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Abstract

Despite the importance of feedback from active galactic nuclei (AGNs) in models of galaxy evolution,
observational constraints on the influence of AGN feedback on star formation remain weak. To this end, we have
compared the star formation trends of 279 low-redshift AGN galaxies with 558 inactive control galaxies using
integral field unit spectroscopy from the Sloan Digital Sky Survey-IV Mapping Nearby Galaxies at Apache Point
Observatory survey. With a Gaussian-process-based methodology, we reconstruct nonparametric star formation
histories in spatially resolved spaxels covering the face of each galaxy. Based on the galaxy-wide star formation
rates (SFRs) alone, we find no obvious signatures of AGN feedback. However, the AGN galaxies have
significantly suppressed central (kiloparsec-scale) SFRs, lying up to a factor of 2 below those of the control
galaxies, providing direct observational evidence of AGN feedback suppressing star formation. The suppression of
central SFRs in the AGN galaxies began in the central regions ∼6 Gyr ago (redshift z ∼ 0.7), taking place over a
few gigayears. A small subset of the AGN galaxies were rapidly driven to quiescence shortly before being
observed (in the last 500Myr), potentially indicating instances of AGN-driven feedback. More frequently,
however, star formation continues in the AGN galaxies, with suppression primarily in the central regions. This is
suggestive of a picture in which integrated (gigayear-timescale) AGN feedback can significantly affect central star
formation, but may be inefficient in driving galaxy-wide quenching in low-redshift galaxies, instead leaving them
in the green valley.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); AGN host galaxies (2017); Galaxy evolution
(594); Galaxy quenching (2040)

1. Introduction

It is now widely believed that the evolution of galaxies is
tied to the growth of their central supermassive black holes
(SMBHs). In support of this, a number of connections between
the properties of SMBHs (such as mass) and the properties of
their host galaxies (such as stellar mass, bulge luminosity, and
concentration) have been established observationally (e.g.,
Magorrian et al. 1998; Ferrarese & Merritt 2000; Marconi et al.
2004; Kormendy & Ho 2013). During periods of accretion,
SMBHs can release substantial amounts of energy back into
their host galaxies—this is termed “active galactic nucleus”
(AGN) feedback. In fact, it has been demonstrated theoretically
that luminous AGNs can release enough energy to remove all
gas from their host galaxies (Silk & Rees 1998; King 2003;
Murray et al. 2005). The SMBH–galaxy connection can be
understood, at least in part, if feedback from AGNs regulates

the growth of galaxies. However, the extent to which AGN
feedback actually affects the evolution of galaxies remains
somewhat unclear.
Observations indicate that luminous AGNs, found primarily

at high redshifts, can drive rapid outflows that significantly
impact galaxy-wide gas content (e.g., Sturm et al. 2011;
Maiolino et al. 2012; Cicone et al. 2014; Kakkad et al. 2017;
Förster Schreiber et al. 2019). Furthermore, on the theoretical
end, numerical simulations indicate that AGN feedback in
luminous AGNs plays an important role in producing
quiescent, red galaxies (Di Matteo et al. 2005; Cattaneo
et al. 2006; Croton et al. 2006; Puchwein & Springel 2013;
Vogelsberger et al. 2013; Weinberger et al. 2018). However,
far more galaxies (particularly at low redshifts) host low-
luminosity, Seyfert-type AGNs (Maiolino & Rieke 1995;
Ho 2008). Despite significant interest, the extent to which
typical AGNs influence the evolution of their host galaxies is
not yet understood. A number of studies have found that star
formation in typical AGN host galaxies is consistent with that
of non-AGN galaxies at the same evolutionary stage (e.g.,
Bongiorno et al. 2012; Chang et al. 2017; Suh et al. 2017; do
Nascimento et al. 2019). On the other hand, many studies have
found that AGN galaxies have preferentially lower star
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formation rates (SFRs; e.g., Schawinski et al. 2007; Silverman
et al. 2008; Mullaney et al. 2015; Sánchez et al. 2018; Lacerda
et al. 2020) or preferentially higher SFRs (e.g., Koss et al.
2011; Santini et al. 2012; Ellison et al. 2016; Woo et al. 2020),
potentially indicating the influence of AGN feedback. Inevi-
tably, studies of AGN host galaxies are limited by the quality of
data (particularly in the spatial dimension) and selection effects
introduced by the choice of AGN selection criteria, both of
which can potentially be improved with integral field unit (IFU)
spectroscopy.

IFU spectroscopy galaxy surveys, including the Calar Alto
Legacy Integral Field Area (CALIFA; Sánchez et al. 2012)
survey, the Sydney-AAO Multi-object Integral field (SAMI;
Croom et al. 2012) survey, and the Mapping Nearby Galaxies
at Apache Point Observatory (MaNGA; Bundy et al. 2015)
survey, have revolutionized our understanding of the spatial
trends in galaxy evolution. In these surveys, spectroscopy is
carried out in each spatially resolved pixel, thereby transform-
ing the pixels in a conventional image to spectral pixels (termed
“spaxels”). The spatial dimension provided by IFU data has
enabled studies on the spatial trends in local galaxies, revealing
that massive galaxies have centrally suppressed SFRs, both at
high redshifts (Tacchella et al. 2015, 2018) and low redshifts
(Belfiore et al. 2018; Ellison et al. 2018; Bluck et al. 2020).
This hints at the importance of inside out quenching
mechanisms, such as AGN feedback, morphological quench-
ing, and stellar feedback. The ability to explore spatial trends is
particularly relevant for studies of AGN feedback, for which
simulations suggest that the central regions of galaxies may be
affected most significantly (Hopkins & Hernquist 2006;
Appleby et al. 2020; Torrey et al. 2020; Nelson et al. 2021).
In addition to enabling the spatially resolved study of galaxies,
IFU data have been leveraged to identify AGNs that may be
missed with conventional single-fiber spectra, potentially
allowing for more complete samples of AGN galaxies
(Wylezalek et al. 2017, 2018). This is particularly relevant
for AGNs hidden by dust or contained within galaxies
dominated by star formation, as well as AGNs that have
recently turned off. In this work, we use MaNGA data to study
the influence of AGN feedback on host galaxy star formation,
taking advantage of MaNGA-specific AGN selection criteria
(Wylezalek et al. 2018).

Extracting physical information from the spectra of galaxies
is a classical problem in astronomy, facilitated with modern,
high-quality spectroscopy and sophisticated statistical techni-
ques. Traditionally, galaxy SFRs were estimated based on Hα
luminosity (Kennicutt 1983, 1989; Kennicutt et al. 1994).
Unfortunately, AGNs can also contribute to Hα emission,
potentially biasing the SFRs measured for AGN galaxies.
Although the bias in galaxy-wide SFR is small for typical
Seyfert/LINER AGNs (Catalán-Torrecilla et al. 2015, 2017;
Sánchez et al. 2018), AGN contamination can dominate Hα
emission in individual IFU spaxels (do Nascimento et al.
2019). Instead, we can recover accurate spaxel/galaxy proper-
ties by fitting a model parameterized with physical properties
(stellar mass, SFR, stellar ages, etc.) to the observed spectral
energy distribution (termed SED fitting). When recovering
stellar population information, emission lines are often masked
(Sánchez et al. 2016a; Lacerda et al. 2022), mitigating the
influence of AGN contamination. In addition to inferring
galaxy/spaxel SFRs, SED fitting can be used to recover star
formation histories (SFHs). SFHs provide a record of when

galaxies formed their stars, allowing for insights into the
physical processes governing star formation, such as inflows of
gas, feedback from AGN/supernovae, and mergers (e.g.,
Kauffmann et al. 2003; Brinchmann et al. 2004; Somerville
et al. 2008; Abramson et al. 2016; Behroozi et al. 2019; Iyer
et al. 2020; Tacchella et al. 2020). The simplest SFH
reconstruction techniques employ parametric SFH models,
such as exponentially declining SFHs, which can introduce
biases in the recovered parameters and miss multiple periods of
star formation/quenching (Ciesla et al. 2017; Carnall et al.
2019a). Flexible, nonparametric SFHs minimize bias (Iyer &
Gawiser 2017; Leja et al. 2019), but require strong constraints
on the underlying stellar populations, such as those provided
from SED fitting of MaNGA spectra (Sánchez et al. 2016b;
Ibarra-Medel et al. 2019; Sánchez et al. 2019).
The goal of this work is to study the influence of AGN

feedback on star formation with nonparametric, spatially
resolved SFHs reconstructed from MaNGA data. Section 2
describes the data used in our analysis, and Section 3 details the
adopted AGN selection criteria and the PIPE3D Gaussian
process SFH reconstruction methodology. In Section 4 and
Section 5, we compare trends in star formation and quenching
between the AGN and control samples. Discussion and
conclusions are presented in Sections 6 and 7, respectively.
Throughout this paper, we adopt a standard Λ cold dark matter
(ΛCDM) cosmology with Ωm = 0.3, ΩΛ = 0.7, and H0 =
70 kmMpc−1 s−1.

