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ABSTRACT

We measure the Eddington ratio distribution of local optical narrow line active
galactic nuclei (AGN) as a function of host galaxy properties. These measurements
are a potential test of galaxy formation theories that predict supermassive black
hole growth and feedback. We base our sample on integral field spectroscopy from
the Mapping Nearby Galaxies at APO (MaNGA) sample from the Sloan Digital Sky
Survey IV Data Release 17 (SDSS-IV DR17). Starting with MaNGA'’s calibrated row-
stacked spectra, we produce new spectroscopic data cubes with minimal covariance
between spaxels and higher resolution point spread functions (PSF), run MaNGA'’s
Data Analysis Pipeline, and extract line fluxes for the central PSF. Using the line
ratio diagnostic techniques of Ji & Yan (2020), we identify AGN galaxies and deter-
mine their HZ and [O 111] line luminosities. For all galaxies not identified as AGN,
we determine the threshold line luminosity they would have needed to be identified
as AGN. These luminosity thresholds are essential to determine, because many star
forming galaxies likely host AGN of significant luminosity that are unidentified be-
cause they are outshone by star formation related emission. We show that ignoring
these selection effects when measuring the Eddington ratio distribution of optical nar-
row line AGN would lead to biased results. From the HS luminosities and luminosity
detection thresholds, accounting for selection effects, we measure the luminosity and
Eddington ratio distributions of Seyferts as a function of specific star formation rate
(sSFR) and stellar mass. Defining Fagn as the occurrence rate of AGN above a fixed
Eddington ratio of 1073, we find that Fyqy is constant or increasing with stellar mass
for star forming galaxies and declines strongly with stellar mass for quiescent galaxies.
At stellar masses log,, M, > 10.25, the occurrence rate increases monotonically with
sSER. At low statistical significance, in our lowest mass bins 9.25 < log;, M, < 10.25,
Faan peaks at intermediate sSFR. These patterns reveal a complicated dependence
of AGN activity on galaxy properties for theoretical models to explain.
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1. INTRODUCTION

At the centers of essentially all massive galaxies are supermassive black holes, with
masses that can exceed 10° M. During the growth of these black holes, they can
emit jets, winds, and radiation, sometimes outshining the galaxy itself, a condition
known as an active galactic nucleus (AGN).

Modern models of galaxy formation rely on this emission to explain basic phenomena
of galaxies, like their distribution of luminosities, colors, and, star formation rates (for
reviews see Fabian 2012; Somerville & Davé 2015). Essentially, this AGN feedback
is thought to modulate and in some cases shut down star formation. Therefore the
relationship between the AGN activity and the other properties of the galaxies is a
potential observable that could distinguish competing models of galaxy formation.

Virtually all galaxies have supermassive black holes, but only a small fraction have
detectable AGN at any given time, even at higher redshifts. The general interpre-
tation of this difference is that quasars have limited periods of activity, so that at
any given time only a fraction of galaxies have luminous AGN (Yu & Tremaine 2002;
Shankar et al. 2009; Hickox et al. 2014). The fraction of the time a galaxy spends as
an AGN is referred to as the “duty cycle.” The total amount of time a galaxy spends
as an AGN is often called the “lifetime,” though sometimes this term is reserved for
the length of individual episodes (e.g. Khrykin et al. 2021). The numerical values of
these quantities depend on the definition of what an AGN is—e.g. what the minimum
luminosity, Eddington ratio, or other characteristic of the emission has to be for us
to identify it as an AGN.

One quantification of AGN demographics is the distribution of their luminosities
and/or Eddington ratios. In the ansatz we adopt in this paper, every galaxy is an AGN
of some luminosity, with a broad distribution of luminosities, but for most galaxies
most of the time the AGN luminosity is undetectably low. The occurrence rate of
AGN above some threshold of activity is then interpretable as the mean duty cycle
of AGN above that threshold. If we want to understand how AGN and galaxy relate
to each other and assess theoretical models of galaxy formation, key measurements
are how these occurrence rates vary with galaxy mass, star formation rate, and other
properties.

This work is part of a larger program to reassess the demographics of AGN with
respect to their host galaxies, which began with Suresh & Blanton (2024). There
are many manifestations of AGN, as X-ray, UV, optical broad and narrow line, mid-
infrared UV, and radio sources, which need to be considered. Furthermore, patterns of
AGN activity are known to vary strongly with redshift, peaking at redshifts z ~ 2-3.
An enormous amount of work has gone into selecting samples of AGN and observing
them out to high redshift. However, because the selection process is complex, it is
difficult to infer relationships between the AGN samples and their host galaxies.

Aird et al. (2012) argues convincingly that selecting samples by their AGN luminos-
ity, as many X-ray, radio, and optical studies do, means we are catching only galaxies
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in the rarer moments when they are most strongly active, and makes it difficult to un-
derstand the relationship between AGN and the galaxy host population. Hickox et al.
(2014) explicitly demonstrates the resulting importance of selecting AGN from sta-
tistically complete galaxy samples and measuring the distribution of AGN properties
conditioned on galaxy properties, rather than the converse. Among other problems,
it is difficult to constrain quantities like the duty cycle from samples selected by AGN
luminosity: because only luminous AGN are in the sample, the luminous AGN frac-
tion cannot be directly determined relative to the full distribution of galaxies. In
such samples, it is also difficult to account for selection effects associated with finding
lower luminosity AGN that might be outshone by their host galaxy. For all these
reasons, our approach is to start with a galaxy sample and measure the Eddington
ratio distribution of the AGN, accounting for the selection effects.

In this paper we concern ourselves with a single AGN manifestation, optical narrow
line emission. We use a low redshift (z ~ 0.03) sample that will allow us to have
as much understanding of selection effects as we can while still retaining a statisti-
cally useful sample. The primary point of this paper is to accurately measure the
[O 111] A5007 and H/3 narrow-line luminosity distributions and the corresponding Ed-
dington ratio distributions as a function of galaxy stellar mass and star formation
rate. Our methodology follows closely that of Trump et al. (2015), who performed a
similar analysis on the Sloan Digital Sky Survey Legacy Survey (York et al. 2000).
Suresh & Blanton (2024) has conducted a similar study using the 1.4 GHz radio
emission of AGN.

