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ABSTRACT

We present maps of the ionized gas flux distributions, excitation, star formation rate (SFR),
surface mass density Xy, and obtain total values of SFR and ionized gas masses M for 62
active galactic nuclei (AGN) observed with SDSS-IV MaNGA and compare them with those of
acontrol sample of 112 non-active galaxies. The most luminous AGN —with L([OTIT]A5007) >
3.8 x 10® erg s~!, and those hosted by earlier type galaxies are dominated by Seyfert excitation
within 0.2 effective radius R, from the nucleus, surrounded by LINER excitation or transition
regions, while the less luminous and hosted by later-type galaxies show equally frequent
LINER and Seyfert excitation within 0.2 R.. The extent R of the region ionized by the AGN
follows the relation R oc L([OM])*> — as in the case of the broad-line region. The SFR
distribution over the region ionized by hot stars is similar for AGN and controls, while the
integrated SFR — in the range 1073—10 M, yr~! is also similar for the late-type subsample, but
higher in the AGN for 75 per cent of the early-type subsample. We thus conclude that there is
no signature of AGN quenching star formation in the body of the galaxy in our sample. We
also find that 66 per cent of the AGN have higher ionized gas masses M than the controls —
in the range 10°-3 x 10" M, — while 75 per cent of the AGN have higher ¥, within 0.2 R,
than the control galaxies.
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1 INTRODUCTION

Active galactic nuclei (AGN), that are triggered when supermassive
black holes (SMBH) accrete gas at the centre of galaxies (Storchi-
Bergmann & Schnorr-Miiller 2019), play a major role in their
evolution. This occurs as a result of radiative and mechanical
feedback from the AGN: the generation of large regions of hot,
photoionized gas by the AGN, as well as associated outflows, may
affect the evolution of the galaxy over time by quenching their star
formation (Harrison et al. 2014; Brusa et al. 2016; Carniani et al.
2016). This quenching, as the galaxy evolves, ends up setting limits
to the total mass of the host galaxy (Somerville et al. 2008).

The investigation of the effect of AGN on its host galaxy has been
facilitated in recent years via the use of Integral Field Spectroscopy.
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One project that does just that, for ~10000 nearby galaxies,
is the MaNGA (Mapping Nearby Galaxies at the Apache Point
Observatory) survey, described in Bundy et al. (2015), which is
part of the fourth-generation Sloan Digital Sky Survey (SDSS-1V;
Law et al. 2016; Yan et al. 2016; Blanton et al. 2017). The Integral
Field Units design and performance are characterized in Drory et al.
(2015). During the survey’s operation time — from 2014 to 2020 —
a total of 300 active galaxies — the MaNGA AGN - are expected to
be observed.

Our group AGNIFS (AGN Integral Field Spectroscopy) has
joined the SDSS-IV collaboration via the LIneA laboratoy (Lab-
oratério Interinstitucional de e-Astronomia) with the goal of inves-
tigating the relation between MaNGA AGN and their host galaxies
comparing the properties of the host galaxies with those of a control
sample of non-active galaxies. This is the fourth paper of a series in
which we aim at comparing the resolved stellar and gas properties of
the AGN observed with MaNGA with those of the control sample.
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In Paper I (Rembold et al. 2017) we have reported the selection of
the first 62 AGN observed with MaNGA, released in its fifth Product
Launch (MPL-5) of the MaNGA data reduction pipeline (Law et al.
2016) as well as that of a control sample of 112 non-active galaxies,
and compared the nuclear stellar population of the two samples. The
cubes have been processed using the version 2.0.1 of the MaNGA
Data Reduction Pipeline (Law et al. 2016). In Paper II (Mallmann
et al. 2018) we have studied the spatial distribution of the stellar
population properties including the resolved star formation history,
while in Paper III (Ilha et al. 2019) we have compared the gas and
stellar kinematics.

In this paper, our goal is to map the gas excitation, the extent
of the region ionized by the AGN (the narrow-line region — NLR),
quantify and map the star formation rate (hereafter SFR) as well
as to obtain the total ionized gas masses of the AGN host galaxies.
In order to verify which properties are related to the AGN, we
have compared them with those of a sample of control galaxies,
investigating also if and how these properties depend on the host
galaxy type and AGN luminosity.

In evaluating the effect of the AGN on its host galaxy, it is
important to distinguish regions that have been ionized by the
central AGN from other ionization sources. We have used for this
the BPT diagnostic diagrams (Baldwin, Phillips & Terlevich 1981;
Veilleux & Osterbrock 1987), in particular [O 1] A5007/H B versus
[N 11] 26584/H «. Kauftmann et al. (2003) and Kewley et al. (2006)
used this diagrams to empirically improve the definition of the
boundary separating AGN from star-forming galaxies, introducing
the so-called transition region, with objects of these regions also
called composite AGN-Starburst, most frequently due to the inclu-
sion in the same observation aperture of both an AGN and nearby
star-forming regions.

Besides AGN and young stars, hot evolved stars can ionize the
local gas and produce a spectrum similar to that of a LINER, as has
been shown by Cid Fernandes et al. (2010) and references therein. In
order to identify these regions, Cid Fernandes et al. (2010) proposed
the WHAN diagram, a relation between the equivalent width of
Hoa W(Ha) versus the [N11] L6584/H « line ratio. When W(H )
is lower than 3 A, the source of gas ionization can be post-AGB
stars, and not necessarily an AGN or a starburst. Galaxies with
WHa) < 3 A are thus considered ‘retired’, in the sense that the
origin of the gas emission is due neither to nuclear nor to starburst
activity. As the [N II]/H « ratio of these galaxies are similar to those
of LINERs, these objects have been dubbed ‘LIERs’. We have thus
used the WHAN diagram to locate these regions.

By being able to map the gas excitation over most of the galaxy,
we have measured the extent R of the region excited by the AGN —
NLR. We investigate the relation between R and L([O111]) that has
been addressed over the years by a number of authors (Bennert et al.
2002; Schmitt et al. 2003a; Greene et al. 2011; Hainline et al. 2013;
Liuetal. 2013; Storchi-Bergmann et al. 2018), using small samples,
sometimes combining in-homogeneous data and finding varying
slopes for the relation. With our MaNGA sample we contribute to
this investigation in the low-luminosity end with a homogeneous
and larger sample than in previous studies.

The triggering of the AGN depends on the availability of gas to
feed the SMBH at the centre. Some studies argue that AGN host
galaxies have more gas in the inner few kpc than non-active galaxies,
from which the nuclear activity is triggered, what seems indeed to be
the case at least for early-type galaxies (Martini et al. 2003; Sim oes
Lopes et al. 2007), while Hicks et al. (2013) found higher molecular
gas surface mass densities within the inner ~50 pc of nearby Seyfert
galaxies than in a matched control sample. Other studies point out
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that the SFR seems to be enhanced in the nuclear region (~inner
kpc) of AGN (Diamond-Stanic & Rieke 2012; Esquej et al. 2014;
Mushotzky et al. 2014), but these studies have been done in the
infrared, using the PAH (Polycyclic Aromatic Hydrocarbon) feature
at 11.25 pm or continuum fluxes at 70 and 160 wm as indicators of
star formation, presumably not affected by the presence of an AGN.
In the optical spectra, there is no such feature, and we must first use
a diagnostic — e.g. the BPT diagram — to find the regions ionized
by star formation where we can then calculate the SFR. We will
thus not be able to calculate the SFR at the nucleus of the AGN
but we have calculated and mapped the SFR in the regions of the
galaxies ionized by hot stars. In the AGN nuclear region we have
calculated the mass of ionized gas instead. For completeness, we
have also mapped the distribution of ionized gas over the body of
all the galaxies.

This paper is organized as follows. We present a brief description
of the sample chosen for this work in Section 2. We then describe the
measurements from the MaNGA data and present the corresponding
maps in Section 3. These results are discussed in Section 4 and the
conclusions presented in Section 5.

