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ABSTRACT

We present a study of optically selected Type II active galactic nuclei (AGN) at 0.5 < z < 0.9 from the VIPERS and VVDS surveys, to
investigate the connection between AGN activity and the physical properties of their host galaxies. The host stellar mass is estimated
through spectral energy distribution fitting with the CIGALE code, and star formation rates are derived from the [OII]13727 A line
luminosity. We find that 49% of the AGN host galaxies are on or above the main sequence (MS), 40% lie in the sub-MS locus,
and 11% in the quiescent locus. Using the [OII[]A5007 A line luminosity as a proxy of the AGN power, we find that at fixed AGN
power Type II AGN host galaxies show a bimodal behaviour: systems with host galaxy stellar mass <10'" M, reside along the MS
or in the starbursts locus (high-SF Type II AGN), while systems residing in massive host galaxies (>10'° M) show a lower level of
star formation (low-SF Type II AGN). At all stellar masses the offset from the MS is positively correlated with the AGN power. We
interpret this correlation as evidence of co-evolution between the AGN and the host, possibly due to the availability of cold gas. In
the most powerful AGN with host galaxies below the MS we find a hint, though weak, of asymmetry in the [OIII] line profile, likely
due to outflowing gas, consistent with a scenario in which AGN feedback removes the available gas and halts the star formation in the

most massive hosts.

Key words. galaxies: active — galaxies: nuclei — quasars: emission lines — quasars: general

1. Introduction

Galaxies can be divided into two main types, blue star-
forming galaxies, which typically have disc morphologies,
and red passive galaxies, which are bulge-dominated (e.g.
Gadotti 2009; Bluck et al. 2014; Whitaker et al. 2015). These
two types can be easily identified in a colour-magnitude dia-
gram where they form, respectively, the blue cloud and the
red sequence (e.g. Stratevaetal. 2001; Blanton et al. 2003;
Kauffmann et al. 2003a; Baldry et al. 2004). According to the
current theory of galaxy evolution, galaxies move from the blue
cloud to the red sequence (Cowie et al. 1996; Baldry et al. 2004;
Pérez-Gonzalez et al. 2008; Fritz et al. 2014). The mechanisms
involved in such a transformation, called galaxy quenching, are
still a matter of study as they have to explain how the morpholog-
ical transformation occurs, how star formation ceases, whether
the environment and a galaxy stellar mass play a role, and when
and on what timescale such a process occurs. Galaxy evolution

models reproduce quenching by shutting off the cold gas supply
in a galaxy (e.g. Gabor et al. 2010). This can occur by inhibiting
the cold gas from entering a galaxy or from producing stars, or
through ejective feedback mechanisms that remove gas from the
galaxy. One of the most viable ejective mechanisms is provided
by powerful active galactic nuclei (AGN), powered by accretion
onto supermassive black holes (SMBHs, Lynden-Bell 1969).
The discovery that black hole (BH) masses of nearby
bulges correlate with the stellar velocity dispersion, mass,
and luminosity of the bulge (e.g. Magorrianetal. 1998;
Ferrarese & Merritt 2000; Gebhardt et al. 2000; Giiltekin et al.
2009; Kormendy & Ho 2013), and the similarities between the
evolution of the star formation rate density and the growth
of the AGN (e.g. Madauetal. 1996; Hasinger et al. 2005;
Hopkins et al. 2007; Aird et al. 2015) led to the idea that SMBHs
and their host galaxies are closely linked, despite the different
size scales involved. Most galaxies have gone through an active
phase during which the SMBHs have accreted material, grown
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their mass, and possibly supplied the energy to influence the
host galaxy on large-scale distances (e.g. Cattaneo et al. 2009;
Kauffmann & Haehnelt 2000). This could be possible through
large-scale outflows expelling a large fraction of the gas from
the host galaxy (e.g. Silk & Rees 1998), where a small frac-
tion of the energy released by the BH accretion would be suf-
ficient to heat and blow out the host galaxy gas content. By
including AGN feedback in numerical simulations and semi-
analytical models of galaxy evolution a good agreement with the
observations has been obtained, such as suppression of star for-
mation at the highest stellar masses, which appears necessary
to recover the properties of the local galaxy population (e.g.
Di Matteo et al. 2005; Croton et al. 2006; Schaye et al. 2015;
Manzoni et al. 2021). However, the impact AGN might have
on their hosts and on the star formation activity is still a mat-
ter of numerous investigations (e.g. Alexander & Hickox 2012;
Kormendy & Ho 2013).

Previous works have studied the link between the AGN
and their host galaxies, but with conflicting results. Some find
that the strength of the AGN activity strongly correlates with
the star formation rate (SFR) of their host (e.g. Mullaney et al.
2012; Chen et al. 2013; Hickox et al. 2014; Lanzuisi et al. 2017;
Stemo et al. 2020; Zhuang & Ho 2020), whereas others find
that SFR is weakly or not correlated with the AGN luminosity
(e.g. Azadi et al. 2015; Stanley et al. 2015, 2017; Shimizu et al.
2017). A dependence on redshift and luminosity seems to exist,
with higher luminosity AGN (Lagny > 10%ergs™') and lower
redshift (z < 1) galaxies exhibiting a steep correlation, while no
correlation is found for lower luminosities or AGN at higher red-
shifts (e.g. Shao et al. 2010; Harrison et al. 2012; Rosario et al.
2012; Santini et al. 2012). These inconclusive results could be
due to different binning methods, for example AGN luminos-
ity is averaged in bins of host properties such as SFR and stel-
lar mass, or the SFR is averaged in bins of AGN luminosity.
As Hickox et al. (2014) point out, the different results likely
arise from AGN luminosity varying on timescales shorter than
that of the SFR. Other factors include the sample size (e.g.
Harrison et al. 2012; Page et al. 2012), selection effects, low
number statistics, SFR measurements, and the mutual depen-
dence of AGN luminosity and SFR on stellar mass (Harrison
2017).

Most star-forming galaxies show a tight correlation between
the star formation rate (SFR) and the stellar mass, referred to
as the main sequence (MS) of star formation (e.g. Daddi et al.
2007; Elbaz et al. 2007; Rodighiero et al. 2011; Whitaker et al.
2012; Speagle et al. 2014; Schreiber et al. 2015). Early studies
pointed out that SFR increases with stellar mass as a linear rela-
tion, with normalization varying according to the redshift, and to
the choice of initial mass function (IMF) and/or SFR indicators.
Recent studies have found that this relation is linear for stellar
masses up to ~10'? M, and actually flattens towards higher stel-
lar masses (e.g. Whitaker et al. 2014; Schreiber et al. 2015).

The most luminous AGN tend to reside in the most massive
galaxy hosts; therefore, the mutual dependence of AGN strength
and SFR on stellar mass could lead to the correlation observed for
AGN luminosity and SFR (as demonstrated by e.g. Stanley et al.
2017; Yang et al. 2017). Several studies have used X-ray lumi-
nosity as an AGN strength indicator; however, as discussed in
Hickox et al. (2014), it traces the instantaneous AGN activity on
a timescale much shorter than the timescale for star formation
(>100 Myr). Instead, [OIII] luminosity, which is produced in the
narrow-line region (NLR), traces the AGN activity on longer
timescales, resulting in a stronger correlation between the AGN
luminosity and the SFR, as found by Zhuang & Ho (2020).
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Other studies explored the AGN activity comparing the
host galaxies properties with that of star-forming galaxies.
Some find that AGN host galaxies mainly lie above or on the
MS of galaxies (e.g. Silverman et al. 2009; Santini et al. 2012;
Mullaney et al. 2012), whereas others find that most AGN host
galaxies are below the MS, suggesting that AGN activity might
regulate star formation inside their host galaxies through feed-
back mechanism (e.g. Bongiorno et al. 2012; Mullaney et al.
2015; Shimizu et al. 2015). These discordant results can be due
to different AGN selection techniques and SFR indicators. Mea-
suring AGN and star formation activity in these systems is there-
fore crucial to determining whether these processes are causally
linked or not.

