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Preface

Major advances in our understanding of the Universe over the history of astronomy have often
arisen from dramatic improvements in our ability to observe the sky to greater depth, in previously
unexplored wavebands, with higher precision, or with improved spatial, spectral, or temporal
resolution. Aided by rapid progress in information technology, current sky surveys are again
changing the way we view and study the Universe, and the next-generation instruments, and
the surveys that will be made with them, will maintain this revolutionary progress. Substantial
progress in the important scientific problems of the next decade (determining the nature of dark
energy and dark matter, studying the evolution of galaxies and the structure of our own Milky
Way, opening up the time domain to discover faint variable objects, and mapping both the inner
and outer Solar System) all require wide-field repeated deep imaging of the sky in optical bands.

The wide-fast-deep science requirement leads to a single wide-field telescope and camera which
can repeatedly survey the sky with deep short exposures. The Large Synoptic Survey Telescope
(LSST), a dedicated telecope with an effective aperture of 6.7 meters and a field of view of 9.6
deg2, will make major contributions to all these scientific areas and more. It will carry out a survey
of 20,000 deg2 of the sky in six broad photometric bands, imaging each region of sky roughly 2000
times (1000 pairs of back-to-back 15-sec exposures) over a ten-year survey lifetime.

The LSST project will deliver fully calibrated survey data to the United States scientific commu-
nity and the public with no proprietary period. Near real-time alerts for transients will also be
provided worldwide. A goal is worldwide participation in all data products. The survey will enable
comprehensive exploration of the Solar System beyond the Kuiper Belt, new understanding of the
structure of our Galaxy and that of the Local Group, and vast opportunities in cosmology and
galaxy evolution using data for billions of distant galaxies. Since many of these science programs
will involve the use of the world’s largest non-proprietary database, a key goal is maximizing the
usability of the data. Experience with previous surveys is that often their most exciting scientific
results were unanticipated at the time that the survey was designed; we fully expect this to be the
case for the LSST as well.

The purpose of this Science Book is to examine and document in detail science goals, opportunities,
and capabilities that will be provided by the LSST. The book addresses key questions that will
be confronted by the LSST survey, and it poses new questions to be addressed by future study.
It contains previously available material (including a number of White Papers submitted to the
ASTRO2010 Decadal Survey) as well as new results from a year-long campaign of study and
evaluation. This book does not attempt to be complete; there are many other scientific projects
one can imagine doing with LSST that are not discussed here. Rather, this book is intended as
a first step in a collaboration with the world scientific community to identify and prepare for the
scientific opportunities that LSST will enable. It will also provide guidance to the optimization and
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implementation of the LSST system and to the management and processing of the data produced
by the LSST survey.

The ten LSST Science Collaborations, together with others in the world astronomy and physics
community, have authored this Science Book; the full list of over 200 contributors may be found
in Appendix D. These collaborations perform their work as semi-autonomous organizations in
conjunction with the LSST Project, and provide access to the LSST and its support infrastructure
for large numbers of scientists. These scientists are laying the groundwork necessary to carry out
LSST science projects, defining the required data products, and developing optimal algorithms
and calibration strategies for photometry, astrometry, photometric redshifts, and image analysis.
Membership in the science collaborations is open to staff at the member institutions, and two US
community-wide open call for applications for membership have already been issued. There will
be regular future opportunities to join the science collaborations.

This Science Book is a living document. Our understanding of the scientific opportunities that
LSST will enable will surely grow, and the authors anticipate future updates of the material in
this book as LSST approaches first light.

November 2009

10



1 Introduction

Anthony Tyson, Michael A. Strauss, Željko Ivezić

Wide-angle surveys have been an engine for new discoveries throughout the modern history of
astronomy, and have been among the most highly cited and scientifically productive observing
facilities in recent years. Over the past decade, large scale sky surveys in many wavebands, such
as the Sloan Digital Sky Survey (SDSS), Two-Micron All Sky Survey (2MASS), Galaxy Evolution
Explorer (GALEX), Faint Images of the Radio Sky at Twenty-centimeters (FIRST), and many
others have proven the power of large data sets for answering fundamental astrophysical questions.
This observational progress, based on advances in telescope construction, detectors, and above all,
information technology, has had a dramatic impact on nearly all fields of astronomy and many areas
of fundamental physics. The hardware and computational technical challenges and the exciting
science opportunities are attracting scientists from high-energy physics, statistics, and computer
science. These surveys are most productive and have the greatest impact when the data from the
surveys are made public in a timely manner. The LSST builds on the experience of these surveys
and addresses the broad scientific goals of the coming decade.

1.1 Astronomy-Physics Interaction

The astronomical discovery that ordinary matter, i.e., that made of familiar atoms, comprises only
4% of the mass-energy density of the Universe is the most dramatic in cosmology in the past several
decades, and it is clear that new physics will be needed to explain the non-baryonic dark matter
and dark energy. At the same time, data from particle physics suggests a corresponding need for
physics beyond the Standard Model. Discovering and understanding the fundamental constituents
and interactions of the Universe is the common subject of particle physics and cosmology. In recent
years, the frontier questions in both fields have become increasingly intertwined; in addition to the
dark matter and dark energy questions, astronomical observations have provided the best evidence
to date for non-zero neutrino masses, have suggested phase transitions leading to inflation in the
early Universe, give the best constraints on alternative theories of gravity on large scales, and allow
us to test for time variations in the fundamental physical constants.

The emerging common themes that astrophysics and particle physics are addressing have crystal-
lized a new physics-astronomy community. The number of particle physicists taking active roles
in astrophysics has increased significantly. Understanding the origin of dark matter and dark en-
ergy will require simultaneous progress in both particle physics and cosmology, in both theory
and experiment. Discoveries with LSST and the Large Hadron Collider will rely on scientists
covering a broader intellectual frontier, and require enhanced collaboration between theorists and
experimentalists in particle physics, cosmology, and astrophysics generally.
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Chapter 1: Introduction

1.2 What a Telescope with Enormous Étendue can Accomplish

A survey that can cover the sky in optical bands over wide fields to faint magnitudes with a fast
cadence is required in order to explore many of the exciting science opportunities of the next decade.
The most important characteristic that determines the speed at which a system can survey the sky
to a given depth is its étendue (or grasp): the product of its primary mirror area (in square meters)
and the area of its field-of-view (in square degrees). Imaging data from a large ground-based active
optics telescope with sufficient étendue can address many scientific missions simultaneously rather
than sequentially. By providing unprecedented sky coverage, cadence, and depth, the LSST makes
it possible to attack multiple high-priority scientific questions that are far beyond the reach of any
existing facility.

The effective étendue for LSST will be 319 m2deg2, more than an order of magnitude larger than
that of any existing facility. Full simulations of LSST’s capabilities have been carried out, as
described below. The range of scientific investigations that will be enabled by such a dramatic
improvement in survey capability is extremely broad. These new investigations will rely on the
statistical precision obtainable with billions of objects. Thus hundreds of deep exposures are
required in each band to gain control of low-level systematics. Hundreds of deep and short exposures
are also required in order to fully explore the faint time domain on short timescales. This wide-
fast-deep requirement led to the LSST design. The history of astronomy has taught us that there
are unanticipated surprises whenever we view the sky in a new way. The wide-fast-deep survey
capability of LSST promises significant advances in virtually all areas of astrophysics.

1.3 The History of the Idea

The value of wide area imaging of the sky has long been recognized: motivated by the opportunities
of statistical astronomy, telescope and detector research and development (R&D) campaigns in
the 1930s and 1940s at Caltech and Kodak gave rise to the Palomar Observatory Sky Survey
(POSS, 1948-1957). While POSS enabled significant advances in astronomy through follow-up
observations, the next revolution – very deep imaging – had to wait 25 years for digital data
from a new detector technology. Early Charge-Coupled Devices (CCDs) were ten thousand times
smaller in area than the POSS plates, but the promise of high quantum efficiency for astronomical
applications (including the Hubble Space Telescope (HST)) kept R&D on scientific grade CCDs
alive in the 1970s and 1980s. With their higher sensitivity and linearity, these early CCDs led to
many astronomical advances. Eventually larger scientific CCDs were developed, leading to focal
plane mosaics of these CCDs in the early 1990s. The Big Throughput Camera (Wittman et al.
1998, BTC) on the 4-meter Blanco telescope enabled the surveys that discovered high-redshift
supernovae and suggested the existence of dark energy. A mosaic of these same CCDs led to the
Sloan Digital Sky Survey (York et al. 2000, SDSS), which has imaged over 10,000 deg2 of sky in five
broad bands. SDSS has been hugely successful because the high étendue of the telescope/camera
combination enabled a wide survey with well-calibrated digital data.

Wide surveys are very productive; the SDSS, for example, was cited as the most productive tele-
scope in recent years (Madrid & Macchetto 2009). The discovery space could be made even larger
if the survey could be made deep and with good time resolution (fast). LSST had its origin in the
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realization in the late 1990s – extrapolating from the BTC on the 4-meter telescope – that a wide-
fast-deep optical sky survey would be possible if the size and field of view of the camera+telescope
were scaled up. The challenge was to to design a very wide field telescope with state-of-the-art
image quality. Originally, 4-meter designs with several square degrees field of view were studied.
However, it was soon realized that larger étendue and better image performance than realizable in
two-mirror+corrector designs would be required to address a broad range of science opportunities
simultaneously with the same data. Indeed the three-mirror modified Paul-Baker design suggested
by Roger Angel in 1998 for the “Dark Matter Telescope” (DMT) had its origin in two very different
wide-fast-deep survey needs: mapping dark matter via weak gravitational lensing and detecting
faint Solar System bodies (Angel et al. 2000; Tyson et al. 2001).

Plans for the “6-meter class” DMT wide field telescope and camera were presented at a workshop
on gravity at SLAC National Accelerator Laboratory in August 1998 (Tyson 1998). The science
case for such a telescope was submitted to the 2000 Astronomy and Astrophysics Decadal Survey
in June 1999. That National Research Council (NRC) report recommended it highly as a facility to
discover near-Earth asteroids as well as to study dark matter, and renamed it the Large Synoptic
Survey Telescope (LSST). In order to explore the science opportunities and related instrument
requirements, a Science Drivers Workshop was held at the National Optical Astronomy Observatory
(NOAO) in November 2000. A summer workshop on wide field astronomy was held at the Aspen
Center for Physics in July 2001, arguably the beginning of wide involvement by the scientific
community in this project. Many alternative system designs were studied, but the need for short,
deep, and well sampled wide-field exposures led naturally to a single large telescope and camera.
At the behest of the National Science Foundation (NSF) astronomy division, NOAO set up a
national committee in September 2002, with Michael Strauss as chair, to develop the LSST design
reference mission (Strauss et al. 2004). Plans for a Gigapixel focal plane (Starr et al. 2002), as
well as initial designs for the telescope-camera-data system (Tyson 2002), were presented in 2002.
In 2002 the NSF funded development of the new imagers required for LSST, supplementing an
investment already made by Bell Labs. Lynn Seppala modified Roger Angel’s original three-mirror
optical design (Angel et al. 2000), creating a wider, very low distortion field. Also in 2002 the LSST
Corporation was formed to manage the project. A construction proposal was submitted to the
NSF in early 2007 and favorably reviewed later that year. In 2008 the LSST 8.4-m primary-tertiary
mirror (§ 2.3) was cast, and in early 2009 the secondary mirror blank was cast as well.

1.4 Overview of LSST Science

Guided by community-wide input, the LSST is designed to achieve multiple goals in four main
science themes: Taking an Inventory of the Solar System, Mapping the Milky Way, Exploring the
Transient Optical Sky, and Probing Dark Energy and Dark Matter. These are just four of the many
areas on which LSST will have enormous impact, but they span the space of technical challenges
in the design of the system and the survey and have been used to focus the science requirements.

The LSST survey data will be public with no proprietary period in the United States, with a goal
to make it world-public. As was the case with SDSS, we expect the scientific community will
produce a rich harvest of discoveries. Through the science collaborations, the astronomical and
physics communities are already involved in the scientific planning for this telescope.
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Each patch of sky will be visited 1000 times (where a visit consists of two 15-second exposures
back to back in a given filter) in ten years, producing a trillion line database with temporal
astrometric and photometric data on 20 billion objects. The 30 terabytes of pipeline processed
data (32 bit) obtained each night will open the time domain window on the deep optical universe for
variability and motion. Rarely observed events will become commonplace, new and unanticipated
phenomena will be discovered, and the combination of LSST with contemporary space-based near-
infrared (NIR) missions will provide powerful synergies in studies of dark energy, galaxy evolution,
and many other areas. The deep coverage of ten billion galaxies provides unique capabilities for
cosmology. Astrometry, six-band photometry, and time domain data on 10 billion stars will enable
studies of Galactic structure. All LSST data and source code will be non-proprietary, with public
accessibility and usability a high priority. A goal is to have worldwide participation in all data
products.

This book describes in detail many of the scientific opportunities that LSST will enable. Here we
outline some of the themes developed in the chapters that follow:

• A Comprehensive Survey of the Solar System (Chapter 5):

The small bodies of the Solar System offer a unique insight into its early stages. Their
orbital elements, sizes, and color distributions encode the history of accretion, collisional
grinding, and perturbations by existing and vanished giant planets. Farther out, runaway
growth never occurred, and the Kuiper belt region still contains a portion of the early planet
population. Understanding these distributions is a key element in testing various theories for
the formation and evolution of our planetary system. LSST, with its unprecedented power
for discovering moving objects, will make major advances in Solar System studies. The
baseline LSST cadence will result in orbital parameters for several million moving objects;
these will be dominated by main belt asteroids (MBAs), with light curves and colorimetry
for a substantial fraction of detected objects. This represents an increase of factors of ten
to one hundred over the numbers of objects with documented orbits, colors, and variability
information.

Our current understanding of objects beyond Neptune (trans-Neptunian Objects, or TNOs)
is limited by small sample sizes. Fewer than half of the ∼ 1000 TNOs discovered to date
are drawn from surveys whose discovery biases can be quantified, and only several hundred
TNOs have measured colors. The LSST will survey over half the celestial sphere for asteroids,
get superb orbits, go tremendously faint, and measure precise colors, allowing measurement
of light curves for thousands of TNOs, producing rotation periods and phase curves, yielding
shape and spin properties, and providing clues to the early environment in the outer Solar
System. Moreover, these objects fall into a wide variety of dynamical classes, which encode
clues to the formation of the Solar System.

Many asteroids travel in Earth-crossing orbits, and Congress has mandated that National
Aeronautics and Space Administration (NASA) catalog 90% of all potentially hazardous
asteroids larger than 140 meters in diameter. The LSST is the only ground-based survey
that is capable of achieving this goal (Ivezić et al. 2008).

• Structure and Stellar Content of the Milky Way (Chapters 6 and 7):

Encoded in the structure, chemical composition and kinematics of stars in our Milky Way is
a history of its formation. Surveys such as 2MASS and SDSS have demonstrated that the
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halo has grown by accretion and cannibalization of companion galaxies, and it is clear that
the next steps require deep wide-field photometry, parallax, proper motions, and spectra to
put together the story of how our Galaxy formed. LSST will enable studies of the distri-
bution of numerous main sequence stars beyond the presumed edge of the Galaxy’s halo,
their metallicity distribution throughout most of the halo, and their kinematics beyond the
thick disk/halo boundary, and will obtain direct distance measurements below the hydrogen-
burning limit for a representative thin-disk sample. LSST is ideally suited to answering two
basic questions about the Milky Way Galaxy: What is the structure and accretion history of
the Milky Way? What are the fundamental properties of all the stars within 300 pc of the
Sun?

LSST will produce a massive and exquisitely accurate photometric and astrometric data set.
Compared to SDSS, the best currently available optical survey, LSST will cover an area more
than twice as large, using hundreds of observations of the same region in a given filter instead
of one or two, and each observation will be about two magnitudes deeper. LSST will detect
of the order 1010 stars, with sufficient signal-to-noise ratio to enable accurate light curves,
geometric parallax, and proper motion measurements for about a billion stars. Accurate
multi-color photometry can be used for source classification (1% colors are good enough to
separate main sequence and giant stars, Helmi et al. 2003), and measurement of detailed
stellar properties such as effective temperatures to an rms accuracy of 100 K and metallicity
to 0.3 dex rms.

To study the metallicity distribution of stars in the Sgr tidal stream (Majewski et al. 2003)
and other halo substructures at distances beyond the presumed boundary between the inner
and outer halo (∼ 30 kpc, Carollo et al. 2007), the coadded depth in the u band must reach
∼ 24.5. To detect RR Lyrae stars beyond the Galaxy’s tidal radius at ∼ 300 kpc, the single-
visit depth must be r ∼ 24.5. In order to measure the tangential velocity of stars to an
accuracy of 10 kms−1 at a distance of 10 kpc, where the halo dominates over the disk, proper
motions must be measured to an accuracy of at least 0.2 mas yr−1. The same accuracy follows
from the requirement to obtain the same proper motion accuracy as Gaia (Perryman et al.
2001) at its faint limit (r ∼ 20). In order to produce a complete sample of solar neighborhood
stars out to a distance of 300 pc (the thin disk scale height), with 3σ or better geometric
distances, trigonometric parallax measurements accurate to 1 mas are required. To achieve
the required proper motion and parallax accuracy with an assumed astrometric accuracy of
10 mas per observation per coordinate, approximately 1,000 observations are required. This
requirement on the number of observations is close to the independent constraint implied by
the difference between the total depth and the single visit depth.

• The Variable Universe (Chapter 8):

Characterization of the variable optical sky is one of the true observational frontiers in astro-
physics. No optical telescope to date has had the capability to search for transient phenomena
at faint levels over enough of the sky to fully characterize the phenomena. Variable and tran-
sient phenomena have historically led to fundamental insights into subjects ranging from the
structure of stars to the most energetic explosions in the Universe to cosmology. Existing
surveys leave large amounts of discovery parameter space (in waveband, depth, and cadence)
as yet unexplored, and LSST is designed to start filling these gaps.

LSST will survey the sky on time scales from years down to 15 seconds. Because LSST extends
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time-volume space a thousand times over current surveys, the most interesting science may
well be the discovery of new phenomena. With its repeated, wide-area coverage to deep
limiting magnitudes, LSST will enable the discovery and analysis of rare and exotic objects,
such as neutron star and black hole binaries and high-energy transients, such as optical
counterparts to gamma-ray bursts and X-ray flashes (at least some of which apparently
mark the deaths of massive stars). LSST will also characterize in detail active galactic
nuclei (AGN) variability and new classes of transients, such as binary mergers and stellar
disruptions by black holes. Perhaps even more interesting are explosive events of types yet
to be discovered, such as predicted mergers among neutron stars and black holes. These
may have little or no high-energy emission, and hence may be discoverable only at longer
wavelengths or in coincidence with gravitational wave events.

LSST will also provide a powerful new capability for monitoring periodic variables such
as RR Lyrae stars, which will be used to map the Galactic halo and intergalactic space
to distances exceeding 400 kpc. The search for transients in the nearby Universe (within
200 Mpc) is interesting and urgent for two reasons. First, there exists a large gap in the
luminosity of the brightest novae (−10 mag) and that of sub-luminous supernovae (−16 mag).
However, theory and reasonable speculation point to several potential classes of objects in
this “gap”. Such objects are best found in the Local Universe. Next, the nascent field
of gravitational wave astronomy and the budding fields of ultra-high energy cosmic rays,
TeV photons, and astrophysical neutrinos are likewise limited to the Local Universe due to
physical effects (GZK effect, photon pair production) or instrumental sensitivity (neutrinos
and gravitational waves). Unfortunately, the localization of these new telescopes is poor,
precluding identification of the host galaxy (with corresponding loss of distance information
and physical diagnostics). Both goals can be met with a fast wide field optical imaging survey
in concert with follow-up telescopes.

• The Evolution of Galaxies (Chapters 9 and 10):

Surveys carried out with the current generation of ten-meter-class telescopes in synergy
with deep X-ray (Chandra X-ray Observatory, X-ray Multi-mirror Mission) and infrared
(Spitzer Space Telescope) imaging have resulted in the outline of a picture of how galaxies
evolve from redshift 7 to the present. We now have a rough estimate, for example, of the
star formation history of the Universe, and we are starting to develop a picture of how
the growth of supermassive black holes is coupled to, and influences, the growth of galaxy
bulges. But the development of galaxy morphologies and the dependence on environment
are poorly understood. In spite of the success of the concordance cosmological model and
the hierarchical galaxy-formation paradigm, experts agree that our understanding of galaxy
formation and evolution is incomplete. We do not understand how galaxies arrive at their
present-day properties. We do not know if the various discrepancies between theory and
observations represent fundamental flaws in our assumptions about dark matter, or problems
in our understanding of feedback on the interstellar medium due to star formation or AGN
activity. Because the process of galaxy formation is inherently stochastic, large statistical
samples are important for making further progress.

The key questions in galaxy evolution over cosmic time require a deep wide-area survey
to complement the more directed studies from HST, James Webb Space Telescope (JWST),
and Atacama Large Millimeter Array (ALMA) and other narrow-field facilities. The essential
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correlation of galaxy properties with dark matter — both on small scales in the local Universe
and in gravitational lenses, and on the Gpc scales required for large-scale structure — requires
a new generation wide-area survey. LSST promises to yield insights into these problems.

It is likely that AGN spend most of their lives in low-luminosity phases, outshone by their host
galaxies, but recognizable by their variability. These will be revealed with great statistical
accuracy by LSST in synergy with other facilities. The systematic evolution of AGN optical
variability is virtually unexplored in large samples and would provide a new window into
accretion physics.

• Cosmological Models, and the Nature of Dark Energy and Dark Matter (Chap-
ters 11-15):

Surveys of the Cosmic Microwave Background (CMB), the large-scale distribution of galaxies,
the redshift-distance relation for supernovae, and other probes, have led us to the fascinating
situation of having a precise cosmological model for the geometry and expansion history of
the Universe, whose principal components we simply do not understand. A major challenge
for the next decade will be to gain a physical understanding of dark energy and dark matter.
Doing this will require wide-field surveys of gravitational lensing, of the large-scale distribu-
tion of galaxies, and of supernovae, as well as next-generation surveys of the CMB (including
polarization).

Using the CMB as normalization, the combination of these LSST deep probes over wide
area will yield the needed precision to distinguish between models of dark energy, with cross
checks to control systematic error. LSST is unique in that its deep, wide-field, multi-color
imaging survey can undertake four cosmic probes of dark matter and dark energy physics
with a single data set and with much greater precision than previously: 1) Weak lensing
cosmic shear of galaxies as a function of redshift; 2) Baryon acoustic oscillations (BAO) in
the power spectrum of the galaxy distribution; 3) Evolution of the mass function of clusters
of galaxies, as measured via peaks in the weak lensing shear field; and 4) measurements of
redshifts and distances of type Ia supernovae. The synergy between these probes breaks
degeneracies and allows cosmological models to be consistently tested. By simultaneously
measuring the redshift-distance relation and the growth of cosmic structure, LSST data can
test whether the recent acceleration is due to dark energy or modified gravity. Because of its
wide area coverage, LSST will be uniquely capable of constraining more general models of
dark energy. LSST’s redshift coverage will bracket the epoch at which dark energy began to
dominate the cosmic expansion. Much of the power of the LSST will come from the fact that
all the different measurements will be obtained from the same basic set of observations, using
a facility that is optimized for this purpose. The wide-deep LSST survey will allow a unique
probe of the isotropy and homogeneity of dark energy by mapping it over the sky, using weak
lensing, supernovae and BAO, especially when normalized by Planck observations.

Gravitational lensing provides the cleanest and farthest-reaching probe of dark matter in the
Universe, which can be combined with other observations to answer the most challenging and
exciting questions that will drive the subject in the next decade: What is the distribution of
mass on sub-galactic scales? How do galaxy disks form and bulges grow in dark matter halos?
How accurate are CDM predictions of halo structure? Can we distinguish between a need for
a new substance (dark matter) and a need for new gravitational physics? What is the dark
matter made of anyway? LSST’s wide-field, multi-filter, multi-epoch optical imaging survey
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will probe the physics of dark matter halos, based on the (stackable) weak lensing signals
from all halos, the strong lensing time domain effects due to some, and the distribution of 3
billion galaxies with photometric redshifts. LSST will provide a comprehensive map of dark
matter over a cosmological volume.

1.5 The LSST Science Requirements

The superior survey capability enabled by LSST will open new windows on the Universe and
new avenues of research. It is these scientific opportunities that have driven the survey and system
design. These “Science Requirements” are made in the context of what we forecast for the scientific
landscape in 2015, about the time the LSST survey is planned to get underway. Indeed, LSST
represents such a large leap in throughput and survey capability that in these key areas the LSST
remains uniquely capable of addressing these fundamental questions about our Universe. The
long-lived data archives of the LSST will have the astrometric and photometric precision needed
to support entirely new research directions which will inevitably develop during the next several
decades.

We have developed a detailed LSST Science Requirements Document1, allowing the goals of all the
science programs discussed above (and many more, of course) to be accomplished. The require-
ments are summarized as follows:

1. The single visit depth should reach r ∼ 24.5 (5σ, point source). This limit is primarily driven
by need to image faint, fast-moving potentially hazardous asteroids, as well as variable and
transient sources (e.g., supernovae, RR Lyrae stars, gamma-ray burst afterglows), and by
proper motion and trigonometric parallax measurements for stars. Indirectly, it is also driven
by the requirements on the coadded survey depth and the minimum number of exposures
required by weak lensing science (Chapter 14) to average over systematics in the point-spread
function.

2. Image quality should maintain the limit set by the atmosphere (the median free-air seeing is
0.7 arcsec in the r band at the chosen site, see Figure 2.3), and not be degraded appreciably
by the hardware. In addition to stringent constraints from weak lensing, the requirement for
good image quality is driven by the required survey depth for point sources and by image
differencing techniques.

3. Photometric repeatability should achieve 5 millimag precision at the bright end, with zeropoint
stability across the sky of 10 millimag and band-to-band calibration errors not larger than
5 millimag. These requirements are driven by the need for photometric redshift accuracy,
the separation of stellar populations, detection of low-amplitude variable objects (such as
eclipsing planetary systems), and the search for systematic effects in Type Ia supernova light
curves.

4. Astrometric precision should maintain the limit set by the atmosphere of about 10 mas rms
per coordinate per visit at the bright end on scales below 20 arcmin. This precision is driven
by the desire to achieve a proper motion uncertainty of 0.2 mas yr−1 and parallax uncertainty
of 1.0 mas over the course of a 10-year survey (see § 1.6.1).

1http://www.lsst.org/Science/docs.shtml

18

http://www.lsst.org/Science/docs.shtml


1.5 The LSST Science Requirements

5. The single visit exposure time (including both exposures in a visit) should be less than about
a minute to prevent trailing of fast moving objects and to aid control of various systematic
effects induced by the atmosphere. It should be longer than ∼20 seconds to avoid significant
efficiency losses due to finite readout, slew time, and read noise (§ 1.6.2).

6. The filter complement should include six filters in the wavelength range limited by atmo-
spheric absorption and silicon detection efficiency (320–1050 nm), with roughly rectangular
filters and no large gaps in the coverage, in order to enable robust and accurate photometric
redshifts and stellar typing. An SDSS-like u band is extremely important for separating low-
redshift quasars from hot stars and for estimating the metallicities of F/G main sequence
stars. A bandpass with an effective wavelength of about 1 micron will enable studies of sub-
stellar objects, high-redshift quasars (to redshifts of ∼7.5), and regions of the Galaxy that
are obscured by interstellar dust.

7. The revisit time distribution should enable determination of orbits of Solar System objects
and sample SN light curves every few days, while accommodating constraints set by proper
motion and trigonometric parallax measurements.

8. The total number of visits of any given area of sky, when summed over all filters, should be
of the order of 1,000, as mandated by weak lensing science, the asteroid survey, and proper
motion and trigonometric parallax measurements. Studies of variable and transient sources
of all sorts also benefit from a large number of visits.

9. The coadded survey depth should reach r ∼ 27.5 (5σ, point source), with sufficient signal-to-
noise ratio in other bands to address both extragalactic and Galactic science drivers.

10. The distribution of visits per filter should enable accurate photometric redshifts, separation
of stellar populations, and sufficient depth to enable detection of faint extremely red sources
(e.g., brown dwarfs and high-redshift quasars). Detailed simulations of photometric redshift
estimators (see § 3.8) suggest an approximately flat distribution of visits among bandpasses
(because the system throughput and atmospheric properties are wavelength-dependent, the
achieved depths are different in different bands). The adopted time allocation (see Table 1.1)
gives a slight preference to the r and i bands because of their dominant role in star/galaxy
separation and weak lensing measurements.

11. The distribution of visits on the sky should extend over at least ∼ 20, 000 deg2 to obtain the
required number of galaxies for weak lensing studies, to study the distribution of galaxies on
the largest scales and to probe the structure of the Milky Way and the Solar System, with
attention paid to include “special” regions such as the ecliptic, the Galactic plane, and the
Large and Small Magellanic Clouds.

12. Data processing, data products, and data access should enable efficient science analysis. To
enable a fast and efficient response to transient sources, the processing latency for objects
that change should be less than a minute after the close of the shutter, together with a robust
and accurate preliminary classification of reported transients.

Remarkably, even with these joint requirements, none of the individual science programs is severely
over-designed. That is, despite their significant scientific diversity, these programs are highly
compatible in terms of desired data characteristics. Indeed, any one of the four main science
drivers: the Solar System inventory, mapping the Milky Way, transients, and dark energy/dark
matter, could be removed, and the remaining three would still yield very similar requirements for
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most system parameters. As a result, the LSST system can adopt a highly efficient survey strategy
where a single data set serves most science programs (instead of science-specific surveys executed
in series). One can think of this as massively parallel astrophysics.

About 90% of the observing time will be devoted to a uniform deep-wide-fast (main) survey mode.
All scientific investigations will utilize a common database constructed from an optimized observing
program. The system is designed to yield high image quality as well as superb astrometric and
photometric accuracy. The survey area will cover 30,000 deg2 with δ < +34.5 deg, and will be
imaged many times in six bands, ugrizy, spanning the wavelength range 320–1050 nm. Of this
30,000 deg2, 20,000 deg2 will be covered with a deep-wide-fast survey mode, with each area of sky
covered with 1000 visits (summed over all six bands) during the anticipated 10 years of operations.
This will result in measurements of 10 billion stars to a depth of 27.7 mag and photometry for a
roughly equal number of galaxies. The remaining 10% of the observing time will be allocated to
special programs such as a Very Deep + Fast time domain survey, in which a given field is observed
for an hour every night.

The uniform data quality, wavelength coverage, deep 0.7 arcsec imaging over tens of thousands
of square degrees together with the time-domain coverage will be unmatched. LSST data will be
used by a very large fraction of the astronomical community – this is a survey for everyone.

1.6 Defining the Telescope Design Parameters

Given the science requirements listed in the previous section, we now discuss how they are trans-
lated into constraints on the main system design parameters: the aperture size, the survey lifetime,
and the optimal exposure time. The basic parameters of the system are outlined in Table 1.1.

1.6.1 The Aperture Size

The product of the system’s étendue and the survey lifetime, for given observing conditions, deter-
mines the sky area that can be surveyed to a given depth. The LSST field-of-view area is set to the
practical limit possible with modern optical designs, 10 deg2, determined by the requirement that
the delivered image quality be dominated by atmospheric seeing at the chosen site (Cerro Pachón
in Northern Chile; § 2.2). A larger field-of-view would lead to unacceptable deterioration of the
image quality. This leaves the primary mirror diameter and survey lifetime as free parameters.
Our adopted survey lifetime is ten years. Shorter than this would imply an excessively large and
expensive mirror (15 meters for a three-year survey and 12 meters for a five-year survey), while a
much smaller telescope would require much more time to complete the survey with the associated
increase in operations cost and evolution of the science goals.

The primary mirror size is a function of the required survey depth and the desired sky coverage.
Roughly speaking, the anticipated science outcome scales with the number of detected sources.
For practically all astronomical source populations, in order to maximize the number of detected
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Main System and Survey Characteristics

Étendue 319 m2 deg2

Area and diameter of field of view 9.6 deg2 (3.5 deg)

Effective clear aperture (on-axis) 6.7 m (accounting for obscuration)

Wavelength coverage (full response) 320-1080 nm

Filter set u, g, r, i, z, y (five concurrent in camera at a time)

Sky coverage 20,000 deg2 (Main Survey)

Telescope and Site

Configuration three-mirror, Alt-azimuth

Final f/ratio; plate scale f/1.23 50 microns/arcsec

Physical diameter of optics M1: 8.4m M2: 3.4m M3: 5.02 m

First camera lens; focal plane diameter Lens: 1.55 m field of view: 63 cm

Diameter of 80% encircled energy u: 0.26′′ g: 0.26′′ r: 0.18′′ i: 0.18′′ z: 0.19′′ y: 0.20′′

spot due to optics

Camera

Pixel size; pixel count 10 microns (0.2 arcsec); 3.2 Gpixels

Readout time 2 sec

Dynamic range 16 bits

Focal plane device configuration 4-side buttable, > 90% fill factor

Filter change time 120 seconds

Data Management

Real-time alert latency 60 seconds

Raw pixel data/night 15 TB

Yearly archive rate (compressed) Images; 5.6 PB; Catalogs: 0.6 PB

Computational requirements Telescope: <1 Tflop; Base facility: 30 Tflop;

Archive Center: 250 Tflop by year 10

Bandwidth: Telescope to base: 40 Gbits/sec

Base to archive: 2.5 Gbits/sec avg

System Capability

Single-visit depths (point sources; 5σ) u: 23.9 g: 25.0 r: 24.7 i: 24.0 z: 23.3 y: 22.1 AB mag

Baseline number of visits over 10 years u: 70 g: 100 r: 230 i: 230 z: 200 y: 200

Coadded depths (point sources; 5σ) u: 26.3 g: 27.5 r: 27.7 i: 27.0 z: 26.2 y: 24.9 AB mag

Photometry accuracy (rms mag) repeatability: 0.005; zeropoints: 0.01

Astrometric accuracy at r = 24 (rms) parallax: 3 mas; proper motion: 1 mas yr−1

Table 1.1: LSST System Parameters
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Figure 1.1: (a) The coadded depth in the r band (AB magnitudes) vs. the effective aperture and the survey
lifetime. It is assumed that 22% of the total observing time (corrected for weather and other losses) is allocated for
the r band, and that the ratio of the surveyed sky area to the field-of-view area is 2,000. (b) The single-visit depth in
the r band (5σ detection for point sources, AB magnitudes) vs. revisit time, n (days), as a function of the effective
aperture size. With a coverage of 10,000 deg2 in two bands, the revisit time directly constrains the visit exposure
time, tvis = 10n seconds; these numbers can be directly scaled to the 20,000 deg2 and six filters of LSST. In addition
to direct constraints on optimal exposure time, tvis is also driven by requirements on the revisit time, n, the total
number of visits per sky position over the survey lifetime, Nvisit, and the survey efficiency, ε (see Equation 1.3).
Note that these constraints result in a fairly narrow range of allowed tvis for the main deep-wide-fast survey. From
Ivezić et al. (2008).

sources, it is more advantageous to maximize first the area and then the detection depth.2 For
this reason, the sky area for the main survey is maximized to its practical limit, 20,000 deg2,
determined by the requirement to avoid large airmasses (X ≡ sec(zenith distance)), which would
substantially deteriorate the image quality and the survey depth. With the adopted field-of-view
area, the sky coverage and the survey lifetime fixed, the primary mirror diameter is fully driven by
the required survey depth. There are two depth requirements: the final (coadded) survey depth,
r ∼ 27.5, and the depth of a single visit, r ∼ 24.5. The two requirements are compatible if
the number of visits is several hundred per band, which is in good agreement with independent
science-driven requirements on the latter. The required coadded survey depth provides a direct
constraint, independent of the details of survey execution such as the exposure time per visit,
on the minimum effective primary mirror diameter of 6.5 m, as illustrated in Figure 1.1. This is
the effective diameter of the LSST taking into account the actual throughput of its entire optical
system.

2The number of sources is proportional to area, but rises no faster than Euclidean with survey depth, which increases
by 0.4 magnitude for a doubling of exposure time in the sky-dominated regime; see Nemiroff (2003) for more
details.
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1.6.2 The Optimal Exposure Time

The single visit depth depends on both the primary mirror diameter and the chosen exposure time,
tvis. In turn, the exposure time determines the time interval to revisit a given sky position and
the total number of visits, and each of these quantities has its own science drivers. We summarize
these simultaneous constraints in terms of the single-visit exposure time:

• The single-visit exposure time should not be longer than about a minute to prevent trailing of
fast solar system moving objects, and to enable efficient control of atmospheric systematics.

• The mean revisit time (assuming uniform cadence) for a given position on the sky, n, scales
as

n =
(

tvis

10 sec

)(
Asky

10, 000 deg2

)(
10 deg2

AFOV

)
days, (1.1)

where two visits per night are assumed (this is needed to get velocity vectors for main belt
and near-Earth asteroids), and the losses for realistic observing conditions have been taken
into account (with the aid of the Operations Simulator described in § 3.1). Science drivers
such as supernovae and moving objects in the Solar System require that n < 4 days, or
equivalently tvis < 40 seconds for the nominal values of Asky and AFOV.

• The number of visits to a given position on the sky, Nvisit, with losses for realistic observing
conditions taken into account, is given by

Nvisit =
(

3000
n

)(
T

10 yr

)
, (1.2)

where n is the mean time, in days, between visits to a given position. The requirement
Nvisit > 800 again implies that n < 4 and tvis < 40 seconds if the survey lifetime, T is about
10 years.

• These three requirements place a firm upper limit on the optimal visit exposure time of
tvis < 40 seconds. Surveying efficiency (the ratio of open shutter time to the total time spent
per visit) considerations place a lower limit on tvis due to finite read-out and slew time. The
read-out time of the camera is in fact two seconds for each exposure (§ 2.4), and the slew
and settle time is set to five seconds, including the readout time for the second exposure in
a visit:

ε =
tvis

tvis + 9 sec
. (1.3)

To maintain efficiency losses below 30% (i.e., at least below the limit set by weather), and
to minimize the read noise impact, tvis should be less than 20 seconds.

Taking these constraints simultaneously into account, as summarized in Figure 1.1, yields the
following reference design:

• A primary mirror effective diameter of ∼ 6.5 m. With the adopted optical design, described
below, this effective diameter corresponds to a geometrical diameter of ∼ 8 m. Motivated by
the characteristics of the existing equipment at the Steward Mirror Laboratory, which has
cast the primary mirror, the adopted geometrical diameter is set to 8.4 m.

• A visit exposure time of 30 seconds (using two 15-second exposures to efficiently reject cosmic
rays), yielding ε = 77%.
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• A revisit time of three days on average per 10,000 deg2 of sky (i.e., the area visible at any
given time of the year), with two visits per night (particularly useful for establishing proper
motion vectors for fast moving asteroids).

To summarize, the chosen primary mirror diameter is the minimum diameter that simultaneously
satisfies the depth (r ∼ 24.5 for single visit and r ∼ 27.5 for coadded depth) and cadence (revisit
time of 3-4 days, with 30 seconds per visit) constraints described above.
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2 LSST System Design
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Becla, James H. Burge, David L. Burke, Srinivasan Chandrasekharan, David Cinabro, Charles F.
Claver, Kem H. Cook, Francisco Delgado, Gregory Dubois-Felsmann, Eduardo E. Figueroa, James
S. Frank, John Geary, Kirk Gilmore, William J. Gressler, J. S. Haggerty, Edward Hileman, Željko
Ivezić, R. Lynne Jones, Steven M. Kahn, Jeff Kantor, Victor L. Krabbendam, Ming Liang, R. H.
Lupton, Brian T. Meadows, Michelle Miller, David Mills, David Monet, Douglas R. Neill, Martin
Nordby, Paul O’Connor, John Oliver, Scot S. Olivier, Philip A. Pinto, Bogdan Popescu, Veljko
Radeka, Andrew Rasmussen, Abhijit Saha, Terry Schalk, Rafe Schindler, German Schumacher,
Jacques Sebag, Lynn G. Seppala, M. Sivertz, J. Allyn Smith, Christopher W. Stubbs, Donald W.
Sweeney, Anthony Tyson, Richard Van Berg, Michael Warner, Oliver Wiecha, David Wittman

This chapter covers the basic elements of the LSST system design, with particular emphasis on
those elements that may affect the scientific analyses discussed in subsequent chapters. We start
with a description of the planned observing strategy in § 2.1, and then go on to describe the key
technical aspects of system, including the choice of site (§ 2.2), the telescope and optical design
(§ 2.3), and the camera including the characteristics of its sensors and filters (§ 2.4). The key
elements of the data management system are described in § 2.5, followed by overviews of the
procedures that will be invoked to achieve the desired photometric (§ 2.6) and astrometric (§ 2.7)
calibration.

2.1 The LSST Observing Strategy

Željko Ivezić, Philip A. Pinto, Abhijit Saha, Kem H. Cook

The fundamental basis of the LSST concept is to scan the sky deep, wide, and fast with a single
observing strategy, giving rise to a data set that simultaneously satisfies the majority of the science
goals. This concept, the so-called “universal cadence,” will yield the main deep-wide-fast survey
(typical single visit depth of r ∼ 24.5) and use about 90% of the observing time. The remaining
10% of the observing time will be used to obtain improved coverage of parameter space such as
very deep (r ∼ 26) observations, observations with very short revisit times (∼ 1 minute), and
observations of “special” regions such as the ecliptic, Galactic plane, and the Large and Small
Magellanic Clouds. We are also considering a third type of survey, micro-surveys, that would use
about 1% of the time, or about 25 nights over ten years.

The observing strategy for the main survey will be optimized for the homogeneity of depth and
number of visits over 20,000 deg2 of sky, where a “visit” is defined as a pair of 15-second exposures,
performed back-to-back in a given filter, and separated by a four-second interval for readout and
opening and closing of the shutter. In times of good seeing and at low airmass, preference is
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given to r-band and i-band observations, as these are the bands in which the most seeing-sensitive
measurements are planned. As often as possible, each field will be observed twice, with visits
separated by 15-60 minutes. This strategy will provide motion vectors to link detections of moving
objects, and fine-time sampling for measuring short-period variability. The ranking criteria also
ensure that the visits to each field are widely distributed in position angle on the sky and rotation
angle of the camera in order to minimize systematics that could affect some sensitive analyses,
such as studies of cosmic shear.

The universal cadence will also provide the primary data set for the detection of near-Earth Ob-
jects (NEO), given that it naturally incorporates the southern half of the ecliptic. NEO survey
completeness for the smallest bodies (∼ 140 m in diameter per the Congressional NEO mandate1)
is greatly enhanced, however, by the addition of a crescent on the sky within 10◦ of the northern
ecliptic. Thus, the “northern Ecliptic proposal” extends the universal cadence to this region using
the r and i filters only, along with more relaxed limits on airmass and seeing. Relaxed limits
on airmass and seeing are also adopted for ∼ 700 deg2 around the South Celestial pole, allowing
coverage of the Large and Small Magellanic Clouds.

Finally the universal cadence proposal excludes observations in a region of 1,000 deg2 around
the Galactic Center, where the high stellar density leads to a confusion limit at much brighter
magnitudes than those attained in the rest of the survey. Within this region, the Galactic Center
proposal provides 30 observations in each of the six filters, distributed roughly logarithmically in
time (it may not be necessary to use the bluest u and g filters for this heavily extincted region).
The resulting sky coverage for the LSST baseline cadence, based on detailed operations simulations
described in § 3.1, is shown for the r band in Figure 2.1. The anticipated total number of visits
for a ten-year LSST survey is about 2.8 million (∼ 5.6 million 15-second long exposures). The
per-band allocation of these visits is shown in Table 1.1.

Although the uniform treatment of the sky provided by the universal cadence proposal can satisfy
the majority of LSST scientific goals, roughly 10% of the time may be allocated to other strategies
that significantly enhance the scientific return. These surveys aim to extend the parameter space
accessible to the main survey by going deeper or by employing different time/filter sampling.

In particular, we plan to observe a set of “deep drilling fields,” whereby one hour of observing
time per night is devoted to the observation of a single field to substantially greater depth in
individual visits. Accounting for read-out time and filter changes, about 50 consecutive 15-second
exposures could be obtained in each of four filters in an hour. This would allow us to measure light
curves of objects on hour-long timescales, and detect faint supernovae and asteroids that cannot
be studied with deep stacks of data taken with a more spread-out cadence. The number, location,
and cadence of these deep drilling fields are the subject of active discussion amongst the LSST
Science Collaborations; see for example the plan suggested by the Galaxies Science Collaboration
at § 9.8. There are strong motivations, e.g., to study extremely faint galaxies, to go roughly two
magnitudes deeper in the final stacked images of these fields than over the rest of the survey.

These LSST deep fields will have widespread scientific value, both as extensions on the main survey
and as a constraint on systematics. Having deeper data to treat as a model will reveal critical

1H.R. 1022: The George E. Brown, Jr. Near-Earth Object Survey Act;
http://www.govtrack.us/congress/bill.xpd?bill=h109-1022
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2.2 Observatory Site

Figure 2.1: The distribution of the r band visits on the sky for one simulated realization of the baseline main
survey. The sky is shown in Aitoff projection in equatorial coordinates and the number of visits for a 10-year survey
is color-coded according to the inset. The two regions with smaller number of visits than the main survey (“mini-
surveys”) are the Galactic plane (arc on the left) and the so-called “northern Ecliptic region” (upper right). The
region around the South Celestial Pole will also receive substantial coverage (not shown here).

systematic uncertainties in the wider LSST survey, including photometric redshifts, that impact the
measurements of weak lensing, clustering, galaxy morphologies, and galaxy luminosity functions.

A vigorous and systematic research effort is underway to explore the enormously large parameter
space of possible survey cadences, using the Operations Simulator tool described in § 3.1. The
commissioning period will be used to test the usefulness of various observing modes and to explore
alternative strategies. Proposals from the community and the Science Collaborations for specialized
cadences (such as mini-surveys and micro-surveys) will also be considered.

2.2 Observatory Site

Charles F. Claver, Victor L. Krabbendam, Jacques Sebag, Jeffrey D. Barr, Eduardo E. Figueroa,
Michael Warner

The LSST will be constructed on El Peñón Peak (Figure 2.2) of Cerro Pachón in the Northern
Chilean Andes. This choice was the result of a formal site selection process following an extensive
study comparing seeing conditions, cloud cover and other weather patterns, and infrastructure
issues at a variety of potential candidate sites around the world. Cerro Pachón is located ten
kilometers away from Cerro Tololo Inter-American Observatory (CTIO) for which over ten years
of detailed weather data have been accumulated. These data show that more than 80% of the nights
are usable, with excellent atmospheric conditions. Differential image motion monitoring (DIMM)
measurements made on Cerro Tololo show that the expected mean delivered image quality is 0.67′′

in g (Figure 2.3).
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Figure 2.2: Artist’s rendering of the LSST and dome enclosure on the summit of Cerro Pachón. The Auxiliary
calibration telescope (§ 2.6) is also illustrated on a neighboring peak. (Image Credit: Michael Mullen Design, LSST
Corporation.)

Cerro Pachón is also the home of the 8.2-m diameter Gemini-South and 4.3-m diameter Southern
Astrophysical Research (SOAR) telescopes. Observations with those telescopes have confirmed
the excellent image quality that can be obtained from this site. In addition, LSST will benefit
from the extensive infrastructure that has been created on Cerro Pachón and La Serena to support
these other facilities. The property is owned by the Association of Universities for Research in
Astronomy (AURA), which also supports operation of CTIO, Gemini-South, and SOAR.

The LSST Observatory as a whole will be distributed over four sites: the Summit Facility on El
Peñón, the Base Facility, the Archive Center, and the Data Centers. The Base Facility will be at the
AURA compound in the town of La Serena, 57 km away from the mountain. The Archive Center
will be at the National Center for Supercomputing Applications (NCSA) on the campus of the
University of Illinois at Urbana-Champaign. There will be two Data Centers, one co-located with
the Archive Center at NCSA, and one at the Base Facility in La Serena. Although the four facilities
are distributed geographically, they are functionally connected via dedicated high-bandwidth fiber
optic links.

2.3 Optics and Telescope Design

Victor L. Krabbendam, Charles F. Claver, Jacques Sebag, Jeffrey D. Barr, John R. Andrew, Srini-
vasan Chandrasekharan, Francisco Delgado, William J. Gressler, Edward Hileman, Ming Liang,
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Figure 2.3: The distribution of “seeing” (FWHM of the image of a point source) at 500 nm based on ten years of
measurements from CTIO (10 km from the LSST site). The red curve shows results from a Differential Image Motion
Monitor (DIMM), while the blue curve shows the delivered image quality. The mean is 0.67′′, and the median is
0.59′′.

Michelle Miller, David Mills, Douglas R. Neill, German Schumacher, Michael Warner, Oliver
Wiecha, Lynn G. Seppala, J. Roger P. Angel, James H. Burge

The LSST optical design shown in Figure 2.4 is a modified Paul-Baker three-mirror system (M1,
M2, M3) with three refractive lenses (L1, L2, L3) and a color filter before the sensor at the
focal plane. Conceptually, it is a generalization of the well-known Mersenne-Schmidt family of
designs and produces a large field of view with excellent image quality (Wilstrop 1984; Angel et al.
2000; Seppala 2002). Spot diagrams are shown in the figure inset; these are made quantitative in
Figure 2.5, which shows the encircled energy diameters at 50% and 80% in each filter as delivered
by the baseline optical design. The uniformity across the field is striking.

The LSST étendue (including the effects of camera vignetting) is 319 m2deg2. The effective focal
length of the optical system is 10.3 m, making the final f/number 1.23. The plate scale is 50
microns per arcsecond at the focal surface. This choice of effective focal length represents an
optimum balance of image sampling, overall system throughput, and manufacturing feasibility.
The on-axis collecting area is 35 m2, equivalent to a 6.7-m diameter unobscured clear aperture.

The primary mirror (M1) is 8.4 m in diameter with a 5.1-m inner clear aperture. The tertiary
mirror (M3) is 5 m in diameter. The relative positions of M1 and M3 were adjusted during the
design process so that their surfaces meet with no axial discontinuity at a cusp, allowing M1 and
M3 to be fabricated from a single substrate (see Figure 2.6). The 3.4-m convex secondary mirror
(M2) has a 1.8-m inner opening. The LSST camera is inserted through this opening in order to
access the focal surface.

The three reflecting mirrors are followed by a three-element refractive system that corrects field
flatness and chromatic aberrations introduced by the filter and vacuum window. The 3.5◦ field of
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Figure 2.4: The optical design configuration showing the telescope (left) and camera (right) layouts. Diffraction
images in r for three field radii, 0, 1.0, and 1.75 degrees, are shown in boxes 0.6 arcseconds square (3× 3 pixels).

view (FOV) covers a 64-cm diameter flat focal surface. Spectral filters reside between the second
and third refractive lens as shown on the right side of Figure 2.4.

The image brightness is constant to a field radius of 1.2 degrees and gradually decreases afterward
by about 10% at the 1.75-degree field edge. The intrinsic image quality from this design is excellent.
The design also has very low geometrical distortion, with the distortion in scale ∆l/l < 0.1% over
the full FOV, making the LSST an excellent system for positional astrometry.

There are five aspheric surfaces in the optical design: each of the three mirror surfaces and one
surface each on two of the camera lenses. The asphericity on the two concave surfaces of M1
and M3 are well within standard fabrication methods used for astronomical mirrors. During the
optimization process, the asphericity of M2 was minimized to 18.9 microns of departure from the
best-fit sphere in order to reduce the technical challenge for this optic. The three fused-silica
refractive elements, which have clear apertures of 1.55 m, 1.10 m, and 0.72 m, while large, do
not present any particular challenge in their fabrication. The 0.75-m diameter spectral filter is
located just prior to L3. The filter thickness varies from 13.5 to 26.2 mm depending on the choice
of spectral band, and is used to maintain the balance of lateral chromatic aberration. The zero-
power meniscus shape of the filters keeps the filter surface perpendicular to the chief ray over the
full field of view. This feature minimizes shifting of the spectral band wavelength with field angle.
The last refractive element, L3, is used as the vacuum barrier to the detector cryostat. The central
thickness of L3 is 60 mm to ensure a comfortable safety margin in supporting the vacuum stresses.

The proposed LSST telescope is a compact, stiff structure with a powerful set of drives, making
it one of the most accurate and agile large telescopes ever built. The mount is an altitude over
azimuth configuration (Figure 2.7). The telescope structure is a welded and bolted steel system
designed to be a stiff metering structure for the optics and a stable platform for observing (Neill
2006, 2008). The primary and tertiary mirrors are supported in a single cell below the elevation
ring; the camera and secondary mirror are supported above it. The design accommodates some on-
telescope servicing as well as efficient removal of the mirrors and camera, as complete assemblies,
for periodic maintenance.
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Figure 2.5: The 50% (plain symbols) and 80% (symbols with lines) encircled energy diameter as a function of
radius in the field of view for the LSST baseline optical design. The image scale is 50 microns per arcsec, or 180 mm
per degree.

Figure 2.6: Design and dimensions of the primary and tertiary mirror, showing that the two are built out of a
single mirror blank.