2 SAMPLE AND DATA

The sample studied in this paper comprises the first 62 AGN
observed with MaNGA and 112 control galaxies listed in
Table 1, and has been described in Paper I (Rembold et al. 2017).
In summary, in order to investigate the relation between the AGN
and their host galaxy properties, we have identified in the fourteenth
data release (DR14; Abolfathi et al. 2018) all galaxies observed by
MaNGA whose emission-line ratios in the SDSS-III (Gunn et al.
2006) single nuclear spectrum were dominated by ionization by
an active nucleus, as indicated in the BPT (Baldwin et al. 1981)
diagnostic diagram. We have also used the WHAN (Cid Fernandes
etal. 2010) diagnostic diagram in the selection of the AGN, in order
to avoid ‘LIERS’, as discussed in the Introduction. For each AGN,
Rembold et al. (2017) have chosen two control non-active galaxies
matching the AGN host stellar mass, morphology, distance, and
inclination.

The data thus comprise the MaNGA data cubes of the 62 AGN
and 112 control sample galaxies of Paper I and listed in Table 1,
resampled to square pixels of 0”5 x 0’5.

In our sample of 62 AGN, there are 20 early-type hosts, 38 late-
type hosts, with 2 in interaction, according to the classification in
the Galaxy Zoo GZ1 (Lintott et al. 2011). There are two galaxies
that are undefined, corresponding to galaxies whose probabilities
of being elliptical and spiral in GZ1 are rigorously the same. These
galaxies were excluded from the part of the analysis in which we
separate early- and late-type galaxies.

Regarding the AGN luminosity, our sample comprises 17 lu-
minous AGN — as we have called in Paper I — and 45 low-
luminosity AGN, with the division between the two set at L([O TIT])A
5007 = 3.8 x 10¥erg s7'.

3 MEASUREMENTS AND MAPS

In this section, we describe the measurements we have obtained
from the data and present their corresponding maps.

The emission-line fluxes were obtained by fitting the line profiles
with Gaussian curves using the Gas AND Absorption Line Fitting
(GANDALF; Sarzi et al. 2006) routine, written in IDL (Interactive
Data Language). This routine was adapted for the analysis of the
MaNGA data cubes and details about the measurements can be
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Table 1. I-Parameters of the AGN hosts (columns 1-5) and control galaxies (columns 6-10): (1) galaxy identification in the MaNGA survey; (2) log;o(L[O 111])
for L in units of 10%0 erg s~ (3) logjo of the extent of AGN excitation region in kpc; (4) total ionized gas mass in units of log;o(Mg); (5) mean nuclear (within
0.2 R.) ionized gas surface mass density in units of (Mg kpc™2; (6) total SFR in logarithm units of M, yr~!; (6)-(10): same properties for the control sample.

