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ABSTRACT

We study the evolution of the dust temperature of galaxies in the SFR—M, plane up to z ~ 2 using far-infrared and submillimetre observations from
the Herschel Space Observatory taken as part of the PACS Evolutionary Probe (PEP) and Herschel Multi-tiered Extragalactic Survey (HerMES)
guaranteed time key programmes. Starting from a sample of galaxies with reliable star-formation rates (SFRs), stellar masses (M.) and redshift
estimates, we grid the SFR—M, parameter space in several redshift ranges and estimate the mean dust temperature (7g,s) of each SFR-M,—z
bin. Dust temperatures are inferred using the stacked far-infrared flux densities (100-500 um) of our SFR—M,—z bins. At all redshifts, the dust
temperature of galaxies smoothly increases with rest-frame infrared luminosities (Ljr), specific SFRs (SSFR; i.e., SFR/M.), and distances with
respect to the main sequence (MS) of the SFR—M. plane (i.e., Alog (SSFR)us = log [SSFR(galaxy)/SSFRus(M., z)]). The Tqu—SSFR and Tgyus —
Alog (SSFR)ys correlations are statistically much more significant than the 74,,—Lig one. While the slopes of these three correlations are redshift-
independent, their normalisations evolve smoothly from z = 0 and z ~ 2. We convert these results into a recipe to derive T4,y from SFR, M, and
z, valid out to z ~ 2 and for the stellar mass and SFR range covered by our stacking analysis. The existence of a strong Tyus—A log (SSFR)ms
correlation provides us with several pieces of information on the dust and gas content of galaxies. Firstly, the slope of the Tgu,q—Alog (SSFR)ms
correlation can be explained by the increase in the star-formation efficiency (SFE; SFR/Mg,) with Alog (SSFR)ys as found locally by molecular
gas studies. Secondly, at fixed Alog (SSFR)us, the constant dust temperature observed in galaxies probing wide ranges in SFR and M. can be
explained by an increase or decrease in the number of star-forming regions with comparable SFE enclosed in them. And thirdly, at high redshift,
the normalisation towards hotter dust temperature of the 74,4—A log (SSFR)ys correlation can be explained by the decrease in the metallicities of
galaxies or by the increase in the SFE of MS galaxies. All these results support the hypothesis that the conditions prevailing in the star-forming
regions of MS and far-above-MS galaxies are different. MS galaxies have star-forming regions with low SFEs and thus cold dust, while galaxies
situated far above the MS seem to be in a starbursting phase characterised by star-forming regions with high SFEs and thus hot dust.
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1. Introduction cosmic web (e.g., Dekel et al. 2009). In that picture, occa-
sional major merger events create extreme systems with in-
tense short-lived starbursts, which are offset from the MS of
star formation (see e.g., Engel et al. 2010). One strong obser-
vational confirmation of this interpretation is that the physical
properties of star-forming galaxies are fundamentally linked to
their positions with respect to the MS of star formation (i.e.,
Alog (SSFR)\is = log [SSFR(galaxy)/SSFRys(M.,z)]). On one
hand, galaxies situated on the MS of star formation typically
have a disk-like morphology, relatively low SFR surface density
(Wuyts et al. 2011b), high ratio of mid-infrared polycyclic aro-
matic hydrocarbon (PAHs) to far-infrared (FIR) emission (Elbaz
et al. 2011; Nordon et al. 2012), and a high C1-to-FIR ratio
(Gracia-Carpio et al. 2011). On the other hand, off-MS galax-
ies (throughout, the term “off-MS galaxies” refers to galax-

Over the last 10 Gyr of lookback time, we observed a clear
correlation between the star formation rate (SFR) and the
stellar mass (M,) of star-forming galaxies, SFR o« MY, with
05 < a < 1.0 (Brinchmann et al. 2004; Schiminovich
et al. 2007; Noeske et al. 2007; Elbaz et al. 2007; Daddi
et al. 2007; Pannella et al.(2009)Pannella Carilli; Dunne et al.
2009; Rodighiero et al. 2010; Oliver et al. 2010; Magdis et al.
2010b; Karim et al. 2011; Mancini et al. 2011; Whitaker et al.
2012). The existence of this so-called “main sequence” (MS)
of star formation, whose normalisation declines from z = 2.5
to 0, is usually taken as evidence that the bulk of the star-
forming galaxy (SFG) population is evolving through a steady
mode of star formation, likely sustained by the accretion of

cold gas from the intergalactic medium (IGM) or along the

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.

** Appendices are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

ies situated above the MS) have cuspier morphology, higher
SFR surface density, smaller PAH-to-FIR ratio and C 11-to-FIR
ratios. Additionally, on- and off-MS galaxies exhibit fundamen-
tal differences in the physical conditions prevailing in their gi-
ant molecular clouds (GMCs). MS galaxies have high CO-to-
H; conversion factors, consistent with star-forming regions that
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are mainly constituted by well virialized GMCs, while off-MS
galaxies have low CO-to-H; conversion factors, consistent with
star-forming regions being constituted by unvirialized GMCs, as
observed in local major mergers (Magnelli et al. 2012b; Genzel
et al. 2010; Daddi et al. 2010; Magdis et al. 2012).

The task at hand is now to confirm this interpretation of on-
and above-MS galaxies, but also to understand the evolutionary
scenario linking this population of star-forming galaxies with the
large population of massive (i.e., M, > 10'%° M) and passive
(i.e., SFR < 1 M, yr~!) galaxies constituting the “red sequence”
of the optical colour-magnitude diagram (e.g., Baldry et al. 2004;
Faber et al. 2007), and which exists over the full redshift range
covered by our study (Fontana et al. 2009).

In this context, we study here the evolution of the dust tem-
perature (Tq,) of galaxies in the SFR—M, plane up to z ~ 2.
Such an analysis is crucial, because estimates of Tgus provide
us with information on the physical conditions prevailing in the
star-forming regions of galaxies. In particular, because there is a
link between T4y, the radiation field, dust and gas content (via
the gas-to-dust ratio), the existence of a positive correlation be-
tween dust temperature and Alog (SSFR)vs would give strong
support to the usual interpretation of the MS of star formation.
Indeed, MS galaxies with their low SFR surface densities and
star-formation efficiencies (SFE, i.e., SFR/Mg,s; Saintonge et al.
2012) should have relatively low dust temperatures, while off-
MS galaxies with their high SFR surface densities and SFEs
should have hotter dust temperatures. In addition, we note that
studying variations of the dust temperature in the SFR—-M,
plane is also important to test the accuracy of FIR spectral en-
ergy distribution (SED) libraries routinely used to infer total in-
frared luminosities from monochromatic observations, or used
in backward evolutionary models (see e.g., Valiante et al. 2009;
Béthermin et al. 2012a).

Estimating Tqu for a large sample of galaxies up to z ~ 2
was only made possible by the Herschel Space Observatory
(Pilbratt et al. 2010). With the Photodetector Array Camera
and Spectrometer (PACS; Poglitsch et al. 2010) instrument and
the Spectral and Photometric Imaging REceiver (SPIRE; Griffin
et al. 2010), it is possible to probe the peak of the rest frame
FIR/submillimetre emission of galaxies. Here, we use the deep-
est PACS and SPIRE observations obtained as part of the PACS
Evolutionary Probe (PEP!; Lutz et al. 2011) and the Herschel
Multi-tiered Extragalactic Survey (HerMES?; Oliver et al. 2012)
guaranteed time key programmes covering an area of ~ 2.0 deg?.
The combination of these PACS and SPIRE observations, to-
gether with a careful stacking analysis, provide a very power-
ful tool to study the FIR/submillimetre SEDs of high-redshift
galaxies. In particular, we are able to grid the SFR—M. plane
in several redshift bins, extending up to z ~ 2, and to estimate
the dust temperature of each SFR—-M,—z bin. Based on these es-
timates, we study the correlation between the dust temperature
of galaxies and their infrared luminosities (see also Symeonidis
et al. 2013), specific SFRs (SSFR, i.e., SFR/M.) and their dis-
tances with respect to MS of star formation. Then, using a simple
model to link T4, with the dust and gas content of galaxies, we
ascribe these correlations to variations in the physical conditions
prevailing in their star-forming regions.

The paper is structured as follows. In Sect. 2 we present
the Herschel data and the multi-wavelength sample used in our
study. Section 3 presents the method used to infer the evolution
of the dust temperature in the SFR— M., plane from individual de-

' http://www.mpe.mpg.de/ir/Research/PEP
2 http://hermes.sussex.ac.uk
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tections and a careful stacking analysis. We discuss the selection
function of our sample in Sect. 4.1 and present the variation of
the dust temperature in the SFR—M, plane in Sect. 4.2. Results®
are discussed in Sect. 5. Finally, we summarise our findings in
Sect. 6.

Throughout the paper we use a cosmology with Hy =
71kms™ Mpc™!, Q4 = 0.73 and Qy = 0.27. A Chabrier (2003)
initial mass function (IMF) is always assumed.

2. Data
2.1. Herschel observations

In order to derive the dust temperature of our galaxies, we use
deep PACS 100 and 160 um and SPIRE 250, 350 and 500 um ob-
servations provided by the Herschel Space Observatory. PACS
observations were taken as part of the PEP (Lutz et al. 2011)
guaranteed time key programme, while the SPIRE observations
were taken as part of the Herschel Multi-tiered Extragalactic
Survey (HerMES; Oliver et al. 2012). The combination of these
two sets of observations provides a unique and powerful tool to
study the FIR SEDs of galaxies. The PEP and HerMES surveys
and data reduction methods are described in Lutz et al. (2011)
and Oliver et al. (2012), respectively. Here, we only summarise
the properties relevant for our study.

From the PEP and HerMES programmes, we used the ob-
servations of the Great Observatories Origins Deep Survey-
North (GOODS-N) and -South (GOODS-S) fields and the
Cosmological evolution survey (COSMOS) field. Herschel flux
densities were derived with a point-spread-function-fitting anal-
ysis, guided using the position of sources detected in deep 24 um
observations from the Multiband Imaging Photometer (MIPS;
Rieke et al. 2004) on board the Spitzer Space Observatory.
This method has the advantage that it deals in large part
with the blending issues encountered in dense fields and pro-
vides a straightforward association between MIPS, PACS and
SPIRE sources as well as with the IRAC (Infrared Array
Camera) sources from which the MIPS-24 um catalogues were
constructed (Magnelli et al. 2011; Le Floc’h et al. 2009).
This MIPS-24 ym-guided extraction is reliable because it has
been shown that, even in the deepest PACS/SPIRE field, our
MIPS-24 um catalogues are deep enough to contain almost all
PACS/SPIRE sources (Magdis et al. 2011; Lutz et al. 2011;
Roseboom et al. 2010; Béthermin et al. 2012b).