We make use of the Mapping Nearby Galaxies at APO (MaNGA; Bundy et al. 2015)
program, part of the Sloan Digital Sky Survey IV (SDSS-1V; Blanton et al. 2017). The
sample we use is much smaller than the SDSS Legacy Survey Main Sample (Strauss
et al. 2002) or the many millions in the Dark Energy Spectroscopic Instrument (DESI;
DESI Collaboration et al. 2022) Bright-time Galaxy Survey (BGS)—about 10* galax-
ies in MaNGA versus 10° in SDSS Legacy and 107 in DESI BGS. But MaNGA has
far better measurements for each galaxy—so if there is any sample for which we can
disentangle the AGN selection effects, it is this one.

In Section 2, we describe our MaNGA central spectrum line measurements. In
Section 3, we discuss our narrow-line AGN selection, how we determine detection
thresholds, and how we measure Eddington ratios. In Section 4, we present the
luminosities, Eddington ratios, and AGN detection thresholds for both quantities for
the MaNGA sample. In Section 5, we estimate the intrinsic narrow-line luminosity
distributions inferred from the sample, and in Section 6, we do the same for the
Eddington ratio distributions. We compare to previous results in Section 7 and
present our conclusions in Section 8.

The cosmological parameters we use to calculate luminosities are those of Planck
Collaboration et al. (2020) (far right column of their Table 2), as implemented by the
software in astropy.cosmology.Planck18.
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2. MANGA DATA
2.1. MaNGA Overview

MaNGA is an integral field survey that observed around 10* galaxies during dark
time at the Sloan Foundation Telescope at Apache Point Observatory, New Mexico,
as part of SDSS-IV (2014-2020). It used 17 optical fiber bundles of varying sizes
(19, 37, 61, 91, and 127 fibers) plugged into spectroscopic plug-plates and feeding the
Baryon Oscillation Spectroscopic Survey (BOSS) spectrographs (Drory et al. 2015;
Smee et al. 2013).

The sample spans stellar masses of about 10? to 10* M), and includes all galaxy
types in that range in its Primary, Secondary, and Color-Enhanced samples. The tar-
get selection is not uniform for a volume-limited sample; Wake et al. (2017) provides
a description of the selection and the catalogs.

Using a suite of dithered observations, the Data Reduction Pipeline extracted each
fiber spectrum and built a data cube for each galaxy (Law et al. 2015, 2016). A Data
Analysis Pipeline (DAP) measured stellar and gas velocity and velocity dispersion
maps, as well as spectral index and emission line flux maps (Belfiore et al. 2019;
Westfall et al. 2019).

Sanchez et al. (2022) ran their Pipe3D software on the data cubes to create a value-
added product containing alternative maps and high level derived parameters. These
parameters include stellar masses, star formation rates based on Ha emission, and
star formation rates based on stellar population synthesis models fit to the stellar
continuum. In this paper we use the Pipe3D star formation rate, specifically its
Ha-based estimate, excluding spaxels with strong emission line ratios consistent with
Seyfert ionization (i.e. their log SFR_SF).

For this work we applied the data cube reconstruction methods of Liu et al. (2020),
which achieve slightly higher resolution than those found in DR17 and yield zero
off-diagonal covariances between flux values at a given wavelength. We ran the DAP
on these cubes, using the same version as used for DR17 with some minor changes
(3.1.0). The most significant change to the DAP is that we set the off-diagonal
covariances to zero in the calculation, which is accurate for our new cubes. We also
added a check to mask a very small number of very high inverse variance pixels that
appeared due to an error in our cube reconstruction. We have evaluated the results
of this paper using both our measurements and the DR17 measurements, and do not
find any significant differences.

2.2. Central Emission Line Fluxes

To find AGN we search for central ionized gas emission with line ratios consistent
with AGN ionization spectra. The lines we consider here are Ho, Hf, [O 111] A5007,
[N 11] 6584, and [S 11] AA6716,6731.
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We measure central line fluxes from the DAP maps, using a PSF-weighted aperture:

> JiPSF;

Je= 5 v

(1)
where 7 indexes the pixels. We limit the PSF contributions to within 3.5” radius of
the center, at which point the weighting is small (of order 0.05).

We calculate the uncertainties from the variances reported by the DAP for the
individual map pixels (Belfiore et al. 2019, Section 3) added in quadrature using the
weights. In calculating uncertainties in the line ratios, we use simple error propagation
based on small errors.

We consider a measurement “good” if three conditions are met: if the redshift z > 0
for the galaxy; if, for each of the six lines mentioned above, there are three or fewer
bad pixels contributing to the central line flux; and if the flux has a positive inverse
variance (even if the flux is consistent with zero). Otherwise we do not analyze
the galaxy. There are 9,971 MaNGA observations that pass this criterion. For the
purposes of the AGN identification below, we consider a line “detected” if its flux is
measured at 20 or higher significance.

2.3. MaNGA Sample

For our determination of the distribution of luminosities and Eddington ratios, we
use only MaNGA galaxies in its main statistical samples. There are other targets
observed by MaNGA, but using these could lead to a statistical bias, since they are
selected on known galaxy properties, including in some cases that they are known to
be AGN.

Specifically, we use galaxies in the Primary, Secondary, or Color-Enhanced samples
as described by Wake et al. (2017). We use the subsampled Secondary sample, which
we identify as galaxies with a selection weight ESRWEIGHT > 0; this cut eliminates 515
galaxies. The final sample contains 9,029 galaxies. When we need black hole masses

1

we further cut the sample to stellar velocity dispersions o, > 60 km s™", as measured

by DAP within 1 R,, which leaves 5,678 galaxies.

Figure 1 shows the Pipe3D stellar masses and sSFRs for the sample of 9,029 galaxies.
The red symbols show the galaxies with AGN detections (see details on selection
below), and the black symbols show the galaxies with AGN detection thresholds.

3. IDENTIFYING NARROW LINE AGN
3.1. Line Ratio Diagnostics

To identify AGN, we use the line ratio diagnostics defined by Ji & Yan (2020).
These diagnostics involve the same line ratios used by Baldwin et al. (1981) and
Veilleux & Osterbrock (1987), namely [O 111]/HpS (using [O 111] A5007), [N 11]/Ha
(using [N 11] A6584), and [S 11]/Ha (using [S 11] AA6716,6731). These line ratios are
each relatively insensitive to spectrophotometric calibration errors or dust. The line
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Figure 1. Stellar masses and sSFRs for the MaNGA sample used here. Red symbols show
galaxies with AGN detections, black symbols show galaxies with AGN detection thresholds
(which have all necessary line ratios detected), and blue symbols show galaxies with AGN
detection thresholds (without all necessary line ratios detected). The boxes show divisions
between stellar mass and sSFR samples we use to study the AGN luminosity and Eddington
ratio distribution dependence on galaxy properties.

ratio diagrams of Baldwin et al. (1981) and Veilleux & Osterbrock (1987) typically
are used as two separate two-dimensional classification tools. In contrast, Ji & Yan
(2020) use three line ratios as a single three-dimensional classification space.

