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Abstract

The fourth generation of the Sloan Digital Sky Survey (SDSS-IV) began observations in July 2014.
It pursues three core programs: the Apache Point Observatory Galactic Evolution Experiment 2
(APOGEE-2), Mapping Nearby Galaxies at APO (MaNGA), and the Extended Baryon Oscillation
Spectroscopic Survey (eBOSS). As well as its core program, eBOSS contains two major subprograms:
the Time Domain Spectroscopic Survey (TDSS) and the SPectroscopic IDentification of ERosita
Sources (SPIDERS).This paper describes the first data release from SDSS-IV, Data Release 13 (DR13),
which contains both new data, reanalysis of existing data sets and, like all SDSS data releases, is
inclusive of previously released data. DR13 makes publicly available 1390 spatially resolved integral
field unit observations of nearby galaxies from MaNGA, the first data released from this survey. It
includes new observations from eBOSS, completing the Sloan Extended QUasar, Emission-line galaxy,
Luminous red galaxy Survey (SEQUELS). In addition to targeting galaxies and quasars, SEQUELS
also targeted variability-selected objects from TDSS and X-ray selected objects from SPIDERS. DR13
includes new reductions of the SDSS-III BOSS data, improving the spectrophotometric calibration
and redshift classification. DR13 releases new reductions of the APOGEE-1 data from SDSS-III,
abundances of elements not previously included, and improved stellar parameters for dwarf stars and
cooler stars. For the SDSS imaging data, DR13 provides new, more robust and precise photometric
calibrations. Several value-added catalogs are being released in tandem with DR13, in particular
targeting catalogs relevant for eBOSS, TDSS, and SPIDERS, and an updated red-clump catalog for
APOGEE. This paper describes the location and format of the data now publicly available, as well
as providing references to the important technical papers that describe the targeting, observing, and
data reduction. The SDSS website, www.sdss.org, provides links to the data, tutorials and examples
of data access, and extensive documentation of the reduction and analysis procedures. DR13 is the
first of a scheduled set that will contain new data and analyses from APOGEE-2, MaNGA, eBOSS,

TDSS, and SPIDERS from the planned ~ 6-year operations of SDSS-IV.
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1. INTRODUCTION

The Sloan Digital Sky Survey (SDSS) has been observ-
ing the Universe using the Sloan Foundation 2.5-meter
telescope (Gunn et al. 2006) at Apache Point Observa-
tory (APO) for over 15 years. The goal of the original
survey (2000-2005; York et al. 2000) was to map large-
scale structure with five-band imaging over ~ 7 steradi-
ans of the sky and spectra of ~ 10° galaxies and ~10°
quasars. This program was accomplished using a drift-
scan camera (Gunn et al. 1998) and two fiber-fed optical
R~1800 spectrographs (Smee et al. 2013), each with 320
fibers.

The imaging and spectroscopy goals were not entirely
fulfilled in the initial five-year period, and thus SDSS-
I was followed by SDSS-II (2005-2008; Abazajian et al.
2009). Its first goal was to complete the planned initial
large scale structure redshift survey as the Legacy pro-
gram. It added SEGUE (Sloan Extension for Galactic
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Understanding and Exploration; Yanny et al. 2009), a
spectroscopic survey focused on stars, and imaged an
average of once every five days a ~ 200 sq. deg area
along the celestial equator with repeated scans in SDSS-
I (”Stripe 82”), to search for Type Ia supernovae and
other transients (Frieman et al. 2008).

The success of SDSS as a cosmological probe, partic-
ularly the detection of the clustering of luminous red
galaxies (LRG) on the 100 h™' Mpc scale expected
from baryon acoustic oscillations (BAO; Eisenstein et al.
2005), led to the conception and implementation of BOSS
(Baryon Oscillation Spectroscopic Survey; Dawson et al.
2013) as the flagship program in the third version of the
survey, SDSS-TIT (2008-2014; Eisenstein et al. 2011). As
part of BOSS, SDSS-II imaged additional areas in the
part of the south Galactic cap visible from the North-
ern hemisphere. At the conclusion of these observa-
tions, the SDSS imaging camera was retired and is now
part of the permanent collection of the Smithsonian Na-
tional Air and Space Museum !23. During the sum-
mer shutdown in 2009, the original SDSS spectrographs
were replaced by new, more efficient, spectrographs to
be used by BOSS. The BOSS spectrographs featured ex-
panded wavelength coverage (3560A< A < 10400 A),
new CCD detectors with improved read noise, smaller
pixels (15um), and improved quantum efficiency, and
VPH gratings instead of the original replicated surface
relief gratings (Smee et al. 2013). The two spectro-
graphs were now fed by 500 fibers each so that the
desired number of redshifts could be reached in the
planned survey lifetime. During the first year of SDSS-
IIT (2008-2009), the SEGUE-2 survey (Rockosi et al.,
in preparation) used the original SDSS spectrographs to
observe additional Milky Way halo fields to target dis-
tant halo samplers and trace substructure. In SDSS-III
all bright time could be used for scientific observations
with the arrival of two new instruments. MARVELS
(Multi-object APO Radial Velocity Exoplanet Large-
area Survey; Paegert et al. 2015; Thomas et al. 2016)
used a novel multiplexing interferometer to observe 60
stars simultaneously to search for radial velocity varia-
tions caused by hot Jupiters and close brown dwarf com-
panions. APOGEE (Apache Point Observatory Galactic
Evolution Experiment; Majewski et al. 2015) used a 300-
fiber, R~22,000 H-band spectrograph (Majewski et al.
2015; Wilson et al., in preparation) to measure stellar
parameters, chemical abundances, and radial velocities,
mainly for red giants (Zasowski et al. 2013).

Since routine operations started in 2000, there have
been twelve public data releases. All data releases are cu-
mulative, re-releasing the best reduction of all previously
taken data. The most recent of these was Data Release
12 (Alam et al. 2015), which contained all of the SDSS-
III data, as well as the re-reduced data from SDSS-I and
SDSS-II. SDSS-T and SDSS-II imaged 11,663 degree? in
the five filters (Fukugita et al. 1996; Doi et al. 2010).
Most of the sky was surveyed once or twice, but regions
in Stripe 82 were observed between 70 and 90 times. The
final median seeing for the SDSS imaging, adopting the
best seeing images when multiple options were available
is 1.1” (Ross et al. 2011). By the time of their retire-

123 https://airandspace.si.edu/collection-objects/
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ment, the SDSS spectrographs had obtained R~1800 op-
tical spectra for 860,836 galaxies, 116,003 quasars, and
521,990 stars. With the BOSS spectrographs, the sur-
vey has added data with similar resolution for 1,372,737
galaxies, 294,512 quasars, and 247,216 stars. APOGEE
has contributed high-resolution IR spectra of 156,593
stars. MARVELS had observed 3233 stars with at least
16 epochs of radial velocity measurements.

The success of the previous Sloan Digital Sky Surveys
and the continuing importance of the wide-field, multi-
plexing capability of the Sloan Foundation Telescope mo-
tivated the organization of the fourth phase of the survey,
SDSS-IV (Blanton et al., in preparation). SDSS-IV ex-
tends SDSS observations to many fibers covering spatial
extent of nearby galaxy, to new redshift regimes, and to
the Milky Way and dwarf galaxies that are only visible
from the Southern Hemisphere. The MaNGA (Mapping
Nearby Galaxies at APO) survey studies galaxy forma-
tion and evolution across a wide range of masses and
morphological types by observing a substantial portion
of the optical spatial extent of ~10* galaxies (Bundy et
al. 2015). It accomplishes this goal by employing 17 bun-
dles of 19 to 127 fibers apiece to cover targets selected
from an extended version of the NASA-Sloan Atlas!'?*
as well as an additional 12 bundles of 7 fibers for cali-
bration stars. These integral field units feed the BOSS
spectrographs, providing information on the properties
of gas and stars in galaxies out to 1-2 half-light of effec-
tive radii (Re).

MaNGA shares the dark time equally with eBOSS
(extended Baryon Oscillation Spectroscopic Survey
Dawson et al. 2016). eBOSS will measure with percent-
level precision the distance-redshift relation with BAO
in the clustering of matter over the relatively uncon-
strained redshift range 0.6 < z < 2.2. This redshift range
probes the Universe during its transition from matter-
dominated to dark-energy-dominated. Multiple mea-
surements of the angular diameter distance (da(z)) and
Hubble parameter (H(z)) from BAO over the redshifts
covered by eBOSS are therefore crucial for understand-
ing the nature of dark energy. eBOSS will use spectro-
scopic redshifts from more than 400,000 LRGs and nearly
200,000 Emission-Line Galaxies (ELGs) to extend the fi-
nal BOSS galaxy clustering measurements (Alam et al.
2016) by providing two new BAO distance measurements
over the redshift interval 0.6 <z< 1.1 Roughly 500,000
spectroscopically-confirmed quasars will be used as trac-
ers of the underlying matter density field at 0.9 < z< 2.2,
providing the first measurements of BAO in this redshift
interval. Finally, the Lyman-« forest imprinted on ap-
proximately 120,000 new quasar spectra will give eBOSS
an improved BAO measurement over that achieved by
BOSS (Delubac et al. 2015; Bautista, et al., in prepara-
tion) The three new tracers will provide BAO distance
measurements with a precision of 1% at z=0.7 (LRG),
2% at z=0.85 (ELG), and 2% at z=1.5 (quasar) while the
enhanced Lyman-alpha forest sample will improve BOSS
constraints by a factor of 1.4. Furthermore, the cluster-
ing from eBOSS tracers will allow new measurements
of redshift-space distortions (RSD), non-Gaussianity in
the primordial density field, and the summed mass of
neutrino species. Extensively observing these redshift

124 http://www.nsatlas.org

ranges for the first time in SDSS required re-evaluation
of targeting strategies. Preliminary targeting schemes
for many of these classes of objects were tested as part
of SEQUELS (Sloan FExtended QUasar, Fmission-line
galaxy, Luminous red galaxy Survey), which used 126
plates observed across SDSS-IIT and -IV. DR13 includes
all SEQUELS data, giving the largest SDSS sample to
date of spectra targeting intermediate redshift ranges.
SDSS-IV also allocated a significant number of fibers on
the eBOSS plates to two additional dark-time programs.
TDSS(Time Domain Spectroscopic Survey; Morganson
et al. 2015) seeks to understand the nature of celestial
variables by deliberately targeting objects that vary in
combined SDSS DR9 and PaNSTARRS data (Kaiser et
al. 2002) . A large number of the likely quasar targets so
selected are also targeted by the main eBOSS algorithms
and therefore meet the goals of both surveys. TDSS-only
targets fill ~ 10 spectra per square degree. The main
goal of the SPIDERS (SPectroscopic IDentification of
ERosita Sources) survey is to characterize a subset of X-
ray sources identified by eROSITA (extended ROentgen
Survey with an Imaging Telescope Array; Predehl et al.
2014)) . Until the first catalog of eROSITA sources is
available, SPIDERS will target sources from the RASS
(ROetgen All Sky Survey; Voges et al. 1999) and XMM
(X-ray Multi-mirror Mission; Jansen et al. 2001). SPI-
DERS will also obtain on average ~ 10 spectra per square
degree over the course of SDSS-IV, but the number of
fibers per square degree on a plate is weighted toward
the later years to take advantage of the new data from
eROSITA.