2. Observations and Data

2.1. SDSS-IV MaNGA Survey

The Sloan Digital Sky Survey IV (SDSS-IV) MaNGA
survey collects optical spectroscopic IFU data for nearby
galaxies (Bundy et al. 2015; Blanton et al. 2017). In Data
Release 16 (DR16), observations were reported for 4621
unique galaxies in the redshift range 0.01 < z < 0.15. The
MaNGA survey uses the BOSS spectrograph on the 2.5 m
SDSS telescope at the Apache Point Observatory, which
provides a wavelength coverage from 3600 to 10300Å (Smee
et al. 2013; Drory et al. 2015). MaNGA observations are made
with IFUs that vary from 19 to 127 fibers. Each optical fiber
subtends ∼2″ on the sky, and a spaxel size of 0.5″ is reported in
the resulting data cubes, corresponding to a physical distance of
∼0.1–1 kpc over the MaNGA redshift range (Law et al. 2016).
Observations are calibrated, then reduced with the MaNGA
Data Reduction Pipeline (DRP; Law et al. 2016) before
physical properties are derived with the MaNGA Data Analysis
Pipeline (DAP; Westfall et al. 2019). The MaNGA galaxy
target selection criteria were developed to maximize the signal-
to-noise ratio (S/N), spatial resolution, and sample size, while
maintaining a flat log-stellar mass distribution.

2.2. Galaxy Zoo

Galaxy Zoo is a citizen science project that classifies the
morphology of observed galaxies via survey-style questions
about the galaxies’ appearances (Willett et al. 2013; Hart et al.
2016). Data from Galaxy Zoo 2, as well as unpublished data
from Galaxy Zoo 4 and Galaxy Zoo 5, provide a large data set
of visual morphological classifications (smooth versus fea-
tures/disk, edge-on versus face-on, bulge prominence, etc.) of
SDSS galaxies.
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3. Sample Selection and Star Formation History
Reconstruction

3.1. Summary of MaNGA Active Galactic Nuclei Samples

Identifying AGN host galaxies is a challenging problem, for
which a variety of selection criteria have been developed. To
date, there have been several efforts to identify populations of
AGN galaxies in MaNGA, beginning with the ancillary AGN
program.12 The goal of the ancillary AGN program was to
observe luminous (Lbol > 1043 erg s−1) type 2 AGNs, in hopes
of gaining insight into the properties of their host galaxies and
the narrow-line region. In this program, AGN galaxies were
selected based on the Swift/BAT X-ray catalog, [O III] λ5007
luminosities, and Wide-field Infrared Survey Explorer (WISE)
infrared colors, leading the MaNGA survey to observe 24
ancillary AGN galaxies in DR16. In a similar vein, Comerford
et al. (2020) cross-referenced MaNGA galaxies with various
AGN catalogs to construct a sample of 406 AGN galaxies in
MPL-8 (289 in the publicly available DR16). Specifically,
Comerford et al. (2020) identified MaNGA AGNs using Swift/
BAT X-ray detections, WISE colors, NVSS/SWIFT radio
observations, and SDSS broad emission lines (the majority of
the AGN catalog came from radio observations).

Instead, most MaNGA AGN studies have relied on optical-
based selection criteria, namely, the BPT (Baldwin et al. 1981;
Kewley et al. 2001, 2006) and WHAN (Cid Fernandes et al.
2011) diagrams. Rembold et al. (2017) and subsequent papers
(Mallmann et al. 2018; do Nascimento et al. 2019; Ilha et al.
2019), used integrated SDSS-III spectra to identify galaxies
that pass both the BPT and WHAN criteria (i.e., galaxies
identified as LINER/Seyfert in the BPT diagram and weak
AGN/strong AGN in the WHAN diagram), resulting in a
sample of 62 MaNGA AGNs. Similarly, Sánchez et al. (2018)
selected AGN galaxies using the central 3″× 3″ integrated
MaNGA spectra and BPT/WHAN-like criteria (specifically,
galaxies identified as LINER/Seyfert with an Hα equivalent
width (EW(Hα))> 1.5Å). This selection procedure resulted in
a total of 98 MaNGA AGN galaxies.

Instead of relying on the integrated spectra of MaNGA
galaxies, AGN host galaxies can also be identified using the
spectra of individual spaxels. In particular, Wylezalek et al.
(2018, hereafter W18) developed a systematic approach to
classify individual spaxels using the BPT and WHAN
diagrams. AGN galaxies are then identified based on the
fraction of AGN-classified spaxels, Hα surface brightness,
and Hα EW. This led W18 to identify 303 MaNGA AGNs in
MPL-5, many of which were missed with conventional BPT/
WHAN-based selection criteria, despite significant signatures
of AGN activity. Follow-up observations of 10 potential AGNs
from their IFU selection criteria, which do not pass integrated
BPT/WHAN criteria, revealed that 7–10 (depending on criteria
strictness) are confirmed AGNs (Comerford et al. 2022). The
authors conclude that spatially resolved AGN diagnostics may
allow for the identification of low-luminosity AGNs, obscured
AGNs, and flickering AGNs that are missed by other selection
criteria, potentially allowing for a more complete census of
optical AGNs.

Selecting a sample of AGN galaxies is particularly important
for studies of host galaxy properties—both because different
populations of AGNs may be at different evolutionary stages

(Hickox et al. 2009) and because missed AGNs can end up in
the sample of control galaxies, making trends less clear. Of the
MaNGA-based studies, do Nascimento et al. (2019) found no
signs of AGN feedback suppressing star formation in their
sample of 62 BPT/WHAN-identified AGNs when compared
with a matched control sample of 109 galaxies. Despite similar
AGN selection methodology, Sánchez et al. (2018) concluded
that their sample of 98 AGN galaxies was in the process of
halting star formation by comparing with 2700 (unmatched)
control galaxies. On the other hand, with a different AGN
sample, Comerford et al. (2020) found evidence of radio-mode
AGN galaxies quenching star formation, by comparing their
406 AGN galaxies with the main sequence.

3.2. Active Galactic Nuclei Sample Selection

We adopt the MaNGA-based, spatially resolved AGN
selection criteria from W18 for two primary reasons: sample
size and sample completeness. The W18 selection criteria allow
us to study a large sample of face-on, type 2 AGNs that are
suitable for spatially resolved SED fitting. Additionally, high
sample completeness (i.e., few missed AGNs) is crucial for
constructing a meaningful matched control sample. It is,
however, worth reminding the reader that “AGNs” identified
based on optical AGN selection criteria are better termed
“AGN candidates” because several physical processes can
mimic optical AGN-like signatures (e.g., shocks and young hot
stars). We do not expect a small number of spurious AGNs in
the AGN sample to significantly impact results. Indeed, our
results are similar (but less statistically significant) if we restrict
our analysis to the AGNs that pass integrated BPT/WHAN
selection criteria (see the Appendix).
The AGN selection criteria developed in W18 rely on

classifying individual spaxels based on the BPT diagram, Hα
EW and surface brightness, and the distance from the standard
BPT diagnostic lines in line-ratio space. Galaxies are identified
as AGN candidates based on thresholds in the calculated
parameters and the fraction of spaxels that satisfy various
criteria. The full list of parameters and the refined selection
criteria can be found in W18. All emission line and EW data
used in the selection algorithm are taken from the MaNGA
DAP. Before fitting, all spaxels with an r-band S/N< 5 are
excluded from the analysis. All remaining spaxels are
independently classified according to their positions in the
[N II]–BPT and [S II]–BPT diagrams (as defined in Kewley
et al. 2006).
Of the 4156 unique galaxies in MaNGA DR16 without

quality flags (i.e., without data collection/analysis issues), we
find that the W18 selection criteria identify 431 galaxies as
candidate AGN hosts (∼10%), similar to the proportion of
galaxies identified in the earlier MPL-8 data release by W18.
For our analysis, we introduce two additional quality cuts to the
AGN sample: excluding edge-on galaxies and excluding type 1
AGNs with potential SED contamination (see below for
details).
To leverage fully the spatially resolved data provided by

MaNGA, we limit our analysis to face-on galaxies, which
allows for the study of radial trends out to ∼2.5Re while
minimizing the deleterious effects of extinction. To remove
edge-on galaxies from the AGN sample, we turn to the
morphological classifications provided by Galaxy Zoo. For
galaxies with three or more votes, those with an “edge-on
appearance” debiased vote fraction greater than 50% (or a

12 https://www.sdss.org/dr16/manga/manga-target-selection/ancillary-
targets/luminous-agn/
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“contaminating star/artifact” debiased vote fraction greater
than 50%) are excluded from the AGN sample. In the sample of
431 AGN host galaxies, 74 were classified as edge-on, four
were classified as containing a contaminating star/artifact, and
51 had insufficient galaxy zoo data, leaving 302 face-on AGN
host galaxies.

