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ABSTRACT

In modern models and simulations of galactic evolution, the star formation in massive

galaxies is regulated by an ad hoc active galactic nuclei (AGN) feedback process. However,
the physics and the extension of such effects on the star formation history of galaxies is matter
of vivid debate. In order to shed some light in the AGN effects over the star formation, we
analyzed the inner 500x500 pc of a sample of 14 Seyfert galaxies using GMOS and MUSE
integral field spectroscopy. We fitted the continuum spectra in order to derive stellar age,
metallicity, velocity and velocity dispersion maps in each source. After stacking our sample
and averaging their properties, we found that the contribution of young SP, as well as that of
AGN featureless continuum both peak at the nucleus. The fraction of intermediate-age SPs
is smaller in the nucleus if compared to outer regions, and the contribution of old SPs vary
very little within our field of view (FoV). We also found no variation of velocity dispersion
or metallicity within our FoV. Lastly, we detected an increase in the dust reddening towards
the center of the galaxies. These results lead us to conclude that AGN phenomenon is usually
related to a recent star formation episode in the circumnuclear region.

Key words: galaxies: Seyfert — galaxies: star formation — techniques: imaging spectroscopy

1 INTRODUCTION

Active Galactic Nuclei (AGN) are among the most energetic phe-
nomena in the universe, with integrated bolometric luminosities up
to 10* ergs s~! (e.g. Koratkar & Blaes 1999; Bischetti et al. 2017).
The current paradigm of an AGN is that of a supermassive black
hole (SMBH) being fed by an accretion disc. Around this structure,
there is a dust and gas torus, and depending on the orientation be-
tween the clumpy torus and the observer, the SMBH may be visible
or obscured (Ferland & Netzer 1983; Zier & Biermann 2002; Ramos
Almeida & Ricci 2017; Audibert et al. 2017; Izumi et al. 2018).
Itis well established that the mass of the SMBH scales with the
velocity dispersion (o) of the host galaxy bulge (in galaxies with
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classical bulges Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Kormendy & Ho 2013). Another important relation that helps shed-
ding some light on this matter is the fact that both star formation rate
(SFR) and AGN luminosity reach their peak around z~2 (Silverman
et al. 2008; Madau & Dickinson 2014). However, if these correla-
tions are incidental or if there are physical mechanisms behind them
is still under debate.

In this context, there is a strong discussion whether AGN ac-
tivity is correlated with the star formation of the host galaxy, since
it could help explaining the above results. Some authors (Storchi-
Bergmann et al. 2000; Kauffmann et al. 2003; Lutz et al. 2010)
argue that in order to trigger the AGN, gas would neet to lose angu-
lar momentum, which would in turn cause a density enhancement,
thus triggering a starburst phase. On the other hand, other authors
(Leslie et al. 2016; Ellison et al. 2016) suggest that the gas outflows
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caused by the AGN would remove gas from the inner regions of the
galaxy, quenching star formation. Moreover, there are some authors
(e.g. Stanley et al. 2017) that argue that the AGN has no effect on
the star formation within the host galaxy, either because they are not
powerful enough, or because both mechanisms mentioned earlier
would cancel each other out.

Important factors regarding this relation are the spatial and
temporal scale analyzed. Hopkins & Quataert (2010) performed
multi-scale and multi-resolution hydrodynamic simulations to study
the inflow of gas leading to AGN activity. They found that in this pre-
activity scenario, there is a rise in the star formation, due to the gas
funneled to the center both triggering the AGN as well as forming
stars. Also, they found that the nuclear star formation is more tightly
coupled to AGN activity than the global star formation. On the other
hand, Zubovas & Bourne (2017) analyzed through simulations how
the activated AGN affects turbulent gas spheres. They found that,
after a certain critical AGN luminosity (which they determined to be
5%10* ergss~!), AGN activity mainly acts in removing gas from
the inner ~1 kpc, thus quenching star formation in this region.

For the above reason, it is then fundamental to probe the impact
of AGNs over small and large scales, as well as determine the time
scale in which this co-evolution occurs. Constraining the time scale
of this impact can be achieved by mapping the age of the stellar
populations (SPs). If young SPs are present in large quantities, AGN
fueling is contemporary with star formation; if instead intermediate
age SPs dominate, fueling is driven by a post-starburst phase; lastly,
finding only old stars would imply that gas inflow to the AGN is
efficient and star formation is not related to nuclear activity.

In the past decades, many studies were published analyzing
the stellar populations of galaxies hosting AGNs (e.g. Storchi-
Bergmann et al. 2001; Cid Fernandes et al. 2004; Riftel et al. 2009;
Morelli et al. 2013; Cai et al. 2020). However, these analyses were
usually based on integrated spectra, resulting in very limited spa-
tial information. Nowadays, with integral field spectroscopy, it is
possible to resolve these regions in large samples of galaxies, al-
lowing studies focused on mapping stellar properties across the
body of the galaxies. Sdnchez et al. (2018) analyzed 98 AGNs with
MaNGA (Mapping Nearby Galaxies at Apache Point Observatory)
optical datacubes, and found that their AGNs are mainly located
in the so-called green valley, a transition region between the blue,
star-forming galaxies and the red, quenched ones (see Wyder et al.
2007; Martin et al. 2007; Salim et al. 2007, for a broader discussion).
This green valley region appears to be composed of galaxies expe-
riencing a transition between star-forming and quenched galaxies.
Also, Sanchez et al. (2018) reported that the quenching of the star
formation happens inside-out, but they found no difference between
AGN hosts and non-active galaxies in the green valley, suggesting
that the AGN itself has no immediate impact over the stellar popu-
lation of its host galaxy. In another project, Mallmann et al. (2018)
analyzed 62 AGNs, also from the MaNGA survey, and reported
that the fraction of young stellar populations in high-luminosity
AGNs is higher in the inner regions (r<0.5R., where R, is the
effective radius) when compared with the control sample of non-
AGNs, but they found no difference between the stellar populations
of the low-luminosity AGNs and the control sample. In another
study focused in the stellar populations of AGN hosts, Lacerda et al.
(2020) analyzed 867 galaxies from the CALIFA survey (Calar Alto
Legacy Integral Field Area), with 34 of them classified as AGNs.
They were able to confirm that AGNs hosts are found in the green
valley in almost all analysed properties with bimodal distributions,
with AGNs mainly acting in removing or heating the molecular gas,
which would quench the star formation of the galaxy.

