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ABSTRACT

Massive black hole (BH) populations in dwarf galaxies and their outflows provide 
key insights into supermassive BH seed formation and galaxy evolution. This dissertation 
examines active galactic nuclei (AGNs) in low-mass systems through two projects. First, 
I identify 388 new AGN candidates in low-mass galaxies (M∗ < 1010M� and z < 0.3) 
from 23,460 Galaxy and Mass Assembly (GAMA) survey spectra and using four optical 
diagnostics: two narrow emission-line ratio diagnostic diagrams and two high-ionization 
coronal lines. Of these, 47 exhibit broad Hα emission, indicating virial BH masses of 
MBH ∼ 105 − 107.7M�. This multi-diagnostic approach reveals a diverse AGN population, 
from blue star-forming dwarfs to ”miniquasars”, extending prior Sloan Digital Sky Survey 
searches to higher redshifts and new sky regions. Second, from 39,612 GAMA galaxies, I 
detect 398 with outflow signatures, of which 45 are among low-mass objects. I searched 
for second velocity components in the [O III]λλ4959, 5007 doublet emission-line profiles and 
found that the outflow velocities are generally faster in AGNs than those in star-forming 
galaxies across massive and low-mass systems. This work emphasizes the key role of AGN-
driven outflows in low-mass galaxies, requiring their integration into galaxy evolution models. 
These results advance our understanding of BH seeding and feedback in low-mass regimes. 
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INTRODUCTION

Supermassive black holes (BHs) with masses ranging from MBH ∼ 106 − 1010 M� are 

a fundamental feature of massive galaxies, growing through merger-driven accretion over 

cosmic time (Kormendy & Ho, 2013). When material accretes onto these BHs, it powers 

active galactic nuclei (AGNs), which span a wide luminosity range from low-luminosity 

systems to the brilliant quasars of the early universe. While supermassive BHs dominate in 

massive galaxies, their origins are far from understood.

The Active Galactic Nucleus Unification Model

The supermassive BH serves as the central engine of an AGN. The current model 

describing the geometric arrangement of regions surrounding the BH integrates several key 

components (see Figure 1 for a schematic illustration):

1. Accretion Disk: A flat, rotating disk of gas encircles the central BH (∼ 0.01 − 0.1

pc). Angular momentum causes the material to flatten into a disk and spiral inward. 

Frictional heating can raise temperatures to millions of degrees, emitting radiation 

across the electromagnetic spectrum (Lasota, 2022). This emission ionizes gas in the 

surrounding regions.

2. Broad-Line Region (BLR): Located beyond the accretion disk (0.1 − 1 pc), the 

BLR consists of dense gas clouds orbiting the supermassive BH at velocities up to 

thousands of kilometers per second (Czerny & Hryniewicz, 2011; Shen, 2013). These 

rapid motions produce broadened permitted emission lines such as the Balmer series 

(Hα and Hβ), a characteristic of Type 1 AGNs.
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Figure 1: A schematic of the current AGN unification model (not to scale). This model 
accounts for the observed diversity of AGNs, from head-on views revealing jets to edge-on 
Type 2 AGNs with an obscured BLR. See section 1 for details. Image credit: C.M. Urry & 
P. Padovani. https://heasarc.gsfc.nasa.gov/docs/objects/agn/agn_model.html.

3. Obscuring Torus: A thick doughnut-shaped ring of dust surrounds the BLR (∼

1 − 100 pc). The torus obscures the accretion disk and BLR from certain viewing 

angles, explaining why some AGNs lack broad emission lines. These obscured systems, 

known as narrow-line AGNs or Type 2 AGNs, appear different due to this orientation-

dependent effect.

4. Narrow-Line Region (NLR): Situated outside the torus (100− 1000 pc), the NLR 

is a lower-density cloud of gas ionized by the radiation from the accretion disk. Here, 

gas moves more slowly (100 to 1000 km s−1), producing narrower emission lines. The 

conditions in this region allow for the emission of ”forbidden” transitions, such as 

https://heasarc.gsfc.nasa.gov/docs/objects/agn/agn_model.html
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[O III]λ5007 and [N II]λλ6548, 6583, alongside Balmer lines.

5. Jets and Outflows: In some AGNs, radiation pressure, magnetic fields, or thermal 

winds from the accretion disk drive outflows. These can manifest as gas expelled at 

hundreds to thousands of kilometers per second or as collimated relativistic plasma 

jets aligned with the spin axis of the black hole (Blandford et al., 2019).

Active Galactic Nucleus Observation in the Optical Regime

AGNs can be identified through the multi-wavelength radiative signatures of material 

accreting onto central BHs (see Ho, 2008, for a review). Current diagnostics distinguish 

between sources excited by stellar photoionization and photoionization by the spectrally 

hard radiation field of an accretion disk. The accretion disk’s higher fraction of high-energy 

photons creates partially ionized regions around the BH, ideal for producing forbidden 

emission lines like [N II], [S II], [O III], and [O I]. In contrast, massive young stars have 

thin partially ionized zones, so a stronger ratio of forbidden lines to Balmer lines (e.g., 

Hα, Hβ) often signals AGN activity. This principle underpins optical two-dimensional line 

ratio diagnostic diagrams (Baldwin et al., 1981; Shirazi & Brinchmann, 2012; Veilleux & 

Osterbrock, 1987).

Broad emission lines, such as Hα, may arise from the BLR near the BH, though stellar 

processes like supernovae can also produce similar features. Additionally, coronal emission 

lines with high ionization potentials are stronger under the hard radiation of an AGN, 

providing another indicator of an accreting BH in a galaxy.

Active Galactic Nucleus in Low-mass and Dwarf Galaxies

The discovery of high-redshift quasars with masses reaching billions of solar masses, 

when the universe was only about 1 billion years old (e.g., Mortlock et al., 2011), suggests 

that supermassive BHs originated with masses exceeding those of stellar-mass BHs and 
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underwent rapid growth over cosmic time. Despite this, no definitive model has emerged to 

explain their origins (e.g., Inayoshi et al., 2020). Some researchers propose that the death 

of massive population III stars could have produced supermassive BH seeds with masses 

MBH ∼ 100 M� (Fryer et al., 2001). However, these seeds would require exceptionally fast 

accretion to achieve the supermassive BH masses observed in the early universe. Alternative 

scenarios, such as gravitational runaway processes in dense stellar clusters or the collapse of 

gas clouds, have been suggested as mechanisms capable of forming more massive seeds, with 

masses ranging from MBH ∼ 103 − 106 M� (Antonini et al., 2019; Begelman et al., 2006; 

Giersz et al., 2015; Lodato & Natarajan, 2006). These different models are shown in Figure 

2.

Investigating BH seeds in the early universe offers the most direct way to address this 

question, but their faintness and small size make them undetectable with current facilities. 

Over the past two decades, observations of massive BHs in dwarf galaxies, those with stellar 

masses M∗ < 3∗109 M� or in some cases M∗ < 1010 M�, have provided an alternative avenue 

for exploring the origins of supermassive BHs (see, Greene et al., 2020; Reines, 2022, and the 

references therein). The relatively calm merger histories of dwarf galaxies (Bellovary et al., 

2011), which influence the availability of material for accretion within the gravitational reach 

of a BH, combined with supernova remnants that can suppress BH growth (Anglés-Alcázar 

et al., 2017), suggest that BHs in these galaxies remain relatively pristine, with masses closer 

to their initial seed values. Additionally, a correlation exists between observed BH masses 

and the masses of their host galaxies, with more massive galaxies typically harboring more 

massive BHs (Baldassare et al., 2015; McConnell & Ma, 2013; Reines & Volonteri, 2015). 

Models of BH growth across cosmic time further indicate that evidence of the dominant 

formation mechanisms should be preserved in dwarf galaxies. Since light BH seeds are 

expected to be more common than their heavier counterparts, the BH occupation fraction in 

dwarf galaxies, the proportion hosting massive BHs, could help distinguish between seeding 



5

Figure 2: Various potential observable indicators of different BH seeding mechanisms, as 
outlined in Greene et al. (2020). The right panels display the BH functions, occupation 
fractions, and scaling relations for three scenarios: gravitational runaway (shown in green), 
Population III stars (in blue), and direct gas collapse (in red). Gray areas indicate regions 
lacking observational constraints. Formation via direct collapse or Population III stars 
occurs at redshifts z > 10, whereas gravitational runaway events may take place across 
cosmic time. BH mergers throughout cosmic history (depicted as black ovals) can emit 
gravitational waves, while accretion events, observed as AGNs (shown as blue disks), also 
occur.
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mechanisms (Volonteri et al., 2008). Examining the low-mass end of scaling relations, such as 

the MBH −σ∗ relation, using BHs in dwarf galaxies may also shed light on the processes that 

initiated supermassive BHs. Ultimately, detecting the least massive BHs in dwarf galaxies 

could establish an upper limit on the masses of supermassive BH seeds.

Active Galactic Nucleus Outflows

Observational and theoretical studies have revealed a connection between the evolution 

of central BHs and their host galaxies. Observations show a relationship between BH mass, 

the mass of the galaxy’s bulge, and the stellar velocity dispersion (Ferrarese & Merritt, 2000; 

Gültekin et al., 2009). Theoretical models suggest that this co-evolution may be driven by 

material expelled into the interstellar medium by AGNs through radiation and outflows, a 

process known as AGN feedback (Silk & Rees, 1998; Vogelsberger et al., 2014). Without 

including feedback in these models, key observed galaxy properties, such as the abrupt drop-

off at the high end of the galaxy luminosity function, cannot be accurately replicated (e.g., 

Baldry et al., 2012; Bower et al., 2006).

Over the past two decades, AGN feedback has been observed in numerous galaxies 

(Alexander et al., 2010; Carniani et al., 2015; Cicone et al., 2014; Fluetsch et al., 2021; Rupke 

& Veilleux, 2011; Veilleux et al., 2005) and is believed to play a critical role in regulating star 

formation. Evidence exists for both the suppression of star formation (negative feedback; 

Hopkins et al., 2006; Pereira-Santaella et al., 2018) and its enhancement (positive feedback; 

Cresci et al., 2015; Schutte & Reines, 2022). However, the role of AGN feedback in dwarf 

galaxies remains uncertain. Some observational and theoretical studies argue that outflows 

driven by stellar processes dominate in this mass range (e.g., Martín-Navarro & Mezcua, 

2018; Trebitsch et al., 2018), while other models suggest that AGN feedback is the primary 

mechanism quenching star formation (Barai & de Gouveia Dal Pino, 2019; Dashyan et al., 

2018). Recent high-resolution zoom-in simulations of dwarf galaxies further highlight the 
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potential significance of AGN feedback in these systems (Koudmani et al., 2021, 2019). Thus, 

detecting and analyzing AGN-driven outflows in dwarf galaxies is essential for understanding 

their impact in this mass regime.

The presence of broad-line features in the [O III]λλ4959, 5007 doublet line profile has 

been used as a tracer for ionized gas outflows (Heckman et al., 1981; Stockton, 1976). Gas 

motions exceeding typical dynamics in the NLR around a BH can appear as asymmetrical 

features and broadened wings in these lines, observable on galaxy-wide scales.

Overview of This Work

In this dissertation, I present original contributions to the study of massive BHs and 

outflows in low-mass and dwarf galaxies. My research leverages data from the Galaxy and 

Mass Assembly (GAMA) Survey, which remains relatively unexplored compared to widely 

used surveys like the Sloan Digital Sky Survey (SDSS). I developed Python-based code to 

analyze the spectra of tens of thousands of galaxies, fitting the stellar continua and absorption 

lines, and used multi-Gaussian models to characterize emission lines.

In Chapter 2, I describe the methodology for systematically identifying AGN candidates 

within approximately 24,000 low-mass galaxies using GAMA spectra (Salehirad et al., 2022). 

To minimize biases associated with optical diagnostics, I applied four distinct AGN diagnostic 

techniques. This effort produced a completely new catalog of low-mass active galaxies, 

expanding the known population of AGNs in this mass range and extending the search to 

deeper southern skies and higher redshifts.

In Chapter 3, I present newly identified outflow candidates among approximately 40,000 

GAMA galaxies by searching for two-component features in the [O III]λλ4959, 5007 doublet 

emission lines (Salehirad et al., 2025). Notably, I detected outflows in low-mass galaxies, 

with faster AGN-driven outflows than those in star-forming (SF) objects. These findings 

underscore the significance of AGN feedback in these objects and provide observational 
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benchmarks for theoretical models.

Finally, in Chapter 4, I summarize my findings and offer conclusions. I also discuss 

future directions for research in this field.
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Introduction

Supermassive black holes (BHs) are found in the nuclei of almost all massive galaxies 

(e.g. Kormendy & Ho, 2013; Kormendy & Richstone, 1995), however the “memory” of 

BH seeding is erased during merger-driven growth over cosmic time (e.g. Natarajan, 2014; 

Volonteri, 2010). The current proposed seeding models include remnants of Population III 

stars (e.g., Bromm & Yoshida, 2011), direct collapse scenarios (e.g., Begelman et al., 2006; 

Lodato & Natarajan, 2006; Loeb & Rasio, 1994), and runaway collisions in dense star clusters 

(e.g., Devecchi & Volonteri, 2009; Miller & Davies, 2012; Portegies Zwart et al., 2004). These 

models result in different BH seed masses; the remnants of Population III stars would create 

seeds with MBH ∼ 100 M�, while stellar collisions and direct collapse would create BHs with 

MBH ∼ 103–105 M�.

While the early BH seeds at high redshift are too faint to be detected with current 

facilities (e.g. Schleicher, 2018; Vito et al., 2018; Volonteri & Reines, 2016), lower-mass 

galaxies, especially nearby dwarf galaxies, that harbor massive BHs can constrain BH seed 

models (see Greene et al., 2020; Reines, 2022, for reviews). The relatively quiet merger 

history of dwarf galaxies (Bellovary et al., 2011) as well as supernova feedback that may 

stunt BH growth (Anglés-Alcázar et al., 2017; Habouzit et al., 2017) can leave their BH 

masses close to their initial seed mass. Finding and studying BHs in dwarf galaxies is also 

important for understanding the role of both negative (Manzano-King et al., 2019) and 

positive (Schutte & Reines, 2022) AGN feedback in the low-mass regime.

There are multiple ways to search for BHs in the form of active galactic nuclei (AGNs; 

see Ho, 2008; Kewley et al., 2019, for a review). In the optical regime, narrow-line 

ratio diagnostic diagrams (e.g., Baldwin et al., 1981; Shirazi & Brinchmann, 2012) that 

differentiate between star forming (SF) and AGN ionizing spectral energy distributions 

(SEDs) have been employed to identify AGN activity in lower-mass and dwarf galaxies (e.g., 
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Baldassare et al., 2016; Moran et al., 2014; Reines et al., 2013; Sartori et al., 2015). Moreover, 

detection of broad Hα emission (Chilingarian et al., 2018; Dong et al., 2012; Greene & Ho, 

2004, 2007; Reines et al., 2013) can be indicative of the presence of dense gas in the broad 

line region (BLR) around a BH, thus suggestive of AGN activity in galaxies. High-ionization 

coronal emission lines, such as [Fe X]λ6374 and [Ne V]λ3426, can also be produced in the 

presence of massive BHs, thus an indicator of AGN activity (e.g., Cerqueira-Campos et al., 

2021; Gilli et al., 2010; Goulding & Alexander, 2009; Molina et al., 2021a,b; Penston et al., 

1984; Prieto et al., 2002; Satyapal et al., 2008; Schmidt et al., 1998).

There are selection biases associated with each AGN diagnostic, which results in the 

selection of different populations of galaxies. The narrow-line diagnostic diagrams typically 

observe high-accretion rate AGNs (Greene et al., 2020) and struggle with identifying low 

ionization nuclear emission regions (LINERs), low-luminosity AGNs (LLAGNs), and shock 

activity (Ho, 2008; Kewley et al., 2019; Molina et al., 2018). This leaves a significant portion 

of lower-mass galaxies with lower accretion rates unexplored. Moreover, the radiation from 

the host galaxy can obscure AGN activity in SF galaxies (Cann et al., 2019; Groves et al., 

2006; Moran et al., 2002; Stasińska et al., 2006). Thus, it is crucial to conduct searches for 

AGN activity that can minimize these effects and probe different populations of lower-mass 

galaxies.