Performing SED fitting on AGN host galaxies is challenging
due to the difficulty of disentangling stellar emission from
AGN contamination (e.g., Yang et al. 2020). This is a
particularly pertinent concern for IFU surveys, wherein the
spectra of some spaxels may be dominated by AGN
contamination. Furthermore, in the MaNGA wavelength range
(3600–10300Å), AGN spectra are largely degenerate with
those of the stellar populations (Cardoso et al. 2017; Leja et al.
2018). To mitigate the influence of AGN contamination, we
restrict our attention to low-luminosity, type 2 AGNs, which
have a negligible effect on their host galaxy’s optical SEDs.
Although the MaNGA survey primarily contains type 2 AGNs,
and the W18 selection criteria preferentially select low-
luminosity AGNs, the AGN sample may nonetheless contain
a few type 1 AGNs that are unsuitable for spatially resolved
SED fitting. The spectra of galaxies hosting type 1 AGNs are
characterized by broad emission lines. To identify low-redshift
type 1 AGNs in SDSS DR7, Oh et al. (2015) developedselec-
tion criteria that use the FWHM of Hα (FWHM Hα > 800
km s−1) and the ratio of the Hα Gaussian amplitude to the noise
of Hα (Hα A/N> 3). Analogously, to identify potential type 1
AGNs, we use the spatially resolved Hα Gaussian profile
velocity, Gvel(Hα), and the ratio of the Hα Gaussian amplitude
to Hα noise in each spaxel, A(Hα)/N(Hα). In analogy with the
type 1 AGN criteria from Oh et al. (2015) and the W18
selection criteria, we define two new spaxel parameters:

1. fA/N: the A(Hα)/N(Hα) spaxel fraction, i.e., the fraction
of spaxels with an Hα Gaussian amplitude to Hα noise
ratio greater than 10Å.

2. fGvel: the Gvel(Hα) spaxel fraction, i.e., the fraction of
spaxels with an Hα Gaussian profile velocity greater than
125 km s−1.

The thresholds of 10Å and 125 km s−1 were chosen based on
the rightward tail of Gvel(Hα) and A(Hα)/N(Hα) for the
431 AGN galaxies. We adopt conservative cutoffs in fA/N and
fGvel to ensure no galaxies with significant AGN contamination
sneak into the AGN sample, at the cost of a slight reduction in
sample size. We use the following criteria to remove galaxies
potentially hosting type 1 AGNs:

1. fA/N > 40% and fGvel > 40%.

Of the 302 face-on AGN candidates, 23 were excluded based
on this cut, leaving a final AGN sample of 279 AGN galaxies.
The 40% cutoff fractions were chosen to be conservative—
W18 found a total of only 11 type 1 AGNs in their sample of
303 AGNs (by cross-referencing with Oh et al. 2015). For a
summary of the full AGN sample selection process, see
Figure 1.

Based on data from the SDSS NASA-Sloan Atlas (NSA), the
mean stellar mass of the AGN sample is (log M*/Me)= 10.4,
with a mean redshift of z = 0.053, as compared with a mean
stellar mass of (log M*/Me)= 10.2 and mean redshift of
z = 0.046 for all MaNGA DR16 galaxies (see Figure 2).
Below, we select a sample of matched control galaxies against
which we compare the AGN sample.

3.3. Control Sample Selection

To study the effect of AGN feedback on star formation, we
adopt the approach of repeating our analyses on a sample of
AGN-inactive matched control galaxies (see also Cisternas
et al. 2011; Ellison et al. 2011; Kocevski et al. 2012; Rembold
et al. 2017). To compare against galaxies at a comparable
evolutionary stage, but retain potentially informative differ-
ences in SFR, we select two stellar mass– and redshift-matched
control galaxies. Before selecting the matched control galaxies,
we apply the cuts performed on the AGN sample to the 3725
non-AGN galaxies (i.e., we remove edge-on and potential type
1 AGN galaxies). It is necessary to apply these cuts to the
control sample to ensure they are not introducing an unintended
bias to the AGN sample. Additionally, there may be type 1
AGNs missed by the W18 selection criteria present in the so-
called non-AGN galaxies. With Galaxy Zoo data, we narrow
the control sample to 2665 face-on galaxies. We remove a
further 67 galaxies based on the spatially resolved type 1 AGN
criteria (see Section 3.2 for details), leaving a total of 2598
potential control galaxies (we compare the morphologies and
merger activities in Section 4.1 below).
The full sample of potential control galaxies spans a range of

stellar masses, redshifts, SFRs, etc. Because AGNs are known
to reside preferentially in certain types of galaxies, directly
comparing the properties of the AGN sample to the full sample
of 2598 control galaxies is not necessarily a fair comparison.
Instead, we study a control sample matched in stellar mass and
redshift to the AGN galaxies. In detail, we first normalize the
log(stellar mass) and redshifts of all galaxies to a maximum of
one. For each of the 279 AGN galaxies, we then select (without
replacement) the two inactive galaxies which are closest in
normalized stellar mass–redshift space and add them to the
matched control sample. We weight the stellar mass by an

Figure 1. Summary of the selection methodology for the sample of 279 AGN
galaxies and the sample of 558 stellar mass– and redshift-matched control
galaxies. The AGN selection criteria from W18 are applied at step 1.
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arbitrary factor of 10 in this selection to account for the
lower variance in the distribution of the normalized log(stellar
mass) as compared with the distribution of normalized
redshifts. The resulting control sample of 558 galaxies closely
matches the stellar mass and redshift distributions of the
AGN host galaxies (see Figure 2), with a mean stellar mass of

(log M*/Me)= 10.4 and a mean redshift of z = 0.053 (from
NSA data). For a summary of the control sample selection
process, see Figure 1.

3.4. Star Formation History Reconstruction

To study star formation trends over spatial and temporal
scales, we aim to reconstruct nonparametric SFHs for MaNGA
galaxies. Rather than reperform SED fitting on MaNGA
spectra, we turn to the extensively tested previous MaNGA
SED fitting efforts. In particular, the PIPE3D analysis (Sánchez
et al. 2016a, 2016b) was used to derive stellar population data
products for all MaNGA DR16 galaxies, and has provided the
basis for a number of MaNGA-based studies. One relevant
advantage of the PIPE3D analysis is that emission lines were
not used to extract stellar population information, mitigating
the possible influence of AGN contamination in our analysis.
Previous works have used PIPE3D stellar population informa-
tion to reconstruct simple piecewise-constant SFHs (e.g.,
Ibarra-Medel et al. 2019; Sánchez et al. 2019). We instead
reconstruct smooth, nonparametric SFHs with the help of
PIPE3D data, following the dense basis methodology (Iyer
et al. 2019).

The PIPE3D pipeline was created based on the FIT3D fitting
methodology, which fits spectra with stellar population models.
FIT3D uses the simple stellar population library from Cid
Fernandes et al. (2013), which consists of 156 templates
spanning 39 stellar ages (1Myr–14.1 Gyr) and four metalli-
cities (0.2 Z/Ze–1.5 Z/Ze). Before fitting the spaxel spectra, the
PIPE3D pipeline bins spaxels in the outskirts of galaxies,
combining their spectra to achieve a desired S/N per angstrom
(specifically, 50, which gives an uncertainty of ∼0.1 dex in the
resulting stellar population properties). As a result, note that
spaxels containing features like spiral arms may be smoothed
over. Spaxels in the centers of MaNGA galaxies typically have
an S/N per Å> 50, and as a result, do not require any binning.
In each spatial bin, spectra are coadded before a stellar

population fit is performed. A multiple single-star population
(SSP) linear fit is then carried out in each spatial bin using the
library from Cid Fernandes et al. (2013). Lastly, to resolve the
stellar population properties in each MaNGA spaxel, a
dezonification procedure is employed. This way, the stellar
population information is estimated in all spaxels, regardless of
S/N. For more details about this process, see Sánchez et al.
(2016b).
For each spaxel in MaNGA galaxies, PIPE3D provides the

fraction of luminosity produced by the SSPs across the range of
stellar ages and metallicities (“luminosity fractions”). We
convert the luminosity fractions to stellar mass fractions using
the mass-to-light ratios provided for each SSP based on the
Salpeter (1955) initial mass function. Stellar mass fractions
indicate the times at which the spaxel has formed certain
quantiles of its total stellar mass, placing constraints on the
underlying SFH. We then reconstruct nonparametric SFHs with
the dense basis approach.
The dense basis method uses Gaussian processes to create

smooth SFHs independent of any functional form that connects
stellar mass quantiles (from PIPE3D, in this case) in a physical
way (Iyer et al. 2019). That is, for stellar mass quantile times
{tx}, the reconstructed SFR(t) must satisfy

