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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 based on 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 § calibration methods. Follow-up observations on a subset of the lowest-metallicity systems are made at Keck
using the Low Resolution Imaging Spectrometer (LRIS), which allow for a direct measurement of the oxygen abundance. We
determine that 45 of the reported BCDs are low-metallicity candidates with 12 +1log(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 +1og(O/H) ~ 7.20.
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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, pre-
sumably due to less efficient star formation and higher metal
loss during supernovae events and galactic-scale winds (Gu-
seva et al. 2009).

The metallicity, Z, of a galaxy can be given in terms of the
gas-phase oxygen abundance, denoted by 12 +1log(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 <0.1Z5 (Kunth & Ostlin 2000; Pustilnik & Martin 2007;
Ekta & Chengalur 2010), where solar metallicity Z, is equiv-
alent to an oxygen abundance of 12 +1og(O/H)=8.69 (As-
plund et al. 2009). Despite the expected large population
of low-luminosity galaxies from the LF, this low-mass, low
metallicity regime is still relatively under-studied. As a re-
sult, observationally-derived properties such as the L—Z and
M —Z relations are not well constrained at the low metallicity
end. Progress towards 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 rela-
tively 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 H 11 regions are illumi-
nated 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; Skill-
man et al. 2013; Izotov et al. 2014; Aver et al. 2015), the for-
mation and properties of the most metal-poor stars in primi-
tive galaxies (Thuan & Izotov 2005), and how these massive
stars interacted with their surroundings (Mashchenko et al.
2008; Cairés & Gonzalez-Pérez 2017). Additionally, low-
mass, low-metallicity systems are thought to be main con-
tributors 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 leak-
ing ionizing radiation from these systems and the effect on
the surrounding intergalactic medium (IGM; Stasinska et al.
2015; Izotov et al. 2016, 2018a). In our local Universe, stud-
ies 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 H1I regions from which emis-
sion 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 he-
lium abundance 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 Collabo-
ration et al. 2016). A recent study by Izotov et al. (2014) us-
ing 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 dataset 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 that of the Standard Model (see also
Peimbert et al. 2017). The disagreement between the most re-
cent determinations of the primordial helium abundance sug-
gests that underlying systematics may not be fully accounted
for. Currently, the number of low-metallicity systems avail-
able for primordial abundance measurements is limited, es-
pecially in the lowest metallicity regime. Increasing the num-
ber of metal-poor galaxies in the lowest metallicity regime
to further our understanding of the primordial helium abun-
dance is a key goal of our survey.

BCDs contain a significant fraction of gas and to be expe-
riencing 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 then enriched their host minihalos with the
first chemical elements heavier than lithium (Bromm et al.
2002). Detailed studies of BCDs allow us to better under-
stand the physics of how early galaxies might have been en-
riched 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 on-going star forma-
tion and low metallicities that may suggest these systems to
be 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
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detection of an RR Lyrae or red giant branch (RGB) popu-
lation. Local BCDs thus provide insight on the star forma-
tion 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 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
z~6 (Wise & Cen 2009; Izotov et al. 2016) due to leak-
ing ionizing radiation from the galaxies. Although observa-
tions 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). Lo-
cal 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 ra-
diation and material from low-mass systems are redistributed
to their environments. These studies can then inform mod-
els on the nature and timing of how the IGM was reionized
during the epoch of reionization (Jensen et al. 2013). Ad-
ditionally, 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 popula-
tion of galaxies.

It is necessary, however, to increase the number of the
lowest metallicity BCDs to make better primordial he-
lium abundances measurements, study the low-mass and
low-luminosity regimes that these metal-deficient galax-
ies define, and better understand the physical and chem-
ical evolution of these systems. Only a handful of sys-
tems are currently known with metallicities of <0.03 Z,, or
12 +1og(O/H) < 7.15. Efforts toward identifying new low-
metallicity systems 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), with
limited results on identifying 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 dis-
covered through the H1 21 cm Arecibo Legacy Fast ALFA
(ALFALFA; Giovanelli et al. 2005; Haynes et al. 2011) sur-
vey, 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) con-

ducted a photometric search for low metallicity objects and
obtained follow-up spectroscopy on a subset of their sam-
ple. 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 +1og(O/H) < 7.45.

