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Abstract

Using the first spectroscopic data release from the Dark Energy Spectroscopic Instrument (DESI DRI1), we
conduct the largest systematic search for active galactic nuclei (AGN) signatures in ~1.7 million low-redshift
(0.001 €£z<0.45) line-emitting galaxies. Based on the [NII]/Ha versus [OII]/HS emission-line ratio
diagnostic, we identify AGN in 314,245/1,211,573 (25.9%) high-mass (log(M,/M.) > 9.5) and 9648/
467,214 (2.1%) dwarf (log(M,./M.) < 9.5) galaxies. The AGN fraction in line-emitting galaxies increases

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL


https://orcid.org/0000-0002-4940-3009
https://orcid.org/0000-0002-0000-2394
https://orcid.org/0000-0003-4440-259X
https://orcid.org/0000-0002-4928-4003
https://orcid.org/0000-0002-1200-0820
https://orcid.org/0000-0002-5896-6313
https://orcid.org/0000-0003-1251-532X
https://orcid.org/0000-0001-9457-0589
https://orcid.org/0000-0002-2733-4559
https://orcid.org/0000-0002-5854-7426
https://orcid.org/0000-0002-2949-2155
https://orcid.org/0000-0003-0644-9282
https://orcid.org/0000-0003-0822-452X
https://orcid.org/0000-0001-6098-7247
https://orcid.org/0000-0001-9712-0006
https://orcid.org/0000-0002-8458-5047
https://orcid.org/0000-0002-0553-3805
https://orcid.org/0000-0002-1769-1640
https://orcid.org/0000-0002-6397-4457
https://orcid.org/0000-0003-4992-7854
https://orcid.org/0000-0002-3033-7312
https://orcid.org/0000-0002-2890-3725
https://orcid.org/0000-0001-9632-0815
https://orcid.org/0000-0003-3142-233X
https://orcid.org/0000-0003-0825-0517
https://orcid.org/0000-0003-1197-0902
https://orcid.org/0000-0002-6550-2023
https://orcid.org/0000-0003-0201-5241
https://orcid.org/0000-0002-7101-697X
https://orcid.org/0000-0003-3510-7134
https://orcid.org/0000-0001-6356-7424
https://orcid.org/0000-0003-1838-8528
https://orcid.org/0000-0001-7178-8868
https://orcid.org/0000-0003-4962-8934
https://orcid.org/0000-0002-1125-7384
https://orcid.org/0000-0002-6610-4836
https://orcid.org/0000-0001-9070-3102
https://orcid.org/0000-0002-0644-5727
https://orcid.org/0000-0001-7145-8674
https://orcid.org/0000-0001-6979-0125
https://orcid.org/0000-0002-9646-8198
https://orcid.org/0000-0002-5042-5088
https://orcid.org/0000-0002-3461-0320
https://orcid.org/0000-0001-7583-6441
https://orcid.org/0000-0003-1704-0781
https://orcid.org/0000-0002-6684-3997
mailto:raga.pucha@utah.edu
https://doi.org/10.3847/1538-4357/ae9859
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ae9859&domain=pdf&date_stamp=2026-09-24
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 1009:150 (24pp), 2026 October 1

Pucha et al.

monotonically with stellar mass, from ~1.4% at the low-mass end to ~93.3% at the high-mass end. Among these
AGN, 17,949 exhibit broad Ha emission (BL-AGN), which we use to estimate their black hole (BH) masses via
single-epoch virial methods. Leveraging this large BL-AGN sample, we extend the Mgy — M, scaling relation
down to log(M, /M) =~ 7.8 and log(Mgu/M,,) ~ 4.4. We find a bimodal distribution of galaxies in this space,
characterized by two distinct empirical relations. The relation for galaxies with high stellar and BH masses
extrapolates to overlap with the high-redshift overmassive BH candidates. Our results suggest at least two broad
evolutionary pathways for these overmassive BHs and their host galaxies across cosmic time. With this paper, we
release the EmFit value-added catalog, containing emission-line flux and width measurements for ~7.4 million
galaxies, the largest catalog with emission-line decomposition into narrow, broad, and outflow components to
date. This work significantly expands upon the early DESI results and provides a statistical sample for probing the

galaxy—BH connection in the low-mass galaxy regime.

Unified Astronomy Thesaurus concepts: Dwarf galaxies (416); Active galactic nuclei (16); Intermediate-mass

black holes (816); Galaxy evolution (594)

1. Introduction

Dwarf galaxies (stellar mass, M, <3 X 109M@) are
considered to be galactic building blocks of massive galaxies
in the widely accepted ACDM (cold dark matter + dark
energy) paradigm of structure formation (V. Springel et al.
2006; L. V. Sales et al. 2022, and references therein).
Identifying and studying black holes (BHs) in nearby dwarf
galaxies therefore provides a unique window into the
formation of the first galaxies and the earliest BHs in the
Universe (J. E. Greene et al. 2020; A. E. Reines 2022).

The very presence of BHs in dwarf galaxies was debated
until a decade ago, but growing observational evidence now
demonstrates that at least a subset of dwarf galaxies host
actively accreting BHs, i.e., active galactic nuclei (AGN).
Multiwavelength diagnostics, including optical emission-line
ratio diagrams (A. E. Reines et al. 2013; E. C. Moran et al.
2014; M. Mezcua & H. Dominguez Sanchez 2020; M. Molina
et al. 2021; M. S. Polimera et al. 2022; S. Salehirad et al. 2022;
M. Siudek et al. 2023; M. Mezcua & H. Dominguez
Sanchez 2024; R. Pucha et al. 2025), infrared color—color
diagrams (S. Kaviraj et al. 2019; A. Lupi et al. 2020;
L. J. Latimer et al. 2021a), radio (M. Mezcua et al. 2019;
A. E. Reines et al. 2020; F. Davis et al. 2022) and X-ray
observations (S. M. Lemons et al. 2015; K. Pardo et al. 2016;
M. Mezcua et al. 2016, 2018; K. L. Birchall et al. 2020;
L. J. Latimer et al. 2021b; S. D. Bykov et al. 2024; A. Sacchi
et al. 2024), and variability techniques (V. F. Baldassare et al.
2020b; C. J. Burke et al. 2022; C. Ward et al. 2022) have
together highlighted that dwarf galaxies can indeed host
central black holes. Such BHs in dwarf galaxies are prime
candidates for Intermediate-mass black holes (IMBHs;
Mgy < 106M@) that are believed to be the relics of the first
BHs formed in the Universe (M. Mezcua 2017; J. E. Greene
et al. 2020). Understanding the demographics of BHs in dwarf
galaxies is thus essential for constraining the mechanisms of
BH seed formation (M. Volonteri 2010).

Detailed studies of massive galaxies and their central BHs
show that the BH masses correlate with various galaxy
properties such as the mass or luminosity of the stellar bulge
(L. Ferrarese & D. Merritt 2000; A. Marconi &
L. K. Hunt 2003; T. R. Lauer et al. 2007; K. Giiltekin et al.
2009; N. J. McConnell & C.-P. Ma 2013), the stellar velocity
dispersion (o,) in the bulge (L. Ferrarese & D. Merritt
2000; K. Gebhardt et al. 2000; K. Giiltekin et al. 2009;
N. J. McConnell & C.-P. Ma 2013), and the galaxy stellar
mass (A. E. Reines & M. Volonteri 2015; H. Suh et al. 2020;
R. Pucha et al. 2025). These scaling relations imply that BHs

and their host galaxies grow together through a common
physical mechanism, such as AGN feedback, mergers, or
secular evolution (G. Kauffmann & M. Haehnelt 2000;
R. S. Somerville et al. 2008; J. Kormendy & L. C. Ho 2013;
D. M. Alexander et al. 2025; S. M. Jewell et al. 2026, in
preparation). Whether these correlations and the underlying
physics extend to the low-mass regime remains unclear.

While the Mgy — o, relation is considered the most robust
of these correlations, it remains poorly constrained in the low-
mass regime due to a limited number of galaxies with reliable
o, estimates (I. Martin-Navarro & M. Mezcua 2018;
V. F. Baldassare et al. 2020a). Measuring o, in low-mass
systems is challenging due to the faintness of these targets and
limitations with the current instrumentation. As a result,
existing samples are small and limited in redshift coverage.

In contrast, stellar-mass measurements can be obtained for a
large sample of dwarf galaxies, making the Mgy — M, scaling
relation ideal for extending the galaxy—BH connection to
lower galaxy masses and to higher redshifts. However, the
distribution of dwarf galaxies in this parameter space remains
uncertain. A. E. Reines & M. Volonteri (2015) and R. Pucha
et al. (2025) found that the AGN in nearby dwarf galaxies
agree well with the extrapolation of the scaling relation for
massive galaxies. In contrast, recent high-redshift (z ~ 1-8)
observations reveal overmassive BHs in dwarf galaxies that
reside ~ 1-3 dex above the local relation (see Y. Harikane
et al. 2023; M. Mezcua et al. 2023, 2024; H. Ubler et al. 2023;
R. Maiolino et al. 2024; 1. JuodZbalis et al. 2024, and many
others). Although these samples are subject to selection biases
that favor luminous AGN and therefore the most massive
BHs (T. R. Lauer et al. 2007), the apparent scarcity of similar
overmassive BHs in local dwarf galaxies remains
puzzling (M. J. Bustamante-Rosell et al. 2021; S. Bernal
et al. 2025). It raises important questions about how these
high-redshift overmassive BHs and their host galaxies evolve
over cosmic time.

Overall, expanding the census of AGN in dwarf galaxies
and extending galaxy—BH scaling relations to lower masses
are critical for constraining BH seed formation and galaxy
—BH coevolution (J. E. Greene et al. 2020). Key questions
include the demographics and mass distributions of BHs across
different galaxy properties, as well as the efficiency of their
coupled growth with host galaxies. Addressing these requires a
statistically robust sample spanning a broad range of galaxy
and BH properties.

In this paper, we use the first data release from the Dark
Energy Spectroscopic Instrument (DESI; M. Levi et al. 2013;
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DESI Collaboration et al. 2016a, 2026) survey to identify
AGN in galaxies spanning six orders of magnitude in stellar
masses, 6 < log(M, /M) < 12.5. As the largest extragalac-
tic spectroscopic dataset available to date, DESI DR1 provides
a unique opportunity to construct a statistical sample of AGN
in dwarf galaxies and to investigate the interconnection
between the galaxies and their central BHs, which is the
primary focus of this paper.

The paper is organized as follows. Section 2 describes the
spectroscopic and photometric data, along with the value-
added catalogs (VACs), used in this paper. We present our
results related to AGN identification in Section 3 and the
Mgy — M, scaling relation in Section 4. We discuss our results
in the context of BH seeding mechanisms and galaxy—BH
coevolution in Section 5, and conclude in Section 6.
Throughout this paper, we assume the Chabrier initial mass
function (IMF; G. Chabrier 2003), and the Planck Collabora-
tion et al. (2020) cosmology with Hy = 67.4kms ' Mpc ™'
and Q = 0.315. All wavelengths are in vacuum wavelengths,
and all magnitudes are in the AB system (J. B. Oke &
J. E. Gunn 1983).

2. Data
2.1. Spectroscopy

The Dark Energy Spectroscopic Instrument (DESI) survey
is an 8 yr cosmological survey designed to obtain optical
spectra of nearly 63 million galaxies and quasars across
~17,000 deg2 (M. Levi et al. 2013; DESI Collaboration et al.
2016a, 2016b; E. F. Schlafly et al. 2023). The 5000 fiber
multiobject spectrograph covers a spectral range of 3600-9800
A, with a resolution ranging from 2000 to 5000 (DESI
Collaboration et al. 2022; J. H. Silber et al. 2023; T. N. Miller
et al. 2024; C. Poppett et al. 2024). The DESI Early Data
Release (EDR; DESI Collaboration et al. 2024a, 2024b)
includes all survey validation observations acquired prior to
2021 May. The first public data release (DESI DR1; DESI
Collaboration et al. 2026) encompasses the first 13 months of
the main survey (2021 May 14-2022 June 13), along with a
reprocessing of the EDR data. With ~28.4 million spectra of
~27.5 million unique objects, DESI DR1 is the largest
extragalactic spectroscopic dataset to date.