Previous studies of individual AGN hosts in the NIR, on the
other hand, found rings of stellar populations with ages between 0.1
and 2.0 Gyr (e.g. Riffel et al. 2010, 2011; Storchi-Bergmann et al.
2012; Schonell et al. 2017; Dahmer-Hahn et al. 2019; Diniz et al.
2019). The authors also found that these regions are usually associ-
ated with rings of lower stellar o, suggesting that the intermediate-
age stellar populations were formed from low-velocity dispersion
gas.

It can be seen that the relationship between star formation and
AGN activity is far from being fully understood. One point to men-
tion is that most works so far lack enough spatial resolution to allow
sampling the stellar populations at scales down to a a few hundred
of parsecs, with also big enough samples to allow conclusions on
the general properties of AGNs, rather than on individual sources.

In this paper, we analyze 14 Seyfert galaxies with optical dat-
acubes from GMOS and MUSE. We aim at mapping the stellar
properties of these objects, in order to determine the impact of the
AGN over the host galaxy evolution. Whereas previous results ob-
tained with MaNGA and CALIFA have focused on a bigger field
of view (FoV) but with lower spatial resolution, we focused on the
inner 5770x5”0 of these galaxies, but with a much better spatial
resolution ( 17/ corresponding to 78 to 259 pc).

This paper is structured as follows: in Section 2, we detail our
sample, data reduction and treatment, and in Section 3 we present
the methods used to analyse the stellar properties. In Section 4, we
show our results and discuss the sources individually, whereas in
Section 5 we discuss the properties of the sample as a whole. Lastly,
the conclusions are presented in Section 6.

2 SAMPLE

Our sample was selected as an optical follow up of the NIR sample
described by Riffel et al. (2018), based on the Swift-BAT 60-month
catalogue (Ajello et al. 2012), limited to galaxies with 14—195 keV
luminosities Ly > 10*1 ergs™! and redshift z<0.015. The ul-
trahard (14-195keV) band of the Swift-BAT survey measures di-
rect emission from the AGN rather than scattered or re-processed
emission, and is much less sensitive to obscuration in the line of
sight than soft X-ray or optical wavelengths. This allows a selec-
tion based only on the AGN properties. As additional criteria, the
authors limited their sample to galaxies accessible from Gemini
North (-30° < 6 <73°), with nuclei that are bright and point-like
enough to serve as tip-tilt guide references, or those with natural
guide stars in the AO patrol field. The galaxies were also selected for
having been previously observed in the optical and with extended
[Om1]A5007 emission confirmed in the literature.

We cross-correlated the NIFS sample with Gemini Multi-
Object Spectrographs (GMOS) archival data, as well as Multi Unit
Spectroscopic Explorer (MUSE) processed archival data. After re-
moving duplicates and galaxies with poor data quality, our final
sample is composed of 10 GMOS and six MUSE datacubes. Ta-
ble 1 presents the resulting sample, as well as their main properties.

For GMOS data, we followed the standard reduction process,
which included trimming, bias subtraction, bad pixel and cosmic ray
removal, extraction of the spectra, Gemini Facility Calibration Unit
(GCAL) flat correction, twilight flat correction, wavelength cali-
bration, sky subtraction and flux calibration. For MUSE data, the
archive contains already reduced data. Our data cubes were not col-
lected under photometric conditions, implying our flux calibration
is not absolute. However, in order to derive the properties presented
in this paper, only a reliable relative flux calibration is required.

MNRAS 000, 1-17 (2015)



Table 1. The sample and main properties: (1) galaxy name (2) redshift (3)
Morphology (4) log of X-ray luminosity in ergs s~! (5) source of optical data
(6) continuum signal to noise ratio (S/N) for the 10% lowest flux spaxels (7)
continuum S/N for the 10% highest flux spaxels

Galaxy z Morp log Source S/Njg S/Ngo
(Lx) ofdata
NGCI1052 0.005 E4 4190 GMOS 21 34
NGC1068 0.004 SAb 41.80 MUSE 43 58
Mrk1066 0.012 SBO 41.1 GMOS 4 36
NGC1194 0.013 SAO 42770 MUSE 7 17
Mrk607  0.009 Sa 40.83 GMOS 8 18
NGC2110 0.008 SABO 43.30 GMOS 5 18
NGC2992 0.008 Sa 4220 MUSE 12 39
NGC3081 0.008 SABO 42.70 MUSE 29 38
NGC3393 0.013 SBa 4270 MUSE 32 45
NGC3516 0.009 SBO 43.00 GMOS 12 18
NGC3786 0.009 SABa 4220 GMOS 3 14
NGC4939 0.010 SAbc 42.40 GMOS 15 25
NGC5728 0.009 SABa 43.00 MUSE 35 53
NGC5899 0.009 SABc 42.10 GMOS 8 12

Aimed at improving the overall quality of the final datacubes,
we performed the data treatment steps described in Menezes et al.
(2019): high spatial-frequency components removal with the But-
terworth spatial filtering and “instrumental fingerprint” removal via
Principal Component Analysis (PCA). After applying the Butter-
worth filter, we analyzed the residual subtraction between the treated
and the untreated datacube. This residual datacube has always an
average value very close to zero, implying that photometry is pre-
served when applying the Butterworth filter.

Also, in order to test the consistency of our results, we per-
formed the same analysis presented in this paper before applying
these data treatment procedures. As expected, our main results still
hold without them. The figures are just noisier and show stronger
vertical bands. These bands are caused by scattered light of the
bright AGN, which contaminates the light of the fainter host galaxy.
These fingerprints are not fully removed by the reduction script, and
thus need additional treatment.

For four objects (NGC 1068, NGC2992, NGC3393 and
NGC5728), we have datacubes from both GMOS and MUSE.
We compared the results from these instruments, and found that
they closely reproduce each other. In the end, we opted to use the
MUSE datacubes solely because of the bigger FoV compared to
GMOS. The fact that both datasets agree strengthen our trust on
both datasets, since it shows that our results are stable against large
perturbations, i.e. changing telescope and instrument.