Eliminating the need for existing spectroscopic informa-
tion can be a method of efficiently increasing the known
population of BCDs, particularly at the lowest metallicities,
since this allows a targeted spectroscopic campaign of the
lowest-metallicity galaxies based on 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 sub-
set of candidate BCDs, along with data reduction procedures
are described in Section 3. We discuss emission line mea-
surements, 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 of-
fer a means of discovering BCDs, both locally as in SDSS,
as well as pushing towards 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 towards 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 (Tirimba et al. in prep.). We require that the
objects lie outside of the galactic plane, i.e., have Galactic
latitudes b > +25 deg and b < —25 deg, have r-band magni-
tudes r < 21.5, and fall within the following color cuts:

02<u-g<0.6

-02<g-r<02

-0.7<r-i<-0.1
—0.4-2zepror <i—2<0.1

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
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magnitude to exclude H1I regions in redder galaxies from
the query results. Finally, we require that the objects be ex-
tended, i.e., classified as a Galaxy in SDSS. This query re-
turned a total of 2505 candidate objects. Our full query is
presented in Appendix A.

2.2. Morphological Selection

To create a list of candidate objects best fit for observa-
tion, 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 towards
systems in isolated environments. We also eliminated objects
with existing SDSS spectra. The remaining candidate galax-
ies that appeared to have a bright knot surrounded by a dim-
mer, more diffuse region were chosen as ideal systems for
follow up spectroscopic observations, with the assumption
that active star-forming H1I regions would appear as bright
‘knots’ in SDSS imaging and would be the most likely to
yield easily detectable emission lines. The surrounding dif-
fuse region is assumed to be indicative of the remaining stel-
lar 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 can-
didate 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 obser-
vations 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
[O11], [O111], [N 11], and [S 1I] 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 [O11] dou-
blet at \\3727,3729A, Hp emission at \4861A, a forbidden
[O111] doublet at AA4959,5007A, Ha emission at A6563A, a
forbidden [N 11] doublet at /\/\6548,6583A, and a forbidden
[S11] doublet at A\6717,6731A. Detecting these lines are
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 de-
tect the temperature sensitive [O TIT] A\363A line for a direct
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Figure 1. Our SDSS g-r color selection criteria versus u-g, r-i,
and i-z color cuts in the upper, middle, and lower panels, respec-
tively. 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 compo-
nents), 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 crite-
ria, 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.



SEARCHING FOR THE LOWEST METALLICITY GALAXIES 5

[ Zwicky 18 J0018+2345

J1000+2736 J10444-6306 J1045+0209

J12144-1245 J1554+4620 J1732+4452

Figure 2. SDSS imaging of Leo P and I Zwicky 18, two of the most metal-poor H 11 regions currently known, are shown in the left and middle
panels of the upper row. The remaining panels show SDSS imaging of seven H1I regions selected for observing via our photometric method
and predicted to be of low metallicity. Spectra corresponding to the new systems are shown in Fig 3. The images are shown on the same angular
scale of 15" on a side, with north up and east to the left.
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measurement of the oxygen abundance. Additionally, with
the Keck observations, we aim to detect at least five optical
He1 emission lines to reliably determine the physical state
of the H1I 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 tele-
scope at Lick Observatory over 22 nights during semesters
2015B, 2016A, and 2016B. 85 of the observed candidates
yielded emission line detections, and 78 of the 85 have con-
fident emission line measurements reported here.

The Kast spectrograph has separate blue and red channels,
which our observational setup utilized simultaneously. Ob-
servations made prior to 6 October 2016 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 detec-
tor 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 0.78" per pixel,
and 0.43” per pixel on the Fairchild and Hamamatsu devices.
On the blue side, the 600/4310 grism with a dispersion of
1.02 Apix’1 was used, while on the red side, the 1200/5000
grating with a dispersion of 0.65 ;\pix’1 was used. This in-
strument setup covers ~3300-5500 Aand ~5800-7300 A,
with instrument full-width at half maximum (FWHM) reso-
lutions 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 re-
solve the [N 11] doublet from Ho. However, we note that the
[O 11] doublet is not resolved with this setup.

