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MULTI-EPOCH SPECTROSCOPY OF DWARF GALAXIES WITH AGN SIGNATURES: IDENTIFYING SOURCES WITH
PERSISTENT BROAD Hα EMISSION

VIVIENNE F. BALDASSARE1 , AMY E. REINES1,2,3 , ELENA GALLO1 , JENNY E. GREENE4 , OR GRAUR 5,6 , MARLA GEHA7 , KEVIN
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ABSTRACT
We use time-domain optical spectroscopy to distinguish between broad emission lines powered by accreting

black holes (BHs) or stellar processes (i.e., supernovae) for 16 galaxies identified as AGN candidates by Reines
et al. (2013). Our study is primarily focused on those objects with narrow emission-line ratios dominated by
star formation. Based on follow-up spectra taken with the Magellan Echellette Spectrograph (MagE), the Dual
Imaging Spectrograph, and the Ohio State Multi-Object Spectrograph, we find that the broad Hα emission has
faded or was ambiguous for all of the star-forming objects (14/16) over baselines ranging from 5 to 14 years.
For the two objects in our follow-up sample with narrow-line AGN signatures (RGG 9 and RGG 119), we find
persistent broad Hα emission consistent with an AGN origin. Additionally, we use our MagE observations to
measure stellar velocity dispersions for 15 objects in the Reines et al. (2013) sample, all with narrow-line ratios
indicating the presence of an AGN. Stellar masses range from ∼ 5× 108 to 3× 109 M�, and we measure σ∗
ranging from 28−71 km s−1. These σ∗ correspond to some of the lowest-mass galaxies with optical signatures
of AGN activity. We show that RGG 119, the one object which has both a measured σ∗ and persistent broad
Hα emission, falls near the extrapolation of the MBH − σ? relation to the low-mass end.

1. INTRODUCTION
While massive black holes (BHs; here defined as MBH &

104−5 M�) are ubiquitous in the centers of galaxies of Milky
Way mass and larger (Magorrian et al. 1998), little is known
about the occurrence rate and properties of BHs in dwarf
galaxies (i.e., galaxies with M? . 109.5 M�). Studying the
population of BHs in dwarf galaxies is useful for understand-
ing BH formation and growth in the early universe. Hav-
ing had relatively quiet merger histories, their BHs may have
masses similar to their “birth” mass (e.g., Volonteri 2010;
Bellovary et al. 2011).

Clues to the formation of BH seeds may reside in the well
studied relation between BH mass and stellar velocity disper-
sion (see e.g., Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Gültekin et al. 2009). Using semi-analytic modeling, Volon-
teri & Natarajan (2009) find that, while the relationship be-
tween BH mass and velocity dispersion (or the MBH − σ re-
lation) is in place by z ∼ 4 for massive halos, systems with
lower mass BHs (MBH < 106 M�) evolve onto it at later
times. If BH seeds form “light” (∼ 102M�; the remnants of
Population III stars, see e.g., Madau & Rees 2001; Alvarez
et al. 2009; Madau et al. 2014), then BHs begin as undermas-
sive with respect to the local MBH − σ? relation, and will
evolve towards it from below. Alternatively, if BH seeds form

1 Department of Astronomy, University of Michigan, Ann Arbor, MI
48109

2 National Optical Astronomy Observatory, 950 N Cherry Ave, Tucson,
AZ 85719

3 Hubble Fellow
4 Department of Astrophysical Sciences, Princeton University, Prince-

ton, NJ 08544
5 Center for Cosmology and Particle Physics, New York University,

New York, NY 10003
6 Department of Astrophysics, American Museum of Natural History,

New York, NY 10024, USA
7 Department of Astronomy, Yale University, New Haven, CT 06520
8 Steward Observatory, Tucson, AZ 85721
9 Department of Physics & Astronomy, Dartmouth College, Hanover,

NH 03755

“heavy” (104−5M�; through direct collapse of gas clouds,
e.g., Begelman et al. 2006; Lodato & Natarajan 2006), then
BHs are initially overmassive and systems evolve rightwards
onto the relation (i.e., towards higher velocity dispersions) as
the host galaxies grow through mergers. The smallest z = 0
halos (σ? ∼ 20 − 50 km s−1) have not yet undergone ma-
jor mergers, and thus may be present-day outliers on the local
MBH − σ? relation.

Finding and weighing relatively low-mass BHs is difficult
due to the small gravitational sphere of influence of the BH,
which is typically . 1 parsec for MBH ∼ 105 M�. Thus,
in order to identify BHs in dwarf galaxies outside the Local
Group, it is necessary to look for signs of BH activity (i.e.,
active galactic nuclei, or AGN). Large-scale surveys such as
the Sloan Digital Sky Survey (SDSS) have made it possi-
ble to search for signatures of AGN in samples comprised
of tens of thousands of galaxies. Early work by Greene &
Ho (2004) (see also Greene & Ho 2007), identified galaxies
in the SDSS with low-mass AGN by searching for broad Hα
emission, which can be produced by virialized gas near the
central BH. These studies identified ∼ 200 low-mass AGN
candidates with a median BH mass of ∼ 106 M�.

More recent studies have pushed the search for low-mass
AGN into the dwarf galaxy regime. X-ray and radio observa-
tions led to the discovery of AGN in the dwarf starburst galaxy
Henize 2-10 (Reines et al. 2011; Reines & Deller 2012), and
in the dwarf galaxy pair Mrk 709 (Reines et al. 2014). Opti-
cal spectroscopic observations revealed the well-studied AGN
in NGC 4395 (Filippenko & Sargent 1989; Filippenko & Ho
2003) and POX 52 (Barth et al. 2004), and more recently
led to the discovery of a BH with a mass in the range of
27, 000− 62, 000M� in the dwarf galaxy RGG 118 (Baldas-
sare et al. 2015). Additionally, multiwavelength studies using
large samples of bona fide dwarf galaxies have produced a
collective sample of hundreds of AGN candidates in dwarf
galaxies (Reines et al. 2013; Moran et al. 2014; Lemons et al.
2015; Sartori et al. 2015; Pardo et al. 2016).

Reines et al. 2013 (hereafter R13) searched for dwarf galax-
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ies with spectroscopic signatures of AGN activity based on
their narrow and/or broad emission lines. Out of ∼ 25, 000
nearby (z ≤ 0.055; D . 250 Mpc) dwarf galaxies in the
SDSS, they identified 136 galaxies with narrow-line ratios in-
dicating photoionization at least partly due to an AGN based
on the BPT (Baldwin, Phillips & Terlevich 1981) diagram,
i.e., they were classified as either AGN or AGN/star-forming
composites (see also Kewley et al. 2001; Kauffmann et al.
2003; Kewley et al. 2006). A fraction of these also had broad
Hα emission. Additionally, R13 identified 15 galaxies with
broad Hα emission in their SDSS spectroscopy (FWHM rang-
ing from ∼ 600− 3700 km s−1), but with narrow-line ratios
that placed them in the star forming region of the BPT dia-
gram. We are particularly concerned with the origin of the
broad emission in these systems.

Broad Balmer emission with FWHM up to several thousand
kilometers per second can be produced by stellar processes
such as Type II supernovae (Filippenko 1997; Pritchard et al.
2012), luminous blue variables (Smith et al. 2011a), or Wolf-
Rayet stars. Follow-up spectroscopy, taken over a sufficiently
long baseline, can help distinguish between an AGN and one
of the aforementioned transient stellar phenomena.