In this paper, we present a spectroscopic search for BH activity in low-mass galaxies 

utilizing data from the Galaxy And Mass Assembly (GAMA) survey Data Release 4 (DR4; 

Driver et al., 2022; Liske et al., 2015). We analyze the spectra and search for AGN signatures 

in galaxies with stellar masses M? ≤ 1010M� and redshifts z ≤ 0.3. Given that the GAMA 

spectroscopic survey covers different sky regions and is approximately two magnitudes deeper 

than the Sloan Digital Sky Survey (SDSS) spectroscopic survey (York et al., 2000), where 

most previous optical searches have been conducted (e.g., Greene & Ho, 2007; Moran et al., 

2014; Reines et al., 2013), we aim to find novel AGN candidates in this stellar mass range.
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We proceed by employing four AGN diagnostics, including two narrow-line diagnostic 

diagrams ([O III]/Hβ vs. [N II]/Hα and He II/Hβ vs. [N II]/Hα), as well as searching for the 

[Fe X]λ6374 and [Ne V]λ3426 high-ionization coronal emission lines. This multiple diagnostic 

approach allows us to perform a more comprehensive search for AGN activity in this low-

mass range, and thus potentially identify massive BHs from different populations of galaxies 

(e.g. in terms of their masses and colors). We explain the data and our sample selection 

process in section 2 and the analysis of the GAMA spectra in section 3. The results of 

each emission-line diagnostic and the host galaxy properties are included in sections 4 and 

5, respectively. A summary and conclusions are presented in section 6. Here we assume a 

ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7 and H0 = 70 km s−1 Mpc−1.

Data and Parent Sample of Low-Mass Galaxies

The GAMA Survey

The GAMA Survey includes optical spectroscopy taken with the AAOmega multi-object 

spectrograph on the 3.9 m Angelo-Australian Telescope (AAT; Saunders et al., 2004; Sharp 

et al., 2006; Smith et al., 2004). The spectrograph is equipped with a dual-beam setup that 

covers the wavelength range of 3730–8850 Å with a dichroic split at 5700 Å. The spectral 

resolution of the blue and red arms are 3.5 and 5.3 Å, respectively, and the spectroscopic 

fibers are 2 arcsec in diameter. In this work, we utilize spectra and stellar masses released in 

GAMA DR4 covering three equatorial 60 deg2 regions (G09, G12 and G15) and two southern 

∼ 50 deg2 regions (G02 and G23). The combined limiting magnitude for the main survey 

objects in the equatorial and G23 regions is r < 19.65 mag and the G02 region has a limiting 

magnitude of r < 19.8 mag (Baldry et al., 2018; Driver et al., 2022).
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Parent Sample

The GAMA database is stored in tables organized into data management units 

(DMUs)1. The current GAMA spectra are provided in the AATSpecAll v27 table in the

SpecCat DMU (Liske et al., 2015). We only use spectra with redshift estimates that are 

correct by the probability of at least 95%. Additionally, if multiple GAMA spectra are 

matched to a single GAMA object, we use the spectrum that provides the best redshift for 

that object. We also exclude problematic spectra such as those that are affected by fringing 

and bad splicing.

To select our parent sample of low-mass galaxies, we impose a stellar mass cut of 

M? ≤ 1010M� using galaxy stellar masses provided by GAMA, which are stored in the

StellarMasses DMU (Taylor et al., 2011). Stellar masses are obtained from stellar 

population fits to multiband SEDs. We utilize the mass estimates in the StellarMassesGKV 

v24 table (Driver et al., 2022) for the equatorial and G23 survey regions, which uses 

matched-segment photometry across all bands derived from the Kilo-Degree Survey (KiDS; 

Kuijken et al., 2019) and the Visible and Infrared Survey Telescope for Astronomy Kilo-

degree Infrared Galaxy Public Survey (VIKING; Edge et al., 2013). Stellar masses for 

galaxies in the G02 survey region are provided in the StellarMassesG02CFHTLS v24 and

StellarMassesG02SDSS v24 tables, which are based on multi-band SED fitting to Canada-

France-Hawaii Telescope Lensing (CFHTLenS; Heymans et al., 2012) and SDSS photometry, 

respectively. We utilize the mass estimates given in the StellarMassesG02CFHTLS v24

table, but use the StellarMassesG02SDSS v24 table to remove galaxies with masses that 

are different by at least 0.3 dex in both tables. Finally, we apply the mass constraint of 

105 ≤ M∗ ≤ 1010M�, which results in 52,782 objects.

In addition to the stellar mass constraint, we also employ signal-to-noise (S/N) cuts 

1http://www.gama-survey.org/dr4/schema/

http://www.gama-survey.org/dr4/schema/
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using emission line measurements provided by GAMA. In particular, we use the Gaussian-

fit, emission-line fluxes and equivalent widths (EWs) from the GaussFitSimple v05 table 

from the SpecLineSFR DMU (Gordon et al., 2017). Following the Reines et al. (2013) 

methodology, we impose the following requirements: the Hα, [O III] λ5007 and [N II] λ6583

lines must have S/N ≥ 3 and EW > 1 Å, and Hβ must have S/N ≥ 2. We also only include 

the objects with redshifts z ≤ 0.3 to ensure the [S II] doublet is in the observed wavelength 

range. This leaves us with a parent sample consisting of 23,460 galaxies.

Analysis of the GAMA Spectra

In this work, we use a variety of optical emission line diagnostics to search for AGN 

activity in our parent sample of low-mass emission-line galaxies. While we use the GAMA 

flux measurements to help define our parent sample, we create custom code to carry out 

our spectral analysis and search for AGN signatures. This includes fitting and subtracting 

the stellar continuum, separating broad and narrow Hα and Hβ components, and fitting 

various other emission lines. All of our custom code is written in the Python programming 

language2.

Stellar Continuum Subtraction

The stellar continuum, which significantly contributes to the observed spectra of the 

galaxies in our parent sample, needs to be removed before we can search for emission-line 

signatures of AGNs. Stellar light will generally contain absorption features and it is especially 

important to model and remove Balmer absorption lines when searching for broad Hα or Hβ

emission that could signify dense gas orbiting a massive BH.

We use the publicly available package pPXF (Cappellari, 2017) to find the best fit stellar 

continuum model for each spectrum. We use the Bruzual & Charlot (2003) SSP models in 

2https://www.python.org/

https://www.python.org/
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the wavelength range of 3350 to 8850 Å with spectral resolution of 3 Å, which are calculated 

for 3 different metallicities (Z = 0.008, 0.02, 0.05) and 10 different ages (t = 0.005, 0.025, 

0.1, 0.29, 0.64, 0.9, 1.4, 2.5, 5, and 11 Gyr). We model each spectrum with a combination of 

single-metallicity SSP models, modified by a low-order multiplicative polynomial to account 

for reddening by dust. This method yields acceptable continuum models as well as plausible 

velocity dispersions by pPXF for the majority of the objects in our sample. However, if the 

velocity dispersion is unrealistically large (200–1000 km/s), we refit the continuum including 

additive polynomials, which can change absorption line strengths and thereby help minimize 

template mismatch (Cappellari, 2017). This was the case for 95 objects. We select the model 

metallicity with the smallest χ2 value. The majority of the galaxies in our sample (∼ 72%) 

are best fitted by the sub-solar metallicity model (Z = 0.008). This is consistent with 

previous studies that show low-mass galaxies generally have low metallicities (e.g., Tremonti 

et al., 2004). Since our primary goal is to measure the emission lines, we attempt good fits 

to the stellar continua but do not fully explore the parameter space. An example of a fitted 

galaxy spectrum is shown in the top panel of Figure 3. In the end, we subtract the best-fit 

model from the data to achieve a pure emission-line spectrum.

Emission Line Measurements

We use the LMFIT package in python (Newville et al., 2014) to model the emission lines 

with Gaussians. For each spectral region that we fit, we also include a linear component 

in the model to account for uncertainties associated with the initial stellar continuum fit. 

Examples of fitted emission lines are shown in the bottom panel of Figure 3.

Following the methodology in Reines et al. (2013) and references therein, we first fit 

the [S II]λλ6716,6731 doublet with single Gaussian models for each line in the doublet. We 

assume equal widths for the lines (in velocity space) and hold their relative laboratory 

wavelengths fixed. We then fit each line in the [S II] doublet with a two-component Gaussian 
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Figure 3: An example of a redshift-corrected spectrum (top panel) for a broad-line AGN in 
our sample with chunks showing various emission-lines (bottom panels). This galaxy has 
CATAID 852508 and is among the [N II]/Hα-selected AGN candidates that also has broad 
Hα emission. In the top panel, we show the observed spectrum in black and the best-fit 
continuum + absorption line model in blue. In the bottom panels, we plot chunks of the 
emission-line spectra in black, the best fitting total model (Gaussian emission-line model + 
local linear continuum model) in red, and the individual Gaussian components in gold. 
The Gaussian broad Hα and Hβ components are plotted in dotted dark blue.
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model. In this case, we additionally constrain the relative heights, widths and positions of 

the two components to be the same for both lines. We adopt the two-component Gaussian 

model if the reduced χ2 is at least 20% lower than that of the single Gaussian model. Only 

15 galaxies meet this criterion and require a two-component Gaussian model for the narrow 

line profile.

We then fit the [N II]λλ6548,6583 doublet and narrow Hα line based on the parameters 

from the [S II] emission-line model, as the [N II] and narrow Hα line profiles are well-matched 

to the [S II] lines (Filippenko & Sargent, 1988, 1989; Greene & Ho, 2004; Ho et al., 1997). The 

relative separation between the [N II] lines is held fixed using their laboratory wavelengths 

and the flux ratio of [N II]λ6583/[N II]λ6548 is set to the theoretical value of 2.96. We fix the 

width of the lines in the [N II] doublet (in velocity space) to that of the [S II] lines, but let 

the width of the narrow Hα line increase by as much as 25%. We scale the two-component 

[S II] parameters for the 15 galaxies with two-component [S II] models to fit the narrow-line 

emission of the [N II] and Hα group. The [N II]+Hα complex is then fitted a second time 

with an additional broad Hα component. If the computed reduced χ2 value is at least 20% 

less than that of the narrow-line model, and the full-width at half maximum (FWHM) of the 

broad Hα line is at least 500 km s−1 after correcting for the fiber-dependant instrumental 

resolution, we select the model with broad Hα component. We fit the Hβ line using the 

same method as the Hα line.

We also model the [O III]λ5007 and [O I]λ6300 emission lines. Since the [O III] line 

normally shows a broad, blue shoulder (e.g. Heckman et al., 1981; Whittle, 1985) and does 

not match the other line profiles (Greene & Ho, 2005), we use an independent Gaussian 

model for the fitting process. We also need independent [O I] model to accurately model 

the [Fe X] line, which is discussed below. We fit the [O III] and [O I] lines with one- and 

two-Gaussian models, and accept the two-component model if the measured reduced χ2 is 

lowered by at least 20%.
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We follow the methodology described in Molina et al. (2021b) to fit the [Fe X]λ6374 

line, which allows us to detect [Fe X] even if it is blended with the [O I]λ6363 line. We use the 

model parameters of the fitted [O I]λ6300 line to describe the [O I]λ6363 line. Specifically, we 

shift the model using the laboratory line wavelengths, assume the same width in velocity, and 

keep the flux ratios of [O I]λ6300/[O I]λ6363 = 3. We also add a linear fit to the continuum 

in this spectral region. Finally, we subtract the [O I]λ6363 Gaussian component and the 

linear fit so we are left only with a potential [Fe X] line, which we fit with a single Gaussian 

model.

We also search for He II λ4686 and [Ne V]λ3426 lines and fit a single Gaussian model 

to each line. Given the observed wavelength range of the GAMA survey, we only search for 

[Ne V] emission in galaxies with redshift z ≥ 0.15.

We use the parameters from the Gaussian models to calculate the emission-line fluxes. 

We consider a line detected if the flux has a S/N ≥ 3. In addition to the flux requirement, 

we require the line peak to be at least 3σ above the noise for the relatively weak He IIλ4686, 

[O I]λ6300, [Fe X]λ6374, and [Ne V]λ3426 lines, where the noise is determined as the root 

mean square (rms) of the continuum windows around the lines. Finally, we visually inspect 

the AGN candidates that are flagged by our automated code and remove those that have 

spectra with missing pixel values within the emission lines, those affected by bad splicing or 

fringing, and those with bad fits to emission lines (e.g., noise or broad fits to the continuum). 

Given that the [N II] and Hα lines are fitted based on the [S II] model parameters, a good 

fit the to the [S II] lines is needed. However, if the flagged AGN candidates have strong 

[N II] and Hα detections, despite unreliable [S II] detection, we keep them as potential AGN 

candidates in our final sample.
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AGN Selection

In this work, we search for various optical spectroscopic indicators of AGN activity 

using the emission line measurements described above. In order to provide a comprehensive 

search for AGN activity, we employ four different AGN diagnostics that we consider to be 

relatively robust in the low-mass regime. These include the [O III]/Hβ vs. [N II]/Hα and

He II/Hβ vs. [N II]/Hα 2D narrow emission line ratio diagrams (Baldwin et al., 1981; Shirazi 

& Brinchmann, 2012), as well as searching for [Fe X] and [Ne V] and coronal-line emission 

(Gilli et al., 2010; Molina et al., 2021b; Schmidt et al., 1998). We also search for broad 

Hα emission (e.g., Chilingarian et al., 2018; Greene & Ho, 2005; Reines et al., 2013) in our 

parent sample, but only include the broad-line AGN candidates that overlap with other 

AGN diagnostics in this work since broad Hα can also be produced by transient stellar 

phenomena (e.g., Type II supernovae, in star-forming galaxies with low masses; Baldassare 

et al. 2016). We describe each of the four AGN diagnostics below, and present the results 

of applying each diagnostic to our parent sample of low-mass emission-line galaxies (also see 

Figure 4). The galaxy properties of the AGN candidates and their respective emission-line 

flux measurements are listed in Tables 1 and 2, respectively.

[O III]/Hβ vs. [N II]/Hα

The photoionizing continuum from an AGN contains a larger fraction of high-energy 

photons relative to hot stars, which results in extended partially ionized regions in AGNs. 

