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ABSTRACT

In this work, we explore the impact of the presence of an active galactic nucleus (AGN) on the
mid- and far-infrared (IR) properties of galaxies as well as the effects of simultaneous AGN
and starburst activity in the same galaxies. To do this, we apply a multicomponent, multiband
spectral synthesis technique to a sample of 250 pm selected galaxies of the Herschel Multi-
tiered Extragalactic Survey (HerMES), with Infrared Spectrograph (IRS) spectra available
for all galaxies. Our results confirm that the inclusion of the IRS spectra plays a crucial role
in the spectral analysis of galaxies with an AGN component improving the selection of the
best-fitting hot dust (torus) model.

We find a correlation between the obscured star formation rate, SFR g, derived from the IR
luminosity of the starburst component, and SFRpay, derived from the luminosity of the PAH
features, Lpay, with SFRpg taking higher values than SFRpay. The correlation is different for
AGN- and starburst-dominated objects. The ratio of Lpay to that of the starburst component,
Lpan/Lsg, is almost constant for AGN-dominated objects but decreases with increasing Lsp
for starburst-dominated objects. SFRgr increases with the accretion luminosity, Ly, with the
increase less prominent for the very brightest, unobscured AGN-dominated sources.

We find no correlation between the masses of the hot (AGN-heated) and cold (starburst-
heated) dust components. We interpret this as a non-constant fraction of gas driven by the
gravitational effects to the AGN while the starburst is ongoing. We also find no evidence
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of the AGN affecting the temperature of the cold dust component, though this conclusion is
mostly based on objects with a non-dominant AGN component. We conclude that our findings
do not provide evidence that the presence of AGN affects the star formation process in the
host galaxy, but rather that the two phenomena occur simultaneously over a wide range of

luminosities.

Key words: galaxies: active—galaxies: starburst—galaxies: star formation-infrared:

galaxies.

1 INTRODUCTION

There is now both observational and theoretical evidence for an
intimate link between the growth of galaxies and the supermassive
black holes (SMBHs) residing at their centres. On the theoretical
front, cosmological simulations and semi-analytic models find it
necessary to include feedback from active galactic nuclei (AGN)
to suppress star formation in massive galaxies (e.g. Bower et al.
2006; Croton et al. 2006; Booth & Schaye 2009) in order to account
for the observed galaxy mass function simultaneously at low and
high redshifts. Observations have shown that the masses of SMBHs,
and those of the bulges in galaxies, follow a tight proportionality
(Magorrian et al. 1998; Ferrarese & Merritt 2000; Tremaine et al.
2002), and that the peak of the quasar number density (e.g. Boyle &
Terlevich 1998; Richards et al. 2006) coincides with that of the star
formation history of the universe (e.g. Madau, Pozzetti & Dickinson
1998; Heavens et al. 2004). Moreover, AGN and circumnuclear star
formation are often found to coexist in galaxies at all redshifts
(e.g. Farrah et al. 2003; Alexander et al. 2005), usually in systems
with significant dust obscuration, and some authors have claimed
evidence for direct links between the two phenomena (e.g. Farrah
et al. 2012).

The most important issue to establish now is whether a causal
relationship exists between star formation and AGN activity, specif-
ically, to determine how the two phenomena regulate each other, and
the overall impact of an AGN on its host galaxy. In contrast to ob-
servations at a single wavelength band, multiwavelength studies
of the incidence of AGN and star formation in dusty galaxies can
provide extensive information on the manner in which the two phe-
nomena coexist, as they are in general sensitive to nuclear activity
over a wide range in obscurations (for recent works in the liter-
ature, see e.g. Kirkpatrick et al. 2012; Sajina et al. 2012; Snyder
et al. 2012). Selection in the infrared (IR) favours sources with in-
tense AGN or starburst activity, as IR spectral energy distributions
(SEDs) are likely to be dominated by these two processes: strong
mid-infrared (MIR) continua imply AGN activity with hot dust
reradiating UV/optical photons (e.g. Laurent et al. 2000; Hatzimi-
naoglou et al. 2005) while strong polycyclic aromatic hydrocarbons
(PAHSs) in the MIR are signatures of intense star formation (e.g.
Lutz et al. 1998; Rigopoulou et al. 1999; Farrah et al. 2008; Fadda
et al. 2010). Silicate absorption at 9.7 um is an ambiguous feature,
since it can be attributed to both phenomena, although type 1 (i.e.
unobscured) AGN are likely to have this feature in emission or
to have featureless continua at this wavelength. While the relative
contributions of the two mechanisms can sometimes be quantified
on the basis of broad-band photometry alone, individual features
can be smeared out, making MIR spectroscopy indispensable for
accurate studies.

The combination of the Spitzer (Werner et al. 2004) and
Herschel (Pilbratt et al. 2010) observatories, especially deep sur-
veys, tracing low- and high-redshift objects over wide ranges in lu-
minosity, has the potential to make dramatic advances in the study
of the AGN-starburst connection. In this work, we explore the im-

pact of the presence of an AGN on the MIR and far-infrared (FIR)
properties of dusty galaxies and how simultaneous AGN and star-
burst activities affect these properties. We do so using a sample
extracted from the HerMES (Herschel Multi-tiered Extragalactic
Survey;' Oliver et al. 2012) population, using the HerMES Spectral
and Photometric Imaging Receiver (SPIRE; Griffin et al. 2010) data
as well as a wealth of publicly available ancillary data, including
Spitzer/Infrared Spectrograph (IRS) spectra (Houck et al. 2004), of
hundreds of extragalactic sources lying in the HerMES fields. The
paper is structured as follows: Section 2 describes the sample of
HerMES objects with IRS spectra and the populations it represents,
with measurements applied to the IRS spectra shown in Section 3.
Section 4 describes the multicomponent SED fitting method used,
detailing the novelties introduced with respect to previous versions
of the code as well as describing the impact that the inclusion of the
IRS spectra has on the SED fitting of AGN. Section 5 discusses our
principal results on the AGN and starburst components in the MIR,
the various star formation rate (SFR) estimates and the hot and cold
dust components. Finally, Section 6 summarizes our approach and
findings. Throughout this work, we assume a A cold dark matter
cosmology with 2, = 0.7 and €2, = 0.3, and a Hubble constant,
Hy, of 72kms~! Mpc~'.

