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ABSTRACT

We analyse the integral field spectroscopy data for the ~10 000 galaxies in final data release of the MaNGA survey. We identify
188 galaxies for which the emission lines cannot be described by single Gaussian components. These galaxies can be classified
into (1) 38 galaxies with broad He and [O 111] 5007 lines, (2) 101 galaxies with broad He lines but no broad [O 111] A5007 lines,
and (3) 49 galaxies with double-peaked narrow emission lines. Most of the broad-line galaxies are classified as active galactic
nuclei (AGNs) from their line ratios. The catalogue helps us further understand the AGN-galaxy coevolution through the stellar
population of broad-line region host galaxies and the relation between broad lines’ properties and the host galaxies’ dynamical
properties. The stellar population properties (including mass, age, and metallicity) of broad-line host galaxies suggest there is
no significant difference between narrow-line Seyfert-2 galaxies and Type-1 AGNs with broad He lines. We use the broad-Ho
line width and luminosity to estimate masses of black hole in these galaxies, and test the Mpy—o . relation in Type-1 AGN host
galaxies. Furthermore, we find three dual AGN candidates supported by radio images from the VLA FIRST survey. This sample
may be useful for further studies on AGN activities and feedback processes.

Key words: techniques: spectroscopic —galaxies: active—galaxies: kinematics and dynamics — galaxies: nuclei— galaxies:

quasars: supermassive black holes — galaxies: Seyfert.

1 INTRODUCTION

The emission-line properties and kinematics of gas components in
galaxies is a valuable probe to understand the dynamic properties and
the formation and evolution of galaxies. Certain dynamic processes
such as the biconical outflow of gas or feedback processes of active
galactic nuclei (AGNs) exhibit characteristic spectral features across
the optical spectrum. A large number of biconical outflows of gas
are found driven by AGNs (Miiller-Sdnchez et al. 2015; Nevin et al.
2016; Comerford et al. 2018; Nevin et al. 2018; Lépez-Coba et al.
2020) or star formation (Bizyaev et al. 2019; Lopez-Cob4 et al.
2019, 2020; Bizyaev et al. 2022) and are correlated with the star-
formation rate (SFR) density (Lopez-Coba et al. 2019). They are
usually characterized by its double-peaked narrow emission lines in
spectrum while type-1 AGNs show broad and narrow emission lines
in their central nuclear region (Antonucci 1993; Urry & Padovani
1995).

Much efforts have been made in this field to acquire catalogues of
galaxies with multi-Gaussian emission line features. For example, Oh
etal. (2015) searched for the presence of broad Balmer emission lines
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in SDSS DR7 galaxy data base. The Swift BAT AGN Spectroscopic
Survey (Barthelmy et al. 2005) presents an AGN catalogue in DR1
(Baumgartner et al. 2013; Koss et al. 2017) and DR2 (Koss et al.
2022), using broad Balmer lines fits to classify type-1 AGNs. Lacerda
etal. (2020) present an optically selected AGN catalogue of 34 AGNs
within a sample of 867 galaxies extracted from the extended Calar-
Alto Legacy Integral Field spectroscopy Area (eCALIFA) survey
(Sanchez et al. 2016; Galbany et al. 2018). Miiller-Sdnchez et al.
(2015) and Nevin et al. (2018) used catalogues of double-peaked
narrow lines to search for evidence of dual AGNs and feedback from
biconical AGN outflows. More recently Bizyaev et al. (2022) used
both features to study biconical outflows driven by star-formation
process.

The Sloan Digital Sky Survey-IV (SDSS-IV) Mapping Nearby
Galaxies at Apache Point Observatory (MaNGA; Bundy et al.
2015) integral field unit (IFU) survey provides spatially resolved
spectra for ~10 000 nearby galaxies. Gas kinematics and emission-
line properties in every spaxel of the galaxies are produced by
the Data Analysis Pipeline (DAP; Belfiore et al. 2019; Westfall
et al. 2019). DAP derives the kinematic information from the IFU
spectra of galaxies by fitting emission and absorption lines using
the penalized pixel-fitting (PPXF) software (Cappellari & Emsellem
2004; Cappellari 2017; Cappellari 2022) with the combination of
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Figure 1. Normalized residual distribution versus mean G-band signal-to-noise-ratio. The red dots represent 1o cuts of normalized residual in 20 S/N bins,
with the red dashed line indicating the trend of the division. The coloured dots shows how the broad H « and double-peaked narrow line galaxies are distributed
according to our results in Section 3.4. The eight adjacent panels are from four different galaxies and demonstrate three dominant multi-Gaussian features: (1)
double-peaked narrow H« line, (2) broad H « line, (3) double-peaked narrow H « line and broad line, and (4) a well-fitted spectrum. The flux (a) and residuals
(b) are shown two in a group. The shaded part of spectra indicates the area affected by the H « line and area used to calculate Resgsp-

the MILES stellar library (Sdnchez-Bldzquez et al. 2006; Falcén-
Barroso et al. 2011). The current DAP assumes a single Gaussian
component per emission line (Belfiore et al. 2019), which represents
a notable limitation. It is not currently possible to recover either
the broad and narrow Balmer line features of type-1 AGN or the
double-peaked narrow emission lines of gas outflows since these
cannot be well approximated by single Gaussian emission lines.
Previously, Sanchez et al. (2018, 2022) presented a catalogue of
type-1 and type-2 AGNs based on emission line ratios and Ho
equivalent width in MaNGA galaxies. However, their selection of
type-1 AGNs is limited to multi-Gaussian fitting only within the
wavelength range covered by Ha and the [N11] doublet. Cortes-
Sudrez et al. (2022) analysed the multiwavelength properties of
type-1 AGN in DR15 sample. Building on these previous works,
we further provide accurate measurements of broad-line properties
and a more complete catalogue of broad and double-peaked emission
line galaxies in MANGA for further multiwavelength analysis.