AGN ID L[Om] R Gas mass Pnue SFR CS 1D L[Om] Gas mass hue SFR
)] (@) 3 “ (5 (6 ) ®) (C)] (10) an
1-558912 56.82 £1.25 1.12 6.75 3.99 —0.42 1-71481 0.10 £0.20 6.10 3.38 -0.93
1-72928 0.09 £0.23 5.80 3.56 —1.54
1-269632 30.08 £ 1.69 1.25 6.88 4.68 —0.23 1-210700 1.55£044 6.75 3.65 —0.51
1-378795 0.72 £0.31 6.94 3.66 0.14
1-258599 20.95 £0.67 1.41 7.39 5.32 —0.41 1-93876 0.46 £0.36 5.94 3.07 —1.59
1-166691 0.09 £ 0.49 5.69 3.31 —1.67
1-72322 20.66 £ 0.43 1.43 6.92 4.07 —0.28 1-121717 1.40 £ 0.57 7.09 3.81 0.67
1-43721 191 £0.52 5.95 3.12 —1.06
1-121532 11.68 £ 0.96 1.18 6.68 4.59 0.30 1-218427 0.72 £0.62 5.49 1.63 —2.13
1-177493 229+£0.28 6.08 3.63 —-122
1-209980 11.01 £0.17 1.14 6.23 4.77 —0.69 1-295095 0.15+0.03 5.99 2.92 —0.54
1-92626 0.76 £ 0.07 5.98 3.17 —-0.53
1-44379 8.94 +£0.14 0.98 7.10 4.25 —0.03 1-211082 0.19 £ 0.04 6.05 3.27 —-0.35
1-135371 0.25 £0.07 6.59 431 —-0.26
1-149211 7.88 £0.14 0.61 6.50 4.46 —0.93 1-377321 4.53 £0.13 6.72 5.31 —-0.32
1-491233 0.25 £0.03 6.78 6.33 —0.28
1-173958 6.79 £0.30 0.74 7.32 4.24 0.83 1-247456 0.57 £0.16 6.87 4.47 0.23
1-24246 0.11 £0.06 6.20 2.85 —-0.23
1-338922 6.77 £0.90 1.49 7.84 5.08 0.89 1-286804 223+£0.43 7.34 3.67 0.25
1-109493 0.15+0.18 5.62 2.62 —1.64
1-279147 6.77 +0.20 0.90 5.72 4.19 —-0.76 1-283246 0.23 £+ 0.06 5.00 2.36 —1.31
1-351538 0.46 £0.13 6.36 4.14 —-023
1-460812 6.46 £ 0.31 0.86 6.33 4.98 —1.12 1-270160 0.70 £0.39 5.71 3.45 —1.85
1-258455 0.49 £0.14 5.33 2.79 —2.14
1-92866 6.12 +0.30 0.81 6.12 4.14 —1.71 1-94514 - 4.79 3.23 —4.04
1-210614 0.40 £0.14 5.10 2.84 —-1.92
1-94784 5.96 £0.12 0.33 6.34 4.57 —0.49 1-211063 0.20 £0.04 6.45 3.64 -0.29
1-135502 0.50 £0.05 5.70 3.37 —0.90
1-44303 5.56 £0.12 0.91 6.57 3.99 —0.21 1-339028 0.44 £0.08 5.44 3.35 —1.31
1-379087 0.72£0.13 6.76 4.72 0.12
1-339094 5.29 £0.09 0.57 5.99 4.57 2.53 1-274646 0.35 4+ 0.04 5.01 3.76 —3.28
1-24099 0.06 £0.03 4.80 3.10 —-2.99
1-137883 3.87£0.12 0.66 6.42 4.86 —1.54 1-178838 0.10 £0.02 5.44 1.92 —1.29
1-36878 0.28 £0.04 6.68 5.48 —0.15
1-48116 3.79 £0.08 0.62 6.49 4.90 —0.26 1-386452 0.32 £0.04 6.31 5.40 —0.50
1-24416 0.22 £0.03 5.58 3.43 —1.01
1-256446 3.74 £0.15 0.82 5.83 3.97 —1.25 1-322671 - 4.28 1.63 —3.38
1-256465 0.59 £0.11 5.68 4.27 —1.40
1-95585 3.58 £0.16 0.96 7.03 3.74 0.23 1-166947 0.13 £0.08 5.68 3.08 —0.88
1-210593 043 £0.14 6.01 2.87 —-0.56
1-135641 3.52£0.09 1.01 6.75 4.93 —0.09 1-635503 0.15 £ 0.06 7.35 5.41 0.37
1-235398 0.16 £ 0.05 6.39 5.26 —0.34
1-259142 3.47£0.20 0.59 6.63 4.28 —0.35 1-55572 0.12 £ 0.04 6.49 3.14 —0.40
1-489649 0.30 £0.08 5.61 3.35 —1.34
1-109056 3.24 £0.08 0.72 6.35 4.64 —0.37 1-73005 0.20 £ 0.06 6.37 3.27 —-0.33
1-43009 0.12 £ 0.04 6.53 4.20 —-0.26
1-24148 3.17£0.05 0.18 5.16 4.32 —2.81 1-285031 0.26 £ 0.04 6.61 5.67 —0.61
1-236099 0.07 £0.01 5.24 4.53 —2.19
1-166919 2.64 £0.25 0.62 6.78 3.81 —0.01 12-129446 0.28 £0.09 6.99 443 0.21
1-90849 0.28 £0.05 6.49 3.71 —0.10
1-248389 2.55£0.09 0.15 4.99 3.79 —2.96 1-94554 0.22 £0.04 5.09 3.75 —3.08
1-245774 0.29 £0.07 6.67 4.14 —-0.13
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Table 1 — continued
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AGN ID L[O 1] R Gas mass T hue SFR CSID L[O 1] Gas mass L huce SFR
(1 ) (3) 4) (5) (6) (7 (3) )] (10) (11)
1-321739 2.24 +0.10 0.97 6.93 4.69 0.06 1-247417 0.16 + 0.04 7.27 4,94 0.18
1-633994 0.36 + 0.09 5.90 3.14 —0.68
1-234618 2.23+0.23 1.17 7.09 4.60 —0.10 1-282144 0.10 + 0.02 7.83 4.46 0.17
1-339125 0.45+0.23 5.62 2.90 —1.32
1-229010 2.11 £ 0.09 0.38 6.31 3.51 —0.46 1-210962 0.35 + 0.06 5.60 3.11 —1.16
1-613211 0.16 + 0.06 5.90 3.64 —-3.15
1-211311 1.99 + 0.06 0.58 5.68 3.76 —0.95 1-25688 0.10 + 0.02 5.66 4.03 —0.70
1-94422 0.24 +0.03 5.88 3.82 —0.96
1-373161 1.87 £0.11 0.54 5.90 3.98 —2.34 1-259650 0.67 + 0.20 5.53 3.72 —1.81
1-289865 0.11 +0.09 7.17 3.11 —247
1-210646 1.80 £ 0.10 0.55 7.09 348 0.22 1-114306 0.33 £ 0.16 6.92 4.09 0.22
1-487130 0.27 +£0.10 4.32 4.72 0.15
1-351790 1.72 +0.03 0.46 5.40 4.01 —inf 1-23731 0.02 +0.01 4.76 3.76 —3.87
1-167334 0.47 + 0.05 6.87 1.63 —272
1-163831 1.67 £0.13 0.68 6.82 3.60 0.12 1-247456 0.57 £ 0.16 6.01 4.47 —0.03
1-210593 0.43 +0.14 6.81 2.87 —0.56
1-22301 1.67 £0.23 0.69 7.05 4.16 0.31 1-251871 0.24 +0.18 8.23 3.11 0.26
1-72914 0.13 +0.07 6.45 3.35 0.46
1-248420 1.66 + 0.06 0.56 6.92 3.96 —0.11 1-211063 0.20 + 0.04 6.15 3.64 —-0.25
1-211074 0.20 + 0.04 4.53 3.26 —0.46
1-23979 1.60 + 0.05 0.51 5.34 4.62 —2.37 1-320681 0.09 + 0.07 5.25 3.25 —inf
1-519738 0.11 +0.04 6.46 2.60 —4.21
1-542318 1.58 +0.07 0.48 5.64 3.94 —1.62 1-285052 0.11 £0.03 5.30 3.37 —0.49
1-377125 0.57 +0.14 5.60 1.63 —0.54
1-95092 1.54 +0.07 0.33 6.49 4.65 —0.12 1-210962 0.35 + 0.06 6.35 3.11 —1.14
1-251279 0.37 + 0.06 543 4.31 —-0.32
1-279676 1.52+0.14 1.12 6.07 3.35 —0.55 1-44789 0.32 +0.09 5.39 2.95 —1.72
1-378401 0.57 +0.14 6.20 2.86 —2.16
1-201561 1.37 £ 0.15 0.88 6.34 4.55 —0.69 1-24246 0.11 + 0.06 6.46 2.85 —0.54
1-285052 0.11 +0.03 5.87 3.37 —0.50
1-198182 1.34 £ 0.11 0.33 5.74 4.30 —2.44 1-256185 0.25 + 0.04 5.12 3.32 —1.60
1-48053 - 5.68 3.70 —1.82
1-96075 1.26 £ 0.13 0.73 7.10 3.66 0.39 1-166947 0.13 +0.08 5.70 3.08 —0.78
1-52259 0.30 + 0.09 6.87 4.36 0.22
1-519742 1.19 £ 0.03 0.39 5.68 4.14 —1.00 1-37079 0.02 £+ 0.01 497 3.15 —1.55
1-276679 0.05 +0.01 6.17 4.58 —0.61
1-491229 1.14 £ 0.11 0.32 5.69 4.35 —2.38 1-94554 0.22 + 0.04 5.09 3.75 —3.21
1-604048 0.39 +0.08 6.80 4.32 —0.03
1-604761 1.00 £ 0.13 0.97 6.86 3.49 —0.11 1-210173 0.52+0.13 7.12 3.01 0.0
1-71525 0.19 + 0.06 6.84 3.27 0.07
1-25725 0.92 +0.05 0.70 591 4.69 —1.01 1-211079 0.03 + 0.04 448 3.58 —inf
1-322074 - 443 2.95 —2.64
1-94604 0.86 + 0.07 0.55 6.20 4.07 —0.49 1-295095 0.15+0.03 5.99 2.92 —0.30
1-134239 0.23 + 0.06 6.53 3.89 —-0.29
1-37036 0.84 + 0.06 0.16 5.36 4.07 —2.16 1-210785 - 4.37 1.97 —4.06
1-25680 0.34 + 0.04 5.65 4.42 —2.08
1-167688 0.84 +0.02 0.54 5.54 542 —3.59 1-235587 0.08 + 0.02 4.97 3.36 —2.04
1-37062 0.27 +0.03 6.45 5.53 —0.60
1-279666 0.84 + 0.07 0.89 5.57 3.92 —1.54 1-392976 0.10 £ 0.03 5.16 3.59 —-2.17
1-47499 0.15 + 0.06 4.63 2.51 —2.67
1-339163 0.82 + 0.07 0.94 6.74 4.02 —0.26 1-136125 0.08 4+ 0.02 6.42 2.78 —041
1-626830 0.15 + 0.04 5.93 3.67 —0.80
1-258774 0.77 £ 0.10 0.77 5.75 4.98 —1.85 1-379660 0.37 +0.07 5.45 3.88 —2.02
1-48208 0.12 +0.04 5.06 2.88 —2.41
1-198153 0.76 + 0.08 0.32 6.42 4.24 —0.50 1-211063 0.20 + 0.04 6.45 3.64 —0.31
1-135810 0.08 + 0.02 6.47 2.95 —0.34

MNRAS 486, 5075-5093 (2019)

6102 AINF OE UO Jasn NG Op SpuE.S) OIY Op [Biapa- apepisioniun Aq ¥162.1S/S.0S/v/98Y/10BNSqe-a|dIle/SeluwW /W0 dno olwapeae//:sdiy Woll papeojuMo(]



The first 62 AGN in MaNGA — 1V. lonized gas 5079
Table 1 - continued
AGN ID L[O1] R Gas mass Y hue SFR CS ID L[O1] Gas mass ¥ hue SFR
1 (2) 3) 4) ) (6) (7 (3) ) (10) (11)
1-91016 0.76 + 0.09 0.73 6.50 4.44 —0.52 1-338828 0.43 +0.05 6.62 5.15 —0.01
1-386695 0.81 £+ 0.09 6.81 5.37 —-0.03
1-279073 0.63 + 0.06 0.15 5.62 4.21 —2.10 1-211100 - 6.70 2.36 —4.88
1-210784 0.15+0.05 442 3.62 —3.86
1-135044 0.61 +0.04 0.43 6.32 4.49 —0.29 1-218280 0.12 +0.03 6.40 3.78 —0.10
1-211063 0.20 £ 0.04 6.45 3.64 —0.22
1-148068 045 +0.15 0.64 6.72 2.87 —0.18 1-166947 0.13 +0.08 5.68 3.08 —1.13
1-55572 0.12 £0.04 6.49 3.14 —0.30
1-277552 0.44 +0.05 0.39 7.46 3.78 0.20 1-264513 0.33 +0.05 7.54 5.17 0.61
1-136125 0.08 £ 0.02 6.42 2.78 —0.31
1-217050 0.43 +0.03 - 5.64 4.64 —2.43 1-135372 0.01 £0.23 5.04 3.16 —2.71
1-274663 0.08 £ 0.02 5.34 4.29 —3.64
1-25554 0.24 +0.03 0.09 6.11 4.75 —0.61 1-135625 0.56 + 0.04 6.55 5.15 —0.10
1-216958 0.23 £0.02 6.12 4.89 —0.50
1-135285 0.20 + 0.04 0.20 6.41 4.23 —0.25 1-633990 0.25 +0.03 5.82 4.68 —0.83
1-25688 0.10 £ 0.02 5.90 4.03 —0.77

found in Ilha et al. (2019). The choice of this routine was due to the
fact that it fits both the stellar population spectra and the profiles
of the emission lines, after the subtraction of the stellar population
contribution.

