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Abstract

We report a method of identifying candidate low-metallicity blue compact dwarf galaxies (BCDs) from the Sloan
Digital Sky Survey (SDSS) imaging data, and present 3 m Lick Observatory and 10 m W.M. Keck Observatory
optical spectroscopic observations of 94 new systems that have been discovered with this method. The candidate
BCDs are selected from Data Release 12 (DR12) of SDSS on the basis of their photometric colors and
morphologies. Using the Kast spectrometer on the 3 m telescope, we confirm that the candidate low-metallicity
BCDs are emission-line galaxies, and we make metallicity estimates using the empirical R and S calibration
methods. Follow-up observations on a subset of the lowest-metallicity systems are made at Keck using the Low
Resolution Imaging Spectrometer, which allow for a direct measurement of the oxygen abundance. We determine
that 45 of the reported BCDs are low-metallicity candidates with 12 4 log(O/H) < 7.65, including six systems
which are either confirmed or projected to be among the lowest-metallicity galaxies known, at 1/30 of the solar

oxygen abundance, or 12 + log(O/H) ~ 7.20.

Key words: galaxies: abundances — galaxies: dwarf — galaxies: evolution

Supporting material: machine-readable tables

1. Introduction

The observed galaxy luminosity function (LF) shows that by
number, low-luminosity galaxies dominate the total galaxy
count of the universe (Schechter 1976). The observed
luminosity—metallicity (L-Z) relation (Skillman et al. 1989;
Pilyugin 2001; Guseva et al. 2009; Berg et al. 2012), which
stems from the more fundamental mass—metallicity (M-Z)
relation (Tremonti et al. 2004; Mannucci et al. 2010; Izotov
et al. 2015), shows that low-luminosity, low-mass galaxies are
less chemically evolved than more massive galaxies, presum-
ably due to less efficient star formation and higher metal loss
during supernovae events and galactic-scale winds (Guseva
et al. 2009).

The metallicity, Z, of a galaxy can be given in terms of the
gas-phase oxygen abundance, denoted by 12 +log(O/H). A
galaxy is defined to be low metallicity if it has a gas-phase
oxygen abundance 12 + log(O/H) < 7.65. This corresponds
to <0.1 Z, (Kunth & Ostlin 2000; Pustilnik & Martin 2007;
Ekta & Chengalur 2010), where solar metallicity Z. is
equivalent to an oxygen abundance of 12 + log(O/H) = 8.69
(Asplund et al. 2009). Despite the expected large population of
low-luminosity galaxies from the LF, this low-mass, low-
metallicity regime is still relatively understudied. As a result,
observationally derived properties such as the L-Z and M-Z
relations are not well constrained at the low-metallicity end.
Progress toward identifying new metal-poor systems has been
relatively slow, due to their intrinsic low surface brightnesses
that push on our current observational limits. Identifying these
faint galaxies requires that they are relatively nearby, or that
they contain bright O or B stars due to an episode of recent star
formation. Because these galaxies are inefficient at forming
stars, there is an additional caveat that these galaxies tend to be
captured only during a brief stage of star formation, when
ionized HII regions are illuminated by the most massive stars.

Observations of low-metallicity galaxies are important for a
variety of studies, such as measurements of the primordial

abundances (Pagel et al. 1992; Olive & Skillman 2001;
Skillman et al. 2013; Izotov et al. 2014; Aver et al. 2015), the
formation and properties of the most metal-poor stars in
primitive galaxies (Thuan & Izotov 2005), and how these
massive stars interacted with their surroundings (Mashchenko
et al. 2008; Cairds & Gonzalez-Pérez 2017). Additionally, low-
mass, low-metallicity systems are thought to be main
contributors to the reionization of the universe at high redshifts,
and local counterparts to these star-forming dwarf galaxies at
high redshifts are promising candidates for studies on leaking
ionizing radiation from these systems and the effect on the
surrounding intergalactic medium (IGM; Stasiriska et al. 2015;
Izotov et al. 2016, 2018a). In our local universe, studies of low-
metallicity galaxies tend to focus on blue compact dwarf
galaxies (BCDs; also referred to in the literature as extremely
metal-poor galaxies (XMPs) or extremely metal-deficient
galaxies (XMDs) because the presence of recent or actively
forming massive stars within these galaxies ionize their
surroundings, creating H 1 regions from which emission lines
can be easily detected.

Hydrogen and helium recombination emission-line ratios
observed in these BCDs, combined with direct measurements
of their gas-phase oxygen abundance, allow for constraints on
the primordial helium abundance produced during Big Bang
nucleosynthesis (BBN; Steigman 2007; Cyburt et al. 2016).
Observational measurements of the primordial helium abun-
dance from galaxies provide an important cross-test on the
standard cosmological model and its parameters, as obtained by
the Wilkinson Microwave Anisotropy Probe (WMAP; Hinshaw
et al. 2013) and Planck (Planck Collaboration et al. 2016). A
recent study by Izotov et al. (2014) using low-metallicity H II
regions to observationally constrain the primordial helium
abundance indicated a slight deviation from the standard
model, suggesting tentative evidence of new physics at the time
of BBN. However, analysis on the same data set in a follow-up
work by Aver et al. (2015) found a different value of the
primordial helium abundance, one that is in agreement with
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that of the standard model (see also Peimbert et al. 2017). The
disagreement between the most recent determinations of the
primordial helium abundance suggests that underlying sys-
tematics may not be fully accounted for. Currently, the number
of low-metallicity systems available for primordial abundance
measurements is limited, especially in the lowest-metallicity
regime. Increasing the number of metal-poor galaxies in the
lowest-metallicity regime to further our understanding of the
primordial helium abundance is a key goal of our survey.

BCDs contain a significant fraction of gas and are
experiencing a recent burst of star formation (<500 Myr
ago). The proximity of local BCDs allow for detailed studies of
their stellar and gas content and the physical conditions of
dwarf galaxies. These physical properties characterize the
conditions under which the first stars might have formed and
the various processes that trigger and suppress star formation in
dwarfs (Tremonti et al. 2004; Forbes et al. 2016). The first stars
are believed to be a massive generation of stars that synthesized
and enriched their host minihalos with the first chemical
elements heavier than lithium (Bromm et al. 2002). Detailed
studies of BCDs allow us to better understand the physics of
how early galaxies might have been enriched and affected by
the first generation of massive stars (Madau et al. 2001;
Furlanetto & Loeb 2003; Wise & Abel 2008). Despite their
burst of recent or ongoing star formation and low metallicities
that may suggest these systems are young galaxies, well-
studied dwarf galaxies such as Leo P (McQuinn et al. 2015)
and I Zwicky 18 (Aloisi et al. 2007) have been found to be at
least ~10 Gyr old, evidenced by the detection of an RR Lyrae
or red giant branch (RGB) population. Local BCDs thus
provide insight on the star formation histories (SFH) of dwarf
galaxies, which can constrain the initial mass function (IMF) in
the low-metallicity regime, which is currently not well
established, but is thought to be dominated by high-mass stars,
in contrast to the present-day stellar IMF (Bromm et al. 2002;
Marks et al. 2012; Dopcke et al. 2013).

Low-mass, star-forming galaxies are thought to contribute
significantly to the reionization of the universe by redshift
7 ~ 6 (Wise & Cen 2009; Izotov et al. 2016), due to leaking
ionizing radiation from the galaxies. Although observations of
the population of low-mass, high-redshift systems are limited,
it has been found that low-redshift, compact star-forming
galaxies follow similar M-Z and L-Z relations as higher-
redshift, star-forming galaxies (Izotov et al. 2015). Local BCDs
are therefore important proxies for studies of the higher-redshift
universe, particularly in constraining the faint end slope of the
M-Z relation and in understanding how radiation and material
from low-mass systems are redistributed to their environments.
These studies can then inform models on the nature and timing
of how the IGM was reionized during the epoch of reionization
(Jensen et al. 2013). Additionally, understanding the mass loss
in low-mass galaxies allows for studies on the metal retention
of dwarf galaxies and subsequently, on the chemical evolution
of this population of galaxies.