Here, we present follow-up optical spectroscopic observa-
tions of 14 of the 15 BPT star forming galaxies with broad
Hα presented in R13, as well as observations of ten BPT
AGN (one with broad Hα) and three BPT composites (one
with broad Hα). Follow-up observations for RGG 118 – the
current record holder for the lowest-mass BH in a galaxy nu-
cleus – were presented separately in Baldassare et al. (2015).
The goals of this work are two-fold. First, for our targets
which were identified by R13 to have broad Hα emission
(broader than narrow lines such as [SII]λλ6713,6731) with
FWHM > 500 km s−1, we analyze their spectra and deter-
mine whether the broad Hα emission is still present and con-
sistent with previous observations. Second, for galaxies with
sufficiently high-resolution follow-up spectroscopy, we mea-
sure stellar velocity dispersions.

In Section 2, we describe our observations and data reduc-
tion procedures. In Section 3, we discuss our emission line
fitting analysis and report stellar velocity dispersion measure-
ments for objects with sufficiently high spectral resolution
data. In Section 4, we present results from the follow-up spec-
troscopy for the broad line objects.

2. OBSERVATIONS AND DATA REDUCTION

The sample analyzed here is comprised of 27 total targets.
Of these, 16 comprise our “SDSS broad Hα sample” or
galaxies identified to have broad Hα emission in their SDSS
spectroscopy. In the SDSS broad Hα sample, 14 objects are
BPT star forming, 1 is a BPT composite and 1 is a BPT AGN.
Additionally, we have follow-up observations for 11 objects
(9 BPT AGN and 2 BPT composites) that did not have broad
Hα emission in their SDSS spectroscopy. In addition to the
SDSS observations, each galaxy has one or two follow-up
spectroscopic observations taken between 5 and 14 years
after the SDSS spectrum. Below, we outline our observations
and data reduction procedures for each instrument used. See
Table 1 for a summary of our sample and observations. All
spectra were corrected for Galactic extinction.

Clay/MagE.
We observed 16 targets (including RGG 118) with the Mag-

ellan Echellette Spectrograph (MagE; Marshall et al. 2008).
MagE is a moderate-resolution (R=4100) spectrograph on the
6.5m Clay Telescope at Las Campanas Observatory. Data
were collected on the nights of 2013 April 18-19 using a
1′′ slit. Spectral coverage spans roughly from 3200 Å to
10000 Å across 15 orders. Seeing was measured to be 0.5′′-
1.2′′ over the two nights. Total exposure times per object
ranged from 1800 to 4800s. A thorium argon arc lamp was
observed for wavelength calibration, and the flux standard θ
Crt was observed for flux calibration. Flux calibrated refer-
ence spectra were obtained from the European Southern Ob-
servatory library of spectrophotometric standards.

Flat fielding, sky subtraction, extraction, wavelength
calibration, and flux calibration were performed with the
mage reduce pipeline written by George Becker.10 One-
dimensional spectra were extracted with a 3′′ aperture (the
larger signal within 3′′was useful for determining stellar
velocity dispersions; see Section 3.2).

APO/DIS.
Eight targets were observed with the Dual Imaging Spec-

trograph (DIS11) on the 3.5m Astrophysical Research Con-
sortium telescope at Apache Point Observatory. Observations
were taken using a 1.5′′ slit. DIS consists of a red channel
and a blue channel, with a transition wavelength of ∼ 5350Å.
We used the B1200 and R1200 gratings (R=1200), which give
linear dispersions of 0.62 Å/pix for the blue channel and 0.58
Å/pix for the red channel. DIS targets were observed on the
nights of 2013 February 9, 2013 February 16, and 2013 March
15. Each object had three exposures with individual exposure
times of 1200s. A Helium-Neon-Argon lamp was observed
for wavelength calibration, and standard stars Feige 34 and
Feige 66 were observed for flux calibration. The flux cali-
brated reference spectra were obtained from the Hubble Space
Telescope CALSPEC Calibration Database.

Reductions for the two-dimensional images, as well as
extraction of the one-dimensional spectra and wavelength
calibration were done using standard longslit reduction
procedures in IRAF12 following Massey et al. 1992 and
Massey 1997.

MDM/OSMOS.
We observed ten targets with the Ohio State Multi-Object

Spectrograph (OSMOS; Martini et al. 2011) on the MDM Ob-
servatory 2.4 Hiltner Telescope on 2 February 2014 and 20-23
January 2015. For each target, we used a 1.2′′ by 20′ slit, with
a VPH grism (R = 1600, or 0.7 Å / pixel), which covered an
observed wavelength range of 3900−6900 Å . The seeing was
measured to be 0.8′′-1.1′′ for the February 2 observation, and
between 0.8′′-1.8′′ for the January 20-23 observations. Each
object was observed with multiple exposures of 1800s. For
wavelength calibration, we observed an Argon arc lamp, and
for flux calibration, we observed the spectrophotometric stan-
dards Feige 34 and Feige 66.

The data were reduced following standard IRAF routines
from the longslit package, including bias and dark subtrac-

10 The mage reduce reduction pipeline is available for download at:
ftp://ftp.ociw.edu/pub/gdb/mage reduce/mage reduce.tar.gz

11 http://www.astro.princeton.edu/∼rhl/dis.html
12 IRAF is distributed by the National Optical Astronomy Observatory,

which is operated by the Associate of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science Foundation.

ftp://ftp.ociw.edu/pub/gdb/mage_reduce/mage_reduce.tar.gz
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TABLE 1
SUMMARY OF OBSERVATIONS

R13 ID NSAID SDSS Name z R13 BPT class SDSS obs. DIS obs. MagE obs. OSMOS obs.
6 105376 J084025.54+181858.9 0.0150 AGN 2005-12-07 – 2013-04-20 –
9 10779 J090613.75+561015.5 0.0466 AGN 2000-12-30 2013-03-15 – –

16 30370 J111319.23+044425.1 0.0265 AGN 2002-02-21 – 2013-04-19 –
22 77431 J130434.92+075505.0 0.0480 AGN 2008-02-08 – 2013-04-20 –
27 78568 J140228.72+091856.4 0.0191 AGN 2007-03-16 – 2013-04-19 –
28 70907 J140510.39+114616.9 0.0174 AGN 2006-03-05 – 2013-04-19 –
29 71023 J141208.47+102953.8 0.0326 AGN 2006-04-23 – 2013-04-20 –
31 71565 J143523.42+100704.2 0.0312 AGN 2005-06-14 – 2013-04-20 –
33 120870 J144712.80+133939.2 0.0323 AGN 2007-05-22 – 2013-04-20 –
34 124249 J153941.68+171421.8 0.0458 AGN 2008-04-07 – 2013-04-20 –
118 166155 J152303.80+114546.0 0.0234 Composite 2007-05-14 – 2013-04-20 –
119 79874 J152637.36+065941.6 0.0384 Composite 2008-03-15 2013-03-15 2013-04-19 –
120 72952 J152913.46+083010.6 0.0430 Composite 2006-06-19 – 2013-04-20 –
128 73346 J160544.57+085043.9 0.0154 Composite 2004-08-11 – 2013-04-19/20 –
B 15952 J084029.91+470710.4 0.0421 SF 2001-03-13 2013-02-09 – 2015-01-20
C 109990 J090019.66+171736.9 0.0288 SF 2006-11-13 2013-02-16 – 2014-02-02
D 76788 J091122.24+615245.5 0.0266 SF 2007-12-16 – – 2015-01-21
E 109016 J101440.21+192448.9 0.0289 SF 2006-02-02 – 2013-04-19 2015-01-20
F 12793 J105100.64+655940.7 0.0325 SF 2001-01-20 – – 2015-01-22
G 13496 J105447.88+025652.4 0.0222 SF 2002-03-20 – 2013-04-20 –
H 74914 J111548.27+150017.7 0.0501 SF 2005-01-09 – 2013-04-19 –
I 112250 J112315.75+240205.1 0.0250 SF 2007-02-23 2013-03-15 – 2015-01-23
J 41331 J114343.77+550019.4 0.0272 SF 2003-04-05 2013-02-16 – –
K 91579 J120325.66+330846.1 0.0349 SF 2005-05-08 2013-03-15 – 2015-01-21
L 33207 J130724.64+523715.5 0.0262 SF 2002-04-12 2013-02-16 – –
M 119311 J131503.77+223522.7 0.0230 SF 2008-02-11 2013-02-16 – 2014-02-02
N 88972 J131603.91+292254.0 0.0378 SF 2006-06-18 – – 2015-01-20
O 104565 J134332.09+253157.7 0.0287 SF 2006-02-01 – – 2015-01-22