Results are presented in Figs 3—6 for four representative trios of
AGN hosts and their respective control galaxies. These trios were
selected to sample, respectively, an early-type AGN, a late-type
AGN, a luminous AGN, and a low-luminosity AGN. The maps for
the remaining objects are shown in Figs A1-AS58 (see online) of the
Appendix.

3.1 Line fluxes

Line fluxes were obtained from the integrated line profiles, from
which the luminosities were calculated. Uncertainties in the fluxes
range from less than 1 per cent to a few per cent in the central region
up to ~10 per cent at the borders of the FoV. Resulting luminosity
maps are shown for the [O111] 2.5007A emission line in units of
10°® ergs s~! per spaxel for each active galaxy and its two controls
in the fourth row of the left set of panels of Figs 3-6, for the four
representative trios and in the Appendix for the remaining galaxies.
An average one-dimensional profile was also built and is shown
in the corresponding right-hand panel of the figures above. These
profiles were obtained following the method described in Mallmann
et al. (2018): averages of 30 radial profiles equally spaced in the
azimuthal direction of the galaxy, limited to angular distances from
the major axis of O, = tan ~'(b/a) deg, where a is the galaxy
semimajor axis and b is the semiminor axis, extracted from the
MaNGA’s drpall table. This choice was made because profiles
closest to the minor axis, when corrected for projection, introduced
too much noise in the average profiles, probably as a result of
obscuration effects when the galaxies have high inclinations.

3.2 Gas excitation

In order to map the excitation of the gas, emission-line ratio maps
were obtained and used to build the diagnostic diagram (Baldwin
et al. 1981) [O1I] AS007/H B versus [N1] A6583/Ha (hereafter

called BPT diagram) as well as the WHAN diagram (Cid Fernandes
et al. 2010) for each galaxy.

From the above diagrams, excitation maps were obtained, accord-
ing to the following procedure: we first built the BPT diagram and
corresponding excitation map, ‘painting’ the regions of the galaxy
with different colours corresponding to the different excitation
regions: green for Seyfert excitation, magenta for LINER excitation,
blue for starburst excitation, and grey for composite (or transition
region).

After building the BPT excitation map, we built the WHAN
diagram in order to check if the regions with AGN excitation
(Seyfert and LINER) were ‘LIERs’, in which case we painted the
corresponding regions orange.

Fig. 1 shows an example of BPT diagram in which each point is
a spaxel of the data cube of the control galaxy ‘plateifu 8613—
12702’ in the left-hand panel and the corresponding excitation
map is shown in the right-hand panel. The red line — marking
the separation between Seyfert and LINER excitation and the blue
line — marking the separation between the starburst and transition
region, were obtained from Kauffmann et al. (2003). The green line
— marking the separation between the transition region and AGN
was obtained from Kewley et al. (2001).

Fig. 2 shows the WHAN diagram (Cid Fernandes et al. 2010) on
the left-hand panel, and the corresponding excitation map on the
right-hand panel. The blue line separates starburst and AGN and
the red line separates Seyferts and LINERs as in the BPT diagram,
but the green line here separates the LINERs (above the line) from
the LIERs (below the line).

Uncertainties in the line ratios range from a few per cent in the
central regions, up to 10-30 per cent at the borders of the FOV.

We note that the excitation maps obtained using the BPT diagram
shows some differences when compared to the one obtained using
the WHAN diagram: many regions classified as composite and
even starburst in the BPT diagrams appear as Seyfert or LINER
in the WHAN diagram. The reason for this can be understood
through a comparison between Figs 1 and 2: while the division line
between starburst and AGN in the WHAN diagram corresponds to
log([IN11]J/H ) = —0.4, in the BPT diagram this division is curved
and has the transition region between the starburst and AGN, while
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Figure 1. BPT diagram (left) for the control galaxy plateifu 8613-12702 where each point represents each spaxel, different colours identifying each type of
excitation and the corresponding excitation maps to the right, where the tick markers are separated by 5 arcsec. The blue lines separate the starburst excitation
and composite (or transition region), the green line separates the composite and AGN excitation, while the red line separates Seyfert (top) and LINER (bottom)

excitation. Typical uncertainties in logarithmic in the range 0.02-0.1.
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Figure 2. WHAN diagram (left) and excitation map (right) of the control galaxy identified as plateifu 8613-12702. In the excitation map the tick marks
are separated by 5 arcsec. Blue lines separate starburst excitation to the left, while the red line separates Seyfert (top) and LINER (bottom) excitation. The
green line shows the limit below which the excitation corresponds to a LIER. The dashed vertical line shows an alternative (proposed by us) division between
starburst and AGN excitation that gives an excitation classification in better agreement with that of the BPT diagram. Typical uncertainties in logarithm are in

the range 0.02-0.1.

this transition region is not defined in the WHAN diagram. In the
BPT diagram, the log([N11]/) ratios can reach a value of 0.1 for
LINERSs and up to —0.1 for Seyferts, higher than the fixed value of
—0.4 of the WHAN diagram.

Considering the above, we have adopted the excitation classifi-
cation of the BPT diagram and only changed it to LIER in the cases
where the excitation in the BPT diagram is Seyfert or LINER but
is LIER in the WHAN diagram, keeping the transition region and
starburst classifications of the BPT diagram.

We note that in order to improve the consistency of the two exci-
tation maps for our sample, the division line in the WHAN diagram
should correspond to somewhat a larger value than proposed in Cid
Fernandes et al. (2010) of log([N 11]/H «) ~ —0.25. We have drawn
a vertical blue dashed line in Fig. 1 at this value in the WHAN
diagram in Fig. 1.

We have used the procedure above to map the different type of
excitation over the body of the galaxy and build the excitation maps

MNRAS 486, 5075-5093 (2019)

shown in the second line of Figs 3—6 and Figs A1-A58 (see online)
of the Appendix.

3.3 Star formation rate

The excitation maps of both the AGN and controls show many
locations in which the excitation is typical of starbursts or HII
regions, in which the line emission is due to ionization of the
gas by young stars, and the SFR can be obtained from the Ho
luminosity L(H«). We decided to include in the calculation of
the SFR also the transition regions, which, although have some
contribution from AGN excitation, do include a large contribution
of a starburst component. As there may be some additional ‘hidden’
star formation contribution in the region dominated by AGN
excitation, the assumption that all H o emission is due to starbursts
in the transition region may compensate for this ‘hidden’ star
formation contribution.
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Figure 3. Surface distribution of the properties measured for a typical early-type AGN and its two controls, showing the AGN on the left and the two control
galaxies at the centre and right. Top row: SDSS-IV images with the MaNGA footprint overplotted in pink; second row: excitation maps where green corresponds
to Seyfert, magenta to LINER, blue to starburst, grey to transition region, and orange to LIER excitation; third row: X gpr maps; fourth row: L[O 111] in units
(10°® erg s~ ! spaxel~1); fifth row: extinction maps; bottom row: X ;;+ maps. Bottom right: azimuthally averaged properties of the bottom three left-hand panels,
where the AGN is shown in red, the first control in blue and second control in green. The tick marks are separated by 5 arcsec, and the scale at the galaxy is
given by the red horizontal line shown in the Xspr map panels. This line corresponds to the galaxy effective radius Re with extent in kpc given above the panel.

We have used the following expression to obtain the SFR, from
Kennicutt (1998):

SFR =7.9 x 107 x L(Ha). (1)

In order to calculate the H & luminosity, we have corrected the H o
flux, F(Ha), for reddening, using the extinction law of Cardelli,

Clayton & Mathis (1989):
L(Ha) = 47 d®F(H a)10cH| )

where d is the galaxy distance obtained from the redshift values
listed in Paper I, F(H «) is the H e flux and C(H «) is the interstellar
extinction coefficient at the H « wavelength calculated as described
in the next subsection.
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We have obtained both the integrated SFR, shown in the last
column of Table 1 as well as the SFR surface density Xsgr dividing
the SFR at each spaxel by the corresponding area (075 x 075) in
kpc?, obtaining its value in units of Mg yr—! kpc 2.