A precise determination of the properties of multi-Gaussian
component is critical to understand the peculiar dynamic processes
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behind it. The velocity dispersion of a broad Ha line is important
for studying galaxy evolution, black hole activity, and feedback
processes of type-1 AGNs (Greene & Ho 2005; Schawinski et al.
2007; Czerny & Hryniewicz 2011; Baskin & Laor 2018; Wylezalek
et al. 2018; Czerny 2019; Deconto-Machado et al. 2022). The
velocities and velocity difference of double-peaked narrow emis-
sion lines play an important role in kinematic classifications of
biconical AGN outflows and AGN feedback processes (Miiller-
Séanchez et al. 2015; Nevin et al. 2016, 2018). Here, we report
an effort to determine the multi-Gaussian emission line parameters
for MaNGA spectra in which a single Gaussian approximation
fails.

This paper is organized as follows: In Section 2, we describe
the selection criteria whereby we find our sample of galaxies with
possible multi-Gaussian features in MaNGA data set. In Section 3,
we demonstrate how we use multi-Gaussian templates based on PPXF
to fit these galaxies and present the catalogue of galaxies with broad
Ho or dual narrow emission line features. Finally, we discuss our
findings in Section 4.
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Figure 2. Normalized residual distribution versus mean G-band signal-to-noise-ratio. The red dots represent 1o cuts of normalized residual in 20 (S/N) bins,
with the red dashed line indicating the trend of the division. The coloured dots shows how the broad [O 111] A5007 and double-peaked narrow line galaxies are
distributed according to our results in Section 3.4. It should be noted that the double-peaked narrow line galaxies are the same galaxies shown in Fig. 1 because
double-peaked narrow line feature appears in every emission line. The eight adjacent panels are from four different galaxies and demonstrate three dominant
multi-Gaussian features: (1) double-peaked narrow [O 111] 5007 line, (2) broad [O 111] 5007 line, (3) double-peaked narrow [O 111] A5007 line and broad line,
and (4) a well-fitted spectrum. The flux (a) and residuals (b) are shown two in a group. The shaded part of spectra indicates the area affected by the [O 111] 5007

line and area used to calculate Ressggp.
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Figure 3. Number of objects survived after each selection step.

2 SAMPLE SELECTION

This section shows how we use the DAP residual to select the spectra

where DAP fails to fit precisely with a single Gaussian.

Table 1. Kinematic constraints in galaxies with broad Balmer emission lines.

Template name

Lines included Kinematic parameters

Narrow Balmer HS, Hy,HB,Hex V=Vi,0 =0
Broad Balmer Hé, Hy, HB, Ha V=Vy,0 =0,
Narrow forbidden [Om], [N11], [S1] V=Vj3,0=03

Note. Constraints: |V — V3| < 03,02 > o1 + 600 km s

Table 2. Kinematic constraints in galaxies with broad [O11] and broad

Balmer emission lines.

Template name

Lines included

Kinematic parameters

Narrow Balmer
Broad Balmer
Narrow forbidden
Broad [O111]

HS,Hy,HB, He V=Vi,0 =0
HS, Hy,HB, Ha V=Vy,0 =0,
[O ], [N11], [S1] V=Vj3,0=03

[0 11]4960, [O11]5007 V =V4,0 =04

Note. Constraints:| V)

— Vol < 02,00 >0 +600kms™ !, |Vz — V4| < 0s.

MNRAS 524, 5827-5843 (2023)
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Table 3. Kinematic constraints in galaxies with double-peaked narrow lines.

Template name Lines include Kinematic parameters

Narrow Balmer 1 HS,Hy,HB, He V=V,0 =0
Narrow Balmer 2 HS,Hy,HB, He V=Vi,0 =0
Narrow forbidden 1 [O ], [N, [S1] V=Vi3,0=03
Narrow forbidden 2 [O ], [N11], [S1] V=V4,0 =04

Note. Constraints: V| — Vo > 72kms ™}, V3 — V4 > 72 kms~!.
2.1 The MaNGA survey

The MaNGA survey (Bundy et al. 2015) is an IFU survey providing a
three-dimensional view of galaxies. MaNGA data includes a sample
of 10010 high-quality unique galaxy observations with spatially
resolved spectra within the redshift range of 0.01 < z < 0.15 (Wake
et al. 2017). The spaxel size of MaNGA is 0.5 arcsec and the average
G-band point spread function full width at half maximum (FWHM)
throughout the survey is about 2.54 arcsec (Law et al. 2016).

The spectra provided by MaNGA cover a wavelength range of
3600—10300 A at a spectral resolution of & = 72kms~" (Law et al.
2016). Raw spectra are processed by the data reduction pipeline and
products such as stellar continuum and emission line properties are
produced by the DAP (Law et al. 2016; Belfiore et al. 2019; Westfall
et al. 2019).

2.2 Selection based on normalized residual

In total, we have 10010 high-quality unique galaxy observations
from DR17, the final release of MaNGA, with MaNGA DAP outputs.
An empirical way of assessing line detection is using the amplitude
over noise ratio (A/N)jne > 3 acquired from the DAP emission line
modelling procedure (Belfiore et al. 2019). It is safe to remove 293
galaxies with a maximum (A/N)j,e < 3 because there are no emission
line detection in these galaxies. That leaves only 9717 galaxies to
measure the fit quality of the emission line model.

