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Abstract

The Hobby–Eberly Telescope Dark Energy Experiment (HETDEX) is an unbiased, massively multiplexed
spectroscopic survey, designed to measure the expansion history of the universe through low-resolution (R∼ 750)
spectra of Lyα emitters. In its search for these galaxies, HETDEX will also observe a few times 105 stars. In this
paper, we present the first stellar value-added catalog within the internal second data release of the HETDEX
Survey (HDR2). The new catalog contains 120,571 low-resolution spectra for 98,736 unique stars between
10<G< 22 spread across the HETDEX footprint at relatively high (b∼ 60°) Galactic latitudes. With these
spectra, we measure radial velocities (RVs) for ∼42,000 unique FGK-type stars in the catalog and show that the
HETDEX spectra are sufficient to constrain these RVs with a 1σ precision of 28.0 km s−1 and bias of 3.5 km s−1

with respect to the Large Sky Area Multi-Object Fibre Spectroscopic Telescope surveys and 1σ precision of
27.5 km s−1 and bias of 14.0 km s−1 compared to the Sloan Extension for Galactic Understanding and Exploration
survey. Since these RVs are for faint (G� 16) stars, they will be complementary to Gaia. Using t-Distributed
Stochastic Neighbor Embedding (tSNE), we also demonstrate that the HETDEX spectra can be used to determine a
star’s Teff, and log g and its [Fe/H]. With the tSNE projection of the FGK-type stars with HETDEX spectra we also
identify 416 new candidate metal-poor ([Fe/H]<−1 dex) stars for future study. These encouraging results
illustrate the utility of future low-resolution stellar spectroscopic surveys.

Unified Astronomy Thesaurus concepts: Stellar types (1634); Catalogs (205); Surveys (1671)

Supporting material: machine-readable table

1. Introduction

One of the primary goals within Galactic astronomy is to
constrain the nature of the physical processes that govern how
the Milky Way formed, assembled, and evolved from its birth
to today. The key observational data that constrain theories of
Milky Way formation include the position, velocities, and
stellar atmospheric parameters for millions of stars across the
Galaxy. This is what has given rise to missions such as Gaia,
which have enabled the detailed study of the positions and
velocities for ∼1.7 billion stars through precise astrometric data
(Gaia Collaboration et al. 2018), and has also been a key driver
for the creation of large multi-object stellar spectroscopic
surveys. Stellar spectra, whether at low or high resolution,12 are
particularly useful because they enable not only measurement
of the radial velocity (RV) of stars, giving us 3D velocity
information when combined with Gaia, but also they contain

critical information, including the effective temperature (Teff),
surface gravity (log g), metallicity ([Fe/H]), and chemical
abundance ratios ([X/Fe]), for large samples of stars.
Large spectroscopic surveys have been instrumental in

uncovering the history and nature of our the Milky Way and
beyond. These projects have obtained data which range from
low to high resolution. For example, while the primary goal of
the original the Sloan Digital Sky Survey (SDSS; York et al.
2000) was to map galaxies and quasars across the universe, the
survey also obtained low-resolution (R∼ 2000) spectra for ∼105

stars through the Sloan Extension for Galactic Understanding
and Exploration (SEGUE; Yanny et al. 2009). Similar to
SEGUE, the most recent data release (DR5) from the Large Sky
Area Multi-Object Fibre Spectroscopic Telescope survey
(LAMOST DR5; Luo et al. 2015; Xiang et al. 2017) contains
low-resolution (R∼ 1800) spectra for over eight million stars. At
moderate resolution (R∼ 7500), the magnitude-limited Radial
VElocity Experiment (RAVE; Steinmetz et al. 2006, 2020),
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12 Resolving power is defined as R = λ/Δλ.
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whose aim was to explore the structure and nature of the Milky
Way, observed more than half a million stars observed in the
southern hemisphere and derive not only RV information but
also stellar atmospheric parameters for their sample.

Moving toward higher resolution the GALactic Archaeology
with HERMES (GALAH; De Silva et al. 2015; Buder et al.
2018) survey has obtained optical spectra of 342,682 stars at
R∼ 28,000, the SDSS-IV Apache Point Observatory Galactic
Evolution Experiment (APOGEE; Majewski et al. 2017;
Ahumada et al. 2020, H. Jönsson et al. 2021, in preparation)
survey has collected infrared (H-band) spectra for upwards
of 400,000 stars at R∼ 21,000, and the Gaia–ESO survey
(Gilmore et al. 2012) aims to collect up to 100,000 spectra at
R∼ 47,000. As one moves toward higher resolution, sample
sizes decrease because of the tradeoff that exists between the
resolution of the spectrograph and the exposure time required
to obtain high signal-to-noise ratio (S/N) data required for the
scientific aims of the surveys.

With high resolution, it is possible to derive both the detailed
stellar atmospheric parameters (Teff, log g, [Fe/H]) and the
chemical abundance ratios, denoted as [X/Fe], for many
elements. This is the case for surveys like APOGEE, GALAH,
and Gaia–ESO. However, for lower-resolution spectroscopic
surveys (e.g., SDSS, LAMOST), it becomes significantly more
challenging to recover the stellar parameters and detailed
chemical fingerprint. In fact, until recently, many low-resolution
surveys only were able to determine the Teff, log g, [Fe/H] and,
in some cases, [α/Fe]13 (e.g., Lee et al. 2008a, 2015; Boeche
et al. 2018). Despite this limitation, Ting et al. (2017)
demonstrated that it may be possible to measure not only the
stellar atmospheric parameters but also several key individual
elements down to R� 700 with precisions at the ∼0.15 dex
level. While, at first, the results from these authors seem
surprising, Xiang et al. (2019) illustrated the power of new
machine learning techniques and derived the stellar parameters
and 16 [X/Fe] atmospheric abundance ratios from the low-
resolution (R∼ 1800) LAMOST spectra. Additionally, other
works have shown that it is possible to uncover metal-poor
stars from low-resolution (R< 1000) spectra (e.g., Aguado
et al. 2019) and even from photometry (e.g., Starkenburg et al.
2017; Casagrande et al. 2019; Lucey et al. 2019).

These new low-resolution techniques offer many opportu-
nities including discovering and characterizing relatively rare,
yet scientifically important, metal-poor stars. Metal-poor stars,
defined as those with [Fe/H]<−1.0 dex, are important
because they offer insights into the early Galaxy as well as
constrain the nucleosynthesis of the elements (e.g. Bromm &
Larson 2004; Beers & Christlieb 2005; Karlsson et al. 2013;
Yong et al. 2013; Roederer et al. 2014; Frebel & Norris 2015;
Sakari et al. 2018, and references therein). These stars are
pretty rare yet their chemical properties are highly sought after.
Hunting metal-poor stars, especially those at the lowest
metallicities, is still a critical task. Several low- to medium-
resolution surveys have been instrumental in finding and
characterizing these metal-poor stars (e.g., Aoki et al. 2008;
Ruchti et al. 2010; Xu et al. 2013; Matijevič et al. 2017;
Li et al. 2018).

