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ABSTRACT

We study the spatially resolved star formation, gas ionization, and outflow properties of 1813 active galactic nuclei (AGNs)
from the MaNGA survey, which we classify into infrared (IR), broad-line (BL), narrow-line (NL), and radio (RD) AGNs
based on their mid-infrared colours, optical spectra, and/or radio photometry. We also provide estimations of AGN power
at different wavelengths. AGN incidence is found to increase with stellar mass following a power law, with the high-
mass end dominated by RDAGNs and the low-mass end dominated by NLAGNs. Compared to their mass-matched non-
AGN counterparts, we find that IRAGNs, BLAGNs, and NLAGNs on average show enhanced specific star formation rates,
younger stellar populations, and harder ionization towards the centre. RDAGNS, in contrast, show radial profiles similar
to quiescent galaxies. [O 111] outflows are more common and stronger in BL/TRAGNs, while RDAGNs on average show
no outflow features. The outflow incidence increases with [O 111] luminosity, and the features in BL/IRAGNs on average
extend to ~2 kpc from the nuclei. We further discuss a possible evolutionary sequence of AGNs and their host galaxies,
where AGNs with strong emission lines or dust tori are present in star-forming galaxies. Later, young compact radio jets
emerge, the host galaxies gradually quench, and the AGN hosts eventually evolve into globally quiescent systems with

larger radio jets that prevent further gas cooling.

Key words: galaxies: active — galaxies: evolution - galaxies: star formation.

1 INTRODUCTION

Despite the significant difference in physical scales between
galaxies and their central supermassive black holes (SMBHs), the
masses of SMBHs are found to correlate tightly with the stellar
masses of their host galaxies or bulges (e.g. J. Magorrian et al.
1998; N. J. McConnell & C.-P. Ma 2013; A. E. Reines & M. Volon-
teri 2015, and references therein). This suggests a co-evolution
scenario between SMBHs and their host galaxies, in which the
growth of SMBHs and the mass assembly of galaxies are closely
linked through cosmic time, with similar merger and accretion
histories expected for both (e.g. J. Kormendy & L. C. Ho 2013).
Observationally, SMBHs that are actively accreting are known
as active galactic nuclei (AGNs). On average, the accretion rate
density of AGNs and the star formation rate density of galaxies
are found to be similar across cosmic time (see P. Madau & M.
Dickinson 2014, for a review), which strongly supports the idea
that there are mechanisms linking the growth of SMBHs and
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their host galaxies. However, the physical processes that drive this
co-evolution are still not fully understood.

To reproduce the observed galaxy mass function in cosmolog-
ical simulations, specifically the upper limit on galaxy masses,
most galaxy evolution models require AGNs to inject energy
into the gas surrounding their host galaxies and to suppress star
formation (e.g. C. M. Harrison 2017, and references therein).
This process, known as AGN feedback, can also explain the co-
evolution of SMBHs and galaxies. Many simulations have shown
that strong AGN activity can simultaneously regulate star forma-
tion and black hole growth by fuelling, heating, or expelling gas
(e.g. T. Di Matteo, V. Springel & L. Hernquist 2005; V. Springel, T.
Di Matteo & L. Hernquist 2005; P. F. Hopkins et al. 2006).

In observations, direct evidence of AGN feedback has been
found in the form of AGN-driven outflows (e.g. T. M. Heckman,
L. Armus & G. K. Miley 1990; D. M. Alexander et al. 2010; C.
M. Harrison et al. 2014; M. V. Zanchettin et al. 2025) and AGN-
heated hot bubbles in cool-core galaxy clusters (see A. C. Fabian
2012; M. J. Hardcastle & J. H. Croston 2020, for a review). How-
ever, most of this direct evidence is only found in the most lumi-
nous or massive AGNs. For the majority of the AGN population
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with moderate and low luminosities, only indirect evidence is
found, typically from comparisons with normal galaxies. Exam-
ples of such indirect evidence include lower cold gas fractions in
AGN hosts (e.g. T. Wang et al. 2024), disturbed gas kinematics
(e.g. J. R. Mullaney et al. 2013), and higher excitation ionized gas
(e.g. G. Kauffmann 2018).

AGN samples can be strongly affected by selection biases, es-
pecially when selection is carried out at only one wavelength or
using only one technique. A unified model of the internal struc-
ture of AGNs and their accretion processes was proposed decades
ago to explain the various observed AGN types (e.g. R. Antonucci
1993), attributing them to different viewing angles towards the
same intrinsic structure. However, this model struggles to explain
the diversity found in large AGN samples with multi-wavelength
observations (e.g. P. Padovani et al. 2017; L. Klindt et al. 2019).
The AGN populations selected at different wavelengths are often
found to have different host galaxy properties (see T. M. Heckman
& P. N. Best 2014, for a review).

How AGN properties at different wavelengths connect with
host galaxy evolution is still an open question. In recent years,
a growing body of theoretical work has suggested that the AGN
feedback model and black hole accretion processes can be de-
scribed by a two-mode scenario: the radiative mode and the ki-
netic mode (e.g. D. Sijacki et al. 2007; T. M. Heckman & P. N.
Best 2014). Radiative-mode AGNs are characterized by high Ed-
dington ratios, strong radiative winds, and gas-rich environments
(e.g. T. Di Matteo et al. 2005), and are powered by a radiatively
efficient accretion disc (e.g. N. . Shakura & R. A. Sunyaev 1973).
In observations, these AGNs are often identified at X-ray, optical,
and infrared wavelengths through their luminous accretion discs,
broad and narrow emission line regions, and the dusty torus. A
subsample of them is also found to host a radio jet (e.g. radio-
loud quasar, H. Gaur et al. 2019), Their host galaxies are often
found to have strong star formation activity (e.g. Y. S. Dai et al.
2018; M.-Y. Zhuang, L. C. Ho & J. Shangguan 2021). Kinetic-mode
AGNs are characterized by low Eddington ratios, powerful radio
jets, and gas-poor environments (e.g. E. Churazov et al. 2005),
and are powered by a radiatively inefficient accretion flow (e.g. R.
Narayan & I. Yi 1995). Observationally, these AGNs are typically
identified at radio wavelengths due to their strong and large-scale
radio jets (sometimes appearing as giant radio galaxies), and their
host galaxies are often found to be quiescent, having quenched
their star formation long ago (e.g. P. N. Best et al. 2005; P. N. Best &
T. M. Heckman 2012; G. Jin et al. 2025). In simulations, radiative-
mode AGNs typically heat the surrounding gas, while kinetic-
mode AGNSs inject energy through shocks into their host galaxies
(e.g.- R. Weinberger et al. 2017), though the detailed impact of
different AGN feedback modes depends on the accretion model
and the gas environment of the host galaxy.

A number of observational studies have gone one step further
and suggested that these two modes may be linked by an evo-
lutionary sequence. Dust-reddened or infrared-bright quasars,
typically associated with gas-rich, merger-driven systems, exhibit
both active star formation and powerful radiatively driven winds.
These characteristics suggest they represent a transitional phase
bridging heavily obscured growth and unobscured blue quasars
(e.g. M. Banerji et al. 2012; E. Glikman et al. 2012; L. Klindt et al.
2019). At later times, as gas and dust are depleted or expelled,
the AGN is expected to evolve towards a lower-Eddington, jet-
dominated phase in which kinetic feedback from radio jets helps
to maintain quiescence in massive galaxies and clusters (e.g. P.
N. Best & T. M. Heckman 2012; A. C. Fabian 2012). Together,

MNRAS 546, 1-18 (2026)

these works outline a phenomenological picture in which ob-
scured, radiative-mode AGNSs, unobscured quasars, and radio-
mode systems represent different stages in the co-evolution of
black holes and their hosts. However, most such studies focus
on luminous quasars at intermediate and high redshift, and are
based on integrated host properties rather than spatially resolved
information in typical, low-redshift galaxies.

Most of the observed scaling relations between SMBHs and
their host galaxies mentioned previously, as well as evidence
for AGN feedback, are derived from global galaxy properties.
However, recent large integral field unit (IFU) surveys, such as
MaNGA (Mapping nearby Galaxies at Apache Point Observa-
tory, K. Bundy et al. 2015), CALIFA (Calar Alto Legacy Integral
Field Area survey, S. F. Sinchez et al. 2012), and SAMI (Sydney-
AAO Multi-object Integral-field spectrograph, J. J. Bryant et al.
2015), have shown that the evolution of galaxies can better be
understood if physical properties are resolved spatially (e.g. F.
Belfiore et al. 2018). Local massive galaxies (M, > 10°M) are
found to grow their stellar mass inside-out on average (e.g. K.
Rowlands et al. 2018). This raises several key questions: How
are the AGN-galaxy scaling relations and the AGN feedback phe-
nomenon manifested at different galactocentric radii? What is the
typical scale over which AGNSs affect their host galaxies? Do these
scales differ for AGNs selected at different wavelengths or using
different techniques?

MaNGA, as the largest completed IFU survey, is ideal for in-
vestigating these questions. It provides spatially resolved spectra
for a sample of ~10000 galaxies (K. Bundy et al. 2015) with a
wide range of stellar masses (10° — 10'2Mg,, D. A. Wake et al.
2017). The IFU data can resolve star formation and gas ionization
properties on kpc scales and out to at least 1.5 effective radii (R,)
for most galaxies. Together with photometric data from large sky
surveys at other wavelengths, we can robustly classify AGNs into
different populations and study their host galaxy properties in a
spatially resolved manner. This combination is particularly well
suited to test, in the local Universe, whether radiative-mode and
kinetic-mode AGNs can be arranged along a coherent evolution-
ary sequence that is reflected in the spatially resolved properties
of their hosts. Multi-wavelength selection within the MaNGA
sample allows us to identify infrared, broad-line, narrow-line,
and radio AGNs, which are commonly associated with the dusty
torus, broad-line region, narrow-line region, and radio jets, re-
spectively. By combining these classifications with MaNGA IFU
data, we can trace how star formation, stellar age, ionization state,
and ionized outflows vary as a function of radius for each AGN
class, and compare them to carefully mass-matched non-AGN
controls. In this way, we can extend the red-blue quasar evolution
scenario proposed in L. Klindt et al. (2019) to a larger, lower
luminosity population of low-redshift AGNs, and ask whether the
transition from radiative to kinetic dominance is accompanied by
systematic, kpc-scale changes in their host galaxies.