Active galactic nuclei can be identified at different wave-
lengths, in the X-ray, mid-IR (MIR), radio, and optical bands.
The central source ionizes the gas located at kiloparsec scale dis-
tances, showing characteristic emission-line intensity ratios dis-
cernible from those coming from normal star-forming regions.
Therefore, one simple and physical method for classifying AGN
is to examine their emission line ratios. AGN can be classi-
fied into two classes depending on whether the central engine
is viewed directly (Type I) or is obscured by a dusty torus (Type
IT) (e.g. Antonucci 1993; Urry & Padovani 2000). The spectra of
Type I AGN show broad permitted emission lines (full width at
half maximum (FWHM) >2000 km s™'), originating from the so-
called broad-line region (BLR); on the contrary, those of Type II
AGN show narrow permitted and forbidden lines. Type Il AGN
can be identified in spectroscopic surveys by using the ratio of
specific emission lines such as [OIII] to HB and [NII] or [SII] to
Hauptoz ~ 0.5, and [OII] to HB at z > 0.5 up to z ~ 1. In Type
I AGN the optical continuum is dominated by non-thermal emis-
sion, making it a challenge to study the host galaxy properties.
We have therefore focused our analysis on Type II AGN.

The SFR can be estimated from the spectral energy distri-
bution (SED) of an AGN; however, the energy output can affect
the entire SED by contaminating the SFR indicators usually used
for the star-forming galaxies. Broadband SED and infrared band
are frequently used to calculate SFR for X-ray selected AGN
(e.g. Mullaney et al. 2012; Stemo et al. 2020). The AGN con-
tribution to the infrared luminosity, if not taken into account,
would overestimate the infrared-based SFR (Zhuang et al. 2018)
and other SFR indicators (e.g. Azadi et al. 2015; Ho 2005). Opti-
cal spectral features can be used to measure the stellar proper-
ties of host galaxies, such as the 4000 A break, the strengths of
the Ho absorption (e.g. Kauffmann et al. 2003b), and the [OII]
emission line (e.g. Ho 2005; Zhuang & Ho 2019). These features
have been extensively used to measure the properties of statisti-
cal samples of AGN host galaxies (e.g. Kauffmann et al. 2003c;
Silverman et al. 2009; Ho 2005).

Kauffmann et al. (2003c) have analysed a large sample of
Type I AGN galaxies selected from the Sloan Digital Sky Sur-
vey (SDSS) at low redshift 0.02 < z < 0.3, and showed that
AGN are typically hosted by massive galaxies (>3 x 10'° M)
with properties similar to ordinary early-type galaxies; the spec-
tral signatures of young stellar populations (108—10° yr) in AGN
exhibit high [OII] luminosity (Liomy > 107 Ly). Analysing
SDSS DR?7 galaxies, which also include Type II AGN and low
ionization nuclear emission line regions (LINERs), Leslie et al.
(2016) show that AGN activity plays an important role in
quenching star formation in massive galaxies. They find that
the SFR in these objects is below the expected value according
to the MS. Ho (2005) used [OII]JA3727 as a tracer of ongoing
star formation in a statistical sample of AGN, finding that opti-
cally selected AGN host galaxies exhibit a low SFR despite the
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abundant molecular gas revealed. This finding suggests that such
systems are less efficient in forming stars with respect to galax-
ies with similar molecular content, possibly due to the activity
of the central nucleus.

We extend this analysis to a higher redshift and to stel-
lar masses lower than the typical values probed by the SDSS.
Using data taken with the VIsible Multi-Object Spectrograph
(VIMOS), from the VIMOS Public Extragalactic Redshift
Survey (VIPERS, e.g. Guzzoetal. 2014; Garilli et al. 2014;
Scodeggio et al. 2018) and VIMOS VLT Deep Survey (VVDS,
e.g. Le Fevre et al. 2013), we investigate whether the SFR of the
host galaxies, relative to that expected at a given stellar mass and
redshift for a normal star-forming galaxy, changes as a function
of AGN power and galaxy stellar mass in a statistical sample of
Type II AGN galaxies at 0.5 < z < 0.9, selected on the basis of
their optical emission lines (Lamareille 2010).

The paper is organized as follows. In Sects. 2.1 and 2.2 we
summarize the VIPERS and VVDS survey properties. In Sect. 3
the spectroscopic analysis along with the Type II AGN sample
selection and the SED fitting analysis are presented. In Sect. 4
we discuss the properties of Type II AGN host galaxies in the
SFR-stellar mass plane, with the discovery of two distinct pop-
ulations, along with their spectral properties, and tentative evi-
dence for AGN feedback that quenches star formation. In Sect. 5
we provide a summary of the paper.

Throughout this work, we assume a standard cosmological
model with Qy = 0.3, Q, = 0.7, and Hy = 70kms~! Mpc‘l.

2. The sample

The goal of the present paper is to select and study the properties
of narrow emission line AGN at intermediate redshifts (0.5 <
z < 0.9). For this purpose, we have collected spectroscopic and
photometric data from the VIPERS survey (Guzzo et al. 2014;
Garilli et al. 2014; Scodeggio et al. 2018) and the VVDS survey
(Le Fevre et al. 2005). The resulting sample is indicated as the
VIMOS sample throughout the paper.

In the local universe the ionization source, either AGN
or star formation, can be identified by using the inten-
sity ratios of emission lines such as [OII[]A5007, HB, Ha,
[NII]26583, [SI[]A16717,6731 through specific diagnostic dia-
grams (Baldwin et al. 1981, BPT), which are accessible using
ground-based optical telescopes up to z < 0.5. However, at
higher redshift the Ha, [NII], and [SII] lines are redshifted in
the near-IR (NIR) range and can no longer be used; therefore,
alternative diagrams have been proposed. It is possible to use the
[OII] emission line doublet, which enters the optical spectra at
z > 0.5, and the optical diagnostic diagram originally proposed
by Rola et al. (1997) and further improved by Lamareille (2010),
based on the ratios [OIII]/HB versus [OII]/HB (also known as the
‘blue diagram’).

2.1. VIPERS survey

The VIPERS spectroscopic survey was designed to sample
galaxies at redshift 0.5 < z < 1.2, selected from the Canada-
France-Hawaii Telescope Legacy Survey Wide (CFHTLS Wide)
over the W1 and W4 fields (Guzzo et al. 2014; Garilli et al.
2014; Scodeggio et al. 2018). The observations were carried out
using the VIMOS spectrograph on Unit 3 of the ESO Very
Large Telescope (VLT), with the low-resolution red grism (R ~
210) and a slit width of 1arcsec, covering the spectral range
5500-9500 A with a dispersion of 7.14 A per pixel. To achieve

useful spectral quality in a limited exposure time, a bright mag-
nitude limit of iag < 22.5 was adopted, while low-redshift galax-
ies (z < 0.5) were removed using the colour-colour selection in
the (r—i) versus (u—g) plane. Full information regarding obser-
vations, data reduction, and selection criteria are contained in
Garilli et al. (2014) and Guzzo et al. (2014).