The stiffness of this innovative design is key to achieving a slew and settle time that is beyond the
capability of today’s large telescopes. The size and weight of the systems are a particular challenge,
but the fast optical system allows the mount to be short and compact. Finite element analysis has
been used to simulate the vibrational modes of the telescope system, including the concrete pier.
The frequencies of the four modes with largest amplitudes are (in order):

• 8.3 Hz: Transverse telescope displacement;

• 8.7 Hz: Elevation axis rotation;

• 11.9 Hz: Top end assembly optical axis pumping; and

• 12.6 Hz: Camera pivot.

As described in § 2.1, the standard visit time in a given field is only 34 seconds, quite short for most
telescopes. The time required to reorient the telescope must also be short to keep the fraction of
time spent in motion below 20% (§ 1.6.2). The motion time for a nominal 3.5◦ elevation move and
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Figure 2.7: Rendering of the telescope, showing mirror support structures, top end camera assembly, and integrated
baffles.

a 7◦ azimuth move is five seconds. In two seconds, a shaped control profile will move the telescope,
which will then settle down to less than 0.1′′ pointing error in three seconds. The stiffness of
the support structure and drive system has been designed to limit the amplitude and damp out
vibrations at these frequencies within this time. The mount uses 400 horsepower in the azimuth
drive system and 50 horsepower in the elevation system. There are four motors per axis configured
in two sets of opposing pairs to eliminate hysteresis in the system. Direct drive systems were
judged overly complicated and too excessive, so the LSST design has each motor working through
a multi-stage gear reduction, with power applied through helical gear sets. The 300-ton azimuth
assembly and 151-ton elevation assembly are supported on hydrostatic bearings. Each axis uses
tape encoders with 0.001′′ resolution. Encoder ripple from these tapes often dominates control
system noise, so LSST will include adaptive filtering of the signal in the control loop. All-sky
pointing performance will be better than 2′′. Pointing will directly impact trailing and imaging
systematics for LSST’s wide field of view, so accurate pointing is key to tracking performance.
Traditional closed loop guiding will achieve the final level of tracking performance.

2.4 Camera

Kirk Gilmore, Steven M. Kahn, John Geary, Martin Nordby, Paul O’Connor, John Oliver, Scot S.
Olivier, Veljko Radeka, Andrew Rasmussen, Terry Schalk, Rafe Schindler, Anthony Tyson, Richard
Van Berg

The LSST camera, shown in Figure 2.8, contains a 3.2-gigapixel focal plane array (Figure 2.9)
comprised of 189 4 K× 4 K CCD sensors with 10 µm pixels. The focal plane is 0.64 m in diameter,
and covers 9.6 deg2 field-of-view with a plate scale of 0.2′′ pixel−1. The CCD sensors are deep
depletion, back-illuminated devices with a highly segmented architecture, 16 channels each, that
enable the entire array to be read out in two seconds (Figure 2.10).
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Figure 2.8: Cutaway drawing of the LSST camera. The camera body is approximately 1.6 m in diameter and 3.5
m in length. The optic, L1, is 1.57 m in diameter.

Figure 2.9: With its 189 sensors, each a 4 K × 4 K charge-coupled device (CCD), the focal plane of the camera
images 9.6 deg2 of the sky per exposure. Note the presence of wavefront sensors, which are fed back to the mirror
support/focus system, and the guide sensors, to keep the telescope accurately tracking on a given field.
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Figure 2.10: A schematic of the LSST sensor, showing the segmentation into 16 channels, each of which is read out
in parallel.

The detectors are grouped into 3×3 arrays called “rafts.” All the rafts are identical; each contains
its own dedicated front-end and back-end electronics boards, which fit within the footprint of its
sensors, thus serving as a 144-Megapixel camera on its own. The rafts and associated electronics
are mounted on a silicon carbide grid inside a vacuum cryostat, with an intricate thermal control
system that maintains the CCDs at an operating temperature of −100◦C. The grid also contains
two guide sensors and a wavefront sensor positioned at each of the four corners at the edge of the
field. The entrance window to the cryostat is the third of three refractive lenses, L3 in Figure 2.8.
The other two lenses, L1 and L2, are mounted in an “optics housing” at the front of the camera
body. The camera body also contains a mechanical shutter and a filter exchange system holding
five large optical filters, any of which can be inserted into the camera field of view for a given
exposure. The system will in fact have six filters; the sixth filter can replace any of the five via an
automated procedure accomplished during daylight hours.

2.4.1 Filters

The LSST filter complement (u, g, r, i, z, y) is modeled on the system used for the SDSS (Fukugita
et al. 1996), which covers the available wavelength range with roughly logarithmic spacing while
avoiding the strongest telluric emission features and sampling the Balmer break. Extension of the
SDSS system to longer wavelengths (y-band) is possible because the deep-depletion CCDs have
high sensitivity to 1 µm (Figure 2.11).

The current LSST baseline design has a goal of 1% relative photometric calibration (§ 1.5), which
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Table 2.1: Design of Filters: Transmission Points in nanometers

Filter Blue Side Red Side Comments

u 320 400 Blue side cut-off depends on AR coating

g 400 552 Balmer break at 400 nm

r 552 691 Matches SDSS

i 691 818 Red side short of sky emission at 826 nm

z 818 922 Red side stop before H2O bands

y 950 1080 Red cut-off before detector cut-off

Figure 2.11: The left panel shows the transmission efficiency of the ugrizy filters by themselves as calculated from
models of the filter performance. The total throughput, accounting for the transmission through the atmosphere
at the zenith, the reflectivity of the reflective optics, the transmissivity of the refractive optics, and the quantum
efficiency of the sensors is displayed in the panel on the right.

drives the requirements on the filter set. The filter set wavelength design parameters and the
approximate FWHM transmission points for each filter are given in Table 2.1 and in Figure 2.11.

The filters consist of multi-layer dielectric interference coatings deposited on fused silica substrates.
The baseline design has the first surface of the filters concentric about the chief ray in order to keep
the angles of the light rays passing through the filters as uniform as possible over the entire range
of field positions. The central thickness and the curvature of the second surface are optimized for
image quality.

2.4.2 Sensors

The heart of the camera is the science sensor. Its key characteristics are as follows:

High quantum efficiency from 320 to 1080 nm. This is achieved using a large depletion depth
(100 µm) and implementation of the sensor in a back-illuminated configuration with a thin entrance
window.

Minimal detector contribution to the point spread function. To reduce charge diffusion, the sensor
is fully depleted, and a high internal field is maintained within the depletion region. This is made
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possible by the use of high resistivity substrates, high applied voltages, and back-side contacts.
Light spreading prior to photo-conversion at longer wavelengths is a minor contributor at the
100 µm depletion depth.

Tight flatness tolerances. The fast LSST beam (f/1.23) yields a short depth of field, requiring
< 10 µm peak-to-valley focal plane flatness with piston, tip, and tilt adjustable to ∼ 1µm. This
is achieved through precision alignment and mounting both within the rafts, and within the focal
plane grid.

High fill factor. A total of 189 4 K × 4 K sensors are required to cover the 3200 cm2 focal plane.
To maintain high throughput, the sensors are mounted in four-side buttable packages and are
positioned in close proximity to one another with gaps of less than a few hundred µm. The
resulting “fill factor,” i.e., the fraction of the focal plane covered by pixels, is 93%.

Fast readout. The camera is read out in two seconds. To reduce the read noise associated with
higher readout speeds, the sensors are highly segmented. The large number of I/O connections then
requires that the detector electronics be implemented within the cryostat to maintain a manageable
number of vacuum penetrations.

Our reference sensor design is a CCD with a high degree of segmentation, as illustrated in Fig-
ure 2.10. A 4 K × 4 K format was chosen because it is the largest footprint consistent with good
yield. Each amplifier will read out 1,000,000 pixels (a 2000×500 sub-array), allowing a pixel read-
out rate of 500 kHz per amplifier. The sensors are mounted on aluminum nitride (AlN) packages.
Traces are plated directly to the AlN insulator to route signals from the CCD to the connectors
on the back of the package. The AlN package provides a stiff, stable structure that supports the
sensor, keeps it flat, and extracts heat via a cooling strap.

2.4.3 Wavefront Sensing and Guiding

Four special purpose rafts, mounted at the corners of the science array, contain wavefront sensors
and guide sensors (Figure 2.9). Wavefront measurements are accomplished using curvature sensing,
in which the spatial intensity distribution of stars is measured at equal distances on either side
of focus. Each curvature sensor is composed of two CCD detectors, with one positioned slightly
above the focal plane, the other positioned slightly below the focal plane. The CCD technology for
the curvature sensors is identical to that used for the science detectors in the focal plane, except
that the curvature sensor detectors are half-size so they can be mounted as an in-out defocus pair.
Detailed analyses have verified that this configuration can reconstruct the wavefront to the required
accuracy. These four corner rafts also hold two guide sensors each. The guide sensors monitor the
locations of bright stars at a frequency of ∼ 10 Hz to provide feedback for a loop that controls
and maintains the tracking of the telescope at an accurate level during an exposure. The baseline
sensor for the guider is the Hybrid Visible Silicon hybrid-CMOS detector. We have carried out
extensive evaluation to validate that its characteristics (including wide spectral response, high fill
factor, low noise, and wide dynamic range) are consistent with guiding requirements.
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2.5 Data Management System
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The LSST Data Management System (“DMS”) is required to generate a set of data products and
to make them available to scientists and the public. To carry out this mission the DMS performs
the following major functions:

• Continually processes the incoming stream of images generated by the camera system during
observing to produce transient alerts and to archive the raw images.

• Roughly once per year2, creates and archives a Data Release (“DR”), which is a static self-
consistent collection of data products generated from all survey data taken from the date of
survey initiation to the cutoff date for the Data Release. The data products include optimal
measurements of the properties (shapes, positions, fluxes, motions) of all objects, including
those below the single visit sensitivity limit, astrometric and photometric calibration of the
full survey object catalog, and limited classification of objects based on both their static
properties and time-dependent behavior. Deep coadded images of the full survey area are
produced as well.

• Periodically creates new calibration data products, such as bias frames and flat fields, that
will be used by the other processing functions.

• Makes all LSST data available publicly through an interface and databases that utilize, to
the maximum possible extent, community-based standards such as those being developed
by the Virtual Observatory (“VO”), and facilitates user data analysis and the production of
user-defined data products at Data Access Centers and at external sites.

The geographical layout of the DMS facilities is shown in Figure 2.12; the facilities include the
Mountain Summit/Base Facility at Cerro Pachón and La Serena, the central Archive Center at
NCSA, the Data Access Centers at NCSA and La Serena, and a System Operations Center. The
data management system begins at the data acquisition interface between the camera and telescope
subsystems and flows through to the data products accessed by end users. On the way, it moves
through three types of managed facilities supporting data management, as well as end user sites that
may conduct science using LSST data or pipeline resources on their own computing infrastructure.

• The data will be transported over existing high-speed optical fiber links from the Mountain
Summit/Base Facility in Chile to the archive center in the U.S. Data will also flow from the
Mountain Summit/Base Facility and the archive center to the data access centers over existing
fiber optic links. The Mountain Summit/Base Facility is composed of the mountaintop
telescope site, where data acquisition must interface to the other LSST subsystems, and the
Base Facility, where rapid-turnaround processing will occur for data quality assessment and
near real-time alerts.

• The Archive Center is a super-computing-class data center with high reliability and avail-
ability. This is where the data will undergo complete processing and re-processing and
permanent storage. It is also the main repository feeding the distribution of LSST data to
the community.

2In the first year of operations, we anticipate putting out data releases every few months.
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Figure 2.12: A schematic map of the LSST DMS facilities. The LSST Telescope Site, located on Cerro Pachón,
Chile, is connected to the Base Facility, located in La Serena, Chile by a dedicated fiber link. The Base Facility is
connected to the Archive Center, located at the National Center for Supercomputing Applications in Illinois using
commercial high-speed network links. The Archive Center, in turn, fans out data to Data Access Centers which
serve the data to clients, and may be located anywhere in the world. The System Operations Center monitors and
controls the overall operation of the DMS facilities, and provides end-user support facilities.

• Data Access Centers for broad user access are envisioned, according to a tiered access model,
where the tiers define the capacity and response available especially to computationally ex-
pensive queries and analyses. There are two project-funded Data Access Centers co-located
with the Base Facility and the Archive Center. These centers provide replication of all of the
LSST data to ensure that disaster recovery is possible. They provide Virtual Observatory
interfaces to the LSST data products. LSST is encouraging non-US/non-Chilean funding
for potential partner institutions around the world to host additional Data Access Centers,
which could increase end user access bandwidth, provide local high-end computation, and
help amortize observatory operations costs.

• The System Operations Center provides a control room and large-screen display for super-
visory monitoring and control of the DM System. Network and facility status are available
as well as the capability to “drill down” to individual facilities. The Center will also provide
DM support to observatory science operations, as well as an end user help desk.

2.5.1 LSST Data Product Overview

Level 1, 2, and 3 Data Products

The data products are organized into three groups, based largely on where and when they are
produced.
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• Level 1 products are generated by pipeline processing the stream of data from the camera
system during normal observing. Level 1 data products are, therefore, continuously generated
and/or updated every observing night. This process is of necessity highly automated, and
must proceed with absolutely minimal human interaction. Level 1 products include alerts,
i.e., announcements that the flux or position of a given object has changed significantly
relative to the long-term average. The alerts will be released within 60 seconds of the closing
of the shutter at the end of a visit (§ 1.5). In addition to science data products, a number
of Level 1 science data quality assessment (“SDQA”) data products are generated to assess
quality and to provide feedback to the Observatory Control System.

• Level 2 products are generated as part of a yearly Data Release. Level 2 products use
Level 1 products as input, and include data products for which extensive computation is
required (such as variability information, detection, and measurement of the properties of
faint objects, and so on), often because they combine information from the stack of many
exposures. Although the steps that generate Level 2 products will be automated, significant
human interaction may be required at key points to ensure the quality of the data.

• Level 3 data products are derived from Level 1 and/or Level 2 data products to support
particular science goals, often requiring the combination of LSST data across significant ar-
eas on the sky. The DMS will facilitate the creation of Level 3 data products, for example
by providing suitable Applications Programming Interfaces (APIs) and computing infras-
tructure, but is not itself required to create any Level 3 data product. Instead these data
products are created externally to the DMS, using software written by, for example, science
collaborations. Once created, Level 3 data products may be associated with Level 1 and
Level 2 data products through database federation3. In rare cases, the LSST Project, with
the agreement of the Level 3 creators, may decide to incorporate Level 3 data products into
the DMS production flow, thereby promoting them to Level 2 data products.

Level 1 and Level 2 data products that have passed quality control tests will be accessible to
the public without restriction. Additionally, the source code used to generate them will be made
available, and LSST will provide support for building the software system on selected platforms.
The access policies for Level 3 data products will be product- and source-specific, and in some
cases will be proprietary.

Overview of Pipeline Processing

In the overall organization of the DMS pipelines and productions, “production” has a particular
meaning: it is a coordinated group of pipelines that together carry out a large-scale DMS function.

Alert Production Astronomers interested in transient phenomena of many sorts (Chapter 8)
need to know of objects whose flux has changed significantly as soon as possible after the data
are taken. Therefore, the most visible aspect of Level 1 processing is the production of alerts, i.e.,
announcements of such variability. The Alert Production is directly fed by the output data stream
from the camera Science Acquisition System (SDS) during observing. This data stream contains

3See Wikipedia’s article on the subject at http://en.wikipedia.org/wiki/Federated_database.
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both unprocessed (raw) camera images, and images that have been corrected for crosstalk by the
SDS on the mountain. At the end of a visit, the Alert Production:

• Acquires the raw science images from the camera, and moves them to the Archive Center for
permanent storage.

• Processes the crosstalk-corrected images from the camera to detect transient events within
60 seconds of shutter closure for the second exposure in a visit. This will probably be done
with a variant of the Alard & Lupton (1998) image-subtraction algorithm.

• Packages catalog information, together with postage-stamp images of detected transients as
alerts and past history of the object, and distributes them to the community as VO events.

• Continuously assesses the data quality of the data stream.

The major steps in the processing flow are:

• Image processing of the raw exposures to remove the instrumental signature, such as bias,
flat-field, bad columns, and so on.

• Determination of the World Coordinate System (WCS), image Point-Spread Function (PSF),
and rough photometric zeropoint. This produces processed exposures.

• Subtraction of a registered template exposure (a co-addition of previous high-quality images
of a given field, created in an earlier data release) from the processed exposure, producing a
difference exposure.

• Detection of sources (both positive and negative!) in the difference exposure, producing what
we refer to hereafter as “DIASources.”

• Visit processing logic, which compares the DIASources from the two exposures in the visit
to discriminate against cosmic rays, and to flag very rapidly moving Solar System objects.

• “FaintSources,” abbreviated measurements of low signal-to-noise ratio (S/N) detections, are
produced for objects of particular interest, e.g., predicted positions for Solar System objects,
or objects that have previously produced alerts.

• Comparison of positive flux DIASources with predictions from the Moving Object Pipeline
(MOPS; see § 2.5.3) for already known Solar System objects, as contained in the Moving
Object table.

• The Association Pipeline is run to match DIASources to already known astronomical objects,
as contained in the Object table.

• DIASources that are detected in both exposures of a visit, and are not matched to a known
Solar System object, produce an alert.

• Quality Assessment is performed at every pipeline stage, stored in database tables, and fed
to the Observatory Control System as required.

• The Moving Object Pipeline (§ 2.5.3) is run during the day to interpret each new detection
of a moving object as a new measurement of a Solar System object already in the Moving
Object table, or as a previously unknown object, which will be added to the Moving Object
table. All orbits are refined based on the new measurements from the night.
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The community has strongly expressed the preference that alerts not be significantly filtered prior
to distribution so that science opportunities are not closed off. We have, therefore, adopted very
simple criteria for issuing an alert: 5σ DIASources seen in both exposures of a visit which are not
consistent with cosmic ray events.

Note that no explicit classification of an alert is provided, but users can readily construct classifiers
and filters based on information in the Science Database; indeed, this is likely to be part of Level 3
software produced by the transient, stellar populations, and supernova science collaborations. The
information that could be used for this classification includes the light curve, colors, and shape
information for the associated object. Additionally, database queries can readily be formulated
which will identify exposures that have generated anomalously large numbers of alerts, presumably
due to image artifacts or processing problems.

As the raw images arrive at the Archive Center, the same processing flow is performed there, with
the consistency of the databases at the Base and Archive Centers being periodically checked. The
duplication of processing is carried out to reduce the data bandwidth required between the Base
and Archive Centers.

Data Release Production At yearly intervals (more often during the first year of the survey)
a new Data Release (DR) is produced. A DR includes all data taken by the survey from day one
to the cutoff date for the DR, and is a self-contained set of data products, all produced with the
same pipeline software and processing parameters. The major steps in the processing flow are:

• As in the Alert Production, all raw exposures from the camera are processed to remove the
instrumental signature, and to determine the WCS and PSF, producing processed exposures.
This is done with the best available calibration products, which in general will be superior
to those available when the processing was initially done.

• The survey region is tessellated into a set of sky patches of order the size of a CCD, and
several co-added exposures are produced for each patch from the processed exposures. These
are a per-band template co-add used for image subtraction; a detection co-add used in the
Deep Detection Pipeline (see next item), possibly per-band; and a RGB co-add used for
visualization.

• The Deep Detection Pipeline is run, populating the Object, Source, and FaintSource tables.
Rather than working from the co-add, Deep Detection will use the “Multifit” algorithm
(§ 2.5.2; Tyson et al. 2008), whereby a model (e.g., a PSF for a stellar object or an exponential
profile for a disk galaxy) is fit to the entire stack of exposures which contain the object. Thus
each exposure is fit using its own PSF; this results in a set of optimal measurements of the
object attributes over the full time span of the survey, including astrometric parameters such
as proper motion and parallax.

• The Image Subtraction Pipeline is run, as in the Alert Production, yielding DIASources and
FaintSources for transient objects.

• The Moving Object Pipeline is run on DIASources, to yield a complete set of orbits for Solar
System Objects in the Moving Object table.
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• The Photometric Calibration Pipeline is run on the full set of measurements in the Source,
DIASource, and FaintSource catalogs, incorporating measurements from the Auxiliary Tele-
scope and other sources of data about the atmosphere to perform a global photometric
calibration of the survey (§ 2.6). In addition to accurate photometry for every measurement,
this yields an atmosphere model for every exposure.

2.5.2 Detection and Measurement of Objects

Here we provide more detail on the specific algorithms used to define and measure object properties
that are issued with the Data Releases:

Deep Detection Processing

The survey region is organized into overlapping sky patches of order the size of a CCD, and a deep
co-added image is created for each patch. The details of the co-add algorithm are still undecided,
but the current baseline is to use the Kaiser (2004) algorithm on the full stack of survey images
contained within the Data Release. The Kaiser algorithm convolves each image with the reflection
of its PSF, and then accumulates with weight inversely proportional to the sky variance. Care will
be taken to ensure that rapidly moving objects, such as Solar System objects, do not appear in
the co-add. An object detection algorithm is then run on the co-add, generating an initial Object
catalog. An “Object” at this stage is nothing more than a pixel footprint on the sky, possibly with
links to related Objects in a segmentation tree that has been created by segmenting (deblending)
overlapping Objects. The tree will be organized so that the root node is the largest object in
the hierarchy, with the leaf nodes being the smallest. The segmentation/deblending algorithm to
be employed is still under investigation, with Sextractor (Bertin & Arnouts 1996) or the SDSS
photometric pipeline (Stoughton et al. 2002) being examples of the kind of processing involved.
The properties of the Objects that are segmented in this way are then determined with Multifit
as described below.

Difference Exposure Processing

A new object is created whenever a transient source that is detected in both difference images from
a visit does not match any object already in the table. The match will take account of extendedness
as well as position on the sky, so that a new point source at the location of a galaxy already in the
catalog (for example, due to a supernova or variable AGN) will result in a new object.

Note that this process cannot be perfect, since measuring the extendedness of objects near the
PSF size will always be uncertain. Consequently, there will be cases where flux from a supernova
or AGN point source will be incorrectly added to the underlying galaxy rather than to a new point
source. Between successive Data Releases, however, these errors will decrease in severity: As the
survey goes deeper, and accumulates images in better seeing, extendedness will be better measured
by the Multifit procedure, as discussed below.
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Measuring the Properties of Objects

The image pixels containing an object from all relevant exposures are fit to one or more object
models using Multifit, generating model parameters and a covariance matrix. Our choice of models
is driven by astrophysics, by characteristics of the LSST system, and by computing practicalities.
The initial model types are as follows:

Slowly Moving Point Source Model. The Slowly Moving Point Source (SMPS) Model is
intended to account for the time varying fluxes and motion on the sky of point sources (usually
stars) with proper motions between zero and roughly 10′′ yr−1. The model accounts for motion with
respect to the local astrometric reference frame that is generated by proper motion, parallax, and
possibly orbital motion with respect to a binary companion. The object properties are measured
in every exposure that contains it. If the S/N in the exposure is above a predetermined threshold,
perhaps 5, the measurement generates a row in the Source table. If the S/N is lower than the
threshold, a FaintSource row is generated instead. Lang et al. (2009) have successfully used a
similar modeling and measurement approach to detect very faint brown dwarfs with high proper
motion.

The SMPS Model will be fit only to objects that are leaf nodes in the segmentation tree.

Small Object Model. The Small Object (SO) Model is intended to provide a robust parametriza-
tion of small (diameter < 1′) galaxy images for weak lensing shear measurement and determination
of photometric redshifts. The definition of the model flux profile is still undecided (Sersic profiles?
Superpositions of exponential and de Vaucouleurs profiles?), but should be driven by the needs of
photometric redshifts (§ 3.8). The measurement of the elliptical shape parameters will be driven
by the needs of weak lensing (Chapter 14).

The SO Model will be fit only to objects that are leaf nodes in the segmentation tree.

Large Object Model. A “large” object is one for which the 20 mag/arcsec2 isophotal diameter
is greater than 1′, and less than 80% of the patch size. This includes, for example, the majority
of NGC galaxies. The vast majority of the LSST science will be accomplished with measurements
made using the SMPS and SO Models, but much valuable science and numerous EPO applications
will be based on larger objects found in LSST images. To at least partially satisfy this need, large
objects will have entries in the Object table, but will not have any model fitting performed by
Multifit.

Solar System Model. The predicted ephemerides from the orbit for an object in the moving
object table constitutes an object model which is used to measure the object properties in each ex-
posure that contains the object. It is not yet decided whether the measurements of faint detections
should be at a position entirely fixed by the orbit prediction, or should be allowed to compensate
for prediction error by “peaking up” within some error bound around the prediction.

The Multifit Algorithm

Objects are detected on co-added images, but their models will be fit to the full data set of
exposures on which they appear (n ∼ 400 at the end of the survey in each filter). The motivation
for doing this is two-fold (Tyson et al. 2008). First, the co-add will have a very complicated and
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discontinuous PSF and depth patchiness due to detector gaps and masked moving objects. Second,
although the Kaiser co-add algorithm is a sufficient statistic for the true sky under the assumptions
that sky noise dominates, and is Gaussian, those assumptions do not strictly hold in real data.

An initial model will be fit to the co-add, to provide a good starting point for the fit to the full data
set. Multifit will then read in all the pixels from the n exposures and perform a maximum likelihood
fit for the model which, when convolved with the n PSFs, best matches the n observations. This
naturally incorporates the effects of varying seeing, as the contribution of the better-seeing images
to the likelihood will be sharper. This approach also facilitates proper accounting for masked areas,
cosmic rays, and so on. The best-fit model parameters and their uncertainties will be recorded in
an Object table row.

Model Residuals

The measurement process will produce, in conjunction with every source, a residual image that
is the difference of the associated image pixels and the pixels predicted from the model over the
footprint of the model. Characterizing these residuals is important for science such as strong
lensing and merging galaxies, that will identify interesting candidates for detailed analysis through
their residuals. Selecting the most useful statistical measures of the residuals will be the outcome
of effort during the continuing design and development phase of the project.

2.5.3 The Moving Object Processing System (MOPS)

Identifying moving objects and linking individual detections into orbits, at all distances and solar
elongations, would be a daunting task for LSST without advanced software. Each observation from
the telescope is differenced against a “template” image (built from many previous observations),
allowing detection of only transient, variable, or moving objects in the result. These detections are
fed into the Moving Object Processing System (MOPS), which attempts to link these individual
detections into orbits.

MOPS uses a three-stage process to find new moving objects (Kubica 2005; Kubica et al. 2005,
2007). In the first stage, intra-night associations are proposed by searching for detections forming
linear “tracklets.” By using loose bounds on the linear fit and the maximum rate of motion,
many erroneous initial associations can be ruled out. In the current model of operations, LSST
will revisit observed fields twice each night, with approximately 20–45 minutes between these
observations. These two detections are what are linked into tracklets. In the second stage, inter-
night associations are proposed by searching for sets of tracklets forming a quadratic trajectory.
Again, the algorithm can efficiently filter out many incorrect associations while retaining most of
the true associations. However, the use of a quadratic approximation means that a significant
number of spurious associations still remains. Current LSST operations simulations (§ 3.1) show
that LSST will image the entire visible night sky approximately every three nights - thus these
inter-night associations of “tracklets” into “tracks” are likely to be separated by 3–4 nights.

In the third stage, initial orbit determination and differential corrections algorithms (Milani et al.
2008) are used to further filter out erroneous associations by rejecting associations that do not
correspond for a valid orbit. Each stage of this strategy thus significantly reduces the number
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of false candidate associations that the later and more expensive algorithms need to test. After
orbit determination has occurred, each orbit is checked against new or previously detected (but
unlinked) tracklets, to extend the orbit’s observational arc.

To implement this strategy, the LSST team has developed, in a collaboration with the Pan-STARRS
project (Kaiser et al. 2002), a pipeline based on multiple k-dimensional- (kd-) tree data structures
(Kubica et al. 2007; Barnard et al. 2006). These data structures provide an efficient way to index
and search large temporal data sets. Implementing a variable tree search we can link sources that
move between a pair of observations, merge these tracklets into tracks spread out over tens of
nights, accurately predict where a source will be in subsequent observations, and provide a set
of candidate asteroids ordered by the likelihood that they have valid asteroid tracks. Tested on
simulated data, this pipeline recovers 99% of correct tracks for near-Earth and main belt asteroids,
and requires less than a day of CPU time to analyze a night’s worth of data. This represents a
several thousand fold increase in speed over a näıve linear search. It is noteworthy that comparable
amounts of CPU time are spent on the kd-tree based linking step (which is very hard to parallelize)
and on posterior orbital calculations to weed out false linkages (which can be trivially parallelized).

2.5.4 Long-term Archive of LSST Data

The LSST will archive all observatory-generated data products during its entire 10-year survey. A
single copy of the resultant data set will be in excess of 85 petabytes. Additional scientific analyses
of these data have the potential to generate data sets that significantly exceed this amount.

The longer-term curation plan for the LSST data beyond the survey period is not determined, but
it is recognized as a serious concern. This issue is important for all large science archives and it
is impractical (perhaps impossible) for individual facilities or researchers to address this problem
unilaterally.

The NSF has recognized this issue and has begun soliciting input for addressing long-term curation
of scientific data sets via the DataNet and other initiatives. The LSST strongly endorses the need
for this issue to be addressed at the national level, hopefully via a partnership involving government,
academic, and industry leaders.

2.6 Photometric Calibration

David L. Burke, Tim S. Axelrod, James G. Bartlett, David Cinabro, Charles F. Claver, James S.
Frank, J. S. Haggerty, Željko Ivezić, R. Lynne Jones, Brian T. Meadows, David Monet, Bogdan
Popescu, Abhijit Saha, M. Sivertz, J. Allyn Smith, Christopher W. Stubbs, Anthony Tyson

2.6.1 Natural LSST Photometric System

A ground-based telescope with a broad-band detector will observe the integral of the source specific
flux density at the top of the Earth’s atmosphere, Fν(λ), weighted by the normalized response
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function (which includes the effects of the atmosphere and all optical elements), φb(λ),

Fb =
∫ ∞

0
Fν(λ)φb(λ)dλ, (2.1)

where the index b corresponds to a filter bandpass (b = ugrizy). The chosen units for Fb are Jansky
(1 Jansky = 10−26 W Hz−1 m−2 = 10−23 erg cm−2 s−1 Hz−1), and by definition,

∫∞
0 φb(λ)dλ = 1.

The corresponding astronomical magnitude is defined as

mb ≡ −2.5 log10

(
Fb
FAB

)
. (2.2)

The flux normalization FAB = 3631 Jy follows the standard of Oke & Gunn (1983).

The normalized response function is defined as

φb(λ) ≡ λ−1Tb(λ)∫∞
0 λ−1Tb(λ)dλ

. (2.3)

The λ−1 term reflects the fact that the CCDs used as sensors in the camera are photon-counting
devices rather than calorimeters. Here, Tb(λ) is the system response function,

Tb(λ) = T instrb (λ)× T atm(λ), (2.4)

where T atm is the optical transmittance from the top of the atmosphere to the input pupil of the
telescope, and T instrb is the instrumental system response (“throughput”) from the input pupil to
detector (including filter b). This function is proportional to the probability that a photon starting
at the top of the atmosphere will be recorded by the detector. Note that the overall normalization
of both T instrb and T atm cancels out in Equation 2.3.

An unavoidable feature of ground-based broad-band photometry is that the normalized response
function, φb(λ), varies with time and position on the sky and detector due to variations in shapes
(spectral profiles) of T atm(λ) and T instrb (λ). Traditionally, these effects are calibrated out using a
set of standard stars. Existing data (e.g., from SDSS) demonstrate that this method is insufficient
to deliver the required photometric precision and accuracy in general observing conditions. Instead,
the LSST system will measure T atm(λ) and T instrb (λ) (yielding measured quantities Satm and Sinstrb )
on the relevant wavelength, temporal, and angular scales.

In summary, the basic photometric products will be reported on a natural photometric system,
which means that for each photometric measurement, Fmeasb , a corresponding measured normalized
response function, φmeasb (λ), will also be available. Of course, error estimates for both Fmeasb and
φmeasb (λ) will also be reported. The survey will collect ∼ 1012 such (Fmeasb ,φmeasb ) pairs over a ten
year period – one pair for each source detection.

2.6.2 Standardized Photometric System

One of the fundamental limitations of broad-band photometry is that measurements of flux, Fmeasb ,
cannot be accurately related to Fν(λ) unless φb(λ) is known. An additional limitation is that Fmeasb

can vary even when Fν(λ) is constant because φb is generally a variable quantity. This variation
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needs to be accounted for, for example, when searching for low-amplitude stellar variability, or
construction of precise color-color and color-magnitude diagrams of stars.

Traditionally, this flux variation is calibrated out using atmospheric extinction and color terms,
which works for sources with relatively smooth spectral energy distributions. However, strictly
speaking this effect cannot be calibrated out unless the shape of the source spectral energy distri-
bution,

fν(λ) = Fν(λ)/F0, (2.5)

where F0 is an arbitrary normalization constant, is known. If fν(λ) is known, then for a pre-
defined “standard” normalized response function, φstdb (λ) (obtained by appropriate averaging of
an ensemble of φmeasb during the commissioning period), the measurements expressed on the natural
photometric system can be “standardized” as

mstd
b −mmeas

b ≡ ∆mstd = 2.5 log

(∫∞
0 fν(λ)φmeasb (λ)dλ∫∞
0 fν(λ)φstdb (λ)dλ

)
, (2.6)

where we have used magnitudes for convenience. While this transformation is in principle exact,
mstd
b inherits measurement error in mmeas

b , as well as an additional error due to the difference
between the true φb(λ) and the measured φmeasb which will be used in practice. Uncertainties in
our knowledge of fν(λ) will contribute an additional error term to mstd

b . Depending on the science
case, users will have a choice of correcting mmeas

b using pre-computed ∆mstd for typical spectral
energy distributions (various types of galaxies, stars, and solar system objects, average quasar
spectral energy distribution, etc.), or computing their own ∆mstd for their particular choice of
fν(λ).

2.6.3 Measurement of Instrumental System Response, Ssysb

A monochromatic dome projector system will be used to provide a well-controlled source of light
for measurement of the relative throughput of the full LSST instrumental system. This includes the
reflectivity of the mirrors, transmission of the refractive optics and filters, the quantum efficiency
of the sensors in the camera, and the gain and linearity of the sensor read-out electronics.

An array of projectors mounted in the dome of the LSST enclosure will be illuminated with
both broadband (e.g., quartz lamp) and tunable monochromatic light sources. These “flat-field”
projectors are designed to fill the LSST étendue with uniform illumination, and also to limit stray
light emitted outside the design acceptance of the system. A set of precision diodes will be used to
normalize the photon flux integrated during flat-field exposures. These photodiodes, together with
their read-out electronics, will be calibrated at the U.S. National Institute of Standards (NIST) to
∼ 0.1% relative accuracy across wavelength from 450 nm to 950 nm. The response of these diodes
varies smoothly across this range of wavelength and provides a well-behaved reference (Stubbs
2005). Adjustment of the wavelength of the light source can be as fine as one nanometer, and
will allow precise monitoring of the shape of the bandpasses of the instrumental system during the
course of the survey (Stubbs & Tonry 2006).

It is anticipated that the shapes of the bandpasses will vary only slowly, so detailed measurement
will need be done only once per month or so. But build-up of dust on the surfaces of the optics
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will occur more rapidly. The dimensions of these particles are generally large, and their shadows
will be out of focus at the focal plane. So the loss of throughput due to them will be independent
of wavelength – i.e., “gray”, and the pixel-to-pixel gradients of their shadows will not be large.
Daily broadband and “spot-checks” at selected wavelengths with the monochromatic source will
be used to measure day-to-day changes in the system passbands.

2.6.4 Measurement of Atmospheric Transmittance, Satm

Many studies have shown that atmospheric transmission can be factored into the product of a
frequency dependent (“non-gray”) part that varies only on spatial scales larger than the telescope
field-of-view and temporal scales long compared with the interval between LSST exposures; and
a frequency independent part (“gray” cloud cover) that varies on moderately short spatial scales
(larger than the PSF) and temporal scales that may be shorter than the interval between exposures:

Satm(alt, az, t, λ) = Satmg (alt, az, t)× Satmng (alt, az, t, λ). (2.7)

The measurement strategies to determine Satmg and Satmng are quite different:

• Satmng is determined from repeated spectroscopic measurements of a small set of probe stars
by a dedicated auxiliary telescope.

• Satmg is determined from the LSST science images themselves, first approximately as each
image is processed, and later more precisely as part of a global photometric self-calibration
of the survey. The precise measurement of Satmg is based on the measured fluxes of a very
large set of reference stars that cover the survey area and are observed over many epochs.
Every exposure contains a large enough set of sufficiently stable stars that a spatial map can
be made of Satmg across each image.

The LSST design includes a 1.2-m auxiliary calibration telescope located on Cerro Pachón near
the LSST that will be used to measure Satmng (alt, az, t, λ). The strategy is to measure the full
spatial and temporal variation in atmospheric extinction throughout each night independently of
operations of the main survey telescope. This will be done by repeatedly taking spectra of a small
set of probe stars as they traverse the sky each night. These stars are spaced across the sky to
fully cover the area surveyed by the LSST main telescope. The calibration will use state-of-the-art
atmospheric models (Stubbs et al. 2007) and readily available codes (MODTRAN4) to accurately
compute the signatures of all significant atmospheric components in these spectra. This will allow
the atmospheric mix present along any line of sight at any time to be interpolated from the
measured data. The probe stars will be observed many times during the LSST survey, so the SED
of each star can be bootstrapped from the data. The instrumental response of the spectrograph
can also be bootstrapped from the data by including stars with a variety of SEDs over a broad
range of airmass.

2.6.5 Calibration Procedure

Two levels of LSST calibration will be carried out at differing cadences and with differing per-
formance targets. A nightly data calibration based on the best available set of prior calibrated
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observations will provide “best-effort” precision and accuracy. This calibration will be used for
quality assurance, generation of alerts to transients, and other quantities appropriate for Level 1
Data Products (§ 2.5.1). A more complete analysis will recalibrate the data accumulated by the
survey at periodic “Data Release” dates (Level 2 in the terminology of § 2.5.1). It is this repeated
calibration of the accumulated survey that will be held to the survey requirements for photometric
repeatability, uniformity, and accuracy.

LSST photometric calibration is then separated into three parts that address different science
requirement specifications:

• Relative calibration: normalization of internal (instrumental) measurements in a given band-
pass relative to all other measurements made in the same bandpass across the sky.

• Absolute calibration of colors: determination of the five unique differences between flux
normalizations of the six bands (color zero points).

• Absolute calibration of flux: definition of the overall physical scale of the LSST magnitude
system, i.e., normalization to FAB in Equation 2.2.

Relative Calibration

Precision relative calibration of LSST photometry will be accomplished by analysis of the repeated
observations of order 108 selected bright (17 < r < 20) isolated stars during science operations
of the survey. The LSST image processing pipelines will extract raw ADU counts for these stars
from each image, and the data release Calibration Pipeline will process data from the calibra-
tion auxiliary subsystems to determine the optical bandpass appropriate for each image. These
measurements will be used to determine calibrations for all sources detected on each image.

After reduction of each image in the accumulated survey, the Calibration Pipeline will execute
a global self-calibration procedure that will seek to minimize the dispersion of the errors in all
observations of all reference stars. This process is based on techniques used in previous imaging
surveys (Glazebrook et al. 1994; MacDonald et al. 2004), and the specific implementation used
by LSST will be based on the “Übercal” procedure developed for SDSS (Padmanabhan et al.
2008). “Calibration patches” of order the size of a single CCD will be defined on the camera focal
plane. The LSST survey will dither pointings from epoch to epoch to control systematic errors,
so stars will fall on different patches on different epochs across the sky. The measured magnitudes
of reference stars will be transformed (Equation 2.6) to the LSST standard bandpass using the
accumulated estimates of the colors of each star and the corresponding measured observational
bandpasses. The Calibration Pipeline will minimize the relative error δb(p, j) in the photometric
zero-point for each patch, p, on each image, j, of the accumulated survey by minimizing,

χ2 =
∑
(i,j)

(
mstd,meas
b (i, j)−

(
mstd,true
b (i) + δb(p, j)

))2

(
δmstd,meas

b (i, j)
)2 , (2.8)

where the magnitudes are in the standard system, and the summation is over all stars, i, in all
images, j. These δb(p, j) will be used to correct the photometry for all other sources in patch, p,
on image, j.
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Absolute Calibration of Colors and Flux

There are six numbers, ∆b, for the entire survey that set the zeropoints of the standard bandpasses
for the six filters. These six numbers can be expressed in terms of a single fiducial band, which we
take to be the r band,

∆b = ∆r + ∆br. (2.9)

The LSST strategy to measure the observational bandpass for each source is designed to reduce
errors, ∆br, in the five color zero points, to meet specifications in the survey requirements. This
process will be validated with the measured flux from one or more celestial sources, most likely
hot white dwarfs whose simple atmospheres are reasonably well-understood.

At least one external flux standard will be required to determine ∆r (one number for the whole
survey!). While one celestial standard would be formally sufficient, choosing a number of such stan-
dards would provide a powerful test for ∆r. Identification of such a standard, or set of standards,
has not yet been done.

2.7 Astrometric Calibration

David Monet, David L. Burke, Tim S. Axelrod, R. Lynne Jones, Željko Ivezić

The astrometric calibration of LSST data is critical for many aspects of LSST operations (pointing,
assessment of camera stability, etc.) and scientific results ranging from the measurement of stellar
parallaxes and proper motions to proper performance of difference image analysis.

The core of the astrometric algorithm is the simultaneous solution for two types of unknowns, the
coefficients that transform the coordinates on the focal plane measured in a given exposure into
some common coordinate system (absolute astrometry), and the positions and motions of each
star (relative astrometry). Whereas a direct solution exists, it involves the inversion of relatively
large matrices and is rarely used. Instead, the solution is based on an iterative improvement given
the prior knowledge of positions of a relatively small number of stars (from a reference catalog
or similar). All observations for all stars in a small area of sky are extracted from the database.
Using the catalog positions for the stars as a first guess, the transformations from each observation
to the catalog system are computed, and then all measures for each star are used to compute the
new values for position and motion.

2.7.1 Absolute Astrometry

The current realization of the International Celestial References Frame (ICRF) is defined by the
stars in ESA’s Hipparcos mission catalog. ESA’s Gaia mission, set to launch in 2012, will improve
the ICRS and ICRF by another two orders of magnitude down to the level of a few micro-arcseconds.

Absolute calibration consists of computing the positions of all the detected sources and objects in
the LSST imaging with respect to the ICRF. Were no improved catalogs available between now
and LSST commissioning, the reference catalogs would be the US Naval Observatory’s UCAC-3
catalog for bright optical stars (down to about 16th magnitude, uncomfortably close to LSST’s
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saturation limit) or the NASA 2MASS catalog whose near-IR positions for optical stars have an
accuracy of 70-100 milli-arcseconds (mas) for individual stars and systematic errors in the range of
10-20 mas. There are large numbers of 2MASS stars in each and every LSST field of view, so the
astrometric calibration is little more than the computation of a polynomial that maps position on
the focal plane into the system of right ascension and declination defined by the measured positions
of catalog objects. The transformation is encapsulated in the World Coordinate System (WCS)
keywords in the Flexible Image Transport System (FITS) header for each image.

One of the key astrometric challenges in generating and using these WCS solutions is the distinction
between “observed” and “catalog” coordinates. When LSST takes an image, the stars and galaxies
are at their observed positions. These positions include the astrometric effects of proper motion,
parallax, differential refraction, differential aberration, and others. Most applications work in
catalog coordinates such as the J2000 positions for objects or the equivalent for image manipulation.
The astrometric calibration will provide a rigorous method for going between these coordinate
systems.

2.7.2 Differential Astrometry

Differential astrometry is for most science the more important job to be done. The differential
solution, which provides measures for the stellar parallax, proper motion, and perturbations (e.g.,
due to binary companions), can be substantially more accurate than the knowledge of the absolute
coordinates of an object. The task is to measure centroids on images and to compute the trans-
formation from the current frame into the mean coordinate system of other LSST data, such as
the deep image stacks or the different images from the multi-epoch data set. The photon noise
limit in determining the position of the centroiding of a star is roughly half the FWHM of the
seeing disk, divided by the signal-to-noise ratio of the detection of the star. The expectation is
that atmospheric seeing will be the dominant source of astrometric error for sources not dominated
by photon statistics. Experiments with wide-field imaging on the Subaru Telescope (§ 3.6) suggest
that accuracy will be better than 10 mas per exposure in the baseline LSST cadence, although it
may be worse with objects with unusual SEDs such that simple differential color refraction analysis
fails, or for exposures taken at extreme zenith angles.

Perhaps the biggest unknown in discussion of differential astrometry is the size of the “patch” on
the sky over which the astrometric solution is taken. If the patch is small enough, the astrometric
impact of the unaveraged turbulence can be mapped with a simple polynomial, and the differential
astrometric accuracy approaches that set by the photon statistics. Our current understanding of
atmospheric turbulence suggests that we will be able to work with patches between a few and 10
arcmin in size, small enough that the geometry can fit with low-order spatial polynomials. The
current approach is to use the JPL HEALPix tessellation strategy. For each solution HEALPix(el),
separate spatial transformations are computed for each CCD of each observation. These produce
measures for each object in a mean coordinate system, and these measures can be fit for position,
proper motion, parallax, refraction, perturbations from unseen companions, and other astrometric
signals. Given the very faint limiting magnitude of LSST, there should be be a sufficient number
of astrometrically useful galaxies to deliver a reasonable zero-point within each HEALpix4. The

4Quasars will be less useful; they are less numerous, and their very different SEDs cause different refraction from
stars.
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characterization of the zero-point errors and the astrometric utility of galaxies will be the major
work area for the astrometric calibration team.
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Milani, A., Gronchi, G. F., Farnocchia, D., Knežević, Z., Jedicke, R., Denneau, L., & Pierfederici, F., 2008, Icarus,

195, 474
Neill, D. R., 2006, Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, Vol. 6267, LSST

telescope mount concept
—, 2008, LSST Telescope Pier. LSST Docushare Document-3347
Oke, J. B., & Gunn, J. E., 1983, ApJ , 266, 713
Padmanabhan, N. et al., 2008, ApJ , 674, 1217
Seppala, L. G., 2002, Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, Vol. 4836,

Improved optical design for the Large Synoptic Survey Telescope (LSST), J. A. Tyson & S. Wolff, eds. pp.
111–118

Stoughton, C. et al., 2002, AJ , 123, 485
Stubbs, C. W., 2005, An Overview of the Large Synoptic Survey Telescope (LSST) System, Presentation 180.02 at

the 205th Annual Meeting of the American Astronomical Society
Stubbs, C. W. et al., 2007, PASP , 119, 1163
Stubbs, C. W., & Tonry, J. L., 2006, ApJ , 646, 1436
Tyson, J. A., Roat, C., Bosch, J., & Wittman, D., 2008, in Astronomical Society of the Pacific Conference Series,

Vol. 394, Astronomical Data Analysis Software and Systems XVII, R. W. Argyle, P. S. Bunclark, & J. R. Lewis,
eds., p. 107

Wilstrop, R. V., 1984, MNRAS , 210, 597

52



3 LSST System Performance

Steven M. Kahn, Justin R. Bankert, Srinivasan Chandrasekharan, Charles F. Claver, A. J. Con-
nolly, Kem H. Cook, Francisco Delgado, Perry Gee, Robert R. Gibson, Kirk Gilmore, Emily A.
Grace, William J. Gressler, Željko Ivezić, M. James Jee, J. Garrett Jernigan, R. Lynne Jones,
Mario Jurić, Victor L. Krabbendam, K. Simon Krughoff, Ming Liang, Suzanne Lorenz, Alan
Meert, Michelle Miller, David Monet, Jeffrey A. Newman, John R. Peterson, Catherine Petry,
Philip A. Pinto, James L. Pizagno, Andy Rasmussen, Abhijit Saha, Samuel Schmidt, Alex Szalay,
Paul Thorman, Anthony Tyson, Jake VanderPlas, David Wittman

In this chapter, we review the essential characteristics of the LSST system performance. We begin
with descriptions of the tools that have been developed to evaluate that performance: the Oper-
ations Simulator (§ 3.1), the Exposure Time Calculator (§ 3.2), the Image Simulator (§ 3.3), and
raytrace calculations used to evaluate stray and scatter light (§ 3.4). We then discuss the expected
photometric accuracy that will be achieved (§ 3.5), and the expected accuracy of trigonometric
parallax and proper motion measurements (§ 3.6). Next, we provide estimates of discrete source
counts in the main LSST survey, both for stars in the Milky Way (§ 3.7.1), and for galaxies as a
function of redshift (§ 3.7.2). We conclude with a discussion of the accuracy with which redshifts
of galaxies can be determined from LSST photometry (§ 3.8).

3.1 Operations Simulator

Philip A. Pinto, R. Lynne Jones, Kem H. Cook, Srinivasan Chandrasekharan, Francisco Delgado,
Željko Ivezić, Victor L. Krabbendam, K. Simon Krughoff, Michelle Miller, Cathy Petry, Abhijit
Saha

During its ten-year survey, LSST will acquire ∼ 5.6 million 15-second images, spread over ∼
2.8 million pointings. Their distribution on the sky, over time, and among its six filters has
a strong impact on how useful these data are for almost any astronomical investigation. The
LSST Project has developed a detailed operations simulator (LSST OpSim : http://www.noao.
edu/lsst/opsim) in order to develop algorithms for scheduling these exposures – addressing the
question “what observation should be made next?” – and to quantitatively evaluate the observing
strategies discussed in § 2.1. These algorithms will become a fundamental component of the LSST
design, as part of the scheduler driving the largely robotic observatory. In addition, the simulator
will remain an important tool allowing LSST to adapt and evaluate its observing strategy in
response to the changing scientific demands of the astronomical community.

The operations simulator incorporates detailed models of the site conditions and hardware per-
formance, as well as the algorithms for scheduling observations. It creates realizations of the set
of visits (back-to-back 15 second exposures in a given filter) that the LSST will make during a
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ten-year survey, this being the primary output of the OpSim. These outputs include the position
on the sky, time, and filter of each visit, and the signal-to-noise ratio achieved. These outputs can
be further processed to generate estimates of the depth of the final stacked images in each filter
as a function of position on the sky (Figure 2.1), histograms of the airmass distribution of visits
(Figure 3.3), or other figures of merit relevant to particular science goals.

The simulation of observing conditions includes a model for seeing drawn from observing records
at Cerro Tololo (Figure 2.3). This model is consistent with the auto-correlation spectrum of seeing
with time over intervals from minutes to seasons as measured at the site on Cerro Pachón. Weather
data, including their correlations, are taken from ten years of hourly measurements made at nearby
Cerro Tololo. The 5σ PSF depth of each observation is determined using a sky background model
which includes the dark sky brightness in each filter passband, the effects of seeing and atmospheric
transparency, and an explicit model for scattered light from the Moon and/or twilight at each
observation.

The time taken to slew the telescope from one observation to the next is given by a detailed model of
the camera, telescope, and dome. It includes such effects as the acceleration/deceleration profiles
employed in moving in altitude, azimuth, camera rotator, dome azimuth, and wind/stray light
screen altitude, the time taken to damp vibrations excited by each slew, cable wrap, and the time
taken for active optics lock and correction as a function of slew distance, filter changes, and focal
plane readout. The detail of this model ensures an accurate relation between system parameters
and modeled performance, making the operations simulator a valuable tool for optimizing design.

After each visit, all possible next visits are assigned a score according to a set of scientific require-
ments, which depend upon the current conditions and the past history of the survey. For example,
if a location in the ecliptic has been observed in the r-band, the score assigned to another r-band
visit to the same location will initially be quite low, but it will rise with time to peak about an hour
after the first observation, and decline thereafter. This results in these observations being acquired
as pairs of visits roughly an hour apart, enabling efficient association of near-Earth object (NEO)
detections. To ensure uniform sky coverage, locations on the sky with fewer previous visits will
be scored more highly than those observed more frequently. Observations with higher expected
signal-to-noise ratio are ranked more highly, leading to a majority of visits being made near the
local meridian, and a tendency for visits in redder bands to be made closer to twilight and at
brighter phases of the Moon. Higher scores are given to observations in the r- and i-bands during
periods of better seeing to aid in shape determination for weak lensing studies.

Once all possible next visits have been ranked for scientific priority, their scores are modified
according to the cost of making the observation. Visits to locations which require more slew time
are penalized, as are those which require filter changes, unwrapping cables in the camera rotator,
and so on. After this modification according to cost, the highest-ranked observation is performed,
and the cycle repeats. The result of a simulator run is a detailed history of which locations
have been observed when, in what filter, and with what sky backgrounds, airmass, seeing, and
other observing conditions. A detailed history of all telescope, dome, and camera motions is also
produced for engineering studies.