In PEP, prior source extraction was performed using the
method presented in Magnelli et al. (2009), while in HerMES
it was performed using the method presented in Roseboom et al.
(2010), both consortia using consistent MIPS-24 um catalogues.
In GOODS-N and -S, we used the GOODS MIPS-24 ym cata-
logue presented in Magnelli et al. (2009, 2011) reaching a 3o
limit of 20 pJy. In COSMOS, we used the deepest MIPS-24 yum
catalogue available, reaching a 3¢ limit of 45 uJy (Le Floc’h
et al. 2009). The reliability, completeness and contamination of
our PACS and SPIRE catalogues were tested via Monte-Carlo
simulations. All these properties are given in Berta et al. (2011)
and Roseboom et al. (2010, see also Lutz et al. 2011; and Oliver
et al. 2012). Table 1 summarises the depths of the PACS and
SPIRE catalogues in each of the three fields.

Our IRAC-MIPS-PACS-SPIRE catalogues were cross-
matched with our multi-wavelength catalogues (Sect. 2.2), using
their IRAC positions and a matching radius of 1”.

3 Asimple IDL code implementing our results is available from the au-
thor at http://www.mpe.mpg.de/ir/Research/PEP/Tdust_sSFR.
This code predicts the dust temperature and the FIR/mm flux densities
of a galaxy from its SFR, M, and z.
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Table 1. Main properties of the PEP/HerMES fields used in this study.

100 um 160 um 250 um 350 um 500 um
Field Eff. area 30 Eff. area 30 Eff. area 30 Eff. area 30 Eff. area 30
arcmin’>  mly arcmin’>  mly arcmin>  mly arcmin>  mly arcmin’>  mly
GOODS-S  03"32™, —27°48’ 200 1.2 200 2.4 400 7.8 400 9.5 400 12.1
GOODS-N  12"36™, +62°14’ 200 3.0 200 5.7 900 9.2 900 12 900 12.1
COSMOS  00"00™, +02°12 7344 5.0 7344 10.2 7225 8.1 7225 10.7 7225 15.4

Notes. @ In the deep 160, 250, 350 and 500 um observations, rms values include confusion noise.

2.2. Multi-wavelength observations

In this study we make extensive use of the large wealth of
multi-wavelength observations available for the GOODS-N/S
and COSMOS fields. The full set of multi-wavelength data used
in our study is described in Wuyts et al. (2011a,b). Here, we only
summarise the properties relevant for our study.

In the COSMOS field, we used the public multi-wavelength
photometry described in Ilbert et al. (2009) and Gabasch et al.
(2008). These catalogues provide photometry in a total of
36 medium and broad bands covering the SEDs from GALEX to
IRAC wavelengths. In order to obtain reliable photometric red-
shifts, stellar masses and SFRs, we restricted these catalogues
to i < 25 (Wuyts et al. 2011b) and to sources not flagged as
problematic in the catalogue of Ilbert et al. (2009, i.e., mostly
excluding objects which are nearby bright stars). To identify
X-ray AGN we used the XMM-Newton catalogue released by
Cappelluti et al. (2009). Finally, this multi-wavelength cata-
logue was restricted to the COSMOS area covered by our deep
MIPS-PACS-SPIRE catalogue. This leads to an effective area
of 1.9 deg?.

In the GOODS-S field we used the K (<24.3, 50°) selected
FIREWORKS catalogue of Wuyts et al. (2008), which provides
photometry in 16 bands from U to IRAC wavelengths. X-ray
observations were taken from the Chandra 2-Ms source cata-
logue of Luo et al. (2008). In the common region covered by our
deep MIPS-PACS-SPIRE observations, our GOODS-S multi-
wavelength catalogue covers an effective area of 132 arcmin?.

The GOODS-N field also benefits from extensive multi-
wavelength coverage. A z+K selected PSF-matched catalogue
was created for GOODS-N as part of the PEP survey* (Berta
et al. 2010, 2011), with photometry in 16 bands from GALEX
to IRAC wavelengths, and a collection of spectroscopic red-
shifts (mainly from Barger et al. 2008). For uniformity with the
GOODS-S catalogue, we restrict our analysis in GOODS-N to
sources with Ky < 24.3 (307). We complemented this multi-
wavelength catalogue with the X-ray Chandra 2-Ms catalogue
of Alexander et al. (2003). In the common region covered by our
deep MIPS-PACS-SPIRE observations, our GOODS-N multi-

wavelength catalogue covers an effective area of 144 arcmin?.

2.3. Spectroscopic and photometric redshifts

We use spectroscopic redshifts coming from a combination of
various studies (Cohen et al. 2000; Wirth et al. 2004; Cowie et al.
2004; Le Fevre et al. 2004; Mignoli et al. 2005; Vanzella et al.
2006; Reddy et al. 2006; Barger et al. 2008; Cimatti et al. 2008;
Lilly et al. 2009). For sources with no spectroscopic redshifts, we
instead use photometric redshift estimates. Photometric redshifts

4 Publicly available at
http://www.mpe.mpg.de/ir/Research/PEP/

were computed using EAZY (Brammer et al. 2008) and all optical
and near infrared data available. The quality of our photometric
redshifts was tested by comparing them with the spectroscopic
redshifts of spectroscopically confirmed galaxies. The median
and scatter of Az/(1 + z) are (—0.001; 0.015) at z < 1.5 and
(=0.007; 0.052) at z > 1.5. Full details are presented in Wuyts
etal. (2011a,b).

2.4. Stellar masses

Stellar masses were calculated by fitting all photometric data
with Agps < 8um to Bruzual & Charlot (2003) templates us-
ing FAST (Fitting and Assessment of Synthetic Templates; Kriek
et al. 2009). The rest-frame template error function of Brammer
et al. (2008) was also used to down-weight data points with
Adrest = 2pum. In addition, we used prescriptions from Wuyts
et al. (2011b) limiting the Bruzual & Charlot (2003) templates
to models with exponentially declining star-formation histories
and a minimum e-folding time of 300 Myr. This allows for a
much better agreement between SFRs derived from optical-to-
near-infrared SED fits and those derived using mid/FIR observa-
tions. Full details are given in Wuyts et al. (2011a,b).

2.5. Final sample

Our final sample is K-selected in GOODS-N (K < 24.3, down
to a 30 significance) and GOODS-S (K < 24.3, down to a S0
significance) but is i-selected in COSMOS (i < 25, down to a 30
significance). The choice of a i-selected sample for COSMOS
was driven by the properties of the observations publicly avail-
able for this field. Indeed, the K-selected COSMOS catalogue
of McCracken et al. (2010) is relatively shallow (i.e., Ky < 23)
and is almost fully included in the deep i-selected catalogue used
here (McCracken et al. 2010).

Our three multi-wavelength catalogues are not homoge-
neously selected and not uniform in depth, which naturally trans-
lates into different completeness limits in the SFR—M, plane.
This incompleteness could prevent us from drawing strong con-
clusions on the absolute number density of sources in a given
SFR—-M. bin and could also jeopardise the characterisation of
their FIR properties. However, we decided here not to apply
complex and very uncertain incompleteness corrections for the
following reasons.

In the GOODS fields, the selection wavelength of our multi-
wavelength catalogues, the K band, nearly translates into pure
mass completeness limits. Ilbert et al. (2013) have studied the
mass completeness limits of a Ks-selected sample with a magni-
tude limit of K = 24. They found that, up to z ~ 2, such sample
was complete down to M, = 10'° M. Therefore, we conclude
that with a selection limit of Ky < 24.3, our deep GOODS sam-
ples should provide us with a complete sample of galaxies with
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M, > 10" M, and up to z ~ 2. In the COSMOS field, the sit-
uation is somehow different because the selection wavelength,
the i-band, does not translate into pure mass completeness lim-
its. In a given SFR—M., bin, dusty systems will have fainter
i-band magnitudes than unobscured systems, and will be more
easily missed by our sample. In this case, the source of incom-
pleteness might correlate with the FIR properties of galaxies and
thus bias our results. Wuyts et al. (2011b) studied the region of
the SFR—-M., plane strongly affected by incompleteness in the
COSMOS i < 25 catalogue. They used an ultradeep WFC3-
selected catalogue of the GOODS-S field (down to H = 27), and
looked at the fraction of galaxies in a given SFR—M., bin that
had i < 25 (see Fig. 10 of Wuyts et al. 2011b). At M, > 10'° M,
(i.e., the mass range of interest of our study; see Sect. 4.1), they
found that the COSMOS i < 25 selected catalogue is affected
by incompleteness only at z > 1.5 and that these large incom-
pleteness mainly affect passive galaxies (completeness <30%)
and not the SFGs situated on and above the MS of star forma-
tion (completeness > 60%). From this analysis, we conclude that
up to z ~ 1.5 and for M, > 10'° My, incompleteness in SFR— M,
bins should not bias the characterisation of their FIR properties.
Atz > 1.5and M, > 10'° M, incompleteness in the COSMOS
field becomes more problematic but should not significantly af-
fect the FIR properties of SFR— M., bins situated on or above the
MS of star formation. We nonetheless verified that our results
are reproduced when limiting our analysis to the GOODS fields
(Appendix B).

Our final sample contains 8 846, 4753 and 254 749 sources
in the GOODS-N, GOODS-S®> and COSMOS fields, respec-
tively. Of these sources, 29%, 26% and 3% have a spectro-
scopic redshift, the rest photometric redshift estimates. Because
we study here the dust properties of galaxies, most of our re-
sults rely on the subset of sources with mid/FIR detections. In
GOODS-N, GOODS-S and COSMOS, 19%, 28% and 12% of
the galaxies have mid- or FIR detections, respectively. Among
those sources, 60%, 45% and 11% have a spectroscopic redshift.

2.6. Star-formation rates

We take advantage of the cross-calibrated “ladder of SFR indica-
tors” established in Wuyts et al. (2011a) and used in Wuyts et al.
(2011b). This “ladder of SFR indicators” has the advantage of
taking the best SFR indicator available for a given galaxy, and es-
tablishes a consistent scale across all these indicators. This “lad-
der” consists of three components: first, a step where galaxies
are detected both in the rest-frame UV and the FIR wavelengths
covered by the PACS/SPIRE Herschel observations; second, a
step where galaxies are detected both in the rest-frame UV and
the mid-infrared wavelengths (i.e., in the MIPS-24 ym passband)
but are undetected in the FIR; third, a step where galaxies are
only detected in the rest-frame UV to near infrared wavelengths.
In our final sample, 7216, 26 727 and 234 405 sources are in the
first, second and third steps of the “ladder of SFR indicators”.
For galaxies with no infrared detection (i.e., galaxies of the
third step), we used the SFRs estimated from the best fits ob-
tained with FAST (see Sect. 2.4). In the regime where reference
SFRyv4r are available, these SED-modelled SFRs are fully
consistent with those SFRyy,r estimates (Wuyts et al. 2011a).