In this context, the Hobby–Eberly Telescope Dark
Energy Experiment (HETDEX; Hill et al. 2008, 2016,
K. Gebhardt et al. 2021, in preparation) is a low-resolution

(R∼ 750) blind spectroscopic survey whose primarily goal is
to map the locations and redshifts of high-z Lyα-emitting
galaxies to constrain the nature of dark energy. This survey
will cover a total of ∼450 sq. deg. However, much like the
case for SDSS, which was designed for cosmological
investigations but eventually observed many stars, HETDEX
will obtain spectra for large numbers of stars in its search for
Lyα emitters. The unbiased nature of HETDEX (i.e., no
preselection of objects is done), makes it extremely powerful,
when compared to other large stellar spectroscopic surveys, to
answer questions about the properties of the Milky Way.
Therefore, we explore the use of these low-resolution
HETDEX data for stellar astrophysics applications, such as
deriving radial velocities for faint stars in the Gaia catalog and
finding rare, but scientifically critical, metal-poor stars using
machine learning. This is the first time these techniques have
been applied to this data set.
This paper is structured as follows: Section 2 details the

spectroscopic data collected from the HETDEX survey and
presents the HETDEX–Gaia value-added catalog. We also
describe the overlap data set used to validate our methods. In
Section 3 we describe the methods used to constrain the RVs
for the FGK-type stars found in the HETDEX survey and the
t-distributed Stochastic Neighbor Embedding (tSNE) machine-
learning method that we used to uncover candidate metal-poor
stars. Section 4 presents the results of the RV and tSNE
analysis and discusses the role HETDEX may play in
constraining the nature of the Galaxy. Finally, in Section 5
we summarize our results and describe several future possible
investigations with the data presented here.

2. Data

2.1. The HETDEX Survey

The HETDEX survey, which aims to constrain the nature of
dark energy by observing Lyα emitters in the redshift interval
1.9� z� 3.5, is currently being carried out on the Hobby–
Eberly Telescope (HET; Ramsey et al. 1994), which is an 11 m
telescope with a segmented primary mirror, recently upgraded
with a 22′ field of view and 10 m pupil (Hill et al. 2018a). The
upgraded HET includes a key new instrument called the
Visible Integral-field Replicable Unit Spectrograph (VIRUS;
Hill 2014; Hill et al. 2018b), which is a massively replicated,
fiber-fed integral field spectrograph designed specifically to
preform unbiased spectroscopic surveys. The entire VIRUS
instrument consists of up to 156 integral field low-resolution
(resolving power R∼ 750) spectrographs, arrayed in 78 pairs.
Each of the 78 VIRUS units is fed by 448 1 5 fibers. Each of
the fibers is fed to individual spectrographs (two per IFU) and
dispersed onto CCD detectors at a mostly equal spacing on the
detector. The spectrographs have a fixed spectral window in the
optical with 3500< λ< 5500Å with 2Å pixels. This repre-
sents a pixel size of ∼130 km s−1. At full deployment,14

VIRUS will be able to capture 34,944 spectra for each
exposure. The instrumentation for HETDEX is described in
G. J. Hill et al. (2021, in preparation). The HETDEX survey,
which is currently underway with the VIRUS instrument, will
be a blind emission line survey of an area on the sky

13 In this case, [α/Fe] represents the average abundance ratio of [X/Fe] the
alpha elements (i.e., X = [Mg, Si, Ca, ...]).

14 The VIRUS units have been deployed on the HET one-by-one, beginning in
2015. As of writing, 74 of the 78 units are currently active. The data from this
paper were collected over the period 2017 January–2020 June with between 16
and 71 units deployed.
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comprising ∼450 sq. deg with a 1/4.5 fill factor. The current
release of HETDEX contains data from ∼29.85 sq. deg, or
∼30% of the expected final HETDEX data set. Figure 1 shows
the location of the main HETDEX survey footprint (black) and
a density map of two million randomly selected stars from the
Gaia mission. The background collection of stars from Gaia is
to provide a Galactic context to the HETDEX fields. Also
shown are the Galactic coordinates of the stars (Section 2.2) in
this data release of the HETDEX survey (red points).

Each HETDEX pointing consists of a set of three-dithered
six minute exposures (done in order to fill the sky gaps between
fibers; K. Gebhardt et al. 2021, in preparation). The HETDEX
fields are mostly at high Galactic latitude, with a median
absolute Galactic latitude of ∼60° (see Figure 1). In
HETDEX’s quest to survey ∼106 Lyα emitters, it will also
capture spectra for many (∼105) stars. It is these stars that are
the subject of this work. We make use of the second internal
data release for the HETDEX survey, which we will refer to as
iHDR2.

2.2. The HETDEX–Gaia Value-added Catalog

The primary goal of this work is to build a catalog of stellar
spectra observed within the HETDEX survey and use those
spectra to (1) measure RVs for Gaia sources and (2) find metal-
poor candidate stars. To achieve these aims we must first obtain
a list of point sources (i.e., stars) in the HETDEX survey. This
task is accomplished by cross-matching each centroid of each
fiber pointing that exists in iHDR2, which includes
∼200 million spectra, against the ∼1.7 billion point sources
in the Gaia DR2 catalog (Gaia Collaboration et al. 2018). In
order to determine the stars in common between HETDEX and
Gaia, we cross-match each fiber center in iHDR2 with Gaia

DR2 using a generous 3″ search radius in R.A. and decl. This
relatively large cross-match radius compared to the 1 5 fiber
diameter of VIRUS ensures that we capture the stars that
overlap between HETDEX and Gaia DR2. The result of this
cross-match is referred to as the HETDEX–Gaia value-added
catalog. We note that distant galaxies can also appear as point
sources and therefore we expect some level of contamination
from galaxies in our sample.
The final HETDEX–Gaia value-added catalog contains