In this work we use the final VIPERS data from the Pub-
lic Data Release 2 (PDR-2, Scodeggio et al. 2018) containing
91507 galaxies with a measured redshift. To collect a reliable
sample of sources that host AGN, we adopted the blue diagram
(Lamareille 2010). From the PDR-2 VIPERS catalogue, we
selected sources with highly reliable [OIII]A5007, [OII]13726,
and HB4861 (hereafter [OIII], [OII], and HB) line measurements
that satisfy the following constraints: the distance between the
expected position and the Gaussian peak must be within 7 A
(~1pixel), the FWHM of the line must be between 7 and 22 A
(from 1 to 3 pixels), the Gaussian amplitude and the observed
peak flux must differ by no more than 30%, and the equivalent
width (EW) must be detected at 3.50 or flux at >8c. The final
VIPERS sample consists of 7125 galaxies.

2.2. VVDS survey

We complemented the VIPERS data with the VVDS survey. This
survey was designed to study the evolution of galaxies, large-
scale structures, and AGN in the redshift range 0 < z < 6.7
using the VIMOS spectrograph with the same instrument config-
uration as in VIPERS. The VVDS is the result of a combination
of magnitude-limited surveys such as Wide, which covers three
fields (1003+01, 1400405, 22174+00) down to Iag =22.5, Deep,
targeting the 0226—04 and ECDFS fields down to Iag =24 and
Ultra-Deep (0226—04 field) in the magnitude range 23 < Ixp <
24.75. We used the final VVDS dataset (Le Fevre et al. 2013),
collecting sources with reliable redshift estimates (with redshift
flag zaag = 2, 3,4 corresponding to a probability of 75-100% that
the redshift is correct). Furthermore, we focused on targets with
[OII] and Hp fluxes detected at >5 and 20, respectively, and
FWHM > 7 A (1 pixel), ensuring that we collected a clean sam-
ple, as confirmed by visual inspection. The final VVDS sample
consists of 1663 galaxies.

The requirement to have both [OII] and [OII] in the
observed spectrum limits our sample to the redshift range
0.5 < z < 0.9. Applying the above selections, our starting
VIMOS sample comprises 8788 galaxies.

3. Analysis
3.1. Spectroscopic analysis

In order to obtain a uniform and precise measurement of line
fluxes and equivalent widths we subtracted the stellar continuum
with absorption lines from the galaxy spectra, using the penal-
ized pixel fitting public code (pPXF, Cappellari 2012). Specifi-
cally, the spectra are fitted with a linear combination of stellar
spectra templates from the MILES library (Vazdekis et al. 2010,
library included in the software package), which contains sin-
gle stellar population synthesis models, covering the full range
of the optical spectrum with a resolution of FWHM = 2.54 A.
We convolved the template spectra with a Gaussian in order to
match the spectral resolution of the VIMOS observed galaxy
spectra, which have lower resolution. We included low-order
multiplicative polynomials to adjust the continuum shape of the
templates to the observed spectrum. In the fitting procedure, the
spectra are shifted to rest frame and strong emission features
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are masked out. The pPXF best-fit model spectrum is chosen
through y? minimization. Objects with best-fit results associated
with reduced y? larger than 1o of the y?-distribution were dis-
carded (~19%).

The residual spectrum obtained by subtracting the best-fit
stellar model from the observed spectrum of each target is then
used to characterize the emission line features. As mentioned in
Sect. 2.1, we used [OII], [OIII], and Hp to identify AGN Type II
using optical diagnostic tools.

For each spectrum we adopted as systemic redshift the one
estimated from the [OIII]A5007 emission line, and we performed
a fit' of stellar-subtracted spectra shifted to the rest frame. We
separately fit two spectral regions, focusing on the [OIII]-Hp and
the [OII] doublet lines. We adopted a linear function to model
possible continuum residuals, while Gaussian components were
used to reproduce the emission lines.

We fixed the wavelength separation and broadening between
the [OIII]A5007 A, [OI11]14959 A, and Hp lines. The flux inten-
sities of the [OIII] doublet is set to 1:3, according to their atomic
parameters (Osterbrock & Ferland 2006). The [OII] emission
line doublet is unresolved in our spectra and we fit its profile
using a single-Gaussian model, with three free parameters (nor-
malization, centroid, and sigma). From the best-fit models, we
derive the flux and the EW as spectral line parameters.

We note that 73% of the VVDS objects presented here
were analysed by Lamareille et al. (2009). We checked for con-
sistency between our line measurements and those presented
in Lamareille et al. (2009), and found a fair agreement, with
median absolute differences between EW being 0.8 A, 2.2 A, and
0.3 A for [OI1I], [OI1], and HB, respectively.

3.2. Identification of Type Il AGN

The demarcation proposed by Lamareille (2010) to separate star-
forming galaxies (SFG) from Type II AGN (shown as blue curve
in Fig. 1) is the following:

(omi] 0.11

= +0.85.
HE  log 5 - 092

ey

log
The boundary used to distinguish between the Type II AGN and
the LINERS regions (shown as red dashed line in Fig. 1) is

[OIII]
Hp

[OII]

log =0.95 x log H_,B - 04, 2)

and the region where SFGs are mixed with AGN (shown as the
red solid line in Fig. 1) is given by

[O111]

Given the wavelength distance between [OIII] and HB on the
one hand, and [OII] doublet lines on the other, these line ratios
are sensitive to reddening. Lamareille (2010) demonstrate that
the use of equivalent widths instead of line fluxes minimizes this
problem, even if it does not eliminate it completely. We thus
use EW ratios instead of flux ratios to minimize the effect of
reddening.

In Fig. 1 the blue diagram for the VIMOS sample is shown.
Our selection of Type II AGN includes 812 objects.

! The spectral analysis was performed with the python routine
scipy.optimize.curve_fit.
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Fig. 1. Blue diagram (Lamareille 2010) for the VIMOS sample. Dia-
monds represent Type II AGN; they are colour-coded according to their
redshift. VIMOS galaxies with reliable emission line measurements are
shown as grey dots. The blue curve shows the separations between star-
forming galaxies and AGN (Eq. (1)), the red dashed line between AGN
and LINERSs (Eq. (2)), the red solid line between star-forming galaxies
and SF/AGN (Eq. (3)).
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3.3. Ancillary data

In order to carry out our study, we need to estimate galaxy prop-
erties such as stellar masses and star formation rates for the
VIMOS AGN sample. The study of broad-band spectral energy
distribution (SED) is the most commonly adopted method to
derive galaxy properties. To estimate the selected AGN stellar
mass we collect all available photometric data and fit them with
galaxy+AGN templates.

3.3.1. VIPERS photometry

The VIPERS sample has been selected from the W1 and
W4 fields of the CFHTLS, which provides magnitudes in the
ux,g,r,i,z photometric bands down to i < 22.5, corrected
for Galaxy extinction derived from the Schlegel dust maps
(Guzzo et al. 2014; Moutard et al. 2016). The following addi-
tional photometric data are available for a subset of sources:

— NIR observations are available for 98% of the AGN sample
in the Ks band in the W1 and W4 fields and in the Kyjgeo
band in the W1 field (Moutard et al. 2016);

— The VIPERS survey is also covered by GALEX observations
in the far-UV (FUV) and near-UV (NUV) bands for 17% of
the AGN sample (Moutard et al. 2016);

— MIR photometry is available for 13% of the AGN targets
with Spitzer, from the Spitzer Wide-area Infrared Extragalac-
tic survey (SWIRE) observations in the XMM-LSS field
(Lonsdale et al. 2004)

— Photometric information in the WISE all-sky passbands is
also available for 18% of the AGN targets (Wright et al.
2010, VIPERS team).