2 HERMES SOURCES WITH IRS SPECTRA

For the purpose of this work, we select a sample consisting of
375 sources, each detected at >30 at 250 um , and with an IRS
spectrum and spectroscopic redshift measurement (either from an
optical or the IRS spectrum) available. As explained in Roseboom
et al. (2010), the o value considered here includes both the instru-
mental noise, oi,y, Which is between ~8 and 15.5 mJy depending
on the fields (for more details, see table 5 of Oliver et al. 2012)
at the 30, noise level, and the confusion noise, o s, equal to
3.8 mly at 250 um with a 30 oy cut (for more details, see Nguyen
et al. 2010). All sources lie in the four northern HerMES fields,
namely Bootes HerMES, FLS, Lockman Swire (LS) and ELAIS
N1 SWIRE (EN1), covered by the first data release® (for a detailed
description of the fields and their coverage, see Oliver et al. 2012).
HerMES is a legacy survey conceived to cover about 380 deg® of
nested fields in the most commonly observed extragalactic areas in
the sky: fields were chosen among those with the best ancillary data.
We therefore have at least six photometric points for each source
with which to build the SEDs from optical to the FIR wavelengths.

The IRS spectra used in this work are taken from the Cornell AtlaS
of Spitzer/Infrared Spectrograph project (CASSIS;® Lebouteiller
et al. 2011), which recently made available the reduced low-
resolution spectra (in two low-resolution modules with a resolv-
ing power of R ~ 60-120) of about 11 000 sources ever observed

!http://hermes.sussex.ac.uk
2 http://hedam.oamp.fr/HerMES/release.php
3 http://cassis.astro.cornell.edu/atlas/
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Figure 1. Redshift distribution of the sample. The red dashed and grey
shaded histograms correspond to the starburst- and AGN-dominated sub-
samples: the definition of these subsamples will be described in detail in
Section 3.

with the Spirzer IRS. Henceforth, we refer to this sample as the
HerMES/IRS sample. The entire sample has IRAC 3.6 and 4.5 wm,
and MIPS 24 pum counterparts: ~90 per cent of the objects have
been detected at 5.8 and 8.0 pm, and 77 and 43 per cent of them were
also detected at the MIPS 70 and 160 pum, respectively. SPIRE (con-
taining an imaging photometer operating at 250, 350 and 500 pm
on board the Herschel Space Observatory) fluxes are estimated
from scan maps via linear inversion methods, using the positions of
known 24 um sources as priors (see Roseboom et al. 2010). As men-
tioned above, sources are included in the HerMES/IRS sample only
if the 250 pm flux value, S»s0, is greater than 3. No other cut is im-
posed based on the SPIRE fluxes: 350 and 500 wm non-zero fluxes
are available for 98 and 84 per cent of the HerMES/IRS sample (72
and 35 per cent above 30, respectively). Finally, ugriz photometry
from the Sloan Digital Sky Survey Data Release 7 (SDSS DR7;
Abazajian et al. 2009) is available for 73 per cent of the sample,
with the remaining objects being undetected by SDSS.

Fig. 1 shows the redshift distribution of the HerMES/IRS sample
in black, spanning the range from z ~ 0.014 to 2.99. The various
peaks in the distribution reflect the different selection criteria of each
of the subsamples present in CASSIS; dashed and shaded regions
correspond to the starburst- and AGN-dominated subsamples and
will be discussed in the next section.

The IRS spectra come from a compilation of various small and
larger Spitzer programmes with objects including dusty galaxies,

LIRGs and ULIRGs, normal star-forming galaxies and AGN. The
details of programmes contributing with more than 10 objects to
the final sample are summarized in Table 1. The majority of sources
(~56percent of the entire sample) are selected at 24 um, with a
flux cut at 24 um, S,4, depending on the details of the individual
programmes: Sy4 > 0.5, 0.7, 0.9, 1.0 mJy or higher for the ~15, 16,
7, 4 and 4 per cent of the sources of the total sample, respectively.
Another ~13 per cent of the entire sample is selected at 70 um. Note
that most of the IRS samples are flux limited. A notable exception is
the sample of Yan et al. (2007), where both 24 pm flux and 8-24 pm
colour cuts are applied. This selection biases the sample in favour
of AGN-type and MIR bright sources, avoiding also objects with
strong silicate absorption features. Due to its selection criteria, the
sample of Weedman & Houck (2009) is not complete, with sources
classified as starburst by optical spectra not being detected by IRS.
The sample of Farrah et al. (2008) is biased towards ULIRGs with
ongoing star formation to the detriment of those containing lumi-
nous AGN. Instead, the sample of Houck et al. (2007) represents
a complete distribution of IR extragalactic sources including those
with featureless spectra and those with strong PAH and/or silicate
features. The flux-selected samples at 70 pm, as that of Farrah et al.
(2009), are less affected by biases with the selection being sensitive
both to starburst and AGN sources. Even though the presence of
possible different small selection biases in the different subsamples,
the HerMES/IRS sample is a large sample, spanning several orders
of magnitude in luminosity, and the properties of its sources match
the entire range of the IR bright HerMES population. Fig. 2 shows
the S»4 pm (top), Szso pm (middle) and Sy4/S2s50 (bottom) distribu-
tions of the full HerMES population in the four fields (solid line) as
well as those of the HerMES/IRS sample (shaded region).

