Astronomy
&
Astrophysics

A&A 567, A71 (2014)
DOI: 10.1051/0004-6361/201423534
c ESO 2014

The Herschel Exploitation of Local Galaxy Andromeda
(HELGA)?,??,???
IV. Dust scaling relations at sub-kpc resolution
S. Viaene1 , J. Fritz1 , M. Baes1 , G. J. Bendo2 , J. A. D. L. Blommaert3,4 , M. Boquien5 , A. Boselli6 , L. Ciesla7 ,
L. Cortese8 , I. De Looze1 , W. K. Gear9 , G. Gentile1,4 , T. M. Hughes1 , T. Jarrett10,11 , O. Ł. Karczewski12 ,
M. W. L. Smith9 , L. Spinoglio13 , A. Tamm14 , E. Tempel14,15 , D. Thilker16 , and J. Verstappen1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Sterrenkundig Observatorium, Universiteit Gent, Krijgslaan 281, 9000 Gent, Belgium
e-mail: sebastien.viaene@ugent.be
Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy, University of Manchester, Oxford Road,
Manchester M13 9PL, UK
Instituut voor Sterrenkunde, Katholieke Universiteit Leuven, Celestijnenlaan 200D, 3001 Leuven, Belgium
Department of Physics and Astrophysics, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium
Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge, CB3 0HA, UK
Laboratoire d’Astrophysique de Marseille, UMR 6110 CNRS, 38 rue F. Joliot-Curie, 13388 Marseille, France
University of Crete, Department of Physics, Heraklion 71003, Greece
Centre for Astrophysics & Supercomputing, Swinburne University of Technology, Mail H30, PO Box 218, Hawthorn, VIC 3122,
Australia
School of Physics and Astronomy, Cardiff University, Queens Buildings, The Parade, Cardiff CF24 3AA, UK
Infrared Processing and Analysis Center, California Institute of Technology, Pasadena CA 91125, USA
Astronomy Department, University of Cape Town, 7701 Rondebosch, South Africa
Department of Physics and Astronomy, University of Sussex, Brighton, BN1 9QH, UK
Istituto di Astrofisica e Planetologia Spaziali, INAF-IAPS, via Fosso del Cavaliere 100, 00133 Roma, Italy
Tartu Observatory, Observatooriumi 1, 61602 Tõravere, Estonia
National Institute of Chemical Physics and Biophysics, Rävala pst 10, 10143 Tallinn, Estonia
Department of Physics and Astronomy, Johns Hopkins University, 3701 San Martin Drive, Baltimore MD 21218, USA

Received 29 January 2014 / Accepted 11 March 2014
ABSTRACT
Context. Dust and stars play a complex game of interactions in the interstellar medium and around young stars. The imprints of these

processes are visible in scaling relations between stellar characteristics, star formation parameters, and dust properties.
Aims. In the present work, we aim to examine dust scaling relations on a sub-kpc resolution in the Andromeda galaxy (M 31). The
goal is to investigate the properties of M 31 on both a global and local scale and compare them to other galaxies of the local universe.
Methods. New Herschel observations are combined with available data from GALEX, SDSS, WISE, and Spitzer to construct a dataset
covering UV to submm wavelengths. All images were brought to the beam size and pixel grid of the SPIRE 500 µm frame. This divides
M 31 in 22 437 pixels of 36 arcseconds in size on the sky, corresponding to physical regions of 137 × 608 pc in the galaxy’s disk. A
panchromatic spectral energy distribution was modelled for each pixel and maps of the physical quantities were constructed. Several
scaling relations were investigated, focussing on the interactions of dust with starlight.
Results. We find, on a sub-kpc scale, strong correlations between Mdust /M? and NUV-r, and between Mdust /M? and µ? (the stellar
mass surface density). Striking similarities with corresponding relations based on integrated galaxies are found. We decompose M 31
in four macro-regions based on their far-infrared morphology; the bulge, inner disk, star forming ring, and the outer disk region. In
the scaling relations, all regions closely follow the galaxy-scale average trends and behave like galaxies of different morphological
types. The specific star formation characteristics we derive for these macro-regions give strong hints of an inside-out formation of the
bulge-disk geometry, as well as an internal downsizing process. Within each macro-region, however, a great diversity in individual
micro-regions is found, regardless of the properties of the macro-regions. Furthermore, we confirm that dust in the bulge of M 31 is
heated only by the old stellar populations.
Conclusions. In general, the local dust scaling relations indicate that the dust content in M 31 is maintained by a subtle interplay of
past and present star formation. The similarity with galaxy-based relations strongly suggests that they are in situ correlations, with
underlying processes that must be local in nature.
Key words. galaxies: individual: M 31 – galaxies: ISM – infrared: ISM – galaxies: fundamental parameters – dust, extinction –

methods: observational
?
Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with important participation from NASA.
??
Appendices are available in electronic form at
http://www.aanda.org

???

Data are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
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1. Introduction
The interstellar medium (ISM) harbours a rich variety of materials that all interact with one another through multiple chemodynamical processes. Hydrogen is by far the most abundant and occurs primarily in its neutral form, varying from warm (∼8000 K)
to cold gas (∼80 K). In the very cold and dense environments, it
is converted into molecular hydrogen (H2 ). The presence of ionized hydrogen (H) increases as new stars irradiate the neutral
gas. The formation of stars and their associated nucleosynthesis are the principal processes driving the chemical enrichment
of the ISM. A good fraction of the produced metals are locked
up in dust grains of various sizes. The micron-sized grains are
thought to be silicic and carbonaceous in nature, while there is
a population of nanometre-sized polycyclic aromatic hydrocarbons (PAHs).
Although it only accounts for a relatively small fraction of
the ISM mass, interstellar dust plays a vital role as a catalyst
in the formation of H2 , which is crucial in the star formation
process. At the same time, dust tends to absorb up to 50% of
the optical and ultraviolet (UV) light of stars (Popescu & Tuffs
2002), heavily affecting our view of the universe. It re-emits
the absorbed energy at longer wavelengths in the mid-infrared
(MIR), far-infrared (FIR), and submillimetre (submm) bands. To
study the ISM in greater detail, spatially resolved FIR observations are crucial as they constrain the local dust distribution
and properties. Recent space missions were able to uncover the
MIR to submm window in great detail with the Spitzer Space
Telescope (Werner et al. 2004), the Herschel Space Observatory
(Pilbratt et al. 2010), and the Widefield Infrared Survey Explorer
(WISE, Wright et al. 2010).
Correlations between the main properties of dust, gas, and
stars, also known as scaling relations, define a tight link between these constituents. In the past, relations between the dustto-gas ratio on the one hand and metallicity or stellar mass on
the other hand were the only notable relations that were being
investigated (Issa et al. 1990; Lisenfeld & Ferrara 1998; Popescu
et al. 2002; Draine et al. 2007; Galametz et al. 2011). Only recently were other scaling laws more systematically investigated.
Namely, the ratio of dust to stellar mass, the specific dust mass,
which was found to correlate with the specific star formation rate
(i.e. star formation rate divided by the stellar mass, Brinchmann
et al. 2004; da Cunha et al. 2010; Rowlands et al. 2012; Smith
et al. 2012a), NUV-r colour (i.e. the difference in absolute magnitude between the GALEX NUV and SDSS r band), and stellar
mass surface density µ? (Cortese et al. 2012; Agius et al. 2013).
Each of the above scaling laws was derived on a galaxygalaxy basis, considering galaxies as independent systems in
equilibrium. In order to fully understand the coupling of dust
with stars and the ISM, we must zoom in on individual galaxies. This is however troublesome at FIR/submm wavelengths
because of the limited angular resolution. Only in the last few
years, we have been able, thanks to Herschel, to observe nearby
galaxies in the FIR and submm spectral domain whilst achieving sub-kpc resolutions for the closest galaxies (<5.7 Mpc) in
the 500 µm band. Dust scaling relations on subgalactic scales
were thus so far limited to gas-to-dust ratios for a handful of local galaxies (see e.g. Muñoz-Mateos et al. 2009a; Bendo et al.
2010; Magrini et al. 2011; Sandstrom et al. 2013; Parkin et al.
2012).
Today, exploiting PACS (Poglitsch et al. 2010) and SPIRE
(Griffin et al. 2010), plus the 3.5-m mirror onboard Herschel,
IR astronomy has gone a leap forward. Spatial resolutions and
sensitivities have been reached that allow us, for the first time,
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to accurately characterise the dust emission in distinct regions of
nearby galaxies.
The observed spectral energy distribution (SED) at these frequencies can be reproduced by means of theoretical models. In
particular, a modified black body can be fitted to the observed
FIR (λ > 100 µm) data extracted from sub-kpc regions in galaxies (see e.g. Smith et al. 2010; Hughes et al. 2014). While still
a step forward with respect to previous works, this approach inevitably suffers from some simplifications. For example, if dust
is heated by different sources, it cannot be truthfully represented
by a single temperature component. Other studies make use of
the physical dust models from Draine & Li (2007), which cover
the 1−1000 µm wavelength range (e.g. Foyle et al. 2013 for
M83; Aniano et al. 2012, for NGC 626 and NGC 6946; and,
more recently, Draine et al. 2014, for M 31). These studies use
data at shorter wavelengths as well, being thus able to fully sample the spectral range of dust emission, including emission from
warmer dust, small transiently heated grains and PAHs. They
mainly focus on the distribution and properties of the dust, not
including any constraints on the radiation field which heats the
dust from for example, UV/optical observations.
To properly investigate scaling relations on a local scale, one
would ideally need a self-consistent model to derive the desired
physical quantities. The complexity of a full stellar and chemical evolution model for galaxies, however, requires some simplifications. The models should treat both stellar and dust components, taking into account their influence on each other (the
so-called dust energy balance). Panchromatic emission modelling of subgalactic regions has been carried out by Mentuch
Cooper et al. (2012) for the Whirlpool galaxy (M 51). However,
the stellar and dust components were treated separately. Boquien
et al. (2012, 2013), have performed panchromatic pixel-by-pixel
fits of nearby star forming galaxies using CIGALE (Noll et al.
2009), which does include a dust energy balance. They showed
that most of the free parameters could accurately be constrained,
given a sufficiently large range of priors.
We will perform panchromatic SED fitting, using the
MAGPHYS code (da Cunha et al. 2008). The code treats both
stellar light and dust emission at the same time, forcing an energy balance. It has an extended library of theoretical SEDs
based on the latest version of the stellar population models
from Bruzual & Charlot (2003) and physically motivated, multicomponent dust models. Furthermore, it applies a Bayesian fitting method including a thorough error analysis.
The proximity of ISM regions is crucial in order to obtain
the desired, sub-kpc spatial resolution. The closest giant molecular cloud systems are of course in our own Milky Way, but it is
not possible to probe the entire Galaxy. The Magellanic clouds
are the nearest galaxies as they are close satellites of the Milky
Way. These objects are, however, quite irregular and lower in
metallicity and in total mass, hence they do not represent the
well-evolved ISM of virialised large galaxies.
Andromeda (M 31) is the closest large galaxy at a distance
DM 31 = 785 kpc (McConnachie et al. 2005), which means every arcsecond on the sky corresponds to 3.8 pc along the major
axis of M 31. Classified as a SAb-type LINER galaxy, M 31 is a
slow-star forming spiral (SFR = 0.20 M yr−1 , Ford et al. 2013)
with an inclination of 77◦ and a position angle of its major axis
of 38◦ (McConnachie et al. 2005). The gas and dust components
of Andromeda have been extensively studied in the past (e.g.
Walterbos & Schwering 1987; Montalto et al. 2009; Tabatabaei
& Berkhuijsen 2010) using low-resolution data at FIR wavelengths and simplified models.
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Although mapped in all wavelengths from UV to the FIR
in the past, high-quality submm observations are thus far not
available, yet these wavelengths are crucial to constraining the
properties of the cold dust. The Herschel Exploitation of Local
Galaxy Andromeda (Fritz et al. 2012, hereafter Paper I) is the
first programme that mapped M 31 from 100 µm to 500 µm with
Herschel, covering a large 5.5◦ × 2.5◦ field centred around the
galaxy. Even at the sparsest Herschel resolution (3600 at 500 µm),
physical scales of only 140 pc are resolved. Andromeda is consequently the best suited object for studying the ISM in great detail while allowing at the same time, the comparison with global
properties.
In Smith et al. (2012b; hereafter paper II), we performed a
pixel-by-pixel SED fit to the Herschel data and map the main
dust properties of Andromeda. Ford et al. (2013; hereafter paper III) investigate the star formation law in M 31 on both global
and local scales. A catalogue of giant molecular clouds was recently constructed by Kirk et al. (2014, hereafter Paper V).
We aim to expand on this work by carrying out an in-depth
investigation of the dust scaling relations in Andromeda. We do
this by fitting panchromatic spectral energy distribution models
to each statistically independent 36 arcsec region in the galaxy.
In this way we have produced the largest and most complete
view of the stars and ISM dust in a large spiral galaxy.
The arrangement of the paper is as follows. In Sect. 2 we
give an overview of the data used and in Sect. 3 we briefly discuss the processing of these data and our SED fitting method.
Appendix A goes into more detail on the processing of multiwavelength data. The results are given in Sect. 3, along with
the parameter maps of Andromeda. We analyse the dust scaling relations of Andromeda in Sect. 4. In Sect. 5 we present our
discussion and main conclusions.