J. M. Comerford et al. (2020) analysed a multi-wavelength AGN
catalogue (X-ray, infrared, and radio AGNs) for ~60 per cent of
the full MaNGA sample. This work demonstrated the potential
of combining MaNGA IFU data with multi-wavelength AGN
selection. In practice, the IR and X-ray AGN samples were too
small to yield statistically robust results, so the comparisons were
restricted to radio (1.4 GHz) and optical emission line samples.
Since then, the LOFAR Two-metre Sky Survey (LoTSS, T. W.
Shimwell et al. 2017, 2022) has provided a significant improve-
ment in radio data. The LoTSS survey is one to two orders of
magnitude deeper than previous large sky radio surveys, doubling
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the number of radio detections for the MaNGA galaxies (G. Jin
et al. 2025). We will use the latest data release of the LoTSS survey
(LoTSS DR3, Shimwell et al., unpublished data), which will cover
almost the entire MaNGA sample, allowing us to complete the
radio view of the MaNGA AGNSs.

In summary, we have IFU data from MaNGA to classify broad-
and narrow-line AGNs based on their emission line widths and
ratios (e.g. X. Ji & R. Yan 2020). We have mid-infrared (mid-IR)
photometry from the Wide-field Infrared Survey Explorer (WISE,
E. L. Wright et al. 2010) to select infrared AGNs based on their
mid-infrared colours (e.g. A. Pai, M. R. Blanton & J. Moustakas
2024). We also have deep radio photometry at 144 MHz from
LoTSS DR3 to identify radio AGNs based on their excess radio
emission (e.g. G.Jin et al. 2025). In addition to AGN classification,
we can also use these high-quality data to estimate the luminosity
of (or upper limits on the luminosity) of different AGN structures
such as the jet or dusty torus. For example, the broad-line region
(BLR) power can be traced by the broad component of the Balmer
emission lines; the narrow-line region (NLR) power can be traced
by high-ionization emission lines such as [O I11]A5008; the torus
power can be estimated from spectral energy distribution (SED)
fitting of photometry from the ultraviolet (UV) to the infrared
(IR); and the jet power can be estimated from the excess radio
luminosity at 144 MHz compared to the radio-SFR relation (e.g.
G. Jin et al. 2025). By combining these data with the IFU informa-
tion of the host galaxies, we can investigate global and spatially
resolved star formation, gas ionization, and outflow properties.
Finally, using the spatially resolved velocity dispersion as a proxy
for SMBH mass, we can test the SMBH-galaxy co-evolution sce-
narios in a spatially resolved manner.

The paper is structured as follows: In Section 2, we introduce
the sample selection, observational data, and the calculation of
physical parameters. In Section 3, we describe the classification
criteria of different AGN populations and the estimation of AGN
luminosities at different wavelengths. In Section 4, we compare
the global and radial gradients of star formation, gas ionization,
and outflow properties among different AGN populations and
with their mass-matched non-AGN counterparts. In Section 5, we
discuss how to interpret our classifications and results in the con-
text of an evolutionary sequence of AGNs and their host galaxies.
Finally, we summarize our main conclusions in Section 6.

Throughout this paper, we convert all radio luminosities to
rest-frame 144 MHz assuming a radio spectral index « = —0.7
(. J. Condon, W. D. Cotton & J. J. Broderick 2002), defined such
that L,, /L,, = (v1/v,)*. We adopt a flat cosmology with H, =
70kms~! Mpc~!, Q,, = 0.3,and Q, = 0.7. All stellar masses and
star formation rates are based on the Chabrier initial mass func-
tion (IMF, G. Chabrier 2003). When comparing literature results
based on different IMFs, we follow P. Madau & M. Dickinson
(2014) and use the conversion factors (for both stellar masses and
star formation rates): Salpeter : Kroupa : Chabrier =1:0.67: 0.63.
Throughout this paper, optical magnitudes are reported in the AB
system, while infrared magnitudes from WISE are given in the
Vega system.

2 SAMPLE AND DATA

2.1 Parent sample selection

To classify different AGN populations and study their spatially re-
solved properties, we require a large sample of galaxies with both
IFU data and photometric data from large sky surveys at optical,
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mid-infrared, and radio wavelengths. In addition, we must take
into account the depth of each survey to address selection effects
and ensure that the distribution of AGN luminosity in host galax-
ies of different stellar masses is not biased by incompleteness.

MaNGA is the largest IFU survey to date, which provides spa-
tially resolved spectra for more than 10000 nearby galaxies (K.
Bundy et al. 2015). We start with the full MaNGA sample as our
parent sample, which is designed to achieve a flat mass distribu-
tion in the range of 9.5 < log(M, /M) < 11.5. This means that
massive galaxies are oversampled. To enable correction of this
sample to a volume-limited one, a volume weight is provided
for each galaxy (D. A. Wake et al. 2017). The resulting sample is
divided into the Primary+ and Secondary samples, for which the
IFU covers at least 1.5 and 2.5 effective radii (R.) of the galax-
ies, respectively. Elliptical-Petrosian photometric measurements
spanning from the ultraviolet (UV) to optical wavelengths are
available for each MaNGA galaxy (M. R. Blanton et al. 2011).

For the selection of infrared AGNs (IRAGNSs), we require mid-
infrared photometry. The WISE mission provides all-sky imaging
in four mid-infrared bands, among which the W1 and W2 bands
are most useful for IRAGN selection at low redshift (E. L. Wright
et al. 2010). MaNGA galaxies are selected to have an r-band mag-
nitude brighter than 17 (D. A. Wake et al. 2017). Assuming a
colour index of r-W1> 3 for normal galaxies (e.g. S. M. LaMassa
et al. 2016), the majority of the MaNGA sample is expected to
be well-detected in the W1 and W2 bands (limiting magnitudes
~ 19, R. M. Cutri et al. 2013).

For the classification of radio AGNs (RDAGNSs), we use the lat-
est LoTSS DR3 data, which provides deep radio imaging for most
of the northern sky at 144 MHz. LoTSS DR3 has a median sen-
sitivity of 112 uJy beam~! and a resolution of 6 arcsec (Shimwell
etal., submitted), enabling the detection of luminous radio AGNs
and star-forming galaxies, and also providing meaningful upper
limits on radio luminosities for non-detections.

We require the final sample to be detected in the W2 band (S/N
> 3) for robust IRAGN selection. Galaxies are also required to be
within the LoTSS DR3 sky coverage for RDAGN classification. We
also exclude galaxies at z < 0.01 to avoid cases where the MaNGA
IFU spatial coverage may be insufficient for our analysis.

After applying the volume weights, our sample recovers the
galaxy stellar mass function of the local Universe (I. K. Baldry,
K. Glazebrook & S. P. Driver 2008) for M, > 10°'M, as shown
in Fig. 1. Therefore, we apply an additional mass cut at 10°!'Mg
to ensure mass completeness. The final parent sample contains
9222 unique galaxies, which have photometric information at UV,
optical, mid-infrared, and radio wavelengths, as well as IFU data
from MaNGA.

2.2 Observational data

The IFU data products used in this paper are provided by the
survey-led data analysis pipeline MaNGA DAP (F. Belfiore et al.
2019; K. B. Westfall et al. 2019), published as part of the SDSS
DR17 (Abdurro’uf et al. 2022). We derive the spatially resolved
spectra and spectral properties from the LOGCUBE-SPX and
MAPS - SPX files, respectively. LOGCUBE - SPX files provide spec-
tra covering the 360-1030 nm range for each spaxel (N. Drory
et al. 2015). MAPS-SPX files provide the properties of emission
lines and spectral indices. These spaxel-by-spaxel data, without
binning, preserve the original high spatial resolution (pixel scale
of 0.5”), and are thus suitable for our stacking analysis.
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Figure 1. The galaxy stellar mass function of our parent sample (blue),
recovered using volume weights. The red line shows the mass function of
the full MaNGA Primary+ and Secondary sample. Our sample follows a
mass function similar to that derived from the low-redshift SDSS sample
(I. K. Baldry et al. 2008), and is thus mass-complete at M, >~ 10°M,.

UV and optical photometry for our sample are taken directly
from MaNGA'’s parent catalogue, the NASA-Sloan-Atlas (NSA;
M. R. Blanton et al. 2011; D. A. Wake et al. 2017). Each MaNGA
galaxy has elliptical Petrosian aperture photometry measure-
ments in the GALEX FUV and NUV bands (D. C. Martin et al.
2005), as well as the SDSS ugriz bands (M. Fukugita et al.
1996).

For mid-IR photometry, we match the MaNGA galaxies to
the DESI Legacy Surveys DR10 catalogue (A. Dey et al. 2019)
using a 3 arcsec matching radius. In the DESI Legacy cata-
logue, WISE fluxes are measured from all imaging through year 7
of NEOWISE-Reactivation (A. Mainzer et al. 2014), using forced
photometry on the non-WISE images (D. Lang 2014) based on the
optical locations and shapes. This approach is necessary because
MaNGA galaxies are often more extended than the WISE point
spread function (PSF), and their flux would otherwise be under-
estimated by the ALLWISE catalogue (Y.-Y. Chang et al. 2015).

