








Hawley & Pettersen 1991; Osten et al. 2005; Kowalski
et al. 2013). Chromospherically active M dwarfs exhibit strong
Hα emission, which can be used as a proxy for activity strength
in large spectroscopic samples (West et al. 2004). These flares
can often be observed in stellar light curves from time-domain
imaging surveys similar to those used in TDSS (Kowalski
et al. 2009; Davenport et al. 2012, 2014). Although they are
much less luminous than RR Lyrae, the large numbers of M
dwarfs makes them useful probes of the structure and
kinematics of the thick and thin Galactic disks in the Solar
neighborhood (e.g., Reid et al. 1995,1997; Hawley et al. 1996;
Bochanski et al. 2007). Large samples of M dwarfs have been
compiled for these studies, typically based on their high proper
motions (e.g., Lépine & Gaidos 2011). However, these high
proper motion selected samples are known to suffer from
kinematic biases, which can be mitigated in part through
variability-based selection, especially for later spectral types.

Binary stellar systems can exhibit periodic eclipses in their
light curves if the orbital plane is close to the line of sight. The
stars in these binary systems are ostensibly formed together,
making them interesting laboratories of stellar evolution. A
combination of photometric and spectroscopic information can
constrain a wide range of binary orbital parameters (e.g.,
Andersen 1991; Torres et al. 2010), although further follow-up
in addition to our single-epoch TDSS spectra and SDSS/PS1
light curves will be required for useful constraints in most
cases. A significant fraction of TDSS-selected variable stars on
the stellar locus in Figure 10 are likely to be a wide variety of
eclipsing binary systems. Just a small fraction will show
“composite” spectra where both stars in the system are apparent
in the TDSS spectra.

5.1. Periodic Stellar Variables

A large fraction of our TDSS-selected stars are likely to be
objects that show periodic variability in their light curves.
Although the SDSS/PS1 light curves we use may be too
sparsely sampled to detect this periodicity, we can assess

whether or not some of our TDSS-selected objects are known
periodically variable stars detected in other surveys. A
comparison of the colors of these previously known periodic
variable stars to our TDSS stars sample provides another guide
to the different types of stars resulting from the variability-
based selection of TDSS. To this end, we positionally match all
TDSS-selected objects with spectra in our SEQUELS plate area
to the CSS catalog of periodic stars (Drake et al. 2014), and the
CSS RR Lyrae catalogs of Drake et al. (2013a, 2013b), all with
a 2″ matching radius. Although these catalogs do not extend as
faint as our TDSS survey, their higher cadence sampling
provides detailed classifications of each periodic star based on
their light curve characteristics. Using their detailed classifica-
tion, we group the matched periodic stars into “eclipsing,”
“pulsating,” and “rotating” subclasses following Drake et al.
(2014) to give a general idea of their variability mechanism.
Figure 11 shows a color–color diagram of all TDSS-selected

stellar objects with spectra in our SEQUELS plate area that
matched to the various periodic star catalogs. These stars are
dominated by blue RR Lyrae, but span the majority of the
stellar locus. This suggests that many of the TDSS-selected
blue A- and F-type stars in Figure 10 are likely to be RR Lyrae,
which is not surprising given their large variability amplitudes
and short periods. Furthermore, Figure 11 suggests that the
stellar locus of TDSS-selected periodic stars in Figure 10 is
likely to be dominated by eclipsing binaries of various types,
along with many rotating stellar variables. We caution that
these various periodic star catalogs are highly incomplete even
for bright objects due to a host of selection effects, and thus
here we do not attempt to investigate the expected periodic star
populations (and sub-type populations) in our TDSS sample.

5.1.1. Spectroscopic Composites

In our visual inspection, we identified several candidate
composite spectra of stars, which are likely to be relatively rare
spectroscopic binary systems in which both stars in the system

Figure 10. Color–color diagram of all TDSS-selected stars with spectra in our
SEQUELS plate area (including previous SDSS spectra). The approximate
locations of different stellar subclasses in color space are labeled based on
Kraus & Hillenbrand (2007). The TDSS variable stars sample contains a large
number of M dwarfs, A/F stars (many of which may be RR Lyrae), and a
significant number of binary stars along the stellar locus.

Figure 11. Color–color diagram of TDSS stars matched to periodic variable
stars from the Catalina survey catalog. The stars are grouped as eclipsing,
pulsating, or rotating based on their Catalina classification. The colors of the
overall TDSS stellar sample from Figure 10 are shown as shaded contours in
the background. We note that this matched sample contains only previously
known bright stars with strong variability, and it is likely that there are
significantly more periodic stars in the TDSS sample than are shown here.