Both GMOS and MUSE datacubes are seeing-limited, with
spatial point spread function varying between 0’6 and 17”1, mea-
sured from point sources in the acquisition image. All GMOS dat-
acubes were obtained using the B600 grating, resulting in a spectral
resolution R=1/AA of 1688, and with a 0//1x0”’1 spaxel sampling.
MUSE data was obtained with the wide field mode, at an average
spectral resolution of 1770 at 480 nm and 3590 at 930 nm, and
with a 07/2x0”’2 spaxel sampling. Since the Field of View (FoV)
of MUSE (60”"0x60"’0) is considerably larger than that of GMOS
(3"75x5"’0), we extracted the inner 5”’0x5’’0 of MUSE datacubes,
centered on the brightest spaxel, in order to properly compare their
data for the whole sample.

MNRAS 000, 1-17 (2015)
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3 METHOD

3.1 Stellar Population

In order to derive the stellar populations of galaxies, it is generally
employed a computing code which fits the underlying continuum
with a library of simple stellar population (SSP) models. Many pa-
pers have discussed the implications of choosing different codes and
libraries (e.g. Chen et al. 2010; Ferré-Mateu et al. 2012; Maksym
et al. 2014; Wilkinson et al. 2015; Mentz et al. 2016). The differ-
ent approaches have been shown to yield rather consistent results,
as long as the fitting procedure is kept the same. Also, since each
code/library may have its own systematic biases, the best way to
deal with them is to keep the fitting procedures the same (Goddard
etal. 2017).

We employed the starLIGHT code (Cid Fernandes et al. 2004,
2005, 2013), which fits the observed spectrum by combining stellar
population models in different proportions. The code also searches
for dust reddening and line of sight velocity distributions that best
describe the observed spectrum.

We masked regions dominated by emission lines or with low
S/N. Also, in order to deal with weak emission lines not detected
in the masking process, we enabled sigma-clipping. This option
automatically masks regions in which the observed flux differs from
the modeled one by a factor of three sigma.

We fed starLIGHT with the GRANADA+MILES (GM) library,
well described by Cid Fernandes et al. (2014). This base was con-
structed by combining Vazdekis et al. (2010) models, which start at
an age of 63 Myr, with the Gonzdlez Delgado et al. (2005) models
for younger ages. The final set of models consist of stellar templates
of 21 ages and 4 metallicities'. In order to reproduce the feature-
less continuum emitted by the AGN, we first tested a scenario with
three power-laws, with F,, o v 1O F, o v 15 and F), o v20,
On all cases, the dominant power-law was the intermediate one,
and thus we removed the other two and performed the synthesis
again. Also, in order to deal with dust reddening, we employed the
Calzetti et al. (2000) extinction law. We show in Fig 1 the observed
and fitted spectra of the central spaxel for each galaxy in our sample.
Lastly, due to this different wavelength coverage , we normalized
our spectra around SIOOA, with a 100A window.

Since noise present in the data may cause small variations in
the detection of SSPs by sTarLIGHT (Cid Fernandes et al. 2004,
2005), we present our results in the form of condensed popula-
tion vectors. Following Riffel et al. (2009), we defined the light
fraction population vectors as: xy (t<0.05 Gyr), xi (0.05<t<2 Gyr)
and xo (t>2 Gyr) to represent the young, intermediate-age and old
stellar populations, respectively. We also defined < Z > as the
luminosity-weighted average metallicity, in units of solar metalicity
(Zo), and < t > as the log of the luminosity-weighted average
age, in years.

3.2 Stellar Kinematics

With sTARLIGHT, we also mapped stellar centroid velocity (V) and
velocity dispersion (o) of our sample. In order to check if the V
map can be reproduced by a rotating disk, we followed Bertola et al.

! Ages t=0.001, 0.00562,0.01,0.0141, 0.02,0.0316,0.0562,0.1,0.2,0.316,
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 metallicities Z=0.2, 0.4, 1 and 1.5Z¢
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Figure 1. Observed and modeled spectra for the central spaxel of each galaxy in our sample. Black regions represent points used to fit the data, whereas grayed
regions represent masked spectra. The spectra modeled by STARLIGHT are shown in red.

(1991) and assumed the rotational velocity at a radial distance r where A, cg and p are parameters to be found. Since we can only

from the center of the galaxy to be given by: measure the velocity component perpendicular to the plane of the
Ar

Ve (n

(r2+c2)r/?
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sky, the observed radial velocity at a position (R,%¥) is then given
by:

ARcos (¥ —¥g)sinOcosP 6

V(R,¥) = vsys + s
v {R2[sin? (¥ — ¥() + cos2@cos? (¥ — ¥g) ]| + C(Z]COXZG)}P/Z

2

where vy is the systemic velocity of the galaxy, © is the disk
inclination (where ®=0 represents a face-on disk) and ¥y is the
position angle of the line of nodes. The fitting of the data was
performed using a PYTHON script employing Levenberg-Marquardt
2 minimization.

4 RESULTS AND INDIVIDUAL DISCUSSION

The individual results of our sample are presented in Figs 2 to 15
with the following structure: in the top row, we present in consec-
utive panels, from left to right, the integrated continuum emission
within the full spectral window used by STARLIGHT, the percentage
contribution of the featureless continuum (FC) in the second panel;
in the third panel, we show RGB maps where red, green and blue
represent xXo, xi and xy respectively; in the fourth and fifth panels,
we show < ¢ > and the dust extinction in band V, respectively; in
the bottom row we show in the first and second panels the measured
and modeled stellar velocities, whereas in the third panel we show
the residual of their subtraction; in the fourth panel we show the
stellar o, and in the fifth panel the < z >.

Since our data comes from different instruments and different
projects, with also diverse objectives, the S/N of our sample varies
greatly, both in the emission lines and the continuum level. We then
decided to mask regions with S/N<6. This value was determined
by analyzing at which point the fits became unreliable. Also, due
to the low S/N in extranuclear regions of part of our sample, we
were unable to derive the 43 and #4 moments of the Gauss-Hermite
polynomials, which measure asymmetries in the absorption bands
profiles. For this reason, we did not include such results in this study.
Lastly, we removed NGC 3227 and NGC 4235 from our analysis, the
first for being dominated by broad emission lines which precluded
a proper fit of the continuum, and the second due to low-order
spurious features redward of 5100 A. However, we were able to
measure the main emission lines for both galaxies, which will be
presented in a forthcoming paper (Paper II).