All targets were observed using a 2 slit and at the approx-
imate parallactic angle to mitigate the effects of atmospheric
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 RA and DEC, measured redshift, estimated distance, g-
band magnitude, u-g color, and gas phase oxygen abundance
of a selection of observed and confirmed emission-line sys-
tems are reported in Table 1; the full sample of observed sys-
tems 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 ob-
servations 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 spectrograph, LRIS has separate blue and red chan-
nels. Our setup utilized the 600/4000 grism on the blue
side , which provides a dispersion of 0.63 ;\pix‘l. On
the red side, the 600/7500 grating provides a dispersion of
0.8 Apix~'. Using the D560 dichroic, the full wavelength
coverage achieved with this instrument setup is ~3200—
8600A, with the blue side covering ~3200-5600A and the
red side covering ~5400-8600A. 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 0.7” slit using the at-
mospheric dispersion corrector (ADC) on LRIS for total ex-
posure 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 ob-
served at the beginning and end of each night for flux calibra-
tion. 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 ob-
served systems is available online.

3.3. Data Reduction

The two-dimensional raw images were individually bias
subtracted, flat-field corrected, cleaned for cosmic rays, sky-
subtracted, extracted, wavelength calibrated, and flux cali-
brated, using PYPIT, a Python based spectroscopic data re-
duction package.! PYPIT applies a boxcar extraction to ex-
tract a one-dimensional (1D) spectrum of the object. Multi-
ple 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
LIne Software (ALIS?; see Cooke et al. 2014 for details of
the software), which performs spectral line fitting using x>

I pYPIT is available from: https://github.com/PYPIT/PYPIT

2 ALIS is available from: https://github.com/rcooke-ast/
ALIS/
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Table 1. Observational and measured properties of our BCD sample, observed at Lick and Keck Observatory

Target Name RA DEC Observations Z Distance mg u—g 12+1log(O/H)
(J2000) (J2000) (Mpc)

JO000+3052A  00"00™31°.45 430°52/09.30”  Keck+LRIS 0.0151 67.6 19.84+0.02 0.65 7.72+£0.01

JO000+3052B  00"00™32°.31 +30°52'16.62”  Keck+LRIS  0.0153 68.5 19.55+£0.02 043 7.634+0.02
J0003+3339  00"03™51°.08 +33°39'29.63”  Shane+Kast 0.0211 94.7 19.574+0.03 033 7.91+0.03
J0018+2345  00"18™59°.32 +23°45'40.32”  Shane+Kast 0.0154 68.8 19.24+0.02 026 7.18£0.03
J0033-0934  00"33™55°.79 —09°34'32.20”  Shane+Kast  0.0121 54.2 1797+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™30°.30 +01°20'21.61”  Shane+Kast 0.0147 66.0 19.88+0.03 0.52 7.78+0.03
J0048+3159  00"48™55°.31 +31°59’02.05”  Shane+Kast 0.0153 68.5 19.05+0.03 031 8.45£0.02
J0105+1243  01"05™24°.95 +12°43'38.71”  Shane+Kast 0.0142 63.4 19.77+0.04 043 7.64£0.05
JO118+3512  01"18™40°.00 +35°12'57.0”  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 metal-
licity 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, J0834+5905. In these cases, we do not significantly detect the [O111] A4363A line and adopt an upper limit to the [O111]
A4363A emission line flux equivalent to 3 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.

minimization. For integrated flux measurements, each emis-
sion 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 con-
tinuum measurement is folded into the integrated flux errors.
We assume that the full width at half maximum (FWHM)
of all emission lines are set by instrumental broadening, and
therefore all emission lines have the same FWHM. The inte-
grated flux measurements of our observed systems are avail-
able online.

The measured emission line fluxes are corrected for red-
dening and underlying stellar absorption using the y? mini-
mization approach described below and found in Appendix
A of Olive & Skillman (2001):3

Xz(\) = X))
N Z(R() (V)

i} 2,00 M

A

where

1o X
X = 1wp) = xyapoomn 2

3 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, private communication).

W)\ 1
( )+GH) 3)

W)

Here, X7 ()\) is the theoretical value of the Balmer line ratio at
wavelength A of consideration to HB, f()) is the reddening
function, normalized at Hf3, c(Hp) is the reddening, W(\)
is the equivalent width of the line, and ay; is the equivalent
width of the underlying stellar absorption at H3, both given
in Angstroms. Minimizing the value of x? allows for the
determination of the best values of c(Hf) and agy;.