DESI targets fall into five primary classes: (1) Milky Way
Survey (MWS; A. P. Cooper et al. 2023), (2) Bright Galaxy
Survey (BGS; O. Ruiz-Macias et al. 2020; C. Hahn et al. 2023;
S. Juneau et al. 2025a), (3) luminous red galaxies (LRG;
R. Zhou et al. 2020, 2023), (4) emission-line galaxies (ELG;
A. Raichoor et al. 2020, 2023), and (5) quasars (QSO;
C. Yeche et al. 2020; E. Chaussidon et al. 2023). Additionally,
DESI utilizes spare fibers to observe secondary targets (SCND;
see the Appendix of DESI Collaboration et al. 2024a; E. Dar-
ragh-Ford et al. 2023; V. A. Fawcett et al. 2023), and also
conducts time-sensitive observations of targets of opportunity
(ToOs) triggered by any transient events. Details regarding the
target selection are available in A. D. Myers et al. (2023).

DESI spectra are reduced using the DESI spectroscopic
pipeline (J. Guy et al. 2023), followed by the Redrock
redshift-fitting pipeline for obtaining the redshifts of all targets
(A. Brodzeller et al. 2023; A. Anand et al. 2024, S. Bailey et al.
2026, in preparation). For a subset of QSO targets, the initial
redshift estimates were found to be unreliable. Therefore, the
DESI team used a machine learning algorithm called
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QuasarNet (N. Busca & C. Balland 2018) to identify quasars
and to determine their redshifts accurately (D. M. Alexander
et al. 2023; T.-W. Lan et al. 2023). Throughout this work, we
adopt the corrected QSO redshifts from QuasarNet and the
Redrock redshifts for all other targets.

2.2. Photometry

The DESI primary targets are selected based on the ninth
data release of the DESI Legacy Imaging Surveys (LS DR9Y;
A. Dey et al. 2019, D. Schlegel et al. 2026, in preparation). All
the images from the Legacy Surveys are processed using the
Tractor™ code (D. Lang et al. 2016), which uses inference
modeling to optimize the source morphology and to estimate
photometry in the g, r, and z bands. Using this optical model,
Tractor also performs forced photometry on the WISE/
NEOWISE (unWISE; D. Lang 2014; A. M. Meisner et al.
2016, 2017) coadded images (in W1, W2, W3, and W4 bands)
from the Wide-field Infrared Space Explorer (WISE;
E. L. Wright et al. 2010).

The LS DR9Y catalog thus includes optical and mid-infrared
photometry, along with extinction values in linear units of
Milky Way transmission for all the sources (D. J. Schlegel
et al. 1998; E. L. Fitzpatrick 1999). It also includes
morphological classifications (TYPE) and Sérsic index (SER-
SIC) as estimated by Tractor for each object. In this paper, we
define point sources as galaxies with TYPE == PSF and late-
type sources as galaxies with TYPE as either round-
exponential (REX), an exponential (EXP), or a Sérsic (SER)
with a Sérsic index <2. The remaining galaxies that are neither
point sources nor late-type galaxies are labeled as early-type
galaxies.

Some secondary targets and ToOs lack corresponding LS
DRY photometry. Because our sample selection relies on
photometric and morphological information (see Sections 2.5
and 4.2), we focus only on DESI targets with available LS
DR9 photometry.

2.3. Stellar Masses

We utilize stellar masses from the DESI DRI physical
properties®® VAC (M. Siudek et al. 2024), generated for all
galaxies with z > 0.001 using Code Investigating GALaxy
Emission (CIGALE v.22.1; M. Boquien et al. 2019).
M. Siudek et al. (2024) performed the spectral energy
distribution (SED) fitting for all DESI targets that are classified
as GALAXY or QSO by Redrock and have valid LS DR9
photometry (Section 2.2). They adopted G. Bruzual &
S. Charlot (2003) single stellar population models with a
Chabrier IMF (G. Chabrier 2003), solar metallicity, a delayed
star formation history with an optional exponential burst,
standard nebular emission from A. K. Inoue (2011), dust
attenuation model using the D. Calzetti et al. (2000)
attenuation curve, dust emission from D. A. Dale et al.
(2014), and the AGN emission templates from J. Fritz et al.
(2006).

CIGALE fits the galaxy and AGN components simulta-
neously using all available photometry (g, r, z, W1, W2, W3,
and W4) at the spectroscopic redshift of the galaxy. The AGN
fraction is allowed to be zero if the fit is consistent with a

* hutps: //github.com/dstndstn /tractor
45 hitps://data.desi.Ibl.gov /doc /releases /dr1 /vac /cigale/
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negligible AGN contribution. Although mid-infrared photo-
metry improves the fit, CIGALE still converges to a reliable
solution using confident optical photometry (in grz) and any
available WISE photometry. The final VAC includes stellar
masses, star formation rates (SFRs), and the relative contrib-
ution of the dusty torus to the total infrared luminosity. These
properties and their uncertainties are estimated as the like-
lihood-weighted mean and standard deviation of the prob-
ability distribution function, respectively. Further details are
available in M. Siudek et al. (2024).

2.4. Emission-line Measurements

We utilize emission-line measurements from the
EmFit* VAC (see R. Pucha et al. 2025, and Appendix A)
for all analyses presented in this paper (Sections 3 and 4).
EmFit is a Python-based emission-line fitting pipeline
designed for low-redshift (z < 0.45) DESI galaxies. The code
models HS, [O I]AN959,5007, [N 11]AN6548,6584, Ha, and
[SJAN6717,6731 emission lines using one or more Gaussian
components constrained to have positive flux. It independently
tests for additional components in the narrow [OII] and
[S 11] emission lines, which can either be an extra narrow peak
or an outflow component (see Appendix A in R. Pucha et al.
2025). When each [S1I] emission line is best fit with two
components (be it dual narrow peaks or narrow-+outflow
components), the [S IT] profile is used as a template for fitting
[N11], Ha, and H lines. The code further tests for an extra
broad Balmer component in Ha, requiring a minimum full
width at half-maximum (FWHM) > 300 km s~ L. The overall
Ha profile is then used as a template for fitting the HS
emission line. Additional components are accepted only if they
improve the fit with at least a 5o confidence. A complete
description of the fitting procedure is provided in R. Pucha
et al. (2025).

The EmFit VAC contains fluxes and widths of all primary,
secondary (second narrow peak or outflow component), and
broad Balmer components, along with the associated uncer-
tainties, that are available in a given galaxy spectrum. We
summarize the DESI DR1 EmFit VAC and its data model in
Appendix Section A.l. We also illustrate the diversity of fits
(Appendix Section A.2) and list known issues and cautionary
notes (Appendix Section A.3).

2.5. Sample Selection

To identify and study AGN signatures in DESI galaxies, we
construct a starting sample with reliable redshifts, stellar
masses, and emission-line measurements. We combine all the
catalogs described earlier (Sections 2.1—-2.4) and apply the
selection and quality cuts that are described below.

Starting from the ~27.5 million unique targets in DESI
DR1, we use the ZCAT PRIMARY column to select the “best”
spectrum per object and remove sources with fiber issues and
unreliable redshifts,*’ yielding ~21.8 million objects. We then
select those that are classified as GALAXY or QSO by
Redrock in the redshift range of 0.001 < z < 0.45, resulting
in a spectroscopic sample of 7,434,906 sources.

The LS DRY catalog includes faint sources that are
“shredded” from larger galaxies, leading to their

46 https: / /data.desi.Ibl.gov /doc /releases/dr1 /vac /emfit/
47 COADD_FIBERSTATUS = 0 and ZWARN = 0 or 4
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misidentification as individual low-mass galaxies. To mitigate
this, we use the FRACFLUX parameter (E. Darragh-Ford et al.
2023), which quantifies the fraction of flux contributed by
nearby sources. We apply cuts on FRACFLUX, together with
signal-to-noise ratio (SNR) cuts in the optical bands, to remove
false detections, extremely faint sources, and fragmented
objects:

SNR > 5in g, r, z bands
FRACFLUX < 0.25in g, r, z bands’

This leaves 6,856,046 galaxies with robust photometry and
CIGALE-derived stellar masses (Section 2.3). We further
select sources with confident stellar masses using:

2
XCIGALE < 10
log(M,/M:) > 6
Error in log(M, /M) < 0.5 dex

Additionally, CIGALE provides two stellar-mass estimates:
one from the best-fit model (best) and another from the
posterior probability density function (bayes). The compar-
ison between the two is quantified using FLAG_MASSPDF and
is defined as Mycsr/Mpayes. Following the recommendation
from the CIGALE VAC (see G. Mountrichas et al. 2021;
M. Siudek et al. 2024), we apply the following cut:

0.2 < FLAG_MASSPDF < 5.

This yields 6,143,599 galaxies with stellar masses in the
range of 6 < log(M,/M.) < 13.6, with a median of
log(M, /M) =~ 10.3. Of these, 995,885 are dwarf galaxies
with log(M,/M:) < 9.5, which is a commonly accepted
threshold in separating dwarf and high-mass galaxies in dwarf
AGN studies (A. E. Reines et al. 2013; M. S. Polimera et al.
2022; R. Pucha et al. 2025). We note that sources with a
pointlike morphology (TYPE = PSF) may be dominated by
quasar/AGN emission and can have unreliable stellar
masses (R. Pucha et al. 2025). We include these 171,799
point sources in our analysis but consider them separately
when studying the Mgy — M, scaling relation (Section 4).

Among the 6,143,599 galaxies with stellar masses,
6,099,572 have EmFit measurements (Section 2.4). The
remaining galaxies lack reliable fits due to noisy spectra and
were therefore excluded from the VAC (see Appendix A for
details). In some galaxy spectra, the [S 1] (and therefore [N 1I],
Ha, and HF) and [O 1] emission lines can independently
exhibit an additional component (either a second narrow peak
or an outflow). For galaxies with double-peaked emission lines
(i.e., SIT DBL FLAG or OIII DBL FLAG = True), we
sum the fluxes of the two components and propagate the
uncertainties in quadrature (see Appendix A of R. Pucha et al.
2025, and Appendix A). For all other galaxies, we consider
only the primary component fluxes and their uncertainties for
analysis.

We find that 35,666 (0.6%) galaxies have a second
component in [SIJAN6717,6731 emission lines, of which
24,735 are double-peaked emission lines. Additionally, 71,618
(1.2%) galaxies have a second component detected in the
[O ] AA4959,5007 lines, of which 15,702 are double-peaked
lines. The remaining sources with second components are
interpreted as galaxies with outflow signatures and are studied
in more detail in an accompanying paper (V. Rodriguez
Morales et al. 2026).


https://data.desi.lbl.gov/doc/releases/dr1/vac/emfit/
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Table 1
AGN-dominated, Composite, and Star-forming Candidates Identified From NL and BL Candidates

Dwarf (log(M,./M.) < 9.5) Galaxies

High — Mass (log(M,/M.) > 9.5) Galaxies

All Sources 987,987 5,111,585
Line-Emitting Galaxies 467,214 1,211,573
Non-Line-Emitting Galaxies 520,773 3,900,012
BL BL
NL Candidates Candidates NL Candidates Candidates
Line-Emitting Galaxies 463,968 3246 1,188,231 23,342
AGN-dominated Sources 1455 (0.3%) 220 (6.8%) 94,036 (7.9%) 12,919 (55.3%)

Composites
Star-forming

7568 (1.6%)
454,945 (98.1%)

405 (12.5%)
2621 (80.7%)

201,402 (16.9%)
892,793 (75.1%)

5888 (25.2%)
4535 (19.4%)

Note. Top: number of line-emitting and non-line-emitting galaxies from the overall parent galaxy sample, separated into dwarf and high-mass galaxies. Bottom:
number of AGN-dominated, composite, and star-forming candidates classified using the BPT diagram of line-emitting galaxies, further divided into NL and BL

candidates.

Using the final emission-line fluxes and uncertainties, we
select line-emitting galaxies by applying the following criteria
on the SNR and amplitude-over-noise (AoN):

SNR > 3 for[Or1], He, [NIi1]
(SNR > 1)&(AoN > 1) for HS3

Hg is often faint in galaxies, and setting a higher threshold
can remove good AGN candidates (R. Cid Fernandes et al.
2010). We therefore adopt a lower SNR threshold for HS3
compared to the other emission lines. The additional AoN
requirement ensures that the H{ amplitude is reliably
measured relative to the rms of the continuum around it.

Applying these criteria results in 1,678,787 (~27.5% of the
EmFit VAC; see Table 1) line-emitting galaxies, including
467,214 dwarf galaxies and 1,211,573 high-mass galaxies.
Figure 1 shows the M, — z distribution of this sample, with the
dashed line separating the high-mass and dwarf galaxies.
Among the high-mass galaxies, ~96.6% are BGS targets, with
LRGs comprising the next largest contribution and all other
target classes contributing <1%. On the other hand, ~81.9%
of dwarf galaxies are BGS targets, followed by SCND, ELG,
and QSO contributions, with only ~0.1% being LRG targets.