The X gpr maps for the AGN and their control galaxies are shown
in the third row of Figs 3-6 and Figs A1-A58 (see online) of the
Appendix.

3.4 Extinction

The gas extinction was calculated from the observed Ha/H g line
ratio adopting case B recombination (Osterbrock & Ferland 2006)
and the Cardelli et al. (1989) reddening law:

FHa) 1

FHB) 2.87] :

where F(H «) and F(H ) are the observed fluxes.
The extinction maps for the AGN and their control galaxies are

shown in the fifth row of the panels of Figs 3—-6 and Figs A1-A58

(see online) of the Appendix.

Ay =7.23 x log { 3)

3.5 Ionized gas masses

As we cannot calculate the SFR at the regions that are not ionized
by hot stars, we have calculated the mass of ionized gas, that
can be obtained at all locations with Ho or H 8 emission using
(Osterbrock & Ferland 2006):

M =V fnem,, “)

where V is the volume of the emitting region, fis the filling factor,
ne is the electron density, and m,, the proton mass.

Based on Osterbrock & Ferland (2006), assuming case B recom-
bination, we obtain:

Ly (HpB) P
2

n3

Vf=28.1x10" , 3)
where Ly; (H B) is the H 8 luminosity in units of 10*' erg s~! and n3
is the electron density in units of 10° cm™3.

The emitting gas mass can be calculated by combining equa-
tions (4) and (5)(Peterson 1997) where we replaced L(H B) for
L(Ha)/2.87:

M~ 2.4 x 10SM Mo. (6)
n3

In order to obtain the gas density n, we have used the ratio
between the doublet lines [S1]A6717 and [S1]A6731 A, as the
corresponding two levels have different collision forces and radia-
tive transition probabilities. The flux observed in each component of
the doublet depends on the relative population at each energy level,
which is sensitive to the electron density (Osterbrock & Ferland
2006). The calculation was done using the task femden of the
package stsdas.nebular of iraf and the adopted gas temperature
was 10000 K. In many locations the line ratio was above the limit
[SH]A6717/ [S1] 26731 A = 1.45, which corresponds to densities
of ~100cm?® or lower. In these cases, we have adopted the value
of 100 cm~3. Due to low-signal-to-noise ratio, some measurements
of the [S1] lines were not possible, and, in order to be able to
calculate the gas masses at these locations, we decided to adopt also
a density value of 100 cm~3. This is justified by the fact that these
regions were surrounded by line ratios indicating this density or
lower.
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Considering that the mass of the gas is inversely proportional
to n, the resulting ionized gas masses are actually lower limits.
In order to evaluate the effect of the density on the estimated gas
masses, we have repeated the calculations for gas densities of 10
and 1 cm~3. The result is an increase in the gas masses in the range
10-40 per cent, depending on the galaxy. This small increase is due
to the fact that most of the gas emission comes from the regions
with the highest line fluxes, for which the density value could be
obtained.

As for the Xgrr, we have also obtained the ionized gas surface
mass density X+ by dividing the mass at each pixel by its area.
The corresponding maps are shown in the bottom row of Figs 3-6
and Figs A1-A58 (see online) of the Appendix.

4 DISCUSSION

In this section, we discuss the properties mapped in the previous
section in Figs 36, respectively, for an early-type host, a late-type
host, a high-luminosity, and a low-luminosity AGN host. Figs A1—
A58 (see online) of the Appendix show the maps for the remaining
galaxies.

We present and discuss also here the extents of the regions ionized
by the AGN and their relation with L[O111], as well as histograms
of the total SFRs, ionized gas masses, and nuclear surface mass
densities, comparing the results obtained for the AGN with those of
the control sample.

4.1 Excitation

4.1.1 Early- and late-type AGN hosts

In the excitation maps of the 20 early-type AGN hosts, 9
(45 per cent) present Seyfert type excitation in their nuclear region
(which we define as the region within 0.2R.) and up to distances
ranging from &3 to 25 kpc. Beyond this region, the excitation varies,
including types H 11, transition, LIER, or LINER.

The control galaxies, in their majority, present LIER excitation
at the nucleus and surroundings, while H I excitation, as seen in the
control 2 of Fig. 3 is less frequently seen in early-type hosts.

Four galaxies (20 per cent of the early-type hosts) have nuclear
LINER excitation, that can also be observed beyond the nucleus,
reaching ~1.5-3.5 kpc, and extranuclear LIER excitation. The
controls in turn have mostly LIER cores. Another six galaxies
exhibit both LINER and Seyfert type excitation in the nucleus
(within R.), indicating that the line ratios are borderline between
the Seyfert and LINER regions of the BPT diagram. Their controls
usually have LIER excitation in the nucleus.

Regarding the group of 38 late-type AGN, as the one in Fig. 4:
16 (42 percent) show LINER excitation from the nucleus until
distances in the range 1.6-27 kpc; 13 (34 per cent) present Seyfert
excitation extending to 2.4-18 kpc); the remaining 9 (24 per cent)
show LINER/Seyfert nuclear excitation. The controls all show
similar maps, with LIER, H I1, or transition excitation in the nucleus.

4.1.2 High- and low-luminosity AGN hosts

Regarding the 17 most luminous AGN, 12 (70 percent) have
Seyfert excitation at the nucleus and throughout most of the galaxy,
up to distances from the nucleus in the range 4-26 kpc. Three
(20 per cent) galaxies show LINER excitation at the nucleus usually
surrounded by Seyfert excitation, and extended to distances in the
range 5.5-27 kpc, and two (12 per cent) present Seyfert excitation
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Figure 4. Same as Fig. 3 for a typical late-type AGN.

at the nucleus surrounded by LINER excitation. The nuclear
excitation of the control galaxies include type H1I, transition, and
LIER.

The 45 low-luminosity AGN show varied types of nuclear
excitation: ~30 percent have mixed LINER/Seyfert excitation,
~40 percent have LINER excitation at the nucleus and up to
1.4-9.4 kpc, while the other ~30 percent have Seyfert excita-
tion at the nucleus and up to 2.4-15 kpc. At the nucleus, the
controls show LIER or starburst excitation, while, outside the
nucleus, AGN and controls present similar maps, dominated by
star-forming discs in the late types and LIER excitation in the

early types, what can be attributed to the low level of activity of
the AGN.

Finally, there are five controls that present Seyfert or LINER
excitation at the nucleus and one case of one AGN (1-217050)
which presents LIER excitation. This result indicates disagreement
between the line ratios measured in the SDSS-III spectra (that we
have used to select the sample) and in the nuclear MaNGA spectrum,
which could be due to aperture size differences between SDSS-III
and IFU MaNGA and/or measurement uncertainties and/or intrinsic
variation of the AGN.

In the case of the control galaxy 1-286804, which are actually
two galaxies in interaction, one galaxy nucleus present Seyfert and
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the other LINER excitation, what was also not seen in the SDSS-III
spectrum.

4.1.3 Extranuclear AGN excitation

We have measured the extent R of the region ionized by the AGN
in the excitation map — that can be identified with the NLR of the
AGN - in order to verify if it increases with the AGN luminosity, as
expected (Schmitt et al. 2003a,b). These values are listed in column
2 of Table 1, and range from 1.2kpc to 27kpe, with estimated
measurement uncertainties of about 15 per cent. Due to the relatively
large uncertainty, we preferred not to correct the data for the galaxy
inclination.

We have plotted the R values against L[OmI] in Fig. 7,
showing that, on average, the extent of the region ionized by
the AGN do increase with the AGN luminosity. A linear least-
squares regression applied to the data gives the following
relation:

log(R) = (0.43 £ 0.07) log L[O ] — (16.58 £ 2.78) 7

with a correlation coefficient of r = 0.62.

It is interesting to compare the above relation with a similar one
obtained between the extent of the NLR and L[O111] by Bennert
et al. (2002) and more recently by Storchi-Bergmann et al. (2018).
We note that the regression coefficients above agree with those of
the latter authors within the uncertainties. There is a vertical shift to
larger values in our relation compared to that of Storchi-Bergmann
et al. (2018), which we attribute to the poorer resolution of the
MaNGA data, that can barely resolve 1 kpc in the closest galaxies
of our sample, while Storchi-Bergmann et al. (2018) can resolve
down to ~100 pc.