We note that the underlying stellar absorption is wave-
length dependent. While we report the value of ay, at Hf,
the best solution for the x> 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 multiplica-
tive 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 de-
pendence of underlying 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. In-
stead, we rely on all detected higher order Balmer lines when

X0 = FO
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solving for the reddening and underlying stellar absorption.
We include Hp through H9 in this calculation, and exclude
He and H8 due to blends with [Ne 111] and He 1, respectively.
We note that the uncertainty in flux scales across the sepa-
rate 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 obser-
vations, and Balmer line ratios for measured temperatures
are adopted for LRIS observations. The underlying stel-
lar absorption in our systems range from <1A—4.5 A, and
the amount of reddening ranges from c(Hg3) ~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
confirmed 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 systems ob-
served using Shane+Kast, or obtain a direct measurement of
the metallicity using the temperature sensitive oxygen line at
[O111] \4363 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 [O I11] A\4363 A,
which is necessary for a direct abundance measurement, is
typically not detected in our sample of BCDs observed us-
ing 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 observa-
tions. We adopt two separate methods for determining the
oxygen abundance in H II regions, each using the intensities,
I, of three strong emission lines, as presented by Pilyugin &
Grebel (2016). The R calibration uses the intensities of R,,
R;, and N, and the S calibration uses the intensities of S,, R3,
and N,, where the standard notations are:

Ry = IomAN3727,3729 / Is
N, = InmAA6548,6583 / Ty
Sy = s AN6717,6731 / Iyg
R = Loy AN4959,5007 / Iy

4)

The R and S calibrations are bifurcated; the oxygen abun-
dance 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(N,) < —0.6:

12+log(O/H)R’L =7.932 +0.944 log(R3/R>) + 0.695 log N,
+(0.970 — 0.291 log(R3 /R,) — 0.019 log N,) (%)
x log R,

12+10g(O/H)S’L = 8.072 +0.789 log(R3/S>) + 0.726 log N,
+(1.069 — 0.170 log(R3/S>) + 0.022 log N,) (6)
x log S

The upper branch is applicable for HII regions with
logN, >-0.6:

12+10g(O/H)g ; = 8.589 + 0.022 log(R3/R>) + 0.399 log N>
+(—0.137 + 0.164 log(R3/R;) + 0.589 log N>) (7N
x log R,

12+10g(O/H)S’U = 8.424 + 0.030 log(R3/S>) + 0.751 log N,
+(—0.349 + 0.182 log(R3/S>) + 0.508 log N) (®)
x log S

For systems where we do not detect the weaker metal lines,
[N 11] and/or [S 11], we adopt a 30 upper limit on their fluxes
in order to estimate their metallicities. The reported metallic-
ity of each galaxy in our BCD sample is based on the mean
oxygen abundance derived from the R and § calibrations. We
note that the separate R and S metallicity estimates are of-
ten in good agreement with one another, with the mean and
standard deviation of the absolute value difference between
the two methods, | 12 +1log(O/H)g — 12 +1og(O/H)s |, 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 cal-
culations of the electron density, electron temperature, ionic
abundances, and resulting metallicities were made using
PYNEB (Luridiana et al. 2015).*

We significantly detect the [S11] A\6717,6731 A doublet
in all LRIS observations and use the ratio of the two lines
to calculate the electron density. However, consistent with

4 PYNEB is available from: http://www.iac.es/proyecto/
PyNeb/
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Table 2. Measured Emission Line Intensities for a sample of observed BCDs