5 Although the GOODS-S and -N multi-wavelength catalogues both
correspond to K < 24.3, the GOODS-S catalogue contains less sources
than the GOODS-N catalogue because it includes sources with > 50
while the GOODS-N multi-wavelength catalogue extends down to a 30
significance.
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For the first and second steps, SFRs were estimated by
combining the unobscured and re-emitted emission from young
stars. This was done following Kennicutt (1998) and adopting a
Chabrier (2003) IMF:

SFRuv+ir[Moyr™'1 = 1.09 x 107" (Lir[Lo] + 3.3 X Lagoo[Lo]),
(1

where Lygoo = vL,(2800 A) is computed with FAST from the
best-fitting SED (see Sect. 2.4) and the rest-frame infrared lu-
minosity Lig = L(8—1000 um) is derived from our mid/FIR ob-
servations. For galaxies with FIR detections, Lig was inferred
by fitting their FIR flux densities (i.e., PACS and SPIRE) with
the SED template library of Dale & Helou (2002, DH), leav-
ing the normalisation of each SED template as a free parameter.
Examples of these fits are given in Fig. A.1. We note that using
the SED template library of Chary & Elbaz (2001) instead of that
of DH to derive Ljr (again leaving the normalisation as a free
parameter), has no impact on our results. Indeed, the L /LSE!
distribution has a mean value of 1 and a dispersion of 13%. The
infrared luminosity of galaxies with only a mid-infrared detec-
tion was derived by scaling the SED template of MS galaxies
(Elbaz et al. 2011) to their MIPS-24 um flux densities. This spe-
cific SED template was chosen because it provides good 24 yum-
to-Lig conversions over a broad range of redshifts for the vast
majority of star-forming galaxies (i.e., the MS galaxies; Elbaz
et al. 2011). Figure 1 shows the localisation on the SFR-M.,
plane of galaxies with FIR+UV, mid-infrared+UV and UV-only
detections (i.e., galaxies from the first, second and third step of
the ladder, respectively). At M, > 10'° M, galaxies with only
mid-infrared+UV detections are mostly situated on or below the
MS of star formation. For these galaxies, the use of a 24 um-
to-Lig conversion based on the SED template of MS galaxies
should thus be a fairly good approximation. To further check the
quality of this approximation, we verified that in all SFR—M.
bins analysed here, the mean infrared luminosities inferred from
our FIR stacking analysis (see Sect. 3.2) agrees within 0.3 dex
with those inferred from our “ladder of SFR indicators”.

2.7. The main sequence of star formation

Figure 2 shows the number density of sources in the SFR—-M.
plane. At M, < 10'"' My, we observe that in a given stellar
mass bin, most of the galaxies have the same SFR and this
characteristic SFR increases with stellar mass. In contrast, at
M, > 10" M,, SFRs seems to follow a bimodal distribution;
with high SFRs extending the SFR—M. correlation observed
at low stellar masses, and low SFRs forming a “cloud” situ-
ated far below this correlation. This bimodal distribution echoes
that observed in the optical colour-magnitude diagram (e.g.,
Baldry et al. 2004; Faber et al. 2007), galaxies with low SFRs
corresponding to galaxies from the “red sequence”, and galax-
ies with high SFRs corresponding to galaxies from the “blue
cloud”. Focusing our attention on galaxies with relatively high
SFRs, we note that over a large range of stellar masses (i.e.,
10° < M, [My] < 10'!), they follow a clear SFR—M, correla-
tion. This correlation is called “the main sequence” (MS) of star
formation (Noeske et al. 2007).

At M, > 10'° M, there is a good agreement between the MS
observed in our sample and those inferred by Rodighiero et al.
(2010) or Elbaz et al. (2011). However, taking into account the
full range of stellar masses available, we observe a significant
difference between our MS and those of Rodighiero et al. (2010)
or Elbaz et al. (2011): the slopes of our main sequences change
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Fig. 1. Type of SFR indicator used in each SFR—M, bin. Red colours correspond to SFR—M, bins in which all galaxies have a FIR (i.e.,
PACS/SPIRE) detection, i.e., galaxies of the first step of the “ladder of SFR indicator”. Green colours correspond to SFR—M., bins in which
galaxies are not detected in the FIR but are detected in the mid-infrared, i.e., galaxies of the second step of the “ladder of SFR indicator”. Black
colours correspond to SFR—M, bins in which galaxies are only detected in the optical/near-infrared, i.e., galaxies of the third step of the “ladder
of SFR indicator”. Short-dashed lines on a white background show the MS of star formation (see Sect. 2.7).

with stellar mass. Such a curved MS, not well described by a
simple power-law function, has also been observed at z ~ 1.25
by Whitaker et al. (2012). Their main sequence, fitted with a
second order polynomial function, agrees with that observed in
our sample. Whitaker et al. (2012) argue that the change in the
slope of the MS at high stellar masses also corresponds to a
change in the intrinsic properties of the galaxies: at high stel-
lar masses, sources are more dust rich and follow a different MS
slope than lower mass galaxies with less extinction (traced by
the Lig /Lyv ratio).

At high stellar masses (M, > 10'° M), where our results
are focused, the slight disagreements observed between our MS
and those from the literature could come from several types
of uncertainties and/or selection biases (see, e.g., Karim et al.
2011). To study all these uncertainties and selection biases is
beyond the scope of this paper. Nevertheless, because we want
to investigate variations of the FIR SED properties of galax-
ies in the SFR—M., plane, we need to precisely define the lo-
calisation of the MS of star formation in each redshift bin. To
be self-consistent, we derived the localisation of the MS us-
ing our sample. In each redshift bin we proceeded as follows:
(i) we fitted a Gaussian function to the log (SFR) distribution
of sources in each stellar mass bin. To avoid being affected
by passive galaxies, we excluded from the fit all galaxies with
SFR < SFRys(M™') — 3 X o spry (M), where SFRys(M")
and ospg,, (M =1y are the localisation and dispersion of the MS in
the next lowest stellar mass bin, respectively. (ii) The localisation
of the peak and the FWHM of the Gaussian function were then
defined as being, respectively, the localisation (i.e., SFRys(M!))
and the dispersion (i.e., o-spRMS(Mi)) of the MS in this stellar

Table 2. Main sequence parameters.

Redshift A A, Aj

00<z<02 -15.11 227 -0.073
02<z<05 -2098 366 -0.152
05<z<08 =2696 477 -0.199
08<z<12 -=2651 477 -0.202
12<z<17 -13.18 218 -0.073
1.7<z<23 -9.62 1.60 -0.050

Notes. log (SFRus) = A; + A, x log (M.) + A3 x (log (M.))>.

mass bin. (iii) We fitted the peak and dispersion of the MS in
every stellar mass bin with a second order polynomial function.
Results of these fits are shown in Fig. 2 and are summarised in
Table 2. In the rest of the paper these lines are used as the MS of
star formation. We note that the typical dispersion around these
best fits is ~0.3 dex, in agreement with previous estimates of the
width of the MS of star formation (e.g., Noeske et al. 2007).

Because there is a good overall agreement between our fits
and those from the literature at M, > 10'9 M, the main re-
sults of our paper are essentially unchanged if using the MS
defined by Elbaz et al. (2011, see Appendix C). However, at
M, < 10'° Mg, our fits significantly differ from the very steep
MS defined by Elbaz et al. (2011). Although our results seem
to be confirmed by Whitaker et al. (2012), further investigations
will be required in this stellar mass range.

A86, page 5 of 22


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322217&pdf_id=1

A&A 561,

A86 (2014)

vvvvvvv R e AR REA RS

T
0.0<z<0.2

vvvvvvvv T

0.2<z<0

vvvvvvvvvvv T

T
S

vvvvvvvv R e e S

T
0.5<z<0.8

1 1 1 1 1 1 1

10 11
log(M, [Mo])

log(M. [Mo])

10 11 12 10 11 12
log(M, [Mo])

Fig. 2. Number density of sources in the SFR—M., plane. Shadings are independent for each stellar mass bin, i.e., the darkest colour indicates the
highest number density of sources in the stellar mass bin and not the highest number density of sources in the entire SFR—M. plane. Short-dashed
lines on a white background show the second order polynomial function fitted to MS of star formation (see text for details). Dotted lines present
the MS found in Elbaz et al. (2011). The red triple-dot-dashed lines represent the MS found in Rodighiero et al. (2010). The green dot-dashed
lines in the 0.8 < z < 1.2 and 1.2 < z < 1.7 panels show the MS found in Whitaker et al. (2012) at z ~ 1.25.

3. Data analysis
3.1. Dust temperatures

In order to obtain a proxy on the dust temperature of a galaxy,
one can fit its PACS/SPIRE flux densities with a single modified
blackbody function using the optically thin approximation:

V3B

4 & 9
exp(hv/kTaus) — 1

where S, is the flux density, S is the dust emissivity spectral
index and Tgus is the dust temperature. However, we decided
not to use this method for two reasons. Firstly, a single mod-
ified blackbody model cannot fully describe the Wien side of
the FIR SED of galaxies, because short wavelength observations
are dominated by warmer or transiently heated dust components.
Therefore, one would have to exclude from this fitting proce-
dure all flux measurements with, for example, Ay < S0um
(see e.g., Hwang et al. 2010; Magnelli et al. 2012a). At high-
redshift (e.g., z > 1.0), the exclusion of some valuable flux mea-
surements (e.g., PACS-100 um) would lead to an un-optimised
use of our PACS/SPIRE observations. Secondly, while the ex-
clusion of short wavelengths would prevent the fits from being
strongly biased by hot dust components, this sharp rest-frame cut
would potentially introduce a redshift dependent bias in our dust
temperature estimates. Indeed, depending on the redshift of the
source, the shortest wavelength kept in the fitting procedure (i.e.,
with Aer > 50 um) would be close, or very close, to the wave-
length cut, in which case the derived dust temperature would be
affected, or strongly affected, by hotter dust components. In the

©))
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analysis done in this paper this effect would result in an artificial
increase in 7 gy With redshift of up to ~8 K.

For these reasons, we derived the dust temperature of a
galaxy using a different approach. (i) We assigned a dust tem-
perature to each DH SED templates by fitting their z = 0 simu-
lated PACS/SPIRE flux densities with a single modified black-
body function (see Eq. (2)). (ii) We searched for the DH SED
template best-fitting the observed PACS/SPIRE flux densities of
the galaxy. (iii) The dust temperature of this galaxy was then de-
fined as being the dust temperature assigned to the correspond-
ing DH SED template. This method makes an optimal use of
our PACS/SPIRE observations and does not introduce any red-
shift biases. We also note that this method introduces a self-
consistency between our dust temperature and infrared luminos-
ity estimates for galaxies in the first step of the “ladder of SFR
indicators” (see Sect. 2.6). Indeed both estimates are inferred
using the DH SED templates best-fitting their PACS/SPIRE flux
densities.