The above relation supports the proportionality R oc L3, known
to be valid for the broad-line region (BLR; Kaspi et al. 2005;
Peterson 2014). Given the expression for the ionization parameter
U o (Lagn/(47 R? 1, ¢), where c is the light speed and 7, is the gas
density, R is oc L% if the product U n, is a constant.

In many galaxies, both AGN and controls, there are some external
spaxels, detached from the inner AGN excitation region, that show
Seyfert or LINER excitation, according to the BPT diagram. This
finding in the MaNGA data has been already pointed out by previous
authors such as Wylezalek et al. (2018). One possible interpretation
is that this gas has been previously ionized by an AGN, but which
has presently ‘turned off’, thus characterizing a ‘relic AGN’.

We have nevertheless noticed, that in many cases these spaxels
are surrounded by LIER excitation. When we consider that our
adopted ‘division’ between AGN and LIERs is a sharp limit of
the equivalent width W(Ha) =3 A, typical uncertainties of 10—
30 per cent in such small W(H o) values will move the spaxel from
AGN to LIER excitation and vice versa. We thus do not favour
the ‘relic AGN’ hypothesis in these cases, and attribute to possible
uncertainties in W(H «) values.

We have also noted that in many cases the extranuclear spaxels
with AGN excitation correspond to high-latitude locations in a
galaxy seen close to edge-on, suggesting an origin in a warm
ionized medium (WIM; e.g. Storchi-Bergmann et al. 1996), that
shows [NIIJ/Ha ratios similar to those of AGN (Brinchmann,
Kunth & Durret 2008), such as the case of Fig. A2 in the
appendix.

There are a few cases that may be indeed ‘relic AGN’, and should
be further investigated for having more extended detached regions
with AGN excitation. The following objects are candidates for being
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relic AGN: MaNGA ID 1-121717, 1-43721, 1-178838, 1-37062, 1-
377125, 1-386695, and 1-25688.

4.2 Star formation rate (SFR)

The SFR surface density Xspr maps are presented in the third row
of Figs 3-6 for the four selected AGN and in the Appendix for the
other galaxies.

In the case of the early-type AGN of Fig. 3, there is almost no
star formation, while the first control galaxy presents some star
formation at its border with low Zgpg (below 0.006 M, yr—! kpc™2)
and the second shows a high Tgrz (above 0.03 Mg yr~! kpc™2) in
the nuclear region. The other early-type AGN hosts exhibit either
more extranuclear star formation than the controls (11 cases) or
similar values (8 cases), with only 3 cases with lower SFR in the
AGN than in the controls. The Xggg values are usually low, as
above. A minority of control galaxies present higher values of X ggr
than the AGN, and when this happens, the Xgpr is highest in the
central region of the galaxies.

In the case of the late-type AGN, as illustrated in Fig. 4, the
Ysrr maps of AGN and controls are similar to each other, with
typical values that do not vary much and are in the range ~0.003—
0.01 Mg yr~!' kpc™2. There is a large extranuclear region with star
formation, with the Xgpr values being usually larger in the inner
radii and decreasing outwards, although in some cases there are
enhancements associated with spiral arms. Some control galaxies
show star formation in the nuclear region, in which case Xspr peaks
at the nucleus. In these cases, the X gpg values are ~30 times larger
than that in the AGN.

In the high-luminosity AGN of Fig. 5, there is star formation
both in the AGN and controls only in the disc of the galaxies (thus
beyond the nuclear region). The Xgpg values do not vary much;
only in this AGN we notice an increase in the values towards the
centre but this could be due also to the increase in the Ho flux
due to the AGN proximity, as most of the region is a transition
one (AGN combined with star formation, that we included in the
calculation of the SFR). The remaining trios in this group show
similar behaviour, with ¥ sgr maps for the AGN similar to those of
the controls, in which star formation is only observed outside the
nucleus. There are a few cases with almost no star formation, and
a few others in which the controls show high ¥gpg values in the
centre.

In Fig. 6, for a low-luminosity AGN, we observe that the AGN
has star formation only in the galaxy disc — with an enhancement
in Xgpr in what appears to be a star-forming ring. Both con-
trols present similar Xgpg values at the galaxy discs but larger
values mostly at the nucleus, but also in an elongated structure
beyond the nucleus that seems to be a bar. The values at the
nucleus are at least 30 times higher than the typical values in the
disc.

For the other low-luminosity AGN, only in 8 (& 20 per cent) of
the 45 trios the situation is similar to that of Fig. 6, in which one
or the two controls present higher Xgpr values in the centre and
decrease outwards, whereas in the AGN the star formation is only
observed at the disc, with similar values to those quoted above.
In most (= 80 percent) of the cases, the Xgpgr maps are similar
between the AGN and controls, in the sense that in the controls,
also the star formation is larger in the outer part of the galaxies than
in their centres, while in the central part, instead of an AGN, there
is a LIER.
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Figure 5. Same as Fig. 3 for a high-luminosity AGN.

4.2.1 SFR histograms

We have built histograms for the total SFR as listed — in log;( units
of Mg yr~! —in the last column of Table 1. The total SFR values
were obtained by adding the SFRs from all regions over the whole
galaxy, where star formation is present, including the H 11 excitation
regions and the transition regions.

Fig. 8 shows the histograms of the total SFR for the AGN (in red),
as compared to those of the control galaxies (in blue), separated
in three panels: in the left-hand panel we show the histograms
for the whole sample, in the centre panel only for the early-type
galaxies, and in the right-hand panel for the late-type galaxies.
The distributions for the AGN and controls in the three cases are

very similar, what is confirmed by a two-sample Anderson—Darling
(A-D) test. The probability p that the two distributions are drawn
from the same parent population is given in the corresponding
panels (the reference p is 0.05, meaning that for smaller values,
there is more than 95 percent chance that the two distributions
are distinct). According the A-D test for the above three cases,
the probability that the distributions are statistically equal are,
~30 percent, ~13 percent, and ~43 per cent for the total, early-
type, and late-type samples, respectively.

In Fig. 9 we present similar histograms for the total SFR now
separated in different bins of AGN luminosity (log;o L[O111], in
units of ergs™!), from the most luminous (41.25-42.0) to the
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Figure 6. Same as Fig. 3 for a low-luminosity AGN.

left to the less luminous (39.0-39.75) to the right. Again the
distributions for AGN and controls are similar, with a probability
that the distributions are statistically the same between 9 per cent
and 92 per cent for the different luminosity bins, according to the
A-D test.

It can thus be concluded, from the above two histograms, that the
total SFR, over the whole galaxies is similar for AGN and control
galaxies.

As we have carefully built the control sample to match the
AGN host galaxy properties, we now compare the SFR of each
AGN to those of its two control galaxies. Although the range of

MNRAS 486, 5075-5093 (2019)

SFR of the two samples are similar, there may be a systematic
difference between a galaxy in an AGN phase and one that is not
(the corresponding control galaxies).

We have thus built another histogram in which we present the
distribution of differences between the SFR of the AGN and each
of its control galaxies. In order to take into account the fact that the
range of SFR values is very large, we have divided the difference in
SFR by the AGN SFR. The histogram of these fractional differences
is shown in Fig. 10, for each pair AGN-control (112 combinations):
(SFRAGN—SFR¢:)/SFRagN. The division by SFRagn is necessary
in order to bring the differences to a similar scale.
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Figure 7. Relation between the extent of the region ionized by the AGN
R and L[O11], showing also a linear regression to the data (see text).
The bar in the bottom corner shows a typical uncertainty in R of about
10 per cent.

In these new histograms, when considering the whole sample,
~61 percent of the combinations AGN-control show positive
fractional differences (SFR in the AGN larger than in the control),
with a positive mean fractional difference of 0.2 and median of 0.47.
When considering only the early-type subsample, this percentage
increases to *&76 per cent, mean of 0.69 and median of 0.93, while
for the late-types this percentage decreases to ~51 per cent. These
results mean that, while for the early-type galaxies, most AGN have
more star formation than its controls, for the late-type galaxies, in
~50 per cent of the cases there is more star formation in AGN and
in the other 50 per cent there is more star formation in the controls.

