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ABSTRACT

The effect of active galactic nuclei (AGNs) feedback on the host galaxy, and its role in quenching or enhancing star formation, is
still uncertain due to the fact that usual star formation rate (SFR) indicators — emission-line luminosities based on the assumption
of photoionization by young stars — cannot be used for active galaxies as the ionizing source is the AGN. We thus investigate
the use of SFR derived from the stellar population and its relation with that derived from the gas for a sample of 170 AGN
hosts and a matched control sample of 291 galaxies. We compare the values of SFR densities obtained via the H« emission
line (XSFRg,s) for regions ionized by hot stars according to diagnostic diagrams with those obtained from stellar population
synthesis (X SFR,) over the last 1 to 100 Myr. We find that the £SFR, over the last 20 Myr closely reproduces the ¥ SFRg,s,
although a better match is obtained via the transformation: log(XSFR,) = (0.872 £ 0.004)log(2XSFRg,s) — (0.075 % 0.006) (or
log(XSFRg,s) = (1.147 £ 0.005)log(XSFR,) + (0.086 4 0.080)), which is valid for both AGN hosts and non-active galaxies.
We also compare the reddening obtained via the gas Ha/H § ratio with that derived via the full spectral fitting in the stellar
population synthesis. We find that the ratio between the gas and stellar extinction is in the range 2.64 <Ay,/Ay, < 2.85, in
approximate agreement with previous results from the literature, obtained for smaller samples. We interpret the difference as
being due to the fact that the reddening of the stars is dominated by that affecting the less obscured underlying older population,
while the reddening of the gas is larger as it is associated with a younger stellar population buried deeper in the dust.
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The bi-modality of galaxies has been verified in a number of

1 INTRODUCTION studies over the years (e.g. Baldry et al. 2004; Wetzel, Tinker &

Present-day galaxies display a wide range of luminosities, sizes,
stellar population properties, structure, kinematics, and gas content,
being the endpoint of a ~13.8 Gyr long process (Aghanim et al.
2020). These properties have been shaped by a series of processes,
and, according to them, galaxies can roughly be divided in passive
and star forming. The passive galaxies are not actively forming stars
and host a red and old stellar population, while the star-forming
galaxies are blue, hosting large fractions of young stellar populations.
Such bi-modal behaviour is observed even at high redshifts (z > 2.5)
where populations of passive galaxies are observed (e.g. Muzzin
et al. 2013; Brammer et al. 2009).

* E-mail: riffel @ufrgs.br

Conroy 2012; Kauffmann et al. 2003a; Noeske et al. 2007; van der
Wel et al. 2014). However, it is not yet clear which mechanisms are
driving the shutting down of star formation (SF) and transforming
the blue star-forming spiral galaxies into red-and-dead galaxies. A
major challenge in modern astrophysics is to determine the nature of
the physical mechanism quenching SF in galaxies.

One mechanism that has been invoked by a number of studies is
the feedback of active galactic nuclei (AGNs). AGN feedback can
quench SF by heating and/or (re)moving the gas. AGN outflows
are often considered as negative feedback processes that suppress SF
(e.g. Granato et al. 2004; Fabian 2012; King & Pounds 2015; Zubovas
& Bourne 2017; Trussler et al. 2020, and references therein). On the
other hand, some models and simulations suggest that these outflows
and jets can in some cases compress the galactic gas, and therefore
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act as a catalyser and boosting the SF (e.g. Rees 1989; Hopkins 2012;
Nayakshin & Zubovas 2012; Zubovas et al. 2013; Bieri et al. 2016;
Zubovas & Bourne 2017) and even form stars inside the outflow (e.g.
Ishibashi & Fabian 2012; Zubovas et al. 2013; El-Badry et al. 2016;
Wang & Loeb 2018; for an observational example see Gallagher et al.
2019, and references therein).

Cosmological simulations (e.g. Springel et al. 2005; Vogelsberger
et al. 2014; Crain et al. 2015) performed without the inclusion of
feedback effects are not able to reproduce the galaxy luminosity
function (at both the low and high-luminosity ends), and also
underestimate the ages of the most massive galaxies (see figs 8 and 10
of Croton et al. 2006). It thus seems that effective feedback is required
to reproduce the galaxy properties, but simulations can only provide
limited insight into the nature and source of the feedback processes
(e.g. AGN or SN dominated; Schaye et al. 2015). This is because there
are still not enough observational constraints on these processes, and
in particular, in the case of AGN, in order to verify how quenched
is the SF it is necessary to robustly quantify the star formation rates
(SFRs) of the hosts in the vicinity of the AGN. Both AGN activity and
SF are regulated by the amount of available gas in the host galaxy.
The relation between the gas and SF is relatively well characterized
by previous studies (e.g. Kennicutt & Evans 2012; Lin et al. 2019;
Barrera-Ballesteros et al. 2020; Zhuang & Ho 2020). Simulations
should be able to correctly reproduce the observed SF; this, however,
will depend on the efficiency of feedback processes in the interstellar
medium (ISM). But resolving such processes is not yet possible
in simulations of cosmological volumes (Schaye et al. 2015). In
addition, in current models, the feedback processes are included in
an ad hoc manner (Weinberger et al. 2017; Nelson et al. 2019), being
activated by a threshold luminosity.