It is necessary, however, to increase the number of the
lowest-metallicity BCDs to make better primordial helium
abundances measurements; to study the low-mass and low-
luminosity regimes that these metal-deficient galaxies define;
and to better understand the physical and chemical evolution
of these systems. Only a handful of systems are currently
known with metallicities of <0.03 Z., or 12 +log(O/H) <
7.15. Efforts toward identifying new low-metallicity systems
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have typically focused on discoveries through emission-line
galaxy surveys (Izotov et al. 2012; Gao et al. 2017; Guseva
et al. 2017; Yang et al. 2017; Senchyna & Stark 2018), with
just a few new systems that push on the lowest-metallicity
regime. Although the well-known higher-luminosity, metal-
poor systems I Zwicky 18 (Zwicky 1966), SBS-0335-052
(Izotov et al. 1990), and DDO68 (Pustilnik et al. 2005) have
been known for several decades, progress in discovering the
most metal-poor systems has been slow. Leo P (Giovanelli et al.
2013; Skillman et al. 2013) and AGC198691 (Hirschauer
et al. 2016), both having been discovered through the HI 21 cm
Arecibo Legacy Fast ALFA (ALFALFA; Giovanelli et al. 2005;
Haynes et al. 2011) survey, the Little Cub (Hsyu et al. 2017),
and JO811+4730 (Izotov et al. 2018b), discovered through Sloan
Digital Sky Survey (SDSS) photometry and spectroscopy,
respectively, are the recent exceptions. James et al. (2015,
2017) conducted a photometric search for low-metallicity objects
and obtained follow-up spectroscopy on a subset of their sample.
Using this photometric method, James et al. found a higher
success rate in identifying low-metallicity systems, with ~20%
of their observed sample being <0.1 Z, though none of their
sample had gas-phase oxygen abundances of 12 + log(O/H) <
7.45.

Eliminating the need for existing spectroscopic information
can be a method of efficiently increasing the known population
of BCDs, particularly at the lowest metallicities, as this allows
a targeted spectroscopic campaign of the lowest-metallicity
galaxies on the basis of photometry alone. In Section 2, we
describe a new photometric query designed to identify new
metal-poor BCDs in our local universe using only photometric
data from SDSS. Observations of a subset of candidate BCDs,
along with data reduction procedures, are described in
Section 3. We discuss emission-line measurements, present
gas-phase oxygen abundances, and derive metallicities of 94
new systems in Section 4, and calculate the distance, Ha
luminosity, star formation rate, and stellar mass to each system.
In Section 5, we discuss our sample of BCDs in the context of
the population of metal-poor systems as a whole and consider
other photometric surveys that offer a means of discovering
BCDs, both locally as in SDSS, as well as pushing toward
higher redshift. Our findings are summarized in Section 6.

2. Candidate Selection
2.1. Photometric Selection

To identify candidate low-metallicity BCDs, we conducted a
query for objects in SDSS Data Release 12 (DR12) with
photometric colors similar to those of currently known low-
metallicity systems, including Leo P and I Zwicky 18. This
color selection criteria will be biased toward finding BCDs at
low redshift, corresponding to the colors of Leo P and I Zwicky
18; our color selection criteria does not account for the redshift
evolution of BCD colors, which is the goal of a future work
(K. Tirimba et al. 2018, in preparation). We require that the
objects lie outside of the galactic plane, i.e., have Galactic
latitudes b > 425 deg and b < —25 deg, have r-band
magnitudes r < 21.5, and fall within the following color cuts:

02<u—g<06
—02<g—r<02
—-07<r—i<-0.1
—0.4-2 Zegror < i — 2 <0.1.
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Here, the magnitudes are given as inverse hyperbolic sine
magnitudes (“asinh” magnitudes; Lupton et al. 1999). The
2Zerror term ensures a 20 lower bound on objects with a poorly
constrained z-band magnitude. We also require the SDSS
g-band fiber magnitude to be less than the z-band fiber
magnitude to exclude H I regions in redder galaxies from the
query results. Finally, we require that the objects be extended,
i.e., classified as a galaxy in SDSS. This query returned a total
of 2505 candidate objects. Our full query is presented in
Appendix.

2.2. Morphological Selection

To create a list of candidate objects best fit for observation,
we individually examined the SDSS imaging of the 2505
objects from the photometric query. This procedure eliminated
objects misclassified as individual galaxies, such as stars or
star-forming regions located in the spiral arms of larger
galaxies, and predisposes our candidate list toward systems in
isolated environments. We also eliminated objects with existing
SDSS spectra. The remaining candidate galaxies that appeared
to have a bright knot surrounded by a dimmer, more diffuse
region were chosen as ideal systems for follow-up spectro-
scopic observations, with the assumption that active star-
forming H I regions would appear as bright “knots” in SDSS
imaging and would be the most likely to yield easily detectable
emission lines. The surrounding diffuse region is assumed to be
indicative of the remaining stellar population in the system.
This selection criteria was not quantified, but is similar to the
“single knot” morphological description as presented in
Morales-Luis et al. (2011).

Our morphological selection criteria condensed the candi-
date list down to 236 objects. To date, we have observed 154 of
the selected candidate BCDs, with the 154 objects having RAs
best fit for our scheduled observing nights. The candidate
systems we have targeted so far are shown in SDSS color—color
space in Figure 1. A subset of these BCDs in SDSS imaging are
shown in Figure 2.

3. Observations and Data Reduction

To confirm the candidate BCDs as galaxies and identify the
lowest-metallicity systems, we require spectroscopic observa-
tions for preliminary estimates of the oxygen abundance. We
use the R and § calibration methods presented by Pilyugin &
Grebel (2016), which compare the strengths of the metal [O I1],
[Om1], [NII], and [ST] emission lines to the H Balmer
emission lines, and allow for an approximate measurement of
the metallicity of the system. Specifically, the emission lines
targeted with our survey include the forbidden [O 1] doublet at
3727, 3729A HQ emission at \4861 A a forbidden [O 1]
doublet at AM959,5007 A, Ha emission at 6563 A, a
forbidden [N 1I] doublet at )\)\§548,6583 A, and a forbidden
[S 1] doublet at AA6717,6731 A. Detecting these lines is the
goal of our initial observations, which were mostly made using
the Shane 3 m telescope at Lick Observatory.

For observations made at Keck Observatory, where we can
achieve a higher signal-to-noise (S/N) ratio, and therefore a
greater sensitivity to weak emission lines, we aim to detect the
temperature-sensitive [O IIT] \4363 A line for a direct measure-
ment of the oxygen abundance. Additionally, with the Keck
observations, we aim to detect at least five optical He I emission
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Figure 1. Our SDSS g — r color selection criteria vs. u — g, r — i, and i — 2

color cuts in the upper, middle, and lower panels, respectively. The purple
points represent the location in color—color space of candidate BCDs selected
for observing. The blue points show the location of the known, extremely
metal-poor systems such as Leo P and I Zwicky 18 (both the northwest and
southeast components), in the same color—color space. Error bars on the colors
are shown. We note that Leo P and I Zwicky 18 were known systems prior to
this survey and helped define our color—color search criteria, whereas
AGC198691 and the Little Cub were identified as a result of the query. The
lowest-metallicity systems appear to cluster around u — g ~ 0.27 and
i — z ~ —0.06, with the exception of Leo P in the latter.

lines to reliably determine the physical state of the H I regions,
which is necessary for primordial helium studies.

3.1. Lick Observations

Spectroscopic observations of 135 candidate BCDs were
made using the Kast spectrograph on the Shane 3 m telescope
at Lick Observatory over 22 nights during semesters 2015B,
2016A, and 2016B. Eighty-five of the observed candidates
yielded emission-line detections, and 78 of the 85 have
confident emission-line measurements reported here.
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Figure 2. SDSS imaging of Leo P and I Zwicky 18, two of the most metal-poor H II regions currently known, are shown in the left and middle panels of the upper
row. The remaining panels show SDSS imaging of seven H 1I regions selected for observing via our photometric method and are predicted to be of low metallicity.
Spectra corresponding to the new systems are shown in Figure 3. The images are shown on the same angular scale of 15” on a side, with north up and east to the left.