The radio photometry is based on the latest LoTSS DR3 ob-
servations (Shimwell et al., submitted). For galaxies within the
LoTSS DR2 coverage, we follow the approach of G. Jin et al.
(2025), which used the measurements from the LoTSS-optical
catalogue (M. J. Hardcastle et al. 2023). The LoTSS-optical cat-
alogue combines the likelihood-ratio cross-match method and
visual inspection to identify the optical counterparts of the LoTSS
radio sources and provides more accurate photometry for well-
extended radio jets. The visual inspection is still ongoing for the
new LoTSS DR3 images, so we match the rest of the MaNGA
galaxies with the catalogue created by the Gaussian-fitting-based
radio source extraction code PyBDSF (N. Mohan & D. Rafferty
2015), using a 6 arcsec matching radius (typical LoTSS beam
size) to get the radio photometry at 144 MHz. For our sample,
we find 4326 detections with flux and morphological measure-
ments in LoTSS DR3. According to the source completeness anal-
ysis in C. L. Hale et al. (2024), we define the flux upper limit
for each non-detected MaNGA galaxy as fupper = foarcsec + 7.5 X
RMS, where fgarcsec i the flux measured within a 6 arcsec aper-
ture at the optical position on the LoTSS flux map, and RMS is
the local noise level estimated from the root-mean-square (RMS)
map.
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2.3 Physical parameters

For global properties, the stellar mass (M,) and effective radius
(R.) are taken from the NSA catalogue. Global SFRs are esti-
mated from integrated Ho luminosities within the IFU coverage
using the conversion in R. C. Kennicutt & N. J. Evans (2012):
SFR (Mg yr1) = Lygsr (ergs™) x 107413 where Ly, is cor-
rected for both dust attenuation and AGN contamination. The
dust attenuation is estimated from the Balmer decrement assum-
ing an intrinsic He/HB = 2.86 and the D. Calzetti et al. (2000)
extinction curve k(). Therefore, all the emission line luminosi-
ties at wavelength A used in this paper are corrected by equation

(1):

k)
Liine (FHa/FH/S) 130

1
Lobs 2.86 @

AGN contributions to the He luminosity are estimated through
different line ratios and are removed from the total Ho luminos-
ity. The method is described in detail in Section 3. Specifically,
for broad-line AGNs, we use the global M, and SFR derived from
the spectral energy distribution (SED) fitting as described in Sec-
tion 3.2, because the strong AGN continuum and broad emission
lines can significantly affect the measurements from the optical
spectra.

For spatially resolved properties, SFR surface density (Xgsrr)
is calculated in a similar way as that of global SFR, except the
spectra are from MaNGA spaxels. The star formation history
(SFH) of each spaxel is derived from the full-spectrum fitting
using the pyPipe3D pipeline (E. A. D. Lacerda et al. 2022; S.
F. Sanchez et al. 2022). The SFHs provide the stellar masses and
their assembly histories of different regions in galaxies, and can
be used to calculate the longer-time-scale SFR averaged over sev-
eral hundred Myr.

The properties of the central SMBHs, such as the black hole
mass (Mpy) and Eddington ratio (Agqq), are difficult to estimate
directly from MaNGA data due to the kpc-scale spatial resolution.
Here we use empirical scaling relations to estimate these prop-
erties. The Mgy is estimated from the stellar velocity dispersion
(o) using the relation in N. J. McConnell & C.-P. Ma (2013):
log Mgy = 8.32 + 5.64 log(o,/200km s™1), where o, is the stellar
velocity dispersion within the effective radius. The bolometric
luminosity (Lg.;) can be roughly converted from the [O 111]A5008
luminosity (Ljom) by assuming a bolometric correction factor of
~ 600 £ 150 (G. Kauffmann & T. M. Heckman 2009), and serves
as a tracer of the radiative power of the AGN. The Eddington
ratio is then calculated as Agqq = Lpo1/LEdd, Where Lggg = 1.26 x
103 (Mpy/Mg ) ergst.

Similarly, the kinetic power of the radio jets Lgj, can be
very roughly estimated from the empirical relation between the
1.4 GHz luminosity and the jet power (e.g. equation 2 in T. M.
Heckman & P. N. Best 2014):

L1461z )0‘68 @)

_ 37
Liin = 2.8 x 10 (71025WHZ71

The 1.4 GHz luminosity is converted from the excess 144 MHz lu-
minosity (see Section 3.2) assuming a spectral index of « = —0.7.
The scaled kinetic power is then calculated as Agin = Lxin/LEdd-
However, this conversion introduces uncertainties due to po-
tential differences in jet morphology observed at 1.4 GHz and
144 MHz. Furthermore, this scaling relation is calibrated using
extended radio jets in galaxy clusters and thus may not be strictly
applicable to unresolved sources or field AGNs.
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‘We note that these scaling relations all have large uncertainties;
thus, the estimated Mgy, Arqq, and i, are only used for statistical
comparisons.

3 THE AGN SAMPLE

3.1 Classification of emission line, infrared, and radio
AGNs

Based on the multi-wavelength photometric and spectroscopic
data described in Section 2, we classify the AGNs into four pop-
ulations: Broad-line AGNs with broad Balmer lines (hereafter
BLAGN), narrow line AGNs with characteristic narrow emission
lines (hereafter NLAGNSs), infrared AGNs with red mid-infrared
colour (hereafter IRAGNSs), and radio AGNs showing excess radio
emission (hereafter RDAGNS). These four AGN populations are
well known to represent different AGN structures, i.e. the BLR,
NLR, dust torus, and radio jets (e.g. T. M. Heckman & P. N. Best
2014; H. Netzer 2015). It should be noted that these classifications
are not mutually exclusive, and a single source may fall into mul-
tiple categories simultaneously. For instance, a source classified
as both an RDAGN and a BLAGN implies the coexistence of the
radio jet and BLR.

BLAGNSs are characterized by the broad Balmer emission lines
in their optical spectra at MaNGA redshifts. These lines are emit-
ted from dense, ionized gas clouds close to the accreting SMBH
(D. E. Osterbrock & W. G. Mathews 1986), which form the BLR.
Here, our BLAGN sample is defined as galaxies exhibiting a
broad component (FWHM > 700kms~!) in their Balmer emis-
sion lines. We use the results of Y. Fu et al. (2023), who provided
a complete catalogue of broad-line AGNs (BLAGNS) in the full
MaNGA sample. We also expand the BLAGN sample by fitting
the nuclear spectra of all MaNGA galaxies with the same method.
In total we identify 130 BLAGNs in our parent sample, which are
plotted in blue throughout the paper.

The NLRs of AGNs are created by low-density gas clouds which
are photoionized by the AGN radiation. The harder ionizing spec-
trum from an AGN can excite gas to higher ionization states
compared to star formation, resulting in distinct emission-line
ratios. The Baldwin, Philips, and Terlevich (BPT) diagram (J. A.
Baldwin, M. M. Phillips & R. Terlevich 1981) and Veilleux &
Osterbrock (VO) diagrams (S. Veilleux & D. E. Osterbrock 1987)
are widely used to separate AGNs from star-forming galaxies. X.
Ji & R. Yan (2020) reproject these diagrams into a 3D space, and
use the line ratios of [O 111]A5008/Hp (R3), [N 11]A6585/He (N2),
and [S11]AA6718, 6733/Hw (S2) to define a cleaner parameter P,
(P, = 0.63N2 + 0.51S2 4 0.59 R3) for separating NLAGNs from
star-forming galaxies. Here we combine the P, parameter and
the low-ionization emission line region (LINER) classification
proposed by R. Cid Fernandes et al. (2010) to select our NLAGN
sample. We require the NLAGNs to have P, > —0.5 and Ho equiv-
alent width (EW) > 6A without broad emission lines, as shown
in the top right panel of Fig. 2. While a lower He EW cut of
3A is sometimes adopted (e.g. R. Cid Fernandes et al. 2010),
our analysis indicates that varying the limit between 3 and 6 A
does not significantly alter the general properties of the NLAGN
sample. Both P, and He EW are measured from the nuclear 3”
spectra to avoid contamination from the host galaxies. This way
we classify 402 NLAGNs and plot them in green throughout the
paper.

IRAGNS are classified by a red W1-W2 colour in the WISE
bands, because the hot dust in the AGN torus will emit strongly

Evolution of Multi-wavelength AGNs 5

around the W2 wavelength (e.g. E. L. Wright et al. 2010). We adopt
the colour criterion of W1-W2 > 0.35 (Vega magnitudes) to define
our IRAGN sample, as shown in the bottom left panel of Fig. 2.
This criterion was proposed by A. Pai et al. (2024) for MaNGA
galaxies. The 221 IRAGNs are shown in orange throughout the
paper.

In normal star-forming galaxies without AGN activity, the ra-
dio luminosity is tightly correlated with the SFR (e.g. V. Heesen
et al. 2022; S. Das et al. 2024). The synchrotron emission from
radio jets can produce excess radio luminosity relative to that
expected from star formation, and can thus be used to identify
RDAGNs (e.g. M. J. Hardcastle et al. 2025). This approach is
facilitated by the enhanced sensitivity of LoTSS over legacy sur-
veys and has been demonstrated to be effective for classifying
RDAGNSs and estimating their jet energetics (e.g. C. Macfarlane
et al. 2021; B.-H. Yue et al. 2024). We require the RDAGNs to
have a radio luminosity (L144mu,) that is at least 0.7 dex higher
than the expected value from the radio-SFR relation in G. Jin et al.
(2025). This criterion has proven effective in selecting radio AGNs
in MaNGA galaxies due to accurate SFR measurements based on
the IFU data (G. Jin et al. 2025), as well as in other photomet-
ric samples (e.g. P. N. Best et al. 2023). The RDAGN subsample
contains 1354 galaxies, which are shown in red throughout the
paper.