The morphological classifications were taken from de Vau-
couleurs et al. (1991), and the nuclear activity classification was
taken from Oh et al. (2018). The nuclear activity classification will
be reviewed in Paper II based on our emission-line spectra.

4.1 Mrk1066

This galaxy is classified as SBO and hosts a Seyfert2 AGN. It is
one of the galaxies with the lowest S/N of our sample. Nonetheless,
it is still possible to detect a very prominent contribution of a FC
at the nucleus, with mostly old stellar populations throughout the
datacube. Regarding the stellar kinematics, we found that the stars
are well reproduced by a disk in rotation, with a slight S-shaped
assymetry, and a nearly constant stellar . Lastly, we detected a drop
in both Ay and metallicity in the nucleus. The fact that we detected
a dust extinction drop in the nucleus of this and other galaxies means
that the central regions are so heavily obscured that the light we are
observing is mainly composed of unextinguished stellar emission
in the leading edge of the host galaxy. Also, the stellar kinematics
of this galaxy have been analyzed by Riffel & Storchi-Bergmann

MNRAS 000, 1-17 (2015)

Stellar populations in AGNs 5

(2011), who had also detected an S-shaped distortion, which they
attributed to an oval structure in the continuum.

4.2 Mrk607

Mrk 607 is an Sa galaxy harboring a Seyfert 2 nucleus. We detected
a very weak (<10%) FC contribution in the nucleus, which slightly
rises to the upper and lower regions of the datacube. This result
could be caused by the jet encountering higher densities (see sec-
tion 4.4 for a broader discussion), but given that this contribution
is very small, could be as well caused by statistical uncertainties.
The stellar population is dominated by older components in the
circumnuclear region, with a combination of old and young stellar
populations in the inner ~1”’0. The dust reddening peaks at ~1 mag
in the nucleus, and decreases to the edges of the datacube. The stel-
lar kinematics are characterized by blueshifts to the southeast and
redshifts to the northwest, as well as a lower velocity dispersion in
the center if compared to the borders of the datacube. These kine-
matical properties agree well with the ones derived by Freitas et al.
(2018), who also analyzed this GMOS datacube and reported that
the stellar kinematics within our FoV is well reproduced by a disk in
rotation with the velocity dispersion rising away from the nucleus.
Lastly, the metallicity is also higher to the edges of our FoV.

4.3 NGC1052

NGG 1052 is a giant E4 galaxy (Forbes et al. 2001; Xilouris et al.
2004), with an ambiguous LINER/Seyfert classification, well known
for having one of the nearest radio-loud AGN (Heckman 1980; Ho
et al. 1997; Riffel et al. 2017). The fact that it is the only elliptical
galaxy in our sample is consistent with the fact that it is the only
galaxy with no traces of young and intermediate-age SSPs. Also, the
stellar kinematics are also consistent with its elliptical nature, with
the highest stellar o~ (~250kms~!) and smallest peak velocities
(~60kms~1). The metallicity is uneven, with a peak located 170
to the northwest of the nucleus. Also, it is the only object in which
no contribution of a FC was detected, which can be taken as a
consequence of its dual LINER/Seyfert classification, implying that
it harbors a less active AGN if compared to the rest of the sample.
Both our stellar populations and kinematics match well the ones
derived in the optical by Dahmer-Hahn et al. (2018). However, they
also mapped the equivalent widths of the stellar absorptions, and
were able to detect a very weak drop in these measurements close to
the nucleus. This drop was attributed by the authors to a featureless
continuum emitted by the AGN.

44 NGC1068

This galaxy is the brightest and thus most studied Seyfert galaxy,
located at a distance of only 14.4 Mpc (Crenshaw & Kraemer 2000).
Itis classified as Seyfert 1.9, with an SAb Hubble classification. De-
spite being considered the archetypal Seyfert 2 galaxy, its properties
are far from standard. We detected a significant contribution of a
featureless continuum peaking 1770 north of the nucleus. A simi-
lar result has already been reported by Martins et al. (2010), who
analysed a NIR long-slit spectrum along the north-south direction
passing through the nucleus. They reported finding two peaks in the
FC distribution, one to the north and one to the south, co-spatial
with peaks of hot dust emission. The authors attributed this offset to
aregion where the nuclear jet encounters dense clouds, and thus the
light emitted by the AGN is scattered by these clouds. The fact that
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units of kms™!) in the first and second panels, respectively, with the residual between the observed and modeled velocities presented in the third panel. Over
the modeled V panel, the gray dashed line represents the zero velocity line. In the fourth panel, we show the stellar o~ in kms~!, and the metallicity is presented
in the last panel in units of solar metallicity.
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Figure 5. Same as Fig 2, but for SAb Seyefrt 2 galaxy NGC 1068.

we did not detect the southern peak suggests that it originates in the
far side of these walls, and thus this emission is obscured by dust.
In this same region, we also found differences in the dust redden-
ing, stellar oo and metallicity. However, these differences must be
taken with caution, since they might be caused by spectral degen-
eracies (see Worthey 1994; Cid Fernandes et al. 2005). Regarding
the stellar population, Martins et al. (2010) reported a dominance
of intermediate-age stellar populations with an average age between
1 and 2 Gyr in the region they analyzed. Storchi-Bergmann et al.
(2012) studied a NIR datacube with a similar FoV as ours, and
found that the inner ~0”’5 is dominated by stellar populations older
than 5 Gyr, with a circumnuclear ring dominated by stars younger
than 0.7 Gyr. We did not detect any of the features reported by
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Storchi-Bergmann et al. (2012), with the bulk of the emission be-
ing dominated by intermediate-aged stellar populations between 1
and 2 Gyr, similar to the results reported by Martins et al. (2010).
Lastly, the peak velocity of this galaxy is well explained by a disk
in rotation.