Each of the two exposures in a visit requires 16 seconds to complete; while every pixel is exposed
for 15 seconds, the shutters require one second to traverse the entire 63 cm of the active area in
the focal plane. Two seconds are required to read out the array between exposures. After the
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Figure 3.1: The number of visits in one realization of a simulated ten-year survey in all six LSST filters, shown
in Equatorial coordinates. The project goals are to have 56, 80, 180, 180, 164, and 164 visits in the u, g, r, i, z, y
filters, respectively, over 20,000 deg2 of sky. One of the deep-drilling field is apparent at α = 90◦, δ = −32◦.

second exposure, a minimum of five seconds is required to slew to an adjacent location on the sky,
settle, and acquire active optics lock and correction, during which time the array is read out for
the second time. Thus a complete visit to an adjacent field, with no filter change, takes a minimum
of 39 seconds to perform; this amounts to spending 87% of the time exposing the detector to the
sky. This, of course, does not take into account the time spent in changing filters (two minutes
per change) or any of the scientific requirements on scheduling. In one specific realization of the
full ten-year survey, 80% of the available time (i.e., when weather permitted) was spent exposing
on the sky, which is about 92% of the näıve estimate above.

Figure 3.1 shows the number of visits across the sky in this simulation, while Figure 3.2 shows
the 5 σ limiting magnitude for point sources achieved in the stacked images. Figure 3.3 shows a
histogram of the air-mass and seeing delivered during observations in each filter.

The current output from the OpSim assumes each visit is taken with the field centers placed onto
a fixed grid on an optimally packed tessellation. This gives a variation of the effective depth across
the sky, as is shown in the dashed line in Figure 3.4. To evaluate the effects of dithering on LSST
performance, we simply added a small (< 0.5 times the field of view) dithering pattern to the
position of each pointing, leaving other aspects of the simulation unchanged. We added a different
offset in right ascension (RA) and declination (dec) for each night of the survey, following a pattern
which stepped through a hexagonal grid on the field of view. This dithering makes the coverage
substantially more uniform, as is shown by the solid line in Figure 3.4.

We are continuing to work on developing improved scheduling algorithms, replacing the algorithm
which simply observes the field with the highest score at each step with one which looks ahead
for a few hours, using a path optimization algorithm to further reduce the slew time required,
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Figure 3.2: The 5σ stacked point-source depth of the simulated ten-year survey shown in Figure 3.1. The scale in
each panel shows the depth of the stack relative to the fiducial values of 25.8, 27.0, 27.2, 27.0, 25.7, and 24.4 in u,
g, r, i, z, y respectively.

and including more feedback from science metrics (on already acquired data) into the scheduling
algorithms. We are also working with the LSST Science Collaborations to refine our current
cadences to enhance the utility of the LSST data set for the widest possible applicability.

3.2 Exposure Time Calculator

Anthony Tyson, Perry Gee, Paul Thorman

In order to enable fast predictions of the signal-to-noise ratio for the detection of both point and
diffuse sources, we have developed an Exposure Time Calculator (ETC; http://lsst.org/etc).
The ETC incorporates models of the extinction, telescope and camera optics, detector efficiency,
and filter response to calculate the throughput of the system in each band. It uses a sky brightness
model based on data taken at CTIO, United Kingdom Infra-red Telescope (UKIRT), and SDSS.

An input source model is shifted to the correct redshift and normalized to a selected brightness or
surface brightness. The resulting flux density is multiplied by the system response as a function
of wavelength for a given filter band to produce a predicted photon count-rate within a specified
aperture. The integral sky brightness is also calculated for the same aperture, so that the signal-
to-noise ratio for detection can be calculated. The aperture is fully adjustable, and an option for
PSF-weighted photometry is also provided.

The ETC allows the source spectral energy distribution, surface brightness profile, the extinction,
and the redshift to be varied, and includes a library of stellar and extragalactic source spectra.
For specified seeing, Moon and cloud conditions, and for multiple exposures of a specified time
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Figure 3.3: Histograms of the delivered seeing and airmass distributions for all visits in the simulated survey shown
in Figure 3.1. Also shown in the legend are the 25-, 50-, and 75-percentile values in each filter.

and fraction of exposure on source, the ETC estimates both the signal-to-noise ratio for a single
exposure and the exposure time required to achieve a threshold signal-to-noise ratio.

In Table 3.1 we provide the predicted signal-to-noise ratios (S/N) for some canonical source types.
For each object, we quote S/N based on a single visit, and on the full ten-year survey. The
calculations in the table are based on z = 0 template spectra of galaxies, quasars, and stars, without
evolution (although the absolute magnitudes of galaxies at each redshift are rough estimates of
M∗). The quoted S/N includes sky subtraction and PSF-optimized filtering for galaxies of typical
angular size at the given redshift, but no provision for other systematic errors (thus values of S/N
more than several hundred should be taken with a grain of salt). The sky background was estimated
assuming three-day-old lunar phase and solar minimum sky levels. The seeing was assumed to be
0.7′′ in r-band with clear skies. For the high-redshift quasars, no entries are given below the Lyman
limit; the flux is taken to be essentially zero at shorter wavelengths.

The ETC also allows estimates of the saturation limits of the LSST camera. In 0.7′′ seeing under
photometric skies, and for a 15 sec exposure, the detectors will saturate with a star of u, g, r, i, z, y =
14.7, 15.7, 15.8, 15.8, 15.3 and 13.9, respectively.

3.3 Image Simulator

John R. Peterson, J. Garrett Jernigan, Justin R. Bankert, A. J. Connolly, Robert R. Gibson, Kirk
Gilmore, Emily A. Grace, M. James Jee, R. Lynne Jones, Steven M. Kahn, K. Simon Krughoff,
Suzanne Lorenz, Alan Meert, James L. Pizagno, Andrew Rasmussen

The project team has developed a detailed Image Simulator (http://lsst.astro.washington.
edu) to evaluate the system sensitivity for particular science analyses, and to test data analysis
pipeline performance on representative mock data sets. The simulated images and catalogs that it
produces extend to r = 28 (deeper than the expected ten year depth of the LSST stacked images).
These have proven useful in designing and testing algorithms for image reduction, evaluating the
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Figure 3.4: Histogram of the r band 5σ limiting magnitude of the ten-year stacked image depth. The histogram
represents the stacked limiting magnitude evaluated over the full survey footprint on a grid with resolution of 0.6′,
much finer than the grid of field centers. The dashed line indicates the 5σ stacked depth in the non-dithered
simulation, with two discrete peaks where fields are not overlapped (peak near 27.6 mag) and where they do overlap
(peak near 27.9). The solid line indicates the 5σ stacked depth evaluated in the same simulation, with dithering added
to each field’s central position. Dithering increases the median 5σ stacked depth by approximately 0.2 magnitudes.

capabilities and scalability of the analysis pipelines, testing and optimizing the scientific returns
of the LSST survey, and providing realistic LSST data to the science collaborations. Figure 3.5
shows the flow of data through the LSST simulation framework.

The image simulator (Peterson et al. 2005) is a set of fast codes that begins with a catalog of
objects (possibly lensed), and then traces photons through the atmosphere and the refractive and
reflective optics, and into the detector where they photo-convert into electrons. The simulation can
have extremely high fidelity in that all wavelength-dependent optics, detector, and atmospheric
effects can be readily incorporated. The code is also sufficiently fast that a single 15-second 3.2
Gigapixel image from the LSST camera can be simulated in ∼ 6 or 7 hours using a large pool of
parallel machines.

The simulator constructs catalogs of objects drawn from cosmological and Galactic structure mod-
els (base catalogs), which are then used to generate a view of the sky above the atmosphere. These
base catalogs include the spectral, photometric, astrometric, and morphological properties of the
astronomical sources. The base catalogs are queried based on simulated observation sequences
from the Operations Simulator (§ 3.1) creating a series of instance catalogs. Given the time, RA
and Dec of each pointing, the appropriate airmass, sky background, and observing conditions can
be determined.
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Figure 3.5: The flow of information through the image simulation. The top level describes a static view of the sky
that is sampled to provide instance catalogs (based on the operations simulations, § 3.1). These catalogs are then
passed into the Image Simulator resulting in a set of FITS images and catalogs.

Each object in the catalog has a sky position, magnitude at some wavelength, and spectral energy
distribution (SED) file to determine the probabilities with which wavelengths are assigned to
photons. Each object can either be represented by a set of parameters describing a spatial model
or a hyper-resolved image to determine the probability distribution of where the photons are
emitted. Additionally, objects can vary in flux during the exposure, they can move during the
exposure (in the case of Solar System objects), or can be distorted due to gravitational lensing.
Photons are drawn from this catalog in proportion to their magnitude and both the SED and
spatial model are sampled. In this way, photons are chosen one at a time with two sky positions,
a wavelength, and a time.

Galaxy positions and properties in the simulations are taken from the Millennium cosmological
Simulation, with baryon physics included following Kitzbichler & White (2007). Galaxy SEDs use
Bruzual & Charlot (2003) models, giving apparent magnitudes in all the LSST bands. Every galaxy
is further assigned a realistic morphological profile via a disk-to-total flux ratio, position angle in
the sky, inclination along the line-of-sight, bulge radius, and disk radius. More accurate galaxy
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Figure 3.6: A schematic of the key steps leading to the production of a simulated image. First, a cosmological
simulation is used to produce a three-dimensional dark matter map of a limited region of sky (upper left). This
is then decorated with galaxies, which, along with a set of stars generated from an associated Milky Way model,
are collected into a catalog of objects in the field (upper middle). This catalog is sampled to generate Monte Carlo
photons in angle and color, which are propagated through a set of turbulent atmospheric screens (upper right) that
move as a function of time according to input wind velocity vectors. Photons are then reflected and refracted through
the mirrors and lenses of the LSST optics with an assumed set of displacements and distortions (lower right), and
propagated into the detector (lower middle) where they convert to photoelectrons detected in a pixel. Background
sky counts are added to produce the final simulated image of a single 15-second exposure at the lower left.

profiles, including high-frequency spatial structure such as H II regions and spiral arms, can be
simulated using FITS images as input into the Image Simulator. The use of more detailed galaxy
morphological profiles in the Image Simulator will allow LSST to study how galaxy morphology
varies with environment and redshift.

Currently, stars are included in the Image Simulator with full SEDs, spatial velocities, and po-
sitions. The SEDs for stars are derived from Kurucz models. The model used to generate main
sequence stars is based on work done by Mario Jurić and collaborators. The model includes
user-specified amounts of thick-disk, thin-disk, and halo stars. Each version of a catalog contains
metadata on metallicity, temperature, luminosity-type, and surface gravity, allowing the user to
search for correlations between observed LSST photometry and physical information about stars
using the simulated data. The catalog will be updated to include dwarf and giant stars.

After the photons are selected from the astronomical source list, they are propagated through the
atmosphere and are refracted due to atmospheric turbulence. The model of the atmosphere is
constructed by generating roughly half a dozen atmospheric screens as illustrated in Figure 3.6.
These model screens incorporate density fluctuations following a Kolmogorov spectrum, truncated
both at an outer scale (typically known to be between 20 m and 200 m) and at an inner scale
(representing the viscous limit). In practice the inner scale does not affect the results. The
screens are moved during the exposure according to wind velocity vectors, but, consistent with the
well-established “frozen-screen approximation,” the nature of the turbulence is assumed to stay
approximately fixed during the relatively short time it takes for a turbulent cell to pass over the
aperture. With these screens, we start the photons at the top of the atmosphere and then alter
their trajectory according to the refractions of the screen at each layer. The part of the screen
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that a given photon will hit depends on the time that photon is emitted in the simulation and the
wind vector of the screen.

After passing through the atmosphere, photons enter the telescope and are appropriately reflected
and refracted as they hit the mirrors and lenses. On the surface of the mirrors we introduce
a spectrum of perturbations that has been obtained by inverting wavefront data from existing
telescopes. We also allow the orientation of each optic to be perturbed in six degrees of freedom
within expected tolerances. The raytrace uses extremely fast techniques to find the intercepts
on the aspheric surface and alter the trajectory by reflection or wavelength-dependent refraction.
Photons can be “destroyed” as they pass through the filter in a Monte Carlo sense with a probability
related to the wavelength and angle-dependent transmission function. The raytrace for the LSST
configuration is illustrated in Figure 3.6. The raytrace has been compared with commercial raytrace
codes and is found to be accurate to a fraction of a micron. We also incorporate diffraction spikes
appropriate for the design of the spider of the telescope.

In the last step, photons are ray-traced into the silicon in the detector. Both the wavelength
and temperature dependent conversion probability and refraction at the interface of the silicon are
included. The photons are then converted into photoelectrons which drift to the readout electrodes
according to the modeled electric field profile. The misalignments and surface roughness of the
silicon can also be included. The positions of the photoelectrons are pixelated and can include
blooming, charge saturation, cross-talk, and charge transfer inefficiency to simulate the readout
process. Finally, a simulated image is built as the photoelectrons reach the readout. The read noise
and sky background are added in a post-processing step. The sky background is generated based
on an SED for the full Moon and an SED for the dark sky, with an empirically derived angular
function for the Rayleigh scattering of the Moon’s light. The background is vignetted according
to the results of raytrace simulations.

The simulator can generate about 22,000 photons per second on a typical workstation. For bright
stars that saturate, it can simulate photons much faster since tricks can be used during the sim-
ulation to figure out if a pixel will saturate. Thus, we have a fast simulator with high fidelity.
Figure 3.7 shows images of stars with various components of the simulator turned on or off. Fig-
ure 3.8 shows a simulated image from one LSST CCD.

3.4 Stray and Scattered Light

Charles F. Claver, Steven M. Kahn, William J. Gressler, Ming Liang

Stray and scattered light is a major concern given the extremely large field of view of LSST. There
are two major categories of stray and scattered light: structured and diffuse. Structured stray light
comes from diffraction, ghosts from the refractive optics, and semi-focused scattering from surfaces
nearby the focal plane. Diffuse scattered light is generated from the micro-surface qualities of the
mirrors, dust on the optical surfaces, and scattering from non-optical surfaces in the telescope and
dome.
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Figure 3.7: The capabilities of the simulator are demonstrated by examples of the point-spread function (PSF) for
a single star 1.32◦ off-axis seen in the r filter, in which various components of the simulator are turned on or off.
The images show a region 5.6′′ on a side, and the stretch is logarithmic. The panels are from top left to bottom
right: only optical aberrations of the system design, adding mirror perturbation and misalignments, adding diffusion
of charge in the detector, adding a static atmosphere, adding an atmosphere with wind, and a full atmosphere but a
perfect telescope. Both atmosphere and the optics contribute to the ellipticity of the PSF. The FWHM of the PSF
with telescope, atmosphere and wind is about 0.6′′, with an ellipticity of 7%.

3.4.1 Structured Stray Light

The fast optical beam and physical geometry of LSST help to minimize the impact of structured
stray light at the focal plane. The relatively small cross-section (∼ 0.7 m2) of the support vanes
holding the secondary and camera assemblies results in very low intensity diffraction spikes. The
diffraction spike in the r band (see Figure 3.9) is down by six orders of magnitude from the peak
at a radius of 4′′.

Structured stray light from ghosting in the refractive elements is further reduced by using state-
of-the art broad band anti-reflection coatings. The relative surface brightness of the ghost images
are calculated using optical ray tracing with the lens surface treated both transmissively (first
pass) and reflectively (second pass); see Figure 3.10. The reflective properties of the detector are
assumed to be 1−QE(λ). This overestimates the ghost brightness at the extreme red wavelength
since the QE performance is dominated by the mean free path of the photon in silicon rather than
the reflection at the surface. In any case, for any reasonably bright source in the LSST’s field of
view, the ghost image surface brightness will be well below that of the natural night sky.

3.4.2 Diffuse Scattered Light

The first line of defense for unwanted diffuse scattered light is the dome enclosure. LSST’s dome,
like most modern domes, is well ventilated to equalize the inside temperature with the exterior
ambient temperature, and is also well-baffled to reject external sources of light. A key feature in
the LSST dome vent design is light-restricting blackened louvers that have been aerodynamically
optimized to minimize restriction in air flow. Light passing through the vents must scatter from
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Figure 3.8: A simulated image of a 15-second exposure of one LSST CCD (4K×4K) with 0.2′′ pixels, 0.4′′ seeing and
a field of view 13.7′× 13.7′, representing roughly 0.5% of the LSST focal plane. The brightest stars in the image are
∼ 12 magnitude. An object of brightness ∼ 33 magnitude would emit ∼ 1 photon in a 15 second exposure. The image
is a true color composite of three images, with the g, r, and i filters mapped into B, G, and R colors respectively.
Each color channel is on a logarithmic intensity scale. In its ten-year survey, LSST will produce ∼ 2×109 single-band
images of the same size.

at least two louver surfaces before entering the dome. Using a specialized coating (Aeroglaze
Z306) these dome vents will allow < 3% of the incident light through, while having > 95% air
flow efficiency. The wind screen within the dome slit will provide a circular aperture to restrict
unwanted light outside the LSST’s field of view from entering the dome. Even with these measures
some light will naturally enter the dome and illuminate objects in a way that will create unwanted
light at the focal plane. A detailed analysis using non-sequential ray tracing and three-dimensional
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Figure 3.9: The log intensity of the r-band point-spread function along a diffraction spike. The plot spans 32′′.

Figure 3.10: Calculated two-surface ghost images on-axis (left panel) and 1◦ off axis (right panel). The LSST’s
full field of view is represented by the yellow circle. Note that this does not yet take into account the reduction of
detected surface brightness for the designed anti-reflection coating performance, and thus somewhat overestimates
the effect of ghosts.

CAD models of the dome, telescope, and camera has been done to quantify the diffuse scattering
contribution to the overall natural sky background. The initial analysis (Figure 3.11) computes
the Point Source Transmittance (PST) for a single point source at various angles with respect to
the telescope’s optical axis. The PST is the integrated flux over the entire focal plane from the
point source including the desired optical path and all first- and second-order scattered light. Each
surface is specified with properties anticipated for the realized design, including contamination on
the optical surfaces, micro-surface roughness, paint on non-optical surfaces, and so on.

The PST analysis shown in Figure 3.11 indicates that the LSST has excellent rejection of diffuse
scattered light from out-of-field objects, with the PST dropping nearly three orders of magnitude
beyond the imaging field of view (Ellis et al. 2009). Spreading this over the field of view of the
LSST, the surface brightness contribution of a point source from diffuse scattering is at least 11
orders of magnitude below that of the direct image of the source.

3.5 The Expected Accuracy of Photometric Measurements

Željko Ivezić
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Figure 3.11: The LSST Point Source Transmittance (PST) as a function of source angle along five selected azimuth
scans. The primary sources of scattering are identified along the scans.

The expected photometric error for a point source in magnitudes (roughly the inverse of signal-to-
noise ratio) for a single visit (consisting of two back-to-back 15-second exposures) can be written
as

σ2
1 = σ2

sys + σ2
rand, (3.1)

where σrand is the random photometric error and σsys is the systematic photometric error (which
includes errors due to, for example, imperfect modeling of the point spread function, but does not
include errors in the absolute photometric zeropoint). For more details, see Section 3.3.1 in the
LSST overview paper, Ivezić et al. (2008b). For N stacked observations, we assume σrand(N) =
σrand/

√
N . This theoretically expected behavior has been demonstrated for repeated SDSS scans

for N as large as 50 (Ivezić et al. 2007; Sesar et al. 2007; Bramich et al. 2008). The LSST
calibration system and procedures are designed to maintain σsys < 0.005 mag and this is the value
we adopt for a single LSST visit. Some effects that contribute to σsys will be uncorrelated between
observations (e.g., errors due to imperfect modeling of the point spread function) and their impact
will decrease with the number of stacked observations similarly to random photometric errors. For
the final irreducible errors in LSST stacked photometry, we adopt σsys=0.003 mag (which will
be probably dominated by errors in the transfer of the photometric zeropoints across the sky).
LSST’s photometry will be limited by sky noise, and the random photometric error as a function
of magnitude (per visit) can be described by

σ2
rand = (0.04− γ)x+ γ x2 (mag2), (3.2)

with x = 100.4 (m−m5). Here m5 is the 5 σ depth (for point sources) in a given band, and γ depends
on the sky brightness, readout noise, and other factors. Using the LSST exposure time calculator
(§ 3.2), we have obtained the values of γ listed in Table 3.2. The 5 σ depth for point sources is
determined from

m5 = Cm + 0.50 (msky − 21) + 2.5 log10

0.7
θ

+

+1.25 log10

tvis
30
− km(X − 1) (3.3)
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Table 3.2: The Parameters from Equation 3.2 and Equation 3.3

u g r i z y

ma
sky 21.8 22.0 21.3 20.0 19.1 17.5

θb 0.77 0.73 0.70 0.67 0.65 0.63

γc 0.037 0.038 0.039 0.039 0.040 0.040

Cdm 23.60 24.57 24.57 24.47 24.19 23.74

kem 0.48 0.21 0.10 0.07 0.06 0.06

mf
5 23.9 25.0 24.7 24.0 23.3 22.1

∆mg
5 0.21 0.16 0.14 0.13 0.13 0.13

a The expected median zenith sky brightness at Cerro Pachón, assuming mean solar cycle and three-day
old Moon (mag/arcsec2).
b The expected delivered median zenith seeing (arcsec). For larger airmass, X, seeing is proportional to
X0.6.
c The band-dependent parameter from Equation 3.2.
d The band-dependent parameter from Equation 3.3.
e Adopted atmospheric extinction.
f The typical 5 σ depth for point sources at zenith, assuming exposure time of 2×15 sec, and observing
conditions as listed. For larger airmass the 5 σ depth is brighter; see the bottom row.
g The loss of depth at the median airmass of X = 1.2 due to seeing degradation and increased atmospheric
extinction.

where msky is the sky brightness (mag/arcsec2), θ is the seeing (FWHM, in arcsec), tvis is the
exposure time (seconds), k is the atmospheric extinction coefficient, and X is airmass. The con-
stants, Cm, depend on the overall throughput of the instrument and are determined using the
LSST exposure time calculator. The assumptions built into the calculator were tested using SDSS
observations and by comparing the predicted depths to the published performance of the Subaru
telescope (Kashikawa et al. 2003). The adopted values for Cm and k are listed in Table 3.2, as
well as the expected m5 in nominal observing conditions. See also Table 3.3 for the expected
photometric accuracy at higher S/N.

3.6 Accuracy of Trigonometric Parallax and Proper Motion
Measurements

Željko Ivezić, David Monet

Given the observing sequence for each sky position in the main survey provided by the LSST
Operations Simulator (§ 3.1), we generate a time sequence of mock astrometric measurements.
The assumed astrometric accuracy is a function of S/N . Random astrometric errors per visit are
modeled as θ/(S/N), with θ = 700 mas and S/N is determined using expected LSST 5 σ depths
for point sources. The estimated proper motion and parallax accuracy at the bright end (r < 20)
is driven by systematic errors due to the atmosphere. Systematic errors of 10 mas are added in
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Figure 3.12: Differential astrometric error as a function of angular separation derived from a sequence of 10-
second Subaru Suprime-Cam observations. The upper curve is computed from transformation using only offsets
between frames. The middle curve includes linear transformation coefficients and the bottom curve includes cubic
transformation coefficients. The improvement in astrometric accuracy suggests that low-order polynomials are a
reasonable model for the geometric impact of atmospheric turbulence over spatial scales of several arcminutes. From
Saha & Monet (2005), with permission.

quadrature, and are assumed to be uncorrelated between different observations of a given object.
Systematic and random errors become similar at about r = 22, and there are about 100 stars per
LSST sensor (0.05 deg2) to this depth (and fainter than the LSST saturation limit at r ∼ 16) even
at the Galactic poles.

Precursor data from the Subaru telescope (Figure 3.12) indicate that systematic errors of 10 mas
on spatial scales of several arc-minutes are realistic. Even a drift-scanning survey such as SDSS
delivers uncorrelated systematic errors (dominated by seeing effects) at the level of 20-30 mas rms
per coordinate (measured from repeated scans, Pier et al. 2003), and the expected image quality
for LSST will be twice as good as for SDSS. Furthermore, there are close to 1000 galaxies per sensor
with r < 22, which will provide exquisite control of systematic astrometric errors as a function of
magnitude, color, and other parameters, and thus enable absolute proper motion measurements.

The astrometric transformations for a given CCD and exposure, and proper motion and parallax
for all the stars from a given CCD, are simultaneously solved for using an iterative algorithm
(§ 2.7). The astrometric transformations from pixel to sky coordinates are modeled using low-
order polynomials and standard techniques developed at the U.S. Naval Observatory (Monet et al.
2003). The expected proper motion and parallax errors for a ten-year long baseline survey, as a
function of apparent magnitude, are summarized in Table 3.3. Roughly speaking, trigonometric
parallax errors can be obtained by multiplying the astrometric errors by 0.039, and proper motion
errors (per coordinate) can be obtained by multiplying the single-visit astrometric errors by 0.014
yr−1.

Blue stars (e.g., F and G stars) fainter than r ∼ 23 will have about 50% larger proper motion and
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Table 3.3: The expected proper motion, parallax, and accuracy for a ten-year long baseline survey.

r σaxy σbπ σcµ σd1 σeC

mag mas mas mas/yr mag mag

21 11 0.6 0.2 0.01 0.005

22 15 0.8 0.3 0.02 0.005

23 31 1.3 0.5 0.04 0.006

24 74 2.9 1.0 0.10 0.009
a Typical astrometric accuracy (rms per coordinate per visit).
b Parallax accuracy for 10-year long survey.
c Proper motion accuracy for 10-year long survey.
d Photometric error for a single visit (two 15-second exposures).
e Photometric error for stacked observations (see Table 1).

parallax errors than given in the table due to decreased S/N in z and y. The impact on red stars
is smaller due to the relatively small number of observations in the u and g bands, but extremely
red objects, such as L and T dwarfs, will definitely have larger errors, depending on details of their
spectral energy distribution. After the first three years of the survey, the proper motion errors are
about five times as large, and parallax errors will be about twice as large as the values given in
Table 3.3; the errors scale as t−3/2 and t−1/2 respectively.

For comparison with Table 3.3, the SDSS-POSS proper motion measurements have an accuracy
of ∼ 5 mas/yr per coordinate at r = 20 (Munn et al. 2004). Gaia is expected to deliver parallax
errors of 0.3 mas and proper motion errors of 0.2 mas/yr at its faint end at r ∼ 20. Hence, LSST
will smoothly extend Gaia’s error vs. magnitude curve four magnitudes fainter, as discussed in
detail in § 6.12.

3.7 Expected Source Counts and Luminosity and Redshift
Distributions

Željko Ivezić, A. J. Connolly, Mario Jurić, Jeffrey A. Newman, Anthony Tyson, Jake VanderPlas,
David Wittman

The final stacked image of LSST will include about ten billion galaxies and ten billion stars,
mostly on the main sequence. The data sources and assumptions used to derive these estimates
are described here. Of course, LSST will also detect very large samples of many other types of
objects such as asteroids, white dwarfs, and quasars (roughly ten million in each category). We
defer discussion of those more specific topics to the relevant science chapters that follow.
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3.7.1 Stellar Counts

In order to accurately predict stellar source counts for the LSST survey, both a Galactic structure
model and a detailed estimate of the stellar luminosity function are required. SDSS data can be
used to guide these choices. Figure 3.13 shows the stellar counts, as a function of distance and color,
for stars observed with SDSS towards the North Galactic Pole. Stars are selected to have colors
consistent with main sequence stars following criteria from Ivezić et al. (2008a, hereafter I08). This
color selection is sufficiently complete to represent true stellar counts, and sufficiently efficient that
contamination by giants, white dwarfs, quasars, and other non-main sequence objects is negligible.
Distances are computed using the photometric parallax relation and its dependence on metallicity
derived by I08. The displayed density variation in the horizontal direction represents the luminosity
function, and the variation in the vertical direction reflects the spatial volume density profiles of
disk and halo stars. Both effects need to be taken into account in order to produce reliable counts
for the LSST survey.

To extrapolate stellar counts from the SDSS faint limit at r = 22.5 to the faint limit of the
stacked LSST map (r = 27.5), we use the Milky Way model by Jurić et al. (2008, hereafter, J08).
This model reproduces the SDSS count data to within 10% (except in regions with significant
substructure) as shown in Figure 3.13, as well as the count variation as a function of position on
the sky. Using photometric data for 50 million stars from SDSS Data Release 4, sampled over a
distance range from 100 pc to 15 kpc, J08 showed that the stellar number density distribution,
ρ(R,Z, φ) can be well described (apart from local overdensities; the J08 best-fit was refined using
residual minimization algorithms) as a sum of two cylindrically symmetric components,

ρ(R,Z, φ) = ρD(R,Z) + ρH(R,Z). (3.4)

The disk component can be modeled as a sum of two exponential disks

ρD(R,Z) = ρD(R�)×[
e−|Z+Z�|/H1−(R−R�)/L1 + εDe−|Z+Z�|/H2−(R−R�)/L2

]
, (3.5)

and the halo component requires an oblate power-law model

ρH(R,Z) = ρD(R�) εH

(
R2
�

R2 + (Z/qH)2

)nH/2
. (3.6)

The best-fit parameters are discussed in detail by J08. For LSST simulations, we have adopted
parameters listed in the second column of their Table 10.

This Galaxy model gives star counts accurate only to about a factor of two, due to our incomplete
knowledge of the three-dimensional dust distribution in the Galactic plane, and the uncertain
location of the edge of the stellar halo. As illustrated in Figure 3.13, if this edge is at 100 kpc
or closer to the Galactic center, it will be detected as a sudden drop in counts of blue faint stars
beyond some color-dependent flux limit. For example, blue turn-off stars with Mr < 5 should
display a sharp decrease in their differential counts for r > 25, if there is a well-defined end to the
distribution of halo stars at 100 kpc. We obtain approximate estimates by extrapolating counts for
r < 21 from USNO-B all-sky catalog to fainter magnitudes using models described above. There

70



3.7 Expected Source Counts and Luminosity and Redshift Distributions
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Figure 3.13: The volume number density (stars/kpc3/mag, log scale according to legend) of ∼2.8 million SDSS stars
with 14 < r < 21.5 and b > 70◦, as a function of their distance modulus (distances range from 100 pc to 25 kpc)
and their g − i color. The sample is dominated by color-selected main sequence stars. The absolute magnitudes are
determined using the photometric parallax relation from I08. The metallicity correction is applied using photometric
metallicity for stars with g − i < 0.7, and by assuming [Fe/H] = −0.6 for redder stars. The relationship between
the MK spectral type and g − i color from Covey et al. (2007) is indicated above the g − i axis; g − i = 0.7 roughly
corresponds to G5. The two vertical arrows mark the turn-off color for disk stars and the red edge of the M dwarf
color distribution. The [Fe/H] label shows the color range (g− i < 0.7) where the photometric metallicity estimator
from I08 performs best. The two diagonal dashed lines, marked r = 14 and r = 21.5, show the apparent magnitude
limits for SDSS data. At a distance of ∼ 2-3 kpc (DM = 12), halo stars begin to dominate the counts. The
diagonal solid lines mark the apparent magnitude limits for Gaia (r < 20), LSST’s single epoch data (r < 24, 10
σ), and LSST’s stacked data (r < 27, 10 σ). The dashed line in the lower right corner marks the distance limits for
obtaining 10% accurate trigonometric distances using LSST data. The two dot-dashed lines mark analogous limits
for obtaining 1% and 10% accurate trigonometric distances using Gaia’s data (§ 6.12).
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Table 3.4: Stellar counts based on USNO-B and model-based extrapolations

N(r < 24.5)a ratio(24.5/21) ratio(27.8/24.5) ratio(27.8/21)

Galactic center 172 6.4 3.8 24

anticenter 120 4.5 2.4 11

South Galactic Pole 4 2.6 2.0 5
a The number of stars with r < 24.5 in thousands per deg2. The entries are computed using counts
based on the USNO-B catalog and extrapolated from its r = 21 limit using model-based count
ratios, listed in the second column. LSST will detect ∼ 4 billion stars with r < 24.5 and 10 billion
stars with r < 27.8.

are 109 stars with r < 21 in the USNO-B catalog, and this count is probably accurate to better
than 20%, which is a smaller uncertainty than extrapolations described below.

The ratio of stellar counts to r < 24.5 and r < 27.8 (LSST’s single visit and stacked depths)
to those with r < 21 varies significantly across the sky due to Galactic structure effects and the
interstellar dust distribution. For the dust distribution, we assume an exponential dependence in
radial and vertical directions with a scale height of 100 pc and a scale length of 5 kpc. We assume
a dust opacity of 1 mag/kpc (in the r band) which produces extinction of 0.1 mag towards the
North Galactic pole, 20 mag towards the Galactic center, and 5 mag towards the anticenter, in
agreement with “common wisdom.” Using the stellar counts model described above, and this dust
model, we evaluate the counts’ ratios as a function of location on the sky and integrate over the sky
to be covered by LSST’s main survey. In the regions observed by SDSS, the predicted counts agree
to better than 20% (the models were tuned to SDSS observations, but note that the normalization
comes from USNO-B). The counts’ ratios for several special directions are listed in Table 3.7.1.
The predicted total number of stars is 4 billion for r < 24.5 with an uncertainty of ∼50%, and 10
billion for r < 27.8, with an uncertainty of at most a factor of 2.

3.7.2 Galaxy Counts

Model-independent, empirical estimates of galaxy counts with LSST can be gleaned from a number
of deep multicolor photometric surveys that have been performed over the last decade. These are
sufficient to predict the counts for the LSST galaxies (e.g., Ilbert et al. 2006b) with an uncertainty of
about 20% (most of this uncertainty comes from photometric systematics and large-scale structure).
Based on the CFHTLS Deep survey (Hoekstra et al. 2006; Gwyn 2008), the cumulative galaxy
counts for 20.5 < i < 25.5 are well described by

Ngal = 46× 100.31(i−25) galaxies arcmin−2. (3.7)

The so-called “gold” sample of LSST galaxies with a high S/N defined by i < 25.3 (corresponding
to S/N > 20 for point sources assuming median observing conditions), will include four billion
galaxies (or 55 arcmin−2) over 20,000 deg2 of sky (see Figure 3.14). The effective surface density
of galaxies useful for weak lensing analysis in the “gold” sample will be about 40 arcmin−2 with
an uncertainty of 20%. The total number of galaxies detected above the faint limit of the stacked
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map (r < 27.5, corresponding to i ∼ 26 given the typical colors of galaxies) will be close to 10
billion over 20,000 deg2.

The redshift and rest-frame color distributions of these sources are much less well understood due
to the lack of any complete spectroscopic sample to the depth of the LSST. To estimate the redshift
distributions for the LSST we, therefore, use both simple extrapolation of observations and more
sophisticated simulations that have been designed to match available observational data sets. In
Figure 3.15, we show a prediction for the redshift distribution of galaxies of the form

p(z) =
1

2z0

(
z

z0

)2

exp (−z/z0). (3.8)

This functional form fits DEEP2 data well (after completeness corrections) for i < 23. We estimate
z0 for the i < 25 sample by extrapolating the tight linear relationship between z0 and limiting i
magnitude in the DEEP2 survey, z0 = 0.0417 i − 0.744 (measured for 21.5 < i < 23). The mean
redshift of a sample is 3z0 and the median redshift is 2.67z0; for the i < 25 sample, the mean
redshift is 0.9 and the median is 0.8.

This prediction is compared to a model based on an empirical evolving luminosity function, and
to the simulations of Kitzbichler & White (2007, hereafter KW07). Based on the Millennium
simulations (Springel et al. 2005), the baryonic physics in KW07 models includes gas cooling,
heating from star formation, supernovae, and radio mode feedback. Comparisons with existing
imaging surveys has shown that the model for the dust used in KW07 provides a good match to
the color-luminosity relation seen in deep surveys to z ∼ 1.4 (although the simulations predict
more than the K-band number counts).

3.8 Photometric Redshifts

A. J. Connolly, Jeffrey A. Newman, Samuel Schmidt, Alex Szalay, Anthony Tyson

The estimation of galaxy redshifts from broad band photometry, i.e., photometric redshifts (Baum
1962; Koo 1985; Loh & Spillar 1986; Connolly et al. 1995), has become a widely used tool in
observational cosmology (Collister & Lahav 2004; Wadadekar 2005; Carliles et al. 2008; Gwyn &
Hartwick 1996; Lanzetta et al. 1996; Sawicki et al. 1997; Budavári et al. 2000; Ilbert et al. 2006a).
These probabilistic redshift (and galaxy property) estimates are derived from characteristic changes
in the observed colors of galaxies due to the redshifting of features in galaxy spectral energy
distributions through a series of broad band filters. At optical and ultraviolet wavelengths, the
Lyman and Balmer breaks (at 1000Å and 4000Å respectively) are the primary source of the redshift
information. To first order, the accuracy to which we can determine the position of these breaks
from the observed colors determines the scatter within the photometric redshift relation, and our
ability to correctly distinguish between the breaks determines the amount of systematic error (or
catastrophic outliers) in the relation.

The LSST reference filter system, covering the u, g, r, i, z, and y passbands, provides leverage for
redshift estimation from z = 0 to z > 6 (although, as we will describe later, the redshift interval,
1.4 < z < 2.5, will be less well constrained as the Balmer break has transitioned out of the y band
and the Lyman break has yet to enter the u band). We describe here the expected photometric
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Figure 3.14: Cumulative galaxy counts in the SDSS i band. The triangles show SDSS counts from the so-called
“stripe 82” region (Abazajian et al. 2009) and the squares show counts from the CFHTLS Deep survey (Gwyn
2008). The dashed diagonal line is based on the Millennium Simulation (Springel et al. 2005) and the solid line is a
simulation based on a model with evolving luminosity function from the DEEP2 and VVDS surveys (measured at
redshifts up to unity) and non-evolving SEDs. The two dashed horizontal lines are added to guide the eye. LSST
will detect 4 billion galaxies with i < 25.3, which corresponds to an S/N of at least 20 for point sources in median
observing conditions. The full LSST sample may include as many as 10 billion galaxies.

Figure 3.15: The redshift probability distributions for faint galaxies. The dashed curve shows a best fit to the
measured and debiased DEEP2 redshift distribution for galaxies with i < 23, and extrapolated to i < 25 (see text).
The other two curves show model predictions for galaxies with i < 25 (magenta: the Millennium Simulation; green:
an evolving luminosity function; see Figure 3.14).
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redshift performance for LSST based on empirical studies and simulations (including scatter, bias,
and the fraction of sources that are catastrophic outliers) and describe ongoing work to characterize
and minimize these uncertainties.

3.8.1 Photometric Redshifts for the LSST

Photometric redshifts for LSST will be applied and calibrated over the redshift range 0 < z < 4
for galaxies to r ∼ 27.5. For the majority of science cases, such as weak lensing and BAO, a subset
of galaxies with i < 25.3 will be used. For this high S/N gold standard subset (§ 3.7.2) over the
redshift interval, 0 < z < 3, the photometric redshift requirements are:

• The root-mean-square scatter in photometric redshifts, σz/(1+z), must be smaller than 0.05,
with a goal of 0.02.

• The fraction of 3σ outliers at all redshifts must be below 10%.

• The bias in ez = (zphoto−zspec)/(1+zspec) must be below 0.003 (§ 14.5.1, or 0.01 for combined
analyses of weak lensing and baryon acoustic oscillations); the uncertainty in σz/(1+z) must
also be known to similar accuracy.

Figure 3.16 and Figure 3.17 show the expected performance for the LSST gold sample on completion
of the survey. These results are derived from simulated photometry that reproduces the distribution
of galaxy colors, luminosities, and colors as a function of redshift as observed by the COSMOS
(Lilly et al. 2009), DEEP2 (Newman et al. 2010, in preparation), and VVDS (Garilli et al. 2008)
surveys. The simulations include the effects of evolution in the stellar populations, redshift, and
type dependent luminosity functions, type dependent reddening, and of course photometric errors.
The photometric redshifts are determined using a likelihood technique as outlined below.

Figure 3.17 shows the residuals, fraction of outliers, dispersion, and bias associated with the pho-
tometric redshifts as a function of i band magnitude and redshift. For this case, magnitude and
surface brightness priors have been applied to the data and all sources with broad or multiply
peaked redshift probability functions have been excluded (see §3.8.3). For the brighter sample,
(i < 24), the photometric redshifts meet or exceed our performance goals for all except the highest
redshift bin. For the gold sample, the photometric redshifts meet the science requirements on dis-
persion and bias at all redshifts. At redshifts z > 2, the fraction of outliers is a factor of two larger
than the goal for LSST. These outliers reduce the size of the samples with usable photometric red-
shifts by approximately 10%. Other cuts and priors will reduce the outlier fraction further. This
demonstrates that highly accurate photometric redshifts should be attainable with LSST photom-
etry, assuming perfect knowledge of SED templates (or equivalently the span of galaxy properties).
For selected subsets of objects (e.g., bright red sequence galaxies), we may be able to do much
better attaining σz/(1 + z) of 0.01 or less.

3.8.2 Dependence on Filter Specification and Signal-to-Noise Ratio

The accuracy of LSST photometric redshift depends on both the characteristics of the filter system
and our ability to photometrically calibrate the data. For the LSST reference filters the scatter
in the photometric redshifts in simulated data scales approximately linearly with S/N, with a
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Figure 3.16: Impact of using the u filter to improve measurement and resolve degeneracies in photometrically
determined redshifts. On the left is the correlation between the photometric redshifts and spectroscopic redshifts
with the full complement of LSST filters. The right panel shows the photometric redshift relation for data excluding
the u filter. The addition of u data reduces the scatter substantially for z < 0.5 and removes degeneracies over the
full redshift range.

floor of σz ∼ 0.02 (when including all galaxy types). This is consistent with the σz obtained for
photometric redshifts obtained for r < 17.77 galaxies in SDSS (e.g., Ball et al. 2008; Freeman et al.
2009), several magnitudes brighter than the depths of the photometry (and hence in some ways
analogous to the gold sample).

However, it is significantly better than has been achieved to date for photometric redshift algorithms
for fainter samples and to higher redshifts, likely due to the fact that such samples must handle
a broader range of galaxy types over a broader redshift range, and are increasingly dominated
by strongly star forming galaxies (which possess only weak 4000Å breaks) as they extend fainter
and to higher redshifts. With CFHT Legacy Survey deep ugriz imaging, Ilbert et al. (2006a)
achieve σz ∼ 0.03 for i < 21.5, degrading to 0.04 − 0.05 for 22.5 < i < 24; while with deep
16-band photometry, and restricting to a subset of galaxies with z < 1.2 and K < 21.6 (AB),
Mobasher et al. (2007) attain σz ∼ 0.03 for a sample with 20 < i < 24. Unfortunately, these
numbers are difficult to compare due to the larger number of bands and the K band limit (which
will favor massive, lower star formation rate galaxies at higher redshifts) used by Mobasher et al.
(2007). The fundamental limitation which puts a floor on σ in these empirical tests is unclear
(likely depending on poorly known template spectra, errors in photometric measurements due
to blended galaxies, and variations in the emission line properties of galaxies with redshift and
type). The number of catastrophic failures also depends on S/N, but the exact scaling remains
unclear (Mobasher et al. 2007); in Ilbert et al. (2006a), the catastrophic failure rate is < 1%
for i < 21.5, ∼ 2% for 21.5 < i < 22.5, ∼ 4% for 22.5 < i < 23.5, and ∼ 9% for 23.5 < i < 24.
Regardless, based upon the SDSS experience, we can expect that with greater zero point uniformity,
better bandpass characterization, and improved calibration LSST should yield significantly better
photometric redshift results than previous optical broad-band surveys.
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Figure 3.17: Illustration of the photometric redshift performance as a function of apparent magnitude and redshift,
for a simulation based on the LSST filter set (ugrizy). Red points and curves correspond to the gold sample defined
by i < 25, and blue points and curves to a subsample with i < 24. The photometric redshift error is defined as
ez = (zphoto−zspec)/(1+zspec). Top left: ez vs. photometric redshift. The two histograms show redshift distributions
of the simulated galaxies. Top right: the root-mean-square scatter (rms, determined from the interquartile range) of
ez as a function of photometric redshift. The horizontal dashed line shows the science driven design goal. Middle left:
ez vs. observed i band magnitude. Two histograms show the logarithmic differential counts (arbitrary normalization)
of simulated galaxies. The two horizontal cyan lines show the 3σ envelope around the median ez (where σ is the rms
from the top right panel). Middle right: the fraction of 3σ outliers as a function of redshift. The horizontal dashed
line shows the design goal. Bottom left: the median value of ez (bias) as a function of apparent magnitude. The two
dashed lines show the design goal for limits on bias. Bottom right: the median value of ez (i.e., the bias in estimated
redshifts) as a function of redshift. The two dashed lines show the design goal for this quantity.
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In Figure 3.16 we show the impact of the u band filter for redshift estimation assuming a survey
to the nominal depth of the LSST and including magnitude and surface brightness priors. At
low redshift the redshifting of the Balmer break through the u filter enables the estimation of the
photometric redshifts for z < 0.5 (where the break moves into the g and r bands). At higher
redshift, the transition of the Lyman break into the u band filter increases the accuracy of the
photometric redshifts for z > 2.5. The result of this is two-fold; the scatter in the redshift estimation
is decreased at low redshift, improving studies of the properties of galaxies in the local Universe
and reducing the number of catastrophic outliers (mistaking the Lyman break for the Balmer break
results in a degeneracy between z = 0.2 and z = 3 galaxies) by a factor of two. Removal of the u
band results in a deterioration of the photometric redshifts for z < 0.6 to such an extent that they
fail to meet the required performance metrics as described above.

At redshifts 1.3 < z < 1.6, the photometric redshift constraints are most dependent upon the y
filter. For z > 1.6 the Balmer break transitions out of the y band and hence the photometric
redshifts are only poorly constrained until the Lyman break enters the u band at z > 2.5.

Addition of near-infrared passbands from, for example, a space-based imager yielding S/N=10
photometry in both the J and H bands at an AB magnitude of 25 results in a reduction in σz, the
fraction of outliers, and the bias by approximately a factor of two for z > 1.5. At redshifts z < 1.5
there is no significant improvement in photometric redshift performance from near-infrared data,
in contrast to the u band data which impacts photometric redshifts below z = 1 (even when the J
and H bands are included already).

3.8.3 Priors in Redshift Estimation

In order to mitigate catastrophic failures in photometric redshifts, Bayesian approaches for redshift
estimation have been developed (Beńıtez 2000). In this case we search for the two-dimensional
posterior distribution P (z, T |C,O), where z is the redshift of the galaxy, T is the “template” or
galaxy type, C is the vector of fluxes from the data, and O is a vector of galaxy observables
independent of the fluxes, such as size, brightness, morphology, or environment. If we make the
assumption that O and C are independent then,

P (z, T |C,O) =
P (C|z, T )P (z, T |O)

P (C)
. (3.9)

The posterior distribution P (z, T |C,O) is given in terms of the likelihood function P (C|z, T ) and
the prior distribution P (z, T |O); the prior encompasses all knowledge about galaxy morphology,
evolution, environment, brightness, or other quantities.

The most common prior used in photometric redshifts has been magnitude (Beńıtez 2000); e.g.
a prediction for the overall redshift distribution of galaxies given an apparent magnitude and
type. Other priors that have been considered include morphological type and surface brightness
(Stabenau et al. 2008). Surface brightness for a given galaxy scales as (1 + z)4, suggesting it
should be a powerful constraint, but it evolves strongly with redshift, depends on spectra type,
and depends on accurate measurements of the size of galaxies close to the seeing size, making
it less useful. However, Stabenau et al. (2008) show that if a ground-based survey can precisely
measure the angular area of galaxies, achieve a seeing of 1′′ or less, and attain a surface brightness
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sensitivity below 26.5 mag/arcsec2, then it should be able to do almost as well as one from space in
constraining photometric redshifts via surface brightness (resulting in a decrease in the photometric
redshift bias of up to a factor of six).

In general even with the use of priors, photometric redshifts are typically taken to be simply
the redshift corresponding to the maximum likelihood point of the redshift probability function.
Template-based photometric redshift algorithms, however, can provide a full probability distribu-
tion over the entire redshift and spectral type range. Using the full redshift probability distribution
function for each galaxy can significantly reduce the number of catastrophic outliers by, for exam-
ple, excluding galaxies with broad or multiply peaked probability distributions.

By identifying and pre-filtering problematic regions in photometric redshift space, we can exclude
the galaxies most likely to produce outliers while retaining the galaxies that have redshifts that are
well-constrained. For most statistical studies, it is far more important to eliminate outliers than to
maximize the total number of galaxies in the sample. Application of a simple photometric redshift
space filter (for example, excluding galaxies classified as blue galaxies at 1.5 < z < 1.8, which are
particularly susceptible to catastrophic failure) gives an outlier fraction for an i < 25.3 sample a
factor of two smaller than those we’ve described in this section. Other priors can further reduce
outliers.

Both the specific photometric redshift technique used, the appropriate selection methods, priors,
and their weights will be science case specific. For high redshift galaxies or for searches for unusual
objects, heavily weighting priors based on galaxy properties may suppress those sources. For
science cases requiring galaxies of specific types (e.g., baryon acoustic oscillation measurements,
§ 13.3) or for galaxies with particular observed attributes (e.g., resolved galaxies for weak lensing
studies), methods for optimizing priors must be defined.

3.8.4 Photometric Redshift Calibration: Training Sets

Calibration of photometric zero points, SEDs, and priors will be critical for developing photometric
redshifts for the LSST. If the range of spectral types is only coarsely sampled, the uncertainty in
predicted redshift will increase, as the exact SED for an individual galaxy may not be present in
the training set. For example, if we use only 50% of the model galaxy templates used to generate
spectra when computing photometric redshifts with the methods used for Figures 3.16 and 3.17,
the scatter (σz) increases by 40% and the bias by 50% overusing all of the templates. This outcome
highlights the need for significant numbers of spectroscopic galaxies to train our template SEDs,
and also illustrates the need for training sets to span the properties of galaxies in the samples to
which we apply photometric redshifts.

It remains unclear both how small a subset of the complete data is sufficient to determine the
overall redshift structure, and how we might select that subset. If the objects we seek reside only
in certain regions of color space or have some specific properties, then simple sampling strategies
can be used to pick an appropriate subset for spectroscopy (e.g., Bernstein & Huterer 2009). We
often cannot, however, isolate a problematic population a priori. We could rely on the “standard”
technique of either applying a sharp selection threshold in a particular attribute (e.g., galaxy size
or magnitude) or picking a suitable random fraction of the underlying sample and then studying
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this population in detail. Neither of these näıve techniques is optimal in any statistical sense; their
only appeal is their apparent simplicity.

For certain well-defined parameter estimation problems there are classical stratification techniques
(Neyman 1938) if we want the optimum variance estimator over a sample consisting of discrete
“classes,” each with its own variance. These stratified sampling strategies lie between the limiting
cases of totally randomly sampling from the full ensemble or randomly sampling each category.
In astronomy, however, it is quite rare that a single estimator will suffice. More likely we seek a
distribution of a derived quantity; that is, we seek the distribution of an intrinsic quantity but have
only the observed quantity available (consider measurements of the luminosity function: we seek
to determine the probability distribution of the true physical brightnesses of a population when
only apparent magnitude can be measured).

Sampling strategies using Local Linear Embedding (LLE, Roweis & Saul 2000) can preserve the
distribution of spectral types of galaxies in local spectroscopic surveys with ∼ 10, 000 galaxies
(compared to an initial sample of 170,000 spectra). This is done by considering how much new
information is added as we increase the number of galaxies within a sample (VanderPlas & Connolly
2009). This reduction in sample size required to encapsulate the full range of galaxy types is also
consistent with the sample sizes used for Principal Component Analyses of SDSS spectra (Yip
et al. 2004).

Based on this fact, one approach would be to generate a series of selected fields distributed across
the sky with galaxies to r ∼ 26 calibrated via selected deep spectroscopy. We would need sufficient
numbers of galaxies per redshift bin to beat down the statistical errors to at least the level of
the systematic errors. If we take the previously stated dark energy systematic targets as a goal
(δz = 0.003(1+z), ∆σz = 0.004(1+z)), then we need ∼ 6000 galaxies per bin. In fact, given that
we need to characterize the full distribution function, as it is non-Gaussian, it is more likely that we
would need ∼ 100, 000 galaxies total if the sample were split up into ten redshift bins. The number
needed can, however, be reduced by almost a factor of two by sampling the redshift distribution
in an optimized manner (Ma & Bernstein 2008). This number is comparable to that needed for
calibration of the templates and zero points. For the gold sample, i < 25, obtaining redshifts for
50,000 galaxies over several calibration fields is not an unreasonable goal by 2015; there are existing
samples of comparable size already down to somewhat brighter magnitude limits. For instance, the
DEEP2 Galaxy Redshift Survey has obtained spectra of > 50, 000 galaxies down to RAB = 24.1
(Newman et al. 2010, in preparation), while VVDS (Garilli et al. 2008) and zCOSMOS (Lilly
et al. 2009) have both obtained spectra of & 20, 000 galaxies down to i = 22.5, and smaller samples
extending to i = 24.