The Kast spectrograph has separate blue and red channels,
which our observational setup utilized simultaneously. Obser-
vations made prior to 2016 October 6 were obtained using the
d55 dichroic, with the Fairchild 2k x 2k CCD detector on the
blue side, and the Reticon 400 x 1200 CCD detector on the red
side. Thereafter, the d57 dichroic was used, along with a
Hamamatsu 1024 x 4096 CCD detector on the red side. The
pixel scale on the Reticon is 0778 per pixel, and 0743 per pixel
on the Fairchild and Hamamatsu devices. Ono the blue side, the
600/4310 grism with a dispersion of 1.02 A pix ' was used,
while on the red side, the 1200/5000 grating with a dispersion
of 0.65 A pix:1 was used. This instrument setup covers
~3300-5500 A and ~58000—7300 A, yvith the instrument at
FWHM resolutions of 6.4 A and 2.7 A, in the blue and red,

respectively. This allows for sufficient coverage and spectral
resolution of all emission lines of interest. Specifically, we are
able to resolve the [N 1I] doublet from Ha. However, we note
that the [O II] doublet is not resolved with this setup.

All targets were observed using a 2” slit and at the
approximate parallactic angle to mitigate the effects of atmo-
spheric diffraction. Total exposure times range from 3 x 1200 s
to 3 x 1800 s for our objects. Spectrophotometric standard stars
were observed at the beginning and end of each night for flux
calibration. Spectra of the Hg-Cd and He arc lamps on the blue
side and the Ne arc lamp on the red side were obtained at the
beginning of each night for wavelength calibrations. Bias frames
and dome flats were also obtained to correct for the detector
bias level and pixel-to-pixel variations, respectively. The right
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Table 1
Observational and Measured Properties of our BCD Sample, Observed at Lick and Keck Observatory
Target Name R.A. Decl. Observations z Distance myg u—g 12 + log(O/H)
(J2000) (J2000) (Mpc)
J0000+3052A 00"00™31345 +30°52'09730 Keck+LRIS 0.0151 67.6 19.84 £+ 0.02 0.65 7.72 £ 0.01
J0000+-3052B 00"00™3231 +30°52'16”62 Keck+LRIS 0.0153 68.5 19.55 £ 0.02 0.43 7.63 £ 0.02
J0003+3339 00"03™513 08 +33°3929763 Shane+Kast 0.0211 94.7 19.57 £ 0.03 0.33 7.91 £ 0.03
J00184-2345 00"18™59%32 +23°45'40"32 Shane+Kast 0.0154 68.8 19.24 £+ 0.02 0.26 7.18 £ 0.03
J0033-0934 00"33™55379 —09°34/32"20 Shane+Kast 0.0121 54.2 17.97 £ 0.01 0.55 7.84 £0.23
J0035-0448 00"35™39% 64 —04°48'40"93 Shane+Kast 0.0169 75.9 19.58 £+ 0.02 0.53 7.64 £ 0.02
J0039+-0120 00"39™30330 +01°2021761 Shane+Kast 0.0147 66.0 19.88 £+ 0.03 0.52 7.78 £ 0.03
J0048+4-3159 00"48™55%31 +31°59'02”05 Shane+Kast 0.0153 68.5 19.05 £+ 0.03 0.31 8.45 + 0.02
J0105+1243 01"05™24195 +12°43'38"71 Shane+Kast 0.0142 63.4 19.77 £ 0.04 0.43 7.64 £ 0.05
JO11843512 01™18™40% 00 +35°12/57700 Keck+LRIS 0.0165 73.9 19.23 £ 0.02 0.27 7.58 £ 0.01

Note. Distances reported in this table are luminosity distances, assuming a Planck cosmology (Planck Collaboration et al. 2016). All metallicity estimates for systems
observed on Shane+Kast are determined using the R and S calibration methods, with the reported metallicity being the average of the R and S methods. All BCDs
observed using Keck+LRIS have direct metallicity calculations, except for J0743+4807, J0812+4836, and J0834+5905. In these cases, we do not significantly detect
the [O 1] M4363 A line, and adopt an upper limit to the [O 11I] M363 A emission-line flux equivalent to three times the error in the measured line flux at that
wavelength. This results in a lower limit on their metallicities. The asterisk (*) in the Observations column indicates that observations were made first using Lick
+Kast, with follow-up made using Keck+LRIS. For such systems, the derived values reported here are measurements from the Keck-+LRIS observations. Values for

the full sample of BCDs are available online.

(This table is available in its entirety in machine-readable form.)

ascension and declination measured redshift, estimated distance,
g-band magnitude, u — g color, and gas-phase oxygen abun-
dance of a selection of observed and confirmed emission-line
systems are reported in Table 1; the full sample of observed
systems is available online.

3.2. Keck Observations

Spectroscopic observations of 29 candidate BCDs were
made using the Low Resolution Imaging Spectrometer (LRIS)
at the W.M. Keck Observatory over a three-night program
during semesters 2015B and 2016A. Thirteen observations
made using LRIS were emission-line galaxies previously
observed using the Kast spectrograph, with the remaining
objects having only LRIS data. Similar to the Kast spectro-
graph, LRIS has separate blue and red channels. Our setup
utilized the 600/4000 grism on the blue side, which provides a
dispersion of 0.63 Apix‘l. On the red side, the 600/7500
grating provides a dispersion of 0.8 A pix '. Using the D560
dichroic, the full wavelength coverage achieved with this
instrument setup is ~3200-8600 A, with the blue side covering
~3200-5600 A and the red side covering ~5400-8600 A. The
blue and red channels have FWHM resolutions of 2.6 A and
3.1 Arespectively. We note that while the separate blue and
red arms overlap in wavelength coverage, data near the region
of overlap can be compromised due to the dichroic.

All targets were observed using a 077 slit using the
atmospheric dispersion corrector on LRIS for total exposure
times ranging from 3 x 1200 s to 3 x 1800 s. Bias frames and
dome flats were obtained at the beginning of the night, along
with spectra of the Hg, Cd, and Zn arc lamps on the blue side,
and Ne, Ar, Kr arc lamps and red side for wavelength
calibration. Photometric standard stars were observed at the
beginning and end of each night for flux calibration. Observed
and derived physical properties of a sample of BCDs observed
using Keck+LRIS are reported in Table 1. For systems
observed both at Lick and Keck, we present properties derived
from observations made using Keck+LRIS and note the

systems with an asterisk. The full sample of observed systems
is available online.

3.3. Data Reduction

The 2D raw images were individually bias subtracted, flat-
field corrected, cleaned for cosmic rays, sky-subtracted,
extracted, wavelength calibrated, and flux calibrated using
PYPIT, a Python-based spectroscopic data reduction package.”
PYPIT applies a boxcar extraction to extract a 1D spectrum of
the object. Multiple exposures on a single candidate BCD were
combined by weighting each frame by the inverse variance at
each pixel. The reduced and combined spectra of seven BCDs
observed at Lick Observatory are shown in Figure 3.

4. Analysis and Discussion
4.1. Emission-line Measurements

Emission-line fluxes were measured using the Absorption
LlIne Software (ALIS4; see Cooke et al. 2014 for details of
the software), which performs spectral line fitting using
x° minimization. For integrated flux measurements, each
emission-line is fit with a Gaussian model simultaneously
with the surrounding continuum, which is modeled with a first
order Legendre polynomial. In this procedure, the error in the
continuum measurement is folded into the integrated flux
errors. We assume that the FWHM of all emission lines are set
by instrumental broadening, therefore all emission lines have
the same FWHM. The integrated flux measurements of our
observed systems are available online.