3 MIR AGN- AND STARBURST-DOMINATED
OBJECTS

PAH features are commonly used to quantify AGN and star forma-
tion activity, as well as the relative contribution of the two physical
processes to the energy output of dusty galaxies in the MIR (Lutz
etal. 1996; Genzel et al. 1998; Rigopoulou et al. 1999; Armus et al.
2006; Veilleux et al. 2009). Indeed, the luminosity of PAH, Lpay,
allows for an estimate of the star formation rate, SFRppy (Brandl
et al. 2006; Houck et al. 2007; Pope et al. 2008; Herndn-Caballero
et al. 2009, see Section 5 for more details). Previous work has es-
tablished that the EWpay of the 6.2 and 11.3 um bands correlate
with the relative contributions of the AGN and starburst to the bolo-
metric output of the galaxy (e.g. Laurent et al. 2000; Spoon et al.
2007). Hernan-Caballero & Hatziminaoglou (2011) estimated that
EWpan = 0.2 um represents roughly equal contributions from the

Table 1. Major contributors to the HerMES/IRS sample. Shown are the Spitzer programme ID, the PI of the proposal, the primary selection criteria and the

reference, whenever available, the corresponding fields and number of sources.

D PI Selection Reference Field Number of sources
15 Houck S24 > 0.7mly LS, Bootes, FLS, EN1 47
16 Houck S24 > 0.7mly Bootes 14
3748 Yan Sr4 > 1mly FLS 15
20113 Dole 70 pum selected Bootes 15
20128 Lagache 24 pm selected e.g. Weedman & Houck (2009) Bootes, FLS 21
20629 Yan So4 > 0.9 mly Yan et al. (2007) FLS 28
30364 Houck S24 > 0.5mly Farrah et al. (2008) LS 25
40038 Houck S24 > 6 mJy and Sy4 > 10mly Houck et al. (2007) Bootes, FLS 14
40539 Helou 0.5 < So4 < 100 mJy e.g. Weedman & Houck (2009) LS, FLS, EN1 30
50666 Farrah S70 > 20 mly Farrah et al. (2009) LS 32
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Figure 2. Sy1 um (top), S»s0 um (middle) and Sr4/S»s0 (bottom) distribu-
tions of the full HerMES population in the four fields (solid line) and those
of the HerMES/IRS sample (shaded region).

AGN and starburst to the bolometric luminosity (valid for either of
the two PAH features), with the AGN dominating at lower values
and the starburst dominating at higher values. For the purpose of
this work, we use the 11.3 um PAH feature and use the 6.2 pum one
only in the absence of the former (necessary in ~10 per cent of the
objects).

We measured the equivalent widths of the PAH features, EWpay,
at 6.2 and 11.3 um, as well as their luminosities from the IRS
spectra using the procedure described in Hernan-Caballero &
Hatziminaoglou (2011). Briefly, we select continuum bands 0.2 pm
wide at both sides of each PAH feature (centred at 5.9 and 6.6 um

2429

for the 6.2 um PAH feature; 10.88 and 11.78 um for the 11.3 um
one) and interpolate linearly between them to estimate the con-
tinuum under the feature. We subtract the linear continuum and
integrate the residual in a band of width 0.5 pm centred at the nom-
inal wavelength of the feature to obtain the flux in the PAH band.
As explained in Herndn-Caballero & Hatziminaoglou (2011), our
selection of a narrow integration band and nearby continuum bands
help to maximize the signal-to-noise (S/N) and to reduce the un-
certainty in the underlying continuum. Flux lost in the wings of the
PAH bands and contamination to the continuum are corrected for by
assuming that the PAH feature has a Lorentzian profile with a full
width at half-maximum (FWHM) of 0.2 um. Simulations indicate
thata 10 per cent increase in the FWHM causes a 5 or 6 per cent drop
in the PAH flux, with no observable dependence on the EWpay or
S/N of the spectrum. Uncertainties in the PAH flux and the underly-
ing continuum for each source are estimated by performing Monte
Carlo simulations.

Extinction has complex interactions with the PAH features: in
highly obscured sources, the 6.2 um band is often attenuated or
even entirely suppressed due to a water ice absorption band at 6 pm
(e.g. Spoon et al. 2004; Imanishi et al. 2007; Sajina et al. 2009). The
11.3 wm band is embedded inside the much wider silicate feature
at 9.7 um (see Section 4.1.1), and the effect of extinction on it
depends on whether the obscuration producing the silicate feature
affects only the AGN or also the starburst component. In the first
case, continuum emission from the AGN gets diminished, and the
EWpay of the feature at 11.3 pm is accordingly boosted. In the
second, both the continuum and the feature are equally suppressed,
and therefore the EWpay remains unchanged. Since most of the
sources in the sample have moderate to low values of the strength
of the silicate feature (see Fig. 6), our results are largely unaffected
by extinction.

The distribution of EWp,ay is shown in Fig. 3, where the grey his-
togram corresponds to the feature at 11.3 pm. In the HerMES/IRS
sample, we found 45 and 55 per cent MIR AGN- and starburst-
dominated objects, i.e. with EWpsy < 0.2 and >0.2, respectively.
Hereafter, when reporting to AGN-dominated (EWpay < 0.2) or
starburst-dominated (EWpay > 0.2) objects, we refer to the distinc-
tion made based on the calculated values of EWpay.

Returning to the redshift distribution of the HerMES/IRS sample
(Fig. 1), we note that very low redshift sources may have angular
sizes larger than the width of the slits used for IRS spectroscopy

40."I""I""I""I""I_

Number of Objects
) %)
o S

—_
o

0 0.5 1 1.5 2
EVVPAH

Figure 3. Distribution of EWpap (that at 11.3 pm shown in grey; PAH at
6.2 pm used when the 11.3 um data were not available), measured from the
IRS spectra.
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Figure4. IRAC colours of the HerMES/IRS sources. The points are colour-
coded as a function of EWpap. The black points show the density of objects
in the FLS field, with stars clustering in the lower-left corner of the plot.