To fit the simulated z 0 PACS/SPIRE flux densities of
the DH SED templates with a modified blackbody function (i.e.,
step (i), we fixed 8 = 1.5 and used a standard y?> minimisation
method. Results of these fits are provided in Table A.1. We note
that using 8 = 1.5 systematically leads to higher dust tempera-
tures than if using 8 = 2.0 (i.e., AT gust ~ 4 K). This Tgus:—f de-
generacy further highlights the limits of a single modified black-
body model in which one has to assume, or fit, an effective dust
emissivity. Here, we fixed 8 = 1.5 because it will provide fair
comparisons with most high-redshift studies in which the lack
of (sub)mm observations does not allow clear constraints on 3
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and in which the effective dust emissivity is usually fixed to 1.5
(e.g., Magdis et al. 2010a; Chapman et al. 2010; Magnelli et al.
2010, 2012a). We note that leaving 3 as a free parameter in our
fitting procedure leads, qualitatively and quantitatively, to nearly
the same Tgusi—Alog (SSFR)Ms, Taust—SSFR and Tguse—Lir rela-
tions (Sect. 4.2). However, due to this limitation, we stress that
the absolute values of our dust temperature estimates should not
be over-interpreted.

To fit the observed PACS/SPIRE flux densities of a galaxy
with the DH SED templates (i.e., step (ii)), we used a stan-
dard y? minimisation method. Examples of such fits are given
in Fig. A.1. The dust temperature of a galaxy was then defined
as being the mean dust temperature assigned to the DH SED
templates satisfying y> < sznin + 1, and from which we also
defined the 10 uncertainties. This definition symmetrises our er-
rors bars. We note, however, that defining the dust temperatures
as the best-fit point (i.e., where y? = /\{Izm ,) does not change our
results.

To ensure that our dust temperature estimates are based on
reliable fits and well-sampled FIR SEDs, we used three criteria:

— the reduced y? should be lower than 3 (i.e., typically, y* < 6
for Ndof = 2)

— there were at least 3 PACS/SPIRE data points with S/N > 3
to be fitted.

— PACS/SPIRE data points with S/N > 3 should encompass
the peak of the fitted DH SED templates.

In the rest of the paper, we only use and discuss dust tem-
peratures inferred from fits fulfilling these three criteria. In
Sect. 4.1 we will see that this restriction does not affect our
ability to study the evolution with redshift of the Tgus—Lir,
Tqusi—Alog (SSFR)\s and T 4y—SSFR correlations.

3.2. Stacking

In order to probe the dust temperature of galaxies below the SFR
completeness limit of our PACS/SPIRE observations we used a
stacking analysis. This allows us to obtain the mean flux density
of an individually undetected galaxy population by increasing
their effective integration time using their stacked images.

3.2.1. The stacking method

Later in this paper, we demonstrate on direct detections (see
Sect. 4) that the main parameter controlling the FIR prop-
erties of galaxies is their localisation in the SFR—M, plane.
Consequently, the most suitable way to obtain meaningful re-
sults for our stacking analysis is to separate galaxies in different
SFR-M.. bins. For each redshift bin, our stacking analysis was
thus made as follows. First, we gridded the SFR— M., plane. The
size of the SFR—M, grid was optimised to obtain the best bal-
ance between a large enough number of sources per grid cell
to improve the noise in the stacked stamps (0 geack \/]V), and
a fine enough grid to meaningfully sample the SFR—M, plane.
Then, for each Herschel band (100, 160, 250, 350 and 500 um),
we stacked all undetected galaxies in a given SFR—M, bin us-
ing the residual images®. Because our galaxy sample was drawn
from fields with different PACS/SPIRE depths, the stacked im-
age of each galaxy was weighted by the RMS map of our ob-
servations at the position of the source. Finally, the flux den-
sity was measured in each stacked image using the PSF-fitting

¢ Original maps from which we removed all 3¢ detections.

method described in Sect. 2.1. The mean flux density (Fpi,) of
the SFR—-M. bin was then computed combining the fluxes of
undetected and detected sources:

mX Sgack + 2oy Si
Sbin = ack * 2 51 3)

n+m

where S,k is the stacked flux density of the m undetected
sources within the SFR—M, bin in the specific Herschel band,
and §; is the flux density of the ith detected source (out of a total
of n) within the SFR—M,, bin.

The uncertainty of the mean flux density of a given SFR—-M.,
bin was computed using a standard bootstrap analysis among
detections and non-detections. Allowing for repetitions, we
randomly chose (n + m) sources among detections and non-
detections in a given SFR—M, bin and computed their mean flux
density. This was repeated 100 times and the flux uncertainty of
the SFR—M. bin was defined as the standard deviation of these
100 flux densities. This uncertainty has the advantage of taking
into account both measurement errors and the dispersion in the
galaxy population.

From the mean PACS/SPIRE flux densities in each SFR—M.,,
bin we derived a mean dust temperature using the same proce-
dure as for galaxies with individual FIR detections and applying
the same criteria to assess the accuracy of the T, estimates (see
Sect. 3.1). In addition, we rejected dust temperature estimates in
SFR-M. bins where the infrared luminosity inferred from the
stacking analysis did not agree within 0.3 dex with the infrared
luminosity inferred using our “ladder of SFR indicators”. This
additional criterion rejects SFR—M, bins with potentially wrong
Taust estimates and ensure a self consistency with our “ladder of
SFR indicators” (see Sect. 4.1 and Fig. 4).

We note that we find similar results if we repeat the stacking
analysis using the original PACS/SPIRE maps and combining all
sources in a given SFR—M,, bin, regardless of whether they are
individually detected or not.

3.2.2. The effect of clustering

While very powerful, a stacking analysis has some limitations. In
particular, it assumes implicitly that the stacked sources are not
clustered, neither within themselves (auto-correlation), nor with
sources not included in the stacked sample (cross-correlation).
However, this assumption is not always verified and if, for ex-
ample, all stacked galaxies are situated in the vicinity of a bright
infrared source, their inferred stacked flux density will be sys-
tematically overestimated. Because our dust temperatures would
be strongly affected by such biases, the effect of clustering on our
stacking analysis must be investigated.

In the recent literature many techniques have been used to
estimate the effect of clustering on stacked flux densities. For
example, Béthermin et al. (2012b) used an approach based on
simulations where the clustering effect is estimated by compar-
ing the mean flux density measured by stacking a simulated map
to the mean flux density in the corresponding mock catalogue.
Here, we adopted the same approach and evaluated the cluster-
ing effect using simulated maps of our fields.

The main principle of this method is to construct PACS and
SPIRE simulated maps reproducing as well as possible the in-
trinsic FIR emission of the Universe in our fields. To do so,
we used our multi-wavelength galaxy sample which contains
the positions, redshifts and SFRs of at least all galaxies with
M, > 10" M, and z < 2 (see Sect. 2.5). This galaxy sample
is particularly suitable because in term of intrinsic FIR emis-
sion, it contains sources with SFRs a factor at least 10 below the
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SFER thresholds equivalent to the noise level of our FIR images.
This ensures that simulated PACS and SPIRE maps created from
this galaxy sample would contain all galaxies that can introduce
some clustering biases in our FIR stacking analysis.

From the redshift and SFR of each galaxy in our multi-
wavelength sample, we inferred their simulated PACS and
SPIRE flux densities using the MS galaxy SED template of
Elbaz et al. (2011). The use of this particular SED template is
appropriate because it was built to reproduce the mean FIR emis-
sion of main sequence star-forming galaxies (Elbaz et al. 2011).
Of course, real SEDs of star-forming galaxies present variations
around this mean SED. However, there are always at least 100
simulated sources in SFR—-M, — z bins where T4 1S estimated
through stacking such that the central-limit theorem applies.

From the position and simulated FIR flux densities of each
galaxy, we then created PACS and SPIRE simulated maps using
the appropriate pixel scales and PSFs. Because the real stack-
ing analysis was done on residual maps, galaxies with direct
FIR detections were not introduced in these simulated “residual”
maps. We note that these simulations are of course not perfect,
but could be considered as the best representation we have so far
of the intrinsic FIR properties of our fields, in particular of their
clustering properties.

Using these simulated “residual” maps, we estimated the ef-
fect of clustering on our stacked samples. For each SFR-M,—z
bin and for each PACS and SPIRE band, this was done as
follows:

— (i) we stacked in the real residual maps the m sources of this
specific bin and measured the PACS and SPIRE stacked flux
densities (S sack)s

— (i) we stacked in the simulated “residual” maps the same
m sources and measured their stacked simulated PACS and
SPIRE flux densities (S 5™ );

— (ii1) we computed, using the simulated PACS/SPIRE cata-
logues, the expected stacked simulated PACS and SPIRE

... expected ,
flux densities (S " );

: simu expected : simu _
- (iv) we compared S3™ and S .~ and if ABS((S30y

S :éiimd) /S :t’; i imd) > 0.5 then the real stacked flux densities
were identified as being potentially affected by clustering.
This 0.5 value was empirically defined as being the threshold
above which the effect of clustering would not be captured
within the flux uncertainties of our typical S/N ~ 3 stacked

photometries.

Dust temperatures estimated using one of these affected stacked
flux densities were flagged and not used in the rest of our
analysis. We adopted this very conservative approach knowing
the limits of our simulations: if one band is affected by cluster-
ing, the other bands might also be affected, even if formally there
are not identified as such by our simulations. In the stellar mass
range of our study, M, > 10'° M, and in each of our redshift
bins, fewer than 10 SFR—M., bins are rejected due to this cluster-
ing effect. Most of these SFR— M., bins are situated in the border
between bins with low SFRs, and thus no stacked detections, and
bins with high SFRs and thus clear stacked detections.

We stress that these tests are not perfect, but we believe that
they are better than any other tests that would treat our sample
in a redshift independent way. The reliability of these tests is
strengthened by the accuracy of our simulated “residual” maps.
Indeed, in SFR-M.. — z bins not affected by clustering and with
S stack /Nstack > 3, the log(S zg‘g‘( /S tack) Values follow a Gaussian
distribution with a median value of 0.1 dex and a dispersion of
0.1 dex. We note that even though our simulated maps appear to
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. B ted .
be accurate, we did not use the § 5™ /5 TP ratio as a correc-

tion factor for S ek because the uncertainties on these correct-
ing factors (at least ~0.1 dex from the log(S zg‘;/S stack) disper-
sion) would be equivalent to the flux uncertainties of our typical

S/N ~ 3 stacked fluxes.