4.3 L[O 1] maps

The fourth row of panels (from top to bottom) of Figs 3—5 shows
that, for these three AGN hosts — early and late types and high-
luminosity AGN — L[O 111] at the nucleus is higher than those of the
control galaxies, as expected. But in the case of the low-luminosity
AGN of Fig. 6 L[O 111] is lower in the AGN than in its controls. This
can be due to the fact that L[O111] in the control galaxies, due to
star formation, can be higher than that of a low-luminosity AGN.
This happens not only at the nucleus but also outside the nucleus,
as seen also in Fig. 6.

When inspecting Figs A1-A58 (see online) of the Appendix we
note that the example of Fig. 6 is more the exception than the
rule, and most active galaxies do present the nuclear region more
luminous in L[O111] than their controls. There are only three more
cases in which at least one control galaxy has the central region
with higher L[O111] than the AGN, but the profiles and the maps
show that there is not a large difference between the AGN and its
controls.

4.4 Extinction

The fifth row of Figs 3-5 show that the extinction maps and
corresponding one-dimensional profiles present a very diverse
behaviour. For some AGN hosts and control galaxies, the extinction
is larger at large radial distances; for others, the largest extinction
values are found close to the centre of the galaxy. There are also
many cases of irregular extinction maps. We have not detected any
significant difference between the extinction maps of the AGN and
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the control galaxies. As the estimate of extinction requires a valid
flux measurement of both H« and H B, and in many cases we could
not measure the Hp flux due to the low-signal-to-noise ratio of
this line, the resulting extinction maps often present ‘holes’, what
may have masked possible differences between AGN and control
galaxies.

4.5 Ionized gas surface mass densities X+

The bottom panels of Figs 3—6 show the X+ maps and average
one-dimensional profiles.

For the 20 early-type galaxies, including Fig. 3, both the AGN
and the non-active galaxies present ionized gas over the whole
galaxy in 90 per cent of them, with the AGN — as observed in the
one-dimensional profiles — showing higher X4+ than the controls
at the centre — reaching several 10° Mg kpc? within 0.2R,. (the
nuclear region) and decreasing outwards, while the control galaxies
frequently have higher X4+ values than the AGN beyond 0.2R..
In two (10 per cent) cases the X+ is lower in the nuclear region of
AGN than in the control galaxies.

The 38 late-type galaxies, as illustrated in Fig. 4, show that the
ionized gas is spread all over the galaxies for both AGN and controls,
mostly due to star formation in the galaxy discs. According to the
one-dimensional profiles, about half of the AGN have higher X5+
than the control galaxies within 0.2 R, (the nuclear region). In the
other half, the difference between AGN and controls is of the order
of the typical azimuthal variation of the ¥+ within each galaxy
(shaded areas in the one-dimensional profiles). In general, the one-
dimensional profiles do not show a large radial variation in X+
values for both AGN and controls.

In the ¥+ maps of the high-luminosity AGN of Fig. 5, we
observe much higher X+ values for the AGN than in the controls
within 0.2R., while outside 0.4R. the values are similar for
the AGN and controls. Considering all high-luminosity AGN,
approximately 64 percent (11) (including the example of Fig. 5),
present higher values for the AGN than in the controls within
0.2R., while outside 0.4 R., the values are similar for the AGN
and controls. For the remaining 36 percent (6 cases), in half
the AGN show Xy+ values smaller than their controls in the
nucleus, and in the other half the AGN and controls have similar
Y+ values. Some controls show an increase in the X+ values
outwards.

For the 45 low-luminosity AGN, including the example of
Fig. 6, approximately 45 percent exhibit — for both the AGN
and control galaxies — the ionized gas spread all over the galaxy.
The one-dimensional profiles show that, while the AGN shows
a higher X+ inside 0.2R., the controls have higher values
than the AGN beyond the nuclear region. For approximately
22 percent of the low-luminosity AGN, the nuclei of the AGN
and controls present similar X+ values, whereas for 33 per cent
the AGN have lower X+ values than their controls. For regions
beyond 0.2R., the profiles are mostly similar for the AGN and
controls.

4.6 Central ionized gas surface mass densities X,

We have calculated the mean central surface mass density X,,. as
the ionized gas surface mass density within a circular area of radius
0.2 R, around the nucleus. This value is listed in columns 4 and 8 of
Table 1, respectively, for the AGN and controls. These values range
from 7.35 x 107 to 2.61 x 10° for the AGN and 0.43 x 10 to
2.14 x 10° for the controls.
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two distributions are drawn from the same parent population.

We show histograms of these values in Figs 11 and 12.
In Fig. 11, we show the distribution of X, values for the
whole sample in the left-hand panels, and separately for the
early- and late-type subsamples in the central and right-hand
panels.

According the A-D test, the probabilities p that the AGN and
control sample are drawn from the same population are smaller
than 107> for the total and early-type sample and p = 4.09 x —*
for the late-type sample. The median values of X, are 1.74 x
10* Mg kpc=2 for all the AGN and 2.72 x 10°* Mg kpc~2, for all
the controls.

In Fig. 12, in which the AGN are separated in luminosity bins,
even though the number of objects in each bin is small, the
distributions are statistically different — with the values of p < 0.05
for all bins except the lowest luminosity one.
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We further explore the differences between the AGN and control
galaxies via histograms of the fractional differences of X, for
each pair AGN-control (112 combinations), as previously done for
the SFR: (2 uc.A6N— Znuc, ctr)/ Znue,AcN- The histograms for these
values are shown in Fig. 13 for the total sample on the left and for
the early- and late-type subsamples in the central and right-hand
panels. There were only a few cases for which the values are more
negative than —1, which we have opted to exclude from the graph
for visualization purposes. But even when taking them into account,
we have that ~74 per cent of the sample show positive fractional
differences, indicating that ¥,,. is higher in the AGN than in the
controls for most of the sample. When considering only the early-
type subsample, this percentage increases to ~93 per cent, while for
the late-type subsample this percentage is 63 per cent. The median
fractional differences of X, between the AGN and controls are:
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0.88 for the total sample, 0.94 for the early-types, and 0.84 for the
late-types.

In summary, X, is in most cases higher in AGN than in
the control galaxies, with the largest fractional differences being
observed for the early-type galaxies.

4.7 Total ionized gas mass

The total mass of ionized gas was obtained by integrating the whole
H o emission from the galaxy. The corresponding values are shown
in columns 3 and 7 of Table 1, respectively, for the AGN and their
controls.

The range of values for the total ionized gas mass are:

(1) For the total sample: 9.9 x 10*-2.9 x 107 M, for the AGN,
compared to 1.9 x 10°-1.7 x 10® M, for the controls;

(2) For the early-type sub-sample: 2.2 x 10°-2.5 x 107 M, for
the AGN and 1.9 x 10*-6.3 x 10° M, for the controls;

(3) For the late-type sub-sample: 9.9 x 10*-2.9 x 10’ Mg, for
the AGN and 9.3 x 10%-1.7 x 10% My, for the controls.

The ionized gas mass values obtained for our AGN sample are
consistent with those obtained in previous studies of similar AGN
hosts, such as Harrison et al. (2014), where the total mass for a
sample of 16 AGN, inside the inner 6-16 kpc was found in the range
(2-40)x 107 Mg, under the assumption that n, = 100 cm™> (and
lower for n, = 500). In Couto et al. (2013) and Couto, Storchi-
Bergmann & Schnorr-Miiller (2017) the total ionized gas mass
obtained for a sample of radio galaxies ranges between 3.1 x 10°
and 4.1 x 10% My, also consistent with the range of values that we
obtained in this work.

The ranges of total ionized gas masses obtained for the AGN
are similar to the ranges obtained for the controls, and this can
be seen in the histograms in Fig. 14. But the distribution of
values is different for the AGN and control samples, as indicated
by the A-D test that gives a probability larger than 95 percent
that the distributions are not drawn from the same parent
population.