In bright time at APO, APOGEE-2, the successor to
APOGEE (hereafter APOGEE-1) in SDSS-IIT will con-
tinue its survey of the Milky Way stellar populations.
Critical areas of the Galaxy, however, cannot be observed
from APO, including the more distant half of the Galac-
tic bar, the fourth quadrant of the disk, and important
dwarf satellites of the Milky Way, such as the Magellanic
Clouds and some dwarf spheroidals. SDSS-IV will for the
first time include operations outside of APO as the result
of Carnegie Observatories and the Chilean Participation
Group joining the collaboration. A second APOGEE
spectrograph is being constructed for installation on the
du Pont 2.5-meter telescope (Bowen & Vaughan 1973) at
Las Campanas Observatory near La Serena, Chile. When
APOGEE-2S begins survey operations in 2017, approxi-
mately 300 survey nights on the du Pont 2.5-meter tele-
scope will be used to extend the APOGEE-2 survey to
the Southern Hemisphere. Stars observed by APOGEE-2
since the start of SDSS-IV in 2015 are not part of the cur-
rent data release, but will be included in upcoming data
releases. In DR13, APOGEE-2 provides updated spec-
tral reductions, stellar parameters, and chemical abun-
dances for all stars observed in APOGEE-1. These up-
dates include improvements in sky subtraction, in pa-
rameters and abundances for main-sequence stars and
cool (Teg < 3500K) stars and in the treatment of the
line-spread function and the measurement of additional
elemental abundances beyond those provided in DR12.

Data Release 13 is the first data release for SDSS-1V,
which will have regular public, documented data releases,
in keeping with the philosophy of SDSS since its incep-
tion. In this paper, we describe the data available in
DR13, focusing on the new data appearing here for the
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first time. We present overall descriptions of the sample
sizes and targeting and provide a detailed bibliography of
the technical papers available to understand the data and
the surveys in more detail. These technical papers and
the SDSS website (www.sdss.org) contain critical infor-
mation about these data, which here is only summarized.

2. SCOPE OF DATA RELEASE 13

SDSS-IV has been operating since July 2014. Data Re-
lease 13 contains data gathered between July 2014 and
July 2015 and is summarized in Table 1. The categories
under MaNGA galaxies are described in §5. The SE-
QUELS targeting flags are listed and described in Alam
et al. (2015). Figures 1, 2, 3 show the sky coverage of the
MaNGA, eBOSS and APOGEE-2 surveys respectively.
In the subsequent sections, we discuss each survey’s data
in detail, but briefly DR13 includes

e Reduced data for the 82 MaNGA galaxy survey
plates, yielding 1390 reconstructed 3-D data cubes
for 1351 unique galaxies, that were completed by
July 2015. Row-stacked spectra (RSS) and raw
data is also included.

e Reduced BOSS spectrograph data for an additional
60 SEQUELS plates, completing the SEQUELS
program. The total number of SEQUELS plates
released in DR12 and DR13 is 126. These plates
provide a complete footprint covering roughly 400
square degrees that will not be revisited in eBOSS.
The targets include a superset of the eBOSS LRG
and quasar samples, a sample of variability-selected
point sources at a much higher density than in
TDSS, and new X-ray-selected objects selected by
similar criteria to targets in SPIDERS.

e The reduced data from 12 new epochs of a single
field designed for reverberation mapping studies of
849 quasars. The new data enhances the sample of
30 epochs obtained in SDSS-IIT (Shen et al. 2015)
by extending the baseline over which quasar vari-
ability can be measured.

e The reduced data for five BOSS plates at low dec-
lination in the SGC. These plates were drilled dur-
ing SDSS-III but not observed due to insufficient
open-dome time when they were observable. The
plates were observed early in SDSS-IV to fill in the
footprint in this region.

e Spectroscopic data from BOSS were processed with
a new version of the data reduction pipeline, which
results in less-biased flux values.

e All APOGEE-1 data re-reduced with improved tel-
luric subtraction and analyzed with an improved
pipeline and synthetic grid, including adding rota-
tionally broadening as a parameter for dwarf spec-
tra.

e New species (CI, P, Till, Co, Cu, Ge, and Rb) with
reported abundances for APOGEE-1 sample.

o Stellar parameters for APOGEE-1 stars with
Teg < 3500K, derived by an extension of the grid
of synthetic spectra using MARCS (Gustafsson et
al. 2008) model atmospheres.

e Recalibrated SDSS imaging catalogs, using the hy-
percalibration to PanSTARRS-1 implemented by
Finkbeineret al. (2016).

e Valued-added catalogs, see Table 2. More
detail and direct links to the catalogs
and their datamodels can be found at
www.sdss.org/dr13/data_access/vac

e The most recent reductions of all data from previ-
ous iterations of SDSS is included as a matter of
course. For MARVELS data, these data are the
same as in DR12; for SEGUE and SEGUE-2, the
same as in DR9.

DR13 contains only a subset of the reduced or raw
data for all surveys taken between July 2014 and July
2015. The first two years of eBOSS data are needed
before useful cosmological constraints can be extracted.
APOGEE-2 is using the first year of SDSS-IV data to
work on science verification and targeting optimization
for new classes of targets and new surveying strategies.
Both of these surveys will release more extensive new
data in Data Release 14.

3. DATA DISTRIBUTION

The data for DR13 are distributed through the same
mechanisms available in DR12, with some significant
changes to the environment used to access the catalog
data (see below). Raw and processed image and spec-
troscopic data are available, as before, through the Sci-
ence Archive Server (SAS, data.sdss.org/sas/dr13), and
also for imaging data, optical spectra and APOGEE
IR spectra, through an interactive web application
(dr13.sdss.org, available soon). The catalogs of photo-
metric, spectroscopic, and derived quantities are avail-
able through the Catalog Archive Server or CAS (Thakar
et al. 2008; Thakar 2008) via two primary modes of ac-
cess: browser-based queries of the database are available
through the SkyServer Web (http://skyserver.sdss.org)
application in synchronous mode, and more advanced
and extensive querying capabilities are available through
CasJobs (http://skyserver.sdss.org/casjobs) in asyn-
chronous or batch mode that allows time-consuming
queries to be run in the background (Li & Thakar 2008).

The CAS is now part of the new SciServer
(http://www.sciserver.org/) collaborative science frame-
work that allows users single-sign-on access to a suite of
collaborative data-driven science services that includes
the classic SDSS services of SkyServer and CaslJobs.
These services are essentially unchanged in their user
interfaces but have acquired powerful new capabilities
and undergone fundamental re-engineering to make them
interoperable and applicable to other science domains.
New services are also available to users once they regis-
ter on the SciServer portal, and these services work seam-
lessly with the existing tools. Most notable among the
new offerings are SciDrive - a distributed DropBox-like
file store, SkyQuery - a federated cross-matching service
that compares and combines data from a collection (fed-
eration) of multi-wavelength archives (SkyNodes), and
SciServer Compute, a powerful new system for upload-
ing complex analysis scripts as Jupyter notebooks (using
Python, MatLab or R) running in Docker containers.
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TABLE 1
REDUCED SPECTROSCOPIC DATA IN DR13
Target Category # DRI12 # DR12+13
MaNGA main galaxy sample:
PRIMARY v1_2 0 600
SECONDARY v1_2 0 473
COLOR-ENHANCED_v1_2 0 216
MaNGA ancillary galaxies! 0 31
MaNGA Other 0 62
SEQUELS
LRG_IZW 11781 21271
LRG_RIW 11691 20967
QBSO_EBOSS_CORE 19455 33367
QSO_PTF 13227 22609
QSO_REOBS 1357 2238
QSO_EBOSS_KDE 11836 20474
QSO_EBOSS_FIRST 293 519
QS0_BAD_BOSS 59 95
QSO_BOSS_TARGET 59 95
DRO_CALIB_TARGET 28594 49765
SPIDERS_RASS_AGN 162 275
SPIDERS_RASS_CLUS 1533 2844
TDSS_A 9412 17394
TDSS_FES_DE 40 70
TDSS_FES_DWARFC 19 29
TDSS_FES_NQHISN 73 148
TDSS_FES_MGII 1 2
TDSS_FES_VARBAL 55 103
SEQUELS_PTF_VARIABLE 700 1153
APOGEE-2
All Stars 164562 164562
NMSU 1-meter stars 894 894
Telluric stars 17293 17293
Commissioning stars 11917 11917

I Many MaNGA ancillary targets were also targeted as part of the Main Galaxy
Sample, and are counted twice in this table.

TABLE 2
VALUE-ADDED CATALOGS NEW IN DR13

Catalog Description Reference http://data.sdss.org/sas/dr13/

SPIDERS Clusters demonstration sample catalog
SPIDERS AGN target selection catalog
SPIDERS cluster target selection catalog

WISE Forced Photometry

Composite Spectra of Emission-line Galaxies Raichoor et al. (2016)

ELG Fisher selection catalog Delubac et al, (2016, in prep)
Redmonster redshift & spectral classification catalog Hutchinson et al. (2016, in prep)

Clerc et al. (2016, in prep.)
Dwelly et al (2016, in prep.)
Clerc et al. (2016, in prep.)
Lang et al. (2016)

eboss/spiders/analysis/

eboss/spiders/target/

eboss/spiders/target/
eboss/photoObj/external/WISEForced Target/301/
eboss/elg/composite/v1_0/
eboss/target/elg/fisher-selection/
eboss/spectro/redux/redmonster/v5.9.0/v1.0_1/

QSO Variability
APOGEE DR13 red-clump catalog

Palanque-Delabrouille et al. (2016)
Bovy et al. (2014)

eboss/qso/variability /
apogee/vac/apogee-rc/cat/

Links to all of these methods are provided at the
SDSS website (http://www.sdss.org/dr13/data_access)

The data processing software for APOGEE,
BOSS, and SEGUE are publicly available at
http://www.sdss.org/dr13/software/products. A

set of tutorial examples for accessing SDSS data is
provided at http://www.sdss.org/dr13/tutorials.

4. RECALIBRATION OF IMAGING DATA

DR13 includes a photometric recalibration of the SDSS
imaging data. Using the PS1 photometric calibrations of
Schlafly et al. (2012) and Finkbeineret al. (2016) have
rederived the g, r, i« and z band zero points and the
flat fields in all five bands (including u). The residual
systematics are reduced to 0.9, 0.7, 0.7 and 0.8% in the

griz bands, respectively; several previously uncertain cal-
ibrations of specific runs are also now much better con-
strained. The resulting recalibrated images and imaging
catalogs are the basis for the eBOSS and MaNGA tar-
geting.

For the MaNGA target selection, we are using the
NASA-Sloan Atlas (NSA; Blanton et al. 2011), a reanal-
ysis of the SDSS photometric data using sky subtraction
and deblending better tuned for large galaxies. Rela-
tive to the originally distributed version of that cata-
log, we have used the new calibrations mentioned above,
increased the redshift range up to z = 0.15, and have
added an elliptical aperture Petrosian measurement of
flux, which MaNGA targeting is based upon. DR13 in-
cludes the NSA catalog (version v1_0_1) associated with
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FiG. 1.— In grey are shown the locations in equatorial coordinates of all possible plates with MaNGA galaxies, each containing 17 galaxy
targets. Because the MaNGA targets are selected to have SDSS photometry, this footprint corresponds to the Data Release 7 imaging
data (Abazajian et al. 2009). Approximately 30% of these will be observed in the full planned MaNGA survey. The blue show the plates
observed in the first year of MaNGA for which data cubes are released in this paper.

@99 DRI2
@89 New in DR13

Fic. 2.— Coverage of DR13 data from BOSS and SEQUELS in equatorial coordinates. The blue areas show the locations in equatorial
coordinates of the five new BOSS plates (SGC) and the 126 SEQUELS plates (NGC) released in DR13. The green represents the area
covered by BOSS in DR12. The SEQUELS plates released in DR12 lie in the same region as the new ones in DR13, providing complete
coverage over roughly 400 square degrees.
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this reanalysis as the nsatlas CAS table and as a file on
the SAS. For the MaNGA galaxies released in DR13, we
provide the actual images (referred to in MaNGA docu-
mentation as “preimaging”) on the SAS as well.