98,736 unique point sources in the Gaia DR2 catalog with
spectral data from HETDEX. Table 1 is subsample of the
observational and spectroscopic properties of this catalog. The
full catalog will be available online. With the cross-match in
hand, we re-extracted the HETDEX spectra at the Gaia DR2
positions accounting for proper motion on the date of the
HETDEX observation. If a Gaia DR2 source was observed on
multiple nights, multiple independent extractions were per-
formed. We used an optimal method (Horne 1986) for
extraction that employs a Moffat spatial profile (Moffat 1969)
set to the seeing conditions of the observation as well as a
maximum aperture of 3″.
To perform extractions for any individual source we collect

all fibers within 7″. We use the seeing conditions of the
observation to construct a Moffat spatial profile (Moffat 1969)
and we integrate that profile over the 1 5 diameter fibers. The
integral of the profile over the fiber is called the covering
fraction. This covering fraction depends on the distance of the
source from the fiber center, the seeing conditions, and the
wavelength, as the HET does not correct for differential
atmospheric refraction so the position of a source with respect
to the fiber location changes as a function of wavelength. We
illustrate the fiber coverage fractions in Figure 3. We use these

Figure 1. Aitoff projection of the Galactic coordinates for the HETDEX fields (black pentagons) and stars observed in this data release (red circles). For reference, we
also show positions for two million randomly selected stars from the Gaia mission. While most of the stars lie in the main HETDEX footprint (at high Galactic
latitude), there are some that can also be found in early calibration and extension fields.
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fractions as weights in an optimal extraction (Horne 1986).
Each extracted spectrum includes the calibrated flux (in units of
×10−17 erg cm−2 s−1), a 1σ error array, and a fiber coverage
array. The fiber coverage array is defined as the fraction of light
that the HETDEX fibers collect for a given point source at a
given wavelength. The sky background is estimated using the
biweight of all fibers in the observation after the fibers have
been flat-fielded using twilight observations. We do not remove
contamination from nearby sources. We exclude sources for
which fiber coverage arrays contain only pixels with coverages
less than 5% (i.e., where <5% of its light from the star made it
into all extracted fibers). Detailed information on the re-
extraction methods is included in G. Zeimann et al. (2021, in
preparation).

In addition, we computed a “continuum normalized” version
of the spectral fluxes, which are normalized using the boosted
median continuum (BMC; e.g., Rogers et al. 2010; Hawkins
et al. 2014). In this approach, the continuum to be divided is
defined as a prescribed percentile of the flux in a predefined
window. This is a common approach for low-resolution spectra
for which the true continuum is extremely difficult to define
due to significant line blending. For the purposes of the
HETDEX spectra, we chose a window size of 50Å (i.e.,
25 pixels) and a percentile of 98%. Additionally, we masked
any pixel in the spectra that had low (<50%) fiber coverage
(i.e., where less than 50% of the light at a given wavelength
from the source falls within the extracted fibers. We filled these
masked pixels by interpolating the higher-coverage pixels
around the masked value(s).

We determined the S/N for each spectrum by dividing the
flux by the flux uncertainty for each pixel and taking the

median over the full spectral range. Figure 2 shows the
computed median S/N per pixel for the stars in the HETDEX–
Gaia value-added catalog as a function of their G-band
magnitude. We generally focus on the 46,890 unique sources
with S/N> 5 pixel−1 in this work. As expected, for a constant
exposure time, stars brighter in the Gaia G band have
significantly higher S/N. We note that there are likely issues
with the brightest stars as they are affected by significant
and complex scattered light. HETDEX saturates around
G∼ 14 mag, and for sources brighter than G∼ 15 mag the
masking procedures can be aggressive and mistake bright

Table 1
The HETDEX–Gaia Value-added Catalog

Gaia Source ID R.A. Decl. G BP − RP S/NHETDEX RV σRV Barycentric Correction ...
(deg) (deg) (mag) (mag) (pixel−1) (km s−1) (km s−1) (km s−1)

2543173457359409664 9.78194 −0.00009 13.06 0.92 58.73 −8.49 28.62 4.18 L
2543068690220755456 10.45149 0.00748 19.15 1.90 3.58 −192.69 62.57 4.19 L
2543068690220758144 10.45224 0.01046 18.88 1.90 5.73 75.98 45.75 4.19 L
2543092398440275072 10.49391 0.05285 20.32 0.81 5.73 −206.13 63.73 4.22 L
2543733211856949120 6.67326 −0.02982 17.51 1.12 29.14 −17.25 19.08 −6.87 L
2543740010789142528 6.84129 0.01837 20.58 1.08 4.21 −55.21 22.88 −6.78 L
2543735509663099648 6.84963 −0.00984 19.52 1.55 7.90 −14.42 35.71 −6.78 L
2543040137278030848 10.73567 −0.04865 17.18 1.85 20.31 −11.99 57.23 −4.99 L
2543039381363775232 10.74644 −0.05880 20.23 1.58 2.64 51.64 50.80 −4.99 L
2543041030631244928 10.79130 −0.03320 19.38 1.74 4.69 −90.57 40.68 −4.96 L
2543041408588483968 10.86433 0.00056 19.81 1.27 5.91 −272.85 137.26 5.40 L
2543175415864489472 9.61114 −0.01187 17.25 1.29 48.19 −471.99 143.30 4.10 L
2543172009953849344 9.62519 −0.04361 19.58 1.08 10.82 −111.52 18.64 4.10 L
2543174728669728768 9.75072 0.05631 19.33 1.33 27.20 2.98 32.01 4.18 L
2543174385072345216 9.77910 0.02872 17.40 1.27 30.14 −56.76 25.57 4.19 L
2543173457359409664 9.78194 −0.00009 13.06 0.92 95.78 28.80 14.25 4.18 L
2543736579111320448 6.96626 0.01918 17.92 1.34 20.29 −17.54 20.59 −7.54 L
2543831343269590656 7.00635 0.06922 12.79 0.89 65.11 −24.53 12.01 −7.51 L
2543547463111076864 7.06080 −0.05459 14.78 0.90 68.92 −70.10 11.09 −7.51 L
2543642295989347840 7.08448 −0.00604 16.59 1.42 35.53 25.00 24.06 −7.49 L

L L L L L L L L L L

Note. This is a subsample of the full HETDEX–Gaia value-added catalog. The Gaia DR2 source identifier of each star is given in column 1 with equatorial coordinates
(in J2015.5) in columns 2 and 3. The Gaia G band magnitude and the BP − RP color for each star are listed in columns 4 and 5, respectively. The average S/N per
pixel estimated using the HETDEX spectra is given in column 6. The RV and its uncertainty measured from cross-correlating the HETDEX spectra against a template
spectrum are listed in columns 7 and 8, respectively. The heliocentric correction, used to correct the measured RV into the rest frame of the Sun, can be found in
column 9. This is only a subsample of the full table, which will be provided online, to illustrate the the catalog’s format.