In these regions, lines such as [N II]λ6583, [S II]λλ6716,6731, and [O I]λ6300 are produced by 

collisional excitation. This results in larger intensities of these lines with respect to Hα in 

the narrow-line emission from AGNs than in H II regions, which allows them to be separated 

in emission-line diagnostic diagrams.
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Figure 4: The [O III]/Hβ vs. [N II]/Hα diagnostic diagram (Baldwin et al., 1981) for all 388 
AGN candidates found in this work. The [N II]/Hα AGNs and Composites are shown as 
teal triangles and orange circles, respectively, while the He II/Hβ AGNs are shown as 
brown squares and [Fe X]-selected AGNs as black pluses. The [Ne V]-AGNs are added as 
unfilled back diamonds. Eleven of the He II-selected AGNs, 2 of the [Fe X]-selected AGNs, 
and all 3 of the [Ne V]-selected AGNs overlap with the [N II]/Hα AGNs/Composites.
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Table 1: AGNs in Low-mass Galaxies

 CATAID  RA  DEC  z  log (M∗/M�) Mg g − r  [N II]/Hα  He II/Hβ  [Fe X]λ6374  [Ne V]λ3426
 location  location  Detection  Detection

 (1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (9)  (10)  (11)

 2273067  30.26775 -4.17022  0.18946  9.95 -20.20  0.42  Comp.  …  …  …
 1460491  30.47504 -7.00111  0.04907  9.43 -18.50  0.47  Comp.  …  …  …
 1459023  30.57854 -7.08115  0.08646  9.60 -18.89  0.49  AGN  …  …  …
 1555169  30.60408 -4.99215  0.19842  9.95 -20.34  0.42  AGN  …  …  …
 2258819  30.87408 -9.49147  0.25170  9.60 -20.66  0.27  AGN  …  …  …
 1379310  31.24338 -8.49599  0.11249  9.96 -20.44  0.40  Comp.  …  …  …
 1366459  31.42363 -7.52362  0.13715  9.49 -19.12  0.39  SF  …  Detected  …
 1431173  31.50662 -5.06840  0.29580  9.71 -20.70  0.24  AGN  …  …  …
 2229220  31.53125 -5.62439  0.24479  9.90 -20.58  0.31  SF  AGN  …  …
 1434726  31.77417 -4.82812  0.28103  9.99 -20.88  0.33  Comp.  …  …  …

Note—Galaxy properties for the low-mass AGNs. The values given in columns 1-7 are obtained from GAMA DR4 and assume 
h = 0.7. Column 1: Unique ID of the GAMA object. Columns 2–3: The right ascension and declination (in degrees) of the 
spectrum (J2000). Column 4: Redshift. Columns 5–7: The log galaxy stellar mass in units of M�, absolute g−band magnitude, 
and g − r color. All values are obtained from the StellarMassesG02CFHTLS v24 and StellarMassesGKV v24 tables (Bellstedt 
et al., 2020; Taylor et al., 2011). Columns 8–9: Our classifications of the galaxy in each of the narrow-line diagnostic diagrams. 
Columns 10–11: The [FeX] and [Ne V] coronal line detections in this work. A three-dot ellipsis indicates that no line is detected. 
The entirety of Table 1 is published in the electronic edition of The Astrophysical Journal. We show a portion here to give 
information on its form and content. 
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Table 2: Emission-line Fluxes

 CATAID  [Ne V]λ3426  He IIλ4686  (Hβ)n  (Hβ)b  [O III]λ5007  [O I]λ6300  [Fe X]λ6374  (Hα)n  (Hα)b  [N II]λ6583  [S II]λ6716  [S II]λ6731
 (1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (9)  (10)  (11)  (12)  (13)

 2273067  …  …  41(6)  …  160(3)  18(2)  …  214(6)  …  37(4)  43(3)  37(3)
 1460491  …  …  85(25)  …  142(23)  …  …  325(16)  …  117(13)  116(17)  96(17)
 1459023  …  …  87(7)  …  156(7)  …  …  303(4)  …  241(3)  105(5)  55(5)
 1555169  …  …  6(7)  71(10)  27(3)  …  …  196(4)  …  68(3)  38(2)  23(2)
 2258819  …  …  4(1)  42(3)  53(2)  …  …  32(2)  196(4)  17(1)  …  …
 1379310  …  …  272(6)  …  238(8)  53(3)  …  1356(8)  …  616(6)  223(4)  182(4)
 1366459  …  …  33(3)  …  18(2)  …  24(3)  110(3)  …  25(2)  30(3)  10(3)
 1431173  …  …  27(2)  …  209(3)  …  …  186(3)  …  21(2)  26(4)  22(4)
 2229220  …  38(4)  32(3)  …  26(3)  …  …  119(3)  …  33(3)  17(4)  19(4)
 1434726  …  …  36(4)  …  54(3)  …  …  173(5)  …  73(4)  32(5)  26(5)

Note—Measured emission line fluxes for our sample of low-mass AGNs. Column 1: Unique ID of the GAMA object. Columns 
2–13: The emission-line fluxes in units of 10−17 erg s−1 cm−2 with the errors shown in parentheses. No extinction correction has 
been applied. The subscripts n and b refer to the narrow and broad components, respectively. We do not show the flux values of 
the weaker lines [N II] and [O I] doublets, since their fluxes are fixed to be weaker by factors of 2.96 and 3, respectively. A 
three-dot ellipsis indicates that no line is detected. The entirety of Table 2 is published in the electronic edition of The 
Astrophysical Journal. We show a portion here to give information on its form and content. 
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Figure 5: The [O III]/Hβ vs. [N II]/Hα narrow-line diagnostic diagram (left panel) for 
galaxies with stellar masses M? ≤ 1010M� in the GAMA survey using the classification 
scheme summarized in Kewley et al. (2006). We show the 71 AGN and 238 composite 
galaxies as teal triangles and orange circles, respectively, and those consistent with 
star-forming galaxies as sky blue points. The middle and right panels show the AGN and 
composite objects in the [O III]/Hβ vs. [S II]/Hα and [O I]/Hα diagrams. Only AGN 
candidates with reliable [S II] and/or [O I] detection are plotted in the middle and right 
panels. Characteristic error bars are located in the lower right region of each panel. See 
Section 4.1 for details.

The [O III]/Hβ vs. [N II]/Hα diagnostic diagram (Baldwin et al., 1981) has been widely 

used to separate SF galaxies from AGN-dominated ones. This diagram is metallicity 

sensitive, with SF galaxies varying in abundance from low metallicity (low [N II]/Hα ratio, 

high [O III]/Hβ ratio) to high metallicity (high [N II]/Hα ratio, low [O III]/Hβ ratio), while 

shocks and AGN-dominated galaxies generally have higher ratios of [O III]/Hβ and [N II]/Hα. 

This results in a clear separation between SF galaxies and those with an AGN contribution 

in the general population of galaxies (e.g., Kewley et al., 2019). However, this diagnostic 

diagram can struggle with identifying AGNs in low-mass galaxies, which tend to have lower 

metallicities than more massive ones. In other words, low-metallicity AGNs overlap with 

low-metallicity starbursts in this diagram (Groves et al., 2006) and so these AGNs may be 

missed. Nevertheless, this diagram appears to be robust at identifying bona-fide AGNs in 

the low-mass regime (Baldassare et al., 2017; Reines et al., 2013).
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We employ this diagram as our first AGN indicator as shown in the left panel of 

Figure 5. We use the classification scheme outlined in Kewley et al. (2006), where star-

forming/H II galaxies fall below the empirical composite line from Kauffmann et al. (2003), 

AGN-dominated galaxies fall above the theoretical extreme starburst line from Kewley et al. 

(2001), and composite galaxies fall in between the two lines. We identify 71 AGNs and 238 

composite galaxies in our parent sample by using this diagram.

We also plot these AGN and composite galaxies in the [O III]/Hβ vs. [S II]/Hα and 

[O I]/Hα diagrams (Veilleux & Osterbrock, 1987) as shown in the middle and right panels of 

Figure 5. In these diagrams, we use the classification scheme in Kewley et al. (2006) where 

the star-forming galaxies and the AGN candidates are separated by the theoretical extreme 

starburst line from Kewley et al. (2001) and the Seyfert-like and LINER-like galaxies by 

the Seyfert-LINER line. We find that 298/309 and 89/309 of the AGNs and composites 

have reliable [S II] and [O I] detections (see section 3.2), out of which 39% fall in the AGN 

region of the [S II]/Hα diagram and 74% are AGN-like in the [O I]/Hα diagram. There 

are also 47 objects that show AGN activity in all three diagrams. Moreover, some of the 

AGNs/Composites selected by this diagnostic have additional AGN indicators (see Figure 4 

and the following subsections).

He II/Hβ vs. [N II]/Hα

Nebular He II emission has a relatively high ionization potential (54.4 eV) and therefore 

can also be produced by a hard ionizing spectrum, which may indicate AGN activity. The

He II/Hβ vs. [N II]/Hα diagram proposed by Shirazi & Brinchmann (2012) has been used 

to separate SF galaxies from AGN-dominated ones in dwarf galaxies (Sartori et al., 2015). 

While He II emission can originate from AGN activity, stellar processes can also produce this 

line; thus care is needed when using this diagnostic.

We search for He II emission in our parent sample of low-mass galaxies and identify 44 
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Figure 6: The He II/Hβ vs. [N II]/Hα diagnostic diagram. We apply the criterion 
log(He II/Hβ)> −1 (see section 4.2) to separate star-forming galaxies from galaxies with 
AGN activity, which is shown as the black dotted line. 36 out of the 44 galaxies with 
detectable He II emission in our parent sample fall above this line, which we show as brown 
squares, while the SF galaxies are shown as steel blue circles. 12 of the galaxies in this 
sample are also AGNs/Composites in the [N II]/Hα diagnostic, which we indicate with 
unfilled circles, while 1 AGN is observed with [Fe X] emission and 2 AGNs are also 
observed with [Ne V] emission, which are plotted as a plus and unfilled black diamonds, 
respectively. The characteristic error bars are added in the lower right of this diagram.

galaxies with detected emission, out of which 12 overlap with the [N II]/Hα-selected AGNs 

and composites. We select the He II/Hβ AGN candidates in our sample by employing the 

criterion proposed in Molina et al. (2021b), log(He II/Hβ)> −1, as shown in Figure 6. This 

limit is expected to be higher than that produced by X-ray binaries (XRBs) or Wolf-Rayet 

(WR) stars (Schaerer et al., 2019) and is slightly stricter than the criteria presented in Shirazi 

& Brinchmann (2012). We find that 36 of the He II-emitting galaxies meet this criterion, 

out of which 10 are also [N II]/Hα AGNs and 1 is a composite object. The remaining

He II-emitting galaxy among the [N II]/Hα-selected composite galaxies, while strictly in the

H II part of the diagram, is consistent with a He II-selected AGN within the measurement 

uncertainties (see Figure 6). One of the He II/Hβ AGNs has [Fe X] emission and 2 have 

[Ne V] emission (see sections 4.3 and 4.4), all three of which are also [N II]/Hα AGNs. In 

appendix 1, we show the observed spectra for a selection of these AGN candidates in Figure 
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13, and the He II emission line fits for all 36 He II/Hβ-selected AGNs in Figure 14.

Given that the majority (25/36) of the He II/Hβ AGN candidates are SF in the 

[N II]/Hα diagram, we further investigate these systems. First, we visually search for WR 

features in the spectra (Conti, 1991; Schaerer et al., 1999) such as the blue and red bumps 

that appear around 4650 Å and 5808 Å. We do not find WR signatures in these galaxies, 

and thus conclude that either WR stars are not responsible for the observed He II emission 

or any potential WR signatures are not detectable in the GAMA spectra.

Next, we investigate whether it is possible to have a He II/Hβ-selected AGN that is 

also SF in the [N II]/Hα diagram by combining a variety of AGN spectra with SF spectra. 

We begin by linearly adding emission-line fluxes from a well-known AGN in a dwarf galaxy, 

NGC 4395 (Filippenko & Ho, 2003; Filippenko & Sargent, 1989), to ∼ 3000 [N II]/Hα SF 

galaxies. We select these objects from our parent sample of low-mass galaxies described in 

section 2.2, and require a S/N > 3 for all the emission lines of interest (Hβ, [O III], [N II], 

Hα). None of these SF objects have detectable He II emission, and each line of interest 

is scaled by the ratio of the [O III]λ5007 line for NGC 4395 to that of each SF galaxy by 

factors of 0.5, 1, and 2 (i.e., a scale factor of 0.5 indicates a lower amount of star formation 

contribution to the synthesized line ratios). We then linearly add the scaled emission-line 

fluxes to those of NGC 4395 and plot the resulting emission-line ratios in the He II/Hβ and 

[O III]/Hβ vs. [N II]/Hα diagrams as shown in the first two columns of Figure 7. None of 

the constructed line ratios in this test are simultaneously He II/Hβ AGNs and [N II]/Hα SF 

galaxies. However, if the He II line fluxes were stronger than that of NGC 4395 by at least 

a factor of 1.2, 1.4, and 2.1 for the scale factors of 0.5, 1, and 2, respectively, there would be 

galaxies that are both He II/Hβ AGNs and SF in the [N II]/Hα diagram.

In the next test, we employ the same methodology described above, but instead of 

using the emission-line fluxes from NGC 4395, we use 10 galaxies in our sample that are 

both [N II]/Hα and He II/Hβ-selected AGNs. In 4/10 of these case studies, we find that 
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Figure 7: Simulated emission line ratios in the He II/Hβ and [O III]/Hβ vs. [N II]/Hα
diagrams from various combinations of AGN + SF line fluxes demonstrating that it is 
possible to have He II-selected AGNs that fall in the SF region of the [N II]/Hα diagram. 
We show the results using three AGNs: NGC 4395 (first two columns), a He II-selected 
AGN from this work (CATAID 1787285; middle two columns), and a mock low-metallicity 
AGN (last two columns). The SF line fluxes are scaled by the ratio of the [O III]λ5007 line 
for each AGN to each SF galaxy by “SF contribution factors” of 0.5 (first row), 1 (second 
row), and 2 (third row) before the addition. See Section 4.2 for details.
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there are objects that have emission-line ratios that are simultaneously AGN-like in the

He II/Hβ diagram and SF in [N II]/Hα diagram. We show an example in the two middle 

columns of Figure 7. The AGN in this Figure (CATAID 1787285) has an He II/[O III] ratio 

∼ 10 times higher than NGC 4395. The fraction of objects that are He II/Hβ AGNs and 

SF in the [N II]/Hα diagram ranges from 15 % to 50 % depending on the SF contribution 

scale factor. However, we note that there is a continuum of objects reaching up into the 

composite region of the [N II]/Hα diagram, which is not seen in our sample of He II-selected 

AGNs (Figure 4). The majority of the He II-selected AGNs in our sample fall in the SF region 

of the [N II]/Hα diagram, with only 1 composite object and a handful of AGNs. Motivated 

by this, we next investigate the impact of using a low-metallicity AGN on the simulated line 

ratios.

We carry out the final test with a mock low-metallicity AGN, setting log([N II]/Hα) =

−1.3 and log([O III]/Hβ) = 1.1. We use the same value of log He II/Hβ = −0.1 as the 

GAMA object in Figure 7. The simulated AGN+SF line ratios are shown in the last two 

columns of Figure 7. In this case we again find He II/Hβ AGNs that are SF in the [N II]/Hα

diagram for all the SF contribution scale factors.

The results given above indicate that factors such as metallicity, star formation versus 

AGN contribution, and the He II/[O III] ratio can impact where objects fall in the diagnostic 

diagrams. While this exercise has demonstrated that is certainly possible, and perhaps likely, 

that the detected He II emission in this work is driven by AGN activity, follow-up observations 

would be useful to confirm these He II-selected AGNs that are SF in the [N II]/Hα diagram.

[Fe X]λ6374 Coronal Line Emission

The presence of [Fe X]λ6374 emission with high ionization potential (262.1 eV; Oetken, 

1977) can be indicative of AGN activity in galaxies (e.g., Cerqueira-Campos et al., 2021; 

Goulding & Alexander, 2009; Penston et al., 1984; Prieto et al., 2002; Satyapal et al., 2008). 
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Recent studies presented in Kimbro et al. (2021) and Molina et al. (2021a) also confirmed the 

existence of [Fe X]λ6374 line from accreting BHs in dwarf galaxies. We note that, however, 

this line is usually weak and thus hard to detect.

We search for the [Fe X]λ6374 line in our parent sample of galaxies and identify 56 

reliable detections, out of which 1 overlaps with the [N II]/Hα-selected AGNs and 1 is a 

composite object. Moreover, the [N II]/Hα-selected AGN is also among the He II/Hβ AGNs. 

We show the observed spectra for a selection of these objects in Figure 15 and the [Fe X] and 

[O I] doublet emission-line fits for all 56 galaxies in Figure 16 in appendix 1. The luminosity 

of the [Fe X] lines in our sample span a range of ∼ 1038−1041 erg s−1, with a median of 

1039.6 erg s−1. Given these luminosities, there are two main sources that could explain the 

observed [Fe X] emission: AGNs or tidal disruption events (TDEs), which is where a massive 

BH tidally disrupts a star. AGN activity can produce the [Fe X] line as a result of gas 

photoionized by the AGN continuum (e.g., Negus et al., 2021; Nussbaumer & Osterbrock, 

1970; Pier & Voit, 1995), or radiative shock waves emitted by radio jets from the AGN (e.g., 

Molina et al., 2021a; Wilson & Raymond, 1999). A class of tidal disruption events (TDEs) 

called extreme coronal line emitters (ECLEs) also produce coronal-line emission with L[FeX] ∼

1038−40 erg s−1 (Komossa et al., 2008; Wang et al., 2012, 2011).