Using the photoionization model CLOUDY Ji & Yan (2020) found an informative
reprojection of the three-dimensional space of these line ratios. We use this reprojec-
tion P1, P2, and P3, which allows a clean classification of spectra into those with

ionizing spectra consistent with star formation, LINER, and Seyfert sources. It is
defined as:

P1=0.63log,, ([T{;ﬂ) +0.511logy, (E:j) +0.59log ([OHEI])

N S
P2=-0.631og;, (%) + 0.78log;, m

P3=-0.461logy, Ciﬂ) —0.37logy (%) +0.81logy <—[(¥{gﬂ> (2)

Ji & Yan (2020) analyze the interpretation of this reprojection thoroughly in terms

of ionization models using both star formation related ionization spectra (i.e. stellar
populations) and Seyfert/LINER-related ionization spectra (power law spectra). A
simplified version of their interpretation is as follows. P1 correlates with the hardness
of the ionization spectrum, and separates star formation related ionization spectra
(low P1) from LINERs and Seyferts (high P1). P2 is negatively correlated with
metallicity for all classes. P3 is correlated well with the ionization parameter U =
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®; /nge, where ®@; is the flux of ionizing photons per unit area per unit time, ny is
the hydrogen atom density, and c¢ is the speed of light. For star formation related
ionization (low P1), P3 also anticorrelates with metallicity in the models of Ji & Yan
(2020), because metallicity determines the ionizing spectrum. For the LINER and
Seyfert models (high P1), P3 correlates primarily with U.

Thus, we can select Seyfert galaxies as high P1, high P3 galaxies; in Ji & Yan
(2020), the left panel of their Figure 15 illustrates the distribution for SDSS Legacy
Main Sample galaxies (Strauss et al. 2002). In this paper, we consider P1 > —0.3
and P3 > 0.55 to define a Seyfert. We assume that the lower P3, LINER-like sources
are powered by sources other than AGN (see Sarzi et al. 2010; Yan & Blanton 2012;
Belfiore et al. 2016 and references therein).

The left panel of Figure 2 shows the distribution of MaNGA galaxy central emission
line ratios in the space of P1 and P3; only the 7,672 galaxies with all relevant emission
lines detected at 20 are shown. The galaxies with emission line ratios dominated by
star formation form the sequence on the left. The LINER-like galaxies are on the
bottom right. The Seyfert galaxies are on the upper right, and our selection is shown
as the blue box. The right panel of Figure 2 shows the image of one galaxy at each
corresponding P1-P3 value. The r-band image is shown as grey scale, and the Ho
map is overlaid in red and the [O 111] A5007 map is overlaid in green. The metallicity
sequence on the right (increasing from top to bottom) is visible as the images go from
[O 111] to Ha dominated. The LINER [O 111] emission tends to be subdominant to
the galaxy, but for Seyferts it is more visible (cf. the right hand panel of Figure 15
of Ji & Yan 2020 showing the Ha equivalent widths as a function of P3).

There are 306 detected Seyfert galaxies in the full MaNGA sample by these defini-
tions, 265 in the statistical sample (Primary, Color-Enhanced, and subsampled Sec-
ondary samples), and 210 of those have o, > 60 km s™!. For each detected Seyfert we
assume the central [O 111] A5007 luminosity (L([O 111])) and Hf luminosity (L(Hp))
reflect mostly the light from a central AGN source (we discuss dust corrections in
Section 3.3.2).

3.2. Determining Identification Thresholds

The galaxies in the sample (the majority) that are not identified as Seyfert are best
understood as not having high enough Seyfert emission to be detectable. Many of
them could, and most likely do, host lower luminosity Seyfert emission surrounding a
central supermassive black hole that does not perturb the central line ratios enough
to be detectable. Following the methodology of Trump et al. (2015), we determine
detection thresholds for the luminosity of the Seyfert galaxy that could be in each
galaxy yet remain undetectable according to our threshold estimates.

For each galaxy, we take its central line fluxes and their errors and we add to them
a template set of line fluxes with nominal Seyfert-like line ratios:

logy, [O 111] /HF =0.779
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Figure 2. Line ratio diagnostic diagram of Ji & Yan (2020), showing P1 and P3 for
MaNGA galaxy central emission line ratios. The left hand panel shows the measured values
and errors, with the distribution overlaid. The right hand panel shows one randomly selected
galaxy at each location in the plane. The r-band image is shown as a grey scale, with the
Ha map contributing to the red channel and the [O 111] A5007 map contributing to the green
channel. In both panels, the blue box shows our Seyfert galaxy classification.

log,o[N 11]/Ha=—0.017
log,o[S 11]/Ha=—0.233 (3)

which are equivalent to P, = 0.330, P, = —0.171, and P3 = 0.725.

Scaling these according to L([O 111]), we then find the AGN luminosity L([O 111])
that would perturb the line ratios enough to both exceed the 20 detection limit in each
line and cross into our Seyfert selection. Figure 3 illustrates the technique for a subset
of the galaxies. The lines show the path in P1-P3 space as the AGN luminosity is
increased. Note that some lines originate from a large black point on the plot (those
galaxies who already have detected lines at 20), and some lines do not (those galaxies
for which one or more lines are not detected already).

This process yields an AGN luminosity detection threshold in Ly, ([O 111]) and
Ly;y, (HPB) (and similar quantities for the dust-corrected luminosities) for each galaxy
in our sample that does not have an actual detection. We use these thresholds below
to help constrain the Eddington ratio distributions.