2. The dataset
Modelling the full spectrum of a galaxy requires a fair number of free parameters and consequently sufficient data points
to sample the problem in a meaningful way. The Andromeda
galaxy has been observed by many space borne telescopes such
as the Galaxy Evolution Explorer (GALEX, Martin et al. 2005),
Spitzer, and WISE. Recently, the Herschel Space Observatory
was added to this list and has been the main drive for this investigation. Ground-based observations from the Sloan Digital
Sky Survey (SDSS, York et al. 2000) complete our panchromatic dataset. A detailed account on the data treatment, including uncertainty estimates, for each of the observations is given
in Appendix A.2.
2.1. Infrared data

Far-Infrared and submillimetre observations with the Herschel
Space Observatory catch the peak in emission of the diffuse interstellar dust. This component plays an essential role in the energy balance of the SED. Andromeda was observed with both
PACS and SPIRE instruments in parallel mode. Because of the
large extent of the galaxy, observations were split into two fields.
Both fields were combined during data reduction, resulting in
∼5.5◦ × 2.5◦ maps at 100, 160, 250, 350, and 500 µm. In the
overlapping area of the two fields, the signal-to-noise ratio is
slightly higher. The full width half maximum (FWHM) of point
sources in the final PACS maps are 12.500 and 13.300 at 100 µm
and 160 µm, respectively (Lutz 2010). The resulting SPIRE
maps are characterised by beams with a FWHM of 18.200 , 24.500 ,

and 36.000 at 250, 350, and 500 µm (Herschel Space Observatory
2011). Galactic dusty structures tend to cause foreground emission when observing nearby galaxies. The north-east part of
the M 31 disk clearly suffers from this kind of cirrus emission.
Following a technique devised by Davies et al. (2010), Galactic
cirrus emission was disentangled from the light of the M 31 disk.
A detailed description of the data reduction process, including
cirrus removal, can be found in Paper I.
The Multiband Imaging Photometre of Spitzer (MIPS; Rieke
et al. 2004) observed the mid-infrared and far-infrared light of
M 31 in its three bands (24, 70, and 160 µm). Gordon et al.
(2006) made a complete data reduction of the observations, covering a 1◦ ×3◦ area along the major axis of the galaxy. The images
have standard MIPS FWHM values of 6.400 , 18.700 , and 38.800 at
24, 70, and 160 µm, respectively (Rieke et al. 2004). Both MIPS
and PACS cover a wavelength range around 160 µm. While this
could be used to more accurately estimate the uncertainties at
this wavelength, it limits our working resolution. Both MIPS and
PACS measurements come with a total uncertainty of ∼10% in
their 160 µm band so they can be considered equally sensitive.
We therefore opted to omit the MIPS 160 µm image from our
sample.
The same area of M 31 was also mapped in all four bands
of the Spitzer Infrared Array Camera (IRAC; Fazio et al. 2004).
The complete data reduction, including background subtraction,
was carried out by Barmby et al. (2006). Their final, background
subtracted frames have the standard FWHM values of 1.6, 1.6,
1.8, and 1.9 arcseconds in the 3.6, 4.5, 5.8, and 8 µm wavebands,
respectively.
Complementary to the IRAC/MIPS observations, the midinfrared part of M 31 has been observed by WISE as part of
an all-sky survey at 3.4, 4.6, 12, and 22 µm. High-quality mosaics of M 31 were provided by the WISE Nearby Galaxy Atlas
team (Jarrett et al. 2013). Recent results from these authors have
proven the possibility of enhancing the resolution of WISE using deconvolution techniques. Here, however, we use the mosaics with the standard beams because we will have to degrade
the resolution to the SPIRE 500 µm beam in order to remain
consistent. The FWHM of the WISE beams are 6.1, 6.4, 6.5,
and 12.0 arcseconds at 3.4, 4.6, 12, and 22 µm, respectively
(Wright et al. 2010).
Several WISE and Spitzer bands lie close to each other in
central wavelength. This overlap improves our sampling of the
ambiguous MIR SED and will reduce the dependence of the
SED fit on a single data point, which is important in the coarsely
sampled wavelength ranges, e.g. around 24 µm. At the same
time, this serves as a sanity check of the measurements of both
instruments. We found no strong outliers between WISE and
Spitzer fluxes.
Efforts to observe M 31 in the NIR bands include the 2MASS
survey (Skrutskie et al. 2006; Beaton et al. 2007) and the ongoing ANDROIDS project (Sick et al. 2014), all of them covering
the J, H, and K bands. The main difficulty of NIR imaging is the
brightness of the sky. At these wavelengths the brightness can
vary significantly between pointings, making it extremely hard
to produce a large-scale mosaic with a uniform background. To
meet the goals of our paper, it is important to have a reliable
and consistent absolute flux calibration over the entire disk of
M 31. No JHK bands were included in our dataset for this reason. The NIR part of the SED is, however, sufficiently covered
by the WISE, IRAC, and SDSS i and z bands.
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2.2. UV/optical data

3.1. MAGPHYS

The Sloan Digital Sky Survey mapped M 31 at superb resolution (FWHM ∼ 1.2 arcsec) in its optical u, g, r, i, and z filters.
Background estimation for these observations proved difficult
because of the great extent of the galaxy and the narrow field of
view of the telescope. Tempel et al. (2011) created detailed mosaics from the separate SDSS tiles, taking special care of background subtraction and flux preservation. The resulting frames
span a stunning 2.5◦ × 8◦ field with a pixel scale of 3.96 arcsec.
The mosaics are contaminated by several artefacts around the
brightest sources, especially in the u and z bands. They are most
likely ghost projections as they are slightly smaller and appear
on each of the four sides of brightest sources along the pixel grid.
After masking (see Sect. A.1.2), the images proved sufficiently
reliable for SED fitting at SPIRE resolutions.
Unattenuated ultraviolet photons are the main tracers of very
recent star formation. Most of the emitted UV light, however,
is heavily attenuated by interstellar and circumstellar dust and
consequently important to constrain the dust distribution in our
spatially resolved SED. Thilker et al. (2005) created images using separate observations from the Galaxy Evolution Explorer
(GALEX) in both near-UV (NUV) and far-UV (FUV) filters.
The number of frames has recently been expanded to 80, almost fully covering a 5◦ × 5◦ field around the centre of M 31.
Their mosaics have FWHM values around 500 . Because of the
co-adding of separate tiles, background variations were visible
at the edges of each tile. Additionally, the UV sky around M 31
is clouded with scattered light from Galactic cirrus structures.
Both features will be taken into account as background variations in the uncertainty estimation for the fluxes.

We make use of the Bayesian SED fitting code MAGPHYS
(da Cunha et al. 2008) to perform the strenuous task of modelling panchromatic SEDs. The program determines the best fit
from a library of optical and infrared SEDs, taking special care
of the dust-energy balance when combining the optical and infrared part of the spectrum. This library is derived from one
general multi-component galaxy-SED model, characterised by
a number of parameters.
The stellar emission is computed by assuming a Chabrier
(2003) initial mass function (IMF) and evolved in time using the latest version of the stellar population synthesis (SPS)
model of Bruzual & Charlot (2003). The obscuring effects
of interstellar and circumstellar dust are computed using the
Charlot & Fall (2000) model.
A multi-component dust model is used to calculate the infrared and submm emission from the reprocessed starlight. The
model consists of five modified black bodies, three of which have
fixed temperatures (850 K, 250 K, and 130 K) representing the
hot dust. The other two have variable temperatures and embody
the warm and cold dust components in thermal equilibrium. The
PAHs are modelled using a fixed template based on observations
of the starforming region M17. Although MAGPHYS keeps the
emissivity index of the modified black body, β, fixed at 2 for the
coldest dust component, this is partially compensated by adding
multiple dust components at multiple temperatures, broadening
the FIR-submm peak. The total amount of dust is distributed in
two different geometries: (1) the diffuse dust in the ISM, which
consists of all ingredients of the aforementioned dust model; and
(2) the circumstellar dust, which resides in the birth clouds of
new stars and consists of all ingredients except for the cold dust
component.
The library of template SEDs is derived from this multiparameter model for the FUV-submm SED. Each free parameter comes with a physically motivated probability distribution.
From these distributions, a random parameter set is drawn to create a template SED. The standard MAGPHYS library consists
of 25000 UV-optical templates and 50 000 IR-submm templates.
When modelling the observed SED of a galaxy, maximum likelihood distributions are created for each of the free parameters
in the model. This is done by weighing the parameters of each
template fit with its respective χ2 value. The different output parameters are summarised in Table 1 and are briefly discussed
below.

3. Method and results
The data was processed in several steps to create a homogeneous
set. We give a brief description here. For a complete account, we
refer the reader to Appendix A.1.
First, the background was subtracted from the images. This
proved necessary for the GALEX, WISE, and Herschel frames.
The average background level was already zero for the SDSS
and Spitzer subsets, hence no further background subtraction
was needed. Second, foreground stars and background galaxies were masked and replaced by the local background. The
GALEX and SDSS frames were masked using UV colours,
while MIR colours were used to mask the WISE, IRAC, and
MIPS images. As a third step, all frames were convolved to the
resolution of the SPIRE 500 µm point spread function (PSF) using the convolution kernels from Aniano et al. (2011). Finally,
the pixel scales were resized to match the pixel grid of this frame,
which was rebinned to a 36 arcsec/pixel scale.
A detailed uncertainty analysis was performed for each pixel
as well. Therefore, we did not start from the original errors relating to the observations and data reduction, but they were estimated directly from the convolved and rescaled images. Three
sources of uncertainty were considered: background variations
in the frame, calibration uncertainties, and Poisson noise due to
incoming photons. The last was only considered in the UV and
optical bands, where they are known to be significant.
The above procedures yield a panchromatic SED for thousands of pixels, each corresponding to a sub-kpc region in
Andromeda. A complete UV-to-submm spectral energy distribution will be fitted to each of these regions to investigate their
underlying properties.
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– The contribution of the dust component in the diffuse ISM to
ISM
Tot
the total infrared luminosity fµ = Ldust
/Ldust
is derived from
both the absorption of starlight and from infrared emission.
– The total stellar mass M∗ is derived from the population synthesis models and is proportional to the flux in the UV to
NIR wavebands.
– The standard star formation rate (SFR) expresses the number of stars formed per year, averaged over the last 100 Myr.
The process of star formation is modelled with an exponentially declining SFR law starting from the birth of the galaxy.
Superimposed are bursts with a random chance of occurring
throughout its lifetime.
– The specific star formation rate (sSFR) is then simply the ratio of the SFR and the stellar mass and compares the number
of stars formed during the last 100 Myr with the total number
of stars formed throughout the lifetime of the galaxy.
– Dust attenuation is expressed by the optical depth parameter, which is evaluated in the V band: τV = τBC
V +
τISM
.
Starlight
of
young
stars
in
their
birth
clouds
(BC)
V
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Table 1. Overview of the output parameters from a MAGPHYS SED
fit.
Symbol

Unit

Description

fµ

ISM dust to total dust luminosity

τV

Total V band optical depth

τISM
V

ISM dust contribution to τV
Star formation rate

SFR

M yr−1

sSFR

yr−1

Specific star formation rate

M∗

M

Total stellar mass

Ldust

L

Total luminosity of emitting dust

Mdust

M

Total dust mass

BC
TW

K

Dust temperature in birth clouds

T CISM
LCTot
Tot
LPAH

K

Dust temperature in ISM

L

Total cold dust luminosity

L

Total PAH luminosity

f

– The equilibrium temperature for the warm circumstellar dust
and cold ISM dust is left free for the FIR/submm modified
BC
black-body components. They are represented in T W
and
ISM
T C , respectively.
– Each dust component produces infrared emission, which is
summed in the total dust luminosity Ldust . The relative contributions of the dust components are quantified in fractions
to the total BC or ISM dust luminosity. We refer the reader
to Sect. 2.2.1 of da Cunha et al. (2008) for a detailed explanation of the infrared emission parameters. Two important
components will be discussed in this work: LCTot , the total luTot
minosity of the cold dust in the diffuse ISM and LPAH
, the
total luminosity from PAHs in the ISM and around young
stars.
The MAGPHYS SED libraries are derived from realistic, galaxy
scale parameter values. The parameter space is thus optimised
for objects that are orders of magnitude brighter than the subkpc regions to be modelled here. Pixel-by-pixel fitting makes no
sense when the physical properties of a single pixel-region are
out of the bounds of the MAGPHYS standard parameter space.
We therefore adopted a flux scaling of 104 to obtain fluxes of the
order of integrated nearby galaxies and feed these higher fluxes
to the code for fitting. Most of the output parameters will remain
unaffected because of their relative nature. Only four parameters
scale with flux and do that linearly: M∗ , Ldust , Mdust and the SFR.
These parameters were scaled back by the same factor to obtain
their true fitted value.
Another limitation of the standard version of MAGPHYS is
the range of cold dust temperatures, which is fixed between 15 K
and 25 K. The boundaries of this interval are encountered in
low (high) FIR surface brightness areas (see e.g. Paper II). This

0.14

0.5

0.12

0.4

0.10
f 0.08

0.3

0.06

0.2

0.04

0.1
0.0
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0.02
15

20
TCISM

25

15

20
TCISM

25

0.16
0.14
0.12
0.10
f 0.08
0.06
0.04
0.02
0.00
10

experiences extinction from circumstellar dust and from the
diffuse interstellar dust. This is parametrised by τBC
V . Most of
the stars however, only irradiate the interstellar dust, modelled by τISM
V .
– The bulk of the dust mass is contributed by warm and cold
dust in the diffuse ISM and by warm circumstellar dust. A
factor of 1.1 takes into account the contributions of hot dust
and PAHs to the total dust mass:


BC
ISM
Mdust = 1.1 MW
+ MW
+ MCISM .
(1)

0.16

0.6

0.00
30 35 40 45 50 55 60 65 70
BC
TW
0.09
0.08
0.07
0.06
0.05
f
0.04
0.03
0.02
0.01
0.00
30
30 35 40 45 50 55 60 65 70
BC
TW
30

Fig. 1. Distribution of the dust temperatures for the individual pixel fits.
Top row: results from the standard MAGPHYS version. Bottom row:
results from the modified version, using broader temperature ranges for
the priors. The red lines indicate the average sample values.