11

The Astrophysical Journal, 825:137 (16pp), 2016 July 10 Ruan et al.



are clearly visible in the optical spectrum. These rare but
astrophysically important objects can be identified in the TDSS
sample thanks to their variability, commonly due to their
eclipsing nature. We spectroscopically decompose the binaries
by fitting pairs of template stellar spectra to the observed
spectrum to more accurately assess the constituent components
of the composite spectrum. Specifically, we utilize the spectral
template library from the SDSS-II cross-correlation redshifts
pipeline27, and generate synthetic composite spectra using
combinations of pairs of these template spectra, through a grid
of normalizations. The best-fitting pair of spectra (and the
normalizations) are found by minimizing the c2 between the
synthetic composite spectra and each observed composite
spectrum. Figure 12 shows examples of spectra of TDSS dM/
WD binary systems (including two rare objects with strong dM
emission), along with the results of this simple spectroscopic
binary decomposition method. These composite-spectrum dM/
WD binaries are likely to be rare, short-period eclipsing
systems, and are selected by TDSS due to their variability.

5.2. Chromospherically Active Stellar Variables

We investigate the chromospherically active fraction of M
dwarfs selected by TDSS to assess whether variability yields a
higher active fraction than expected from a non-variability-
selected sample. Chromospheric activity in M dwarfs is well-
known to increase for later spectral type M dwarfs up to type
M9 (Hawley et al. 1996; Schmidt et al. 2015), but also
decreases with stellar age (Gizis et al. 2002). In a Galactic
context, M dwarfs will show decreasing active fractions for
increasing height above the Galactic plane (West
et al. 2006, 2008), since these M dwarfs at large plane heights
are on average older due to dynamical heating in the Galactic
disk. To take these effects into account, we will compare our
TDSS M-dwarf active fraction to an estimate of the expected
active fraction for an M-dwarf sample with the same Galactic
plane height distribution as a function of spectral type.

Using all TDSS M dwarfs with spectra in our SEQUELS
plate area identified through our visual inspection, we first
perform detailed classification using a modified version of the
Hammer spectral typing software (Covey et al. 2007). Hammer
allows us to interactively classify each M dwarf through visual
comparison to a suite of template spectra. Furthermore,

Hammer also selects a subsample of M dwarfs with high
signal-to-noise in the Hα region for measurements of their Hα
equivalent width (EW). Specifically, the signal-to-noise ratio of
the flux densities in the Hα wavelength window and the
surrounding continuum wavelength window must be >3,
which is critical to ensure that our activity classification of each
M dwarf as either “active” or “inactive” based on its Hα EW is
robust and not significantly affected by noise. Following the
classification method of West et al. (2011), M dwarfs in our
sample are classified as “active” if they have Hα EW > 0.75,
with signal-to-noise ratio of the Hα EW measurement >3. The
active fraction is then Nactive/(Nactive+ Ninactive). Figure 13
shows this TDSS M-dwarf active fraction as a function of
spectral type, with uncertainties calculated from the binomial
distribution using the method of Cameron (2011). As expected,
the active fraction rises for later spectral types.
To compare our TDSS M-dwarf active fractions as a

function of spectral type to that expected from a non-
variability-selected sample, we utilize the SDSS DR7 M-dwarf
catalog of West et al. (2011) as a general sample of M dwarfs
not specifically based on their photometric variability. To
control for difference in height above the Galactic plane (i.e.,
stellar age) between these two samples, we first determine the
height above the Galactic plane for each M dwarf in these two
samples. This is done using the color-based photometric
distance Mr, r − z relation of Bochanski et al. (2010) with
extinction corrected magnitudes. Simultaneously binning the
DR7 M dwarfs in height above the Galactic plane and spectral
type provides an expectation of the active fraction as a function
of these two properties. For each TDSS M dwarf in our sample,
we compute this expectation of the active fraction based on its
height above the Galactic plane and spectral type. Using these
expectations for all of our individual TDSS M dwarfs, the
overall expected active fraction of each spectral type is simply
the mean expected active fraction for all TDSS M dwarfs, for
that spectral type. This results in the active fraction as a
function of spectral type of a comparison sample of M dwarfs
of the same size that is not variability selected. This is also
shown in Figure 13, where the uncertainties on these expected
active fractions are also estimated from the binomial
distribution.
Comparison of the active fraction of our TDSS M-dwarf

sample to that expected from a non-variability-selected sample
in Figure 13 shows that variability selection selects a higher
fraction of active M dwarfs for spectral types M0 through M4.