3.3. Eddington Ratio Determination
3.3.1. FEddington Ratio Definition

The Eddington ratio is defined as the ratio of the bolometric luminosity to the
Eddington luminosity, where the latter is the luminosity that would prevent gravi-
tational accretion of hydrogen gas in a spherically symmetric flow, which is Lggq =
1.38 x 10%¥(Mpn /M) erg s—*. The Eddington ratio is therefore closely related to the
observed luminosity divided by the black hole mass. As such, it provides a reasonable
characterization of the level of “activity” associated with the black hole accretion.
However, as defined it requires converting the observed luminosity in the AGN sig-
nature, in our case L([O 111]) or L(Hf), to bolometric luminosity, and it requires an



NARrROW LINE AGN 9

1.50
1.251
1.00 1

0.751

P3

0.501

0.251

0.00

—0.251

1.0 0.5 0.0 0.5 1.0

Figure 3. Same line ratio diagnostic diagram as in Figure 2, showing the same galaxies,
illustrating our determination of L([O 111]) detection thresholds for non-Seyfert galaxies.
The blue region shows the line ratios for which we define Seyfert galaxies. The small grey
points show each galaxy with all five lines detected at at least 20 significance (error bars are
omitted for clarity). The large black points are a random set of non-Seyfert galaxies chosen
to span a range of metallicities and ionization spectral shapes (i.e. P3 and P1 values).
The lines emanating from each large black point show how the line ratios change with an
addition of an AGN component of increasing luminosity. Note that some lines exist without
a large black point; those lines are examples for which the host galaxy’s lines are not all
detected at 20, and the lines start at AGN luminosities which would be necessary to make
the lines detectable. The lines are colored red for AGN luminosities high enough to be
identified as AGN by our methods, and black otherwise.

inference of the black hole mass. In this section we describe these two uncertain
inferences.

3.3.2. Bolometric Luminosities

Determining Ly, is fraught with systematic issues. We use several different deter-
minations to quantify the nature of the errors these issues might cause in our analysis.
We consider conversions that are observationally based on the relationship between
narrow lines and bolometric luminosity for Type 1 AGN, whose panchromatic emis-
sion can be measured along with the narrow lines (Heckman et al. 2004; Kauffmann
& Heckman 2009), as well as the theoretical model of Netzer (2019).

An initial consideration is dust extinction. For a narrow line AGN, there is dust
associated with the gas in the narrow line region itself, and there is dust in the host
galaxy’s interstellar medium that the light may have to pass through. With the
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data available for our sample, we cannot disentangle these effects. When we need to
correct for dust extinction, we use a Balmer decrement-based approach. We measure
the Ha/Hp flux ratio, which assuming a universal attenuation curve then determines
the absolute level of attenuation. For this purpose, we assume the attenuation curve
of Whitford (1958) as parametrized by Miller & Mathews (1972). For those galaxies
without measured Ha or Hf lines, even though they are not detected AGN (since
they do not have all of the necessary lines detected), we still need to calculate a
dust correction to calculate the dust-corrected luminosity detection threshold. For
this purpose, we use the median dust correction for the detected AGN (Ap, = 0.949
mag).

Kauffmann & Heckman (2009) applies a Balmer decrement-based dust correction
to L([O 111]), producing a dust-corrected luminosity L([O 111])cor. They then apply a
factor of 600 to obtain a bolometric luminosity:

log,y Lol = 2.778 + log,y L([O 1)), (4)

They chose this conversion because it was roughly between the corrections cited by Ho
(2008) for lower luminosity AGN and those cited by LaMassa et al. (2009) (referred
to as an in preparation paper in Kauffmann & Heckman 2009) for higher luminosity
AGN. Ho (2008) quotes an Ha-based bolometric correction, which they state is based
on a Ho et al. (in prep) paper, which may be related to Ho & Kim (2009), though the
latter does not quote any bolometric corrections. Regardless, Kauffmann & Heckman
(2009) converts the Ha-based correction to [O 111, and finds that the bolometric cor-
rection factor is 300-600. LaMassa et al. (2009) calculates the bolometric correction
factor for higher luminosity AGN as 500-900 based on comparisons to mid-infrared
luminosities. Kauffmann & Heckman (2009) motivate the choice of their factor of 600
as being approximately between these two ranges.
An alternative conversion from Heckman et al. (2004) uses uncorrected [O 111] lu-
minosities:
log,g Lol = 3.544 + log,, L([O 111)) (5)

They derive this conversion from the ratio of optical continuum to [O 111] A5007
luminosity for broad-line quasars (Kauffmann et al. 2003a; Zakamska et al. 2003)
and the conversion from optical continuum to bolometric from Marconi et al. (2004).
Because in their first step they do not correct either the line or continuum luminosity
for dust, the conversion applies to uncorrected luminosities. The difference between
Equation 5 and Equation 4 is about 0.2 dex (or about 0.5 mag) larger than the
difference we would infer from the median dust correction quoted above.

Whether to base a bolometric luminosity on dust-corrected luminosities or not is
unclear. The ratio between the optical [O 111] and the mid-infrared [O 1v] lines suggest
that in Type 1 AGN the narrow lines experience less dust attenuation than do Type
2 sources (Diamond-Stanic et al. 2009), by a factor similar to the difference between
the conversions in Equation 4 and 5 (i.e. 1-2 mag). So the two conversions appear
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roughly consistent, and applying the dust correction should lead to higher accuracy.
Yet LaMassa et al. (2010) show that correlations between [O 111] and presumably less
dust-affected indicators like the mid-infrared luminosity, [O 1v], and hard X-rays are
better with L([O 111)) than with L([O 111])corr-

The bolometric correction may also depend on black hole mass, especially for
L(]O 11]), due to the changing spectrum of the accretion disk predicted by models
like those of Shakura & Sunyaev (1973). Cann et al. (2019) explore this dependence
and find that at high masses (Mg ~ 10%) most of the oxygen is singly- or doubly-
ionized, that as black hole mass decreases more of the oxygen is more highly ionized,
and that at a given accretion rate in their models L([O 111]) is correlated with black
hole mass.

Whether to account for a luminosity dependence in the bolometric correction is
also unclear. Ho (2008), Kauffmann & Heckman (2009), and others claim that the
bolometric corrections rise with luminosity. Theoretically, Netzer (2019) and Cann
et al. (2019) predict bolometric corrections that rise with luminosity.

Netzer (2019) makes a specific prediction for Hj3; he does not perform the calcula-
tions necessary to make a reliable prediction for [O 111]. His prediction is:

(where we write L(Hf)corr to indicate that this luminosity needs to be dust-corrected
to use this theoretical model). Additionally, Netzer (2019) find that black hole mass
and spin variations produce anywhere from 0.2-1 dex in peak-to-peak variations of
L(HpB), depending on the bolometric luminosity. These models therefore predict
considerable scatter in the bolometric corrections.

In short, bolometric corrections from narrow line luminosities are highly uncertain,
despite extensive efforts to determine them. We derive three different bolometric
luminosities meant to span the space of possibilities: (a) L([O 111]) uncorrected for
internal dust extinction and apply Equation 5 to L([O 111]); (b) L([O 111})cepr corrected
for internal dust extinction using the Balmer decrement and apply Equation 4; and (c)
L(Hp)corr corrected for internal dust exinction using the Balmer decrement and apply
Equation 6. Our figures below show the results for the L(Hf)con-based bolometric
luminosities, but the differences among these approaches turn out to not affect our
qualitative results.