causes the peak of the modified black body to be offset with respect to the observations and influences related parameters such
as star formation and dust mass. We estimate that over 60% of
the derived temperatures for cold dust lie outside of the standard
15−25 K interval (see upper panels of Fig. 1). The same is true
for the temperature ranges of the warm dust. Here about 15%
of all regions are estimated to lie outside the 30−60 K range. In
order to execute reliable fits, it is thus mandatory to expand the
temperature intervals and create a custom infrared library.
A custom set of infrared SEDs was constructed (da Cunha,
priv. comm.), incorporating a wider range in cold and warm dust
temperatures. The new library features cold dust temperatures
BC
T CISM ranging from 10−30 K and warm dust temperatures T W
from 30−70 K. With this extended library, the derived cold dust
temperatures are more spread out over the parameter space, also
populating the coldest (<15 K) regions (see the lower-left panel
of Fig. 1). The distribution of the warm dust temperature is also
considerably changed (lower-right panel), although the parameter space was only increased by 10 K. The peak is also not
shifted towards higher temperatures as the distribution derived
from the standard library would suggest. What we see here is a
manifestation of the shift in cold dust temperature. As both dust
components are not independent − the infrared SED is fitted entirely at the same time − the shift to lower cold dust temperatures
will also cause a decrease in the warm dust temperature distribution in order to still match the flux in their overlapping area
(FIR).
3.2. SED fits of sub-kpc regions

We perform panchromatic fits for a total of 22 437 pixels within
an ellipse with major axis of 22 kpc and an apparent eccentricity of 0.96, covering 2.24 square degrees on the sky. The pixels
are the same size as the FWHM of the 500 µm beam, making
them statistically independent from each other. The choice of
A71, page 5 of 22
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3.2.1. Quality of the fits

(2)

where the p x indicate the percentile levels of the PDF. This error
only reflects the uncertainty on the modelling.
A double criterion was needed to filter out unreliable estimates for each of the parameters considered in Table 1, because
the average σrel is quite different in each parameter. Furthermore,
it proved necessary to filter out most of the parameter estimates
related to the outermost pixels in our aperture. These regions
have FIR emission below the Herschel detection limits. A reliable detection at these wavelengths is crucial in constraining
most of the dust-related parameters. Pixels with a non-detection
at either PACS 100 µm or PACS 160 µm make up almost 40% of
the sample. At the same time, these pixels generally have higher
photometric uncertainties at shorter wavelengths as they correspond to the faint outskirts of the galaxy. Together with their
poorly sampled FIR SEDs, their corresponding parameter estimates will have broad PDFs. We rank, for each parameter, all
pixels according to increasing relative error for that particular
parameter. Then, 40% of the parameter estimates (those with
the highest mean relative errors) were removed from the sample.
This corresponds to the exclusion of 8975 pixels per parameter.
Secondly, as several parameter estimates with broad PDFs
were still present after the first filtering, an optimal cut was found
which excludes these estimates. We chose to remove any parameter estimate with σrel > 0.32. The combination of these filters
excluded, for each parameter, all pixels with an unreliable estimate of this parameter. We note that the excluded pixels themselves might differ for each parameter set. For example, the dust
mass of a particular pixel might be poorly constrained and thus
A71, page 6 of 22
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Instead of eliminating a priori those pixels with a non-optimal
spectral coverage, we decided to exploit one of the characteristics of MAGPHYS, that is that the final results, i.e. the physical parameters we are looking for, are given as the peak values
of a probability distribution function (PDF). When a pixel has
a SED which is characterised by a poor spectral sampling, the
parameters that are more influenced by the missing data points,
whatever they are, will have a flatter PDF, showing the tendency
to assume unrealistic values. For example, output parameters related to the stellar components (stellar mass, SFR, etc.) will be
questionable for pixels in regions of Andromeda where the UV
and optical background variations become dominant. Parameters
related to interstellar or circumstellar dust turn unreliable when
reaching very low flux density areas in the Herschel bands.
To decide which pixels are to be considered reliable for a
given parameter and which ones should be not considered, we
evaluate the mean relative error of each fit. Each PDF comes
with a median value (50th percentile), a lower limit (16th percentile), and an upper limit (84th percentile). A way to quantify
the uncertainty of the median value is to look at the shape of
the PDF. Broadly speaking, if the peak is narrow, the difference
between the 84th and 16th percentile will be small and the corresponding parameter will be well constrained. For a broad peak
or a flat distribution, the opposite is true. We define this mean
relative error as follows:
σrel = 0.5 · (p84 − p16 )/p50 ,

0.8

ModBB (Paper II)

our aperture is limited to the field of view of the IRAC frames,
which cover the main stellar disk of M 31, but does not extend
up to NGC 205 or to the faint outer dust structures as seen in the
SPIRE maps. However, the field is large enough to cover over
95% of the total dust emission of the galaxy (Draine et al. 2014).
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Fig. 2. Upper-left: χ2 distribution of the fits. Other panels: density plots
comparing dust mass surface density, cold dust temperature, and star
formation rate derived from MAGPHYS single pixel fits against modified black-body fits to Herschel bands (Paper II) and FUV+24 µm SFR
tracers (Paper III). Red indicates a small number of data points, yellow
a large number. The black line represents the 1:1 relation.

removed. On the other hand, the stellar mass of that same pixel,
will be kept in the sample if it meets our filter criteria. Several
pixels (4384 in total) did not meet the requirements in any of the
parameters and were thus completely removed from the sample
(meaning they were not considered in the χ2 distribution or in
any further analysis). The distribution of the best-fit χ2 values is
shown in the upper-left panel of Fig. 2 and has an average value
of 1.26.
Table 2 lists the number of reliable pixels for each parameter. In any further analysis, only these estimates will be used.
Generally, TCISM and Ldust are the best constrained parameters in
the sample, with median uncertainties of 5% and 6%, respecBC
tively, and 13462 usable pixels. On the other hand, τV , T W
,
and sSFR are the least constrained parameters. However, in the
case of sSFR, this quantity is computed from the SFR and stellar mass, the uncertainty on this parameter takes into account
the uncertainty on both of its constituents, hence the relatively
high median σrel of 0.18 for 6608 usable pixels. Quite differently, the high mean σrel (0.21 for 13 462 usable pixels) on esBC
timates for T W
stems from the poor spectral coverage in the
30−70 µm regime. Other degeneracies in the fitting procedure
will certainly reflect in the total number of reliable pixels per
parameter, as well as in their median relative error. This is most
obvious for τV , with a median σrel of 0.14 and only 3753 usable
pixels. This parameter is not only influenced by the amount of
dust, but also by its geometry with respect to the stars. This is
impossible to take into account without complex radiative transfer modelling and falls beyond the goal of this paper.
3.2.2. Consistency with previous parameter fits

We compare our results with previously derived values for each
pixel, see Fig. 2. The MAGPHYS dust mass and cold dust
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Table 2. Comparison of the main properties for M 31 as derived from the pixel-by-pixel fitting and from a fit to the global fluxes.

Parameter
fµ

Npix

Median
σrel

Mean
local

std.
dev

Global

13 462

0.10

0.85

0.08

0.88+0.01
−0.02

Unit
–
10

−12

yr−1

sSFR

6608

0.18

3.45

0.02

3.38 ± 0.01

BC
TW

13 462

0.21

43

7

61+1
−9

K

T CISM

13 462

0.05

15.4

2.1

16.2+0.3
−0.2

K

τV

3753

0.14

0.62

0.68

0.32 ± 0.01

–

τISM
V

13 212

0.11

0.20

0.13

0.16 ± 0.01

–

χ

2

18 053

–

1.26

–

1.35

–

parameter

Npix

Median
σrel

Total local

Global

Unit

M?

12 853

0.17

4.76 ± 0.02

5.5 ± 0.01

1010 M

Mdust

10 496

0.18

2.89 ± 0.06

2.7+0.4
−0.1

107 M

Ldust

13 462

0.06

4.542 ± 0.002

4.98+0.6
−0.01

109 L

SFR

8673

0.16

0.1644 ± 0.0005

0.189+0.002
−0.01

M yr−1

tot
LPAH

12 563

0.12

0.8724 ± 0.0009

1.11+0.03
−0.16

109 L

LCtot

10 709

0.10

2.475 ± 0.002

2.55+0.15
−0.01

109 L

Notes. Npix denotes the number of reliable pixels used for the analysis and σrel the median relative uncertainty for this sample. The mean value
of the relative parameters are given in the upper part of the table, along with the standard deviation on their distribution. The sum of the additive
parameters are given in the bottom part of the table, along with their uncertainty.

temperature are compared to the modified black-body fits from
Paper II. Furthermore, our star formation rate is compared to the
SFR derived from FUV+24 µm fluxes in Paper III. Each pixel
region of the Paper II and Paper III maps corresponds exactly to
a pixel region in our sample, hence we are comparing parameter
estimates for the exact same physical region.
In general, the different approaches yield consistent results.
The dust mass shows the tightest relation (rms = 0.08), but
also the largest offset ∆log(Σ Mdust ) = 0.22. It is therefore important to understand what we are comparing here. For each dust
component, the flux S ν is modelled with a modified black-body
function,
Sν =

Mdust
κabs Bν (T dust ),
D2

(3)

where D is the distance to the galaxy, Bν (T dust ) the Planck function, and κabs is the dust mass absorption coefficient, modelled as
κabs = κabs (λ0 ) ×

 λ β
0

λ

(4)

with λ0 the normalisation wavelength and β the emissivity index. MAGPHYS adopts the dust model from Dunne et al. (2000;
hereafter D00) who normalize the dust mass absorption coefficient at 850 µm: κ850 = 0.077 m2 kg−1 . At Herschel wavelengths
this becomes κ350 = 0.454 m2 kg−1 assuming a fixed β = 2.
In Paper II, the Draine (2003; hereafter D03) absorption coefficient, which is κ350 = 0.192 m2 kg−1 , and a variable β were
adopted. Lower κabs (λ0 ) values are associated with more silicaterich dust compositions (Karczewski et al. 2013). They will result
in higher dust mass estimates, which is the case for Paper II.
On the other hand, a variable β will generally result in higher
dust temperatures. This will in turn yield lower dust masses. As
MAGPHYS computes the total dust mass from components of

various temperatures, grain sizes, and compositions, this should
result in more realistic dust mass estimates.
A smaller offset (∆T d = 4.47 K), but larger scatter (rms =
0.93) is seen in the temperature of the cold dust. The emissivity
index β was fixed at 2 in this paper, while left as a free parameter
in Paper II. As there is a known degeneracy between β and T dust
(see e.g. Hughes et al. 2014; Tabatabaei et al. 2014; Galametz
et al. 2012; Smith et al. 2012b, and references therein), this could
explain the scatter in the relation. Furthermore, most of the pixels in Paper II had β < 2. Given this temperature-β degeneracy,
smaller β values will yield higher dust temperatures. This probably explains the systematic offset from our sample.
The SFR shows a less clear deviation from the 1:1-relation.
The rms of the scatter in the points is 0.28 and they have an
offset of ∆ log(ΣSFR ) = −0.42. We tend to find systematically
lower SFR values compared to the FUV+24 µm tracer used in
Paper III. It must be noted that the SFR is derived in a different way in both approaches. The FUV+24 µm tracer is empirically derived from a sample of starforming galaxies (Leroy et al.
2008). Several regions in M 31 exhibit only low star forming activity, far from the rates of starforming galaxies. Additionally,
this formalism assumes a stationary star formation rate over
timescales of 100 Myr. In M 31, we resolve sub-kpc structures,
where star formation may vary on timescales of a few Myr
(Boselli et al. 2009). MAGPHYS does allow variations in SFR
down to star formation timescales of 1 Myr.
Most of the outliers in the SFR plot of Fig. 2 correspond to
pixels surrounding the bulge of M 31. It is in these areas that
the MIR emission from old stars is modelled quite differently.
Overall, we expect that our SED fits give a more realistic estimate of the SFR because they take information from the full
spectrum and are derived from local star formation histories.
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3.2.3. Total dust and stellar mass

One of the most straightforward checks we can perform between
our modelling technique and other techniques, is a comparison
between the total number of stars and dust in M 31. With respect
to the first component, we find a value of log(M? /M ) = 10.74
from the fit to the integrated fluxes (see Sect. 3.2.4). This value,
calculated by exploiting simple stellar population (SSP) models
assuming a Chabrier (2003) IMF, lies a factor of 1.5−3 below
dynamical stellar mass estimates for Andromeda (e.g. Chemin
et al. 2009; Corbelli et al. 2010). This discrepancy can be easily accounted for if we consider that often in dynamical models
the derived stellar M/L ratio are consistent with more heavyweight IMFs. Tamm et al. (2012) did exploit SSP models to calculate the stellar mass, and found values in the log (M? /M ) =
11−11.48 range, using the same IMF as we do. This discrepancy
might arise from a number of possible causes: first of all, the
aperture used to extract the total fluxes is slightly smaller in our
case and secondly, a different masking routine was applied to remove the foreground stars. The likely most effective difference,
however, could be due to the fact that MAGPHYS considers an
exponentially declining star formation history to which star formation bursts are added at different ages and with different intensities. This can cause the M/L to decrease, and might explain
the difference in stellar mass.
Instead, when we compare the stellar mass in the inner 1 kpc
with the value calculated with MAGPHYS by Groves et al.
(2012), we find a remarkably good agreement (log(M? /M ) =
10.01 vs. log(M? /M ) = 9.91 in our case).
The dwarf elliptical companion of Andromeda, M 32, also
falls in our field of view. We find a total stellar mass of
log(M? /M ) = 8.77. Of course, as the light of M 32 is highly
contaminated by Andromeda itself, mass estimates of this galaxy
are highly dependent on the aperture and on the estimation
of the background flux of M 31. Nevertheless, our estimate is
only a factor of 2−3 lower then dynamical mass estimates (e.g.
Richstone & Sargent 1972). This discrepancy is of the same order as the difference in total mass we find for M 31.
7
As a total dust mass, we find Mdust = (2.888+0.006
−0.005 ) · 10 M ,
for the sum of all pixel-derived dust masses, using the D00 dust
model. This estimate is preferred over the dust mass from a fit to
the integrated fluxes as the most recent dust mass estimates for
M 31 are derived from the sum of pixel masses. Furthermore, it is
known that dust mass estimates from integrated fluxes underestimate the total dust mass (see also Sect. 3.2.4). We note that the
uncertainly on this estimate appears very small. This is because
of the very narrow PDF for Mdust from the global fit of M 31. As
previously stated, this error only reflects the uncertainty on the
SED fitting. The absorption coefficient κabs (λ0 ) from D03 was
used in the next estimates.
In Paper I we estimated the dust mass from a modified
black-body fit to the global flux and found Mdust = (5.05 ±
0.45) × 107 M . Paper II derived a total dust mass from modified
black-body fits to high signal-to-noise pixels (which cover about
half of the area considered) and found Mdust = 2.9 × 107 M .
Independent Herschel observations of M 31 (Krause, in prep.;
Draine et al. 2014) yield Mdust = (6.0 ± 1.1) × 107 M (corrected
to the distance adopted in this paper: DM 31 = 0.785 Mpc) as the
sum of the dust masses of each pixel.
We find a total dust mass of the same order as these previous
estimations; however, our result is somewhat lower. The reason
for this discrepancy is most likely the difference in dust model,
as was already clear from Fig. 2. Determining the conversion
factor q between dust models is rather difficult and requires the
A71, page 8 of 22

assumption of an average emissivity index:
!−β
κD00 κ850
350
D00
q=
·
·
=
κD03 κ350
850
D03