Finally, 57,007 galaxies from the entire sample of line-
emitting galaxies have a nonzero flux in the broad
Ha component. We focus only on candidates with a
statistically significant broad component (PROB BROADZ
80%). For the rest of the paper, we define broad-line (BL)
candidates as line-emitting galaxies that satisfy the follow-
ing cuts:

SNR (Ha; b) > 3
SNR (UH(y;b) 2 3
AoN (Ha; b) > 2

where SNR (ogq.p) is the ratio of the width of the broad Ha
component to its uncertainty. This yields 26,588 BL candidates
(3246 dwarf and 23,342 high-mass galaxies), and we classify
the remaining 1,652,199 galaxies as narrow-line (NL)
candidates.

3. Active Black Holes in Galaxies

Two-dimensional narrow emission-line ratio diagnostic dia-
grams, called the Baldwin, Phillips & Terlevich (BPT) diagrams

0.0 0.1 0.2 03 0.4
Z

Figure 1. 2D density distribution of all 1,678,787 line-emitting galaxies in the
M, — z space. The horizontal dashed line marks the separation of dwarf
galaxies (log(M,/M.) < 9.5) and high-mass (log(M, /M) > 9.5) galaxies.
The galaxies span a broad range of stellar masses (6 < log(M,/My) < 12.5)
and redshifts (0.001 < z < 0.45).

(J. A. Baldwin et al. 1981; S. Veilleux & D. E. Osterbrock 1987),
are widely used for separating galaxies with different ionization
signatures. These diagnostics separate AGN-dominated galaxies
from star-forming galaxies using empirical and theoretical
demarcation lines (L. J. Kewley et al. 2001; G. Kauffmann
et al. 2003).

In this work, we focus on the [NI]-BPT diagram with
[N1]/Ha versus [O11]/HQB. This diagnostic is sensitive to
gas-phase metallicity, which decreases from the bottom-right
corner (high [N11]/Ha, low [O111]/HP) to the top-left corner
(high [O11]/HS, low [N 11]/Hc) of the diagram (T. Storchi-
Bergmann et al. 1998; S. P. Carvalho et al. 2020). Because
dwarf galaxies are typically metal poor, some dwarf AGN may
lie on the star-forming branch of this diagram (V. F. Baldassare
et al. 2020b; M. Molina et al. 2021; E. J. Wasleske &
V. F. Baldassare 2024). While AGN selected via the [NII]-
BPT diagram represent an incomplete sample, the diagnostic
still remains the most widely used and provides a robust set of
candidates across a broad range of stellar masses (A. E. Reines
et al. 2013; A. E. Reines 2022). Given that our goal is
identifying a high-confidence AGN sample rather than a
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Figure 2. Narrow-line [N I1]-BPT diagnostic diagram for high-mass (log(M,/M.) > 9.5; left) and dwarf (log(M,/M.) < 9.5; right) galaxies. Each bin is color
coded by galaxy number density. The bivariate distributions are further shown by the black contours. The thick solid line marks the G. Kauffmann et al. (2003)
demarcation line, which separates pure star-forming galaxies from those with AGN contribution. The dashed line shows the theoretical “maximum starburst” line
from L. J. Kewley et al. (2001). These diagrams reveal 314,245/1,211,573 (~25.9%) high-mass AGN and 9,648 /467,214 (~2.1%) dwarf AGN candidates.

complete one, we restrict our analysis to the [NII]-BPT
diagnostic diagram in this paper.

R. Pucha et al. (2025) reported issues with existing
demarcation curves separating AGN from star-forming
galaxies in the other two BPT diagrams (i.e., the [S1I]- and
[O1]-BPT diagrams; S. Veilleux & D. E. Osterbrock 1987). A
more comprehensive analysis using all three diagnostics is
underway and will be presented in a future paper.

In this Section, we quantify the number of AGN and star-
forming galaxies in both dwarf and massive galaxies
(Section 3.1), examine how the AGN fraction varies as a
function of stellar mass of galaxies (Section 3.2), and discuss
its physical interpretation (Section 3.3).

3.1. AGN Identification

Figure 2 presents the [N II]-BPT diagrams for high-mass (left
panel) and dwarf (right panel) line-emitting galaxies, including
both NL and BL candidates (Section 2.5). This diagnostic uses
only the narrow components of the emission lines. Even for the
BL candidates with detected broad Balmer components, the line
ratios are estimated using only narrow Balmer components. In
both panels, the dashed curve represents the theoretical
“maximum starburst line” derived using stellar photoionization
models (L. J. Kewley et al. 2001). It represents the boundary
above which only a nonstellar ionization source (likely an
AGN) can explain the observed line ratios. The thick solid line
is an empirical line that separates galaxies with AGN
contribution from pure star-forming galaxies (G. Kauffmann
et al. 2003). Sources located between these two curves are
classified as “‘composites” due to likely contributions from both
star formation and AGN activity. Following previous dwarf

AGN studies (e.g., A. E. Reines et al. 2013; M. Mezcua &
H. Dominguez Sanchez 2020, 2024; M. S. Polimera et al. 2022;
S. Salehirad et al. 2022; R. Pucha et al. 2025), we classify both
massive and dwarf galaxies in the composite and AGN-
dominated regions of the [NIJ-BPT diagnostic as AGN
candidates.

From Figure 2, we identify 314,245/1,211,573 (25.9%)
high-mass AGN candidates and 9,648/467,214 (2.1%) dwarf
AGN candidates. Table 1 details the distribution of AGN-
dominated and composite sources among NL and BL sources.
We only consider the BL-AGN candidates for the analysis of
the Mgy — M, scaling relation (Section 4) but include both NL
and BL-AGN candidates to compute the fraction of galaxies
with an AGN.

The dwarf AGN fraction (2.1%) is consistent with that
observed using DESI early data (R. Pucha et al. 2025), still
higher than previous estimates based on single-fiber optical
spectroscopy (AGN Fraction < 1%; A. E. Reines et al. 2013;
S. Salehirad et al. 2022). This is possibly due to DESI’s
smaller 1.5 diameter fiber size compared to the fibers used in
these earlier studies (i.e., 3” diameter fiber for A. E. Reines
et al. (2013) and 2” diameter fiber for S. Salehirad et al.
(2022)), which likely reduces contamination from star
formation (R. Pucha et al. 2025). Similar low dwarf AGN
fractions have also been reported in infrared and X-ray
studies (AGN fraction <1%; M. Mezcua et al. 2018;
K. L. Birchall et al. 2020, 2022; A. Lupi et al. 2020;
L. J. Latimer et al. 2021b; S. D. Bykov et al. 2024). Despite
this higher observed dwarf AGN fraction, the census of AGN
in dwarf galaxies remains incomplete. The single-fiber
integrated spectroscopic surveys miss AGN associated with
wandering and off-nuclear BHs, which can be spatially offset
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Figure 3. BPT-AGN fraction as a function of stellar mass. The fraction of
BPT-AGN among line-emitting galaxies is shown as open blue circles, and the
fraction of BPT-AGN candidates in all galaxies is shown as black squares. The
logistic fit to the distribution of BPT-AGN fraction among line-emitting
galaxies is shown by a pink curve. Overall, the BPT-AGN fraction in line-
emitting galaxies increases systematically with stellar mass, while the BPT-
AGN fraction when considering all galaxies peaks at log(M, /M) = 10.5 and
declines toward higher masses.

from the galaxy center. Such systems have been identified
using integral field unit (IFU) spectroscopy (D. Wylezalek
et al. 2018; M. Mezcua & H. Dominguez Sidnchez 2020, 2024;
S. Bechtold & A. Reines 2026).

Nevertheless, the total number of AGN candidates from
DESI DRI data is already 4 times higher compared to DESI
early data (R. Pucha et al. 2025), providing strong constraints
on the lower limit of the AGN fraction (and thus the BH
occupation fraction; see Section 3.2). The complete DESI
sample, combined with multidiagnostic AGN selection, will
further expand the census of dwarf AGN candidates and will
help constrain the galaxy—BH connection while accounting
for selection effects (M. R. Blanton et al. 2026).

3.2. AGN Fraction

The AGN fraction provides a lower limit on the BH
occupation fraction, with the low-mass regime offering
important insights into the formation of BH seeds in the
early Universe (e.g., M. Volonteri 2010; M. Mezcua 2017;
A. Ricarte & P. Natarajan 2018; R. S. Beckmann et al. 2023).
Light-seed scenarios, i.e., BHs formed as Population III
remnants, predict a high BH occupation fraction in present-day
dwarf galaxies, while heavy-seed scenarios, i.e., BHs formed
from the direct collapse of gas, predict significantly lower BH
occupation values. In this subsection, we construct the lower
limit of this BH occupation fraction by examining the fraction
of BPT-AGN among galaxies as a function of stellar mass.

We estimate the BPT-AGN fraction separately for the full
galaxy sample (6,099,572 galaxies) and for only line-emitting
galaxies (1,678,787 galaxies). We sort all galaxies by stellar
mass and divide them into bins of approximately equal number
(304,980 per bin) of galaxies. Within each bin, we calculate
the BPT-AGN fraction as the fraction of galaxies classified as
AGN candidates from the [NII]-BPT diagram (Section 3.1).
The resulting trends are shown in Figure 3, where open blue
circles denote the BPT-AGN fraction among line-emitting
galaxies and open black squares represent the BPT-AGN
fraction among the full galaxy sample.
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For the line-emitting galaxy sample, we find that the BPT-
AGN fraction increases with stellar mass in an S-shaped trend,
from =14% at log(M,/M.)~ 8.1 to =933% at
log(M, /M) =~ 11.4. We model this using a logistic function:

. L
BPT — AGN Fraction (%) = 1 o KoeL. /M) —x0 +C
(0

with best-fit parameters L = 98.65, k = 3.59, xo = 10.56, and
C = 1.35. The resulting fit, shown as a solid pink curve in
Figure 3, asymptotically approaches L + C = 100% at the
high-mass end. Toward the low-mass end, it plateaus at ~1.2%
toward log(M,./M_) < 8, revealing a nonzero AGN fraction in
the dwarf galaxy regime.

Because line-emitting galaxies are only a subsample and not
necessarily representative of the full galaxy population, we
also compute a lower limit to the overall galaxy AGN fraction.
Assuming that galaxies failing the emission-line selection
criteria (Section 2.5) are strictly non-AGN, we calculate the
fraction of BPT-AGN in the same mass bins for the full galaxy
sample and obtain a different trend. In this case, the BPT-AGN
fraction increases from ~0.3% at log(M, /M) =~ 7.9 to peak
at ~8.8% at log(M, /M) ~ 10.5, before declining to ~2% at
log(M,/M:) ~ 11.4. These are consistent with the results
from DESI early data (R. Pucha et al. 2025). The divergence
between the two AGN fraction estimates is primarily due to
the dependence of emission-line selection on stellar masses,
with a lower emission-line detection fraction at both the lowest
(log(M, /M) < 8.5) and highest (log(M, /M) > 10.5) stellar
masses. We discuss the physical interpretation of these
observations, along with the role of selection effects, in
Section 3.3.

3.3. AGN Fraction Physical Interpretation

The logistic fit for the observed BPT-AGN fraction (shown
as a solid pink curve in Figure 3) represents the probability of
detecting an AGN as a function of stellar mass among line-
emitting galaxies. It is a product of several astrophysical and
observational factors, as briefly described below:

BH Occupation Fraction. The fundamental requirement for
AGN detection is the presence of a central BH. In the
hypothetical case where all BHs are actively accreting and
detectable by DESI, the observed AGN fraction directly traces
the BH occupation fraction. In such a scenario, the declining
AGN fraction toward lower galaxy masses could be interpreted
as evidence of heavy seeds. However, in reality, the observed
AGN fraction provides only a lower limit on the true BH
occupation fraction.

AGN Duty Cycle and Accretion. AGN detection requires the
central BHs to be active. This is often quantified in terms of
the AGN duty cycle, which is the probability for a given BH to
be actively accreting at a given time. Theoretical models
suggest that the duty cycle increases with BH mass for
Mgy > 106M@ (F. Shankar et al. 2009; J. Sabater et al. 2019;
I. Delvecchio et al. 2020), although constraints below this
mass remain limited. AGN activity depends on gas avail-
ability, accretion efficiency, and the poorly understood
Eddington ratio distribution. Recent studies inferring BH
occupation fraction using Bayesian modeling found contrast-
ing results in the low-mass regime, primarily due to the
difference in the assumptions regarding the underlying
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accretion rate distributions (C. J. Burke et al. 2025; F. Zou
et al. 2025). At fixed sensitivity, we can only identify higher
Eddington ratio AGN in dwarf galaxies, whereas a broad range
of Eddington ratio AGN can be detected in massive galaxies.
These factors together likely bias AGN detections toward the
most massive BHs and luminous AGN, especially in the low-
mass regime.