3.2.3. The effect of averaging on dust temperature

Finally, we tested whether or not the stacking procedure used
to produce the mean FIR SED of a galaxy population delivers
reliable mean T4, estimates, given that the galaxies follow a
particular Lig and T4y distribution. In other words, is the mean
dust temperature of a galaxy population computed from individ-
ual dust temperature measurements in agreement with the value
inferred from their mean FIR SED? To perform this test, we as-
sumed that the FIR SEDs of a galaxy population are well de-
scribed by the DH SED template library and that this galaxy pop-
ulation follows the local Tg4us—Lir correlation (Chapman et al.
2003, see also Dunne et al. 2000).

We first created a simulated catalogue containing 1000
galaxies. The redshift of each galaxy was randomly selected
using a uniform redshift distribution within our redshift bins
(Ge.,0 <z<0.2,02 <z < 0.5 ..), the infrared luminosity
from uniform logarithmic distribution with 10 <log(Lr[Ls]) <
13, and Tqus¢ from a Gaussian distribution reproducing the local
Taust—Lir correlation and its dispersion (Chapman et al. 2003).
Next, we assign to each simulated galaxy the appropriate DH
SED template, based on our pairing between dust temperature
and DH templates (see Sect. 3.1). Finally, simulated galaxies are
separated in Lir bins of 0.15 dex, the typical size of our SFR— M,
bins, and in each Lig bin we compute the mean T4, Value in two
ways: (1) using the mean PACS/SPIRE flux densities, and (2) di-
rectly averaging the values of T4, assigned to each galaxy. The
two sets of mean Tq,s values are compared, as shown in Fig. 3
for two redshift bins.

We find that the mean dust temperatures and those inferred
from the mean FIR SEDs only differ by a few degrees. Moreover,
we do not find any strong systematic biases as a function of ei-
ther Lig or redshift, and therefore conclude that the dust tempera-
tures inferred from the stacked mean FIR SEDs accurately repre-
sent the underlying galaxy population. We note that a flattening
of the Tqust—Lir correlation with redshift as found in Symeonidis
et al. (2013) does not change our results, as they do not strongly
depend on the slope of the Tq,si—Lir correlation but rather on its
dispersion.

4. Results
4.1. The SFR—M,.—z parameter space

We have seen in Sect. 2.7 that incompleteness in our initial sam-
ple should not affect our ability to study variations of Tgyg in
the SFR—M. plane. However, one additional source of incom-
pleteness might still affect our study: our ability to derive ac-
curate T4y for each SFR—M., —z bin. Therefore, before present-
ing the variations of dust temperature in the SFR— M. plane, we
examine which regions of the SFR-M, —z parameter space have
accurate T4y estimates from individual detections, and from our
stacking analysis. The left panel of Fig. 4 presents the fraction
of sources (i.e., the completeness) in a given SFR-M.—z bin
with individual FIR detections and accurate dust temperature
estimates (see Sect. 3.1). The right panel of Fig. 4 presents the
same quantity for the stacking analysis. There, each SFR—-M,—z
bin corresponds to only one set of stacked FIR flux densities and
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Fig. 3. Simulations revealing the effects of stacking on our dust tem-
perature estimates. Empty black circles represent our 1000 simulated
galaxies following the Ty,q—Lir correlation of Chapman et al. (2003).
Large filled orange circles represent the mean dust temperature of
galaxies in a given infrared luminosity bin. Large filled red stars repre-
sent the dust temperature inferred from the mean PACS/SPIRE flux den-
sities of galaxies in a given infrared luminosity bin. The Chapman et al.
(2003) derivation of the median and interquartile range of the 7y —Lir
relation observed at z ~ 0 is shown by solid and dash-dotted lines, lin-
early extrapolated to 10'3 L. In the top panel, simulated galaxies are
in the 0.2 < z < 0.5 redshift bin, while in the bottom panel simulated
galaxies are in the 1.2 < z < 1.7 redshift bin.

thus one dust temperature estimate. Consequently, in the right
panel of Fig. 4, the completeness can only take two different
values: 0% if the dust temperature estimate is inaccurate; 100%
if the dust temperature estimate is accurate.

For galaxies individually detected in our PACS/SPIRE im-
ages reliable dust temperatures are only obtained in SFR—M,
bins situated above a given SFR threshold. This SFR threshold
increases with redshift and translates into a threshold in L. If
keeping above this threshold, the T4,4—Lig relation can there-
fore be studied without biases. However, because the region of
the SFR—-M, plane with high completeness in all redshift bins
is relatively small, we conclude that the PACS/SPIRE detections
are not sufficient to draw strong conclusions on the redshift evo-
lution of the Tqus—Lir relation. The prognostic for using the
PACS/SPIRE detections to study the T4y —Alog (SSFR)\vs and
Taust—SSFR relations is even worse. Indeed, in all but our first
redshift bin, the dust temperature of MS galaxies is only con-
strained for those with very high stellar masses. The stacking
analysis is therefore required.

The right panel of Fig. 4 illustrates the regions of the
SFR-M.,—z parameter space reachable with our stacking analy-
sis. The SFR completeness limit of the stacking analysis depends
on the stellar masses: it is nearly constant at intermediate stellar
masses, but increases at both very high and low stellar masses.
These variations are caused by changes in the number of galax-
ies in the SFR—M., bins. At fixed SFR, the SFR—M., bins with
low stellar masses are located above the MS and thus contain
far fewer sources than those with intermediate stellar masses
and which probe the bulk of the MS. Similarly, at fixed SFR,
SFR—-M., bins with very high stellar masses are located below
the MS of star formation and thus contain far fewer sources than
those with intermediate stellar masses and which probe the MS
of star formation. The decrease in the number of sources in these
SFR— M., bins naturally translates into higher SFR completeness
limits in our stacking analysis (0sack ¢ VNsources). Due to the
very strong increase in the SFR completeness limits at low stel-
lar masses, we restrict our study to galaxies with M, > 10'0 M.

Figure 5 illustrates our ability to study the variations of
Tqust in the SFR—M, plane for galaxies with M, > 10'° M,
through the stacking analysis. In these figures we show the frac-
tion of SFR—M, bins with reliable dust temperature estimates
(see Sect. 3.1) as a function of their Alog (SSFR)ms, Lir and
SSFR. In the rest of the paper, we consider that the mean dust
temperature in a given Alog (SSFR)ms, Lir or SSFR bin is fully
constrained if and only if the completeness in this bin is at least
80%.

In each redshift bin, our stacking analysis allows us to fully
constrain the mean dust temperature of galaxies situated on
and above the MS of star formation at such a completeness
level, and therefore to reliably study the redshift evolution of
the Tygysi—Alog (SSFR)vs correlation. The stacking analysis fur-
thermore allows us to constrain the mean dust temperature of
galaxies over more than an order of magnitude in Ljg and SSFR.
However, because our Lig and SSFR completeness limits in-
crease with redshift, the Lir and SSFR ranges probed in our
different redshift bins do not fully overlap. Thus while we can
robustly constrain the Tgyg—Lir and Tg,—SSFR correlations in
all our redshift bins, the study of their evolution with redshift is
somewhat limited.

4.2. Dust temperature in the SFR—M.—z parameter space

Figures 6 and 7 show the mean dust temperatures of galaxies
in our SFR—M,—z bins as inferred using individual detections
and our stacking analysis, respectively. In these figures, we only
used accurate dust temperature estimates (see Sect. 3.1). For the
detections, the black contours indicate regions where at least
50% of the galaxies in a given SFR—M., bin have reliable dust
temperature estimates. Outside these regions, results have to be
treated with caution, because they rely on very incomplete sam-
ples. Both figures clearly show that in any given redshift bin,
T qust does not evolve simply with their SFR or with their stellar
mass, but instead with a combination of these two parameters. In
other words, tracks of iso-dust temperature are not characterised
by vertical or horizontal lines, but instead by diagonal lines.

To investigate which parameter best correlates with the
dust temperature of galaxies, we show in Figs. 8—10 the vari-
ation of the dust temperature of galaxies as function of their
Alog (SSFR)\is, Lir and SSFR, respectively. Because individ-
ual detections do not probe large ranges in the Alog (SSFR)ws,
Lir and SSFR parameter spaces, here we only rely on dust tem-
peratures inferred from our stacking analysis. In these figures,
the dashed regions indicate regimes of parameter space affected
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Fig. 4. Left: fraction of sources (i.e., completeness) in a given SFR—M, bin with individual PACS/SPIRE detections and accurate dust temperature
estimates. Right: SFR—M, bins with accurate dust temperature estimates (i.e., completeness =100%), as inferred from our stacking analysis.
Because each SFR—M. bin corresponds to only one set of stacked FIR flux densities and thus one dust temperature estimate, here the completeness
can only take two different values: 0% if the dust temperature estimate is inaccurate; 100% if the dust temperature estimate is accurate. The quality
of our dust temperature estimates were evaluated using criteria presented in Sects. 3.1 and 3.2. Short-dashed lines on a white background show the

MS of star formation.
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completeness limits. Hatched areas represent the regions of parameter space affected by incompleteness, i.e., where less than 80% of our SFR— M.,
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bins have accurate dust temperature estimates. Shaded regions in the top left panel show the location and dispersion of the MS of star formation.

A86, page 10 of 22


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322217&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322217&pdf_id=5

B. Magnelli et al.: Dust temperature properties of galaxies in the SFR—M., plane

Temperature [K]

4 20 25 30 35 40
0.0<z<0.2 0.2<z<0.5 0.5<z<0.8
= 3 : :
‘L<
>
o R T E
=) .
jasy - Ea E
£
@ p
Qo Re
2 -7 ¥ et ]
; . ; ; ; ; Lot ; ; ; Fig. 6. Mean dust temperature of galax-
1 2<z<1.7 1.7<7<2.3 ies in the SFR—M., plane as found from
. 3 individual detections. Short-dashed
= . e .1 h 1 lines on a white background show the
5 3 - Y DT MS of star formation. Solid contours
° i o + . _' PN 1  indicate the regions in which at least
Z P e 50% of the galaxies have accurate
@ E I E e ] dust temperature estimates. Outside
\z/ﬁi I i ’ these regions results have to be treated
0 i I H ] with caution, because they are inferred
- from incomplete samples. Tracks of
iso-dust-temperature are not charac-
; ! ; ; ; ! ; ; ; terised by vertical or horizontal lines
12 9 10 11 1e 9 10 11 12 but instead by approximately diagonal
log(M, [Me]) log(M, [Mo]) lines.
Temperature [K]
4 20 25 30 35 40
0.0<z<0.2 0.2<z<0.5 0.5<z<0.8
i
o
>
o E
=)
jasy E
£
@
Qo
2 ]
i
[
>
o E
=)
. i1 Fig.7. Mean dust temperature of galax-
?}/ ies in the SFR—M., plane as found from
a0 1 our stacking analysis. Short-dashed
- lines on a white background show the
MS of star formation. Tracks of iso-
-1 ! ; ; ; ! ; ; ; ! ; ; ; dust-temperature are not characterised
9 10 11 12 9 10 11 12 9 10 11 12

log(M, [Mo]) log(M, [Mo])

by large incompleteness as defined in Fig. 5. Constraints in these
regions have to be treated with caution.