3.3.3. Black hole masses

Estimating black hole masses is similarly fraught, and for our sample these masses
cannot be obtained directly. Instead we use the relationship between black hole
mass and stellar velocity dispersion (Mpy—o) calibrated using high angular resolution
stellar or gas dynamics for nearby galaxies (see Kormendy & Ho 2013 and references
therein). We use three versions of this relationship to test the sensitivity of our results
to this choice.
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For the stellar velocity dispersion, we use o, within a half-light radius as estimated
by the MaNGA DAP. As noted above, we will use o, > 60 km s~!. This quantity is
not precisely the quantity used by most Mpy—o calibrations, which usually calculate
o? from the light-weighted average of V2 + o2 within the half-light radius, where V
is the mean stellar velocity in the galaxy’s frame. At the level of accuracy we are
working, we expect this difference to be a small effect, and in any case the physical
resolution available for MaNGA makes a central estimate of this quantity difficult.

The form of Mgy—o is usually taken to be a power law:

o
logyo Mpr = a + Blog, (W) (7)

with 5 ~ 4-6 depending on the analysis. Kormendy & Ho (2013) find § = 4.4 + 0.3
and a = 8.50 £ 0.05 (specifically, their Equation 5). Graham & Scott (2013) find
B =52=+0.3 and o = 8.14 £+ 0.04 (we use their regression given at the end of their
Section 3.1 of black hole mass on ¢ for barred and unbarred galaxies together, which
of their methods is the most appropriate one for inferring the Mgy from o). Finally,
fits to this relationship determined only for local AGN find a lower zeropoint and
shallower slope, for example a = 7.86 4+ 0.04 and § = 3.65 £ 0.13 (Greene & Ho
2006).

The samples of non-AGN galaxies that lead to different values for a and § samples
tend to have overlapping samples, but the values are affected by precisely which
sample is used (Park et al. 2012). The flattening and shift of the AGN-based sample
may be affected by the inability to measure black hole masses dynamically for the
highest mass black holes when there is an AGN (Woo et al. 2013).

In short, the black hole masses are rather uncertain. We use the three relations
quoted above (Kormendy & Ho 2013; Graham & Scott 2013; Greene & Ho 2006),
and evaluate whether the exact adopted black hole masses matter, which qualitatively
they do not.

4. LUMINOSITIES AND EDDINGTON RATIOS

Figure 4 shows the dust-corrected Hf luminosities and luminosity thresholds for the
AGN. We show the dependence on stellar mass, velocity dispersion o, star formation
rate, and specific star formation rate. Although we plot the values and detection
thresholds for the dust-corrected HS luminosity L(Hf)co here, the same analysis
produces results for L(HS), L([O 111]), and L([O 111]) cory -

This figure illustrates the difficulty in interpreting the narrow-line AGN population
statistics. Only a handful of narrow-line AGN are so luminous that they would be
detectable in all galaxies. For a typical identified AGN luminosity of L(HS)com ~ 101
erg s, it would be detectable in about 65% of the galaxies. As Figure 4 demonstrates,
the detectability is a strong function of host galaxy properties. Therefore, the shape
of the luminosity distribution and its dependence on host galaxy properties must be

dramatically affected by these selection effects.
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Trump et al. (2015) and Jones et al. (2016) have both explored these detection
thresholds in detail before, in the context of the SDSS Legacy Main Sample of galaxies
(Strauss et al. 2002). Comparing to Figure 8 of Trump et al. (2015), we find a
similar range of detection thresholds when expressed in the units they use, with

lOglO L([O III])corr
Heckman et al. (2004) also analyzed the completeness effects in the same SDSS

/M, ~ 29-31, expressing the ratio in units of ergs s71 M.

Legacy Main Sample, claiming completeness above L([O 111]) &~ 10° Lo, ~ 4 x 10%

I (not dust corrected) for all potential host galaxies. Figure 8 in Trump et al.

ergs s

(2015) shows that much of the host galaxy parameter space actually has a higher
threshold for detection. For example, accounting for a typical dust correction of 0.6
dex, a star forming galaxy with log,, M, ~ 10 has a threshold of L([O 111]) ~ 10%
ergs s and a galaxy at log;, M, ~ 11 has a threshold of L([O 111]) ~ 10" ergs s,
much higher than Heckman et al. (2004) claim. The numbers from our analysis are not
directly comparable because we use a different data set and selection method, but our
conclusions are similar to those of Trump et al. (2015), with only 20% of potential host
galaxies in the MaNGA sample having thresholds as sensitive as Heckman et al. (2004)
claims for all galaxies. Our conclusion is that the claimed completeness limits of
Heckman et al. (2004) cannot be used to accurately infer AGN host galaxy population
properties either in the SDSS Legacy Survey Main Sample or the MaNGA sample.

Figure 5 shows the Eddington ratios and Eddington ratio detection thresholds de-
rived from L(Hp), using the Greene & Ho (2006) Mpp—o relation and the Netzer
(2019) bolometric corrections. These values look as expected given Figure 4, again
illustrating that the selection thresholds must play an important role in shaping the
distribution of identified AGN luminosities and of their host galaxy properties.

We point out two features in particular. First, the detection thresholds in Eddington
ratio become quite high at low velocity dispersion (and to a lesser extent, at low
mass). This feature is caused by the strong assumed dependence of black hole mass
on velocity dispersion; although the L(Hf) thresholds are not a strong function of o,
(Figure 4), these thresholds correspond to much higher Eddington ratios at low o,.

Second, at high sSFR, the thresholds tend to exceed the luminosities of most de-
tected AGN, and . This effect is mostly due to the greater degree of contamination
by star formation related narrow line emission at high sSFR, and partly due to an
anti-correlation of sSFR and o,, which therefore leads to higher Eddington ratios at
higher sSFR.