(5)

For M 31, the mean β was found to be in the range 1.8−2.1
(Smith et al. 2012b; Draine et al. 2014), yielding a conversion factor between 2.0 and 2.6, or dust masses in the range
5.70−7.44 × 107 M . The D00 dust model thus tends to produce dust masses that are about half of the D03 masses. Keeping
this in mind, all dust mass estimates for Andromeda agree within
their uncertainty ranges.
3.2.4. Local vs. global

The MAGPHYS code was conceived for galaxy-scale SED fitting and it does a good job there (e.g. da Cunha et al. 2008, 2010;
Clemens et al. 2013). At these large scales, a forced energy balance is justified because globally, most of the absorbed starlight
is re-emitted by dust. When zooming in to sub-kpc regions, this
assumption might not be valid any more. Light of neighbouring
regions might be a significant influence on the thermal equilibrium of a star forming cloud, and if this is true, it may translate
into an offset between the local parameters and the global value
for that galaxy.
As a test for our extended library (see Sect. 3.1) we compare
the mean values of the physical parameters to their global counterparts (upper part of Table 2). These parameters were derived
from a MAGPHYS fit to the integrated fluxes of Andromeda.
The fluxes are listed in Table B.1. In the case of additive parameters (bottom part of Table 2), we compare their sum to the value
derived from a global SED fit. It is important to note that we rely
on our filtered set of pixels for each parameter. This means at
least 40% of the pixels are excluded. Most of these badly constrained pixel values lie in the outskirts of M 31. Nevertheless,
their exclusion will surely affect the additive parameters.
Several parameters mimic their global counterparts quite
well. This is the case for fµ , T CISM , τV , and τISM
V , where the agreement lies within 1 standard deviation. The distribution of the
pixel-derived sSFRs has a broad shape. In order to compare the
sSFR of the pixels to the global value, we make use of the total
SFR and stellar mass as derived from the pixels. We then find
the pixel-sSFR by dividing the total SFR by the total M? . This
value again lies close to its global counterpart, despite the wide
range of sSFRs found on an individual pixel basis.
The temperature of the warm circumstellar dust differs significantly: the average pixel value is 43 K with a standard deviaBC
tion of 7 K, while a fit to the global fluxes reveals T W
= 61+1
−9 K.
Both values still overlap at a 2σ level, but the relative deviation
is much larger than the other parameters. The peak of this dust
component lies between 30 µm and 70 µm. The MIPS 70 µm
band provides the only data point in this region, making it difficult to estimate this parameter accurately.
Additive parameters will also suffer because we exclude a
significant number of pixels. Most of them do add up to the same
tot
order of magnitude as the global values: SFR, M∗ , Ldust , LPAH
,
tot
and LC . All of them lie within 5−20% below the global value.
This again indicates that the excluded pixels do not contribute
significantly to the light of M 31. The dust mass, however, turns
out to be ∼7% higher when summing all pixels. It is known that
SED fitting is not a linear procedure and will depend on the employed resolution. Aniano et al. (2012) found that modelling on
global fluxes yields dust masses that are up to 20% lower than
resolved estimates. Galliano et al. (2011) found discrepancies
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of up to 50% depending on the applied resolution. Even taking
into account another 10% in flux due to the excluded pixels, our
difference in dust mass estimates lies within this range.
The fact that we reproduce the global properties of M 31
from our local SEDs, boosts confidence that the procedure applied here is valid, even though MAGPHYS was conceived for
galaxy-scale SED fitting.
3.3. Parameter maps

We construct detailed maps of the SED parameters from the collection of pixels with reliable parameter fits in Fig. 3 and briefly
discuss the morphologies observed.
The dust luminosity Ldust closely follows the morphology
seen in the PACS images (see also Fig. A.3). Dust emission in
Andromeda is brightest in the bulge and in the 10 kpc ring. Some
fainter emission regions are seen in the outer parts of the galaxy,
coinciding with a ring at 15 kpc.
As expected, the dust mass Mdust map closely resembles the
SPIRE images (see also Fig. A.3). Compared to the Ldust map,
some intriguing distinctions can be noted. There seems to be almost no dust in the centre of M 31, while the bulge is actually
the brightest in dust luminosity. We hereby confirm earlier statements (Paper II; Tempel et al. 2010; Groves et al. 2012; Draine
et al. 2014) that the bulge of Andromeda holds a small amount
of relatively warm (>25 K) dust. The south-west side is also
smoother than in the Ldust map, pointing out that the heating of
ISM dust and not the mass is crucial to the observed luminosity.
tot
The PAH luminosity LPAH
appears relatively weak when
compared to the Ldust map. The general morphology, however,
is similar. The surface brightness at these wavelengths is the
highest in the bulge of Andromeda. Furthermore, the emission
is mostly concentrated in the 10 kpc ring and in the dusty parts
of the inner disk. If reprocessed UV light of recent and ongoing
star formation is the only energy source for MIR emission, no
bright MIR and PAH features are expected in the bulge of M 31.
Emission from PAHs can, however, be enhanced by increases in
the diffuse ISRF (Bendo et al. 2008). This again, suggests that
the radiation field of older stars in the centre of M 31 is quite
strong.
A similar morphology is seen when looking at the contribution of the diffuse cold dust to the total dust emission, LCtot . The
cold dust, only found in the diffuse ISM, appears significantly
tot
more luminous than the PAH emission (the Ldust , LCtot and LPAH
maps in Fig. 3 have the same scale). Interestingly, the emission
from this component is equally bright in the bulge and in the
ring, in contrast with the PAH luminosity map.
Consequently, the temperature of the ISM dust T CISM peaks
in the centre (∼30 K). It follows a smooth radial decline until it
reaches a plateau at 16 K in the ring. Higher values are reached
in the brightest star forming regions. This suggests the cold ISM
dust is partially heated by recent and ongoing star formation.
On the other hand, older stars can also contribute to the heating of the dust. In the NIR wavebands, the surface brightness
is slightly enhanced in the ring, indicating a higher concentration of older stars. Outside the star forming ring, the temperature
quickly drops two degrees to 14 K.
BC
For the warm dust temperature T W
, the picture is far less
clear. The map is crowded with blanked pixels due to their high
uncertainties. As already mentioned in Sect. 3.2.4, the MIPS
70 µm data point is the only observation in this temperature
regime. Additionally, the emission of the cold dust component
overlaps greatly with the SED of the warm dust, making it difficult to disentangle both components. We do find significantly

higher temperatures in the bulge, where the ISRF is highest, and
in the 10 kpc ring, where most of the new stars are being formed.
Outside these areas, the warm dust is relatively cold (<45 K).
The stellar mass M? is one of the best constrained parameters thanks to the good coverage of the optical and infrared SED.
It is highest in the bulge and the central regions around it and declines smoothly towards the outskirts of the galaxy. Interestingly,
a small peak is seen where M 32 resides. We do not detect this
dwarf satellite in our Herschel maps. This is caused by the overlap of emission from M 32 and M 31’s diffuse dust emission at
this location on the sky. Nevertheless, it is evident that M 32 does
not contain much dust.
The star formation rate map of M 31 largely coincides with
the dust luminosity (except in the bulge), although the distribution is more peaked in the rings. Regions where the dust
emission is lower (inter-ring regions and outskirts) are mostly
blanked out because it is hard to constrain very low star formation rates. Some residual star formation is seen in the bulge.
However it must be noted that the high dust luminosities in the
central region might cause a degeneracy between the SFR, which
directly heats the dust, and M? , representing the number of older
stars that have been proven to strongly contribute to dust heating.
The specific star formation rate is obtained by dividing the
SFR over the last 100 Myr by the stellar mass and gives a measure of ongoing vs. past star formation. This quantity combines
the uncertainties of both parameters, hence the large number of
blanked pixels. The 10 kpc and 15 kpc rings have the highest
sSFR in M 31. Interestingly, the inner ring has very low values
of sSFR and the bulge has close to zero. In general, we can say
that stars are nowadays formed most efficiently in the rings of
the galaxy.
The V-band optical depth is the poorest constrained parameter of the sample. Accurately estimating this value requires detailed knowledge on the dust geometry. This is not available
here, so assumptions must be made based on colour criteria and
an extinction law. As we are not able to probe individual star
formation regions, the optical depth must be seen as an average
over each resolution element. Liu et al. (2013) showed that when
averaged over scales of ∼100−200 pc, the dust geometry can
be approximated by a foreground dust screen. Individual stars
or star forming regions are, however, likely to experience much
greater optical depths than the averaged values. In Andromeda,
this average varies from 0.2 to 2. Most of the higher optical depth
regions coincide with the dusty rings of the galaxy.
The picture is more obvious for the contribution of cold
ISM dust to the total optical depth τISM
V . This parameter closely
resembles the ring-like structure we also see in the Mdust
and ranges from 0.1−1.1. The ratio of those two parameters
τISM
V /τV = µ, measures the contribution of diffuse cold ISM dust
to the extinction of starlight. We find a median µ = (54 ± 22)%,
but the contribution of ISM dust ranges from less than ∼25%
in the centre to over 70% in the 10 kpc ring. This suggests
that diffuse dust is the main contributor to starlight extinction
in the more active regions of a galaxy. This is consistent with
the results of Keel et al. (2014), who find that a greater fraction
of the UV extinction is caused by the diffuse dust component.
Furthermore, detailed radiative transfer models of galaxies show
the importance of this diffuse component in the FIR/submm
emission, and thus absorption of starlight (see e.g. Tuffs et al.
2004; Bianchi 2008; Popescu et al. 2011).
The contribution of the ISM dust to the dust luminosity fµ
peaks (∼90%) in the centre, where most of the dust is in the
diffuse ISM. It linearly decreases along the disk, reaching ∼80%
in the star forming ring. Going beyond this ring, the ISM dust
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Fig. 3. Parameter maps for M 31, rotated from a position angle of 38◦ . See Table 1 for the meaning of the parameters. Pixels with uncertainties that
were considered too large (see Sect. 3.2.1) were blanked out. The green ellipses in the upper-left panel represent the apertures of the macro-regions
of M 31: the bulge, inner disk region, 10 kpc ring, and the outer disk.

contribution declines more quickly to reach values around 50%
at 15 kpc.
3.4. SED of the macro-regions

As a first step towards a spatially resolved analysis, we decompose Andromeda into macro-regions, located at different
A71, page 10 of 22

galactocentric distances: the bulge, the inner disk, the star forming ring centred at a radius of 10 kpc, and the outer part of the
disk. We choose to base our definition of these regions on the
morphology of the Ldust map of Fig. 3. The advantage is that, in
the light of constructing dust scaling relations, each region corresponds to a separate regime in terms of SFR, radiation field,
dust content, and composition. For example, the bulge is limited
to the inner 1 kpc region and is thus significantly smaller than the
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Table 3. Summary of the parameters characterising the main apertures of M 31.
Region
Global
Bulge
Inner disk
10 kpc Ring
Outer disk
M 32

RA centre
hh:mm:ss
10:39:52.6
10:41:10.2
10:44:22.8
10:45:37.6
10:39:52.6
10:40:21.1

Dec centre
dd:mm:ss
41:14:30.1
41:16:18.4
41:20:00.2
41:19:39.6
41:14:30.1
40:51:52.6

a
kpc
22.0
1.0
8.7
11.5
22.0
0.636


0.96
0.00
0.98
0.96
0.96
0.00

M?
1010 M
5.50
0.81
2.00
0.96
1.07
0.06

µ?
108 M kpc−2
3.11
25.1
4.23
1.66
1.58
4.65

Mdust
106 M
27.0
0.11
3.95
12.8
12.5
0.08

SFR
10−2 M yr−1
18.9
0.18
2.30
9.06
1.18
0.03

sSFR
10−12 yr−1
3.38
0.27
1.20
9.55
1.07
0.60

NUV-r
Mag
4.59
6.11
5.38
4.11
3.85
5.31

Notes. The semi-major axis a and apparent eccentricity describe the annuli on the plane of the sky. The other parameters are physical properties
derived from an SED fit to the integrated fluxes inside these apertures.