4.5 NGC11%4

NGC 1194 is an SAOQ galaxy, with a Seyfert2 AGN. We detected a
very weak (<10%) contribution of a FC in the inner ~17’0 region,
with the whole datacube dominated by an old stellar population. The
outer regions are younger, with a mean age of ~4 Gyr, if compared
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Figure 7. Same as Fig 2, but for SO Seyfert 2 galaxy NGC 2110.

to the inner ~27’0 diameter region, that has a mean age of ~10 Gyr.
The reddening is also higher in the nucleus, peaking at 2 mag, and
the stellar o and metallicity are roughly constant within our data
(~180kms~! and solar metallicity).

4.6 NGC2110

NGC 2110 is classified as SABO, harboring a Seyfert2 nucleus. In
this galaxy, we detected a significant FC contribution of up to 40%
in the inner ~0’’6 region. This region is also dominated by a young
stellar population, with a < ¢ > of 0.1 Gyr and subsolar metallic-
ity. According to our analysis, both the reddening and the stellar o
are constant within our FoV, except from border effects. A similar
analysis was performed by Diniz et al. (2019), based on J and K dat-
acubes. According to their analysis, the inner ~0’’3 are dominated
by a combination of young stellar populations, a featureless contin-
uum and a blackbody, which is consistent with our analysis. Also,
they detected two circumnuclear rings with different stellar popu-

lations, one smaller (~1’/0), dominated by old stellar populations,
and one extending from the end of this ring up to the edge of their
FoV, dominated by stellar populations with ages between 0.1 and
0.7 Gyr. We did not detect such rings, and the circumnuclear stellar
populations within our FoV are mainly dominated by a mixture of
intermediate-age and old SSPs.

4.7 NGC2992

This galaxy receives the Sa Hubble classification, and hosts a
Seyfert 1.9 nucleus. In this object, we detected two regions with
vastly different properties. One, to the northwest of our FoV, with
a ~20% contribution of a FC, dominated by a young, metal-rich
and very reddened stellar population. The other, containing the rest
of our FoV, is dominated by an old, metal-poor and less reddened
stellar population, with a very feeble contribution from a FC and a
stronger dust reddening in the unresolved nucleus. The first region,
younger and more reddened, is associated with a prominent dust
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Figure 10. Same as Fig 2, but for Sa Seyfert 2 galaxy NGC 3393.
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Figure 12. Same as Fig 2, but for SA Seyfert 1.8 galaxy NGC 3786.

lane observed in this object (Colina et al. 1987), whereas the older
region is associated with the bulge of the galaxy. Also, the strong
FC that we detected off-nucleus, co-spatial with an enhanced dust
reddening, is consistent with the FC from the AGN being deflected
by denser clouds. Also, our results suggest that the stellar kinemat-
ics are dominated by circular rotation around the nucleus, with an
S-shaped asymmetry.

4.8 NGC3081

NGC 3081 is classified as SABO, with a Seyfert 2 nucleus. We found
that the nucleus displays slightly different properties than the rest
of the galaxy, exhibiting a higher reddening (~0.8 mag), a higher
stellar sigma (~180km s_l), a higher metallicity (~0.035%), and
a very faint (~10%) contribution of a FC. Regarding the stellar
population, we detected a dominance of old SPs, with a very small
contribution of intermediate-age SPs in the south-eastern edge of

our FoV, co-spatial with a ~10% contribution of a FC. Very old
stellar populations dominate the observed FoV, but not as old as
NGC 1052. These SP results are consistent with the typical central
populations of SO galaxies. The star formation has already been
analyzed by Erroz-Ferrer et al. (2019), who mapped the SFR of this
object through its emission lines, although covering a larger FoV
than ours. They found a very large ring with a radius of 3 kpc, with
SFR surface density up to 1072Mgyr~'kpc~2. However, since the
nuclear region was dominated by AGN emission, they could not
determine the SFR within our FoV.

49 NGC3393

This galaxy is classified as SBa, harboring a Seyfert 2 nucleus. Ac-
cording to our analysis, this object is dominated by old SPs, with
two very distinct spiral arms composed of a combination of old
and young SPs. In the same region of these arms, a slight contri-
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Figure 14. Same as Fig 2, but for SBb Seyfert 2 galaxy NGC 5728.

bution from a FC (~10%) was detected, which may be associated
with light emitted by the AGN and scattered by the arms, or may
be actually due to the contribution from very young SPs, whose
spectrum is similar to that from an FC. Also, the inner ~1’’5 has a
higher dust reddening (~1.2 mag), stellar o (~180km s~ 1) metal-
licity (< Z >~ 0.03), if compared to the rest of the galaxy. The star
formation of this galaxy has already been analyzed by Erroz-Ferrer
et al. (2019), and similarly to NGC 3081 they could not map the
SFR of this galaxy close to the nucleus, due to the dominant con-
tribution of emission lines from the AGN. In the external regions,
they detected very few Hir regions.
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4.10 NGC3516

NGC 3516 is morphologically classified as SBO, hosting a a
Seyfert 1.2 AGN. We detected a significant contribution from a
FC (up to 30%) in the inner 2’’0. This region is also dominated by
a younger (< t >7 ~8.5) and more reddened SP (Ay ~1.5 mag), if
compared to the rest of our FoV (< t >7~9.5 and Ay ~0.5 mag).
We also found that the kinematics of the stars are well described by
a disk in rotation, with a constant (~160 km s_l) stellar sigma. Also,
the metallicity is supersolar, roughly constant within the limits of
our FoV.
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Figure 15. Same as Fig 2, but for SAB Seyfert 2 galaxy NGC 5899.

4.11 NGC3786

This galaxy receives the SABa classification, with a Seyfert 1.9
nucleus. According to our analysis, the inner ~0’’8 are dominated
by a young and slightly more metallic SP, co-spatial with a ~50%
contribution from a FC. This region is surrounded by an older, less
metallic region extending up to 1”70 in all directions. Also, except
for border effects, the Ay and o are nearly constant inside our FoV.
Lastly, the V map is well reproduced by a rotating disk model.

4.12 NGC4939

NGC4939 is an SAbc galaxy, harboring a Seyfert2 AGN. No sig-
nificant traces of SPs under 2 Gyr were detected in this galaxy.
However, a bar with ~4 Gyr and < z >y ~1.5Z¢ can be observed,
contrasting with the rest of our FoV (t>10 Gyr and solar metallic-
ity). Also, the stellar o is roughly constant, at 150 km s_l, and the
Ay is higher in the nucleus compared to the rest of our FoV (0.6 mag
vs 0.2 mag). Lastly, we did not detect any significant contributions
of a FC except for border effects.