Other potential origins of [Fe X] emission are discussed in Molina et al. (2021b), but 

these all fail to explain the high luminosities observed here. For example, supernovae rarely 

produce coronal lines and their luminosities are generally orders of magnitude lower than 

those observed in our sample. Even one of the most extreme examples, SN 2005ip, had 

a peak [Fe X]λ6374 luminosity of just 2×1037 erg s−1 (Smith et al., 2009). Therefore, we 

conclude that the observed [Fe X] emission in our sample of low-mass galaxies is indicative 

of AGN activity or tidal disruption events (TDEs), both of which require the presence of a 

massive BH.
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[Ne V]λ3426 Coronal Line Emission

The presence of coronal lines with high ionization energies such as [Ne V]λ3426 (∼ 97

eV) are generally considered strong indicators of AGN activity (Gilli et al., 2010; Schmidt 

et al., 1998). However, this line has also been found in star-forming galaxies (Izotov et al., 

2004), and it is generally weak and hard to detect.

We search for [Ne V] emission in our parent sample of low-mass galaxies and identify 5 

galaxies with such emission. However, we cut 2 of the objects with marginal [Ne V] detections 

and spectra that do not show any other AGN signatures. The remaining 3 [Ne V]-emitting 

galaxies are [N II]/Hα AGNs, 2 of which are also He II/Hβ-selected AGN candidates. We 

show the observed spectra as well as the [Ne V] emission-line fits for these galaxies in Figure 

8. The luminosities of the [Ne V] lines are in the range of 1040.9−41.4 erg s−1.
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Figure 8: Redshift-corrected spectra and chunks showing [Ne V]λ3426 emission for the 3 
strong [Ne V]-emitting galaxies in this work. Here we plot the best-fitting continuum model 
and individual Gaussian component as sky blue and orange-red, respectively. These 
galaxies are also [N II]/Hα AGNs and 2 of them (CATAIDs 376183 and 694484) are
He II/Hβ AGNs. See section 4.4 for details.
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Broad Hα Emission and Black Hole Masses

Dense gas orbiting in the vicinity of a BH can produce broad-line emission, such as 

broad Hα, and can be used to estimate the mass of the central BH (Greene & Ho, 2005). 

However, in low-mass galaxies, broad Hα emission from stellar-processes such as supernovae 

can mimic that of an AGN. Thus, transient broad Hα emission that disappears over time 

likely indicates a supernova origin, whereas persistent broad Hα favors an AGN origin (e.g., 

Baldassare et al., 2016).

We search for broad Hα emission in our parent sample of low-mass galaxies and identify 

103 galaxies with such emission. As shown in Figure 9, 47 of these galaxies are in our 

[N II]/Hα-selected AGN and composite sub-sample. Additionally, 7 of these 47 objects 

show additional AGN-like signatures: 6 are also He II-selected AGNs, 1 has observed [Ne V] 

emission, and 1 is both a He II-selected AGN and has detectable [Fe X] emission, while 1 of 

the 47 galaxies is SF in the He II/Hβ diagram. There is also one broad-line AGN candidate 

that is consistent with SF in the [N II]/Hα and He II/Hβ diagrams. The remaining galaxies 

do not overlap with any of the diagnostics we employ in this work.

The broad Hα luminosities of the broad-line [N II]/Hα-selected AGN candidates range 

from 1039.7 − 1042.6, with a median luminosity of 1040.9 erg s−1. The SF galaxies have 

broad Hα components with lower luminosities that span a range of 1039.1−41.6, with a 

median luminosity of 1040.3 erg s−1. Moreover, the widths (FWHMs) of all the broad 

Hα components span a range of ∼500–3664, with median FWHM of 1490 km s−1 for the 

[N II]/Hα AGNs/Composites and 895 km s−1 for the SF galaxies. The distributions of 

FWHM and luminosity of the broad Hα components are plotted in panels (a) and (b) of 

Figure 10. Given that the luminosities and FWHMs of the broad Hα lines in the SF galaxies 

tend to be significantly lower than those of the [N II]/Hα AGNs/Composites, and that many 

star-forming galaxies with broad Hα are not in fact AGNs (Baldassare et al., 2016), we 

consider these objects suspect and do not include them in our final sample of AGNs.
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We estimate virial BH masses for the 47 broad-line AGNs/Composites using equation 5 

in Reines et al. (2013) and our measurements of the luminosity and FWHM of the broad Hα

line. The resulting BH masses vary from 105−7.7, with a median BH mass of 106.2M�. We plot 

the distribution of BH masses in panel (c) of Figure 10. A list of luminosities and FWHMs 

of the broad Hα components, and the corresponding BH masses, for the AGNs/Composites 

are given in Table 3. For the sake of completeness, we also estimate BH masses for the SF 

galaxies with broad Hα. These are in the range of 104.9−7.3, with a median of 105.8.

The BH masses for the rest of the AGN candidates in this work are unknown. However, 

if we assume the BH mass-to-total stellar mass relation for AGNs derived in Reines & 

Volonteri (2015), the BH masses for all of the AGN candidates span a range of 104.3−106.4, 

with a median BH mass of 106.2 M�.
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Figure 9: Galaxies with detectable broad Hα emission from our parent sample with stellar 
masses M? ≤ 1010M� in the [O III]/Hβ vs. [N II]/Hα diagram (left panel), [O III]/Hβ vs. 
[S II]/Hα diagram (middle panel), and [O III]/Hβ vs. [O I]/Hα diagram (right panel). As in 
Figure 5, we use the classification scheme summarized in Kewley et al. (2006). We find 103 
galaxies with broad Hα emission, out of which 47 fall in the AGN/Composite regions of the 
[N II]/Hα diagram (orange points). Additionally, 6 of these are He II-selected AGNs (black 
squares), 1 is an [Fe X]-selected AGN (black plus), and 1 is a [Ne V]-selected AGN (black 
diamond). The broad Hα objects falling the star-forming part of the [N II]/Hα diagram 
(blue points) do not overlap with any of the narrow-line diagnostics used in this work. 
Only the objects with reliable [S II] and/or [O I] detections are plotted in the middle and 
right panels. Characteristic error bars are located in the lower right region of each panel. 
See section 4.5 for details.
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Figure 10: Broad Hα emission. Panels (a)–(b): The distributions of FWHM and log 
luminosity of the broad Hα components. The [N II]/Hα AGN and composite galaxies are 
shown as hashed orange histograms, and the star-forming galaxies as blue histograms. See 
section 4.5 for details. Panel (c): The virial BH mass distribution for the broad-line AGN 
candidates. We use equation 5 in Reines et al. (2013) to estimate these BH masses. See 
section 4.5 for details. Note that we do not include the broad-line star-forming objects in 
our final sample of AGNs.

Sample Properties

Newly-Identified AGNs and Active Fractions

In this work, we identify 388 unique AGN candidates from our parent sample of low-

mass galaxies by utilizing two narrow-line diagnostic diagrams (sections 4.1 and 4.2) as well 

as searching for [Fe X]λ6374 and [Ne V]λ3426 coronal-line emission (sections 4.3 and 4.4). 

We do not find any matches between our parent sample of galaxies and the AGNs reported 

in Greene & Ho (2007), Reines et al. (2013), Moran et al. (2014), Chilingarian et al. (2018), 

and Molina et al. (2021b). In fact, only 2164/23460 galaxies in our parent sample have been 

observed by other surveys, out of which only 301 have SDSS spectra. Thus, we conclude 

that this work presents an entirely new sample of AGNs in low-mass galaxies.

Overall we find an active fraction among our parent sample of low-mass emission-

line galaxies of 388/23460 ≈ 1.7%. Accounting for all of the low-mass galaxies in GAMA 
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Table 3: Sample of Broad-line AGNs

 CATAID  log L(Hα)b  FWHM(Hα)b  log MBH

 (1)  (2)  (3)  (4)

 [N II]/Hα AGNs
 2258819  41.44  926  6.2
 1787285  41.35  889  6.2
 346048  40.04  822  5.5
 382771  40.70  690  5.6
 656596  40.71  723  5.7
 3856528  41.47  2247  7.0
 3578870  41.17  1041  6.2
 852508  41.29  994  6.2
 689919  41.85  2160  7.2
 273195  40.94  1205  6.2
 537437  40.61  1296  6.1
 703117  41.88  1778  7.0
 696560  42.02  2118  7.3
 544030  40.88  1395  6.3
 238411  39.85  1582  6.0
 320888  40.98  2352  6.9
 740319  41.07  2043  6.8
 484908  40.80  574  5.5
 492449  41.67  1786  6.9
 48050  40.07  1628  6.1

 5247018  42.40  1642  7.2
 5240292  42.46  2206  7.5
 5265117  40.09  1442  6.0
 5275222  42.63  1543  7.3
 5220386  42.48  2670  7.7

 [N II]/Hα Composites
 1125779  41.15  1620  6.6
 2008726  40.88  699  5.7
 1672767  40.74  2100  6.6
 1791657  40.43  962  5.8
 2123678  39.72  592  5.0
 375406  40.84  833  5.9
 3901665  41.53  2055  7.0
 727091  41.32  2097  6.9
 521922  39.81  1656  6.0
 609225  40.13  1463  6.0
 31941  39.74  721  5.2
 98560  40.86  707  5.7
 718498  40.94  2355  6.8
 296972  40.54  1490  6.2
 297773  40.13  1211  5.9
 297764  40.24  559  5.2
 593724  41.37  1620  6.7
 267078  40.25  1550  6.1
 62983  40.27  1618  6.2

 5197149  41.58  1681  6.8
 5337331  41.00  1135  6.2
 5266552  41.29  742  6.0

Note—Note—Column 1: Unique ID of the GAMA object. Column 2: The luminosity of the 
broad Hα component in units of erg s−1. Column 3: The width (FWHM) of the broad Hα
component in units of km s−1, corrected for instrumental resolution. Column 4: The virial mass 
estimate of the BH in units of M� by assuming the broad Hα emission is associated with the 
BLR. See section 4.5 for more details. 
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(including those that were cut from our parent sample due to weak/no lines, see §2), the 

active fraction drops to 388/52782 ≈ 0.7%. The majority of the active galaxies were found as 

AGNs/composites in the [N II]/Hα diagnostic diagram. These alone give an active fraction 

of ∼ 1.3% among our parent sample of low-mass emission-line galaxies. The active fraction 

using the He II/Hβ ratio and [Fe X]-emitting galaxies are each ∼ 0.2%, and the fraction of 

detectable [Ne V]-emitting galaxies is just ∼ 0.01%. While accurate comparisons to other 

spectroscopic searches for AGNs in the low-mass regime are complicated by various selection 

criteria and the differing survey characteristics, the values we find are in approximate 

agreement with prior work (Molina et al., 2021b; Moran et al., 2014; Polimera et al., 2022; 

Reines et al., 2013; Sartori et al., 2015).

Host Galaxies

The host galaxies of the AGNs in our sample have an upper mass limit of 1010 M�

by design, and the lowest-mass galaxies with AGNs in our sample have stellar masses of 

log(M∗/M�) ∼ 8 (see Figure 11). A summary of the host galaxy properties for each sub-

sample can be found in Table 4 (also see Figure 11 and Table 1 for individual values). 

Consistent with previous studies (e.g., Reines et al., 2013), the [N II]/Hα-selected AGNs 

are predominantly among the higher-mass galaxies, although the minimum galaxy mass in 

this sub-sample has log(M∗/M�) ∼ 8.3. The He II-selected AGNs show a similar trend. In 

contrast, the [Fe X]-emitting galaxies are more evenly spread out in terms of their stellar 

mass and tend to be more reflective of the parent sample of low-mass galaxies. The rare 

[Ne V]-emitting galaxies are exclusively found among higher mass objects with luminous 

AGNs.

The median total absolute g-band magnitude of our sample is 〈Mg〉 = −19.5 mag. This 

is very similar to that of the Greene & Ho (2007) sample of broad-line AGNs with BH masses 

MBH < 2 × 106 M�. Our median g-band magnitude is also ∼1 mag more luminous than 
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Figure 11: Host galaxy properties. (a)–(d): Distributions of host galaxy stellar mass, 
redshift, absolute g-band magnitude and g − r color. The [N II]/Hα-selected AGN 
candidates are shown as hashed teal histograms, the He II/Hβ-selected AGNs are plotted 
as brown histograms, the [Fe X] AGNs galaxies are shown as cross-hashed black 
histograms, and the [Ne V]-AGNs are shown as green histograms. Our parent sample of 
low-mass galaxies is also shown as gray histograms, normalized to the number of 
[N II]/Hα-selected AGN and composite galaxies. All values are adopted from
StellarMassesG02CFHTLS v24 and StellarMassesGKV v24 tables (Bellstedt et al., 2020; 
Taylor et al., 2011). (e): The g − r vs. log(M∗/M�) plot. Here we use similar color scheme 
as panels (a)–(d). The [N II]/Hα AGNs/Composites are among redder and more massive 
objects in our parent sample, which are similar to He II/Hβ AGNs. The [Fe X] AGNs seem 
to trace the general trend of our parent sample, while the [Ne V] AGNs are among more 
massive and bluer objects.
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what Reines et al. (2013) found for their AGN sample and that of LMC (MLMC
g ∼ −18.2

mag; Tollerud et al., 2011). This is not surprising given that our upper mass limit is more 

than 3 times larger than that in the Reines et al. (2013) sample.

A color-mass diagram is shown in panel (e) of Figure 11. The host galaxies of 

the [N II]/Hα-selected AGN candidates tend to be redder and relatively massive overall, 

consistent with the findings in Reines et al. (2013). The bias towards redder galaxies selected 

using the [N II]/Hα diagnostic may be a selection effect, since this diagnostic is metallicity 

sensitive and struggles with detecting AGNs in low-metallicity star-forming galaxies (e.g., 

Groves et al., 2006; Kewley et al., 2019; Reines et al., 2013). On the other hand, the galaxies 

among the He II/Hβ and [Fe X] sub-samples extend to less massive and bluer, thus more 

star-forming galaxies. Molina et al. (2021b) found a similar trend for [Fe X]-emitting dwarf 

galaxies in the SDSS. The [Ne V]-emitting sub-sample are among galaxies that are more 

massive and bluer in our parent sample, characteristic of quasars with strong UV emission 

from the accretion disk. Given that these objects are powered by relatively low-mass BHs, 

they may be akin to “miniquasars” that have been proposed as potential contributors to 

cosmic reionization (Haiman & Loeb, 1998; Madau et al., 2004).

The redshift distributions of the active galaxies in this work, along with that of our 

parent sample of low-mass galaxies, are shown in panel (b) of Figure 11. The maximum 

redshift of z = 0.3 comes from our requirement of detecting and modeling the narrow-

line profile using the [S II]λλ6716,6731 doublet (§2). Overall, the median redshift of the 

active galaxies is z = 0.13. The [Ne V] line is only within the observable wavelength range 

for z ≥ 0.15 and therefore the three [Ne V]-AGNs are at higher redshifts than the other 

sub-samples (see Table 4). The [Fe X]-selected AGNs/TDEs are at slightly lower redshifts 

compared to the [N II]/Hα and He II-selected objects, likely owing to the weakness of the 

[Fe X] line.

Our sample of active galaxies extends to higher redshifts than previous samples in the 
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low-mass regime based on SDSS spectroscopy. For example, the Reines et al. (2013) dwarf 

galaxies all have z < 0.055, the Moran et al. (2014) sample has z < 0.018, Sartori et al. 

(2015) finds a median redshift of z ∼ 0.03, and the [Fe X]-selected objects in Molina et al. 