3.3.2. VVDS photometry

All the VVDS fields have been observed in the B,V,R,
and [ filters as part of the VIRMOS Deep Imaging Survey
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(McCracken et al. 2003; Le Fevreetal. 2004a) with the
CFH12K imager at CFHT. The following additional photomet-
ric data are available:

- ux,g’,r',i’,7 photometry from the Canada-France-Hawaii
Telescope Legacy Survey (CFHTLS, Cuillandre et al. 2012)
is available for 43% of the AGN sample and NIR photomet-
ric information from WIRcam InfraRed Deep Survey in the
J,H, and K bands (Bielby et al. 2012) and from UKIDSS in
the J and K filters (Lawrence et al. 2007) for 38% and 44%
of the AGN sample, respectively;

— FUV and NUV photometry with the GALEX satellite
(Arnouts et al. 2005) is available for 2% of the AGN
sample and MIR data with the Spitzer (SWIRE survey,
Lonsdale et al. 2003) for 3% of the sample;

— Imaging with the Advanced Camera for Surveys Field Chan-
nel instrument on board the Hubble Space Telescope is avail-
able for 4% of the AGN sample, in four bands B, V, I, and Z
(Le Fevre et al. 2004b).

3.4. SED fitting analysis

We derived stellar masses and SFRs through SED fitting of the
available multiwavelength photometry (see Sect. 3.3.1) using
the Code Investigating GALaxy Emission (CIGALE; Noll et al.
2009; Boquien et al. 2019, version 2020.0)2.

CIGALE provides a multi-component SED fit that includes
multiple stellar components (old, and young), dust and inter-
stellar medium (ISM) radiation, and AGN emission. The differ-
ent components are linked to balance the absorbed radiation at
UV-optical wavelengths with that re-emitted in the far-infrared
(FIR).

The components used for the fitting procedure are (i) the stel-
lar emission, which dominates the wavelength range 0.3-5 um;
(ii) the emission by the cold dust, which is heated by the star
formation and dominates the FIR; and (iii) the AGN emission,
coming from the accretion disc, peaking at UV-optical wave-
lengths and reprocessed by the dusty torus in the MIR. In the
fitting procedure we fixed the redshift at the value derived from
the [OIII] emission line (see Sect. 3). The models adopted for
the SED fitting are the following.

For the stellar models we adopted a delayed star formation
history (SFH), T-model, with varying e-folding time and main
stellar population ages, defined as

SFR(?) o« t X exp(—t/7), 4

where 7 is the e-folding time of the star formation. The SFH
is convolved with the stellar library of Bruzual & Charlot (2003)
assuming the Chabrier initial mass function (IMF). The metallic-
ity is fixed to solar value, 0.02. We set the separation between the
young and old stellar populations to 10 Myr. Dust extinction is
modelled by assuming the Calzetti et al. (2000) law. We use the
colour-excess E(B—V). in the range of values shown in Table 1.
We assume that old stars have a lower extinction compared to
the young stellar populations by a factor of 0.44 (Calzetti et al.
2000).

We adopted the Dale et al. (2014) templates to model the
reprocessed emission in the IR from the dust heated by stellar
radiation. These templates also include the contribution from the
dust heated by AGN. We used them without the AGN contribu-
tion, which is set equal to O since it is defined separately with
the Fritz et al. (2006) templates. The models represent emis-
sion from dust which is exposed to different ranges of radiation

2 CIGALE can also handle upper limits.

field intensity and the templates are combined to model the total
dust emission with the relative contribution given by a power-
law distribution dMgyyy o« U~%dU, with Mg, the dust mass
heated by a radiation field and U the radiation field intensity. The
free parameter @ slope was allowed to vary in the range listed
in Table 1.

To parametrize the AGN emission component, we used the
models from Fritz et al. (2006), which assume isotropic emission
from the central AGN and emission from the dusty torus. The
law describing the dust density within the torus is variable along
the radial and polar coordinates
p(r,0) = arfe 1Ol ®)
with @ proportional to the equatorial optical depth at 9.7 um
(19.7), and B and vy related to the radial and angular coordinates,
respectively. We fixed the parameters 3, ¥, and 6 to parametrize
the dust distribution within the torus, according to the values
reported in Table 1. The geometry of the torus is described
by using the ratio of the outer to the inner radii of the torus,
Riax/Rmin, and the opening angle of the torus, 6. We chose typi-
cal values, such as those found in Fritz et al. (2006), and by fix-
ing these parameters we avoided degeneracies in the templates.
It is possible to provide a range of inclination angles between
the line of sight of the observer and the torus equatorial plane, i,
with values ranging from 0 for Type II up to 90 for Type I AGN.
Another important parameter is the fractional contribution of the
AGN emission to the total IR luminosity, fracagn. We set a wide
range of values to account for the possibility that the AGN con-
tribution to the IR luminosity is very low, 5%, up to 95% of the
total contribution.

The photometric data are fitted with the models and the phys-
ical properties are then estimated through the analysis of the like-
lihood distribution. In Fig. 2 the distribution of stellar masses for
AGN Type Il is shown for different redshift bins. We probed stel-
lar masses, Log (Mgejiar/ M), in the range ~8—12, with a median
(mean) value of 9.5 (10.2).

The reliability of the computed host galaxies stellar mass val-
ues from the SED fitting analysis can be assessed through the
analysis of a mock catalogue. The basic idea is to compare the
stellar masses of the mock catalogue (true values), which are
known exactly, to the values estimated from the analysis of the
likelihood distribution. We used an option included in CIGALE
to build a mock catalogue, based on the best-fit model for each
object, as derived in Sect. 3.4. A detailed description of the mock
analysis can be found in Giovannoli et al. (2011). Briefly, the
best-fit SED model of each object is modified by adding a ran-
dom Gaussian-distributed error to each flux measured in the pho-
tometric bands of the dataset, with the same standard deviation
as the observed uncertainty in each band. The mock catalogue is
then analysed in the same way as the real observations. Figure 3
shows the comparison between the stellar masses derived from
the mock analysis and the values estimated for the real sample
of Type II AGN. The estimated and true values are closely cor-
related, indicating that the stellar mass parameter can be con-
sistently constrained, with a Pearson’s correlation coefficient for
linear regression of ~0.98.

3.5. Star formation rate

It would also be possible to derive the SFR from the SED
decomposition; however, a lack of FIR coverage prevents us
from retrieving a reliable estimate of the SFR from the SED
(see Cieslaetal. 2015). An alternative SFR indicator is the

A129, page 5 of 13



A&A 659, A129 (2022)

Table 1. CIGALE parameters used for the SED fitting.

Parameter Description Value
Star formation history — Delayed model

Age . . 500, 1000, 3000, 4000, 5000
Age of the main stellar population 5500, 6000, 7000, 8000, 9000 Myr

T e-folding time of the main stellar population 0.5, 1.0, 3.0, 5.0, 10.0 Gyr
Bruzual & Charlot (2003) Stellar emission model

IMF Initial mass function Chabrier

z Metallicity 0.02

Separation age Separation between the young and the old stellar population 10 Myr

Calzetti et al. (2000) and Leitherer et al. (2002) Dust attenua-

tion model
E(B-V) Colour excess of the young stellar continuum light 0.05,0.1,0.3,0.5,0.7,09, 1.1, 1.3
UV bump Amplitude of the UV bump 0.0
Slope Slope delta of the power-law attenuation curve 0.0
Reduction factor  Reduction factor for the colour excess of 0.44
the old population compared to the young one
Nebular emission model
U Ionization parameter 1072
Sese Escape fraction of Lyman continuum photons 0%
Saust Absorption fraction of Lyman continuum photons 10%
Dale et al. (2014) Dust module
a Slope of the power law combining the contribution of different 0.5,1.0,1.5,2.0,25,3.0
dust templates
Fritz et al. (2006) AGN module
Rmax/Rmin Ratio of the maximum to minimum radii of the dust torus 60
T97 Optical depth at 9.7 um 1.0
B Slope of the radial coordinate -0.5
0% Exponent of the angular coordinate 0.0
0] Full opening angle of the dust torus 100 deg
W Angle between equatorial axis and line of sight 0.001, 10.1, 20.1, 30.1,50.1,70.1
JaoN AGN fraction 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4,

0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8,
0.85, 0.9, 0.95

[OII]A3726+3728 doublet line. The [OII] emission line is com-
monly used to measure SFR in star-forming galaxies (e.g.
Kennicutt 1998; Hopkins et al. 2003; Kewley et al. 2004), even
though it suffers from dust extinction, as it is known to be
strongly excited by star formation. For galaxies with an active
nucleus, lines of low ionization potential such as [OII] could
be excited by both SF and AGN activity; however, it has been
observed that the [OII] is mainly produced by star formation (e.g.
Ho 2005; Zhuang & Ho 2019).