In total, we identify 1813 individual AGNs in our parent sample
using the above four methods. Fig. 2 illustrates how the different
classes of AGNs are selected. AGN populations are not mutually
exclusive (except for BLAGNs and NLAGNs). The Venn diagram
in Fig. 3 shows the overlap between different AGN populations.
RDAGN:Ss are the most populous AGN population, and 88 per cent
of them are not classified as other AGN types. BLAGNS are rela-
tively rare, and 81 per cent of them are found to have radio excess
or torus emission.

3.2 AGN luminosity at different wavelengths

The AGN classification methods described in Section 3.1 are de-
signed to distinguish AGNs from normal galaxies. The power of
the AGN emission can vary by several orders of magnitude. In
the low-luminosity regime, AGN features may be overwhelmed
by host galaxy emission and thus missed by the classification
methods.

In this section, we estimate the power of the BLR, NLR, dust
torus, and radio jets for those AGNs bright enough to be sep-
arated from the host, and we provide upper limits for other
galaxies.

The broad Balmer lines can only be created by the dense gas
close to and ionized by the accreting black hole; thus, the lumi-
nosity of the broad Ha can represent the power of the BLR. This
luminosity can be fitted using the ppxf software (M. Cappellari
2017) by modelling the Balmer lines with narrow and broad kine-
matic components.

The AGN contribution to the narrow emission lines can be
estimated from the P; value (see Section 3.1) based on the analysis
in X. Ji & R. Yan (2020). The fraction fypacn can be calculated as
furacy = 0.14P%2 + 0.96P; + 0.47, subject to the constraint 0 <
fnraoy < 0.99. We note that this fraction is also used to correct
the Ha-derived SFR throughout the paper. [O 111]A5008 is a strong
forbidden line which is known as a good tracer of the NLR lu-
minosity. It also correlates with the AGN bolometric luminosity
in quasars (Ly, €.g. T. M. Heckman et al. 2004). We thus use
the attenuation-corrected nuclear Lo, multiplied by fyracn to
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Figure 2. AGN classification diagnostics. The criteria are shown as black dashed lines in each panel. BLAGNs, NLAGNs, IRAGNs, RDAGNS, and non-
AGNs are shown in blue squares, green triangles, orange circles, red stars, and grey dots, respectively. The RDAGNs are selected by at least 0.7 dex
stronger radio emission than that predicated by their SFR (e.g. P. N. Best et al. 2023; G. Jin et al. 2025). NLAGNs are required to have Ha equivalent width
larger than 6 (R. Cid Fernandes et al. 2010), and P1 > —0.5. P1 is defined as 0.63log([N 11]/Her) + 0.51 log([S11]/Her) + 0.59 log([O 111]/HB), which is
proposed in X. Ji & R. Yan (2020) for MaNGA NLAGN classification. IRAGNS are selected based on their W1-W2 colour, and the BLAGNSs are defined
by the existence of broad Balmer lines. The oy, in the lower right panel represents the velocity dispersion of the broad-line component for BLAGNs and
of the narrow-line component for other galaxies; consequently, BLAGNs occupy a distinct region. If an AGN is classified into multiple types, it will be

plotted at the same location using the corresponding symbols.

represent the NLR power. We assume a 10 per cent uncertainty for
this conversion. For non-NLAGNSs, we take the measured nuclear
Lo as an upper limit.

For the dust torus of IRAGNs, we need to separate the AGN
emission from the host galaxy light in the mid-infrared bands
using the spectral energy distribution (SED) fitting technique. We
follow the approach in A. Pai et al. (2024) to fit the SED from UV
to mid-infrared wavelengths using the kcorrect software (M.
R. Blanton & S. Roweis 2007, version 5.1.8). For MaNGA galaxies,
A. Pai et al. (2024) created a set of templates including both the
host galaxy and AGN SEDs. These templates are constructed from
the Flexible Stellar Population Synthesis code (C. Conroy & J.
E. Gunn 2010) with dust attenuation and re-emission, and the
CLUMPY AGN torus models (M. Nenkova et al. 2008). A total of 11
bands of photometry from FUV to W4, as described in Section 2,

MNRAS 546, 1-18 (2026)

are used to fit the SED. All galaxies have at least 7 reliable bands
(ugriz, W1, and W2) with S/N > 3. We then use the best-fitting
AGN SED to calculate the AGN luminosity at 6um (Le,m), a well-
known tracer of the AGN torus power (e.g. S. Mateos et al. 2015).
We add an additional 10 per cent error to the SED-fitting results,
according to the scatter found among different fitting methods or
models (e.g. L. Ciesla et al. 2015). For non-IRAGNSs, we take the
Leum derived from the best-fitting AGN component as an upper
limit.

The radio jet luminosity is calculated from the excess 144 MHz
luminosity above that expected from the host’s SFR, follow-
ing the method of G. Jin et al. (2025). The jet luminosity at
144 MHz (LRDAGN) is defined as: LRDAGN = Lll)lizi/[nﬁg — L?E}EMHZ’
where LSIX . is calculated from the SFR using the radio-SFR
relation (equation 1 in G. Jin et al. 2025) with a 0.23 dex intrinsic
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Figure 3. The Venn diagram showing the overlap between different
AGN populations. IRAGNs, BLAGNs, NLAGNs, and RDAGNs are shown
in orange, blue, green, and red, respectively. The fraction listed in each
section is the percentage of the AGNs in that section relative to the total
AGN sample, and is corrected by the volume weights. RDAGNS are the
most populous AGN population, and most of them are not classified as
other AGN types, while BLAGNS are relatively rare and most of them are
also classified as other AGN types. Four regions show zero occupancy, as
NLAGNSs and BLAGNSs are mutually exclusive.

scatter (e.g. P. N. Best et al. 2023):

LSFR SFR
log(=XMHz y — 1 16 x log(——— ) + 21.99. 3
og(WHZ_l) x Og(Mer—1)+ (3)

Fig. 4 shows the observed Ljou), Lepum, and Ligmu, (Or up-
per limits) as a function of redshift. Corresponding AGNs are
shown as stars and colour-coded by their AGN fraction in each
tracer. Our AGN sample includes NLAGNs with Loy from 10*°
to 10*ergs™!, IRAGNs with Lg,m from 10* to 10®ergs™!, and
RDAGNS with Lygmp, from 10?! to 10%® WHz™!. The typical
luminosities (L) derived from the local luminosity functions are
10°3 ergs~! for Ljo ) (J. Comparat et al. 2016), 10°7 ergs~! for
Le,m (J.-S. Huang et al. 2007), and 10?4 W Hz ™! for L44mm, (R. K.
Cochrane et al. 2023). Therefore, the detection thresholds in the
optical, infrared, and radio bands extend below typical luminosi-
ties, allowing for the inclusion of low-luminosity AGNs whose
luminosity is comparable to that of their host galaxies.

4 HOST PROPERTIES OF DIFFERENT AGN
POPULATIONS

4.1 The incidence of AGN

Observed AGN incidence is related to triggering and the duty
cycle of AGN activity (e.g. Z. Igo et al. 2024), and is an important
quantity to test the AGN feedback models (e.g. R. Weinberger
et al. 2017; Z. Igo & A. Merloni 2025). In this section, we investi-
gate the incidence of different AGN populations as a function of
stellar mass (M,), specific star formation rate (SSFR), and black
hole mass (Mgy). The AGN fraction is defined as the ratio be-
tween the sum of volume weights of AGNs and that of the parent
sample in each parameter bin. The results are shown in Fig. 5,
where the BLAGNs, NLAGNs, IRAGNs, and RDAGNSs are shown

Evolution of Multi-wavelength AGNs 7

in blue, green, orange, and red, respectively, and the total AGN
fraction is shown in black.

In the left panel of Fig. 5, the AGN fraction increases with
M,, from ~ 2 per cent at 103 My to ~ 70% at 10'** Mg, fol-
lowing an approximate power law (fagn o¢ M%7). This trend
is mainly driven by the dominance of RDAGNSs at the high-
mass end (> 10" My) and NLAGNs at the low-mass end
(< 1095 Mp).

In the middle panel, the AGN fraction shows a peak at
SSFR~ 10~-5yr~1, between the star formation main sequence
(SFMS, sSFR~ 10~ yr~1) and the quiescent population (SSFR<
10712 yr=1). This region is often referred to as the ‘green valley’,
which is thought to be a transition region where galaxies are
rapidly quenching their star formation (e.g. M. R. Blanton & J.
Moustakas 2009). This peak supports the scenario that AGNs
may play a role in the quenching process (e.g. T. M. Heckman
& P. N. Best 2014; K. Schawinski et al. 2014). We note that the
overall AGN fraction is still low (~ 20%) in the green valley,
indicating that the AGN duty cycle could be shorter than the
quenching time-scale, and/or other mechanisms are also at play
in the quenching process, such as ram-pressure stripping (e.g.
A. Marasco et al. 2023). The peak in AGN content in the green
valley is contributed by two populations: (1) NLAGNs reach max-
imum fraction and contribute most at sSSFR~ 10718 yr=1, (2)
RDAGNSs become dominant at sSFR< 10~ yr~!, This supports
a hypothesis that the structures of AGNs may transition during
the quenching of their host galaxies.