A DAP residual is introduced to represent the fit quality of the
spectrum. The DAP residual is defined as the absolute value of the
difference between the DAP model and the actual flux data:

Residual = |DAPModel — Flux|. )

The residual of a given wavelength is calculated from the median
residual within a range of 420 A around the wavelength. The emis-
sion line residual is normalized by comparing it with the residual
at an adjacent wavelength in the same spectrum without emission
lines. We use the normalized residual of two typical emission lines,
Ho and [O111] 5007, to represent the fit quality of emission lines.
Ho is the strongest emission line in the Balmer series and the
broad He line is the most prominent feature of type-1 AGNs while
[O 1] A5007 is usually a relatively strong forbidden line in 4000—
8000 A with no contamination from other emission lines close to
it. The normalized residual of Ha (6564 A) is calculated through
equation (2) and the normalized residual of [O 111] 25007 is calculated
through equation (3).

Resgses  Median Residuals within (1 + z) x [6544, 6584] A
Resssoo  Median Residuals within (1 4 z) x [6480, 6520] A
Ressoo;  Median Residuals within (1 + z) x [4987, 5027] A
Ressoeo  Median Residuals within (1 4 z) x [5040, 5080] A’

Ideally, we will expect the normalized residual to be roughly 1, or
slightly larger due to the increased photon noise due to the emission,
which means the spectra of the emission lines are as well-fitted as
anywhere else in a spectrum. The galaxies are divided uniformly into

@

3
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20 signal-to-noise ratio (S/N) bins according to their mean G band
weighted signal-to-noise ratio. The middle panel in Fig. 1 shows the
distribution of normalized residual in galaxies with (A/N)y, > 3. The
red dots represent the position of 1¢ cutin each (S/N) bin. A total of 17
per cent of galaxies have a residual ratio above this cut. The ordinate
of each point represents the median (S/N) in its corresponding bin.
The dashed line only represents the division trend. The figure shows
that the 1o residual cuts increase with the increase of (S/N) for S/N
< 40. That is because brighter galaxies with stronger H o emission
have larger (S/N). These galaxies have larger residuals within certain
(S/N) range. The outliers to the right of the red dots are candidates
for searching broad H o and double-peaked narrow line features.

Fig. 2 shows the distribution of normalized residual versus (S/N)
for [O11] A5007 in galaxies with (A/N)y, > 3. The structure and
labels of image is consistent with Fig. 1. It should be noted that the
number of outliers in the [O111] A5007 region is much smaller than
that of the former Ho outliers. That is because only a fraction of
type-1 AGNs shows broad [O 111] feature.

We select the galaxies to the right of the 1o cuts in Figs 1 and 2.
There are 1652 different galaxies. The flowchart in Fig. 3 shows the
number of objects that survived each selection.

3 METHODS

In this section, we show how we fit the multi-Gaussian emission line
features with the help of PPXF software. In Section 3.1, we will first
briefly introduce PPXF. In Section 3.2, we describe the kinematic
constraints on broad and narrow emission lines. In Section 3.3, we
acquire new stellar kinematics in a few galaxies where the DAP
stellar continuum are not accurate due to the pollution of the broad
lines.

3.1 The PPXF software

Our emission line model is based on the latest version' of PPXF
(Cappellari & Emsellem 2004; Cappellari 2017; Cappellari 2022).
This PPXF software pioneered a robust pixel-fitting method, particu-
larly optimized for extracting the kinematics of the stars and gas in
galaxies from integral-field spectroscopic data.

When modelling gas emission lines, PPXF fits the gas emission
lines together with the stellar kinematics. Multiple Gaussian emission
lines can be fitted by passing to the program an arbitrary number of
Gaussian emission line templates. The kinematics of lines can be tied
to each other, or they can be fitted independently. And the relative
fluxes of emission line doublets can be fixed or fitted independently.
Detailed constraints applied in this paper are described in the
following section.

3.2 Kinematic constraints for the gas emission lines

For the 1652 1o outliers identified in Section 2, we opted not to
make the multi-Gaussian fitting too complex and risk losing physical
significance. Therefore, we assumed three multi-Gaussian models,
each of which corresponds to different dynamic processes and is
limited by different kinematic constraints. Specifically, the models
contained either (1) broad Balmer lines, (2) broad Balmer and broad
[O111] lines, or (3) double-peaked narrow lines. We then selected the
best-fitting model for each outlier and obtained the corresponding
line properties.

IPYTHON PPXF package v8.2 from https://pypi.org/project/ppxf/
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Figure 4. Examples of galaxies with broad H « lines. The black spectra are the observed galaxy flux in H « region. The orange spectra are our multi-Gaussian
fit. In the lower half of the picture, the green dots represent the residual of multi-Gaussian fit. Individual Gaussian line fitting is shown in dashed blue lines. The

total flux of gas and stellar are shown in magenta and red lines.

Depending on the presence of broad [O111] doublets, Tables 1,
2, and 3 demonstrates the gas kinetic constraints on emission lines
during our fitting. Lines included in gas kinematic component are
given in the Tables and are fitted with the same velocity and
dispersion. Table 1 shows the kinematic constraints in galaxies with
broad Balmer emission lines including broad Hé, Hy, H 8, and H .
We use three different sets of emission line templates: (i) Narrow
Balmer, (ii) Broad Balmer, and (iii) Narrow forbidden. We use the
‘constr_kinem’ keyword in PPXF to set linear constraints on the
emission line kinematics. We limit the velocity difference of broad
and narrow Balmer lines to be less than broad-line velocity dispersion

to ensure the emission lines are at the corresponding wavelength. And
the velocity dispersion of broad lines should be at least 600 km s
larger than that of narrow lines to separate them apart.