Table 1. Summary of our spectroscopic observations. The first column gives the ID assigned in Reines et al. (2013), the second gives the NASA-Sloan Atlas ID,
and the third column gives the SDSS designation. Redshift is given in the fourth column, and the fifth column gives the region of the BPT diagram in which the
object fell in R13 based on analysis of the SDSS spectrum. The remaining four columns give the dates of observations for SDSS, DIS, MagE, and MDM when
applicable. The R13 ID and NSAID for objects in the SDSS broad Hα sample are shown in bold. Note that observations for RGG 118 were presented in a prior
work (Baldassare et al. 2015).

tion, flat fielding, wavelength calibration, and telluric and
background subtraction. One-dimensional spectra were then
extracted using a ∼ 3′′ aperture along the slit, and corrected
for heliocentric velocity.

SDSS.
For purposes of comparison, we also make use of the SDSS

observations of the galaxies in our sample. The objects were
originally selected by R13 by analyzing SDSS spectroscopy
of ∼ 25, 000 dwarf emission line galaxies in the NASA-Sloan
Atlas 13.

3. ANALYSIS
3.1. Emission line modeling

For each galaxy, we modeled the Hα-[NII] complex in or-
der to ascertain whether broad Hα emission was present. We
summarize the general procedure here, though more thorough
discussions can be found in R13 and Baldassare et al. (2015).
In this work, we are mainly interested in whether a broad Hα
emission line is present. Thus, we simply fit the continuum
as a line across the region surrounding the Hα-[NII] com-
plex. This also ensures that we do not artificially introduce a
broad line by over-subtracting an absorption feature. We then
create a model for the narrow-line emission using an intrin-
sically narrow-line (e.g., [SII]λλ 6713,6731; forbidden lines
are guaranteed not to be produced in the dense broad line re-
gion gas). We use the narrow-line model to fit the narrow Hα
emission and the [NII] lines simultaneously. The width of the
narrow Hα line is allowed to increase by up to 25%. The

13 http://www.nsatlas.org

relative amplitudes of the [NII] lines are fixed to their labora-
tory values. We next add an additional Gaussian component
to the model to represent broad Hα emission. If the preferred
FWHM for the component is > 500 km s−1 and the χ2

ν is
improved by at least 20%, then we classify the galaxy as hav-
ing persistent broad Hα emission (Hao et al. 2005; R13). As
noted in R13, this threshold is somewhat arbitrary, but found
to be empirically suitable for this work. If the broad model is
preferred, we attempt to add an additional broad component,
effectively allowing the broad emission to be modeled with
up to two Gaussians. Once we have our best-fit model (i.e.,
adding additional components no longer improves the χ2

ν by
our threshold value), we measure the FWHM and luminos-
ity of broad Hα, if present. We model and measure emission
line fluxes for Hβ and [OIII] λ5007. Below, we discuss the
narrow-line models used for each instrument.

3.1.1. Narrow-line models

MagE: For the MagE spectra, we follow R13 and model
the narrow-line emission by fitting Gaussian profiles to the
[SII] λλ6713,6731 doublet. In our modeling, the two lines
are required to have the same width.

OSMOS: The wavelength coverage of the OSMOS spectra
does not extend to the [SII] doublet, so here we model the
narrow emission with the [OIII] λ5007 line. The profile of
[OIII] often has a core component and a wing component
(Heckman et al. 1981; De Robertis & Osterbrock 1984;
Whittle 1985; Greene & Ho 2005a; Mullaney et al. 2013;
Zakamska & Greene 2014). We therefore fit the [OIII] line
with two components if the addition of a second component
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FIG. 1.— Red channel He-Ne-Ar arc lamp spectrum taken as part of our ob-
servations with the Dual-Imaging Spectrograph on the ARC 3.5m telescope.
Note that the shape of the instrumental broadening has two components – a
narrow core and a broad base.

improves the χ2
ν by at least 20%. If [OIII] is indeed best fit

with both a core and wing component, then we use the width
of the core component for our narrow-line model. If it is
instead best fit with a single component, we retain the width
of the single component for our narrow-line model. In order
to determine whether the use of [OIII] as our narrow line
would affect our fits to the Hα-[NII] complex, we compared
the profiles of [SII] and [OIII] in the SDSS spectra for our
OSMOS targets. We find that, for a given object, the FWHMs
of the [OIII] and [SII] lines differ by very little, with percent
differences in FWHM ranging from 0.3 to 11%. Since we
allow the width of the Hα narrow line to increase by up to
25%, we do not expect this choice of narrow line to affect our
results.

DIS: For the DIS spectra, we also use the [SII] lines to
model the narrow-line emission. However, the emission
lines in the DIS spectra display some additional instrumen-
tal broadening, which we observe in the red channel arc lamp
spectra (see Figure 1). Since this instrumental broadening is
not visible in low S/N [SII] lines but can still affect the fit to
Hα, we created a basic model for the narrow-line emission
to use in fitting the [SII] lines. Using the galaxy spectrum
for which the [SII] lines had the most flux, we generated a
narrow-line model consisting of two Gaussians with fixed rel-
ative amplitudes and widths. This basic shape was then used
to model [SII] lines in all other DIS galaxy spectra, and corre-
spondingly, their narrow Hα and [NII] lines. Figure 2 shows
the [SII] lines from a representative DIS spectrum.

Given the instrumental broad component seen in the emis-
sion lines, we tested the degree to which the narrow-line
model affects the presence/properties of broad Hα emission
to ensure that our results were not influenced by this broaden-
ing. To do this, we created two additional narrow-line models:
one where the instrumental broadening is less prevalent (i.e.,
we reduced the relative width and relative amplitude of the
“broad” narrow-line component by 10%), and one where it is
more prevalent (i.e., the relative width and amplitude are in-
creased by 10%). We then refit the spectra and assessed the
security of our broad Hα detections. We found this to have
little effect on the FWHM and luminosity of broad Hα for se-
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FIG. 2.— [SII]λλ6716, 6731 lines from the DIS spectrum of RGG C (NSA
109990). The black line shows the observed spectrum, the red line is our best
fit to the two lines, and the solid blue lines show the various components
corresponding to our best fit of the two [SII] lines. We constrain the relative
heights and widths of the “narrow” and “broad” components and use that
model to fit the narrow-lines in the Hα-[NII] complex for DIS observations.

cure detections (i.e., FWHM varied by less than 10%), but to
greatly influence these measured quantities for more ambigu-
ous detections (with the FWHM varying by as much as 90%
for a slightly different narrow-line model). We err on the side
of caution in our classifications; objects which have ambigu-
ous broad Hα detections in their DIS spectra are classified as
ambiguous.

3.2. Stellar velocity dispersions
We measured stellar velocity dispersions for 15 galaxies

with MagE observations using pPXF (Penalized Pixel Fitting;
Cappellari & Emsellem 2004). As a reminder, of these, 9 are
classified as BPT AGN, 3 are BPT composites, and 3 are BPT
star forming galaxies. Four galaxies (1 composite and 3 star
forming) overlap with our SDSS broad Hα sample.

PPXF uses a library of stellar templates to fit the stellar
continuum and kinematics of a galaxy spectrum. We used a
library of 51 stars from the ELODIE spectral database (Prug-
niel & Soubiran 2001). Our library consists of stars cover-
ing spectral classes from O through M and luminosity classes
from bright giants to dwarfs (see Appendix Table A1 for a list
of stars and spectral types). The ELODIE spectra span from
3900Å to 6800Å in wavelength and have a spectral resolution
of R=10,000.

