
ingly sensitive to the detailed spectral energy distribution (SED)
of model galaxies. For example, the amplitude of the (sub-)mm
power spectrum scales as the frequency to a power of 7—8 so that
relatively small differences in the SED are enough to yield large
discrepancies between the model and the data. Much improved
models, successfully reproducing the recent data, are now avail-
able both for the epoch-dependent luminosity function (hence
for the source counts; e.g. Béthermin et al. 2011; Lapi et al.
2011) and for the clustering properties (e.g. Xia et al. 2012;
Pénin et al. 2012). These models will be exploited in next re-
leases of the PSM.

5.4. Galactic point sources

Most Galactic compact sources are currently treated in the model
as part of the diffuse emission. IR sources present in the IRAS
catalogue are treated as extragalactic sources (dusty galaxies).
A special treatment has been given to simulate emission from
ultra-compact H11 (UCH 1) regions, however.

A list of UCHII regions and UCHII region-candidates has
been extracted from the IRAS Point Source Catalogue with
fluxes from radio counterparts. A total of 864 sources were se-
lected from IRAS PSC according to the following criteria.

1. IRAS colours as specified in Kurtz et al. (1994).

2. Fluxes in the IRAS channels 100 ym, 60 ym and 25 um are
not upper limits (i.e., they are at least of “medium” quality,
according to definitions given in Beichman et al. 1988).

3. The flux at 100 um was required to be greater than or equal
to 100 Jy.

4. The Galactic latitude is below 10°.
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This list includes all confirmed UCH I regions from the origi-
nal sample of Kurtz et al. (1994) that have an IRAS counterpart
(48 objects) and 38 UCH1I regions out of 53 of the sources in
Wood & Churchwell (1989).

Note that as some of these sources are present in the dust
map used for modelling thermal dust emission, that map has
been processed to subtract the UCH II regions, to avoid double-
counting.

Radio counterparts have been searched for in the GB6 and
NVSS catalogues. The search radius is 1’; when more than one
counterpart was found within the search radius (within that cat-
alogue), the brightest was selected. None of these radio cata-
logues covers the Southern hemisphere: search for radio coun-
terparts in catalogues of the southern hemisphere is in progress.

For all 864 sources, the fluxes in the useful frequency range
are estimated by performing a modified blackbody fit to the
IRAS fluxes at 100 and 60 um. The emission is parametrised
with the form

2m3 1
2 exp(hv/kT)-1"

S =vPB) =v*# (56)
with 8 = 1.5 (see e.g. Gear et al. 1988; Hoare et al. 1991; Maxia
et al. 2001).

When a radio counterpart to the IRAS source is found, fluxes
at low frequencies are corrected by adding to the modified black-
body fit an estimated low-frequency flux extrapolating the flux
at the frequency of the radio catalogue (where the counterpart
was found) with a free-free spectral index. When a radio coun-
terpart to the IRAS source is found in more than one of the three
radio catalogues priority was given to GB6, then to Giveon et al.
(2005) and then NVSS.

In case of an erroneous radio counterpart this procedure
may lead to slightly overestimated fluxes at the lowest HFI fre-
quencies, but this has little impact for frequencies greater then
200 GHz, where we expect these sources to be very relevant for
Planck.

UCHTI regions are free-free emitters and lack magnetic
fields to cause grains to align. Hence, they are not intrinsically
polarised, and are thus modelled as unpolarised in the current
version of the model.

6. Conclusions

We have developed a complete, flexible model of multicompo-
nent sky emission, which can be used to predict or simulate
astrophysical and cosmological signals at frequencies ranging
from about 3 GHz to 3 THz. The model, which actually imple-
ments several options for each of the components, has been de-
veloped for testing component separation methods in prepara-
tion for the analysis of Planck data, but has been used also for
simulating data in the context of analyses of WMAP observa-
tions, or for planning future missions such as COrE (The COrE
Collaboration et al. 2011). Given the high sensitivity of these
instruments, the quality of the reconstructed CMB temperature
map depends strongly on our ability to remove the contamination
by astrophysical foregrounds. It is therefore necessary to build
simulations as close as possible to the complexity of the real sky
over a large frequency range. We present here what has been
achieved through a series of improvements accomplished over
several years and the contributions of experts in different fields:
CMB, Galactic emission and compact sources, extragalactic ra-
dio and far-IR sources, Sunyaev-Zeldovich signals from clusters
of galaxies and the intergalactic medium. Note however that the
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Fig. 30. Temperature rms fluctuations at WMAP frequencies for |b| >
20° at a resolution of 10°. The symbols represent the fluctuations in
the various diffuse components of the sky model, the total simulated
fluctuations, and WMAP 7-year maps. The total signal is a good match
to the WMAP data.