(3.6 and 10.5 arcsec wide for the short- and long-wavelength mod-
ules, respectively). As a consequence, a fraction of the emission
from the outer regions of these galaxies may be missed by the
IRS observations. This, in principle, could result in an overestima-
tion of the AGN contribution to the galaxy’s measured emission,
which would translate to an excess of AGN-dominated objects at
very low redshifts. As seen in the figure, the more nearby objects
(z < 0.3) are almost exclusively starburst dominated (red dashed
histogram) with only 10 objects being AGN dominated. The ef-
fects of slit width can be assessed by comparing the MIPS 24 um
flux with that evaluated at 24 pm from the IRS spectra. We find
consistent values for all low-redshift sources in the HerMES/IRS
sample, and conclude that aperture effects do not significantly affect
our results and conclusions. We note that almost all HerMES/IRS
galaxies at z > 2 (Fig. 1) are AGN dominated (shaded histogram):
this is not a physical result but is due to the selection of the IRS
targets that constitute the various subsamples of our HerMES/IRS
sample.

It is well known that AGN-dominated sources tend to concen-
trate in a particular region of the IRAC colour—colour diagram (e.g.
Lacy et al. 2004, 2007; Stern et al. 2005; Donley et al. 2012). In
fact, Fig. 4 shows the (observed) IRAC colours of the HerMES/IRS
sources, colour-coded based on the value of EWpay, justifying the
use of the latter to separate between AGN- and starburst-dominated
objects. Hatziminaoglou, Fritz & Jarrett (2009) showed that the po-
sition of AGN on this colour—colour diagram depends on the relative
contribution of their starburst content to the MIR, going from the
diagonal locus (defined by the MIR AGN continuum) for pure AGN
to the vertical Ss5g/S53 6 locus, as the starburst contribution increases.
They also showed that the position of AGN is almost independent
of redshift up to a redshift of ~3 (see their fig. 2), a value corre-
sponding to the most distant object in our HerMES/IRS sample.
AGN-dominated objects in the HerMES/IRS sample, as classified
by the value of EWpay, show the same behaviour and lie on or
around the power-law slope; as the starburst component becomes
increasingly dominant, the position of sources moves towards the
vertical S5 g/53 ¢ locus. The black points denote objects in one of the
selected fields (FLS), with stars clustering in the lower-left corner

of the plot (see e.g. Sajina, Lacy & Scott 2005; Hatziminaoglou,
Fritz & Jarrett 2009).

4 SED FITTING

We use a routine described in detail in Hatziminaoglou et al. (2008,
2009) to fit SEDs to the HerMES/IRS sample data. The observed
SED of each object is compared to a set of model SEDs by means of
a standard x? minimization. An addition to the original code is the
possibility to simultaneously fit photometry and an IRS spectrum
for each object, as described in Section 4.1. As shown in Fig. 5,
the model SEDs (black line) are the sum of three components:
a stellar (dotted dark green), an AGN (dot—dashed blue) and a
starburst (dashed light green) component. The stellar component is
itself the sum of simple stellar population (SSP) models of different
ages, all having a common (solar) metallicity, and is built up using
the Padova evolutionary tracks (Bertelli et al. 1994), a Salpeter
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Figure 5. Example of a best fit to a low (top) and a high (bottom) red-
shift object (Spitzer IDs 14134784 and 11867904, respectively). The IRS
spectrum (turquoise; see also the inset figure) and photometric data (red
symbols) are reproduced using the three emission components: SSPs (dot-
ted dark green line), AGN torus (dot—dashed blue line) and starburst (dashed
light green line), giving the total model emission (in black). The dashed grey
lines show the best-fitting modified blackbody emission, fitted at a second
step. The top x-axis shows the rest-frame wavelength.
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initial mass function (0.15-120 M) and the Jacoby, Hunter &
Christian (1984) library of observed stellar spectra in the optical
domain. The AGN component consists of the emission from the
primary source and the emission reprocessed by dust, distributed
in a continuous fashion (as opposed to clumps) in a toroidal or
flared-disc shaped region around the primary source and described
in detail in Fritz, Franceschini & Hatziminaoglou (2006). In this
work, we use the updated AGN torus model grid presented in Feltre
et al. (2012). Finally, the starburst component is represented by a
library of starburst templates that are used to reproduce the detailed
PAH features of the IRS spectra. Sources in the library include Arp
220, M82, M83, NGC 1482, NGC 4102, NGC 5253 and NGC 7714.
Due to their empirical nature, the starburst templates cannot be used
to compute accurate values of physical quantities such as the mass
of cold dust and its temperature. For this reason, and as a second
step, we fit the FIR data points (A > 100 pm) of the SEDs to a
modified blackbody emission, as described in detail in Section 4.2.

The SED fitting procedure described above also takes into
account the interstellar dust and the extragalactic flux attenua-
tions. Extinction by dust in the interstellar medium is modelled
as a uniform slab in front of the stars. It is parametrized by an
E(B — V) value and an assumed galactic extinction curve taken from
Cardelli, Clayton & Mathis (1989). We checked whether adopting
other prescriptions for the dust extinction, e.g. the extinction curve
as proposed by Calzetti, Kinney & Storchi-Bergmann (1994) and
widely used in studies of actively star-forming objects, would alter
our results: we are only fitting five broad-band optical data points
(SDSS) and found that using the Calzetti model neither changed
significantly the stellar mass estimations nor provided a better fit
to the data (as quantified by the value of x2). Finally, we model
attenuation by the intergalactic medium using the Madau (1995)
law.

4.1 Spectrophotometric fitting

We perform the SED fitting using photometric data points (typi-
cally SDSS urgiz, Spitzer IRAC and MIPS, and Herschel SPIRE
fluxes: red points in Fig. 5) and the IRS spectra simultaneously, and
use standard x> minimization to determine the best fit. Each IRS
spectrum (shown in turquoise in Fig. 5) is divided into a predefined
number of bands (20), with the mean flux and the respective error
calculated in each band. These fluxes are then handled in the same
way as the photometric data points. The best-fitting model com-
prises the combination of the models providing the lowest values
of the reduced x?, x2, which is by definition the x> divided by the
number of degrees of freedom, in turn the number of data points —
the number of model parameters.