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

Figure 2. Median S/N per pixel for each star of the 98,736 stars in the
HETDEX–Gaia catalog as a function of their Gaia G-band magnitude. The
black dashed line represents the S/N = 5 pixel−1; we generally focus on the
∼47,000 sources above this line.
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spectra for cosmic rays. The observed distribution in parallax
(ϖ), G, and BP− RP color for stars with S/N> 5 pixel−1 can
be found in Figure 4. These distributions demonstrate that the
most HETDEX stars are farther than 1 kpc, fainter than G> 18,
and have colors near the turn-off.

To illustrate the stars uncovered in the HETDEX survey as
well as their spectral quality, in the left panel of Figure 5 we
show the Gaia color–magnitude diagram for those stars of the
HETDEX–Gaia value-added catalog with Gaia parallax
uncertainty less than 30%. The color used for this work is
the difference of the Gaia blue (BP) and red (RP) passbands.
For this illustrative plot, we invert the parallaxes to obtain the
distance and subsequently the absolute G-band magnitude.
However, we note that for larger uncertainties one should not
invert the parallax but rather infer the distance given the
parallax (e.g., Bailer-Jones 2015; Astraatmadja & Bailer-
Jones 2016). We also do not apply reddening corrections to
these colors because HETDEX fields were chosen explicitly to
have relatively low (i.e., E(B− V )< 0.05) extinction. To
illustrate the typical HETDEX spectra for different spectral
types we median-combine (or stack) stars across 10 absolute
magnitude–color bins, which encapsulate the OBAFGKM-type
stars (from blue to yellow, respectively) as well as white dwarfs
(dark blue), represented by the colors in the left panel of the
figure. The spectral stacks contain 100 (white dwarfs) to a few
thousand (G-type) spectra. Stars denoted by gray points are
those that are not used for the median stack due to low S/N
(S/N< 5). The right side of Figure 5 shows the median-
stacked spectra for white dwarfs to OBAFGKM-type stars from
top to bottom. The vertical axis represents the median flux with
an additive constant to offset the spectra for the purposes of
visualization. Figure 5 shows that HETDEX spectra are of high

enough resolution and quality to identify key stellar features
(e.g., Ca H&K, CH G-band, Hβ, Mg Triplet, TiO molecular
band head, etc.).

2.3. Other Large Spectroscopic Surveys: LAMOST and SDSS

To better understand the information content of the HETDEX
spectra relative to other large multi-object spectroscopic surveys,
we have matched several of these surveys with the HETDEX–
Gaia value-added catalog described in Section 2.1. The cross-
matches were preformed with the fifth data release of the
LAMOST survey, the 16th data release of the APOGEE survey,
and the ninth data release of the SEGUE survey. These matches
were accomplished using a 1 5 search window in each of the
surveys centered around each point source in the HETDEX–
Gaia catalog. We did not cross-match against southern hemi-
sphere spectroscopic surveys (e.g., Gaia-ESO, GALAH, RAVE)
because HETDEX was carried out in the northern hemisphere
and thus we do not expect many overlapping stars.
The cross-match with the above three surveys have 6364

point sources in common with the LAMOST survey (HET-
DEX–LAMOST catalog), 5730 point sources in common with
the SEGUE survey (HETDEX–SEGUE catalog), and 658 point
sources in common with the APOGEE survey. In Table 2, we
summarize the depth, resolution, and overlap between the
surveys discussed above. It is clear from Table 2 that HETDEX
will cover a magnitude space that few stellar spectroscopic
surveys cover. Given the low sample size in the cross-match
with the APOGEE survey, we will not consider HETDEX–
APOGEE cross-matches subsequently in this paper.
For a reliable comparison, we use only a subset of the

HETDEX–LAMOST and HETDEX–SEGUE catalogs. For the

Figure 4. Distribution of parallax (ϖ, top panel), G-band magnitude (middle
panel), and BP − RP color (bottom panel) for the stars whose S/N > 5.

Figure 3. Fiber layout for an example source in an observation with 1 8
seeing. The source is at ΔR.A. = Δdecl. = 0. A HETDEX observation
includes three dithers shown in blue, orange, and green. The fiber diameter is
1 5 and in this example, since the closest fiber from dither 1 is nearly centered
on the source for extraction, it contains roughly 30% of the total light from the
Moffat spatial profile. We show the 3″ extraction aperture as a dashed black
line and the aperture includes all fibers that overlap that radius. We show the
fiber coverage for each of the extracted fibers and these coverage values serve
as the weights in our optimal extraction. In total 94% of the light is captured in
the highlighted fibers. The fibers outside of the extraction aperture are all gray.
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former, we require the following: (1) the absolute value of the
LAMOST RV to be less than 600 km s−1, (2) the uncertainty in
RV to be less than 10 km s−1, and (3) the LAMOST S/N in the
G band must be larger than 5. The first three constraints were
designed to ensure that the LAMOST RV is fairly well
determined. Additionally, we require (1) the absolute value of
the HETDEX measured RV15 to be less than 600 km s−1, (2)
the uncertainty in the HETDEX RV to be less than 50 km s−1,
and (3) the HETDEX S/N to be larger than 5. These last three
criteria were required to ensure that reasonable RVs were
determined from the HETDEX spectra. For example, when the

HETDEX-measured RV uncertainty is larger than 50 km s−1,
which happens for a small number of stars in the HETDEX–
LAMOST and HETDEX–SEGUE data sets, the RVs are not
likely to be reliable. Together these constraints reduced the
overall HETDEX–LAMOST catalog to 2384 stars for RV
comparisons with a median HETDEX S/N= 60 pixel−1. We
also imposed the same set of quality criteria on the HETDEX–
SEGUE catalog, which reduced the comparison sample to
1456 stars, with a median HETDEX S/N= 30 pixel−1. These
comparison samples enable robust quantification of the external
precision with which we can estimate RVs using the HETDEX
spectra (see Section 4.1).

3. Methods

The primary aims of this paper are to present the first stellar
spectra for the HETDEX survey, determine the RVs for the
HETDEX–Gaia value-added catalog, and find any candidate
metal-poor stars hidden within the low-resolution data. As
such, in the following sections, we outline the methods used to
measure the RVs from HETDEX spectra (Section 3.1) and
identify potential metal-poor candidate stars (Section 3.2).