The measured emission-line fluxes are corrected for red-
dening and underlying stellar absorption using the x>
minimization approach described below and found in

3
4

PYPIT is available from: https://github.com/PYPIT/PYPIT.
ALIS is available at https://github.com/rcooke-ast/ALIS/.
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Figure 3. Discovery spectra (shown in black) obtained using the Shane 3 m telescope at Lick Observatory of seven H II regions in our sample that are predicted to
have the lowest metallicities via the R and S calibration methods. The error spectra are shown in red. Emission lines of interest for the R and S calibration methods are
labeled in the first panel. The gap between ~5400-5900 Ainall panels is due to the d55 dichroic used during our observations on the Kast spectrograph. We note that
the object named J1044+6306 is the Little Cub, as presented in Hsyu et al. (2017) and is henceforth referred to as the Little Cub.
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Appendix A of Olive & Skillman (2001):>

Z Xr(N) — XT()\))Z’ )

UXR (@Y
where
I Xa(N)
X = 15~ X 1070w @
_ W) + aun,
Xa(N) = F(A)(iw()\) ) €)]

Here, X()\) is the theoretical value of the Balmer line ratio at
wavelength A of consideration to HG, f()) is the reddening
function, normalized at H3, c(Hf) is the reddening, W(J) is the
equivalent width of the line, and ay is the equivalent width of
the underlying stellar absorption at Hf, both given in
Angstroms. Minimizing the value of > allows for the
determination of the best values of c(HS) and ay ;.

We note that the underlying stellar absorption is wavelength
dependent. While e report the value of ay, at HB, the best
solution for the y? minimization is the parameter that fits all
Balmer line ratios used in the analysis, where the correction to
each Balmer line ratio is applied as ay ; times a multiplicative
coefficient that accounts for the wavelength dependence of
underlying stellar absorption. The multiplicative coefficients
we applied are given in Equation 5.1 of Aver et al. (2010), and
we refer readers to Section 5 of Aver et al. (2010) for a more
detailed discussion on the wavelength dependence of under-
lying stellar absorption.

There is some uncertainty in the relative flux calibration
across the separate blue and red channels on Kast and on LRIS;
Ha is therefore not included in this calculation. Instead, we rely
on all detected higher-order Balmer lines when solving for the
reddening and underlying stellar absorption. We include HS3
through H9 in this calculation, and exclude He and H8 due to
blends with [NeIll] and Hel, respectively. We note that the
uncertainty in flux scales across the separate channels does not
affect direct metallicity measurements, since all relevant
emission lines for direct measurements fall on the blue detector.

Throughout the procedure, we assume Balmer line ratios
corresponding to a 7, = 10,000 K gas for our Kast observa-
tions, and Balmer line ratios for measured temperatures are
adopted for LRIS observations. The underlying stellar absorp-
tion in our systems range from <1 A-4.5 A, and the amount of
reddening ranges from c(Hﬁ) ~ 0.001-0.5. The measured
emission-line intensities for a few systems are shown in
Table 2; the emission-line intensities for our full sample of
BCDs are available online.

4.2. Metallicity

Our sample of observed BCDs consists of six systems confir-
med or predicted to have metallicities in the lowest-metallicity
regime, with gas-phase oxygen abundance 12+log(O/H) < 7.20,
or Z<0.03Z.,. These systems are listed in Table 3 with their
metallicities and the method by which we obtained a measurement
of their gas-phase oxygen abundance. We are able to obtain an
empirical estimate of the metallicity using the R and S methods on

> We note that our numerator in Equation (1) differs slightly from that given

in Appendix A of Olive & Skillman (2001), due to a typographical error in the
original work (E. Skillman 2018, private communication).

Hsyu et al.

systems observed using Shane-+Kast, or obtain a direct measure-
ment of the metallicity using the temperature-sensitive oxygen line
at [O 1] M363 A on systems observed using Keck-+LRIS. The
following sections describe these methods in more detail.

4.2.1. Lick Data

The temperature-sensitive oxygen line at [OII] M\363 A,
which is necessary for a direct abundance measurement, is
typically not detected in our sample of BCDs observed using
the Kast spectrograph, owing to the lower S/N of those spectra.
We therefore rely on empirical methods to estimate the
metallicity of our candidate BCDs with 3 m observations. We
adopt two separate methods for determining the oxygen
abundance in HII regions, each using the intensities, 7, of
three strong emission lines, as presented by Pilyugin & Grebel
(2016). The R calibration uses the intensities of R,, R3, and N,
and the S calibration uses the intensities of S,, R3, and N,
where the standard notations are:

Ry = Lo AN3727, 3729/ Iyp
Ny = IInmAN6548, 6583 /Iyg
Sy = s AN6T17, 6731 /Iy
R3 = Lo i AN4959, 5007 /Ip. 4)

The R and S calibrations are bifurcated; the oxygen abundance
is estimated from either the lower or the upper branch
depending on the value of log(N,). The lower branch is used
for H1I regions with log(V,) < —0.6:
12 + log(O/H)g,L = 7.932 + 0.944 log(R; /R,)
+ 0.6951og N, + (0.970
— 0.2911og(R3/Ry) — 0.019 log N>)
x log Ry,
&)
12 + log(O/H)s.. = 8.072 + 0.789 log(R3/S>)
+ 0.7261og N, + (1.069
— 0.1701og(R3/S>) + 0.022 log Ny)
x log S,.
(6)
The wupper branch is applicable for HII regions with
logN, > —0.6:
12 4 1og(O/H)g vy = 8.589 + 0.022 log(R3 /Ry)
+ 0.3991og N, + (—0.137
+ 0.1641og(R3 /Ry) + 0.5891og N,)
x log Ry,
(7
12 4 log(O/H)s,y = 8.424 + 0.03010g(R3/S>)
+ 0.7511log N, + (—0.349
+ 0.1821og(R3/S2) + 0.508 log N>)
x log S».
(®)
For systems where we do not detect the weaker metal lines,
[N 1] and/or [S11], we adopt a 30 upper limit on their fluxes
to estimate their metallicities. The reported metallicity of

each galaxy in our BCD sample is based on the mean
oxygen abundance derived from the R and S calibrations.
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Table 2
Measured Emission-line Intensities for a sample of observed BCDs

Target Name

Ion J0000+3052A J0000+3052B J0003+3339 J0018-+2345 J0033—0934
[O 1] A3727+3729 0.6249 + 0.0064 1.413 £ 0.011 1.532 + 0.040 0.799 =+ 0.044 1.378 + 0.052
H11 3771 0.0785 =+ 0.0030

HI10 \3798 0.0256 + 0.0048

H9 \3835 0.1187 =+ 0.0048 0.1140 =+ 0.0082 0.120 + 0.022 0.088 + 0.035 0.109 + 0.032
[Ne III] A3868 0.2528 + 0.0046 0.2025 =+ 0.0042 0.372 + 0.022 0.157 + 0.030 0.099 + 0.050
H8-+He I A3889 0.2006 + 0.0053 0.2202 + 0.0088 0.260 + 0.020 0.204 + 0.032 0.196 + 0.039
He-+[Ne I1] A\3968 0.2120 =+ 0.0055 0.2093 =+ 0.0088 0.172 + 0.022 0.228 + 0.034 0.120 + 0.048
H§ M101 0.2518 = 0.0051 0.2681 =+ 0.0080 0.255 + 0.018 0.262 + 0.031 0.238 + 0.041
Hry M\340 0.4289 =+ 0.0052 0.4437 + 0.0074 0.468 + 0.022 0.458 + 0.030 0.514 + 0.046
[O 1] M363 0.0861 =+ 0.0023 0.0518 =+ 0.0025

He 1 \472 0.0309 =+ 0.0020 0.0244 + 0.0024

H3 \4861 1.0000 =+ 0.0049 1.0000 =+ 0.0065 1.000 + 0.020 1.000 + 0.027 1.000 + 0.043
He 1 \4922 0.0056 + 0.0018

[O 111] A4959 1.4318 =+ 0.0053 0.8482 =+ 0.0042 1.504 + 0.021 0.612 + 0.023 1.070 + 0.045
[O 111] A5007 4337 + 0.011 2.5839 + 0.0077 4796 + 0.032 1.806 + 0.034 2.393 £ 0.077
He 1 5015 0.0291 =+ 0.0021 0.0240 =+ 0.0025