(2021b) have a median redshift of z ∼ 0.03. The closest comparisons are to that of the Type 

1 AGN sample of Greene & Ho (2007), which has a median redshift of 0.08, and the Type 

2 AGN counterparts in Barth et al. (2008) that have z < 0.08. The higher redshifts probed 

by our study are likely due to the fact that the GAMA spectroscopic limiting magnitude is 

∼ 2 magnitudes deeper than that of the SDSS.
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Table 4: Host Galaxy Properties

 log(M∗/M�)  z  Mg g − r

 Diagnostic  min.  max.  med.  min.  max.  med.  min.  max.  med.  min.  max.  med.
 (1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (9)  (10)  (11)  (12)

 [N II]/Hα  8.25  10.00  9.84  0.0277  0.2974  0.1365 -16.58 -22.25 -19.64  0.06  0.81  0.50
 He II/Hβ  7.99  9.98  9.81  0.0289  0.2871  0.1289 -16.40 -21.81 -19.64  0.07  0.72  0.40
 [Fe X]λ6374  8.24  10.00  9.50  0.0132  0.2421  0.1072 -16.51 -21.30 -19.45  0.16  0.75  0.32
 [Ne V]λ3426  9.64  9.98  9.96  0.2095  0.2348  0.2102 -21.09 -22.07 -21.81  0.06  0.32  0.07

Note—Summary of the host galaxy properties of the low-mass AGNs using the four narrow-line diagnostics applied in this work. 
We show the minimum, maximum, and median values of the host galaxy stellar mass, redshift, g-band absolute magnitude, and 
g − r color for each of the diagnostics. All the values are adopted from the StellarMassesG02CFHTLS v24 and
StellarMassesGKV v24 tables (Bellstedt et al., 2020; Taylor et al., 2011). We exclude one of the [N II]/Hα-selected candidates 
(CATAID 5227891) when calculating these values because it has an erroneous Mg estimate. See section 5.2 for more details. 
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The Dwarf Galaxy Sample

Searches for AGNs in the low-mass regime often use different criteria for selecting their 

samples. In some cases, low BH masses are used (e.g., Chilingarian et al., 2018; Greene 

& Ho, 2007) and in others, absolute magnitude (Barth et al., 2008) or stellar mass limits 

(e.g., Reines et al., 2013) are used. As described above, our main sample of low-mass active 

galaxies has an upper stellar mass limit of 1010M�, which has also been used by Moran et al. 

(2014) and Baldassare et al. (2018). Here we focus on AGNs in the dwarf galaxy mass range, 

which is usually taken to be M? ≤ 3× 109M� (Reines et al., 2013).

As discussed in Section 2, our parent sample of low-mass emission-line galaxies with 

M? ≤ 1010M� consists of 23,460 objects, of which 9,094 are dwarf galaxies with M? ≤

3 × 109M�. In total, we identify 70 unique dwarf galaxies hosting AGNs based on our 

diagnostics described in Section 4. We find 9 AGNs and 25 composites using the [N II]/Hα

diagram. Two of the dwarf composites also have broad Hα emission and virial BH masses of 

∼ 105M� and ∼ 7×106M�. There are 13 dwarf galaxies with detectable He II emission, 9 of 

which are AGN candidates with high He II/Hβ ratios. We find that 27 of the [Fe X]-emitting 

galaxies are dwarf galaxies, while none of the [Ne V]-emitting galaxies are in this mass range. 

We show grz−band images of most of the dwarf galaxies in our sample in Figure 12, which 

we obtained from the DESI Legacy Imaging Survey SkyViewer (Dey et al., 2019).

Summary and Conclusions

In this work, we have systemically searched for optical signatures of active massive BHs 

in ∼23,000 galaxies with stellar masses M? ≤ 1010M� and redshifts z ≤ 0.3 by analyzing 

spectroscopic data from GAMA DR4. We employed four optical emission-line diagnostics 

and identified 388 unique active galaxies, 70 of which are in the dwarf galaxy regime with 

108 ≤ M?/M� ≤ 109.5. Our main results are summarized in Figures 4 and 11.
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Figure 12: DESI Legacy Imaging Survey SkyViewer grz−band images of dwarf galaxies 
(M? ≤ 3× 109M�) in our sample with available images (60/70). Red crosses indicate the 
positions of the spectra and the red dashed circles indicate the sizes of the GAMA 
spectroscopic fibers (with 2 arcsec diameters).

We used the ratio of [O III]/Hβ vs. [N II]/Hα as our first diagnostic. This diagnostic 

diagram has previously been used to identify AGNs in low-mass/dwarf galaxies (e.g., Moran 

et al., 2014; Reines et al., 2013; Sartori et al., 2015), and follow-up observations with X-

rays have confirmed the existence of massive BHs in some of these sources independently 

(e.g., Baldassare et al., 2017). Moreover, the clean separation between the AGN and 

composite galaxies, and those consistent with star formation make these AGN candidates 

easily distinguishable. For these reasons, we consider the 71 AGNs identified by this 

diagnostic as secure and the 238 composite galaxies as strong AGN candidates. While 

this diagnostic provides a relatively clean sample, it can miss weakly accreting BHs and/or 

those residing in actively star-forming galaxies (particularly those with low metallicities).
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Next, we searched for low-mass galaxies with relatively high He II/Hβ ratios. We 

employed a stricter criterion, log(He II/Hβ) > −1, to select AGNs than previous works 

(e.g., Sartori et al., 2015; Shirazi & Brinchmann, 2012) with the goal of providing a clean 

sample. This ratio is expected to be higher than what can be produced by stellar-mass 

X-ray binaries and Wolf-Rayet stars (Schaerer et al., 2019). We find 36 galaxies that meet 

this criterion. Of these, 10 are also [N II]/Hα AGNs and 1 is a composite. Given that 

the majority of the AGN candidates identified by this diagnostic are star-forming in the 

[N II]/Hα diagram, further observations are needed to confirm our results independently.

We also systematically searched for two high-ionization coronal lines ([Fe X]λ6374 and 

[Ne V]λ3426) in the spectra of our parent sample of low-mass galaxies. The [Fe X]λ6374

coronal line is detectable in 56 galaxies, only 2 of which have additional AGN indicators. As 

discussed in detail in Molina et al. (2021b), [Fe X]λ6374 can be produced by certain types of 

supernovae. However, one of the most extreme known examples is SN 2005ip supernovae with 

a peak luminosity of 2× 1037 erg s−1 (Smith et al., 2009). This is an order of magnitude less 

than the minimum [Fe X] luminosity of 1038 erg s−1 in our sample. Thus, we are optimistic 

that these [Fe X] lines are produced by AGN activity or extreme coronal-line emitting TDEs, 

both of which require massive BHs. We found three galaxies with strong [Ne V] emission 

that are also [N II]/Hα AGNs. Two of these objects were also selected as AGNs using our

He II/Hβ criterion.

In total we have found 388 unique low-mass galaxies exhibiting narrow-line signatures 

of active massive BHs, 47 of which have detectable broad Hα emission in their spectra. Using 

standard virial techniques, we estimated BH masses for these objects and find a range of 

MBH ∼ 105.0−7.7M�. The median BH mass is 106.2M�, consistent with expectations given 

the host galaxy stellar masses (Reines & Volonteri, 2015). We found an additional 56 star-

forming galaxies with broad Hα emission in their spectra, with no narrow-line signatures 

indicating the presence of AGNs. Given that broad Hα in many star-forming dwarf galaxies 
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can be produced by transient stellar processes such as supernovae (Baldassare et al., 2016), 

we are suspicious of the broad-line objects without narrow-line signatures of AGNs and do 

not include them in our final sample of low-mass active galaxies.

As seen in previous works (Molina et al., 2021b; Reines et al., 2013), the various 

emission-line AGN diagnostics that we have used tend to probe different parts of the 

parameter space spanned by our parent sample of low-mass/dwarf galaxies (see Figure 11). 

For example, the [N II]/Hα AGNs/Composites are biased towards redder and more massive 

galaxies within our parent sample, and the [Fe X]-selected AGNs tend to be in bluer star-

forming galaxies with a color and mass distribution more representative of our parent sample. 

Thus, using a multi-diagnostic approach can provide a more complete census of AGNs in 

low-mass/dwarf galaxies. While we have strived to strike a balance between assembling a 

clean yet comprehensive sample of low-mass/dwarf active galaxies in GAMA, large-scale 

follow-up campaigns would be useful to check the robustness of the AGN diagnostics we 

(and others) have applied in the low-mass regime.

Ultimately this work has provided an entirely new sample of hundreds of low-

mass/dwarf active galaxies, which extends to southern sky regions and higher redshifts than 

previous searches in the low-mass regime. We find an AGN fraction of ∼ 1%, which is similar 

to other spectroscopic searches in this mass range. This active fraction provides a lower limit 

on the BH occupation fraction in low-mass galaxies with implications for the origin of the 

first BH seeds.
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GAMA is a joint European-Australasian project based around a spectroscopic campaign 
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Appendix: Observed Spectra and Emission-Line Fits for the He II AGNs and [Fe X]

AGNs/TDEs

In this appendix, we show spectra of a selection of He II/Hβ AGNs that are SF in the 

[N II]/Hα diagram in Figure 13 and the He II emission-line fits for all the 36 He II/Hβ AGNs 

in Figure 14, while the spectra of a selection of [Fe X] AGNs/TDEs are plotted in Figure 15 

and the [Fe X] and [O I] doublet emission-line fits for all 56 [Fe X] galaxies in Figure 16.
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Figure 13: Redshift-corrected spectra of a selection of He II/Hβ AGNs overplotted with the 
continuum model (sky blue). These He II/Hβ AGNs are SF in the [N II]/Hα diagram.
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Figure 14: Chunks of the He II spectra and the single Gaussian emission-line fits for the 36
He II/Hβ AGN candidates. Here the continuum-subtracted spectrum are shown as black 
and the individual Gaussian component as orange-red. 10 of these galaxies are [N II]/Hα
AGNs, while 1 is a composite object. See section 4.2 for details.
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Figure 15: Redshift-corrected spectra of a selection of [Fe X] AGNs/TDEs overplotted with 
the continuum model (sky blue). These objects are SF in the [N II]/Hα diagram.
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Figure 16: Chunks of [Fe X] emission-line spectra and the Gaussian emission-line fits for 
the 56 galaxies with this emission. We plot the single Gaussian models for the 
[O I]λ6300,6363 lines in blue and [Fe X]λ6374 line in red. Here the galaxy with CATAID 
1787285 is an [N II]/Hα and He II/Hβ AGN, and the object with CATAID 387728 is an 
[N II]/Hα Composite. The [Fe X] lines in our sample have luminosities that span a range of 
1038−1041 erg s−1, with a median of 1039.6 erg s−1, which can be explained by AGNs or 
TDEs. See Section 4.3 for details.
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Introduction

Supermassive black holes (BHs) with masses MBH ∼ 106−10M� are found in the nuclei 

of almost all massive galaxies (Kormendy & Ho, 2013; Kormendy & Richstone, 1995) 

and these BHs have primarily grown over cosmic time through merger-driven accretion. 

Observations show a tight correlation between BH mass and both galaxy bulge mass and 

stellar velocity dispersion (e.g., Ferrarese & Merritt, 2000; Gebhardt et al., 2000; Gültekin 

et al., 2009; Marconi & Hunt, 2003; McConnell & Ma, 2013; Tremaine et al., 2002), suggesting 

a connection between the evolution of these BHs and their host galaxies. Theoretical models 

indicate that this co-evolution can be regulated by feedback from an active galactic nucleus 

(AGN; Churazov et al., 2005; Schaye et al., 2015; Silk & Rees, 1998; Somerville et al., 

2008; Vogelsberger et al., 2014). AGN feedback via radiation and outflows can impact the 

interstellar medium (ISM) in a galaxy and heat or eject the gas, ultimately inhibiting star 

formation and BH growth.

Without incorporating AGN feedback in galaxy models, key observational properties 

of galaxies such as the sharp cut-off at the end of the galaxy luminosity function can not 

be reproduced (e.g., Baldry et al., 2012; Bower et al., 2006). AGN feedback explains the 

red color of spheroidal galaxies, the lack of super bright and very massive galaxies, and the 

X-ray temperature-luminosity relationship (e.g., Benson et al., 2003; Croton et al., 2006; 

Markevitch, 1998; McCarthy et al., 2010; Menci et al., 2006).

Evidence for outflows has been found in both nearby galaxies (Balmaverde et al., 2016; 

Mullaney et al., 2013; Rupke & Veilleux, 2011; Veilleux et al., 2005), and high-redshift objects 

(Alexander et al., 2010; Carniani et al., 2015), and in ionized, atomic, and molecular phases 

of gas (Cazzoli et al., 2014; Cicone et al., 2012, 2014; Feruglio et al., 2010; Fluetsch et al., 

2021; Morganti, 2017; Veilleux et al., 2020). Outflows produced by AGNs are usually thought 

to reduce or quench star formation (e.g., Ellison et al., 2021; Hopkins et al., 2006; Pereira-
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Santaella et al., 2018; Springel et al., 2005), however, in some cases, it can increase star 

formation activity (Cresci et al., 2015; Schutte & Reines, 2022; Silk, 2013; Zubovas et al., 

2013). We know the radiation fields and jets from accretion disks can launch outflows in 

AGNs, while star formation (e.g., stellar winds and supernovae) can also produce them (see, 

Heckman & Thompson, 2017; Rupke, 2018; Veilleux et al., 2020; Wylezalek & Morganti, 

2018, for reviews). However, many of the exact driving mechanisms are still elusive. It is 

often unknown if the same mechanisms drive different phases of outflows and if they have 

similar spatial distributions. We also usually do not know the exact morphology of the 

outflows (shell-like or conical).

It has long been believed that stellar feedback is the main source of feedback in low-mass 

galaxies (e.g., Martín-Navarro & Mezcua, 2018). However, the rising observational evidence 

of AGNs (Baldassare et al., 2016; Molina et al., 2021b; Moran et al., 2014; Reines, 2022; 

Reines et al., 2013; Salehirad et al., 2022; Sartori et al., 2015) as well as recent findings of 

AGN-driven outflows in this mass range (Aravindan et al., 2023; Liu et al., 2020; Manzano-

King et al., 2019; Penny et al., 2018) suggest the notable impact of AGN feedback in these 

objects. Theoretical models have proposed contrasting results regarding AGN feedback in 

low-mass galaxies. Some studies found that AGN feedback quenches star formation (Barai 

& de Gouveia Dal Pino, 2019; Dashyan et al., 2018), while others predict a negligible effect 

from AGN feedback contrary to stellar feedback (Trebitsch et al., 2018). Additionally, some 

simulations indicate that AGN feedback increases the outflow energetics in these galaxies 

(Koudmani et al., 2021, 2019).

The existence of broad-line features in the [O III]λλ4959, 5007 doublet line profile is a 

well-established tracer of ionized gas outflows (Heckman et al., 1981; Stockton, 1976). Given 

the forbidden transition of this line, [O III] can not be produced in the dense broad line 

region (BLR) around an AGN and it can be used to investigate ionized gas dynamics in the 

narrow line region (NLR). Strong velocity gradients in the NLR associated with outflows can 
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be observed as broadening or shifting of the [O III] line that exceeds normal galaxy dynamics 

and can extend to kiloparsecs (e.g., Pogge, 1989).

In this paper, we search for ionized gas outflows in a large sample of galaxies with spectra 

in the Galaxy and Mass Assembly (GAMA) Survey Data Release 4 (DR4; Driver et al., 2022; 

Liske et al., 2015). Our primary focus is on identifying outflows in low-mass galaxies with 

stellar masses M? < 1010M�. The GAMA survey covers equatorial and southern sky regions 

and has minor overlaps with galaxies in the Sloan Digital Sky Survey (SDSS). GAMA is 

also two magnitudes deeper than the SDSS. While extensive research has been conducted on 

galaxies exhibiting outflow signatures in SDSS (e.g, Matzko et al., 2022; Mullaney et al., 

2013), the GAMA survey remains relatively unexplored. Therefore, our objective is to 

discover new galaxies displaying ionized outflow signatures among both massive and low-

mass objects, including AGNs and SF galaxies. We aim to analyze the outflow properties of 

these objects, specifically their offset and outflow velocities.

Section 2 details our data and sample selection process. Sections 3 and 4 present the 

analysis and results. The summary and conclusions can be found in Section 5. We assume 

a ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7 and H0 = 70 km s−1 Mpc−1.