While there are many calibrators to determine the SFR for non-
active galaxies (for a review, see Kennicutt 1998; Kennicutt &
Evans 2012), in the case of AGN this is a very difficult task,
since the emitting gas is ionized by the AGN radiation. Therefore,
SFR indicators and equations calibrated with stellar photoionization
prescriptions cannot be used in this context. Efforts have been made
using far-infrared luminosities as SF indicators (e.g. Kennicutt et al.
2009; Rosario etal. 2013,2016, 2018, and references therein) or mid-
infrared neon ([Ne11] 12.81 um and [Ne 111] 15.56 pum) emission lines
(Zhuang, Ho & Shangguan 2019). The infrared observations used in
these works are obtained using large apertures, including the whole
galaxy emission. As discussed in Rosario et al. (2016), despite finding
a good correlation between far-infrared emission and SFR (which
can be attributed to leaking of the SF regions to the whole galaxy or
that the SF is constant over several hundreds of Myr) a substantial
component of the cold dust luminosity that is associated with a diffuse
interstellar radiation field can come from evolved stars. Even if the
contribution from an old age stellar population is not dominant, the
far-infrared may not be a good tracer of SF since dust can be heated
by stars that are older than a few hundred Myr (Kennicutt et al.
2009; Hao et al. 2011; Rosario et al. 2016). Other recent effort on the
bluer part of the spectrum has been made using a re-calibration [O 11]
A3727 emission line (Zhuang et al. 2019; Zhuang, Ho & Shangguan
2020), which is metallicity and electron density dependent.

From the above, it is clear that it is thus necessary to find an
independent way to obtain SFRs in AGN hosts. A powerful technique
to disentangle the components summing up to a galaxy spectral
energy distribution (SED) is stellar populations synthesis (e.g. Cid
Fernandes et al. 2004, 2005; Riffel et al. 2009, 2008; Walcher et al.
2011; Baldwin et al. 2018; Cid Fernandes 2018; Salim, Boquien &
Lee 2018; Peterken et al. 2020, and references therein). The synthesis
is based on the simultaneous fit of different proportions of composite
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or simple stellar populations (SSPs) templates from a base of such
spectra to the observed spectrum. In the case of the STARLIGHT fitting
code (Cid Fernandes et al. 2004, 2005; Cid Fernandes 2018), it
returns the values of the gas mass rate that has been converted into
stars throughout the galaxy life as well as this rate for each single
SSP included in the base. These values can therefore be used to
compute the SFR via stellar population synthesis, SFR, . In fact, this
was already applied in Asari et al. (2007) using single fiber Sloan
Digital Sky Survey (SDSS) data and older stellar population models
generations (they used Bruzual & Charlot 2003 models).

From the discussion above, it is clear that it is of utmost importance
to characterize the SFR of AGN hosts — in particular in the narrow-
line region (NLR) and extended narrow-line region (ENLR), which
are photoionized by the AGN. And in order to verify the actual
role of the AGN on the SFR, it is necessary to compare the SFR
values obtained for the NLR and ENLR with those obtained for a
matched control sample of non-active galaxies at similar distances
from the nucleus, as well as with predictions from simulations. In
Rembold et al. (2017), we described the method we have used to
select our sample of AGN and a matched control galaxy sample
from the Mapping Nearby Galaxies at APO (MaNGA; Bundy et al.
2015) survey. Here, we have used an updated sample of 170 AGN
and 291 controls (Deconto-Machado, in preparation), selected as in
Rembold et al. (2017) to compute SFR indicators from the gas —
using diagnostic diagrams to separate gas ionized by AGN and by
hot stars — and from the stellar population synthesis and investigate
the relation between them. We propose equations to relate the SFR
densities obtained via emission lines, ¥SFRg,s with that obtained
via stellar population synthesis, XSFR,, allowing to obtain one from
the other.

This paper is structured as follows: in Section 2, we present
the updated samples. The methods used to determine the SFR are
described in Section 3. The results are presented and discussed in
Section 4 and conclusions are made in Section 5. We have used
throughout the paper Hy = 67.7kms~! Mpc™!, ,, = 0.31 (Aghanim
et al. 2020).

2 DATA

The data used here were obtained from the MaNGA survey (Bundy
et al. 2015). MaNGA is part of the fourth generation Sloan Digital
Sky Survey (SDSS 1V). The survey has provided optical spectroscopy
(3600-10400 A) of ~10 000 nearby galaxies (with (z) ~ 0.03). The
observations were carried out with fiber bundles of different sizes
(19-127 fibers) covering a field of 12 arcsec to 32 arcsec in diameter.
MaNGA observations are divided into ‘primary’ and ‘secondary’
targets, the former are observed up to 1.5 effective radius (R,) while
the latter is observed up to 2.5 R,. For more details, see Drory et al.
(2015), Law et al. (2015), and Yan et al. (20164, b).

The sample used in this work is an update of our previous MaNGA
AGN hosts and matched non-active control galaxies (Rembold et al.
2017). The control sample was selected in order to match the AGN
hosts in terms of stellar mass, redshift, visual morphology, and
inclination (for details, see Rembold et al. 2017). After the release of
the MaNGA Product Launch 8 (MPL-8; Gunn et al. 2006; Smee et al.
2013; Bundy et al. 2015; Drory et al. 2015; Law et al. 2015, 2016;
Yan et al. 2016a, b; Blanton et al. 2017; Wake et al. 2017; Aguado
et al. 2019; Belfiore et al. 2019; Cherinka et al. 2019; Westfall et al.
2019), the number of observed AGN with MaNGA has grown to
170 AGNSs using the same criteria as in Rembold et al. (2017). For
each AGN, we have also selected two control galaxies. Since more
than one AGN host can share the same control galaxy, this inactive
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sample is composed by 291 sources. Both AGN and control samples
are located in the redshift range 0.02 < z < 0.15, and their typical
stellar masses are of the order of 10'%3-10'' M. Most AGN in our
sample (64 per cent) are low-luminosity, presenting [O 1] 25007 A
luminosities below 3.8 x 10* ergs~!.