Target Name
Ton JO000+3052A JO000+3052B JO003+3339 J001842345 J0033-0934
[O11] A3727+3729 0.6249 £0.0064  1.413+£0.011 1.532+£0.040 0.799 £ 0.044 1.378 £0.052
H11 A\3771 0.0785 £0.0030
H10 A3798 0.0256 £0.0048
H9 A\3835 0.1187£0.0048 0.1140+£0.0082  0.120+0.022 0.088 £0.035 0.109 £ 0.032
[Ne 111] A3868 0.2528 £0.0046 0.2025+£0.0042  0.372+0.022 0.157£0.030 0.099 £ 0.050
H8+He 1 A3889 0.2006 £0.0053  0.2202+£0.0088  0.260 +0.020 0.204 £0.032 0.196 £ 0.039
He+[Ne 111] A3968 0.2120£0.0055 0.2093£0.0088  0.172+0.022 0.228 £0.034 0.120£0.048
Hé \4101 0.2518 £0.0051 0.2681£0.0080  0.255+0.018 0.262 £ 0.031 0.238 £0.041
Hvy \4340 0.4289£0.0052 0.4437+£0.0074  0.468 +0.022 0.458 £0.030 0.514 £0.046
[O111] A4363 0.0861 £0.0023  0.0518 £0.0025
He 14472 0.0309 £0.0020 0.0244 £ 0.0024
Hp \4861 1.0000 £0.0049 1.0000+£0.0065  1.000 £ 0.020 1.000 £ 0.027 1.000 £ 0.043
He 14922 0.0056 £ 0.0018
[O111] A4959 1.4318 £0.0053 0.8482+0.0042  1.504+0.021 0.612£0.023 1.070 £ 0.045
[O111] A5007 4.337£0.011  2.5839+0.0077  4.796 +£0.032 1.806 £ 0.034 2.393+£0.077
He1A5015 0.0291 £0.0021  0.0240 £ 0.0025
He1 5876 0.0532 £0.0093
[N 11] 6548 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
[N11] A6584 0.0163 £0.0047 0.0724+£0.0086 0.0634+0.0010 0.01798 £ 0.00029
He1 6678 0.0284 £ 0.0046
[S1] A6717 0.0653 £0.0049  0.137£0.010 0.176 £0.021 0.0775+£0.0053  0.076 +0.098
[S1] 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
FHB) (x10™ 7 ergs™ cm™)  181.9140.89 2200+1.4 140.7+£2.8 172.0£4.6 206.1 £8.8
EW(HB) (A) 96.0+1.3 47.51£0.44 169 £27 66455 43.5+44
c(Hp) 0.001 0.001 0.056 0.001 0.501
EW(am) (A) 4.50 3.44 4.43 3.52 2.47

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 H5. Emission line intensities for the
full sample of BCDs are available online.
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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 § 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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Table 3. BCDs in the Lowest-Metallicity Regime

Target Name 12 +1og(O/H) Metallicity Method

J001842345  7.18+£0.03 Rand S
JO834+5905  7.17+0.13 Direct

Little Cub 7.13+£0.08 Direct
J1045+0209  6.48 +0.31 Rand S
J121441245  7.17+0.13 Rand S
J15544+4620  7.24+£0.09 Rand S
J094343326  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 +1og(O/H) <7.20. We
note that the metallicity measurement of J0834+5905
is a lower limit of its true metallicity. We note that
we also list J0943+3326 here, known in the literature
as AGC198691 (Hirschauer et al. 2016). Our sur-
vey independently identified this system as a candi-
date metal-poor galaxy, and the values reported here
reflect our measurements. Since this galaxy was first
reported by Hirschauer et al. (2016), we do not in-
clude it as one of the six lowest-metallicity systems
identified by this survey.

the expected electron density of an H 1T region, the measured
electron densities occupy the low-density regime, where the
ratio of the [S1I] 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 de-
termined by the [S 11] AA6717,6731 A lines and the expected
range of densities in H1I regions, 10> < n, (cm™) < 10*
(Osterbrock 1989).

We assume a two-zone photoionization model of the H11
region in these BCDs and calculate the corresponding tem-
peratures of the separate high and low ionization zones. The
ratio of the [O111] A4363 A line to the [O111] A5007 A line
allows for a determination of the temperature of the high
ionization zone (7, [O111]). We note that the temperature-
sensitive oxygen line at [O 111] A\4363 A is detected in most of
our LRIS observations, however, we adopt a 3¢ upper limit
on the measured emission line flux at [O 111] A4363 A when
we do not significantly detect the line. This measurement al-
lows for an estimate of the electron temperature and there-
fore a direct measurement of the gas phase oxygen abun-
dance. Because we do not detect the [O 11] AN7320,7330 Aor
the [N 11] A5755 A lines necessary for a direct measurement
of the temperature in the low ionization zone (7,[O11]),

we adopt the formulation relating the two temperatures pre-
sented by Pagel et al. (1992):

£'on] = 0.5(¢,' [0111] +0.8) 9)

where 7, =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 H 11 region also
assumes that the total oxygen abundance is the sum of the
singly and doubly ionized states:

o ot o+

H o wH
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.