4.13 NGCS5728

NGC 5728 is an SABa galaxy, hosting a Seyfert 1.9 AGN. The stellar
properties inside our FoV are split in half, with the eastern region
dominated by an intermediate-aged SP (< ¢t >7~9.3), a negligible
reddening, and no contribution of a FC, whereas the western region
is dominated by a much older (< ¢ >7~9.8) and more reddened
SP (Ay ~1.0mag), with also a ~10% contribution of a FC. We
also did not detect any velocity deviation from a disk in rotation.
This MUSE datacube has already been analyzed by Shimizu et al.
(2019) and Bittner et al. (2020), who mapped the stellar populations
of this object. Both authors reported the detection of a younger ring
with ~1 Gyr reaching up to 57’0 away from the AGN. According
to Shimizu et al. (2019), this star formation region is induced by
the primary bar of this galaxy, which can be seen in our continuum
image. By comparing our results with those derived by them, it is
possible to see that the region with younger SPs and lower dust
reddening is part of the big ring these authors detected.

Class FC xy xi xo <t> Ay o <Z>p
ETG 3.8 39 114 809 97 054 154 132
LTG 6.0 59 13.1 750 9.6 0.69 139 133

Table 2. Properties of our sample averaged by morphological type

4.14 NGC5899

NGC 5899 is an SABc galaxy, hosting a Seyfert 2 AGN. This galaxy
is dominated by an old SP, with ages between 5 and 7 Gyr. At the
edges of our FoV, we detected some contribution of young and
intermediate-age SPs, but these results may be affected by border
effects. Traces of a FC were detected in the inner 17’0, contributing
with up to 10% at some spaxels. Except for statistical uncertainties,
the dust reddening, stellar o and metallicity appear to be nearly
constant within our FoV, without any discernible pattern. Lastly, we
did not detect any deviation from a rotating disk in the V map.

5 GENERAL DISCUSSION

Our sample is composed of six early-type galaxies (ETGs) and
eight late-type galaxies (LTGs). We averaged the properties of early
and late type galaxies separately, which are presented in Table 2.
It is possible to see that most properties of our sample are indeed
correlated with their morphological type. ETGs are associated with
older, less reddened SPs, with also higher velocity dispersion. LTGs,
on the other hand, display a higher contribution of a FC, as well as
intermediate-age and young stellar populations, coupled with higher
dust reddening, as well as lower velocity dispersion.

In order to probe the impact of the AGN over the properties
of our sample, we stacked all galaxies and mapped their average
stellar properties. In order to achieve this, we converted the angular
scale to the physical scale, and then fixed the luminosity peak of
all galaxies to be the same. Then, we obtained position angles of
the major axis, as well as axis ratios from the The Two Micron
All Sky Survey (2MASS Skrutskie et al. 2006), and corrected for
projection effects. We fixed the major axis of the galaxies along
the y direction, and the minor axis along the x axis. After that,
we removed all regions with S/N<6, and averaged each individual
property within each region covered by our data. Also, in order to
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improve the S/N at the borders of the figure, we included all MUSE
galaxies up to 500 pc. After stacking the properties, we constructed
radial profiles by integrating rings with 10 pc radii, starting from the
center. These results are presented in Figs. 16 and 17 in the shape
of maps and radial profiles, respectively.

5.1 Stellar Population

Fig 17 shows that the contribution of the FC, as well as young
SPs, is maximum closer to the AGN, decreasing outwards. The
contribution of the intermediate age SP presents a different behavior,
with the nucleus exhibiting a smaller fraction (8%) if compared to
the outer regions (13%). Old SPs vary less in comparison with
young and intermediate-age ones, with a minimum of 70% in the
nucleus compared with 80% at 500 pc. Mallmann et al. (2018)
already reported a similar result, detecting an excess of young stellar
populations close to the more luminous AGNs if compared to non-
AGN hosts. Since our sample was obtained from data archives, we
do not have a control sample to compare with. However, since we are
observing the bulge of the galaxy, the existence of a star formation
peak in the nucleus is very significant, as the bulge tends to be
dominated by older SPs.

These results are consistent with the idea of a rise in the SFR
related to the AGN. Also, combined with the result found by the
simulations of Zubovas & Bourne (2017) and the CALIFA results
of Lacerda et al. (2020), that the AGN acts in the gas by removing
or heating it, our findings support a scenario in which the starburst
phase is followed by the AGN phase, but after the AGN is activated it
sweeps the remaining gas in the central regions, thus quenching star
formation. For this reason, AGNs would be transitioning between
star-forming and quenched galaxies for two reasons: (i) part of the
gas would be depleted by the excessive star formation taking place
and (ii) the remaining gas would be removed/heated by the nuclear
activity, thus ceasing the star formation.

Also, although for more massive BHs the M-¢ relation is usu-
ally explained by coalescence (as a consequence of galaxy mergers,
see Kormendy & Ho 2013; van den Bosch 2016), this scenario helps
explaining the M- relation for less massive BHs. The SMBH would
grow with the bulge by gas inflow, but after activated would quench
the circumnuclear star formation, thus regulating the bulge mass.
An alternative explanation is that the outflows would both enhance
(positive feedback) as well as suppress (negative feedback) the star
formation in different regions of the host galaxy (e.g. Dugan et al.
2017; Cielo et al. 2018; Mukherjee et al. 2018; Al Yazeedi et al.
2021), depending on factors such as inclination, energy and mode
(quasar or radio) of the jet. We did not detect any sizeable stellar
feature in the radial direction, which could be caused by outflows.
All properties derived are symmetric in radius, with the exception
of the dust lane in NGC 2992, the spiral arms in NGC 3393 and the
east-west division in NGC 5728. However, this does not rule out the
hypothesis of positive nor negative feedback at larger radii, as well
as in individual cases.