Emission-line Selection Effects. The identification of AGN
via emission-line ratio diagnostics needs the efficient detection
of emission lines, which has a mass-dependent selection bias. In
massive metal-rich galaxies, the [O III] emission may be weak
(G. Kauffmann et al. 2003), potentially missing AGN that fall
below the [O 11I] SNR selection threshold. In contrast, low-mass
galaxies tend to be metal poor and may often fail the
[N 1] selection criterion (B. A. Groves et al. 2006). Addition-
ally, highly accreting AGN tend to have weaker [O IIT] emission
due to strong optical [Fe I1]AM4924,5018 contamination, further
complicating flux measurements (S. Panda 2024; J.-M. Wang
et al. 2025). These effects together contribute to the observed
divergence between the two BPT-AGN fraction estimates
shown in Figure 3.

AGN Diagnostics: Although the [NII]-BPT diagram provides
robust AGN identification, it remains incomplete, particularly
in dwarf galaxies (E. J. Wasleske & V. F. Baldassare 2024).
Low-metallicity AGN candidates may occupy the same regions
of the [NII]-BPT diagnostic as dwarf galaxy starbursts
(B. A. Groves et al. 2006). Moreover, studies using unsuper-
vised machine learning techniques showed that the BPT-
selected AGN are preferentially found in more massive dwarf
galaxies (S. Sanjaripour et al. 2025; E. J. Wasleske et al. 2025),
indicating that we are likely detecting only the most
luminous AGN.

Ongoing star formation in galaxies can dilute AGN
signatures, rendering them undetectable via the BPT diag-
nostics (J. R. Trump et al. 2015; S. Sanjaripour et al. 2025).
For example, AGN selected via other diagnostics sometimes
fall on the star-forming branch of the [NI]-BPT diagram
(V. F. Baldassare et al. 2020b; K. L. Birchall et al. 2020;
M. Molina et al. 2021; E. J. Wasleske & V. F. Baldassare
2024).

In summary, the AGN fraction is shaped by several
selection biases, leading to uncertainty regarding the under-
lying BH population. Nevertheless, both the AGN fraction in
line-emitting galaxies and the lower limit on the AGN fraction
in all galaxies reveal a nonzero AGN fraction toward the low-
mass end, providing a conservative lower limit on the presence
of BHs in this regime. It suggests the potential for BH activity
beyond the limits of our current stellar-mass selection.

4. Mgy — M, Scaling Relation

Scaling relations between BH masses and host-galaxy
properties provide insights into the coevolution of galaxies
and their central BHs. Extending these relations toward low-
mass galaxies in the local Universe holds clues related to BH
seed-formation mechanisms (M. Volonteri 2010; J. E. Greene
et al. 2020) and BH accretion properties (A. Ricarte &
P. Natarajan 2018). Recent observations of overmassive BHs
in dwarf galaxies at high redshifts (Y. Harikane et al. 2023;
M. Mezcua et al. 2023, 2024; H. Ubler et al. 2023; R. Maiolino
et al. 2024) further raise questions about how such BHs and
their hosts grow over cosmic time. In this Section, we present
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the Mgy — M, scaling relation from DESI DR1 and discuss it
in the context of these high-redshift observations.

4.1. Black Hole Masses

The broad components of the Balmer lines provide a way to
estimate BH masses using single-epoch virial techniques.
These components are thought to originate in the broad-line
region (BLR) of the AGN. Under the assumption that the BLR
gas is virialized, the BH mass can be estimated using the
luminosity and width of the broad Balmer component. In this
paper, we use the broad Ha component to estimate the BH
masses by adopting the relation derived by J. E. Greene &
L. C. Ho (2005) and modified by A. E. Reines et al. (2013):

Mg Lyap
lo =loge+ 6.57 + 047 log| ——————
g(M ) ge g(lO“ergsl)

FWHMH”;b)
103 kms~!

+ 2.06 log( 2)

where Ly, and FWHMy,,;, are the luminosity and FWHM of
the broad Ha component and € is a dimensionless scale factor
encapsulating the BLR geometry and kinematics (J. E. Greene
& L. C. Ho 2007; C. J. Grier et al. 2013, 2017). We adopt
€ = 1 to be consistent with previous studies (A. E. Reines &
M. Volonteri 2015; F. Pacucci et al. 2023; R. Pucha
et al. 2025).

Sources with  FWHMpy,, < 1000kms~" should be
considered with caution, as such components may not always
trace virialized BLR gas and can instead arise from a missed
outflow component or a wrong fit (see Appendix B of R. Pucha
et al. 2025, and Appendix A in this paper). From our parent
sample of 19,432 BL-AGN candidates, we select confident
BL-AGN candidates based on spectral stacking analysis and
visual inspection as described in Appendix B. This yields
17,949 BL-AGNs with broad components confidently identi-
fied as likely associated with the BLR. Using the broad Ha
fluxes and widths from EmFit, we estimate BH masses for
this sample.

Single-epoch BH mass estimates are reported to have
systematic uncertainties of ~0.5 dex, arising from unknown
BLR geometry, inclination, kinematics, and the assumed
radius—luminosity relation (K. L. McGill et al. 2008;
K. D. Denney et al. 2009; D. Park et al. 2012;
Y. Shen 2013a). We account for this by adding 0.5 dex in
quadrature to the propagated errors to compute the final
uncertainties in Mgg.

Figure 4 shows the distributions of BH masses (left panel)
and FWHMy,, (right panel) for the 17,949 BL-AGN
candidates as black histograms. The BH masses of these BL-
AGN candidates span a range of log(Mpy/M.) = 4.4 — 9.4,
with a median of 7.2. Both distributions exhibit a clear
bimodal structure, which we find is associated with the two
groups of BL candidates separated by EmFit: (1) regular BL-
AGN candidates fit with the “default” mode and (2) Extreme
BL-AGN candidates (EBL-AGN) fit with the “EBL” mode
(see R. Pucha et al. 2025, and Appendix A). EBL candidates
display exceptionally broad Ha components extending to the
[S1] region, with median FWHMpy,;, ~ 4700km s,
compared to ~1970 km s~ for regular BL-AGN candidates.

The distinct distributions could either reflect intrinsic
physical differences between the two populations or be an
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Figure 4. Distribution of BH masses (Mpy; left panel) and FWHM of the broad Ha component (FWHMy,,.,; right panel) for all 17,949 BL-AGN candidates
included in this study (black histograms). Both distributions are bimodal, reflecting contributions from regular and extreme BL-AGN candidates. In both panels, the
distributions of regular and extreme BL-AGN candidates are shown by green and blue histograms, respectively. The median values for the full sample are indicated
by dashed black vertical lines, while the median values for the regular and extreme BL-AGN subsamples are marked by dashed green and blue lines, respectively.

artifact of the fitting procedure (i.e., if the EBL mode
systematically overestimates line widths relative to the default
mode). To test whether the distinction is caused by the fitting
mode, we force EmFit to fit EBL-AGN candidates with the
default mode and to fit regular BL-AGN candidates with the
EBL mode. Recomputing BH masses from these alternative
fits, we find that the dual distribution of BL-AGN candidates
still persists, indicating that it is likely intrinsic to the
populations rather than a consequence of the fitting procedure.

Of the confident BL-AGN candidates, 13,026 are regular
BL-AGN and 4,923 are EBL-AGN. The regular BL-AGN
candidates (green histograms in Figure 4) span
log(Mpu/M:) = 4.4 — 8.9, with a median of 6.9, while the
EBL-AGN candidates (blue histograms in Figure 4) span
log(Mgu/M) = 6.6 — 9.4, with a median of 8.1. We discuss
these dual distributions further in Section 4.3.

At the low-mass end, we identify 792 BL-AGN candidates
with log(Mpy/M.,) < 6, classified as IMBH candidates. This
is more than twice the number identified using early DESI data
alone (R. Pucha et al. 2025), which itself already doubled the
pre-DESI results. Among these, 50 BL-AGN candidates have
log(Mpy/M) < 5. Combined with the dwarf AGN candi-
dates, this expanded BH population will enable detailed
studies of BH demographics and galaxy—BH connection in the
low-mass regime.

4.2. The Empirical Relation

Using stellar masses (Section 2.3) and the estimated BH
masses (Section 4.1) of the 17,949 BL-AGN candidates, we
construct the Mgy — M, scaling relation, separated by their
morphology (Figure 5). We treat the extended and point
sources separately because the stellar masses of point sources
are highly uncertain,*® although their BH masses are robust.
As shown by R. Pucha et al. (2025), point sources occupy a
distinct region in this space compared to extended sources. We
restrict all quantitative analyses to the extended BL-AGN
candidates, while showing the point sources separately in the
Mgy — M, space for completeness.

48 The spectra of point sources are dominated by AGN emission with
negligible contribution from the host galaxy, resulting in unreliable stellar-
mass estimates.

The left panel of Figure 5 shows the 15,871 BL-AGN
sources with extended morphology (TYPE != PSF). This
includes 276 dwarf AGN candidates, extending the Mgy — M,
scaling relation down to log(M,/M.)~ 7.8 and
log(Mgy/M.) ~ 4.4. We fit an empirical relation similar to
A. E. Reines & M. Volonteri (2015) and R. Pucha et al. (2025)
as follows:

1Og(MBH/Mi->) =a+ 5103(M*/1011M@>)~ 3)
For extended BL-AGN candidates, we find:
a=17.63 £ 001; 6=1.02 + 0.01. (@)

This best-fit relation is shown as a solid black line in both
panels of Figure 5. For comparison, we overlay the local
scaling relations from A. E. Reines & M. Volonteri (2015),
J. E. Greene et al. (2020), and R. Pucha et al. (2025) as dashed
light-blue, dotted brown, and dashed—dotted red lines,
respectively.

We find a similar normalization as the scaling relation derived
from early DESI data (R. Pucha et al. 2025), but a higher value
relative to A. E. Reines & M. Volonteri (2015). While all these
studies rely on BL-AGN candidates selected via their accretion
signatures, the much larger DESI sample, particularly the
high density of sources near log(M,/M.) ~ 10.8 and
log(Mgy/M.,) =~ 7, provides a more robust constraint on the
normalization.

The slope of the relationship is sensitive to the selection and
vetting of low-mass BH candidates, which anchor the fit. This is
evident from the differences in the final selection of BL-AGN
candidates in this regime: R. Pucha et al. (2025) considered all
statistically significant broad Ha components, including under-
massive BH candidates in massive galaxy hosts, while we
remove BL-AGN candidates with FWHM (Ha;b) < 700 km g1
for galaxies with log(M,/M.) 2 10 based on their stacked
spectra lacking a robust broad Hae component (see Appendix B).
The slope of our relation deviates at a 3o level from A. E. Reines
& M. Volonteri (2015), but >10c from R. Pucha et al. (2025).
The reduced uncertainties in our fit reflect the statistical
significance of our sample compared to these prior studies.

These relations also differ from the local relation of
J. E. Greene et al. (2020), which uses a combination of both
active galaxies (with single-epoch Mpy estimates) and inactive



THE ASTROPHYSICAL JOURNAL, 1009:150 (24pp), 2026 October 1

BL-AGN Extended Sources

Pucha et al.