(10)

4.2.3. R and S Calibration versus Direct Metallicity
Measurements

Our sample contains thirteen BCDs for which we obtained
both Kast and LRIS spectra. Using these systems, we con-
sider the reliability of the R and S calibration methods in pro-
viding 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 thirteen sys-
tems, along with the idealized one-to-one scenario where the
calibration method exactly predicts the direct metallicity. We
calculate the 12 +10g(O/H)gjrec: — 12 +10g(O/H)ggs of these
thirteen BCDs, shown in the lower panel. The mean and stan-
dard 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 H1I
regions with direct metallicity measurements. Their sam-
ple has a mean oxygen abundance of 12+1log(O/H)~ 8.0
and only a small fraction of their sample occupied the
low metallicity regime at 12 +1log(O/H) <7.65, which may
cause the resulting relations to be less well-calibrated at
the low metallicity regime. In our sample of thirteen
BCDs, the two systems that occupy the lowest metallic-
ity regime at 12+10g(O/H)gireer <7.20 had metallicities
significantly underestimated using the R and § calibration,
12 +10g(O/H)ggs ~6.60. While it is possible that some of
the systems in our sample with 12 +10g(O/H)ggs <7.0 have
underestimated metallicities, there is a monotonic trend in
that the systems predicted to be of the lowest metallicities
using the R and § calibrations remain as the lowest metal-
licity systems of our sample. This bolsters our confidence
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Table 4. Physical and Chemical Properties of the BCDs Observed with Keck

HSYU ET AL.

Target Name  n,([S1u])  T,([O1m]) T,([011]) O™ /H* O /H* 12 +1og(O/H)
(cm™) (K) (K) (x107%) (x107%)
J0000+3052A  12074°  15130£190  13671+78 452+ 1.4 7.01+£0.17 7724001
J0000+3052B  150%3° 151904350 13670+£140  26.7£1.5 15.864+0.58  7.63+£0.02
JO118+3512  116%5 15500190  14000+76  29.274+0.84  85040.18  7.5840.01
J0140+2951 1816 1220029  11856+£15  88.39+0.71 22974022  8.05+0.00
J0201+0919 7410 14730+£440 138504190  39.843.1 11294053  7.71+£0.03
J022042044A  135%21 15900440 135404170 252+ 1.6 8.654+0.38  7.5340.03
J0220+2044B 175004 1100 15060 £380  20.5+3.0 3.984+0.37  7.3940.06
J0452-0541 42137 154904410 135704160 272417  16.01+0.66  7.6440.02
J0743+4807 81782 950041600 102004 1100 >250 >90 >8.34
J0812+4836 7073, 1720044000 14500 + 1600 >11 >17 >1735
J0834+5905 350130 2100043100 15480 +980 >17.7 >7.8 >7.17
KJ5 17058 11570£560 116704300  68.0=£11.0 125413 7.90 4 0.06
KJ5B 12572° 140304390 133104180  40.7+3.1 10574051  7.71+£0.03
J0943+3326 33012 1650041300 14700£500 104421 4064047  7.16+0.07
Little Cub 327533 1860042200 14680 =720 51%1.5 9.1+1.6 7.1340.08
KJ97 48731 11880+310 12450+ 160  72.2+59 287+ 1.4 8.000.03
KJ29 900750 142704340  13370+£150  292+1.9 12724049  7.6240.02
K2 450753 17550 £150 14907452 24404048 2.466+£0.042 7.43£0.01
J1414-0208 112752 1470041400 13520£610  19.145.6 135423 7.50 +0.09
J1425+4441 1801180 150704960 133204400  18.243.0 135+1.4 7.5040.06
J1655+6337 16620£160 13914459  21.90£049 5.169+0.093  7.43+0.01
J1705+3527  83%3 15510130  13453+54  37.694+0.77 7.69+0.14  7.66+0.01
J173244452 29712 15200£240 14146498 329413 8944023  7.6240.02
J1757+6454 69731 14480+190 13451 +£81 39.14+14  13.674£034  7.72£0.01
J2030-1343 2571 138904140 13446+ 64 559+1.6 13544026  7.84+0.01
J2213+1722 293 15420140  13400+58  30.184+0.67 1020+0.18  7.61+0.01
J2230-0531 7770 14860170 13845472  324941.00 879+0.18  7.62+0.01
J2319+1616 1375  10617+23  11628+13  106.82+£0.80 44794042  8.18+0.00
1233943230 15.372%7  13990+£240 134704110 507423 12174036  7.804+0.02