As discussed in Silverman et al. (2009), the [OII]/[OIII] flux
ratio decreases with increasing [OIII] luminosities, and the slope
that describes this relation is flatter for Type II AGN than for
Type I AGN (see Fig. 4). This difference is explained by an
additional contribution to the [OII] flux in Type II AGN due to
ongoing star formation. Previously, Kim et al. (2006) explained
the enhanced [OII]/[OII] ratios for Type II Quasars from
Zakamska et al. (2003) (median value of [OII]/[OII] =-0.12)
as being due to a more prevalent star formation in Type II AGN.
In Fig. 4 we show the [OII]/[OIII] luminosity ratio as a function
of [OII] luminosity for the VIMOS sample. The median value
of the [OII]/[OIII] ratio is —0.14, consistent with the Zakam-
ska et al. sample. We note that the line luminosities are not cor-
rected for extinction; therefore, the line ratios can be considered
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lower limits. We also plot the best-fit linear relation for SDSS
Type I (dashed line) and Type II (solid line) sources as reported
in Silverman et al. (2009). Type II AGN in the VIMOS sam-
ple exhibit a similar slope to the SDSS Type II AGN and have
slightly enhanced [OII]/[OIII] ratios compared to the SDSS sam-
ple. This finding further justifies the use of this line as a SFR
indicator (e.g. Silverman et al. 2009; Kim et al. 2006).

Assuming that high ionization lines such as [OIII] are mainly
powered by AGN activity (e.g. Kauffmann et al. 2003c), we
adopted this line to remove the AGN contribution from the
[OI1] line. Recently, Zhuang & Ho (2019) found a fairly constant
[OI1]/[OII] ~ 0.10 for the Type II AGN contribution according
to a set of photoionization models; we therefore subtracted 10%
of the [OII] luminosity from the [OII] line. We then derived
the SFR by using the calibration from Kewley et al. (2004)
(rescaled by a factor of 1.7 to account for the different IMF
used),

SFRom = 6.58+1.65x107**(Liom—0.109 Liomy) (Mo yr™"), (6)

where Ljom and Liory are in units of erg s7L We probed SFR in
the range 0.01-38 My yr~!, with a median (mean) value of 0.8
(1.3) Mg yr!.
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Fig. 2. Stellar mass distribution of the Type II AGN host galaxies for
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Fig. 3. Comparison between the true value of the stellar mass as derived
from the mock analysis and the value estimated by SED fitting. The
grey dashed line indicates the 1:1 relation between the parameters.

4. Results
4.1. SFR-stellar mass plane

In Fig. 5 we show the SFR-stellar mass relation for the Type II
AGN host galaxies of the VIMOS sample. We indicate the star-
forming MS relation at z = 0.7, the mean redshift of our sample,
from Schreiber et al. (2015) (solid curve) along with the scat-
ter (0.4 dex, dashed lines). We rescaled both the SFR and stellar
masses of Schreiber et al. (2015) by a factor of 1.7 to account
for the different IMF used (Salpeter vs. Chabrier). The bulk of
the VIMOS sample populates the MS region, with a fraction of
AGN host galaxies on and off the MS.

At high stellar masses (>10'" M) almost all sources are
below the MS (see Fig. 5). Overall, Type II host galaxies show a
broader distribution of SFR than star-forming MS galaxies, con-
sistent with previous studies (e.g. Mullaney et al. 2015).

As discussed in Bongiorno et al. (2012), optically selected
Type II sources from the zCOSMOS-bright survey show proper-
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Fig. 4. [OII]/[OIII] luminosity ratio as a function of [OIII] luminos-
ity for the VIMOS Type II AGN. The dashed and solid lines repre-
sent the best-fit relation for SDSS Type I and Type Il AGN at z < 0.3,
respectively.

ties similar to the VIMOS sample. This is not surprising since the
two surveys cover similar volumes and depths. We add this sam-
ple in Fig. 5 as green circles. These sources are selected through
the blue diagram in the redshift range 0.50 < z < 0.92, with
stellar masses and SFRs derived through SED fitting analysis. In
terms of stellar masses and SFR, they span the same range as
the VIMOS Type II AGN galaxies, and for these sources the MS
locus at high stellar masses remains underpopulated for Type II
AGN host galaxies with respect to what is found for star-forming
galaxies, suggesting that the distribution could be different with
respect to non-AGN galaxies.

We investigate whether a fraction of Type II AGN can be
missed by the adopted selection criteria. One possibility is that
this missing fraction could reside in the composite locus of SF-
Type I AGN. A high level of star formation can produce an
enhancement in the HB flux, moving a Type II AGN down to the
composite locus in the blue diagram plane. We therefore inves-
tigated the host galaxies properties of the composite sources (as
defined by the blue diagram) in the VIPERS sample. We col-
lected their SED-based stellar masses and measured the SFR
using the [OII]A3727 emission line. We found that the compos-
ite galaxies actually exhibit stellar masses <10'° M, and SFRs
slightly enhanced with respect to those observed for Type II
AGN in a similar mass range. This indicates that the missing
fraction of Type II AGN is not classified as composite.

We also compare the VIMOS sample with the DR12 BOSS
sample of Type II AGN (Thomas etal. 2013). Specifically,
we used the galaxy properties (i.e. emission line measure-
ments, BPT classification, and stellar masses) derived by the
Portsmouth Group for the BOSS DR12 (Thomas et al. 2013).
They applied the blue diagram criterion to select a Type II AGN
sample at redshift 0.5 < z < 0.9. We restricted our analy-
sis to those galaxies with [OIII], [OII], and HB flux detection
over 20 (as defined by the amplitude-to-noise ratio parameter).
For consistency with the VIMOS sample, we measured SFRs of
the Type II AGN host galaxies from the BOSS DR12 using the
[OII]A3727+3729 emission line fluxes, subtracting off the AGN
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Fig. 5. Star formation rate as a function of stellar mass (Mep,,) for
the VIMOS sample (blue diamonds). The solid line represents the star-
forming main sequence found by Schreiber et al. (2015), and the dashed
lines give the scatter of 0.4 dex. Upper limits are shown as grey dia-
monds. The optically selected Type II AGN from zCOSMOS survey
found by Bongiorno et al. (2012) and from BOSS DR12 are shown as
green circles and grey contours, respectively.
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contribution by using the [OIII]A5007 line flux (see Eq. (6)).
Stellar masses are calculated by the Portsmouth team from the
best-fit SED (Maraston et al. 2013). They used two types of tem-
plates to derive stellar masses, i.e. passively evolving and star-
forming models, based on the galaxy types expected according
to the BOSS colour cut. As presented in Thomas et al. (2013),
BOSS Type II AGN preferentially show a g—r colour (strongly
dependent on the star formation history of galaxies) between that
observed for luminous red and star-forming galaxies. Here we
used stellar masses from the star-forming model, and note that
stellar masses could be underestimated.