These sorts of effects complicate the interpretation of the distribution of host galaxy
properties of AGN. However, it is useful to consider the distribution AGN detections
as a function of stellar mass and sSFR, before any correction for these effects. Fig-
ures 6 and 7 show these fractions for luminosity-selected and Eddington ratio-selected
AGN, respectively. There is a strong stellar mass dependence for star-forming galax-
ies. Both intermediate and high sSFR galaxies show an enhancement in AGN relative
to quiescent galaxies, with about the same fraction at M, ~ 10'°M, and a more dra-
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Figure 4. AGN-related dust-corrected HB luminosities and detection thresholds for
MaNGA galaxies, as a function of various host galaxy properties: stellar mass (upper left),

stellar velocity dispersion o, (upper right), SFR (lower left), and sSFR (lower right). The
red points are detections, and the black upper limits are detection thresholds.

matic correlation with sSFR at higher masses. However, these results do not reflect
the total AGN fraction because of the severe selection effects on these detection rates.
5. NARROW-LINE LUMINOSITY DISTRIBUTIONS
5.1. Methodology

In this section we estimate the narrow-line luminosity distributions for L([O 111}),
L([O 111))corr, L(HPB), and L(HB)cor, as a function of mass and sSFR. We use a
parametrized form for these functions, based on the Schechter function:

o (%) oxp (—L/L.) it L > Lo
0 if L < Ly

O(L) = (8)
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Figure 5. Similar to Figure 4, for Eddington ratios and Eddington ratio detection thresh-
olds. We use the Greene & Ho (2006) Mpp—o relation and the Netzer (2019) bolometric
corrections to calculate the Eddington ratios; the qualitative trends do not depend on these
choices.

where ®(L) is per unit luminosity, and there is a minimum luminosity L, below
which ®(L) = 0. In Equation 8, ¢ is defined such that the integral of ®(L) is unity,
so the free parameters of the model are o, L,, and L;,.

As we show below, with our data set the individual parameters of this Schechter
function are highly covariant and not particularly well-constrained. However, based
on a given set of parameters we can define Fagn,y as the fraction of galaxies with
AGN above a particular luminosity Ly, where Y = log;o(Ly /(erg s71)). It turns out
that for a choice of Y ~ 39-40, near the typical luminosity thresholds seen in Figure
4, Facen,y is well constrained.
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Figure 6. AGN raw detection rate fietected(L(HB)corr > 103 erg s71) as a function
of stellar mass and sSFR. These detection rates have no correction for the rather severe
selection effects and therefore should not be taken at face value. The bands show 68%

confidence intervals (using the Clopper-Pearson method for binomial statistics; Clopper &
Pearson 1934).

For any sample or subsample of galaxies with luminosities and upper luminosities
we can define the log-likelihood of the data as:

In P({Li, Ly }|ov, L) (Zlncb >+ (Zln /an,i quD(L)>, -

To constrain « and L, for any sample or subsample, we take a Bayesian approach
and perform Markov Chain Monte Carlo using emcee (Foreman-Mackey et al. 2013).
We assume a uniform prior on «, log,, L., and log,q Ly, over a finite range in each
value. We limit the slope to —2 < a < 2.5, and for log;, L. and log;, Ly, we limit
to ranges that depend on the exact sample (designed to be less than the minimum
observed luminosity or luminosity threshold).

5.2. Full sample analysis of the HB luminosity distribution

To illustrate the results, we first consider the full sample, undifferentiated by stellar
mass or sSFR. We fit the distribution of the dust-corrected HS luminosity, L(HS)cor-
The left panel of Figure 8 illustrates the bivariate posterior distributions among
a, Ly, Lyn, and Fagnse for this case. The Schechter parameters are reasonably
well-constrained for the full sample, but with a strong degeneracy between « and
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Figure 7. Similar to Figure 6, for Eddington ratio selected AGN with fyetectea(A > 1072).
These detection rates have no correction for the rather severe selection effects and therefore
should not be taken at face value.

Lyin. It is straightforward to understand the origin of this degeneracy; for example,
to increase the number of non-detections, the model can either increase o or decrease
Lin. Whereas these model parameters are hard to interpret in the context of such
degeneracies, Fagn 39 is relatively well-defined, and it is does not share a degeneracy
with the model parameters (i.e. the model parameter degeneracies are along lines of
constant Fagn sg)-

The right panel shows Fagny as a function of Y = log;, L. in erg s~'. The thick
line is the mean, the thin lines are 1,000 samples of the posterior, and the pink band
shows the standard deviation of log,, Fagn around the mean. The standard deviation
is narrowest around log;, Fagn ~ 39, which is why we picked that threshold.

We can also check whether this model does a good job at explaining the distribution
of the luminosities of detected AGN. Using a Kolmogorov-Smirnov (KS) statistic
based on this distribution, we find that it is worse than the observed sample for a
fraction p = 0.43 of Monte Carlo samples generated under our model; that is, the
observed distribution is consistent with the expectation under the model. This result
suggests that this model is flexible enough to explain the observations.

5.3. Stellar mass and sSFR dependence

To study the stellar mass and sSFR dependence of the luminosity, we
have divided the sample into twelve bins, four in log;, M./Ms with bin



18 BLANTON ET AL.

o log 0 Lin log, L+ 0
125 T 150 35507 B0 s
2-1.25
S - - 1
= —1.50 =
348 —150-125 A
2 " Facxao -
b§42 AL z,Q
37 2 13 Ry \
136 f log L. 20
35 = _3
35 36 37
lOgl(]Lmiu
—4
1.25 1.50 38 39 40 : 41 42
a logyo(Le/ erg s™)

Figure 8. Left panel: Bivariate posterior distributions among o, Ly, Lyin, and Fagn,39,
for the analysis of the entire sample of AGN and AGN non-detections, using L(Hf)corr-
This analysis include all stellar masses and sSFRs, and we show later that the best fit
parameters depend strongly on those galaxy properties. Right panel: Fagn,y as a function
of Y =logyy L in erg s~'. The thick line is the mean, the thin lines are 1,000 samples of
the posterior, and the pink band shows the standard deviation of log;y Fagn around the
mean.

edges [9.25,10.25,10.75,11.25,11.75], and three in sSFR with bin edges
[—16.5,—13.0, —11.0, —9.5]. Figure 1 depicts these bins.

In each bin, we perform the analysis described in Section 5.2 to constrain the dis-
tribution of L(Hf)cor- The individual posterior samples for each bin behave qualita-
tively similarly to that for the full sample, with strong degeneracies between a and
Lyyin but with Fagn 39 better constrained.

Figure 9 shows the resulting dependence of Fjgn 39 as a function of stellar mass and
sSFR. This plot contains the first important result of this paper: the dependence of
AGN occurrence rate as a function of galaxy properties, corrected for selection effects,
with “AGN” defined as having L(Hf)cor > 10% erg s™!. For star-forming galaxies,
there is a clear and steady mass dependence. Quiescent galaxies have a much lower
occurrence rate of AGN and less dependence on mass. The occurrence rate for the
central sSFR bin (“green valley” galaxies) sits in between that of the highest and
lowest sSFR bins, except for at the lowest masses where the green valley galaxies
have the highest occurrence rates. There is also some evidence of a peak occurrence
rate at M, ~ 10'' M, from green valley galaxies.