Table 2 shows the kinematic constraints in galaxies with broad
Balmer and broad [O1m] emission. Here, we add an extra broad
[O11] template. While still using the dynamic restrictions on the
broad Balmer lines, we limit the velocity difference of broad and
narrow [O111] lines to be less than broad-line velocity dispersion.
And the velocity dispersion of broad [O1] should be at least
300kms~! larger than that of narrow forbidden lines. Table 3
shows the kinematic constraints in galaxies with double narrow

MNRAS 524, 5827-5843 (2023)
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Figure 5. Examples of galaxies with broad [O1iii] doublets. Correspondence between spectrum and colour is described in Fig. 4.

lines emission. For Balmer lines and forbidden lines, two sets of
templates are given to each set of lines. We limit the velocity
difference of the same lines in different templates to be larger
than three times the velocity dispersion to ensure they are separated
apart.

The possible combination of double-peaked narrow line and broad
line is not included in Tables 1, 2, and 3. We find only one galaxy
with such rare emission line feature. The galaxy is fitted manually
and we will discuss its dynamic features in detail in Section 4.5.

For the majority of galaxies we adopt, the stellar continuum is
provided by DAP. So, we do not fit polynomials with PPXF. In a
few cases, the width of the broad line affects the stellar continuum
fitting of the DAP. These cases are discussed in Section 3.3.

MNRAS 524, 5827-5843 (2023)

Figs 4, 5, and 6, show examples of broad Ha or dual narrow
line fitting. We did not fit for attenuation here. And considering
the time taken, we did not perform a global optimization with
PPXF keyword ‘globel_search’ on every galaxy. However,
we compared the convergence in our fits for broad-line galaxies
with the global optimized fits using ‘globel_search’ and find
little difference between them. Detailed emission line properties and
galaxy information can be found in Appendix A.

3.3 Stellar kinematic of galaxies with very broad emission

The presence of broad emission lines also affects the stellar kinemat-
ics produced by DAP, which masks the emission lines according to
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Figure 6. Examples of galaxies with double-peaked narrow lines. Correspondence between spectrum and colour is described in Fig. 4.

a specific width of 800 km s~' and determines the stellar kinematics
using the rest of the spectrum (Westfall et al. 2019). The width is
insufficient for broad emission lines, especially broad Balmer lines
with typical width of ~1000kms~!. Insufficient masking of the
emission line area leads to inaccurate kinetic properties in some
spaxels.

After examining the broad-line galaxies, those galaxies where
Ha lines width are around 1000kms~' are not much affected
because nearby [N 1] doublets help mask the entire Ha region in
the spectrum. We acquire the new stellar continuum of the galaxies
where broad oy, > 1200kms~! by masking broad-line regions in
spectra. Three examples are shown in Fig. 7.

In the process of fitting the new galaxy continuum, we also
obtain new values for stellar kinematic properties. Only in some
of these galaxies, they are very different from DAP stellar kinematic
properties. Fig. 8 gives an example.

3.4 Fitting result

We create a catalogue containing multi-Gaussian line properties of
MaNGA galaxies derived from PPXF method. Table 4 reports how
we present our results.

Tables 4 and 5 gives 10 example galaxies. The luminosity ratio
is measured using the apparent luminosities of two narrow H,

MNRAS 524, 5827-5843 (2023)
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Figure 7. Example fit to the stellar continuum with PPXF to extract the stellar kinematics (MaNGA-ID: 1-495383, 1-53093, and 1-576315 from top to bottom).
The shaded areas are those that are blocked due to the influence of the broad line. A typical width of broad Balmer lines in these severely affected galaxies is

broad oy ~
[O11] region is masked completely within £6000km s~

1500 kms~!. We masked a 30 range of £4500kms~! around Ha and a 20 range of #3000 kms~! around Hy and H§. Finally, the H 8 and
! around H 8 because this region is heavily contaminated. The black lines are the actual spectra. The

blue lines to the top are the stellar continuum from DAP. The red lines are our new stellar continuum. The unnatural protrusions in H « area disappear. The green

diamond point shows the residuals which exclude the masked emission lines.

components. Using Ly, with larger velocity as numerator divide by
Ly, with smaller velocity as denominator. And AV is the absolute
velocity difference measure from the centre of the velocity. An
entire catalogue can be found in Appendix A (Table 7 & Table
8). Comparing our broad-line galaxies with the previous samples of
type-1 AGNs in Sanchez et al. (2022). We recovered broad lines for

MNRAS 524, 5827-5843 (2023)

104 of the 119 type-1 AGN candidates in Sdnchez et al. (2022), and
we discovered 35 new galaxies with broad emission lines. For the rest
15 examples in Sanchez et al. (2022), we believe that these galaxies
only have narrow lines with relatively larger velocity dispersion
(~250km s~!). We did not find broad Balmer emission lines. They
are actually type-2 AGN candidates misclassified as type-1.
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Figure 8. Comparison of stellar kinematics maps between our fits and DAP. The MaNGA-IDs of the three example galaxies are shown to the left of each row.
Our fits have eliminated the apparently unphysical negative velocities in the broad-line region at the centre of the galaxy (as can be seen from the first two rows)
and corrected the asymmetry in velocity maps due to wrong velocity in centre spaxels influenced by AGNSs (as can be seen from the last row).

Table 4. Example catalogue of five galaxies with broad-line features in MaNGA. A machine-readable version of the full
table is available (see supporting information).