3.1. Radial Velocities

The RVs for HETDEX spectra are determined using the
cross-correlation technique, whereby the observed spectrum is
compared to a template spectrum. To do this, we made use of the
iSpec python package (Blanco-Cuaresma et al. 2014). iSpec
cross-correlates the observed spectra with a template spectrum
within a specific velocity range and step. A grid of RV
template spectra was generated using the TURBOSPECTRUM

Figure 5. Left panel: color–magnitude diagram of the Gaia–HETDEX value-added catalog for stars for which the parallax uncertainty is less than 30% (gray points).
The dotted black lines represent the color range 0.8 < BP − RP < 2.0, which we focus on in this work. Right panel: median-combined spectra for stars in different
regions of the color–magnitude diagram with S/N > 5. Spectra are offset by a constant in order to visualize them on the same plot. Each star represented by a colored
circle in the left panel was used to generate the median-stacked spectrum (with the same color) in the right panel.

Table 2
Overlap between HETDEX and Other Large Surveys

Survey G σG Overlap N Resolution
(mag) (mag)

HETDEX 18.8 2.1 L 750
SEGUE 17.2 1.3 5730 2000
LAMOST 15.1 1.9 6364 1800
APOGEE 13.5 2.1 658 22500

Note. Summary of the overlap between HETDEX and other large spectro-
scopic surveys. Each survey considered is shown in column 1. The average (G )
and standard deviation (σG) of the Gaia G band magnitude that the survey
covers can be found in column 2 and 3, respectively. The overlap between
HETDEX and each survey and its resolution is displayed in columns 4 and 5,
respectively.

15 There are ∼600 point sources in the HETDEX–Gaia value-added catalog
that have RVs well above 600 km s−1. Visual inspection of the spectra of these
sources indicates that they are galaxies.
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(Alvarez & Plez 1998; Plez 2012) radiative transfer package
along with the MARCS model atmosphere grid (Gustafsson
et al. 2008) and version 5 of the Gaia–ESO linelist. The same
spectral synthesis configuration is also used in Hawkins et al.
(2020), although here it is at much lower spectral resolution.
These template spectra were generated with a wavelength
coverage of 3500< λ< 5500Å and a resolution of R= 750 to
approximately match the HETDEX spectra. The grid was
generated for temperatures between 4000< Teff< 7000K in
steps of 250 K, log gravities from 0.5< log g< 5.0 dex in steps
of 0.5 dex, and metallicities between−2.0< [Fe/H]<+0.5 dex
in steps of 0.50 dex. Given the temperature range of the grid, we
restrict our further analysis to stars with 0.8< (BP− RP)< 2.0.

Once the RV template grid was constructed, each HETDEX
spectrum was matched to one of the template spectra by
minimizing the χ2. The template spectral grid was also
normalized using the BMC to be consistent with the observed
spectra. The cross-correlation was done in velocity space with
RVs between −1000<RV<+1000 km s−1 and a velocity
step of 1 km s−1. iSpec16 determines the RV by fitting a
second-order polynomial near the peak of the cross-correlation
function, and indicates if there are multiple peaks in the cross-
correlation, which could represent the presence of a binary
companion. After the RVs are determined for each star, the
barycentric correction using iSpec is applied to the RV. As
noted in the iSpec documentation, the uncertainties in the RV
are determined using the cross-correlation function and its
second derivative according to Zucker (2003).

3.2. Categorizing the HETDEX Stars Using Machine
Learning: tSNE

In addition to measuring the RVs for HETDEX stellar spectra,
we are also interested in identifying any metal-poor stars in these
low-resolution data, as this has not yet been done for this data set.
One way of categorizing stars on the basis of how similar their
spectra appear is through tSNE (van der Maaten & Hinton 2008).
tSNE is a machine-learning technique that enables the construction
of a low, normally two-dimensional (2D), projection of a higher-
dimensional data set while efficiently retaining much of its original
complexity. tSNE has been used by several other surveys to
characterize their stellar spectra. For example, it has been
employed by Matijevič et al. (2017) to find very metal-poor stars
in the RAVE survey, by Anders et al. (2018) to explore the
practicality for chemical tagging purposes with high-resolution
data taken with the HARPS spectrograph, and by Jofré et al.
(2017) to search for stellar twins. For the purposes of our work
here, we use tSNE to explore whether the HETDEX spectra are of
sufficient quality to find metal-poor stars, similar to Matijevič et al.
(2017), but at the lowest resolution to date and applied for the first
time to this data set. In the context of HETDEX spectra, tSNE will
enable representation of all of the D= 1036 pixel, RV-corrected,
low-resolution HETDEX spectra on a 2D plane where stars with
similar spectra are found in the same region of that space, and stars
that have very dissimilar spectra are separated in that space.

While a detailed description and discussion of tSNE can be
found in van der Maaten & Hinton (2008), we summarize the
technique and how we apply it to the HETDEX spectra in this
work. In order for tSNE to capture the complexity of the original
high-D data set, which in the context of HETDEX is the matrix

of flux densities that describe all of the spectra, it must first
determine the similarity between each data spectrum and all
others. In this paper, we define the set of fluxes that describe a
star’s spectrum as f= {fi} where {fi} is the array of fluxes at a
given set of ith wavelengths. The bolded symbols denote
vectors. Additionally, the matrix of fluxes across all RV-
corrected, BMC-normalized HETDEX spectra input into tSNE is
defined as F= {fk} where fk represents the kth spectrum in the
data set. Throughout the text, bold upper-case symbols represent
matrices. Each row of the matrix F is an individual spectrum/
star and can be thought of as a single data point in the high-D
data set that tSNE will project onto a 2D plane.
To describe the similarity of each spectrum against all other

spectra, tSNE starts by representing each “point” (i.e., a
HETDEX spectrum) in the high-D space as a Gaussian
probability distribution. That Gaussian distribution is centered
on each “point” with a dispersion of σi. The σi is not the
uncertainty in the data point but rather set by a parameter called
perplexity. As noted in van der Maaten & Hinton (2008), the
perplexity is tied to the effective number of neighbors expected
in the data set. Once tSNE represents the similarity of each
spectrum against all other spectra, it will “embed” that similarity
of each star with all other remaining stars in the high-D data set
through the conditional probability, pj|i, such that

å
s

s
=

- -

- -
¹

f f

f f
p

exp 2

exp 2
. 1j i

i j i

k i i k i

2 2

2 2

( ∣∣ ∣∣ )

( ∣∣ ∣∣ )
( )∣

In Equation (1), pj|i is the conditional probability that the jth
spectrum (fj) would select the ith the spectrum (fi) as its
neighbor, and thus formalizes the similarity between these two
spectra. The higher this conditional probability, the more
similar the data points are and vice versa. Since tSNE focuses
on pairwise similarities, pi|i is set to 0. As described in van der
Maaten & Hinton (2008), it is not expected that the
performance of tSNE will be significantly affected by changes
of perplexity between 5 and 50. We also confirmed that the
global shape of the tSNE map of our data does not change with
perplexity between these values.
Encoded in pj|i (Equation (1)) is the similarity of each

spectrum against all other spectra in the data set. The next step is
to embed this complex information onto a 2D plane while
minimizing the loss of information. To accomplish this, each
data point in the high-D space (i.e., each HETDEX spectrum) is
projected onto a 2D plane, where the ith spectrum in this low-D
space is given by the quantity yi. As in the high-D case above,
the similarity of each spectral projection in 2D against all others
can be formalized as a conditional probability, qj|i, such that
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In Equation (2), the similarities between the 2D spectral
projection of the jth (yj) and the ith (yi) data points are modeled
not as a Gaussian distribution but as a Student t-distribution
with a single degree of freedom. We refer the reader to van der
Maaten & Hinton (2008) for a detailed discussion as to why the
t-distribution is conveniently chosen over a Gaussian distribu-
tion as in Equation (1).
The final step of tSNE is to find a projection in the 2D space

such that qj|i= pj|i, as it is in this case that the yj and yi are
correct models of their higher-D equivalents (fj, fi).