BL-AGN Point Sources

log (Mgu/Mo)

log (Mu/Mo)

log (Mx/Mg)

= Extended Sources (This Work)
—+— Pucha+2025

Pacucci+2023
Greene+2020

[m]

log (M«/Mg)

Reines+2015
Mezcua+2023,z~0.4 — 0.9

Mezcua+2024,z~1 -3
JWST,z~4 -8

o
*

Figure 5. Mgy — M, scaling relation of the 17,949 BL-AGN candidates in our sample, separated by morphology. Extended sources (TYPE != PSF) are shown in the
left panel, while point sources (TYPE == PSF) are shown in the right panel. Logarithmically spaced isodensity contours are overplotted, which highlight the
distribution of sources in each panel. Overmassive BHs discovered by M. Mezcua et al. (2023) and M. Mezcua et al. (2024) are plotted as yellow squares and light-
pink circles, respectively, while magenta diamonds show the high-redshift BHs identified with JWST (Y. Harikane et al. 2023; V. Kokorev et al. 2023; R. L. Larson
et al. 2023; M. A. Stone et al. 2023; H. Ubler et al. 2023; L. J. Furtak et al. 2024; I. JuodZbalis et al. 2024; R. Maiolino et al. 2024; M. Yue et al. 2024). In both
panels, our empirical fit using only the extended BL-AGN candidates is shown as a solid black line. For comparison, the local scaling relations for active galaxies
from A. E. Reines & M. Volonteri (2015) and R. Pucha et al. (2025) are plotted as dashed light-blue and dashed—dotted red lines, respectively. The local relation,
including inactive galaxies from J. E. Greene et al. (2020), is shown as a dotted brown line. The high redshift relation based on a subset of JWST sources from
F. Pacucci et al. (2023) is plotted as a dashed magenta line. The normalization of the new empirical relation is consistent with early DESI data (R. Pucha et al. 2025),
while the slope is anchored by the selection and vetting of low-mass BH candidates.

galaxies (with dynamical BH mass estimates). Because
dynamical mass measurements preferentially select the most
massive BHs, this sample yields a steeper slope than relations
based only on active galaxies (A. E. Reines & M. Volonteri
2015). These differences highlight the need to account for
selection effects when interpreting the results.

We further compare our results with observations of low-
mass galaxies at intermediate to high redshifts. Recent
observations with the James Webb Space Telescope JWST)
have uncovered tens of AGN candidates in low-mass galaxies
(log(M, /M) ~ 8 — 10) at z = 4-10 (e.g., Y. Harikane et al.
2023; V. Kokorev et al. 2023; R. L. Larson et al. 2023;
M. A. Stone et al. 2023; H. Ubler et al. 2023; L. J. Furtak et al.
2024; 1. Juodzbalis et al. 2024; R. Maiolino et al. 2024;
M. Yue et al. 2024). These candidates have inferred BH
masses of Mgy ~ 10’ "°M_, placing them one to three orders
of magnitude above the expectations from local scaling
relations. Some of them are associated with compact, red
sources known as Little Red Dots (LRDs; R. Maiolino et al.
2024; M. Yue et al. 2024; D. D. Kocevski et al. 2025), whose
AGN nature is debated. These high-redshift “overmassive” BH
candidates are shown as magenta diamonds in Figure 5.

Using a subset of these sources (from Y. Harikane et al.
2023; H. Ubler et al. 2023; R. Maiolino et al. 2024), F. Pacucci
et al. (2023) derived a high-z empirical relation that deviates
from the local relation at a >30 confidence. This relation,
shown as a dashed magenta line in Figures 5, traces the upper
edge of our BL-AGN sample. Recent studies involving
statistical modeling of selection effects and measurement
uncertainties infer an Mgy — M, relation, which is ~1 dex
above the local relation, but with a larger intrinsic scatter (J. Li
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et al. 2025; F. Ziparo et al. 2026). These studies argue that the
underlying relation may remain broadly consistent, while the
scatter increases toward higher redshifts.

A similar population of overmassive BHs is also identified
at intermediate redshifts. M. Mezcua et al. (2023, 2024) report
the finding of 19 AGN in low-mass galaxies at z = 0.35-2.7
with similar overmassive BHs. These sources are overplotted
in Figure 5 as yellow squares and light-pink circles,
respectively. We will discuss the case of overmassive BHs
further in Section 5.1.

4.3. Dual Distribution of BL-AGN Candidates

The left panel of Figure 5 shows that the extended BL-AGN
candidates exhibit an asymmetric distribution in the Mgy — M,
space, with an extension toward higher galaxy and BH masses.
This asymmetry is even more pronounced in the point source
BL-AGN candidates (right panel of Figure 5). Previous studies
have found that early-type galaxies may have a higher
normalization in this space than late-type galaxies
(A. E. Reines & M. Volonteri 2015; J. E. Greene et al.
2020). However, we find no such difference in the distribu-
tions of early and late-type galaxies in our sample.

We instead find that this asymmetry arises from two
subpopulations of BL-AGN candidates, distinguished by their
emission-line profiles. Specifically, they are separated by the
EmFit fitting modes, i.e., the regular BL-AGN and EBL
candidates. These two subsamples are found to result in a
bimodal BH mass distribution (see Section 4.1), and they
occupy distinct locations in the Mgy — M, space, as illustrated
in the two panels of Figure 6.
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Figure 6. Mgy — M, scaling relation of the 11,863 regular extended BL-AGN candidates (left panel) and the 4008 extreme extended BL-AGN candidates (right
panel). The overmassive BHs shown in Figure 5 are overplotted in both panels. The empirical fit to the full extended BL-AGN sample is shown as a solid black line,
while the individual empirical fits for regular and extreme BL-AGN candidates are shown as dashed—dotted green and blue lines, respectively. The high-redshift
empirical relation from F. Pacucci et al. (2023) is plotted as a dashed magenta line. Notably, the high-redshift BH candidates observed with JWST lie on the low-

mass extrapolation of the EBL-AGN relation.

EBL candidates lie systematically between the local scaling
relation (solid black line) and the high-redshift relation (dashed
magenta line). Similar massive galaxies hosting BHs offset by
~1dex above the local relation have been reported in both
active galaxies via accretion-based searches and inactive
galaxies via dynamical searches (A. Ferré-Mateu et al. 2015;
B. Trakhtenbrot et al. 2015; J. L. Walsh et al. 2015; J. Buchner
et al. 2026). In fact, A. E. Reines & M. Volonteri (2015)
showed that inactive galaxies define a relation that lies above
that of active galaxies, while J. E. Greene et al. (2020) found a
steeper relation when combining a sample of active and
inactive galaxies. Some inactive galaxies extend even beyond
the EBL-AGN distribution toward higher BH masses.

We separately fit two empirical relations for regular BL-
AGN and EBL-AGN candidates with the same parameteriza-
tion as mentioned in Section 4.2:

log(Mpu/M.) = o + Blog(M,/10''M..). 5)
For regular BL-AGN candidates, we find:
a =731 £ 0.01; 3=0.78 £ 0.01. (6)
For EBL-AGN candidates, we find:
a=2811 £ 0.01; 3= 0.38 + 0.02. @)

These fits are shown as dashed—dotted green and blue lines
for the regular BL-AGN and EBL-AGN candidates, respec-
tively, in Figure 6. The regular BL-AGN relation has a similar
normalization, but a shallower slope than the overall extended
BL-AGN fit, whereas the EBL-AGN relation is even flatter
and lies ~1 dex above them. Interestingly, the high-redshift
JWST BH candidates—which were not included in deriving
the fit—follow the low-mass extrapolation of the EBL-AGN
relation, while some of them extend further above it.

To further investigate the nature of these two subpopulations of
BL-AGN candidates, we estimate AGN bolometric luminosities
(Lbo) using [O 1] luminosities (Lyo; = Lio i X 1000; E. C. Moran
et al. 2014). These range from log (Lye/ergs s™!) ~ 41.1 — 46.4,
with a median of 44.1. Combining these luminosities with their
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Figure 7. Distribution of Eddington ratios of regular BL-AGN (green
histogram) and extreme BL-AGN (blue histogram) candidates. The median
values for each population are indicated by corresponding colored dotted
vertical lines. On average, the extreme BL-AGN candidates exhibit sub-
Eddington ratios and comparatively lower Eddington ratios than regular BL-
AGN candidates.

BH masses, we calculate their Eddington ratios (Aggq). While
[O1m1] based estimates can be biased by extinction, star formation,
or shocks (A. Lamastra et al. 2009), they enable relative qualitative
comparison of A\gqq between regular and EBL-AGN sources. As
shown in Figure 7, EBL-AGN candidates exhibit, on average,
lower Eddington accretion ratios (median A\ggq = 0.02) compared
to regular BL-AGN candidates (median Agqq ~ 0.08). This is
similar to that observed in high-redshift overmassive BH
candidates (M. Mezcua et al. 2023, 2024; 1. JuodZbalis et al. 2024).

We note that these results assume that the broad Ha
component in the EBL-AGN candidates originates entirely
from the virialized BLR gas. However, EmFit models these
profiles with a single broad Gaussian (and an extra outflow
component based on the [SII] profile in the default mode),
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which may not adequately capture more complex kinematics
(see Figure AS5). In particular, recent near-infrared interfero-
metric observations of a z ~ 4 quasar (GRAVITY-+
Collaboration et al. 2026) tracing the spatially resolved
kinematics of the HB emission line in the BLR show that
>80% of the line emission likely originates from outflows.
Although such detailed constraints near the BH are not
accessible to DESI spectra, they highlight the need for
complex modeling of BL profiles to understand BLR
kinematics from optical spectra.

5. Discussion

In this section, we discuss the Mgy — M, scaling relation in
the context of overmassive black holes (Section 5.1) as well as
possible implications for BH seed-formation scenarios
(Section 5.2) and for galaxy—BH coevolution (Section 5.3).

5.1. Overmassive Black Holes in Dwarf Galaxies

Overmassive BHs, lying well above the local scaling
relations, have been observed at intermediate and high
redshifts (Y. Harikane et al. 2023; V. Kokorev et al. 2023;
R. L. Larson et al. 2023; M. Mezcua et al. 2023; M. A. Stone
et al. 2023; H. Ubler et al. 2023; L. J. Furtak et al. 2024;
I. JuodZbalis et al. 2024; R. Maiolino et al. 2024; M. Yue et al.
2024). At early epochs, such BHs are attributed to either
heavy-seed BHs (M. T. Scoggins et al. 2023; A. K. Bhowmick
et al. 2024a, 2025; P. Natarajan et al. 2024) or to light-seed
BHs that have undergone multiple periods of super-Eddington
accretion (R. Schneider et al. 2023; A. Trinca et al. 2026).
Although overmassive BHs are predicted from theoretical
simulations (M. Mezcua et al. 2023; E. J. Weller et al. 2023;
S. Zhang et al. 2025), only a handful have been found at
z < 0.15 (M. J. Bustamante-Rosell et al. 2021; S. Bernal
et al. 2025). It is currently unclear why overmassive BHs in
dwarf galaxies have been observationally elusive in the local
Universe.

In several previous studies, overmassive BHs have been
defined as BHs in galaxies with Mgy /M, > 0.01 (L. A. C. van
Son et al. 2019; M. Mezcua et al. 2023). We use the same
criterion to quantify this population in our sample. We identify
29/434 (~6.7%) dwarf BL-AGN candidates as overmassive
BH candidates when we consider galaxies with both extended
and pointlike morphologies. However, if we restrict to only
extended dwarf galaxies with reliable stellar masses, this
number is reduced to only 2/276 (~0.7%). Despite the
dramatic increase in dwarf AGN candidates from DESI, we
still observe a lack of actively accreting overmassive BHs in
galaxies with log(M,/M;) < 9.5, in contrast with high-
redshift observations. Interestingly, the EBL candidates do not
meet the standard criterion for overmassive BHs, despite being
systematically above the scaling relation for regular BL-AGN
candidates.

However, overmassive BH numbers should be interpreted
with caution. The higher overmassive BH fraction among
pointlike sources likely reflects uncertainty in stellar-mass
estimates, as AGN emission dominates over the host galaxy.
At high redshifts, there are large uncertainties on both the
stellar-mass and BH mass estimates. For instance, BH masses
are typically derived using locally calibrated virial relations,
which may not be directly applicable at high redshifts. For
LRDs in particular, recent studies suggest that they may
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represent AGN embedded in a dense gas cloud (i.e., a BH star;
W. Q. Sun et al. 2026). The scattered component from the gas
can broaden emission lines, increasing the BH mass by ~1-2
orders of magnitude (V. Rusakov et al. 2026). Consequently,
some of these high-redshift overmassive BH candidates may
be due to systematic biases in the Mgy or M, estimates, rather
than genuine offsets from the local scaling relation.

Taken together, our results suggest that overmassive BHs
are rare among local low-mass galaxies, at least in extended
hosts with more reliable stellar masses. If such objects were to
exist locally and actively accreting, DESI should detect at least
the most luminous of them. Their apparent scarcity may
indicate that a significant fraction of local overmassive BHs
are not actively accreting and therefore missed by AGN-based
selection, or that the high-redshift candidates evolve toward
the local relation by the present day. The latter scenario would
result in a decrease in the intrinsic scatter of the Mgy — M,
relation with cosmic time, as predicted by F. Ziparo et al.
(2026). Distinguishing between these possibilities requires
detailed follow-up studies of observed overmassive BH
candidates across different redshifts to understand their origin
and role in galaxy evolution.