MaNGA-ID RA Dec. 1g L‘;;‘;j‘d Ig UZ‘;’“d lgoe Extra templates
(deg) (deg) (10% ergs™1) (kms~1) (kms~1)

1-382273 118.634242 16.809729 12.91 3.403 2.137 Broad Ho

1-547191 258.118529 35.884086 14.71 3.251 1.954 Broad Balmer

1-300461 137.160233 32.592953 6.31 3.098 2.114 Broad Ho

1-587259 160.228870 5.991890 12.61 2.951 1.964 Broad He, [O111]

1-150947 183.263995 51.648597 47.03 2.958 2.332 Broad He, [O 1]

Note. Column (1) is the MaNGA identification ID. Column (2-3) is the position of the galaxy shown in celestial coordinates.
We use the positions to acquire optical and radio images. Column (4) is the apparent luminosity of the broad H « component.
Column (5) is the flux-weighted velocity dispersion of the broad H @ component. Column (6) is the stellar velocity dispersion
within 1Re corrected by masking the broad-line region in Section 3.2. Column (7) shows the extra templates added when
fitting each galaxy. The label ‘Broad Ha’ means in the broad Balmer set of templates the broad HS, Hy, and Hg
components are all zero or below the noise level. Only broad H « is observable.

4 RESULTS AND DISCUSSIONS

In this section, we will discuss how galaxies with broad emission
lines are characterized based on the emission line properties given
in this paper. In Section 4.1, we will discuss the classification
of broad-line galaxies on Baldwin, Phillips & Terlevich (BPT)
diagrams. In Sections 4.2 and 4.3, we want to study the AGN-galaxy
coevolution through the stellar population of broad-line region
host galaxies and the relation between broad lines’ properties and

the host galaxies’ dynamical properties. In Section 4.4, we show
examples of how the spatial distribution of broad emission lines can
help us find AGN mergers.

4.1 BPT diagrams

For galaxies with broad emission lines, we not only fit the broad
lines but also correct the misfit of the narrow line properties in

MNRAS 524, 5827-5843 (2023)
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Table 5. Example catalogue of five galaxies with double narrow line features in MaNGA. A machine-readable version of the full table

is available (see supporting information).

MaNGA-ID Ra Dec. Luminosity ratio IgAV (kms™")  Igo, (kms~!)  Extra templates
1-114955 332.602 090 11.713077 1.91 2.444 2.433 Dual narrow
1-596678 332.892838 11.795 929 0.53 2.358 2.130 Dual narrow
1-115365 333.483204 13.755396 1.10 2.391 1.982 Dual narrow
1-42007 33.626 933 13.257206 1.61 2.367 2.057 Dual narrow
1-41752 31.953 063 13.609 595 3.01 2.330 2.233 Dual narrow

Note. Column (1) is the MaNGA identification ID. Column (2-3) is the position of the galaxy shown in celestial coordinates. We use the
positions to acquire optical and radio images. Column (4) is the apparent luminosity ratio measured through the double H « components.
Column (5) is the velocity difference between the two narrow components. Column (6) is the stellar velocity dispersion within 1Re.
Column (7) shows the extra templates added when fitting each galaxy. The label ‘Dual narrow’ means adding an extra set of narrow

lines with kinematic constrains from Table 3.

Table 6. Coefficients of the polynomial surface in equation (4). This is
Table 2 of Law et al. (2021).

Cy i=0 1 2
i=0 —0.7362 —0.6464 —1.7567
1 —1.2338 —2.0170 13520
2 —0.3036 0.4533 03177

DAP caused by the broad lines. The relative strengths of differ-
ent narrow lines provide sensitive diagnostics of the properties
of the ionized gas and the astrophysical processes in their host
galaxies.

MaNGA’s observed wavelength range (3600-10300A) cov-
ers all the strong nebular lines used in the standard BPT di-
agram (Baldwin, Phillips & Terlevich 1981) in MaNGA red-
shift range (0.02 < z < 0.15). Based on MaNGA data, Law
et al. (2021) finds that the gas phase velocity dispersion corre-
lates strongly with traditional optical emission line ratios such
as [Sul/Hea, [NI)/Hea, and [OmI)/H B. Henceforth, we adopt the
definition in Law et al. (2021) of some most widely used ratios
such as log([N1] A6585/H ) (hereafter ‘N2’), log([SU]A6718 +
6732/Ha) (hereafter ‘S2’), and log([Om]A5008/Ha) (here-
after ‘R3’). The corresponding relation that separates the
cold-disc sequence from the warm-disc sequence takes the
form:

2
N2 = Z
i=0

where Cys are the coefficients shown in Table 6.
An edge-on projection of the interface is shown under coordinates
P1, P2 where (Law et al. 2021; equation 12—13).

2
C;;jS2'R3/, 4)
j=0

J

P1=0.77N2+0.54 52 + 0.33 R3. (5)

P2 =-057N2+0.82852. 6)

In Fig. 9, we illustrate the types of ionization structures observed
in MaNGA galaxies and our classification scheme. The galaxy in
Fig. 9(a) (MaNGA-ID: 1-523004) is a typical star-forming galaxy
with broad H « emission. Star-forming spaxels dominate the broad-
line region around its galactic nucleus.

The galaxies in Figs 9(b) and (c) are classified as AGN with broad
H o emission. AGN spaxels dominate the broad-line region. Then we
put spaxels that are classified as AGN in the S2 versus R3 diagram
and separate LINERs from Seyfert AGNs.