optical/NIR bulge, but it coincides with the zone with the hardest radiation field. The shapes of the borders between regions are
apparent ellipses on the sky and do not necessarily coincide with
projected circles matching the disk of M 31 (see also Table 3 for
their exact definition).
We choose a set of individual pixels, selected to represent the typical shape of an SED in these regions. They are
shown in Fig. 4, together with the residual values for each
wavelength band. Along with the single pixel SEDs, we also
show SED fits to the integrated fluxes of these macro-regions in
Fig. 5. Integrated fluxes for the separate regions can be found in
Table B.1. The goodness of fit is here expressed by the χ2 value
for the best fitting template SED. The parameter values from this
SED will differ slightly from the peak values in the PDFs, which
express their most likely values. Nevertheless, the template SED
gives a good indication of how well the observed fluxes can be
matched.
When comparing the fits in Figs. 4 and 5, it is clear that the
macro-region fits have a systematically lower χ2 than their respective single-pixel fits. This is not surprising as one might expect greater signal-to-noise variations on smaller scales. In general, however, most of the observed fluxes are well reproduced
by the best fit. Only the MIPS 24 µm point seems to be systematically below the theoretical SED. The MIPS 24 µm observations
do come with large error bars, so that is accounted for in the
determination of the parameter PDFs.
In the bulge, stars are completely dominant over the dust
component in terms of mass and luminosity. This is visible in
the ratio of the total dust luminosity to the g-band luminosity
(Ldust /Lg = 0.48), and in the small offset between the unattenuated (blue) and the attenuated (red) SED. The optical/NIR SED
is much more luminous than the UV part of the spectrum, indicating a relatively low SFR and a strong interstellar radiation
field (ISRF), dominated by older stars. Furthermore, the peak of
the FIR SED lies at relatively short wavelengths caused by high
temperatures of the cold dust. There are only weak PAH features
visible in the centre of M 31, although the MIR flux is relatively
large compared to the other regions. Some residual star formation can be found in the bulge of M 31, but the contribution to
the total SFR is negligible.
The inner disk is forming stars at a slow pace (2.30 ×
10−2 M yr−1 ). This is confirmed by a visible offset between the
unattenuated and attenuated SED in the UV regime. The FIR
emission peaks at longer wavelengths than in the bulge, indicating a milder ISRF and lower dust temperatures. We consequently
find a higher Ldust /Lg ratio of 1.50. This less harsh environment
allows PAHs to survive longer, giving rise to more prominent
MIR features. The same conditions hold in the outer disk of
M 31, although the surface brightness is systematically lower

there. The dust also gains in importance here (Ldust /Lg = 2.37).
The FIR peaks at even longer wavelengths, meaning the diffuse
dust is colder in the outskirts of the galaxy.
The most active star forming region of M 31 is unquestionably the ring at ∼10 kpc. This region contains only 20% of the
stellar mass and almost half of the total dust mass of M 31 at temperatures near the galaxy’s average (see also Table 3). The luminosity difference between the UV and the optical/NIR SED is
the smallest of all regions, indicating that new stars dominate the
radiation field. This also translates in strong PAH features in the
MIR. The offset between the attenuated and unattenuated SED is
large in the UV and even visible in the optical-NIR regime, indicating significant dust heating. Consequently, we find the highest
dust-to-g-band ratio Ldust /Lg = 4.84 here.

4. Dust scaling relations
In the following we will investigate scaling relations of stellar
and dust properties in Andromeda at different sizes: we first consider the galaxy as a whole, and we will then look at its main
components as separate regions. Finally, we will push the analysis down to the smallest possible scale: the hundred-pc sized regions defined by the statistically independent pixels whose SED
we have modelled as explained above.
Our results can then be compared to already known results
for similar physical quantities. In this respect, the ideal sample
for comparison is surely the one provided by the local dataset
of the Herschel Reference Survey (HRS; Boselli et al. 2010).
The HRS is a volume-limited, K-band selected survey including
more than 300 galaxies selected to cover both the whole range
of Hubble types and different environments. Cortese et al. (2012)
have analysed in detail how the specific dust mass correlates to
the stellar mass surface density (µ? ) and to NUV-r colour (see
Fig. 6). Furthermore, da Cunha et al. (2010) also found links
between the dust mass and SFR and between fµ and the specific
SFR using a sample of low-redshift star forming galaxies from
the SDSS survey. We will check where Andromeda is located
with respect to the above relations and, more importantly, we
will address the issue regarding the physical scales at which the
aforementioned relations start to build up.
4.1. Andromeda as a whole

Andromeda is classified as a SA(s)b galaxy (de Vaucouleurs
et al. 1991) and has a prominent boxy bulge. The disk contains
two conspicuous, concentric dusty rings and two spiral arms (see
e.g. Paper V; Gordon et al. 2006).
In Table 3 we report a summary of the main physical properties we have derived for Andromeda from integrated fluxes.
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Fig. 4. The panchromatic SED of four representative pixels in the bulge, inner disk, the 10 kpc ring, and the outer disk region. The blue line
represents the unattenuated SED and the red line the best fit to the observations. Residuals are plotted below each graph.The χ2 values are those
for the best fitting template SED.
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Fig. 5. The panchromatic SED of four main apertures: the bulge, the inner disk region, the 10 kpc ring, and the integrated galaxy. The blue line
represents the unattenuated SED and the red line the best fit to the observations. Residuals are plotted below each graph. The χ2 values are those
for the best fitting template SED.
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Fig. 6. Top: dust scaling relations from the Herschel Reference Survey
(Cortese et al. 2012); the specific dust mass Mdust /M? as a function
of the stellar mass surface density µ? (left) and NUV-r colour (right).
NUV-r serves as an inverse tracer of the sSFR. Red are Herschel detected galaxies, green are upper limits for the undetected ones. The blue
dots represent the macro-regions of M 31 and the cyan dot indicates
the position of the galaxy itself. The thick black line is the HRS mean
trend. The vertical solid line indicates our division between late-type
and early-type galaxies. The dashed vertical lines indicate the bluest
early-type galaxy and the reddest late-type galaxy, respectively. Bottom:
same scaling relations, but now represented in a density plot using single pixel regions from M 31. Yellow points indicate a higher density of
points, red a lower density. The black line is the HRS mean trend, the
green line is the M 31 mean trend.

The total stellar mass was found to be 5.5 × 1010 M , a typical value in local starforming galaxies (see e.g. Clemens et al.
2013). The total dust mass was found to be 2.70 × 107 M , comparable to the amount of dust in our own Galaxy (e.g. Sodroski
et al. 1997). The distribution of dust in the Andromeda galaxy is,
however, atypical for an early-type spiral. The infrared emission
from early-type galaxies is usually quite compact (e.g. Bendo
et al. 2007; Muñoz-Mateos et al. 2009b). Extended ring structures, such as the ones in M 31, appear rather infrequently.
As an early-type spiral, Andromeda has a low star formation
rate of 0.19 M yr−1 , about ten times smaller than the value measured in the Milky Way (Kennicutt & Evans 2012). In da Cunha
et al. (2010) a relation was derived between the SFR of normal,
low redshift (z < 0.22) SDSS galaxies and their dust content.
Despite a total dust mass which is close to the sample average,
the SFR in M 31 is about one order of magnitude below the average relation at this dust content. Consequently, Andromeda’s
specific star formation rate (sSFR) of 3.38 × 10−12 yr−1 is at the
lower end compared to the trend found by da Cunha et al. (2010).
If we compare the locus of M 31 in the scaling relation plots
presented in Cortese et al. (2012), we find that Andromeda follows precisely the average trends defined by HRS galaxies (see
the cyan dot in the two top panels in Fig. 6). In general, M 31
has dust and stellar masses that are typical for early-type spiral
galaxies. On the other hand, the star formation activity is unusually low. This is consistent with a more active star formation

4.2. Scaling relations in the different regions

As outlined in Sect. 3.4, we have grouped our set of pixels in four
macro-regions based on the morphology of the Ldust map. These
macro-regions represent physically different components in the
galaxy. It is well known, for example, that the bulges in spiral
galaxies usually host the oldest stellar populations (e.g. Moorthy
& Holtzman 2006). Bulges are usually devoid of ISM and have
barely any star formation (e.g. Fisher et al. 2009), closely resembling elliptical galaxies in many respects. However, unlike standalone elliptical galaxies, galactic bulges are intersected by galactic disks. At this intersection, a significant amount of gas, dust,
and many young stars are present. In this respect, Andromeda is
again an atypical early-type spiral as none of these components
are prominently visible at the bulge-disk intersection.
In the top panels of Fig. 6, we plot the physical quantities
derived from fitting the integrated fluxes of Andromeda’s four
macro-regions (blue points), together with the relations for HRS
galaxies (red dots) and their average trend (black line). Quite
remarkably, they all fall on (or very close to) the average HRS
relation, each of those components lying on a specific part of the
plot which is typical for a given Hubble (morphological) type.
On average, the outer parts of M 31 closely resemble the physical
properties of late-type HRS galaxies, while its bulge has, instead,
characteristics similar to those of elliptical galaxies.
In the remainder of the paper, we define objects as earlytype when NUV-r > 5.2. This is the transition where most of the
HRS objects are either E or S0 galaxies. Consequently, we define
objects as late-type bluewards from this line. In Fig. 6, we also
indicate the bluest S0 galaxy (NUV-r = 4.22) and the reddest Sa
galaxy (NUV-r = 5.69) of the sample to indicate the spread of
the transition zone.
In this respect, it is worth noting that Andromeda’s bulge is
significantly redder than any of the submm detected HRS galaxies because we are picking, by definition, only its very central,
hence redder, regions. There is a known colour gradient in elliptical galaxies, which have bluer outskirts with respect to their
inner parts, and this difference can be as high as ∼1 mag (see e.g.
Petty et al. 2013). This can easily explain the offset in the bulge
colour with respect to the HRS elliptical galaxies, whose colours
are instead calculated from global apertures. For similar reasons,
Andromeda’s bulge is found at larger stellar mass surface densities values if compared to global elliptical galaxies, where also
the outer, less dense parts are included in the measurements.
From a geometrical perspective, these regions follow a pattern that is determined by the average galactocentric distance:
going from the centre outwards, we find the macro-regions at
progressively bluer colours or, equivalently, lower stellar mass
surface density. This reflects a typical inside-out formation of
the bulge-disk geometry (White & Frenk 1991; Mo et al. 1998).
This is consistent with the results from Pérez et al. (2013) and
González Delgado et al. (2013), where they confirm an insideout growth pattern for a sample of local starforming galaxies.
Inside the disk, the situation might be more complex. An increasing sSFR for the macro-regions, from the inner disk to the
10 kpc ring supports this scenario. However, it does drop down
significantly in the outer disk (see Table 3).
Muñoz-Mateos et al. (2007) have derived sSFR gradients
for a sample of nearby galaxies. They found a slope that is,
on average, positive and constant outwards of one scale length.
When considering the very coarse sampling provided by the four
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Fig. 7. Average trends of the scaling relations for the stellar mass surface
density µ? , separated by the main morphological regions of M 31: the
bulge (red), the inner disk (cyan), the 10 kpc ring (blue), and the outer
disk (green). Top: µ? vs. Mdust /M? . All pixel values are binned in µ? ;
each point is the average of a bin. Bottom: µ? vs. sSFR, where all pixels
are binned in sSFR.

macro-regions, Andromeda shows hints of a similar behaviour,
with the sSFR declining in the outer disk with respect to the inner one. However, the 10 kpc ring exhibits a clear peak in SFR
and sSFR.
This can also be seen from the top panel of Fig. 7, where the
scaling relations of the individual pixels are separated in the different macro-regions, and the pixel-derived properties are binned
within each macro-region: the bulge (red), inner disk (cyan), ring
(blue), and outer disk (green). In the log(µ? ) vs. log(Mdust /M? )
plot, all regions but the ring follow a continuous relation which
coincides with the HRS scaling relation. The ring is clearly offset in this relation, indicating a dustier environment compared to
the average in the disk.
The specific dust mass was found to correlate with both the
stellar mass surface density and NUV-r colour. It is important to
verify whether both relations are not connected by a tighter correlation between µ? and NUV-r. In the bottom panel of Fig. 7,
the relation between µ? and sSFR is displayed. We prefer sSFR
over NUV-r as the former allows a direct comparison of physical
quantities. We find that both quantities are tightly anti-correlated
(see also Salim et al. 2005), so any evident link with one of them
directly implies a link with the other. It must be noted, however,
that sSFR values below 10−12 yr−1 should be interpreted with
care, these values correspond to low star formation rates for any
stellar mass and are subject to model degeneracies. It is immediately evident, as seen before, that the regions can be separated
in stellar mass surface density. All of them lie within a small
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interval in µ? of about 1 order of magnitude. In sSFR, however,
the spread within one region covers over three orders of magnitude, except for the bulge. This implies that, no matter the density of stars, a wide range of star formation rates are possible.
The bulge, which is the region with the lowest SFR, is an obvious exception to this trend. Across the regions, the correlation
sSFR and µ? is not particularly tight. In comparison, the link between both parameters and the specific dust mass is much more
compact. The correlation between sSFR and µ? is therefore not
likely to be the main driver of the other dust scaling relations.
4.3. Scaling relations at a sub-kpc level

We can now go a step further and see if and how the aforementioned scaling relations still hold at a sub-kpc level. We
are not yet able to reach the resolution of the molecular clouds,
the cradles of star formation, but we are instead sampling giant
molecular cloud aggregates or complexes. Hence, we cannot yet
say if the scaling relations will eventually break, and at which
resolution.
In the lower panels of Fig. 6 we show the Mdust /M? ratio as
a function of both the stellar mass surface density and NUV-r
colour, for the statistically independent pixels. Regions with a
higher number density of pixels in the plot are colour-coded in
yellow. Displayed as a green line is the average relation for the
pixels. The relations found between the dust-to-stellar mass ratio
and NUV-r and µ? confirm, from a local perspective, the findings of Cortese et al. (2012). As NUV-r traces sSFR very well,
we also confirm the local nature of the results from da Cunha
et al. (2010), who use the same spectral fitting tool as we do, and
found a strong correlation between the sSFR and the specific
dust content in galaxies.
As already mentioned in Sect. 4.1, M 31 has a significantly
lower SFR compared to the galaxies in the da Cunha et al. (2010)
sample. In the relation between the dust mass and the SFR for
each pixel, we recover an average displacement with respect to
the extrapolation of the empirical law found by da Cunha et al.
(2010). Nevertheless, the slope of the average relation defined
by individual pixels is remarkably similar. This suggests that the
intrinsic star formation relation (i.e. more dust equals more star
formation, or vice versa) still holds, but is less efficient and hence
scaled down to lower SFR in M 31.
Following da Cunha et al. (2010) we can compare fµ , the
fraction of the total IR luminosity contributed by dust in the diffuse ISM, to the specific SFR for each pixel. In Fig. 8, we show
how this relation, found for galaxies as a whole, is recovered on
a local basis as well, with two main differences. First, the region
corresponding to values of fµ close to 1 is more densely populated. It turns out that these regions correspond to the very red
bulge of M 31. Secondly, systematically lower sSFR values are
found for a given fµ at these local scales. This is likely a manifestation of the low star formation activity of Andromeda with
respect to the galaxies in the sample of da Cunha et al. (2010).
More specifically, these results combined together show that
the interplay between the ISM, the radiation field and the stellar
content (so the SFR as well) takes place on a sub-kpc scale. That
the scaling relations were local in nature was already suggested
in the previous section, when we subdivided M 31 in morphologically distinct regions. We can now state that, globally, the
main scaling relations are built up from the properties of the local galactic environment.
Furthermore, even on the smallest scales accessible with our
data, the inside-out trend is, on average, preserved. The bulge
is dominated by very red sub-kpc regions with very low sSFR
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Fig. 8. Density plot of the sSFR against fµ , the luminosity fraction
of ISM dust to the total dust. Yellow points indicate a higher density of points, red a lower density. The black line represents the mean
trend of the points.