A dust extinction effect could still play a role. In the case of a
highly star-forming galaxy (and high stellar mass) with an AGN,
the HB emission line could remain undetected due to attenu-
ation by dust, and hence the galaxy would be excluded from
our sample selection. This would result in a missing fraction of
galaxies with high stellar mass. We therefore compare our sam-
ple with the Type II AGN from the BOSS survey. The bulk of
Type II AGN is preferentially found in host galaxies with stellar
mass >10'" M, due to the BOSS selection colour cut favour-
ing the most massive galaxies and 17% of Type II AGN from the
BOSS survey occupies the locus of MS and starburst. Despite the
slightly enhanced statistics than that probed by the VIMOS tar-
gets, we can conclude they are overall consistent, considering the
small area covered by VIPERS and VVDS surveys (24 deg? for
VIPERS, and 8.7 deg?, 0.74 deg?, and 512 arcmin® for VVDS-
Wide, Deep, and Ultra Deep, respectively) with respect to the
BOSS survey (~10000 deg?).

4.2. Correlation between SFR offset from the main sequence
and AGN luminosity

Feedback from AGN could be responsible for the quenching
of star formation in massive galaxies, with increasing AGN
efficiency in driving outflows at increasing AGN luminos-
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ity (e.g. Menci et al. 2008; Faucher-Giguere & Quataert 2012;
Hopkins et al. 2016).

To test this point, we examined the relationship between the
SFR offset from MS and the AGN power. In Fig. 6 we show the
relative offset of the SFR from the MS relation of Schreiber et al.
(2015) as a function of [OIII] luminosity, which can be consid-
ered to be a proxy of AGN power. VIMOS Type II AGN host
galaxies show different properties in terms of star formation with
a clear dependence on stellar mass, forming two distinct groups
of AGN in this diagram: at a fixed AGN power, Type Il AGN
host galaxies at Mejjar < 10'° M, show higher star formation
activity than more massive galaxies. To define the boundary of
this bimodality, we divided our targets into five subsamples with
different AGN power (indicated in Fig. 6, left panel). In each
luminosity bin, we used the Gaussian kernel density estimation
(KDE) to estimate the probability density function of the SFR
offset and derive the separation between the two subsamples (see
right panel of Fig. 6). We proceeded as follows: (i) we fit two
Gaussians to reproduce the bimodality of KDE functions; (ii)
we derive the intersection point of the two best-fit Gaussians in
each bin; and (iii) we perform a linear regression on the inter-
section points. The best-fit line to these points (i.e. 0.54 X Log
(Liorm /erg s~1)—23.22) is shown in Fig. 6, left panel, as a black
solid line.

Above the boundary line, 64% of the VIMOS sub-
sample occupies the same region as the star-forming (i.e.
log(SFR{om/SFRyms) within +0.4 dex) and starburst galaxies
(i.e. log(SFRom/SFRums) > 0.4), with stellar mass mostly below
10'° M, and the remaining 36% have SFRs below the bulk
of the MS galaxies but above the quiescent locus (sub-MS,
—1.3 <log(SFR|om/SFRMs) < —0.4). Hereafter, we refer to this
subsample as high-SF Type II AGN. Instead, below the line
threshold the diagram is occupied by massive targets along the
MS (3%), 51% in the sub-MS and 46% in the quiescent regime
(i.e. log(SFRjom/SFRms) <—1.3, e.g. Aird et al. 2019). Here-
after, we refer to this subsample as low-SF Type II AGN.

Since our sample does not have Ha and HB within the
observed spectral window, we could not compute the Balmer
decrement, and as a consequence did not correct the line lumi-
nosities for extinction. We explored the possible effect the
extinction could have on the presence of the two populations.
Rosa-Gonzdlez et al. (2002) show that the excess in the [OII]-
based and UV-based SFR estimates is mainly due to an overes-
timation of the extinction resulting from the effect of underlying
stellar Balmer absorptions in the measured emission line fluxes.
Therefore they constructed unbiased SFR estimators, which sta-
tistically include the effect of underlying stellar Balmer absorp-
tions in the measured emission line fluxes.

Kewley et al. (2004) found a strong correlation between the
intrinsic [OII] luminosity and the colour excess for the galax-
ies in Nearby Field Galaxies Survey, deriving a direct relation
between intrinsic and observed [OII] luminosity, although they
note that the relation should not be blindly applied to other galax-
ies. We have tested what happens to the distribution shown in
Fig. 6 applying either the extinction correction by Kewley et al.
(2004) given in Eq. (18) or the recipe by Rosa-Gonzilez et al.
(2002). In both cases we still find the observed separation
between low- and high-SF AGN, and we can therefore conclude
that the bimodality does not depend on the extinction.

In the following we investigate whether the offset from the
MS is related to the AGN power by comparing it with the [OIII]
luminosity. In Fig. 6 we show the median Log (SFR/SFRys)
in bins of [OII] luminosity of the high- and low-SF subsam-
ples (brown and orange circles respectively, where the errors
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Fig. 6. SFR offset from the MS (parametrized as SFRo1;/SFRums) and its probability density function in bins of [OIII] luminosity for the VIMOS
sample. Left panel: SFR offset is shown as a function of [OIII] luminosity (proxy of AGN power) with full diamonds, colour-coded according to
the stellar mass. Circles and stars represent median values of the SFR offset derived using [Oll]-based and SED-based SFRs, respectively, for the
subset of sources above the black diagonal line (brown) and for those below (orange) in five bins of [OIII] luminosity (see main text for details). The
five bins of [OIII] luminosity are given by the black horizontal segments. The horizontal dashed lines delimit the locus of the MS + 0.4 dex. Right
panel: probability density function of the SFR offset (black solid curves) in the five [OIII] luminosity bins in the left panel, with superimposed the
best-fit double Gaussian components (black dashed curves) which reproduce the observed bimodality. The intersection points of the two Gaussians
in the five luminosity bins are represented as upside down triangles in the left panel (see Sect. 4.2).

bars indicate the 25th and 75th percentiles). We find a correla-
tion between the relative offset of the SFR from the MS and the
AGN power for both populations: at increasing AGN luminosi-
ties Type II AGN hosts tend to have higher SFR. As a positive
correlation exists between the [OII] and [OIII] luminosity, as a
counter-check we performed the same analysis using the SFR
derived from the SED fitting, obtaining similar results but with
a shallower slope, thus confirming the reliability of our findings
(see stars in Fig. 6).