Figure 12. Examples of spectral decomposition of a few spectroscopic stellar binaries in the TDSS stars sample identified by visual inspection. Pairs of template
spectra from the SDSS-II classification pipeline are fit to the TDSS spectrum through a simple c2 fit, and the total composite spectrum provides a good fit to the
observed spectra.

27 http://classic.sdss.org/dr7/algorithms/spectemplates
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For later types, the active fraction from variability selection
may be actually lower than expected, but is more ambiguous
due to larger uncertainties. This may hint at a fundamental
change in the magnetic dynamo in the interiors of these M
dwarfs, as they transition with spectral type from a radiative
core with a convective envelope to being completely
convective for spectral types later than M4 (West & Basri
2009; Reiners & Basri 2010). The overall active fraction across
all spectral types for TDSS is -

+10.0 0.5
0.6%, in comparison to

-
+8.0 0.5

0.5% for the expected fraction for a sample not selected on
the basis of variability, showing that our variability-selected M-
dwarf sample contains approximately 25% more active M
dwarfs than a sample not selected by variability.

5.3. Unusual Stellar Systems

Our visual inspection of the TDSS stellar sample in
SEQUELS yielded many spectra of peculiar and/or rare
objects, a few examples of which are shown in Figure 14. We
defer detailed investigations of these peculiar objects, but note
that many of them, including cataclysmic variables, pulsating
white dwarfs, and carbon stars, are known to include
photometric variables, and thus are likely to be preferentially
selected by TDSS.

6. GALAXIES IN TDSS

Although TDSS specifically targeted objects classified as
point sources in SDSS imaging as part of the targeting
algorithm, a small number (313) of galaxies were nevertheless
selected and are in our SEQUELS TDSS spectra. These
galaxies may be variable due to “hidden” active nuclei,
transient phenomena such as tidal disruption events and
supernovae, or problems with the photometry leading to
artificial variability in the light curves. To investigate whether
TDSS-selected galaxies host hidden active nuclei, we will
assess the emission line ratios of TDSS emission line galaxies
on a classic BPT diagram (Baldwin et al. 1981; Kewley

et al. 2001; Kauffmann et al. 2003), which in effect examines
the spectral index of the continuum emission ionizing the
emission lines.
To construct the BPT diagram, we match our sample of all

TDSS-selected galaxies with spectra in our SEQUELS plate
area to the publicly available emission line spectra measure-
ments for all DR12 galaxies by Thomas et al. (2013).
Specifically, we use the measured [N II]/Hα to [O III]/Hβ line
ratios for all galaxies with all four lines detected at >3σ
significance. Figure 15 shows this BPT diagram for our TDSS
emission line galaxies, compared to all SDSS galaxies in
DR12. We also show the BPT classification scheme of
Kauffmann et al. (2003) and Kewley et al. (2001), which
distinguishes galaxies with emission lines ionized by stellar-
and active glactic nucleus (AGN)-like continuum spectra. The
majority of TDSS galaxies do not appear to host active nuclei
(at least at the time of TDSS spectroscopy), and other
explanations for their apparent variability should be considered.
Although other astrophysical explanations are possible, we

speculate that many of these galaxies may appear among TDSS
selections due to photometry issues, leading to artificial
variability in the light curves. In particular, since TDSS targets
are selected to be point sources based on their SDSS imaging
and passed a round of visual inspection of their imaging before
spectra are taken, these galaxies are not obviously extended
sources and may instead be barely resolved. This can lead to
small differences in the PSF magnitudes measured by the SDSS
and PS1 photometric pipelines, or variations in included flux as
seeing changes, leading to artificial variability. However, we
note that transient phenomena such as supernovae and stellar
tidal disruption events, or “changing look” quasars (LaMassa
et al. 2015) in which the AGN continuum disappeared (thus
leaving quiescent galaxies in the spectroscopic epoch) may also
explain some of these cases. Specifically, because the SDSS
spectra are generally observed at a later epoch than the
photometric epochs in the light curves (especially for the new
spectra in SEQUELS), it is possible that an earlier epoch of
strong variability may have abated to result in a quiescent
galaxy spectrum.