5.2. BH Seed-formation Mechanisms

The low-mass end of the Mgy — M, scaling relation
provides an important avenue for distinguishing between
different BH seed-formation scenarios (M. Volonteri &
P. Natarajan 2009; M. Volonteri 2010; J. E. Greene et al.
2020). While these predictions are framed in terms of the
Mgy — o, relation, we can expect a similar qualitative
behavior in the Mgy — M, space. Light-seed BHs generally
predict that the scaling relation established at high masses
extends toward the low-mass regime. In contrast, heavy-seed
BHs would produce a flattening of the relation at the low-mass
end, as more massive seeds will dominate this population.

The presence of overmassive BH candidates at high redshifts
(Section 5.1) has been interpreted as evidence of either heavy
seeds (M. T. Scoggins et al. 2023; A. K. Bhowmick et al.
2024a, 2025; P. Natarajan et al. 2024) or rapid early growth of
light seeds via mergers and/or super-Eddington
accretion (R. Schneider et al. 2023; A. K. Bhowmick et al.
2024b; A. Trinca et al. 2026). In contrast, our low-redshift
sample shows that the best fit for the Mgy — M, scaling relation
(Figure 5) extends down to log(M,/M.) ~ 7.8, with no
evidence of flattening at the low-mass end. This behavior is
consistent with the results from the early DESI data (R. Pucha
et al. 2025).

The absence of flattening in the overall relation (Figure 5)
and the relative scarcity of robust overmassive BH candidates
in local dwarf galaxies are broadly consistent with the
Population III seed-formation scenario. However, this inter-
pretation relies on a single underlying scaling relation. If the
regular BL-AGN and EBL-AGN candidates trace two distinct
scaling relations (Figure 6), it may indicate that both BH seed-
formation channels occur simultaneously (e.g., J. Regan &
M. Volonteri 2024). These interpretations assume that BHs in
low-mass galaxies have not undergone significant growth since
their formation, a hypothesis that may not hold universally. In
fact, A. Ricarte & P. Natarajan (2018) argued that the low-
mass end of the scaling relations may be governed by BH
accretion modes rather than the initial seed population.
Multiwavelength observations are needed to robustly confirm
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low-mass BH candidates and characterize their accretion
properties, enabling mapping of the low-mass end of the
scaling relations and its connection to BH seed-formation
models.

5.3. Evolutionary Pathways for High-redshift Overmassive
Black Holes

The observed correlations between BH masses and the host
galaxy properties suggest that the galaxies and their central
BHs grow together (G. Kauffmann & M. Haehnelt 2000;
J. Kormendy & L. C. Ho 2013). In principle, the tightest
correlations are observed between the BH masses and bulge
properties such as mass, luminosity, and velocity dispersion
(L. Ferrarese & D. Merritt 2000; K. Gebhardt et al. 2000;
K. Giiltekin et al. 2009; N. J. McConnell & C.-P. Ma 2013).
These quantities are difficult to constrain at low galaxy masses
and at high redshifts, making the Mgy — M, relation more
accessible in these regimes. Given that stellar mass reflects a
galaxy’s overall growth, this space offers a path to study the
relative growth of BHs and galaxies.

As discussed in Section 5.1, high-redshift surveys have
repeatedly identified overmassive BHs lying ~1-3 dex above
the local relation (Y. Harikane et al. 2023; V. Kokorev et al.
2023; R. L. Larson et al. 2023; M. Mezcua et al. 2023;
M. A. Stone et al. 2023; H. Ubler et al. 2023; L. J. Furtak et al.
2024; 1. Juodzbalis et al. 2024; R. Maiolino et al. 2024;
M. Yue et al. 2024). It is possible that these surveys are
missing faint, low-mass BHs at these high redshifts due to
selection biases (T. R. Lauer et al. 2007), and are observing
only the brightest and most massive BHs. Nevertheless, these
observations suggest the existence of at least a population of
galaxies at z ~ 1-8 that host apparent overmassive BHs.

Overmassive BHs have also been found in massive local
galaxies (R. C. E. van den Bosch et al. 2012; E. Emsellem
2013; A. Ferré-Mateu et al. 2015; J. Buchner et al. 2026), and
inactive galaxies with dynamical My measurements often lie
above the local relation (J. Kormendy & L. C. Ho 2013;
A. E. Reines & M. Volonteri 2015; J. E. Greene et al. 2020). A
recent study by C. J. Burke et al. (2024) found that variability-
selected AGN at z ~ 0.5 — 4 occupy the same regions in the
Mgy — M, plane as inactive galaxies. Our DESI results reveal
a dual distribution of the BL-AGN candidates in the
Mgy — M, space, with a high galaxy and BH mass
distribution, lying ~1 dex above the local relation (see
Section 4.3). It is unclear how high-redshift observations of
overmassive BHs relate to these massive local galaxies hosting
massive BHs.

A. Ferré-Mateu et al. (2015) argue that massive local
galaxies with extreme SMBHs are relics of z ~ 2 systems that
follow a different evolutionary path than the traditional growth
of galaxies and BHs. In contrast, B. A. Terrazas et al. (2025)
find that present-day galaxies hosting the most massive BHs
assembled rapidly at early cosmic times, even before z ~ 2.
M. A. Stone et al. (2025) studied the future of a single z ~ 7.08
quasar by considering the total stellar and gas content in this
host and the neighboring galaxies. By summing up these
possibilities, they conclude that this galaxy is unlikely to reach
the local Mgy — M, relation, even without any BH growth.
These studies, along with our results, indicate that a single
evolutionary track cannot explain the diversity of observed
galaxies (M. Mezcua et al. 2023; J. H. Cohn et al. 2025).
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Overmassive BHs may originate in the early Universe, when
some BHs undergo rapid, bursty growth relative to their hosts,
while AGN feedback suppresses galaxy growth (F. Pacucci
et al. 2024; J. Silk et al. 2024). Considering such high-redshift
overmassive black holes as a starting point, we propose that
the two empirical relations traced by regular and EBL-AGN
candidates (Figure 6) likely reflect distinct evolutionary paths.

As schematically illustrated in Figure 8, the evolution of the
high-redshift overmassive BHs may proceed along two broad
pathways: (1) Once the bursty growth of the BH is completed,
the host galaxy grows through in situ star formation or dry
mergers with minimal BH growth until it “catches up” with the
BH and reaches the local relation. (2) Alternatively, gas-rich
mergers fuel the concurrent growth of the galaxies and BHs,
producing EBL-AGN-like systems observed in the local
Universe. The diversity of these growth channels likely
contributes to the scatter around the observed relations. In
some cases, strong AGN feedback during gas-rich phases may
quench both star formation and BH accretion, and subsequent
dry mergers can lead to the formation of massive elliptical
galaxies with massive BHs.

Semianalytical simulations of overmassive BHs at z ~ 1 by
M. Mezcua et al. (2023) support this picture. They find that
13% of the simulated dwarfs with log(M,/M.) < 9 remain
overmassive at z ~ 0, 35% evolve into regular massive
galaxies (log(M,/M) > 10), and the remaining evolve into
inactive early-type galaxies. Similarly, using empirical model-
ing, B. A. Terrazas et al. (2025) predict that nearly all galaxies
with log(M, /M) = 10 that lic on the Mgy — M, relation at
z ~ 2 evolve into quiescent galaxies by z = 0.

A comprehensive study of overmassive BHs across cosmic
time, coupled with detailed models of AGN feedback and
environment effects, is essential for understanding galaxy—BH
coevolution. This is particularly important in low-mass
galaxies, where we can obtain clues regarding the BH seeds.
Future DESI data releases, with increased sample size and
uniform sky coverage, will enable systematic studies of the
impact of AGN-driven outflows and the role of the environ-
ment on dwarf galaxies and their central BHs.

6. Conclusions

Using DESI DRI, the largest extragalactic spectroscopic
dataset to date, we search for AGN in a sample of 6,143,599
low-redshift (0.001 < z<0.45) galaxies spanning a broad
range of stellar masses (6 < log(M,/M.) < 12.5). We
identify AGN based on optical emission line diagnostics,
quantify how the AGN fraction varies with stellar mass,
construct the local Mgy — M, scaling relation, and study this
relation in the context of high-redshift overmassive BHs.
Restricting our analysis to the ~1.7 million line-emitting
galaxies and  separating the sample into dwarf
(logM,/M.) < 9.5) and high-mass (log(M,/M.) > 9.5)
galaxies, we conclude the following:

1. Based on the optical [NII]-BPT emission-line diagnostic,
we identify 314,245/1,211,573 (25.9%) high-mass AGN
candidates and 9,648/467,214 (2.1%) dwarf AGN
candidates (Figure 2). This represents a tenfold increase
over the pre-DESI census of optically selected dwarf
AGN candidates (Section 3.1).
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Figure 8. Schematic view of the proposed evolutionary pathways for the high-redshift overmassive BHs and their host galaxies. The host galaxy may grow through
star formation and/or mergers with minimal additional BH growth, gradually evolving toward the local Mgy — M, relation. Alternatively, the galaxy and the central
BH may grow together along the EBL-AGN relation. Some of these systems from either population may subsequently undergo further galaxy and BH growth,
followed by quenching, ultimately forming massive elliptical galaxies hosting massive, inactive BHs.
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2. The BPT-AGN fraction, defined as the fraction of AGN-

dominated and composite sources among line-emitting
galaxies, increases monotonically with stellar mass,
rising from ~1.4% at log(M,/M,) ~ 8.1 to ~93.3% at
log(M, /M) =~ 11.4. This trend is well described by an
S-shaped logistic function (Figure 3), which reflects the
AGN detection probability as a function of stellar mass,
and depends on several physical and observational
factors, including the BH occupation fraction, AGN
duty cycle, emission-line selection biases, and the choice
of AGN diagnostics. We also report a lower limit on the
AGN fraction considering the full galaxy population,
which increases from =~0.3% at log(M,/M.) ~ 7.9,
peaks at log(M,/M.) ~ 10.5, and then decreases to
~2% at log(M,/M.,) ~ 11.4 (Section 3.2).

. Of the 26,588 BL candidates with a broad Ho detection,
19,432 are classified as AGN based on the [NII]-BPT
diagram (BL-AGN candidates). Among these, 17,949 are
candidates with confident broad components likely
originating from the BLR (Section 3.1 and Appendix B).
. We estimate single-epoch virial BH masses for the
17,949 BL-AGN candidates, spanning a range of
log(Mgu/M.) =~ 4.4 — 9.4, with a median of 7.2. We
find a bimodal distribution of these BH masses, which
are attributed to two populations of galaxies that differ
based on the width of the broad Ha component: regular
BL-AGN (median FWHMy,, 1970 km sfl) and

~
~
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5.

EBL-AGN (median FWHMy,., =~ 4700 km s~ 1) candi-
dates (Figure 4).

We identify 792 IMBH candidates, increasing the census
of these elusive objects by more than a factor of 2
compared to the early DESI data. This expanded sample
provides an invaluable dataset for studying BH demo-

graphics in the low-mass regime (Section 4.1).

. Leveraging the large sample of BL-AGN candidates, we

extend the Mgy — M, scaling relation down to
log(M, /M) ~ 7.8 and log(Mgu/M.) =~ 4.4 and derive
the local empirical relation (Figure 5). The normalization
is broadly consistent with the prior studies by
A. E. Reines & M. Volonteri (2015) and R. Pucha
et al. (2025), though the slopes differ. We find that the
inferred slope is sensitive to the inclusion of low-mass
galaxies and low-mass BHs (Section 4.2).

. We identify a bimodal distribution of BL-AGN candi-

dates in the Mgy — M, space. The lower distribution
consists of regular BL-AGN candidates, with an
empirical fit that has a similar normalization but a
shallower slope than the overall scaling relation. The
upper distribution is composed of EBL-AGN candidates,
with an even flatter relation (Figure 6). On average,
EBL-AGN candidates exhibit lower Eddington ratios
than regular BL-AGN candidates (Figure 7), with
predominantly sub-Eddington accretion rates similar to
those observed in high-redshift overmassive BHs
(Section 4.3).
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8. We find a dearth of overmassive BHs (Mgy/M, > 0.01)
in dwarf galaxies in the local Universe. Restricting to
dwarf galaxies with reliable stellar masses, only 2/276
(~0.7%) host overmassive BH candidates, increasing to
29/434 (~6.7%) when point sources are included
(Section 5.1).