MNRAS 524, 5827-5843 (2023)

4.2 Stellar population of AGNs

One popular method to study the AGN-galaxy coevolution is via
examining the stellar population of AGN host galaxies. Figs 10
and 11 show the distribution of mass, effective radius, age, and
metallicity of broad H o galaxies classified into different categories
by BPT diagram. The coloured dots in the background represent
the distribution of all other MANGA galaxies under the same set of
physical parameters. The stellar population properties used in this
work is from Lu et al. (2023), which applies the PPXF (Cappellari
2022) on the full sample in MaNGA project and derives their both
global and spatially resolved stellar population properties (including
stellar mass, metallicity, and age). The stellar masses used here are
calculated within the elliptical half-light isophotes, taken from the
catalogue of Lu et al. (2023) under the keyword ‘Mstar_Re’. The
ages and metallicities are the SDSS r-band (Stoughton et al. 2002)
luminosity-weighted average value within the half-light isophote
under keyword ‘LW_Age Re’ and ‘LW_Metal_Re’. The stellar
velocity dispersions within 1Re come from DAPall file (Westfall et al.
2019) and the effective radius (Re) are half-light radius provided by
the NSA catalogue. The NSA catalogue is an extension of the NASA-
Sloan Atlas (NSA)? toward higher redshift (z < 0.15) and includes
an elliptical Petrosian analysis of the surface-brightness distributions
(Blanton et al. 2011).

According to Fig. 10, AGN and star-forming triggered broad-line
galaxies are scattered around the middle of the image. The host
galaxies of LINER tend to have larger o. and more than half of them
lie in the region of the elliptical galaxies to the upper right of the
figure. This is consistent with the morphology observed from the
images.

Fig. 11 shows that the star-forming galaxies are relatively young
and LINER galaxies are old. The old ages of LINERS is consistent
with previous studies who concluded that LINER emission is due
to ionization by evolved stars (Sarzi et al. 2010; Yan & Blanton
2012; Belfiore et al. 2016; Sanchez et al. 2021). Compared with the
number density of MANGA galaxies, the distribution of AGN host
galaxies are not concentrated in the upper-right region. Instead, they
show a slightly scattered distribution in the middle. The AGN host
galaxies occupy a large range of ages from old to young galaxies
and they preferentially lie around intermediate ages. The finding
corroborate previous results in Herndn-Caballero et al. (2014) and
Georgantopoulos et al. (2023). The relatively young age of AGN
host galaxies hints at the presence of a significant younger stellar
population (Kauffmann et al. 2003; Sanchez et al. 2004) that is

M. Blanton; www.nsatlas.org
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Figure 9. Examples of the different ionization levels in broad-line galaxies. The first column is the galaxy images with MaNGA-ID labelled below. The second
column is the classification based on equation (4). Each dot represents a single spaxel and the colour is based on its distance to lo line. The two solid black
lines are the 1o and 3o limits of the AGN versus star-forming separation by Law et al. (2021; fig. 15). The third column is a map of the galaxy colour-coded
according to the position of individual regions with the same colour-coding as in the second column. Broad-line areas are marked on the map as contours. The
outermost contour represents all spaxels with broad H «. The innermost contour represents the position of the spaxel with the brightest broad H . The contour
in the middle represents the half maximum flux of the broad H «w. The fourth column separate LINERs (red open circles) from Seyfert AGNs (red filled squares).

consistent with the result through colour analyses (e.g. Schawinski
et al. 2014; Zhang et al. 2016).

Sanchez et al. (2021) described in detail the classification criterion
for different sources of ionization using traditional BPT diagrams as
well as the equivalent width of Ho and the spatial distribution of
line ratios. An AGN ionized region is characterized by its emission
line ratios well above the Kewley et al. (2001) demarcation lines and
EW(H «) larger than 3 A. They present a decrease of the considered
line ratios with respect to the central values in the galaxy and show
a steep decline in the flux intensity (Sdnchez 2020; Sanchez et al.
2021). In most of our broad-line galaxies, broad-line regions largely
coincide with AGN ionized regions. To further understand the role of
the broad line in AGN ionized region, Fig. 12 shows the distribution
of broad-line type-1 AGNs and narrow-line seyfert-2 host galaxies on
the age—metallicity diagram. Due to the fact that AGN ionized region
is mostly concentrated in the central regions (eg. Husemann et al.
2010, 2014; Sanchez 2020) the seyfert-2 host galaxies are classified
by applying the standard BPT diagram on the centre spaxel and
obtaining the ‘seyfert’ classifications without broad lines as a
first order approximation. Our work indicates that the host galaxy

of type-1 AGNs are slightly younger than seyfert-2 galaxies. Their
metallicity distribution follows the same trend. Georgantopoulos
et al. (2023) recently explored the properties of the host galaxies
of X-ray selected AGN in the COSMOS field using the Chandra
Legacy sample and the LEGA-C survey VLT optical spectra. They
measured the ages of different types of AGNs through D,4000. Our
finding is consistent with their result.

4.3 Testing the Mgy—o . relation in type-1 AGNs

Another way to study the AGN-galaxy coevolution is to con-
nect broad lines’ properties to the galaxies’ dynamical properties.
Greene & Ho (2005) suggested that the velocity dispersion and lumi-
nosity of broad lines have a strong correlation with black hole mass in
active galactic nuclei. Meanwhile, the black hole mass is related to the
stellar velocity dispersion within the effective radius (o). Previously,
the Mgy—o . relation (Ferrarese & Merritt 2000; Gebhardt et al. 2000)
has been parameterized as a power-law function (Mpy o o) (e.g.
Beifiori et al. 2012; Kormendy & Ho 2013; McConnell & Ma 2013;

MNRAS 524, 5827-5843 (2023)
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Figure 11. The distribution of age versus metallicity of broad H« galaxies.
The colours and symbols are described in Fig. 10.

Woo etal. 2015; Caglar et al. 2020), where o was found to be between
3 and 6.