We measured stellar velocity dispersions in region of the
spectrum surrounding the Mg b triplet, spanning from 5100Å
to 5250Å(see Figure 3). We fit each region using combi-
nations of low-order multiplicative and additive polynomials
(orders range from 1 to 4; see e.g., Woo et al. 2010, 2015) ,
and report the mean value for all measurements. Uncertain-
ties are reported by PPXF for each individual fit (i.e. each
combination of multiplicative and additive polynomial). We
take the mean for all velocity dispersion measurements the
Mg b band and add the errors in quadrature to obtain a ve-
locity dispersion measurement and corresponding error esti-
mate. We measure σ? values ranging from 28 − 71 km s−1

with a median σ? of 41 km s−1. These values correspond to
galaxies with NASA-Sloan Atlas stellar masses ranging from
∼ 5 × 108 to 3 × 109 M�. All stellar velocity dispersion
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FIG. 3.— Spectral region of the MagE spectrum of RGG 119 used to
measure the stellar velocity dispersion in pPXF. We use a region of the
spectrum encompassing the Mg b triplet. The observed spectrum is shown
in gray, while the shaded red region represents the range of outputs from
pPXF for the chosen combinations of additive and multiplicative polynomi-
als.

TABLE 2
STELLAR VELOCITY DISPERSION MEASUREMENTS

R13 ID σ?
( km s−1)

6 62 ± 12
16 33 ± 5
22 39 ± 6
27 28 ± 6
28 32 ± 4
29 49 ± 7
31 31 ± 4
33 46 ± 5
34 58 ± 3

119 28 ± 6
120 71 ± 8
128 43 ± 5
E 37 ± 12
G 41 ± 13
H 60 ± 11

Table 2. Stellar velocity dispersion measurements for objects with MagE
data. Stellar velocity dispersions were measured in the Mg b region of the
spectrum.

measurements are presented in Table 2.

4. BROAD LINE AGN CANDIDATES: RESULTS
We show the locations of all 16 SDSS broad Hα targets

on the BPT diagram in Figure 4. Based on our follow-up
spectroscopy, we classify our targets as having SDSS broad
Hα emission that is: transient (broad Hα is not present in
follow-up spectra), persistent (broad Hα is present in follow-
up spectroscopy and consistent with prior observations), or
ambiguous (state of broad emission is unclear). In the fol-
lowing subsections, we describe our classifications in more
detail. Table 3 summarizes the results of this analysis. Fig-
ures showing the fits to Hβ, [OIII], and Hα are given for each
observation in the Appendix. See Section 6 for a discussion
on aperture effects and intrinsic variability as they relate to
this work.

4.1. Transient broad Hα
Out of the 16 objects with SDSS broad Hα, we find 11

to have transient broad Hα emission, i.e., they lacked broad
emission in their followup spectroscopic observations (see
Figure 5 for an example). All 11 fall in the “HII” region of

the BPT diagram, which indicates the presence of recent star
formation in the galaxy. We note that several objects (e.g.,
RGG G, RGG F; see Appendix) had additional components in
their Hα line models with FWHMs of a few hundred km s−1;
since these are all narrower than the broad emission in the
SDSS spectra and fall below our FWHM cut of 500 km s−1,
we do not classify those objects as having persistent broad
emission. Given the narrow-emission line ratios and host
galaxy properties, we consider Type II supernovae (SNe) to
be the most likely origin for the transient broad Hα (see Sec-
tion 5 for more details). We note that, as discussed in detail in
R13, luminous blue variables (Smith et al. 2011a) and Wolf-
Rayet stars can also produce transient broad Hα emission.
However, Wolf-Rayet stars typically produce other notable
spectral features, such as the Wolf-Rayet bump from λ4650-
5690Å. Moreover, their spectra don’t typically have strong
hydrogen lines (Crowther 2007; Crowther & Walborn 2011).
Finally, recent work has revealed the existence of “changing
look” quasars, i.e., quasars with broad Balmer emission lines
that fade significantly over the course of 5-10 years (see e.g.,
Runnoe et al. 2016; Ruan et al. 2015). In the case of chang-
ing look quasar SDSS J101152.98+544206.4, the broad Hα
luminosity dropped by a factor of 55 on this timescale. This
behavior is suspected to be caused by a sudden drop in accre-
tion rate.

4.2. Persistent broad Hα
We identified 2/16 objects with secure, persistent broad Hα

emission. RGG 914 (NSA 10779), is classified as an AGN on
the BPT diagram based on its SDSS spectrum. We observe
broad Hα emission in both the SDSS spectrum and the DIS
spectrum, taken 13 years apart (see Figure 6 for the best fit
to the DIS spectrum). The second secure broad line object,
RGG 119 (NSA 79874), is classified as a composite object
on the BPT diagram. This object has broad Hα emission in
the SDSS, MagE, and DIS spectra, spanning five years (see
Figure 7).

We compute the mass of the central BH using standard
virial techniques which employ only the FWHM and lumi-
nosity of the broad Hα emission (Greene & Ho 2005b; Bentz
et al. 2009, 2013). The calculation also includes a scale
factor ε intended to account for the unknown geometry of
the broad line region; we adopt ε = 1 (see Equation 5 in
R13). This method makes use of multiple scaling relations
between parameters (e.g., the relation between FWHMHα and
FWHMHβ), each of which has its own intrinsic scatter, giving
a systematic uncertainty on the measured BH mass of 0.42
dex (Baldassare et al. 2015). To ensure that our choice of
continuum subtraction method would not affect our BH mass
estimates, we measured BH masses for the SDSS spectra us-
ing both R13 and our continuum subtraction, and found the
masses to be consistent with one another.

For RGG 9, we measure a BH mass from the SDSS ob-
servation of 3.5(±0.7) × 105 M�. From the DIS observa-
tion, we measure a BH mass of 3.7(±0.3) × 105 M�. Us-
ing these two measurements, we compute a mean mass of
MBH = 3.6(±0.8) × 105M�. Taking into account the sys-
tematic uncertainty of 0.42 dex, this gives us a final estimate
of MBH = 3.6+5.9

−2.3 × 105M�. Using the stellar mass of RGG
9 from R13 (M? = 2.3 × 109 M�), we compute a BH mass-

14 RGG denotes we are using the ID assigned by Reines, Greene, & Geha
(2013).
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FIG. 4.— Positions of our SDSS broad Hα targets on the BPT diagram (Baldwin et al. 1981) using the classification of Kewley et al. (2006). Each target is
plotted in a different color. Note that there are two points for RGG J corresponding to the two SDSS observations. A diamond indicates that broad Hα was
present in follow-up spectroscopy (‘persistent’), a square indicates an ambiguous follow-up broad Hα detection, and a circle indicates that broad Hα was not
detected in follow-up observations (‘transient’).

to-stellar mass ratio of MBH/M? = 1.6× 10−4.
For RGG 119, we measure a BH mass of 2.1(±0.5) ×

105 M� from the SDSS spectroscopy. The MagE observa-
tion yields a BH mass of 2.9(±0.2) × 105 M�, and the DIS
observation gives a BH mass of 3.6(±0.3) × 105 M�. We
compute a mean BH mass of MBH = 2.9(±0.6) × 105M�
using the three spectroscopic observations. With the addi-
tional systematic uncertainty, our final BH mass estimate is
MBH = 2.9+4.9

−1.8 × 105M�. R13 reports a stellar mass of
M? = 2.1× 109M� for RGG 119, giving a BH mass to stel-
lar mass ratio of MBH/M? = 1.3 × 10−4. See Table 4 for
the measured broad Hα FWHM and luminosities, and corre-
sponding BH masses for each observation. We note that our
measured BH masses are consistent with those measured in
R13 (2.5 × 105M� and 5.0 × 105M� for RGG 9 and RGG
119, respectively). We also refer the reader to Section 6 for a
discussion of the potential effect of instrumentation/aperture
on the measured properties of the broad Hα emission.