Data and Parent Sample

The GAMA Survey

We use the publicly available data from the GAMA Survey DR4 (Driver et al., 2022; 

Liske et al., 2015) to conduct our study. The GAMA survey comprises optical spectroscopic 

observations taken with the AAOmega multi-object spectrograph (Saunders et al., 2004; 

Sharp et al., 2006; Smith et al., 2004) on the 3.9 m Anglo-Australian Telescope. The 

wavelength range of the dual-beam set-up of the spectrograph is 3730–8850 Å, the spectral 

resolution of the blue and red arms are 3.5 and 5.3 Å, respectively, and the spectroscopic fibers 

are 2” in diameter. The survey covers 2 southern regions (G02 and G23), with respective 
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areas of 56 and 51 deg2, and three 60 deg2 equatorial regions (G09, G12 and G15). The 

magnitude limit for the main survey of galaxies in the equatorial and G02 regions is each 

r < 19.8 mag and the limiting magnitude of the G23 region is i < 19.8 mag (Baldry et al., 

2018; Driver et al., 2022).

Parent Sample of Galaxies

We define our parent sample using the spectra provided in the AATSpecAll v27 table 

in the SpecCat data management unit (DMU; Liske et al., 2015) and following the Salehirad 

et al. (2022) methodology, as described here. To ensure high-quality data, we select spectra 

with COMMENTS_FLAG = 0, which excludes unreliable detections such as those with fringing 

and bad splicing. We choose spectra with normalized redshift values of NQ> 2, as suggested 

by GAMA, corresponding to a minimum 90% probability that the best redshift estimate is 

accurate. If multiple observations are available for a galaxy, we select the spectrum with the 

best redshift using the column value IS_SBEST = 1. The redshift is determined using cross-

correlation of spectra and stellar templates, with the best-estimated redshift adopted from 

the highest cross-correlation peak, normalized by a root mean square value. The confidence 

in this redshift estimate is assessed by comparing the height of the highest correlation peak 

with those of the next three best redshift estimates (Liske et al., 2015, and the references 

therein). Finally, we only include objects with redshifts z < 0.3 to ensure the lines of interest 

such as the [S II] doublet are detected.

We then apply signal-to-noise ratio (S/N) cuts similar to Reines et al. (2013), using the 

emission-line fluxes and equivalent width (EW) measurements given in the GaussFitSimple 

v05 table from the SpecLineSFR DMU (Gordon et al., 2017). We select galaxies that have 

S/N ≥ 3 and EW > 1 Å for the Hα, [O III] λ5007 and [N II] λ6583 lines. Given that the Hβ

line is generally a weaker line compared to the Hα line, we select those with S/N ≥ 2.

The stellar masses are stored in the StellarMasses DMU (Taylor et al., 2011) 
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and in various tables depending on the sky regions. We include all the galaxies with 

available stellar mass estimates and impose a mass cut of M? > 105 M� to avoid 

possible star detections. Stellar masses for galaxies in the G23 region are only given in 

the StellarMassesGKV v24 table (Driver et al., 2022) which also contains stellar masses 

for the equatorial galaxies. Here, the masses are derived using all band photometry 

from the Kilo-Degree Survey (KiDS; Kuijken et al., 2019) and the Visible and Infrared 

Survey Telescope for Astronomy Kilo-degree Infrared Galaxy Public Survey (VIKING; 

Edge et al., 2013). Tables StellarMassesG02SDSS v24 and StellarMassesG02CFHTLS 

v24 provide stellar masses for the G02 galaxies. The values in these tables are derived 

by multi-band spectral energy distribution (SED) fitting to SDSS and Canada-France-

Hawaii Telescope Lensing (CFHTLenS; Heymans et al., 2012) photometry, respectively. 

We utilize the stellar masses given in the StellarMassesG02CFHTLS v24 table but use the

StellarMassesG02SDSS v24 table to exclude the galaxies with masses that are different by 

0.3 dex in both tables. Our final sample consists of 39,612 galaxies.

Spectral Analysis

In this paper, we systematically search for double-component features in the [O III] 

λλ4959, 5007 doublet lines that may signify outflows. Complex emission line profiles 

exhibiting asymmetries, shoulders, and/or double peaks can indicate the presence of two 

or more gaseous components with distinct kinematics along the line of sight. However, non-

Gaussian line structure can also result from beam-spearing of the velocity gradient due to 

relatively coarse spatial resolution (García-Lorenzo et al., 2015).

In previous studies, the broad blueshifted wings in the [O III] line profile have been 

interpreted as outflows (e.g., Geach et al., 2018; Guolo-Pereira et al., 2021; Harrison et al., 

2016; Mullaney et al., 2013; Zakamska & Greene, 2014), constituting around 40% of the 

overall flux of the [O III] line (e.g., Concas et al., 2017). Fewer studies have focused on 
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broad redshifted lines in the [O III] line profile, but they could also be attributed to outflows 

depending on the inclination of the galaxy with respect to the line of sight (Bae & Woo, 

2016; Crenshaw et al., 2010). In cases of bipolar outflows and depending on the orientation, 

we can also observe symmetric broad lines (Harrison et al., 2012). Therefore, to accumulate 

a more comprehensive outflow sample, we do not limit our search to blueshifted broad wings 

and freely select the center of the second component. 

While our parent sample is determined using the emission-line flux measurements 

provided in the GAMA survey, we write our custom code to analyze the spectra and fit the 

emission lines. We subsequently visually inspect each flagged galaxy spectrum and exclude 

the unreliable ones, such as those with bad fits (fits to the noise in the spectrum), those 

with missing pixel values within the emission lines, and those affected by bad splicing or 

fringing. In this section, we describe our method for fitting the continuum, selecting outflow 

candidates, evaluating outflow velocities, and modeling other relevant emission lines.

Stellar Continuum Subtraction

We use the Penalized Pixel-Fitting method (pPXF; Cappellari, 2017) to fit the stellar 

continuum for each galaxy. We utilize the stellar population synthesis models from Bruzual 

& Charlot (2003) as our stellar continuum templates in 3 metallicities (Z = 0.008, 0.02, 0.05)

and 10 ages (t=0.005, 0.025, 0.1, 0.29, 0.64, 0.9, 1.4, 2.5, 5, and 11 Gyr). Initially, we model 

the spectra with a combination of single-metallicity templates of various ages, modified by 

a low-order multiplicative polynomial to account for dust reddening, and select the model 

metallicity with the smallest χ2 value. This method produces reliable continuum fits for the 

majority of the galaxies in our sample. However, the initial continuum fit in some cases yields 

unrealistically large velocity dispersion values given by pPXF, which is evident in the extreme 

broadening of the absorption line fits. For these objects, we redo the fits by changing the 

order of the multiplicative polynomials, adding additive polynomials as they can minimize 
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the template mismatch by changing the strength of the absorption lines (Cappellari, 2017), 

or changing the wavelength range of the spectrum to cut the noisy ends. Since our primary 

goal is to measure the emission lines, we attempt good fits to the stellar continua but do not 

fully explore the parameter space. An example of a fitted galaxy spectrum in our sample is 

shown in Figure 17.
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Figure 17: An example of stellar continuum fit (AGN with CATAID 518451). Here the 
redshift-corrected spectrum is shown in black and the best-fitted stellar continuum model 
is in blue. See Section 3.1 for details.

We also find a handful of AGN-dominated spectra among the flagged galaxies in which 

the stellar templates do not provide an optimal fit to the continuum. However, since we 

include a linear component in the fit of the emission lines of interest (see below), the [O III] 

doublet lines are fitted sufficiently in the end.

Fitting the [O III] lines

We use the LMFIT package in python (Newville et al., 2014) to fit chunks of spectra 

around the [O III]λλ4959, 5007 doublet. We incorporate Gaussian models to fit the emission 

lines and a linear model which accounts for the continuum fit residuals.

We fit the [O III]λλ4959, 5007 doublet lines simultaneously with both one- and 

two-Gaussian models. In the one-Gaussian model, the lines in the doublet are re-

stricted to have equal velocity widths, fixed laboratory separation, and a flux ratio 
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Figure 18: The [O III] doublet emission line plotted with two different fitting models. The 
top panel shows a single Gaussian model fitted to each line, while the bottom panel 
displays two Gaussian fits. The black line represents the observed emission line. The blue 
line indicates the best-fitting model, which consists of Gaussian and linear components. 
The orange line shows the narrow (systemic) component, while the olive line depicts the 
broad (outflow) component. Residuals are displayed in black with a vertical offset. Adding 
a second component into the [O III] fit for this galaxy significantly improves the final 
model. For more information, see Section 3.2.
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Figure 19: Examples of the [O III]λλ4959, 5007 doublet line profiles from our outflow 
sample, fitted using two-Gaussian models. The color scheme matches that of Figure 18. 
Panels (a) and (b) show cases with broad symmetric and broad redshifted outflow lines, 
respectively. Panels (c) and (d) present lines exhibiting two peaks, with components that 
have similar widths. Panels (e) and (f) show broad blueshifted lines. In panel (e), the 
overall line profile indicates a blueshifted bump, while the components are blended in panel 
(f).  For further details, refer to Section 3.2.

of [O III]λ5007/[O III]λ4959 = 3. In the two-Gaussian model, we allow the first and 

second components of the [O III]λ5007 line to change freely, however, the [O III]λ4959

line components have the same velocity widths, fixed separation, and fixed flux ratio to 

the respective [O III]λ5007 line components. The two-component model is adopted if the 

reduced χ2 is lowered by at least 20% relative to the one-component model, and the second 

components are broader than the first components. We only select lines with widths that 

are at least equal to the instrumental spectral resolution (vFWHM ≥ 200 km s−1), those that 

have a flux S/N ≥ 3 for each of the Gaussian components, and second components with line 
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peaks that are at least 3σ above the root mean square (rms) noise level of the continuum 

chunk. Figure 18 shows an example of modeled emission lines.

We identified 439 galaxies with outflow signatures in the [O III]λλ4959, 5007 lines. After 

visually inspecting the fits of all the flagged candidates, we remove 41 objects with unreliable 

fits. These cases consist of objects with spectra affected by fringing and bad spicing and 

those with lines fit to the continuum noise. Our final sample consists of 398 galaxies. 

We find outflow components that are symmetric with respect to the narrow (systemic) 

component, as well as those that are blueshifted or redshifted. Some of the identified second 

components contribute to as little as 5% of the total flux of the [O III] line, potentially 

representing weaker outflows or non-Gaussian profiles. Despite their weaker nature, these 

second components meet the necessary criteria, and hence, we include them in our final 

sample. In 9% of the outflow candidates, we observe either two distinct peaks in the overall 

[O III] line profile or less pronounced double peaks, but lines with similar widths. These lines 

can be what some studies call double-peaked lines, where they are usually associated with 

disk rotation of the NLR around a single BH, biconical outflows, or distinct NLRs in merging 

AGNs (e.g., Shen et al., 2011). Indeed, these lines have been found in single AGNs (e.g., 

Bizyaev et al., 2022; Müller-Sánchez et al., 2015; Nevin et al., 2018) as well as dual AGNs 

(Fu et al., 2023; Rosario et al., 2011). Examples of [O III] doublet emission-line profiles are 

shown in Figure 19.

Outflow Velocity

In this work, we use W80 to estimate outflow velocity, defined as the line width 

encompassing 80% of the flux of the emission line (Zakamska & Greene, 2014). For 

a Gaussian profile, W80 is related to the FWHM of the line and can be described as 

W80 = 1.09FWHM as shown in Figure 20. Some studies account for the offset velocity (vo) 

between the outflow and systemic emission-line components when evaluating the outflow 
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Figure 20:  This plot illustrates an example of W80 ∼ FWHM (dashed gray lines) for the 
outflow component (green line) from the [O III]λ5007 emission, indicating outflow velocity. 
See Section 3.3 for details.

velocity (e.g., Manzano-King et al., 2019). However, the offset velocity is sensitive to dust 

extinction and inclination effects (Bae & Woo, 2016; Harrison et al., 2014), while W80 is 

less affected by these factors and can better reflect typical bulk motions (Harrison et al., 

2014). Considering the sensitivity of vo to extinction and the fact that our sample includes 

both redshifted and blueshifted outflows (see Section 3.2), we adopt W80 as our measure of 

outflow velocity.

Other Emission Line Measurements

We also fit Gaussian models to the [S II]λλ6716, 6731, [N II]+Hα, Hβ, and [O I]λ6003

emission lines in our outflow sample following the methodology in Reines et al. (2013) and 

references therein, as described below. The profiles of these lines do not typically match 

the profile of the [O III] lines and therefore, we fit them independently. We use the derived 

emission line fluxes with S/N ≥ 3 to classify the outflow candidates based on their location 

on two-dimensional diagnostic diagrams (see Section 4.1). An example of our fits for these 

lines is shown in Figure 21 and the host galaxy properties and the emission-line fluxes of the 

outflow candidates are listed in Tables 5 and 6, respectively.
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We fit the [S II] lines with one- and two-Gaussian components. For the single Gaussian 

model, the widths of the lines are assumed to be equal (in velocity space) while the laboratory 

separation between the lines is held fixed. In the two-component case, we restrict the relative 

widths, heights, and centers of the two components to be the same for both lines in the 

doublet. If the reduced χ2 of the two-component model is at least 20% less and the width of 

the second component is larger than the first component, we select the two-Gaussian model 

for the [S II] lines. This is the case in 30 of the outflow candidates.

Given that the profiles of the [N II]λλ6548, 6583 and Hα lines often match the [S II] 

lines (Filippenko & Sargent, 1988, 1989; Greene & Ho, 2004; Ho et al., 1997), we use 

the parameters from the [S II] doublet models to fit the [N II]+Hα complex. For the 

one-Gaussian model, we assume the [N II] lines have equal velocity widths to that of the 

[S II] lines, their laboratory relative wavelength separation is fixed, and the flux ratio of 

[N II]λ6583/[N II]λ6548 = 3. The width of the Hα line is allowed to increase as much as 

25%. For the 30 objects with two-component fits to their [S II] doublet lines, we scale the 

widths, centers, and heights of their [N II] and Hα components to that of the [S II] lines.

To search for broad Hα emission that could signify dense gas orbiting a BH, we fit 

the lines with an additional broad Hα component and select this model if the full-width at 

half maximum (FWHM) of the broad Hα line is at least 500 km s−1 after correcting for the 

instrumental resolution, and the reduced χ2 of the model with the addition of the broad Hα

component is at least 20% less than the one without. We identify 206 outflow galaxies with 

broad Hα emission. The Hβ line is fitted using the same method as the Hα line, using the 

[S II] profile as a template for the narrow line.