5.2 Testing the robustness of our results
5.2.1 Statistical Uncertainties

Cid Fernandes et al. (2014) estimated STARLIGHT uncertainties by
inducing o-level errors in a CALIFA datacube of NGC 2916. They
found resulting uncertainties in age determination of 3, 9 and 9% for
the young, intermediate-age and old SP bins, respectively. Burtscher
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Object instrument FC xy xi xo Ay
GMOS 24.1 3.0 424 304 0.17
MUSE 18.6 1.2 448 364 026
GMOS 59 1.0 32 898 232

NGC 1068

NGC2992 MUSE 56 00 0.1 943 2.15

GMOS 06 14 13 96.7 0.79
NGC3393 MUSE 0.0 020 0.0 99.8 0.58
NGC 5728 GMOS 1.6 15 222 746 0.18

MUSE 0.8 0.0 279 713 0.38

Table 3. Comparison of integrated results for objects having both GMOS
and MUSE datacubes.

etal. (2021) also estimated STARLIGHT errors by performing a statis-
tical analysis over the Markov Chains used by the code, and reported
much lower uncertainties, of 0.34, 0.28, 2.07 and 1.99 for their AGN
sample, and 0.37, 0.62, 2.37 and 2.13% for their control sample
(in four age bins: young, young-intermediate, intermediate-old and
old).

In order to estimate the uncertainties in our data, we compared
the stellar populations of regions smaller than the PSF. Since our
data is seeing limited, we can derive an upper limit for the uncertain-
ties of our data, by assuming all eight adjacent spaxels correspond
to the same region. By performing such analysis, we were able to
estimate errors of 5, 3, 5 and 6% for the FC, xy, xi and xo, and an
error of 0.1 mag for the dust reddening.

Also, for the four objects in our sample, with both GMOS
and MUSE data, we integrated and compared a circular region
with 100 pc in radius in both GMOS and MUSE datacubes. This
comparison is presented in Table 3. Although the percentages vary
a little, the dominant stellar population remains the same. From this
analysis, we estimated errors of 3, 2, 4 and 5% for the FC, xy, xi
and xo, as well as an error of 0.2 mag for the dust reddening.

5.2.2 Degeneracies

There are three sources of degeneracy that could be playing a role
in our results. The first is that, according to Cid Fernandes et al.
(2004), a reddened young starburst (t<5Myr) is indistinguishable
from a FC. Burtscher et al. (2021) tested the capability of STARLIGHT
to distinguish between a FC and young SSPs, and the code proved
capable of separating blue light originating from the FC from blue
light from young SPs. Also, by comparing the SFR derived from
STARLIGHT with the SFR derived from the emission lines in their
sample, Riffel et al. (2021) reported that they closely reproduce each
other.

In order to verify if part of the young SPs in our sample can be
attributed to a FC emitted by the AGN, rather than a younger pop-
ulation, we performed the stellar synthesis without SSPs younger
than 30 Myr. If very young SSPs were being used by STARLIGHT to
reproduce the FC component from the AGN, after removing these
SSPs from the library would force sTARLIGHT to use the FC com-
ponent instead. This test is not perfect, since it would also cause
STARLIGHT to reproduce any real very young SPs with a FC. Except
for small variations due to the S/N, our results remained the same.
This not only supports the presence of a young SP in the nucleus,
it also puts a constraint on the age of this starburst, as it cannot
be reproduced by a power law, and thus this starburst is older than
5 Myr, since SPs below this threshold have no stellar absorptions
besides those from Hydrogen, and thus they would be replaced by
a FC.

Past studies have suggested that AGNs operate in cycles, with
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Figure 17. Radial profiles of the main properties of our sample. In the first row, from left to right we show: the percentage contribution from a featureless
continuum; young SPs; intermediate-age SPs; old SPs. In the second row, we show from left to right: the logarithm of the mean stellar age, weighted by
luminosity; the dust reddening; the stellar o-; the average metallicity weighted by luminosity.

each flickering event lasting typically ~ 10° yr (Schawinski et al.
2015; King & Nixon 2015). This timespan is much shorter than
the lower threshold imposed by our analysis, which implies that
the nuclear SPs we detected are older than the ongoing nuclear
activity cycle. This, in turn, means that these young SPs cannot be
a consequence of the ongoing AGN activity, but either the nuclear
activity is a consequence of the starburst, or these two events have
a common origin, with the star formation taking place first.

The second is the so called age-metallicity degeneracy

(Worthey 1994). According to this degeneracy, an old metal-poor
stellar population is almost identical to a younger, and metal-rich
one. This degeneracy is harder to break, since the indices sensitive
to ages, such as Ha and Hf are dominated by emission lines from
the AGN. However, as can be seen in Fig 17, the metallicity is al-
most constant within our FoV, with a value close to 1.4Zg. This
suggests that the age-metallicity degeneracy does not play a role in
our case.

The last spectral degeneracy present in stellar population syn-
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theses is the degeneracy between dust extinction and stellar age.
However, since extinction only affects the continuum, and not stel-
lar absorptions, the effect is much more dramatic when dealing
with SEDs, compared to our fitting procedure, which takes into
account these absorptions. Even though this effect is small, it is
non-negligible, and can be seen as vertical bands showing an anti-
correlation between dust reddening and metallicity in at least three
objects (NGC 2110, NGC 3516, NGC 5899). This happens because
the instrumental fingerprints do not have absorption features, and
thus they alter the continuum shape of the spectra, which STARLIGHT
tries to compensate by mixing stellar populations and dust redden-
ing in different proportions. Based on these bands, we found errors
compatible with the ones derived in Section 5.2.1. The only excep-
tion is NGC 2110, which changes the stellar populations by a factor
of up to 80% in some spaxels. For this reason is important to con-
struct radial profiles, since such features are diluted along different
radii, and thus do not alter these results.