Lang et al. (2016) reanalyzed data from the Wide-field
Infrared Satellite Explorer (WISE; Wright et al. 2010) to
use for eBOSS targeting. They used positions and galaxy
profile measurements from SDSS photometry as input
structural models, and constrained fluxes in the WISE
3.4 pm and 4.6 pm bands. These results agree with
the standard WISE reductions to within 0.03 mag for
high signal-to-noise ratio, isolated point sources in WISE.
However, the new reductions provide flux measurements
for low signal-to-noise ratio (< 50) objects detected in
the SDSS but not in WISE (over 200 million objects).
Despite the fact that the objects are undetected, their
flux measurements are nevertheless informative to tar-
get selection, in particular for distinguishing stars from
quasars. This photometry is provided as a value-added
catalog in the wiseForcedTarget CAS table and on the
SAS as described in Table 2.

The Galactic extinction estimates published in the
SDSS imaging tables (photoObj and related tables in the
CAS) have been changed. The Galactic extinction still
uses the Schlegel et al. (1998) models of dust absorp-
tion to estimate F(B — V'), but the Galactic extinction
coefficients for each band have been updated as recom-
mended by Schlafly & Finkbeiner (2011). The extinction
coefficients R,,, Ry, R, R;, and R, are changed from the
values used in BOSS (5.155, 3.793, 2.751, 2.086, 1.479) to
updated values (4.239, 3.303, 2.285, 1.698, 1.263). The
corresponding numbers for the WISE bands are Ry, =
0.184 for the WISE 3.4um band and Ry = 0.113 for
the 4.6um band (Fitzpatrick 1999).

5. MANGA: INTEGRAL FIELD SPECTROSCOPIC DATA

MaNGA is investigating the internal kinematics and
composition of gas and stars in low redshift (z < 0.15)
galaxies using fibers bundles from 12”7 to 32”7 (19-127
fibers) in size to feed the BOSS spectrographs. Bundy
et al. (2015) describe the high-level scientific goals, scope
and context of the survey in investigating galaxy forma-
tion while Yan et al. (2016b) give a detailed description
of the survey design, execution and data quality rele-
vant to DR13. With nearly 1390 data cubes released,
MaNGA’s DR13 data products represent the largest pub-
lic sample, by more than a factor of 2, of galaxies ob-
served with integral field spectroscopy. This data set sig-
nifies a valuable first step in MaNGA’s goals to reveal the
internal properties and dynamics of a statistically power-
ful sample of galaxies, that spans a broad range in stellar
mass, local environment, morphology, and star formation
history. Individual observations across the sample are of
sufficient quality to characterize the spatially-dependent
composition of stars and gas as well as their internal
kinematics, thus providing important clues on growth
and star formation fueling, the build-up of spheroidal
components, the cessation of star formation, and the in-
tertwined assembly history of galaxy subcomponents.

The survey was made possible through an instru-
mentation initiative in SDSS-IV to develop a reliable
and efficient way of bundling 1423 optical fibers feed-
ing the BOSS spectrographs into tightly-packed arrays
that constitute MaNGA’s IFUs (Drory et al. 2015). For

each pointing, MaNGA observes 17 science targets with
IFUs ranging from 19 to 127 fibers (with diameters of
12—32 ). The IFU size distribution was optimized in
concert with the sample design (Wake et al., in prepa-
ration) which targets SDSS-I/IT MAIN sample galaxies
at a median redshift of 0.03 in order to obtain in 6
years a sample of 10,000 galaxies with uniform radial
coverage and a roughly flat distribution in log M, lim-
ited to M, > 10°My. Careful attention was paid to
optimizing hardware and an observing strategy that en-
sures high quality imaging spectroscopy (Law et al. 2015)
and to surface photometric flux calibration with a preci-
sion better than 5% across a majority of the wavelength
range, 3,622-10,354 A(Yan et al. 2016a). As described
in these papers, salient aspects included protocols for
constraining hour-angles ranges of observations to limit
differential atmospheric diffraction, dithering exposures
to provide integral coverage of the targets, and special
calibration mini-bundles to ensure reliable absolute and
relative flux calibration. An automated pipeline deliv-
ers sky-subtracted, flux-calibrated row-stacked-spectra
(RSS) and datacubes for all sources (Law et al. 2016).

5.1. MaNGA DR18 Main Galaxy Sample

At the completion of SDSS-IV, the MaNGA survey’s
main galaxy sample will include ~ 10* galaxies with
M, > 10°Mg and a roughly flat stellar mass distribu-
tion. MaNGA’s 1390 galaxy data cubes, correspond-
ing to 1351 unique galaxies, released in DR13 makes
it the largest public sample of galaxies with IFU spec-
troscopy. MaNGA’s main galaxy sample consists of three
major parts: Primary sample, Secondary sample, and the
Color-Enhanced supplement.

The Primary sample and the Secondary sample are
selected from two luminosity-dependent redshift bands,
as shown in Figure 4. The selection for each sample is
volume-limited at each absolute i-band magnitude. The
shape of the redshift bands is motivated by MaNGA’s sci-
ence requirements of having a uniform spatial coverage in
units of galaxy’s effective radius R, and having a roughly
flat stellar mass distribution (Yan et al. 2016b, ;Wake
et al., in prep). Figure 5 shows the distribution of the
MaNGA DRI13 galaxies in the stellar mass vs. dark mat-
ter halo mass plane. Because more massive galaxies are
on average larger, we observe them at a larger distance
than low mass galaxies. We chose the redshift bands
so that the great majority of the Primary (Secondary)
sample is covered by our fiber bundles to 1.5 R, (2.5 R,)
along their major axes. This has the commensurate ef-
fect of changing the physical resolution systematically as
a function of stellar mass, as illustrated in Figure 4. Po-
tential deleterious effects of this change in sampling are
addressed by an ancillary program, described below.

We also designed a Color-Enhanced supplement, as a
supplement to the Primary sample, to enhance the sam-
pling of galaxies with rare color-magnitude combinations,
such as low-mass red galaxies, high mass blue galaxies,
and green valley galaxies. This is achieved by extending
the redshift limits around the Primary sample redshift
band for each underpopulated region in color-magnitude
space.

The combination of the Primary sample and the Color-
Enhanced supplement is referred to as the Primary+
sample. We provide in our data release the redshift limits
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SDSS/APOGEE DR13 Total Survey Visits
1 Visit
2 Visits
3 Visits
4-5 Visits
6 Visits
7-11 Visits
12+ Visits .

-75°

FiG. 3.— Coverage of APOGEE-2 DR13 data in Galactic coordinates; the raw data and its coverage is the same as in DR12, but it has
been reprocessed through the latest reduction pipeline and ASPCAP versions. The color coding denotes the number of visits to each field,
as indicated in the legend.
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over which each galaxy is selected. This permits a correc-
tion to the sample using 1/Viax weight to reconstruct a
volume-limited representation of the galaxy population.
More details of how we arrived at this selection can be
found in Yan et al. (2016b) and Wake et al. (in prep).
Wake et al. (in prep) provides the details of how to prop-
erly weight the sample to reconstruct a volume-limited
representation.

Among the 1351 unique galaxies released in DR13,
there are 600 Primary Sample galaxies, 473 Secondary
Sample galaxies, and 216 Color-Enhanced supplement
galaxies. There are 62 galaxies that do not belong to
any of the above. Some of these are ancillary program
targets (see below), some are filler objects on plates with
spare bundles, others are galaxies selected using older,
obsolete versions of the selection and observed on early
plates. For most statistical analyses, these 62 galaxies
should be excluded.

Which sample a given target galaxy belongs to is given
by the MANGA_TARGET1 bitmask (or mngtargl in
DRPALL file). Primary sample galaxies have bit 10 set
to 1, Secondary Sample galaxies have bit 11 set to 1, and
Color-Enhanced Supplement Galaxies have bit 12 set to
1. Bits 1-9 are for obsolete selections and should be ig-
nored.

5.1.1. MaNGA Galazy Ancillary Programs

Roughly 5% of the IFUs are assigned to ancillary sci-
ence programs defined by and allocated through internal
competition and review process. This assignment takes
advantage of sky regions with a low density of galax-
ies defined by our main survey criteria (above) or where
certain rare classes of objects, possibly outside our se-
lection cuts, are of sufficiently high science value to re-
allocate IFUs from the main program. Such high-value
targets sometimes come from the main sample, but the
ancillary science goals require a different bundle size, a
slightly different center positions, or higher prioritization
over the random selection among the main sample galax-
ies. There are also science cases where using observing
strategies different from standard MaNGA observations
are required. These lead to dedicated plates.

We solicited ancillary proposals in all these cate-
gories during the first year of survey observations, and
they started to be included in plate design half way
through this year. Consequently, the ancillary frac-
tion in DR13 is a smaller than 5%. Some ancil-
lary programs have tens of targets approved but only
a few got observed during the first year, while some
have no observations during this period. More tar-
gets for these programs will be observed in the fu-
ture. To identify ancillary targets, one should use the
MANGA _TARGETS3 bitmask (or mngtarg3 in DRPALL
file). All ancillary targets have MANGA_TARGET3
greater than zero. Additional information on the sci-
entific justification and targeting for each ancillary pro-
gram can be found at www.sdss.org/dr13/managa/
manga-target-selection/ancillary-targets. Here
we provide some highlights and the correspondig bit-
names.

o Luminous AGN This program increases the num-
ber of host galaxies of the most luminous AGN. The
first source of targets is the BAT 70-month Hard
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X-ray catalog (Baumgartner et al. 2013). These
have the bitname AGN_BAT. To increase the sam-
ple size further we used the [OIII]-selected catalog
of Mullaney et al. (2013) (bitname AGN_OIII). To
match the distribution of bolometric luminosities
between the samples, we selected 5 [OIII] objects
at comparable Ly, to each BAT object, within a
redshift range of 0.01-0.08. The bolometric correc-
tions are from Shao et al. (2013) and Vasudevan &
Fabian (2009).

Edge-On Starbursts We identify edge-on starbursts
to study the morphology and ionization state of
large-scale outflows, the specific star formation rate
(sSFR) and inclination of every object in the base-
line MaNGA targeting catalog. The sSFR was de-
termined using using WISE photometry from Lang
et al. (2016) and the calibration between the W4
filter and 22 pm emission in Jarrett et al. (2013) .
We then use a calibration from Cluver et al. (2014)
to derive the sSFR. The axis ratio SERSIC_BA in
the targeting catalog was used to derive the incli-
nation. All targets in this program have log sSFR
> -8.75 and inclination > 75 degrees. The four
galaxies in DR13 that have these properties, but
were not included in the main galaxy target sam-
ple and included as ancillary targets instead, have
bitname EDGE_ON_WINDS.

Close Pairs and Mergers Interactions and merg-
ers can play a key role in galaxy evolution, and
therefore an ancillary program was accepted that
either slightly adjusted the field centers for some
targets already included in the main galaxy sam-
ple or placed new IFUs on galaxies. Close pairs
are defined as galaxies in the NSA catalog or the
SDSS group catalog of Yang et al. (2007) and X.
Yang (private communication) with projected sep-
aration < 50 kpc h™! and line-of-sight velocity (dV)
< 500 km s~!, if both redshifts are available. If
the bitname is PAIR_ENLARGE, then to get the full
pair required a larger IFU than the one originally
scheduled by the targeting algorithm (Wake et al,
in prep). If the bitname is PAIR_RECENTER this
means the original assigned MaNGA IFU is suffi-
ciently large, but requires re-centering. In addition
to these already-planned galaxies, two sources of
new objects were used. The one galaxy in DR13
with PATR_SIM comes from the Galaxy Zoo Merg-
ers Sample (Holincheck et al. 2016). Finally, to
compensate for the bias toward targets that can
be observed with a single IFU (close separations
or higher redshifts for merging galaxies) and the
bias toward red-red mergers in the MaNGA main
sample where both galaxies are targeted, additional
pairs that each are assigned a separate IFU are
added from the targeting catalog with the bitname
PATIR_2TFU.