Using the MagE spectrum of RGG 119 we measure a stel-
lar velocity dispersion of 28 ± 6 km s−1 from the Mg b
triplet, and place this galaxy on the MBH -σ? relation (Fig-
ure 8). RGG 119 sits close to the extrapolation of MBH -σ? to
low BH masses, similar to well-studied low-mass AGN NGC
4395 (Filippenko & Ho 2003) and Pox 52 (Barth et al. 2004).
Our BH-to-galaxy stellar mass ratios are also consistent with
other low-mass AGNs (Reines & Volonteri 2015).

4.3. Ambiguous galaxies

In three cases, we were unable to definitively state whether
broad Hα emission was still present and thus classify these
objects as ambiguous. All three ambiguous galaxies fall in
the HII region of the BPT diagram.

RGG B (NSA 15952) was observed to have broad Hα emis-
sion in its SDSS spectrum and OSMOS spectrum. More-
over, if we fit the broad Hα emission from each spectrum
with one Gaussian component, we get FWHMHα,SDSS =
1036±69 km s−1, and FWHMHα,OSMOS = 977±32 km s−1

(i.e., the broad components are consistent with one another).
However, the DIS spectrum – taken in between the SDSS and
OSMOS spectra – does not require a broad component ac-
cording to our criteria. We cannot discount that we do not
detect a broad component in the DIS spectrum due to the
atypical narrow-line shapes. Nevertheless, additional follow-
up spectroscopy of RGG B would be useful for determining
the true nature of the SDSS broad Hα emission. We note
that RGG B is of particular interest since its position on the
BPT diagram is consistent with a low-metallicity AGN (Izo-
tov et al. 2007). Line ratios involving [NII] are affected by the
metallicity of the AGN host galaxy (Groves et al. 2006) and
AGN hosts with sub-solar metallicities can migrate left-ward
into the star forming region of the BPT diagram.

RGG I (NSA 112250) has broad emission detected in the
SDSS, DIS, and OSMOS spectra, but the FWHM measured
for the DIS spectrum is highly dependent on the narrow-
line model used, i.e., changing the parameters of the narrow-
line model changes the measured FWHM by up to ∼ 90%.
The FWHM is also not consistent between the three spectra
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TABLE 3
BROAD Hα CANDIDATE RESULTS

R13 ID NSAID R13 logLHα (erg s−1) R13 FWHMHα ( km s−1) R13 BPT Class Follow-up ∆t (years) Persistent broad Hα?
9 10779 40.15 703 AGN DIS 13 yes

119 79874 40.16 1043 Comp DIS, MagE 5 yes
C 109990 40.10 3690 SF DIS, OSMOS 8 no
D 76788 39.56 4124 SF OSMOS 8 no
E 109016 39.26 935 SF MagE, OSMOS 9 no
F 12793 40.09 598 SF OSMOS 14 no
G 13496 39.56 2027 SF MagE 11 no
H 74914 39.97 3014 SF MagE 8 no
J 41331 39.99 1521 SF DIS 10 no
L 33207 39.51 3126 SF DIS 11 no
M 119311 39.75 3563 SF DIS, OSMOS 6 no
N 88972 40.42 645 SF OSMOS 11 no
O 104565 38.88 1653 SF OSMOS 9 no
B 15952 40.67 1245 SF DIS, OSMOS 14 ambiguous
I 112250 39.39 994 SF DIS, OSMOS 8 ambiguous
K 91579 39.58 774 SF DIS, OSMOS 10 ambiguous

Table 3. Summary of our analysis for the SDSS broad Hα sample. All objects here were observed to have broad Hα in their SDSS spectroscopy in R13. Columns
1 & 2 list the R13 and NASA-Sloan Atlas ID for each object. Columns 3 & 4 list the luminosity and FWHM of the broad emission measured in R13. Column
5 lists the instrument(s) used for the follow-up spectroscopy, and Column 6 lists the time between the SDSS observation and most recent follow-up observation.
Column 7 presents the classifications determined in this work.

TABLE 4
BROAD Hα PARAMETERS FOR GALAXIES WITH PERSISTENT BROAD Hα.

R13 ID Obs. logLHα (erg s−1) FWHMHα ( km s−1) MBH(105 M�)
9 SDSS 40.36 ± 0.01 744 ± 69 3.5 ± 0.7
9 DIS 40.40+0.01

−0.02 758 ± 27 3.7 ± 0.3

119 SDSS 40.36 ± 0.01 589 ± 69 2.1 ± 0.5
119 MagE 40.55 ± 0.01 616 ± 23 2.9 ± 0.2
119 DIS 40.59 ± 0.01 670 ± 27 3.6 ± 0.3

Table 4. Best fit broad Hα FWHM and luminosity from each observation for objects found to have persistent broad Hα emission. We also present the
corresponding BH mass calculated using the FWHM and luminosity. These values are all measured using the fitting code described in this paper, but the SDSS
spectra are continuum subtracted using continuum fits obtained by R13, while the continua in the DIS and MagE spectra were modeled with a straight line.

(1237± 69 km s−1, 316± 27 km s−1, and 1717± 32 km s−1

for SDSS, DIS, and OSMOS, respectively).
Finally, RGG K (NSA 91579) has a highly asymmetric

broad line observed in the SDSS and OSMOS spectra. How-
ever, the DIS spectrum, taken in between the SDSS and OS-
MOS observations, does not require a broad component. We
do observe asymmetric Hα emission by eye in the all three
spectra. Similarly to with RGG B, we cannot rule out that
there is indeed persistent broad Hα emission, and that the DIS
spectrum does not require it because of issues relating to the
fitting of the unusually shaped narrow lines. Additional ob-
servations of all three ambiguous broad Hα targets will be
necessary to determine whether these objects do indeed host
AGN. See the Appendix for figures showing fits for all obser-
vations of the ambiguous objects.

5. TYPE II SUPERNOVAE IN DWARF GALAXIES
We consider Type II supernovae the most-likely explanation

for the fading broad Hα emission observed in 11/16 objects in
our SDSS broad Hα sample. In this section, we further exam-
ine our SNe II candidates, and discuss this hypothesis in more
detail. All 11 objects with transient broad Hα have narrow
line ratios consistent with recent star formation. Moreover,
their broad emission properties and galaxy properties are off-
set from the remainder of the SDSS broad line objects in two
important ways.

As seen in Figure 9, SDSS broad emission that we found
to be transient tended to have larger FWHM and broad lines
that were more offset from the Hα line center in velocity

space. All SDSS broad Hα emission lines with FWHM
& 2000 km s−1 in our sample were found to be transient, as
well as all those with absolute velocity offsets of more than
∼ 200 km s−1.

Additionally, galaxies with transient broad Hα also tend
to be bluer with respect to the sample of broad and narrow-
line candidate AGN host galaxies from R13 (Figure 10).
The narrow-line AGN candidates were found to have a me-
dian galaxy color of g − r = 0.51 (R13), while the tran-
sient broad Hα galaxies have a median host galaxy color of
g − r = 0.22 (with all transient broad Hα galaxies having
g − r < 0.4). This suggests the transient broad Hα galaxies
have, in general, younger stellar populations more likely to
produce SNe II.

Using time-domain spectroscopy, we have empirically
identified targets most likely to be SNe based on the disap-
pearance of broad emission lines over long (∼ 5 − 10 year)
time scales. A complementary analysis was performed by
Graur et al. (2013, 2015). They searched through most SDSS
galaxy spectra for SN-like spectra, and used SN template
matching, rather than broad emission line fitting, to identify
potential SNe. Here, we compare the results of the two meth-
ods.