NoOTE—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 n, = 100cm™ due to the density insensitivity of the
[S11] A6716/A6731 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 111] A4363 Aline and
adopt an upper limit to the [O 11T] A4363 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.
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Figure 4. Comparison between the R and S metallicity estimates
and direct metallicity measurements for thirteen BCDs for which
we obtained both Kast and LRIS spectra. The upper panel shows
the direct versus R and S calibration metallicities for each system
(purple points) and the one-to-one relation between the two mea-
surements (dashed blue line). The lower panel shows how much
the R and S calibration methods over- or under-estimated the true
metallicity.

in being able to identify the lowest metallicity systems from
the strong line R and S 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 (dy) to each system using ASTROPY’s
cosmology subpackage, assuming the built in PLANCK15
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 lo-
cal 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 re-

14 T T T T T
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Figure 5. The 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.

quire additional data, such as photometry of the tip of the red
giant branch (TRGB).

Nevertheless, for completeness, we adopt the luminos-
ity 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 dis-
tance estimates. The reported Ha luminosity of each system,
L(Ha), is calculated using our observed Ho fluxes combined
with the assumed distance determined above:

L(Ho) = F(Ho) 4nd; (11)

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

SFR = 7.9 x 107 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 Mg 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(He) 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(Ha). In
particular, massive O and B stars in low metallicity environ-
ments are likely more efficient at ionizing their surroundings
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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 us-
ing 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 r—i
color, given below. The observed photometry of these BCDs
is likely to be influenced by the strong emission lines from
the H 11 region, in addition to the light of the young O and B
stars. We therefore select the bands that are least likely to be
contaminated by the star-forming event.

M
logg () =0:006+ (1114 x (r=i)  (13)
The resulting stellar mass estimates are given in short in Ta-
ble 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
measurements with the [OII1] A4363 A line. Their sample
showed a small scatter in the relationship between the ob-
served luminosity and oxygen abundance, shown as the or-
ange dashed line in Figure 6 and given by:

12 + log(O/H) = (6.27 = 0.21) + (-0.11 £ 0.01)M (14)

Here, Mj is the B-band luminosity. This relationship from
the Berg et al. (2012) sample has a dispersion of 0 =0.15.

It has been suggested that significant deviations from the
L—Z relation may be due to abnormal processes in the chemi-
cal 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 L—Z relation with H 1 observations tend to have disrupted
morphologies, suggesting that these galaxies have undergone
recent or current interactions. The observed metal-poor na-
ture 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
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 — UBV R, 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 towards 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 enrich-
ment from the stellar population, and deviations from this re-
lation 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 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 meth-
ods 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 lu-
minosity more sensitive to the recent or on-going star forma-
tion and less sensitive to the stellar mass and integrated star
formation history of the galaxy (Salzer et al. 2005). The sen-
sitivity 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. Ad-
ditionally, the B-band is also more susceptible to absorption
effects than longer wavelength bands.
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Table 5. Derived Properties of our BCD sample

Target Name dr dMould Mp LHa) SFR M,
(Mpc)  (Mpc) (x10¥ergs™)  (x10° Mgyear™) (x10°Mg)
JO000+3052A  67.6  67.1 -1429  2.77+0.16 12.1540.70 6.6+1.1
J0000+3052B 685  68.1 -14.52  3.44+0.20 15.11+£0.87 17.9+3.1
J0003+3339 947 936 -1519  431+0.20 18.9440.86 2584+ 6.6
J0018+2345 688 679 -14.83  279+0.14 12.22 +£0.63 21.14+3.2
J0033-0934 542 534 -1555 2.0740.12 9.10 £0.54 61.0£5.6
J0035-0448 759 744 -1471 2.82440.086 12.3940.38 193433
J0039+0120  66.0 647 -14.10 0.813+0.033 3.5740.14 10.5+£2.2
J0048+3159 685  67.6 -1496 0.611+0.034 2.6840.15 357483
J0105+1243 634 619 -14.14 0.68140.035 2.9940.16 8.6+3.3
JO118+3512 739 729 -1500 6.2740.32 275+14 252438

NOTE—We report luminosity distances for and distances corrected for the local velocity field us-
ing the Mould et al. (2000) flow model. Absolute B-band magnitudes are calculated from the
empirical ugri—UBV R, transformations presented in Cook et al. (2014). Calculations of the Ha
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luminosities, star formation rates, and stellar masses are discussed in Section 4.