3.8.5 Photometric Redshift Calibration: Cross-correlation

An alternative method that can get around any incompleteness issues in determining redshift
distributions is to employ cross-correlation information (Newman 2008). Past experience suggests
we may not be successful in obtaining redshifts for all of the galaxies selected for spectroscopy;
recent relatively deep (i < 22.5 or R < 24.1) surveys have obtained high-confidence (> 95%
certainty) redshifts for from 42% (VVDS; Garilli et al. 2008) to 61% (zCOSMOS; Lilly et al. 2009)
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to 75% (DEEP2; Newman et al. 2010, in preparation) of targeted galaxies, and extremely high-
confidence (> 99.5%) redshifts for 21% (VVDS) – 61% (DEEP2). Surveys of fainter galaxies have
even higher rates of failure (Abraham et al. 2004). Redshift success rate in these surveys is a strong
function of both galaxy properties and redshift; i.e., the objects missed are not a fair sample.

Deep infrared spectroscopy from space has problems of its own. The field of view of JWST is quite
small, resulting in large cosmic variance and small sample size, and Joint Dark Energy Mission
(JDEM) or Euclid spectroscopy will be limited to emission-line objects. Even with a spectroscopic
completeness as high as that of SDSS (∼ 99%; Strauss et al. 2002), the missed objects are not
a random subsample, enough to bias redshift distributions beyond the tolerances of dark energy
experiments (Banerji et al. 2008).

Even if spectroscopic follow-up systematically misses some populations, however, any well-designed
spectroscopic campaign will have a large set of faint galaxies with well-determined redshifts. These
can then be used to determine the actual redshift distribution for any set of galaxies selected
photometrically, such as objects in some photometric redshift bin, via angular cross-correlation
methods.

Because galaxies cluster together over only relatively small distances, any observed clustering
between a photometric sample and galaxies at some fixed redshift, zs, can only arise from galaxies
in the photometric sample that have redshifts near zs (Figure 3.18). Therefore, by measuring
the angular cross-correlation function (the excess number of objects in one class near an object
of another class on the sky, as a function of separation) between a photometric sample and a
spectroscopic sample as a function of the known spectroscopic z, we can recover information about
the redshift distribution of the photometric sample (hereafter denoted by np(z); Newman 2008).
If we only measure this cross-correlation, the redshift distribution would be degenerate with the
strength of the intrinsic three-dimensional clustering between the two samples; however, the two-
point autocorrelation functions of the photometric and spectroscopic samples provide sufficient
information to break that degeneracy. Other cross-correlation techniques for testing photometric
redshifts have been developed (Zhan & Knox 2006; Schneider et al. 2006), but they do not break
the clustering-redshift distribution degeneracy.

In the limit where sample cosmic variance is negligible (e.g., because many statistically independent
fields on the sky have been observed spectroscopically), and spectroscopic surveys cover & 10 deg2

on the sky, Monte Carlo simulations (Newman 2008) find that the errors in determining either 〈z〉
or σz for a Gaussian np(z) for a single photometric redshift bin are nearly identical, and are fit
within 1% by:

σ = 9.1× 10−4
( σz

0.1

)1.5
(

Σp

10

)−1/2(dNs/dz

25, 000

)−1/2(4h−1 Mpc
r0,sp

)γ (10h−1 Mpc
rmax

)2−γ
, (3.10)

where σz is the Gaussian sigma of the true redshift distribution, Σp is the surface density of objects
in the given photometric redshift bin in galaxies arcmin−2, dNs/dz is the number of objects with
spectroscopic redshifts per unit z, r0,sp is the true scale length of the two-point cross-correlation
function between spectroscopic and photometric galaxies (the method provides a measurement of
this quantity as a free byproduct); and rmax is the maximum radius over which cross-correlations
are measured (larger radii will reduce the impact of nonlinearities, at the cost of slightly lower

81



Chapter 3: System Performance

Figure 3.18: Cartoon depiction of cross-correlation photometric redshift calibration (Newman 2008). Panel A) shows
the basic situation: we have imaging for many galaxies (circles/ellipses), some of which fall in a photometric redshift
bin of interest (red). Galaxies that are near each other in three dimensions cluster together on the sky. We also
know the spectroscopic redshifts of a smaller sample of objects (stars). The true redshift distribution for the objects
in the photometric redshift bin is here assumed to be a Gaussian with mean 0.7 (plot); the stars are color-coded
according to the redshift range the galaxy in question was determined to lie in with the color-coded ranges shown on
the plot. B) For spectroscopic redshift objects that do not overlap in z with the photometric redshift objects, there
will be no excess of neighbors that lie in the photometric redshift sample. C) If there is some overlap with the true
redshift range of the photometric redshift sample, there will be some excess of neighbors around the spectroscopic
object that lie in the photometric redshift bin. D) The strength of this clustering signal will be stronger the greater
the fraction of the photometric redshift sample lies at the same z as the spectroscopic object in question. Because of
this, we can reconstruct the true redshift distribution of the photometric redshift sample by measuring its clustering
with objects of known redshift as a function of the spectroscopic z.

82



3.8 Photometric Redshifts

Figure 3.19: Results from Monte Carlo simulations of uncertainties in cross-correlation measurements of redshift
distributions. Plotted are the rms errors in the recovery of the mean and sigma of a photometric sample distributed
as a Gaussian in z with σz = 0.1, as a function of the surface density of that sample (representing objects in a
single photometric redshift bin) on the sky. We assume a fiducial spectroscopic survey of 25,000 galaxies per unit
redshift. Current and planned spectroscopic samples are sufficient to reach the required LSST photometric redshift
calibration tolerances at z < 2.5, but larger sets of redshifts than currently available at z > 2.5 may be required.

S/N). Typical values of r0 and γ for both local and z ∼ 1 galaxy samples are 3-5 h−1 Mpc and
1.7–1.8, respectively (Zehavi et al. 2005; Coil et al. 2006).

Errors are roughly 50% worse in typical scenarios if sample variance is significant (i.e., a small
number of fields, covering relatively area, are sampled); see Figure 3.19 for an example of these
scalings. Detecting non-Gaussianities such as tails in the photometric redshift distributions is
straightforward in this method. The number of spectroscopic galaxies required to meet LSST
photometric redshift bias and error characterization requirements is similar to the number in
current and funded redshift samples for z < 2.5. More details on cross-correlation photometric
redshift calibration and on potential systematics are given in Newman (2008).

We have tested these Monte Carlo simulations by applying cross-correlation techniques to mock
catalogs produced by incorporating semi-analytic galaxy evolution prescriptions into the Millen-
nium Run simulation (Croton et al. 2006; Kitzbichler & White 2007). Although these simulations
do not perfectly match reality, they do present the same sorts of obstacles (e.g., clustering evolu-
tion) as we will encounter with LSST samples. As seen in Figure 3.20, cross-correlation techniques
can accurately reconstruct the true redshift distribution of a sample of faint galaxies using only
spectroscopy of a subset of bright (R < 24.1) objects over 4 deg2 of sky. The dominant uncertainty
in the Millennium Run reconstructions is due to the variance in the integral constraint (Bernstein
1994), which was not included in the error model of Newman (2008). This variance can be sup-
pressed, however, by use of an optimized correlation estimator (e.g., Padmanabhan et al. 2007),
and is negligible if spectroscopic surveys cover & 10 deg2 fields.

Cross-correlation methods can accurately determine photometric error distributions for faint galax-
ies even if we obtain spectra of only the brightest objects at a given redshift (there are many z = 2
galaxies with R < 24, for instance, or z = 3 galaxies with R < 25). This is in contrast to methods
which calibrate photometric redshifts via spectroscopic samples, due to the differences in SEDs be-
tween bright and faint galaxies and the substantial impact of confusion/blending effects on samples
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Figure 3.20: A demonstration of the recovery of redshift distributions with cross-correlation techniques. Results
for a single redshift bin are shown. The solid line is the true redshift distribution of a subset of those galaxies
with MB − 5logh < −17 in 24 0.5×2 degree light-cone mock catalogs constructed from the Millennium Simulation
semi-analytic models of Croton et al. (2006), with the probability of being included in the set given by a Gaussian
in redshift, centered at z = 0.8 and with dispersion σz = 0.2. Deviations from a Gaussian curve are due to sample
(or “cosmic”) variance in the redshift distribution. Points and error bars show the median and rms variation in the
cross-correlation reconstruction of this true distribution using a spectroscopic sample consisting of 60% of all galaxies
down to RAB = 24.1 in only 4 of the 24 fields. The true distribution may be reconstructed to the accuracy required
by LSST using spectroscopic samples of realistic size.

of faint, high-redshift galaxies (Newman et al. 2010, in preparation). To apply cross-correlation
techniques, we do not need an excessively deep sample, nor must it be uniformly complete, only
well-defined. The proposed BigBOSS survey (Schlegel et al. 2009) or a proposed wide-field spec-
trograph on Subaru would be ideal for these purposes, providing samples of millions of galaxies,
Lyman α absorbers, and QSOs with spectroscopic redshifts to z = 2.5, each with different cluster-
ing characteristics facilitating cross-checks. Even if BigBOSS only overlaps with LSST around the
Celestial Equator, it should provide large enough numbers of redshifts to meet LSST calibration
goals.

It would, of course, be preferable to obtain statistically complete spectroscopy down to a limit
approaching the LSST photometric depth rather than relying on these less direct techniques. Even
if spectroscopy does not prove to be sufficiently complete to test calibrations, the closer we can
come to that goal, the better the photometric redshift algorithms we will be able to develop.
It would be extremely difficult to tune those algorithms using cross-correlation techniques alone,
without also using a set of objects with well-known redshifts and SEDs. Furthermore, as seen in
Equation 3.10, the better our photometric redshifts are (i.e., the smaller σz is), the more precisely
we can calibrate them. Making sure we are achieving the tight calibration requirements for LSST
dark energy studies will require cross-checks. Cross-correlation techniques will allow us to do this
by repeating the analysis with very different spectroscopic samples; if all is working properly, the
redshift distributions from each spectroscopic sample should agree. As an example, one could use
one set of spectroscopy going faint in the deep LSST calibration fields, and another, shallower or
sparser set, covering the main wide field LSST survey. Alternatively, one could use spectroscopic
subsamples with very different clustering properties (e.g., star forming galaxies versus luminous
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red galaxies) to do the test. The recovered redshift distribution for a photometric redshift bin must
be consistent when applying any variety of type, redshift, and magnitude cuts to the spectroscopic
sample if the reconstruction is accurate.
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4 Education and Public Outreach

Suzanne H. Jacoby, Kirk D. Borne, Julia K. Olsen, M. Jordan Raddick, Sidney C. Wolff

4.1 Introduction

Goals of the Education and Public Outreach (EPO) program include engaging a broad audience in
LSST’s science mission, increasing public awareness of scientific research, contributing to science,
technology, engineering, and math (STEM) education, and enhancing 21st century workforce skills.
LSST will contribute to the national goals of improving scientific literacy and increasing the global
competitiveness of the US science and technology workforce. The open data access policy and
survey operations mode of LSST facilitates the active engagement of a broad audience in many
venues: in the classroom, through science centers, and in our homes, anywhere with access to
the Internet. The LSST project will provide value-added products to enable both student and
public participation in the process of scientific discovery. The LSST EPO program is well planned,
tuned to our audience needs, aligned with national education standards, and integrated with the
science mission of LSST. The program is organized around three main threads: 1) inquiry-based,
scientifically authentic exploration in the classroom; 2) visualization of LSST data in science centers
and on computer screens of all sizes; and 3) support of public involvement in activities that may
be as simple as browsing through the data or as sophisticated as contributing to active research
projects through Citizen Science opportunities.

4.2 National Perspective on Education Reform

Scientific literacy, defined as the “knowledge and understanding of scientific concepts and processes
required for personal decision making, participating in civic and cultural affairs, and economic
productivity,” is a requirement in today’s complex society (National Research Council 1996). Yet,
only 28% of American adults currently qualify as scientifically literate; nearly 70% of Americans
adults cannot read and understand the Science Times section of the New York Times (Miller 2007).
Policy makers, scientists and educators have expressed growing concern over the fact that most
people in this country lack the basic understanding of science that they need to make informed
decisions about many complex issues affecting their lives (Singer et al. 2005).

The influential report “A Nation at Risk” investigated the declining state of the educational system
in the US, identified specific problem areas, and offered various recommendations for improvement
(Bell 1983). The report specifically documented the need for greatly improved science education in
this country and galvanized the inclusion of the quality of education as a prominent element of the
national political agenda. A succession of education reform efforts set forth to remedy the situation:
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standards-based reform, the establishment in 1989 of National Education Goals, National Science
Education Standards put forth by the National Research Council in 1996, and most recently the
No Child Left Behind legislation. All have sought to standardize classroom learning goals, improve
instructional methods, and enforce accountability.

Today, science education standards exist for content, teaching, and assessment, such as the Na-
tional Science Education Standards (National Research Council 1996) or Project 2061 (American
Association for the Advancement of Science 1994). Consistent with the “A Nation at Risk” report,
expectations are defined for high school graduates, whether or not they plan additional education.
These expectations include the ability to know, use, and interpret specific mathematical and scien-
tific concepts, but also the ability to evaluate scientific evidence, understand scientific development,
and participate in scientific practices and discourse. Beyond mere facts, it is these “habits of mind”
that result in a scientifically literate populace, capable of participating in an increasingly complex
global society.

In a changing world, new kinds of knowledge and skills are as valuable as core subjects. The 21st
century worker must have strengths and attitudes dramatically different from typical workers of
today, who were trained in the 20th century. In particular, three areas of proficiency must be
addressed in preparing the 21st century workforce: core knowledge in science, mathematics, and
other content areas; learning and thinking skills; and information and communications technology.
Critical for workers of the future is the ability to incorporate high-level cognitive abilities with
inventive thinking skills such as flexibility, creativity, problem solving, effective communication,
and collaboration. The use of technology as a tool for research, organization, evaluation and
communication of information is an integral aspect for the future workforce. It is skillfulness in
both proactive learning and response to innovation that will separate students who are prepared
for the work environment of the 21st century from those who are not. Scientific literacy, education
reform, and workforce preparedness are all elements of the educational environment in which LSST
is poised to contribute.

4.3 Teaching and Learning in the Classroom

LSST data can become a key part of projects emphasizing student-centered research in middle
school, high school, and undergraduate settings. Taught in an exemplary fashion, using technology
to its best advantage, students can participate in cutting-edge discovery with authentic classroom
research opportunities developed through the LSST EPO effort. The LSST education program will
design and develop a number of student research projects in conjunction with a teacher professional
development program.

As described in “How People Learn” (Bransford et al. 2000), the goal of education is to help
students develop needed intellectual tools and learning strategies, including how to frame and ask
meaningful questions about various subject areas. This ability will help individuals to become
self-sustaining, lifelong learners.

Engaging students by using real data to address scientific questions in formal education settings
is known to be an effective instructional approach (Manduca & Mogk 2002). The National Sci-
ence Education Standards (National Research Council 1996) emphasize that students should learn
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science through inquiry (Science Content Standard A: Science as Inquiry) and should understand
the concepts and processes that shape our natural world (Science Content Standard D: Earth and
Space Science). Students learn best if they are not passive recipients of factual information but
rather are engaged in the learning process (Wandersee et al. 1994; Hake 1998; Prather et al. 2004;
Duncan 2006).

Professional development, including the preparation and retention of highly qualified teachers,
plays a critical role. The importance of teachers cannot be underestimated. The most direct route
to improving mathematics and science achievement for all students is better mathematics and
science teaching. In fact, “. . . teacher effectiveness is the single biggest factor influencing gains in
achievement, an influence bigger than race, poverty, parent’s education, or any of the other factors
that are often thought to doom children to failure” (Carey 2004).

One goal of having teachers and their students engage in data analysis and data mining, is to help
them develop a sense of the methods scientists employ, as well as a familiarity with the tools they
use to “do science.” The common lecture-textbook-recitation method of teaching, still prevalent
in today’s high schools, prevents students from applying important scientific, mathematical, and
technological skills in a meaningful context. This model of teaching science is akin to teaching all
the rules of a sport, like softball, to a child – how to bat, catch, throw, slide, and wear the uniform
– but never letting the child actually play in a game (Yager 1982).

In order to support implementation of scientific inquiry in classrooms using public databases, the
LSST EPO team is exploring the technological and pedagogical barriers to educational use of
data mining and integrating that knowledge into planned professional development and classroom
implementation modules. We refer to this effort as CSI: The Cosmos, capitalizing on public appeal
of crime scene investigation television shows. We model a research question as a crime scene,
with a mystery to be solved, and answers are found through clues mined from the database.
Our goal is to develop a feasible plan promoting data mining as an instructional approach and
successful classroom implementation, facilitating authentic research experiences using the LSST
database. This approach provides an authentic experience of astronomy as a forensic (evidence-
based) science. What is learned and what is known about our Universe comes entirely from evidence
that is presented to us for observation through telescopes and preserved by us for exploration in
databases. The CSI model of learning science resonates with the inquisitiveness of the human mind
— everyone loves a good detective story.

The LSST EPO group has adopted the formal process of Understanding by Design (Wiggins &
McTighe 2005) to facilitate the cohesive planning and implementation of LSST education for
specific audiences. Experience shows that the most successful classroom research projects fall into
two categories, both of which are natural outcomes of the LSST database:

1. projects that use the same analysis techniques with a changing data set, e.g., measuring
lightcurves of a series of novae or supernovae, and

2. the classification or organization of large samples of a particular object type, such as galaxies.

Sample Learning Experiences being explored for formal settings are all aligned with NRC con-
tent standards for Earth & Space Science, Technology, and Physical Science. Those involving
large number statistics and classification are aligned with mathematical content standards. All
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can be taught in an inquiry-based approach and supported with appropriate professional teacher
development. These Learning Experiences include:

1. Wilderness of Rocks: Students classify asteroids (by rotation curve, light curve, and colors),
make maps of their interplanetary distribution and orbital paths, and use colors to determine
composition. Students also deduce the shape, orientation, and family membership (and pos-
sible binarity of the system) from LSST asteroid observations. Learning goal: to understand
scientific classification and inference through synthesis of information; to understand the sci-
entific measurement process, data calibration, and reduction; and to understand properties
of primordial Solar System bodies. This broad area of investigation could be implemented
at middle school, high school, or undergraduate levels.

2. Killer Asteroids: Students measure the locations of small Solar System bodies in multiple
LSST images to calculate their orbital parameters and to see if a planetary impact is possible.
If an asteroid will pass near a planet, the odds of an impact are also determined. Learning
goal: to understand orbits, hazards from space, detection methods, and mitigation strategies.

3. Type Ia Supernovae in the Accelerating Universe: An analysis of Type Ia Supernovae light
curves could be developed in partnership with the SDSS-II survey during the LSST con-
struction phase. Students would monitor the images of ∼ several hundred nearby galaxies as
measured by LSST, and try to find supernovae. This project is most appropriate for physics
classes and astronomy research classes at the high school and undergraduate levels. Learning
goal: to understand scientific data collection, and to understand fundamental physics as it
applies to cosmology and stars.

4. Photometric Redshifts: Using optical colors from the LSST database, students apply the
photometric redshift technique to measure the distance to high-redshift galaxies and to esti-
mate their star formation history. Learning goal: to understand the concepts of photometric
redshift, star and galaxy evolution, and model-fitting.

5. Galaxy Crash (Train Wreck): Using deep, wide surveys at many wavelengths, students track
the rate of galaxy collisions as a function of redshift. While we can’t watch individual galaxies
collide and merge, we can use a wide survey to catch an ensemble of colliding galaxies in
all stages of interaction in order to understand the processes of environment-driven galaxy-
building and cosmological mass assembly. Learning goal: to understand galaxy evolution
timescales and the concepts of dynamical evolution, hierarchical galaxy formation, and the
development of the Hubble sequence of galaxies.

6. Star Cluster Search: Students search for overdensities of stars, to determine if a star cluster
or star stream may be contained within the data. Students plot a simple H-R diagram
and estimate the age of the star cluster or star stream (from the H-R diagram). If the
overdensity looks promising, students can check lists of known clusters (e.g., WEBDA1) to
determine other properties of the star system and to verify their age estimate. Learning goal:
to understand the HR diagram, star formation in groups, stellar evolution, the difference
between apparent and absolute magnitudes, gravitational clustering in astrophysical settings,
and how to check online databases.

1http://www.univie.ac.at/webda/
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4.4 Outside the Classroom — Engaging the Public

The formal education system does not exist in a vacuum; students, teachers, and families are all
part of the broader context in which we learn. Opportunities that exist for learning outside the
classroom include Informal Science Education (ISE), Out-of-School Time (OST), and the world
of Citizen Science, where non-specialist volunteers assist scientists in their research efforts by
collecting, organizing, or analyzing data. More than a decade of research now shows that sustained
participation in well-executed OST experiences can lead to increases in academic achievement and
positive impact on a range of social and developmental outcomes (Harvard Family Research Project
2008).

Adults play a critical role in promoting children’s curiosity, and persistence studies show that that
one of the best indicators of likely success in the educational system (i.e., matriculation all of
the way to graduation) is a home environment that is supportive of education (NIU College of
Education, Center for Child Welfare and Education 2009). Engagement of parents in informal
education, visits to museums and planetaria, and now Citizen Science can all help to create an
environment that encourages young people to pursue challenging courses in math and science. As
then-candidate Barack Obama said in his speech, “What is Possible for our Children” in May 2008,
“There is no program and no policy that can substitute for a parent who is involved in their child’s
education from day one” (Denver Post 2008).

“Experiences in informal settings can significantly improve science learning outcomes for individuals
from groups, which are historically underrepresented in science, such as women and minorities.
Evaluations of museum-based and after-school programs suggest that these programs may also
support academic gains for children and youth in these groups” (Bell et al. 2009).

Two concepts are under development to engage the interested public in LSST through the Internet
outside of the classroom. It is expected that these public interfaces can provide a gateway to more
formal activities in the classroom as described above, once interest is established.

1. Cosmic News Network (CN2): A web-based news report on “changes” in the world of physics
and astronomy; that is, a News, Weather, and Traffic Report of the Universe. Presented in the
format of an online popular news source like cnn.com or msnbc.com, we will collect, organize,
and present information on everything that could be reported as news in the Universe: phases
of the Moon, eclipses, planet positions, satellite locations, the discovery of new asteroids, new
Kuiper Belt objects, extra-solar planet transits, supernovae, gamma ray bursts, gravitational
microlensing events, unusual optical transients, particle physics experiments, solar weather
data, launches, comets, hot stories, and more. New media technologies will be used on the
site, including an LSST blog and links to existing podcasts and video casts, RSS feeds and
widgets of interest. Just as someone checks the morning on-line or on-paper news source
to learn what happened overnight in the world, they would access the CN2 web portal to
learn about recent happenings in the Universe, including daily reports of the most significant
LSST alerts and transient events.

2. LSST@HOME: A way for the general public or classrooms to adopt a piece of the celestial
highway and call it their own. As in the public “Adopt-A-Highway” service along our nation’s
highways, individuals and organizations would register at no cost to be identified with a patch
of the Universe. “Owners” of the patch can contribute their own inputs: images, links to other
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data and information resources for sources in the region, news events based in that region,
tracks of asteroids that have passed or that will pass through the area, new measurements
(astrometry, photometry, redshifts), links to related published papers, etc. These celestial
patches may provide the starting point for robotic telescope observation requests for ancillary
data on objects and/or LSST events within the region. We will develop a mechanism to
collect, distribute, and archive all metadata about the adoptable, small parcels of the “LSST
sky” (e.g., one square degree), including a table of historical VOEvents within the region. A
user will be able to click anywhere on the LSST sky to learn about objects and discoveries
within the selected stamp. Some users will be interested only in monitoring their patch of sky,
while active users will be able to explore events and return their findings to the professional
scientific community, for follow-up observations or publication. The gateway to the data can
be provided through the World-Wide Telescope (WWT) or Google Sky interfaces. The LSST
EPO Database would serve the cutouts. The VOEvent database would serve the alerts.

With survey projects like LSST (and its predecessors) on the sky, the role of amateur astronomers
will shift away from discovery space into opportunities for follow-up and data mining. LSST
saturates at magnitude 16, well within the reach of many well-equipped amateurs. Thousands of
alerts per night will point to objects to be understood and monitored. Two windows of opportunity
are particularly well suited to amateur observations: 1) following an object’s brightness as its light
curve rises above what LSST can observe and 2) filling in observations between LSST visits to
increase time coverage of suitable objects. Working with the American Association of Variable
Star Observers (AAVSO), pro-am collaborations and Citizen Science venues will be developed into
partnerships that extend the scientific productivity of LSST.

4.5 Citizen Involvement in the Scientific Enterprise

Citizen Science is emerging as a popular approach to engaging the general public and students
in authentic research experiences that contribute to the mission of a scientific research project
(Raddick et al. 2009). Citizen Science specifically refers to projects in which volunteers, many of
whom have little or no specific scientific training, perform or manage research-related tasks such
as classification, observation, measurement, or computation. As reported at the Citizen Science
Toolkit Conference held in Ithaca, NY, June 20th-23rd, 2007, successful Citizen Science projects
are known to include authentic contributions to the field, not just “busy work,” as well as validation
for volunteer’s effort. LSST recognizes the importance of Citizen Scientists in the astronomical
endeavor and the vital contributions to research activities made by volunteers from the American
Association of Variable Star Observers (AAVSO), NASA’s Lunar Impact Monitoring project, and
others.

Citizen Science is one approach to informal science education, engaging the public in authentic
scientific research. Figure 4.1 illustrates design considerations for Citizen Science Projects, showing
three overlapping circles: projects that people want to do, projects that people can do, and projects
that scientists want done. A recent and highly successful astronomy Citizen Science project, Galaxy
Zoo, sits in the sweet spot of the intersection of these three circles. Galaxy Zoo has involved more
than 200,000 armchair astronomers from all over the world in classifying the morphology of galaxies
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Stardust@home

Research the
Public Can Do

Research 
Scientists

Care About

Research That
is Interesting to
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Citizen Science Projects

Carney and Raddick �private communication�

Figure 4.1: Citizen Science offers volunteers a fun and meaningful way to contribute to science. It offers scientific researchers
the means to complete projects that are otherwise impossible to do on a reasonable time scale. The most successful projects
maximize volunteer contributions and scientific value. Three overlapping circles symbolize design considerations for Citizen
Science projects: Research the Public Can Do, Research that is Interesting to the Public, and Research that Scientists Care
About. Finding out exactly why a particular project occupies one portion of the diagram over another is a key part of the
research agenda for Citizen Science. In all cases, Citizen scientists work with real data and perform duties of value to the
advancement of science.

from the SDSS, resulting in four papers published in peer-reviewed journals already (Land et al.
2008; Lintott et al. 2008; Slosar et al. 2009; Bamford et al. 2009). In the 18 months prior to February
2009, 80 million classifications of galaxies were submitted on 900,000 galaxies at galaxyzoo.org.

The Stardust@home project (Mendeź Bryan 2008) where volunteers pass a test to qualify to par-
ticipate in the search for grains of dust in aerosol gels from the NASA Stardust Mission, has
attracted smaller numbers of Citizen Scientists (24,000), perhaps because of the more sophisti-
cated training and analysis required by participants, or perhaps because images of galaxies are
inherently more interesting to the larger public than cracks in an aerosol gel. In all cases, Citizen
Scientists work with real data and perform authentic research tasks of value to the advancement of
science. The human is better at pattern recognition (Galaxy Zoo) and novelty (outlier) detection
(Stardust@home) tasks than a computer, making Galaxy Zoo’s galaxy classification activity and
others like it good candidates for successful Citizen Science projects.

Within the realm of LSST, many Citizen Science projects are possible, including these proposed
by the Science Collaboration Teams:

1. Galaxy Zoo Extension: Continue the Galaxy Zoo classification project with LSST data,
adding billions of candidates to the sample. Extend classification categories to include low
surface brightness galaxies and mergers. Put interacting galaxies in a sequence, and under-
stand the timescales for the collision to produce detectable distortions in the galaxies and for
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the eventual merger of the two galaxies. Explore how to use a large sample to probe changes
over a Hubble time (Chapter 9).

2. Light Curve Zoo: Classify light curves generated from the automatically provided photometry
of variable objects. Use trained human volunteers for the initial classifications (Chapter 8).
The AGN group offers several suggestions (§ 10.8): Once a gravitationally lensed AGN has
been identified via the presence of multiple images, one of the key projects would be to
measure the brightness of the lensed images as the magnification caustics sweep across the
accretion disk. These light curves will then be used in a sophisticated statistical analysis to
infer AGN accretion disk sizes. One important and attainable project would be a study of
the light curves of different classes of Active Galactic Nuclei, which are then used to model
the differences due to obscuration and luminosity.

3. Lens or Not: Find new gravitational lens candidates via the Galaxy Zoo model. Human
recognition of arcs, rings, and multiply-imaged sources can supplement the pattern recog-
nition tools within the LSST image processing pipeline and aid in the discovery of rare
unique objects. This investigation could be extended to the classroom by having students
interactively model variables of mass, light, and placement to recreate the observed lensed
candidates. (Chapter 12).

4. Human Computing: Label and annotate LSST images, along the lines of the Google image
labeler (http://images.google.com/imagelabeler/) or the ESP Guessing Game
(http://www.gwap.com) in which participants select words to describe and annotate each
image; the most popular descriptors become part of the image header.

4.6 Diversity

A negative trend over the past 25 years is the increasing numbers of students – now nearly 1/3 –
who do not graduate from high school (Greene & Winters 2005) and who therefore do not posses
the minimum education required to be functioning Citizens and workers in a global environment.
A disproportionate number of these students are from groups of ethnic and racial minorities,
students from low-income families, and recent immigrants, all of whom have been ill-served by our
educational system. The Greene and Winters study said: “the national graduation rate2 for the
class of 1998 was 71%. For white students the rate was 78%, while it was 56% for African-American
students and 54% for Latino students.” Sixteen of the 50 largest school districts in the US failed
to graduate more than half of their African-American students. All but 15 of the districts for
which rates can be computed have Latino graduation rates below 50%. Minorities comprise the
fastest growing segment of the US workforce, yet these are the same individuals most likely to be
undereducated and consequently unqualified for positions in the science and technology fields. The
statistics underscore the importance of diversity and inclusion, as aging baby boomers leave the
workforce to an increasingly diverse pool of replacement workers.

LSST is well positioned to broaden participation of underrepresented groups in astronomy and
physics with its open access policy and EPO plan integrating science and education. The data-
intensive aspects of LSST includes research and education opportunities specifically in the contexts

2Graduation rate is defined by the Manhattan Institute study to be: graduation rate = regular diplomas from 1998
divided by adjusted 8th grade enrollment from 1993.
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of computer science, instrumentation, and the data sciences (Borne & Jacoby 2009). Thinking
beyond the traditional types of students will open up a vastly larger pool of talent encompassing
a diversity of disciplinary backgrounds and educational levels. LSST scientists and engineers
throughout the project will partner with Faculty and Student Teams (FaST) from minority-serving
institutions to develop long-term research and educational opportunities. This work builds on two
years experience with NSF/DOE sponsored FaST teams at three LSST institutions: BNL (focal
plane sensor development), SLAC (system calibration), and UW (variability detection sensitivity).

4.7 Summary

The challenge of today is not only to build excellence in students and teachers, but also to provide
access to this excellence – quality education for all. To do this, we engage the entire community
– students, teachers, parents, and the public – with pathways to lifelong learning. With its open
data policy and data products that offer vast potential for discovery, congruence with educational
standards, and relevance to problems that are inherently interesting to students, LSST offers a
unique opportunity to blend research and education and to achieve the national goal of quality
education for all students and enhanced scientific literacy for all citizens.

This engagement of the public in LSST-enabled formal and informal education is not entirely
altruistic on our part. Full exploration of the LSST databases (to maximize specific scientific
goals) is likely to require the engagement of large numbers of people outside the formal LSST
project structure, and even beyond the traditional professional astronomy research community.
By welcoming educators, students, and amateur astronomers to the LSST database, the doors will
be opened wide to all. “And why not open the doors wide? It’s hard to imagine that this data
will ever get used up – that all the good discoveries will one day be wrung out of it – so the more
minds working away at it, the better” (Becker 2009).

LSST is uniquely positioned to have high impact with the interested public and K-16 educational
programs. Engaging the public in LSST activities has, therefore, been part of the project design
from the beginning. This involvement and active participation will allow LSST to fulfill its public
responsibility and extend its scientific potential – a truly transformative idea for the 21st century
telescope system.
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5 The Solar System

R. Lynne Jones, Steven R. Chesley, Paul A. Abell, Michael E. Brown, Josef Ďurech, Yanga R.
Fernández, Alan W. Harris, Matt J. Holman, Željko Ivezić, R. Jedicke, Mikko Kaasalainen, Nathan
A. Kaib, Zoran Knežević, Andrea Milani, Alex Parker, Stephen T. Ridgway, David E. Trilling,
Bojan Vršnak

LSST will provide huge advances in our knowledge of millions of astronomical objects “close to
home’”– the small bodies in our Solar System. Previous studies of these small bodies have led
to dramatic changes in our understanding of the process of planet formation and evolution, and
the relationship between our Solar System and other systems. Beyond providing asteroid targets
for space missions or igniting popular interest in observing a new comet or learning about a new
distant icy dwarf planet, these small bodies also serve as large populations of “test particles,”
recording the dynamical history of the giant planets, revealing the nature of the Solar System
impactor population over time, and illustrating the size distributions of planetesimals, which were
the building blocks of planets.

In this chapter, a brief introduction to the different populations of small bodies in the Solar System
(§ 5.1) is followed by a summary of the number of objects of each population that LSST is expected
to find (§ 5.2). Some of the Solar System science that LSST will address is presented through the
rest of the chapter, starting with the insights into planetary formation and evolution gained through
the small body population orbital distributions (§ 5.3). The effects of collisional evolution in the
Main Belt and Kuiper Belt are discussed in the next two sections, along with the implications for
the determination of the size distribution in the Main Belt (§ 5.4) and possibilities for identifying
wide binaries and understanding the environment in the early outer Solar System in § 5.5. Utilizing
a “shift and stack” method for delving deeper into the faint end of the luminosity function (and
thus to the smallest sizes) is discussed in § 5.6, and the likelihood of deriving physical properties
of individual objects from light curves is discussed in the next section (§ 5.7). The newly evolving
understanding of the overlaps between different populations (such as the relationships between
Centaurs and Oort Cloud objects) and LSST’s potential contribution is discussed in the next
section (§ 5.8). Investigations into the properties of comets are described in § 5.9, and using them
to map the solar wind is discussed in § 5.10. The impact hazard from Near-Earth Asteroids (§ 5.11)
and potential of spacecraft missions to LSST-discovered Near-Earth Asteroids (§ 5.12) concludes
the chapter.

5.1 A Brief Overview of Solar System Small Body Populations

Steven R. Chesley, Alan W. Harris, R. Lynne Jones
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A quick overview of the different populations of small objects of our Solar System, which are
generally divided on the basis of their current dynamics, is:

• Near-Earth Asteroids (NEAs) are defined as any asteroid in an orbit that comes within
1.3 astronomical unit (AU) of the Sun (well inside the orbit of Mars). Within this group,
a subset in orbits that pass within 0.05 AU of the Earth’s orbit are termed Potentially
Hazardous Asteroids (PHAs). Objects in more distant orbits pose no hazard of Earth
impact over the next century or so, thus it suffices for impact monitoring to pay special
attention to this subset of all NEAs. Most NEAs have evolved into planet-crossing orbits
from the Main Asteroid Belt, although some are believed to be extinct comets and some are
still active comets.

• Most of the inner Solar System small bodies are Main Belt Asteroids (MBAs), lying
between the orbits of Mars and Jupiter. Much of the orbital space in this range is stable for
billions of years. Thus objects larger than 200 km found there are probably primordial, left
over from the formation of the Solar System. However, the zone is crossed by a number of
resonances with the major planets, which can destabilize an orbit in that zone. The major
resonances are clearly seen in the distribution of orbital semi-major axes in the Asteroid
Belt: the resonances lead to clearing out of asteroids in such zones, called Kirkwood gaps.
As the Main Belt contains most of the stable orbital space in the inner Solar System and
the visual brightness of objects falls as a function of distance to the fourth power (due to
reflected sunlight), the MBAs also compose the majority of observed small moving objects
in the Solar System.

• Trojans are asteroids in 1:1 mean-motion resonance with any planet. Jupiter has the largest
group of Trojans, thus “Trojan” with no clarification generally means Jovian Trojan (“TR5”
is also used below as an abbreviation for these). Jovian Trojan asteroids are found in two
swarms around the L4 and L5 Lagrangian points of Jupiter’s orbit, librating around these
resonance points with periods on the order of a hundred years. Their orbital eccentricity is
typically smaller (<0.2) than those of Main Belt asteroids, but the inclinations are compara-
ble, with a few known Trojans having inclinations larger than 30 degrees. It seems likely that
each planet captured planetesimals into its Trojan resonance regions, although it is not clear
at what point in the history of the Solar System this occurred or how long objects remain in
Trojan orbits, as not all Trojan orbits are stable over the lifetime of the Solar System.

• Beyond Neptune, the Trans-Neptunian Objects (TNOs) occupy a large area of stable
orbital space. When these objects were first discovered, it was thought that they were
truly primordial remnants of the solar nebula, both dynamically and chemically primordial.
Further discoveries proved that this was not the case and that the TNOs have undergone
significant dynamical processing over the age of the Solar System. Recent models also indicate
that they are likely to have been formed much closer to the Sun than their current location, as
well as being in high relative velocity, collisionally erosive orbits. Thus, they are likely to also
have undergone chemical processing. TNOs can be further broken down into Scattered Disk
Objects (SDOs), in orbits which are gravitationally interacting with Neptune (typically e >
0.3, q < 38 AU); Detached Objects, with perihelia beyond the gravitational perturbations
of the giant planets; Resonant Objects, in mean-motion resonance (MMR) with Neptune
(notably the “Plutinos,” which orbit in the 3:2 MMR like Pluto); and the Classical Kuiper
Belt Objects (cKBOs), which consist of the objects with 32 < a < 48 AU on stable
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orbits not strongly interacting with Neptune (see Gladman et al. 2008 for more details on
classification within TNO populations). The Centaurs are dynamically similar in many
ways to the SDOs, but the Centaurs cross the orbit of Neptune.

• Jupiter-family comets (JFCs) are inner Solar System comets whose orbits are dominantly
perturbed by Jupiter. They are presumed to have derived from the Kuiper Belt in much the
same manner as the Centaur population. These objects are perturbed by the giant planets
into orbits penetrating the inner Solar System and even evolve into Earth-crossing orbits.
The Centaurs may be a key step in the transition from TNO to JFC. The JFCs tend to have
orbital inclinations that are generally nearly ecliptic in nature. A second class of comets, so-
called Long Period comets (LPCs), come from the Oort Cloud (OC) 10,000 or more
AU distant, where they have been in “deep freeze” since the early formation of the planetary
system. Related to this population are the Halley Family comets (HFCs), which may
also originate from the Oort Cloud, but have shorter orbital periods (traditionally under 200
years). Evidence suggests that some of these HFCs may be connected to the Damocloids,
a group of asteroids that have dynamical similarities to the HFCs, and may be inactive or
extinct comets. A more or less constant flux of objects in the Oort Cloud is perturbed into
the inner Solar System by the Galactic tide, passing stars, or other nearby massive bodies
to become the LPCs and eventually HFCs. These comets are distinct from JFCs by having
very nearly parabolic orbits and a nearly isotropic distribution of inclinations. Somewhat
confusingly, HFCs and JFCs are both considered “short-period comets” (SPCs) despite the
fact that they likely have different source regions.

5.2 Expected Counts for Solar System Populations

Željko Ivezić, Steven R. Chesley, R. Lynne Jones

In order to estimate expected LSST counts for populations of small solar system bodies, three sets
of quantities are required:

1. the LSST sky coverage and flux sensitivity;

2. the distribution of orbital elements for each population; and

3. the absolute magnitude (size) distribution for each population.

Discovery rates as a function of absolute magnitude can be computed from a known cadence and
system sensitivity without knowing the actual size distribution (the relevant parameter is the
difference between the limiting magnitude and absolute magnitude). For an assumed value of
absolute magnitude, or a grid of magnitudes, the detection efficiency is evaluated for each modeled
population. We consider only observing nights when an object was observed at least twice, and
consider an object detected if there are three such pairs of detections during a single lunation. The
same criterion was used in recent NASA NEA studies.

Figure 5.1 summarizes our results, and Table 5.2 provides differential completeness (10%, 50%,
90%) values at various H magnitudes1. The results essentially reflect the geocentric (and for

1The absolute magnitude H of an asteroid is the apparent magnitude it would have 1 AU from both the Sun and
the Earth with a phase angle of 0◦.
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NEAs, heliocentric), distance distribution of a given population. The details in orbital element
distribution are not very important, as indicated by similar completeness curves for NEAs and
PHAs, and for classical and scattered disk TNOs.

The next subsections provide detailed descriptions of the adopted quantities.

Figure 5.1: Cumulative counts of asteroids detected by LSST vs. size for dominant populations of Solar System
bodies, as marked. The total expected numbers of objects detected by LSST are 5.5 million Main Belt asteroids,
100,000 NEAs, 280,000 Jovian Trojans, and 40,000 TNOs (marked KBO).

5.2.1 LSST Sky Coverage and Flux Sensitivity

A detailed discussion of the LSST flux limits for moving objects and impact of trailing losses is
presented in Ivezić et al. (2008), §3.2.2. Here we follow an identical procedure, except that we
extend it to other Solar System populations: Near-Earth Asteroids, Main Belt asteroids, Jovian
Trojans, and TNOs.

The sky coverage considered for the cumulative number of objects in each population includes the
universal cadence fields and the northern ecliptic spur, as well as the “best” pairs of exposures from
the deep drilling fields. However, the increased depth in the deep drilling fields which is possible
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Table 5.1: Absolute magnitude at which a given detection completeness is reacheda

Population H(90%) H(50%) H(10%) Nb
LSST

PHA 18.8 22.7 25.6 —

NEA 18.9 22.4 24.9 100,000

MBA 20.0 20.7 21.9 5.5 million

TR5 17.5 17.8 18.1 280,000

TNO 7.5 8.6 9.2 40,000

SDO 6.8 8.3 9.1 —
aTable lists absolute magnitude H values at which a differential completeness of 90%, 50% or
10% is reached. This is not a cumulative detection efficiency (i.e. completeness for H > X),
but a differential efficiency (i.e. completeness at H = X). bApproximate total number of objects
detected with LSST, in various populations. PHAs and SDOs are included in the counts of NEAs
and TNOs.

from co-adding the exposures using shift-and-stack methods is not considered here. Instead, the
results of deep drilling are examined in § 5.6.

5.2.2 Assumed Orbital Elements Distributions

We utilize orbital elements distributed with the MOPS code described in § 2.5.3. The MOPS code
incorporates state-of-the-art knowledge about various Solar System populations (Grav et al. 2009).
The availability of MOPS synthetic orbital elements made this analysis fairly straightforward. In
order to estimate the efficiency of LSST cadence for discovering various populations, we extract
1000 sets of orbital elements from MOPS for each of the model populations of NEAs, PHAs, MBAs,
Jovian Trojans, TNOs and SDOs.

Using these orbital elements, we compute the positions of all objects at the time of all LSST
observations listed in the default cadence simulation (see § 3.1). We use the JPL ephemeris code
implemented as described in Jurić et al. (2002). We positionally match the two lists and retain all
instances when a synthetic object was within the field of view. Whether an object was actually
detected or not depends on its assumed absolute magnitude, drawn from the adopted absolute
magnitude distribution (see § 5.2.3).

These orbital element distributions are, of course, only approximate. However, they represent the
best current estimates of these populations, and are originated from a mixture of observations and
theoretical modeling. This technique provides an estimate of the fraction of detectable objects in
each population, at each absolute magnitude. The results of this analysis are shown in Figure 5.2.

5.2.3 The Absolute Magnitude Distributions

LSST’s flux limit will be about five magnitudes fainter that the current completeness of various
Solar System catalogs. Hence, to estimate expected counts requires substantial extrapolation of
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Figure 5.2: A comparison of LSST discovery efficiency for dominant populations of Solar System bodies. Solid lines
correspond to classical TNOs (red), Jovian Trojans (magenta), Main Belt Asteroids (green), and NEAs (blue). The
red dashed line corresponds to scattered disk objects, and the blue dashed line to PHAs. Note that the completeness
for NEAs and PHAs does not reach 100% even for exceedingly large objects (due to finite survey lifetime).

known absolute magnitude distributions. We adopt the following cumulative distributions, which
are illustrated in Figure 5.3.

For MBAs, we adopt the shape of the cumulative counts curve based on SDSS data and given by
Equation 12 of Ivezić et al. (2001), including their normalization of 774,000 objects larger than
D = 1 km

NMBA
cum = 267, 000

100.43x

100.18x + 10−0.18x
, (5.1)

where x = H − 15.7 and a fiducial albedo of 0.14 is assumed (so that H = 22 corresponds to a size
of 140 m, as discussed in the NEA context, see § 5.11). This normalization agrees within 10% with
the (Durda & Dermott 1997) result that there are 67,000 objects with H < 15.5 (assuming a mean
albedo for MBAs of 0.10), and is consistent at the same level with the latest SDSS results (Parker
et al. 2008). This approach is accurate to only several tens of a percent, because the shape of the
count vs. H curve varies across the belt and between families and background, as well as among
individual families. At this level of accuracy, there are about a million Main Belt Asteroids larger
than 1 km. We note that the MOPS normalization implies twice as many objects as given by this
normalization. About half of this discrepancy could be due to faulty H values in contemporary
asteroid catalogs (for more details, see Parker et al. 2008). For other populations, we adopt the
cumulative counts implemented in MOPS.

For NEAs, we adopt the Bottke et al. (2002) result

NNEA
cum = 960× 100.35(H−18). (5.2)
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Figure 5.3: A comparison of cumulative count vs. absolute magnitude curves for dominant populations of Solar
System bodies. The solid portion of the line for Main Belt Asteroids signifies directly constrained counts; all dashed
lines are extrapolations from brighter H. The horizontal line at N = 106 is added to guide the eye. The object
diameters marked on top correspond to an albedo of 0.14. Populations with low median albedo, such as Jovian
Trojans and TNOs, have 2-3 times larger D for a given H. In particular, there are comparable numbers of Main
Belt Asteroids and Jovian Trojans down to the same size limit.

For Jovian Trojans, we adopt the Szabó et al. (2007) result

NTr5
cum = 794× 100.44(H−12). (5.3)

This expression was constrained using SDSS data to H = 14, and implies similar counts of Jovian
Trojans and Main Belt Asteroids down to the same size limit, for sizes larger than ∼10 km. Note
that this does not imply similar observed number counts of Jovian Trojans and MBAs, since the
Main Belt is much closer. The extrapolation of this expression to H > 14 may be unreliable. In
particular, the Jovian Trojan counts become much larger than the cumulative counts of MBAs for
H > 20, because the counts slope at the faint end becomes smaller for the latter. A recent study
based on SDSS data by Szabó & Kiss (2008) demonstrated that existing moving object catalogs
are complete to r ∼ 19.5, or to a size limit of about 20 km, giving a total count of the order a
thousand known Jovian Trojans.

For TNOs, we adopt results obtained by Trujillo et al. (2000, 2001)

NTNO
cum = 71, 400× 100.63(H−9.1), (5.4)

where we assumed a normalization of 71,400 objects larger than 100 km, and an albedo of 0.04.
This normalization includes classical, scattered disk and resonant TNOs, with equal numbers of
classical and resonant objects and 0.8 Scattered Disk Objects per classical TNO.
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5.2.4 Expected Cumulative Counts

Given the adopted cumulative counts (§ 5.2.3) and completeness curves (§ 5.2.2), it is straightfor-
ward to generate the expected observed counts. Table 5.2 provides the expected LSST sample size
for each population.

Unsurprisingly, the largest observed sample will be MBAs, which will be probed to a size limit as
small as ∼ 100 m. It is remarkable that the Jovian Trojan sample will include ∼ 280, 000 objects,
on the order of the number of currently known MBAs – currently there are only a few thousand
known Jovian Trojans. In addition, the expected detection of 40,000 objects in the TNO sample,
with accurate color and variability measurements for a substantial fraction of these objects, will
enable investigation of these distant worlds with a thoroughness that is currently only possible for
MBAs.

Figure 5.4 shows the median number of expected LSST observations (based on the Operations
Simulator; § 3.1) for dominant populations of Solar System bodies. We do not include nights with
only one detection. A significant fraction of discovered objects will have several hundred detections.
For example, more than 150 observations will be available for about 500 NEAs, one million MBAs,
50,000 Jovian Trojans and 7,000 TNOs. The corresponding counts for objects with more than 100
observations are 1,400 NEAs, 1.6 million MBAs, 80,000 Jovian Trojans, and 11,000 TNOs. These
large numbers of multi-color light curves will enable numerous novel research directions in studies
such as light-curve inversion for a significant fraction of these Solar System populations.
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Figure 5.4: The median number of expected LSST detections of a given object as a function of H for dominant
populations of Solar System bodies. Solid lines correspond to classical TNOs (red), Jovian Trojans (magenta), MBAs
(green), and NEAs (blue). The red dashed line corresponds to Scattered Disk Objects, and the blue dashed line to
PHAs. Nights with only one detection are not counted.
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5.3 The Orbital Distributions of Small Body Populations

R. Lynne Jones, Michael E. Brown

LSST will produce large catalogs of well-measured orbits for moving objects throughout the So-
lar System from NEAs to TNOs. These orbital catalogs are important for many reasons, the
most obvious of which is the necessity of predicting highly accurate ephemerides (positions and
magnitudes) for the study of individual objects in greater detail. Just as (or more) important,
however, is the study of the ensemble of orbits (as the distribution of orbital parameters) in order
to understand the current state and previous evolution of each population of small bodies, as this
is inextricably linked to the evolution of the giant planets. Information about this evolution is
preserved in the orbital parameters of the small bodies.

The importance of this record was first clearly realized when the discovery of large numbers of TNOs
in mean-motion resonance with Neptune, together with the discovery of giant extrasolar planets
at small distances from their stars, created a new vision of our Solar System. Instead of a static
place, where the giant planets formed in their current locations, Malhotra (1995) proposed that
a gradual outward migration in Neptune’s orbit could have gathered TNOs into 2:3 mean-motion
resonance (MMR) with Neptune. This migration trapped TNOs (Plutinos in this resonance) into
the 2:3 MMR resonance at a density higher than in the rest of the Kuiper Belt. In this new vision
of a more dynamic Solar System, the orbital distributions of large populations of small bodies
serve as “test particles” and preserve an invaluable fossil record of the orbital evolution of the
giant planets.

In recent years, the Nice model (Tsiganis et al. 2005) has proposed that all giant planets formed at
less than 14 AU from the Sun and the solar nebula was truncated near 30 AU. The giant planets
and small bodies in the Solar System subsequently evolved to their current state through planetary
migration due to angular momentum exchange with planetesimals. The Nice model presents an
intriguing theory which could account for many previously unexplained problems in various small
body populations: the mass depletion observed in the Kuiper Belt (Levison et al. 2008b) and the
Asteroid Belt (O’Brien et al. 2007), the orbital distribution of Trojans (Morbidelli et al. 2005), and
the late heavy bombardment (Gomes et al. 2005). However, the Nice model has no obvious way
to produce the detached TNOs with perihelion beyond 50 AU (such as 2004 XR190) and also has
problems reproducing the orbital distribution (particularly the inclinations) of the cold classical
Kuiper Belt.

There are other older but still competitive theories: models related to the slow planetary migration
first detected in the Plutino fraction (Gomes 2003; Gomes et al. 2004; Hahn & Malhotra 2005),
models where a rogue planetary embryo or large planetesimal pass through or orbit briefly in the
outer Solar System (Petit et al. 1999; Gladman & Chan 2006), or models of nearby stellar passages
early in the history of the Solar System (Ida et al. 2000; Kenyon & Bromley 2004; Morbidelli &
Levison 2004; Brasser et al. 2008; Kaib & Quinn 2008). Each of these theories has particular
strengths. The stellar flyby model is able to produce objects with large semi-major axes, high
perihelions, and high eccentricities such as Sedna. The rogue planetary embryo model is able to
produce objects like 2004 XR190 with perihelion beyond the reach of Neptune’s perturbation, high
inclination or eccentricity, but semi-major axis just outside the classical belt, without perturbing
the classical belt as strongly as the stellar flyby model would. The slow migration model can drop
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objects into low eccentricity orbits, perhaps even to the level of creating the dynamically cold
classical belt, while creating a distribution of inclinations. A major problem with all of these the-
ories beyond various problems recreating specifics of the inclination and eccentricity distributions
is that the mass required to build the largest objects we see in the Kuiper Belt today is much
larger than the total mass detected (Stern & Colwell 1997); therefore the mass must have been
depleted somehow. The amount of mass depletion required would likely have left its trace in the
orbit of Neptune (Gomes et al. 2004), resulting in a different orbit than observed today (circular
at 30 AU). However, none of these models has been conclusively ruled out, and it seems likely
that one or more of these mechanisms has contributed to the current distribution of TNOs, in
particular since migration is known to have occurred in some form, and passing stars in the solar
birth environment is likely (Lada & Lada 2003).