current version of the model cannot be expected to match per-
fectly data sets that have not been used in the model, in particular
those of the Planck mission and of other upcoming observations.
Updates will be proposed as such data sets become available.

The maps of each astrophysical component have been re-
peatedly updated by requiring a close match with the constantly
increasing amount of observational data. Figure 30 shows the
spectrum of root mean square (rms) fluctuations in simulated
maps at WMAP frequencies for |h| > 20° and 10° resolution.
The various diffuse components have different spectral charac-
teristics while the total signal is a good match to the WMAP
7-year data; the rms values agree to within better than 5 per-
cent. The sky emission maps observed with WMAP, smoothed
to 1° resolution, are compared in Fig. 31 to PSM predicted emis-
sion maps at the same frequencies and resolution. The agree-
ment is excellent over most of the sky, except in the galactic
ridge and around a few compact regions of strong emission, for
which the model does not exactly reproduce the observations.
Discrepancies are due to a mixture of uncertainties in the exact
resolution of the model (and, in particular, a lack of resolution of
the map of synchrotron spectral index), errors in extrapolation of
the dust emission, residuals of galactic emission in the predicted
CMB map, and insufficient number of parameters used in the
current PSM in regions of strong emission (in particular when
emission comes from several distinct regions along the line of
sight). The model will be refined in future version, in particular
using Planck observations.

The CMB temperature and polarisation maps, currently
based on WMAP observations (maps and best-fit cosmologi-
cal model), are complemented with simulations to allow for the
weak gravitational lensing by gradients in the large-scale gravi-
tational field. Weak gravitational lensing has been dealt with in
the Born approximation. Simulations of CMB temperature maps
with primordial non-Gaussianity of local type are also accessible
via our sky model.

The Galactic diffuse emission model includes five compo-
nents: synchrotron, free-free, spinning dust and thermal dust ra-
diation, and '>CO (J = 1-0), (J = 2-1), and (J = 3-2) molec-
ular lines at 115.27, 230.54, and 345.80 GHz, respectively. For
each component, alternative models are available but we pro-
pose a combination of models that reproduces best the avail-
able data. In this default model the synchrotron emission is
based on the 408 MHz all-sky map by Haslam et al. (1982)
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Fig. 31. Comparison of sky emission as observed by WMAP (7-year data) and as predicted by the PSM in the same frequency bands, at a resolution
of 1°. For each frequency channel, the colour scale is the same for WMAP (left column) and PSM prediction (middle column). An histogram
equalised colour scale is used for the K, Ka, and Q channels, and a linear scale for the V and W channels. Maps are saturated to highlight common
features away from the galactic plane. Maps of difference between PSM prediction and WMAP observation are displayed in the right column
(note that the colour scale is different from that used to display the K, Ka and Q maps), highlighting discrepancies in the galactic plane specifically
and at the location of a few regions of compact emission. The agreement is excellent over most of the sky away from the galactic ridge and a few

compact regions.

extrapolated in frequency exploiting the spectral index map by
Miville-Deschénes et al. (2008; model 4). The free-free tem-
plate is obtained from the WMAP MEM map, complemented
with the He all-sky template by Finkbeiner (2003) corrected for
extinction as in Dickinson et al. (2003). For thermal dust we
adopted model 7 of Finkbeiner et al. (1999), which features spec-
tral variations across the sky. For spinning dust we adopted the
template produced by Miville-Deschénes et al. (2008) from an
analysis of WMAP data. The CO emission map is based on the
12CO(1-0) survey by Dame et al. (2001). Standard intensity ra-
tios with the (J = 1-0) line have been used for the (J = 2—1) and
(J = 3-2) transitions. Since all these templates have a resolution

insufficient for our purposes, the code allows the possibility to
add small-scale fluctuations following Miville-Deschénes et al.
(2007).