( ) ( ) ( ) ( )ò - =
=

=

*t f t t Z dt M tSFH , , 1
t

t t

x x
0

ret

x

where fret(t− tx, Z) is the metallicity-dependent fraction of the
mass formed that is retained at the time of observation
(typically between 0.6 and 1.0; Conroy et al. 2009). We use
Gaussian process regression to construct a smooth curve in
stellar mass–lookback time space which passes through the
constraint points (Equation (1)) provided by the PIPE3D stellar
population information. Differentiating the cumulative mass
curve yields the SFH in the form of SFR(t). For the Gaussian
process regression, we adopt a physically motivated Matern32
kernel and never allow the SFR to drop below zero in the
smooth reconstruction (see Iyer et al. 2019 for more details).
This Gaussian-process-based description of SFHs minimizes
the bias in reconstructed parameters (stellar mass, SFR, etc.)
when compared to other parametric and nonparametric
methods. Additionally, our reconstructed SFHs are robust to

Figure 2. Distributions of redshifts (left) and stellar masses (right) from the SDSS NSA for the AGN sample and the control sample, as compared with all MaNGA
DR16 galaxies. The distribution of AGN galaxy redshifts is comparable to that of all MaNGA galaxies, whereas the stellar masses of the AGN galaxies are
preferentially larger, peaking at (log M*/Me) ∼ 10.5. The control galaxy redshifts and stellar masses closely match those of the AGN galaxies (also match in
z– (log M*/Me) space).
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multiple episodes of star formation/quenching, which played
an important role in our results. The stellar masses and SFRs
derived from our reconstructed SFHs are consistent with the
publicly released PIPE3D stellar masses and SFRs (Sánchez
et al. 2016b, 2022).

4. Host Galaxy Properties

4.1. Galaxy Morphologies

Following Willett et al. (2013) and Comerford et al. (2020),
we use Galaxy Zoo data to classify the morphology of the
galaxies in a binary fashion: spiral or elliptical. Galaxies with a
higher “features or disk” debiased vote fraction we term
“spiral” and galaxies with a higher “smooth” debiased vote
fraction we term “elliptical.” Although this binary morpholo-
gical classification is idealistic, in that not all galaxies can
simply be classified as spiral/elliptical, it allows us to separate
the AGN and control samples into two morphological bins
easily for subsequent analyses. We also use Galaxy Zoo data to
identify galaxies that are currently undergoing a merger.

Among the sample of AGN host galaxies, 81% are classified
as spirals, 19% are classified as ellipticals, and 4.0% are
classified as undergoing a merger. On the other hand, the
matched control sample consists of 55% spiral galaxies and
45% elliptical galaxies, of which 3.4% are undergoing a merger
(two control galaxies have inconclusive tied spiral and elliptical
vote fractions). Our sample of optically identified AGNs are
preferentially found in spiral galaxies, with no obvious sign of
merger-enhanced activity when compared with the matched
control galaxies. This is consistent with the finding in previous
studies that optical type 2 AGNs primarily reside in early-type
spiral galaxies (e.g., Catalán-Torrecilla et al. 2017; Sánchez
et al. 2018). To mitigate the impact of different morphologies
in the AGN and control samples, we separate the AGN and
control galaxies by morphology in many of the subsequent
analyses (one could instead select control galaxies that are
matched in morphology to the AGN galaxies, but it proves
interesting to separate the samples by morphology). We
explore star formation trends in the AGN and control samples
below.

4.2. Galaxy-wide and Spatially Resolved Star Formation Rates

Reconstructing spatially resolved SFHs allows us to analyze
trends in both galaxy-wide and kiloparsec-scale star formation.
Turning first to galaxy-wide trends, it is well established that
the rate at which galaxies form stars is tied to their stellar mass.
The observed linear relationship between log(SFR) and log
(stellar mass) is termed the “star formation main sequence”
(SFMS; e.g., Brinchmann et al. 2004; Elbaz et al. 2007;
Speagle et al. 2014; Renzini & Peng 2015). Despite much
previous work, the location of AGN host galaxies relative to
the SFMS remains somewhat unclear. Some studies have
concluded that AGN host galaxies reside primarily in the green
valley between star forming and quenched, whereas other
works have found that AGN host galaxies lie distinctly on/
above/below the SFMS (e.g., Schawinski et al. 2010; Rosario
et al. 2013; Young et al. 2014; Mullaney et al. 2015; Stanley
et al. 2017; Sánchez et al. 2018). Additionally, some studies
have found that the location of AGN galaxies on the SFR–
stellar mass diagram depends on the type of AGN (e.g., Ellison
et al. 2016; Comerford et al. 2020).

Throughout this paper, we use the mean SFR of the last
100Myr of the spaxel/galaxy SFH (rather than, for instance,
emission lines). This timescale is consistent with infrared
tracers of the SFR. Our sample of AGN galaxies and control
galaxies is shown in comparison with the (PIPE3D) SFMS in
Figure 3. The AGN host galaxies largely reside on the SFMS,
or slightly below, in the green-valley region. By comparison,
the control galaxies extend further above/below the SFMS than
the AGN galaxies, and include a larger population of quenched
galaxies (note that we use the terms “quenched” and
“quiescent” interchangeably). Adopting a quenched threshold
of 1.0 dex below the SFMS, a total of 267 control galaxies are
quiescent (48%), whereas only 63 AGN galaxies are quiescent
(23%). This is not overly surprising; AGN activity is generally
not anticipated in quiescent galaxies due to the lack of gas
content required to fuel SMBH accretion and detect AGN
activity. As such, we expect that the smaller proportion of
quenched galaxies in our AGN sample is caused by the relative
rarity of AGN activity in the quiescent galaxy population,
rather than, for instance, positive AGN feedback.
It is worth noting that the galaxy-wide stellar masses shown

in Figure 3, measured with spatially resolved SED fitting, do
not exactly agree with the NSA stellar masses derived from
full-galaxy SDSS SEDs, which were used to match stellar
masses during sample selection (Figure 2). We find that the
NSA stellar mass are underestimated by ∼0.3 dex, with a fair
amount of scatter. As a result, the reconstructed stellar masses
of the AGN host galaxies and the matched control galaxies are
no longer precisely one-to-one, but they remain largely
consistent (with a two-sample Kolmogorov–Smirnov, K-S, test
p-value of 0.22). The discrepancy between the stellar masses
derived from unresolved SEDs and spatially resolved SEDs has
been previously studied (Zibetti et al. 2009; Sorba &
Sawicki 2015, 2018), and in this case, different choices of
the initial mass function between PIPE3D and the NSA catalog
likely also contributed.
Upon further investigation, the SFRs of the AGN and control

galaxies, and thereby their positions relative to the SFMS,
strongly depend on galaxy morphology. Breaking up the AGN
and control galaxies by morphology reveals, unsurprisingly,
that elliptical galaxies generally reside lower with respect to the

Figure 3. Density contours in SFR–stellar mass space for the AGN host
galaxies (red) and the control galaxies (blue), as compared with the SFMS from
Sánchez et al. (2019). The AGN galaxies predominantly lie on the SFMS/in
the green-valley region. By comparison, the control sample has a more broad
distribution of SFRs, and a larger fraction of quiescent galaxies (i.e., galaxies
1.0 dex below the SFMS; 23% of the AGNs and 48% of the control galaxies
are quenched).
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SFMS than spiral galaxies. Figure 4 shows the distribution of
offsets from the SFMS, defined as

( ) ( ) ( )D = -SFR log SFR log SFR . 2gal SFMS

Overall, the AGN galaxies have slightly larger SFRs than the
control galaxies. The differences in SFRs between the AGN
and control galaxies are more significant among ellipticals than
they are among spirals; elliptical control galaxies typically have
lower ΔSFR than elliptical AGN galaxies (the two-sample K-S
test gives a 5.8σ significance). On the other hand, the
distributions of ΔSFR for spiral AGN galaxies and spiral
control galaxies are more comparable, with a marginally
consistent p-value of 0.03 from the two-sample K-S test and a
similar mean. In other words, AGNs hosted in spiral galaxies
have fairly typical spiral galaxy SFRs, whereas AGNs hosted in
elliptical galaxies have preferentially larger SFRs than typical
ellipticals. Again, we expect that this is caused by the necessity
of gas content to fuel AGN activity; for ellipticals to host
AGNs they must contain a reservoir of gas, possibly due to
recent mergers, which could also fuel star formation (indeed,
trends in ΔSFR are mirrored in the distributions of gas masses,
as provided by PIPE3D). Aside from the smaller fraction of
spiral AGN galaxies above the SFMS (ΔSFR> 0) when
compared with the spiral control galaxies, we find no glaring
signatures of AGN feedback in the galaxy-wide SFRs.