Massive Nearby Galaxies Because the largest
MaNGA IFU covers 32”7, more luminous, larger
galaxies observed to the same effective radius have
poorer spatial resolution. The one MASSIVE ancil-
lary target in DR13 is part of a program to obtain
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F1G. 4.— Principal selection cuts for the main MaNGA samples, where h = Hp/100 km s~1. The colored bands show the selection
cuts for the Primary (orange) and Secondary (green) samples illustrating the M; dependence of the redshift limits. More luminous, and
hence typically larger galaxies are selected at higher redshift than less luminous galaxies ensuring that the angular size (1.5 R. or 2.5
R.) distribution is roughly independent of luminosity. The volume sampled also increases as the luminosity increases in such a way as to
ensure a constant number density of galaxies at all luminosities. The points show the positions in this plane for the MaNGA galaxies in
DRI13, for the Primary (red triangles), Secondary (green squares) and Color-Enhanced samples (blue stars), although the Color-Enhanced
selection also depends on NUV-i color (see text for details). The right hand y-axis gives an indication of the physical size of the mean
spatial resolution element of the MaNGA data.

a sample of nearby large galaxies with spatial reso-
lution better than 3 kpc and similar to the faintest
galaxies in the MaNGA primary sample, at the cost
of spatial extent.

Milky Way Analogs Licquia et al. (2015) defined a
sample of Milky Way analogs based on M,, SFR,
absolute magnitudes, and colors. MaNGA is in-
cluding some of these analogs in the main galaxy
catalog, but they are slightly biased or deficient in
certain regions of parameter space. Galaxies with

the bitname MWA are drawn from the Licquia et al.
(2015) catalog to provide galaxies in those under-
represented parts of parameter space.

Dwarf Galaxies in MaNGA The MaNGA main
galaxy sample has galaxies with M, > 10°Mg,
but dwarf galaxies are the most numerous galax-
ies in the Universe. This ancillary program pro-
vides 2 dwarf galaxies with MaNGA observations
in DR13, the first observations of a larger sam-
ple expected by the end of the survey covering a
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masses are taken from the NASA-Sloan Atlas, and halo masses from the SDSS/DR7 galaxy group catalog of Yang et al. (2007). Plotted in
the background are the number of MaNGA galaxies predicted for a 6-year full survey based on mock catalogs informed by the semi-analytic
model of Guo et al. (2011) and constructed as in Li et al. (2006), which are the same as Figure 3 of Bundy et al. (2015). Normalized
histograms show 1D marginalized M, distributions (top axes) and M}, distributions (right axes), with dashed lines for the full primary

sample and solid lines for the red (left) and blue (right) populations.

range of environments. These galaxies are indi-
cated by the bitname DWARF and are are drawn from
the Geha et al. (2012) galaxy catalog with stellar
masses < 10°M.

e Brightest Cluster Galazies The brightest cluster
galaxies (BGCs) targeted here are brighter and
in more massive halos than BCGs already in the
MaNGA main sample and have the bitname BCG.
We base our target selection on the updated Yang
et al. (2007) cluster catalog, created from the SDSS
DR7 NYU VAGC, an update of the DR4 version
of Blanton et al. (2005)

o MaNGA Resolved Stellar Populations The an-
cillary program targets NGC 4163, a nearby dwarf
galaxy with existing HST imaging and high-quality
color-magnitude diagrams selected from the ACS
Nearby Galaxy Survey (Dalcanton et al. 2009).
This galaxy is flagged by the bitname ANGST.

5.2. MaNGA Data Products: Individual Fiber Spectra
and 3-D Data Cubes

In DR13, MaNGA is releasing both raw data (in the
form of individual CCD frames) and reduced data pro-
duced by version 1.5_4 of the MaNGA Data Reduction
Pipeline (DRP). Figure 6 illustrates the quality of the
spectra from this pipeline. The MaNGA observing strat-
egy is described by Law et al. (2015), and the flux cal-
ibration by Yan et al. (2016a). Details of the MaNGA
DRP, data products, and data quality are given by Law
et al. (2016) (hereafter L16). All MaNGA data are in
the form of multi-extension FITS files.

The DRP data products consist of intermediate re-
duced data (sky-subtracted, flux-calibrated fiber spectra
with red and blue data combined for individual exposures
of a plate) and final-stage data products (summary row-
stacked spectra and data cubes) for each target galaxy.

The summary row stacked spectra (RSS files) are two-
dimensional arrays provided for each galaxy in which
each row corresponds to a single fiber spectrum. For
a 127-fiber IFU with 9 exposures, there are thus 127 x
9 = 1143 rows in the RSS file. These RSS files have ad-
ditional extensions giving astrometric information about
the wavelength-dependent locations of each fiber on the
sky.

The three-dimensional data cubes (axes R.A., Decl.,
wavelength) are created by combining the individual
spectra for a given galaxy together onto a regularized
0.5” grid (see L16 for more detail). Both data cubes and
RSS files are provided in a version with a log wavelength
scale, which is the standard extraction and is relatively
smooth in velocity space, and in a version with a linear
wavelength scale, created directly from the native pixel
solution rather than by resampling the log-scaled spec-
tra resampling. Each MaNGA data cube has associated
extensions corresponding to the estimated inverse vari-
ance per pixel and a bad-pixel mask containing informa-
tion about the quality of a given pixel within the cube
(depth of coverage, bad values, presence of foreground
stars, etc). Additional extensions provide information
about the instrumental spectral resolution, individual ex-
posures that went into the composite data cube, recon-
structed griz broadband images created from the ITFU
spectra, and estimates of the griz reconstructed point
spread function.

The objects observed by MaNGA for which data cubes
have been produced are summarized in the ‘drpall’ file, a
FITS binary table with one entry per object (including
both galaxies and spectrophotometric standard stars ob-
served with 7-fiber IFUs to calibrate the MaNGA data).
This drpall file lists the name, coordinates, targeting in-
formation (e.g., redshift as given by the NASA Sloan
Atlas), reduction quality, and other quantities of inter-
est to allow users to identify galaxy targets of interest.
We note that MaNGA adopts two naming schemes. The
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TABLE 3
SUMMARY OF ANCILLARY PROGRAMS WITH DATA IN DR13

Ancillary Program Number of Targets BITNAME binary digit  value
Luminous AGN 1 AGN_BAT 1 2
4 AGN_0III 2 4

Edge-On Star-forming Galaxies 4 EDGE_ON_WINDS 6 64
Close Pairs and Mergers 5 PAIR_ENLARGE 7 128
10 PAIR_RECENTER 8 256

1 PAIR_SIM 9 512

1 PAIR_2IFU 10 1024

Massive Nearby Galaxies 1 MASSIVE 12 4096
Milky Way Analogs 2 MWA 13 8192
Dwarf Galaxies in MaNGA 2 DWARF 14 16384
Brightest Cluster Galaxies 2 BCG 17 131072
MaNGA Resolved Stellar Populations 1 ANGST 18 262144

first, termed ‘mangaid’ is an identifier unique to a given
astronomical object (e.g., 1-266039). The second, the
‘plate-ifu’ uniquely identifies a given observation by con-
catenating the plate id with the IFU number (e.g., 7443-
12701 identifies the first 127-fiber IFU on plate 7443).
Since some galaxies are observed more than once on dif-
ferent plates, a given mangaid can sometimes correspond
to more than one plate-ifu.

The mangaid consists of 2 parts separated by a hyphen.
The first part is the id of the parent catalog from which
a target was selected. The second part is the position
within that catalog. For most galaxy targets the catalog
id is 1 which refers to the NSA. For a small number of
the early targets the catalog id is 12 and refers to an
earlier version of the NSA (vlb_0_2). All galaxies from
this earlier version of the NSA are also in the final version
and so we release photometry etc for those targets from
the final version of the NSA (v1.0_1), which is included
in the data release. Other catalogs referred to in the first
part of the manga-id are for SDSS standard stars.

The full data model for all MaNGA DRP data prod-
ucts can be found online at www.sdss.org/dr13/manga/
manga-data/data-model/ and is also given in Appendix
B of L16.

5.3. Retrieving MaNGA Data

The raw data, reduced data, RSS, and 3-D data cubes
for 1351 MaNGA galaxies are provided in DR13. From
these data products, maps of line ratios, spectroscopic
indices, and kinematics can be made using standard soft-
ware. Because the first step in using the MaNGA data
for science is to retrieve the spectra, we detail here and on
the SDSS website!?® how to access the MaNGA spectra.

5.3.1. Reduced Data Products

MaNGA DR13 reduced data products are stored on the
Science Archive Server at http://data.sdss.org/sas/
dr13/manga/spectro/redux/v1_5_4/. The top level di-
rectory contains the summary drpall FITS table and
subdirectories for each plate. Inside each plate direc-
tory there are subdirectories for each MJD on which the
plate was observed, containing intermediate (exposure
level) data products. The ‘stack’ subdirectory within
each plate directory contains the final RSS and cube files
for each MaNGA galaxy, sorted according to their plate-
ifu identifiers. Note that the ifu identifier in the filenames

125 www.sdss.org/dr13/manga/manga-data/data-access/

indicates the size of the IFU; everything in the 127 series
(e.g., 12701) is a 127-fiber bundle, etc. The 700 series
ifus (e.g., 701) are the twelve spectrophotometric 7-fiber
minibundles that target stars on each plate.

These are the ways of getting at the data in DR13:

e Direct html browsing of the SAS at the above
link. The file drpall-v1_5_4.fits can be downloaded
through the web browser and queried using any
program able to read FITS binary tables. Once a
set of galaxies of interest has been identified, in-
dividual data cubes, summary RSS files, interme-
diate data products, etc. can be downloaded by
browsing through the web directory tree.

e Large downloads of many DRP data prod-
ucts can be automated wusing rsync access
to the SAS. For instance, to download all
MaNGA data cubes with a logarithmic wave-
length  format: \rsync-aLrvz--include"*/
"--include"manga*LOGCUBE.fits.
gz"--exclude"*"rsync://data.sdss.org/
dr13/manga/spectro/redux/v1_5_4/./

e The MaNGA drpall file can also be queried on-
line using the SDSS CASJobs system at http:
//skyserver.sdss.org/casjobs. While this can
be useful for identifying MaNGA observations of
interest, CASJobs does not contain links to the
MaNGA data cubes and another method must be
used to download the data themselves.

e The SDSS SkyServer Explore tool at skyserver.
sdss.org/dri13/en/tools/explore/ will display
basic information about MaNGA observations in
DR13 that fall within a given cone search on the
sky. The relevant explore pages also provide direct
links to the FITS data cubes on the SAS.

5.3.2. Raw Data

All MaNGA data taken in the first year of SDSS-
IV observations are part of Data Release 13, in-
cluding data from special ancillary plates and co-
observing during APOGEE-2 time that are not part
of the DRP results. The raw data are stored
on the SAS in the directory http://data.sdss.
org/sas/dr13/manga/spectro/data/ in subdirectories
based on the MJD when the data were taken.
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The mangacore directory'?® contains the information
needed to figure out the RA and Dec positions of
fibers on plates, the dithered MJDs to be com-
bined to make the final spectrum in apocomplete
directory, and information on the calibration files.
L16 and the http://www.sdss.org/dr13/manga/manga-
data/metadata/ website contain the relevant information
about the file formats and the use of the calibration files
to get to the fully reduced spectra. Because these files are
prepared for internal use, they retain many old features
that should be ignored by external users, e.g., ignore tar-
get flags in the plugMap files.

5.4. Notes on using MaNGA data

There are several important caveats to keep in mind
when working with MaNGA data. In this discussion we
treat only the MaNGA data cubes. Summary RSS, inter-
mediate, and even raw data products present some statis-
tical advantages to the data cubes, in particular reduced
covariance between adjacent data points and greater ease
of forward modeling, but are substantially harder to use.