Previous works examined the connection between the SFR
and AGN activity, with controversial results claiming strong
to weak or absent relations (e.g. Azadi et al. 2015; Chen et al.
2013; Stanley et al. 2015, 2017; Harrison et al. 2012). The ori-
gin of these discrepancies could be related to sample selection
effects, methods of estimating the SFR and the AGN luminosity,
as well as the number statistics of the sample (e.g. Harrison et al.
2012). Harrison et al. (2012) reported that the SFR of z = 1-3
AGN is independent of X-ray luminosity, used as an indica-
tor of AGN activity. This result is in contrast with that found
by Page etal. (2012) and the authors suggest that the poor
statistics is at least partially responsible for the disagreement
at high luminosity between their work and that of Page et al.
(2012). Stanley et al. (2015) used 2000 X-ray detected AGN to
investigate the SFR and AGN luminosity relation, in the red-
shift range 0.2 < z < 2.5 and with X-ray luminosity 10 <
Ly grey < 10¥3ergs™!. They used infrared SED decomposi-
tion (AGN+star formation components) to derive IR-based SFR
and X-ray luminosity as a probe of AGN power, founding a

broadly flat SFR-AGN luminosity relation at all redshifts and
all the AGN luminosities investigated. They argue that the flat
observed relation is probably due to short timescale variations in
AGN luminosity (probed by X-ray luminosity), which can wash
out the long-term relationship between SFR and AGN activity.
Masoura et al. (2021) found a positive correlation between the
MS offset and the X-ray luminosity of a sample of X-ray selected
Type I AGN at 0.03 < z < 3.5. Zhuang & Ho (2020) analysed
a sample of 5800 Type I and 7600 Type II AGN at z < 0.35 to
study the star formation activity based on [OII] and [OIII] emis-
sion lines, finding a tight linear correlation between AGN lumi-
nosity (probed by [OIII] emission) and SFR. The [OIII] AGN
indicator probes the AGN activity on longer timescales than
X-ray luminosity, which traces the instantaneous AGN strength,
and therefore the use of [OIII] may result in a stronger correla-
tion between SFR and AGN luminosity.

The positive correlation found for SFR and AGN activity
support the idea that the AGN and the star formation activity
in the host galaxy are sustained by a common fuelling mech-
anism, the large amounts of cold gas, and that the growths of
the stellar mass and of the SMBH proceed concurrently (e.g.
Silverman et al. 2009; Santini et al. 2012).

However at high stellar masses Type II AGN host galax-
ies show systematically lower SFR values. This could indi-
cate that the process of AGN growth is linked to the process
of star formation in AGN host galaxies (e.g. Matsuoka et al.
2015; Mullaney et al. 2015; Shimizu et al. 2015). The AGN
could work against star formation, decreasing the gas reservoir
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in several ways, such as mechanical heating and powerful out-
flows, moving the host galaxies of Type II AGN down to the
quiescent locus in the SFR—Mj, plane.

4.3. Low-SF and high-SF Type Il AGN properties
4.3.1. [Olll] line shape

About 50% of our Type II AGN host galaxies are located below
the MS. Their lower-than-expected SFRs might be evidence of
ongoing quenching. Powerful AGN radiation is often invoked as
one of the main mechanisms that halt star formation by eject-
ing the gas necessary to fuel it. The ejected gas can be traced
at all scales, and in various gas components: blueshifted absorp-
tion lines from the accretion disc (i.e. ultra-fast outflows; e.g.
Tombesi et al. 2010), blueshifted emission line components pro-
duced by ionized gas in the BLR (e.g. CIV; Vietri et al. 2020 and
references therein) and NLR (e.g. [OIII]; Harrison et al. 2016),
and as blueshifted lines produced by outflowing cold molecular
gas on galactic scales (e.g. CO; Polletta et al. 2011, and many
others). Here we investigate whether we find any evidence of
AGN-driven outflowing gas by analysing the profile of the [OIII]
emission line. Each population (as defined in Sect. 4.2) is divided
into [OIII] luminosity bins as done in Sect. 4.1.

We performed a median spectral stack, by using the IRAF
task scombine, resampling spectra to a rest-frame wavelength
grid from 3520 A with a step size of 4.29 A, corresponding to
the wavelength resolution at redshift 0.7, the mean redshift of the
sources studied in this paper. We also normalized each spectrum
to the continuum from 4500 A up to 4600 A, where the spectrum
is free of strong emission and absorption lines.

We analysed the line profile of the [OIII]14959,5007 dou-
blet, HB and [OII] doublet by fitting the lines with two models,
considering a single and a double Gaussian to search for a possi-
ble second broad and shifted component, indicative of the pres-
ence of outflow. We used the same constraints as discussed in
Sect. 3. We adopted the double-Gaussian model as best fit when
it satisfies the Bayesian Information Criterion (BIC, Schwarz
1978), which uses differences in X2 that penalize models with
more free parameters. For both models we estimated the BIC
defined as y? + k In(N), with N the number of data points and
k the number of free parameters of the model. For each stacked
spectrum we derived the ABIC = BIC,;-BIC,, where BIC; and
BIC, are derived from the models with one and two Gaussian
profiles, respectively. We favoured the fit with a single-Gaussian
profile when ABIC < 10.

In Fig. 7 we compared the spectral properties of the H3 and
[OII] doublet lines in each [OIII] luminosity bin and for each
subsample. In all but the high-luminosity bin of the low-SF Type
IT AGN hosts, the [OIII] line appears to be symmetrical, as the
preferred single-Gaussian model and visual inspection suggest.

Only in the highest luminosity bin (Log (L;omy/erg s >
42.5) of the low-SF population, does there seem to be a hint
of asymmetry in the [OIII] line profile. Figure 7 (bottom panel)
shows the spectrum (magenta line) and the best-fitting single-
component Gaussian (black dashed line). To rule out that such an
excess is compatible with errors, we estimated the uncertainties
on the stack through a bootstrap resampling technique, creating
1000 realizations of the AGN stack spectra with replacement,
and derived the 1o uncertainties from the 84th and 16th per-
centiles of the bootstrap distribution, shown as the grey area in
Fig. 7 (bottom panel). In the fitting a double-Gaussian model
is preferred, with a centroid of the second component nearly
at systemic redshift and a FWHM of 1260 km s~!, after cor-
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recting for instrumental broadening (see inset in Fig. 7, bottom
panel).

This finding is in agreement with previous results that
reported an increasing outflow component at increasing lumi-
nosity (e.g. Mullaney et al. 2013). The presence of outflowing
gas in galaxies with stellar mass >10'? M, and their position in
SFR-stellar mass plane is qualitatively consistent with the evolu-
tionary scenario, where the AGN is capable of driving outflows
that could regulate the star formation and the baryonic content
of galaxies.

The line profile analysis indicates the presence of disturbed
kinematics only in the high-luminosity bin of the low-SF sam-
ple. We do not find a similar result for the high-SF sample at the
highest luminosity bin. This could be either due to the absence
of outflow in galaxies with stellar mass <10'° M, or, considering
the unified model, to the fact that the outflowing material should
emerge in a direction perpendicular to the plane of the obscur-
ing torus (i.e. to our line of sight), resulting in a small projected
velocity of the outflow and/or in a symmetric line profile, which
can explain the symmetric profiles found for most of the stacked
VIMOS sample (see Mullaney et al. 2013; Harrison et al. 2012).
If the outflow signature is unresolved, it could be that the out-
flows are not quenching the star formation in these systems or
that the timescale is actually longer than the stage at which these
objects are seen.

Higher resolution spectroscopy becomes necessary to char-
acterize subtle spectral features and distinguish between gravita-
tional and non-gravitational motions. This would provide a deep
insight on the AGN feedback in these systems.

4.3.2. Black hole masses and Eddington ratios

Previous studies have shown that there is a correlation among
strong blue wings, the large FWHM of line profiles originating in
the NLR, and the Eddington ratio, which describes the accretion
mechanism of an AGN (e.g. Woo et al. 2016). The Eddington
ratio is defined as

(N

Agdd =

Lgyq

where Lgqa(=1.27 x 10 Mgy, with Mgy indicating the BH
mass) is the limit at which the outward radiation pressure from
the accreting matter balances the inward gravitational pressure
exerted by the BH, and Lg, is the bolometric luminosity.