Large IFU galaxy surveys, such as CALIFA and MaNGA,
have revealed that spatially resolved spaxels also follow a tight
relationship between log(SFR) and log(stellar mass), termed
the spatially resolved SFMS or the local SFMS (e.g., Sánchez
et al. 2013; Cano-Díaz et al. 2016; Hsieh et al. 2017; Bluck
et al. 2020; Sánchez 2020; Baker et al. 2022). The local SFMS
describes a linear relationship between log(SFR density) and
log(stellar mass density) to reflect the varying physical size of
the individual spaxels. Further investigating star formation
trends, Figure 5 shows the distribution of offsets from the local
SFMS in individual spaxels, defined analogously to ΔSFR:

( ) ( ) ( )D S = S - Slog log . 3SFR SFR,spaxel SFR,SFMS

Adopting the local SFMS from Bluck et al. (2020), we see a
bimodal distribution of star-forming and quenched spaxels,

with many quenched spaxels in both spirals and ellipticals. The
absence of spaxels in the green-valley region is due to the
relatively rapid spaxel quenching times (<1 Gyr) in our
reconstructed SFHs. As we found for ΔSFR, the distributions
of ΔΣSFR are comparable for spiral AGNs and spiral control
galaxies, whereas the distributions of ΔΣSFR for elliptical
AGNs and elliptical control galaxies differ more substantially.
Based on galaxy-wide SFRs, as well as the distribution of

spaxel SFR densities, we see no obvious signatures of AGN
feedback in our sample of AGN galaxies. Instead, we find that
the AGN sample has a smaller spread of galaxy SFRs and a
missing population of quenched (primarily elliptical) galaxies.
However, AGN feedback may still have a substantial effect on
star formation in the central regions of the AGN galaxies (see,
e.g., Figure 6). We explore this possibility below.

4.3. Radial Star Formation Profiles

Observations of gas content in low-redshift AGN galaxies
suggest that AGN feedback may primarily take place in the
central (kiloparsec-scale) regions of galaxies (Sánchez et al.
2018; Ellison et al. 2021). Here, we test whether the star
formation trends in the central regions of AGN galaxies differ
from those of matched control galaxies. Previous studies have
analyzed the radial star formation trends of large galaxy
samples in MaNGA, revealing that the SFR is enhanced and
quenched from the inside out (e.g., Belfiore et al. 2018; Ellison
et al. 2018; Sánchez et al. 2018; Bluck et al. 2020). Following
the previous works, we display radial SFR profiles in terms of
the offset from the local SFMS (ΔΣSFR), thereby accounting
for the SFR expected due to the stellar mass contained in each
spaxel. We bin spaxels in elliptical apertures and calculate the
mean ΔΣSFR across all galaxies in the AGN and control
samples. Note that spaxels with an SFR density of exactly 0 are
necessarily excluded when calculating the mean ΔΣSFR (but
∼0% of the spaxels have an SFR density of exactly 0). To
emphasize trends in the central regions (and where these trends
disappear), we plot the cumulative mean ΔΣSFR of spaxels
within distance R.
Figure 7 shows the radial ΔΣSFR profiles for the AGN

galaxies and the control galaxies. When compared with the
control galaxies, we find that the AGN galaxies have a larger

Figure 4. Distribution of offsets from the SFMS for spiral AGN and control galaxies (left) and elliptical AGN and control galaxies (right). The AGN galaxies typically
have larger SFRs than the matched control galaxies, with mean values highlighted as vertical lines. The SFRs of the AGN and control samples are more comparable
among spiral galaxies (a two-sample K-S test p-value of 0.03) and differ substantially among elliptical galaxies (at a two-sample K-S test significance of 5.8σ). There
is a population of quenched (ΔSFR < 1.0 dex) elliptical galaxies that is seen in the control sample but not in the AGN sample.
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overall mean ΔΣSFR, consistent with the trends of the galaxy-
wide SFRs. However, the AGN galaxies have centrally
suppressed ΔΣSFR within R� 0.5Re. This provides observa-
tional evidence of AGN feedback suppressing star formation in
the central regions of low-redshift galaxies. The difference
between the mean central ΔΣSFR of the AGN and control
samples is relatively small (∼0.2 dex at the smallest R);
however, this is a statistically significant effect that emerges
from tens to hundreds of thousands of spaxels (depending on
R), resulting in small uncertainties on the mean. This indicates
that AGN galaxies have suppressed central star formation when
compared with the control galaxies, providing evidence of
AGN feedback hindering star formation. Breaking up the radial
ΔΣSFR profiles by galaxy morphology helps to clarify the
trends.

Figure 8 shows the radial ΔΣSFR profiles for the AGN and
control galaxies, separated into spirals and ellipticals. Among
spirals, the AGN galaxies have a centrally suppressed ΔΣSFR

profile, lying ∼0.3 dex below the control galaxies (factor of 2)
at the smallest R. Again, this arises due to differences in the
SFR densities of tens to hundreds of thousands of spaxels
(Figure 5 shows the corresponding SFR density distributions
for all spaxels). The difference between the spiral AGN and
control ΔΣSFR profiles narrows as R approaches 2.5. Among
the elliptical galaxies, the AGN galaxies instead have larger
overall ΔΣSFR. However, the radial ΔΣSFR profiles of the
AGN galaxies display central SFR suppression that is not
found for the control galaxies (notice that the right-most mean
ΔΣSFR in these profiles agrees with the mean ΔΣSFR shown in
Figure 5). This explains the larger SFR densities in the outskirts
of the AGN galaxies when compared with the control galaxies
in Figure 7. Furthermore, this demonstrates that suppressed
central SFRs are responsible for the lack of spiral AGN
galaxies above the SFMS, placing them instead in the green
valley (see Figure 4).

Due to the tight relationship between SMBH mass and galaxy
stellar mass, AGN feedback is generally believed to be most
significant in high-stellar-mass galaxies (Schawinski et al. 2007;
Wang & Kauffmann 2008; Reines & Volonteri 2015; Bongiorno
et al. 2016; Förster Schreiber et al. 2019). As a result, many
cosmological simulations implement AGN feedback primarily
for high-stellar-mass galaxies (e.g., Booth & Schaye 2009;

Vogelsberger et al. 2013; Weinberger et al. 2018). When we
separate the radial ΔΣSFR profiles by stellar mass, we find that
the trends also depend on stellar mass (Figure 9). The ΔΣSFR

profiles for both higher-stellar-mass AGN galaxies and higher-
stellar-mass control galaxies are inside out. Among the lower-
stellar-mass galaxies, the AGN ΔΣSFR profile is centrally
suppressed, whereas the control profile is more flat. This
suggests that AGN feedback also occurs in lower-stellar-mass
galaxies. Additionally, as found above for spirals, this estab-
lishes that suppressed central SFRs are responsible for the
position of the lower-stellar-mass AGNs in the green valley (see
Figure 4). Unfortunately, we are limited by the small number of
low-stellar-mass AGNs in our sample, but the trends of the few
lowest-stellar-mass galaxies ( (log M*/Me)< 10.0) are compar-
able to the left panel of Figure 9.

4.4. Evolution of Radial Star Formation Profiles

Radial ΔΣSFR profiles, although useful for gaining insight
into radial star formation trends, provide no timescale
information. In the analysis above, the timescale over which
central SFR suppression arises in the AGN galaxies is not clear,
which raises the question: Is central quenching occurring on
megayear timescales (suggesting recent outflows) or gigayear
timescales (suggesting longer-term, integrated AGN feedback)?
With the reconstructed SFHs, we are able to address this
question. We create analogous radial SFR plots to Figure 7 at
lookback times spanning the last 8 Gyr to study the evolution
of the ΔΣSFR profiles over cosmic time.
One complication to creating ΔΣSFR profiles at specific

lookback times is that the local SFMS also changes over time.
Despite several studies on the evolution of the global SFMS
over cosmic time (e.g., Speagle et al. 2014; Rodríguez-Puebla
et al. 2017; Sánchez et al. 2019; Popesso et al. 2023), the
evolution of the local SFMS has not been studied quantita-
tively. Lacking a quantitatively determined local SFMS, we
instead adopt a local SFMS of SFR(t)= M*/tH(t), where tH(t)
is the age of the Universe at lookback time t, in analogy with
the simplified, time-parameterized global SFMS adopted in
previous works (e.g., Pacifici et al. 2016; Carnall et al. 2019b;
Rodríguez Montero et al. 2019; Tacchella et al. 2022). At the
time of observation (i.e., t= 0), this choice closely agrees with
the local SFMS from Bluck et al. (2020). Because we are

Figure 5. Distribution of spaxel offsets from the local SFMS for spiral AGN and control galaxies (left) and elliptical AGN and control galaxies (right). Similar to
Figure 4, the distributions of spaxel SFR densities in the spiral AGN and spiral control galaxies match more closely than the distributions of SFR densities in the
elliptical AGN and elliptical control galaxies. This plot also illustrates that typical galaxies, both quiescent (ΔSFR < 1.0 dex) and nonquiescent, contain many
quenched spaxels.
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primarily interested in comparing the AGN galaxies to the
control galaxies, the accuracy of the adopted local SFMS is not
crucially important.