Another feature is that the most strongly starbursting galax-
ies (sSFR> 10~°yr~1!) are almost all hosting IRAGNs/BLAGNS,
indicating a common triggering mechanism (e.g. gas inflow and
galaxy mergers, P. F. Hopkins et al. 2008) for both starburst
and high-accretion-rate AGNs. This is also consistent with the
AGN-starburst connection found in previous studies on luminous
quasars (e.g. M.-Y. Zhuang et al. 2021), and IRAGN samples (e.g.
Y. S. Dai et al. 2018) which suggested that luminous IRAGNs
could be the earlier phases of AGN evolution than the optical or
radio AGNs.

The right panel shows the AGN fraction as a function of Mgy.
The AGN fraction also increases with Mgyy. This trend is sim-
ilar to that with M, but with a shallower slope, which is also
observed in the LoTSS radio AGN population (J. Sabater et al.
2019). Lower mass black holes (< 10’Mg,) are more likely to be
NLAGNS, while higher mass black holes (> 10”°M,) are more
likely to be RDAGNSs. The trends of different AGN fractions as
a function of Mgy indicate a possible critical black hole mass
around 107°Mg, where the AGN population sees a transition
from IR/BL/NLAGNs to RDAGNS.

To examine whether different AGN populations are the result
of differing dust obscuration of the central source, we plot the
cumulative distribution function (CDF) of the nuclear Ay derived
from stellar population synthesis modelling of the SED and the
Balmer decrement (Ha/HB) for different AGN populations in
Fig. 6. The CDFs are built accounting for the volume weights, and
the errors are estimated using the bootstrap resampling method.
IRAGNs, BLAGNs, NLAGNSs, and RDAGNSs are shown in orange,
blue, green, and red, respectively, and the non-AGN population
is shown in grey dashed lines.

In the left panel, we see that IRAGNs and NLAGNs
have the higher Ay values than the normal galaxies, while
BLAGNs and RDAGNs have slightly lower Ay values. This is
also supported by the Kolmogorov-Smirnov (K-S) test result
(p < 0.01). This is consistent with the scenario that IRAGNs

MNRAS 546, 1-18 (2026)
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in the most strongly starbursting galaxies.

and NLAGNs are more likely to be obscured AGNs, while
BLAGNSs are unobscured (e.g. H. Netzer 2015). The low Ay
of RDAGNSs is likely because their host galaxies are mostly
quiescent galaxies lacking cold gas and dust (see the section
below).

In the right panel, all AGN populations show larger Ha/Hf
values than the normal galaxies. This is not necessarily caused
by dust attenuation, but may instead reflect the different physical
conditions of the gas clouds around the SMBHs. For example, the
gas in the NLRs or BLRs may have higher electron density and
temperature, thus the theoretical Ho /Hp ratio can be higher than
the standard Case B recombination value of 2.86 (e.g. X. Dong
etal. 2008; C. Z. P. Heard & C. M. Gaskell 2016). Among different
AGN populations, RDAGNSs show slightly lower Ha/HS values,
consistent with their low Ay values. The other AGN populations
all show similar Hoe/HS distributions. This indicates that the
Balmer decrement may be affected by both dust attenuation and
the physical conditions of the gas clouds in AGNSs, and should be
used with caution when estimating the dust attenuation in AGN
systems.

MNRAS 546, 1-18 (2026)

4.2 Global star formation of AGN hosts

Star-forming galaxies follow a tight correlation in the SFR-M,
plane, known as the star formation main sequence (SFMS) (e.g.
K. G. Noeske et al. 2007), while quiescent galaxies lie below the
SFMS with much lower SFRs. This bimodal distribution indicates
that galaxies may experience a rapid quenching process during
their evolution (e.g. M. R. Blanton & J. Moustakas 2009). AGNs
are often proposed to play an important role in the quenching
process (e.g. T. M. Heckman & P. N. Best 2014; K. Schawinski et al.
2014); thus, it is interesting to see where different AGN popula-
tions lie in the SFR-M, plane. The distance from the SFMS can
be defined as ASFMS = log(SFR/SFRgsgys(M,)), where a more
positive ASFMS indicates a starbursting phase, while a more
negative ASFMS indicates a more quiescent phase. Here, the
SFMS fitted to MaNGA star-forming galaxies can be expressed as:
log(SFRgpms) = 0.84log(M, /M) — 8.59.

Fig. 7 shows the ASFMS versus M, for different AGN popula-
tions as well as the normal galaxies in our parent sample. The grey
contours in each panel show the distribution of normal galaxies.
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in our parent sample. The grey contours in each panel show the distribution of normal galaxies. AGN hosts are shown in coloured stars. The panels,

from left to right, show AGN hosts coloured by their AGN types, nuclear Lo

AGN hosts are shown in coloured stars. The panels, from left
to right, show AGN hosts coloured by their AGN types, nuclear
Lo}, and Ly, respectively.

In the left panel, we see that as we go from lower-mass star-
burst hosts (upper left) to higher-mass quiescent hosts (lower
right), the dominant AGN type shows a transition from IRAGN
to NLAGN/BLAGN, and then to RDAGN. Despite the different
AGN selection methods between this work and J. M. Comer-
ford et al. (2020), our results about the global star formation in
AGN hosts are consistent with each other. The global star forma-
tion conditions of different AGN hosts support the scenario that
radiative-mode AGNs (such as IRAGNSs, NLAGNSs, and BLAGNS)

1]» and Li44MHz, Tespectively.

prefer star-forming galaxies, while kinetic-mode AGNs (such as
RDAGNS) prefer quiescent galaxies (e.g. T. M. Heckman & P. N.
Best 2014).

Liow and Lyumu, are roughly correlated with the radia-
tive and kinetic power of the AGNs, respectively (see Sec-
tion 3.2). The middle panel shows that AGNs with high Lo
are mostly found among the star-forming and green valley
galaxies, while low Ljou;; AGNs are mostly found in qui-
escent galaxies. This suggests that higher SMBH accretion
rates tend to occur in systems with higher ASFMS, whereas
powerful radio jets are preferentially found in more massive
galaxies.

MNRAS 546, 1-18 (2026)
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4.3 Radial gradients of star formation and gas ionization

Galaxies are known to have radial gradients in their properties.
On average, the stellar mass is built up from the centre to the
outskirts (e.g. H. J. Ibarra-Medel et al. 2016). This inside-out
growth results in radial gradients of various properties which can
be measured from the IFU data. Here we focus on key properties
such as the current star formation, the average age of the stellar
population, and the gas ionization state, which may indicate the
presence of AGN feedback. We aim to understand how these
properties are affected by AGN activity.

The star formation condition is traced by the specific star
formation rate (sSFR, defined as Ha-based SFR per unit stellar
mass). The average age of the stellar population, or long-time-
scale average star formation, is traced by the 4000A break strength
(M. L. Balogh et al. 1999). The ionization parameter U, defined as
the ratio between the ionizing photon density and the hydrogen
density, is estimated from the attenuation-corrected [O 111]/[O 11]
ratio (032), following the equation given by L. J. Kewley & M. A.
Dopita (2002) and assuming solar metallicity: log(U) = —2.78 +
0.911og O32.

These properties are known to strongly correlate with the stel-
lar mass (e.g. A. F. L. Bluck et al. 2022); thus, we compare the
radial gradients in different AGN populations with their mass-
matched control samples to minimize the mass effects. For each
AGN, we select non-AGN galaxies within A log(M,/MA°N) <
0.15 as the control candidates. These candidates are further
median-stacked according to their volume weights as a control
for the corresponding AGN.

MNRAS 546, 1-18 (2026)

We construct the radial profiles of these properties for each
AGN and its control sample. The radial distance is normalized
by the effective radius (R.) of each galaxy to account for the size
differences. We limit the radial range to r < 1.5R., where most
MaNGA galaxies have good coverage (K. Bundy et al. 2015).

Fig. 8 shows the median radial profiles of log(sSFR), Dn4000,
and log(U) for different AGN populations, compared to their
mass-matched control samples. The AGNs are shown in coloured
lines (orange for IRAGNS, blue for BLAGNS, green for NLAGNS,
and red for RDAGNs), which are built by stacking profiles of
all AGNs in each population. The non-AGN control samples are
divided into star-forming (SFG, light grey dashed lines), green val-
ley (GV, grey dash—dotted lines), and quiescent (QG, black dotted
lines) galaxies according to their global ASFMS. The empirical di-
viding lines are ASFMS = —1.8 for QG and GV, and —0.8 for GV
and SFG. The shaded regions indicate the 95 per cent confidence
intervals of each profile, estimated through bootstrapping on the
subsamples.

In the top panels of Fig. 8, the sSFR profiles show flat gradi-
ents for IR, BL, and NL AGN hosts, while RDAGN hosts show a
decreasing sSFR trend towards the centre. Compared to their con-
trol galaxies, IRAGNs show sSFR profiles similar to SFGs in the
outskirts (r > R.), but significantly enhanced sSFR towards the
nuclear region (r < 0.5R.). The ionization profile is also peaked
towards the central region in IRAGNS. This indicates that the
SMBH accretion and nuclear star formation are both enhanced in
these systems, consistent with a ‘positive AGN feedback’ scenario
in which a common gas inflow fuels both the AGNs and the nu-
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clear starburst (e.g. P. F. Hopkins et al. 2008). The profiles suggest
that this AGN + starburst phase is mainly found in IRAGNS,
with a ~ 0.6 dex nuclear sSFR enhancement, and this impact is
only prominent within the effective radius (typically ~ 5 kpc).
This finding strongly supports our observation in Section 4.1. The
centrally enhanced star formation in IRAGN hosts explains their
high global ASFMS (starburst). The BLAGN and NLAGN hosts
also have flatter sSFR profiles than their SFG controls, indicating
that they have a mild or no nuclear sSFR enhancement. The sSFR
profiles of RDAGN hosts lie between those of the GV and QG
controls, and show a decreasing trend towards the centre, similar
to that of their quiescent controls.