It becomes clear from this range of models that can potentially fit the available data that the
current statistical sample of TNOs (< 2, 000 objects) is unable to make strong distinctions among
the theories. With a vastly increased sample size, LSST will provide much stronger statistical
tests. In particular, the inclination and eccentricity distributions of the classical belt will be
well measured, along with obtaining griz color measurements for further understanding of the
“cold” and “hot” classical belt members – this alone should provide strong constraints on the
Nice model and determine whether a rogue embryo or planetesimal must have passed through the
primordial Kuiper Belt. By measuring the perihelion distribution of Scattered Disk Objects to
greater distances (LSST can detect objects down to 400 km in diameter as far as 100 AU assuming
an albedo of 0.1) and larger amounts of sky than currently possible, LSST will provide direct tests
of the stellar flyby models.

In addition, the detection of “rare” objects can provide strong leverage to distinguish among
models, or even rule out theories which are unable to create such objects. As an example of a
currently known rare population, there are a handful of TNOs, called “detached” TNOs (Gladman
et al. 2008), which generally show the signature of some strong dynamical perturbation in the
past through a current high eccentricity or inclination but without a strong indication of the cause
of this perturbation. As the detached TNOs have perihelia beyond ∼ 45 AU, the perturbations
cannot be due to gravitational interaction with the giant planets. For some of these detached
objects, such as 2000 CR105 (Gladman et al. 2002) or Sedna (Brown et al. 2004) (whose orbit is
entirely contained beyond the outer edge of the classical Kuiper Belt, ∼ 50 AU, and inside the
inner edge of the Oort Cloud, ∼ 20, 000 AU), interaction with a passing star seems the most likely
cause (Morbidelli & Levison 2004). For others, such as 2004 XR190 (Allen et al. 2006) or 2008 KV42

(Gladman et al. 2009) (the first known retrograde TNO, having an inclination of 102◦), the source
of the perturbation is much less clear. A complication in the interpretation of these unusual objects
is knowing if the newly discovered TNO is just an unlikely outlier of an underlying distribution, or
if it truly is the “first discovery of its kind.” Many of these problems in interpretation are due to
observational selection biases in flux, inclination, and observational followup (Kavelaars et al. 2008)
or miscalculated orbits (Jones et al. 2009). For example, retrograde TNOs are not only difficult to
detect due to their apparent rarity, but in a short series of observations (a few days), the orbit can
appear to be that of a much more common nearby high-eccentricity asteroid instead of a distant
retrograde or high-inclination TNO. The frequent observing schedule and well-characterized in
limiting magnitude and sky coverage of LSST will minimize the effect of these biases. With the
total sample size of ∼ 40, 000 TNOs expected by LSST, it will also be possible to characterize
these rare objects, which likely compose at most a few percent of the observed population.
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In general, a large sample of TNOs with well-measured orbits, detected in a well-characterized
survey, will provide strong statistical tests for the current theories of Solar System evolution and
strong pointers to where the models need to go for the next generation of theories.

These tests can be carried on into the inner Solar System, although in these regions the populations
have been much more strongly affected by perturbations from the planets. For example, resonances
in the Main Asteroid Belt were long ago cleared of primordial objects, since these resonances
are unstable to gravitational perturbations from Jupiter. Asteroids which chance to drift into
these zones (i.e., by Yarkovsky drift), will be promptly removed by resonant perturbations to
become planet-crossing, and from there suffer collision or ejection by close encounters with major
planets. Interestingly, the Main Belt itself seems to have been severely depleted of mass, beyond
the expected losses due to ejection by gravitational perturbation from the planets in their current
locations. The Main Belt inclination distribution also has been dynamically excited, in a manner
similar to the classical Kuiper Belt. Theories to explain this mass depletion and/or dynamical
excitation include similar models as used to explain the mass depletion or dynamical excitation of
the Kuiper Belt – a planetary embryo (or large planetesimal) passing through the region (Petit et al.
2001), secular resonances sweeping through the Main Belt (Nagasawa et al. 2000), or gravitational
perturbations resulting from the large-scale rearrangement of the Solar System occurring during
the rapid evolution phase of the Nice model (O’Brien et al. 2007; Minton & Malhotra 2009). In the
Asteroid Belt, the colors of objects are strongly correlated with the history of the object’s formation
and dynamical evolution, suggesting that obtaining griz colors as well as orbital parameters will
provide further strong constraints for these models.

The orbital distribution of Jovian Trojans also provides useful constraints on the environment of
the early Solar System. One hypothesis for the origin of the Trojans is that they were formed
simultaneously with Jupiter and then captured and stabilized near the growing Jupiter’s L4 and
L5 points (Peale 1993). An alternative hypothesis suggests they were captured over a much longer
period after forming elsewhere in the Solar System (Jewitt 1996). The colors of many known
Trojans are similar to SDOs from the outer Solar System and others appear similar to the colors
of outer MBAs, as in Figure 5.5, lending support to the second hypothesis, with implications for
the importance of gas drag in the early Solar System. The Nice model suggests a more complex
picture, where the present permanent Trojan population is built up by planetesimals trapped after
the 1:2 mean-motion resonance crossing of Saturn and Jupiter (Morbidelli et al. 2005).

A clear picture of the orbital distribution of small bodies throughout the entire Solar System would
provide the means to test each of these models and provide constraints for further model develop-
ment. In particular, these orbital distributions need to be accompanied by a clear understanding
of the selection biases present in the observed distributions.

5.3.1 Adding Colors: ugrizy Photometry

Combining the orbits with color information accurate to ∼ 0.01−0.02 magnitudes for a significant
fraction of the objects allows for additional exploration of sub-populations and investigation of
similarities among the different groups. This is complicated by the fact that LSST will not take
simultaneous color measurements; observations in different filters will often be separated by at least
30 minutes. For slow rotators this will not be a significant problem, especially when combined with
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Figure 5.5: The dots show the sine of the osculating orbital inclination vs. orbital semi-major axis (a) distribution
of ∼ 43,000 unique moving objects detected by the SDSS, and matched to objects with known orbital parameters.
The dots are color-coded according to their colors measured by SDSS. About 1,000 Jovian Trojans are seen at a ∼
5.2 AU, and display a correlation between the color and orbital inclination (Szabó et al. 2007). LSST will enable the
construction of such a diagram with several million objects, including about 300,000 Jovian Trojans (50,000 with
more than 150 detections).

many repeat measurements over the lifetime of the survey (however, it may increase the effective
error in LSST color measurements).

This color information is useful in providing insights beyond the orbital distributions as shown in
studying differences between the “hot” and “cold” classical Kuiper Belt. These two populations are
just barely distinguishable by looking at the statistical distribution of inclinations of classical belt
objects. However, the statistical color differences between the two groups are clear (Doressoundi-
ram et al. 2008, 2005; Elliot et al. 2005), indicating a strong likelihood of significantly different
dynamical histories, rather than just a bimodal distribution of inclinations. The colors of “cold”
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(low inclination, low eccentricity) classical belt members tend to be only red, while the colors of
“hot” (wider range of inclination and eccentricity) classical belt members range from red to gray.
These differences are hard to explain with any of the current models of the outer Solar System,
thus providing an important challenge for testing these and future models of the evolution of the
Solar System.

As another example of the application of color data to understanding the history of small bodies,
giant planet irregular satellites with a variety of inclinations show clear “families” when their
orbital parameters are combined with color information (Grav et al. 2003; see Figure 5.6). With
the addition of this information, the likelihood of different methods of capture mechanisms — gas
drag capture of a series of small bodies versus capture of one parent body which was then broken
apart through tidal stresses or collisions — can be evaluated.

Figure 5.6: Distribution of irregular satellites around the giant planets. The x-axis is the component of the distance
of the semi-major axis of each satellite along the axis of rotation of the planet, normalized by the planet’s Hill-sphere
radius; the y-axis is the component perpendicular to the axis. Irregular satellites with measured colors have been
binned into “gray” or “red” color bins and are plotted according to blue for “gray” objects and red for “red.” The
colored ellipses indicate the area of a− i space where each cluster could disperse, given a catastrophic fragmentation
event. From Grav et al. (2003), with permission.
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5.4 The Main Belt: Collisional Families and Size Distributions

Due to its large intrinsic and nearby (thus bright) population, the Main Asteroid Belt has histor-
ically provided the largest observational samples of small body populations. The size and color
distributions of the Main Belt signal the history of individual bodies and their place within the
larger population, providing clues to their history of accretion and collisional disruption. It is
necessary to understand the role collisions and accretion play within each population if we are to
understand planetary formation in detail.

5.4.1 Identifying Collisional Families in the Main Belt

Zoran Knežević, Andrea Milani

Collisional families provide constraints on all parameters appearing in evolutionary theories of small
body populations: collision frequency and mean lifetime between disruptions, material strength of
the bodies, timescales of dynamical diffusion due to chaos, secular resonances and non-gravitational
perturbations, space weathering of surfaces, evolution of multiple systems, and rotation states.
LSST is more likely to discover statistically significant numbers of collisional families (and their
members) in the Main Belt rather than in the Kuiper Belt, due to the lower ratio of velocity
dispersion (among the family members) to relative velocities (compared to non-family members).

The primary requirement for identifying collisional families in the Main Belt is obtaining accurate
proper orbital elements for all objects which are “regular” or at least in stable chaos. Orbital ele-
ments calculated from observations are “osculating elements” – most reported orbital elements are
osculating elements. “Proper elements” can be computed, starting from the osculating elements,
in different ways: a typical method is to integrate the osculating orbital elements forward over a
long time scale, averaging the osculating elements to calculate proper elements. The distinctive
property of proper elements is that they are nearly constant over very long time scales, thus a
similarity of the orbits is preserved for the same time span.

The algorithms to compute proper orbital elements depend on the orbital region of the object. In
the Main Asteroid Belt, proper elements are stable for time spans between a few times 106 and
a few times 108 years. If a catastrophic disruption event occurred even a very long time ago, the
proper elements show clustering. These clusterings can be identified because the ejection velocities
of the fragments, which are of the order of the escape velocity from the parent body, are smaller
than the orbital velocities by two orders of magnitude. The ratio increases as catalogs reach smaller
sizes of bodies.

The processing load for the computation of proper elements is expected to be quite significant for
LSST’s expected rate of discovery. Sophisticated tools of parallel computing are being developed
to calculate proper elements. Development is ongoing in identifying clustered groups of objects
within a denser background. The main families within each orbital region can be identified, using
only comparatively large objects to avoid the chaining effects which prevent the use of currently
known mathematical taxonomy methods for overly dense samples. Thus “core families” with larger
objects can be formed with well tested methods, such as hierarchical clustering with the nearest
neighbor metric. Given these defined families, the smaller objects can be tested for classification
into potential families within their same orbital region. There is unavoidably some potential for
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objects being classified in more than one family, the removal of this ambiguity can be obtained, at
least partially, by using multicolor photometry.

Adding information about the photometric colors can aid in identifying families, as objects coming
from the same parent body might be expected to have similar colors. The most striking example
of this is the Vesta family, which is too large (also as a result of non-gravitational perturbations)
to be discriminated by proper elements only, but is characterized by a very distinctive spectral
signature. It should be noted that this is only an aid in identifying some potential families; if the
parent object was differentiated and then completely disrupted, the family members could have
very different spectral signatures (and thus colors) depending on their point of origin in the parent
body.

The families act as a probe of the orbital stability of their members, taking into account both
conservative chaotic diffusion and non-gravitational perturbations such as the Yarkovsky effect.
The instability gaps and leaks detected in the families should be investigated for their dynamical
mechanism and long-term evolution. They allow one to estimate the age of the families, as with
the Veritas family, and to constrain physical properties such as thermal conductivity. Combined
with the sparse light curve inversion, which should allow the determination of the rotation axis, the
family member leakage could be used to validate and constrain Yarkovsky effect models. Another
method to estimate the family age uses the distribution of proper semi-major axis as a function of
absolute magnitude and thus size.

Individual objects break up due to collisions, tidal and rotational instabilities, and possibly other
causes. A goal for future work is to identify recent and small events, as opposed to the large and
ancient (millions of years) disruptions documented by the families. It is necessary to use very
accurate proper elements in combination with direct numeric and semi-analytic computations to
find and analyze such cases. Very recent breakups could belong to two categories: disruption of
a binary into a two-component family or collisional catastrophic disruption of small bodies. Very
recent collisional breakups with ages of the order of a million years are already known, and their
number should increase very significantly by increasing the inventory of small objects.

There is an excess of pairs of asteroids on very similar orbits that indicates a common origin between
the paired objects. Given the extremely low relative velocities (down to < 1 m s−1), these cases
appear most likely to be generated by fission of a solitary body or separation of binary components.
Mapping the frequency, size distribution, and other properties of these pairs will provide constraints
on the rate and nature of the fissions induced by tides and/or non-gravitational perturbations. With
the single-visit limiting magnitude r = 24.7, LSST will produce a more complete catalog down to
a given size range, which should increase the number of identified asteroid pairs enormously. This
applies in particular to the Hungaria region, which is the subset of asteroids best observable from
Earth in the context of a very large field of view survey such as LSST. Given the expected limiting
magnitude of LSST, Hungaria family members with absolute magnitudes H up to 23 should be
very well observable, and their number is expected to be comparable to the total number of MBAs
presently known. Pairs with a primary of less than 500 m diameter, and a secondary around 200 m
diameter should be found. This in turn will constrain the rate of formation and the stability of
binary asteroids although most of them will not be directly observable with LSST.
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5.4.2 The Size Distribution of Main Belt Asteroids

Željko Ivezić, Alex Parker, R. Lynne Jones

The size distribution of asteroids is one of most significant observational constraints on their
history and is considered to be the “planetary holy grail” (Jedicke & Metcalfe 1998, and references
therein). It is also one of the hardest quantities to determine observationally because of strong
selection effects in the extant catalogs. Based on a comparison of recent known object catalogs (the
ASTORB compilation of asteroid orbits from January 2008, Bowell 2009) and the SDSS Moving
Object Catalog 4 (Ivezić et al. 2001), Parker et al. (2008) concluded that the former is complete
to r = 19.5. LSST will produce a moving object catalog complete to a limit 5 magnitudes fainter.

Determining the size distribution of Main Belt Asteroids requires unraveling a complex combination
of the background size distribution and varying size distributions of asteroid families. Asteroid
dynamical families are identified as groups of asteroids in orbital element space (Gradie et al.
1979, 1989; Valsecchi et al. 1989). This clustering was first discovered by Hirayama (Hirayama
1918, for a review see Binzel 1994), who also proposed that families may be the remnants of parent
bodies that broke into fragments. About half of all known asteroids are believed to belong to
families; for example, Zappala et al. (1995) applied a hierarchical clustering method to a sample
of 12,487 asteroids and found over 30 families.

Asteroid families are traditionally defined as clusters of objects in orbital parameter space, but
SDSS data shows that they often have distinctive optical colors (Ivezić et al. 2002). Recently, Parker
et al. (2008) studied the asteroid size distribution to a sub-km limit for Main Belt families using
multi-color photometry obtained by SDSS. They showed that the separation of family members
from background interlopers can be significantly improved with the aid of colors as a qualifier for
family membership, although this method is not generally applicable for families resulting from the
breakup of a differentiated parent body whose members could have significantly different colors.

Using a data set with ∼ 88,000 objects, they defined 37 statistically robust asteroid families with
at least 100 members (see Figure 5.7). About 50% of objects in this data set belong to families,
with the fraction increasing from about 35% to 60% as asteroid size drops below ∼ 25 km.

According to Parker et al. (2008), the size distribution varies significantly among families, and is
typically different from the size distributions for background populations. The size distributions
for 15 families display a well-defined change of slope and can be modeled as a “broken” double
power-law (see Figure 5.8). These complex differences between size distributions probably depend
on the collisional history of individual families and offer an observational tool to study the evolution
of the Solar System.

The currently available data set is limited to H ∼ 15, and includes several hundred thousand
objects. The LSST data set will include several million objects, and will extend these studies to
H ∼ 20 (a limit ten times smaller, corresponding to about several hundred meters). In addition,
over 150 detections will be available for about million objects (see § 5.2.4) enabling studies of
asteroid rotation via light curve inversion, (see § 5.7) and providing exquisitely accurate colors
for taxonomy. While taxonomy is not representative of composition, it can provide a first set of
guidelines if spectra is not available.
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Figure 5.7: Illustration of the decomposition of the Main Belt asteroid population into families and background
objects using proper orbital elements and color (adapted from Parker et al. 2008). The top three panels show the
sine of the orbital inclination vs. orbital eccentricity diagrams for three regions of the Main Asteroid Belt defined
by semi-major axis range (see the top labels). Each dot represents one object, and is color-coded according to its
color measured by SDSS (see also Figure 5.5 for a “zoomed-out” view). The three middle panels show objects from
37 identified families, and the bottom three panels show the background population. Examples of size distributions
for several families are shown in Figure 5.8. These results are based on about 88,000 objects. The LSST data set
will include several million objects and will also provide exquisite time domain information.

Previous surveys have shown that the albedo distribution of asteroids is bimodal, with one peak
having a mean albedo of 0.06 while the other peak has a mean of 0.20 in g or about 0.25 in r or i.
These two different albedo peaks are correlated with asteroid color, representing their taxonomic
types. Low albedo MBAs are C-, D-, and P-types asteroids, while those MBAs with higher albedos
are S-, R-, V-, E-, and M-type asteroids.

LSST data can be used to measure MBA taxonomies, which may be used to constrain the albedos
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Figure 5.8: The differential absolute magnitude distributions from SDSS data for selected asteroid families (see
Figure 5.7), shown as symbols with Poisson error bars (adapted from Parker et al. 2008). The green solid line in each
panel shows the distribution for the whole Main Belt with amplitude fit to the data. The two dashed lines show the
best-fit power-law fits for the bright (blue) and faint (red) ends separately. The two arrows show the best-fit break
magnitude (left) and the adopted completeness limit (right). The current catalogs are limited to H < 15; the LSST
data set will extend these studies to H ∼ 20.

of the MBA population. However, it is important to note that asteroids of the same taxonomic type
can have a wide range of compositions and albedos. In addition, asteroids of disparate compositions
may appear to belong to the same taxonomic group, but have completely different albedo values.
Hence any broad generalizations about the MBA population albedo distribution with respect to
taxonomy should be made with the utmost of caution. Even with this caveat, the real power of
the LSST photometry will be in its large number statistics, which may help in improving the size
estimates of a large portion of the MBA population, perhaps improving the uncertainty on the size
estimate from 30% – 50%.
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5.4.3 Determining the Masses of Large Main Belt Asteroids

Steven R. Chesley, Zoran Knežević, Andrea Milani

While the size distribution is estimated from the photometric observations of color and absolute
magnitude, one can also attempt to measure the masses of larger asteroids directly from the
perturbation of other, typically smaller, “test particle” asteroids that pass near the perturber.
At present only a few dozen asteroids have mass estimates based on perturbations, but LSST
will produce astrometry that is both prolific and precise, at the same time that it dramatically
expands the pool of potential test particles. LSST data should allow the estimation of the mass of
several hundred or so main belt asteroids with an uncertainty of ∼ 30% or less. These estimates will
provide many more mass bulk density estimates than are currently known, constraining the internal
structure and/or mineralogy of many asteroids. Moreover, asteroid mass uncertainty remains the
largest source of error for precise asteroid (and planetary) ephemerides. Driving this uncertainty
lower will afford more precise predictions of asteroid and planetary trajectories.

The main problem of this technique is the complexity of explicit, simultaneous computation of a
large number of asteroid orbits; while the target objects for which the mass may be computed are
few, the list of objects potentially having a close approach is on the order of millions. To avoid
intractable computational complexity, the candidate couples need to be selected through a sequence
of filters. After an elementary selection based on absolute magnitude, perihelia and aphelia, one
of the filters is based on the computation of the Minimum Orbital Intersection Distance (MOID)
between two asteroids; this computation can be refined by also taking into account the orbital
uncertainties. If the MOID is small, the maximum amount of deflection can be computed from a
two-body hyperbolic formula. Only when the result of these preliminary computations indicate the
possibility of a measurable deflection, then an accurate orbit propagation for the smaller asteroid,
including the larger asteroid in the dynamic model, needs to be performed. If the close approach
actually occurs with an observable signal, for the given (or expected) set of observations, then
actual orbit determination with mass as an additional fit parameter takes place (this both in
simulated/predicted cases and in actual data processing).

5.5 Trans-Neptunian Families and Wide Binaries

Michael E. Brown, R. Lynne Jones, Alex Parker

Only one collisional family of objects is currently known in the outer Solar System. Haumea, the
fourth largest object known beyond Neptune, orbits within a dynamical cloud of debris left over
from a giant impact with a comparably-sized object (Brown et al. 2007). Such a giant impact is
exceedingly improbable in the current environment, and even difficult to explain in a more dense
earlier environment. Levison et al. (2008c) realized that collisions between objects being scattered
by Neptune could potentially explain this family. This suggests that many collisional families
should exist in the outer Solar System and their orbital distributions could trace the scattering
history of the early Kuiper Belt.

The Haumea family was recognized only because each of its members shares the same distinct
infrared spectrum: a surface dominated by almost pure water ice. Without the spectra, the family
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could not have been recognized as no statistically significant concentration could be identified by
dynamics alone (Figure 5.9). The icy surface of the family members is likely the result of the
differentiation of proto-Haumea before impact, where the family members are pieces of the pure
ice mantle. As there are strongly identifiable spectral features associated with only a few TNOs,
other collisional families in the Kuiper Belt cannot currently be identified by their spectra, but
rather will have to be identified as significant concentrations in dynamical space, as the asteroid
families are identified. Such identification may be possible with LSST due to the large number
of TNOs discovered with well-measured orbits, and will be aided by information on colors and
perhaps other physical properties (such as rotation rate).

Figure 5.9: Figure from Brown et al. (2007). The open circles give the proper orbital elements of the KBOs
thought to be part of a collisional family with Haumea. The widely dispersed small dots show the orbital elements
possible from a collision centered on the average position of the fragments and with a dispersive velocity of 400
m s−1. The more tightly concentrated dots show orbital elements expected if the collision had a dispersive velocity
of 140 m s−1. The orbital dispersion from these collisions indicates that identifying collisional families in the Kuiper
Belt will require accurate orbital elements for a large number of objects and may be strongly aided by color or other
physical measurements.

Along with collisional families, Kuiper Belt binaries offer a unique window into understanding
the physical structure and composition of TNOs. Accurate mutual orbits allow determination of
component masses and, if coupled with size measurements derived from thermal observations or
direct detection, densities. The ice-to-rock fraction of objects in the Kuiper Belt is not constrained
other than in the Pluto-Charon system, but is a strong indicator of the chemical environment at
the time of formation (Lunine 1993). Density measurements are therefore essential in establishing
the composition in the early solar nebula, similar in importance to the compositional gradient
observed in the Main Belt of asteroids.

Binarity in the Kuiper Belt looks distinctly different than that in the Main Belt: known TNO
binaries are likely to be widely separated and roughly equal mass. Among NEAs and small MBAs,
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binaries tend to be closely bound with the primary rapidly spinning, suggesting that they have
formed by fission, perhaps due to over-spinning of a single body by the YORP radiation torque
as described below in § 5.7.1. Widely separated binaries of nearly equal-sized bodies suggest
completely different formation mechanisms, and as a result of the different evolutionary history in
the Main Belt compared to the Kuiper Belt, most resolved binary systems detected by LSST will
be wide TNO binaries.

A number of theories describe the formation of TNO binaries, and to some degree offer testable
predictions. In the early dense environment, satellites can be captured by the effects of dynamical
friction (Goldreich et al. 2002), through two-body collisions, or exchange reactions in the presence
of a third planetesimal (Weidenschilling 2002; Funato et al. 2004). Large Kuiper Belt objects
appear to have tiny satellites formed as a result of giant impacts (Brown et al. 2006), which may
be related to yet-unidentified collisional families. Each of these processes preserves traces of the
environments of the regions where the objects formed, which are likely dramatically different from
the current Kuiper Belt environment, where low interaction rates among TNOs make forming
binaries extremely unlikely.

Work with the Hubble Space Telescope (HST) has shown that the cold classical Kuiper Belt has
a significantly higher fraction of resolved satellites than any other TNO population: 22% rather
than 5.5% (Noll et al. 2008). However, the sample of known binaries is small. LSST, in the
course of detecting > 20, 000 TNOs, will also find many satellites (∼ 50 − 100) separated by
arcseconds, allowing detailed study of these systems. Measuring the statistical properties of the
large-separation binary orbit distribution, which are most sensitive to disruption and formation
mechanisms, will tell us which mechanism(s) were at work, provide constraints on the dynamical
history and space densities of the Kuiper Belt, and help us understand how those objects survived
until present time in the disruptive dynamical environment of the Kuiper Belt.

5.6 The Size Distribution for Faint Objects—“Shift and Stack”

Steven R. Chesley, R. Lynne Jones, David E. Trilling

In addition to measuring the size distribution through a near complete inventory of larger objects,
LSST can extend the size distribution estimate to much smaller sizes through a special program
of deep fields (§ 2.1), capitalizing on the large LSST aperture and quick CCD read-out times to
search for very faint TNOs, Trojans, MBAs, and potentially even NEAs.

The strategy for such an LSST “deep drilling” project is to maintain a given pointing for successive
exposures until the desired depth can be obtained in a sum, or “stack,” of all images. For routine
follow up and recovery work the individual images are stacked with the known rate of motion of the
target body, but for initial discovery with LSST deep fields, a family of stacks is necessary to cover
the range of motion vectors for each of the target populations. The large number of stacks, in the
thousands for MBAs, leads to a non-trivial computational problem, with the challenge proportional
to the time duration of the stack, since more stacking rates are required to avoid trailing of a given
target in at least one of the stacks. Thus single night stacks are significantly more attractive than
multi-night stacks.
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As an example, LSST will be able to track a single opposition field for up to eight hours in winter,
during which time it could obtain about 850 “single-visit” exposures of 30 seconds each. Since the
signal-to-noise ratio for N exposures follows

√
N , the stack from these images will reveal detections

about 3.7 magnitudes fainter than the single visit 5σ limit of r = 24.7. However, 7σ limits are
generally more appropriate for detections in deep stacks, and so we estimate that a single night
stack will reach r ≈ 28.0. This translates to diameters more than 5 times smaller than the single
visit limit. To reach this limiting magnitude, stacking will have to be done with a few thousand
different assumed rates, the vast majority being at main belt rates. All observations would be
carried out in the same filter—probably r. Potentially, exposure times other than 30 seconds
would be explored for this mode of operation to reduce the number of images required to shift and
stack.

The first epoch is repeated at a later time, ideally on the next night so that more than 90% of
MBAs will remain in the field, which, for opposition fields, is generally sufficient to obtain a reliable
topocentric distance and hence absolute magnitude. For TNOs, the field should be repeated a few
months later when it is at a significantly lower solar elongation. In that case, it may take two
partial nights of staring to reach the desired limiting magnitude, since the field is not observable
the entire night. However, the stacking requirements for TNOs are much less demanding (they
move much more slowly!), and so multi-night stacking appears tractable. At a cost of 1-2% of
survey time, this three-night deep-drilling cadence process could be repeated annually on the same
field for a few years, building up a large set of MBA detections and solidifying the orbits of the
TNOs in the field.

The deep TNO survey should have several unique pointings overall. In consultation with other
science drivers, these should be divided between ecliptic and off-ecliptic pointings. The ecliptic
pointings—at various ecliptic longitudes—would allow a longitudinal probe of the outer Solar
System small body population. This is particularly important since the sky density membership
of resonant objects – a key probe of outer Solar System evolution – varies as a function of ecliptic
latitude and longitude. The off-ecliptic pointings would provide a three-dimensional map of the
outer Solar System down to very small sizes. It is worth noting that other science drivers would
profit from the same deep stack data sets.

Deep drilling fields targeting the outer Solar System could profitably also include the Trojan clouds
of Jupiter and Neptune (as well as hypothesized Trojan clouds of Saturn and Uranus, though no
Trojan asteroids for these planets are currently known). Jupiter and Neptune are in conjunction
in mid-2022, and so their leading and trailing Trojan clouds will be respectively aligned at this
time, making it a good opportunity to probe the Trojan populations of both planets—in addition
to MBAs and TNOs—with a minimum of telescope time. About four years earlier, in 2018, the
leading Jupiter cloud coincides with the trailing Neptune cloud, forming another good opportunity.

The deepest search for TNOs to date reached r ∼ 29 over 0.02 deg2, obtained with HST/ACS
(Bernstein et al. 2004). Thus, a deep drilling experiment with even a single LSST field will
increase the areal coverage by a factor of ∼ 500. Using the Bernstein et al. (2004) result to predict
LSST results at r ∼ 28, we expect something like 1000 TNOs per deep drilling field on the ecliptic;
off-ecliptic fields may have densities one tenth this value. For MBAs, each deep field should yields
upwards of 20,000 detections.
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Successfully detecting faint (r ∼ 28) MBAs enables science in a different size regime than the
projects described in § 5.4.2. For example, the size distribution of MBAs is known to have signif-
icant structure that records the intrinsic strength of asteroids (e.g., O’Brien & Greenberg 2005),
and probing to this size regime will allow studies of the global internal properties of asteroids.
Additionally, small MBAs are the direct predecessors of NEAs (that is, the sizes of typical NEAs
are comparable to those of “very small” MBAs that are only available through an LSST-type deep
drilling project as described in § 2.1). Therefore, by measuring the properties of very small MBAs
(i.e., size distribution, orbital distribution), we can probe the links and processes by which MBAs
become NEAs. A study of the MBA-NEA connection is only possible with both an NEA survey
and a very deep MBA survey such as described here. This link between the two is described further
in § 5.8.1.

5.6.1 Detection of Extremely Faint Objects through Real-Time Collisions

R. Jedicke

We will measure or set a limit on the collision rate of MBAs too small to detect directly with LSST.
We will do this by searching for signatures of the transient dust clouds produced in the catastrophic
collision of two objects that are otherwise too small to detect, or by detecting transient increases
in the brightness of asteroids. This will allow us to

• test whether the size–frequency distribution (SFD) measured for the larger Main Belt objects
can be extrapolated to smaller sizes,

• test and refine collisional models, and

• understand the physical structure of asteroids.

There is expected to be roughly one catastrophic disruption of a 10 m diameter main belt object
every day and, given LSST’s sky coverage, we expect to image about one of these disruptions every
week. As the dust cloud from a catastrophic disruption expands, its apparent brightness increases
as long as the optical depth τ > 1 after which the clouds brightness will decrease. A 10 m diameter
asteroid’s disruption could create a dust cloud 1 km in diameter which would have the apparent
brightness of a 1 km diameter asteroid (easily detected by LSST).

The difficulty lies in knowing the expansion rate of the dust cloud and therefore determining how
long the cloud is visible. If the cloud is visible for many days to a week we might detect the
expanding dust cloud on each of three nights during a lunation. The brightness of the cloud could
vary dramatically from night to night, and it will be impossible to recover the object or assign a
detection to a previously detected object. If the dust cloud does not last that long it is possible
that we will detect bright but ‘orphaned’ tracklets that are impossible to link to other tracklets.

It may also be possible to detect the collision of small objects into larger objects that are easily
detected by LSST. By continuously monitoring many objects over the LSST operational lifetime we
can search for unusual and unrepeated brightening of asteroids as a signature of a recent collision.

With a sufficient number of collisions we may determine the collision rate of these objects. The
rate at which the dust clouds brighten and fade will provide details on the physical structure of the
asteroids. Color measurements or detailed spectroscopic followup of the dust clouds will provide
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information on the dust properties. If the collisions produce enough large grains, the clouds may
be observable in the infrared for much longer if followup could be obtained from space.

5.7 Lightcurves: Time Variability

Stephen T. Ridgway, R. Lynne Jones

The variation in the apparent brightness of solid Solar System bodies can be a valuable source
of information about their history, their surfaces and even their interiors. Cyclic variations can
show the rotational period and rotational axis orientation, the shape, compositional clues, the
density, and information about the surface roughness. Many objects have brightness variations on
the order of only 0.2 magnitudes, and require accurate, well sampled light curves for unambiguous
interpretation. LSST will provide outstanding period coverage through the method of sparse light-
curve inversion.

Asteroidal rotation and the direction of its spin axis are an obvious consequence of the accretion
and collision process. Photometry can provide periods, and in some cases the spin axis can be
estimated by the timing of brightness extrema (Taylor & Tedesco 1983). On the order of a few
thousand asteroids have reliably measured rotation rates – Harris & Pravec (2006) provide a brief
overview on asteroid rotational periods, which range from 2 hours up to about a day, reflecting
tensile strengths and rubble pile or monolithic structures. Kryszczyńska et al. (2007) point to an
online catalog of asteroid spin states and pole positions, illustrating a non-random distribution of
pole axis positions likely due to radiation pressure torques. Some fraction of the asteroids will have
detectable rotational lightcurves, which will allow determination of their rotational periods.

The amplitude of a rotational light curve can give a measure of the object shape, commonly
modeled as a triaxial ellipsoidal. Contact or small separation (unresolved) binaries can be inferred
from characteristic brightness variations, or in some cases, eclipses. Observed brightness variations
may not be due entirely to object shape, but may also depend on varying albedo associated
with compositional variations across the surface. Multicolor measurements can support separation
of these effects, thanks to the known colors of a number of surface compositions – mineral or
carbonaceous materials, or in the outer Solar System, ices. The albedo and apparent brightness
then support a reliable estimate of object size. For rapidly rotating objects, the size gives a lower
limit to the mass consistent with a rubble structure. Even for unresolved binary objects, the
orbital period gives a dynamical measurement of the masses. Mass and size provide a measure
of the densities, which constrain the ratio of minerals to ices and the porosity of the object.
Kaasalainen & Torppa (2001) and Kaasalainen et al. (2001) have shown that several hundred
accurate phase data are sufficient to support optimal inversion of lightcurves to determine shape
and albedo distributions (see § 5.7.1 for more information).

To date, even after painstaking work, little is known about rotations of objects in the outer Solar
System (Sheppard et al. 2008). At present, to measure a rotation, each object must be individually
tracked and monitored with a large telescope for hours or days. Some rotations show up easily on
these time scales, some are heavily aliased or too subtle for detection and the current sample of
objects with known rotation periods is small. Nonetheless, a few interesting objects stand out. The
large objects Varuna and Haumea have extremely rapid rotations (six and four hours respectively),
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which cause them to elongate into triaxial ellipsoids (Lacerda & Jewitt 2007). Haumea is suspected
to have suffered a family-producing collision, which likely imparted the spin. No such family has yet
been dynamically linked to Varuna. Observations of rotations have suggested with poor statistics
that a large fraction of objects could be contact binaries (Sheppard & Jewitt 2004). Such contact
binaries could be a natural consequence of the dynamical-friction induced capture in the early
Solar System (Goldreich et al. 2002) if the dense-early environment persisted for long periods of
time allowing orbits of captured satellites to decay.

Small bodies do not normally reflect as Lambertian surfaces owing to shadowing in the surface
microstructure. Thus the asteroid magnitude system employs two numbers to represent the bright-
ness: a mean (normalized) magnitude, H, and also a phase factor, G, that describes the observed
brightness variation as a function of the scattering angle. More detailed models attempt to relate
the phase effect to the surface microstructure. LSST photometry will provide a massive body of
homogeneously obtained phase data for on the order of a million asteroids (see § 5.2.4). Measure-
ments at very small phase angles (< 2◦) are particularly valuable (Domingue & Hapke 1989), and
while LSST will observe most of these asteroids near opposition as a matter of regular operations,
additional follow-up targeted measurements could be scheduled at other facilities.

5.7.1 Sparse lightcurve inversion

Josef Ďurech, Mikko Kaasalainen

LSST will provide us with accurate photometry of a large number of asteroids. As has been
suggested by many simulations (Kaasalainen 2004; Durech et al. 2005, 2007), this so-called “sparse
photometry” can be used the same way as standard dense lightcurves to derive basic physical
parameters of observed asteroids: the global shape, the spin axis direction, and the rotation period.
Simulations that have been done so far showed that, roughly speaking, once we have at least
∼ 100 sparse brightness measurements of an asteroid over ∼ 5 years calibrated with a photometric
accuracy of ∼ 5% or better, a coarse model can be derived. This approach is much more time-
efficient than the usual lightcurve photometry. The sparse data inversion gives correct results
also for fast (0.2 − 2 h) and slow (> 24 h) rotators, although it may give best results with large
amplitude variations and moderate periods.

As can be seen in Figure 5.4 the number of observations of individual asteroids is generally sufficient
for lightcurve inversion. The median number of expected LSST detections over 10 years is ∼ 190
for NEAs with H ≤ 15 mag and ∼ 260 for MBAs with H ≤ 16 mag.

An important issue is to use all available data, so we will combine LSST sparse photometry with
sparse and dense data from other sources (e.g., Pan-STARRS, follow-up observations, existing
databases, etc.). Photometry can be also combined with adaptive optics images (Marchis et al.
2006) and occultation profiles to obtain more detailed models with accurate dimensions.

We expect to derive about 104 to 105 Main Belt and Near-Earth Asteroid shape models from
LSST photometry, which means that we will be able to map a substantial part of the asteroid
population. This will bring new insights into its structure, history, and evolution. We will be
able to detect Yarkovsky and Yarkovsky-Radzievskii-O’Keefe-Paddock (YORP) effects that can
secularly change orbits and spins of asteroids. Both effects are caused by the anisotropic thermal
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emission of the heated surface. While the Yarkovsky effect describes the change of the orbit caused
by the net thermal force, the YORP effect describes the influence of the thermal net torque on the
spin state (see Bottke et al. 2006 for a review). The distribution of spin rates and obliquities will
allow us to quantify the YORP evolution. We also expect to reveal new populations in spin-orbit
resonances (Vokrouhlický et al. 2003). In addition, by constraining the Yarkovsky effect, this would
be potentially very important in discerning the history of genetic pairs.

For TNOs, the viewing/illumination geometry changes very slowly and the full solution of the
inverse problem is not possible. However, accurate sparse photometry can be used for period
determination.

Due to the stability and uniqueness properties of the inverse problem solution derived from the disk-
integrated photometry, asteroids are mostly modeled as convex bodies. LSST sparse photometry
can be also used for detecting (but not modeling) “non-standard” cases such as binary and tumbling
asteroids. A fully synchronous binary system behaves like a single body from the photometric point
of view (Durech & Kaasalainen 2003). Its binary nature can be revealed by the rectangular pole-on
silhouette and/or large planar areas of the convex model. In some cases – when mutual events are
deep enough – asynchronous binaries can be detected from sparse photometry. Interesting objects
can then be targeted for follow-up observations.

5.8 Overlapping Populations

As we discover and characterize more small bodies throughout the Solar System, more surprises are
uncovered. One such area is the discovery of linkages and overlaps between different populations
of objects. The discovery of asteroids showing cometary activity is an example of the overlap of
physical properties between different populations. Simulations demonstrating that objects can have
orbits which slowly cycle between the inner Oort Cloud and the Scattered Disk or even Centaur
regions, or from the MBAs into NEA orbits, imply that to fully understand each of these groups
requires understanding the Solar System as a whole.

5.8.1 The Relationship between NEAs and MBAs

Alan W. Harris, Steven R. Chesley, Yanga R. Fernández, R. Lynne Jones

Orbits crossing the orbits of the giant planets have lifetimes of only thousands of years; those
crossing the terrestrial planets have lifetimes of millions of years, which is still short enough that
none of the current population of NEAs is “primordial” in their current orbits. Their dynamical
lifetimes are only on the order of 106 to 108 years due to interactions with other objects in the inner
Solar System that cause them to either impact one of the inner planets or the Sun, or be ejected
from the Solar System altogether (Morbidelli & Gladman 1998). Hence the continued presence of
these objects within near-Earth space requires a mechanism(s) and source region(s) to replenish
and maintain the NEA population over time.

Current dynamical models and orbit integrations (Bottke et al. 2002) suggest that NEAs are
delivered primarily from specific regions within the Main Belt that are particularly affected by
certain secular and mean-motion resonances. However the Yarkovsky effect can push objects from
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different parts of the Main Belt into orbits that make them more likely to be thrown inward.
Therefore it is crucial to study the migration within the Main Belt if we are to learn where NEA
material comes from.

A key to understanding the transfer of MBAs into near-Earth orbital space is to determine the
population of both classes, especially in the same size range. Presently, we only know the size
frequency distribution (SFD) of MBAs down to a size of several km diameter. Unfortunately, only
the largest hundred or so NEAs are that large, so there is very little overlap of our measured SFD
of NEAs with that of MBAs. LSST will extend that overlap down to sizes of ∼ 100 meters diameter
in the Main Belt, providing enough overlap to examine the differences of the SFDs. This will shed
light on the efficiency of migration into Earth-crossing orbits versus size, or whether close planetary
encounters modify the distribution, say by tidal disruptions, and the effect that Yarkovsky and
YORP have in these transfer mechanisms.

By the time LSST begins operations in 2014, nearly all of the NEAs with diameters greater than 1
km will have been cataloged by surveys such as Pan-STARRS. At smaller sizes, down to perhaps
150m, LSST, over its lifetime, will discover and catalog nearly all (∼ 90%) of the NEAs. In the
size ranges where nearly all of the NEAs have been discovered, the orbits of each asteroid can be
propagated forward to determine the probability of future impacts with the Earth and the Moon.
At sizes smaller than that at which the catalog is complete, characterizing the future impact
hazard will remain a statistical problem of estimating size frequency distributions and orbital
distributions from a limited sample of objects. At these smaller sizes, a statistical description of
the size frequency distribution and orbital distribution along with taxonomic identifications can
yield insight into the source regions that resupply the NEAs and whether the resupply processes
differ by size. There is also utility in characterizing the past impact flux on the Earth, the Moon,
and other bodies, in comparison with the cratering record, to understand whether and how impact
fluxes have changed over the history of the Solar System.

5.8.2 Damocloids and Main Belt Comets: Asteroids on Cometary Orbits and
Comets on Asteroidal Orbits

Paul A. Abell, Yanga R. Fernández

The Main Belt asteroids have been recognized as one of the primary sources of material for the NEA
population (McFadden et al. 1985), but several investigators have suggested that a non-negligible
portion of the NEA population could also be replenished by cometary nuclei that have evolved
dynamically into the inner Solar System from such reservoirs as the Edgeworth-Kuiper Belt and
the Oort Cloud (Weissman et al. 2002). Evidence used to support the hypothesis of a cometary
component to the NEA population has been based on: observations of asteroid orbits and associated
meteor showers (e.g., 3200 Phaethon and the Geminid meteor shower); low activity of short-period
comet nuclei, which implied nonvolatile surface crusts (e.g., 28P/Neujmin 1, 49P/Arend-Rigaux);
lack of recent cometary activity in NEAs observed to have apparent transient cometary activity in
the past (e.g., 4015 Wilson-Harrington); and a similarity of albedos among cometary nuclei and
asteroids in comet-like orbits. Recent studies have estimated that approximately 5 – 10% of the
entire NEA population may be extinct comets (Fernández et al. 2005; DeMeo & Binzel 2008).
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Thus several observational investigations have focused on examining low-activity short period
comets or asteroids in apparent comet-like orbits. A population that has been thought to have
probable connections to the Oort Cloud and the isotropic comets are the Damocloid asteroids.
The Damocloid-class objects are thought to be possible dormant or extinct comets because these
asteroids have high-inclinations and large semi-major axes just like those of Halley-family and
long-period comets (Asher et al. 1994; Bailey & Emel’Yanenko 1996). About 50 such objects are
known (as of Sept 2009), although all of the objects so far seem to have evolved orbits. That
is, none of the objects is new in the Oort sense. Most observations of these objects suggest that
they have similar spectral characteristics to those of Jupiter-family comets and outer Main Belt
asteroids, but show no evidence of coma (Jewitt 2005). However, at least one Damocloid object
(C/2001 OG108) demonstrated intense coma during its perihelion passage 1 AU from the Sun after
showing no coma for several months beforehand, which supports the notion that Damocloids in
general could be dynamically evolved objects from the Oort Cloud (Abell et al. 2005).

In addition, it seems that the conventional dynamical and physical demarcation between asteroids
and comets is becoming even less clear. Observations of a few objects located within the Main Belt
asteroid population show degrees of activity that are normally a characteristic of cometary objects
(Hsieh & Jewitt 2006). Dynamical modeling of the dust generated from these Main Belt objects
suggests that this level of activity requires a sustained source, and is not the result of impulsive
collisions. Thus it is plausible that an additional cometary reservoir exists within the Solar System
among the main belt asteroids (Hsieh & Jewitt 2006). If these objects were formed in-situ, they
would suggest that condensed water ice survived to the present-day much closer than traditionally
believed. However there could be dynamical mechanisms that can place outer Solar System objects
into low-eccentricity, outer Main Belt orbits (Levison et al. 2008a), so the origin of these objects
is an important science question. Only four such main belt comets (MBCs) have been discovered
to date, but given the low level of activity in these objects, many more could be present below the
current detection limits of existing ground-based sensors.

During survey operations, the LSST will discover many more low albedo Damocloid objects, and
have the capability to detect faint/transient activity from MBC candidates. A large statistical
database of several hundred Damocloids and MBCs would be an invaluable resource for under-
standing volatile distribution in the Solar System and thermal evolution of small bodies. In addi-
tion, objects originating in the different cometary reservoirs (Oort Cloud, Edgeworth-Kuiper Belt,
and potentially the Main Belt) may have distinct physical characteristics. LSST will not only be
the optimal system for discovering a majority of these objects, but will let us use gross physical
properties (e.g., lightcurve, colors, taxonomy, etc.) to make comparisons across many Solar Sys-
tem populations at different stages of their evolution. This will enable investigators to get a much
clearer picture of these enigmatic Damocloid and MBC populations as a whole, which in turn will
aid in the refinement of Solar System formation models.

5.8.3 The Source(s) of Centaurs

Nathan A. Kaib

Identifying the source population for Centaurs, which are similar in dynamical properties to Scat-
tered Disk Objects but have orbits which cross interior to Neptune and are unstable over the
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lifetime of the Solar System, has proven difficult. The generally accepted source region for Cen-
taurs is the Scattered Disk. As SDOs chaotically diffuse into Neptune-crossing orbits on Gyr
timescales, they naturally produce a population of unstable planet-crossers qualitatively similar to
observed Centaurs. However, due to perturbations from passing stars and the Galactic tide, the
Oort Cloud also steadily injects bodies into planet-crossing orbits. Because the Oort Cloud has a
much higher typical semi-major axis than the Scattered Disk, objects with an Oort Cloud origin
will dominate the high-a range of Centaurs, whereas objects from the Scattered Disk will domi-
nate the low-a population of Centaurs (Kaib et al. 2009). However, energy kicks from planetary
encounters will act to smear these two a-distributions leading to an Oort Cloud contribution even
for Centaurs with semi-major axes less than that of the actual Oort Cloud.

With a semi-major axis of 796 AU, 2006 SQ372 was recently shown to have the highest probability
of an Oort Cloud origin for any known Centaur (Kaib et al. 2009). Even using a conservative
estimate for the total population of Oort Cloud objects, it was shown that this body is 16 times
more likely to originate from the Oort Cloud compared to the Scattered Disk. Furthermore, the
same analysis showed another known centaur, 2000 OO67 is 14 times as likely to come from the Oort
Cloud as from the Scattered Disk. Even more intriguingly, dynamical modeling of these objects’
production shows that they almost exclusively come from the inner 104 AU of the Oort Cloud.
Known LPCs only provide an upper limit on the population of objects in this region and provide
no constraints on the actual radial distribution of material in the Oort Cloud (Kaib & Quinn 2009),
which is intimately linked to the Sun’s formation environment (Fernandez 1997). Any additional
constraints on this reservoir would be highly valuable. Although little information can be gleaned
from only the two currently known objects of 2000 OO67 and 2006 SQ372, LSST will have nearly
100 times the sky coverage of the survey that detected 2006372. LSST will also be able to detect
objects 4 magnitudes fainter as well. As a result, it is reasonable to expect LSST to discover a
hundreds to thousands of objects analogous to 2006 SQ372. Studying the orbital distributions of
a large sample of these types of bodies will be able to further constrain the population size and
provide the first constraints on the radial distribution of objects in the Oort Cloud.

5.8.4 The Source(s) of Comet Families

Yanga R. Fernández

The conventional idea is that Halley Family comets (HFC) and Long Period comets (LPC) originate
from the Oort Cloud. However, dynamical modeling finds this very challenging to reconcile with
current theories about the state of the Oort Cloud (see e.g., Duncan 2008). The difficulty lies
in determining what structural differences there are (if any) between the inner and outer Oort
Clouds, and how the physical aging and fading of HFCs and LPCs changes the population over
time from what is injected into the inner Solar System to what we observe today. There is also
a hypothesis that the Scattered Disk is responsible for some of the HFCs (Levison et al. 2006),
which is interesting in light of recent compositional studies showing that there is more overlap
in parent-molecule abundance between Jupiter Family Comets (JFCs) and LPCs than previously
thought (Disanti & Mumma 2008). LSST will be able to address this situation by dramatically
improving the number of HFCs and LPCs that are known. In particular, astrometry of LPCs while
they are far from the Sun will make it easier to identify those that are new in the Oort sense (i.e.,
on their first trip in from the Oort Cloud) more quickly. The orbital elements of the HFCs and
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LPCs will give us a less biased view of the current distribution of these comets in our Solar System,
thereby constraining the dynamical models.

5.9 Physical Properties of Comets

Yanga R. Fernández

Comets are the most pristine observable remnants left over from the era of planet formation in
our Solar System. As such, their composition and structure can in principle tell us much about
the chemical and thermophysical conditions of our protoplanetary disk. This can then be used to
understand the place of our Solar System in the wider context of planetary disks throughout our
Galaxy.

Achieving this understanding of the protoplanetary disk using comets requires determining the
evolutionary processes that have affected the comets we see today. In the 4.5 Gyr since formation,
and even before the comets felt significant insolation by traveling into the inner Solar System,
they suffered various processes – e.g., collisions, cosmic-ray bombardment, flash heating by nearby
supernovae – that changed their physical and chemical properties from the primordial. It is crucial
to understand evolutionary processes of small bodies in order to interpret what they may tell us
about planetary formation. While this applies to all small bodies throughout the Solar System,
it is particularly interesting in the case of comets (and especially comets inbound from the Oort
Cloud for the first time) because they may be closer to the primordial state.

Currently only about 350 JFCs and 50 HFCs are known. LSST will discover on the order of 10,000
comets, with 50 observations or more of each of them (Solontoi et al. 2009). This will dwarf the
current roster, providing answers to many questions regarding the physical properties of today’s
cometary population.

The size distribution will tell us about the competing evolutionary processes that affect a comet’s
radius, e.g., its creation as a collisional fragment, its self-erosion from activity, and its stochastic
ejection of significant fragments. The shape of the JFC size distribution is starting to be understood
(for example, Meech et al. 2004), although there are still strong discovery biases in the known
population, as evinced by the fact that many large JFCs ( 3-4 km radius) with perihelia beyond 2
AU have only been discovered in the last few years (Fernández et al. 2008). LSST will provide us
with a much more complete survey of the JFC population, since it will see 400-m radius inactive
nuclei at 3 to 4 AU and even 1-km radius nuclei at 6 AU (the typical JFC aphelion). Perhaps
even more important will be LSST’s discoveries of HFCs and LPCs. The size distributions of
these groups are completely unknown, suffering from low-number statistics and the fact that these
comets are discovered or recovered inbound only after they have become active.

While adequately explaining the measured color distributions of TNOs and Centaurs has proved
challenging, the dichotomy between TNO/Centaur colors and cometary colors is striking (Jewitt
2002; Grundy 2009). Cometary nuclei seem to be on average less red than their outer Solar
System counterparts. In the case of the JFCs, the nuclei are presumably direct descendants of
Centaurs and TNOs, so understanding how a comet’s surface changes as it migrates deeper into
the center of the Solar System is an important question. Perhaps cometary activity rapidly changes
surface properties, but if so, then there should be a correlation between colors of comets and active
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Centaurs. In addition to finding TNOs and Centaurs that are closer in size to cometary nuclei,
LSST will provide us with a large number of cometary colors with which to make statistically
strong comparisons. In particular, LSST will let us measure the colors of HFCs and LPCs, a field
that is right now almost totally unexplored. A very exciting possibility is that LSST will discover
some “new-in-the-Oort-sense” LPCs that have not yet turned on, giving us an opportunity to study
a cometary surface unchanged from its time in the deep freeze of the Oort Cloud.

Traditionally, comets were thought to “turn off” beyond 3 AU, but in recent years that paradigm
has started to change as we observe low but definitely non-zero mass loss from comets even all the
way to aphelion in the case of JFCs (e.g., Snodgrass et al. 2008; Mazzotta Epifani et al. 2008) and
out beyond 25 AU in the case of Hale-Bopp (Szabó et al. 2008). LSST’s 10-year lifespan and deep
magnitude limit will allow us to monitor many comets for outgassing activity over a significant
interval of time (and for JFCs, over all or nearly all their orbits). The excellent spatial resolution
will let us monitor even low levels of activity using point spread function comparisons, where the
comet shows some coma that extends just slightly beyond the seeing disk. LSST will also be
able to address how long comets stay active after perihelion and for what fraction of comets is
crystallization of water ice and/or supervolatile sublimation a source of energy at high heliocentric
distances.