Figure 10 shows snapshots of the AGN and control ΔΣSFR

profiles at lookback times spanning 0.5–8.0 Gyr. The central
SFR suppression in the AGN galaxies began ∼6 Gyr ago,
increasing over the next few gigayears, and resulting in
significant central suppression that is already present by
∼2 Gyr ago. Beyond ∼6 Gyr ago, the AGN and control
galaxies have comparably flat ΔΣSFR profiles. The trends are

similar if we exclude elliptical galaxies from this plot (over
concerns of stars that were formed ex situ).
The overall consistency between the radial AGN and control

ΔΣSFR profiles over the last ∼2 Gyr indicates that the AGN
galaxies are not preferentially in the process of galaxy-wide
quenching when compared with the matched control galaxies.
If this were the case, we would expect the overall mean spaxel
SFRs of the AGN galaxies to decrease relative to that of the
control galaxies over time, whereas they remain largely
consistent (barring the central suppression). Instead, we find
that the AGN galaxies have often undergone quenching in their
central regions several gigayears ago that did not lead to
galaxy-wide quenching.
Due to the bimodal nature of the ΔΣSFR distributions

(Figure 5), the mean ΔΣSFR profiles always reside below zero.
On a related note, notice that the y-axes of Figures 7 and 10
differ. This is a numerical artifact of the reconstructed SFHs: at
t = 0, very few quenched spaxels have an SFR density of
exactly 0 (see Figure 5), but at larger lookback times, a more
substantial fraction of the quenched spaxels have an SFR
density of exactly 0 (this is caused by the limited time
resolution of the SFHs, see Section 6.3). These quenched
spaxels are necessarily excluded from the ΔΣSFR distribution,
thereby artificially increasing the mean ΔΣSFR. At all lookback
times, the AGN and control galaxies have a comparable
fraction of quenched spaxels with an SFR density of exactly 0,
making Figure 10 a fair comparison.

5. Star Formation Quenching

In Section 4, we found that the AGN galaxies have
suppressed central SFRs, which arose over gigayear timescales

Figure 6. Plots for MaNGA AGN galaxy 1–137883 that illustrate the trends in the AGN sample. The top row shows the optical image with the MaNGA hexagon
coverage overlay, and the spatially resolved BPT and WHAN diagrams. The bottom row shows the galaxy’s sSFR as a function of lookback time with highlighted
star-forming and quenched thresholds (sSFR = 1.0/tH and sSFR = 0.2/tH, respectively), along with spatially resolved diagrams of ΔΣSFR and time since
quenching. The time since quenching plot shows the quenching time of spaxels that are quenched at the time of observation (nonquenched spaxels are shown in gray).
Star formation in the central regions of the galaxy quenched early on (∼6 Gyr ago). In this case, galaxy-wide star formation also quenched, instead taking place over
the last ∼1 Gyr.

Figure 7. Mean offset from the local SFMS for spaxels within R (i.e.,
R = 0.5Re shows the mean offset of spaxels across all galaxies located within
R < 0.5Re). The shaded regions show the 3σ error on the mean. Despite greater
overall SFR densities, the AGN galaxies have lower central SFR densities
when compared with the control galaxies.
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(beginning ∼6 Gyr ago). To quantify further the central
quenching timescale in the AGN galaxies, we introduce a radial
metric that is complementary to the mean ΔΣSFR: the mean
time since quenching. This is a useful metric because even
nonquiescent galaxies have many quiescent spaxels (Figure 5)
which can be used to study quenching trends. Like the radial
profiles of ΔΣSFR, the radial profiles of the time since
quenching provide insights into qualitative quenching trends
(inside out versus outside in), with the additional advantage of
directly quantifying the timescale over which quenching
occurs.

5.1. Radial Quenching Profiles

In analogy with the specific star formation rate (sSFR)-based
galaxy quenching definitions used in other works (e.g., Pacifici
et al. 2016; Carnall et al. 2019b; Rodríguez Montero et al.
2019; Tacchella et al. 2022), we adopt a quenched spaxel
threshold of sSFR(t)< 0.2/tH(t), which lies well below the
local SFMS adopted in Section 4.4 (sSFR(t)= 1.0/tH(t)). The
time at which a spaxel quenches is defined as the time at which
its sSFR drops below 0.2/tH(t) (our conclusions are insensitive
to the exact choice of the quenching threshold). For
straightforward interpretation, we restrict our analysis of radial
quenching profiles to spaxels that are quenched at the time of
observation.

Figure 11 shows the radial time since quenching profiles for
the AGN and control galaxies. The AGN galaxies have a more
steep inside out quenching profile than the control galaxies,
with quenching beginning in the center 6.5 Gyr ago and taking
place in the outskirts 2.5 Gyr later. Although quenching does
occur in the outskirts of the AGN galaxies, note that this may
not be driven by AGN feedback (as suggested by the results in
Section 4), so this timescale should be interpreted accordingly.
In the control galaxies, quenching instead began in the central
regions 5 Gyr ago, spreading to the outskirts in 0.5 Gyr. Notice
the qualitative agreement between the radial quenching profiles
(Figure 11) and the radial ΔΣSFR profiles (Figure 7), which
holds for all plots in this section. The agreement reinforces the
usefulness of the ΔΣSFR profiles in gaining insight into
qualitative gigayear-timescale radial quenching trends, as well
as the quantitative advantage of using radial quenching profiles.

As in Section 4, we break up the AGN and control samples
according to galaxy morphology and stellar mass. The spiral
AGN galaxies display a significantly more inside out quench-
ing profile than the spiral control galaxies (Figure 12).
Similarly, the elliptical AGN galaxies have a significantly
steeper radial quenching profile than the elliptical control
galaxies. Notice that whereas the control quenching profiles
differ substantially based on morphology, the AGN quenching
profiles are very similar; in both spiral and elliptical AGN
galaxies, quenching began in the center 6.5 Gyr ago, spreading
to the outskirts in 2.5 Gyr.
The radial quenching profiles of the AGN and control

galaxies are shown by stellar mass in Figure 13. The higher-
stellar-mass AGN galaxies and the higher-stellar-mass control
galaxies have similar inside out quenching profiles, whereas the
lower-stellar-mass AGN galaxies differ substantially from the
lower-stellar-mass control galaxies. The differences between
the lower-stellar-mass AGN and control quenching profiles
provides further evidence of AGN feedback taking place in
lower-stellar-mass galaxies. Similar to morphology, the AGN
quenching profiles do not depend strongly on stellar mass; the
lower- and higher-stellar-mass AGN quenching profiles are
similar. The radial quenching trends of the lowest-stellar-mass
galaxies in our sample ( (log M*/Me)< 10.0) are comparable
to the left panel of Figure 13.
The radial quenching profiles demonstrate that the trends

seen in the radial SFR profiles of Section 4.3 are reflective of
gigayear-timescale quenching. It is interesting to consider
whether the different radial quenching trends of the AGN
sample result in different galaxy-wide quenching trends for the
subset of currently quiescent AGN galaxies. We explore this
possibility below.

5.2. Galaxy-wide Quenching Trends

In all above analyses, we have studied the full AGN and
control samples, including both quiescent and nonquiescent
galaxies. Here, we explore whether the radial quenching trends
of the AGN galaxies lead to different galaxy-wide quenching
behavior when compared with the control galaxies. As
mentioned in Section 4.4, the SFMS changes over time, so
we cannot simply use a quiescent threshold of 1.0 dex below
the z ∼ 0 PIPE3D SFMS (Figure 3). Instead, to quantify the

Figure 8.Mean offset from the local SFMS for spaxels within R in spiral AGN and control galaxies (left) and elliptical AGN and control galaxies (right). Central SFR
densities are significantly lower in the spiral AGN galaxies when compared with the spiral control galaxies. Among the elliptical galaxies, the AGN galaxies have
larger overall SFR densities but still display a more inside out profile. Notice that the right-most mean offsets agree with with the mean offsets shown in Figure 5 (as
they must).
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quenching times of the quiescent AGNs, we use the same
quenched threshold that we adopted for spaxels:
sSFR< 0.2/tH(t). Figure 14 shows the time since quenching
for all quiescent AGN and control galaxies, revealing a clear
excess of AGN galaxies that have quenched in the last
500Myr. Typically, this is caused by a recent, short (∼1 Gyr)
quenching period, as illustrated by the example galaxy in
Figure 6. This is possibly indicative of AGN-driven quenching,
but this recent quenching is only seen for a small subset of the
AGN galaxies (7%) and does not appear to be tied to the
common earlier suppression in central star formation.