First and foremost, each MaNGA data cube has a FITS
header keyword DRP3QUAL indicating the quality of
the reduction. 1-2% of the data cubes are flagged as sig-
nificantly problematic for various reasons, ranging from
poor focus to flux calibration problems. Table B13 in
LL16 lists the bits that can be set with this flag that de-
scribe why the end product was deemed unsatisfactory.
Galaxies for which the CRITICAL quality bit (=30) is
set in DRP3QUAL should be treated with extreme cau-
tion. While there may be some spaxels in that dat-
acube that are acceptable, in general the CRITICAL
bit indicates widespread problems with the data reduc-
tion. Each data cube also has an associated MASK cube
describing the quality of individual spaxels in the data
cube. This MASK extension can be used to identify areas
of no coverage outside the fiber bundle footprint'??, low
coverage near the edge of the dithered footprint, prob-
lematic areas due to detector artifacts, regions known to
contain bright Milky Way foreground stars, etc. A simple
summary DONOTUSE bit is of particular importance indi-
cating elements that should be masked out for scientific
analyses.

Since the MaNGA data cubes adopt a 0.5 arcsec sam-
pling size (chosen based on Fourier analysis in optimal
observing conditions to not truncate the k-space modes
of the observational PSF) while individual fibers have a
2 arcsec diameter footprint there is significant covari-
ance between adjacent MaNGA spaxels that must be
taken into account whenever combining spectra. A sim-
plified method for doing this is discussed in §9.3 of L16.
The typical reconstructed point spread function of the
MaNGA data cubes has FWHM of 2.5 arcsec.

As discussed by L16, the instrumental line spread func-
tion (LSF) in the wavelength direction reported by the
various extensions within the MaNGA DR13 data prod-
ucts is underestimated by about 10 &+ 2%. Although this

126 https://svn.sdss.org/public/repo/manga/mangacore/
tags/v1_2_3/

127 The fiber footprint is a hexagon, but the standard FITS
image data structure is based around rectangular arrays. There
must therefore be blank areas around the live IFU footprint in
order to inscribe the hexagon inside a bounding rectangle
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makes little difference when determining the astrophys-
ical width of broad spectral lines, it is important to ac-
count for when attempting to subtract the instrumen-
tal resolution from barely-resolved lines. This issue is
not unique to MaNGA; the overestimate is common to
all previous SDSS optical spectra. Therefore many re-
ported velocity dispersions in SDSS data are wrong by
an amount that becomes significant at velocity disper-
sions near the instrumental resolution. There are two
effects that combine to produce this overestimate. The
first is that the impact of the wavelength rectification
on the effective spectral resolution was not accounted for
when combining spectra from blue and red cameras. The
second is that the Gaussian width of the LSF reported
by the DRP is strictly the width of a pre-pixellization
gaussian, while most end-user analysis routines adopt
post-pixellization gaussians instead (i.e., the different be-
tween integrating a gaussian profile over the pixel bound-
aries vs evaluating a gaussian at the pixel midpoint).
This will be treated more completely in a future data
release; in the meantime a 10% correction to the instru-
mental LSF quoted by the MaNGA data products ap-
pears to be a reasonable correction factor if using post-
pixellization analysis routines. However, because this
correction factor itself is uncertain, derived astrophysical
line-widths substantially below the instrumental resolu-
tion should be viewed to have unreliable accuracy at this
time. A full discussion of issues to consider is available
at www.sdss.org/dr13/manga/manga-caveats/.

5.5. Highlights of MaNGA Science with DR13 Data

The MaNGA survey has produced a number of scien-
tific results based on early data, indicating the breadth
of research possible with the MaNGA data. Here we
briefly summarize the results of papers completed within
the SDSS-IV collaboration using MaNGA data on spa-
tially resolved gas physics stellar population properties,
and stellar and gas kinematics. These papers serve as a
guide to prospective users of SDSS-IV data in these spe-
cific science areas. The papers also provide citations to
the extensive literature on each topic, to which we refer
the interested reader for additional context.

5.5.1. Gas physics

The spatially resolved emission-line measurements
have been used to understand the physical conditions
of the ionized gas in galaxies. Cheung et al. (2016) iden-
tified AGN winds as a surprisingly common occurrence
in normal, quiescent galaxies, suggesting these winds as
potentially critical in suppressing star formation. These
winds may help address the question of how star forma-
tion remains suppressed in early-type galaxies. Cheung
et al. (2016) report bisymmetric emission features co-
aligned with strong ionized-gas velocity gradients in a
galaxy from which they infer the presence of centrally
driven winds in typical quiescent galaxies that host low-
luminosity active nuclei. These galaxies account for as
much as ten per cent of the quiescent population with
masses around 2 x 1019 M. They calculate that the en-
ergy input from the galaxies’ low-level active supermas-
sive black hole is capable of driving the observed wind,
which contains sufficient mechanical energy to heat am-
bient, cooler gas (also detected) and thereby suppress
star formation.
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The broader nature of ionized gas in early-types has
also been the subject of a series of papers by Belfiore et
al. (2016) and Belfiore et al. (in prep) following up on
the analysis of a small sample observed with the MaNGA
prototype instrument in Belfiore et al. (2015). By using
spatially resolved maps of nebular diagnostics and stellar
population ages, this work has added substantial support
to the notion that evolved stellar populations provide the
ionization source for a galaxy class that arguably should
be renamed from LINER (Low Ionization Nuclear Emis-
sion Region) galaxies to LIER galaxies. LIERs, it turns
out, are ubiquitous in both quiescent galaxies and in the
central regions of galaxies where star formation takes
place at larger radii. The study of Belfiore et al. (2016)
and Belfiore et al. (in prep) have put the occurrence of
the LIER phenomenon into a physically relevant frame-
work that can be directly tied to the diversity of the
galaxy population as a whole. Specifically, they iden-
tify two classes of galaxies as extended LIER (eLIER)
and central LIER (cLIER), respectively, and study their
kinematics and stellar population properties. cLIERs
turn out to be mostly late type galaxies located around
the green valley, while eLIERs are morphologically early
types and are indistinguishable from passive galaxies de-
void of line emission in terms of their stellar populations,
morphology and central stellar velocity dispersion.

The widespread ionization state of LIER gas might
originally manifest as the Diffuse Intergalactic Gas (DIG)
which is intermixed with star-forming regions. Zhang et
al (2016) studied galactic DIG emission and demonstrate
how DIG in star-forming galaxies impacts the measure-
ments of emission line ratios at the spatial resolution of

MaNGA, hence the interpretation of diagnostic diagrams
and the gas-phase metallicity measurements. They quan-
tify for the MaNGA data how the contamination by
DIG moves HII regions towards composite of LIER-like
regions. DIG significantly biases measurements of gas
metallicity and metallicity gradients because at different
surface brightness, line ratios and line ratio gradients can
differ systematically.

A careful treatment of gas-phase metallicities inferred
from spectral maps of galaxies has suggested a key role
for the dependence of metallicity on local stellar mass
surface density. Barrera-Ballesteros et al. (2016) present
the stellar surface mass density vs gas metallicity relation
for more than 500,000 spatially-resolved star-forming re-
gions from a sample of 653 disk galaxies. These galaxies
span a larger range in mass than in previous samples
where the correlations were first discovered. They con-
firm a tight relation between these local properties, with
higher metallicities as the surface density increases. They
find that even over this larger mass range this local re-
lationship can simultaneously reproduce two well-known
properties of disk galaxies: their global mass-metallicity
relationship and their radial metallicity gradients. Their
results support the idea that in the present-day universe
local properties play a key role in determining the gas-
phase metallicity in typical disk galaxies.

However, Cheung et al. (2016b, submitted) has found
a galaxy in the middle of a gas accretion event, provid-
ing a detailed look at what appears to be relatively rare
occurrence in the nearby Universe of this mode of galaxy
growth. They present serendipitous observations of a
large, asymmetric Ha complex that extends ~ 8" (~ 6.3
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kpc) beyond the effective radius of a dusty, starbursting
galaxy. This Ha extension is approximately three times
the effective radius of the host galaxy and displays a tail-
like morphology. This is suggestive of an inflow, which is
consistent with its relatively lower gas-phase metallicities
and its irregular gaseous kinematics.

5.5.2. Stellar populations

Spatially resolved stellar population properties and
stellar growth histories have been analyzed, following the
analysis of a small sample observed with the MaNGA
prototype instrument by Wilkinson et al. (2015) and Li
et al. (2015). MaNGA has explored the role of environ-
ment in shaping the radial distribution of stellar ages
and metallicities, with particular attention given to the
potential measurement systematics. Using different spec-
tral fitting techniques and complementary environmen-
tal metrics, both Goddard et al. (2016b, submitted) and
Zheng et al. (2016, submitted) conclude that any en-
vironmental signal in the average shape of gradients is
weak at best, with no obvious trends emerging in the
initial MaNGA data.

Goddard et al (2016a, submitted) studied the internal
gradients of the stellar population age and metallicity
within 1.5 R, obtained from full spectral fitting and con-
firm several key results of previous surveys. Age gradi-
ents tend to be shallow for both early-type and late-type
galaxies. As well known from previous studies, metallic-
ity gradients are often complex (and not well-modeled by
linear or log-linear functions of radius), varying in detail
from galaxy to galaxy on small radial scales. On aver-
age, however, over radial scales of order 1 R., MaNGA
data provide the strongest statistical constraints to date
that metallicity gradients are negative in both early and
late-type galaxies, and are significantly steeper in disks.
These results continue to indicate that the radial depen-
dence of chemical enrichment processes are far more pro-
nounced in disks than they are in spheroids, and indeed
the relatively flat gradients in early-type galaxies are in-
consistent with monolithic collapse. For both early and
late-type galaxies, more massive galaxies have steeper
negative metallicity and age gradients. Since early-type
galaxies tend to be more luminous, the overall steeper
age and metallicity gradients in late-type galaxies re-
flect the fact that the trends in these gradients with
galaxy mass are more pronounced for late-type galax-
ies. Goddard et al (2016a, submitted) take advantage
of the unique MaNGA sample size and mass range to
characterize this correlation between metallicity and age
gradients and galaxy mass, which explains the scatter in
gradients values seen in previous studies.

Ibarra-Medel et al (in preparation) meanwhile in-
fer spatially-resolved stellar mass assembly histories for
the MaNGA galaxies, extending previously known re-
lations between galaxy type and assembly history to a
larger mass range. Their findings are consistent with
blue/star-forming/late-type galaxies assembling, on av-
erage, from inside to out. Red/quiescent/early-type
galaxies present a more uniform spatial mass assembly, or
at least one that has been dynamically well mixed since
star-formation ceased, consistent with the flatter gradi-
ents seen, e.g., by Goddard et al (2016a, submitted). In
general, low-mass galaxies show evidence of more irreg-
ular global and spatial assembly histories than massive

17

galaxies.

In a developing effort to model stellar population gra-
dients, Johnston et al. (2016, submitted) demonstrate
a new technique using MaNGA data that seeks to de-
compose the underlying population into contributions
from different physical sub-components. They explore
how the disk and bulge components in galaxies reached
their current states with a new approach to fit the two-
dimensional light profiles of galaxies as a function of
wavelength and to isolate the spectral properties of these
galaxies’ disks and bulges. The MaNGA data has a spa-
tial sampling of 0.5 " per pixel, and successful decompo-
sitions were carried out with galaxies observed with the
61- to 127-fiber IFUs with fields of view of 22" to 32" in
diameter respectively.

Rembold et al. (2016, submitted) look at the stellar
populations in AGN host galaxies, taking further advan-
tage of the large statistical sample of galaxies already
available in this Data Release. Their study includes
seven galaxies hosting luminous AGN, 42 galaxies host-
ing “weak” AGN, plus twice this many galaxies selected
as a matched control sample based on mass, distance,
morphology and inclination. All galaxies are selected
selected from the DR13 data-set based SDSS-III data
products. Galaxies hosting luminous AGN turn out to
have a smaller contribution of old stars and an increased
contribution of stars with ages of 600 — 900 Myr, relative
to both the hosts of lower-luminosity AGN and to the
control sample.