There is little dependence of the results on the detection significance we require on
emission lines, if we raise the threshold of detection from 20 to 3c0. If we change
the luminosity threshold on L(Hf)con from 103 erg s™! to 100 erg s™', Fagn drops
in all bins by about 0.2-1.0 dex, with larger drops for the quiescent galaxies than
star-forming galaxies, but the qualitative trends remain; a difference is that for the
higher luminosity thresholds, there are no mass bins in which green valley galaxies
have the highest occurrence rates.
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Figure 9. AGN occurrence rate FagN(L(HB)corr > 1039 erg s71), based on model fits (i.e.
corrected for selection effects), as a function of stellar mass and sSFR. The bands are +1o
uncertainties based on the posterior distribution.

We have also examined the luminosity distribution of L([O 111])_ ., finding very
similar trends, though with L([O 11]),.,, about ~ 0.2 dex median difference in the
luminosities. There is a spread of about 1 dex in the differences between L([O 111])_ .
and L(Hp)cor, but these differences only have a minor effect on the trends in the
luminosity distributions.

The thresholds depend on our choice for the nominal template AGN (Equation 3).
We have therefore chosen an alternative set of line ratios that are more extreme in
the Seyfert direction, equivalent to P1 = 0.544, P2 = —0.156, P3 = 0.907. Using
these line ratios for the nominal AGN changes the results in minor ways, similar to
or less than the uncertainties.

Finally, we have explored other choices of the P1-P3 selection criteria. If we make
them more inclusive, we do not find consistent results—both the detection rates and
the occurrence rates increase. This result indicates that the distribution of line ratios
is not well described by the model AGN luminosity distribution beyond these limits.
If we make them less inclusive, the detection rates decrease but the occurrence rates
remain roughly constant, though the uncertainties rise. This result suggests that the
AGN model distribution does explain the distribution of observed line ratios in the
domain of our standard selection criteria.

6. EDDINGTON RATIO DISTRIBUTIONS
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6.1. Methodology

In this section we estimate the narrow-line Eddington ratio distributions. In this
section, we estimate Eddington ratio estimates based on the bolometric luminosity
estimated from the dust-corrected HfS luminosity with Netzer (2019) and the black
hole mass estimated from the velocity dispersion within 1R, and the Mgy—0o relation
of Kormendy & Ho (2013) (see Section 3.3.1).

We use the same Schechter function form and analysis techniques that we used for
the luminosity distribution in Section 5.1.

6.2. Full sample analysis of the Eddington ratio distribution

Again as an illustration of the method, we consider the Eddington ratio distribution
from the full sample undifferentiated by stellar mass or sSFR. Figure 10 shows the
resulting constraints on the parameters of the distribution. In this case, we define
Facn,—3 as the fraction of AGN in the model with A > 1073; as we found in the case
of the luminosity distribution, this quantity is relatively stable and not degenerate
with the model parameters. The Schechter fit proves a reasonably good fit to the data
in this case, with a KS statistic of p = 0.10; the deviation from the model driving
the KS statistic low manifests as a ~ 30% dip in the observed distribution around

Ao ~ 1073,
6.3. Stellar mass and sSFR dependence

To investigate the stellar mass and sSFR dependence of the Eddington ratio dis-
tribution, we use the same stellar mass and sSFR bins as we did for the luminosity
distribution in Section 5.3, as illustrated in Figure 1.

Figure 11 shows the results for Fagn,—3 as a function of stellar mass and sSFR. For
this figure we use bolometric luminosities based on the dust-corrected L(Hf)corr, and
the relation of Netzer (2019) (Equation 6), and the Mpp—o relation of Kormendy &
Ho (2013). The results are close to as expected based on Figure 9. Using a Eddington
ratio threshold instead of a luminosity threshold is similar to (though not exactly the
same as!) dividing by stellar mass. Therefore it tilts the stellar mass dependence
downwards. The result is that at the higher masses, the dependence on stellar mass
is flat for star-forming galaxies, declining strongly for the quiescent galaxies, and
somewhere in between for the green valley galaxies. The lowest mass bin is again
somewhat anomalous—for galaxies with 9.25 < logy, M./M, < 10.25, there is a
weak detection that green valley galaxies have the highest AGN occurrence rates.

We have explored the use of other Mgy—o calibrations and bolometric luminosity
determinations. The Mpp—o from Kormendy & Ho (2013) yields somewhat lower
Fagn,—3, by about 0.1-0.3 dex depending on the bin, relative to the calibrations of
Greene & Ho (2006), Giiltekin et al. (2009), or Graham & Scott (2013), which all
yield results similar to each other. Otherwise the results are qualitatively similar.
The offset for Kormendy & Ho (2013) arises because their value of « (in Equation 7)
is high, leading to higher black hole masses and consequently lower Eddington ratios.
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Figure 10. Similar to Figure 8, but for the Eddington ratio distribution instead of
the luminosity distribution. The Eddington ratio is calculated using the calibration of
Netzer (2019) for the bolometric luminosity and the Mpp—o relationship of Kormendy &
Ho (2013). Left panel: Bivariate posterior distributions among «, A, Amin, and Fagn,—3,
for the analysis of the entire sample of AGN and AGN non-detections. Right panel: Fagn,y
as a function of Y = log;y A. The thick line is the mean, the thin lines are 1,000 samples
of the posterior, and the pink band shows the standard deviation of log;y Fagn around the
mean.

The bolometric luminosities based on dust-corrected L(H/f)corr (Netzer 2019; Equa-
tion 6) yield results very similar to those based on the dust-corrected L([O I11])cor
(Kauffmann & Heckman 2009; Equation 4). The bolometric luminosities based on the
uncorrected L([O 11]) (Heckman et al. 2004; Equation 5) are fairly similar but yield
somewhat weaker dependence of Fagn,—3 on sSFR. This difference may be related to
higher dust corrections in high sSFR galaxies, which in the case of the dust-corrected
luminosities widens the difference in bolometric luminosities in these classes of galaxy,
though the difference in the median dust corrections is only of order 0.2 dex between
the low and high sSFR AGN samples.

As for the luminosity dependence of Fagn, there is little dependence on the detection
significance (raising the threshold of line detection from 20 to 3¢). If we change the
threshold ), from 1072 to 1072, Fagn drops in all bins by about 0.2-0.8 dex, again
with larger drops for the quiescent galaxies than star-forming galaxies. If we change
the choice of the nominal AGN line ratios, the results alter only slightly. Otherwise
the results are qualitatively similar.