The Dn4000 profiles in the middle panels are broadly consis-
tent with the sSFR profiles, with lower Dn4000 corresponding to
higher sSFR. IRAGN and BLAGN hosts show significantly lower
Dn4000 than their SFG controls in the central region, indicating
the existence of younger stellar populations within the effective
radius. NLAGN hosts show Dn4000 profiles similar to their SFG
controls, with a mildly older stellar population in the outskirts.
RDAGN hosts show Dn4000 profiles similar to their QG controls,
indicating that they have stopped forming stars for a long period

In the bottom panels, AGN hosts show a clear trend of increas-
ing ionization parameter U towards the centre. From BLAGNS,
IRAGNSs, NLAGNs to RDAGNS, the central U decreases system-
atically, indicating a decreasing level of gas ionization. Compared
to their control galaxies, IRAGNs, BLAGNs, and NLAGNs show
significantly higher U in their nuclear regions. The trend of U
with radius is steeper within ~ R., and then flattens out at larger
radii, where the U values become similar to their controls. Our
results indicate that the AGN radiation can affect the gas ioniza-
tion on kpc scales. The RDAGN hosts show U profiles similar to
their quiescent controls, indicating that most RDAGNSs have low
accretion rates and that low-luminosity jets do not significantly
affect the gas ionization of their hosts.

The radial profiles presented here characterize the typical be-
haviour of the subsamples due to the stacking analysis. We cau-
tion that this statistical approach averages over individual varia-
tions, and specific sources may possess unique structural features
that deviate from the stacked median.

Instead of the types of AGNs, we also investigate how the
power of AGNs at different wavelengths affects their host star
formation. A. Suresh & M. R. Blanton (2024), using a MaNGA
radio AGN sample, have reported that there is no correlation
between sSFR and the radio AGN activities. Since the AGNs tend
to affect the innermost region of their host galaxies, we further
compare the central (within 0.5 R.) sSFR with AGN luminosi-
ties at different wavelengths defined in Section 3.2. Fig. 9 shows
the central sSFR versus Leum, Liom], and Lgpagn for IRAGNS,
BLAGNS, NLAGNs, and RDAGNs. AGN populations show large
scatters in their central sSFR, and we do not find significant
correlations between the central sSFR and any of the AGN lu-
minosities. The Spearman correlation coefficients are all within
40.3, with only marginal positive correlation between the central
SSFR and Loy for BLAGNS (coefficient = 0.2, p-value = 0.013).
We also check the correlation between the sSFR at outskirts and
the Ljo ;) for BLAGNS, and the weak correlation previously found
for the nuclear region disappears (coefficient = 0.01, p-value =
0.95). The lack of correlation suggests that the AGN host galaxies
can have a wide range of central star formation conditions, and
most low-to-moderate-luminosity AGNs may not have an imme-
diate strong impact on the central star formation of their hosts, or
vice versa. Since the duty cycle of AGN activity is typically shorter
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than the quenching time-scale (e.g. K. Schawinski et al. 2015),
however, the feedback on star formation may still be effective
on longer time-scales with cumulative AGN activities, as seen in
simulations (e.g. R. S. Beckmann et al. 2017).

4.4 Ionized outflows traced by [O 111]

Ionized outflows are often observed in all types of AGN host
galaxies, and is considered as an important feedback mechanism
to ionize and expel the interstellar medium (e.g. N. P. H. Nesvadba
et al. 2011; J. R. Mullaney et al. 2013; J.-H. Woo et al. 2016;
E. L. Escott et al. 2025). Several MaNGA studies have reported
the detection of ionized outflows in different AGN host galaxies
through their [O 111] properties (e.g. D. Wylezalek et al. 2020; M.
Alban et al. 2024; P. Kukreti et al. 2025). Here we systematically
investigate the ionized outflow features in different AGN popula-
tions in our sample.

We use the ppxf software (M. Cappellari 2017) to fit the
spectra of all AGN host galaxies in our sample. Following the
standard procedure, we allow a broad line kinematic compo-
nent to fit the Balmer lines and a narrow line component to
fit all emission lines. To identify the outflow features, we fo-
cus on the [O11]A5008 line, which is a strong forbidden line
and a good tracer of the ionized outflow. In addition to the
normal narrow line component, we allow a blueshifted and a
redshifted kinematic component to fit the [O 111] doublets, serv-
ing as a proxy for the outflow. The ratio of the [O 111] doublets
([O 1x]15008/[O 111]14959) is fixed to the theoretical value of 2.98
(D. E. Osterbrock & G. J. Ferland 2006). We set several criteria
for the outflow components to ensure their robustness. Firstly,
the redshifted and blueshifted components must have central
velocities at least 200 km s~ different from that of the narrow
line component. Secondly, we require that the velocity disper-
sion of these components must be at least 200kms~! (about
30 of the spectral resolution). Finally, the flux of these compo-
nents must be detected with an amplitude-to-noise ratio greater
than 10. This approach allows us to also account for asymmetric
and non-Gaussian features characteristic of outflows, especially
when the emission lines show both redshifted and blueshifted
wings.

In total, we identify 51 outflow candidates from 1813 AGN host
galaxies (2.8 per cent+0.4 per cent), with 43 showing blueshifted
outflow components and 13 showing redshifted outflow com-
ponents. Blueshifted outflows are much more common to be
detected than redshifted outflows, which is expected due to the
dust attenuation of the receding outflowing gas on the far side
of the galaxy. We then investigate the dependence of outflow
incidence on AGN luminosity and type, shown in Fig. 10. The
upper panel shows that the outflow starts to appear at Ljguy ~
10“ergs™!, and the incidence increases with Lioyy, from ~
3 percent+1 percent at 10°“2ergs™! to ~ 39 percent+
7 per cent at 104 ergs™!. The overall outflow incidence and
its dependence on Loy are consistent with the result in an
infrared-selected AGN sample at z ~ 0.5 (G. A. Oio et al. 2024).
The lower panel shows the outflow incidence in different AGN
populations. IRAGNs and BLAGNs show high outflow incidence
(~ 16 percent=+3 percent and ~ 26 percent=+5 per cent),
while NLAGNs (~ 3 percent+ 1 percent) and RDAGNs (~
2 per cent + 1 per cent) rarely have outflows.

With IFU data, the spatial distribution of outflows can be
mapped. Here we investigate the radial distribution of outflow
features in different AGN populations. To achieve higher S/N, we
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stack the spectra of AGN host galaxies in different radial bins, and
then stack them for each subsample of different AGN types. The
left panel of Fig. 11 shows an example fit of the stacked nuclear
spectra of all BLAGNs, where the outflow component (blue line)
is clearly identified.

The right panel of Fig. 11 shows the radial profiles of
the median outflow power in different AGN populations. The
stacking and fitting procedures allow us to detect weak out-
flow features down to a surface brightness level of ~ 3 x
10%7 ergs~! kpc2. The outflow power is traced by the surface
brightness of the [O111] outflow component (blueshifted + red-
shifted). IRAGNs and BLAGNSs show the strongest outflow, up to
~ 10% ergs~! kpc2, especially in the inner 2 kpc region of the
host galaxies. NLAGNs have weaker outflow in the nuclear re-
gion (~ 10 ergs~! kpc2), and the outflow region is also smaller
(~ 1kpc) than that of BLAGNs and IRAGNs. RDAGNs do not
show significant outflow features at any radius, thus are not plot-
ted in the figure. These results suggest that ionized outflows are
commonly found in IRAGN, BLAGN and NLAGN hosts, and can
extend to several kpc scales, suggesting they can be an important
channel of AGN feedback and affect the host galaxy on a global
scale. RDAGNS, on average, show no outflow features and may
have different feedback mechanisms other than ionized outflows.
The different incidences and strengths of outflow features be-
tween RDAGNSs and other types of AGNs also suggest that these
[O 11] outflows are mainly driven by radiative winds rather than
radio jets.

5 DISCUSSION

5.1 An evolutionary sequence of AGNs and host galaxies

Our results in Section 4 indicate a possible evolutionary sequence
among different AGN populations and their host galaxies. In
this sequence, AGNs with strong emission lines or a dusty torus
represent an early phase where both the SMBHs and the host
galaxies are rapidly growing through strong accretion and nuclear
starbursts, respectively, while most AGNs with jets represent a
later phase where the SMBHs are accreting inefficiently and the
host galaxies are quenched.

The bimodal distribution of AGN host galaxies in the SFR/M,
versus M, plane raises a natural question: is galaxy quenching re-
lated to the transition of AGN types? The overlap sample between
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Figure 11. Left panel: An example of the outflow fitting for the [O 111] line using ppx£. The observed spectrum (black line), which is the median stack
of the nuclear spectra from all IRAGNS, is shown. Different components of the best-fitting model are shown in different colours. The outflow component
(blue line) is clearly identified. Right panel: The radial profiles of the outflow power in different AGN populations. IRAGNs and BLAGNs show the
strongest outflow, especially in the inner 2 kpc region of the host galaxies. NLAGNs have weaker outflow in the nuclear region, but the outflow level at
r > 3kpc is similar to that of BLAGNs and IRAGNs. RDAGNs show negligible outflow features.

different AGN types could be a test of this transition hypothe-
sis, especially those showing both optical/IR and radio classifi-
cations. To examine this, we select the AGNs with both RDAGN
classification and IR/BL/NLAGN classification as a ‘mixed AGN’
sample, and compare them with AGNs with only RDAGN clas-
sification (hereafter ‘radio-only AGNs’) and AGNs with only
IR/BL/NLAGN classification (hereafter ‘optical/IR-only AGNS’).
These three populations make up 11 per cent, 46 per cent, and 43
per cent of the full AGN sample, respectively.