5.5.3. Gas and stellar kinematics

Several studies are investigating the kinematics of both
stars and gas across the galaxy population. Li et al
(2016b, submitted) perform Jeans anisotropic modeling
(JAM) on a more extensive and diverse sample of ellipti-
cal and spiral galaxies than had previously been done. By
comparing the stellar mass-to-light ratios estimated from
stellar population synthesis and from JAM, they find a
similar systematic variation of the initial mass function
(IMF) to previous investigations. Early-type galaxies (el-
liptical and lenticular) with lower stellar mass-to-light ra-
tios or velocity dispersions within one effective radius are
consistent with a Chabrier-like IMF while galaxies with
higher stellar mass-to-light ratios or velocity dispersions
are consistent with a more bottom heavy IMF such as
the Salpeter IMF.

Two studies have taken advantage of the large MaNGA
sample in DR13 to quantify the frequency and attributes
of galaxies with strong disparities between gas and stel-
lar kinematics. Chen et al (2016, submitted) find that
an appreciable fraction of galaxy have counter rotating
gas and stars. Counter-rotation is found in about 2% of
all blue galaxies. The central regions of blue counter-
rotators show younger stellar populations and more in-
tense star formation than in their outer parts. Jin et al
(2016, submitted) have further studied the properties of
66 galaxies with kinematically misaligned gas and stars.
They find that the star-forming misaligned galaxies have
positive gradients in D,,4000 and higher gas-phase metal-
licity, while the green valley/quiescent ones have neg-
ative D,,4000 gradients and lower gas-phase metallic-
ity on average. Despite this distinction, there is evi-
dence that all types of kinematically-misaligned galaxies
tend to be in more isolated environments. They propose
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that misaligned star forming galaxies originate from gas-
rich progenitors accreting external kinematic decoupled
gas, while the misaligned green valley/quiescent galaxies
might be formed from accreting kinematic decoupled gas
from dwarf satellites.

Finally, Penny et al (2016, submitted) examine the
kinematics of a sample of 39 quenched low-mass galaxies.
The majority (87%) of these quenched low mass galaxies
exhibit coherent rotation in their stellar kinematics, and
a number host distinct disks or spiral features. Just five
(13%) are found to have rotation speeds vciye < 15 km
s~! at 1 R., and are dominated by pressure support at
all radii. Two of the quenched low mass galaxies (5%)
host kinematically distinct cores, with the stellar popu-
lation at their centers counter-rotating with respect to
the rest of the galaxy. The results support a picture in
which the majority of quenched low mass (dE) galaxies
have a disk origin.

6. SEQUELS: EBOSS, TDSS, AND SPIDERS DATA

Data Release 13 includes the data from 126 plates ob-
served under the SEQUELS program. This program was
started in SDSS-IIT as an ancillary program to take ad-
vantage of the dark time released when BOSS was com-
pleted early. The SEQUELS targets were quite different
from BOSS targets because the program was designed to
finalize the eBOSS target selection algorithms. The pri-
mary targets were defined by two different SDSS-WISE
selection algorithms to determine the eBOSS LRG pro-
gram (Prakash et al., 2016, CITE) and several optical-IR
and variability selections to determine the eBOSS quasar
program (Myers et al., 2015). Likewise, objects selected
from a combination of X-ray and optical imaging were
used to determine the final SPIDERS cluster (Clerc et
al., 2016, submitted) and AGN (Dwelly et al., in prepara-
tion) programs while variability in PanSTARRS imaging
was used to determine the final TDSS program (Morgan-
son et al. 2015; Ruan et al. 2016).

66 SEQUELS plates were completed in the final year
of SDSS-III. The remaining 60 plates required to fill out
the 400 square degree footprint were completed in the
first year of SDSS-IV. As mentioned above, these data
served a crucial role for verification of the eBOSS, TDSS
and SPIDERS target samples. SEQUELS and eBOSS
LRG spectra were used to optimize the performance of a
new redshift classification scheme that now reliably clas-
sifies more than 90% of eBOSS LRG spectra (Hutchinson
et al., 2016), thus meeting the ambitious goal set forth
at the beginning of the program (Dawson et al., 2016).
The sample also seeds the eBOSS footprint to be used
for clustering studies. The first clustering measurements
from SEQUELS and eBOSS LRG’s were just released
(Zhai et al., 2016) and first results from quasar clus-
tering are expected in the near future. All SEQUELS
targets are tracked by the EBOSS_TARGETO bitmask. The
appendix of the DR12 paper (Alam et al. 2015) provide
the motivation and description of each target selection
algorithm captured by that bitmask.

6.1. eBOSS in SEQUELS

117 plates from SEQUELS used a slightly broader se-
lection for LRG, clustering quasars (0.9 <z< 2.2), and
Lyman-« forest quasars to ensure that the final eBOSS

selection would be included in each of these classes. Be-
cause the eBOSS sample is included in this region, the
SEQUELS spectroscopy obtained in SDSS-IIT and SDSS-
IV will be used directly in any LRG or quasar clustering
studies. Nine plates from SEQUELS included targets
derived from an early test of the ELG selection algo-
rithm. These tests of ELG selection algorithms were part
of a larger series of tests performed during SDSS-III and
SDSS-IV (Comparat et al. 2015; Raichoor et al. 2016,
;Delubac et al. in preparation). The spectra from these
tests were also used in one of the first science results from
eBOSS, a study of galactic-scale outflows traced by UV
emission (Zhu et al., 2015). The selection algorithm used
in these fields is quite different from what will be used
in eBOSS and these targets will not contribute to the
final clustering sample. For this reason, we summarize
the findings of the LRG and quasar samples below but
reserve discussion of the ELG sample for future work.

6.1.1. Luminous Red Galazies from WISE colors

The increase in redshift complicates selection both by
shifting the 4000 A break into the i-band filter and by
requiring fainter targets than those observed in BOSS.
WISE 3.4 pm photometry (W1 band) was introduced to
enable selection of this higher redshift sample. As part
of the SEQUELS program, two overlapping selections for
LRGs at higher redshifts (0.6 < z < 1.0, vs 0.4 < z < 0.7
for CMASS) were employed, allowing tests of potential
strategies for SDSS-TV/eBOSS. Color cuts that combine
optical and infrared photometry were employed, enabling
the targeting of LRGs at these redshifts while maintain-
ing a high purity. This selection technique takes advan-
tage of the strong peak at a rest frame wavelength of 1.6
microns that is present in the spectrum of most galaxies.
This peak enters the first WISE band and 3.4 microns
as redshift gets closer to 1, yielding large differences be-
tween the optical /IR colors of z>0.6 galaxies and stars.

SEQUELS selected a total of ~ 70,000 LRGs over an
area of ~ 700 deg? with 120.0 <RA< 210.0 and 45.0 <
DEC < 60.0. These LRGs were selected by algorithms
utilizing two different optical-IR color spaces, utilizing
either SDSS r, i, z, and WISE channel 1, or only i, z
and WISE channel 1; the selection efficiency and redshift
success for each algorithm could then be compared. The
parameters of the selection algorithms were tuned such
that each yielded a target density of ~ 60deg~2; the two
selections overlap significantly, yielding a net density of
XYZ targets deg=2. Figure 10 of Prakash et al. (2016)
presents the resulting redshift distributions from each se-
lection. The r/i/z/WISE selection has been chosen for
SDSS-IV/eBOSS due to greater efficiency at selecting
high-redshift LRGs. More details on the SEQUELS LRG
sample selection can be found in Prakash et al. (2016).

6.1.2. Quasars targeted with Optical+WISE photometry and
PTF variability

SEQUELS observations helped define a uniform quasar
sample for eBOSS clustering studies based on wugriz
and WISE photometry. The “Extreme Deconvolution”
(XDQSO; Bovy et al. 2011; Bovy Jo et al. 2011) selec-
tion is used to identify likely quasars at redshifts z > 0.9
according to the relative density of stars and quasars
as a function of color, magnitude, and photometric un-
certainty. The selection alone results in a highly com-
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plete sample of quasars to be used for clustering stud-
ies, but with contamination from stars that is too large
to fit into the eBOSS fiber budget. The XDQSO se-
lection is supplemented by morphology cuts to remove
low redshift AGN and optical-IR colors to remove stel-
lar objects with blackbody spectra. The final selection
results in a target density of 115 deg™2, 25 deg™2 of
which have been previously observed in SDSS-I, -II, or
-ITI. SEQUELS observations showed that the selection
produces 71 deg™2 clustering quasars over the redshift
interval 0.9 <z< 2.2 and 6.6 deg™2 new Lyman-a for-
est quasars at z > 2.1. Variability data from the Palo-
mar Transient Factory (PTF; Law et al., 2009) is used
to supplement the selection of Lyman-« forest quasars,
producing tracers at an additional 3.2 deg™2 where suf-
ficient PTF imaging data are available. In total, the
final eBOSS sample is expected to exceed 500,000 clus-
tering quasars, 60,000 new lyman-« forest quasars, and
60,000 BOSS quasars re-observed to obtain higher signal-
to-noise measurements of the Lyman-« forest. Projec-
tions for the quasar clustering sample include constraints
on H(z) and da(z) at an effective redshift z= 1.4 with
a precision of 3.3% and 2.5%, respectively. The sam-
ple should provide the statistical power for a measure-
ment of fog to a precision of 2.8%. The Lyman-« forest
sample from eBOSS will be combined with the sample
from BOSS to provide constraints on H(z) and d4(z)
precision of 1.4% and 1.7%, respectively. In addition to
cosmological measurements, the quasar sample can be
used to study quasar astrophysics and galaxy evolution
through studies of the quasar luminosity function, com-
posite spectra, and multi-wavelength spectral energy dis-
tributions spanning the radio to the x-ray. Myers et al.
(2015) found that ~ 96 of all quasar targets with r < 22
will be confidently classified, with an even higher per-
centage for CORE quasars.

6.1.3. Redmonster and Improved Redshifts for LRGs

The redshifts for all SEQUELS targets are deter-
mined in the usual fashion, with best fitting combi-
nations of PCA eigenspectra. A value-added cata-
log was created using the new redmonster algorithms
(Hutchinson et al, submitted). Any spectra identi-
fied by EBOSS_TARGETO bits 2 and corrected i-band<
21.8 were classified by redmonster. The file is named
redmonsterAll-v5_9_0.fits.fits and is found on the SAS
as described in Table 2. Redmonster does not use lin-
ear combinations of templates, which was used in Bolton
et al. (2012), but rather a suite of discrete theoretical
galaxy spectra as a basis to determine the most likely
redshift through a minimum y?.

6.2. SPIDERS in SEQUELS

The main goal of the SPIDERS survey is to charac-
terize a subset of X-ray sources identified by eROSITA
using optical spectra from the BOSS spectrograph. The
extended sources will mostly be galaxy clusters, which
can be used for cosmology. The point sources will mainly
be Active Galactic Nuclei (AGN), which can be used to
study the evolution of black holes across cosmic time.
For the first phase of SDSS-IV, when eROSITA data
is not yet available, SPIDERS will be targeting based
on ROSAT and XMM data. The targeting catalogs for
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galaxy clusters and AGN for SPIDERS from these two
satellites have been included in DR13 as value-added
catalogs. The SPIDERS AGN target catalogs (Dwelly
et al., in preparation) contain 9,028 candidate targets
from RASS and 819 from XMMSL. They enclose infor-
mation on the X-ray sources, including flux measure-
ments, and a quantitative measure of the reliability of
the association to optical and AIIWISE data. The SPI-
DERS Galaxy Cluster target list (Clerc et al, submitted)
contains 94,883 and 3,839 objects for RASS and XMM
respectively.