In each redshift interval, the dust temperature of galaxies
better correlates with their Alog (SSFR)ys and SSFR values
than with L, as revealed by the Spearman correlation factors
of the relations between T4y and these three quantities. The
Spearman correlation factors of the Tgu—Alog (SSFR)vms and
Tqus—SSFR correlations are statically equivalent in all our red-
shift bins. From this analysis we can conclude that the dust

by vertical or horizontal lines but in-

log(M, [Mo]) stead by approximately diagonal lines.

temperature of galaxies is more fundamentally linked to their
SSFR and Alog (SSFR)ys than to their Lig.

To go further in our understanding of the Tgus—LiR,
Taust—Alog (SSFR)Mms and Taus—SSFR correlations, we also
study their redshift evolution. We first fit the Tgug—Ligr,
Taust—Alog (SSFR)Ms and the Tgus—SSFR correlations in the
0.2 < z < 0.5 redshift bin, where for all three correlations the
Spearman correlation factor is highest, and the region of param-
eter space reliably probed is largest. The Tqusi—Lir correlation
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Fig. 8. Dust temperature of galaxies as a function of Alog (SSFR)ys, as derived from our stacking analysis. Empty circles show results for
SFR-M, bins with low stellar masses, i.e., M, < 10'%° 10'%7 1017, 1018, 10'%% and 10'%° M, inour 0 < 7 < 0.2,0.2 <z < 0.5,0.5 < 7 < 0.8,
08 <z< 12,12 <z< 1.7and 1.7 < z < 2.3 bins, respectively. Filled circles show results for SFR—-M, bins with high stellar masses. In each
panel, we give the Spearman correlation factor derived from our data points. Dashed red lines correspond to a linear fit to the data points of the
0.2 < z < 0.5 redshift bin. Triple-dot-dashed green lines represent predictions inferred from the variations of the SFE with Alog (SSFR)ys and
variations of the metallicity with redshift (see Eqs. (10) and (11)). Long-dashed light blue lines represent predictions inferred from the variations
of the SFE with Alog (SSFR)vs and variations of the normalisation of the SFE-Alog (SSFR)ys relation with redshift (see Egs. (10) and (13)).
Dot-dashed dark blue lines represent predictions inferred from the variations of the SFE with Alog (SSFR)\s, and variations with redshift of
the normalisation of the SFE-Alog (SSFR)ys relation and of the metallicity (see Eqs. (10) and (14)). Hatched areas represented the regions of
parameter space affected by incompleteness (see text and Fig. 5). Vertical solid and dot-dashed lines show the localisation and width of the MS of
star formation. The lower panel of each redshift bin shows the offset between the median dust temperature of our data points and the red dashed
line, in bins of 0.2 dex.
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we give the Spearman correlation fac-
tor derived from our data points. Red
dashed lines correspond to a second or-
der polynomial fit to the data points of
the 0.2 < z < 0.5 redshift bin. Hatched
areas represented the regions of param-
eter space affected by incompleteness
(see text and Fig. 5). The Chapman
et al. (2003) derivation of the median
and interquartile range of the relation
observed at z ~ 0 is shown by solid
and dot-dashed lines, linearly extrap-
olated to 10"3 L,. The lower panel of
each redshift bin shows the offset be-
tween the median dust temperature of
our data points and the dashed red line,
in bins of 0.3 dex.
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Fig. 10. Dust temperature of galax-
ies as a function of SSFR, as de-
rived from our stacking analysis. In
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correlation factor derived from our
data points. Dashed red lines cor-
respond to a linear fit to the data
points of the 0.2 < z < 0.5 red-
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show the redshift evolution of the
Taust—SSFR relation, fixing its slope
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dashed red line) and fitting its zero
point with a A x (1 + z)® func-
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is fitted with a second order polynomial function, while the
Taust—Alog (SSFR)\ms and the Tqu—SSFR correlations are fitted
with linear functions. We note that Chapman et al. (2003) de-
scribed the Tgust—Lir correlation using a double power-law func-
tion instead of a second order polynomial. However, this specific
choice does not affect our results.

Once these best-fitting relations are established in the most
reliable redshift interval, the fits are compared with the other
intervals to track the redshift evolution of the normalisation of
these relations. The Tqus—Alog (SSFR)\ms correlation seems to
smoothly evolve from z = 0 to z = 2.3, with dust temperatures
increasing with redshift at fixed Alog (SSFR)ms. Similarly, the
Taust—SSFR correlation smoothly evolves up to z ~ 2, with the
dust temperature of galaxies evolves towards colder values at
high redshift at fixed SSFR. Finally, the Ty —Lig correlation
slightly evolves from z = 0 to z = 2.3, with high redshift galax-
ies exhibiting colder dust temperatures than their low redshift
counterparts. We note that the T4,y —Lir correlations found here
are consistent with those of Symeonidis et al. (2013) which are
based on individual detections.

To reproduce the redshift evolution of the
Taust—Alog (SSFR)ms and  Taus—SSFR relations, we fixed
their slopes to those measured in the 0.2 < z < 0.5 redshift bin
and fitted their zero points using an A X (1 + z)? function. For
the Tqusc—A log (SSFR)\s relation, we find

Taust = 26.5 % (1 +2)*'® + 6.5 x Alog (SSFR)ws, 4)
while for the Tg,s—SSFR relation we find
Taust = 98 X (1 +2)7%% + 6.9 x log (SSFR). 5)

Because the Tqyg—Alog (SSFR)Ms and Ty —SSFR correlations
are statistically very significant, they supersede the Tgusi—Lir
correlation classically used to predict the dust temperature of
galaxies. In particular, Eq. (5), which only relies on the stellar
masses, SFRs and redshifts of galaxies, could be used to improve

dian dust temperature of our data
points and the dashed red line, in

log(SSFR [yr™']) bins of 0.3 dex.

FIR predictions from semi-analytical or backward evolutionary
models.

5. Discussion

Using deep Herschel observations and a careful stacking analy-
sis, we found, over a broad range of redshift, that the dust tem-
perature of galaxies better correlates with their SSFRs or their
Alog (SSFR)vs values than with Lig. This finding supersedes
the Tgusi—Lir correlation classically implemented in FIR SED
template libraries. These results also provide us with important
information on the conditions prevailing in the star-forming re-
gions of galaxies and the evolution of these conditions as a func-
tion of redshift.

5.1. Tqust variations in the SFR—M. plane at fixed redshift

In a given redshift bin, our results unambiguously re-
veal that the dust temperature of galaxies correlates with
their SSFR or equivalently with their Alog(SSFR)us (at a
given redshift, SSFR and Alog(SSFR)ms are nearly equiv-
alent because the slope of the MS is close to unity;
log(SFRys) = log(M.) + C(z), so log [SSFRys(M.,2)] = C(z)
and Alog (SSFR)vs = log [SSFR(galaxy)] — C(z). The universal-
ity of the dust temperature at fixed A log (SSFR)ys indicates that
galaxies with a given Alog (SSFR)\s are composed of the same
type of star-forming regions and that the increase in SFR with
stellar mass is only due to an increase in the number of such star-
forming regions. In that picture, galaxies situated on the MS are
dominated by star-forming regions with relatively low radiation
fields and thus relatively cold dust temperatures, while galaxies
situated far above the MS are dominated by star-forming regions
exposed to extremely high radiation fields, yielding hotter dust
temperatures.
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As a first approximation, and in the case where star-forming
regions are optically thick in the rest-frame UV and optically
thin in the rest-frame FIR, one can link the dust temperature of
a galaxy to the radiation field seen per unit of dust mass:

Li/Maust o Ty, (6)
i.e., the dust temperature of a galaxy increases if the input radia-
tion is delivered to fewer dust grains. In that approximation, one
can then link the dust temperature of galaxies to the radiation
field seen per unit of gas mass (i.e., Lir/Mg,s), via the gas-to-
dust ratio relation:

lOg(Mgas/Mdusl) =-085xu+94, (7

where p is the metallicity (Leroy et al. 2011). At fixed stel-
lar mass (equivalent to fixed metallicity, assuming a mass-
metallicity relation), the smooth increase in dust temperature
with Alog (SSFR)ms could thus be interpreted as an increase
in Lir/Mgs, i.e., the star-formation efliciency (SFE) of galax-
ies. Using direct molecular gas observations, several studies
have effectively observed a significant increase in the SFE
with Alog (SSFR)ms (Saintonge et al. 2011a,b, 2012; Genzel
et al. 2010; Daddi et al. 2010). In their local Universe sample,
Saintonge et al. (2012) found

log(SFE) = 0.5 x Alog (SSFR)ws + C1, (8)

for —0.5 < Alog(SSFR)ms < 1. Combining Egs. (6)—(8), as-
suming that Alog (SSFR)ums and u are independent, and assum-
ing that the gas-to-dust relation of Leroy et al. (2011) holds at
high redshift, we can thus predict from the gas phase the evo-
lution of the dust temperature as a function of Alog (SSFR)ms
and yu:

log (Tqust) = 0.5 x 1/(4 + B) x Alog (SSFR)ms
-0.85x1/(4+pB)xu+Cs. )

Over the range of stellar masses probed by our sample (i.e.,
~1.5dex), we expect, based on the mass-metallicity relation, an
increase in metallicity of ~0.25dex (~0.4dex) atz = 0 (z = 2)
(Tremonti et al. 2004; z = 2, Erb et al. 2006; see also Genzel
et al. 2012). At fixed Alog (SSFR)ms, the dust temperatures of
galaxies with high stellar masses should thus be lower by a fac-
tor 1.09 (1.15) than those of galaxies with low stellar masses (see
Eq. (9) and assuming S = 1.5). On the MS, this corresponds to a
dust temperature variation of ~2 K (5 K). Differentiating galax-
ies by stellar masses in Fig. 8 supports this prediction. As a con-
sequence, we can assume that:

log(Taust) = 0.5 % 1/(4 + B) X Alog (SSFR)vs + C3, (10)
with variations in metallicities (equivalently M,) creating a dis-
persion of a few degrees around this relation. In Fig. 8, we
compare the prediction from Eq. (10), assuming 8 = 1.5, with
the observed Tgust—Alog (SSFR)\ms relations. There is a very
good agreement between the slope of our predictions and the
observations. We conclude that variations in dust temperature
with Alog (SSFR)ums can be, qualitatively and quantitatively, ex-
plained by the variation of the SFE with Alog (SSFR)ums, as
observed by Saintonge et al. (2012). We note that the smooth
evolution of the dust temperature (equivalently SFE) with
Alog (SSFR)vs could correspond to a smooth evolution of the
ISM conditions with Alog (SSFR)us, or to a linear combination
of two types of star-forming regions, i.e.: (i) cold star-forming
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regions formed in secularly evolving galaxies; and (ii) hot star-
forming regions formed in starbursting galaxies via large grav-
itational instabilities (e.g., major mergers). Unfortunately, us-
ing our unresolved observations we cannot discriminate between
these two interpretations.