7. CONCLUSIONS

TDSS provides an unprecedented spectroscopic sample of
objects selected purely on the basis on their optical flux
variability, which is useful for a variety of time-domain science
to complement light curves from current and future large-scale
synoptic imaging surveys. Using an early sample of 15,499
TDSS spectra from the SEQUELS pilot survey for eBOSS, we
establish the demographics of our unique variability-selected
sample (of which 63% are quasars and 33% are stars) through
visual inspection of the spectra, providing a spectroscopically
confirmed ground-truth baseline for variability-selected sam-
ples. We then investigate the properties of the different classes
of objects in our sample, focusing on understanding the unique
advantages of using variability-selected samples for specific
science applications.
We show that quasars selected by their variability in TDSS

display a broad and smooth redshift distribution, complement-
ing color-selected samples by mitigating many color-based
redshift biases. For example, in comparison to the color-
selected eBOSS CORE quasar sample in the redshift range of

< <z0.9 2.2 intended for eBOSS quasar clustering measure-
ments, TDSS selects additional redder quasars. The redder

Figure 13. Chromospherically active fraction of TDSS M dwarfs for different
spectral subtypes, as measured by their Hα emission (black points). The
number of M dwarfs in each spectral type subsample is also shown. In
comparison to the expected active fraction of a sample with the same height-
above-Galactic plane distribution (red bars), early-type TDSS M dwarfs are
overall more likely to be active, especially for earlier types. Across all spectral
types, the full TDSS M-dwarf sample has a 10.0% overall active fraction, in
comparison to the 8.0% of the comparison sample.
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colors of these quasars selected by variability (without regard
to color) are possibly due to intrinsic dust extinction or
absorption. The TDSS quasar sample also contains an elevated
fraction of BAL quasars that is ∼40% higher than the color-
selected CORE sample (and likely to be closer to the intrinsic
BAL fraction). We also identify other types of peculiar quasars

that may be especially common in a variability-selected
sample, such as blazars which we estimate to be ∼30% more
common in TDSS than color-selected samples.
We investigate the stellar sample yielded by TDSS, which

spans the full stellar locus but includes a large number of A/F-
type stars and M-type stars. Through comparisons to catalogs
of previously known periodic variable stars, we show that the
majority of A/F-type stars in our sample are likely to be RR
Lyrae, and many of the main-sequence TDSS stars are likely to
be eclipsing binary systems. Our large sample of late type stars
is likely to contain chromospherically active M dwarfs, and we
show that the TDSS M-dwarf sample has a higher chromo-
spherically active fraction than expected from a non-variability-
selected sample, based on their Hα emission. We also identify
several composite spectra of binary stellar systems in which
both stars in the system are clearly visible in the optical
spectrum; these rare but astrophysically important systems can
be identified in the variability-selected TDSS sample likely due
to their eclipsing nature.
Finally, we search for evidence of hidden active nuclei in the

small number of emission line galaxies selected as part of
TDSS by studying their narrow emission line ratios in a BPT
diagram. We find that the majority of these galaxies do not
appear to host active nuclei and speculate that their appearance
in our variability-selected sample may be due to PSF
photometry errors if they are barely resolved (although
transient events in these galaxies can also cause their light
curves to appear highly variable while producing a galaxy-like
spectrum at the later spectroscopic epoch).
The TDSS survey is the first spectroscopic study of a large

sample of objects selected using inclusive variability criteria,
and our investigation here lays the groundwork for more in-
depth studies of particular classes of objects for a diverse
variety of science cases. An additional major science goal of

Figure 14. Examples of interesting stellar spectra: carbon star (top left), white dwarf (top right), cataclysmic variable (bottom left), and chromospherically active M
dwarf with Hα emission (bottom right). The spectra are shown in red and 1σ uncertainties are shown in gray.

Figure 15. BPT diagram of TDSS-selected emission line galaxies in our
SEQUELS plate area (red points), in comparison to all ELGs in DR12 (blue
contours). The BPT classifications of Kauffmann et al. (2003) and Kewley
et al. (2001) are shown as dashed and dotted lines, respectively, marking the
nominal divide between star-formation and AGNs as the primary source of
ionizing flux in these galaxies. The majority of TDSS galaxies do not appear to
host active nuclei, and other explanations for their apparent variability should
be considered (including possible complications in the photometry of
marginally resolved objects).
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TDSS is the discovery of rare objects often thought to exist but
heretofore unobserved (“known unknowns”), as well as
completely new classes of objects (“unknown unknowns”).
Discovery of these rare objects requires robust outlier detection
in large samples; we plan on continued visual inspection of the
∼220,000 spectra in the main TDSS sample that will be
observed as part of SDSS-IV over the period of 2014–2020.
Looking forward, the main TDSS spectroscopic sample will
provide a powerful training set for identifying and under-
standing the hundreds of millions of variable objects detected
in future large imaging surveys, and the combination of these
light curves and future planned multi-object spectrographs can
be exploited to more fully realize the rich science potential in
time-domain astronomy.
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