Understanding the gas-to-dust ratio of comets and how this varies among comets of different
dynamical classes and ages could let us understand the nature of the cometary activity process
itself. The LSST u-band peaks near the CN violet (0-0) band at 387 nm. While CN is not the
most abundant dissociation product from cometary volatiles, its violet band is second in intrinsic
brightness only to the OH (0-0) band at 309 nm, which is much harder to observe. Thus CN
emission can be used as a proxy for the overall gas production rate. This u-band throughput
peak occurs at the longward edge of the bandpass; the rest of the bandpass will detect shorter
wavelength continuum, and since a comet’s continuum is reflected sunlight, it gets weaker toward
the violet and near-UV. So the u-band will be particularly sensitive to a comet’s gas coma. In
combination with the r, i, z, and y bandpasses, which will be mostly sensitive to the continuum, a
comet’s colors should yield a rough estimate of the CN band strength and hence an approximate CN
production rate. Thus LSST provides the very exciting opportunity to produce a large database of
CN production rates for the known comets and for many of the new comets that it will discover.
Existing databases (A’Hearn et al. 1995; Schleicher & Bair 2008) will not be able to match the size
of an LSST-produced catalog. Trends of the gas-to-dust ratio as a function of other parameters
– perihelion distance, heliocentric distance, active fraction, statistical age, dynamical group – will
give clues about how pulsed insolation affects the evolution of a comet’s surface.

5.10 Mapping of Interplanetary Coronal Mass Ejections

Bojan Vršnak, Željko Ivezić

Large-scale solar eruptions, called coronal mass ejections (CMEs), are the most powerful explosive
events in the Solar System, where the total released energy can be as high as 1026 J. During the
eruption, a magnetic flux of the order 1023 Weber is launched into interplanetary space at velocities
of the order of 1000 km s−1, carrying along 1011 − 1014 kg of coronal plasma. The Earth-directed
CMEs, and the shocks they drive, are the main source of major geomagnetic storms (Gosling et al.
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1990), so understanding their propagation through interplanetary space is one of central issues of
Space Weather research.

The propagation of CMEs in the high corona can be traced by space-borne coronagraphs on-
board spacecraft missions such as the Solar and Heliospheric Observatory (SoHO) and the Solar
Terrestrial Relations Observatory (STEREO). At larger heliocentric distances, the interplanetary
counterparts of CMEs (hereafter ICMEs) can be followed with very high sensitivity coronagraphs
onboard STEREO and Solar Mass Ejection Imager (SMEI) missions, by mapping the interplane-
tary scintillation of distant radio sources (Manoharan 2006), or by employing the long-wavelength
radio type II bursts excited at shocks that are driven by ICMEs (Reiner et al. 2007). The physical
characteristics of ICMEs can also be directly determined by in situ measurements of various space
probes that register solar wind characteristics.

LSST will offer a novel method for three dimensional mapping of ICME propagation, when com-
bined with in situ solar wind measurements. This method has already been applied, although in a
very limited form, in the 1970s (Dryer et al. 1975). The cometary plasma is affected by the passage
of an ICME due to the enhanced ram and magnetic-field pressure associated with the ICME. This
causes sudden changes of the cometary brightness and morphological changes of the coma and the
tail2 (Dryer et al. 1975, 1976). The comprehensive spatial and temporal LSST sky coverage will
locate a sufficient number of comets that could be used as probes to detect passages of ICMEs.
The three-day time resolution of the LSST deep-wide-fast survey is sufficient to track ICME-forced
changes at distances larger than a few AU (Dryer et al. 1975). At closer distances the changes
could be monitored by a network of large amateur telescopes, which will be provided by the comet
positions from LSST, as well as by monitoring comet activity by STEREO and SMEI.

The unprecedented capabilities of LSST, in combination with comet observations by STEREO and
SMEI, as well as by follow-up observations by networks of telescopes such as those anticipated for
the Las Cumbres Observatory, will provide a high-quality monitoring of a large number of comets,
and enable exquisite three dimensional mapping of the ICME activity in interplanetary space. The
detected passages of ICMEs and their shocks will be used to:

• measure kinematic properties of the ICME propagation (position and velocity as functions
of time), which will provide valuable information about forces acting on ICMEs;

• determine the angular extent of ICMEs and their shocks;

• estimate the distance range up to which ICMEs preserve their identity; and

• study interaction of cometary plasma with solar wind.

5.11 The NEA Impact Hazard

Alan W. Harris, R. Lynne Jones

Although the possibility of a catastrophic impact of an asteroid or comet with the Earth has
been recognized for decades and even centuries (Edmund Halley articulated the possibility in his
publication of the orbit of the comet that now bears his name), only in the past few decades have

2For an impressive demonstration, please see http://smei.nso.edu/images/CometHolmes.mpg.
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surveys targeted Near Earth Asteroids (NEAs) with the specific intent of cataloging all or as many
objects as possible in order to understand this risk.

In 2005, Congress issued a mandate calling for the detection and tracking of 90% of all NEAs
larger than 140 m in diameter by 2020. This has typically been interpreted as applying to 90%
of all Potentially Hazardous Asteroids (PHAs), which are NEAs with a perihelion distance of less
than 1.3 AU. The date deadline was chosen to be 15 years after signing the mandate, which at
the time seemed a reasonable period to build a system (either space or Earth-based) to catalog
these PHAs. The size limit (140 m in diameter) and completeness level (90%) were chosen through
a careful calculation of potential risks from impactors, weighed against increasing costs to detect
smaller and smaller objects, as well as a consideration for previous cataloging efforts.

Previous and on-going surveys such as Spacewatch and the Catalina Sky Survey have already come
close to identifying 90% of all PHAs larger than 1 km in diameter (NASA’s so-called “Spaceguard”
goal), using modest sized (< 2m) telescopes with limiting magnitudes in the range of V ∼ 21.
These 1 km PHAs would be capable of causing global catastrophe if one impacted the Earth. To
date, over 800 PHAs have been detected above this size limit and while tracking must be ongoing
(particularly for objects which pass particularly close to gravitational perturbation sources such as
Earth), none is currently known to be on an impacting orbit.

However, smaller PHAs certainly could be on impact trajectories. This was recently brought home
by the asteroid 2008 TC3, detected less than 24 hours before it entered the Earth’s atmosphere,
ultimately impacting in a remote part of Sudan (Jenniskens et al. 2009; McGaha et al. 2008; Chesley
et al. 2008). While 2008 TC3 was a small PHA and impacts of this size are actually fairly common,
it does illustrate that the possibility exists for larger PHAs to hit the Earth. By cataloging all
PHAs above 140 m in diameter, the congressional mandate is intended to increase our awareness
of potential risk in terms of death and property damage by approximately an order of magnitude
beyond that which had been posed by 1 km objects. Figure 5.10 and its caption describes more of
the hazards posed by various sizes of PHAs.

Technology has improved beyond that available when the 2005 Congressional mandate was issued,
although the funding available to fulfill this mandate has not materialized. A 140 m PHA has an
absolute magnitude of approximately H = 22. Integrating models of the orbital distribution of
PHAs to determine their positions and distances indicate that 10% of PHAs larger than 140 m
never become brighter than V = 23.5 over a 10 year period. In addition, PHAs can move up to
a few degrees per day, thus requiring detection during short exposure times. This short exposure
time, coupled with this required limiting magnitude and the necessary sky coverage, requires a
system with a large field of view and sensitive detection limit. LSST has the potential to reach the
goal of detecting 90% of all PHAs larger than 140 m by 2028, as described in § 5.11.1.

5.11.1 The NEA Completeness Analysis

Željko Ivezić

To assess the LSST completeness for PHAs, the PHA population is represented by a size-limited
complete sample of 800 true PHAs whose orbital elements are taken from the Minor Planet Center.
The simulated baseline survey is used to determine which PHAs are present in each exposure and
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Figure 5.10: Various estimates of the size vs. impact frequency of NEAs (dashed lines). Equivalent astronomical
absolute magnitude and impact in megatons are shown. The potential damage from a cosmic impact can be divided
roughly into four categories. Below a diameter of ∼ 30 m, incoming bodies explode high enough in the atmosphere
that no ground damage occurs in the form of a blast wave. In the next size range extending up to 100-150 m or so,
most of the impact energy is released in the atmosphere resulting in ground damage more or less similar to a large
nuclear blast. Over land this has the potential to create major devastation as can be seen by the scar of the Tunguska
event of a century ago. Even larger events in which the incoming body would reach the ground still traveling at
cosmic velocity would cause even greater damage over land, but it is expected that the larger risk in this size range is
from tsunami from impacts occurring into the ocean. At some size, variously estimated between 1 and 2 km diameter,
it is expected that the impact event would lead to a global climatic catastrophe (for either land or sea impact) due to
dust lofted into the stratosphere, with the possibility of ending civilization, perhaps killing a quarter or more of the
human population from famine, disease, and general failure of social order. An example of this mass-extinction level
event is the K-T Impactor. (Alan W. Harris, modified from http://neo.jpl.nasa.gov/neo/report2007.html).

at what signal-to-noise ratio they were observed. In addition to seeing, atmospheric transparency,
and sky background effects, the signal-to-noise computation takes into account losses due to non-
optimal filters and object trailing. Using SDSS observations of asteroids (Ivezić et al. 2001), we
adopt the following mean colors to transform limiting (AB) magnitudes in LSST bandpasses to an
‘effective’ limiting magnitude in the standard V band: V −m = (−2.1,−0.5, 0.2, 0.4, 0.6, 0.6) for
m = (u, g, r, i, z, y). Due to very red V − u colors, and the relatively bright limiting magnitude in
the y band, the smallest objects are preferentially detected in the griz bands. The correction for
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Figure 5.11: Completeness of the LSST survey for PHAs brighter than a given absolute magnitude (related to the
size of the object and albedo; H=22 mag is equivalent to a typical 140 m asteroid and H=24 mag is equivalent to
a 50 m asteroid). Two scenarios are shown: the lower curve is the 10-year long baseline survey where 5% of the
total observing time is spent on NEA-optimized observations in the Northern Ecliptic (NE) region, and it reaches a
completeness of 84% after 10 years. The upper dashed curve results from spending 15% of the observing time in an
NEA-optimized mode, and running the survey for 12 years. It meets the 90% completeness level for 140 m objects
mandated by the U.S. Congress.

trailing is implemented by subtracting from the 5σ limiting magnitude for point sources

∆mtrailing
5 = 1.25 log10

(
1 + 0.0267

v tvis
θ

)
, (5.5)

where the object’s velocity, v, is expressed in deg/day. For the nominal exposure time (tvis) of 30
seconds and seeing θ = 0.7′′, the loss of limiting magnitude is 0.16 mag for v = 0.25 deg day−1,
typical for objects in the main asteroid belt, and 0.50 mag for v = 1.0 deg day−1, typical of NEAs
passing near Earth.

The completeness of LSST in cataloging NEAs was calculated by propagating a model NEA source
population (taken from the MOPS Solar System model, as in § 2.5.3), over the lifetime of the
LSST survey mission, and simply counting the number of times LSST would be expected to detect
the object under a variety of methods of operation (more on these observing cadences below). An
object’s orbit is considered to be cataloged if the object was detected on at least three nights during
a single lunation, with a minimum of two visits per night. The same criterion was used in NASA
studies3, and is confirmed as reliable by a detailed analysis of orbital linking and determination
using the MOPS code (§ 2.5.3). The MOPS software system and its algorithms are significantly
more advanced than anything fielded for this purpose to date. Realistic MOPS simulations show
> 99% linking efficiency across all classes of Solar System objects.

3The NASA 2007 NEA study is available from http://neo.jpl.nasa.gov/neo/report2007.html.
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For the LSST baseline cadence (§ 2.1), objects counted as cataloged are observed on 20 different
nights on average over ten years. A more stringent requirement that an object must be detected on
at least five nights decreases the completeness by typically 3%. The completeness is also a function
of the assumed size distribution of NEAs: the flatter the distribution, the higher the completeness.
If the latest results for the NEA size distribution by Alan W. Harris (personal communication)
are taken into account, the completeness increases by 1-2%. Due to these issues, the completeness
estimates have a systematic uncertainty of at least 2%. Once the completeness rises above 60%,
an increase in 10% in completeness corresponds to roughly a decrease of one magnitude in H.

The LSST baseline cadence provides orbits for 82% of PHAs larger than 140 m after 10 years of
operations. With a minor change of this cadence, such as requiring that all observations in the so-
called North Ecliptic (NE) region, defined by δ > 5◦) are obtained in the r band, the completeness
for 140 m and larger PHAs is 84%, with 90% completeness reached for 200 m and larger objects.
The completeness curve as a function of an object’s size is shown in Figure 5.11 (lower curve). The
observing cadence described here spends only 5% of the total observing time on NEA-optimized
observations in the NE region.

Various adjustments to the baseline cadence can boost the completeness for 140 m and larger
PHAs to 90%. We find that such variations can have an unacceptably large impact on other
science programs, if the 90% completeness is to be reached within the 10 year survey lifetime.
However, with a minor adjustment of the baseline cadence, such that 15% of the time is spent in
the NE region to reach fainter limiting magnitudes, this completeness level can be reached with a
12-year long survey, and with a negligible effect on other science goals. The completeness curve as
a function of an object’s size for such a modified cadence is shown in Figure 5.11 (upper curve).

Our analysis assumes that no NEAs are known prior to LSST. Currently known NEAs do not have
a significant impact on this calculation. However, if a precursor survey, such as Pan-STARRS 4,
operated for three years prior to LSST, the time to fulfill the Congressional mandate by LSST
could be shortened by about a year.

5.12 NEAs as Possible Spacecraft Mission Targets

Paul A. Abell

LSST has the capability of detecting and characterizing more than 90% of the NEAs equal to,
or larger than 140 m in diameter in just 12 years of operation. This is not only important for
characterizing the potential impact threat from these objects, but these observations will also
provide a wealth of information on possible spacecraft targets for future investigation. NEAs are
objects of interest from a hazard perspective given that their orbits can bring them into close
proximity with the Earth. However, this makes them prime candidates for in situ investigation
given that they are also some of the easiest objects to reach in the Solar System. These objects
have relatively low velocities relative to Earth (5 to 7 km s−1) and are good targets for possible
future science and sample return missions. NASA’s NEAR Shoemaker spacecraft to (433) Eros,
JAXA’s Hayabusa probe to (25143) Itokawa, and ESA’s Rosetta mission to comet 67P/Churyumov-
Gerasimenko are examples of the types of missions that can be sent to NEAs. Given that a subset
of the total NEA population has orbital parameters similar to that of the Earth (i.e., low inclination

132



Chapter 5: References

and low eccentricity), new discoveries made by LSST will expand the currently known target list
for future robotic and human-led spacecraft missions.

NASA’s Constellation Program is developing the next generation of vehicles for human exploration,
as mandated by the United States Space Exploration Policy. These vehicles are currently under
development for missions to the International Space Station (ISS) and the Moon. However, these
missions are not the only ones currently under consideration at NASA. Crewed voyages to NEAs
are also being analyzed as possible alternative missions for NASA. The 2009 Augustine Committee
review of U.S. human spaceflight plans has included NEAs as high-profile astronaut destinations in
several of its exploration options. In addition, an agency-sponsored internal study has determined
that the new Constellation vehicles have the capability to reach several NEAs, conduct detailed
scientific and exploration operations of these objects, and return to Earth after 180 days. Using
the existing NEA database, currently only about ten known targets are reachable using NASA’s
Constellation systems within the desired 2020 to 2035 time-frame. New data from LSST would
expand this list of dynamically viable targets by more than an order of magnitude and help to refine
target selection based on the observed physical characteristics (taxonomy, rotation state, etc.) of
the objects discovered. LSST is uniquely qualified for this type of effort given its sensitivity for
detecting and characterizing NEAs.

The next stages in the human exploration and exploitation of space will be highly dependent on the
feasibility of extracting materials (primarily water and minerals) from in situ sources. In addition,
to their accessibility from Earth, NEAs are potentially the most cost-efficient sources for providing
propulsion and life support, and for building structures in space. It is highly probable that the
success and viability of human expansion into space beyond low-Earth orbit depends on the ability
to exploit these potential resources. Therefore, a detailed physical and compositional assessment
of the NEA population will be required before any human missions are sent to these objects. LSST
will be a key asset in NEA discovery and play a significant role in the initial reconnaissance of
potential NEA resources necessary for future human exploration of the Solar System.
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Ivezić, Ž. et al., 2008, ArXiv e-prints, 0805.2366
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6.1 Introduction

Stellar populations, consisting of individual stars that share coherent spatial, kinematic, chemical,
or age distributions, are powerful probes of a wide range of astrophysical phenomena. The coherent
properties of stellar populations allow us to use measurements of an individual member to inform
our understanding of the larger system and vice versa. As examples, globular cluster metallicities
are often derived from measurements of the brightest few members, while the overall shape of the
cluster color magnitude diagram (CMD) enables us to assign ages to an individual star within the
system. Leveraging the wealth of information available from such analyses enables us to develop a
remarkably detailed and nuanced understanding of these complex stellar systems.

By providing deep, homogeneous photometry for billions of stars in our own Galaxy and throughout
the Local Group, LSST will produce major advances in our understanding of stellar populations.
In the sections that follow, we describe how LSST will improve our understanding of stellar popu-
lations in external galaxies (§ 6.2 and § 6.3) and in our own Milky Way (§§ 6.4–6.6), and will allow
us to study the properties of rare stellar systems (§§ 6.7–6.11).

Many of the science cases in this chapter are based on the rich characterization LSST will provide
for stars in the solar neighborhood. This scientific landscape will be irrevocably altered by the
Gaia space mission, however, which will provide an exquisitely detailed catalog of millions of
solar neighborhood stars shortly after its launch (expected in 2011). To illuminate the scientific
areas where LSST provides a strong complement to Gaia’s superb capabilities, § 6.12 develops a
quantitative comparison of the astrometric and photometric precision of the two missions; this
comparison highlights LSSTs ability to smoothly extend Gaia’s solar neighborhood catalog to
redder targets and fainter magnitudes.
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6.2 The Magellanic Clouds and their Environs

Abhijit Saha, Edward W. Olszewski, Knut Olsen, Kem H. Cook

The Large and Small Magellanic Clouds (LMC and SMC respectively; collectively referred to
hereafter as “the Clouds”) are laboratories for studying a large assortment of topics, ranging from
stellar astrophysics to cosmology. Their proximity allows the study of their individual constituent
stars: LSST will permit broad band photometric “static” analysis to MV ∼ +8 mag, probing well
into the M dwarfs; and variable phenomena to MV ∼ +6, which will track main sequence stars 2
magnitudes fainter than the turn-offs for the oldest known systems.

A sense of scale on the sky is given by the estimate of “tidal debris” extending to 14 kpc from
the LMC center (Weinberg & Nikolaev 2001) based on 2MASS survey data. Newer empirical data
(discussed below) confirm such spatial scales. The stellar bridge between the LMC and SMC is
also well established. Studies of the full spatial extent of the clouds thus require a wide area
investigation of the order of 1000 deg2. We show below that several science applications call for
reaching “static” magnitudes to V or g ≈ 27 mag, and time domain data and proper motions
reaching 24 mag or fainter. The relevance of LSST for these investigations is unquestionable.

Nominal LSST exposures will saturate on stars about a magnitude brighter than the horizontal
branch luminosities of these objects, and work on such stars is not considered to be an LSST
forte. Variability surveys like MACHO and SuperMACHO have already covered much ground on
time-domain studies, with SkyMapper to come between now and LSST. We do not consider topics
dealing with stars bright enough to saturate in nominal LSST exposures.

6.2.1 Stellar Astrophysics in the Magellanic Clouds

For stellar astrophysics studies, the Clouds present a sample of stars that are, to first order, at
a common distance, but contain the complexity of differing ages and metallicities, and hence an
assortment of objects that star clusters within the Galaxy do not have. In addition, the age-
metallicity correlation in the Clouds is known to be markedly different from that in the Galaxy.
This allows some of the degeneracies in stellar parameters that are present in Galactic stellar
samples to be broken.

LSST’s extended time sampling will reveal, among other things, eclipsing binaries on the main
sequence through the turn-off. We plan to use them to calibrate the masses of stars near the old
main sequence turnoff. Only a small number of such objects are known in our own Galaxy, but
wide area coverage of the Clouds (and their extended structures) promises a sample of ∼ 80, 000
such objects with 22 < g < 23 mag, based on projections from MACHO and SuperMACHO.
Binaries in this brightness range track evolutionary phases from the main sequence through turn-
off. The direct determination of stellar masses (using follow-up spectroscopy of eclipsing binaries
identified by LSST) of a select sub-sample of eclipsing binaries in this range of evolutionary phase
will confront stellar evolution models, and especially examine and refine the stellar age “clock,”
which has cosmological implications.

For this question, we need to determine the number of eclipsing binaries (EB) that LSST can
detect within 0.5 magnitudes of the old turn-off (r ∼ 22.5). Additionally, because the binary mass
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depends on (sin i)3, we need to restrict the EB sample to those with i = 90◦ ± 10◦ in order to
determine masses to 5%. Such accuracy in mass is required for age sensitivity of ∼ 2 Gyr at
ages of 10-12 Gyr. We determined the number of LMC EBs meeting these restrictions that could
be discovered by LSST by projecting from the 4631 eclipsing binaries discovered by the MACHO
project (e.g. Alcock et al. 1995). Selecting only those MACHO EBs with colors placing them on
the LMC main sequence, we calculated the minimum periods which these binaries would need to
have in order for them to have inclinations constrained to be 90◦±10◦, given their masses and radii
on the main sequence. Of the MACHO EB sample, 551 systems (12%) had periods longer than the
minimum, with the majority of the EBs being short-period binaries with possibly large inclinations.
Next, we constructed a deep empirical LMC stellar luminosity function (LF) by combining the V-
band luminosity function from the Magellanic Clouds Photometric Survey (Zaritsky et al. 2004,
MCPS) with the HST-based LMC LF measured by Dolphin (2002a), using Smecker-Hane et al.
(2002) observations of the LMC bar, where we scaled the HST LF to match the MCPS LF over
the magnitude range where the LFs overlapped. We then compared this combined LF to the LF
of the MACHO EBs, finding that EBs comprise ∼ 2% of LMC stellar sources. Finally, we used
our deep combined LF to measure the number of LMC stars with 22 < V < 23, multiplied this
number by 0.0024 to account for the fraction of sufficiently long-period EBs, and found that LSST
should be able to detect ∼ 80, 000 EBs near the old main sequence turnoff. Based on the MACHO
sample, these EBs will have periods between ∼ 3 and ∼ 90 days, with an average of ∼ 8 days.

LSST is expected to find ∼ 105 RR Lyrae stars over the full face of both Clouds (the specific ratio
of RR Lyraes can vary by a factor of 100, and the above estimate, which is based on 1 RR Lyrae per
∼ 104L�, represents the geometric mean of that range and holds for HST discoveries of RR Lyrae
stars in M31 and for SuperMACHO results in the Clouds). The physics behind the range of
subtler properties of RR Lyrae stars is still being pondered: trends in their period distributions as
well as possible variations in absolute magnitude with period, age, and metallicity. Our empirical
knowledge of these comes from studying their properties in globular clusters, where the distance
determinations may not be precise enough (at the 20% level). The range of distances within the
LMC is smaller than the uncertainty in relative distances between globular clusters in our Galaxy.
Ages and metallicities of the oldest stars (the parent population of the RR Lyraes) in any given
location in the Clouds may be gleaned from an analysis of the local color-magnitude diagrams, as
we now discuss, and trends in RR Lyrae properties with parent population will be directly mapped
for the first time.

6.2.2 The Magellanic Clouds as “Two-off” Case Studies of Galaxy Evolution

The Clouds are the only systems larger and more complex than dwarf spheroidals outside our
own Galaxy where we can reach the main sequence stars with LSST. Not only are these the most
numerous, and therefore the most sensitive tracers of structure, but they proportionally represent
stars of all ages and metallicities. Analyzing the ages, metallicities, and motions of these stars is
the most effective and least biased way of parsing the stellar sub-systems within any galaxy, and
the route to understanding the history of star formation, accretion, and chemical evolution of the
galaxy as a whole. Decades of work toward this end have been carried out to define these elements
within our Galaxy, but the continuing task is made difficult not only because of the vastness on the
sky, but also because determining distances to individual stars is not straightforward. The Clouds
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are the only sufficiently complex systems (for the purpose of understanding galaxy assembly) where
the spatial perspective allows us to know where in the galaxy the stars we are examining lie, while at
the same time being close enough for us to examine and parse its component stellar populations in
an unbiased way through the main sequence stars. LSST will provide proper motions of individual
stars to an accuracy of ∼ 50km s−1 in the LMC, but local ensembles of thousands of stars on spatial
scales from 0.1 to several degrees will be able to separate disk rotation from a “stationary” halo.
Internal motions have been seen using proper motions measured with only 20 positional pointings
with the HST’s Advanced Camera for Surveys (ACS) with only a few arc-min field of view and a
2-3 year time baseline (Piatek et al. 2008).

Color-magnitude and Hess diagrams from a composite stellar census can be decomposed effectively
using stellar evolution models (e.g., Tolstoy & Saha 1996; Dolphin 2002b). While the halo of our
Galaxy bears its oldest known stars, models of galaxy formation lead us to expect the oldest
stars to live in the central halo and bulge. Age dating the oldest stars toward the center of the
Galaxy is thwarted by distance uncertainties, complicated further by reddening and extinction.
The Clouds present objects at a known distance, where color-magnitude diagrams are a sensitive
tool for evaluating ages. A panoramic unbiased age distribution map from the CMD turn-off is
not possible at distances larger than 100 kpc. The Clouds are a gift in this regard.

6.2.3 The Extended Structure of the Magellanic Clouds

Knowledge of the distribution and population characteristics in outlying regions of the LMC/SMC
complex is essential for understanding the early history of these objects and their place in the
ΛCDM hierarchy. In our Galaxy the most metal poor, and (plausibly) the oldest observed stars
are distributed in a halo that extends beyond 25 kpc. Their spatial distribution, chemical compo-
sition and kinematics provide clues about the Milky Way’s early history, as well as its continued
interaction with neighboring galaxies. If the Clouds also have similar halos, the history of their
formation and interactions must also be written in their stars. In general how old are the stars in
the extremities of the Clouds? How are they distributed (disk or halo dominated)? How far do
such stellar distributions extend? What tidal structure is revealed? Is there a continuity in the
stellar distribution between the LMC and SMC? Do they share a common halo with the Galaxy?
What do the kinematics of stars in outlying regions tell us about the dark matter distribution? Is
there a smooth change from disk to non-disk near the extremities?

Past panoramic studies such as with 2MASS and DENIS have taught us about the LMC disk
interior to 9 kpc (10◦, e.g., van der Marel 2001). Structure beyond that had not been systematically
probed in an unbiased way (studies using HII regions, carbon stars, and even RR Lyrae exist, but
they are heavily biased in age and metallicity) until a recent pilot study (NOAO Magellanic Outer
Limits Survey) with the MOSAIC imager on the Blanco 4-m telescope at Cerro Tololo Inter-
American Observatory, which uses main sequence stars as tracers of structure. Even with their
very selective spatial sampling of a total of only ∼ 15 deg2 spread out over a region of interest
covering over ∼ 1000 deg2, the LMC disk is seen to continue out to 10 disk scale lengths, beyond
which there are signs either of a spheroidal halo that finally overtakes the disk (a simple scaled
model of how our own Galaxy must look when viewed face on), or a tidal pile-up. Main sequence
stars clearly associated with the LMC are seen out to 15 degrees along the plane of the disk
(Figure 6.1). This exceeds the tidal radius estimate of 11 kpc (12.6◦) by Weinberg (2000), already
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Figure 6.1: The color-magnitude diagrams in C − R vs. R for two fields, 14◦ (left) and 19◦ (right) due north of
the LMC center. The stub-like locus of stars near C − R ∼ 0.7 and I > 21.0 that can be seen on the left panel for
the 14◦ field corresponds to the locus of old main sequence stars from the LMC, which have a turn-off at I ∼ 21.0.
This shows that stars associated with LMC extend past 10 disk scale lengths. The feature is absent in the 19◦ field,
which is farther out. Mapping the full extent of the region surrounding the Clouds on these angular scales is only
feasible with LSST.

a challenge to existing models of how the LMC has interacted with the Galaxy. (This extended
LMC structure has a surface brightness density of ∼ 35 mag per square arc-sec, which underscores
the importance of the Clouds and the opportunity they present, because this technique will not
work for objects beyond 100 kpc from us.) In contrast, the structure of the SMC appears to be
very truncated, at least as projected on the sky. Age and metallicity of these tracer stars are also
derived in straightforward manner.

Not only will LSST map the complete extended stellar distribution (where currently less than 1%
of the sky region of interest has been mapped) of the Clouds using main sequence stars as tracers
that are unbiased in age and metallicity, but it will also furnish proper motions. The accuracy of
ensemble average values for mapping streaming motions, such as disk rotation and tidal streams,
depends eventually on the availability of background quasars and galaxies, which do not move on
the sky. The HST study of proper motions (Kallivayalil et al. 2006b,a; Piatek et al. 2008) was able
to use quasars with a surface density of 0.7 deg−2. We expect that LSST, using the hugely more
numerous background galaxies as the “zero proper motion reference,” and a longer time baseline
should do even better. Individual proper motions of stars at these distances can be measured to
no better than ∼ 50 km s−1, but the group motions of stars will be determined to much higher
accuracy, depending ultimately on the positional accuracy attainable with background galaxies.
Over scales of 0.1◦, statistical analysis of group motions can be expected to yield systemic motions
with accuracies better than 10 km s−1. This would not only discriminate between disk and halo
components of the Clouds in their outer regions but also identify any tidally induced structures at
their extremities.
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6.2.4 The Magellanic Clouds as Interacting Systems

In addition to interacting gravitationally with each other, both Clouds are in the gravitational
proximity of the Galaxy. Until recently, it was held that the Clouds are captive satellites of the
Galaxy and have made several passages through the Galaxy disk. The extended stream of HI,
called the Magellanic Stream, which emanates from near the SMC and wraps around much of the
sky, has been believed to be either a tidal stream or stripped by ram pressure from passages through
the Galaxy disk. This picture has been challenged recently by new proper motion measurements
in the Clouds from HST data analyzed by two independent sets of investigators (Kallivayalil et al.
2006b,a; Piatek et al. 2008). Their results indicate significantly higher proper motions for both
systems, which in turn imply higher space velocities. Specifically, the LMC and SMC may not
have begun bound to one another, and both may be on their first approach to the Milky Way, not
already bound to it. Attempts to model the motion of the Clouds together with a formation model
for the Magellanic Stream in light of the new data (e.g., Besla et al. 2009) are very much works in
progress. Even if a higher mass sufficient to bind the Clouds is assumed for the Galaxy, the orbits
of the Clouds are changed radically from prior models: specifically, the last peri-galacticon could
not have occurred within the last 5 Gyrs with the high eccentricity orbits that are now necessary
(Besla et al. 2009), indicating that the Magellanic Stream cannot be tidal. The proper motion
analyses have also determined the rotation speed of the LMC disk (Piatek et al. 2008). The new
result of 120± 15 kms−1 is more reliable than older radial velocity-based estimates for this nearly
face-on galaxy, and as much as twice as large as some of the older estimates. This new scenario
changes the expected tidal structures for the Clouds and argues against a tidal origin for the
Magellanic Stream. These expectations are empirically testable with LSST. For instance, a tidal
origin requires a corresponding stream of stars, even though the stellar stream can be spatially
displaced with respect to the gas stream: to date, such a star stream, if its exists, has escaped
detection. A definitive conclusion about whether such a stellar stream exists or not, awaits a deep
multi-band wide area search to detect and track main sequence stars, which are the most sensitive
tracers of such a stellar stream.

Aside from the specific issue of a stellar stream corresponding to the Magellanic gas stream, the
full area mapping of extremities via the main sequence stars described in § 6.2.3 will reveal any
tidally induced asymmetries in the stellar distributions, e.g., in the shape of the LMC disk as
result of the Galactic potential as well as from interaction with the SMC. Proper motions of any
tidal debris (see § 6.2.3) will contribute to determining the gravitational field, and eventually to a
modeling of the halo mass of the Galaxy. How far out organized structure in the LMC persists,
using kinematic measures from proper motions, will yield the mass of the LMC, and thus the size
of its dark matter halo.

6.2.5 Recent and On-going Star Formation in the LMC

You-Hua Chu

Studies of recent star formation rate and history are complicated by the mass dependence of the
contraction timescale. For example, at t ∼ 105 yr, even O stars are still enshrouded by circumstellar
dust; at t ∼ 106 yr, massive stars have formed but intermediate-mass stars have not reached the
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Figure 6.2: Hα image of the LMC. CO contours extracted from the NANTEN survey are plotted in blue to show
the molecular clouds. Young stellar objects with 8.0 µm magnitude brighter than 8.0 are plotted in red, and the
fainter ones in yellow. Roughly, the brighter objects are of high masses and the fainter ones of intermediate masses.
Adapted from Gruendl & Chu (2009).

main sequence; at t ∼ 107 yr, the massive stars have already exploded as supernovae, but the
low-mass stars are still on their way to the main sequence.

The current star formation rate in the LMC has been determined by assuming a Salpeter initial
mass function (IMF) and scaling it to provide the ionizing flux required by the observed Hα
luminosities of HII regions (Kennicutt & Hodge 1986). Individual massive stars in OB associations
and in the field have been studied photometrically and spectroscopically to determine the IMF,
and it has been shown that the massive end of the IMF is flatter in OB associations than in the
field (Massey et al. 1995).

The Spitzer Space Telescope has allowed the identification of high- and intermediate-mass young
stellar objects (YSOs), representing ongoing (within 105 yr) star formation, in the LMC (Caulet
et al. 2008; Chen et al. 2009). Using the Spitzer Legacy program SAGE survey of the central 7◦×7◦

area of the LMC with both IRAC and MIPS, YSOs with masses greater than ∼ 4M� have been
identified independently by Whitney et al. (2008) and Gruendl & Chu (2009). Figure 6.2 shows the
distribution of YSOs, HII regions, and molecular clouds, which represent sites of on-going, recent,
and future star formation respectively. It is now possible to fully specify the formation of massive
stars in the LMC.

The formation of intermediate- and low-mass stars in the LMC has begun to be studied only
recently by identifying pre-main sequence (PMS) stars in (V − I) vs V color-magnitude diagrams
(CMDs), as illustrated in Figure 6.3. Using HST WFPC2 observations, low-mass main sequence
stars in two OB associations and in the field have been analyzed to construct IMFs, and different
slopes are also seen (Gouliermis et al. 2006a,b, 2007).

Using existing HST image data in LMC molecular clouds to estimate how crowding will limit
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Figure 6.3: V-I vs. V color-magnitude diagram of stars detected in the OB association LH95 (left), surrounding
background region (middle), and the difference between the two (right). The zero-age main sequence is plotted as a
solid line, and PMS isochrones for ages 0.5, 1.5, and 10 Myr are plotted in dashed lines in the right panel. Adapted
from Gouliermis et al. (2007) with permission.

photometry from LSST images, we estimate that PMS stars can be detected down to 0.7-0.8 M�
(g ∼ 24 mag: see right hand panel of Figure 6.3). LSST will provide a mapping of intermediate- to
low-mass PMS stars in the entire LMC except the bar, where crowding will prevent reliable photom-
etry at these magnitudes. This young lower-mass stellar population, combined with the known in-
formation on massive star formation and distribution/conditions of the interstellar medium (ISM),
will allow us to fully characterize the star formation process and provide critical tests to different
theories of star formation.

Conventionally, star formation is thought to start with the collapse of a molecular cloud that is
gravitationally unstable. Recent models of turbulent ISM predict that colliding HI clouds can also
be compressed and cooled to form stars. Thus, both the neutral atomic and molecular components
of the ISM need to be considered in star formation. The neutral atomic and molecular gas in the
LMC have been well surveyed: the ATCA+Parkes map of HI (Kim et al. 2003), the NANTEN
survey of CO (Fukui et al. 2008), and the MAGNA survey of CO (Ott et al. 2008, Hughes et al.,
in prep.). Figure 6.2 shows that not all molecular clouds are forming massive stars: How about
intermediate- and low-mass stars? Do some molecular clouds form only low-mass stars? Do stars
form in regions with high HI column density but no molecular clouds? These questions cannot be
answered until LSST has made a complete mapping of intermediate- and low-mass PMS stars in
the LMC.

6.3 Stars in Nearby Galaxies

Benjamin F. Williams, Knut Olsen, Abhijit Saha
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6.3.1 Star Formation Histories

General Concepts

Bright individual stars can be distinguished in nearby galaxies with ground-based observations.
In galaxies with no recent star formation (within ∼1 Gyr), the brightest stars are those on the
asymptotic giant branch (AGB) and/or the red giant branch (RGB). The color of the RGB de-
pends mostly on metallicity, and only weakly on age, whereas the relative presence and luminosity
distribution of the AGB stars is sensitive to the star formation history in the range 2 < t < 8 Gyrs.
The brightest RGB stars are at I ∼ −4, and in principle are thus visible to LSST out to distances
∼ 10 Mpc. The presence of significant numbers of RR Lyrae stars indicates an ancient population
of stars, 10 Gyrs or older. RR Lyrae, as well the brightest RGB stars, are standard candles that
measure the distance of the host galaxy.

In practice, object crowding at such distances is severe for galaxies of any significant size, and
resolution of individual RGB stars in galaxies with MV ∼ −10 and higher will be limited to
distances of ∼ 4 Mpc, but that includes the Sculptor Group and the Centaurus and M83 groups.
Within the Local Group, the “stacked” photometry of individual stars with LSST will reach below
the Horizontal Branch, and certainly allow the detection of RR Lyraes in addition to the RGB.

Galaxies that have made stars within the last 1 Gyrs or so contain luminous supergiant stars (both
blue and red). The luminosity distributions of these stars reflect the history of star formation
within the last 1 Gyr. The brightest stars (in the youngest systems) can reach MV ∼ −8, but
even stars at MV ∼ −6 (including Cepheids) will stand out above the crowding in LSST images
of galaxies at distances of ∼ 7 Mpc.

A great deal of work along these lines is already being done, both from space and the ground.
LSST’s role here will be to (1) cover extended structures, and compare, for example, how popula-
tions change with location in the galaxies – important clues to how galaxies were formed, and (2)
identify the brighter variables, such as RR Lyraes, Cepheids, and the brighter eclipsing binaries
wherever they are reachable.

Methods and Techniques

Methods of deriving star formation histories (the distribution of star formation rate as a function
of time and chemical composition) from Hess diagrams given photometry and star counts in two
or more bands (and comparing with synthetic models) are adequately developed, e.g., Dolphin
(2002b). For extragalactic systems and in the solar neighborhood, where distances are known
independently, the six-band LSST data can be used to self-consistently solve for extinction and
star formation history. This is more complicated if distances are not known independently, such as
within the Galaxy, where other methods must be brought to bear. For nearby galaxies, distances
are known at least from the bright termination of the RGB.

Analysis of a composite population, as observed in a nearby galaxy, is performed through detailed
fitting of stellar evolution models to observed CMDs. An example CMD of approximately LSST
depth is shown in Figure 6.4, along with an example model fit and residuals using the stellar evolu-
tion models of Girardi et al. (2002) and Marigo et al. (2008). The age and metallicity distribution
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from this fit are shown in Figure 6.5. These kinds of measurements can show how star formation
has progressed within a galaxy over the past Gyr (e.g. Dohm-Palmer et al. 2002; Williams 2003),
and provides the possibility of looking for radial trends that provide clues about galaxy formation.

This work requires obtaining as much information as possible about the completeness and photo-
metric errors as a function of position, color, and magnitude. The most reliable way to determine
these values is through artificial star tests in which a point spread function typical of the LSST
seeing at the time of the each observation is added to the LSST data, and then the photometry
of the region is remeasured to determine 1) if the fake star was recovered and 2) the difference
between the input and output magnitude. This action must be performed millions of times to get
a good sampling of the completeness and errors over the full range in color and magnitude over
reasonably small spatial scales. Furthermore, extinction in the field as a function of position must
be well-characterized, which requires filters that are separated by the Balmer break. The LSST u
filter fits the bill nicely.

In order to be able to perform detailed studies of the age and metallicity distribution of stars in the
LSST data, we will need to add artificial stars to the data to test our completeness. We will also
need a reliable model for foreground Galactic contamination, because the halos of nearby galaxies
may be sparsely populated and contain stars with colors and apparent magnitudes similar to those
of the Galactic disk and halo.

6.4 Improving the Variable Star Distance Ladder

Lucas M. Macri, Kem H. Cook, Abhijit Saha, Ata Sarajedini

Pulsating variable stars such as Cepheids and RR Lyraes have been indispensable in the quest
to understand the scale of the Universe. The Cepheid Period-Luminosity-Color relation has been
long established and used initially to determine the distance to the Large Magellanic Cloud, and
then to our nearest spiral neighbor M31. Their shorter period and fainter cousins, the RR Lyraes,
are ubiquitous in globular clusters and among the field star population; they can also be used in a
relatively straightforward manner to measure distances.

6.4.1 Cepheids and Long Period Variables

There is a major scientific interest in the use of Cepheid variables to calibrate the absolute lumi-
nosity of type Ia supernovae (SNe) and other cosmological distance indicators like the Tully-Fisher
relation, leading to improved determination of the Hubble constant (H0). The discovery of dark
energy a decade ago brought new attention to this topic because an increase in the precision of the
measurement of H0 results in a significant reduction of the uncertainty in w, the parameter that
describes the equation of state of dark energy (Appendix A).

Current efforts are aimed at measuring H0 with a precision of 5% or better, through a robust
and compact distance ladder that starts with a maser distance to NGC 4258. Next comes the
discovery of Cepheids in that galaxy using optical data (acquired with HST, Gemini, and LBT),
which is followed up in the near-infrared with HST to establish a NIR period-luminosity relation
that is accurately calibrated in terms of absolute luminosity and exhibits small scatter. Lastly,
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Figure 6.4: Best fit to a CMD from an archival Hubble Space Telescope Advanced Camera for Surveys field in M33.
Upper left: The observed CMD. Upper right: The best-fitting model CMD using stellar evolution models. Lower left:
The residual CMD. Redder colors denote an overproduction of model stars. Bluer colors denote an underproduction
of model stars. Lower right: The deviations shown in lower left normalized by the Poisson error in each CMD bin,
i.e., the statistical significance of the residuals. Only the red clump shows statistically significant residuals.
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Figure 6.5: The star formation history from the CMD shown in Figure 6.4. Top: The solid histogram marks the
star formation rate (normalized by sky area) as a function of time for the past 14 Gyr. The dashed line marks
the best-fitting constant star formation rate model. Middle: The mean metallicity and metallicity range of the
population as a function of time. Heavy error bars mark the measured metallicity range, and lighter error bars mark
how that range can slide because of errors in the mean metallicity. Bottom: Same as top, but showing only the
results for the past 1.3 Gyr.

Cepheids are discovered in galaxies that were hosts to modern type Ia SNe to calibrate the absolute
luminosity of these events and determine H0 from observations of SNe in the Hubble flow.

In the next few years before LSST becomes operational, we anticipate using HST and the ladder
described above to improve the precision in the measurement of H0 to perhaps 3%. Any further
progress will require significant improvement in several areas, and LSST will be able to contribute
significantly to these goals as described below.

• We need to address the intrinsic variation of Cepheid properties from galaxy to galaxy. This
can only be addressed by obtaining large, homogeneous samples of variables in many galaxies.
LSST will be able to do this for all southern spirals within 8 Mpc.

• We need to calibrate the absolute luminosity of type Ia SNe more robustly, by increasing
the number of host galaxies that have reliable distances. Unfortunately HST cannot dis-
cover Cepheids (with an economical use of orbits) much further out than 40 Mpc, and its
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days are numbered. Here LSST can play a unique role by accurately characterizing long-
period variables (LPVs), a primary distance indicator that can be extended to much greater
distances.

• LPVs are hard to characterize because of the long time scales involved (100-1000 days). Major
breakthroughs were enabled by the multi-year microlensing surveys of the LMC (MACHO and
OGLE) in combination with NIR data from 2MASS, DENIS and the South African/Japanese
IRSF. An extension to Local Group spirals (M31, M33) is possible with existing data. LSST
would be the first facility that could carry out similar surveys at greater distances and help
answer the question of intrinsic variation in the absolute luminosities of the different LPV
period-luminosity relations.

• The LSST observations of these nearby (D < 8 Mpc) spirals would result in accurate Cepheid
distances and the discovery of large LPV populations. This would enable us to accurately
calibrate the LPV period-luminosity relations for later application to galaxies that hosted
type Ia SNe or even to galaxies in the Hubble flow. This would result in further improvement
in the measurement of H0.

6.4.2 RR Lyrae Stars

While the empirical properties of RR Lyrae stars have been well studied due to their utility as
standard candles, theoretical models that help us understand the physics responsible for these
properties are not as advanced. For example, it has been known for a long time that Galactic
globular clusters divide into two groups (Oosterhoff 1939) based on the mean periods of their ab-
type RR Lyrae variables - those that pulsate in the fundamental mode. As shown in Figure 6.6,
Oosterhoff Type I clusters have ab-type RR Lyraes with mean periods close to ∼0.56 days while
type II clusters, which are more metal-poor, harbor RR Lyraes with mean periods closer to ∼0.66
days (Clement et al. 2001). There have been numerous studies focusing on the Oosterhoff dichotomy
trying to understand its origin (e.g. Lee et al. 1990; Sandage 1993). There is evidence to suggest
that globular clusters of different Oosterhoff types have different spatial and kinematic properties,
perhaps from distinct accretion events in the Galactic halo (Kinman 1959; van den Bergh 1993).
There is also evidence favoring the notion that the Oosterhoff Effect is the result of stellar evolution
on the horizontal branch (HB). In this scenario, RR Lyraes in type I clusters are evolving from
the red HB blueward through the instability strip while those in type II clusters are evolving from
the blue HB becoming redward through the instability strip (Lee & Carney 1999). Yet another
explanation proposes that the Oosterhoff gap is based on the structure of the envelope in these
pulsating stars. Kanbur & Fernando (2005) have suggested that understanding the physics behind
the Oosterhoff Effect requires a detailed investigation of the interplay between the photosphere and
the hydrogen ionization front in an RR Lyrae variable. Because these features are not co-moving in
a pulsating atmosphere, their interaction with each other can affect the period-color relation of RR
Lyraes, possibly accounting for the behavior of their mean periods as a function of metallicity and,
therefore, helping to explain the Oosterhoff Effect. Clearly the Oosterhoff Effect is one example of
a mystery in need of attention from both observers and theoreticians.

One reason there are so many open questions in our theoretical understanding of RR Lyraes
and other pulsating variables is that progress requires observations that not only cover the time
domain in exquisite detail but also the parameter space of possible pulsation properties in all of
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their diversity. This is where the LSST will make a significant contribution. We expect to have a
substantial number of complete light curves for RR Lyraes in Galactic and Large Magellanic Cloud
globular clusters (see the estimate of the RR Lyrae recovery rate in § 8.6.1). In addition, the data
set will contain field RR Lyraes in the Milky Way, the LMC, and the SMC, as well as a number of
dwarf spheroidal galaxies in the vicinity of the Milky Way. Some of these RR Lyraes may turn out
to be members of eclipsing binary systems, further adding to their utility, as described in detail in
§ 6.10. The depth and breadth of this variability data set will be unprecedented thus facilitating
theoretical investigations that have been heretofore impossible.
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Figure 6.6: Plot of the mean fundamental period for RR Lyraes in Galactic globular clusters, as a function of the
cluster metal abundance (from data compiled by Catelan et al. 2005). The two types of Oosterhoff clusters divide
naturally on either side of the Oosterhoff gap at 0.6 days.

6.5 A Systematic Survey of Star Clusters in the Southern
Hemisphere

Jason Kalirai, Peregrine M. McGehee

6.5.1 Introduction – Open and Globular Star Clusters

Nearby star clusters in the Milky Way are important laboratories for understanding stellar pro-
cesses. There are two distinct classes of clusters in the Milky Way, population I open clusters,
which are lower mass (tens to thousands of stars) and mostly confined to the Galactic disk, and
population II globular clusters (tens of thousands to hundreds of thousands of stars), which are very
massive and make frequent excursions into the Galactic halo. The systems are co-eval, co-spatial,
and iso-metallic, and, therefore, represent controlled testbeds with well-established properties. The
knowledge we have gained from studying these clusters grounds basic understanding of how stars
evolve, and enables us to interpret light from unresolved galaxies in the Universe.
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Despite their importance to stellar astrophysics, most rich star clusters have been relatively poorly
surveyed, a testament to the difficulty of observing targets at large distances or with large angular
sizes. The advent of wide-field CCD cameras on 4-meter class telescopes has recently provided
us with a wealth of new data on these systems. Both the CFHT Open Star Cluster Survey
(Kalirai et al. 2001a, see Figure 6.7) and the WIYN Open Star Cluster Survey (Mathieu 2000)
have systematically imaged nearby northern hemisphere clusters in multiple filters, making possible
new global studies. For example, these surveys have refined our understanding of the fundamental
properties (e.g., distance, age, metallicity, reddening, binary fraction, and mass) of a large set of
clusters and begun to shed light on the detailed evolution of stars in post main sequence phases
(e.g., total integrated stellar mass loss) right down to the white dwarf cooling sequences (Kalirai
et al. 2008).

Even the CFHT and WIYN Open Star Cluster Surveys represent pencil beam studies in com-
parison to LSST. The main LSST survey will provide homogeneous photometry of stars in all
nearby star clusters in the southern hemisphere (where no survey of star clusters has ever been
undertaken). The LSST footprint contains 419 currently known clusters; of these, 179 are within
1 kpc, and several are key benchmark clusters for testing stellar evolution models. Only 15 of
the clusters in the LSST footprint, however, have more than 100 known members in the WEBDA
database, demonstrating the relative paucity of information known about these objects. LSST’s
deep, homogeneous, wide-field photometry will greatly expand this census, discovering new, pre-
viously unknown clusters and providing a more complete characterization of the properties and
membership of clusters already known to exist. Analysis of this homogeneous, complete cluster
sample will enable groundbreaking advances in several fields, which we describe below.

6.5.2 New Insights on Stellar Evolution Theory

A century ago, Ejnar Hertzsprung and Henry Norris Russell found that stars of the same tem-
perature and the same parallax and, therefore, at the same distance, could have very different
luminosities (Hertzsprung 1905; Russell 1913, 1914). They coined the terms “giants” and “dwarfs”
to describe these stars, and the initial work quickly evolved into the first Hertzsprung-Russell (H-R)
Diagram in 1911.

The H-R diagram has since become one of the most widely used plots in astrophysics, and under-
standing stellar evolution has been one of the most important pursuits of observational astronomy.
Much of our knowledge in this field, and on the ages of stars, is based on our ability to under-
stand and model observables in this plane, often for nearby stellar populations. This knowledge
represents fundamental input into our understanding of many important astrophysical processes.
For example, stellar evolution aids in our understanding of the formation of the Milky Way (e.g.,
through age dating old stellar populations, Krauss & Chaboyer 2003), the history of star forma-
tion in other galaxies (e.g., by interpreting the light from these systems with population synthesis
models), and chemical evolution and feedback processes in galaxies (e.g., by measuring the rate
and timing of mass loss in evolved stars).

With the construction of sensitive wide-field imagers on 4-m and 8-m telescopes, as well as the
launch of the HST, astronomers have recently been able to probe the H-R diagram to unprece-
dented depths and accuracy for the nearest systems (e.g., Richer et al. 2008). These studies have
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Figure 6.7: Color-magnitude diagrams of six rich open star clusters observed as a part of the Canada-France-Hawaii
Telescope Open Star Cluster Survey (Kalirai et al. 2001a). The clusters are arranged from oldest in the top-left
corner (8 Gyr) to the youngest in the bottom-right corner (100 Myr). Each color-magnitude diagram presents a rich,
long main sequence stretching from low mass stars with M . 0.5 M� up through the turn-off, including post-main
sequence evolutionary phases. The faint blue parts of each color-magnitude diagram illustrate a rich white dwarf
cooling sequence (candidates shown with larger points).
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made possible detailed comparisons of not only the positions of stars in the H-R diagram with
respect to the predictions of theoretical models, but also a measurement of the distribution of stars
along various evolutionary phases (e.g., Kalirai & Tosi 2004). Such comparisons provide for a more
accurate measurement of the properties of each system (e.g., the age), and also yield important in-
sight into the binary fraction, initial mass function, and initial mass of the clusters. Unfortunately,
these comparisons have thus far been limited to those clusters that are nearby and for which we
have such photometry, thus only sampling a small fraction of age/metallicity space.

LSST will yield homogeneous photometry of star clusters in multiple bands down to well below the
main sequence turn-off, out to unprecedented distances, and, therefore, will provide a wealth of
observational data to test stellar evolution models. With a detection limit of 24 – 25th magnitude
in the optical bandpasses in a single visit, and a co-added 5-σ depth in the r-band of 27.8, LSST will
yield accurate turn-off photometry of all star clusters in its survey volume out to beyond the edge
of the Galaxy. For a 12 Gyr globular cluster, this photometry will extend over three magnitudes
below the main sequence turn-off.