An AGN component was required to reproduce the observed
SED for about 96 percent of the HerMES/IRS sources. For the
~25 per cent of these, no stellar component was needed because
in these objects the light of the AGN outshines that of the host
galaxy in the UV/optical, and the sources are therefore characterized
as unobscured AGN. Inconspicuous PAH features (EWpay < 0.2)
further demonstrate that the AGN dominates the MIR emission of
such sources (for more details see Section 5).

Important physical quantities can be derived from the SED fitting
including the AGN accretion luminosity, L, i.e. the soft X-ray,
UV and optical luminosity coming from the accretion disc, the
infrared luminosity, L, defined as the integrated flux between 8 and
1000 pm, and the relative contribution of the AGN and the starburst,
Lgg. The latter quantity can be used to estimate the obscured star
formation rate, SFRgr, using the calibration derived in Kennicutt

Number of Objects

Figure 6. Distribution of the strength of the silicate feature at ~9.7 pum.
The grey shaded and red dashed histograms illustrate AGN- and starburst-
dominated subsamples, defined as such by EW < 0.2 and EW > 0.2,
respectively.

(1998), in which the bolometric luminosity of stars younger than
100 Myr is assumed to be re-emitted in the IR (see Leitherer &
Heckman 1995; Kennicutt 1998, and Section 5 for more details).

4.1.1 On the effects of the IRS spectra on the SED fitting

The strength of the silicate feature at 9.7 um, S, is defined by Pier
& Krolik (1992) as

Ssit = In[F(p)/ Fc(hp)], ey

where F(),) and F¢(},) are the feature’s peak flux density and the
underlying continuum, respectively. It follows from this that a neg-
ative value of Sy; indicates that the silicate feature is in absorption.
The distribution of Sg; for the sample is shown in Fig. 6. A large
fraction (75 per cent) of the objects with the feature in emission are
AGN dominated based on calculated values of EWpay.

Sqi1 is a property of the hot dust that relates to its opacity and
geometry and cannot be constrained with photometric data points
alone. In the following, we determine the impact of including the
IRS spectra in the evaluation of Sg;. We measure this quantity using
the best-fitting torus model for all the objects, with and without
including the IRS spectra in the SED fitting (S and ', respectively).
We then compare the values of S and §’ with the values of Sg;
measured directly from the IRS spectra, as shown in Fig. 7, top
and middles panels, respectively. In the presence of both AGN and
starburst components, the SED fitting has to reproduce the silicate
feature by adding the two components; hence, measuring S on the
best-fitting torus model alone might be irrelevant, especially for ob-
jects with strong starburst contribution. Indeed, in this case, S has to
be measured on the total (i.e. AGN+starburst) model (S, shown
as a function of Sg; in the bottom panel of Fig. 7). The circles cor-
respond to all the AGN-dominated objects (EWpay < 0.2), with the
open (filled) symbols representing objects with (without) a stellar
component. Finally, the stars indicate starburst-dominated objects
(EWpan > 0.2).

Fig. 7 shows several interesting consequences of including IRS
spectra in SED fitting. A simple comparison between the top and
middle panels shows that the cluster of points at §" ~ 0.0 for objects
with a stellar component and S < 0.0 vanish. For these objects
including IRS spectra in the fit returns torus models with a silicate
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Figure 7. The strength of the silicate feature at 9.7 um measured from the
best-fitting model versus that measured from the IRS spectra. In the top
panel, §" was measured on the best-fitting torus models obtained by fitting
photometry alone, while S (middle panel) was measured from the best-fitting
torus model when fitting simultaneously photometric data and IRS spectra.
In the bottom panel, Sy is the measured strength of the silicate feature
on the total model, i.e. the sum of the AGN and the starburst component.
The filled black (open green) circles correspond to AGN-dominated objects
without (with) a stellar component (SSPs), while the red stars correspond to
starburst-dominated objects.

feature whose strength matches more closely that measured in the
IRS spectra. Since S depends strongly on the model parameters, a
more accurate measurement, as in the presence of the IRS spectra,
implies better constraints on the model parameters. Furthermore, the
clustering of unobscured AGN around the 1:1 line becomes tighter,
although SED fitting still tends to favour torus models with sili-
cate emission that is stronger than observed. In starburst-dominated
objects, the IRS spectra do not improve the constraints on the sil-
icate feature of the torus models, as can be seen in the top and
middle panels of Fig. 7, where both S and S’ present very deep
absorption (~—8.0). Indeed, as the starburst component starts be-
coming important, the points disperse even in the presence of the
IRS spectrum and Sy, has to be considered instead (bottom panel of
Fig. 7). Despite a non-negligible scatter, likely due to the noise of
the spectra, model and spectral measurements now cluster around
the 1:1 line, particularly tightly for unobscured AGN (filled circles).
Our findings show that including the IRS spectra in the SED fitting
helps to better constrain the AGN component for objects whose
optical/MIR SEDs are dominated by the AGN; as a consequence,
better constraints on the starburst component are obtained as well.

4.2 Fitting a modified blackbody to the FIR points

The starburst templates used to fit the observed emission, due
to their empirical nature, cannot be used to derive accurate esti-
mates of the physical properties of the cold dust component, such
as mass and temperature. For this reason, data at A > 100 um
are fitted separately, assuming that dust is emitting as a single-
temperature modified blackbody. Dust emissivity is modelled as
a power law k, = kov?, with ky a normalization factor such that
k350 um = 0.192m? kg~! (Draine 2003). The modified blackbody is
then expressed in the analytic form:

Mck() v b
SB.T)= (‘T) B, (T), @3]

d? 0
where M. is the mass of the (cold) dust and d is the luminosity
distance. The only two free parameters in the fitting procedure are
the dust temperature and mass: we chose to fix the value of g at 2,
which is consistent with the value commonly used in dust models
(Draine & Lee 1984; Li & Draine 2001, see also Davies et al. 2012
for observational evidence).