16 For more information see Blanco-Cuaresma et al. (2014) and https://www.
blancocuaresma.com/s/iSpec/manual/usage/velocities.
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Unfortunately, this idealized condition never occurs in practice
so the approach of tSNe is to make qj|i≈ pj|i by minimizing the
Kullback–Leibler divergence (KLD, Kullback 1959), over all
points. This KLD cost function is given by

åå=C p
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i j
j i

j i

j i
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In Equation (3), the parameter C is the KLD cost function to be
minimized, while qj|i (Equation (2)) and pj|i (Equation (1)) are the
conditional probabilities that describe the similarity between the
jth and ith points in the low-D and high-D spaces, respectively.

We made use of an accelerated version of tSNE17 (van der
Maaten 2014), which employs the Barnes–Hut algorithm (Barnes
& Hut 1986). This implementation of tSNE has two tunable
hyperparameters, which are the perplexity, discussed above, and
θ, which ranges from 0 to 1 and sets the speed-to-accuracy of the
algorithm. If θ is set to 1 the algorithm can run very fast (∼ a few
seconds) but with less accuracy. However, if θ is set to 0, high
accuracy can be achieved but at the cost of computation time.
Here we choose θ= 0.1 and perplexity= 20 because our sample
size is not significantly large compared to sample sizes usually
input to tSNE. The algorithm required ∼600 s to run on a single
computer core for the full sample under these conditions.

4. Results and Discussion: Exploring the Stars of the
HETDEX Survey

4.1. Radial Velocities

Our first goal was to measure HETDEX spectra RVs for stars
with colors between 0.8< (BP− RP)< 2.0. The RVs were
determined using the cross-correlation technique with a
spectrum chosen from a grid of template spectra by identifying

the best-fitting synthetic spectrum. We refer the reader to
Section 3.1 for more details about the construction of the
template grid, how the templates are matched to the observed
spectra, and how the RVs were determined. The color range
was selected in order to ensure that the Teff of the star was not
significantly hotter or cooler than the boundaries of the RV
template grid. We were able to derive RVs, their uncertainties,
and heliocentric corrections for 41,980 unique stars. However,
many of these spectra have S/N< 5 pixel−1 and are therefore
unlikely to yield high-quality RV estimates. If we we restrict
our analysis to only those spectra with S/N> 5 pixel−1, we
obtain 28,343 stars. Of these 28,343 stars, ∼602 (∼2%) have
RVs larger than 600 km s−1. Visual inspection of the HETDEX
spectra of these objects indicate that they are likely to be
galaxies, so we remove any source with a measured RV larger
than 600 km s−1 from our sample.
In order to validate the quality of the RVs determined from

the HETDEX spectra (described in Section 2.2) and the cross-
correlation technique (outlined in Section 3.1), we cross-
matched these stars against other large spectroscopic surveys at
higher resolution (i.e., SEGUE and LAMOST). For the
HETDEX–SEGUE cross-match, which initially contained
about 5700 stars, we required that the SEGUE RV must be
known with an uncertainty of less than 10 km s−1 and a
SEGUE-derived S/N> 10. We also required the HETDEX-
derived RV to be less than 600 km s−1. These constrained
reduced the HETDEX–SEGUE comparison to 1456 stars. For
the HETDEX–LAMOST comparison, which initially contained
around 6300 stars, we applied the same criteria as for the
HETDEX–SEGUE comparison, which reduced the HETDEX–
LAMOST external validation sample to 2384 stars (see
Section 2.3 for more details).
Figure 6 presents the HETDEX RVs measured in this work

compared with those measured for the same stars in the
HETDEX–SEGUE (left panel) and the HETDEX–LAMOST
(right panel) comparison samples. Each point represents an

Figure 6. Difference RV determined using HETDEX spectra and those from SEGUE as a function of the SEGUE RV (left panel). The same is shown on the right
panel but for the LAMOST survey. Each star is color-coded by its S/N. The dotted black line in both represents when the HETDEX-measured RV directly matches
that measured by the external survey. The median offset and dispersion of the difference in RV, ΔRV, are noted in the diagram.

17 The python implementation of tSNE we employed can be found at https://
github.com/lvdmaaten/bhtsne/.
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individual star and the points are color-coded by the HETDEX
S/N. Figure 6 indicates that there is generally good agreement
between the RVs measured by HETDEX and those by SEGUE
with an systematic offset of +3.5 km s−1 and a dispersion in the
difference in RV, ΔRV, of 28.0 km s−1 (i.e., the RV measured
by HETDEX is 3.5 km s−1 larger than those from SEGUE).
There is fair agreement between the RVs measured by HETDEX
and those by LAMOST with a systematic offset of+13.9 km s−1

and a dispersion in the ΔRV of 27.2 km s−1 (i.e., the RV
measured by HETDEX is 13.9 km s−1 larger than those from
LAMOST). Additionally, there is a known difference of
∼+9.1 km s−1 difference in the RVs measured by LAMOST
compared to those by SEGUE (whereby the SEGUE RVs are
9.1 km s−1 larger than those from LAMOST) for the 66 stars that
are in common between all three surveys and pass all quality
criteria,18 indicating that the differences in the RV offset that
we observe between the HETDEX–LAMOST (+13.9 km s−1)
and HETDEX–SEGUE (3.5 km s−1) validation sets can be
fully accounted for by the difference in the two RV scales.
There is good agreement in the external precision (measured to
be ∼28 km s−1), to which we can measure RVs relative to the
two independent validation sets. We note that these results are
not significantly dependent on the median fraction of flux
coverage of individual sources across fibers.