In the picture of AGN-driven quenching, the excess of
recently quenched galaxies in the AGN sample suggests that
AGN activity halts shortly after AGN galaxies quench. In this
way, the quiescent AGN sample may consist of galaxies that
have quenched recently because they have not yet halted their
AGN activity. However, the bulk of the AGN galaxies are not
quiescent (Figure 3), nor are they preferentially quenching
when compared with the control galaxies (Figure 10). Instead,
we find that the AGN galaxies reside primarily in the green
valley, owing to suppressed central SFRs that arose several
gigayears ago.

6. Discussion

6.1. Active Galactic Nuclei Feedback in MaNGA

Spatially resolved SFHs, made possible by the MaNGA
survey, allow us to draw conclusions about the detailed effects
of AGN feedback on star formation in low-redshift AGNs. Our
sample of AGN galaxies largely resides on the SFMS/in the
green valley, with far fewer quiescent galaxies than found in
the control sample, and a lack of glaring signatures of AGN
feedback. However, upon further investigation, we find that the
central regions of the AGN galaxies have significantly lower
SFRs than the central (kiloparsec-scale) regions of the control
galaxies (up to a factor of ∼2). This suppression of central
SFRs is responsible for the lack of AGNs on/above the SFMS
in our sample, and provides direct observational evidence of
AGN feedback suppressing star formation in low-redshift
AGNs. Additionally, this suggests that AGN feedback may
enhance the central SFR suppression that has been observed in
large samples of MaNGA galaxies (e.g., Ibarra-Medel et al.

2016; Belfiore et al. 2018; Ellison et al. 2018; Bluck et al.
2020).
With SFH information, we quantify the timescale over which

central quenching occurs in the sample of AGN galaxies. Based
on the evolution of the radial SFR profiles and radial quenching
profiles, a fairly clear picture emerges in which central
quenching began in the AGN galaxies ∼6 Gyr ago (z∼ 0.7),
subsequently taking place over the next few gigayears. As
such, the AGN galaxies do not appear to be actively quenching,
with their position in the green valley owing to suppression of
their central SFRs from several gigayears ago. This is
suggestive of a picture in which AGN feedback will not
necessarily drive galaxy-wide quenching, possibly due to
inefficient coupling to the interstellar medium (ISM; Torrey
et al. 2020).
Interestingly, the gigayear-timescale radial quenching trends

in the AGN sample largely persist across spiral/elliptical
galaxies and lower-/higher-stellar-mass galaxies, whereas the
quenching behavior of the control galaxies changes substan-
tially when broken up by morphology and stellar mass. In a
small subset of AGN galaxies, the galaxy-wide SFRs were
recently quenched (in the last 500Myr) by a short period of
quenching (see Figure 6), suggesting possible instances of
AGN-driven feedback. However, in most cases, some star
formation continues in the AGN galaxies at the time of
observation, with suppression primarily in the central regions.
The inside out radial quenching profiles of the lower-stellar-

mass AGN galaxies provide evidence that AGN-driven
quenching can also occur in lower-stellar-mass galaxies. This
contributes to the emerging picture that AGN feedback can
suppress star formation in low-stellar-mass galaxies (e.g.,
Penny et al. 2018; Cai et al. 2021; Graham et al. 2021; Guo
et al. 2021), contrary to the standard picture in which AGN
feedback matters only in the high-stellar-mass regime (see also
Koudmani et al. 2021, 2022).
At first glance, our results appear to suggest that AGN

feedback is typically unsuccessful in quenching low-redshift
galaxies. However, the comparable quenching trends of the
higher-stellar-mass control galaxies to the AGN galaxies raises
questions about the quenching mechanism(s) in the control
sample. In particular, the population of high-stellar-mass
elliptical control galaxies is largely quiescent, with comparable
inside out quenching trends to the AGN galaxies. This can be

Figure 9. Mean offset from the local SFMS for spaxels within R in AGN galaxies and control galaxies with (log M*/Me) < 10.8 (left) and (log M*/Me) > 10.8
(right). Both lower-stellar-mass and higher-stellar-mass AGN galaxies have centrally suppressed SFR densities. The higher-stellar-mass control galaxies display a
qualitatively comparable central suppression, however, the lower-stellar-mass control galaxies have a more flat profile.
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explained by feedback from now-dormant AGNs in the
population of control galaxies that were more successful in
expelling/heating gas, thereby quenching galaxy-wide SFRs
and shutting off AGN activity. This is supported by the finding
that there is a missing population of quenched elliptical
galaxies in the AGN sample and a buildup of recently
quenched AGN galaxies (in the last 500Myr). However, other
inside out quenching mechanisms, such as morphological
quenching, may also play an important role in quenching high-
stellar-mass elliptical galaxies (Martig et al. 2009; Lin et al.
2019; Gensior et al. 2020). More work is required to
distinguish decisively between AGN feedback and other

possible quenching mechanisms in driving the suppression of
galaxy-wide SFRs in low-redshift galaxies.

6.2. Comparison With Other Works

Although observations have largely concluded that the gas
content of AGN galaxies is comparable to that of non-AGN
control galaxies (e.g., Maiolino et al. 1997; Ho et al. 2008; Vito
et al. 2014; Shangguan et al. 2018), it has recently been
determined that low-redshift AGNs contain preferentially less
gas (factor of ∼2) in their central regions (Sánchez et al. 2018;
Ellison et al. 2021). This demonstrates that AGN feedback can
deplete host galaxy gas content within the central few
kiloparsecs of galaxies, potentially driving star formation
quenching. Our results establish that the central regions of
AGN host galaxies also have centrally suppressed SFRs (by up
to a factor of ∼2), providing direct evidence of AGN feedback
suppressing star formation. In a similar vein, it was recently
found using ultraviolet imaging that the low-redshift AGN
galaxy NGC 3982 has suppressed star formation in its central
regions (Joseph et al. 2022). Interestingly, Woo & Ellison
(2019) previously found that the fraction of WISE-identified
AGNs in MaNGA is higher among galaxies with enhanced
central SFRs. This apparent discrepancy may be caused by the
different nature of the studies (“how do AGNs compare with
matched control galaxies” versus “in which type of galaxy are
AGNs found”) or differing AGN selection criteria (optical
versus infrared) which can result in significantly different AGN
samples (Hickox et al. 2009; Huang et al. 2017; Yao et al.
2022).
Although observations indicate that the central gas depletion

timescale is rapid (e.g., Sturm et al. 2011; Cicone et al. 2014;
Fluetsch et al. 2019), we find that the suppression of central
SFRs arises over several gigayears. This is instead consistent

Figure 10. Mean offset from the local SFMS for spaxels within R for the AGN galaxies and control galaxies at lookback times ranging from 0.5 to 8.0 Gyr. At a
lookback time of ∼6 Gyr, suppression of the central SFR begins in the AGN galaxies, increasing over the subsequent gigayear. Beyond ∼6 Gyr, the radial profiles of
the AGN and control galaxies are largely consistent. The consistency between the overall mean offsets of the AGN and control galaxies indicates that the AGN
galaxies are not preferentially in the process of galaxy-wide quenching (trends are similar when excluding ellipticals).

Figure 11. Mean time since quenching of spaxels within R (i.e., R = 0.5Re

shows the mean time since quenching of spaxels across all galaxies located
within R < 0.5Re). The shaded regions show the 3σ error on the mean. The
AGN host galaxies display a more inside out radial quenching profile than the
control galaxies, with quenching beginning in the center 6.5 Gyr ago. Notice
the qualitative agreement with Figure 7.
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with the picture that integrated AGN accretion is required for
AGN feedback to quench star formation, as suggested by the
IllustrisTNG simulation (Terrazas et al. 2020; Piotrowska et al.
2022). However, whereas the low-accretion rate implementa-
tion of AGN feedback in the IllustrisTNG simulation leads to
long-term galaxy-wide quenching (Weinberger et al. 2017;
Zinger et al. 2020; Nelson et al. 2021; Park et al. 2022), our
AGN galaxies are not preferentially in the process of quenching
when compared with the control galaxies. The relatively local
impact of AGN feedback in our sample of AGN galaxies is
instead suggestive of the picture that AGN feedback does not
necessarily couple efficiently to the ISM, as found in zoom-in
simulations with FIRE (Torrey et al. 2020) and observations of
outflows in local AGNs (Fluetsch et al. 2019). However, the
suppressed central SFRs of the AGN galaxies do result in
somewhat lower galaxy-wide SFRs, placing the AGNs in the
green valley.