Analysis of the morphological classification of galaxies in our
sample with the Galaxy Zoo data base (Lintott et al. 2008, 2011)
reveals that our updated AGN sample contains 57 early-type (33.5
percent), 87 late-type (51.2 percent), three merger galaxies (1.8
percent), and 23 objects (13.5 percent) without classification. The
control sample is composed of 125 early-type (36.8 percent), 182
late-type (53.5 percent), four merger galaxies (1.2 percent), and 29
objects (8.5 percent) whose classifications are uncertain. Regarding
nuclear activity, 63.6 percent of the AGN host sample presents
Seyfert nuclei, while the other 36.4 percent are low-ionization nuclear
emission-line region (LINER) sources. For more details on the
updated sample properties, see Deconto-Machado (in preparation).

For all galaxies in our sample, gas and stellar population pa-
rameters have been derived from the MaNGA IFU optical spectra
datacubes. We refer to Bundy et al. (2015) for details on the MaNGA
spectroscopic data, like spectral resolution, spatial coverage, and
pixel scale.

3 STAR FORMATION RATES

We have obtained the SFR surface densities for the gas £SFRg,s
and for the stars ¥ SFR, for each spaxel of the datacubes dividing the
corresponding SFR values in units of solar masses per year (Mg yr—!)
by the area of each spaxel in kpc?.

Our goal is to compare SFR values obtained from the gas emission
lines to those obtained from stellar population synthesis. As the
prescriptions for the gas are based on the assumption that it is
photoionized by young, hot stars, this comparison needs to be done
only for spaxels in which the gas is indeed ionized by stars. We have
thus used optical diagnostic diagrams (see Section 3.1) to isolate
the spaxels whose emission is produced by photoionization by the
radiation of young stars.

We also need to be sure that the signal-to-noise ratio (SNR) of the
data from each spaxel is high enough to allow reliable measurements.
In summary, in order to ensure that the measurements are accurate, we
have subjected the results obtained for each spaxel to the validation
criteria listed below.

3.1 Spaxels validation

We considered results from a spaxel to be valid only if they match
the following criteria:

(i) The mean value of the SNR in the continuum window between
5650 and 5750 A is >10. This was applied in order to ensure that the
stellar population fits are reliable (Cid Fernandes et al. 2004, 2005;
Riffel et al. 2009);

(ii) The Ha equivalent width (EW) is larger than 10 A and the
H 8 EW is larger than 3 A. This is necessary in order to avoid spaxels
that could have large contribution from other ionizing sources such
as post-AGB stars;

(iii) The following relation between line ratios is obeyed:
log([O m]A5007/H B) < 0.61/(log([N 11]A6583/Ha) —0.05)+ 1.3
(Kauffmann et al. 2003b). This is based on diagnostic diagrams to
ensure that only star-forming emission spaxels are being used in the
calculation of the SFR.

MNRAS 501, 40644079 (2021)

By using these selection criteria, we make sure that we are only
using results obtained for spaxels that have a good stellar population
fit and the gas is photoionized by hot young stars.

3.2 SFR from stellar population synthesis

Our first step was to perform a full spectral fitting stellar population
synthesis on our datacubes. We used the STARLIGHT fitting code
(Cid Fernandes et al. 2005; Cid Fernandes 2018) that combines
the spectra of a base of N, SSP template spectra b; ;, in different
proportions, in order to reproduce the observed spectrum O, . For
this comparison, the modelled spectra M, are normalized at a
user-defined wavelength (o). The reddening is given by the term
ry, = 107044=4) " weighted by the population vector x; (which
represents the fractional contribution of the jth SSP to the light at
the normalization wavelength (), and convolved with a Gaussian
distribution G(v,, ,) to account for velocity shifts v,, and velocity
dispersion o .
Each model spectrum can be expressed as

Ny

M)L = M)LO |:ZXJ bj,k I

n=1

® G(v,,0,), (D

where M, is the flux of the synthetic spectrum at the wavelength
Ao. To find the best parameters for the fit, the code searches for the
minimum of x> = Z;,f [(O; — M,)w;]?, where w, is the inverse of
the error, using a simulated annealing plus Metropolis scheme. We
normalized our data at Ay, adopted to be the mean value between
5650 and 5750 A. The reddening law we have used was that of
Cardelli, Clayton & Mathis (1989) and the synthesis was performed
for the spectral range from 3700 to 6900 A.

The SSPs base set we use is the GM described in Cid Fernandes
etal. (2013, 2014) that is constructed using the MILES (Vazdekis et al.
2010) and Gonzélez Delgado et al. (2005) models. We have updated
it with the MILES V11 models (Vazdekis et al. 2016). We used 21
ages (1 = 0.001, 0.006, 0.010, 0.014, 0.020, 0.032, 0.056, 0.1, 0.2,
0.316, 0.398, 0.501 0.631, 0.708, 0.794, 0.891, 1.0, 2.0, 5.01, 8.91,
and 12.6 Gyr) and four metallicities (Z = 0.19, 0.40, 1.00, and 1.66
Zo). We have also added to the spectral base a power law of the
form F, oc v~ to account for the contribution of a possible AGN
continuum (observed directly or as scattered light).