We note that Magdis et al. (2012) report no dust tempera-
ture variations between galaxies situated on the lower and upper
part of the MS (i.e., —0.4 < Alog (SSFR)vs < 0.4). Based on
this finding, they argue that across the MS, the main parame-
ter controlling Alog (SSFR)ms iS feas = Mgas/M. (i.e., SFE be-
ing roughly constant): at fixed stellar mass, galaxies situated on
the lower part of the MS would contain less molecular gas (i.e.,
have lower fy,s) than galaxies situated on the upper part of the
MS. While Saintonge et al. (2012) qualitatively confirmed the
increase in fg,s across the MS, they also found a significant in-
crease in SFE which leads to the increase in T4y across the
MS found in our sample. Thus, our results, as well as those of
Saintonge et al. (2012), support the hypothesis that the localisa-
tion of a galaxy across the MS is not only controlled by f,.s but
rather by both SFE and fys.

5.2. Tyust variations in the SFR—M. plane as function
of the redshift

While the slope of the Tgyg—Alog (SSFR)\s correlation is the
same in all our redshift bins, its normalisation evolves towards
hotter dust temperatures at higher redshift. In our simple descrip-
tion, the dust temperature of a galaxy only depends on its SFE
and metallicity; therefore one should also observe variations of
these parameters with redshift.

In the stellar mass range of our study (i.e., 10" My, < M, <
10'1), the metallicity u of galaxies systematically decreases by
~0.5dex fromz =0toz =2 (z = 0, Tremonti et al. 2004; z = 2,
Erb et al. 2006; Shapley et al. 2005; Liu et al. 2008; Zahid et al.
2013; see also Genzel et al. 2012). At fixed Alog (SSFR)ums and
assuming 8 = 1.5, this decrease in the metallicity should trans-
late into an increase in the dust temperature by a factor ~1.2.
For MS galaxies, this corresponds to a rise from 26 K to 31 K
between z = 0 to z = 2 (see Eq. (9)). More generally, on the MS
we can predict:

log(TVS[2]) = —0.85 x 1/(4 + B) x Aul[z] + Cy,

dust (1 1)
where Au[z] = —1.05x1og(1+z) describes the mean increase in
the metallicity with redshift over the stellar mass range probed
by our sample. This formula is used to normalise the predicted
Tausi—A log (SSFR)\is correlation, assuming 73 [z = 0] = 26 K
and B = 1.5 (see Fig. 8). Our predictions are perfectly in line
with the observations. We thus conclude that the evolution of
metallicity with redshift might be the main driver of the nor-
malisation of the Tg,s—A log (SSFR)\s correlation. We note that
in the local Universe an evolution of the dust temperature with
metallicity has already been observed (Engelbracht et al. 2008).
In that study the slope of the Tg,s—metallicity relation roughly
follows our predictions, i.e., 10g(Tqust) = —0.85 X 1 /(4 +8) X u +
Cy.

Tacconi et al. (2013) found that the SFE of MS galaxies
evolves from z = 0 to z = 1.5 following:

log (SFENs) = log (1 +z) + Cs, (12)

This increase in the SFE should translate into an increase in the
dust temperature by a factor ~1.2 between z = 0 to z = 2, i.e.,
for MS galaxies rising from 26 K to 31 K. More generally, on the
MS we can predict:

log (TMS[z]) = 1/(4 + B) x log (1 + z) + Cé,

dust

(13)
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This formula is also used to normalise the predicted
Tausi—Alog (SSFR)ys correlation, assuming 7)1 [z = 0] = 26K
and 8 = 1.5 (see Fig. 8). Because these predictions are also in
line with our observations, we conclude that the evolution of the
SFE with redshift might also be the main driver of the normali-
sation of the Tg,5i—A log (SSFR)vs correlation.

Combining the evolution of both the SFE and metallicity
with redshift, we can predict,

log(TYS[z]) = (0.85 X 1.05 + 1)/(4 + B) x log(1 +2) + C7, (14)

In Fig. 8, we present the predictions from this formula, assuming
TdMuft[z = 0] = 26 Kand 8 = 1.5. We observe that it overestimates
the normalisation with redshift of the T4y —A log (SSFR)\s cor-
relation.

In a simple optically thin model where Ty, directly traces
the galaxy-integrated Lig and Mg, our findings can be sum-

marised as follows:

— At fixed redshift, the main parameter controlling the vari-
ation of Tquse With Alog (SSFR)\s is the SFE of galaxies:
galaxies with high A log (SSFR)\s are more efficient in turn-
ing their gas into stars, which leads to higher input power per
unit of dust mass and therefore higher dust temperatures.

— At fixed Alog (SSFR)ms, the increase in the metallicity with
the stellar masses can explain some of the scatter observed
in the T —Alog (SSFR)vs and Tgusc—SSFR correlations.

— The normalisation with redshift of the Tqus—A log (SSFR)Mms
correlation towards hotter dust temperatures can be ex-
plained by the global decrease in the metallicity of galax-
ies with redshift or by the global increase in the SFE of
galaxies with redshift. However, combining the evolution
of both the metallicity and SFE with redshift, we overesti-
mate the normalisation towards hotter dust temperatures of
the Tqust —Alog (SSFR)\s correlation. This may indicate that
the assumptions of our simple model do not hold. In partic-
ular, the scaling relations that we adopted for the evolution
of the metallicity and SFE with redshift and with offset from
the MS might be overall inconsistent. This will need future
revision.

We note that using a sample of lensed galaxies to extend the
study of the dust temperatures of MS galaxies to lower stellar
masses and higher redshifts (4 x 10° < M, < 10" Mg, 2 <
z < 3), Saintonge et al. (2013) also report higher T4y values
compared to lower redshift samples, and attribute this variation
to lower metallicities and increased star-formation efficiencies in
high redshift, low mass galaxies.

Finally, we note that Nordon et al. (2012) and Elbaz et al.
(2011) found the PAH-to-Ljg ratio, parametrized as Lg/Lig, to
strongly correlate with Alog (SSFR)\s. This correlation appears
to remain the same up to z ~ 2. Therefore, PAHs and dust tem-
peratures do not evolve in the same manner as a function of red-
shift. This situation could arise from differences in the mechan-
ics heating the PAHs and the dust components dominating the
FIR emission of galaxies. In the model of Draine & Li (2007),
the fraction of power radiated into the 7.9 um band by the single-
photon heated PAHs, observed as Lg/L, is essentially propor-
tional to gpap, the fraction of dust mass in the form of PAH
grains with less than 10° carbon atoms. It does not appear to
scale with (U), the mean intensity seen per unit of dust mass
(see Figs. 19c and d of Draine & Li 2007). Consequently, in
this model, a strong increase in the dust temperature can occur
while the PAH-to-Lig ratio remains constant, if gpayg remains the
same and the intensity of the radiation field seen by the dust in-
creases. The question is thus: at fixed Alog (SSFR)wms, 1S gpan

affected by the evolution of the metallicity with redshift or by
the evolution of the SFE with redshift? In local star-forming
galaxies and in the metallicity range of our sample (u > 8.1),
there is only a weak correlation between the metallicity and the
PAH-to-Lir ratio (Smith et al. 2007; Engelbracht et al. 2008;
Hunt et al. 2010). Thus, the evolution of the metallicity with red-
shift might affect the normalisation of the Tgus—A log (SSFR)ms
correlation but not significantly affect gpap and thus leads
to the universal (PAH-to-Lijr)-Alog (SSFR)\s correlation ob-
served in Elbaz et al. (2011) and Nordon et al. (2012). For
the SFE, the situation is somewhat different. At fixed redshift,
we have explained the Tgy—Alog(SSFR)\s correlation us-
ing the SFE-Alog (SSFR)\s correlation observed by Saintonge
et al. (2012). Following a similar train of thought, one could
thus also ascribe the (PAH-to-Lir)—Alog(SSFR)ys correla-
tion to the SFE-Alog (SSFR)\s correlation. In this case, how-
ever, one would expect to observe an evolution with red-
shift of the normalisation of both the Tg,—Alog (SSFR)Mms
and (PAH-to-Lir)-Alog (SSFR)\is correlations, following the
evolution with redshift of the normalisation of the SFE—
Alog (SSFR)\s correlation. Is the universality of the (PAH-to-
Lir)-Alog (SSFR)\s correlation to be interpreted as a proof that
actually the SFE-Alog(SSFR)\ms correlation does not signifi-
cantly evolve with redshift? And that the evolution of the metal-
licity with redshift is the main driver for the normalisation of
the Tguse—A log (SSFR)\s correlation? To obtain answers to these
questions, additional studies are required.

5.3. Towards a better understanding of the MS of star
formation

The existence of the MS of star formation is currently interpreted
as evidence that the bulk of the galaxy population is forming
stars gradually with long duty cycles. In this picture, MS galax-
ies evolve with a secular mode of star formation, likely sus-
tained by a continuous gas accretion from the IGM and along
the cosmic web (Dekel et al. 2009; Davé et al. 2010), while
star-forming galaxies located far above the MS evolve through
strong starbursts with short duty-cycles, mainly triggered by
major mergers. The strong correlation observed between 7 gy
and Alog (SSFR)ums gives weight to this interpretation. It un-
ambiguously reveals that the physical conditions prevailing in
the star-forming regions of on- and far-above-MS galaxies are
not the same. Furthermore, because the Tqus—Alog (SSFR)ms
correlation can be understood as a variation of the SFE with
Alog (SSFR)\s, it also supports the hypothesis of different
modes of star formation for these two populations of galax-
ies. Unfortunately, using our unresolved observations we cannot
distinguish if galaxies lying at intermediate distance from the
MS correspond to a linear combination or to a smooth evolution
of the ISM conditions between these two extreme cases.