In SEQUELS, SPIDERS used similar targeting cata-
logs, also available as value-added products, to test tar-
geting strategies and provide initial results. The selec-
tion criteria are somewhat different than the final SPI-
DERS algorithms. Full details are available in Clerc et
al. (2016, submitted) and Dwelly et al. (in preparation).
We summarize the SEQUELS SPIDERS data available
in DR13 below.

6.2.1. Optical spectra of Galazies in X-ray Identified
Clusters

The cluster pilot study (Clerc et al. 2016, submit-
ted) takes advantage of CODEX (COunstrain D E with
X-ray clusters; Finoguenov et al., in preparation) can-
didate cluster list, which is based on currently available
RASS data. As part of DR13, we provide the catalog
of X-ray detected galaxy clusters spectroscopically con-
firmed using SEQUELS-DR12 SPIDERS spectroscopic
data. Galaxy clusters were identified through the emis-
sion of their hot baryonic component as X-ray extended
sources in RASS. The optical counterparts were found by
optimally searching photometric data for the existence of
a red-sequence formed by their member galaxies. Spec-
troscopic redshifts obtained by SPIDERS (in the SE-
QUELS program) provide definitive confirmation of the
clustered nature of these objects and their redshift (up to
z 0.6). We assigned cluster membership combining an al-
gorithm and visual validation of individual objects. The
gas properties derived from X-ray observations (luminos-
ity, temperature, R_200) are derived using precise cluster
redshifts (A, ~ 0.001). We compute galaxy cluster ve-
locity dispersions using several methods adapted to the
low number of spectroscopic members per system (of the
order 15-40) and we show that their values correlate with
cluster X-ray luminosities, within expectations. Figure 7
shows the distribution of clusters with SEQUELS red-
shifts and membership in the redshift-X-ray luminosity
plane.

6.2.2. Optical spectra of X-ray-identified AGN

The addition of X-ray-identified AGN to the suite of
AGN with well-sampled redshifts helps complete the in-
ventory of AGN and trace black hole growth through-
out cosmic history. SDSS has been observing optically-
identified AGN since its inception under the main large-
scale structure surveys, special targeting programs, and
as "mistakes” in other targeting classes. In addition,
there were several BOSS ancillary programs focused on
X-ray follow-up, including a highly complete program on
the XMM-XXL north field (Menzel et al. 2016). The
SPIDERS SEQUELS program has added spectra of 274
ROSAT AGN to the SDSS sample, identified on the basis
of their SDSS colors only. The DR12 paper (Alam et al.
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2015) and Dwelly et al. (in preparation) provide details
on the targeting of these AGN.

6.3. TDSS in SEQUELS

Nearly 18,000 targets selected or co-selected by TDSS
have been observed among the 126 SEQUELS spectro-
scopic plates. The targeting strategy for TDSS in SE-
QUELS was very similar to that ultimately chosen for
the bulk of SDSS-IV (Morganson et al. 2015). Ruan
et al. (2016) present TDSS spectroscopic results from
the 66 initial DR12 SEQUELS plates, along with a de-
scription of the small differences in targeting within SE-
QUELS. Figure 8 depicts results for the initial TDSS SE-
QUELS sub-sample. The classification of spectra was ini-
tially done using the BOSS pipeline Bolton et al. (2012),
but the spectra were also visually inspected. Over-
all, the pipeline performance is outstanding, with the
highest-level spectral classification (e.g., star vs. galaxy
vs. quasar) in agreement with our visual inspection for
about 97% of the TDSS spectra and with only 2% of the
pipeline redshifts for quasars requiring significant adjust-
ment.

About 90% of the TDSS spectroscopic fibers are aimed
at initial classification spectra for variables chosen with-
out primary bias based on color or specific lightcurve
character. Their variability is determined from within
PanSTARRS 1 (PS1) multi-epoch imaging (Kaiser et al.
2010), or via longer-term imaging variability comparing
photometry between SDSS and PS1 (Morganson et al.
2015). The initial SEQUELS results reveal compara-
ble numbers of stars and quasars among these imag-
ing variables. A summary for TDSS quasars is that
the PS1/SDSS variability criteria mitigate some of the
(well-known) redshift biases of color-selection yielding
a smooth and broad quasar redshift distribution, and
that TDSS selects relatively redder quasars (e.g., than
the eBOSS core quasar sample) as well as a higher frac-
tion of some peculiar AGN (such as BALQSOs, and BL
Lacs); and among variable stars, TDSS selects significant
numbers of active late-type stars, stellar pulsators (such
as RR Lyr) as well as eclipsing and composite binaries,
along with smaller subsets of white dwarfs, cataclysmic
variables, and carbon stars (see Ruan et al. 2016).

The other ~10% of the TDSS targets are objects al-
ready having one or more earlier epochs of SDSS I-I11
spectroscopy, and for which TDSS is taking a second
(or sometimes 3rd or 4th etc.) epoch to reveal antici-
pated spectroscopic variability. These “Few Epoch Spec-
troscopy” (or FES) targets include various subsets of
quasars and stars (Morganson et al. 2015). Recent ex-
ample science papers representative of this FES category
of TDSS, include work on acceleration of broad absorp-
tion lines in BALQSOs (e.g., Grier et al. 2016), and
recent discoveries adding to the rare class of “changing
look quasars” (e.g., Runnoe et al. 2016).

6.4. Retrieving SEQUELS data

All SDSS data releases are cumulative and therefore
the SEQUELS data, whether taken in SDSS-IIT or SDSS-
IV, has been reduced with the latest pipelines and in-
cluded with all previous SDSS optical spectra data in this
data release. SEQUELS targets can be identified because
the EBOSS_TARGETO bit will be set. The summary spAll-

v5_9_0.fits datafile, which includes classification informa-
tion from the pipeline, is at https://data.sdss.org/
sas/dr13/eboss/spectro/redux/v5_9_0/ on the SAS
or in the SpecObjAll table on the CAS.

7. APOGEE-2: IMPROVED SPECTRAL EXTRACTION AND
SPECTROSCOPIC PARAMETERS FOR APOGEE-1 DATA
The data released in DR13 are based on the same raw
data as in DR12, and the pipelines for reduction and
analysis remain similar to those used in DR13. First,
the data reduction pipeline (Nidever et al. 2015) re-
duced the 3-D raw data cubes into well-sampled, com-
bined, sky-subtracted, telluric-corrected and wavelength-
calibrated 1-D spectra. The stellar parameters and abun-
dances were derived using ASPCAP (APOGEE Stellar
Parameters and Chemical Abundances Pipeline; Garcia
Pérez et al. 2016) by finding the x? minimum when com-
paring the normalized observed spectra against a grid of
synthetic spectra. However, the processing and analysis
have been improved in several ways:

e The linelist used for determining stellar parameters
and abundances has been revised.

e Abundances are derived for several more species
(CI, P, Till, Co, Cu, Ge, Rb) than in DR12.

e Results are now available for stars with Teg <
3500 using a newly employed MARCS model at-
mosphere grid.

e Separate synthetic spectral grids are used for
dwarfs and giants; results for dwarfs include rota-
tion and different isotope ratios are used for dwarfs
and giants.

e An initial, approximate, attempt has been made
to account for variable LSF as a function of fiber
number

e The correction for telluric absorption has been im-
proved, primarily from a better LSF characteriza-
tion, leading to better recovery of the stellar spec-
tra.

e the relation adopted from microturbulence has
been refined, and a relation for macroturbulence
has been incorporated

More details are provided in Holtzman et al (2016, in
preparation; H16). Overall, these changes have im-
proved and enhanced the APOGEE stellar parameters
and abundances, but users need to continue to aware of
potential issues and data flagging, as discussed on the
SDSS web site and H16. In particular, parameters and
abundances for low metallicity stars and for cool stars
are more uncertain.

Subsequent to the freezing of the DR13 release, sev-
eral issues were discovered with the “calibrated” effec-
tive temperatures and surface gravities that are released
with DR13. Based on good agreement of the spectro-
scopic effective temperature with photometric effective
temperatures for the bulk of the sample that is near solar-
metallicity, no calibration was applied to the DR13 spec-
troscopic effective temperatures. It now appears, how-
ever, that these are systematically offset from photomet-
ric temperatures for stars of lower metallicity by as much



21

Ce e ® o
< ® ® ®
®
45 © et e 9
10 - e ® ® SR —
o © ® ® o ®
' ]
o & : (X
~ ® 0 m 0g® °
n L @0 re} o
\ ° 9% A d
[Sr .
) yc ol "o
e » ° o ©
9 CAE ey DSk Y R Iy e O
. (o}
o o © )
~ 0@0 0l ® EO a5 &o S ©
)
® & o ©O
% 4 o o SIS
@O% 1)
©° o —
X X <% @ 8 o
— o 008@0 o ® e° 900
< 65:% 20° o0, ° o
. Ry $ @ 5 o
N o o©
| o °8 o
8 o
— o °°
. ® 0© o
(@] o
e o
*x o]
-

1 042

MCXC matched (18 in SEQUELS-DR12 pilot) O
MCXC unmatched (6 in SEQUELS—DR12 pilot) ¢

MCXC (in SDSS/BOSS area) o
All CODEX, rich.>10, photo—-2
CODEX match to MCXC e

0.0

0.2

0.4 0.6 0.8

Cluster redshift

Fic. 7.— Distribution in the X-ray luminosity-redshift plane of galaxy clusters, adapted from Clerc et al. (2016, submitted). The open
blue squares and red diamonds show the clusters that are included in the DR13 SPIDERS cluster value added catalog. Their current
distribution in redshift and X-ray luminosity can be compared with that from the MCMC meta-catalog (Piffaretti et al. 2011) of X-ray

clusters with measured redshifts and candidates from CODEX. The 6

clusters indicated by red diamonds are clusters with new spectroscopic

redshifts as a result of SPIDERS targeting. ABELL 1361 is within a masked area of the CODEX survey, so it is not matched.

as 200-300 K for stars at [Fe/H] -2. For surface gravities,
a calibration was derived based on asteroseismic surface
gravities. While this calibration is good for most of the
sample, it now appears that it does not yield accurate
surface gravities for metal-poor stars; the calibrated sur-
face gravities for stars with [M/H]j-1.5 are systematically
too low, by as much as 0.5. H16 and the SDSS web site
discuss both of these issues, and suggest post-release cal-
ibrations.

7.1. Improvements in Linelist and Data Analysis

Several improvements were made with regard to the
APOGEE LSF. The characterization of the LSF was im-
proved in one of the detectors, and an initial attempt was
made at accommodating the LSF variability in the pa-
rameter and abundance pipeline by constructing spectral
libraries for 4 different LSFs and using the most appro-
priate one for the analysis of each star.