values and high stellar densities. Pixels in the inner disk region
are on average slightly bluer, but still have low sSFR values. Star
forming pixels are mostly found in the 10 kpc ring and also have
the highest specific star formation. In the outer part of M 31 the
star forming activity drops again.
It must be stressed that the above considerations are the average trends constructed from the large set of pixels within each
macro-region. It is clear from the sub-kpc regions plotted in
Fig. 6 and from the trends within each region in Fig. 7, that a
wide range of physical properties are present within each of the
macro-regions. For example, the star forming ring does hold a
small number of early-type pixels, while it is dominated by the
starforming pixels. Vice versa, the inner disk of M 31 holds a
significant amount of late-type pixels, while the bulk of its subkpc regions are red and have low sSFR values. The exception
to these findings is the bulge of M 31, which consists purely of
early-type regions with high stellar densities and only a minor
SFR.
4.4. Radiation field and dust heating

We can now analyse the local characteristics of the radiation field
in Andromeda and study the dependence of the dust temperature
as a function of the stellar characteristics. This exercise has already been performed in Smith et al. (2012b), but we repeat it
here using a physically consistent model, which simultaneously
takes into account information from the whole spectral domain.
In Fig. 9 we plot the cold dust component temperature as a
function of the stellar mass surface density, for each single independent pixel (upper panel) and for each of the macro-regions
of M 31 (lower panel). We observe a clear bimodality in this
trend, which can be characterised by two slopes, with a break
at log(T ) ∼ 1.25 or T ∼ 18 K. The upper part of the relation, towards the higher temperature regime, is entirely and exclusively
populated by pixels of the bulge. In the intermediate regime, the
inner disk region dominates, while the ring and outer disk correspond to the lowest regime of temperatures and stellar densities.
Interestingly, the transition takes place at stellar surface densities of log(µ? ) ∼ 8.5. In the case of integrated galaxies, this is
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Fig. 9. Top: density plot of the stellar mass surface density µ? vs. T CISM
for the individual sub-kpc regions of M 31. Yellow points indicate a
higher density of points, red a lower density. A linear function was fit
to the bulge (green line) and disk (blue line) regions. The black line is
a theoretical function for pure heating by the old stellar populations.
Bottom: same relation, but separated in the macro-regions for M 31: the
bulge (red), the inner disk (cyan), the 10 kpc ring (blue), and the outer
disk (green). All pixel values are binned in µ? ; each point is the average
of a bin.

exactly the value that indicates the transition from disk to bulge
dominated systems (Schiminovich et al. 2007).
As described in Smith et al. (2012b), we expect a slope of
6−1 in a T d vs. µ? plot (as µ? ∼ T 4+2 from the Stefan-Boltzmann
law, weighted with the dust emissivity index β = 2) if the heating of diffuse dust is purely due to the ISRF of the old stellar
populations. The slope of the linear fit to the bulge pixels is
6.68−1 , which compares to the value of 4.61−1 that was calculated by Smith et al. (2012b), correlating the dust temperature
from black-body fitting and the 3.6 µm surface density. Figure 9
visually shows how that our value is close to the expected one.
The slope of the “low-temperature” regime is instead 11.95−1 .
The bimodal relation we find is clearly indicative of two
different heating regimes. This duality lies in the line of previous investigations of dust heating sources on sub-kpc scales
(e.g. Boquien et al. 2011; Bendo et al. 2012). In the disk of
Andromeda, the dust is heated by both old and new stars, giving rise to a rather flat slope and a significant amount of scatter.
The bulge of M 31 is instead dominated by the light of old stars,
making them the dominant dust heaters. This further supports the
results of Smith et al. (2012b), Groves et al. (2012), and Draine
et al. (2014).
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5. Discussion and conclusions
In the present work, we have performed SED fitting of a
panchromatic dataset, collected for our neighbour galaxy M 31.
New Herschel observations were combined with GALEX,
SDSS, WISE, and Spitzer data, covering UV to submm wavelengths and allowing us to derive, by exploiting a physically selfconsistent model, some physical parameters both on a global and
on a local scale. To create statistically independent regions, all
the data were convolved to a resolution matching that of the
SPIRE 500 µm waveband, the lowest in our dataset, which allowed us to probe physical scales of ∼137 × 608 pc in the plane
of M 31. In this paper we concentrate on the analysis of the scaling relations linking the dust and stellar properties.
We have fitted a multi-component theoretical SED to each
pixel which allowed us to estimate several physical properties
of that region. Every physical parameter for every pixel was
given an uncertainty estimation based on the broadness of its
corresponding PDF. Physical quantities that could not be sufficiently constrained were removed from the sample. Furthermore,
2D parameter maps are constructed for each physical
quantity.
Additionally, we have decomposed Andromeda in four
macro-regions: the bulge, the star forming ring (the so-called
10 kpc ring), and the inner and outer disk regions. The same fitting routine was applied to the integrated fluxes of each of these
main components, as well as to the global observed fluxes.
From the point of view of the dust scaling relations, M 31
is an average galaxy when compared to the local galaxies in the
HRS sample. On the other hand, it lies above the average Mdust
vs. SFR relation of da Cunha et al. (2010); despite a dust mass
close to the sample average, Andromeda is forming stars significantly less efficiently than the other galaxies.
By investigating the properties of the distinct morphological
components, we find strong hints for an inside-out star formation
scenario. In this evolutionary model, the bulk of stars are being
formed at early epochs in the bulge, and the more recent star formation happens at larger galactocentric distances (i.e. &3 kpc).
In particular, the bulk of star formation is currently taking place
in the 10 kpc ring, the morphological structure that contains most
of the dust in the galaxy. While the analysis presented in this paper can give no strong clues regarding the past star formation history, we do find an enhancement of dust and star formation in the
ring with respect to the galactic disk. This would be consistent
with a triggering due to a close encounter with the dwarf satellite
M 32. Block et al. (2006) used numerical N-body simulations to
model the effect of the passage of M 32 through Andromeda’s
disk. Beginning with a model with two spiral arms, they end up
with a morphological structure closely matching the 10 kpc ring
and the “hole” which is easily visible in IR images towards the
south. Similarly, Gordon et al. (2006) argued that a head-on encounter with M 32, might have resulted in star forming waves
propagating through the 10 kpc ring.
The bulge and inner disk region have red colours and high
stellar mass surface density (µ? ). The star forming ring and outer
disk region are bluer and have lower µ? . Each of these regions
lies on the average trend of the HRS scaling relations. In terms
of NUV-r colour, the bulge of M 31 is a remarkable exception,
being redder than any of the submm detected HRS galaxies. The
macro-regions thus have characteristics closely resembling those
of global galaxies, where the bulge and inner disk may be seen
as early-type while the ring and outer disk resemble late-type
galaxies.
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The results for M 31 not only support an inside-out formation pattern for the bulge-disk morphology, but they also tell us
something about the differences in the local environments. When
looking at the dust-to-stellar mass ratio as a function of the stellar mass surface density (see Fig. 7), we observe a smooth transition from high stellar mass/low dust regions in the bulge, to
the low stellar mass/high dust content of the outermost regions.
Only the starforming ring, containing a significant fraction of
the dust of the whole galaxy, is slightly displaced from this
relation.
On the other hand, the four regions behave quite differently
when the sSFR is plotted as a function of µ? (see Fig. 7). A tendency is found for regions of higher stellar mass surface density
to host less star formation, in a way mimicking an internal downsizing process in star formation, in which the regions of highest
stellar density have already stopped forming stars. Within each
region, the variation in µ? spans only about 1 order of magnitude, whereas the sSFR always varies by more than 3 (with the
exception of the bulge, where there is barely any star formation).
These relations seem to suggest that downsizing relations
break down when considering the smallest scales. Star formation
at these scales has a weak dependence on the stellar mass: smallscale environments characterised by different stellar masses can
be associated with very different levels of star formation, at least
as far as a quiescent galaxy like M 31 is concerned. What drives
the general star formation mode, which determines where the
galaxy as a whole places itself on the scaling relations, must instead be the total mass of all its constituents.
When considering the modelling of the observed SED on the
smallest scales, our main conclusions are as follows.
1. The SED of sub-kpc regions can be successfully fitted using
galaxy-based models, provided that the parameter space is
adequately sampled.
2. When investigating the dust heating in the bulge, we recover
the theoretical (T CISM )6 ∼ µ? relation. This indicates that old
stars are the dominant heating source in this region. The dust
heating is more ambiguous in the disk, where both star formation and the diffuse ISRF irradiate the dust.
3. We find strong correlations, on a pixel-by-pixel scale, between Mdust /M? and NUV-r (or, equivalently, sSFR), and
between Mdust /M? and µ? . These scaling relations, involving the dusty component of the ISM, are remarkably similar
to those found for entire local galaxies. This suggests that
the dust scaling relations are built in situ, with underlying
physical processes that must be local in nature.
4. As already found for other galaxies, M 31 seems to have undergone an inside-out evolution in its star formation process,
possibly influenced by interactions with its satellites.
5. When considering the smallest scales, a wide range in dust
content, sSFR, and Mdust /M? is found within Andromeda illustrating the great diversity of sub-kpc regions. Even within
the late-type ring and outer disk of M 31, early-type microregions can be found. Vice versa, the inner part of M 31 still
holds a small number of late-type regions.
The fact that we are able to reproduce the dust scaling relations
on a sub-kpc scale states that these relations are not only partially a manifestation of a galaxy-wide equilibrium, but they also
arise from local scales. Local evolutionary processes involving
dust creation and destruction lie at the base of these relations.
The balance between dust depletion and production reflects the
relative presence of old and new stars, the latter being responsible for dust generation. This raises the question: at what scales
does the balanced interplay between dust and stars break down?

S. Viaene et al.: Dust scaling relations in M 31

Answers to this may be found in similar studies of the Galactic
ISM or by future, high-resolution FIR space missions. Zooming
into the ISM of our own galaxy can unveil two very different
results. If these scaling relations break down at the size of individual molecular clouds, it would indicate that non-local scattered light plays an important role in the dust energy balance.
Alternatively, if the scaling relations stay intact, non-local light
is negligible at each scale, which would call for a revision of the
physical properties of interstellar dust.
Acknowledgements. We would like to thank Elisabete da Cunha for kindly
providing the extra libraries in MAGPHYS. We thank all the people involved
in the construction and the launch of Herschel. SPIRE has been developed
by a consortium of institutes led by Cardiff University (UK) and including
Univ. Lethbridge (Canada); NAOC (China); CEA, LAM (France); IFSI, Univ.
Padua (Italy); IAC (Spain); Stockholm Observatory (Sweden); Imperial College
London, RAL, UCL-MSSL, UKATC, Univ. Sussex (UK); and Caltech, JPL,
NHSC, Univ. Colorado (USA). This development has been supported by national funding agencies: CSA (Canada); NAOC (China); CEA, CNES, CNRS
(France); ASI (Italy); MCINN (Spain); SNSB (Sweden); STFC and UKSA
(UK); and NASA (USA). HIPE is a joint development (are joint developments) by the Herschel Science Ground Segment Consortium, consisting of
ESA, the NASA Herschel Science Center, and the HIFI, PACS and SPIRE
consortia. GALEX is a NASA Small Explorer, launched in 2003 April. We
gratefully acknowledge NASA’s support for construction, operation and science
analysis for the GALEX mission, developed in cooperation with the Centre
National d’Études Spatiales (CNES) of France and the Korean Ministry of
Science and Technology. Funding for the SDSS and SDSS-II has been provided
by the Alfred P. Sloan Foundation, the Participating Institutions, the National
Science Foundation, the US Department of Energy, the National Aeronautics
and Space Administration, the Japanese Monbukagakusho, the Max Planck
Society, and the Higher Education Funding Council for England. The SDSS web
site is http://www.sdss.org/. The SDSS is managed by the Astrophysical
Research Consortium for the Participating Institutions. The Participating
Institutions are the American Museum of Natural History, Astrophysical Institute
Potsdam, University of Basel, University of Cambridge, Case Western Reserve
University, University of Chicago, Drexel University, Fermilab, the Institute
for Advanced Study, the Japan Participation Group, Johns Hopkins University,
the Joint Institute for Nuclear Astrophysics, the Kavli Institute for Particle
Astrophysics and Cosmology, the Korean Scientist Group, the Chinese Academy
of Sciences (LAMOST), Los Alamos National Laboratory, the Max-PlanckInstitute for Astronomy (MPIA), the Max-Planck-Institute for Astrophysics
(MPA), New Mexico State University, Ohio State University, University of
Pittsburgh, University of Portsmouth, Princeton University, the United States
Naval Observatory, and the University of Washington. This work is based [in
part] on observations made with the Spitzer Space Telescope, which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under
NASA contract 1407. We especially thank P. Barmby and K. Gordon for providing the Spitzer data. This publication makes use of data products from the
Wide-field Infrared Survey Explorer, which is a joint project of the University
of California, Los Angeles, and the Jet Propulsion Laboratory/California
Institute of Technology, funded by the National Aeronautics and Space
Administration.