Since STARLIGHT is not prepared to handle with datacubes, we
have used our in house software MEGACUBE (Mallmann et al. 2018).
This code wraps STARLIGHT to deal with its numerous input and
output files involved with IFU data. Each spaxel requires an ASCII
file and generates another one. For each galaxy, thousands of files are
organized and extracted to a coherent datacube to be subsequently
analysed. The code can also be used for a multitude of functions
since it was developed with modular capabilities, i.e. parts of the
software can be changed, swapped, or removed depending on the
scientific goals. Besides allowing us to easily prepare and fit the
stellar populations in datacubes, its modular approach allows to use
MEGACUBE to generate maps for the direct and indirect STARLIGHT
fitting products. See Mallmann et al. (2018) for further details.

One of the data products computed by MEGACUBE is the SFR
obtained from the stellar fit (SFR,) over a user-defined age interval
(At =t;, — t;,). This can be computed since the SSPs model spectra
are in units of Ly, A~! MZ!, and the observed spectra (0;) are in units
of erg/s/cm?/ A (for details, see the STARLIGHT manual'). The SFR,

Uhttp://www.starlight.ufsc.br/
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over the chosen Af can be computed assuming that the mass of each
base component (j) that has been processed into stars can be obtained
as

2
Mt = i AT

*J 77 3.826 x 1037
where M, is given in M, ' represents the mass that has been
converted into stars for the jth element and its flux. This parameter is
given in Mg ergs~! cm™2; d is the distance to the galaxy in cm and

3.826 x 10* is the Sun’s luminosity in ergs~'. Thus, the SFR over
the At as defined above can be obtained from the equation:

5
At

(@3]

SFR, = 3)
For more details, see the STARLIGHT manual', and for an application
example, see Asari et al. (2007) and Riffel, Zakamska & Riffel
(2020).

3.3 SFR from H « emission-line fluxes

A very common approach to determine SFR from the gas emission
(SFRg,) is using hydrogen recombination emission-line fluxes (see
Kennicutt 1998; Kennicutt & Evans 2012, for a review). Therefore,
we have used the MEGACUBE absorption free emission-line datacubes
to fit the emission lines. This procedure was done using the IFSCUBE?
tool: a python package designed to perform analysis tasks in
datacubes. This code allows to fit emission lines with Gaussian
functions (among other options), allowing to constraint kinematics
and line fluxes ratios in a very robust and easy way (Ruschel-Dutra
2020).

We use the IFSCUBE Python package to fit the emission-line profiles
of HB, [O11] Ar4959, 5007, He1 A5876, [O1] 16300, Ha [N11]
AL6548, 6583, and [S1] AL6716, 6731. We fit the spectra after the
subtraction of the underlying stellar population contribution derived
in the previous section. The line profiles are fitted with Gaussian
curves by adopting the following constraints: (i) the width and
centroid velocities of emission lines from the same parent ion are tied;
(i1) the [O 1] A5007/A4959 and [N11] 16583/06548 flux ratios are
fixed to their theoretical values of 2.98 and 3.06, respectively; (iii) the
centroid velocity is allowed to vary from —300 to 300 km s~ for [S 11]
lines and —350 to 350 km s~! for the other lines relative to the velocity
obtained from the redshift of each galaxy (listed in the MaNGA Data
Analysis Pipeline — DAP); and (iv) the observed velocity dispersion
of all lines is limited to the range of 40-300 km s~!. In addition, we
include a first-order polynomial to reproduce the local continuum.

Since emission lines effectively re-emit the photons absorbed from
the integrated stellar Lyman continuum, they provide a direct probe
of the population of young, massive stars. Maps for the SFRg,s were
obtained with the following equation from Kennicutt (1998):

SFRG.s(Mg /yr) = 7.9 x 107 L(Ha)(ergs™ ), 4)

were L(H «) is the reddening corrected H o luminosity.

3.4 Stellar population and nebular reddening

STARLIGHT models the reddening of the integrated stellar continuum
as a foreground dust screen and it is parametrized by the extinction
in the V-band, Ay using the reddening law of Cardelli et al. (1989).

Zhttps://ifscube.readthedocs.io/en/latest/
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The gas reddening was obtained considering Case B recombina-
tion at T, = 10 000 K (Kennicutt 1998), and the corresponding colour
excess E(B — V) can be obtained as follows (see Calzetti et al. 2000;
Dominguez et al. 2013):

E(B-V)= M 5)
fHHB) — fiHa)
_ 25 {(FHQ/FHB)“S] ©
R, (fiHB) — fiHa) | (Fue/Fup)™

where f;(Ha) and fi(H 8) are the reddening curve values at the
Ha and H g wavelengths, which for the CCM’s reddening law are
fi(Ha) =0.818 and f,(Hp) = 1.164.