For type-1 AGN with broad H « lines, we used the prescription of
Greene & Ho (2005; equation 6):

LbroadHa )0-55 (FWHM(Hoz))Z-06

—_— 7
10*2ergs! 1000 km s—! ™

MBH=2><106<

where FWHM(H ) is calculated from the flux weighted average
of broad Ha velocity dispersion in different spaxels. Notice that
FWHM(H «) = 04/41In(4). Section 3 provides the apparent lumi-
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Figure 13. The Mpy—o. relation in MaNGA type-1 AGNs. The blue dots
are Mgy and o, of type-1 AGN with error bar. The dashed red lines represent
the 1o (68 percent) and 2.60 (99 per cent) error range of the linear fit. The
green dot is not included as it falls outside the range of fitting error. The fitting
result is represented by the solid black line, while the fitting parameters, the
Spearman—Pearson correlation value, and the probability of no correlation
are displayed in the upper left corner of the figure.

nosity of the broad He line. The attenuation-corrected H o flux is
obtained through equation (8):

0.4A
Lbroad Ha,corr = LbroadHa 10 Hee (3

where Ay, = 3.33 E(B — V) according to Dominguez et al. (2013;
equations 1 and 6).

We measure E(B—V) from the Balmer decrement (Dominguez
et al. 2013; equation 4):

©))

E(B—V)=1.97 log [W] )

2.86
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Figure 14. Image and emission line fitting result for dual AGN candidates
(MaNGA-ID: 1-382273). The upper left-hand panel is the galaxy image from
MaNGA. The upper right-hand panel shows the radio image from the FIRST
radio survey (Becker et al. 1995). We can see a clear bimodal feature. Redshift
and separation measured from flux centre is labelled on the radio image. The
two images below show He fitting at the centres. The green dots represent
the residual of multi-Gaussian fit.
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Figure 15. Image and emission line fitting result for dual AGN candidates
(MaNGA-ID: 1-585513). The symbols are the same as in Fig. 14.
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Figure 16. Image and emission line fitting result for dual AGN candidates
(MaNGA-ID: 1-244377). The upper left-hand panel is the galaxy image from
MaNGA. The upper right-hand panel is the map of broad H « flux. The two
galaxies are too close to be separated on the radio map. The two images below
shows H « fitting at the centres.

In Fig. 13, we test the Mpy-o. relation in our type-1 AGN
catalogue. For the fit we used the 1ts_linefit procedure® by
Cappellari et al. (2013a) which combines the Least Trimmed Squares
robust technique by Rousseeuw & Van Driessen (2006) into a least-
squares fitting algorithm. The procedure allows for errors in both
variables and intrinsic scatter. We present our result in equation (10):

M
log ( MBH) = (8.16 + 0.12) + (3.43 £ 0.43) log (

o )
° 200kms=!/ "

(10)

Our result matches with the recent Mpy—o. relation in equa-
tion (11) given by Caglar et al. (2020; equation 14):

M,
log ( MB“) = (8.14 £ 0.20) + (3.38 + 0.65) log (

e )
o 200kms=!/ "

an

And the slope of our result is within the allowable range of Woo
et al. (2015) (3.97 &+ 0.56).

4.4 Discovery of dual AGNs

The multiple supermassive black holes are expected to exist inside
many galaxies due to the previous merging events. They can be
revealed by the detection of the coexistence of two active galactic
nuclei in the merging system of galaxies (Mannucci et al. 2022).
Recently, Herndndez-Toledo et al. (2023) studied the incidence of
major mergers and their impact on the triggering of AGN activities
using MaNGA DR15 sample. Building a large sample of local dual
AGNSs amongst merging galaxies helps understand how the merging

3 Available from https://pypi.org/project/ltsfit/
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Figure 17. The case where broad H « and double narrow line features occur simultaneously. The MaNGA-ID of the object is 1-150947. The panels on the four
corners represent the H o spectra at different locations of the galaxy. The central box is its optical image. The panel on top of the optical image is the map of
relative broad H o flux and the panel at the bottom is the map of broad H« velocity. The panels to the left and right are the narrow-line velocity maps of the

central and satellite galaxy.

process of some galaxies excite galactic nuclei and convert them into
AGN (Capelo et al. 2017; Chen et al. 2022).

The currently largest catalogue of 36 dual AGNs (including 31 new
findings and five previous cases) comes from Zhang et al. (2021a, b).
Such events are hard to identify and require high spatial resolution
data to determine the presence of two AGNs in a galaxy rather
than one large-scale AGN. We use a combination of broad H « flux
map and radio map from the VLA FIRST survey (Becker, White &
Helfand 1995) to confirm our detection of dual AGNs in MaNGA.

MNRAS 524, 5827-5843 (2023)

In Figs 14 and 15, we present two dual AGN mergers with clear
bimodal radio features. In Fig. 16, we present a dual AGN candidate
where the two galaxies are too close to be separated on the radio
map. But there is a clear bimodal feature on the broad H o flux map.

Detection of such dual AGN events will help us to further
understand the role of active galactic nuclei in galaxy evolution. In
future work, it is possible to further investigate what kind of galactic
nuclei will be excited as AGNs in mergers and how dual AGNs can
form in the future.
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4.5 A combination of broad H « and double narrow lines

In Section 3, we use different templates to fit different multi-Gaussian
features. We usually assume broad lines and double narrow lines are
caused by different mechanisms. So we did not discuss the cases
where they occur simultaneously. To the bottom right of Figs 1 and
2, we still notice such feature in the spectrum of a merger sample
shown in Fig. 17.