He I 5876 0.0532 + 0.0093

[N 11] A6548 0.0296 =+ 0.0077 0.0211 =+ 0.0063 0.0060 =+ 0.0017

[Ha A6563 2.786 =+ 0.047 2.785 + 0.049 2.860 =+ 0.058 2.860 + 0.047 2.86 +0.15
[N II] A6584 0.0163 =+ 0.0047 0.0724 + 0.0086 0.0634 =+ 0.0010 0.01798 + 0.00029

He 1 \6678 0.0284 =+ 0.0046

[S 1] \6717 0.0653 =+ 0.0049 0.137 + 0.010 0.176 + 0.021 0.0775 =+ 0.0053 0.076 + 0.098
[S 1] A6731 0.0436 + 0.0063 0.100 + 0.012 0.090 + 0.027 0.0564 + 0.0077 0.222 + 0.099
He 1 A7065 0.0037 =+ 0.0052 0.021 + 0.011
F(HpB) (x107 7 ergs™' em™2) 181.91 + 0.89 2200 + 1.4 140.7 + 2.8 172.0 £ 4.6 206.1 + 8.8
EWHS) (A) 96.0 £ 1.3 4751 + 044 169 + 27 664 + 5.5 435 + 4.4
c(Hp) 0.001 0.001 0.056 0.001 0.501
EW(ay 1) (A) 4.50 3.44 4.43 3.52 247

Note. Measured emission-line fluxes, corrected for underlying stellar absorption and internal reddening, for some objects of our BCD sample. The equivalent width of
the underlying stellar absorption is reported at H3. Emission-line intensities for the full sample of BCDs are available online.

(This table is available in its entirety in machine-readable form.)

Table 3

BCDs in the Lowest-metallicity Regime

Target Name

12 + log(O/H)

Metallicity Method

J0018+2345 7.18 £ 0.03 Rand S
J0834+5905 7.17 £ 0.13 Direct
Little Cub 7.13 £ 0.08 Direct
J1045+-0209 6.48 + 0.31 Rand S
J1214+1245 717 £0.13 Rand S
J1554+4620 7.24 £+ 0.09 Rand S
J0943+3326 7.16 £ 0.07 Direct

Note. The six systems in our sample that are either confirmed or predicted to
have metallicities in the lowest-metallicity regime, 12 + log(O/H) < 7.20. We
note that the metallicity measurement of JO834+5905 is a lower limit of its true
metallicity. We note that we also list J0943+4-3326 here, known in the literature
as AGC198691 (Hirschauer et al. 2016). Our survey independently identified
this system as a candidate metal-poor galaxy, and the values reported here
reflect our measurements. Because this galaxy was first reported by Hirschauer
et al. (2016), we do not include it as one of the six lowest-metallicity systems
identified by this survey.

We note that the separate R and S metallicity estimates are
often in good agreement with one another, with the mean and
standard deviation of the absolute value difference between
the two methods, |12 + log(O/H)z — 12 + log(O/H)g|, being

0.055 £ 0.179. Resulting values are listed in Table 1, with the
full sample available online.

4.2.2. Keck Data

The data acquired using LRIS at Keck Observatory are of
much higher S/N and allow for both density- and temperature-
sensitive emission lines to be detected. All calculations of the
electron density, electron temperature, ionic abundances, and
resulting metallicities were made using PYNEB (Luridiana
et al. 2015).° .

We significantly detect the [SII] AA6717,6731 A doublet in
all LRIS observations and use the ratio of the two lines to
calculate the electron density. However, consistent with the
expected electron density of an HII region, the measured
electron densities occupy the low-density regime, where the
ratio of the [SII] lines is less sensitive to the true electron
density. Therefore, in all calculations of the metallicity, we
assume a value of n, = 100 cm > in our ionic abundance
estimates, which is consistent with both the density as
determined by the [S 1] AN6717,6731 A lines and the expected
range of densities in HII regions, 10° < n, (cm73) < 10*
(Osterbrock 1989).

We assume a two-zone photoionization model of the HII
region in these BCDs and calculate the corresponding

5 PYNEB is available from: http:/ /www.iac.es/proyecto/PyNeb/.
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temperatures of the separate high and low ionization zones. The
ratio of the [OIII] M363 Aline to the [O 1] A5007 A line
allows for a determination of the temperature of the high
ionization zone (7, [O1]). We note that the temperature-
sensitive oxygen line at [O II[] A\4363 A is detected in most of
our LRIS observations, however, we adopt a 3o upper limit on
the measured emission-line flux at [O II] M363 A when we do
not significantly detect the line. This measurement allows for
an estimate of the electron temperature and therefore a direct
measurement of the gas-phase oxygen abundance. Because we
do not detect the [O1] AX7320,7330 Aor the [NII]
A5755 Alines necessary for a direct measurement of the
temperature in the low ionization zone (7, [O1I]), we adopt
the formulation relating the two temperatures presented by
Pagel et al. (1992):

' [0u] =05(s, ' [Om] + 0.8) )

where t, =T,/ 10* K. Because this relation is derived from
modeling of photoionized regions, we perturb the calculated
low ionization zone temperature by <+500 K to account for
the systematic uncertainty in the conversion, where 500 K is
the 1o uncertainty from the spread in the models.

The two-zone photoionization model of the H1I region also
assumes that the total oxygen abundance is the sum of the
singly and doubly ionized states:

O Of oO++

= +

H HY H

(10)

The measurements of electron density, electron temperature,
ionic abundances, and oxygen abundances of our Keck BCD
sample are presented in Table 4. This Keck BCD sample will
appear in full, i.e., their spectra and further analysis, in a
forthcoming work.

4.2.3. R and S Calibration versus Direct Metallicity Measurements

Our sample contains 13 BCDs for which we obtained both
Kast and LRIS spectra. Using these systems, we consider the
reliability of the R and S calibration methods in providing a
reasonable estimate of the metallicity of the system measured
via the direct method. In the upper panel of Figure 4, we show
the direct metallicity measurements versus R and S calibration
estimates of the metallicity for the 13 systems, along with
the idealized one-to-one scenario where the calibration method
exactly predicts the direct metallicity. We calculate the
12 +10g(0/H)girect — 12 + 10g(O/H)grgs of these 13 BCDs,
shown in the lower panel. The mean and standard deviation of
the difference between the two metallicities is 0.010 +
0.284 dex.

The R and § calibration methods presented by Pilyugin &
Grebel (2016) were derived using a compilation of 313 HII
regions with direct metallicity measurements. Their sample has a
mean oxygen abundance of 12 +log(O/H) ~ 8.0, and only a
small fraction of their sample occupied the low-metallicity regime
at 12 +1og(O/H) < 7.65, which may cause the resulting
relations to be less well calibrated at the low-metallicity regime.
In our sample of 13 BCDs, the two systems that occupy the
lowest-metallicity regime at 124 10g(0/H)girect S 7.20 had
metallicities significantly underestimated using the R and S
calibration, 12 + log(O/H)ggs ~ 6.60. While it is possible that
some of the systems in our sample with 12 4 log(O/H)rgs <
7.0 have underestimated metallicities, there is a monotonic trend
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in that the systems predicted to be of the lowest metallicities
using the R and § calibrations remain as the lowest-metallicity
systems of our sample. This bolsters our confidence in being
able to identify the lowest-metallicity systems from the strong
line R and § calibration methods for follow-up observations and
direct metallicity measurements.

4.3. Derived Properties: Distance, Ho Luminosity,
and Star Formation Rate

We show a redshift distribution of our full sample of BCDs
in Figure 5. Using these measured redshifts, we calculate the
luminosity distance (d;) to each system using ASTROPY’S
cosmology subpackage, assuming the built in PLANCKIS
cosmology (Planck Collaboration et al. 2016). The values are
reported for a subsample in Table 5 and available in its entirety
online. However, these distance measurements are not well
constrained with our available data given the local velocity
field. For comparison, we include an additional estimate of the
distance using the Mould et al. (2000) flow model, which
corrects for the local velocity field. We note that flow model
estimates can be highly uncertain for nearby galaxies, and more
reliable distance measurements would require additional data,
such as photometry of the tip of the red giant branch (TRGB).