References
Agius, N. K., Sansom, A. E., Popescu, C. C., et al. 2013, MNRAS, 431, 1929
Aniano, G., Draine, B. T., Gordon, K. D., & Sandstrom, K. 2011, PASP, 123,
1218
Aniano, G., Draine, B. T., Calzetti, D., et al. 2012, ApJ, 756, 138
Azimlu, M., Marciniak, R., & Barmby, P. 2011, AJ, 142, 139
Barmby, P., Ashby, M. L. N., Bianchi, L., et al. 2006, ApJ, 650, L45
Barmby, P., Perina, S., Bellazzini, M., et al. 2009, AJ, 138, 1667
Beaton, R. L., Majewski, S. R., Guhathakurta, P., et al. 2007, ApJ, 658, L91
Bendo, G. J., Calzetti, D., Engelbracht, C. W., et al. 2007, MNRAS, 380, 1313
Bendo, G. J., Draine, B. T., Engelbracht, C. W., et al. 2008, MNRAS, 389, 629
Bendo, G. J., Wilson, C. D., Warren, B. E., et al. 2010, MNRAS, 402, 1409
Bendo, G. J., Boselli, A., Dariush, A., et al. 2012, MNRAS, 419, 1833
Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393
Bianchi, S. 2008, A&A, 490, 461
Block, D. L., Bournaud, F., Combes, F., et al. 2006, Nature, 443, 832
Boquien, M., Calzetti, D., Combes, F., et al. 2011, AJ, 142, 111
Boquien, M., Buat, V., Boselli, A., et al. 2012, A&A, 539, A145
Boquien, M., Boselli, A., Buat, V., et al. 2013, A&A, 554, A14

Boselli, A., Boissier, S., Cortese, L., et al. 2009, ApJ, 706, 1527
Boselli, A., Eales, S., Cortese, L., et al. 2010, PASP, 122, 261
Brinchmann, J., Charlot, S., White, S. D. M., et al. 2004, MNRAS, 351, 1151
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Chabrier, G. 2003, PASP, 115, 763
Charlot, S., & Fall, S. M. 2000, ApJ, 539, 718
Chemin, L., Carignan, C., & Foster, T. 2009, ApJ, 705, 1395
Clemens, M. S., Negrello, M., De Zotti, G., et al. 2013, MNRAS
[arXiv:1305.1647]
Corbelli, E., Lorenzoni, S., Walterbos, R., Braun, R., & Thilker, D. 2010, A&A,
511, A89
Cortese, L., Ciesla, L., Boselli, A., et al. 2012, A&A, 540, A52
da Cunha, E., Charlot, S., & Elbaz, D. 2008, MNRAS, 388, 1595
da Cunha, E., Eminian, C., Charlot, S., & Blaizot, J. 2010, MNRAS, 403, 1894
Davies, J. I., Wilson, C. D., Auld, R., et al. 2010, MNRAS, 409, 102
de Vaucouleurs, G., de Vaucouleurs, A., Corwin, Jr., H. G., et al. 1991, Third
Reference Catalogue of Bright Galaxies.
Draine, B. T. 2003, ARA&A, 41, 241
Draine, B. T., & Li, A. 2007, ApJ, 657, 810
Draine, B. T., Dale, D. A., Bendo, G., et al. 2007, ApJ, 663, 866
Draine, B. T., Aniano, G., Krause, O., et al. 2014, ApJ, 780, 172
Dunne, L., Eales, S., Edmunds, M., et al. 2000, MNRAS, 315, 115
Engelbracht, C. W., Blaylock, M., Su, K. Y. L., et al. 2007, PASP, 119, 994
Fazio, G. G., Hora, J. L., Allen, L. E., et al. 2004, ApJS, 154, 10
Fisher, D. B., Drory, N., & Fabricius, M. H. 2009, ApJ, 697, 630
Ford, G. P., Gear, W. K., Smith, M. W. L., et al. 2013, ApJ, 769, 55
Foyle, K., Natale, G., Wilson, C. D., et al. 2013, MNRAS, 432, 2182
Fritz, J., Gentile, G., Smith, M. W. L., et al. 2012, A&A, 546, A34
Galametz, M., Madden, S. C., Galliano, F., et al. 2011, A&A, 532, A56
Galametz, M., Kennicutt, R. C., Albrecht, M., et al. 2012, MNRAS, 425, 763
Galliano, F., Hony, S., Bernard, J.-P., et al. 2011, A&A, 536, A88
Gil de Paz, A., Boissier, S., Madore, B. F., et al. 2007, ApJS, 173, 185
González Delgado, R. M., Pérez, E., Cid Fernandes, R., et al. 2013
[arXiv:1310.5517]
Gordon, K. D., Bailin, J., Engelbracht, C. W., et al. 2006, ApJ, 638, L87
Gordon, K. D., Engelbracht, C. W., Fadda, D., et al. 2007, PASP, 119, 1019
Griffin, M. J., Abergel, A., Abreu, A., et al. 2010, A&A, 518, L3
Groves, B., Krause, O., Sandstrom, K., et al. 2012, MNRAS, 426, 892
Herschel Space Observatory 2011, SPIRE Observer’s Manual, http://
herschel.esac.esa.int/Docs/SPIRE/html/spire_om.html
Hughes, T. M., Baes, M., Fritz, J., et al. 2014, A&A, 565, A4
Issa, M. R., MacLaren, I., & Wolfendale, A. W. 1990, A&A, 236, 237
Jarrett, T. H., Cohen, M., Masci, F., et al. 2011, ApJ, 735, 112
Jarrett, T. H., Masci, F., Tsai, C. W., et al. 2013, AJ, 145, 6
Karczewski, O. Ł., Barlow, M. J., Page, M. J., et al. 2013, MNRAS, 431, 2493
Keel, W. C., Manning, A. M., Holwerda, B. W., Lintott, C. J., & Schawinski, K.
2014, AJ, 147, 44
Kennicutt, R. C., & Evans, N. J. 2012, ARA&A, 50, 531
Kirk, J. M., Gear, W. K., Fritz, J., et al. 2014, MNRAS, submitted
[arXiv:1306.2913] (paper V)
Leroy, A. K., Walter, F., Brinks, E., et al. 2008, AJ, 136, 2782
Lisenfeld, U., & Ferrara, A. 1998, ApJ, 496, 145
Liu, G., Calzetti, D., Hong, S., et al. 2013, ApJ, 778, L41
Lutz, D. 2010, PACS photometer PSF, http://herschel.esac.esa.int/
twiki/pub/Public/PacsCalibrationWeb/bolopsfv1.01.pdf
Magrini, L., Bianchi, S., Corbelli, E., et al. 2011, A&A, 535, A13
Martin, D. C., Fanson, J., Schiminovich, D., et al. 2005, ApJ, 619, L1
McConnachie, A. W., Irwin, M. J., Ferguson, A. M. N., et al. 2005, MNRAS,
356, 979
Mentuch Cooper, E., Wilson, C. D., Foyle, K., et al. 2012, ApJ, 755, 165
Mo, H. J., Mao, S., & White, S. D. M. 1998, MNRAS, 295, 319
Montalto, M., Seitz, S., Riffeser, A., et al. 2009, A&A, 507, 283
Moorthy, B. K., & Holtzman, J. A. 2006, MNRAS, 371, 583
Morrissey, P., Conrow, T., Barlow, T. A., et al. 2007, ApJS, 173, 682
Muñoz-Mateos, J. C., Gil de Paz, A., Boissier, S., et al. 2007, ApJ, 658, 1006
Muñoz-Mateos, J. C., Gil de Paz, A., Boissier, S., et al. 2009a, ApJ, 701, 1965
Muñoz-Mateos, J. C., Gil de Paz, A., Zamorano, J., et al. 2009b, ApJ, 703, 1569
Noll, S., Burgarella, D., Giovannoli, E., et al. 2009, A&A, 507, 1793
Padmanabhan, N., Schlegel, D. J., Finkbeiner, D. P., et al. 2008, ApJ, 674, 1217
Parkin, T. J., Wilson, C. D., Foyle, K., et al. 2012, MNRAS, 422, 2291
Pérez, E., Cid Fernandes, R., González Delgado, R. M., et al. 2013, ApJ, 764,
L1
Petty, S. M., Neill, J. D., Jarrett, T. H., et al. 2013, AJ, 146, 77
Pilbratt, G. L., Riedinger, J. R., Passvogel, T., et al. 2010, A&A, 518, L1
Poglitsch, A., Waelkens, C., Geis, N., et al. 2010, A&A, 518, L2
Popescu, C. C., & Tuffs, R. J. 2002, MNRAS, 335, L41
Popescu, C. C., Tuffs, R. J., Völk, H. J., Pierini, D., & Madore, B. F. 2002, ApJ,
567, 221

A71, page 17 of 22

A&A 567, A71 (2014)
Popescu, C. C., Tuffs, R. J., Dopita, M. A., et al. 2011, A&A, 527, A109
Richstone, D., & Sargent, W. L. W. 1972, ApJ, 176, 91
Rieke, G. H., Young, E. T., Engelbracht, C. W., et al. 2004, ApJS, 154, 25
Rowlands, K., Dunne, L., Maddox, S., et al. 2012, MNRAS, 419, 2545
Salim, S., Charlot, S., Rich, R. M., et al. 2005, ApJ, 619, L39
Sandstrom, K. M., Leroy, A. K., Walter, F., et al. 2013, ApJ, 777, 5
Schiminovich, D., Wyder, T. K., Martin, D. C., et al. 2007, ApJS, 173, 315
Sick, J., Courteau, S., Cuillandre, J.-C., et al. 2014, AJ, 147, 109
Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163
Smith, M. W. L., Vlahakis, C., Baes, M., et al. 2010, A&A, 518, L51
Smith, D. J. B., Dunne, L., da Cunha, E., et al. 2012a, MNRAS, 427, 703
Smith, M. W. L., Eales, S. A., Gomez, H. L., et al. 2012b, ApJ, 756, 40
Sodroski, T. J., Odegard, N., Arendt, R. G., et al. 1997, ApJ, 480, 173
Tabatabaei, F. S., & Berkhuijsen, E. M. 2010, A&A, 517, A77

Tabatabaei, F. S., Braine, J., Xilouris, E. M., et al. 2014, A&A, 561, A95
Tamm, A., Tempel, E., Tenjes, P., Tihhonova, O., & Tuvikene, T. 2012, A&A,
546, A4
Tempel, E., Tamm, A., & Tenjes, P. 2010, A&A, 509, A91
Tempel, E., Tuvikene, T., Tamm, A., & Tenjes, P. 2011, A&A, 526, A155
Thilker, D. A., Hoopes, C. G., Bianchi, L., et al. 2005, ApJ, 619, L67
Tuffs, R. J., Popescu, C. C., Völk, H. J., Kylafis, N. D., & Dopita, M. A. 2004,
A&A, 419, 821
Walterbos, R. A. M., & Schwering, P. B. W. 1987, A&A, 180, 27
Werner, M. W., Roellig, T. L., Low, F. J., et al. 2004, ApJS, 154, 1
White, S. D. M., & Frenk, C. S. 1991, ApJ, 379, 52
Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ, 140,
1868
York, D. G., Adelman, J., Anderson, Jr., J. E., et al. 2000, AJ, 120, 1579

Pages 19 to 22 are available in the electronic edition of the journal at http://www.aanda.org

A71, page 18 of 22

S. Viaene et al.: Dust scaling relations in M 31

Appendix A: Multi-wavelength data processing

A.1. Image manipulations

Dec (J2000)
Dec (J2000)

In this section we present the road towards spatially resolved,
panchromatic SED fitting. The data obtained from various
sources and own Herschel observations are manipulated in order to make a consistent comparison over such a wide wavelength range (Appendix A.1). These manipulations bring with
them a complex uncertainty propagation which is addressed in
Appendix A.2.

45m

A.1.1. Background subtraction

A.1.2. Masking

Andromeda covers a large part of the sky for a single galaxy
and lies close to the Galactic disk (with a Galactic latitude of
−21.6◦ ). It is consequently contaminated by the light of thousands of foreground stars, especially in the UV and optical part
of the spectrum. At longer wavelengths, the infrared emission of
background galaxies becomes the main source of contaminating
sources. At Herschel wavelengths, however, most of the emission from non-M 31 point sources is negligible even at scales
of the SPIRE 500 µm beam. As mentioned before, the extended
emission of the Milky Way Galactic Cirrus is prominently visible here. This dust emission can fortunately be associated with
HI emission. Using the velocity information of HI maps, the
Galactic cirrus can partly be disentangled from the emission of
M 31. Paper I goes into more detail about this technique.
We made use of SExtractor v2.8.6 (Bertin & Arnouts 1996)
to list the location of all point sources above a certain threshold
(5 times the background noise level). The program simultaneously produces background maps that can be tweaked to represent the diffuse emission from M 31. In this way, we could
replace the non-M 31 point sources with the local M 31 background value obtained from these maps.

RA (J2000)

42m

41m

40m

39m

38m 0h 37m

u

+42◦ 150

u - masked
30

0

+42◦ 150

0.03

46m

Dec (J2000)

43m

300

0.00

Dec (J2000)

The WISE and GALEX subsets had a non-zero average background value due to emission from unresolved sources. The
Herschel images also come with a flat, non-zero background as
a consequence of the data reduction process. The average background for the Spitzer and SDSS images was already zero, hence
no background subtraction was performed for these frames.
While global background gradients were significant in the
WISE frames, no clear gradients were identified in the GALEX
or Herschel images. We therefore fit and subtract a second-order
polynomial to the background in the WISE frames using standard ESO-MIDAS routines. In the other frames, we estimate the
background as follows.
A set of regions was chosen far enough from visible emission from M 31 to avoid contamination by the galaxy, but close
enough to make a reliable estimation of the background near
the M 31. Inside these pre-defined regions, a number of aperture measurements was made. The number of measurements per
region was set to be proportional to the number of pixels inside. For PACS and SPIRE, a total of 10 000 measurements were
spread over 8 regions. In the GALEX fields, 20 000 measurements were divided over 23 regions. From the set of measured
fluxes, a sigma clipped median was derived as a reliable estimate for the background flux. We used 3σ as a threshold and
iterated until convergence. This median background value was
consequently subtracted from the images.
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Fig. A.1. Masking of point sources that do not belong to M 31: before
and after view of the galaxy in the u band (top) and IRAC 3.6 µm band
(bottom).