According to the velocity maps of the central and satellite galaxy,
the velocity at the satellite galaxy centre is 420kms~' larger than
that of the central galaxy. The broad H« velocity map shows that
the broad Ha velocity in region where broad Ha and double
narrow line features occur simultaneously (red region on optical
image) follows the velocity of the satellite galaxy. This suggests
that the broad lines in the region and the central broad lines
(green region) may come from different physical processes. One
possible explanation is that in the overlapping area, there are three
separated gas region along line of sight. One comes from the satellite
galaxy and produces the narrow-line set with larger velocity. One
comes from the central galaxy and produces the narrow-line set
with lower velocity. And a region between them dominated by
shock waves triggered by merging. But there is a possibility of a
wandering black hole accreting in the overlapping region. This needs
to be tested with higher resolution X-ray or radio images in future
work.

5 SUMMARY

We have carried a systematic search for broad H o and double-peaked
narrow emission line features in the full MaNGA sample. Galaxies
with Ho amplitude over noise ratio in larger than three are divided
uniformly according to their mean G-band weighted signal-to-noise
ratios. We identified 188 galaxies where single Gaussian emission
line fits fail among 1o outliers in each bin. There are 38 galaxies
with broad Ho and [O 1] A5007 lines, 101 galaxies with broad
Ha lines but no broad [O11] A5007 lines, and 49 galaxies with
double-peaked narrow emission lines. New emission line properties
(including velocities, velocity dispersions, flux) are obtained by
fitting multi-Gaussian templates in PPXF (Cappellari 2022) with
kinematic constraints on broad and narrow components. The galaxies
with broad emission lines are classified into three categories: central
star-forming, central AGN, and diffuse central LINER according to
their BPT diagram.

The catalogue helps us further understand the AGN-galaxy co-
evolution through the stellar population of broad-line region host
galaxies and connecting broad lines’ properties to the host galaxies’
dynamical properties. Type-1 AGN occupy the full range of ages
from old systems to young galaxies. The star-forming galaxies are
relatively young and LINER galaxies are usually old. Our work
indicates that the host galaxy of type-1 AGNs are slightly younger
than seyfert-2 galaxies while their metallicity distribution follows
the same trend. This is consistent with results recently reported in
Georgantopoulos et al. (2023).

We estimate the masses of black hole in type-1 AGN through
broad Ho width and luminosity based on the formula given by
Greene & Ho (2005). Using the o from DAP, we obtain our Mpy—
o. relation for type-1 AGN in equation (10). Finally, we discover
three dual AGN candidates in mergers in Section 4.4 and present one
possible candidate for a wandering black hole in Section 4.5. This
sample may be useful for further studies on AGN activities, feedback
processes, and their connections to stellar populations and dynamical
properties.
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Table Al. The complete catalogue of galaxies with broad-line features in MaNGA.

MaNGA-ID RA Dec. Ig Ll};‘;ad Ig a}}rgad Igoe Extra templates
(deg) (deg) (10% ergs™h) (kms~) (kms™")
1-382273 118.634 242 16.809 729 12.91 3.403 2.137 Broad Ha
1-547191 258.118 529 35.884 086 14.71 3.251 1.954 Broad Balmer
1-300461 137.160 233 32.592953 6.31 3.098 2.114 Broad Ha
1-587259 160.228 870 5.991 890 12.61 2.951 1.964 Broad He, [O111]
1-150947 183.263 995 51.648 597 47.03 2.958 2.332 Broad He, [O111]
1-60653 150.529 327 3.057 686 6.43 3.270 1.996 Broad Ha
1-78719 151.006 758 4.051176 4.02 2.843 1.785 Broad Ha
1-3050 160.143 696 0.817429 11.29 3.364 2.137 Broad Ha
1-181172 140.011912 5.735586 2.21 2.928 2.045 Broad Ha
1-180998 141915721 5.053476 38.26 2.981 2.143 Broad Ha, [O111]

Note. Column (1) is the MaNGA identification ID. Column (2-3) is the position of the galaxy shown in celestial coordinates. We use the positions to acquire
optical and radio images. Column (4) is the apparent luminosity ratio measured through the double H components. Column (5) is the velocity difference
between the two narrow components. Column (6) is the stellar velocity dispersion within 1Re corrected by masking the broad-line region in Section 3.2. Column
(7) shows the extra templates added when fitting each galaxy. The label ‘Broad Ha’ means in the broad Balmer set of templates the broad H4, Hy, and HB
components are all zero or below the noise level. Only broad H « is observable.

Table A2. The complete catalogue of galaxies with double narrow line features in MaNGA.

MaNGA-ID Ra Dec. Luminosity ratio Ig AV (km g1 ) lgo, (km s’l) Extra templates
1-114955 332.602090 11.713077 1.91 2.444 2.433 Dual narrow
1-596678 332.892838 11.795929 0.53 2.358 2.130 Dual narrow
1-115365 333.483204 13.755396 1.10 2.391 1.982 Dual narrow
1-42007 33.626933 13.257206 1.61 2.367 2.057 Dual narrow
1-41752 31.953063 13.609595 3.01 2.330 2.233 Dual narrow
1-574402 115.368720 44.408794 0.62 2.408 2.130 Dual narrow
1-339094 117.472421 45.248483 0.64 2.408 2.025 Dual narrow
1-556501 117.045741 28.230275 0.71 2.439 2.170 Dual narrow
1-460840 126.898019 17.918509 1.25 2.391 2.124 Dual narrow
1-278057 166.767439 45.822139 0.48 2.371 2.127 Dual narrow

Note. Column (1) is the MaNGA identification ID. Column (2-3) is the position of the galaxy shown in celestial coordinates. We use the positions to acquire
optical and radio images. Column (4) is the apparent luminosity ratio measured through the double Ho components. Column (5) is the velocity difference
between the two narrow components. Column (6) is the stellar velocity dispersion within 1Re. Column (7) shows the extra templates added when fitting each
galaxy. The label ‘Dual narrow’ means adding an extra set of narrow lines with kinematic constrains from Table 3.
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