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 measure-
ments 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 ob-
served to have higher metallicities. This correlation is given
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 (Kop-
pen et al. 2007), or whether galaxies of all masses form sim-
ilar 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 evolu-
tion 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 envi-
ronment (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 (M..)

(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,m lu-
minosity, 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 o =0.15, comparable to
the dispersion in their L—Z relation. Our BCDs in stellar
mass versus gas phase oxygen abundance space (M —Z rela-
tion) are presented in Figure 7, along with a selection of other
known low metallicity galaxies.
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Figure 6. The absolute B-band magnitude versus the gas phase oxygen abundance of our sample of observed BCDs, shown with star symbols,
compared to several literature BCD samples. The dark purple symbols correspond to our BCDs that have a direct oxygen abundance measure-
ment, 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 grey 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 My
and 12 +1og(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.

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 measure-
ment, we are only able to determine the metallicity of the
H 11 region ionized by the current star formation event. Due
to the massive young stars, these HII regions may be self-
enriched (Kunth & Sargent 1986). More generally, H1I re-
gions are a poor representation of BCDs as a whole since 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, de-
pending 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 pre-
sented method of identifying candidate low metallicity galax-
ies via photometry alone can be adapted to query the data
products of forthcoming astronomical surveys to further in-
crease the number of local galaxies with metallicities less
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Figure 7. The stellar mass versus the gas phase oxygen abundance of our sample of observed BCDs, shown with star symbols, compared to
several literature BCD samples. 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 § 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 +1og(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.

than 12 +1og(O/H) < 7.65. Multiple ongoing surveys such as
PanSTARRS, the Dark Energy Survey (DES), and the Dark
Energy Camera Legacy Survey (DECaLs) can each supple-
ment the photometric search for low metallicity systems and
offer the following advantages: both PanSTARRS and DES
will survey larger areas of the sky than covered by SDSS, and
in particular, the DES footprint will scan the southern hemi-
sphere, providing photometric information of sky regions not
covered by current surveys. DECaLS will reach fainter mag-
nitudes and potentially 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 cur-
rent volume).

However, searching for low metallicity galaxies in either
PanSTARRS, 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 modifi-
cation to efficiently pick out the same objects in their various
color-color spaces — grizy in PanSTARRS, 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.

6. CONCLUSION

We present spectroscopic observations of 94 newly iden-
tified BCDs using the Kast spectrograph on the Shane 3-m
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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 S cal-
ibrations for objects observed using the Kast spectrograph
and make direct oxygen abundance measurements for sys-
tems observed using LRIS, where the temperature-sensitive
[0 111174363 A line is detected.

These observations are part of a recent survey led by the
authors to identify low metallicity systems based on photom-
etry alone. To date, this program has yielded highly success-
ful results in discovering new metal-poor systems. Specif-
ically, our initial observations of candidate BCDs yielded
67% of systems to be emission-line galaxies. Of the con-
firmed emission line sources, 45% are in the low metallicity
regime, with metallicities < 0.1 Zg or 12 +1og(O/H) <7.65,
and 6% have been confirmed or are projected to be in the low-
est metallicity regime, 12 +1og(O/H) < 7.20. This technique
is a promising means of bolstering the current meager num-
ber 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 exist-
ing programs, which have mostly relied on existing spectro-
scopic information, from which metal-poor systems are then
identified.

With new data from ongoing and upcoming all-sky photo-
metric surveys that add new sky coverage and reach deeper
magnitudes, our method promises to greatly increase the
number of known low metallicity systems, particularly push-
ing on the lowest metallicity regime, where only a handful of
systems are currently known with 12 +1log(O/H) < 7.20, and
reaching a larger volume of the Universe.
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(LRIS)

Software: astropy (Astropy Collaboration et al.
2013), matplotlib (Hunter 2007), NumPy (Van Der Walt
etal. 2011), SciPy (Jones et al. 2001—present)

APPENDIX

A. SDSS CASJOBS QUERY

SELECT P.0ObjID, P.ra, P.dec, P.u, P.g, P.r,

P.i, P.z 1NTO mydb.MyTable rFrROM 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.i<-0.1)
AND (P.r—-P.i>-0.7)
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AND (P.i-P.z<0.1)
AND (P.i-P.z>-0.4-2%P.err_z)
AND (P.r<21.5)
AND ((P.b<-25.0)o0r (P.b>25.0))
AND (P.fiberMag_g<P.fiberMag_z)
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