The best-fitting temperatures are found by means of a gradient
search method following Fritz et al. (2012). A well-sampled SED
with photometry that spans the IR peak is required to properly
constrain the properties of the cold dust (Kirkpatrick et al. 2012):
fitting using the modified blackbody has therefore only been applied
to objects with at least two SPIRE band detections as well as MIPS
160 pm, jointly available for ~30 per cent of the HerMES/IRS sam-
ple.

5 AGN AND STAR FORMATION IN THE MIR
AND FIR

We use EWpay to distinguish between AGN- and starburst-
dominated objects in the MIR, with the AGN-dominated objects be-
ing characterized by values lower than the threshold value, EWpay =
0.2. An important question is how this measure compares to the ab-
solute AGN and starburst contributions to the overall emission from
the galaxies. Fig. 8 shows EWpay measured from the IRS spectra
as a function of the AGN fractional contribution to Lz, in turn
derived from the SED fitting (as already mentioned, an AGN com-
ponent was necessary to reproduce the SEDs for 85 per cent of the
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Figure 8. EWpap as a function of the fractional contribution of the AGN
component to the total IR luminosity for all objects to which the SED fitting
assigned an AGN component. The filled (open) symbols denote objects
without (with) an optical stellar component. The black line (EWpayg = 0.2)
delimits the MIR AGN- and starburst-dominated objects, with the first taking
lower values.

HerMES/IRS sample). The green open circles denote the AGN with
a stellar component while the black filled circles the AGN without a
stellar component (see Section 4.1). The two quantities are not ex-
pected to be correlated; as the contribution of the AGN component
to the MIR is not necessarily representative of its contribution to
the total energy output, there is clearly an avoidance zone, however:
objects with a high fractional AGN contribution to the Lz do not
exhibit any PAH features (EWpan ~ 0). Furthermore, ~75 per cent
of the unobscured AGN (filled circles) also have EWpay < 0.2.
At the same time, 40 percent of the AGN with a stellar optical
component (open circles) also have EWpayy < 0.2. Last but not
least, some sources present large EWpay (With values between 1
and 1.5) and, at the same time, a relatively high AGN contribution
(between 0.4 and 0.6). These objects are characterized by values
of S that are around zero, or slightly negative due to absorption
suppressing the continuum around the PAH features, and by best-
fitting torus models with large size and high optical depth giving
rise to a significant AGN contribution even at longer wavelength.
The presence of a starburst emission component is necessary to
account for the total FIR emission. Indeed, it is worth highlighting
the presence of a cluster of objects (~37 percent) with very low
EWpan (AGN dominated in the MIR) and very low AGN fraction,
meaning that the total IR luminosity is dominated by the starburst
mechanisms. Sajina et al. (2012) find a class of composite objects
(~47 per cent of their sample of 191 24-um bright sources in the
FLS field) showing similar properties, that is high starburst con-
tribution to the Lig along with a very low value of the EW of
the PAH feature at 7.7 pum. Moreover, we found very few objects
(~8 per cent) having a fractional contribution of the AGN to L
of more than 50 per cent, confirming once again that the source of
the bulk of the IR emission, even in AGN-dominated systems, is
star formation. The 53 per cent of the HerMES/IRS sample objects
presenting a fractional contribution of the AGN to Lir of less than
50 per cent also present EWpay > 0.2 (all but three MIR starburst-
dominated sources), i.e. starburst emission dominates both the MIR
and the FIR. Our findings are in agreement with those of Kirkpatrick
et al. (2012) where they analyse a sample of 151 24-um selected
galaxies in the GOODS-N and ECDFS fields. They found that most

of the starburst-dominated sources in the MIR have a negligible
AGN contribution to the FIR, while MIR AGN-dominated objects
show various levels of contribution by star formation activity.

5.1 AGN and the SFR from MIR and FIR

The combination of spectral measurements and SED fitting allows
us to estimate the obscured SFR in the objects of our sample in two
different ways, as already described in Sections 3 and 4.1.

(1) SFREr, the obscured star formation rate, is calculated us-
ing Kennicutt (1998), converting Lsg into a value of SFR using
SFRpg = 4.5 x 107* x Lgg, with Lgg inergs™'.

(ii) SFRpay, derived from the luminosity of the PAH features
as measured from the IRS spectra (see Section 3) and defined as
SFRPAH =14 x 1078 X LPAH[(lZJ and SFRPAH =152 x 1078 X
Lpapi1.3), where PAH luminosities are expressed in erg s~! (Herndn-
Caballero et al. 2009). We verified that the IR luminosities derived
from the luminosities of the PAH features at 6.2 and 11.3 um are
comparable, and adopted the value derived for the PAH feature
at 11.3 um as it is less affected by extinction. We use the PAH
luminosity at 6.2 pm only for objects for which a measurement at
11.3 um is not available (about 10 per cent of the objects, as already
mentioned in Section 3).