Similar to Graur et al. (2013, 2015), R13 did identify 9 SN
candidates (in a sample of ∼ 25, 000 objects) directly from
the single-epoch SDSS spectra (Table 5 in R13; none of those
have been followed up in this work). Those objects were iden-
tified because they exhibited P Cygni profiles in Hα. Of the 15
BPT star forming galaxies with broad Hα identified in R13 as
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RGG C!

FIG. 5.— The observed Hα-[NII] complex and corresponding best-fit profile for the SDSS, DIS, and OSMOS spectra of RGG C (NSA 109990). In each, the
dark gray line represents the observed spectrum. The narrow emission line fit is plotted in green, and the blue shows the fit to broad Hα emission. The overall
best-fit model is given in red, and the light gray line below the observed spectrum shows the residual between the observed spectrum and the best fit, offset by an
arbitrary amount. This galaxy is classified as having transient broad Hα emission.

RGG 9!

FIG. 6.— The observed Hα-[NII] complex and corresponding best-fit profile for the SDSS and DIS spectra of RGG 9. The dark gray line represents the
observed spectrum. The narrow emission line fit is plotted in green, and the blue shows the fit to broad Hα emission. The overall best-fit model is given in red,
and the light gray line below the observed spectrum shows the residual between the observed spectrum and the best fit, offset by an arbitrary amount. We classify
this galaxy as having persistent broad Hα.

RGG 119!

FIG. 7.— The observed Hα-[NII] complex and corresponding best-fit profile for the SDSS, MagE, and DIS spectra of RGG 119 (NSA 79874). In each, the
dark gray line represents the observed spectrum. The narrow emission line fit is plotted in green, and the blue shows the fit to broad Hα emission. The overall
best-fit model is given in red, and the light gray line below the observed spectrum shows the residual between the observed spectrum and the best fit, offset by an
arbitrary amount. We classify this galaxy as having persistent broad Hα.
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400 700 1000 3000 6000
10-1

100

101

102

103

104

Transient

Ambiguous

FWHM (km/s)

|∆
V

 | 
(k

m
/s

)
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is blue-shifted. The dots with circles around them are objects with transient
broad Hα (i.e., likely SNe II hosts). Large FWHM and/or velocity shifts are
more characteristic of galaxies with transient broad Hα emission.

AGN candidates (14 of which are considered in this paper),
one was detected by Graur et al. (2015) and classified as a
SN II (RGG M, identified in Table 1 of Graur et al. 2015
as SDSS J131503.77+223522.7 or 2651-54507-488). The re-
mainder did not meet all of the detection criteria set by Graur

108 109
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FIG. 10.— Galaxy g − r color versus host galaxy stellar mass for narrow
and broad line AGN candidates from R13. Stellar masses and g − r colors
are from the NASA-Sloan Atlas database. Objects with transient broad Hα
are plotted as the larger blue circles. These galaxies tend to have bluer colors
with respect to the rest of the sample. We also include SNe II hosts identified
in the SDSS (Graur & Maoz 2013; Graur et al. 2015) in galaxies below our
mass cut-off. The masses and colors for these also come from the NASA-
Sloan Atlas database (except for the lowest mass SDSS SN II host, for which
the mass/color are derived from the MPA-JHU Galspec pipeline).

et al. (2013, 2015) and thus were not detected by Graur et
al. (2015). The Graur et al. (2013, 2015) method is supe-
rior at detecting bona fide SNe II near maximum light, when
these objects display prominent P-Cygni profiles. The nature
of the objects considered in this paper is generally more am-
biguous, as no P-Cygni profiles are seen and the emission line
profiles are relatively symmetric (although generally broader
and more asymmetric than the bona fide AGN; Figure 9).

During their survey, Graur et al. (2015) also identified five
ambiguous broad-line objects in dwarf galaxies, which their
pipeline classified as either SNe or AGNs. Of these, three
were not in the R13 parent sample due to the stellar mass cut
in two cases and a glitch in the NSA catalog in the third. Two
are in R13; one was identified as a transient (Koss et al. 2014),
and the other (RGG J) is included in this work.

To understand why the majority of the transient sources pre-
sented here were not identified by Graur et al. (2013, 2015),
and to try and learn something about their nature, we pass
our continuum-subtracted SDSS spectra through the same su-
pernova identification scheme used by Graur et al. First, the
stellar continuum and narrow emission line fits are removed.
We employ a different procedure from that used by Graur et
al. to fit the continuum, but the overall result should be simi-
lar. Second, we de-redshift the spectra, remove their continua,
and manually ran them through the Supernova Identification
code (SNID;15 Blondin & Tonry 2007). Four objects were
classified as old SNe II, i.e., when their spectra are dominated
by a broad Hα feature, but with relatively low rlap values.
The SNID ‘rlap’ parameter is used to assess the quality of the
fit, and is equal to the height-to-noise ratio of the normalized
correlation function times the overlap between the input and
template spectra in ln λ space (see Blondin & Tonry 2007
for details). A value of rlap=5 is the default minimum and

15 http://people.lam.fr/blondin.stephane/software/snid/
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fits with rlap values close to 5 are regarded as suspect (see
Blondin & Tonry 2007 for details). Of the four objects identi-
fied as SNe II, two had rlap values < 5 and two had rlap ∼ 7.
One object was classified as an old SN Ia at z ∼0.1. As the
spectra were de-redshifted, this classification is not trustwor-
thy. The other three objects failed to be classified by SNID.
See Figure 11 for an example of the fit obtained by SNID to
RGG C. We will discuss the special case of RGG J in some
detail in Section 5.1.

Since we consider SNe II the best explanation for the tran-
sient broad emission, in the following we compute the ex-
pected number of SNe II in the R13 parent sample, and check
for consistency with our results. R13 identified and removed
9 galaxies with SNe II from their sample based on P Cygni
profiles in the broad Hα emission. Considering the 11 objects
with transient broad Hα and three ambiguous objects identi-
fied in this work, we have 20 − 23 SNe II candidates. The
Lick Observatory Supernova Search (Li et al. 2000) calcu-
lated the rate of SNe II in the local universe as a function of
color and Hubble Type by observing more than 10,000 galax-
ies over the course of 12 years (Li et al. 2011a). Using repre-
sentative SDSS gri magnitudes and (g− r) and (r− i) colors
for the star forming galaxies from R13, we use filter transfor-
mations (Jester et al. 2005; Bilir et al. 2008) to determine a
typical (B − K) color in order to select the correct SN rate
from Li et al. (2011a). Choosing a galaxy stellar mass of
1.2 × 109 M�and using the equation for (B − K) < 2.3,
we find the expected rate of SNe II in a given galaxy over the
course of 6 months is 0.002+0.003

−0.001. We then convert this to
a probability using Poisson statistics. We choose to compute
the rate over 6 months since SNe II typically begin to fade at
100 − 150 days post explosion (see e.g., Kasen & Woosley
2009).

Similarly, Graur et al. (2015) mea-
sured a mass-normalized SN II rate of
5.5+3.7
−2.4 statistical +1.2

−0.7 systematic × 10−12 yr−1 M−1�
in galaxies with stellar masses of 0.08+0.06

−0.05 ×1010 M� (see
their table 2). Thus, for a galaxy of 109 M�, we would expect
0.0026+0.0025

−0.0016 SNe II in a period of six months, consistent
with the rate derived from Li et al. (2011).

R13 analyzed spectroscopy of ∼ 25, 000 dwarf galaxies.
For a sample of this size, the rate derived from Li et al.
(2011a) suggests we can expect 50+75

−25 SNe II. Using the rate
from Graur et al. (2015), we expect 65+63

−40 SNe II in a sam-
ple of 25,000 galaxies. Both rates are roughly consistent with
the number we detect in our sample. Using either rate, we
compute that in a sample of 25,000 galaxies, we expect less
than 1 to have an observed SN signature in the original SDSS
observation and a signature from a new SN in the follow-up
observation.