In our model as currently implemented, the only diffuse
emissions that are polarised (apart from the CMB) are syn-
chrotron and thermal dust. For synchrotron we rely on the
WMAP 23 GHz polarisation maps, extrapolated in frequency us-
ing the same spectral index map used for intensity. Modelling
dust polarisation is made difficult because of the paucity of
data. In our model the dust Q and U maps are built assuming
a constant intrinsic polarisation fraction, geometrical depolari-
sation and polarisation angle maps constructed using a Galactic
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magnetic field model for scales larger than 20° and constraints
from 23 GHz WMAP polarisation data to reproduce the pro-
jected structure at smaller scales due to the turbulent magnetic
field of the ISM.

While generally compact Galactic sources are part of the
diffuse emission map and Galactic point sources are treated in
the same way as extragalactic point sources (catalogues do not
distinguish between Galactic and extragalactic point sources),
ultra-compact H1I regions have been included in the model as
a separate population. They have been selected from the IRAS
catalogue and the extrapolation in frequency of their flux densi-
ties is made adopting a grey-body spectrum. Radio counterparts
have been searched for in the NVSS and GB6 catalogues.

The Sunyaev-Zeldovich effect from galaxy clusters is sim-
ulated in two ways. One can start from the epoch-dependent
cluster mass function, for the preferred choice of cosmolog-
ical parameters, plus some recipes to model the density and
temperature distribution of hot electrons. A fraction of simu-
lated clusters can be replaced by real clusters drawn from the
ROSAT all-sky or the SDSS catalogue. Alternatively, we can
resort to N-body+hydrodynamical simulations that also contain
the SZ emission from the web of intergalactic hot gas.

Most radio sources in the model are real, taken from the rela-
tively deep all-sky low-frequency catalogues. Each source has its
own spectral properties, either determined directly from multi-
frequency data or randomly extracted from the observed distri-
butions of spectral indices. Extrapolations to higher frequencies
are made using different spectral indices for different frequency
intervals, in order to ensure consistency with multi-frequency
source counts. This approach turned out to be remarkably suc-
cessful in predicting the counts that have been later measured
by Planck. The polarisation degree of each source is randomly
drawn from the distributions for flat and steep-spectrum sources
determined by Ricci et al. (2004b) at 20 GHz, while the polari-
sation angle is drawn randomly from a uniform distribution.

Bright far-IR sources include those taken from the IRAS
Point Source Catalog, with flux densities extrapolated in fre-
quency using a grey-body spectrum, plus high-z galaxies
strongly gravitationally lensed, based on the model by Perrotta
et al. (2003). For fainter galaxies, which make up most of the
cosmic infrared background, we adopted the model by Granato
et al. (2004). Their clustering properties are modelled following
Negrello et al. (2004). The implementation of their spatial dis-
tribution is made using the algorithm by Gonzalez-Nuevo et al.
(2005). The resulting power spectrum of CIB fluctuations turns
out to be quite close to that measured by the Planck collabo-
ration (Planck Collaboration 2011k). The mean polarisation de-
gree of individual infrared galaxies can be adjusted as an input
parameter, the default value being 1%. The polarisation angle is
randomly chosen from a uniform distribution.

On the whole, these simulations should provide a useful tool
for several purposes: to test data analysis pipelines for CMB ex-
periments, identify the most convenient areas of the sky for spe-
cific purposes (i.e., areas least contaminated by Galactic emis-
sions), identify the optimal set of frequency channels for CMB
temperature and polarisation experiments or for other studies
(i.e., for studies of the cosmic infrared background), predict the
levels of confusion noise, including the effect of clustering for a
given frequency and angular resolution, and much more. Access
to documented versions of the package and to reference simula-
tions is available from a dedicated website’.

° http://www.apc.univ-paris7.fr/~delabrou/PSM/psm.
html
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