9. The extension of the Mgy — M, scaling relation down to

low-mass galaxies without any evidence of flattening,

together with the scarcity of overmassive BHs in this
regime, is consistent with the Population III BH seed

(i.e., light seeds) formation scenario. However, the two

distinct scaling relations for two subpopulations of BL-

AGN candidates may indicate that both light seeds and

heavy seeds formed simultaneously (Section 5.2).

Placing our results in the context of high-redshift

overmassive BH candidates, we propose two evolution-

ary pathways for them: (1) host galaxies grow with
minimal BH accretion, moving toward the local

Mgy — M, relation and the regular BL-AGN distribu-

tion, or (2) coevolution of the galaxy and the BH leading

to the EBL-AGN population. In some cases, subsequent
quenching and dry mergers may produce massive
elliptical galaxies hosting inactive BHs (Section 5.3 and

Figure 8).

11. This paper is accompanied by the release of the
EmFit value-added catalog containing emission-line flux
and width measurements of ~7.4 million galaxies
(Appendix A), along with catalogs of identified AGN
candidates spanning the full stellar-mass range (Figure 2)
and BH masses for the entire BL-AGN sample (Figure 5).

10.

The upcoming DESI data releases, combined with multi-
diagnostic AGN selection, will enable a comprehensive study
of AGN activity across the complete stellar-mass range, while
accounting for selection effects. Detailed modeling of emis-
sion-line kinematics, AGN feedback signatures, and environ-
mental influences will be crucial for interpreting the upcoming
results on BH demographics. Ongoing work already includes
studies of AGN-driven outflows versus star formation-driven
winds and their roles in shaping galaxy—-BH coevolution,
especially at the low-mass end of the galaxy mass function.
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Appendix A
EmFit Value-added Catalog

We developed a Python-based emission-line fitting code,
EmF1t, to robustly measure emission-line fluxes and widths in
low-redshift (0.001 < z<0.45) galaxies. The code uses the
stellar continuum model from FastSpecFit (J. Moustakas
et al. 2023, J. Moustakas et al. 2026, in prepalration),49 which
is subtracted from the DESI spectrum to produce a rest-frame,
continuum-subtracted emission-line spectrum. EmFit then
performs a nonlinear least-squares fitting, which focuses on
modeling HBA4861, [O 1I]AN959,5007, [N II]JAN6548,6584,
Ha 6563, and [S I]AA6717,6731 emission lines. It also tests
for additional components in [O III] and [S 1] lines, which can
manifest as either double-peaked narrow components or
outflow signatures. The dual narrow peaks may be a result
of dual AGN, accretion disk kinematics, or complex gas
kinematics (e.g., ejecta or bar) within the host galaxy (H. Fu
et al. 2012; D. Maschmann et al. 2023; J. Qiu et al. 2025;
Q. Zheng et al. 2025).

EmFit also tests for an extra broad component in the
Balmer lines, with minimum FWHMy,, > 300 km s Tt
operates in two modes: “default” mode and “extreme broad-
line (EBL)” mode, with the latter designed for galaxies where
the broad Ha component extends up to the [SII] emission
lines. The full fitting procedure for both modes is described in
R. Pucha et al. (2025).

We run EmFit on 7,427,711 sources selected after
removing objects with fiber and redshift issues
(Section 2.5). These include DRI targets classified as
GALAXY or QSO by Redrock in the redshift range of
0.001 < z<0.45. After the complete run, we remove sources
with poor fits as described in R. Pucha et al. (2025), yielding
a final sample of 7,378,347 galaxies. This catalog is publicly
available as a VAC.”®

* hitps: //data.desi.lbl.gov/doc/releases/dr1 /vac/fastspecfit/
30 https: / /data.desi.lbl.gov /doc /releases/dr1 /vac /emfit/
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In this section, we present the VAC data model, illustrate
the range of fits, and describe the known issues and caveats of
the catalog.

A.l. Data Model

The full data model for the EmFit VAC is available at
https://data.desi.Ibl.gov/doc /releases/drl /vac/emfit/#data-
model, and is summarized in Table Al. We outline the key
columns below:

1. The TARGETID represents the unique identifier of the
DESI target. The columns SPECPROD, SURVEY,
PROGRAM, and HEALPIX contain information related
to DESI targeting and are required to access the spectra
of the object. Details regarding these columns are
available in DESI Collaboration et al. (2026). The DESI
redshifts from Redrock after the corrections by
QuasarNet are listed in the Z column.
2. The PROB_BROAD column gives the percentage of
iterations in which a broad Ho component is detected.
3. EmFit divides each rest-frame spectrum into fitting
windows labeled as WINDOW in Table Al. For “default”
mode, WINDOW includes HB, OITII, NII HA, and SII.
For “EBL” mode, WINDOW includes HB OIII and
NII_HA_STI.
4. Within each WINDOW, we have multiple components
labeled as EMLINE in Table Al. The mapping between
the WINDOW and EMLINE is listed in Table A2.
Secondary narrow or outflow components are labeled
by * OUT* columns, and broad Balmer components are
labeled as * Bx* columns.
5. For each modeled component, the columns * AMPL-
ITUDE, * MEAN, and * STD, along with their asso-
ciated uncertainties, record the best-fit Gaussian
amplitude, mean, and standard deviation, respectively.
The * FLUX column corresponds to the integrated line
flux, estimated as the area under the Gaussian profile.
6. The observed standard deviation is converted to velocity
space and corrected for DESI’s instrumental resolution
(estimated as the median resolution element in each
WINDOW) — these values are stored in * SIGMA
columns. The corresponding * SIGMA FLAG indicates:
a. 0: the component is resolved and corrected for
instrumental resolution.

b. 1: the component is unresolved, and the reported
* SIGMA is estimated from the best fit.

c. -1: the component is not detected.

7. If a component is not detected, all the associated columns
are set to zero and the * SIGMA FLAG is set to -1.

8. The * CONTINUUM and * CONTINUUM ERR provide
any additional continuum level within each fitting
window.

9. The * NOISE is the rms of the continuum around the
emission lines in the fitting window.

10. The number of degrees of freedom and reduced x> for
each fitting window are reported in * NDOF and
* RCHI2 columns, respectively.

11. The * DBL FLAG are boolean flags which indicate
whether the corresponding emission line exhibits double
narrow peaks. When this flag is set to True, we
recommend adding the fluxes of the two components
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Table Al
EmFit Data Model

Column Name Type Units Description
TARGETID int64 Unique identifier of the DESI target
SPECPROD bytes9 Spectral Production Pipeline (iron for DR1)
SURVEY bytes4 DESI Survey of the spectra: main, special, svl, sv2, sv3, or cmx
PROGRAM bytes6 Observing Program: dark, bright, backup, or other
HEALPIX int32 Healpix number of the target
V4 float64 Redshift of the target
PROB_BROAD float64 Percentage of broad Ha detection in iterations
EMLINE_AMPLITUDE float64 1077 ergs s Amplitude of the emission line component
Alem™?
EMLINE_AMPLITUDE_ERR float64 1077 ergs s ™! Uncertainty in Amplitude of the emission line component
Alem™2
EMLINE_MEAN float64 A Mean of the emission line component
EMLINE_MEAN_ERR float64 A Uncertainty in the mean of the emission line component
EMLINE_STD float64 A Standard Deviation of the emission line component
EMLINE_STD_ERR float64 A Uncertainty in Standard Deviation of the emission line component
EMLINE_FLUX float64 1077 ergs s~ ' em™? Flux from the emission line component
EMLINE_FLUX_ERR float64 1077 ergss~' ecm ™2 Uncertainty in Flux from the emission line component
EMLINE_FLUX_LERR float64 1077 ergs s~ em ™2 16th percentile Flux from the emission line component
EMLINE_FLUX_UERR float64 1077 ergss ' em ™2 84th percentile Flux from the emission line component
EMLINE_SIGMA float64 kms! Width of the emission line component
EMLINE_SIGMA_ERR float64 kms™! Uncertainty in the Width of the emission line component
EMLINE_SIGMA_LERR float64 km s~ 16th percentile width of the emission line component
EMLINE_SIGMA_UERR float64 kms™! 84th percentile width of the emission line component
EMLINE_SIGMA_FLAG int64 Flag regarding instrumental resolution correction for the emission line component
WINDOW_CONTINUUM float64 1077 ergs s~ Continuum around the emission lines in the fitting window
Alem™?
WINDOW_CONTINUUM_ERR  float64 1077 ergs s~ Uncertainty in Continuum around the emission lines in the fitting window
Alem™?
WINDOW_NOISE float64 1077 ergs s~ rms of the Continuum around the emission lines in the fitting window
Alem™?
WINDOW_NDOF int64 Number of Degrees of Freedom associated with the fit
WINDOW_RCHI2 float64 Reduced chi® associated with the fit
OII_DBL_FLAG bool Flag regarding whether the [OIII] emission has double narrow-peak Gaussian
components
SII_DBL_FLAG bool Flag regarding whether the [SII] (and therefore [NII], Ha, and H{) emission has double

narrow-peak Gaussian components

Table A2

Emission-line Components within Each Fitting Window
WINDOW EMLINE
HB HB_N, HB_OUT, HB_OUT
OIIT OIII4959,0III4959 OUT,O0III5007, 0ITII5007 OUT
NII_HA NII6548, NII6548 OUT, HA N, HA OUT, HA B, NII6583, NII6583 OUT
SIT SIIG716,SII671670UT,SII6731,SII673170UT
HB OIII HB_N, HB_OUT, HB_OUT, OII14959, OIT114959 OUT, OII15007, 0ITI5007_OUT
NII _HA SIT NII6548, NIT6548 OUT, HA N, HA OUT, HA B, NII6583, NII6583 OUT, SII6716, SII6716 OUT, SII6731, SII6731 OUT

(i.e., *_FLUX and * OUT_FLUX) before using the line
flux for any analysis.

12. The fitting mode (“default” versus “EBL”) can be
inferred from the WINDOW used. For example, in the
“default” mode, the EBL-only WINDOW columns, i.e.,
HB OIII NDOF, HB OIII RCHI2, NII HA -
SIT NDOF,and NIT HA SIT RCHI2 are set to Zero.

A.2. Diversity of Spectra and Fits

With just 1 yr of observations, DESI has already obtained
spectra of nearly 18 million galaxies and quasars. Within the
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redshift range relevant to this study (0.001 <z < 0.45), this
sample includes a wide diversity of spectra. EmFit is
designed to robustly handle this diversity, producing a broad
range of reliable fits. In this Section, we present some
representative examples of DESI spectra along with their
corresponding EmFit best-fit models.

EmFit operates on two different fitting modes: the
“default” mode and the “EBL” mode. The EBL mode was
introduced to accommodate sources whose broad Ha emission
extends into the [SII] region, causing the default mode to fail
for a subset of them. Of the 7,378,347 galaxies in the VAC,
7,363,400 galaxies are fit with the default mode, and 14,947
galaxies are fit with the EBL mode.
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Figure Al. Example fits of galaxy spectra fit via the default mode without a broad Balmer component. These include a narrow emission-line only spectrum (top
panel), a double narrow-peaked galaxy spectrum (middle panel), and a spectrum with outflow components (bottom panel). In all the panels, the best-fit models to the
continuum-subtracted emission-line spectrum in the regions of HG, [O 1], [N 1I] + He, and [S 1I] are shown from left to right. The spectra are shown in black, while
the best-fit models are shown in dashed red. The individual narrow and extra components are plotted in orange. The reduced x> values for each fit are given in the
upper-left corner of the individual panels. The fractional residuals are plotted as gray points in the bottom panels for the fits.

In both modes, emission lines are modeled using one or
more Gaussian functions, together with a nonzero polynomial
to account for any residual continuum. In the default mode, the
[S 1] and [O 1] emission lines are independently tested for the
presence of any additional components, which may represent
either a second narrow component or a broader outflow
component. If [S1I] requires a second component, a corresp-
onding second component is also included while fitting the
[N 11], Har, and H emission lines. The Balmer lines are further
tested for the presence of a broad component, irrespective of
the extra components in the lines. A full description of the
fitting procedure is detailed in R. Pucha et al. (2025).