As other authors have previously pointed out (Schweitzer 2006;
Netzer et al. 2007; Lutz et al. 2008), SFRgr and SFRpay correlate
with each other (Fig. 9, top panel). Unobscured AGN-dominated
objects (black circles) show a shallower slope and a loose corre-
lation (r = 0.64). AGN-dominated objects with an optical stellar
component (open circles) show a tighter correlation (r = 0.82) and a
steeper slope that is almost parallel to the 1:1 line, but with system-
atically larger SFRpr than SFRpay by about an order of magnitude.
Finally, starburst-dominated objects (stars) have a very tight (r =
0.95) correlation lying close to the 1:1 line at low SFR, with the
SFRpr deviating from their SFRpay counterparts with increasing
SFR. To exclude the possibility of these trends being a statistical
effect, we ran the following test: we modelled a population lying
on the 1:1 line with the scatter of the starburst-dominated objects
and applied a random offset for the PAH luminosity of each object,
drawn from a Gaussian distribution with o equal to the error on
the PAH luminosity. We then recalculated the SFRpap and related
EWs. The behaviour shown in the top panel of Fig. 9 was not repro-
duced, and the AGN-dominated objects were distributed randomly,
implying a physical origin of the observed SFR trend. The reason
of this can be sought in the fact that the ratio of Lpay to Lsg depends
on Lgsg (Smith et al. 2007). For example, the ratio Lpan/Lir has
been found to be significantly smaller for local ULIRGs (Armus
et al. 2007) compared to that of regular local and low-luminosity
starburst galaxies (Brandl et al. 2006; Smith et al. 2007). Moreover,
high-redshift ULIRGs, being on the whole less obscured than the
local ones, present a stronger PAH feature (Pope et al. 2008; Fadda
et al. 2010).

While comparing distant quasars with samples of local quasars
and ULIRGs of Schweitzer (2006) and Netzer et al. (2007), Lutz
et al. (2008) reported a constant Lpay/Lsg (and hence a constant
SFRER/SFRpay, if we assume a constant SFRpay/Lpay ratio), with
luminosities spanning almost four orders of magnitude. Analo-
gously, Pope et al. (2008) found that submillimetre galaxies at
z ~ 2 allow one to extend the relation between Lig and Lpay of
the local starburst galaxies. In contrast, we find Lpay /Lsp to clearly
decrease with Lgg for starburst-dominated objects (Fig. 9, mid-
dle panel) while AGN-dominated objects have a close-to-constant
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Figure 9. SFRpr versus SFRpap (top) and Lpap/Lsp as a function of
Lsg (bottom) for unobscured AGN-dominated objects (filled circles), AGN-
dominated objects with an optical stellar component (open circles) and
starburst-dominated objects (stars). The continuous lines mark the respective
linear correlations and the dashed line (top panel) the 1:1 relation.

Lpan/Lsg, but with a large scatter. Furthermore, we find a decreasing
Lpan/Lsp with increasing redshift for starburst-dominated objects.

To see whether the presence of an AGN has an effect on the
obscured SFR, we also looked at the behaviour of SFRgr as a
function of the accretion luminosity, L,., that is the normalization
of the AGN component to the observed data points (Fig. 10, top
panel). As already seen in the recent literature, brighter AGN also
exhibit higher SFRs (e.g. Serjeant & Hatziminaoglou 2009; Hatz-
iminaoglou et al. 2010; Serjeant et al. 2010; Bonfield et al. 2011).
Focusing on the brightest objects of the sample, i.e. objects
with L, > 10¥ ergs™!, we see that unobscured AGN-dominated
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Figure 10. SFRpr versus Lycc and Lgg/Lacc as a function of Ly for un-
obscured AGN-dominated objects, AGN-dominated objects with an optical
stellar component and starburst-dominated objects. The symbol code is the
same as in Fig. 9. The linear correlations shown here are computed for
objects with Ly > 10* ergs~! alone. The dotted lines represent the corre-
lation for starburst-dominated objects when discarding sources with Ny of
the best torus model <3 x 10%% cm™2.

objects have a somewhat flatter distribution although the large
scatter renders the correlation very weak (r = 0.44). The in-
crease of SFR seems to be less prominent for the very bright
(Laee > 10*ergs™') unobscured AGN but the low number of
objects makes the derivation of any firm conclusion impossi-
ble. There is a tail of starburst-dominated objects with SFRpr
< 100 and L, ~ 10*ergs™' for which the best-fitting torus
models provide a quite high hydrogen column density, Ny >
3 x 10®cm™2. This means that such objects are potentially
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Figure 11. Cold (starburst-heated) dust mass versus hot (AGN-heated) dust
mass.

heavily obscured in the optical band bringing more uncertainties
in the estimation of the accretion luminosity. The dotted line in
both panels of Fig. 10 represents the correlation of the starburst-
dominated objects while excluding starburst-dominated sources
with Ny > 3 x 10% cm~2. The behaviour of the starburst-dominated
objects now resembles more that of AGN-dominated ones, albeit
presenting a higher SFR. When comparing Lsg with L., we find
their ratio decreasing with increasing L,.. for AGN-dominated ob-
jects but not for starburst-dominated ones. Analogously, when dis-
carding starburst-dominated sources with high Ny, the dotted line
in the bottom panel of Fig. 10 is parallel to that of unobscured AGN,
with the starburst-dominated objects having higher Lgg at the same
values of L.

5.2 The cold and hot dust components

The fit of the MIPS and SPIRE data with a grid of modified black-
bodies (as described in Section 4.2) returns the temperature of the
cold dust component, heated by the starburst, as well as its mass.
As already mentioned, we only fit a modified blackbody to objects
with at least three data points at A > 100 pm, one of which has
to be MIPS 160 um. The reason behind this choice is to sample
both sides of the peak of the cold dust emission in order to avoid
the introduction of possible biases (Shetty et al. 2009a,b) and the
under/overestimate of the cold dust temperature/mass (Smith et al.
2012). The mass of the hot dust is that of the torus models, defined
as the integral of all dust grains over all volume elements.

The masses of the cold (starburst-heated) and hot (AGN-heated,
that is the sum of all dust grains integrated over the torus volume
elements) dust components do not correlate with each other, as seen
in Fig. 11. These two components occupy very different physical
scales: the hot dust, heated by the accretion disc surrounding the
central engine, extends out to a few tens of pc, while the cold dust,
heated mostly by young stars in star-forming regions, extends to
much larger distances from the central source, reaching kpc scales.
Star formation is known to occur in individual or combinations of
morphological features (such as spiral arms, central or extended
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Figure 12. Cold dust temperature as a function of Ly (circles and stars
mark AGN- and starburst-dominated objects, respectively).

starbursts, rings, etc.) that are driven by gravitational instabilities,
interactions and/or mergers. The lack of correlation between the
masses of the hot and cold dust components therefore suggests that
the gravitational effects that drive star formation do not divert a
fixed fraction of the gas to the AGN centre while the starburst is
ongoing.