Adopting R, = Ry = 3.1 and the theoretical line ratio of
Fuo/Fup = 2.86 for case B HI recombination for an electron
temperature of 7, = 10000 K and electron density of N, = 100 cm™
(Osterbrock & Ferland 2006), we obtain
(FHu/FHﬂ)ObS)

N

Ay =17.22 log ( XT3

The intrinsic flux (F) of an emission line is then related to the

observed one (FJ.) by the following equation

F = Fop 1044 ®)
_ Fo)hbSIOOAR;‘E(B—V)’ )

where A; is the extinction at wavelength A and R, is the extinction
curve index from Cardelli et al. (1989). The equation above was used
to correct the Ha emission-line flux used in the calculation of the
H o luminosity and SFRg,; -

4 RESULTS AND DISCUSSION

4.1 Comparison between SFR,s and SFR,

In order to compare the SFR values obtained for all galaxies that are
at different distances, we have calculated the SFR surface densities
2 SFR, and XSFRg,s by dividing the obtained SFRs values for
each spaxel by its area in kpc®. The resulting values are in units
of Mg yr~! kpc 2.

The XSFR, values were calculated over different age bins,
comprising values over the last 1, 5, 10, 14, 20, 30, 56, and 100 Myr,
each age bin corresponding to the added contribution of all younger
age bins. These X SFR, values are compared to the £SFRg,s ones
in Fig. 1 for the total sample (sum of AGN and control samples)
and in Fig. 2 for the SF spaxels only in the AGN hosts. We also
present the identity line (e.g. x=y; dotted blue) together with a
linear fit to the data points (solid red line) obtained using bootstrap
realizations (Davison & Hinkley 1997) with Huber Regressor model
that is robust to outliers (Owen 2007). The Spearman’s correlation
coefficient (r) and the number of spaxels are also included in the
panels showing the plots.

What emerges from this exercise is that the best correlation (r =
0.62 for SF of the control + AGN samples and r = 0.80 if only SF
spaxels in the AGN sample are considered) is obtained when compar-
ing the X SFR, over the last 20 Myr with that obtained with X SFRg,s
(from the H o emission line). Also, their values are close to a one
to one relation, with log(X£SFR,) = (0.79 &£ 0.006) log(XSFRg,s) —
(0.22 £ 0.009). This is also the stellar population age range that
shows the smallest scatter of the points compared with the £SFR,
derived over the other Af’s. This result is not surprising since the
good agreement between the XSFRg,s and XSFR, over the last
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Over the last 1 Myr

Over the last 5 Myr
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Figure 1. Comparison of XSFRg,s with XSFR, in logarithm units of M, yr‘1 kpc_2 over the last 1, 5, 10, 14, 20, 30, 56, and 100 Myr, for all spaxels of the
AGN and control samples obeying the criteria of Section 3.1. The red line is the linear relation of a robust fit between log(XSFRg,) and log(XSFR,) given
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inside the panels. We also list the number of spaxels and the Spearman’s correlation coefficient () of the relation. For more details see text.

MNRAS 501, 4064-4079 (2021)

¥20z 1Mdy 0g uo 1s8nb Aq LHZEY09/790%/€/1 0G/8I01E/SBIUW/WOD dNO"olwapeoe//:sdly wolj pepeojumoq



log(ZSFR Stars)

log(ZSFR Stars)

log(ZSFR Stars)

Over the last 5 Myr

SFR in AGN hosts 4069

Over the last 10 Myr

0.0 0.0 0.0
—0.5 —0.5 —0.5
-1.0 -1.01 -1.0
B B
8 8
7] 7]
-1.5- &£ 1.5 € 15+
wn wn
W W
=] k=)
f -} °
-2.01 -2.0 1 -2.0
,".. o'l' - ". . ‘,\
- Spaxels=10476 3 Spaxels=11722 3 Spaxels=14694
=237 . Identity =251 -+ Identity —231 Identity
. —— y=0.778+0.008x + 0.597+0.011 " —— y=0.842+0.009x - 0.072+0.011 " —— y=0.825+0.007x - 0.130+0.010
r=0.69 r=0.69 r=0.69
-3.0 T T T T T -3.0 T T T T T -3.0 T T T T T
-30 -25 =20 -15 -1.0 -05 0.0 -30 -25 =20 -15 =-1.0 -05 0.0 -30 -25 =20 -15 =10 =05 0.0
log(ZSFR Gas) log(ZSFR Gas) log(ZSFR Gas)
Over the last 14 Myr Over the last 20 Myr Over the last 30 Myr
0.0 0.0 0.0
—0.5 —-0.51 —0.5
—1.0 4 —1.0 1 -1.0
B B
© ©
n n
-1.51 € —151 £ -15-
] ]
W W
k=) k=)
° °
—2.01 —2.0 1 —2.01
% 4 '
.". ” .': " £ ot
| . Spaxels=15396 | " Spaxels=15603 Spaie[s=15700
. “i+. Identity —2s - Identity —257 - Identity
'—— y=0.952+0.007x + 0.115+0.010 '—— y=0.957+0.006x + 0.081+0.009 " —— y=0.908+0.007x - 0.090+0.010
r=0.77 r=0.80 r=0.78
-3.0 T T T T T -3.0 T T T T T -3.0 T T T T T
-30 -25 -20 -15 -10 -05 0.0 -30 -25 -20 -15 -10 -05 0.0 -30 -25 -20 -15 -10 -05 0.0
log(ZSFR Gas) log(ZSFR Gas) log(ZSFR Gas)
Over the last 56 Myr Over the last 100 Myr
0.0 0.0
Spaxels=15747 Spaxels=15755
------ Identity +e+ee0 |dentity
— y=0.883%0.007x - 0.281+0.011." —— y=0.864+0.007x - 0.537+0.011"
=053 r=0.75 v - =05 r=0.73
—1.0 -1.0
?
8
wn
1.5 £ -1.5-
]
o}
o
K]
—-2.04 —2.0 1
-2.5 -2.51
-3.0 T T T T T -3.0 T T T T T
-30 -25 =-20 -15 -1.0 -05 0.0 -30 -25 -20 -15 -1.0 -05 0.0
log(ZSFR Gas) log(ZSFR Gas)