We also fit the [O I]λ6003 line with one- and two-Gaussian models and select the two-

component model if the width of the second component is larger than that of the first one, 

and the reduced χ2 is lowered by at least 20%. Given that the [O I] line is often weak, in 

addition to requiring a flux S/N ≥ 3, we also only select those with line peaks at least 3σ
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above the rms noise. We find that 268 galaxies meet the [O I] detection criteria, of which 25 

have broad [O I]λ6003 component.
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Figure 21: This figure shows chunks of emission-line spectra for Hβ, [O I]λ6003, [N II]+Hα
complex, and the [S II]λλ6716, 6731 lines. The color scheme matches that of Figure 18. 
The dotted violet line represents the broad Hα model. The residuals are plotted in black 
with a vertical offset. For more information, see Section 3.4.
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Table 5: Outflow Galaxies

 CATAID  RA  DEC z  log (M∗/M�) g − r  [N II]/Hα  [S II]/Hα  [O I]/Hα v0 vout
 (degrees)  (degrees)  (mag)  Classification  Classification  Classification  (km s−1)  (km s−1)

 (1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (9)  (10)  (11)

 1560359  30.28563 -4.67478  0.21100  10.73  0.62  AGN  Sy  … -408±50  1415±80
 1534204  30.75825 -6.25522  0.13416  10.29  0.39  SF  SF  SF -3±22  684±104
 1557617  30.82937 -4.83862  0.13701  8.91  0.04  SF  Sy  Sy  73±44  866±145
 1485133  30.97987 -9.31706  0.29487  11.04  0.72  AGN  Sy  Sy  47±8  1349±35
 1555278  31.00350 -4.98673  0.25509  10.34  0.41  AGN  Sy  Sy -113±24  925±65
 1568106  31.09625 -4.14728  0.21588  11.01  0.62  AGN  Sy  Sy -317±50  1416±64
 2230554  32.08583 -5.35770  0.20913  10.88  0.60  AGN  Sy  Sy -151±40  1381±118
 2202335  32.14975 -4.17996  0.05719  10.05  0.56  Comp.  SF  SF  0±54  1145±210
 1307713  32.82988 -5.73585  0.04248  10.28  0.61  AGN  Sy  Sy  125±16  836±25
 2204417  32.98467 -3.82524  0.09473  10.81  0.56  Comp.  Sy  Sy  212±79  829±114

Note—Properties of the outflow candidates in this work. Columns 1-6 are obtained from GAMA DR4 and assume h = 0.7. 
Column 1: Unique ID of the GAMA object. Columns 2–3: The right ascension and declination (in degrees) of the spectrum 
(J2000). Column 4: Redshift. Columns 5–6: The log galaxy stellar mass in units of M� and g − r color. All values are obtained 
from the StellarMassesG02CFHTLS v24 and StellarMassesGKV v24 tables (Bellstedt et al., 2020; Taylor et al., 2011). Columns 
7–9: Classifications of the galaxy in the narrow-line diagnostic diagrams. Columns 10–11: The offset and outflow velocities 
derived from the components of the [O III]λ5007 line in km s−1 with errors included. A three-dot ellipsis indicates no line is 
detected, or the emission lines do not meet our reliable detection criteria. The entirety of Table 5 is published in the electronic 
edition of The Astrophysical Journal. We show a portion here to give information on its form and content. 
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Table 6: Emission-line Fluxes

 CATAID  Hβn  Hβb  [O III]λ5007n  [O III]λ5007b  [O I]λ6300  Hαn  Hαb  [N II]λ6583  [S II]λ6716  [S II]λ6731
 (1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (9)  (10)  (11)

 1560359  62±6  …  234±12  183±17  …  205±6  132±18  213±5  76±4  64±4
 1534204  802±13  …  366±41  233±39  87±4  3248±13  304±31  1114±12  598±8  408±7
 1557617  204±3  …  1372±9  76±12  15±2  787±2  …  24±2  36±4  33±4
 1485133  23±6  66±6  525±7  329±8  15±1  242±4  158±13  167±4  56±4  54±3
 1555278  46±3  …  154±15  146±15  27±4  204±3  115±18  101±3  27±4  39±5
 1568106  91±13  …  344±50  481±54  65±8  284±17  475±40  328±15  166±9  138±9
 2230554  46±5  …  168±16  133±16  22±4  139±5  221±17  137±5  50±3  40±3
 2202335  378±8  …  161±17  148±23  61±5  1907±5  238±19  1001±5  319±5  231±5
 1307713  650±17  …  170±48  2069±65  282±16  2736±31  1165±125  3066±22  826±208  704±177
 2204417  466±32  …  327±90  418±104  92±13  1401±27  731±66  934±23  371±15  278±14

Note—Emission line fluxes for our outflow sample. Column 1: Unique ID of the GAMA object. Columns 2–11: The emission-line 
fluxes and their errors in units of 10−17 erg s−1 cm−2. No extinction correction has been applied. The subscripts n and b refer to 
the narrow and broad components, respectively. We do not show the flux values of the [O III]λ4959 and the [N II]λ4548 lines, 
since their fluxes are fixed to be weaker by factors of 3. A three-dot ellipsis indicates no line is detected, or the emission lines do 
not meet our reliable detection criteria. The entirety of Table 6 is published in the electronic edition of The Astrophysical 
Journal. We show a portion here to give information on its form and content. 
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Properties of the Outflow Candidates

We identify 398 galaxies with reliable ionized outflow signatures in their [O III]λ5007

line, which is ∼1% of our parent sample. In this section, we classify galaxies with outflows 

using narrow-line diagnostic diagrams, estimate BH masses for objects with detectable broad 

Hα emission, and determine the properties of both the outflows and their host galaxies. 

Additionally, we present findings on outflows in low-mass galaxies.

Narrow-line Diagnostic Diagrams

The harder radiation field of AGNs can result in higher fluxes of forbidden lines such 

as [N II]λ6583, [S II]λλ6716, 6731, and [O I]λ6003 lines with respect to the Balmer lines. 

This enables us to separate AGNs and SF galaxies when these line ratios are plotted in 

two-dimensional narrow-line diagnostic diagrams.

We employ the [O III]/Hβ vs. [N II]/Hα Baldwin-Phillips-Terlevich (BPT) diagnostic 

diagram (Baldwin et al., 1981) to classify our outflow galaxies as shown in the left panel of 

Figure 22. In this diagram, the AGNs fall above the maximum starburst line from Kewley 

et al. (2006), while the SF objects occupy the area below the composite line from Kauffmann 

et al. (2003). Composite objects that fall between the two lines have both contributions from 

AGN and SF activity.

We only include objects with reliable emission line measurements relevant to this 

diagram, which is 394/398 of the outflow galaxies. We classify 79% of these objects as 

AGNs, 10% as composites, and 11% as SF-dominated galaxies. Therefore, the vast majority 

of our galaxies with outflow signatures also have AGN photoionization signatures in their 

spectra, which is in agreement with previous studies that found a higher incidence of outflows 

in AGNs than SF galaxies (e.g., Concas et al., 2017; Matzko et al., 2022). This result, in 

addition to the large outflow velocities we find for the AGNs/composites (see Section 4.3.1), 
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suggests that these outflows are predominantly driven by AGN feedback. For simplicity, we 

will refer to the AGNs and composites collectively as AGNs throughout the rest of the paper.
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Figure 22: The left panel shows the [O III]/Hβ vs. [N II]/Hα narrow-line diagnostic diagram 
for our outflow candidates in the GAMA survey using the classification scheme summarized 
in Kewley et al. (2006). Here 394/398 of the outflow galaxies with reliable emission lines 
relevant to this diagram are plotted, of which 312 are AGNs (rosy brown triangles), 39 are 
composites (coral squares), and 43 are SF galaxies (cornflower blue circles). The middle 
and right panels show these objects in the [O III]/Hβ vs. [S II]/Hα and [O I]/Hα diagrams. 
Only galaxies with reliable emission lines are plotted in these panels. Characteristic error 
bars are located in the lower right region of each panel. See Section 4.1 for details.

We also plot the outflow galaxies in the [O III]/Hβ vs. [S II]/Hα and [O I]/Hα diagrams 

(Veilleux & Osterbrock, 1987) as shown in the middle and right panels of Figure 22. In these 

plots, the theoretical extreme starburst line from Kewley et al. (2001) separates the AGNs 

from SF galaxies, while the Seyfert/LINER line differentiates the Seyfert and low ionization 

nuclear emission region (LINER) objects. Among the BPT AGNs, ∼86% with reliable [S II] 

emission are located in the AGN region of the [S II]/Hα diagram. In the [O I]/Hα diagram, 

62% of those with detected [O I] are classified as AGNs. Additionally, we find that 14% 

and 26% of the BPT-SF objects appear AGN-like in the [S II]/Hα and [O I]/Hα diagrams, 

respectively, while 9% are AGNs in both diagrams.

The small number of LINER galaxies in our outflow sample (7 in the [S II]/Hα and 

7 the in [O I]/Hα diagrams) is in agreement with what Matzko et al. (2022) found and in 
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contrast with Hermosa Muñoz et al. (2022), where they found outflow signature in 50% of 

their LINER candidates. We note that Hermosa Muñoz et al. (2022) employ Integral Field 

Unit (IFU) data in their study which has a higher resolution than our sample and that of 

Matzko et al. (2022).

Broad Hα and BH Mass Estimates

The presence of a broad Hα line can be associated with rotating gas in the BLR 

around a BH. By utilizing the measured parameters of this line and employing standard 

virial techniques, we can estimate the mass of the central BH using the formula MBH ∝

RBLR∆V2/G. Here gas velocity comes from the broad line width and the radius of the 

BLR is known to scale with the broad line luminosity based on reverberation-mapped 

AGNs. However, in SF galaxies, broad Hα emission can be due to stellar activities such as 

supernovae, which can be transient and fade over time (e.g., Baldassare et al., 2016). Given 

this, we do not accept the broad Hα component in SF galaxies as a solid AGN indicator and 

do not estimate their BH mass.

As described in Section 3.4, we identify broad Hα emission in 206 galaxies with outflow 

signatures. The majority of these objects are classified as AGNs, with only 10 found among 

SF galaxies. The FWHM of the broad Hα lines varies from 501 to 8607 km s−1. The 

median FWHM for AGNs is 1789 km s−1, while for SF galaxies, it is 734 km s−1. AGNs 

also display greater luminosities that scale from 1039.7−43.1 erg s−1, with a median of 1041.4

erg s−1, compared to the range of 1040.2−41.8 erg s−1 and a median of 1041.2 erg s−1 in the SF 

objects. We summarize these quantities for the AGNs in Table 7 and show their distributions 

in Figure 23.

We estimate the virial BH masses for broad-line AGNs using the following equation 

(Reines et al., 2013):
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Figure 23: Distributions of Broad Hα emission parameters and BH mass. Panels (a) and 
(b) display the histograms of the FWHM and log luminosity of the broad Hα component 
for AGNs shown in maroon, and SF galaxies shown in blue. Virial BH mass distribution 
for the broad-line AGNs is plotted in panel (c). We estimate these BH masses using 
Equation (5) from Reines et al. (2013). Broad Hα emissions in star-forming objects are not 
considered strong indicators of AGNs, and we do not estimate virial BH masses for these 
galaxies. For further details, refer to Section 4.2.

log(
MBH

M�
) = logε+ 6.57 + 0.47log(

LHα

1042 erg s−1
) + 2.06log(

FWHMHα

103 km s−1
)

where ε = 1 and LHα represents the luminosity of the broad Hα line. The BH masses we 

calculate range from 105 to 108.6 M�, with a median value of 106.8 M�. These values are 

listed for each object in Table 7 and their distribution is shown in the last panel of Figure 

23. We note that these BH masses are derived assuming negligible outflowing material in 

the BLR region. However, with the presence of outflows in this region, the reliability of 

this method has been debated (e.g., Collin et al., 2006; Vestergaard & Peterson, 2006) and 

alternative methods have been proposed (e.g., Everett, 2005; Murray & Chiang, 1995; Proga, 

2007).

Outflow Properties

Outflow Velocity

As discussed in Section 3.3, W80 measures the outflow velocity in our sample, which 
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Table 7: Broad-line AGNs

 CATAID  BPT Classification  log L(Hα)b  FWHM(Hα)b  log MBH

 (1)  (2)  (3)  (4)  (5)

 1889137  Comp.  41.84  1474  6.8
 1069351  AGN  41.58  1684  6.8
 2132672  AGN  41.64  2281  7.1
 1785686  AGN  42.23  2808  7.6
 1890557  AGN  41.77  1774  7.0
 1896259  AGN  41.55  1589  6.8
 2379296  AGN  41.22  1952  6.8
 1485133  AGN  41.48  1841  6.9
 1982957  AGN  41.92  4065  7.8
 1819774  AGN  41.19  1371  6.5

Note—Column 1: Unique ID of the GAMA object. Column 2: Classification of the object in the 
BPT diagram. Column 3: The luminosity of the broad Hα component in units of erg s−1. 
Column 4: The width (FWHM) of the broad Hα component in units of km s−1, corrected for 
instrumental resolution. Column 5: The virial BH mass in units of M� by assuming the broad Hα

emission is associated with the BLR. We only include BPT-AGNs and composites in this table. 
See section 4.2 for more details. The entirety of Table 7 is published in the electronic edition of 
The Astrophysical Journal. We show a portion here to give information on its form and content. 



74

varies from 327 to 2689 km s−1. The AGNs exhibit higher outflow velocities, with a median 

of 936 km s−1, while SF galaxies are found with a median of 655 km s−1. For the AGN 

candidates with broad Hα detection, the median outflow velocity is slightly higher at 961 km 

s−1, compared to 880 km s−1 for those without broad Hα lines. Histograms of these velocities 

for each galaxy classification are shown in panels (a) and (c) of Figure 24. Additionally, the 

outflow velocity for each object is detailed in Table 5.
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Figure 24: Outflow properties. (a)–(b): Distributions of outflow velocity (vout) and offset 
velocity (vo) for the BPT-AGNs and composites in our outflow sample shown in maroon 
histograms. The medians of outflow velocity and offset velocity are 936 km s−1 and −84
km s−1, respectively. (c)–(d): Same as panels (a)–(b) except for the SF galaxies with 
outflow signatures plotted in blue histograms. Outflow and offset velocity median values 
are 655 km s−1 and 28 km s−1, respectively. See Section 4.3 for more details.

Outflows in AGNs and SF galaxies have been observed with velocities ranging from 

a few hundred to thousands of km s−1 (e.g., Aravindan et al., 2023; Harrison et al., 2014; 

Matzko et al., 2022; Mullaney et al., 2013). Some studies suggest that velocities of at least 500 
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km/s are associated with AGN activity (Mullaney et al., 2013), as these require an outflow 

power that exceeds that of starbursts (Fabian, 2012). This is also related to the maximum 

linewidths observed in galaxy dynamics and mergers in high-redshift ultraluminous infrared 

galaxies (Harrison et al., 2012, and the references within). We find that ∼97% of the AGNs 

have outflow velocities of W80 > 500 km s−1, indicating that AGN-driven mechanisms are 

responsible for the outflows in these galaxies.

Our results are consistent with the literature. The median outflow velocities in the 

starburst galaxies in Rupke et al. (2002, 2005) were ∼ 300 km s−1, while Hill & Zakamska 

(2014) and Rupke & Veilleux (2013) found median velocities of order ∼ 600 km s−1 for their 

starburst objects. Matzko et al. (2022) found outflow velocities on the order 700 km s−1

for their AGNs and lower velocities with an average of 300 km s−1 for their SF galaxies. 

Harrison et al. (2012) found a median bulk outflow velocity of 780 km s−1 for their type 

2 AGN sample while Mullaney et al. (2013) found a mean of 900 km s−1 for their type 1 

AGNs. Zakamska & Greene (2014) found a median velocity of 752 km s−1 for their luminous 

obscured quasars.

Offset Velocity

The offset velocity v0 in our sample, which is the separation between the [O III] line 

components, ranges from −779 to 386 km s−1. The AGNs show a blueshifted median vo

of −84 km s−1, while the SF objects exhibit a redshifted median of 28 km s−1. We find 

that 32% of the outflows are redshifted (v0 > 0), where the incidence of redshifted lines in 

AGNs is 28%, compared to 65% in SF galaxies. Furthermore, 27% of AGNs with broad 

Hα detection are found with redshifted second components, whereas 29% of AGNs without 

broad Hα have this feature. Histograms of the vo for the AGNs and SF galaxies are shown 

in panels (b) and (d) of Figure 24, and Table 5 includes this velocity for each object. 

The offset velocity is sensitive to dust extinction (Bae & Woo, 2016), and in the presence 
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of an obscured central region (like an AGN), the blueshifted broader component can trace 

outflows in the NLR around a BH. Hence, such lines are often attributed to an AGN origin 

(Harrison et al., 2012; Liu et al., 2020; Matzko et al., 2022). On the other hand, the redshifted 

outflow lines can be a consequence of the orientation of the galaxy to the line of sight (Bae 

& Woo, 2016), and have also been reported in AGNs (e.g., Crenshaw et al., 2010; Mullaney 

et al., 2013). Therefore, both the redshifted and blueshifted outflow components among 

our AGNs with velocities over 500 km s−1 likely signify AGN feedback. In contrast, stellar-

driven outflows do not necessarily originate from the center of galaxies and can occur at 

any location, thus they generally are not affected by extinction (Aravindan et al., 2023) and 

are typically observed with symmetric outflow components (e.g., Concas et al., 2017; Davies 

et al., 2019; Matzko et al., 2022).