The H-R diagrams LSST will produce for thousands of star clusters will completely fill the metal-
licity/age distribution from [Fe/H] = −2, 12 Gyr globular clusters to super-solar open clusters with
ages of a few tens of millions of years (including those in the LMC and SMC). The multi-band
photometry will constrain the reddenings to each cluster independently and, therefore, allow for
detailed tests of the physics involved in the construction of common sets of models, as well as atmo-
spheric effects. For example, slope changes and kinks along the main sequence can yield valuable
insights into the treatment of convection and core-overshooting, the importance of atomic diffusion
and gravitational settling (Vandenberg et al. 1996; Chaboyer 2000), and the onset of rotational
mixing in massive stars (e.g., younger clusters). Examples of these effects on the color-magnitude
diagrams can be seen in Figure 6.7, for example, from the morphology of the hook at the main
sequence turn-off in NGC 6819, NGC 7789, and NGC 2099, and the slope of the main sequence
in NGC 2099 at V = 14 – 16. For the first time, these comparisons can be carried out in sets
of clusters with different ages but similar metallicity, or vice versa, thus fixing a key input of the
models. Taken further, the data may allow for new probes into the uncertainties in opacities,
nuclear reaction rates, and the equation of state, and, therefore, lead to new understandings on
both the micro- and macrophysics that guide stellar evolution theory.

6.5.3 The Stellar Mass Function

An important goal of stellar astrophysics in our local neighborhood is to characterize the prop-
erties of low luminosity stars on the lower main sequence; such studies will be greatly advanced
by the LSST data, as described in more detail in § 7.4. Such studies feed into our knowledge of
the color-magnitude relation and the initial mass function of stars, which themselves relate to the
physics governing the internal and atmospheric structure of stars. In fact, knowledge of possible
variations in the initial mass function has widespread consequences for many Galactic and extra-
galactic applications (e.g., measuring the star formation mechanisms and mass of distant galaxies).
Measuring these distributions in nearby star clusters, as opposed to the field, offers key advantages
as the stars are all at the same distance and of the same nature (e.g., age and metallicity).
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Previous surveys such as the SDSS and 2MASS have yielded accurate photometry of faint M dwarfs
out to distances of ∼2 kpc. LSST, with a depth that is two and five magnitudes deeper than Pan-
STARRS and Gaia respectively, will enable the first detection of such stars to beyond 10 kpc.
At this distance, the color-magnitude relation of hundreds of star clusters will be established and
permit the first systematic investigation of variations in the relation with age and metallicity. The
present day mass functions of the youngest clusters will be dynamically unevolved and, therefore,
provide for new tests of the variation in the initial mass function as a function of environment.
Even for the older clusters, the present day mass function can be related back to the initial mass
function through dynamical simulations (e.g., Hurley et al. 2008), enabling a comparison between
these cluster mass functions and that derived from LSST detections of Milky Way field stars.

6.5.4 A Complete Mass Function of Stars: Linking White Dwarfs to Main
Sequence Stars

The bulk of the mass in old stellar populations is now tied up in the faint remnant stars of more
massive evolved progenitors. In star clusters, these white dwarfs can be uniquely mapped to their
progenitors to probe the properties of the now evolved stars (see § 6.11 below). The tip of the
sequence, formed from the brightest white dwarfs, is located at MV ∼ 11 and will be detected
by LSST in thousands of clusters out to 20 kpc. For a 1 Gyr (10 Gyr) cluster, the faintest white
dwarfs have cooled to MV = 13 (17), and will be detected in clusters out to 8 kpc (1 kpc). These
white dwarf cooling sequences not only provide direct age measurements (e.g., Hansen et al. 2007)
for the clusters and, therefore, fix the primary leverage in theoretical isochrone fitting, allowing
secondary effects to be measured, but also can be followed up with current Keck, Gemini, Subaru,
and future (e.g., TMT and/or GMT) multi-object spectroscopic instruments to yield the mass
distribution along the cooling sequence. These mass measurements represent the critical input
to yield an initial-final mass relation (Kalirai et al. 2008) and, therefore, provide the progenitor
mass function above the present day turn-off. The relations, as a function of metallicity, will
also yield valuable insight into mass loss mechanisms in post-main sequence evolution and test for
mass loss-metallicity correlations. The detection of these white dwarfs can, therefore, constrain
difficult-to-model phases such as the asymtotic giant branch (AGB) and planetary nebula (PN)
stages.

6.5.5 The Utility of Proper Motions

The temporal coverage of LSST will permit the science discussed above to be completed on a
proper motion cleaned data set. To date, only a few star clusters have such data down to the
limits that LSST will explore. Those large HST data sets of specific, nearby systems that we do
currently possess (e.g., Richer et al. 2008) demonstrate the power of proper motion cleaning to
produce exquisitely clean H-R diagrams. Tying the relative motions of these cluster members to
an extragalactic reference frame provides a means to measure the space velocities of these systems
and, therefore, constrain their orbits in the Galaxy. As open and globular clusters are largely
confined to two different components of the Milky Way, these observations will enable each of
these types of clusters to serve as a dynamical tracer of the potential of the Milky Way and help
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us understand the formation processes of the disk and halo (e.g., combining the three-dimensional
distance, metallicity, age, and star cluster orbit).

6.5.6 Transient Events and Variability in the H-R Diagram

The finer cadence of LSST’s observations will also yield the first homogeneous survey of transient
and variable events in a well studied sample of clusters (cataclysmic variables, chromospherically
active stars, dwarf novae, etc.). For each of these systems, knowledge of their cluster environment
yields important insight into the progenitors of the transients, information that is typically missing
for field stars. Virtually all of the Galactic transient and variable studies outlined in this chapter
and in Chapter 8 will be possible within these star clusters.

6.6 Decoding the Star Formation History of the Milky Way

Kevin R. Covey, Phillip A. Cargile, Saurav Dhital

Star formation histories (SFHs) are powerful tools for understanding galaxy formation. Theoretical
simulations show that galaxy mergers and interactions produce sub–structures of stars sharing a
single age and coherent spatial, kinematic, and chemical properties (Helmi & White 1999; Loebman
et al. 2008). The nature of these sub–structures places strong constraints on models of structure
formation in a ΛCDM universe (Freeman & Bland-Hawthorn 2002).

The Milky Way is a unique laboratory for studying these Galactic sub-structures. Detailed catalogs
of stars in the Milky Way provide access to low contrast substructures that cannot be detected in
more distant galaxies. Photometric and spectroscopic surveys have identified numerous spatial–
kinematic–chemical substructures: the Sagittarius dwarf, Palomar 5’s tidal tails, the Monoceros
Ring, etc. (Ibata et al. 1994; Odenkirchen et al. 2001; Yanny et al. 2003; Grillmair 2006; Belokurov
et al. 2006). LSST and ESO’s upcoming Gaia mission will produce an order of magnitude increase
in our ability to identify such spatial–kinematic substructures (see Sections 7.1, 7.2, and 6.12).

Our ability to probe the Galactic star formation history has severely lagged these rapid advances
in the identification of spatial–kinematic–chemical sub–structures. Age distributions have been
constructed for halo globular clusters and open clusters in the Galactic disk (de la Fuente Marcos
& de la Fuente Marcos 2004), but the vast majority of clusters dissipate soon after their formation
(Lada & Lada 2003), so those that persist for more than 1 Gyr are a biased sub–sample of even
the clustered component of the Galaxy’s star formation history. The star formation histories of
distributed populations are even more difficult to derive: in a seminal work, Twarog (1980) used
theoretical isochrones and an age–metallicity relation to estimate ages for Southern F dwarfs and
infer the star formation history of the Galactic disk. The star formation history of the Galactic
disk has since been inferred from measurements of several secondary stellar age indicators: chro-
mospheric activity–age relations (Barry 1988; Soderblom et al. 1991; Rocha-Pinto et al. 2000; Gizis
et al. 2002; Fuchs et al. 2009); isochronal ages (Vergely et al. 2002; Cignoni et al. 2006; Reid et al.
2007); and white dwarf luminosity functions (Oswalt et al. 1996; Harris et al. 2006). Despite these
significant efforts, no clear consensus has emerged as to the star formaiton history of the thin disk
of the Galaxy: most derivations contain episodes of elevated or depressed star formation, but these
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episodes rarely coincide from one study to the next, and their statistical significance is typically
marginal (∼ 2σ).

Two questions at the next frontier in stellar and Galactic archeology are: How well can we under-
stand and calibrate stellar age indicators? What is the star formation history of the Milky Way,
and what does it tell us about galaxy formation and evolution? Answering these questions requires
LSST’s wide-field, high-precision photometry and astrometry to measure proper motions, paral-
laxes, and time–variable age indicators (rotation, flares, and so on) inaccessible to Gaia. Aspects
of LSST’s promise in this area are described elsewhere this science book; see, for example, the dis-
cussions of LSST’s promise for measuring the age distribution of Southern Galactic Star Clusters
(§ 6.5), identifying the lowest metallicity stars (§ 6.7), and deriving stellar ages from white dwarf
cooling curves (§ 6.11). Here, we describe three techniques (gyrochronology, age–activity relations,
and binary star isochronal ages) that will allow LSST to provide reliable ages for individual field
stars, unlocking fundamentally new approaches for understanding the SFH of the Milky Way.

6.6.1 Stellar Ages via Gyrochronology

Since the seminal observations by Skumanich (1972), we have known that rotation, age, and
magnetic field strength are tightly coupled for solar–type stars. This relationship reflects a feedback
loop related to the solar–type dynamo’s sensitivity to inner rotational shear: fast rotators generate
strong magnetic fields, launching stellar winds that carry away angular momentum, reducing the
star’s interior rotational shear and weakening the star’s magnetic field. This strongly self–regulating
process ultimately drives stars with the same age and mass toward a common rotation period.

Over the past decade, the mass–dependent relationship between stellar rotation and age has been
calibrated for the first time (Barnes 2003; Meibom et al. 2008; Mamajek & Hillenbrand 2008).
These calibrations are based on rotation periods measured for members of young clusters (t < 700
Myrs) and the Sun, our singular example of an old (t ∼ 4.5 Gyrs), solar–type star with a precise age
estimate. The Kepler satellite is now acquiring exquisite photometry for solar–type stars in NGC
6819 and NGC 6791, providing rotation periods for stars with ages of 2.5 and 8 Gyrs, respectively,
and placing these gyrochronology relations on a firm footing for ages greater than 1 Gyr (Meibom
2008).

We have performed a detailed simulation to identify the domain in age–distance–stellar mass space
where LSST will reliably measure stellar rotation periods, and thus apply gyrochronology relations
to derive ages for individual field stars. We begin with a detailed model of a rotating, spotted star,
kindly provided by Frasca et al. (private communication). Adopting appropriate synthetic spectra
for the spotted and unspotted photosphere, the disk-averaged spectrum is calculated as a function
of stellar rotational phase; convolving the emergent flux with the LSST bandpasses produces
synthetic light curves for rotating spotted stars (see Figure 6.8). Using this model, we produced
a grid of synthetic r band light curves for G2, K2, and M2 dwarf stars with ages of 0.25, 0.5, 1.0,
2.5, and 5.0 Gyrs. The rotation period and spot size were set for each model to reproduce the age-
period-amplitude relations defined by Mamajek & Hillenbrand (2008) and Hartman et al. (2009).
An official LSST tool (Interpolator0.9, S. Krughoff, private communication) then sampled this
grid of synthetic light curves with the cadence and observational uncertainties appropriate for the
main LSST survey.

156



6.6 Decoding the Star Formation History of the Milky Way

Figure 6.8: Left: Comparison of our synthetic model of a 5 Gyr solar analog (top panel; image produced by A.
Frasca’s star spot light curve modeling code, Macula.pro) with an actual image of the Sun (bottom panel) from Loyd
Overcash, with permission. Right: Synthetic LSST light curves for the 5 Gyr Solar analog model shown above (solid
line), as well as for a 1 Gyr K2 dwarf.

We identify rotation periods from these simulated LSST light curves using a Lomb-Scargle peri-
odogram (Scargle 1982; Horne & Baliunas 1986), where we identify the most significant frequency
in the Fourier transform of the simulated light curve. Folding the data at the most significant
frequency then allows visual confirmation of the rotation period. Figure 6.9 shows the unfolded
light curve, the periodogram, and the folded light curve for a K2 star of age 2.5 Gyr “observed”
at r = 19 and 21. As the first panel of each row shows, the noise starts to swamp the signal at
fainter magnitudes, making it harder to measure the period. This problem is most important for
the oldest stars: with diminished stellar activity producing small starspots, these stars have light
curves with small amplitudes. However, with LSST’s accuracy, we will still be able to measure
periods efficiently for G, K, and early-M dwarfs with r ≤ 20 and ages .2 Gyr. All periods in these
regimes were recovered, without prior knowledge of the rotation period. At older ages and fainter
magnitudes, the periodogram still finds peaks at the expected values, but the power is low and the
folded light curves are not convincing. Periods could potentially be recovered from lower amplitude
and/or noisier light curves by searching for common periods across LSST’s multiple bandpasses;
with coverage in the ugrizy bands, at least four of the bands are expected to exhibit the periodicity.
This will allow us to confirm rotation periods using light curves with low amplitudes in a single
band by combining the results at the various bands.

Our simulations indicate LSST will be able to measure rotation periods of 250 Myr solar analogs
between 1 and 20 kpc; the inner distance limit is imposed by LSST’s r ∼ 16 saturation limit, and
the outer distance limit identifies where LSST’s photometric errors are sufficiently large to prevent
detection of photometric variations at the expected level. Older solar analogs will have smaller
photometric variations, reducing the distance to which periods can be measured: LSST will measure
periods for 5 Gyr solar analogs over a distance range from 1 to 8 kpc. Lower mass M dwarfs,
which are significantly fainter but also much more numerous, will have reliable rotation period
measurements out to 500 pc for stars as old as 5 Gyrs. Measuring photometric rotation periods
for thousands of field stars in a variety of Galactic environments, LSST will enable gyrochronology
relations to map out the SFH of the Galactic disk over the past 1-2.5 Gyrs, and as far back as 5
Gyrs for brighter stars within the extended solar neighborhood.
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Figure 6.9: The unfolded light curve, Lomb-Scargle periodogram, and the folded light curve for a K2 dwarf of age
2.5 Gyr with r = 19 and 21 magnitudes. We were able to easily recover the period at the bright end, with the
efficiency decreasing at the faint end, especially for older stars, as noise starts to dominate. Our search through
parameter space shows that rotation periods can be recovered for G to early–M spectral types, for ages up to a few
Gyrs, and up to r = 21 (see text for a detailed description).

LSST will also significantly improve our understanding of the gyrochronology relations that form
the foundation of this analysis. One fundamental requirement of any stellar dating technique,
including gyrochronology, is that it should be able to accurately predict the age of an object (or
collection of objects) whose age(s) we know very well from an independent measure. Open clusters
(§ 6.5) with precise age determinations are essential to this calibration process.

The LSST footprint contains several open clusters that are critical testbeds for testing of stellar
evolution theory over the first 0.5 Gyrs (see Table 6.1). These clusters have precise age estimates
from robust dating techniques (e.g., lithium depletion boundary ages) and, therefore, will provide
the necessary calibration to accurately determine how stellar rotation evolves with age over the
initial portion of each star’s lifetime.

Table 6.1: Young LSST Benchmark Open Clusters

Cluster Age Distance [Fe/H] Known Spectral Type Mz

[Myr] [pcs] Members at LSST Limit limit

ONC (NGC 1976) 1 414 0.00 733 L3 15.92

NGC 2547 35 474 -0.16 69 L1 15.65

IC 2602/IC 2391 50 145/149 -0.09 196/94 T5 17.93

Blanco 1 80 207 0.04 128 L6 16.84

NGC 2516 120 344 0.06 130 L2 15.79

NGC 3532 355 411 -0.02 357 L1 15.51
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Table 6.2: Selection of Old LSST Open Clusters

Cluster Age Distance [Fe/H] Known Spectral Type Mz

[Myr] [pcs] Members at LSST Limit limit

IC 4651 1140 888 0.09 16 L0 14.08

Ruprecht 99 1949 660 ... 7 L1 14.83

NGC 1252 3019 640 ... 22 L2 14.94

NGC 2243 4497 4458 -0.44 8 M5 10.68

Berkeley 39 7943 4780 -0.17 12 M5 10.43

Collinder 261 8912 2190 -0.14 43 M6 11.90

In addition, the WEBDA open cluster database lists over 400 known open clusters in the LSST
footprint; many of these have poorly constrained cluster memberships (e.g., fewer than 20 known
members), especially for the oldest clusters (for example, see Table 6.2). LSST’s deep, homogeneous
photometry and proper motions will significantly improve the census of each of these cluster’s
membership, providing new test cases for gyrochronology in age domains not yet investigated with
this dating technique.

6.6.2 Stellar Ages via Age–Activity Relations

Age–activity relations tap the same physics underlying the gyrochronology relations (West et al.
2008; Mamajek & Hillenbrand 2008), and provide an opportunity to sample the star formation his-
tory of the Galactic disk at ages inaccessible to gyrochronology. Although inherently intermittent
and aperiodic, stellar flares, which trace the strength of the star’s magnetic field, are one photo-
metric proxy for stellar age that will be accessible to LSST. The same cluster observations that
calibrate gyrochronology relations will indicate how the frequency and intensity of stellar flares
vary with stellar age and mass (see § 8.9.1), allowing the star formation history of the Galactic
disk to be inferred from flares detected by LSST in field dwarfs. The primary limit on the lookback
time of a star formation history derived from stellar flare rates relations is the timescale when flares
become too rare or weak to serve as a useful proxy for stellar age. We do not yet have a calibration
of what this lifetime is, but early explorations suggest even the latest M dwarfs become inactive
after ∼5 Gyrs (Hawley et al. 2000; West et al. 2008).

6.6.3 Isochronal Ages for Eclipsing Binaries in the Milky Way Halo

Halo objects are ∼0.5% of the stars in the local solar neighborhood, so the ages of nearby high
velocity stars provide a first glimpse of the halo’s star formation history. The highly substructured
nature of the Galactic halo, however, argues strongly for sampling its star formation history in situ
to understand the early Milky Way’s full accretion history. The stellar age indicators described
in the previous sections are not useful for probing the distant halo, as stellar activity indicators
(rotation, flares) will be undetectable for typical halo ages.
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Eclipsing binary stars (EBs; § 6.10), however, provide a new opportunity for measuring the SFH of
the distributed halo population. Combined analysis of multi-band light curves and radial velocity
measurements of detached, double–lined EBs yield direct and accurate measures of the masses,
radii, surface gravities, temperatures, and luminosities of the two stars (Wilson & Devinney 1971;
Prša & Zwitter 2005). This wealth of information enables the derivation of distance independent
isochronal ages for EBs by comparing to stellar evolution models in different parameter spaces,
such as the mass–radius plane. Binary components with M > 1.2M� typically appear co–eval
to within 5%, suggesting that the age estimates of the individual components are reliable at that
level (Stassun et al. 2009). Lower mass binary components have larger errors, likely due to the
suppression of convection by strong magnetic fields (López-Morales 2007); efforts to include these
effects in theoretical models are ongoing, and should allow for accurate ages to be derived for
lower–mass binaries as well. By identifying a large sample of EBs in the Milky Way halo, LSST
will enable us to begin mapping out the star formation history of the distributed halo population.

6.7 Discovery and Analysis of the Most Metal Poor Stars in the
Galaxy

Timothy C. Beers

Metal-poor stars are of fundamental importance to modern astronomy and astrophysics for a
variety of reasons. This long and expanding list includes:

• The Nature of the Big Bang: Standard Big Bang cosmologies predict, with increasing
precision, the amount of the light element lithium that was present in the Universe after the
first minutes of creation. The measured abundance of Li in very metal-poor stars is thought
to provide a direct estimate of the single parameter in these models, the baryon-to-photon
ratio.

• The Nature of the First Stars: Contemporary models and observational constraints
suggest that star formation began no more than a few hundred million years after the Big
Bang, and was likely to have been responsible for the production of the first elements heavier
than Li. The site of this first element production has been argued to be associated with
the explosions of stars with characteristic masses up to several hundred solar masses. These
short-lived objects may have provided the first “seeds” of the heavy elements, thereby strongly
influencing the formation of subsequent generations of stars.

• The First Mass Function: The distribution of masses with which stars have formed
throughout the history of the Universe is of fundamental importance to the evolution of
galaxies. Although the Inital Mass Function (IMF) today appears to be described well by
simple power laws, it is almost certainly different from the First Mass Function (FMF), associ-
ated with the earliest star formation in the Universe. Detailed studies of elemental abundance
patterns in low-metallicity stars provide one of the few means by which astronomers might
peer back and obtain knowledge of the FMF.

• Predictions of Element Production by Supernovae: Modern computers enable in-
creasingly sophisticated models for the production of light and heavy elements by supernovae
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explosions. Direct insight into the relevant physics of these models can be obtained from in-
spection of the abundances of elements in the most metal-deficient stars, which presumably
have not suffered pollution from numerous previous generations of stars.

• The Nature of the Metallicity Distribution Function (MDF) of the Galactic Halo:
Large samples of metal-poor stars are now making it possible to confront detailed Galactic
chemical evolution models with the observed distributions of stellar metallicities. Tests for
structure in the MDF at low metallicity, the constancy of the MDF as a function of distance
throughout the Galactic halo, and the important question of whether we are approaching,
or have already reached, the limit of low metallicity in the Galaxy can all be addressed with
sufficiently large samples of very metal-poor stars.

• The Astrophysical Site(s) of Neutron-Capture Element Production: Elements be-
yond the iron peak are formed primarily by captures of neutrons, in a variety of astrophysical
sites. The two principal mechanisms are referred to as the slow (s)-process, in which the time
scales for neutron capture by iron-peak seeds are longer than the time required for beta de-
cay, and the rapid (r)-process, where the associated neutron capture occurs faster than beta
decay. These are best explored at low metallicity, where one is examining the production of
heavy elements from a limited number of sites, perhaps even a single site.

Owing to their rarity, the road to obtaining elemental abundances for metal-poor stars in the
Galaxy is long and arduous. The process usually involves three major observational steps: 1)
A wide-angle survey must be carried out, and candidate metal-poor stars selected; 2) Moderate-
resolution spectroscopic follow-up of candidates is required to validate the genuine metal-poor
stars among them; and finally, 3) High-resolution spectroscopy of the most interesting candidates
emerging from step 2) must be obtained.

The accurate ugriz photometry obtained by LSST will provide for the photometric selection of
metal-poor candidates from the local neighborhood out to over 100 kpc from the Galactic center.
Similar techniques have been (and are being) employed during the course of SDSS-II and SDSS-III
in order to identify candidate very metal-poor ([Fe/H] < −2.0) stars for subsequent follow-up with
medium-resolution (R = 2000) spectroscopic study with the SDSS spectrographs. This approach
has been quite successful, as indicated by the statistics shown in § 6.7, based on work reported by
Beers et al. (2009). See Beers & Christlieb (2005) for more discussion of the classes of metal-poor
stars.

Table 6.3: Impact of SDSS on Numbers of Metal-Poor Stars

[Fe/H] Pre SDSS-II Post SDSS-II

< −1.0 ∼ 15000 150000+

< −2.0 ∼ 3000 30000+

< −3.0 ∼ 400 1000+

< −4.0 5 5

< −5.0 2 2

< −6.0 0 0

LSST photometric measurements will be more accurate than those SDSS obtains (Ivezić et al.
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2008a) (Table 1.1). This has three immediate consequences: 1) Candidate metal-poor stars will be
far more confidently identified, translating to much more efficient spectroscopic follow-up; 2) Accu-
rate photometric metallicity estimates will be practical to obtain down to substantially lower metal-
licity (perhaps [Fe/H] < −2.5) than is feasible for SDSS photometric selection ([Fe/H] ' −2.0);
and 3) The much deeper LSST photometry means that low-metallicity stars will be identifiable
to 100 kpc, covering a thousand times the volume that SDSS surveyed. The photometrically de-
termined metallicities from LSST will be of great scientific interest, as they will enable studies of
the changes in stellar populations as a function of distance based on a sample that includes over
99% of main sequence stars in the LSST footprint. This sample will also enable studies of the
correlations between metallicity and stellar kinematics based on measured proper motions (for an
SDSS-based example, see Ivezić et al. 2008a). Detailed metallicity measurements will of course
require high S/N, high-resolution spectroscopic follow-up of the best candidates.

Proper motions obtained by LSST will also enable spectroscopic targeting of what are likely to be
some of the most metal-poor stars known, those belonging to the so-called outer-halo population.
Carollo et al. (2007) used a sample of some 10,000 “calibration stars” with available SDSS spec-
troscopy, and located within 4 kpc of the Sun, to argue that the halo of the Galaxy comprises (at
least) two distinct populations: a slightly prograde inner halo (which dominates within 10 kpc)
with an MDF that peaks around [Fe/H] = −1.6 and an outer halo (which dominates beyond 15-20
kpc) in net retrograde rotation with an MDF that peaks around [Fe/H] = −2.2. The expectation
is that the tail of the outer-halo MDF will be populated by stars of the lowest metallicities known.
Indeed, all three stars recognized at present with [Fe/H] < −4.5, including two stars with [Fe/H]
< −5.0, exhibit characteristics of membership in the outer-halo population. Stars can be selected
from LSST with proper motions that increase their likelihood of being members of this population
either based on large motions consistent with the high-energy outer-halo kinematics, or with proper
motion components suggesting highly retrograde orbits.

6.8 Cool Subdwarfs and the Local Galactic Halo Population

Sébastien Lépine, Pat Boeshaar, Adam J. Burgasser

Cool subdwarfs are main sequence stars, which have both a low mass and a low abundance of metals.
Locally they form the low-mass end of the stellar Population II. Cool subdwarfs have historically
been identified from catalogs of stars with large proper motion, where they show up as high velocity
stars. Kinematically they are associated with the local thick disk and halo populations. Because
they are the surviving members of the earliest generations of stars in the Galaxy with evolutionary
timescales well exceeding a Hubble time, cool subdwarfs are true fossils of the early history of
star formation in the Galaxy, and hold important clues to the formation of the Galactic system.
While these stars have already traveled dozens of orbits around the Galaxy and undergone some
dynamical mixing, a study of their orbital characteristics and metallicity distribution can still shed
light on the formation and dynamical evolution of our Galaxy. In particular, cool subdwarfs do not
undergo any significant enrichment of their atmospheres, but largely retain their original elemental
composition from the time of their birth. This makes them perfect tracers of the early chemical
composition of the gas that formed these first generations of low-mass stars.
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Cool stars of spectral type M have atmospheres that are dominated by molecular bands from
metal hydrides and oxides, most notably CaH, FeH, TiO, and VO. Metallicity variations result in
marked differences in the absolute and relative strengths of these bands. As a result, M dwarfs
and subdwarfs also display significant variations in their broadband colors depending on their
metal abundances. The significantly metal-poor subdwarfs from the Galactic halo populate a
distinct locus in the g − r/r − i color-color diagram. The strong color-dependence makes the M
subdwarfs easy to identify (Figure 6.10), and also potentially allows one to determine the metallicity
from broadband photometry alone. The only caveat is that this part of color-color space is also
populated by extragalactic sources, which may be distinguishable by their extent and their zero
proper motions.

In Figure 6.11 panels, the blue line shows the mean positions of Pickles (1998) main sequence stars,
the dots refer to quasars from z = 0 to 5, and the mean position of the coolest ultra-, extreme-, and
M subdwarfs are noted by crosses in grizy color space. Redshifting the locally observed elliptical
galaxy template (Coleman et al. 1980) over the range z = 0−2 clearly results in colors that occupy
the same color space as the subdwarfs of all classes, and even extend into the region of the coolest
subdwarfs. Estimates from the Deep Lens Survey (Boeshaar et al. 2003) indicate that at high
Galactic latitudes, up to 30% of the “stellar” objects with M subdwarf colors detected at 23-25
mag in ≥ 1′′ seeing will actually be unresolved ellipticals at z = 0.25 − 1. The g − z vs. z − y
plot clearly separates the high redshift quasars from the subdwarf region, but quasars should be
only a minor contaminant due to their low spatial density. The net effect of including evolution
into stellar population models is to shift the elliptical tracks by several tenths of a magnitude in
g − r and r − i. Thus unresolved ellipticals may still fall within the overlap envelope. Additional
synthetic z− y colors for stars, brown dwarfs plus quasars and unevolved galaxies as a function of
redshift with color equations between the UKIRT Wide-Field Camera and SDSS can be found in
Hewett et al. (2006). A proper motion detection is thus required for formal identification.

Very large uncertainties in the luminosity function and number density of such objects exist (Digby
et al. 2003). It is not known whether the subdwarfs have a mass function similar to that of the
disk stars. Their metallicity distribution is also poorly constrained. The main limitation in using
the low-mass subdwarfs to study the Galactic halo resides in their relatively low luminosities. M
subdwarfs have absolute magnitudes in the range 10 < Mr < 15. With the SDSS magnitude limit
of r = 22 and proper motion data to only r = 20, M subdwarfs can thus only be detected out to a
few hundred parsecs. With a local density yielding ∼ 1,000 objects within 100 parsecs of the Sun
(all-sky), SDSS can only formally identify a few thousand M subdwarfs.

LSST will open the way for a study of the low-mass halo stars on a much grander scale. With
photometry to r ' 27 and proper motion data available to r = 24.5, the LSST survey will detect
all stellar subdwarfs to 1 kiloparsec. In the Sun’s vicinity, halo stars have large transverse velocities
(vT > 100 km s−1), which yield proper motions µ > 20 mas yr−1 up to 1 kpc. With the required
proper motion accuracy of 0.2 mas yr−1 for LSST, virtually all the subdwarfs will be confirmed
through proper motion detection. The ability to estimate metallicity classes for the halo subdwarfs
based on the LSST gri magnitudes alone will make it possible to determine the approximate
metallicity distribution of the halo stars from an unprecedented sample of >500,000 objects.

Relatively accurate photometric distances can also be determined for low-mass stars, yielding
distances generally accurate to better than 50%. These, combined with the proper motion data,
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Figure 6.10: Distribution of cool subdwarfs in the g−r/r−i color-color diagram. The four metallicity classes (dwarfs,
subdwarfs, extreme subdwarfs, and ultrasubdwarfs) are represented in different colors. The segregation according to
metallicity class allows one to identify the halo subdwarfs and estimate their metallicities (and temperatures) based
on photometry alone. Photometric data and spectroscopic confirmation of the stars have been obtained from SDSS.

will make it possible to plot large numbers of stars in tangential velocity space and search for
possible substructure in the tangential velocity space distribution.

Besides determining the subdwarf number density and distribution in metallicity, mass, and lu-
minosity, the exploration of the time domain by LSST will identify eclipsing doubles, monitor
rotational modulation, and search for unexpected flaring activity. The multiplicity fraction of
the halo population is only weakly constrained due to the paucity of subdwarfs and their greater
distances relative to their main sequence counterparts. A direct comparison with the number of
eclipsing binaries also expected to be discovered among the disk stars will determine whether close
double stars are more or less common in the halo population. More critically, no eclipsing system
comprised of cool subdwarfs has ever been identified, but LSST’s systematic monitoring has ex-
cellent prospects for finding at least several sdM+sdM eclipsing systems. Such systems would be
immensely useful in determining the mass and radii of low-mass, metal-poor stars, which is now
poorly constrained due to a paucity of known binary systems.

Beyond building up very large samples of M-type subdwarfs, LSST will also uncover the first sub-
stantial samples of cooler L-type subdwarfs, metal-deficient analogs to the L dwarf population of
very low mass stars and brown dwarfs (Burgasser et al. 2008). L subdwarfs have masses spanning
the metallicity-dependent, hydrogen-burning limit, making them critical probes of both low-mass
star formation processes in the halo and thermal transport in partially degenerate stellar interi-
ors. The subsolar metallicities of L subdwarfs are also important for testing chemistry models of
low-temperature stellar and brown dwarf photospheres, in particular condensate grain and cloud
formation, a process that largely defines the properties of L dwarfs but may be inhibited or absent
in L subdwarfs (Burgasser et al. 2003a; Reiners & Basri 2006). Only a few L subdwarfs have been
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Figure 6.11: Upper left: g − r/r − i color-color diagram similar to Figure 6.10 showing the location of the main
sequence stars (purple line), mean position of extreme-, ultra-, and M subdwarfs (crosses), quasars (dots) and
unevolved elliptical galaxies (thin colored line) as a function of redshift. Upper right: Same as previous figure with
the Bruzual & Charlot (2003) single stellar population 5 Gyr evolutionary model for the elliptical galaxies. Lower
left: g-r/z-y color-color diagram for objects in first figure. See also Figure 10.1 in the AGN chapter.
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identified to date, largely serendipitously with 2MASS and SDSS. But with 15 . Mi . 18, they
will be detected in substantial numbers with LSST, with volume-complete samples out to at least
200 pc. LSST should also discover specimens of the even cooler T-type subdwarfs, whose spec-
tral properties are as yet unknown but likely to be substantially modified by metallicity effects.
Collectively these low-temperature subdwarfs will facilitate the first measurement of the hydrogen-
burning gap in the halo luminosity function, a population age indicator that can constrain the
formation history of the low-mass halo and its subpopulations (e.g. Burrows et al. 1993).

6.9 Very Low-Mass Stars and Brown Dwarfs in the Solar
Neighborhood

Kevin R. Covey, John J. Bochanski, Paul Thorman, Pat Boeshaar, Sarah Schmidt, Eric J. Hilton,
Mario Jurić, Željko Ivezić, Keivan G. Stassun, Phillip A. Cargile, Saurav Dhital, Leslie Hebb,
Andrew A. West, Suzanne L. Hawley

6.9.1 The Solar Neighborhood in the Next Decade

The least–massive constituents of the Galactic population are brown dwarfs, objects too small to
sustain hydrogen fusion in their cores. These are divided into L dwarfs (Kirkpatrick et al. 1999),
which have Teff between 1500K and 2200K, whose spectra show weakening of the TiO absorption
bands, and T dwarfs with Teff between 800K and 1500K, which show the presence of CH4 in their
atmospheres. An additional spectral type, the Y dwarf (after Kirkpatrick et al. 1999), has been
reserved to describe possible dwarfs with even cooler temperatures, which are expected to show
NH3 absorption, a weakening in the optical alkali lines, and a reversal of the blueward J−K trend
caused by CH4 absorption in T dwarfs (Kirkpatrick 2005). Although their masses are low, these
brown dwarfs are relatively common in the solar neighborhood, with 600 L and 150 T dwarfs now
confirmed. Most of these have been discovered by combining near–infrared imaging (e.g. 2MASS;
Skrutskie et al. 2006) with optical surveys (e.g. SDSS; York et al. 2000); the faintness of these
objects at optical wavelengths (Mz > 13) and the depth of existing NIR imaging are such that these
brown dwarfs are overwhelmingly located within the immediate solar neighborhood (d < 65 pc).
Informing theoretical models of these objects requires measurements of precise physical parameters
such as radius and mass.

A number of ongoing or near–term surveys will expand the census of brown dwarfs by 2017, when
LSST will begin standard survey operations. The largest single epoch catalog of warm (i.e., L
and early T) brown dwarfs will be compiled by the UKIDSS NIR survey (Hewett et al. 2006),
which is currently in progress and capable of detecting L0 dwarfs in the J-band within ∼ 250 pc.
At the cool end, the upcoming WISE mid-IR space telescope (Mainzer et al. 2005) will provide
[3.3]-[4.7] µm colors for early T dwarfs within 200 pc (assuming colors and magnitudes from Patten
et al. 2006) and all T9 dwarfs within 20 pc, and exquisite sensitivity to cooler Y dwarfs. Multi-
epoch photometric surveys enable initial measurements of a source’s trigonometric parallax and
potential binarity, such that brown dwarfs detected by such surveys have significantly more value
for constraining theoretical models. The SkyMapper survey (SSSS Keller et al. 2007), a large-area
imaging survey covering the southern sky to depths similar to SDSS, will begin within the next few
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years. SkyMapper’s six-year campaign will produce parallaxes for brown dwarfs within 20 pc. The
Pan-STARRS PS1 survey will detect L0 dwarfs in the i band out to 400 pc and measure parallaxes
for those within 100 pc; the volume sampled shrinks for fainter, cooler brown dwarfs.

6.9.2 Simulating LSST’s Yield of Solar Neighborhood MLTY Dwarfs

Unlike previous surveys, LSST will not depend on separate NIR surveys in order to distinguish L
and T dwarfs from possible contaminants such as transient detections, high-redshift quasars, and
red galaxies (see Figure 10.6). A narrow range of late L dwarfs may overlap with z ' 6.25 quasars
in color; shortly after the start of the survey, even these brown dwarfs will be identifiable by their
proper motions. The addition of the y band allows color identification based on detection in only
the three reddest LSST bands, allowing LSST to detect (5 σ in full 10-year co-adds) L0 dwarfs
out to 2100 pc, and T0 dwarfs to 100 pc. This L dwarf detection limit extends well into the Thick
disk, enabling LSST to probe the physics of old, metal–poor substellar objects (see § 6.7), and
potentially decode the star formation history of the thick and thin disks of the Milky Way from
the age distribution of field brown dwarfs.

We have constructed a detailed simulation of the very-low mass (VLM) stars and brown dwarfs in
the solar neighborhood; using the baseline specifications for the LSST system, we have identified the
subsets of this population that LSST will characterize with varying degrees of precision. To model
the stellar population in the stellar neighborhood, we have adopted ugriz absolute magnitudes
for VLM stars as tabulated by Kraus & Hillenbrand (2007), synthetic z − y colors calculated
from optical and infrared template spectra provided by Bochanski et al. (2007) and Cushing et al.
(2005), and the mass function and space densities of low-mass stars measured by Bochanski et al.
(in preparation).

The lack of a hydrogen-burning main sequence in the brown dwarf regime introduces strong degen-
eracies into the relationships between the masses, ages, and luminosities of substellar objects. These
degeneracies are an important consideration for studies of the properties of field brown dwarfs, as
the properties of brown dwarfs in the solar neighborhood are sensitive to the star formation history
of the Milky Way and the shape of the stellar/substellar mass function. We are currently develop-
ing simulations that explore the brown dwarf samples LSST would observe assuming different star
formation histories and mass functions; for simplicity, however, the simulations described below
assume a single population of 3 Gyr brown dwarfs. In detail, this substellar population is described
by:

• For 2100 > Teff > 1200 (L dwarfs and the earliest Ts) we adopt empirical SDSS riz mag-
nitudes (Schmidt et al. in preparation), supplemented by synthetic ugy magnitudes from
cloudy Burrows et al. (2006) models.

• For 1200 > Teff > 600 (mid-late Ts), we adopt synthetic ugrizy magnitudes calculated from
cloud-free Burrows et al. (2006) models.

• For Teff > 600 (as yet undiscovered Y dwarfs), we adopt synthetic ugrizy magnitudes
calculated from the ultra-cool Burrows et al. (2003) models.

• We adopt the Cruz et al. (2007) luminosity function for L dwarfs; for T and Y dwarfs, we
define a luminosity function with a linear extrapolation anchored by the coolest bin of the
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Table 6.4: LSST’s MLTY Dwarf Sample

Spectral Class Nrizy Nizy Nzy Nπ

M >347,000 >347,000 >347,000 >347,000

L 18,500 27,500 35,600 6,550

T ∼3-4 50 2,300 ∼260

Y 0 0 ∼18 ∼5

Cruz et al. luminosity and the empirical T dwarf space density measured by Metchev &
Hillenbrand (2007).

Using the above parameters as inputs, we simulated the properties of field stars and brown dwarfs
within 200 pc of the Sun. Table 6.4 summarizes the number of stars and brown dwarfs LSST will
likely detect in various filter combinations as a function of spectral type with reliable parallaxes,
to the single-visit depth. To make this estimate, we assume the relationship between parallax
uncertainty vs. r band magnitude reported in Table 3.3, but we increase these uncertainties by a
factor of 1.25 to reflect that many stars and brown dwarfs will lack u and g band detections.

These results indicate that LSST will greatly expand the sample of ultra–cool objects with reliable
parallax measurements. These extremely red objects are ill-suited for parallax measurements
with Gaia’s blue filterset, while LSST’s greater depth and astrometric precision will enable it to
measure parallaxes for brown dwarfs significantly beyond the parallax limit of Pan-STARRS. This
sample will, therefore, provide a key set of well-characterized brown dwarfs which can confront the
predictions of theoretical models of brown dwarf and planetary atmospheres.

While we focus here primarily on brown dwarfs in the Galactic field, we also note that LSST’s deep
photometric limits and its ability to select cluster members via high-precision proper motions will
provide a high-fidelity census of the very-low-mass populations of many Southern open clusters.
LSST will be able to easily identify VLM objects near or below the hydrogen-burning limit in
most of the clusters listed in Tables 6.1 and 6.2, with ages ranging from 1 Myr to ∼10 Gyr and
to distances as far as ∼1.5 kpc. LSST will provide colors and magnitudes for a large sample of
L and T dwarfs with ages and metallicities derived from the morphology of each cluster’s upper
main sequence. This sample will define empirical brown dwarf cooling curves over a wide range
of ages, providing a key calibration for understanding the properties of nearby field brown dwarfs
whose ages are almost entirely undetermined.

6.9.3 Science Results

Measuring Fundamental Physical Parameters of VLM stars and Brown Dwarfs

The wide areal coverage, depth, precision, and temporal coverage of LSST photometry make it an
ideal instrument for the detection and characterization of low–mass (M < 0.8M�) eclipsing binaries
within the Milky Way. Currently, only ∼ 15 low–mass eclipsing binaries are known (Demory et al.
2009), and even fewer VLM binaries, presumably due to their intrinsic faintness (L < 0.05L� for
a 0.4M� early M dwarf) and a stellar binary fraction that decreases with mass (Duquennoy &
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Mayor 1991; Burgasser et al. 2007). The large volume probed by LSST, with typical low-mass
pairs being detected at d < 200 pc, will discover a slew of these rare systems.

To quantify the expected yield of VLM star and brown dwarf EBs, we start with the expected yield
of MLTY dwarfs from the Nzy column of Table 6.4. Such objects will already have LSST light
curves in the z and y bands, which can be complemented by follow-up light curves in the JHK
bands. A five-band light curve analysis is sufficient for modeling the EB parameters to ∼ 1% (e.g.
Stassun et al. 2004). Assuming that approximately 1/10 of the M dwarfs are M9 brown dwarfs,
then the total brown dwarf yield from Table 6.4 is ∼ 70, 000. Recent surveys of binarity among
brown dwarfs yield fractions of 10–15% for visual binaries with separations of > 1 AU (e.g., Mart́ın
et al. 2003; Bouy et al. 2003). Thus a very conservative estimate for the overall binary fraction of
brown dwarfs is 10%. Next, assuming a distribution of binary separations similar to that for M
dwarfs (Fischer & Marcy 1992) implies that ∼ 10% of these will be tight, spectroscopic binaries
with physical separations < 0.1 AU. Finally, among these, the probability of an eclipse is of order
(R1 + R2)/a, where R1 and R2 are the component radii and a is the semi-major axis, so for two
brown dwarfs each with R ∼ 0.1 R� and a ∼ 0.1 AU, we have an eclipse probability of ∼ 1%. Thus
the overall expected brown dwarf EB yield will be 0.1 × 0.1 × 0.01 × 70, 000 ≈ 7. With only one
brown dwarf EB currently known (Stassun et al. 2006, 2007), the LSST yield represents a critical
forward advance for substellar science. The calculation above implies an overall yield of ∼ 40 VLM
eclipsing binary systems, a factor of several increase over the number currently known.

These fundamental astrophysical laboratories will redefine the empirical mass–radius relations,
for which current data are sparse and derived from heterogeneous sources. For nearby eclipsing
systems, native LSST parallaxes will result in model–free luminosity estimates, and can help con-
strain the effective temperature distribution of low–mass stars. This will be especially important
at smaller masses (M < 0.1M�), where only one eclipsing binary is known (Stassun et al. 2006)1.
This regime will be well suited to LSST’s survey specifications and complement the Pan-STARRS
survey as LSST will be probing a different area of the sky (the Southern Hemisphere). At large
distances, the currently elusive halo binaries, identified kinematically through proper motions, may
serve as probes for changes in low–mass stellar structure due to metallicity. Low–mass stars in-
habit an interesting regime in stellar structure. At masses ∼ 0.4M�, the interiors of low–mass
stars transition from a convective core surrounded by a radiative shell to a fully convective in-
terior. Observations do not currently constrain how metallicity may affect this transition, and
only the deep photometry that LSST will provide will enable an empirical investigation of this
phenomenon. The eclipsing binaries discovered in LSST will enable new science and redefine the
empirical understanding of stellar structure and binary properties. With the “brown dwarf desert”
significantly limiting the existence of F/G/K+brown dwarf binaries2, VLM+brown dwarf eclipsing
binaries are the only systems in which masses and radii of brown dwarfs can be measured—along
with their temperatures.

High-resolution near-infrared spectroscopic follow-up on 10-m class telescopes will be critical for
determining the radial velocity orbit solutions for the discovered eclipsing binaries. For example,
the one known brown dwarf eclipsing binary (Stassun et al. 2006, 2007) is in the Orion Nebula

1This system exhibits interesting behavior: the hotter component (primary) is actually fainter than its companion.
2For example, Grether & Lineweaver (2006) find that approximately 16% of solar-type stars have companions with
P < 5 yr, M > 1 MJup. Of these, 4.3 ± 1.0% have companions of planetary mass, 0.1% have brown dwarf
companions, and 11.2± 1.6% have companions of stellar mass.
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cluster at a distance of ∼ 500 pc, the outer limit for the systems included in the estimated yields
calculated above. Its radial velocity curve was obtained with the Phoenix spectrograph on the
Gemini South 8-m telescope operating in the H band (1.5 µm).

Variability of VLM Stars and Brown Dwarfs

The temporal coverage of LSST opens a window on the time variability of VLM stars, including
flares, spot modulation, and rotation periods. Additionally, by discovering new eclipsing binaries,
LSST will provide new laboratories for measuring fundamental stellar parameters like mass and
radius.

Stellar magnetic activity has been observed and studied on M dwarfs for several decades (see
§ 8.9.1 for a review of this subject), but much less is known about activity on brown dwarfs. The
fraction of stars with Hα in emission, an indicator of magnetic activity, peaks around M7 and
decreases through mid-L (Gizis et al. 2000; West et al. 2004; Schmidt et al. 2007; West et al.
2008) although the changing continuum level with spectral type makes this an imperfect tracer of
magnetic field strength. Burgasser et al. (2003b) report three T dwarfs with Hα activity, one of
which has strong, sustained emission (Burgasser et al. 2002). Flares on brown dwarfs appear to
be less frequent than on M dwarfs, but have been seen in both X-ray (Rutledge et al. 2000) and
radio (Berger et al. 2001). Optical spectra have shown variable Hα emission in L dwarfs (Hall
2002; Liebert et al. 2003; Schmidt et al. 2007; Reiners & Basri 2008) that may be the result of
flares. LSST’s new observations of such a large number of brown dwarfs over dozens of epochs will
provide much–needed empirical determinations of flare rates.

LSST’s temporal coverage will permit precise, dense coverage of most main sequence stars with
spots. This subject is modeled in detail in § 6.6, and discussed below in the context of low–mass
stars and brown dwarfs. Starspots, analogous to their solar counterparts, provide a measure of
the relative magnetic field strength for stars of a given spectral type (and mass), assuming that
the spot coverage is not so uniform as to prevent rotational modulation of the star’s observed flux.
If spot variations can be detected, the ugrizy light curves of these stars can be used to estimate
temperature, from relative depths due to spot modulation, and filling factors, from the absolute
deviations from a pristine stellar photosphere.

Furthermore, the photometric signatures imprinted by these cooler regions provide the opportunity
to measure rotation periods that are shorter than the lifetime of a typical starspot (∼weeks to
months). As demonstrated in § 6.6, LSST will be adept at measuring the rotation periods of
coherently spotted, magnetically active, low–mass stars. Combining the measured rotation periods
with other proxies of stellar magnetic activity will provide a fundamental test of magnetic dynamo
generation theory. This is particularly interesting within the low–mass regime. At masses∼ 0.4M�,
the interior of low–mass stars transition from an convective core surrounded by a radiative shell
to a fully convective interior. The transition region between convective core and radiative exterior
is thought to drive magnetic activity in earlier type low–mass stars (West et al. 2008).
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Substellar Subdwarfs

The deep LSST survey imaging will photometrically identify statistically significant numbers of L
dwarfs at large distances from the Galactic plane. These dwarfs will allow the spatial distribution
of dwarfs in the thin and thick disk populations to be determined, and allow a search for additional
members of a halo population of metal–poor subdwarf brown dwarfs to be discovered (e.g., Cushing
et al. 2009). The kinematics of the L dwarf and subdwarf populations will also provide an empirical
test of the metallicity dependence of the hydrogen burning limit, based on the model cooling
curves. The existence of a population of substellar subdwarfs may also indicate star formation due
to infalling primordial gas, or be a relic of the Milky Way’s recent merger history.

6.10 Eclipsing Variables

Andrej Prša, Keivan G. Stassun, Joshua Pepper

The importance of eclipsing binary stars (EBs) can hardly be overstated. Their analysis provides:

• Calibration-free physical properties of stars (i.e., masses, radii, surface temper-
atures, luminosities). Masses are measured dynamically via radial velocities with no sin i
ambiguity because the eclipses provide an accurate measure of sin i. Radii are measured
directly from the eclipse durations, the temperature ratio from the eclipse depths. The radii
and temperatures together yield the luminosities.

• Accurate stellar distances. With luminosities measured directly from the component
radii and temperatures, the distance to the EB follows directly from the observed fluxes.

• Precise stellar ages. By comparing the measured mass-radius relationship with stellar
evolution models, precise stellar ages can be determined. The accuracy of the age determi-
nation is of course model dependent and also mass dependent, with typical accuracy of ∼ 5%
for M? > 1.2 M� and ∼ 50% for M? < 0.8 M� (Stassun et al. 2009).

• Stringent tests of stellar evolution models. With accurate, directly determined proper-
ties of the two stars in the EB, the basic predictions of stellar evolution models can be tested.
For example, the two stars should lie on a single model isochrone under the assumption that
they formed together as a binary, or the observed parameter relationships (mass-radius,
temperature-luminosity, and so on) can be compared against the model predictions.

The products of state-of-the-art EB modeling are seminal to many areas of astrophysics:

• calibrating the cosmic distance scale;

• mapping clusters and other stellar populations (e.g., star-forming regions, streams, tidal tails,
etc) in the Milky Way;

• determining initial mass functions and studying stellar population theory;

• understanding stellar energy transfer mechanisms (including activity) as a function of tem-
perature, metallicity, and evolutionary stage;

• calibrating stellar color-temperature transformations, mass-radius-luminosity relationships,
and other relations basic to a broad array of stellar astrophysics; and

171



Chapter 6: Stellar Populations

Table 6.5: Distance Limits for LSST Detection of Sample EBs.

Sample Binarya Type Binary Absolute Magnitude Distanceb for r = 22.0 [kpc] Distanceb for r = 19.5 [kpc]

M5V + M5V 12.9 0.7 0.2

M2V + M2V 9.0 4.0 1.3

K0V + K0V 5.0 25.1 7.9

G2V + MxV 4.6 30.2 9.5

G5III + GxV 2.9 66.1 20.1

aScientifically interesting EB systems. EBs with M-dwarf components are rare in the literature. Their discovery
will permit detailed testing of stellar models in this important mass regime. G-dwarf/M-dwarf pairs will be
particularly valuable for pinning down the properties of M-dwarfs, since the temperature scale of G-dwarfs is
relatively well established. A particularly exciting prospect are Cepheids (G giants) in EB systems.

bAssuming no extinction.

• studying stellar dynamics, tidal interactions, mass transfer, accretion, chromospheric activity,
etc.

LSST will be ideally suited for extensive mapping of EBs. As the simulations described below
demonstrate, LSST will detect essentially all EBs with orbital periods less than 0.3 days, and 50%
of those with periods up to ∼10 days (see Figure 6.13). This completeness estimate is based on
analysis of a single passband; simultaneous analysis of all six LSST bands will in reality improve
this completeness. With a nominal detection limit of r = 24.5, a magnitude of r = 22.0 should
allow detection of targets with a S/N of 3.5, r = 19.5 will have S/N of 10 per data point. Table 6.5
shows the distance out to which certain fiducial EB types can be detected. For example, a pair of
eclipsing M2 dwarfs will be detected out to 1 kpc with S/N of 10.

We can estimate the number of EBs that LSST will be able to fully characterize (our experience
modeling EB light curves shows that S/N ∼ 3.5 per data point typically suffices for the determi-
nation of physical and geometric parameters to a few percent). Gaia will observe ∼1 billion stars
down to r ∼ 20.5 over the whole sky. We can expect that LSST will observe ∼0.5 billion stars to
this same depth in the southern hemisphere. Extrapolating the results from Hipparcos (917 EBs
in the sample of 118,218 observed stars; or 0.8%), the LSST sample will contain ∼16 million EBs
down to r ∼ 22.0. The average detection rate for EBs over all periods will be around 40% (∼ 100%
for P < 0.3 days, ∼50% for P ∼ 10 days, ∼ 20% for P < 30 days; Figure 6.13), bringing the total
number to ∼6.4 million EBs. Roughly 25% of those will have components of similar luminosities
(double-lined systems), yielding ∼1.6 million EBs with S/N≥ 10 for ready detailed modeling.