Nevertheless, for completeness, we adopt the Iuminosity
distances and calculate distance-dependent properties for each
system and list these values in Table 5, with the caveat that
these quantities depend on the somewhat uncertain distance
estimates. The reported Ha luminosity of each system, L(Ha),
is calculated using our observed Ha fluxes combined with the
assumed distance determined above:

L(Ha) = F (Ha) 4nd;. (11)

The resulting star formation rate (SFR) is calculated using the
Kennicutt relation between L(Ha) and SFR:

SFR = 7.9 x 10~*? L(Ha), (12)

where the SFR is in units of M, year ' and L(Ha) in ergs .
We then divide this SFR by a factor of 1.8, which corrects for
the flattening of the stellar initial mass function (IMF) below
1 M, for a Chabrier (2003) IMF, instead of the power law
Salpeter IMF adopted by Kennicutt (1998).

We note that the Kennicutt (1998) calibration between
L(Ha) and the SFR is based on measurements of more metal-
rich systems than the BCDs considered in this sample, which
adds uncertainty in the calculation of a SFR from L(Hcq). In
particular, massive O and B stars in low-metallicity environ-
ments are likely more efficient at ionizing their surroundings
than their metal-rich counterparts, meaning that the presented
SFR may be an overestimate of the true SFR of the galaxy. It is
also possible that in some of our BCDs, the IMF is not well
sampled, which would also lead to a deviation from the
Kennicutt (1998) relation.

4.4. Stellar Mass

We present estimates of the stellar mass of each BCD using
the stellar mass-to-light (M/L) ratios presented in Bell et al.
(2003). We adopt the calibrations using the r- and i-band
magnitudes, specifically the i-band coefficients and » — i color,
given below. The observed photometry of these BCDs is likely
to be influenced by the strong emission lines from the HII
region, in addition to the light of the young O and B stars. We
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Table 4
Physical and Chemical Properties of the BCDs Observed with Keck
Target Name n[S 1]) T([O 11]) T([O 1) o t/HT o*/H* 12 + log(O/H)
(cm™3) (K) (K) (x107%) (x107%)

J0000+3052A 1205153 15130 + 190 13671 + 78 452 + 1.4 7.01 £ 0.17 7.72 £ 0.01
J0000-+3052B 1507180 15190 + 350 13670 + 140 267 + 1.5 15.86 + 0.58 7.63 + 0.02
J0118+3512 116748 15500 = 190 14000 + 76 29.27 4+ 0.84 8.50 & 0.18 7.58 £ 0.01
J0140+2951 18519 12200 + 29 11856 + 15 88.39 + 0.71 2297 4+ 0.22 8.05 + 0.00
J0201+0919 74779 14730 + 440 13850 + 190 39.8 + 3.1 11.29 + 0.53 7.71 4+ 0.03
J0220+2044A 13591 15900 + 440 13540 + 170 252+ 1.6 8.65 + 0.38 7.53 + 0.03
J0220-+2044B 17500 + 1100 15060 + 380 20.5 + 3.0 3.98 + 0.37 7.39 £ 0.06
J0452-0541 4273 15490 + 410 13570 + 160 272+ 1.7 16.01 + 0.66 7.64 £ 0.02
J0743+4807 818 9500 + 1600 10200 + 1100 >250 =90 >8.34
J0812+4836 7074 17200 + 4000 14500 + 1600 =11 =17 >7.35
J0834+5905 350350 21000 + 3100 15480 + 980 >7.7 >7.8 >7.17
KJ5 1705548 11570 + 560 11670 + 300 68.0 + 11.0 125+ 1.3 7.90 + 0.06
KJ5B 1254 14030 + 390 13310 + 180 40.7 + 3.1 10.57 + 0.51 7.71 + 0.03
J09434-3326 33032 16500 + 1300 14700 £ 500 104 £ 2.1 4.06 £ 0.47 7.16 + 0.07
Little Cub 3213 18600 + 2200 14680 + 720 51+15 9.1+ 16 7.13 4 0.08
KJ97 48744 11880 + 310 12450 + 160 722459 28.7 + 1.4 8.00 + 0.03
KJ29 900539 14270 + 340 13370 & 150 292 + 1.9 12.72 + 0.49 7.62 + 0.02
KI2 450539 17550 + 150 14907 + 52 24.40 + 0.48 2.466 + 0.042 7.43 £ 0.01
J1414-0208 11240 14700 + 1400 13520 + 610 19.1 5.6 135 423 7.50 + 0.09
J1425+4441 180180 15070 + 960 13320 + 400 182 + 3.0 1354+ 1.4 7.50 £ 0.06
J1655+6337 16620 + 160 13914 + 59 21.90 + 0.49 5.169 + 0.093 7.43 £+ 0.01
J1705+3527 83+33 15510 + 130 13453 + 54 37.69 + 0.77 7.69 +0.14 7.66 + 0.01
J1732+4452 297+%2 15200 + 240 14146 + 98 329413 8.94 + 0.23 7.62 £ 0.02
J175746454 6973} 14480 £ 190 13451 + 81 39.1 + 1.4 13.67 + 0.34 7.72 £ 0.01
J2030-1343 25731 13890 + 140 13446 + 64 559 + 1.6 13.54 + 0.26 7.84 £ 0.01
12213+1722 29%% 15420 + 140 13400 + 58 30.18 + 0.67 10.20 + 0.18 7.61 £ 0.01
J2230-0531 773 14860 + 170 13845 + 72 32.49 4+ 1.00 8.79 + 0.18 7.62 £ 0.01
J2319+1616 1373 10617 + 23 11628 + 13 106.82 + 0.80 4479 + 0.42 8.18 & 0.00
J2339+3230 1531357 13990 + 240 13470 + 110 50.7 4+ 2.3 12.17 + 0.36 7.80 & 0.02

Note. Measurements of the electron density, electron temperature, ionic abundances, and element abundances of our sample observed with Keck+LRIS. All
calculations are made using PYNEB. Calculations of the electron temperature and abundances assume an electron density of 7, = 100 cm>, due to the density
insensitivity of the [S 1] A6716/\6731 line in the low-density regime. All systems have direct metallicity estimates, except for J0743-+4807, J0812+4836, and J0834
+5905, where we do not significantly detect the [O IIT] A\4363 A line and adopt an upper limit to the [O 1IT] \4363 A emission-line flux equivalent to three times the
error of the measured line at that wavelength. In these cases, the resulting ionic abundances and metallicities are lower limits. The objects prefixed with KJ were also
observed by James et al. (2017). J0943+3326 is also known in the literature as AGC198691 (Hirschauer et al. 2016). Our survey independently identified this system
as a candidate metal-poor galaxy, and the values reported here reflect our measurements.

therefore select the bands that are least likely to be
contaminated by the star-forming event:

logm(%) = 0.006 + (1.114 x (r — D). (13)

A small sample of the resulting stellar mass estimates is given
in Table 5 and in full online.

5. Blue Compact Dwarfs and Other Metal-poor Systems
5.1. Luminosity—Metallicity Relation

The luminosity—metallicity (L—Z) relation is thought to be a
consequence of the more fundamental relation between a
galaxy’s mass and its chemical abundance, known as the mass—
metallicity (M-Z) relation. At the low-mass and low-luminosity
end of the relation, galaxies are more inefficient in chemically
enhancing their gas and in retaining heavy metals (Guseva
et al. 2009). Berg et al. (2012) presented a study of low-
luminosity galaxies with accurate distances made via the
TRGB method or Cepheid observations and direct abundance

10

measurements with the [OII] A4363 Aline. Their sample
showed a small scatter in the relationship between the observed
luminosity and oxygen abundance, shown as the orange dashed
line in Figure 6 and given by:

12 + log(O/H) = (6.27 £ 0.21) + (—0.11 + 0.01)Mj.
(14)

Here, Mp is the B-band luminosity. This relationship from the
Berg et al. (2012) sample has a dispersion of o = 0.15.