Figure A1 presents three examples of galaxy spectra fit with
the default mode. The top panel shows a narrow-line-only
galaxy spectrum, in which all lines are well fit by a single
Gaussian component. The middle panel illustrates a double-
peaked emission-line galaxy, requiring two narrow compo-
nents per emission line. The bottom panel shows a case in
which the additional detected components correspond to an
outflow feature. In the latter two cases, the extra component
appears across all emission lines, although this is true only for
a subset of galaxies. The criteria for separating double-peaked
emission from outflow emission profiles are summarized in
Appendix A of R. Pucha et al. (2025). Two columns are added
to the VAC using these criteria: —OIII DBL FLAG and
SII_DBL_FLAG, which indicate whether the extra comp-
onent identified in the emission line is a double narrow
emission-line peak. In the EmFit VAC, we have 18,446
galaxies with OIII DBL FLAG = True and 28,293 galaxies
with SII_DBL FLAG = True.
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Figure A2 shows three examples of BL candidates fit using the
default mode. The top panel shows a galaxy with single narrow
components for all emission lines plus broad Balmer components.
The middle panel illustrates a BL candidate with double narrow
peaks in HG, [N1], and [S1I], but only a single narrow
component in [OWI] (for this object, OIII DBL
FLAG = False and SII DBL FLAG = True). The ‘bottom
panel shows a case where Hf3, [N 11], Hey, and [S 11] lines require a
single narrow component and a broad Balmer component, while
[O 11] requires an additional outflow component (for this object,
both OITII DBL FLAG and SII DBL FLAG = False).

Figure A3 presents two examples of BL candidates fit with
the EBL mode. The top panel shows a case requiring only
broad Balmer components in addition to single narrow peaks
for all emission lines. The bottom panel shows an example in
which the broad Balmer components are accompanied by an
additional outflow component in the [OIIT] lines.

Together, these examples illustrate the flexibility of EmFit
to model a wide range of narrow- and broad-line galaxy
spectra, including cases with complex kinematics and multiple
components.

A.3. Known Issues and Caveats

There are some known caveats and limitations associated
with EmFit, which we summarize below:

1. As mentioned previously, EmFit tests for a second
component in the narrow emission lines, which may
correspond to either an extra-narrow peak or an outflow
component. However, the statistical test used to determine



THE ASTROPHYSICAL JOURNAL, 1009:150 (24pp), 2026 October 1 Pucha et al.

DESI J66.5708-17.2916; z = 0.1794

Hf s0F [OI11]4959,5007 I Ha + [NIT]6548,6583 sk [SI116716, 6731
> > 2 2
2,=125 2,=128 [ 2, =127 2, =108
Lok Ared 2 Kred “l 30F Xred o Hred
0
"
5 30 il 20l 4
~ 5 ~ i ~2 ~
b 20| " = )
i i )
] 10}
0f 10| " 1 0
IVU
B of ﬂ\svﬂl'qi\}'mﬁ'/w\‘\h ‘WMMW FW MMW o )
o . )
4800 4820 4840 : Jxm; 4880 4900 4920 4900 4920 4940 4960 4980 5000 5020 5040 6475 (;SIM) 6525 6550 6575 6600 6625 6650 6660 6680 6700 6720 6740 6760 6780 6800
Arest Arest Arest Arest
DESI J126.2778+18.2089; z = 0.3577
3
o HP 6f [OI11]4959,5007 ‘1 20F Ha + [NI1]6548,6583 [SIN6716, 6731
Trea =106 { Lrea =113 i Lra=125 % =103
3| 4f \ 5|
1 1 [}
< ~ 2 %ﬂ ~ 19 ~ 0| L“’ \
< < < &<
0 )
) 0
- "
0f . " o Iy . o .
4800 4820 4840 4860 4880 4900 4920 4900 4920 4940 4960 1950 5000 5020 5040 6475 6500 6525 6550 6575 6600 6625 6650 6660 6680 6700 6720 6740 6760 6780 6800
Arest Arest Arest Arest
DESIJ331.7320-11.8303; z = 0.114
s0p Hp 80F [0111]4959,5007 Ha + [NIT|6548,6583 % 20 (SI1]6716, 6731 2
Yia=2.56 Ka=157 208 42, =526 o =131
60) 60 ’ I
150) |
40| 10|
gl a5 o
< < < 0 < !
5|
N
20 ) ,\ 50,
a»j 0]
0 of AN gy iy Fipereddy )
0 e, g S0 g S g - 5 % s i i - s &
4800 4820 4840 4860 4880 4900 4920 4900 4920 4940 4960 4980 5000 5020 5040 6475 6500 6525 6550 6575 6600 6625 6650 6660 6680 6700 6720 6740 6760 6780 6800
Arest rest Arest Arest

Figure A2. Example fits of galaxy spectra fit via the default mode with broad Balmer components, which are shown as blue curves. These include spectra of narrow
emission lines only (top panel), double emission lines in all emission lines except [O IlI] (middle panels), and an outflow component in only [O III] line (bottom
panel). The colors and text in the panels are the same as Figure Al.
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Figure A3. Example fits of galaxy spectra fit via the EBL mode, without (top panel) and with (bottom panel) an outflow component in [O III] emission line. In all the
panels, the best-fit models to the continuum-subtracted emission-line spectrum in the regions of H3 + [O IlI] and [N 1] + Ha + [S 1T] are shown from left to right.
The colors and text in the panels are the same as Figure A2.

this additional component is not always accurate. In some
cases, it fails to detect a visually apparent second
component, while in others it introduces a likely spurious
component. Figure A4 presents three such examples: the
top panel shows a missed [O II] outflow component which
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is visually clear; the middle panel shows an example where
the second narrow peak is detected only in [O III], but are
missed in the other emission lines; and the bottom panel
shows an example where the [O III] emission line is fit with
two narrow components, despite appearing consistent with
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Figure A4. Example fits of cases with missed outflow (top panel), missed second peak (middle panel), and likely forced extra (bottom panel) components. The
descriptions, colors, and texts in the panels are the same as Figure A2.
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Figure AS. Examples of cases showcasing the approximation of a single Gaussian for the broad Balmer component. The top panel shows an example fit with default
mode (HG, [O 1], [N 1I] + Ha, and [S 1] from left to right), while the bottom panel shows an example fit using EBL mode (H3 + [O IIl] and [N 1I] + Ha
+[S 11] from left to right). The colors and texts in the panels are the same as Figure A2.

a single narrow profile. Such cases are also classified as
double-peaked emission lines in the EmFit VAC, ie.,
] DBL_FLAG = True.

. EmF1it models the broad Balmer component using a single
Gaussian component. While this assumption is sufficient

cases, either a non-Gaussian profile is needed, or multiple
components may be required (J. E. Greene &
L. C. Ho 2005; H.-Y. Liu et al. 2019). These are beyond
the current scope of EmF1it.

. Broad Balmer components are accepted when they have

for most spectra, it may not capture the more complex
profiles observed in some galaxies. Figure A5 shows two
examples of BL candidates, fit with default (top panel) and
EBL (bottom panel) modes, where the spectra exhibit a
more complex profile in the Ha emission line. In such

20

FWHMy,, > 300 km s~!. This threshold can admit com-
ponents that do not arise from the virialized gas near the
BH. We therefore urge the users to be cautious when
interpreting  broad components with FWHMp,,,
< 1000 km s". Visual inspection is often the most reliable
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Figure A6. Example fits of BL candidates with unclear origin of the broad components. The colors and texts in the panels are the same as Figure A2.
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Figure A7. Examples of complicated fits. The colors and texts in the panels are the same as Figure A2.
way to validate these detections. Figure A6 illustrates three complex internal kinematics. Such cases are rare but
examples of such uncertain broad components. The top require caution when interpreting the individual comp-
panel shows an example where a missed outflow as onent measurements.
observed in [NII] lines is identified as a broad Balmer 5. The bottom panel of Figure A7 shows an example in
component. The middle panel depicts a spectrum with a which the local continuum is not properly subtracted near
statistically detected, but visually ambiguous, broad comp- the [O 111] region. This is again a rare case, and they do
onent. The bottom panel shows a complex [N 1I] + Ha line not significantly affect the recovered emission line fluxes
profile requiring more careful analysis. More information and widths.
regarding these is available in Appendix B of R. Pucha
et al. (2025). Some cautionary notes related to EmFit available here:
4. The top panel of Figure A7 shows a visually acceptable https: //data.desi.Ibl.gov/doc/releases /drl /vac/emfit/
fit in which multiple components may originate from #notes.
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Appendix B
Selecting Confident BL-AGN Candidates
To construct a reliable Mgy — M, scaling relation

(Section 4), we need to identify confident BL-AGN
candidates. As noted in Appendix A, BL candidates with
FWHMpy,., < 1000 km s~ ! should be considered with caution.
R. Pucha et al. (2025) addressed this issue by visually
inspecting all such low-FWHM candidates, classifying them as
confident and tentative BL-AGN candidates. However, in our
larger sample of 2099 extended and 210 pointlike BL-AGN
candidates, such a visual inspection is not practical. To
navigate this, we visually inspect the 210 point sources and
perform stacked-spectra analysis for the 2099 extended
sources as described below.

The main motivation for using the stacking process is to
boost the signal-to-noise ratio and to perform accurate
decomposition of emission line components, including narrow
lines, secondary outflow components, and broad permitted
lines. We separate the 2099 extended BL-AGN candidates by
stellar masses and FWHMy,,., using the bins listed in Figure
B1. For each bin, we retrieve the DESI spectra of all galaxies
from the SPectra Analysis & Retrievable Catalog Lab
(SPARCL; S. Juneau et al. 2025b). We then employ the
functionality from desigal®' to perform the following steps.
First, we apply the Galactic dust reddening correction based on
the E(B — V) value from the D. J. Schlegel et al. (1998) dust
map reported in the LS DRY catalog (A. Dey et al. 2019).
Then, we shift the spectra to the rest frame and resample them
on a reference wavelength grid spanning 3350-9800 A with an
increment of 0.6 A ensuring flux conservation. We normalize
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the individual spectra by the mean flux density over
6380-6480 A before combining them using an inverse-
variance weighted mean. We perform error propagation from
the individual error spectra to compute the resulting inverse
variance on the stacked spectrum. We refit each stacked
spectrum using EmFit and visually inspect the resulting fits
for broad Ha components.

Figure Bl summarizes these results. Each cell lists the
number of galaxies in that bin in parentheses and the FWHM
of any detected broad component. Cells are color coded based
on the quality of the stacked spectrum fit and our visual
inspection:

1. Green. Confident broad components in the stacked
spectrum — we retain all 545 galaxies in these bins.

2. Red. No broad components or poor quality fit in the
stacked spectrum — we remove all 1159 galaxies within

these bins.
3. Yellow. Tentative broad components in the stacked
spectrum — we visually inspect the 299 galaxies in

these bins, resulting in 46 good fits. The remaining
objects either show poor fits (11 galaxies) or their broad
components are missed outflows (221 galaxies; see
Appendix B of R. Pucha et al. 2025).

Of the 210 point BL-AGN candidates, we have 118 sources
with reliable broad components. Along with the 46 extended
BL-AGN candidates, we include the final sample of 226 low-
FWHM BL-AGN candidates for the analysis presented in
Section 4.

Observed FWHM of Ha;b in the stacked spectrum within each bin
300-400 km s* 400-500 km s* 500-600 km s* 600-700 km s* 700-800 km s® 800-900 km s* 900-1000 km s™

6-9 (20) ~564.2 (14) =1089.5 (6) =#1169.0 (6) ~448.3 (6) ~677.2 (0) — (3)=1050.7
9-9.5 (69) No Ha;b (66) =722.3 (38) =1025.5 (22) ~809.8 (12) =1001.4 (24) =1088.2 (12) =1441.0
9.5-10 | (200)=350.9 (110) =1136.6 (71) =754.6 (61) =1493.3 (40) =1107.3 (45) =1103.6 (41) =1427.2
10-10.5( (286) No Ha;b (126) =373.8 (76) =568.8 (70) =714.6 (52) =1474.8 (59) =1625.6 (65) =1166.3
10.5-11| (143) NoHa;b ~ (114) No Ha;b (58) No Ha;b (45) No Ha;b (38) =1459.0 (26) =1304 .1 (28) No Ha;b
11-13 (17) No Ha;b (7) =5632.1 (7) No Ha;b (11) No Ha;b (6) =2537.2 (4) =976.5 (5) No Ha;b

Figure B1. Visual Inspection Results of Spectral Stacking and EmFit Fits. Note. The first column lists the log(M, /M) bins, while the first row indicates the
FWHMy,,., bins used to group and stack the BL-AGN candidates. Each cell shows the number of galaxies in parentheses in the bin, along with the observed
FWHMy,,, measured from their stacked spectrum. Cells are color coded based on the visual inspection of the resulting fits: green represents confident broad
components, yellow indicates tentative detections, and red marks unreliable candidates.

5! https: / /github.com /desihub /desigal
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