Calculating again the fractional differences of total ionized gas
masses between each pair of AGN and control ( Magn—Mei)/M acn
(112 combinations), we obtain the results shown in the histograms
of Fig. 15 for fractional differences between —1 and 1. Again, as
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in the case of X, there are a few cases of values lower than —1,
which we have excluded from the plot. But, even when considering
these cases, 266 per cent of the total sample shows positive values,
with ~85 per cent for the early-type hosts and ~57 per cent for the
late-type hosts. The median values are: 0.70 for the total sample,
0.81 for the early-types, and 0.43 for the late-types. Thus, even
though the ranges of ionized gas masses of the AGN present large
overlap with those of the control galaxies, when paired according
to the host galaxy properties, most AGN show an excess of ionized
gas mass (values larger than 0 in the histograms of Fig. 15) relative
to their control pairs.

In terms of AGN luminosity, the ranges of obtained total ionized
gas masses are: (1) for the high-luminosity AGN, 5.2 x 10°-6.9 x
107 Mg, which is skewed to larger values than the corresponding
range for the controls of 6.2 x 10*-2.2 x 107, while for the lower
luminosity AGN the range is 9.9 x 10*-2.9 x 10’ My, and 1.9 x
10%~1.7 x 108 M, for the controls, thus showing complete overlap
in the values.

4.8 Average gradients of X+

We have used the azimuthally averaged profiles of X+ of each
galaxy to calculate the average profile of groups of AGN separated
according to their luminosity, as well as of their control galaxies,
following the methodology described in Mallmann et al. (2018). In
Fig. 16 we show these for each of the following AGN luminosity
bins of log(L[O 1m1]), with L[O 1] in erg s~': 41.25-42.0 (shown in
red), 40.75-41.25 (light green), 40.25-40.75 (dark green), 39.75—
40.25 (blue), 39.0-39.75 (purple).

In this figure, the left column of panels shows the average profiles
for the total sample, the central column shows the results for the
early-type sub-sample and in the right column, for the late-type sub-
sample. The first line of panels show the AGN profiles, the middle
shows the corresponding control galaxies, and the bottom shows
the difference between AGN and controls.

Considering the whole sample, there is a tendency for the higher
luminosity AGN to show larger values of gas surface mass density
than the control galaxies from the nucleus up to about 0.4 R.; beyond
this radius there is no difference, what can be understood as due
to the fact that the presence of a luminous AGN requires more gas
than in non-AGN, combined with the presence of a nuclear source
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of radiation, what is restricted to the inner regions of the galaxy. As
the AGN luminosity decreases, the difference becomes smaller, and
in the case of the lowest luminosity bin, the control galaxies have
even more ionized gas than the AGN.

The central and right-hand panels of Fig. 16 show that the
tendency discussed above seems to hold both for the early- and
late-type galaxies, even though in our sample we do not have an
early-type AGN in the highest luminosity bin.

5 SUMMARY AND CONCLUSIONS

We have mapped the gas excitation, SFR, and ionized gas mass
distributions of 62 AGN host galaxies as compared with a control
sample of 112 galaxies using MaNGA-SDSS-IV data cubes. The
sample comprises 20 early-type, 38 late-type galaxies, and 4
galaxies in interaction with a companion. In terms of the AGN
luminosity, 17 have L([Om])A5007 > 3.8 x 10° erg s~!, that we
have called high luminosity, and 45 have lower luminosity than this
(called low-luminosity AGN). The results of our measurements and
analysis are summarized below.

(i) Nuclear excitation: We have mapped the gas excitation using
the BPT and WHAN diagrams. Defining the nuclear region as
having aradius <0.2 R, (effective radius), 2/3 of the high-luminosity
AGN have nuclear Seyfert (Sy) excitation, and the rest have either
LINER or mixed Sy/LINER excitation. Of the 45 low-luminosity
AGN, 30 percent have Sy, 40 percent LINER, and 30 per cent
mixed nuclear excitation. Regarding the controls, using only the
BPT diagram, many nuclear regions result classified as AGN —
especially in the early-type hosts, but the WHAN diagram reveals
that most of these cases are LIERs (excited by evolved hot stars).
In the late-type galaxies, besides LIERs there are also a number of
controls with starburst nuclei.

(i1) Extranuclear excitation: We have measured the extent R of
the NLR defined as the region surrounding the nucleus with AGN
excitation, obtaining values ranging from 1.5 to 27 kpc, and found
the relation R o (L(O 1])?>, similar to that valid for the BLR
and recently obtained also for the NLR of luminous AGN by
Storchi-Bergmann et al. (2018) and previously by Bennert et al.
(2002).

Both in AGN and controls there are some extranuclear regions
(detached from the nucleus) that are classified as AGN according
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Figure 16. Average profiles of the ionized gas surface mass densities (in units of 10> Mg kpc~2) of groups of AGN separated according to the AGN luminosity
(according to the insert in the top left-hand panel). Top panels, from left to right: total AGN sample, early-type AGN, late-type AGN; middle panels: control
sample corresponding to each top panel; bottom panels: difference between each AGN and control sample group.

to the BPT diagram; using also the WHAN diagram, most of
these regions become LIERs, although the emission of some of
them could be signatures of warm ionized gas (seen mostly in
highly inclined galaxies) and some could also be signatures of
‘relic AGN’.

(iii) Star formation rate: The SFR surface density Xgpr was

obtained in the region of the galaxies dominated by star formation,
mostly in the galaxy discs. The Xggr maps are similar for the AGN
and controls. Some control galaxies show star formation also in
the nuclear region, reaching the highest values there in the case of
late-type galaxies.
The total SFR of both the AGN and control galaxies range from
1073 to 10 Mg yr~!, with a difference between AGN and controls
seen only for the early-type galaxies: 75 per cent of the early-type
AGN have higher SFR than their controls. This result suggests that
the gas that is feeding the AGN also triggers star formation in the
outer parts of the galaxy, and that the AGN is not quenching star
formation there. As we do not see differences in SFR between AGN
and controls for the late-type galaxies, we do not see signature of
quenching in the discs of late-type galaxies as well.

(iv) Surface mass densities of ionized gas ¥ y+: Within 0.2R.,
Y+ = Xy 1s larger for the AGN than for the control galax-
ies in 75 percent of the sample, with median values of
1.74 x 10* Mg kpc~2 for the AGN and 2.72 x 103 M, kpc~2 for the
controls. The control galaxies of the early types usually have higher
Y g+ values in the outer regions than in their nuclei. In the case
of late-type hosts, the regions of highest X+ are more extended
(throughout the galaxy discs) than in the early-types, with similar
values in the galaxy discs for the AGN and controls, while in the
nucleus, it is higher in the AGN for half of the sample and lower in
the other half.

(v) Gradients of Xy+: Average gradients constructed from the
above X+ maps are usually steeper for the AGN than for the
controls from the centre to about 0.4R., with the difference
decreasing as the AGN luminosity decreases.
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(vi) Total ionized gas masses: We have obtained lower limits for
the integrated ionized gas masses, with the total values estimated
to be 10 percent—40 percent higher, depending on the galaxy.
The lower limits range from 9.9 x 10* to 2.9 x 107 M, for the
AGN, compared to the range of 1.9 x 10* to 1.7 x 108 M, for the
controls. When pairing each AGN with its controls, for the early-
type hosts, 85 percent of the AGN have more ionized gas than
the controls, while this percentage decreases to 57 per cent for the
late-type hosts.

In summary, the main differences between AGN and controls is
observed for early-type galaxies, that have: (1) higher SFR than the
controls in 75 per cent of the cases; (2) larger ionized gas masses than
the controls in 85 per cent of the cases. This suggests a connection
between the star formation and nuclear activity in the early-type
galaxies: the same gas that feeds the AGN is also triggering star
formation in its vicinity and these results also do not support that
AGN feedback is quenching star formation for the luminosities
probed by this nearby sample.

Another important result is the increase of the extent of the region
excited by the AGN with its luminosity, reaching the galaxy limits
for the highest luminosities probed here, of log(L[O111]) = 41.8,
and suggesting that this radiation will escape the galaxy for higher
luminosities.
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APPENDIX A: AGN - CONTROL GALAXIES

IMAGES

We present all the comparisons between AGN and its control
galaxies in Figs A1-AS58 (available in supplementary material).
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