For each source an optimal radius was derived by comparing the pixel flux with the local background at increasing distance from the peak location. Once the pixel-to-background flux
ratio dropped below 2, the radius was cut off at that distance.
Based on this radius, a total flux was extracted in order to make
colour evaluations. We constructed point source masks for the
GALEX, SDSS, WISE, and Spitzer subsets based on different
colour criteria.
The GALEX and SDSS point sources were evaluated based
on their UV colour. This technique was applied by Gil de Paz
et al. (2007) for over 1000 galaxies and proved successful. In
practice, we mask all sources with
|FUV-NUV| > 0.75

(A.1)

if they are detected at the 1σ level in their particular wavelength
band. SExtractor identified 58 330 point sources in the UV fields,
of which over 51 000 were masked in the FUV and NUV. Many
point sources from the UV catalogue were not detected at optical bands, hence only 25 000 sources were masked in the SDSS
bands. Around 7000 sources were identified as extragalactic.
They were therefore assumed to belong to M 31 and were not
masked.
As an example, Fig. A.1 shows the u-band image of M 31
before and after the mask was applied. The contamination of the
image has been significantly reduced using the above technique.
The point sources in the WISE and the Spitzer IRAC
and MIPS frames were masked analogously, based on their
A71, page 19 of 22
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IRAC, and MIPS bands, respectively. The handful of sources
that were incorrectly masked were manually restored.
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A.1.3. Convolution and rescaling

4.0
2.0
1.0
0.4
0.2

0.4

1.0

F3.6/F5.8

2.0

4.0

Fig. A.2. Colour−colour plot of the IRAC selected bright sources. The
sources inside the red rectangle are identified as H regions belonging
to M 31. They were consequently not masked.

IRAC colours (see below). At these wavelengths, however, the
non-M 31 point sources are a mix of foreground stars and background galaxies. Furthermore, some bright sources may be associated with H regions in M 31 and must not be masked. We designed a scheme based on the technique by Muñoz-Mateos et al.
(2009b), which was successfully applied to the SINGS galaxies.
Foreground stars have almost no PAH emission, while the diffuse
ISM in galaxies shows a roughly constant F5.8 /F8 ratio (Draine
& Li 2007). Background galaxies are redshifted spirals or ellipticals and can consequently have a wide range in F5.8 /F8 . It is
thus possible to construct a rough filter relying on the difference
in MIR flux ratios. First, it was checked which point source extracted from the IRAC 3.6 µm had a non-detection at 8 µm. This
criterion proved to be sufficient to select the foreground stars
in the field. A second, colour-based, criterion disentangled the
background galaxies from the H regions:
0.29 < F5.8 /F8 < 0.85
F3.6 /F5.8 < 1.58.

(A.2)
(A.3)

Figure A.2 shows the colour−colour diagram for these sources.
The H regions follow a more or less horizontal track at the
lower-left part of the plot. The colour criteria for filtering out
these H regions were obtained empirically to ensure effective
identification. Once identified, these star forming regions were
consequently not masked. The resulting mask was applied to all
IRAC and MIPS bands. Sources that were not detected at longer
wavelengths were obviously not masked. Figure A.1 shows the
IRAC 3.6 µm image of M 31 before and after the mask was applied. SExtractor identified 1933 sources in the IRAC bands and
536 in MIPS. From these catalogues, around 1800 sources were
masked in IRAC and 230 in MIPS. All masked sources in IRAC
were also masked in the WISE frames as both instruments cover
roughly the same wavelength range. No additional masking was
necessary for the WISE data.
As a way to check the reliability of our masks, we compared
the masked regions with the locations of known Andromeda
sources, i.e. H regions and planetary Nebula (Azimlu et al.
2011) and bright young clusters (Barmby et al. 2009). The overlap between our masked sources and actual M 31 sources proved
negligible; 0.3%, 0.1%, 0.4%, 0.4%, and 1.5% of the identified
sources were incorrectly masked in the GALEX, SDSS, WISE,
A71, page 20 of 22

The masked images were all brought to the same resolution
before extracting the separate pixel values. By doing this, information is lost because of the significantly lower resolutions
of the end products. It is, however, a critical step to make a
consistent comparison of the fluxes over this wide range of
wavelengths. Our working resolution was limited by the SPIRE
500 µm point spread function, which is 36.0 arcseconds. As
M 31 is the nearest spiral galaxy, this still corresponds to an unprecedented physical scale of 136.8 pc. Aniano et al. (2011) conducted an in-depth study on convolution kernels for most known
telescope PSFs. Additionally they wrote an efficient IDL routine convolve_image.pro which makes use of their designed
kernels and takes NaN values into account when convolving.
The kernels for the GALEX, WISE, IRAC, MIPS, PACS, and
SPIRE instruments were readily available to make the convolution. For the SDSS images, we used a Gaussian-to-SPIRE 500
kernel which assumes an initial FWHM of 400 for the SDSS images (see Sect. 2.2).
The SPIRE 500 µm beam is sampled with a pixel scale of
1200 which means the PSF covers nine pixels which are not independent. The frame thus had to be rebinned to a pixel scale
of 3600 to make each pixel correspond to a statistically independent region in M 31. The convolved frames were consequently
rescaled to match the pixel grid of the SPIRE 500 µm rebinned
image. Our data cube covers the electromagnetic spectrum from
UV to submm wavelengths. Figure A.3 gives an overview of all
frames used for the fitting of a panchromatic SED to each pixel.
This series of steps results in sets of corresponding pixels
which each represent a physical region of 136.8 × 608.1 pc along
the major and minor axes (using an inclination of i = 77◦ ). Off
course, it must be noted that the third dimension, the direction
along the line of sight, also contributes to the appearance of each
pixel. Spiral galaxies are, however, known to have relatively thin
disks compared to their lengths, so even along this axis, the
resolution remains subgalactic. The attenuation effects of this
larger dimension will, however, be treated during the modelling
in terms of optical depth parameters (see Sect. 3.1).
A.2. Single-pixel uncertainties

Each pixel comes with several sources of uncertainty, which will
have to be estimated and combined to a total error. Uncertainty
propagation based on initial errors can become complex and hazardous after masking, convolutions, rebinning, and rescaling. In
their Appendix D.1, Aniano et al. (2012) opted to start the uncertainty estimation after all these steps in their resolved analysis for NGC 628 and NGC 6946. They postulate two sources
of uncertainties: background variations and calibration errors.
Additionally, we add a third source for the UV and optical subsets: the Poisson error. This term is negligible for infrared and
submm observations because of the large number of incoming
photons.
A.2.1. Background variations

Variations of the background can give rise to errors in the flux
measurements. To estimate the impact of this term, we select regions around M 31 where the background is dominant. A sigma
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Fig. A.3. Overview of the FUV to submm dataset at SPIRE 500 resolution, rotated from a position angle of 38◦ .

clipping filter is used on the pixels inside each region. Different
methods of sigma clipping were evaluated. They proved not to
affect the resulting variance by much as the evaluated regions
were chosen to be free of point sources. In the end, a low-level
clipping was done (10σ and only two iterations) to filter out any
non-background emission. The variance of the remaining pixels
from all of the regions will be a good representation of the background variation error σbackground , following Equation D2 from
Aniano et al. (2012),
s
X
1
σbackground =
[I obs (x, y)]2 ,
(A.4)
Nbg − 3 (x,y)

where Nbg is the number of background pixels used and I obs the
observed background subtracted flux of the pixel with coordinates x and y. For each telescope, a different set of background
regions was used. This was needed because the background and
Galactic Cirrus features change in morphology and brightness
along the electromagnetic spectrum.
A.2.2. Poisson errors

Photon arrivals are considered a random event following a
Poisson distribution; the variability of the counts scales with
the square root of the number of photons. Infrared and submm
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observations deal with huge numbers of photons (all of which
have low energy) and consequently have a negligible Poisson
error compared to calibration uncertainties and background
variations.
Optical and UV observations, however, do not collect as
many photons and consequently their Poisson-like nature could
start to play a more prominent role. In the cases of the GALEX
and SDSS observations, the images were converted from flux
to actual photon counts using the individual exposure time for
each pixel and then converted to counts/Sr. This surface density
unit was necessary to rebin and rescale the frames to the SPIRE
500 µm pixel grid without disrupting the exposure time information. We note that convolution did not take place here. The
resulting images were converted back to counts using the new
pixel scale and from here the Poisson errors could be computed
for each individual pixel by taking the square root of the counts.

Table A.1. Overview of the adopted relative calibration uncertainties
for each pixel.

A.2.3. Calibration errors

In higher signal-to-noise areas, the calibration of the instrumentation can become a dominant term. We therefore include a
fixed percentage as calibration uncertainty for each filter (see
Table A.1) in addition to the previous error terms.
Finally, all error sources are added in quadrature for each
pixel i and each wavelength band λ to obtain its total photometric
uncertainty
q
bg
Pois 2
2
σTot
=
(σλ,i )2 + (σcal
(A.5)
λ,i
λ,i ) + (σλ,i ) .

Filter

Error

Reference

GALEX-FUV

5%

a

GALEX-NUV

3%

a

SDSS

2%

b

WISE-W1

2.4%

c

WISE-W2

2.8%

c

WISE-W3

4.5%

c

WISE-W4

5.7%

c

IRAC-3.6

8.3%

d

IRAC-4.5

7.1%

d

IRAC-5.8

22.1%

d

IRAC-8

16.7%

d

MIPS 24

4%

e

MIPS 70

10%

f

PACS
SPIRE

10%
7%

h

g

References. (a) Morrissey et al. (2007); (b) Padmanabhan et al. (2008);
(c) Jarrett et al. (2011); (d) Aniano et al. (2012); (e) Engelbracht
et al. (2007); (f) Gordon et al. (2007); (g) Paper I; (h) Herschel Space
Observatory (2011).

Appendix B: Integrated photometry of the separate regions
Table B.1. Overview of the obtained fluxes for the different regions of Andromeda.
Band

Global

Bulge

Inner disk

Ring

Outer disk

M 32

FUV
NUV
u
g
r
i
z
W1
IRAC 3.6
IRAC 4.5
W2
IRAC 5.8
IRAC 8
W3
W4
MIPS 24
MIPS 70
PACS 100
PACS 160
SPIRE 250
SPIRE 350
SPIRE 500

1.483 ± 0.074
2.67 ± 0.08
18.71 ± 0.37
84.2 ± 1.7
183.4 ± 3.7
279.6 ± 5.6
342 ± 6.8
287.3 ± 6.9
286 ± 24
161 ± 11
158.5 ± 4.4
222 ± 49
211 ± 35
209.3 ± 9.4
164.2 ± 9.4
119 ± 48
1051 ± 110
3500 ± 350
7526 ± 750
5952 ± 420
3122 ± 220
1350 ± 94

0.042 ± 0.0021
0.1403 ± 0.0042
3.418 ± 0.068
17.55 ± 0.35
38.88 ± 0.78
60.7 ± 1.2
80 ± 1.6
63.4 ± 1.5
63.1 ± 5.2
36.7 ± 2.6
33.7 ± 0.94
34.4 ± 7.6
21.2 ± 3.5
14.48 ± 0.65
9.51 ± 0.54
8±3
97.9 ± 9.8
195 ± 19
199 ± 20
87.4 ± 6.1
33.8 ± 2.4
11.76 ± 0.82

0.1742 ± 0.0087
0.447 ± 0.013
5.59 ± 0.11
27.88 ± 0.56
63.5 ± 1.3
99 ± 2
120.6 ± 2.4
103.2 ± 2.5
103.2 ± 8.6
58.9 ± 4.2
56.2 ± 1.6
68 ± 15
50 ± 8.3
48.4 ± 2.2
36 ± 2
26 ± 10
228 ± 23
805 ± 81
1630 ± 160
1126 ± 79
520 ± 36
201 ± 14

0.451 ± 0.023
0.763 ± 0.023
3.691 ± 0.074
15.34 ± 0.31
33.73 ± 0.67
51 ± 1
56.3 ± 1.1
56.2 ± 1.3
56.1 ± 4.7
32.3 ± 2.3
32.1 ± 0.9
59 ± 13
94 ± 16
79.6 ± 3.6
69 ± 3.9
56 ± 22
492 ± 49
1601 ± 160
3588 ± 360
2736 ± 190
1395 ± 98
583 ± 41

0.811 ± 0.041
1.304 ± 0.039
5.77 ± 0.12
22.37 ± 0.45
45.1 ± 0.9
65 ± 1.3
80.9 ± 1.6
61.4 ± 1.5
60 ± 5
31.5 ± 2.2
34.77 ± 0.97
59 ± 13
44.4 ± 7.4
66 ± 3
49.3 ± 2.8
29 ± 12
233 ± 23
893 ± 89
2094 ± 210
1992 ± 140
1168 ± 82
551 ± 39

0.00587 ± 0.00029
0.01807 ± 0.00054
0.259 ± 0.0052
1.17 ± 0.023
2.394 ± 0.048
3.596 ± 0.072
4.52 ± 0.09
3.372 ± 0.081
3.37 ± 0.28
2.08 ± 0.15
1.855 ± 0.052
1.75 ± 0.39
1.53 ± 0.25
1.015 ± 0.046
0.671 ± 0.038
0.5 ± 0.2
1.49 ± 0.15
8.13 ± 0.82
18.9 ± 1.9
13.25 ± 0.93
7.29 ± 0.51
3.37 ± 0.24

Notes. All measurements are in units of Jansky.

A71, page 22 of 22