Black hole masses for Type I AGN are usually estimated
indirectly by using the virial theorem, which links the BH mass
to the BLR radius and the gas velocity dispersion. Considering
the He emission line, the single-epoch relation can be written as
(Baron & Ménard 2019)

Mz AL,5100
=1 +6.90 + 0.54 X log ——
M, i % 0% ergs~!
WHMBLR
2.06 X log ———, 8
X G km s ®

with € the virial shape factor, 11,5100 the monochromatic AGN
luminosity at 5100 A, and FWHMBELR the BLR component of the
Hea emission line.

However, Type II AGN are viewed edge-on, preventing us
from seeing the BLR, which is obscured by the presence of a
dusty torus. Therefore, in Type I AGN BH masses cannot be
estimated by using the single-epoch mass determination, which
requires the view of BLR clouds. Indirect methods can be used
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Fig. 7. Comparison of the stacked spectra, in the H3—[OIII] doublet lines wavelength range, in bins of [OIII]A5007 luminosity above (left) and
below (right) the line threshold, as defined in Sect. 4.2 (lower panel). Stacked spectrum in the [OIII] luminosity bin Log (Ljomy/ergs™") > 42.5
of the low-SF Type II AGN with superimposed the 10~ uncertainties estimated through a bootstrap resampling technique and the best-fitting one-
component Gaussian curve (black dashed line). The inset shows the best-fit double-Gaussian model (magenta curve) and its line decomposition
(green and blue Gaussian profiles refer to the narrow and broad best-fit components).

as the well-known correlations between the BH mass and host
galaxy bulge stellar mass or stellar velocity dispersion. How-
ever, these relations are established for local inactive galax-
ies. Recently, Baron & Ménard (2019) have found a correlation
between the narrow L([OIII])/L(HB) line ratio and the width
of the Ho BLR component, linking the kinematics of the BLR
clouds to the ionization state of the NLR as follows:

o) FWHMZ™®
log Ty = 0.58 £ 0.07 x log ———— ~ 1.38 £0.38. (9)

This power-law dependence holds for AGN-dominated sys-
tems with log([OIII]/HB)>0.55. We therefore derive the BLR
Ha FWHM component for the 79% of our targets, exhibiting
log([OIII]/HB)>0.55. For the continuum luminosity we rely on
the relation found by Baron & Ménard (2019)

LogAL,5100 = 1.09 x log Lyo — 5.23, (10)

and on Heckman et al. (2004) for the bolometric luminosity,
inferred from the [OIII] luminosity with no correction for dust
extinction and applying a bolometric correction of 3500.

We derive BH masses in the range ~107"'°M, and
Agdd ~ 1073-0.5, with a median value of ~0.08, consistent with

what is found in other AGN samples (e.g. Lamastra et al. 2009)
We now explore if there is an indication of a variation in BH
mass and Eddington ratio distribution between the Type II AGN
groups in Fig. 8. Despite the wide range spanned, differences
between BH mass and Aggq distributions are discernible. The
median values for each parameter are shown as vertical lines
in corresponding colours and line styles. The median value of
Agqq derived for the high-SF galaxies is slightly higher than that
derived for low-SF galaxies. Furthermore, these galaxies are less
massive and have in general lower BH mass than low-SF galax-
ies. On the contrary, this latter galaxy sample shows larger values
of BH mass, the distribution of which points towards higher BH
mass values, as shown by the Mgy distribution in Fig. 8.

To assess the difference between the distributions, we com-
pute the Kolmogorov-Smirnov (K-S) test for the Aggg and BH
mass distributions of the two groups of Type II AGN. The null-
hypothesis is that the two samples are drawn from the same par-
ent population. The K-S test was performed by using the python
routine scipy.stat.ks_2samp. For the Agqq distributions we
compute a statistic of 0.3 and p-value =2.6x 10~ and for BH
mass distributions a statistic of 0.2 and p-value =4.5 x 107, The
very low probability value excludes that the two groups of Type
IT AGN are drawn from the same parent population, suggesting
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that the difference between these groups also relates to the AGN
activity.

It is instructive to compare these findings with what is found
in the local Universe. Kauffmann & Heckman (2009) examined
the dependence of the distribution of the Eddington ratio on the
star formation history of SDSS Type II AGN. They found that
the Eddington ratio distributions can be different for actively
star-forming and passive host galaxies. Specifically, they divided
these two populations according to the break index D(4000)
(Balogh et al. 1999), a useful diagnostic of the recent star for-
mation history in these systems. The star-forming host galax-
ies show a log-normal distribution of Eddington ratios peaking
at a few percent of Eddington luminosity, independent of black
hole masses. This regime dominates the growth of BH with
mass <10% M, while the passive galaxies (D4000 > 1.7) show
a power-law distribution of Eddington ratios with its amplitude
decreasing with increasing black hole mass. This regime dom-
inates the growth of BH with mass >10% M. This finding is in
line with our evidence of different accretion rates distribution for
high- and low-SF Type II AGN host galaxies.

Finally, although the estimated Eddington ratios have large
uncertainties, we did not find a clear dependence of the broaden-
ing of the [OIII] line with the Eddington ratio since the only evi-
dence of outflowing gas is found in the [OIII]-luminous low-SF
galaxies, which are accreting at ~5% of the Eddington luminos-
ity, a lower rate than that of the high-SF Type II AGN subsam-
ple, which show average Eddington ratios of ~0.10. This could
be interpreted as a final decay phase of the AGN activity in the
[OII]-luminous low-SF galaxies, where the outflowing gas per-
sists but the AGN feeding mechanism is fading as is the star
formation activity, likely due to AGN feedback.

5. Summary and conclusions

In this paper we have used the VVDS and VIPERS optical spec-
troscopic surveys, carried out using the VIMOS spectrograph,
to select and investigate the properties of those galaxies hosting
an AGN at redshift 0.5 < z < 0.9. We have analysed the emis-
sion line properties of the [OIII] and [OII] doublets, and the HB,
and adopted the blue diagram of Lamareille (2010) to distinguish
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Type II AGN from star-forming galaxies and LINERS through
emission line ratios [OIII]/HB versus [OII]/HB.

Our main findings can be summarized as follows:

(i) The masses of the host galaxies range from 10% to
10'> M, with a median value of 10°° M, and span a SFR
range of 0.01-38 M, yr~!. The VIMOS sample with stellar
mass <10'° M, mostly resides on the star-forming MS locus,
as defined by Schreiber et al. (2015), with a fraction of sources
(~20%) between the MS and quiescent region having stellar
mass >10'" M, indicating reduced level of star formation.

(i) We find a bimodality in the SFR MS offset-AGN power
plane (probed by the [OII] luminosity), and ascribe them to
two different populations in the VIMOS sample. We divide our
Type I AGN sample into two groups according to the prop-
erties of their host galaxies, the high-SF group with stellar
mass <10'° M, occupying the star-forming MS region, and the
low-SF group with levels of star formation between the MS
and quiescent locus and even lower, and stellar mass greater
than 10'° M. For both populations a positive correlation exists
between the SFR offset from the MS and the AGN power, which
could reflect the available amount of gas that both triggers star
formation and fuels the AGN activity. Despite this positive cor-
relation, a lower level of star formation rates are found in low-SF
Type 1I galaxies.

(iii) AGN feedback may be responsible for reducing the sup-
ply of cold gas in host galaxies at least for AGN luminous sys-
tems. For the [OIII]-luminous low-SF galaxies we found a hint
of outflowing gas, as probed by the asymmetric [OIII] line pro-
file, which could be connected with the low SFR content found,
possibly due to the effect of AGN acting on the ISM, expelling a
certain amount of gas. These massive low-SF galaxies seem to be
at their final AGN stage, as indicated by their average Eddington
ratio value (~5% of Eddington luminosity).
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