Figure 2. Same as Fig. 1 but only for the star-forming spaxels in the AGN sample.
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Figure 3. XSFR, versus ¥SFRgy over the last 20 Myr in log scale. Spaxels with SF line ratios taken from the control sample (‘Ctrl’) are represented as grey
plus symbols, SF spaxels taken from AGN hosts as light blue circles. Regressions for each data set are labelled. Squares represent the mean value with standard
deviations of 20 linearly spaced bins over log(X2SFRggs) (values below 0.5 and 99.5 of the g-th percentile were removed) considering all spaxels (SF Ctrl and SF
AGN). Density histograms for ¥ SFRg,s and £ SFR, of both samples are also shown. The top right histogram shows the A¥ = log(XSFRg,s) — log(XSFR,)

as well as the mean (©) and median (X) values of this difference.

20 Myr is related to the fact that the stars that dominate the total
ionizing photons budget are the hot, massive (M > 10 Mg) and
short-lived (r < 20 Myr) stars. Thus, as the emission-line fluxes
provide an ‘instantaneous’ measure of the SFR (Kennicutt 1998), the
corresponding SFR values should be more similar to those obtained
from recent SFR,. In fact, our results are in agreement with the
previous findings of Asari et al. (2007, see also Stasiriska et al. 2015
and Gonzalez Delgado et al. 2016) who found that the SFR, of the
last 25 Myr correlates well with that derived via nebular emission
when using SDSS single fibber observations.

The above finding shows that one can use the XSFR, over the last
20 Myr as a probe of the recent, instantaneous SFR that a galaxy is
experiencing.

MNRAS 501, 4064-4079 (2021)

In order to investigate any possible difference in behaviour
between the spaxels from the AGN host galaxies and those from
the control galaxies, we have plotted in Fig. 3 the X SFRg,s versus
2 SFR, over the last 20 Myr (for spaxels with SF line ratios) as
grey plus symbols for the control sample and as light blue circles
for the AGN hosts. We also plot the mean values, with standard
deviations, considering all the spaxels (both from control and AGN
galaxies) divided in 20 linearly spaced bins over £SFRg,s. Values
below the 0.5th percentile and above the 99.5th percentile were
removed to better display the results. The identity line (dotted black)
is shown, as well as separate regressions for the two samples (AGN
and control) and for their combined sample. We also show histograms
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for the density distribution® of X©SFRg, and XSFR, for both
samples, as well as a histogram showing the A¥ = log(XSFRg,s) —
log(XSFR,) together with the mean (1) and median (%) values of this
difference.

Besides obtaining the linear regressions to the data, as de-
scribed above, we derived the Spearman’s correlation coeffi-
cients, which are also listed within the Figs 1 and 3 panels.
These figures show that: (i) when considering only SF spax-
els from the control sample we found log(XSFR,) = (0.792 £
0.006)log(XSFRgys) — (0.224 £0.010) with r = 0.62; (ii) when
using the SF spaxels from the AGN hosts we found log(XSFR,) =
(0.957 4 0.006)log(XSFRggs) + (0.080 4= 0.009) with » = 0.80; and
(iii) finally when combining both samples we find log(XSFR,) =
(0.872 £ 0.004)log(XSFRg,s) — (0.075 £ 0.006) with = 0.70. The
three best-fitting lines in Fig. 3 show a very similar slope, and a nearly
one to one correlation is found. The difference histogram (A X SFR)
confirms that both ¥SFRs are very similar, with the bulk of the
differences being concentrated around ~0. This result suggests that
the XSFR, over the last 20 Myr can be directly used as a measure of
the ¥ SFRg,s, for both star forming and AGN hosts (when the spaxel
line ratios indicate SF excitation).

At the highest XSFRg,s and XSFR, values, there is a clear excess
of AGN SF spaxels relative to those from the control ones (histograms
in Fig. 3). In order to understand the origin of this excess, our
first step was to remove the strong AGNs, defined as the sources
with L([O1]A5007A) > 3.8 x 10 ergs~! (Rembold et al. 2017;
Mallmann et al. 2018,) from our sample, since, if both the AGN
activity and the SF would be driven by the same mechanism (e.g.
larger gas reservoirs both forming stars and feeding the AGN) this
could explain this excess. However, after the removal of these objects,
the same trend remains and the excess is still observed. In order to
identify the galaxies responsible for the excess, we applied a cut
for high X SFRs. Selecting only spaxels with log(X£SFRg,s) > —1.0
and log(XSFR,) > —0.75, we found that all the spaxels presenting
these high values come from only four AGN hosts identified by the
following MaNGA-IDs: 1-189584, 1-604022, 1-258373, 1-229731
(Figs A1-A4). Of these, only objects 1-258373 and 1-229731 are
strong AGNs. This result shows that not only strong AGNs are
producing the high £ SFRs in Fig. 3.