These results are consistent with previous studies that suggest mostly broad blueshifted 

outflow lines in AGNs and a more symmetric broad line in SF galaxies (e.g, Aravindan et al., 

2023; Concas et al., 2017; Harrison et al., 2014; Manzano-King et al., 2019; Matzko et al., 

2022). The ratio of our redshifted outflow lines is similar to the incidence ratio of 28% in 

Barth et al. (2008), while it is larger than the 6% in Greene & Ho (2005) and Crenshaw 

et al. (2010).

Host Galaxy Properties

We plot the stellar mass distribution of outflow hosts separated by their classifications 

in panels (a) and (d) of Figure 25. The lowest host galaxy mass belongs to an SF object 

with a stellar mass of 108.1 M�, while the highest mass is a BPT-AGN with a stellar mass 

of 1011.7 M�. The median log galaxy mass for the SF galaxies and AGNs are 9.7 and 10.6 

M�, respectively. ∼ 96% of the AGNs have stellar masses M∗ > 1010 M�, while 33% of the 

SF galaxies are within this mass range.

The redshift distribution of AGNs and SF galaxies can be found in panels (b) and (e) 
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Figure 25: Host galaxy properties for the outflow candidates. (a)–(c): Panels (a) and (b) 
show the distributions of host galaxy stellar mass and redshift (hashed maroon histograms) 
for AGNs/composites. Our parent sample (normalized to the number of outflow galaxies) 
is also shown as a black histogram. Panel (c) shows the g − r vs. log(M∗/M�) plot for 
AGNs. Here the distribution of the blueshifted and redshifted outflow components are 
displayed as red circles and pink squares, respectively. All values are adopted from
StellarMassesG02CFHTLS v24 and StellarMassesGKV v24 tables (Bellstedt et al., 2020; 
Taylor et al., 2011). No noticeable difference between the host properties of the blueshifted 
and redshifted outflow lines can be seen. (d)–(f): Same as panels (a)–(c) except for the SF 
galaxies with outflow signatures (hashed blue histograms). In panel f , the blueshifted and 
redshifted lines are shown as dark blue circles and light blue squares, respectively. See 
Section 4.4 for more details.
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of Figure 25, respectively. We select objects with redshift z <0.3 by design to ensure the 

[S II] doublet is covered in the observed spectra. The median redshift for our AGNs and SF 

galaxies are 0.23 and 0.17, respectively.

We show the color-mass diagram for the AGNs in panel (c) of Figure 25. These objects 

are predominantly among more massive galaxies and follow a similar color range as the 

parent sample in the high mass range. There does not appear to be a significant difference 

between the AGN host galaxies with redshifted and blueshifted outflow lines. However, the 

median color of the galaxies with redshifted lines is 0.6 compared to the slightly bluer median 

color of 0.57 for the host galaxies with blueshifted lines.

The color-mass diagram for the SF galaxies is plotted in panel (f) of Figure 25. Here, 

the redshifted lines in the SF galaxies seem to be among less massive and bluer objects. 

The bluer color may indicate that the star formation has not been impacted by outflows 

(Aravindan et al., 2023). In contrast, the SF galaxies with blueshifted broad lines also 

extend to redder and higher masses.

Low-Mass Galaxies

While stellar feedback has been considered the main source of feedback in low-mass 

galaxies, theoretical models have attained contrasting results on the extent of AGN feedback 

and the impact of SF-driven outflows in them (Anglés-Alcázar et al., 2017; Barai & de 

Gouveia Dal Pino, 2019; Dashyan et al., 2018; Koudmani et al., 2021, 2019; Sharma et al., 

2020; Trebitsch et al., 2018). Given the recent observations of AGNs in low-mass/dwarf 

galaxies (e.g., Molina et al., 2021b; Moran et al., 2014; Reines et al., 2013; Salehirad et al., 

2022) as well as the evidence of outflows in this mass range (Aravindan et al., 2023; Liu 

et al., 2020), it is important to search for AGN feedback specifically in the low-mass regime.

In this work, we identify 45 galaxies with masses M∗ < 1010 M� among the outflow 

candidates, of which 11 are BPT AGNs, 4 are composites, and 29 are classified as SF galaxies. 
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The remaining low-mass galaxy has an unreliable Hα measurement and thus is not classified. 

All the AGNs/composites are among the Salehirad et al. (2022) sample. We have found that 

while AGN hosts are more common in our overall outflow sample, star-forming galaxies 

are the primary hosts of outflows in our low-mass galaxies. However, selection effects could 

contribute to this finding. For example, the BPT diagram has difficulty distinguishing AGNs 

in the low-mass range, and low-metallicity AGNs can overlap with low-metallicity starbursts 

in this diagram (Groves et al., 2006).
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Figure 26: Same as Figure 24, but for the low-mass outflow galaxies with masses 
M∗ < 1010 M�. The medians of outflow and offset velocities for AGNs and composites are 
777 and −46 km s−1, respectively, while SF galaxies have a lower median outflow velocity 
of 609 km s−1 and a redshifted median offset velocity of 42 km s−1. See Section 4.5 for 
more details.

The outflow velocities among the low-mass galaxies span a range of 327 to 1449 km 

s−1, where the median outflow velocity for the AGNs and SF galaxies are 777 km s−1 and 
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609 km s−1, respectively. Distributions of outflow velocities are shown in panels (a) and 

(c) of Figure 26. Our median values are higher than what Aravindan et al. (2023) and Liu 

et al. (2020) found for their SF and AGN samples (484 km s−1) and less than the weighted 

averages reported in Manzano-King et al. (2019).

The offset velocities vary from −303 to 191 km s−1, with a median of −46 km s−1 for 

AGNs and a median of 42 km s−1 for SF galaxies. One of the SF objects is found with a 

blueshifted velocity of ∼ −300 km s−1, where the [O III] line components have similar widths 

and resemble the line profile shown in panel (d) of Figure 19.  We display the distributions 

of offset velocities for low-mass galaxies in panels (b) and (d) of Figure 26. Previous studies 

such as Manzano-King et al. (2019) found an offset velocity of -108 km s−1 for their AGN 

candidates and 5 km s−1 for their SF galaxies. Liu et al. (2020) found the average offset 

velocity of −64 km s−1 for their AGN sample, while Aravindan et al. (2023) found an average 

offset velocity of 0 km s−1 for their SF galaxies, which was −60 km s−1 if only blueshifted 

regions were considered. If we include only the blueshifted outflow lines, our medians for 

AGNs and SF galaxies change to −62 and −34 km s−1, respectively.

Outflow signatures among our low-mass AGNs suggest that BH feedback exists in this 

mass range and should be considered as a factor in the evolution models of low-mass galaxies. 

Moreover, we find that outflows in AGNs are typically faster and blueshifted compared to SF 

galaxies, which can deplete ISM from gas and quench SF (Bradford et al., 2018) or trigger 

SF (Schutte & Reines, 2022), again suggesting the importance of AGN feedback in low-mass 

galaxies.

Summary and Conclusions

In this work, we systematically search for ionized outflow signatures in the [O III]λλ4959, 5007

doublet emission line. Our parent sample consists of 39,612 galaxies with redshift z < 0.3

from the GAMA survey. We identify double-component features that may signify outflows 
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in 398 galaxies, of which 45 are among low-mass galaxies with stellar masses M∗ < 1010

M�. Only 8 of our outflow candidates have SDSS spectra, and thus we are presenting novel 

outflow candidates in this work.

We classify our outflow galaxies using the BPT diagram as shown in the left panel of 

Figure 22. Of the 394 galaxies with reliable measurements of the emission lines used in this 

diagram, 79% are AGNs, 10% are composites, and the remaining 11% are SF-dominated 

galaxies. Thus, the majority of our outflow sample is among galaxies with at least some 

level of AGN activity, which is consistent with previous work that finds a higher incidence 

of outflows in AGNs (e.g., Concas et al., 2017).

We also search for broad Hα emission and identify 206 galaxies, of which 196 are among 

AGNs/composites and 10 are SF galaxies. We estimate virial BH masses for the AGNs and 

composites using the broad Hα line parameters, ranging from 105 to 108.6 M�. Distributions 

of the broad Hα parameters and BH masses are shown in Figure 23.

We identify outflow components that are symmetric, blueshifted, and redshifted with 

respect to the systemic components of the [O III] lines. In ∼ 9% of the outflow candidates, 

either two peaks are visible by eye or they have components with similar widths (see Figure 

19 and Section 3.2). These lines can represent double-peaked lines, which can be produced 

by the disk rotation of the NLR around a single BH, biconical outflows, or distinct NLRs in 

merging AGNs (e.g., Shen et al., 2011).

We adopt W80 to measure the outflow velocities as shown in Figure 20 and find generally 

faster outflow velocities in BPT-AGNs and composites with a median velocity of 936 km s−1

compared to 655 km s−1 in the SF galaxies. Moreover, the majority of the AGNs/composites 

have outflow velocities W80 > 500 km s−1, which is considered the limit that AGN feedback 

due to outflows is noteworthy (Fabian, 2012), and indicates AGN-driven mechanisms for the 

outflows in these galaxies.

The offset velocity between the systemic and outflow components of the [O III]λ5007
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line varies from ∼ −780 to 390 km s−1 (see Section 4.3.2). The outflows in AGNs and 

composites have a blueshifted median offset velocity of −84 km s−1, while the SF objects 

have a redshifted median of 28 km s−1. The incidence of redshifted outflows in our sample 

is 32%, where the incidence among AGNs/composites and SF-dominated galaxies are 28% 

and 65%, respectively.

Host galaxy properties for our outflow sample are listed in Table 5 and their 

distributions are shown in Figure 25. The host galaxy stellar masses of our outflow sample 

range from 108.1 to 1011.7 M�, where the median galaxy mass of the AGNs/composites and 

SF galaxies are 1010.6 and 109.7 M�, respectively. 96% of the AGNs have stellar masses 

M∗ > 1010, while only 33% of the SF galaxies are within this mass range. The BPT AGNs 

and composites are predominantly among massive galaxies and follow a similar color range 

to our parent sample, while the SF objects are among lower-mass and bluer objects.

Of the 45 low-mass galaxies that exhibit outflow signatures, 11 are classified as AGNs, 

4 are composites, and 29 are SF galaxies. Outflows in the low-mass AGNs/composites are 

faster and blueshifted with median outflow and offset velocities of 777 km s−1 and −46 km 

s−1. On the other hand, outflows in SF objects are found with a median outflow velocity of 

609 km s−1 and a redshifted median offset velocity of 42 km s−1, see Figure 26. The existence 

of faster-moving outflows in low-mass AGNs suggests that AGN feedback is noteworthy in 

these objects and should be considered a factor in galaxy evolution models in this mass 

range.

Identifying these novel ionized gas outflows is the first step in furthering our knowledge 

of feedback and its impact on the evolution of the central BHs and their host galaxies. 

Future studies of the molecular and neutral gas outflows associated with these objects can 

help us understand the mechanisms involved in producing them and how they are distributed 

throughout galaxies. The James Webb Space Telescope could be used to trace the molecular 

phase of the outflows by observing the mid-infrared rotational and rovibrational transitions 
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of H2, which can be further explored as a tracer of AGN feedback (Cicone et al., 2018). 

Studying the radio luminosity of these targets allows us to explore whether the mechanical 

energy from a radio jet is responsible for these outflows. From the X-ray spectra and the 

bolometric luminosity of the AGNs, we can investigate if the energy of radiatively driven 

outflows by AGNs is sufficient to couple with ISM and produce them or if the radiation from 

stellar processes is the more likely scenario. Finally, follow-up integral field spectroscopy 

observations of these galaxies would allow us to trace the kinematics and morphology of 

outflows on pc to kpc scales and investigate the impact on star formation.
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CONCLUSION

In this dissertation, I presented novel scientific findings that help further our under-

standing of supermassive black hole origins and their impact on host galaxies. The research 

used the spectroscopic observations from the less explored GAMA survey as presented in 

chapters 2 and 3. The key discoveries of this study include 1) identifying galaxies that 

host accreting black holes in low-mass galaxies utilizing multiple optical diagnostics, and 2) 

detecting AGN-driven outflows in the low-mass regime that are generally faster than those 

in the star-forming-dominated galaxies.

Over the past decade, the influx of active massive black hole observations in dwarf/low-

mass galaxies has opened a new pathway to constrain the supermassive black hole seed 

mechanisms, ultimately helping to uncover the mystery of their origin. We analyzed spectra 

of 23,460 low-mass ( M∗ < 1010 M�) GAMA galaxies by initially fitting the stellar continuum 

and absorption lines. We then fitted the emission lines of interest after subtracting the models 

found using the pPXF package and stellar synthesis population templates. We identified 388 

new AGN candidates by employing the [O III]/Hβ versus [N II]/Hα and He II/Hβ versus 

[N II]/Hα narrow-line diagnostic diagrams as well as searching for [Ne V] and [Fe X] coronal 

emission lines. Additionally, we observed broad Hα emission in 47 and found virial black 

hole mass estimates for these galaxies. By employing this multi-diagnostic approach, we 

compiled a more comprehensive sample of AGNs, each mostly unique to their respective 

diagnostics. Furthermore, the host galaxies of the AGNs aligned better with the general 

trend of the parent sample. This work provided an entirely new sample of low-mass active 

galaxies, increasing the total number of known AGNs within this mass range and extending 

the search for AGNs to deeper southern regions and higher redshift galaxies. We found an 

AGN fraction of ∼ 1%, which is a lower limit on the BH occupation fraction in this mass 

range, and has implications for the origin of BH seeds.
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We identified outflow signatures in the spectra of ∼ 40, 000 GAMA galaxies with 

available masses. We searched for a second velocity component in the [O III]λλ4959, 5007

doublet line profile, typically detected as broadening or asymmetry in each of these lines. 

Using the fitted line parameters, we measured the outflow properties (i.e., outflow and offset 

velocities). We found that 398 galaxies in this survey show outflow activity, of which 45 

are among low-mass galaxies. The outflows were typically faster and blueshifted in AGNs 

compared to those dominated by star formation. This result was particularly important in 

the low-mass range since the impact of AGN-driven outflows is still a topic of debate. Our 

results highlight the significant role of AGN feedback within low-mass galaxies and provide 

observational constraints for theoretical models.

To advance our knowledge of supermassive black hole formation and its impact on 

the evolution of galaxies, it is crucial to discover as many AGNs as possible in dwarf 

galaxies and to conduct further research on AGN feedback. The work presented in this 

dissertation provided a new sample of galaxies with AGN activity, with implications for the 

black hole fraction in the low-mass/dwarf galaxy range. It also indicated that AGN feedback 

is strong enough to influence host galaxy evolution in low-mass galaxies, emphasized by faster 

outflows in AGNs than in star-forming objects. Yet, despite a decade of observations in this 

regime, the demographics and influence of massive black holes in these galaxies remain 

poorly understood. Follow-up observations of my samples can address these gaps, and I 

have contributed to two such efforts. In 2023, I helped develop a successful proposal led by 

Professor Jenny Greene (Princeton University), securing two nights on the Magellan Baade 

Telescope. Selecting galaxies from my sample with broad Hα emission or hints thereof, 

Dr. Megan Sturm used virial black hole mass estimates and stellar velocity dispersions to 

populate the low-mass end of black hole-galaxy evolution diagrams. Additionally, as co-

investigator on a JWST-Chandra proposal by Dr. Amy Reines, I helped select 10 dwarf 

galaxies with broad Hα emission to probe X-ray AGNs and expand scaling relations; 
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observations are forthcoming. High-resolution integral field unit observations of our outflow 

sample could further reveal outflow morphology and kinematics, while radio and X-ray 

studies might identify their energy sources. Upcoming multi-wavelength facilities promise 

more progress: JWST infrared observations can distinguish AGN from stellar emission using 

color-color diagrams and coronal lines; the Square Kilometer Array and next-generation 

VLA could detect optically hidden black holes; Lynx X-ray observations could provide 

detailed views of nearby and distant dwarfs; the Vera C. Rubin Observatory will spot variable 

AGNs; and the Laser Interferometer Space Antenna might constrain seed mechanisms via 

gravitational waves from ∼ 104 − 107M� mergers. Together, these efforts signal a major 

leap in unraveling supermassive black hole seeds and their galactic roles.
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