5.1. A Possible SN IIn in RGG J
In the following, we discuss the interesting case of RGG J.

This particular source, classified in this work as having tran-
sient broad Hα emission, has fooled many of us. It was iden-
tified as a broad line AGN in Greene & Ho (2007), Stern &
Laor (2012), and Dong et al. (2012). Thus, it serves as an ex-
cellent cautionary tale that there may well be transient sources
lurking in our broad-line AGN samples even at higher mass.

We also have more epochs for this target than others. It
was observed twice by the SDSS, once by Xiao et al. (2011)
(spectrum taken in 2008), and once by us in 2013. The SDSS
spectra were taken on 11 March 2003 and 05 April 2003 (see

Figure 12). Thus, our observations span a full decade. The
SDSS flagged the second epoch as the “primary” spectrum,
and so the fits in the literature are most likely made to that
later epoch. During their survey, Graur et al. (2015) classi-
fied this source as either a SN IIn or an AGN based on a fit to
the April 2003 spectrum. By 2008, when Xiao et al. (2011)
observed this source with the Echellette Spectrograph and Im-
ager on Keck II, there was still a (rather marginal) detection
of broad Ha. The broad line is undetectable in our DIS spec-
trum, so we conclude the broad line may be produced by a SN
IIn (Figure 12).

Unlike SNe II-P and II-L, which exhibit broad H emis-
sion lines with P-Cygni profiles, Type IIn supernovae (SNe
IIn) are characterized by narrow lines (FWHM <∼ 200 km/s;
hence the ‘n’ in ‘IIn’) with intermediate-width bases (FWHM
∼ 1000−2000 km/s) and bluer continua (see Filippenko 1997
for a review). SNe IIn comprise ≈ 5 ± 2% of all SNe and
show a wide spread of peak luminosity (Li et al. 2011b). The
narrow lines are thought to be the result of strong interaction
between the SN ejecta and a dense circumstellar medium.
Though some SNe IIn have been associated with luminous
blue variables (e.g., SN 2005gl; Gal-Yam & Leonard 2009,
SN 2010jl; Smith et al. 2011b, and SN 2009ip; Foley et al.
2011), the exact nature of their progenitors is still debated
(see Smith 2014 for a review).

6. DISCUSSION
We analyzed follow-up spectroscopy of 27 dwarf galax-

ies with AGN signatures identified in a sample of ∼ 25, 000
dwarf galaxies in the SDSS (see R13). Of our follow-up tar-
gets, 16 were found by R13 to have broad Hα emission in
their SDSS spectra, and 14 had narrow emission line ratios
indicative of AGN activity (there is some overlap between the
broad and narrow-line objects).

Of the 16 SDSS broad Hα objects for which we have
follow-up spectroscopy, we found that the broad Hα emission
faded for eleven, all of which fall in the star forming region
of the BPT diagram. As stated above, we consider SNe II to
be the most likely cause of the original broad emission for
these objects, though luminous blue variables and changing
look quasars also produce transient broad Hα (see R13 for
a more complete discussion of potential contaminants). We
also find two of the SDSS broad Hα objects, both of which
had narrow-line AGN signatures, to have persistent broad Hα
emission, suggesting it is emission from virialized gas around
a central BH. This also suggests that the broad emission for
the remainder of the R13 narrow-line AGN/composite objects
is due to an AGN. R13 calculates the type 1 fraction (or the
fraction with detectable broad Hα emission) for BPT AGN to
be ∼ 17% (6/35 objects). The type 1 fraction for BPT com-
posites is lower; including RGG 118 (Baldassare et al. 2015),
∼ 5% of the composites (5/101) are type 1. Finally, three
SDSS broad Hα objects (all BPT star forming) are ambiguous
and will require further observations to determine the source
of broad emission.

In the case of RGG J, (the expected Type II SN; see Sec-
tion 5.1), the broad emission was persistent over at least 5
years, but the FWHM and velocity shift varied considerably.
Thus, in addition to determining whether broad emission is
persistent, we also check for consistency between epochs. We
note that differences in aperture could slightly affect broad
emission measurements since the measured luminosity and
FWHM of broad Hα depend on the fit to the narrow emis-
sion lines. Additionally, the instruments used all have dif-
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FIG. 11.— The Supernova Identification (SNID) code fit to the SDSS spectrum of RGG C. This fit had an rlap value of 7.1. The observed spectrum is shown
in black, while the SNID fit is shown in red. SNID finds that the spectrum is best fit by a post-plateau SN II-P.
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was taken in 2008 (Xiao et al. 2011; spectrum provided by Aaron Barth, private communication). This spectrum shows some broad Hα emission as well, though
it is distinctly blue-shifted with respect to the narrow Hα line center. The DIS spectrum, taken in 2013 and analyzed in this work, does not show evidence for
broad Hα emission.
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ferent spectral resolutions, which can affect the measured
FWHM. Finally, broad line regions can vary intrinsically on
these timescales (Tremou et al. 2015), making it difficult to
determine the degree to which aperture effects play a role.
Nevertheless, for RGG 9, we find the two measured FWHM
to be consistent with one another within the errors. For RGG
119, the measured FWHM of Hα increases by ∼ 13% over
the course of our three observations (though the first and last
measurements are consistent within the errors).

In summary, we were able to securely detect broad Hα aris-
ing from an AGN in the follow-up observations of two SDSS
broad Hα galaxies; both of these objects also have narrow-
line ratios which support the presence of an AGN. Both ob-
jects (RGG 9 and RGG 119) have BH masses of a few times
105 M�. Chandra X-ray Observatory observations (Cycle 16,
PI: Reines) will provide further valuable information about
the accretion properties of these AGN. Three SDSS broad
line objects (all BPT star forming) are classified as ambiguous
and will require additional observations to determine whether
an AGN is present. For the remainder of the star forming
SDSS broad Hα dwarf galaxies, we find that transient stellar
phenomena are likely to be the source of detected broad Hα
emission. Given the relatively low FWHMs, faint flux levels,
and the prevalence of young stars, we confirm that, in dwarf
galaxies (and perhaps more massive galaxies) broad Hα alone
should not be taken as evidence for an AGN – another piece
of evidence (such as narrow line ratios) is required (see also
discussions in R13 and Moran et al. 2014).

We also measure stellar velocity dispersions for 12 galax-
ies with narrow-line AGN signatures. One of these – RGG

119 – also has persistent broad Hα emission. In this case,
we use the broad emission to measure the BH mass and find
that RGG 119 lies near the extrapolation of the MBH–σ? re-
lation to low BH masses. The measured stellar velocity dis-
persions for these targets range from 28 − 71 km s−1 with a
median value of 41 km s−1. With galaxy stellar masses of
just a few times 109, these stellar velocity dispersions cor-
respond to some of the lowest-mass galaxies with accreting
BHs. If the remaining narrow-line AGN/composites similarly
follow the MBH–σ? relation, their BH masses would range
from ∼ 6× 104 − 2× 106 M� (using the relation reported in
Gültekin et al. 2009).
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APPENDIX

STELLAR VELOCITY DISPERSION LIBRARY

TABLE A1
SPECTRAL LIBRARY

Star Sp. Type
HD061366 K0III
HD062161 F3V
HD062437 A5IV
HD062968 G8
HD063108 F0
HD064649 G5
HD065123 F7V
HD065604 K5
HD071155 A0Va
HD071557 A0
HD072722 K5
HD073667 K2V
HD079210 M0V
HD090361 A1V
HD042217 K5
HD042250 G9V
HD042548 F0
HD042618 G4V
HD043318 F5V
HD043318 F5V
HD043338 F0
HD044285 K3III
HD044418 G8III
HD044638 K0/1III
HD044770 F5V
HD044771 G8Ib/II
HD046784 M0III
HD047072 Am
HD047309 G0
HD048144 K5
HD048279 O8V+F2V
HD048433 K1III
HD060503 G8III
HD027340 A3IV/V
HD028343 M0.5V
HD028946 G9V
HD029139 K5III
HD029310 G0
HD036395 M1.5V
HD037828 G8III
HD037958 B9III/IV
HD038145 F0V
HD038237 A5IV
HD039833 G3V
HD040573 B9.5V
HD040259 F0V
HD040460 K1III
HD040573 B9.5V
HD040616 G3V
HD041079 K2