Since a tight correlation between the SFR and the stellar mass of
galaxies is expected, and indeed observed in the form of the so-called
SF main sequence (MS) of galaxies (Brinchmann et al. 2004; Noeske
et al. 2007; Daddi et al. 2007; Speagle et al. 2014; it is also observed
when considering individual spaxels, e.g. Lin et al. 2019), we decided
to normalize the ¥ SFRs to the stellar mass, M,, of each spaxel. The
result of this normalization is shown in Fig. 4, where one clearly sees
that the spaxels contributing to the tail observed in the distributions
of the AGN spaxels in the previous histograms are those with the
highest X SFR/M,, and they clearly populate a separate region in this
figure.

In order to investigate the origin of these high £ SFR/M,’s, we
have tracked them back to the sources originating such spaxels.
Therefore, using Fig. 4 we defined the limits of the high-XSFR/M,
‘cloud’ as log(XSFRg,s/M,) > —8.2 and log(XSFR,/M,) > —7.8
(cyan rectangle). The spaxels located in this region are from four

3The counts are normalized to form a probability density, i.e. the integral
under the histogram is 1. This is achieved by dividing the count by the
number of observations times the bin width and not dividing by the total
number of observations. The density histograms were obtained setting
density=True in Python’s MATPLOTLIB.PYPLOT.HIST routine.
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AGN:s, identified by the MANGAIDs: 1-189584, 1-604022 (these
two being also identified as producing the high values in Figs 1 and
3, plus 1-603941, 1-420924, none of which is classified as strong
AGNSs.

This result suggests that these sources are somewhat particular in
the sense of having a significantly larger star-forming gas reservoir
leading to a higher SFR than the other sources in our sample. Inter-
estingly, all these sources present companions or satellite galaxies
at projected distances smaller than 70 kpc. In addition, objects 1-
189584, 1-604022, and 1-603941 are members of galaxy groups
(Fouque et al. 1992; White et al. 1999; Von Der Linden et al. 2007).
This suggests that the higher SF efficiencies shown by these objects
relative to other galaxies of similar masses are due to interactions
with nearby galaxies. A definitive answer to this question requires a
complete statistics of the environment of all galaxies in the sample,
which is beyond the scope of this work but will be addressed in a
forthcoming publication.

The results presented here clearly show that we can use the
transformation equation:

log(ESFR,) = (0.872 % 0.004)log(ESFRg,s) — (0.075 £ 0.006)
(10)
or
10g(ZSFRgy) = (1.147 % 0.005)log(ESFR,) + (0.086 = 0.080)

to obtain the gas £ SFR from the stellar one.

The above result is particularly useful for obtaining SFR values in
the NLR or extended NLR (ENLR) of AGN hosts. Since the synthesis
technique allows to fit the stellar populations disentangling it from
the AGN featureless continuum, it is possible to use it to obtain the
SFRs that one would derive from the gas emission, even in regions
dominated by the AGN excitation, such as the NLR and ENLR, for
which H I emission cannot be used as an SF indicator.

These results can thus be used to investigate if there is, for
example, SF quenching (or SF enhancement) in the vicinity of AGN,
comparing the results with the predictions of AGN feedback effects
in cosmological simulations (e.g. Nelson et al. 2015; McAlpine et al.
2016). In a forthcoming publication, we intend to apply the relation
of equation (10) in order to compare the X SFR we obtain in regions
dominated by AGNs excitation to those obtained at similar distances
from the nucleus for control galaxies in order to investigate any
difference related to the AGN. The results will then be compared
to those of cosmological simulation predictions (Schimoia et al., in
preparation). In addition, we will extend the investigation previously
done for a smaller sample (Mallmann et al. 2018) on the systematic
stellar population differences between AGN hosts and controls for
the updated sample used here (Mallmann et al., in preparation).

4.2 Comparing the nebular and stellar population reddening

A comparison between the Ay values obtained via H a/H B line ratios
and that from the full spectral fitting of the stellar population is shown
inFig. 5. We fitted linear regressions to the data and derived the Spear-
man’s correlation coefficients. We found that (i) when considering
only SF spaxels from the control sample Ay, , = (0.379 +=0.003)Ay, ,
—(0.050 = 0.004), with » = 0.60; (ii) when using the SF spaxels from
the AGN hosts, Ay, , = (0.352 £ 0.005)Ay, , — (0.015 £ 0.006), with
r = 0.55; and (iii) when considering the combined samples of AGN
and controls we find Ay, , = (0.370 & 0.003)Ay, , — (0.039 & 0.003),
with r = 0.58.

This result suggests that the reddening derived via stellar popula-
tion full spectral fitting is consistent for both samples and that the

MNRAS 501, 40644079 (2021)

202 Iudy 0g uo 1sanb Aq | #Z2€¥09/790%/€/1 0G/2101HE/Seluw/wod dno-dlwapese//:sdyy woly papeojumod



4072  R. Riffel et al.

AZSFR
=2 0 2
1 1 1
1.0+ [ ] g == =007 [ 1.50
] B - ¥=-0.14
1i 1.2
0.8 - e 5
Zacd 111 r1.00 >,
o 06 7 £
5 F0.75 §
a 04 T [a)
- 0.50
021 - 0.25
g SF Ctrl (28103) - - 0.00
F Ctrl (281
SF AGN (15603) I:I SF from Ctrl
+ Identity {77 SF from AGN
—— y=0.626:+ 0.005 x - 3.344: 0.046 [r=0.60 SF Ctrl] P
—— y=1.036+ 0.003 x + 0.464= 0.026 [r=0.86, SF AGN] s
_g 4 —- y=0.923% 0.004 x- 0.582% 0.034 [r=0.71, SF Ctrl+ SF AGN] B /
-7
=
T -8
o«
[T
7}
e
g
B ]
_9 . II
| |
_10 4
-114