It has been suggested that significant deviations from the
L—Z relation may be due to abnormal processes in the chemical
evolutionary history of the galaxy and may indicate recent
infall processes or disruptions that led to the observed low
metallicity. Ekta & Chengalur (2010) noted that outliers of the
L7 relation with HI observations tend to have disrupted
morphologies, suggesting that these galaxies have undergone
recent or current interactions. The observed metal-poor nature
of these systems is credited to the mixing of previously
enhanced, more metal-rich gas with newly accreted, nearly
pristine gas. Tidal interactions mix the gas and these systems
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Figure 4. Comparison between the R and S metallicity estimates and direct
metallicity measurements for 13 BCDs for which we obtained both Kast and
LRIS spectra. The upper panel shows the direct vs. R and S calibration
metallicities for each system (purple points) and the one-to-one relation
between the two measurements (dashed blue line). The lower panel shows how
much the R and S calibration methods overestimated or underestimated the true
metallicity.
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are thus observed to lie below the L-Z relation, i.e., have a
lower metallicity than predicted by the relation, given their
luminosity.

Using the empirical ugri — UBVR, transformations pre-
sented in Cook et al. (2014), we convert the observed SDSS
magnitudes of our BCDs into absolute B-band luminosities:

B—i=(1.27 £ 0.03)(g — i) + (0.16 £ 0.01). (15)

We plot the resulting absolute B-band luminosity of our BCDs
versus the oxygen abundance (L-Z relation) in Figure 6, and
compare our results with the Berg et al. (2012) sample of
nearby dwarf galaxies and a selection of other known low-
metallicity galaxies. We note that the mean residual of our
sample of BCDs from the Berg et al. (2012) L—Z relation given
in Equation (14) is 0.271; however, this is weighted by a bias
toward systems that lie below the L—Z relation.

A significant fraction of our BCD sample appears to be
outliers of the L—Z relation derived by Berg et al. (2012). If the
L—Z relation from Berg et al. (2012) is representative of regular
star-forming regions, i.e., chemical enrichment is a result of star
formation and subsequent feedback and enrichment from the
stellar population, and deviations from this relation indicate
interactions with the surrounding media, such as the inflow and
accretion of pristine gas from the IGM, then it seems that there
exists a larger fraction of BCDs in our sample that are
experiencing recent star formation and observed to have a low
metallicity due to the accretion of metal-poor gas. This is in
contrast with systems that are low metallicity simply because
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Figure 5. Redshift distribution of our full sample of BCDs. The mean redshift
of our sample is z = 0.016, which corresponds to a luminosity distance of 70.6
Mpc in a Planck cosmology. Our highest redshift object has z = 0.052.
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1

they have processed little of their reservoir of gas into stars
since the formation of the galaxy, due to inefficient star
formation.

We note that even with our sample of BCDs that have direct
abundances, our distance measurements contribute a large
source of uncertainty in Mp, as discussed in Section 4.3. For
BCDs with metallicities based on the R and S calibration
methods, we must also consider the accuracy of these methods
in predicting the true metallicity of a system. Therefore, in
addition to the distance uncertainties, there also exists an
uncertainty in the metallicity for systems that currently only
afford metallicity estimates made via strong emission lines.

Furthermore, the B-band flux is dominated by the light of
massive O and B stars, likely on the specific population of O
and B stars present. This makes the observed B-band
luminosity more sensitive to the recent or ongoing star
formation and less sensitive to the stellar mass and integrated
star formation history of the galaxy (Salzer et al. 2005). The
sensitivity of the B-band luminosity to the star formation event
could shift the observed luminosity of a system to a higher
luminosity than what is expected given its metallicity.
Additionally, the B band is also more susceptible to absorption
effects than longer wavelength bands.

To make more definite conclusions about our systems and
how well they follow or deviate from the Berg et al. (2012) L-Z
relation, we would require direct abundance measurements and
accurate distance measurements. Alternatively, supplementary
infrared imaging, which is a better proxy of galaxy mass than
the B band, on the sample of metal-poor BCDs could provide a
more fundamental L-Z analysis.

5.2. Mass—Metallicity Relation

The stellar mass (M) and the metallicity of a galaxy are
considered to be fundamental physical properties of galaxies
and are correlated such that more massive galaxies are
observed to have higher metallicities. This correlation is given
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Table 5
Derived Properties of Our BCD Sample

Target Name dy, dviould Mp L(Ha) SFR M,

(Mpc) (Mpc) (x10*° erg s™") (x107> M, year™ ) (x10° M)
JOO00+3052A 67.6 67.1 —14.29 2.77 £ 0.16 12.15 + 0.70 6.6 £ 1.1
J0000+3052B 68.5 68.1 —14.52 3.44 +0.20 15.11 + 0.87 17.9 + 3.1
JO003+3339 94.7 93.6 —15.19 4.31 +0.20 18.94 + 0.86 25.8 + 6.6
JOO18+2345 68.8 67.9 —14.83 2.79 + 0.14 12.22 + 0.63 21.1 £3.2
J0033—-0934 54.2 53.4 —15.55 2.07 £ 0.12 9.10 + 0.54 61.0 £ 5.6
J0035—-0448 75.9 74.4 —14.71 2.824 + 0.086 12.39 + 0.38 19.3 + 3.3
J0039+0120 66.0 64.7 —14.10 0.813 + 0.033 357 £0.14 10.5 £ 2.2
JO048+3159 68.5 67.6 —14.96 0.611 + 0.034 2.68 + 0.15 357 + 8.3
JO105+1243 63.4 61.9 —14.14 0.681 + 0.035 2.99 £+ 0.16 8.6+33
JO118+3512 73.9 72.9 —15.00 6.27 + 0.32 275+ 1.4 252 + 3.8

Note. We report luminosity distances for and distances corrected for the local velocity field using the Mould et al. (2000) flow model. Absolute B-band magnitudes are
calculated from the empirical ugri — UBVR, transformations presented in Cook et al. (2014). Calculations of the Ha luminosities, star formation rates, and stellar

masses are discussed in Section 4.

(This table is available in its entirety in machine-readable form.)

by the mass—metallicity (M—Z) relation (Mannucci et al. 2010;
Berg et al. 2012; Izotov et al. 2015; Hirschauer et al. 2018). It is
unclear whether the M-Z relation arises because more massive
galaxies form fractionally more stars than their low-mass
counterparts leading to higher metal yields (K&ppen
et al. 2007), or whether galaxies of all masses form similar
fractions of stars from their gas, but low-mass galaxies
subsequently lose a larger fraction of metal-enriched gas due
to their shallower galactic potentials (Larson 1974; Tremonti
et al. 2004).

While there exists evidence for various origins of the M—Z
relation, both the stellar mass and metallicity track the
evolution of galaxies; the stellar mass indicates the amount of
gas in a galaxy trapped in the form of stars, and the metallicity
of a galaxy indicates the reprocessing of gas by stars as well as
any transfer of gas from the galaxy to its surrounding
environment (Tremonti et al. 2004). Understanding the origin
of the M—Z relation would provide insight into the timing and
efficiency of how galaxies process their gas into stars, which is
relevant in models of the chemical evolution of galaxies over
all ranges of galaxy mass and redshift.