We can further test the measured RV precision in the
HETDEX survey by quantifying the internal precision, i.e., by
determining how consistent the HETDEX RVs are between
stars with spectra obtained from multiple epochs. There are
∼2000 unique stars that have multiple epochs of measured
RVs. For each unique star with multiple spectra (and therefore
multiple RV estimates), we obtain the difference in RV in each
epoch and the median RV across all visits. We denote this
quantity as ΔRVduplicates. The distribution of ΔRVduplicates can
be found in Figure 7. There is an offset consistent with zero and
a dispersion in ΔRVduplicates is 19.1 km s−1. The dispersion in
ΔRVduplicates represents a measure of the internal precision
with which we can measure RVs from duplicate observations
of the same (assumed to be single) stars.

Figure 8 shows how the internal precision, as measured by
the dispersion in ΔRVduplicates, depends on S/N. As expected,
the internal precision of RV measurements from HETDEX
spectra degrades with decreasing S/N. The highest precision is
for stars with S/N> 30 pixel−1 and the lowest is for those with
S/N< 10 pixel−1. In the S/N regime that dominates the
external validation sets, the internal (as measured by the
duplicate spectra) and external precisions (as measure by
the validation sets) are consistent. We assume that each star in
the above analysis is a single star. If there were a significant
fraction of unknown binaries, it would cause some of the
scatter in the ΔRVduplicates.
Taken together, these results indicate that we can conserva-

tively measure RVs in HETDEX at the ∼28 km s−1 level. We
also find that the RVs measured with the HETDEX spectra
most closely resemble those from SEGUE. However, SEGUE
has an empirical correction on the order of ∼8 km s−1 with
respect to published values from star clusters (e.g., Lee et al.
2008a). Additionally, since RVs measured with LAMOST
have a much lower zero-point correction (e.g., 0.02 km s−1;
Wang et al. 2019), we recommend subtracting 13.5 km s−1

from the reported RVs to bring them onto the LAMOST RV
scale.
With the RVs in hand, we correct all spectra to be in the rest

frame and move on to exploring the information content of the
spectra through machine learning.

4.2. Finding Metal-poor Stars in HETDEX with Machine
Learning

Using the RV-corrected HETDEX spectra, we are able to
potentially identify new metal-poor stars. To achieve this, we
adopt the machine-learning tSNE (Section 3.2) with the
HETDEX spectroscopic data. We input into tSNE the BMC-
normalized (see Section 2.2), RV-corrected (see Sections 3.1

Figure 7. Distribution of the ΔRVduplicates for the ∼2000 stars with more than
one epoch of spectra from HETDEX. The quantity ΔRVduplicates is the RV
measured in all epoch subtracted from the median RV across all epochs for
each star. The offset is consistent with zero while the dispersion, which is a
measure of the internal precision, is ∼19 km s−1 (black line).

Figure 8. Top panel: difference in the RVs measured between epochs and the
median RV,ΔRVduplicates, for each star that has duplicate spectra as a function
of the HETDEX S/N. The red squares represent the median and dispersion
of ΔRVduplicates in 10 S/N bins. Bottom panel: dispersion in ΔRVduplicates,
a measure of the internal RV precision, as a function of HETDEX S/N.
The dispersion in ΔRVduplicates is ∼15 km s−1 for the highest S/N (S/N
> 30 pixel−1), and rises to ∼29 km s−1 for the lowest S/N (S/N
∼ 5 pixel−1).

18 This is consistent with the observed offset between the full cross match of
the LAMOST and SEGUE surveys; for example see Section 3 of http://dr5.
lamost.org/v3/doc/release-note-v3.
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and 4.1) spectra for stars with 0.8< (BP− RP)< 2.019. The
tSNE algorithm requires all spectra to be sampled on the same
wavelength grid with no missing pixels (due to low coverage
fractions, for example). To construct this data set, we
resampled the HETDEX spectra onto the same wavelength
grid between 3640< λ< 5340Å with 2Å steps. Since we
initially removed fluxes where the coverage fraction is less than
0.50 (see Section 2.2), we interpolated over the removed pixels
during the resampling. To minimize the impact of this

interpolation, we restricted ourselves to the ∼14,000 stars that
have less than 5 pixels where the coverage fraction is less than
0.50 (i.e., we only replaced as many as 5 pixels via
interpolation). We initially configured tSNE with perplexity
of 20 and a θ= 0.10 with 1000 maximum iterations. We
examined both 2D and 3D projections of the data set and found
little benefit to higher-D projection.
Figure 9 shows the final projection of the high-D spectral

data set in 2D. Each spectrum input into tSNe is represented by
a closed gray circle in the figure; the final projection is color-
coded by Teff (top panel), log g (middle panel), and [Fe/H]
(bottom panel) where those quantities are known by either
SEGUE (colored circles) or LAMOST (colored triangles). This
color-coding highlighted in this figure illustrates how the tSNE
map can be used to identify regions where the spectra are

Figure 9. Two-dimensional tSNE maps (in X and Y) of the HETDEX sample with RV measurements (small gray points). We highlight, by color-coding, any star with
a known Teff (top panel), log g (middle panel), or [Fe/H] (bottom panel) from the SEGUE (colored circles) and LAMOST (colored triangles) surveys. In the bottom
panel, metal-poor stars, with [Fe/H] < −1.8 dex, are highlighted with a black border around the symbol.

19 In principle, we could input all of the stars in the HETDEX–Gaia value-
added catalog into the tSNE algorithm. This would enable us to classify each of
the various types from white dwarfs to late-type stars. While we confirmed that
tSNE can classify stars outside of the late-type star regime, we focused here on
the FGK stars for this first paper and leave it to upcoming papers to discuss
chemically peculiar stars found using this methodology.
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similar (i.e., regions where the stars have similar atmospheric
parameters). For example, in the final tSNE diagram, the
coolest stars are in the upper corner left of center (i.e.,
X∼− 10, Y∼+30) of the map (see the top panel of Figure 9),
the central part of the tSNE map contains the majority of the
spectra, and the outer edges contain more peculiar classes of
stars. Critically, the bottom panel of Figure 9 demonstrates that
the metal-poor stars largely clump up in the top right (i.e.,
X∼ 25, Y∼ 30) of the manifold, albeit with some spread. To
help guide the eye, we place a black outline around any symbol
with [Fe/H]<−1.80 dex. We also select a region where
there is a high density of metal-poor stars (i.e., those with
[Fe/H]<−1.0 dex). This region contains 416 candidate metal-
poor stars for further investigation.