6.3. Caveats

The strength of our conclusions depends on the reliability of
our spatially resolved SFHs reconstructed from the PIPE3D
stellar population information. There are known limitations to
the quality of SFH information that can be inferred from optical
galaxy spectra (Ocvirk et al. 2006; Ferreras et al. 2023). For
instance, SSP age bins that increase with lookback time limit
the time resolution of our SFHs; at short lookback times our
SFHs are sensitive to megayear-timescale effects, however, at
long lookback times these effects would be missed. As such,
the agreement between the AGN and control profiles at
lookback times of 6 Gyr and beyond (Figure 10) indicates
gigayear-averaged agreement, with potential deviations on
shorter timescales. Beyond these fundamental limitations, SED
fitting can also introduce significant biases into the recovered
SFHs. The ability of the PIPE3D methodology to recover
spatially resolved SFHs has been studied with simulated
MaNGA-like data cubes, validating the PIPE3D SED fitting
process (e.g., Ibarra-Medel et al. 2019 adopt simple piecewise-
constant SFHs rather than nonparametric SFHs). Note,
however, that D. Walters et al. (2023, in preparation) questions
the reliability of SFH information derived from optical spectra.

To interpret our results properly, it is important to recognize
that the control sample consists of several types of “non-AGN”
galaxies. First, the control sample contains genuine non-AGNs,

whose SMBHs have never experienced significant accretion or
are too small to enable substantial AGN activity. Second, there
are galaxies in the control sample that were previously active
and have subsequently turned off (e.g., due to a lack of gas).
Lastly, the control sample inevitably contains missed AGNs,
some of which can be identified by AGN selection criteria at
other wavelengths (Comerford et al. 2020). The representation
of these distinct control galaxy types likely depends on galaxy
properties (e.g., perhaps more high-stellar-mass quenched
control galaxies were previously active), and it is difficult to
disentangle these populations fully. As such, comparisons with
the matched control sample must be interpreted with the caveat
that the control sample is not simply a population of genuine
non-AGNs.

7. Conclusion

In this work, we have compared the star formation behavior
of AGN galaxies and non-AGN control galaxies in the
MaNGA survey to study the effects of AGN feedback on
low-redshift galaxies. Taking advantage of the spatially
resolved AGN selection criteria developed for MaNGA
(W18), we construct a large sample of 279 optical AGNs. To
compare against the AGN sample, we select two redshift- and
stellar mass-matched control galaxies for each of the AGN
galaxies, resulting in a control sample of 558 galaxies. For
straightforward radial stacking and reliable stellar population
information, we restrict our attention to face-on galaxies
without signatures of type 1 AGN emissions.
With stellar population information from PIPE3D (Sánchez

et al. 2019), we reconstruct spatially resolved, nonparametric
SFHs, following the Gaussian-process-based methodology
from Iyer et al. (2019). We find that our sample of AGN
galaxies primarily resides on the SFMS/in the green valley,
with fewer galaxies above the SFMS and a missing population
of quenched elliptical galaxies. Overall, the galaxy-wide SFRs
of the AGNs lack obvious signatures of AGN feedback.
However, exploring the radial trends in the SFR reveals that the
central (kiloparsec-scale) SFRs in the AGN galaxies are
significantly suppressed when compared with those of the
control galaxies (by up to a factor of ∼2). This provides direct
evidence of AGN feedback hindering star formation in the
central regions of their host galaxies.

Figure 12. Mean time since quenching of spaxels within R in the spiral AGN and control galaxies (left) and elliptical AGN and control galaxies (right). The spiral
AGN galaxies display a significantly more inside out quenching profile than the spiral control galaxies. Similarly, the inside out quenching profile of the elliptical
AGN galaxies differs substantially from that of the elliptical control galaxies. Notice the qualitative agreement with Figure 8.
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With SFH information, we quantify the timescale over which
the suppression of central star formation occurs in the AGN
galaxies. The evolution of the radial SFR profiles, and newly
introduced radial quenching profiles, reveal that quenching
occurs in the center of the AGN galaxies over gigayear
timescales. Irrespective of morphology and stellar mass, central
quenching began in the AGN galaxies ∼6 Gyr ago (z∼ 0.7),
taking place over the next few gigayears. This suggests that
integrated AGN accretion is required for AGN feedback to
suppress star formation, in agreement with simulations
(Terrazas et al. 2020; Piotrowska et al. 2022). Furthermore,
we find that the AGN galaxies are not preferentially in the
process of quenching, with their position in the green valley
instead owing to central SFR suppression, which occurred
several gigayears ago.

A subset of the AGNs are quiescent at the time of
observation, which was, in some cases, caused by a recent,
rapid period of quenching that may have been driven by AGN
feedback. More frequently, however, the AGN galaxies host
some star formation at the time of observation, with centrally
suppressed SFRs. This is consistent with the picture that AGN

feedback does not necessarily couple efficiently to the ISM,
limiting the effectiveness of AGN feedback in driving galaxy-
wide quenching (see Torrey et al. 2020). That being said, the
similarity in quenching trends between the AGN galaxies and
elliptical high-stellar-mass control galaxies suggests that AGN
feedback (in no longer active galaxies) may have played a role
in driving these galaxies to quiescence.
This work establishes that AGN feedback can suppress the

central star formation of low-redshift galaxies, and provides
observational constraints on the extent and timescale of AGN-
driven quenching. Our results favor a scenario in which
integrated AGN feedback (rather than an instantaneous
outflow) is required to affect star formation significantly, and
indicate that AGN feedback may be inefficient in driving
galaxy-wide quenching in low-redshift galaxies, instead
leaving them in the green valley.
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Appendix
More Restrictive Active Galactic Nuclei/Control Samples

In Section 3, choices were made while constructing the AGN
and control samples that could affect our subsequent results. In
particular, to study a large sample of AGN galaxies, we
adopted the W18 selection criteria, created for spatially
resolved observations. This selection methodology risks the
inclusion of some non-AGNs in the AGN sample, misidentified
due to other processes that can mimic AGN signatures (e.g.,
shocks and young hot stars). Previous studies of AGN host
galaxies with MaNGA have typically adopted more conven-
tional, unresolved BPT/WHAN selection criteria (Rembold
et al. 2017; Sánchez et al. 2018), resulting in smaller AGN
samples with (likely) fewer misidentifications. A total of 37
AGNs in our 287 AGN sample overlap with the samples
studied in Rembold et al. (2017) and Sánchez et al. (2018)
(some of these galaxies were removed by the edge-on/type 1
AGN cuts, but most were simply not selected; see W18 for a
discussion on this). When we restrict our analysis to these 37
AGNs that pass the unresolved BPT/WHAN criteria, we
obtain very similar results. As an illustration of this, Figure 15
shows the evolution of the radial SFR profile for the subset of
37 AGNs: the trends closely match those of the full 287 AGN
sample in Figure 10 (with larger uncertainties).

Figure 15. Same as Figure 10, repeated on the subset of 37 galaxies in our AGN sample that pass unresolved BPT/WHAN criteria, and control galaxies that are
matched in SFR, in addition to stellar mass and redshift. The radial trends for the subset of 37 AGNs closely agree with those of the full 287 AGN sample in Figure 10.
Matching the control galaxies in SFR leads to smaller differences between the AGN and control samples, but the AGN galaxies still have statistically significant
(based on the 3σ error regions) suppressed central SFR densities, despite the small number of galaxies (arising from tens of thousands of spaxels).
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When selecting the control galaxies, we matched the stellar
masses and redshifts of the AGNs, but not the SFRs, which
allowed us to study trends in galaxy-wide star formation
(Figures 3, 4). Here, we also compare the radial trends of the
AGN galaxies to those of the control galaxies with matched
SFRs. For each of the 37 AGNs in Figure 15, we select two
control galaxies matched in stellar mass, redshift, and SFR
from the 558 control galaxy sample (following the process in
Section 3.3). The resulting sample of 74 control galaxies
closely matches the stellar masses, redshifts, and SFRs of the
37 AGNs, and the evolution of the resulting radial SFR profile
is shown in Figure 15. With control galaxies that are matched
in SFR, the differences between the AGN and control profiles
are smaller, but the AGN galaxies still show suppression in
their central ΔΣSFR (by ∼0.2 dex at the smallest R). This
difference remains statistically significant despite the small
number of galaxies because it is a trend among the SFR
densities of tens of thousands of spaxels.
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