To check whether the presence of an AGN has an impact on
the heating of the dust at large scales, we check the correlation
between the derived blackbody temperatures and the AGN accretion
luminosity, Ly, as shown in Fig. 12. Unfortunately, the requirement
for a 160 um detection to constrain the shape of the SED at A <
200 um limits the number of objects for which the temperature
of the cold dust can be determined as the 160 um data are very
shallow: this affects many AGN-dominated objects (open and filled
circles). Due to the small number of available data points, we used
a single-temperature modified blackbody component to account for
the emission at FIR wavelengths where both warm and cold dust can
contribute. The range of temperatures, reported in Table 2, that we
fit is consistent with temperatures found by (e.g. Kirkpatrick et al.
2012) using a multitemperature modified blackbody approach that
considers two modified blackbodies to account for the warm and
cold dust components: the majority of the temperatures derived for
the cold dust component span the range between 20 and 40 K, with
a mean temperature of 28.5 K. Even though the majority of objects
shown in this figure are starburst dominated in the MIR, many
harbour an AGN with high L, values. With the above caveats
in mind, we find no evidence that the cold dust temperature is
affected by the presence of an underlying AGN. This can also be
seen from the average temperature of the different L, bins (reported
in Table 2).

6 CONCLUSIONS

Assessing the effects of the presence of an active nucleus in the
centre of a galaxy is of paramount importance to the understanding
of the evolution of the galaxy and the coevolution of the activity
processes occurring during the galaxy’s lifetime. In this paper, we
present the analysis of a sample of 375 extragalactic sources in the
northern HerMES fields of Bootes, FLS, Lockman and ELAIS N1
with available broad-band photometry spanning the optical (SDSS)
to the FIR (Herschel) and Spitzer/IRS spectra, with the aim to
investigate the observational signatures of AGN in the MIR and
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Table 2. Results of the temperature of the cold dust both for all the objects with
MIPS 160 and for different bins of Lycc. From the leftmost to the rightmost column:
range of Ly, number of sources, mean temperature (7), standard deviation o, and
minimum and maximum temperature 7rin and Tiax, respectively.

Lycc (ergs™')  Number of sources  (T)(K) o1 (K)  Timin (K)  Tinax (K)
Total 53 28.5 5 17.6 38.2
<10% 7 27.1 3.8 20.8 322

10 —10% 33 27.7 4.6 17.6 38.2
>10% 14 30.9 5.6 222 38.1

FIR wavelengths and their impact on the properties of their hosts.
The IRS spectra impose constraints on the AGN torus models while
the SPIRE photometry is essential for the measurement of the cold
dust properties of the host galaxies. Spectrophotometric multiband
and multicomponent SED fitting, in combination with EWs and
luminosities of the PAH features measured from the IRS spectra,
allows us to investigate the source properties as a function of AGN
content.

We find SFRpr, the obscured star formation rate derived from
the IR luminosity of the starburst component, and SFRpay, de-
rived from the luminosity of the PAH features, to correlate with
MIR AGN- and starburst-dominated populations presenting differ-
ent correlations. Moreover, we note that, as a general trend, SFRgr
takes systematically higher values than SFRpay, with the possibility
of this being due to statistical errors excluded. We find Lpay/Lsp
to be almost constant for AGN-dominated objects but to decrease
with increasing Lsp for starburst-dominated objects, contrary to
what has been reported by other authors (Lutz et al. 2008, and ref-
erences therein). Furthermore, we observe an increase in SFR with
increasing L,.., with the increase less prominent for the very bright,
unobscured AGN-dominated sources.

We find no noticeable effect of the presence of an AGN on the
FIR properties of the host galaxy: SFRpr increases with increasing
L, as already reported in the recent literature (e.g. Serjeant &
Hatziminaoglou 2009; Hatziminaoglou et al. 2010; Serjeant et al.
2010; Bonfield et al. 2011). We find the ratio Lsg /L, to decrease
with increasing L,... No significant dependence of the temperature
of the cold dust on L, is observed, even for sources harbouring
bright AGN components with L,.. > 10* ergs™".

The cold dust, heated by young stars in star-forming regions, ex-
tends to several kpc from the central source. The hot dust emission,
on the other hand, arises from the pc-size region surrounding the
central black hole and could, in principle, serve as the reservoir
that feeds the black hole during the high-energy accretion phase
of a galaxy. We find the masses of the two dust components to be
completely uncorrelated and interpret this lack of correlation as an
indication that the fraction of gas funnelled to the AGN as a result
of gravitational effects that also drive the starburst activity is not
constant.

To summarize, our findings are in agreement with there being no
evidence for the AGN significantly influencing star formation pro-
cesses of the host galaxy. This is consistent with the fact that most
models predict an extremely brief feedback phase: when consider-
ing large IR samples, an average effect is expected to be observed.
This implies that a correlation between the hot and cold dust prop-
erties is not expected to be seen, even with a feedback itself being
very strong.

Our findings are based on spectral synthesis techniques that are
methodology dependent and the models considered not completely
free from degeneracy. Nonetheless, they do not support the scenario

in which the AGN in a galaxy’s centre has an impact on the star
formation of the host (as also found by e.g. Hatziminaoglou et al.
2010; Harrison et al. 2012; Rosario et al. 2012; Santini et al. 2012)
but show, instead, that the two phenomena coexist in a variety of
both AGN- and starburst-dominated sources spanning more than
four orders of magnitude in both L, and Lig.
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