Fig. 12 shows the median sSFR radial profiles of these
three populations, and the comparisons with their stellar mass-
matched control samples of normal galaxies. The profiles are
built following the same procedure as in Section 4.3. The mixed
AGNs exhibit sSFR profiles that are clearly intermediate be-
tween those of optical/IR-only and radio-only AGNs, positioning
them between the star-forming main sequence and the green
valley control galaxies. This suggests that as AGNs evolve from
IR/BL/NLAGNSs to RDAGNS, their host galaxies are likely under-
going a transition from a star-forming to a quiescent phase.

The median dust attenuation values (A ) measured from stel-
lar population synthesis are 0.44, 0.34, and 0.26 for optical/IR-
only AGNs, mixed AGNs, and radio-only AGNs, respectively.
This indicates that the AGNs become less obscured along the
sequence.

We further stack the nuclear spectra of these three popula-
tions to compare their spectral features, as shown in Fig. 13. The
spectra are presented as the surface luminosity density (in units
of 10% ergs~'kpc~? A™"). Mixed AGNS, optical/IR-only AGNs,
and radio-only AGNs are shown in green, blue, and red, respec-
tively. The mixed AGNs show stronger emission lines (especially
the high-ionization lines like [O111]) but a larger 4000A break
strength than the optical/IR-only AGNs. Considering that they
also have a radio excess, the mixed AGNs could be a population
where the host galaxies are starting to quench while the accreting
SMBHs start to launch radio jets.

Smaller radio sizes are an additional piece of evidence support-
ing our scenario that the jets in mixed AGNs are relatively young.
We have compared the sizes of the radio emission with those of
the optical host galaxies for these three populations. The relative
size of the radio emission to the host galaxy can be measured
by the ratio of the radio semimajor axis and the optical effective

radius (hereafter referred to as a/R.). The median (and mean)
values of a/R. are 1.0 (1.4), 1.0 (1.5), and 1.2 (2.9) for optical/IR-
only AGNs, mixed AGNs, and radio-only AGNs, respectively. We
note that the resolution of LoTSS images is 6 arcsec, similar to the
typical r-band effective radius (5.3 arcsec). The radio emission in
optical/IR-only AGNs therefore are mostly unresolved and does
not extend much beyond the host galaxy, indicating that the radio
emission in this AGN population is likely from star formation
activity. The mixed AGNs have radio excess by classification, but
their radio size is still comparable to the host galaxy size. This
indicates that the radio jets in mixed AGNs are still compact and
confined within the host galaxy. In contrast, the radio-only AGNs
have more extended radio emission than their host galaxies, in-
dicating that the radio jets in this population are more developed
and can extend beyond the host galaxy. Another explanation for
the small radio sizes in mixed AGNs is that the radio excess in
these sources is emitted by radiatively driven winds instead of
jets, such as those found in supernova remnants, as proposed by
G. Liu et al. (2013) and N. L. Zakamska & J. E. Greene (2014).

A similar evolutionary sequence has been proposed for quasar
populations (L. Klindt et al. 2019), in which young red quasars
with dust torus classification are found to have strong winds and
weak or compact jets, while older blue quasars are found to have
weaker winds and more powerful, extended jets. Our results are
consistent with this scenario and extend the sequence to the more
numerous low-luminosity AGN populations. In addition, we find
that the spatially resolved stellar populations of the AGN hosts
are also evolving along this sequence, with younger AGNs (e.g.
IR/BLAGN:S) typically residing in actively star-forming galaxies
with a nuclear starburst, while older AGNs (e.g. RDAGNs) are
found in globally quiescent systems.

This evolutionary scenario also matches the classification of
radiative-mode and kinetic-mode AGNs (e.g. T. M. Heckman
& P. N. Best 2014), where the radiative-mode AGNs (IRAGNs,
BLAGNS, and NLAGNSs) represent the early phase with a high
Eddington ratio and efficient accretion, while the kinetic-mode
AGNs (RDAGNS) represent the later phase with a low Eddington
ratio and inefficient accretion. In semi-analytic models of galaxy
evolution, radiative-mode AGNs are usually fuelled by cold gas
accretion, whereas kinetic-mode AGNSs are usually fuelled by gas
cooling from a hot-gas halo (e.g. G. Kauffmann & M. Haehnelt

MNRAS 546, 1-18 (2026)

920z fienige4 £z uo 1senb Aq 181058/ | ZBeIS/H/97S/a101e/seluw/woo dno olwapeose//:sdiy Woll papeojuMO(]



14 G.Jinetal

-10 F—'Optical/IR-only' AGN ——"Mixed' AGN —=—"Radio-only' AGN -

s SFG I SFG I SFG ]

2 F GV~ —I—Gv ¥ —Gv ]
F—QG f—qc f—qc 5
 -11F F—  7F -
N - I T ]
A - i ¥ :
20 5/55\/__;; ]
2 -12 ?//??//—’??/?
T B 1 N BT I I B

r/Re

r/Re

Figure 12. The median sSFR radial profile of the mixed AGNs (green), optical/IR-only AGNs (blue), and radio-only AGNs (red) populations, along with
their mass-matched control samples of star-forming (light grey), green valley (grey), and quiescent galaxies (dark grey). The profiles are built following
the same procedure as in Section 4.3. The mixed AGNs show sSFR profiles between optical/IR-only AGNs and radio-only AGNs, and also between the
main sequence and green valley control galaxies, which supports the scenario that the host galaxies of mixed AGNs are likely in a transition phase from

star-forming to quiescent.

T T
E — Mixed' AGN E

7
—'Radio-only' AGN
6 F — 'Optical/IR-only' AGN

o

2., [10% erg/s/A/kpc?]

W

b

1 1 1 1 1 1
4000 4500 5000 5500 6000 6500
Arest [A]

Figure 13. The stacked nuclear spectra of the surface luminosity density
for different AGN subsamples, in units of 103 ergs—! kpc ™2 A~ Mixed
AGN:Ss, optical/IR-only AGNs, and radio-only AGNs are shown in green,
blue, and red, respectively. The mixed AGNs show stronger emission
lines (especially the high-ionization lines like [O 111]) but a larger 4000A
break strength than the optical/IR-only AGNs, supporting that the host
galaxies of mixed AGNs are likely in a transition phase from star-forming
to quiescent while maintaining strong SMBH accretion.

2000; R. S. Somerville et al. 2008). We check the AGNs in our
sample that are observed by the H I-MaNGA survey (K. L. Mas-
ters et al. 2019) to see if there is a difference in their cold gas
content. Among the 1813 AGNSs in our sample, 762 have HI
observations, and 310 are detected in H I. Taking into account the
upper limits of the non-detections, we find that the median HI
gas fraction (My;/M,) is around 26 per cent, 12 per cent, and 6
per cent for optical/IR-only AGNs, mixed AGNs, and radio-only
AGNeS, respectively (30 per cent, 19 per cent, and 15 per cent if we
exclude the non-detections), which demonstrates that the neutral
gas content is decreasing along the AGN evolutionary sequence.
A more complete view of the fuelling mechanism for different
AGN populations will require molecular gas images from CO
observations and hot gas images from X-ray observations in future
studies.

MNRAS 546, 1-18 (2026)

The depletion of cold gas supply could be one reason for this
evolutionary sequence, which can explain that the accretion rate
of AGNs and the star formation rate of their hosts are both de-
creasing along the sequence. In addition, dramatic events such
as major mergers may also be related to the different phenomena
of the AGN types. For example, luminous infrared AGNs are
found to prefer merger systems (e.g. M. E. Weston et al. 2017).
By cross-matching with merger classifications for MaNGA galax-
ies (G. Jin et al. 2021), we found that the fraction of interact-
ing systems is higher in IRAGNs (~15 per cent) and BLAGNs
(~12 per cent) than in NLAGNs (~7 per cent) and RDAGNs
(~5 per cent).gl4

We note that the quenching sequence will only apply
in a population-averaged sense, because the duty cycle of
AGN activity is typically shorter (on the order of millions
of years) than the quenching time-scale (on the order of
Gyr) of galaxies (e.g. K. Schawinski et al. 2015). For exam-
ple, a single galaxy may undergo multiple cycles of AGN
activity during its growth and quenching process, and the
type of AGN activity at different stages follows the proposed
sequence.

5.2 The growth of SMBHs and different host regions

Itis well known that there are tight correlations between the mass
of SMBHs and their host galaxies (e.g. A. Marconi & L. K. Hunt
2003; J. Kormendy & L. C. Ho 2013). This suggests a co-evolution
scenario where the growth of SMBHs and their host galaxies is
globally linked. However, the growth rates of different galactic
regions can be different, as shown by the radial gradients of sSSFR
in normal galaxies (Fig. 8). In this section, we investigate the
relation between the SMBH growth and the growth of different
galactic regions.

Assuming the Mgy-M, correlation holds at all times during
co-evolution, we expect the specific black hole accretion rate
(sBHAR) to equal the specific star formation rate (sSFR), i.e.
BHAR/Mgy = SFR/M,. Here we use the sum of the bolometric
and kinetic luminosities to calculate the total black hole accretion
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positive correlations between BHAR /Mgy and SFR/M, are observed in all radial bins, with the slope decreasing from inner to outer bins. The numbers
of neighbours within 1 Mpc (M. Argudo-Fernandez et al. 2015) are shown in different colours, but no clear dependence is observed. We note that typical

errors on the x and y axes are about 0.6 dex and 0.3 dex, respectively.

rate:

(LBol + LKin)

BHAR =
nc2

(C)
where Ly, and Lg;, are defined in Section 2.3; n is assumed to be
0.1; and c is the speed of light.