Table A1. Stars used in our spectral library for stellar velocity dispersion measurements (see main text Section 3.2). Spectra were taken from the ELODIE
spectral database (Prugniel & Soubiran 2001) and spectral types are taken from the SIMBAD database (Wenger et al. 2000).
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FIG. B1.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG B (NSA 15952). We place this object
in the “ambiguous” category (see main paper). In each plot, the observed spectrum is shown as the solid, dark gray line. The best fit line profile is given by the
red line, and the residual is plotted at the bottom of each panel in light gray, offset by an arbitrary amount. In the Hα-[NII] panel, the blue and green lines give
the best fit broad and narrow components, respectively. If there was no broad component required, the blue line representing the broad component will look like
a constant line at Fλ = 0.
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FIG. B2.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG C (NSA 109990). Description is
same as for Figure B1. We place this object in the “transient” category.



17

4820 4840 4860 4880 4900

0

10

20

30

40

50

60

Fl
u
x
 D

e
n
si

ty
 (

1
0
−

1
7
 e

rg
s/

cm
2
/s

/
)

Rest Wavelength ( )

HβRGG D
SDSS

4980 4990 5000 5010 5020 5030

0

20

40

60

80

100

120

140

160

[OIII]

Rest Wavelength ( )

6500 6520 6540 6560 6580 6600 6620 6640
10

5

0

5

10

Rest Wavelength ( )

Hα−[NII]LHα = 3.37e+39 erg/s
FWHM = 3664 km/s

4800482048404860488049004920
20

0

20

40

60

80

Fl
u
x
 D

e
n
si

ty
 (

1
0
−

1
7
 e

rg
s/

cm
2
/s

/
)

Rest Wavelength ( )

HβRGG D
OSMOS

499550005005501050155020

0

50

100

150

200

250

[OIII]

Rest Wavelength ( )

6500 6520 6540 6560 6580 6600 6620 6640

10

5

0

5

10

15

Rest Wavelength ( )

Hα−[NII]LHα = 0.0 erg/s
FWHM = 0.0 km/s

FIG. B3.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG D (NSA 76788). Description is same
as for Figure B1. We place this object in the “transient” category.
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FIG. B4.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG E (NSA 109016). Description is
same as for Figure B1. We place this object in the “transient” category.



18

4840 4850 4860 4870 4880

0

50

100

150

200

250

300

Fl
u
x
 D

e
n
si

ty
 (

1
0
−

1
7
 e

rg
s/

cm
2
/s

/
)

Rest Wavelength ( )

HβRGG F
SDSS

4990 5000 5010 5020 5030

0

50

100

150

200

250

300

[OIII]

Rest Wavelength ( )

6500 6520 6540 6560 6580 6600 6620 6640
50

0

50

100

Rest Wavelength ( )

Hα−[NII]LHα = 2.52e+40 erg/s
FWHM = 526 km/s

4840 4850 4860 4870 4880

0

200

400

600

800

1000

Fl
u
x
 D

e
n
si

ty
 (

1
0
−

1
7
 e

rg
s/

cm
2
/s

/
)

Rest Wavelength ( )

HβRGG F
OSMOS

4990 5000 5010 5020 5030

0

200

400

600

800

1000

[OIII]

Rest Wavelength ( )

6520 6540 6560 6580 6600 6620

0

200

400

600

800

Rest Wavelength ( )

Hα−[NII]LHα = 1.27e+41 erg/s
FWHM = 341 km/s

FIG. B5.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG F (NSA 12793). Description is same
as for Figure B1. We place this object in the “transient” category.
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FIG. B6.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG G (NSA 13496). Description is same
as for Figure B1. We place this object in the “transient” category.
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FIG. B7.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG H (NSA 74914). Description is same
as for Figure B1. We place this object in the “transient” category.
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FIG. B8.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG I (NSA 112250). Description is
same as for Figure B1. We place this object in the “ambiguous” category.
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FIG. B9.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG J (NSA 41331). Description is same
as for Figure B1. This object has two SDSS observations (taken on MJD 52709 and 52734). We show both, and they are each labeled with their MJD. We place
this object in the “transient” category.
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FIG. B10.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG K (NSA 91579). Description is
same as for Figure B1. We place this object in the “ambiguous” category.



23

484048504860487048804890

0

50

100

150

200

250

Fl
u
x
 D

e
n
si

ty
 (

1
0
−

1
7
 e

rg
s/

cm
2
/s

/
)

Rest Wavelength ( )

HβRGG L
SDSS

5000 5005 5010 5015 5020

0

100

200

300

400

500

[OIII]

Rest Wavelength ( )
6520 6540 6560 6580 6600

0

50

100

150

200

Rest Wavelength ( )

Hα−[NII]LHα = 4.26e+39 erg/s
FWHM = 4458 km/s

4840 4850 4860 4870 4880

0

100

200

300

400

500

600

Fl
u
x
 D

e
n
si

ty
 (

1
0
−

1
7
 e

rg
s/

cm
2
/s

/
)

Rest Wavelength ( )

HβRGG L
DIS

4990 5000 5010 5020 5030

0

200

400

600

800

1000

1200

[OIII]

Rest Wavelength ( )

6520 6540 6560 6580 6600

50

0

50

100

150

Rest Wavelength ( )

Hα−[NII]LHα = 7.53e+39 erg/s
FWHM = 292 km/s

FIG. B11.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG L (NSA 33207). Description is
same as for Figure B1. We place this object in the “transient” category.
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FIG. B12.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG M (NSA 119311). Description is
same as for Figure B1. We place this object in the “transient” category.
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FIG. B13.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG N (NSA 88972). Description is
same as for Figure B1. We place this object in the “transient” category.
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FIG. B14.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG O (NSA 104565. Description is
same as for Figure B1. We place this object in the “transient” category.



26

4830484048504860487048804890

0

10

20

30

40

50

Fl
u
x
 D

e
n
si

ty
 (

1
0
−

1
7
 e

rg
s/

cm
2
/s

/
)

Rest Wavelength ( )

HβRGG 9
SDSS

4980499050005010502050305040

0

50

100

150

200

250

[OIII]

Rest Wavelength ( )

6520 6540 6560 6580 6600 6620

0

10

20

30

40

Rest Wavelength ( )

Hα−[NII]LHα = 2.34e+40 erg/s
FWHM = 744 km/s

48404850486048704880

0

10

20

30

40

50

Fl
u
x
 D

e
n
si

ty
 (

1
0
−

1
7
 e

rg
s/

cm
2
/s

/
)

Rest Wavelength ( )

HβRGG 9
DIS

4990 5000 5010 5020 5030

0

50

100

150

200

250

300

[OIII]

Rest Wavelength ( )

6520 6540 6560 6580 6600
10

0

10

20

30

40

Rest Wavelength ( )

Hα−[NII]LHα = 2.50e+40 erg/s
FWHM = 758 km/s

FIG. B15.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG 9 (NSA 10779). Description is
same as for Figure B1. We place this object in the “persistent broad Hα” category.
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FIG. B16.— These plots show the Hβ, [OIII]λ5007, Hα, and [NII]λλ6718, 6731 lines for each observation taken of RGG 119 (NSA 79874). Description is
same as for Figure B1. We place this object in the “persistent broad Hα” category.
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