-11 -10 -9 -8
log(ZSFR Gas/Mx)

-7 -6 0.0 0.5 1.0
Density

Figure 4. X SFRg,s versus XSFR, over the last 20 Myr normalized by stellar mass. Spaxels with SF line ratios taken from the control sample are grey plus
symbols, SF spaxels taken from AGN hosts are light blue circles. Regressions over each data set are labelled. Squares represent the mean value with standard
deviations of 20 linearly spaced bins over £ SFRgys (values below 0.5 and 99.5 of the g-th percentile were removed) considering all spaxels (SF from Ctrl and
SF AGNs). Density histograms of both samples are also shown. The cyan rectangle represents the high X SFR/M, region, namely: log (£SFR,/M,) > —8.2 and

log (XSFR,/M,) > —7.8.

extinction derived for the gas Ay, , is consistently larger than Ay, , by
a multiplicative factor ranging from 2.64 to 2.85, depending on the
sample. The larger values obtained for the gas extinction than those
of the stars are in agreement with the similar finding of Calzetti,
Kinney & Storchi-Bergmann (1994), who have analysed /UE UV
and optical spectra of 39 starburst and blue compact galaxies and
studied the average properties of dust extinction. They found that
the optical depth obtained via Balmer emission lines is about twice
that obtained via the underlying continuum around these lines. They
interpret this difference as a consequence of the fact that the hot
ionizing stars are associated with dustier regions than that of older
(colder) stars that contribute also to the continuum.

We thus interpret the difference we found for the extinction of
the stellar population via full spectral fitting and that of the gas as

MNRAS 501, 40644079 (2021)

being due to the fact that STARLIGHT works with a single reddening
for all the population components (e.g. the final mix is reddened).
Since the old component contributes significantly (=60 per cent) to
the integrated light in almost all spaxels (see fig. 1 of Mallmann et al.
2018), its reddening dominates the reddening of the final integrated
model spectrum. The reddening of this older and cooler underlying
population is therefore lower than that of the younger components,
which are buried deeper in the dust (and are responsible to ionize the
line-emitting gas).

5 CONCLUSIONS

We have presented a comparison between SFR surface densities
obtained from spectral synthesis of the stellar population XSFR, and
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from the Ha gas emission XSFRg,, for an updated sample of 170
AGN and 291 control galaxies relative to our initial sample defined
by Rembold et al. (2017). We have used the corresponding MaNGA
datacubes selecting only spaxels high SNR continuum, with strong
emission lines, and showing star-forming line ratios as obtained
from diagnostic diagrams. Our main results can be summarized as
follows.

(i) The XSFR, over the last 20Myr and XSFRg,s show
the best correlation among all tested age bins, both includ-
ing in the analysis the SF spaxels from AGN hosts or
only those from control galaxies. The transformation equa-
tion is log(XSFR,) = (0.872 & 0.004)log(XSFRg,s) — (0.075 £
0.006) or log(XSFRgas) = (1.147 = 0.005)log(XSFR,) + (0.086 £

0.080). This result opens a new way to obtain the SFRs in AGN hosts,
even in the NLR and ENLR, were the AGN dominates the excitation
of the emission lines and the SFR cannot be obtained directly from
the H1 line fluxes.

(i1) A few AGN hosts show an excess of X SFR relative to the rest
of the sample that we tentatively attribute to a larger gas reservoir
and SF efficiency. Coincidentally, these AGNs seem to have close
neighbours, thus the interaction could have boosted the SF (to be
further investigated due to the small size of the sample).

(iii) We found that the visual extinction Ay, , derived from the
Balmer decrement is 2.63 to 2.86 times larger than the extinction
derived from the stellar population synthesis, Ay, g,r. This result is
in agreement with previous literature results based on much smaller
samples. We interpret the difference as being due to the fact that
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STARLIGHT works with a single reddening for all populations, and the
reddening of the stellar content is dominated by the older population
that is less extinct than the young stellar population that would be
similarly extinct as the star-forming gas.

The transformation equation presented here (equation 10) can be
used to obtain the gas XSFR in AGN hosts via stellar population
synthesis using the full spectral fitting. Since the synthesis allows
disentangling the contributions of the stellar populations from that of
the AGN featureless continuum, it is possible to obtain the £ SFRs
that one would derive for the gas emission, even in regions dominated
by AGN excitation. The obtained SFRs in AGN hosts can then be
compared with those obtained for control galaxies to investigate
the effect of AGN on the surrounding stellar population as well as
be compared (and incorporated) with the SFR values predicted as
due to AGN feedback eftects on the host galaxies in cosmological
simulations.
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APPENDIX: INDIVIDUAL MAPS

Here, we present individual maps for the four high £ SFR/M, ratio,
in left from top to bottom Avg,, Av,, Av,,/ Av, and in right side
from top to bottom SFRy,, SFR,, SFRy,/ SFR, note that a direct
comparison of both quantities in individual galaxies is possible
because the spaxels have the same area and that the ratio is showing
how both quantities compare.
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