5.2.3 Comparison with previous works

Also, in order to test the consistency of our results, we compared
the four objects in common with the sample of Burtscher et al.
(2021). They analyzed the integrated light from a 17/8x 1’8 region
of NGC 2110, NGC 2992, NGC 3081, NGC 5728, among five other
AGNsS, six star-forming and 12 passive galaxies. The authors also
employed sTARLIGHT code, but used Bruzual & Charlot (2003) li-
brary of models instead. Also, they binned their stellar populations
into four categories, xy (t<0.0316 Gyr), xyi (0.0316<t<0.316 Gyr),
xio (0.316<t<3.16 Gyr) and xo (t>3.16 Gyr), and did not include a
FC, with the argument that their AGN sample is composed mainly
of Seyferts 2, and also the lack of correlation between the flux in
the blue continuum (at 4000-4200) with the hard X-ray flux from
the BAT-105 month survey (Oh et al. 2018). In order to properly
compare our results to theirs, we extracted the inner 17/8x17’8 and
derived an average stellar population weighted by the light contin-
uum. This comparison is presented in Table 4. Our results agree
that this 1778 1’’8 region of the four galaxies in common are domi-
nated in light by old SPs. Also, the reddening is consistent, pointing
towards NGC 2992 having the highest dust reddening, followed by
NGC 2110, with NGC 3081 and NGC 5728 having the lowest val-
ues in the sample. However, a few differences need to be noted: we
found for NGC 2110 significantly contributions from both young
and intermediate-age SPs, while also detecting a FC related to the
AGN, whereas they found only a 7% contribution coming from
young SPs. Also, they found a 5.7% contribution from young SPs
in NGC 3081 and 4.0% in NGC 5728, which we did not detect. In
the case of NGC 5728, however, this could be linked to a 1.9%
FC contribution that we detected. Also, these differences could be
caused by the fact that their wavelength range was larger than ours,
which can play a decisive role especially at bluer wavelengths. This
comparison highlights that our results are consistent compared to
different studies using similar methods.

5.3 Stellar Kinematics

The stellar velocity fields of our galaxies are well reproduced by
assuming that part of the stars are in circular motion around the
nucleus, whereas the remaining stars follow random motions, which
can be observed from the velocity dispersion. Besides, we did not
detect further deviations from circular motions.

The stellar kinematics for part of our sample were previously
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analyzed by Riffel et al. (2017), based on NIR K-band datacubes.
They also found that the observed velocities are well reproduced by
rotating disc models. Also, for two galaxies in our sample (Mrk 1066
and NGC 5899), they found an S-shape zero velocity line. For
Mrk 1066, we could confirm the existence of this structure. For
NGC 5899, on the other hand, we did not detect such feature, even
though our FoV if much bigger than theirs. This difference might be
caused by statistical uncertainties in any of the two datasets, since
this feature is more evident in the edges of their datacube. Also,
their sample did not include NGC 2992, for which we also detected
an S-shaped zero velocity line.

Another important result that we found, is that the veloc-
ity dispersion is mainly flat inside our FoV, varying by less
than 6kms~!. From all the galaxies in our sample, NGC 1052,
NGC 3081, NGC 3393 showed signs of o peaks, and only Mrk 607
and NGC 1068 showed prominent o~ drops in the central regions.
Since we detected a difference in the stellar populations in the cen-
tral region, a corresponding change in velocity dispersion would
help shedding some light into the kinematic properties of the gas
that triggered the starburst.

A similar result has already been found by Lin et al. (2018),
who analyzed eight AGNs and five control galaxies. Having detected
anuclear stellar light excess in their AGNs compared to their control
sample, which they attributed to a younger stellar population, they
also did not detect a significant change in their stellar o in this
region. They argued that the lack of any significant change in o
associated with this luminosity excess either implies the existence
of pseudo-bulges, in which the intrinsic dispersion increases towards
the centre, or that the fraction of young stellar populations is too
small to dominate over the bulge.

5.4 Dust reddening

We also found that, on average, the dust reddening is slightly higher
in the inner 200 pc, with a 1.0 mag peak in the nucleus, compared to
an average of 0.75 mag in the external regions. This is also consistent
with a density increase in the inner regions, both in gas and dust,
which could also be associated to the infall of gas, also triggering
the observed star-formation peak.

However, this difference is very small, especially if compared
to the dust torus of the AGN, which is higher than 20 magnitudes
for all Seyfert2 galaxies in Burtscher et al. (2016) sample. This
highlights that the extinction to the stellar population is related to
larger scale properties, and unconnected to the gas column and
extinction closer to the AGN.

6 CONCLUSIONS

We have used GMOS and MUSE integral field unit data for a
sample of 14 Seyfert galaxies in order to derive spatially resolved
age, metallicity and kinematic properties of the sources. Our main
results can be summarized as follows:

o The stellar properties of our sample are correlated with their
morphological types. Whereas elliptical/lenticular galaxies are as-
sociated with old, less reddened SPs, with also high velocity dis-
persion, spirals exhibit higher fraction of FC contribution, as well
as young and intermediate-age SSPs, combined with lower velocity
dispersion and higher dust reddening;

o After averaging the stellar properties of our galaxies, we were
able to detect a peak in the contribution of young SPs in the central
100 pc closer to the AGN, if compared to the rest of our FoV;



16  Dahmer-Hahn et al.

Burtscher et al. This work
Object Ay Xy Xxyi xio xo Ay FC xy xi xo
NGC2110 1.18 7.0 0.0 0.0 93.0 0.8 14.8 16.8 20.8 47.6
NGC 2992 1.87 0.0 0.0 26.6 734 14 15 0.1 0.1 983
NGC 3081 0.51 57 0.0 25 91.8 06 00 00 0.1 999
NGC 5728 0.83 4.0 0.0 20.2 758 05 19 0.1 336 644

Table 4. Comparison between the results obtained by Burtscher et al. (2021) and this work for the inner 178x1”8.

o The behaviour of the intermediate-age SPs is opposite to the
young SPs, with a lower value in the nucleus. Also, the fraction of
old SPs vary very little within our FoV;

o We were able to detect a rise in the dust reddening closer to
the nucleus, peaking at 1.0 mag. This dust, however, is associated
with galaxy-wide properties rather than the dust torus;

o There is no significant change in the stellar velocity dispersion
associated with the changes in the SP. This suggests either the exis-
tence of pseudo-bulges, in which the intrinsic dispersion increases
towards the centre, or that the fraction of young stellar populations
is too small to dominate over the bulge;

Our results, combined with previous works (Mallmann et al.
2018; Burtscher et al. 2021), indicate that AGNs are associated
with recent star formation. This suggests that the AGNs have been
triggered by a recent supply of gas that has previously triggered
a star formation episode in the central region of their AGN host
galaxies.
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