In Fig. 14, we plot the comparisons between BHAR /Mgy and
SFR/M, in three radial bins, i.e. r < 0.5R., 0.5R. < r < R, and
R. < r < 1.5R.. In each panel, the dashed black line indicates
the one-to-one relation expected from equal growth rates, and the
solid red line indicates the best-fitting linear relation. The linear
fitting is performed in the logarithmic space using the LtsFit
package (M. Cappellari et al. 2013). We assume a 0.6 dex intrinsic
scatter in BHAR /Mgy by combining the uncertainties on Mgy (N.
J. McConnell & C.-P. Ma 2013), L, (S. M. LaMassa et al. 2010),
and Lg;, (K. W. Cavagnolo et al. 2010). The typical uncertainties
on SFR/M, are assumed to be 0.3 dex, according to the scatter
among different measurements. We note that the intercepts of
the relations depend on several assumed parameters with large
uncertainties, such as the bolometric correction for the [O 111]
luminosity, the kinetic power-radio luminosity conversion factor,
and accretion efficiency; thus, we mainly focus on the slope of the
relation between the BHAR /Mgy and SFR/M,,.

From inner to outer radial bins, ie. left to right
panels, the best-fitting slopes are 0.92, 0.80, and 0.70,
respectively, with typical uncertainties of ~ 0.02. The
Pearson correlation coefficients are all around 0.7, in-
dicating clear positive correlations between BHAR/Mgy
and SFR/M, in all radial bins. The Spearman correlation
coefficients are also around 0.7, indicating that the relationship
is not only monotonic but primarily linear. Considering that
our sample covers a wide range of sSFR and specific BHAR, the
linear correlations suggest that the SMBH growth and the galaxy
growth are globally linked across their evolutionary stages.
This suggests that the fuel for the central SMBH is related to

the galactic-scale star formation supply, and the mechanism
that quenches star formation may also suppress the SMBH
accretion.

On the other hand, the slopes of the relations decrease from in-
ner to outer radial bins, suggesting that this black hole accretion-
star formation connection may vary with galactic radius. This is
expected, since SMBHs are located in the nuclear regions. The
decreasing slopes are mainly driven by the low-accretion-rate
sources, where the low-specific-BHAR AGN hosts still maintain
relatively high sSFRs in the outskirts compared to their nuclear
regions. This may be the reason why the SMBH mass is found to
correlate better with the bulge mass than the total stellar mass
of the host galaxies (e.g. A. Marconi & L. K. Hunt 2003). Al-
ternatively, the decreasing slopes may be due to feedback from
the SMBH that first affects the nuclear star formation and then
gradually affects the outer regions. The slopes are all less than
unity, which is not consistent with the equal growth rates sce-
nario. One possible explanation for this discrepancy is that this
AGN sample is biased towards high-BHAR sources because they
are more likely to be classified, thus some of the low-sBHAR,
high-sSFR sources are missing from the sample.

In the literature, the cosmic environment is often considered
a key factor in the co-evolution of SMBHs, galaxies, and ha-
los. This environmental dependence is found in some obser-
vations and simulations (e.g. S. L. McGee 2013; P. H. Goubert
et al. 2024; A. Vani et al. 2025). In Fig. 14, we colour-code the
AGNs by the number of their neighbours within 1 Mpc to in-
dicate the local environment. The number of neighbours is cal-
culated using the SDSS spectroscopic catalogue within a velocity
window of 41000 km s~!, as described in M. Argudo-Fernandez
et al. (2015). We do not find a significant dependence of the
BHAR/Mgy — SFR/M, relation on the number of neighbours,
although more reliable environmental indicators, beyond just the
number of neighbours, are needed to perform a more detailed
analysis.
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6 CONCLUSIONS

In this work, we combine the latest LoTSS observations with
the full MaNGA sample. Together with the infrared photometry
from the WISE all-sky survey, we perform AGN classifications in
optical, infrared, and radio wavelengths for the largest volume-
limited IFU sample. We identify 1813 AGNss classified as infrared
AGNSs, broad-line AGNSs, narrow-line AGNs, and/or radio AGNs.
Besides the classification, we also estimate the luminosities or
upper limits for different AGN structures: the L¢,m of the dust
torus based on SED fitting, BLR and NLR luminosities from IFU
spectral fitting, and jet luminosities from the excess radio lumi-
nosities.

With this large sample, we investigate the global and spatially
resolved star formation in different AGN populations and com-
pare them with their star-forming, green valley, and quiescent
counterparts without AGN detections. The AGN incidence as a
function of stellar mass, specific star formation rate and black
hole mass is presented and we also study the radial gradients of
the gas ionization and ionized outflows in different AGN host
galaxies. We discuss how the observational results can be ex-
plained by an evolutionary sequence of AGNs and their host
galaxies and investigate the connection between SMBH growth
and stellar mass growth in different galactic regions.

The main conclusions are summarized as follows:

(i) The incidence of different AGN populations strongly de-
pends on stellar mass, specific star formation rate, and black hole
mass. The total AGN fraction increases with M, following a power
law, with RDAGNs dominant at high M, and NLAGNs at low M,.

(ii) Along the sSFR axis, the AGN fraction shows a peak in the
‘green valley’ region, and becomes dominant in the most strongly
starbursting galaxies. This indicates that AGNs may have under-
lying connections to both the quenching process and the nuclear
starburst activity.

(iii) The dust attenuation estimated from SED fitting using
stellar population synthesis models indicates that IRAGN and
NLAGN hosts are more dusty than BLAGN and RDAGN hosts.
In contrast, for Balmer decrements, there are no significant dif-
ferences among different AGN populations, and AGN hosts gen-
erally have higher Balmer decrements than normal galaxies. This
is consistent with the literature finding that gas clouds around
SMBHSs can have higher electron densities and/or temperatures.
Thus, Balmer decrements may not be a good tracer of the dust
attenuation in AGN hosts.

(iv) The host galaxies of IRAGNs, BLAGNs, and NLAGNs are
on average globally similar to star-forming galaxies, with a large
scatter in SFR, while RDAGN hosts are similar to quiescent galax-
ies.

(v) Radial gradients of sSFR show that IRAGN hosts have sig-
nificant nuclear sSFR enhancement within the effective radius
compared to their non-AGN controls, consistent with a ‘positive
AGN feedback’ scenario. BLAGN and NLAGN hosts also show
mild nuclear sSFR enhancement, while RDAGN hosts show de-
creasing sSFR towards the centre similar to their quiescent con-
trols.

(vi) Radial gradients of the gas ionization parameter U show
that IRAGN, BLAGN, and NLAGN hosts have significantly higher
U in the nuclear region compared to their mass controls, indi-
cating that the AGN radiation can affect the gas ionization out
to several kpc. RDAGN hosts show similar U profiles to their
quiescent controls.
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(vii) AGN hosts show a wide range of nuclear sSFR, and the
nuclear sSFR is not strongly correlated with the AGN luminosi-
ties traced by Leym, L{om], OF LrpAGN-

(viii) Ionized outflows traced by the [O111] line are mainly
found in IRAGN and BLAGN hosts, with blueshifted outflows
being much more common than redshifted outflows. The outflow
incidence increases with Ljo ), from ~ 3 per centat 10*°% ergs~!
to ~ 39 per cent at 104 ergs™!. The outflow features on average
extend to ~ 2 kpc scales for BLAGNs and IRAGNSs. The majority
of RDAGNSs do not show outflow features, indicating the ob-
served [O 111] outflows are mainly driven radiatively rather than
by jets.

(ix) Clear positive linear correlations between BHAR /Mgy and
SFR/M, are observed in all radial bins, with the slope decreasing
from inner to outer bins. The strong correlations suggest that the
SMBH growth and the galaxy growth are globally linked across
their evolutionary stages, possibly by the large-scale gas supply.
The decreasing slopes with radius hint at underlying feedback
from the SMBH, which first affects the nuclear star formation and
then gradually affects the outer regions.

(x) We propose an evolutionary sequence for AGNs and their
hosts from IR/BL/NLAGNs to RDAGNSs, connected by a ‘mixed
AGN’ population (showing both BLR/NLR/torus and radio jet
features). These transitional AGNs exhibit intermediate proper-
ties: their sSFR profiles lie between star-forming and quiescent;
the obscuration levels are intermediate; and their stacked spectra
show both strong ionization lines and a significant 4000A break.

(xi) This evolutionary sequence is also supported by their radio
morphology and atomic gas content. From IR/BL/NLAGNs to
RDAGNS, the radio emission becomes more extended and the
atomic gas fraction becomes lower, consistent with a scenario
where AGNs evolve from the cold-gas-fuelled radiative mode to
the jet-dominated kinetic mode as their host galaxies grow and
the star formation ceases. This sequence could be driven by the
depletion of cold gas supply and specific events such as major
mergers, and confirmation of this scenario requires future high-
resolution gas observations.

To connect the observational results to the underlying physical
processes in the evolution of AGNs and their host galaxies, we
still need more detailed multi-wavelength observations of differ-
ent AGN populations, especially high-quality gas observations
which can be compared with current galaxy evolution models
and hydrodynamic simulations. We expect future high-resolution
observations of molecular gas at sub-millimetre wavelengths and
hot gas distributions from X-ray observations, to improve our
understanding of the fuelling and feedback mechanisms during
the AGN fuelling cycle. This will help us to build a more complete
picture of the secular evolution of AGNs and the co-evolution of
SMBHs and their host galaxies, which can improve our under-
standing of the diverse observational features in different AGN
populations.
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