7. COMPARISON WITH PREVIOUS RESULTS

Our analysis agrees qualitatively with the one other study that we have found of
narrow-line AGN dependence on stellar mass and sSFR that accounts for selection
effects in assessing their demographics, that of Trump et al. (2015). They study the
SDSS Legacy Survey Main Sample galaxies (York et al. 2000; Strauss et al. 2002),
which is a far larger sample than MaNGA, though with lower signal-to-noise ratio
spectra and poorer measurements of stellar mass and sSFR. Using a narrow-line
selection criteria based on Baldwin et al. (1981), their Figure 13 shows the detected
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Figure 11. AGN occurrence rate Fagn (A > 1073), based on model fits (i.e. corrected for
selection effects), as a function of stellar mass and sSFR. The bands are +1¢ uncertainties
based on the posterior distribution. For this plot we use the M—o relation of Kormendy &
Ho (2013) and bolometric luminosities based on dust-corrected HS and the conversion of
Netzer (2019).

AGN fraction as a function of stellar mass and sSFR, compared to a best-fit model
with a uniform Eddington ratio distribution. The residuals are qualitatively similar
to our results: relative to a constant Eddington ratio distribution, AGN occurrence
increases with stellar mass for star-forming galaxies (though perhaps more strongly
than we find at high mass), and decreases with stellar mass for quiescent galaxies.
Our results are not appropriate for comparison with most other investigations of the
stellar mass and sSFR. dependence of narrow-line AGN occurrence, because all other
such investigations we found in the literature do not account for the selection effects.
MaNGA has the highest signal-to-noise ratios available for a statistically interesting
sample, i.e. considerably higher than the SDSS Legacy or DESI samples for typical
galaxies. The MaNGA sample is also at lower redshifts, allowing the central spectrum
to be better isolated from star-formation related contamination. Yet even for MaNGA
we have shown that the detected AGN demographics are primarily shaped by the
selection effects. Any analysis of narrow-line AGN host galaxy demographics that
omits a consideration of selection effects is therefore likely to be inaccurate except for
the most luminous AGN (e.g. Kauffmann et al. 2003b; Heckman et al. 2004; Martin
et al. 2007; Salim et al. 2007; Kauffmann & Heckman 2009; Schawinski et al. 2010;
Ellison et al. 2016; Sanchez et al. 2018; Man et al. 2019; Greene et al. 2020; McDonald
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et al. 2021; Woodrum et al. 2024; Pucha et al. 2025). Many of these studies conclude
that narrow-line AGN are most frequent for galaxies with intermediate sSFRs, i.e. in
the green valley, without investigating whether this effect is caused by the difficulty
of detecting narrow line AGN in galaxies with high sSFR.

8. SUMMARY AND DISCUSSION

We have estimated AGN narrow-line luminosities and luminosity detection thresh-
olds for the MaNGA sample, as well as the Eddington ratios and Eddington ratio
detection thresholds. The detection thresholds in our sample are important—for
most AGN non-detections these thresholds are similar to the luminosities found for
the AGN detections. Clearly many AGN are hiding in the sample that cannot be
detected, primarily due to contamination by star-formation-related line emission. By
including the thresholds in our analysis, we estimate the actual AGN occurrence rates
Frgn, meaning for this purpose the fraction of galaxies with AGN above some fixed
luminosity or Eddington ratio. We find a fairly complicated dependence of Fagn on
stellar mass and sSFR, with the fraction of galaxies with Eddington ratios A > 1073
(Facn,—3) increasing with stellar mass for star-forming galaxies and decreasing with
stellar mass for quiescent galaxies. At higher masses (M > 10'%# M) the occurrence
rate Fagn increases with sSFR, whereas in our lowest mass bin Fagy peaks for green
valley galaxies (at low significance).

Over the next few years, DESI will release a public catalog of moderate resolution
spectra of low redshift galaxies that dwarfs the SDSS Legacy sample and the MaNGA
sample. However, this catalog will only be usable for statistical studies of the host
galaxy demographics of narrow-line AGN if its selection effects are characterized.
Trump et al. (2015) presented a method to determine selection thresholds. Here we
have extended this method to more cleanly use non-detections of individual lines and
have shown how to use the thresholds directly in Bayesian or maximum-likelihood fits
to luminosity or Eddington ratio distributions. Although we have applied this method
to the narrow-line AGN classification method of Ji & Yan (2020), it is applicable to
the more traditional classification methods as well.

There nevertheless are still a number of flaws in our analysis that could be better
tested or addressed. First, any analysis that depends on the bolometric luminosity,
as our investigation of the Eddington ratio distribution does, depends on accurate
bolometric corrections. Particularly in the realm of low mass galaxies (and thus
intermediate mass black holes), it is possible that [O 111]/HS depends on luminosity
due to the expected change in hardness of the ionizing spectrum (e.g. Cann et al.
2019), which would require us to adjust our estimates of the selection effects. Similar
concerns surround the dust corrections.

Second, our analysis has excluded the broad-line AGN, many of which have narrow-
line emission as well. This effect would be minor for our analysis if the obscuration
fraction were independent of stellar mass and sSFR; it would just mean we were
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missing a relatively small fraction of narrow line AGN. But we have not shown that
this is the case.

Third, our detection threshold analysis assumes that all AGN would have the same
set of strong line ratios if they were observed uncontaminated. This uniformity is
certainly not the case, and we have not ruled out that our inferred trends are sensitive
to this assumption. As a related point, our method does not model the distribution
of non-AGN line ratios and relies on sharp detection criteria for AGN; therefore the
results are still somewhat sensitive to these criteria (Section 5.3).

In short, although our analysis has advanced the state-of-the-art in accounting for
selection criteria in studying AGN demographics, there are many new samples to
investigate and many improvements to consider to our techniques. We encourage
future investigators to apply and improve upon these methods and apply them to the
massive new samples becoming available.
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Figure 12. Similar to Figure 9, with a different division of samples according to sSFR.
APPENDIX

A. ANALYSIS OF QUIESCENT AND STAR-FORMING GALAXY HOSTS

We have performed the same analysis shown in Figures 9 and 11 for different choices
of the sSFR bins. In particular, for the purposes of a companion effort comparing our
results to numerical simulations of galaxy formation, we have divided the sSFRs into
two bins, one star-forming and one quiescent, corresponding to log;, sSFR greater or
less than —11.5. Figures 12 and 13 show Fagy as a function of stellar mass for each
category. These results show the same general trends as Figures 9 and 11.
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