Obtaining the stellar mass of a galaxy is challenging, and as
a result, the luminosity of a galaxy is often adopted as a proxy
of its mass. This relation is analyzed in the form of the L-Z
relation, as discussed previously in Section 5.1. In this Section,
we analyze the M—Z relation in the context of our BCDs, using
stellar mass estimates of our BCD sample described in
Section 4.4. We compare our BCDs to the Berg et al. (2012)
M-Z relation, which is:

12 + log(O/H) = (5.61 + 0.24)

+ (0.29 £ 0.03)log(My). (16)

We note that Berg et al. (2012) estimate stellar masses for their
sample of low-luminosity galaxies using a combination of
optical and infrared luminosities and colors: the 4.5 um
luminosity, K — [4.5] color, and B — K color. We direct
readers to Section 6.4 of Berg et al. (2012) for further details.
Their resulting relation has a dispersion of ¢ = 0.15, compar-
able to the dispersion in their L—Z relation. Our BCDs in stellar
mass versus gas-phase oxygen abundance space (M-Z relation)
are presented in Figure 7, along with a selection of other known
low-metallicity galaxies.
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In addition to the uncertainty in metallicity estimates made
via the R and S calibration methods, we must also consider that
even with BCDs that afford a direct metallicity measurement;
we are only able to determine the metallicity of the HII region
ionized by the current star formation event. Due to the massive
young stars, these H II regions may be self-enriched (Kunth &
Sargent 1986). More generally, HII regions are a poor
representation of BCDs as a whole, as the bulk of baryons
are found in the gaseous interstellar medium of these systems.
It is therefore unlikely that our metallicities are representative
of the true global metallicity (James et al. 2014). Furthermore,
galaxies that have formed a substantial fraction (i.e., >10%)
of their stars in a recent star formation episode often have
M/L ratios that deviate from typical M/L ratios. Although
we have taken caution to use SDSS bands least likely to
be contaminated by the ongoing or recent star formation
event, even NIR stellar M/L ratios can vary, depending on
factors such as star formation rate and metallicity (Bell & de
Jong 2001).

Overall, however, our sample of BCDs, particularly those
with direct abundance measurements, follow the Berg et al.
(2012) M—Z relation slightly more closely than they do the L-Z
relation, with a mean residual from Equation (16) of 0.264.
This supports existing studies that the M—Z relation is the more
fundamental of the two relations.

5.3. The Search for BCDs in Other Photometric Surveys

With the advent of numerous photometric surveys, our
presented method of identifying candidate low-metallicity
galaxies via photometry alone can be adapted to query the
data products of forthcoming astronomical surveys to further
increase the number of local galaxies with metallicities less
than 12 +log(O/H) < 7.65. Multiple ongoing surveys such
as Pan-STARRS, the Dark Energy Survey (DES), and the
Dark Energy Camera Legacy Survey (DECaLs) can each
supplement the photometric search for low-metallicity
systems and offer the following advantages: both Pan-
STARRS and DES will survey larger areas of the sky than
covered by SDSS, and in particular, the DES footprint will
scan the southern hemisphere, providing photometric infor-
mation of sky regions not covered by current surveys.
DECaLS will reach fainter magnitudes and potentially
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Figure 6. Absolute B-band magnitude vs. the gas-phase oxygen abundance of our sample of observed BCDs, shown with star symbols, compared with several BCD
samples in the literature. The dark purple symbols correspond to our BCDs that have a direct oxygen abundance measurement, while the light purple symbols
represent BCDs with an oxygen abundance estimated via the R and S calibration methods. SDSS DR7 BCDs from Izotov et al. (2012) are shown as gray points, low-
luminosity star-forming galaxies from Berg et al. (2012) are shown in orange, and blue diffuse dwarfs from James et al. (2015, 2017) are shown in green. Other well-
known systems of extremely low metallicity are shown in blue and labeled. We note that the points labeled J0943+-3326 and AGC198691 are the same system, with
the former being measurements from our observations and the latter from the work of Hirschauer et al. (2016). The dashed orange line indicates the best fit relationship
between Mp and 12 + log(O/H) as determined by Berg et al. (2012) and given in Equation (14). We show the distribution of metallicities of our BCD sample in the

left panel.

uncover low-metallicity systems in our local universe that are
currently below the detection limit of SDSS. Additionally,
these surveys can extend the search for low-metallicity
systems to somewhat higher redshifts. As shown in Figure 5,
our BCD sample has a mean redshift of z = 0.016 and
reaches a maximum redshift of z = 0.052. Oncoming surveys
that reach higher redshifts can therefore cover a much greater
volume (i.e., a survey that can reach twice as far as current
limits would probe eight times the current volume).

However, searching for low-metallicity galaxies in either
Pan-STARRS, DES, or DECaLS is complicated by the lack of
u-band photometry, particularly because the most metal-poor
systems currently known in the local universe appear to cluster
around a tight u — g color space, as shown in Figure 1. Our
current SDSS query parameters will require modification to
efficiently pick out the same objects in their various color—color
spaces—grizy in Pan-STARRS, grizY in DES, and grz in
DECaLS. We note that the Canada France Imaging Survey
(CFIS; Ibata et al. 2017) offers u-band photometry and an
overlap in footprint with the DES, allowing the two to be used
in conjunction. Finally, by extending the search for low-
metallicity dwarf galaxies to a larger volume, the change in
photometric colors as we move into higher redshifts must also
be taken into account.
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6. Conclusion

We present spectroscopic observations of 94 newly
identified BCDs using the Kast spectrograph on the Shane
3 m telescope at Lick Observatory and LRIS at the W.M. Keck
Observatory. The BCDs were first identified as candidate low-
metallicity systems via their photometric colors in Data Release
12 of the Sloan Digital Sky Survey. From this query, we
selected a subset of objects best fit for observing based on their
morphologies.

From our observations, we estimate the gas-phase oxygen
abundances of our observed systems using the R and §
calibrations for objects observed using the Kast spectro-
graph and make direct oxygen abundance measurements for
systems observed using LRIS, where the temperature-sensitive
[O ] M\4363 A line is detected.

These observations are part of a recent survey led by the
authors to identify low-metallicity systems based on photo-
metry alone. To date, this program has yielded highly
successful results in discovering new metal-poor systems.
Specifically, our initial observations of candidate BCDs yielded
67% of systems to be emission-line galaxies. Of the confirmed
emission-line sources, 45% are in the low-metallicity regime,
with metallicities <0.1Z, or 12 + log(O/H) < 7.65, and 6%
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Figure 7. Stellar mass vs. the gas-phase oxygen abundance of our sample of observed BCDs, shown with star symbols, compared to several BCD samples in the
literature. The dark purple symbols correspond to our BCDs that have a direct oxygen abundance measurement, while the light purple symbols represent BCDs with
an oxygen abundance estimated via the R and S calibration methods. The remaining points belong to the samples as described in Figure 6. The dashed orange line
indicates the best fit relationship between M, and 12 + log(O/H) as determined by Berg et al. (2012) and given in Equation (16). We show the distribution of

metallicities of our BCD sample in the left panel.

have been confirmed or are projected to be in the lowest-
metallicity regime, 12 + log(O/H) < 7.20. This technique is a
promising means of bolstering the current meager number of
systems that push on the low-luminosity and lowest-metallicity
regime. Using photometry to identify candidate low-metallicity
systems can provide a more efficient yield in finding extremely
metal-poor systems in comparison to existing programs, which
have mostly relied on existing spectroscopic information, from
which metal-poor systems are then identified.

With new data from ongoing and upcoming all-sky
photometric surveys that add new sky coverage and reach
deeper magnitudes, our method promises to greatly increase the
number of known low-metallicity systems, particularly pushing
on the lowest-metallicity regime, where only a handful of
systems are currently known with 12 4 log(O/H) < 7.20, and
reaching a larger volume of the universe.

We are grateful to the anonymous referee for the thorough
comments which have resulted in an improved manuscript. The
authors thank Alis Deason and Connie Rockosi for useful
discussions, particularly in the development of this survey. We
thank Evan Skillman and Erik Aver for their expertise and helpful
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correcting for reddening and underlying stellar absorption. The
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Appendix
SDSS CasJobs Query

In this Appendix, we provide the SDSS CasJobs query that
we used to select candidate BCDs for follow-up spectroscopy.

SELECT P.ObjID, P.ra, P.dec, P.u, P.g, P.r, P.i, P.z into
mydb.MyTable from Galaxy P
‘WHERE
(P.u-P.g>0.2)
and (P.u-P.g<0.60)
and (P.g-P.r>-0.2)
and (P.g-P.r<0.2)
and (P.r-P.1i<-0.1)
and (P.r-P.1i>-0.7)
and (P.1-P.z<0.1)
and (P.i-P.z>-0.4-2%xP.err_z)
and (P.r<21.5)
and ((P.b<-25.0)or(P.b>25.0))
and (P.fiberMag_g < P.fiberMag_z)
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