The linelist adopted for DRI13, linelist.20150714,
is an updated version of the one used for DRI12
results (Shetrone et al. 2015) and is available
at data.sdss.org/sas/dr13/apogee/spectro/redux/
speclib/linelists/. Shetrone et al. (2015) noted a
number of concerns with the DR12 linelist, which have
been corrected in the new version (H16). Asin DR12, the
molecular line list is a compilation of literature sources

including transitions of CO, OH, CN, C2, H2, and SiH.
The CN line list has been updated from the DR12 ver-
sion using a compilation from C. Sneden (private com-
munication). All molecular data are adopted without
change, with the exception of a few obvious typograph-
ical corrections. The atomic line list was compiled from
a number of literature sources and includes theoretical,
astrophysical, and laboratory transition probabilities (or
oscillator strengths or gf values). A few new lines were
added from NIST5 and other literature publication since
the DR12 line list was created, including hyperfine split-
ting components for Al and Co. For lines with laboratory
oscillator strengths, the astrophysical log(gf) values were
not allowed to vary beyond twice the error quoted by the
source. We still rely heavily on ”astrophysical” oscillator
strengths for atomic lines, where the transition proba-
bilities of individual lines are determined using the spec-
trum of a star with known parameters and abundances,
to construct linelists in the H-band (Meléndez & Bar-
buy 1999; Ryde & Schultheis 2015). For our linelist, we
use the center-of-disk spectrum of the Sun (Livingston &
Wallace 1991) and the full disk spectrum of the nearby,
well-studied, red giant Arcturus (Hinkle et al. 1995).
To calculate the astrophysical gf values, we used Tur-
bospectrum (Alvarez & Plez 1998; Plez 2012) to gener-
ate synthetic spectra of the center-of-disk for the Sun and
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Fic. 8.— A representation of the TDSS spectroscopic characterization of imaging variables selected (from PanSTARRS 1 and SDSS
imaging) without any primary bias based on color or specific lightcurve character. Nearly 16,000 TDSS photometric variables in the
region of the sky covered by the 66 initial SEQUELS plates are plotted here in a traditional color-color diagram. Their classifications are
based on spectra taken in SDSS-I-III, including SEQUELS data.. Regions in color space traditionally considered as occupied by quasars,
main-sequence stars, RR Lyrae, high-redshift quasars, and other miscellaneous subclasses are overlayed (see Sesar et al. (2007), but here
using specific boundaries detailed in Morganson et al. (2015)). The blue symbols depict TDSS photometric variables whose SDSS spectra
verify them as quasars, while the red symbols depict TDSS variables whose SDSS spectra verify them as stars. A few hundred objects
that were identified as galaxies or which could not be identified are not included in this plot. The wide distribution, as well as the overlap
(in some regimes relatively densely), of both stars and quasars symbols verify that TDSS variability selection finds not only traditional
quasars, but also those within color regimes commonly attributed to stars (and with analogous results for the spectroscopically confirmed

variable stars).

the integrated disk for Arcturus with varying oscillator
strengths and damping values to fit the solar and Arc-
turus spectra. In DR12, a different stellar atmosphere
code was used for the gf determination and the synthetic
grid creation and synthetic integrated disk spectra were
used for the both the Sun and Arcturus. Although the
change in gf values from these changes is small (Shetrone
et al. 2015), the DR13 linelist is more self-consistently
generated than previous versions. In DR12, we derived
final astrophysical gf values by weighting the solar astro-
physical gfs at twice those of Arcturus. The astrophysical
gf solutions in DR13 are weighted according to line depth
in Arcturus and in the Sun, to give more weight to where
the relatively weak lines in the H-band produce the best
signal, which usually gives more weight to the Arcturus
solution.

7.2. Additional Elements

In DR13, APOGEE provides abundances for elements
P, Cr, Co, Cu, Ge, and Rb for the first time. The abun-
dances of C, N, O, Na, Mg, Al, Si, S, Ca, Sc, Ti, V,
Mn, Fe, and Ni were re-derived. We added two new
species: C I and Ti II, which provide valuable checks on
the abundances derived from CH and Ti I lines (HI6).

The technique for calculating abundances of individual
abundances is described in Holtzman et al. (2015). As
for DR12 and as discussed in Holtzman et al. (2015), we
correct abundance ratios [X/Fe], except for [C/Fe] and
[N/Fe], so there is no trend with temperature among the
members of a single star cluster. In Figure 9, we show
the mean value and the rms scatter for the abundances
for member stars in four clusters with a range of metal-
licity. Both the mean values and the rms illustrate key
points about the APOGEE DR13 abundances.

e The elements cover a wide range in nucleosynthe-
sis sites and atomic number. APOGEE is measur-
ing the abundances of a-elements, odd-Z elements,
iron-peak elements, and neutron-capture elements,
as well as the mass, mixing and AGB-contribution
diagnostics C and N.

e The high [X/Fe] for the o elements in the metal-
poor ([Fe/H|< —0.7) globular clusters is present
as expected. The increased scatter in O, Mg,
and Al for these same clusters is in part due to
the well-known light element anomalies in globular
clusters (e.g., Kraft 1994; Mészaros et al. 2015).
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The lower [Mn/Fe] in metal-poor stars is consis-
tent with previous work (e.g., Gratton 1989) using
1-dimensional model that assume local thermody-
namic equilibrium.

e The increased scatter at lower metallicities is not
entirely the result of actual inhomogeneities in clus-
ter members, as there are increasing uncertainties
associated with the weaker lines in more metal-poor
stars. On top of this, the ASPCAP methodology
breaks down at some level for stars in which abun-
dances within a given “abundance group” (e.g., the
alpha-elements) depart from solar abundance ra-
tios, as is the case for second-generation stars in
metal-poor globular clusters.

o ASPCAP reports the parameters of the best-fitting
model in x? space. It does not currently report
non-detections and upper limits. Therefore, most
reported abundances for elements such as P that
show ~1 dex scatter in Figure 9 are based on fits
to noise in the spectrum and do not reflect actual
abundances. Abundances for such elements should
not be used unless they are confirmed by visual
inspection. They are reported because for a certain
range in metallicity and temperature, the lines can
be detected and interesting chemistry exposed (e.g.
Hawkins et al. 2016).

e The disagreement between the [Ti/Fe| value based
on Ti T lines and Ti II lines is yet to be resolved.
We are currently investigating the choice of lines
(as noted by Hawkins et al. (2016)) and the effect
of 3-D and NLTE corrections.

e The mean value and rms in Figure 9 were calcu-
lated using stars with 4100K < Teg < 5000K. The
scatter becomes noticeably worse if the warmest or
coolest stars in the clusters are included. Warmer
stars have weaker lines in general in the H-band and
the coolest stars are affected by the issues with the
cool grid (see below).

The elements included in DR13 are by no means the
only elements/species with lines present in the H-band
amenable to abundance analysis. Hawkins et al. (2016),
for example, independently derives Yb, along with many
other elements, for the APOKASC sample (Pinsonneault
et al. 2014) We expect to include additional elements in
upcoming data releases.

7.3. Synthetic Spectral Grids at Teg < 3500K and with
Rotational Broadening

In DR10-12, the synthetic spectral grid used by ASP-
CAP was restricted to temperatures hotter than 3500K
because Kurucz model atmospheres are not available
at cooler temperatures. However, many important
APOGEE targets have cooler temperatures, including
the luminous metal-rich M-giants in the bulge, cool
asymptotic giant branch stars, and M dwarf planet hosts.
Therefore, we used custom MARCS (Gustafsson et al.
2008) atmospheres provided by Bengt Edvardsson (pri-
vate communication) to construct new synthetic spec-
tra. For the stellar atmospheres for the giants, the atmo-
spheres are spherical, otherwise they are plane-parallel.
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The Kurucz model grid and the new MARCS model grid
overlap between 3500-4000K. In this region, there are
some systematic differences between the results from the
two grids; to provide homogeneous results, DR13 adopts
the parameters and abundances from the analysis with
the Kurucz grid.

Figure 7.3 shows the current parameter space in Teg,
log g and [M/H] covered by Data Release 13 stars. It is
immediately apparent that the parameters derived from
the MARCS grid do not match smoothly to the param-
eters from the Kurucz grid. Possible explanations in-
clude the switch from plane-parallel Kurucz to spheri-
cal MARCS for the giants and/or the large number of
model atmospheres in the MARCS grid that failed to
converge. Because ASPCAP requires a square grid of
synthetic spectra, these ”grid holes” were filled by ad-
jacent model atmospheres. The linelist does not have
FeH lines, which can be important features in the atmo-
spheres of cool M dwarfs. We are investigating the size
of the error caused by using incorrect model atmospheres
in the grid, the possibilities of using alternative methods
of interpolating and identifying the best-fit model, and
the addition of FeH lines. H16 provides more details on
the construction of the cool grid and the resulting stel-
lar parameters. Nonetheless, Figure 7.3 illustrates the
improved parameter space over DR12, which should aid
in classifying M stars correctly as dwarfs or giants and
separate the early M from the late M stars.

The APOGEE-1 sample is dominated by giants used
to probe the chemical cartography of the Galaxy (Ma-
jewski et al. 2015). Fewer than 2% of red giants rotate
at speeds detectable at the APOGEE spectrograph res-
olution (de Medeiros et al. 1996; Carlberg et al. 2011).
Therefore the first versions of ASPCAP did not include
rotational broadening as a dimension in the synthetic
spectral grid, which substantially reduced the computing
time. However, dwarf stars, of which there are >20,000
in APOGEE-1, are frequently rapidly rotating, especially
if they are young. For DR13, we added a dimension to
the synthetic spectral grid where spectra were broadened
by a Gaussian kernel. To keep the computing time rea-
sonable, and in acknowledgment of the small effect that
C and N abundances have on the atmospheres of warm
dwarfs, we fixed the [C/M] and [N/M] grids to solar val-
ues. The [C/Fe] and [N/Fe] values reported for dwarfs in
DR13 are calculated from windows after the best-fit pa-
rameters are determined, in similar fashion to the other
individual elements. Figure 11 shows the improvement
in the stellar parameters for members of the Pleiades star
cluster. Some of the dwarfs in this young cluster are ro-
tating with vsini> 50 km/s. In DR12, ASPCAP found a
best-fit solution for metal-poor stars. The shallower the
lines because of rotational broadening, the more metal-
poor the star was reported to be. With the DR13 gird,
there is no longer a prominent trend in [M/H] with vsini,
and the mean value of the cluster is now at the expected
metallicity.

7.4. Data Access

Data access via the CAS and SAS is similar to that for
DR12 (Holtzman et al. 2015); ”dr12” should be replaced
with ”drl3” in the pathname or DR13 as the context
in CasJobs. Some of the tag/column names have been
modified. While raw abundances are still given in the
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F1G. 9.— This figure shows the abundances and RMS scatter in the stars with 4100K < Teg < 5000K in 4 clusters spanning a range in
metallicities (M13= —1.58, M71= —0.82, M67= 0.06, NGC 6791= 0.37 (Holtzman et al. 2015). The RMS is shown offset from the mean
value points for clarity. C and N are not included because their values in a cluster change depending of the evolutionary state of the star

as the result of first dredge-up (e.g., Masseron & Gilmore 2015).

FELEM arrays, “calibrated” abundances are now pre-
sented in X_H and X_M arrays as well as in individual
X_FE tags/columns. For dwarfs, there is now a column
in the allStar fits file on the SAS or in the aspcapStar
table on the CAS that reports the vsini.

8. THE FUTURE

SDSS-IV will continue to add to the SDSS legacy of
data and data analysis tools in upcoming data releases.
For MaNGA, future data releases will include more data
cubes of galaxies that are currently being observed. A
data analysis pipeline is under active development and
carries out continuum and emission line fitting to pro-
vide estimates of stellar and gas kinematics, emission
line fluxes, and absorption line index measurements. We
hope to make the resulting data products publicly avail-
able in future data releases. A data interface system
including both web and python based tools is also under
development. In addition, MaNGA has started a bright-
time observing program, piggy-backing on APOGEE-2,
to build a stellar library. These reduced optical stellar
spectra will be included in a future data release. For
eBOSS, future data releases will provide sufficient red-
shifts of LRG, ELG, and quasars to be of cosmological
interest, on its way to the goals described in §1. TDSS
and SPIDERS will also release many more spectra, red-
shifts, and classifications for variable and X-ray emitting
objects, respectively. For APOGEE-2, the next data re-
lease (DR14) will contain spectra from the APOGEE-
2N spectrograph at APO observed under SDSS-1V, and
subsequent DRs will provide spectra taken both with
the APOGEE-2N and the APOGEE-2S spectrograph at
LCO. In addition to observing red giants as the main tar-

get category, data will be obtained for RR Lyrae stars
in the bulge, dwarf spheroidal galaxies, the Magellanic
Clouds, Kepler Objects of Interest, and targets in the
K2 fields.
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