In line with our findings, Magnelli et al. (2012b) found that
on- and above-MS galaxies exhibit different CO-to-H, conver-
sion factors (i.e., @co), indicating differences in the physical con-
ditions prevailing in their giant molecular clouds (GMCs, Genzel
et al. 2010; Daddi et al. 2010). MS galaxies have high aco fac-
tors, consistent with star-forming regions mainly composed of
well virialized GMCs, while above-MS galaxies have low aco
factors consistent with star-forming regions being mainly un-
virialized GMCs as observed in local major mergers. Combined
with other independent observational properties, the current vi-
sion of the main-sequence of star formation can be summarised
as follows. Galaxies situated on the MS of star formation have
disk-like morphology (Wuyts et al. 2011b), have star-forming
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regions mainly composed of virialized GMCs (Magnelli et al.
2012b), have relatively low SFR surface density (Wuyts et al.
2011b), high PAH-to-Lig ratio (Elbaz et al. 2011; Nordon et al.
2012), high C1-to-Lir ratio (Gracid-Carpio et al. 2011) and cold
dust temperature. Galaxies situated far above the MS have bulge-
like morphology, star-forming regions dominated by unvirialized
GMC s, have relatively high SFR surface density, low PAH-to-
Lr ratio, low C1-to-Lig and hot dust temperature. All these
independent observations give strong weight to the interpreta-
tion where on- and above-MS galaxies evolve through different
modes of star formation, a secular and a starbursting mode, re-
spectively.

6. Summary

Using deep Herschel PACS and SPIRE observations of the
GOODS-N, GOODS-S and COSMOS fields, we study varia-
tions of the dust temperature of galaxies in the SFR—M, plane
up to z ~ 2. Dust temperatures are inferred using the stacked
PACS/SPIRE FIR photometries of each SFR—-M.,—z bin. Based
on this careful analysis, we constrain the dust temperature of
galaxies over a broad range of redshifts, and study the evolu-
tion of the Tyysi—Lir, Taust—SSFR and Tyys—Alog (SSFR)\s cor-
relations. Then, using a simple model linking the dust temper-
ature with the dust and gas contents of the ISM, we discuss
these correlations in terms of variations of the physical condi-
tions prevailing in the star-forming regions of galaxies. Our main
conclusions are:

1. Over a broad range of redshifts, the dust temperature of
galaxies smoothly increases with their infrared luminosi-
ties, SSFRs and Alog (SSFR)ms values. The Tgus—SSFR
and Tgusi—Alog (SSFR)\s correlations are statistically much
more significant than the Tq,4—Lig correlation. The slope of
the Tqust—Alog (SSFR)\ms correlation does not evolve up to
z~ 2, but its normalisation does: at a given Alog (SSFR)ws,
high-redshift galaxies exhibit hotter dust temperatures than
their local counterparts. Similarly, the normalisation of the
Taust—SSFR correlation evolves towards colder dust tempera-
tures up to z ~ 2. The T4ust—Lir correlation also evolves with
redshift: at fixed Lir, high-redshift galaxies exhibit slightly
colder dust temperatures than their local counterparts.

2. Because the Tgus—Alog (SSFR)vs and Tguse—SSFR correla-
tions are statistically very significant, they supersede the
T qust—Lir correlation classically used to predict the dust tem-
peratures of galaxies. These correlations could be used to
improve results of semi-analytical or backward evolutionary
models.

3. In a simple optically thin model, where T4, directly
traces the galaxy-integrated Lir and Mgy, the slope of the
Tqusi—Alog (SSFR)\s (equivalently SSFR at fixed z) corre-
lation can be explained, qualitatively and quantitatively, by
the increase in the SFE with Alog (SSFR)vs found locally
by molecular gas studies (Saintonge et al. 2012). In addition,
the normalisation with redshift of the Tgu5—Alog (SSFR)ms
correlation can be explained by the global decrease in the
metallicity of galaxies with redshift (Tremonti et al. 2004;
Erb et al. 2006) or by the increase in the SFE of MS galaxies
with redshift (Tacconi et al. 2013). However, combining the
evolution of both the metallicity and SFE with redshift, we
overestimate the normalisation towards hotter dust tempera-
tures of the Tgusi—Alog (SSFR)\s correlation. This may in-
dicate that the assumptions of our simple model do not hold.
In particular, the scaling relations that we adopted for the
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evolution of the metallicity and SFE with redshift and with
offset from the MS might be overall inconsistent. This will
need future revision.

All these results support the hypothesis that the conditions pre-
vailing in the star-forming regions of MS and far-from-MS
galaxies are different. MS galaxies have star-forming regions
with low SFEs and thus cold dust temperatures, while galaxies
situated far above the MS seems to be in a starbursting phase
characterised by star-forming regions with high SFEs and thus
hot dust temperatures. Galaxies lying at intermediate distance
from the MS could correspond, for our unresolved observations,
to a linear combination or to a smooth evolution of the physical
conditions between these two extreme star-forming regions. In
that picture, at fixed A log (SSFR)wms, galaxies are dominated by
the same type of star-forming regions and the increase in SFR
with M, is due to an increase in the number of such star-forming
regions.
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Appendix A: Far-infrared SEDs

Figure A.1 presents the FIR properties of some of our galaxies
with individual FIR detections. In the first column, galaxies were
randomly selected within a sample with 10'%% < M, [M,] <
10'" and -0.1 < Alog (SSFR)\ms < 0.1. In the second column,
galaxies were randomly selected within a sample with 10'%8 <
M., [My] < 10'! and Alog (SSFR)ms > MAX[Alog (SSFR)wms]—
0.1. To derive the infrared luminosities and dust temperatures of
these galaxies (see Sects. 2.6, 3.1 and Table A.1), we fitted their
FIR flux densities with the DH SED template library.

Figure A.2 presents the mean FIR properties of some of
our SFR—M, bins, as inferred from our stacking analysis. In
the first column, SFR—M, bins were selected to have 10'%8 <
M, [My] < 10" and =0.1 < Alog (SSFR)ms < 0.1, while in
the second column, SFR—M., bins were selected to have 10108 <
M, [Ms] < 10" and Alog (SSFR)ms = MAX[Alog (SSFR)ys].
To derive the mean dust temperature of these SFR—M.,. bins, we
fitted their FIR flux densities with the DH SED template library
(see Fig. A.2).

Table A.1. Dust temperatures assigned to the DH SED templates by fitting their simulated z = 0 PACS/SPIRE flux densities with a single modified

(i.e., B = 1.5) blackbody function.

a° 0.062 0.125 0.188 0250 0312 0375 0438 0.500
Taw [KI 495 494 493 491 490 48.8 486 484
at 0.562 0.625 0.688 0.750 0.812 0.875 0.938 1.000
Taa[Kl 482 479 476 472 468 463 458  45.1
a 1.062 1.125 1.188 1250 1312 1375 1438 1.500
Taa[K] 444 436 427 418 407 396 383  37.1
at 1562 1.625 1.688 1.750 1.812 1.875 1938 2.000
Taa[Kl 359 346 334 323 312 302 293 285
a“ 2062 2125 2.188 2250 2312 2375 2438 2.500
Taa[KI 278 271 265 260 255 251 248 244
a° 2562 2.625 2.688 2750 2.812 2875 2938 3.000
Taw[KI 242 239 237 235 233 231 230 229
a° 3062 3.125 3.188 3250 3312 3375 3.438 3.500
Tas (Kl 227 226 225 224 223 223 222 221
a° 3562 3.625 3.688 3750 3.812 3.875 3.938 4.000
Tas (K] 221 220 220 219 219 218 217 216

Notes. @ q is the single parameter of the DH SED template library (Dale & Helou 2002).
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Fig. A.1. FIR properties of some of our galaxies with individual FIR detections. All these galaxies have 10'%% < M, [M] < 10''. In the first
column, galaxies have —0.1 < Alog (SSFR)uvs < 0.1 while in the second column they have Alog (SSFR)ys > MAX[A log (SSFR)ys] — 0.1. Black
lines show the DH SED templates best-fitting these FIR flux densities. From these fits, we inferred the infrared luminosities and dust temperatures
of our galaxies.
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Fig. A.2. FIR properties of some of our SFR—M, bins, as inferred from our stacking analysis. These SFR—M., bins have 10'%® < M, [My] < 10'!. In
the first column, SFR-M., bins have —0.1 < Alog (SSFR)ums < 0.1, while in the second column they have A log (SSFR)vs = max[Alog (SSFR)wms]-
Black lines show the DH SED templates best-fitting these FIR flux densities. From these fits, we inferred the mean dust temperatures of galaxies in
these SFR—M., bins. We also verified that the infrared luminosities inferred from these fits agree, within 0.3 dex, with the mean infrared luminosities
inferred from our “ladder of SFR indicators” (see Sect. 2.6).
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Appendix B: The Tqgysi—Alog (SSFR)ys relation in
the GOODS fields

Figure B.l1 presents the Tg,—Alog(SSFR)\s relation, as
inferred using the GOODS fields. Because we exclude the
COSMOS observations from our stacking analysis, our ability

Tdust [K]

offset
o

Tdust [K:ﬂ

offset
o

to probe and sample properly the SFR—M, parameter space
decreases. Therefore, the number of data points available to
study the Tqus—Alog (SSFR)\s relation is significantly reduced.
Despite this limitation, we still observe a Tqust—A log (SSFR)ms
relation evolving with redshift.
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Fig. B.1. Dust temperature of galaxies
as a function of Alog (SSFR)ys, as de-
rived from our stacking analysis using
only the GOODS fields (i.e., excluding
the COSMOS observations). Symbols
and lines are the same as in Fig. 8.
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Appendix C: The Tqysi—Alog (SSFR)ys relation
using different definition of the MS

In this

Tausi—Alog (SSFR)ms
definition of the MS of star formation. Figure C.1 shows

appendix we

test
correlation against

the robustness of
changes in

the Tause—Alog (SSFR)vs correlation using the definition of the
MS from Elbaz et al. (2011). We still observe a strong cor-
relation between Tguse and Alog (SSFR)\ms as revealed by the
high Spearman correlation factor found in all our redshift bins.
Our results are thus robust against changes in the definition of

the MS.

=0.87

7 i
45 Ps i
7 S
[ i i i o g
= 352 o | | .__':.),,.ﬁ
% 30 <o ﬁ W
= - 95 :
7 R} 1
SRl AT i 3
201, | !
7 ‘ 10.2<2<0.5
. e T
g O ﬁ I I % ORI
= 5 ; T 0 l hil
= 5k
10 e —
45 ; , e
40'% 29 0 _.c
oy i "
23505 | S8
% 30F pey o
g ;
25 ;
?% 1.2<2<1.7 §
£ 5
A 0 T
B -5F
-10
-05 0.0 05 1.0 -05 0.0 05 1.0 -05 0.0 05 1.0
Mog(SSFR),s Alog(SSFR) s Mog(SSFR),e

A86, page 22 of 22

Fig. C.1. Dust temperature of galaxies
as a function of Alog (SSFR)ys, as de-
rived from our stacking analysis. In this
figure, the definition of the MS of star
formation is taken from Elbaz et al.
(2011). Symbols and lines are the same
as in Fig. 8.
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