Similar to Matijevič et al. (2017), Figure 9 demonstrates that it is
possible to use HETDEX spectra to identify stars with [Fe/H]<
−1.0 dex. To further illustrate this feature, in Figure 10 we select a
known metal-poor star (Gaia DR2 2537923358055035648, black
star symbol), which has a published metallicity of [Fe/H]=
−2.00 dex from the SEGUE Stellar Parameter Pipeline (SSPP;
Allende Prieto et al. 2008; Lee et al. 2008a, 2008b; Smolinski et al.
2011). This figure is identical to the bottom panel of Figure 9;
however, we have enlarged the metal-poor selection box region.
We also choose the closest point in tSNE space that does not have a
known metallicity (Gaia DR2 1593425105811347328, red star
symbol). The red and black stars representing the candidate and
known metal-poor stars largely lie on top of each other in Figure 10
Since this star is closest to known metal-poor stars in tSNE space, it
is expected that its metallicity is an excellent metal-poor candidate.
For reference, the location of a known metal-rich star (Gaia
DR2 236562574976818816), with [Fe/H]=−0.34 dex, is also
shown (blue star). This star was selected such that its SSPP Teff was
within ±200K and its SSPP log g was within ±0.20 dex of the
known metal-poor star.

Figure 11 displays the RV-corrected, BMC-continuum-
normalized HETDEX spectrum of the known metal-poor star
(black line), the metal-poor candidate star (red line), and the
metal-rich comparison star (blue line). Figure 11 shows that the
metal-poor candidate has absorption features that are much
weaker than those of the known metal-rich star, and closely
resemble those of the metal-poor candidate star. This indicates
that the HETDEX spectra are of sufficient quality to find new
metal-poor stars. The performance of tSNE is likely driven by
the fact that Teff, [Fe/H] and, to a lesser degree, log g
information are embedded in the spectra. This could be due to
the advantageous wavelength regime, which includes various
stellar parameter-sensitive features (e.g., Ca H&K, Balmer
lines).
We are currently obtaining observations of the brightest of

these metal-poor candidate stars with higher resolution to
accurately determine their metallicities and chemical abun-
dances. The candidate metal-poor stars discussed here represent
∼3% of the total number of stars input into tSNE. Assuming
the same percentage of metal-poor stars but an increase in
sample size by ∼70%, one would naively predict HETDEX to
contain thousands of metal-poor stars over its competition.
Importantly, since there is no preselection to objects observed
in HETDEX, the final metal-poor sample from HETDEX will
enable us explore the stellar halo of the Milky Way with a
relatively simple and quantifiable selection function.

5. Summary

HETDEX is an ongoing blind spectroscopic survey of more
than one million Lyα-emitting galaxies. However, in its search
for these galaxies, it will observe 105 stars. In this work, we
focus on building the first catalog of these stars and illustrate
what can be done with them. We found stars in the HETDEX
survey by cross-matching more than ∼200 million HETDEX
fiber spectra with the ∼1.6 billion Gaia point sources. This
enabled us find 98,736 unique stars with HETDEX spectra. The
spectra cover a broad range in the relatively faint magnitude
regime of 10<G< 21 mag. Since HETDEX is a blind
survey,20 it captures a wide range in stellar types from
thousands of M-dwarfs to hundreds of white dwarfs (see
Figure 5). For the purposes of this work, we focused our
attention on the late-type (largely FGK-type) stars by imposing
a color cut of 0.8 < (BP− RP)< 2.0. RVs were determined for
these stars using cross-correlation with template spectra
(Section 3.1). The results of that analysis show that RVs
derived with HETDEX spectra are in good agreement with
those measured by the SEGUE and LAMOST surveys. We find
a median offset of 3.5 and 13.9 km s−1 with the SEGUE and
LAMOST surveys, respectively. Additionally, we demonstrate
that the dispersion in the ΔRV between HETDEX and these
surveys is ∼30 km s−1 (Figures 6 and 7). Since Gaia will only
be able to derive RVs for the brightest stars (G< 14), for many
of the faint stars in HETDEX these results will be their only
RV measurement.
We also attempted to determine whether the information

content of the low-resolution spectra was enough to find metal-

Figure 10. Zoom-in on the bottom panel of Figure 9 inside the metal-poor
selection box. The inset is a further expanded view. The red star symbol is a
candidate metal-poor star (Gaia DR2 1593425105811347328), which has no
known metallicity from any spectroscopic survey to date. The black star
symbol is a known metal-poor star (Gaia DR2 2537923358055035648) from
SEGUE. For comparison, the blue star symbol is a known more metal-rich star
(Gaia DR2 2536562574976818816) with comparable Teff and log g values.
The black star is almost entirely behind the red star because they were selected
to be direct neighbors. Nearly all stars in the region with known metallicity
have [Fe/H] < −1.0 dex.

20 While the HETDEX survey design itself has no target selection, there are
several factors (e.g., magnitude limits of the survey, spectral noise, or nearby
source contamination) that may imprint biases on the underlying distribution of
observed stars. Unlike for most surveys, which suffer major biases due to target
selection, the stars of HETDEX will have a relatively simple and quantifiable
selection function.
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poor stars. To do this, we employed the tSNE machine-learning
algorithm which projects a high-dimensional data set (i.e., the
HETDEX spectra) onto a low-dimensional manifold as a way
to visualize the complexity of the data. This method has been
employed in recent literature to search for metal-poor stars in
moderate-resolution surveys (e.g., Matijevič et al. 2017),
though here we apply it at the lowest spectral resolution to
date. The results of the tSNE analysis can be found in
Section 4.2. Using tSNE, we uncovered 416 new metal-poor
candidate stars (Figures 9–11), for which higher-resolution
spectroscopic followup is underway. The metal-poor stars
identified here will be useful in constraining the formation of
elements on the periodic table as well the early history of the
Milky Way. Additionally, these results indicate that there is
enough information embedded in the HETDEX spectra to not
only derive Teff, and log g, but [Fe/H] as well.

This work represents the first attempt to extract and explore
the stars observed by the HETDEX survey. The survey is
ongoing and only ∼30% complete. Thus it is expected that
there will by many more stars in the final HETDEX sample. In
an upcoming paper, we plan to validate and chemically
characterize the metal-poor candidate stars discovered here
with higher-resolution data, use tSNE to find other types of
chemically peculiar stars (e.g., carbon-enhanced stars), and
attempt to measure the stellar atmospheric parameters directly
from HETDEX spectra as we now know the information
content is there (e.g., see Figure 9). Additionally, the results
presented here provide an example of how low-resolution
stellar spectra can be utilized in future surveys (e.g., in the
upcoming Nancy Grace Roman Telescope; Green et al. 2012).
That combined with the blind nature of the survey will enable
future stellar surveys with HETDEX to make a significant
impact on Galactic archaeology.
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