6.10.1 Simulating LSST’s Harvest of Eclipsing Binary Stars

With LSST’s six-band photometry and a cut-off magnitude of r ∼ 24.5, the limiting factor for
the detection of EB stars will be the cadence of observations. To estimate LSST’s EB detection
efficiency, we set up a test-bed by employing PHOEBE (Prša & Zwitter 2005), a Wilson & Devinney
(1971) based eclipsing binary modeling suite. We first partitioned the sky into 1558 fields, covering
all right ascensions and declinations between −90◦ and 10◦. The cadence of observations of these
fields was then determined from the Simulated Survey Technical Analysis Report (SSTAR) for the
operations simulations described in § 3.1.
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Figure 6.12: Schematic view of an EB light curve. Surface brightness ratio B2/B1 directly determines the ratio of
depths of both eclipses, and can be roughly approximated by the temperature ratio T2/T1. The sum of fractional
radii ρ1 + ρ2 determines the baseline width of the eclipses, while e sinω determines the ratio between the widths of
each eclipse, d1 and d2. The phase separation of the eclipses is governed by e cosω, and the overall amplitude of the
light curve, as well as the shape of eclipses, are determined by sin i.

To estimate LSST detection effectiveness, we synthesized light curves for five EBs that are represen-
tative of the given morphology type: well detached, intermediate detached, close detached, close,
and contact. These most notably differ in fractional radii and orbital periods, hence in the number
of observed data points in eclipses. Each EB light curve is described by its ephemeris (HJD0 and
period P0) and five principal parameters: T2/T1, ρ1 + ρ2, e sinω, e cosω and sin i (cf. Figure 6.12;
for a thorough discussion about the choice of principal parameters please refer to Prša et al. 2008).

Let N1 and N2 be the numbers of data points observed in each eclipse. To detect and correctly
classify light curves, we need as many points in both eclipses as possible. We thus selected the
product C = N1N2 for the cost function. This way, if all data points are observed during one
eclipse but not the other, this quantity will be zero. Consecutive observations of long period EBs
present another complication: although they contribute equally to the in-eclipse count, they cover
essentially the same point in phase space because of the prolonged duration of eclipses. To account
for that, all adjacent data points in phase space that are separated by less than some threshold
value – in our simulation we used 1/1000 of the period – are counted as a single data point.

The cost function C, shaped according to these insights, was computed for all five synthesized EBs
(the details of the study are presented in Prša et al. 2009). The light curves are computed in phase
space, assuming that periodicity can be found correctly by a period search algorithm if the S/N of
a single data point exceeds 3.5 (or, in terms of LSST, r < 22.0). Simulation steps are as follows:

1. given the P0, pick a random phase shift between 0.0 and 1.0 and convert the time array to
the phase array;

2. sort the array and eliminate all data points with adjacent phases closer than the threshold
value required to resolve them;

3. given the ρ1 + ρ2, count the number of data points in eclipses (N1, N2);

4. compute the cost function value C = N1N2;
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Figure 6.13: The detection rate of eclipsing binary stars based on their morphology and their orbital period.
Assuming that S/N≥ 3.5 per data point suffices for reliable recovery of orbital periods, LSST will detect almost
all short period EBs, around 50% of intermediate EBs, and around 10% of long period EBs down to r ∼ 22.0.
The simulation is based on a single passband, implying that the values quoted here correspond to the worst case
scenario. Since short and intermediate period EBs are most interesting for stellar population studies, it is clear that
the expected LSST harvest of EB stars will be unprecedented.

5. repeat steps 1-4 for a predefined number of times (say, 100), and find the average value of C;

6. repeat steps 1-5 for all 1588 fields (αi, δi); and

7. repeat steps 1-6 for a range of periods sampled from a uniform distribution in log(P0) ∈
[−1, 3].

Figure 6.13 depicts the results of our simulation. Under the assumption that the variability analysis
provides correct periods, the LSST sample of short period eclipsing binary stars will be essentially
complete to r ∼ 24.5; these stars have the best characteristics to serve as calibrators – both because
of their physical properties and because of the feasibility for the follow-up studies.

6.10.2 Effectiveness of EB Parameter Determination from LSST Data

To further qualify LSST’s harvest of EBs, we generated a sample of 10,000 light curves across the
southern sky, using the cadence coming out of the Operations Simulations (§ 3.1). The values of
principal parameters were sampled randomly, according to the following probability distribution
functions:

• T2/T1 is sampled from a normal distribution G(1.0, 0.18);

• P0 is sampled from a log-uniform distribution [−1, 4];
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• ρ1+ρ2 is sampled from a uniform distribution [0.05, δmax−0.05], where δmax is the morphology
constraint parameter that depends exponentially on the value of logP0:

δmax(logP0) = 0.7 exp
(
−1 + logP0

4

)
;

• The eccentricity e is sampled from an exponential distribution E(0.0, εmax/2), where εmax is
the attenuation parameter that depends exponentially on the value of ρ1 + ρ2:

εmax = 0.7 exp
(
−ρ1 + ρ2 − 0.05

1/6

)
;

• The argument of periastron ω is sampled from a uniform distribution [0, 2π]; the combination
of the e and ω distributions produces a sharp, normal-like distribution in e sinω and e cosω;

• The inclination i is sampled from a uniform distribution [igrazing, 90◦], where igrazing is the
inclination of a grazing eclipse.

Once the light curve sample was created, we added random Gaussian errors with σ ranging from
0.001 to 0.2 (simulating different distances and, hence, different S/N), and we measured best fit
parameters with ebai (Eclipsing Binaries via Artificial Intelligence; Prša et al. 2008), an efficient
artificial intelligence based engine for EB classification via trained neural networks. Backpropa-
gation network training, the only computationally intensive part of ebai, needs to be performed
only once for a given passband; this is done on a 24-node Beowulf cluster using OpenMPI. Once
trained, the network works very fast; 10,000 light curves used in this simulation were processed in
0.5 s on a 2.0GHz laptop, where most of this time was spent on I/O operations.

Figure 6.14 depicts the results of ebai: 80% of all stars passed through the engine have less than
15% error in all five parameters. A 15% error might seem large at first (typical error estimates
of state-of-the-art EB modeling are close to 2-3%), but bear in mind that ebai serves to provide
an initial estimate for parameter values that would subsequently be improved by model-based
methods such as Differential Corrections or Nelder & Mead’s Simplex, as implemented in PHOEBE.

These two simulations indicate LSST will provide a sample of short period EBs (< 1 day) essentially
complete to r ∼ 22.0; a sample of EBs with periods of tens of days will be ∼50% complete; a sample
of long-period EBs will be ∼10% complete. Since short period EBs carry the most astrophysical
significance, and since parameter determination is most accurate for those stars because of the
large number of data points in eclipses, LSST’s high detection efficiency and accurate parameter
measurements promise to revolutionize EB science and the many fields that EBs influence.

6.11 White Dwarfs

Jason Kalirai, Charles F. Claver, David Monet, Željko Ivezić, J.B. Holberg
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Figure 6.14: Left: comparison between input and ebai-computed values of orbital parameters in a simulation of
LSST-observed eclipsing binaries. For neural network optimization purposes, parameter values were rescaled to the
interval [0.1, 0.9]. Successive parameters are vertically offset by 0.5 and correlation guidelines are provided to facilitate
comparison. Right: histogram of the residuals computed by ebai. Parameter T2/T1 is most weakly determined (26%
of all light curves have a corresponding error less than 2.5%) – this is due to the only approximate relationship
between T2/T1 and the surface brightness ratio B2/B1. Parameters sin i and e cosω have the highest success rate
(75% and 68% of all light curves have sin i and e cosω, respectively, determined to better than 2.5%), meaning that
the cadence suffices for accurate determination of orbital properties. The inset depicts the cumulative distribution
of the residuals: over 80% of the sample has errors in all parameters less than 15%.

6.11.1 The Milky Way White Dwarf Population

Over 97% of all stars end their lives passively, shedding their outer layers and forming low mass
white dwarfs. These stellar cinders are the burnt out cores of low and intermediate mass hydrogen
burning stars and contain no more nuclear fuel. As time passes, white dwarfs will slowly cool
and release stored thermal energy into space becoming dimmer and dimmer. Although they are
difficult to study given their intrinsic faintness, successful observations of white dwarfs can shed
light on a very diverse range of astrophysical problems.

The largest sample of white dwarfs studied to date comes from SDSS, which has increased the
known population of these stars by over an order of magnitude to more than 10,000 stars (Eisen-
stein et al. 2006). This has enhanced our knowledge of stellar chemical evolution beyond the
main sequence, uncovered new species of degenerate stars such as highly magnetized white dwarfs
and accretion disk objects that may harbor planets, and provided a more accurate white dwarf
luminosity function for the Galactic disk (Harris et al. 2006).

The luminosity function of white dwarfs rises with increasing photometric depth, such that LSST’s
sensitivity and wide areal coverage is expected to yield over 13 million white dwarfs with r < 24.5
and over 50 million to the final co-added depth (model luminosity functions are presented later).
LSST will completely sample the brightest white dwarfs in our Galaxy (with MV ∼ 11) to 20 kpc
and beyond. This broadband study of white dwarfs will yield important leverage on the overall
baryon mass budget of the Milky Way and provide an unprecedented sample of white dwarfs, of all
spectral types, to improve our understanding of a variety of astrophysical problems. For example,
based on MACHO predictions, LSST will be sensitive to thousands of dark halo white dwarfs and
can therefore verify or rule out whether an appreciable fraction of the Galactic dark matter is tied
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Figure 6.15: The color-magnitude diagram of NGC 6397 from HST observations with ACS (Richer et al. 2008) based
on all stars (center) and proper motion members over a fraction of the field (right). The proper motion diagram
(left) illustrates the motion of the cluster with respect to the field, over a 10 year baseline. The rich white dwarf
cooling sequence of the star cluster (faint-blue end) is modeled in Hansen et al. (2007) to yield an independent age
for the cluster of t = 11.5 ± 0.5 Gyr.

up in these stars (Alcock et al. 2000). LSST’s photometry of white dwarfs will also be more than
three times as precise as SDSS photometry, particularly in the u band, which is often definitive for
these stars. This greatly facilitates the matching of observed colors with predicted colors at the 1%
level making it possible to estimate white dwarf temperatures, gravities, and spectral types over a
much wider range of parameter space then is now practical. Below we outline several of the key
science cases that LSST will address, followed by a specific discussion of the simulated distribution
of white dwarfs that LSST will be sensitive to.

6.11.2 White Dwarfs as Chronometers – Dating Stellar Components of the
Milky Way

Although SDSS found abundant white dwarfs in the Galactic disk, the survey was too shallow to
uncover large numbers of halo white dwarfs. These distant objects, which LSST will detect, will
allow for the first time the construction of a luminosity function for field halo white dwarfs (see
§ 6.11.6 for the expected white dwarf spatial distribution). The structure in this luminosity function
(and in particular, the turnover at the faint end) holds important clues about the formation time of
each specific Galactic component because the white dwarfs cool predictably with time. Therefore,
an older population of white dwarfs is expected to show a fainter turnover as the stars have had
more time to cool. As we show in § 6.11.6, a simulation of the expected LSST white dwarf number
counts indicates that over 400,000 halo white dwarfs will be measured to r < 24.5.

The faintest white dwarfs in the nearest globular star clusters have now been detected with HST
(see Figure 6.15); at MV & 16 (Hansen et al. 2007), they are a full magnitude fainter than their
counterparts in the Galactic disk (Harris et al. 2006). This work provides independent age mea-
surements for nearby globular clusters and suggests that these objects formed several Gyr before
the Galactic disk. By extending these studies to the remnants in the Milky Way field halo, LSST
will provide us with a direct measurement of the age of the Galactic halo, a vital input into the
construction of Galactic formation models. These measurements can not only help answer when
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our Galaxy formed, but also constrain the formation timescales of different populations within the
same component. For example, the age distribution of Milky Way globulars can be contrasted with
the field halo population to shed light on the formation processes of the clusters themselves (e.g.,
in situ formation vs. accretion).

LSST will also improve, by several orders of magnitude, the statistics of the field Milky Way disk
white dwarf luminosity function. Harris et al. (2006) comment on the lack of a precise (σ ∼
2 Gyr) age measurement (Leggett et al. 1998; Hansen et al. 2002) given the low numbers of low-
luminosity white dwarfs in the SDSS sample. LSST will not only constrain the age of the oldest
stars in the Galactic disk to a much higher accuracy than currently possible, but also map out the
complete star formation history of the disk. Epochs of enhanced star formation in the Galactic
disk’s history will leave imprints on the white dwarf luminosity function in the form of brighter
peaks. The luminosity and width of these peaks can be inverted to shed light on the formation
time and timescale of the star forming events. In § 6.11.6 we simulate the expected LSST white
dwarf disk luminosity function.

A key component of LSST’s study of Milky Way white dwarfs will be a kinematic analysis. With
LSST we will look for dependencies of the white dwarf luminosity function in the disk with the
population’s velocity, and therefore verify the age difference between the thin and thick disks. The
velocity may also be correlated with other Galactic parameters, such as metallicity, to give indirect
age-metallicity estimates. Alternatively, dependencies of the luminosity function (and, therefore,
age) may exist with scale height above/below the Galactic plane, improving our understanding
of Galactic structure. The expected kinematic separation of these populations, based on LSST
statistics, is also discussed near the end of this chapter.

6.11.3 White Dwarfs in Stellar Populations

The comparison of theoretical isochrones to observational color-magnitude diagrams has histori-
cally been used to infer the age of a nearby stellar population, provided that the distance is known
through independent methods (e.g., main sequence fitting with the Hyades cluster, for which in-
dividual parallax measurements exist). In practice this comparison is often limited by our lack
of knowledge of fundamental quantities (e.g., the distance and metallicity) and so the isochrones
are used to estimate multiple parameters at once. When combined with the uncertainties in the
microphysics of the models (e.g., the role of gravitational settling or the treatment of convective
core overshooting), the absolute uncertainty on the age of any stellar population using the main
sequence turn-off method is ∼2 Gyr for old stellar populations (D’Antona 2002). At higher red-
shifts, the theoretical isochrones are used to interpret light from distant galaxies in terms of the
properties of the systems (e.g., age and metallicity). These age and metallicity measurements form
a major component of our understanding of galaxy formation and evolution.

The study of white dwarfs with LSST will naturally extend to stellar populations such as nearby
star clusters (§ 6.5). LSST will detect the tip of the white dwarf cooling sequence in star clusters
located over 20 kpc from the Sun. It will also completely map the entire white dwarf cooling
sequence in nearby globular and open clusters. For example, the faintest white dwarfs in a cluster
with t = 1 Gyr have MV = 13, and will be seen out to 8 kpc. The white dwarf cooling sequences of
these clusters provide age and distance measurements (Hansen et al. 2007). This age measurement
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Figure 6.16: The white dwarf cooling ages of several nearby solar metallicity open star clusters are compared with
their corresponding main sequence turn-off ages based on a set of theoretical isochrones. The two independent age
measurements are in good agreement with one another for the assumed models and would not agree if for example,
core-overshooting was not allowed. Taken from DeGennaro et al. (2009).

is not affected by our knowledge of rotation, diffusion, overshooting, even metallicity, and is,
therefore, independent of the main sequence turn-off approach. By fixing the age and distance of
the stellar population using white dwarf cooling theory, we will be able to test stellar evolution
models in exquisite detail and constrain many of the microphysics. These improved models will
directly impact our ability to deconvolve the colors of distant galaxies using population synthesis
methods.

In Figure 6.16, we compare the main sequence turn-off age with the white dwarf cooling age
for the handful of open star clusters where both measurements exist (DeGennaro et al. 2009, in
preparation). This work has already shown that synthetic color-magnitude diagrams, based on
various sets of theoretical isochrones, that do not adopt convective core-overshooting yield ages are
too low to fit the white dwarf cooling measurements (Kalirai et al. 2001b; Kalirai & Tosi 2004).
LSST will increase the sample of clusters in which these measurements exist by over an order
of magnitude, and thus allow these comparisons to be made over a substantial range in age and
metallicity to test a broad region of parameter space in the models.

6.11.4 White Dwarfs as Probes of Stellar Evolution

As an intermediate or low mass star evolves off the main sequence and onto the red giant and
asymptotic giant branch, it quickly sheds its outer layers into space. The mass loss mechanisms
(e.g., helium flash and thermal pulses on the asymptotic giant branch) are poorly understood
theoretically (Habing 1996) and observational constraints are rare given the very short lifetimes of
stars in these phases (∼105 years) and heavy obscuration by dusty shells. The end products of this
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stellar evolution are white dwarfs, and studying these stars in detail beyond the initial imaging
observations can directly constrain the total integrated stellar mass loss.

As a follow up study to the initial imaging observations that LSST will undertake, the brightest
(i.e., youngest) white dwarfs in nearby stellar populations can be spectroscopically measured with
multi-object technology on 8 – 10-m ground-based telescopes (and possibly with TMT or GMT).
The spectra of the DA white dwarfs are remarkably simple, showing pressure broadened Balmer
lines caused by the thin hydrogen envelope in the atmosphere of the stars. These Balmer lines can
be easily modeled to yield the temperature and gravity of the stars, and, therefore, the individual
stellar masses (Bergeron et al. 1995). These mass measurements can be uniquely connected to the
initial mass of the progenitor star for each white dwarf (e.g., the total cluster age is the sum of
the white dwarf cooling age and the main sequence lifetime of the progenitor), and, therefore, an
initial-to-final mass relation can be constructed as shown in Figure 6.17 (Kalirai et al. 2008).

LSST will revolutionize our study of the initial-to-final mass relation. The new relation, consisting
of hundreds of data points over the full range in initial mass of stars that will form white dwarfs,
will directly constrain the amount of mass loss that occurs through stellar evolution. This forms
a powerful input to chemical evolution models of galaxies (including enrichment in the interstellar
medium) and, therefore, enhances our understanding of star formation efficiencies in these systems
(Somerville & Primack 1999). Moreover, LSST will provide new insights into how stellar evolution
and mass loss rates are affected by metallicity variations. Theoretically it is expected that mass
loss rates in post main sequence evolution depend on metallicity (e.g., see Kalirai et al. 2007, and
references therein). These dependencies can be directly tested by constructing relations specifically
for clusters of different metallicities that LSST will observe.

LSST’s detection of white dwarfs in the youngest stellar systems will also provide new insights
into the threshold mass that separates white dwarf production from type II SNe formation. For
example, the most massive singly evolved white dwarf that can be connected to a progenitor mass
in Figure 6.17 is currently the Pleiades star, which has Minitial = 6.5 M�. However, the remnant
star of this progenitor is 1.0 M�, much smaller than the Chandrasekhar limit, suggesting that
more massive singly evolving white dwarfs remain to be found in star clusters. Theoretically, this
threshold mass is difficult to constrain as models do not include rotation and are very sensitive to
overshooting and rotationally induced mixing. A shift in the critical mass from 9 M� (as suggested
by an extrapolation of the present initial-final mass relation above) to 6 M� (as suggested by several
models for the ignition of carbon in the core of the star, e.g., Girardi et al. 2000) results in a 80%
increase in the numbers of type II SNe based on a Salpeter mass function. This changes the
amount of kinetic energy imparted into the inter-galactic medium (IGM) and would, in fact, be in
better agreement with some observations of the IGM (Binney 2001) as well as the mass function
of stars in the solar neighborhood (van den Bergh & Tammann 1991). Such an effect should be
seen as a steepening of the initial-final mass relation at higher masses, which LSST will probe by
sampling white dwarf populations in successively younger systems. For example, LSST’s detection
of white dwarfs in a cluster of age 50 Myr, where 8 M� stars are still burning hydrogen on the main
sequence, would suggest that the critical mass is above 8 M�. Such young open clusters do exist
in the southern hemisphere but lack current deep imaging data (e.g., NGC 2451 and NGC 2516).
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Figure 6.17: Top: The relation between the masses of white dwarf progenitors and their final masses from Kalirai
et al. (2008), with best linear fit. The entire white dwarf population of a given cluster is represented by a single
data point. For the older clusters (e.g., lower initial masses), the white dwarf cooling lifetimes are negligible relative
to the age of the cluster, and, therefore, all of the stars at the top of the cooling sequence came from progenitors
with the same approximate mass. For the younger clusters, this method averages over small ranges in initial and
final mass within each star cluster. The relation shows a roughly linear rise in the remnant mass as a function of
the initial mass (see empirical relation on the plot). Bottom: The lower panel illustrates the total integrated stellar
mass lost through standard evolution, directly constrained from the initial-final mass relation. The individual data
points, except at the low mass end, correspond to individual progenitor-white dwarf measurements.

6.11.5 Rare White Dwarf Species and the Physics of Condensed Matter

The temporal coverage of LSST observations in multiple filters will lead to exciting discoveries of
exotic stellar species that are astrophysically important. These will include eclipsing short period
double degenerate systems, transits of white dwarfs by planetary bodies and other accretion disk
objects down to asteroidal dimensions (see also the discussion in § 8.11), and a very large number
of pre-cataclysmic variable/post-common envelope systems. The synoptic nature of LSST will be
critical in identifying these systems. For some classes, such as eclipses by planets, it may that
the LSST cadence will be adequate only for identifying candidates requiring follow-up on smaller
telescopes with a much faster cadence.

Eclipsing short period double-degenerate systems are of great interest for several reasons. Follow-up
studies of such systems will yield direct determinations of white dwarf radii as well as astromet-
ric masses, which can be used to accurately populate the degenerate mass-radius relation. The
catastrophic merger of double degenerate systems is believed to be one potential source of type
Ia supernova events. Identifying such systems through their eclipse signals with LSST is a real
possibility. Continued monitoring of such systems could reveal the gravitational decay rate of the
mutual orbit. It is even conceivable that particular systems found with LSST could be linked
to specific gravitational wave signals detected by Laser Interferometer Space Antenna (LISA),
since merging white dwarf systems are thought to constitute a major source of the Galactic noise
background for LISA.

Some white dwarfs are now known to be orbited by dusty disks and even more show spectral features
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of heavy elements (Si, Mg, Ca, Fe, and so on), which quickly settle out of the atmosphere indicating
on-going accretion. In both cases the source of the dust is believed to be collisions of asteroidal
bodies in tight orbits around the white dwarf. Because white dwarfs have small diameters, it is
quite possible that favorable orbital plane orientations will reveal transits of substantial bodies
from the size of massive Jupiters to asteroids having diameters of tens of km. The gravitational
perturbations of such massive bodies are thought to play a role in promoting asteroidal collisions
and in maintaining any dusty ring structures that result.

Finally, it should be possible to identify a large number of pre-cataclysmic variable and post-
common envelope systems. In general, eclipses (although helpful) are not even necessary since
reflection effects produced by the hot white dwarf on the low mass secondary are a frequent
signature of these sources. Having a large number of such systems to study will help map out the
spectrum of stellar masses and orbital separations that constitute the end states of post-common
envelope evolution.

With large numbers of detected white dwarfs, LSST can select those that are variable to the limit
of LSST’s photometric precision (∼ 1%), and therefore identify new candidate pulsating white
dwarfs. Follow-up time-series photometry of these candidates on other telescopes will lead to a
substantial number of new white dwarf pulsators, and, therefore, provide a more accurate mapping
of the boundaries of the known white dwarf instability strips for pulsation (DAV - H, DBV - He,
PG1159 - C) in the HR diagram and in log g vs Teff , and also allow exploration to search for
previously unknown instability strips along the white dwarf cooling sequence. A more detailed
discussion of LSST’s connection to pulsating white dwarfs is provided in § 8.7.2.

LSST will provide a new test for the internal physics of white dwarf stars. The low luminosity
end of the white dwarf luminosity functions (WDLF), log(L/L�) < −3, contains information
about the equation of state of condensed (degenerate) matter. The shape of the disk WDLF
at the turnover (discussed in § 6.11.1) due to the disk’s finite age is affected by the release of
latent heat of crystallization of the carbon-oxygen white dwarf core. The release of latent heat
provides an energy source in an otherwise dead star and slows the white dwarf cooling process.
This slowdown manifests itself as an increase in number density of white dwarfs over the luminosity
range corresponding to the crystallization event. Even more intriguing is the possibility of having
a halo WDLF that is sufficiently populated that we can fully resolve the crystallization bump.
LSST’s large white dwarf sample will determine if the crystallization bump is indeed present,
and if so, at what luminosity (i.e., age), providing new constraints on the equation of state for
carbon-oxygen white dwarfs.

6.11.6 The LSST White Dwarf Model Sample

In the following sections we calculate the expected distributions of white dwarfs that LSST will
see. The main purpose of these simulations is to estimate the accuracy LSST will obtain in
calibrating the white dwarf photometric parallax relation, kinematically separating the disk and
halo populations, and measuring their luminosity functions.

In order to generate a simulated sample of disk and halo white dwarfs, five sets of quantities need
to be adopted:
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1. The expected astrometric and photometric measurement errors.

2. The spatial distribution for each Galaxy component.

3. The distributions of three velocity components.

4. The bolometric luminosity functions.

5. The mapping from bolometric luminosity to broad-band luminosity in each LSST bandpass.

The astrometric and photometric measurement errors are computed as described in Chapter 3.
We proceed with detailed descriptions of the remaining quantities.

The Spatial Distribution

LSST will detect white dwarfs to distances much larger than the scale heights and lengths of the
Galactic disk. Hence the spatial variation of volume density in the Galaxy must be taken into
account. We assume that the spatial distribution of white dwarfs traces the distribution of main
sequence stars, both for halo and disk populations (the impact of their different ages is handled
through adopted luminosity functions). We ignore bulge white dwarfs in the simulations as they
represent only a small fraction of the population. The adopted spatial distribution of main sequence
stars, based on recent SDSS-based work by Jurić et al. (2008) is described in § 3.7.1.

The Kinematic Distributions

We assume that the kinematics (distributions of three velocity components) of white dwarfs are the
same as the corresponding distribution of main sequence stars, both for halo and disk populations.
The adopted kinematic distribution of main sequence stars is based on recent SDSS-based work
by Ivezić et al. (2008a).

The White Dwarf Luminosity Function

For disk stars, we adopt the measured luminosity function based on SDSS data (Harris et al. 2006).
Using their Figure 4, we obtained the following parameters for a power-law approximation to the
measured bolometric Φ (the number of white dwarfs per cubic parsec and magnitude),

log Φ = −2.65 + 0.26 (Mbol − 15.3) for 7 < Mbol < 15.3
log Φ = −2.65− 1.70 (Mbol − 15.3) for 15.3 < Mbol < 17.0, (6.1)

which agrees with the data to within 10% at the faint end. The observational knowledge of the
halo white dwarf luminosity function is much poorer. Theoretical predictions (Torres et al. 2005,
and references therein) indicate an overall shift of the halo luminosity distribution toward fainter
absolute magnitudes due to its larger age compared to the disk. Motivated by these predictions
and the desire to test the ability to distinguish different luminosity functions when analyzing the
simulated sample, we simply shift the Harris et al. (2006) luminosity function by 0.7 mag toward
the faint end.
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Figure 6.18: Simulated differential luminosity function for candidate hydrogen white dwarfs in the disk sample
(normalized to solar neighborhood). The dots with error bars show the result obtained by binning the cumulative
luminosity function computed using Lynden-Bell’s C− method in 0.1 mag wide Mr bins (based on ∼ 200,000 stars).
The red line shows the input luminosity function in the simulation. Note the “feature” in the input luminosity
function at Mr = 11.8.

We re-express the luminosity function per unit Mr magnitude, Φr by multiplying by dMbol/dMr,
determined from the spectral energy distribution, described below. The resulting luminosity func-
tions for disk and halo white dwarfs are shown in Figures 6.18 and 6.19, respectively. The integral
of the adopted disk luminosity function is 0.0043 stars pc−3 (about 1/10 of the integrated luminos-
ity function for main sequence stars). The disk luminosity function reaches its maximum around
Mr = 15.4, and the halo luminosity function at Mr = 16. Both luminosity functions show a ∼ 0.2
mag wide and 20-30% strong “feature” at Mr ∼ 11.8 which is due to the behavior of dMbol/dMr.

We assume that 90% of all white dwarfs are hydrogen (DA) white dwarfs and the rest are helium
(DB) white dwarfs, but assumed the same luminosity function for both.

The White Dwarf Spectral Energy Distribution

We use models by Bergeron et al. (1995), which produce color tracks that agree with SDSS mea-
surements at the ∼0.02 mag level (Eisenstein et al. 2006). Using a sample of ∼ 10,000 white dwarfs
with SDSS spectroscopic data, Eisenstein et al. (2006) found a very narrow distribution (0.1 dex)
of log g centered on log g = 7.9. Motivated by this result and the desire to simplify analysis of the
simulated sample, we adopt a fixed value of log g = 8.0 (Bergeron’s models are computed with a
log g step of 0.5 dex). Hence, for a given type of white dwarf atmosphere (hydrogen vs. helium),
the models provide unique relationships between Mr and all relevant colors (including bolometric
corrections). For hydrogen white dwarfs with log g = 8.0, Mr = 15.4 corresponds to an effective
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Figure 6.19: Similar to Figure 6.18, now showing the luminosity function for the candidate halo sample.

temperature of 4500 K, mass of 0.58 M� and age of 7.6 Gyr. For Mr = 16, the effective tempera-
ture is 3900 K, the mass is unchanged and the age is 9.3 Gyr. A 13 Gyr old hydrogen white dwarf,
according to Bergeron’s models, would have Mr = 17.4 and an effective temperature of 2250 K.

Preliminary Analysis of the Simulated White Dwarf Sample

The simulated sample includes ∼ 35 million objects with r < 24.5 over the whole sky. Here
we briefly describe the expected counts of white dwarfs in the main (deep-wide-fast, DWF; see
§ 2.1) LSST survey, discuss how objects with good trigonometric parallax measurements can be
used to derive an empirical photometric parallax relation, and how this relation can be used with
proper motion measurements to separate disk and halo candidates. We conclude with preliminary
estimates of the accuracy of disk and halo white dwarf luminosity function measurements.

Counts of Simulated White Dwarfs

The main DWF LSST survey is expected to deliver about 1000 visits (summed over all bands) over
a ∼ 20,000 deg2 area, and without including the Galactic plane. Figure 6.20 compares cumulative
white dwarf counts for several samples. The simulations predict that Gaia’s all-sky survey will
detect about 240,000 white dwarfs with r < 20. Of those, about 1,200 will be halo white dwarfs.
These counts are in fair agreement with the results of Torres et al. (2005) who simulated Gaia’s
performance on white dwarfs. We have also compared the simulated counts to photometrically
selected white dwarf candidates from SDSS (see bottom left panel in Fig. 24 of Ivezić et al. 2007).
We selected 355 white dwarf candidates over 203 deg2 defined by 330◦ < α < 50◦ and |δ| < 1.267◦;
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Figure 6.20: A comparison of cumulative white dwarf counts for several samples. The triangles (blue curve) show the
counts over the full sky in the magnitude range corresponding to Gaia survey (r < 20). The squares (red curve) show
the counts of white dwarfs from the main LSST survey (about 1/2 of the sky) that have anticipated signal-to-noise
ratio for trigonometric parallax measurements greater than 10. The circles (magenta curve) show the counts of all
white dwarfs from the main LSST survey that will have proper motion measurements (r < 24.5). The predicted
magnitudes are not corrected for the interstellar dust extinction. The dashed line shows the behavior expected for
a spatially uniform distribution of sources (log[N(< r)] ∝ 0.6 r) - the impact of Galactic structure is evident in the
much shallower slope for simulated counts around r = 24.

we required that the objects be non-variable (rms scatter less than 0.07 mag in g) and have
16 < g < 20, −0.3 < u − g < 0.5, −0.4 < g − r < −0.2. With the same color-magnitude
criteria, the simulated sample includes 340 objects in the same sky region. Given that the observed
color-selected sample might include some contamination, this is a robust verification of the model
count normalization. The simulations do not include the effects of interstellar extinction, but the
extinction over this area is small, and most white dwarfs are close enough to be in front of the
majority of the dust.

As illustrated in Figure 6.20, there will be about 13 million white dwarfs with r < 24.5 in the
DWF survey. While the number of all detected white dwarfs in LSST will be much larger (about
50 million for the r < 27.5 limit of co-added data), here we focus only on objects with r < 24.5
because they will have, in addition to highly accurate photometry, trigonometric parallax and
proper motion measurements. In particular, about 375,000 simulated objects have anticipated
signal-to-noise ratio for trigonometric parallax measurements greater than 5 and 104,000 greater
than 10. This latter subsample (whose cumulative counts are shown in Figure 6.20) can be used
to empirically constrain photometric parallax relations for hydrogen and helium white dwarfs and
to train color-based classification algorithms, as described next. In the remainder of this analysis,
we assume no knowledge of the input model parameters except when estimating the performance
parameters such as sample completeness and contamination.
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Figure 6.21: The calibration of the photometric parallax relation, Mr(g − r), for white dwarfs. The Mr values are
based on trigonometric parallax and “measured” r band magnitudes. The dots represent ∼ 100,000 simulated objects
with the signal-to-noise ratio for trigonometric parallax measurements greater than 10. The middle dashed line is
the color-magnitude separator described in the text. The other two lines are the median Mr vs. g − r photometric
parallax sequences. The true relations used to generate the simulated sample are indistinguishable (rms ∼ 0.01 mag)
from these empirically determined median values.

White Dwarf Photometric Parallax Relations

The distribution of the difference between trigonometric and true distance moduli for the 104,000
white dwarfs with parallax S/N> 10 is close to Gaussian, with a median value of −0.03 mag and
an rms scatter of 0.15 mag. For the subset of 10,000 objects with r < 18, the rms scatter is 0.10
mag and the bias is below 0.01 mag.

The absolute magnitude based on “measured” trigonometric parallax as a function of “measured”
g − r color is shown in Figure 6.21. The two sequences that correspond to hydrogen and helium
white dwarfs are easily discernible. A simple separator of hydrogen and helium color-magnitude
sequences is obtained by shifting the median Mr vs. g − r curve for hydrogen white dwarfs by
0.4 mag towards the bright end. A slightly better choice would be to account for the shape of
the helium sequence as well. The application of this separator results in correct classification for
99.6% of the objects in the candidate hydrogen sample and for 96.3% of the objects in the candidate
helium sample.

Photometric Separation of Hydrogen and Helium White Dwarfs

The separation of hydrogen and helium white dwarfs based on the Mr vs. g−r diagram is possible
only for objects with high S/N trigonometric parallax measurements. Since such objects represent
only about 1% of the full r < 24.5 LSST white dwarf sample, a color separation method is required
to classify the latter sample. Although helium white dwarfs represent only 10% of all objects, the
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Figure 6.22: The distribution of the simulated white dwarfs in the g− r vs. u− g color-color diagram. Black points
show objects with r < 24.5 and b > 60◦. Yellow points show a subsample of predominantly brighter sources that
have 10σ or better “measurement” of the trigonometric parallax. The two sequences correspond to He and H white
dwarfs. The distribution of low-redshift (z < 2.2) quasars observed by SDSS is shown by blue contours. The blue
part of the stellar locus (dominated by F and G stars), as observed by SDSS, is shown by the red contours. LSST
photometry will be sufficiently accurate not only to separate white dwarfs from quasars and main sequence stars,
but also to separate hydrogen from helium white dwarfs (the sequences do not overlap in the multi-dimensional color
space, see text).

differences in Mr vs. g−r relations between helium and hydrogen white dwarfs might significantly
bias the luminosity function determination.

We use the two candidate samples with good trigonometric parallax measurements to quantify
their multi-dimensional color tracks. Figure 6.22 shows the two-dimensional projection of these
tracks. At the hot end, the tracks for hydrogen and helium objects are well separated. Although
they appear to cross around g−r = 0.2, they are still separated in the four-dimensional color space
spanned by the u− g, g − r, r − i and i− z colors3.

For each sample, we compute the median u − g, r − i and i − z color for each 0.01 mag wide bin
of g − r color. Using these tracks, for each star we compute the shortest distance to each locus,
denoted here DHe and DH . The difference between these two four-dimensional color distances
(4DCD) can be used as a simple color-based classifier. For the training sample, which has small
photometric errors due to the relatively bright flux limit imposed by requiring high trigonometric
parallax signal-to-noise ratio, the separation is essentially perfect (mis-classification rate, or sample
contamination, is less than 1%).

We assess the performance of color separation at the faint end by resorting to true input class,
and study the completeness and contamination of candidate samples as a function of δ4DCD =

3Reliable colors are not yet available for the y band so we do not consider it here.
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Figure 6.23: The completeness and contamination for color-selected subsamples of hydrogen and helium white dwarfs,
as a function of the difference between distances to each four-dimensional color sequence (δ4DCD = DHe − DH).
The solid lines show completeness and dashed lines show contamination. The blue lines correspond to hydrogen
subsample, and red lines to helium subsample. Objects are classified as helium white dwarfs if their δ4DCD is smaller
than the adopted cut-off value. The panel shows a flux-limited sample with r < 23.5.

DHe − DH (see Figure 6.23). The optimal value of δ4DCD for separating two object types is
a trade-off and depends on whether a particular science case requires high completeness or low
contamination. Typically the best δ4DCD value is not zero because hydrogen white dwarfs are
ten times as numerous as helium white dwarfs. These effects can be elegantly treated using the
Bayesian formalism developed by Mortlock et al. (2008), hereafter MPI08. Here we follow a
simpler approach and, informed by the results shown in Figure 6.23, adopt δ4DCD = −0.05 for
the rest of the analysis presented here. For r < 23.5, the candidate helium sample completeness
and contamination are 79% and 0.2%, respectively (see the right panel in Figure 6.23). Where
r < 24.5, the completeness of 99% with a contamination of 3% for the candidate hydrogen sample,
and 73% and 14%, respectively, for the candidate helium sample, the degraded but still remarkable
performance being attributed to larger photometric errors.

We note that despite high completeness for the helium subsample, there are ranges of Mr, such as
Mr ∼ 12.5, where it is sufficiently small to induce large systematic errors in luminosity function.
To properly treat the helium subsample, a more sophisticated method, such as that described by
MPI08, is required. Nevertheless, the simplistic δ4DCD method used here produces sufficiently
clean samples of candidate hydrogen white dwarfs for further analysis.
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Figure 6.24: The dependence of tangential velocity on apparent magnitude for white dwarfs with b > 60◦. The
map shows counts of stars in each bin on logarithmic scale, increasing from blue to red. The tangential velocity is
computed from each star’s measured proper motion and distance estimate from the photometric parallax relation
shown in Figure 6.21. At faint magnitudes (r > 22), the sample contains a large fraction of halo white dwarfs. The
horizontal line at 180 km s−1 separates disk and halo stars with sample completeness and contamination of 99% and
3%, respectively, for disk stars, and 78% and 6%, respectively, for halo stars.

Kinematic Separation of Disk and Halo White Dwarfs

The measured proper motion and distance estimate can be used to probabilistically assign disk
or halo membership, if suitable kinematic models exist, for an arbitrary direction on the sky. In
the general case, the observed proper motion depends on a linear combination of all three velocity
components, and the probabilistic class assignment can be computed following the approach out-
lined in MPI08 (the standard method for separating disk and halo stars based on reduced proper
motion diagram will fail at kpc distances probed by LSST, see Appendix B in Sesar et al. 2008).
In this preliminary analysis, we limit our sample to the region with b < −60◦, where proper motion
primarily depends on radial, vR, and azimuthal (rotational), vφ, components, while the vertical
velocity component, vZ , is by and large absorbed into the radial (along the line of sight) velocity
component.

From ∼ 273,000 simulated objects with r < 24.5 and b < −60◦ (2,680 deg2), we select ∼ 250,000
candidate hydrogen white dwarfs using the color-based classification described above. We deter-
mine their distances using a photometric parallax relation, and compute the absolute value of their
tangential velocity, vtan. The distribution of vtan as a function of measured apparent r band mag-
nitude for this sample is shown in Figure 6.24. The median difference between the “measured” and
true vtan is 3 km s−1, and ranges from 1 km s−1 at distances smaller than 400 pc, to 30 km s−1 at
a distance of 5 kpc.

The vtan distribution is clearly bimodal, with high vtan stars corresponding to the halo sample.
Notably a significant fraction of halo white dwarfs is seen only at r > 22. Just as in the case of
color separation of the hydrogen and helium sequences, the optimal separation of disk and halo
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Figure 6.25: The completeness and contamination of candidate disk and halo subsamples selected by tangential
velocity. The solid lines show completeness and dashed lines show contamination. The blue lines correspond to halo
subsample, and red lines to disk subsample. Objects are classified as disk candidates if their tangential velocity is
smaller than the adopted cut-off value.

candidates by vtan includes a trade-off between completeness and contamination, as illustrated in
Figure 6.25.

Informed by Figure 6.25, we select ∼ 195,000 candidate disk members by requiring vtan < 100
km s−1, and ∼ 19,000 candidate halo members by requiring vtan > 200 km s−1. These samples
are optimized for low contamination: the sample contamination for halo candidates is 3.5% and
0.5% for disk candidates. The sample completeness is 70% for the halo sample and 87% for the
disk sample. We proceed to determine the luminosity function for these two samples.

Determination of Disk and Halo White Dwarf Luminosity Functions

There are many different methods for estimating a luminosity function from data (e.g., Kelly
et al. 2008, and references therein). In the case of uncorrelated variables (the luminosity function
is independent of position once disk and halo candidates are separated. With real data this
assumption can be tested, e.g., Fan et al. 2001). One of the best methods is the C− method
(Lynden-Bell 1971), because it requires binning in only one coordinate. We used the C− method
to determine the luminosity functions shown in Figures 6.18 and 6.19.

Although the sample analyzed here (b < −60◦) includes only about 10% of the total DWF area
(and ∼2% of the white dwarf counts for the entire LSST sample), the random (statistical) errors
for both disk and halo luminosity functions are negligible. The dominant systematic errors (with
an rms scatter of about 10%) are due to errors in the photometric parallax relation: when the true
Mr values are used, the C− method reproduces the input luminosity function essentially perfectly.
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This nearly perfect agreement also demonstrates that the hydrogen vs. helium separation, and
disk vs. halo separation algorithms have satisfactory performance. Most importantly, the faint
end of the luminosity functions for both disk and halo samples is correctly reproduced to within
0.1-0.2 mag.

6.12 A Comparison of Gaia and LSST Surveys

Laurent Eyer, Željko Ivezić, David Monet

In this section, we compare the design predictions for the astrometric and photometric perfor-
mance of the Gaia mission and the LSST system. For Gaia’s performance, we have collected and
parametrized predictions from various technical documents, and discussed the adopted model with
Gaia key technical personnel. For LSST performance, we adopted parameters listed in Chapter 1.
While the various adopted errors are probably accurate to much better than a factor of two for both
Gaia and LSST, their ultimate values cannot be more precisely known before their data products
are delivered.

6.12.1 Photometric Errors

To determine photometric errors for Gaia and LSST, we follow the discussion in § 3.5. For Gaia, we
adopt σsys = 0.001 mag and σsys = 0.0005 mag for single transit and the end-of-mission values in
the G band, respectively. For LSST, we adopt σsys = 0.003 mag. We model random photometric
errors (per transit) for Gaia as

σrand = 0.02× 100.2(G−20) (mag), (6.2)

where G is the Gaia’s broad-band magnitude4. We described the model for LSST’s photometric
errors in Equation 3.2.

The behavior of photometric errors as a function of r band magnitude for Gaia, LSST and SDSS
is illustrated in the top panel in Figure 6.26 (for SDSS, we used Equation 3.2 and m5 = 22.1 in
the r band).

6.12.2 Trigonometric Parallax and Proper Motion Errors

Similarly to our treatment of photometric errors, we add systematic and random astrometric errors
in quadrature(see Equation 3.1). For Gaia, we set a systematic trigonometric parallax error of 0.007
mas, and model the random errors as

σπrand = 0.30× 100.22(G−20) (mas). (6.3)

4More elaborate models have been produced, for example by C. Jordi; however, for our purpose this simplified
model is a sufficiently accurate approximation.
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We obtain proper motion errors (per coordinate) by multiplying trigonometric parallax errors by
0.66 yr−1. We compute LSST trigonometric parallax and proper motion errors using identical
expressions with performance parameters listed in Table 3.3.

The behavior of trigonometric parallax and proper motion errors as function of r band magnitude
for Gaia and LSST is illustrated in the bottom two panels in Figure 6.26. For comparison, we also
show proper motion error behavior for the current state-of-the-art large-area database constructed
by Munn et al. (2004) using SDSS and Palomar Observatory Sky Survey data (a baseline of 50
years). Following Bond et al. (2009), the SDSS-POSS proper motion errors (per coordinate) are
modeled as

σµSDSS−POSS = 2.7 + 2.0× 100.4(r−20) (mas/yr). (6.4)

(Compare with Table 3.3 to see how much better LSST will do.) All adopted performance param-
eters for LSST and Gaia are summarized in Table 6.6.

6.12.3 Implications for Science Projects

Gaia will provide an all-sky map with exquisite trigonometric parallax, proper motion and photo-
metric measurements to r ∼ 20 for about billion stars. LSST will extend this map to r ∼ 27 over
half of the sky, and detect about 10 billion stars. Due to Gaia’s superb astrometric and photometric
measurements, and LSST’s significantly deeper data, the two surveys are highly complementary:
Gaia will map the Milky Way’s disk with unprecedented detail, and LSST will extend this map all
the way to the halo edge.

For example, stars just below the main sequence turn-off with Mr = 4.5 will be detected by Gaia
to a distance limit of ∼10 kpc (r < 20), and to ∼100 kpc with LSST’s single-epoch data (r < 24.5).
Ivezić et al. (2008b) estimated that LSST will obtain metallicity measurements accurate to 0.2 dex
or better, with proper motion measurements accurate to ∼0.2 mas/yr or better, for about 200
million F/G dwarf stars within 100 kpc. For intrinsically faint stars, such as late M dwarfs, L/T
dwarfs, and white dwarfs, the deeper limit of LSST will enable detection and characterization of
halo populations. A star with Mr = 15 will be detectable to a distance limit of 100 pc with Gaia
and ∼800 pc with LSST, and hence LSST samples will be about 100 times larger. For a substantial
fraction of red stars with r > 20, LSST will provide trigonometric parallax measurements accurate
to better than 10% (see Figure 3.13). In summary, LSST will represent a deep complement to
Gaia.
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Figure 6.26: A comparison of photometric, proper motion and parallax errors for SDSS, Gaia and LSST, as a function
of apparent magnitude r, for a G2V star (we assumed r = G, where G is the Gaia’s broad-band magnitude). In
the top panel, the curve marked “SDSS” corresponds to a single SDSS observation. The red curves correspond to
Gaia; the long-dashed curve shows a single transit accuracy, and the dot-dashed curve the end of mission accuracy
(assuming 70 transits). The blue curves correspond to LSST; the solid curve shows a single visit accuracy, and
the short-dashed curve shows accuracy for co-added data (assuming 230 visits in the r band). The curve marked
“SDSS-POSS” in the middle panel shows accuracy delivered by the proper motion catalog of Munn et al. (2004).
In the middle and bottom panels, the long-dashed curves correspond to Gaia, and the solid curves to LSST. Note
that LSST will smoothly extend Gaia’s error vs. magnitude curves four magnitudes fainter. The assumptions used
in these computations are described in the text.
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Table 6.6: Adopted Gaia and LSST Performance

Quantity Gaia LSST

Sky Coverage whole sky half sky

Mean number of epochs 70 over 5 yrs 1000 over 10 yrs

Mean number of observations 320a over 5 yrs 1000b over 10 yrs

Wavelength Coverage 320–1050 nm ugrizy

Depth per visit (5σ, r band) 20 24.5; 27.5c

Bright limit (r band) 6 16-17

Point Spread Function (arcsec) 0.14×0.4 0.70 FWHM

Pixel count (Gigapix) 1.0 3.2

Syst. Photometric Err. (mag) 0.001, 0.0005d 0.005, 0.003e

Syst. Parallax Err. (mas) 0.007f 0.40f

Syst. Prop. Mot. Err. (mas/yr) 0.004 0.14
a One transit includes the G-band photometry (data collected over 9 CCDs), BP and RP spec-
trophotometry, and measurements by the SkyMapper and RVS instruments.
b Summed over all six bands (taken at different times).
c For co-added data, assuming 230 visits.
d Single transit and the end-of-mission values for the G band (from SkyMapper; integrated BP
and RP photometry will be more than about 3 times less precise).
e For single visit and co-added observations, respectively.
f Astrometric errors depend on source color. The listed values correspond to a G2V star.
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7 Milky Way and Local Volume Structure

Beth Willman, John J. Bochanski, James S. Bullock, Roelof de Jong, Victor P. Debattista, Douglas
Finkbeiner, Carl J. Grillmair, Todd J. Henry, Kathryn V. Johnston, Mario Jurić, Jason Kalirai,
Peregrine M. McGehee, Rok Roškar, Ata Sarajedini, Joshua D. Simon, Jay Strader, Michael A.
Strauss

7.1 Introduction

Kathryn V. Johnston, James S. Bullock, Michael A. Strauss

The last decade has seen a renaissance in the study of our own and other galaxies in the Local
Volume (LV). The multi-dimensional, contiguous maps of the Milky Way (MW) provided by star-
by-star surveys (e.g. HIPPARCOS, 2MASS, and SDSS) have demonstrated that the smooth fitting
functions developed to describe the properties of galaxies and popularized by integrated light
studies are neither accurate nor complete descriptions of galaxy structure (e.g. Belokurov et al.
2006; Jurić et al. 2008; Ivezić et al. 2008; Bell et al. 2008). The tomographic studies facilitated
by the wide-field, depth, and uniformity of the SDSS data set have revolutionized the way that
the structure of the Milky Way can be mapped. With only the photometric catalog of the SDSS,
photometric abundances were determined for millions of Milky Way stars and proper motions were
derived by comparison with earlier observations.

Vast numbers of resolved stars and the addition of new dimensions have revealed: structures in
the disk due to dynamical resonances (Dehnen 2000); lumps in the halo from hierarchical structure
formation (e.g. Newberg et al. 2002; Majewski et al. 2003; Belokurov et al. 2006); the shapes of
tails in abundance and velocity distributions (Helmi et al. 2006; Kollmeier et al. 2008); and a new
population of satellite galaxies that have challenged previous conceptions about the faint threshold
of galaxy formation (Willman et al. 2005; Belokurov et al. 2007b). At the same time, simulations
of structure formation in the cosmological context have for the first time resolved dark matter
structure within Galactic-scale halos (Moore et al. 1999; Klypin et al. 1999) and made predictions
for the contribution of substructure to the stellar halo distribution (Bullock & Johnston 2005;
Johnston et al. 2008). These observational and theoretical advances have combined to launch
a new discipline of “near-field cosmology.” The LSST will generate an unprecedentedly large
data set of photometric measurements of use for Galactic structure studies. It will continue and
dramatically accelerate this shift towards mapping studies of the Galaxy started by recent surveys
such as 2MASS and SDSS.

Another triumph of the last decade was to demonstrate the broad consistency of our expectations
from hierarchical models of structure formation with the discovery of substructure (both bound
and unbound) in the stellar halo (Bell et al. 2008; Tollerud et al. 2008; Koposov et al. 2009). The
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challenge of the next decade is to move beyond “consistency” checks to fully exploit the potential
of upcoming LV data sets as probes of galaxy formation more generally. The Dark Energy + Cold
Dark Matter hierarchical paradigm provides the necessary theoretical framework that allows the
interpretation of local data within a larger context: the stars that make galaxies are expected
to form within dark matter halos that are themselves growing through gravitational collapse and
mergers. In fact, we are very fortunate to live in a hierarchical Universe where the LV galaxies
contain the signatures not only of their own formation, but also of the hundreds of galaxies that
they accreted and merged with. Assuming that every galaxy in the Universe is shaped by the same
underlying physics, the LV can then be thought of as a laboratory for testing how stars form over
a range of timescales, within a variety of masses of dark matter halos, in different environments in
the early Universe, and with different interaction histories.

LSST will contribute the vital framework for this endeavor, producing the first maps of the stellar
distribution in space reaching throughout the LV — maps that will define the limits of volume
probed and surface brightness sensitivity feasible in this field for the next decade. In simplest
terms, these maps will provide a census of LV structures. But this global view will tell us not only
numbers — it will also tell us how the properties of structures (morphology, density, and extent)
vary as a function of location, allowing us to make connections both to the local environment today,
and to early-Universe influences. Combining this understanding with stellar populations studies
to make chemo-dynamical-spatial maps of local galaxies will provide insight into their assembly
histories and star formation trajectories unrivaled by any studies that rely on integrated light
from the far field. Only LSST will have the volume sensitivity necessary to generalize the results
from high-resolution spectroscopic studies, which will be feasible for smaller, nearby samples, to a
statistical set of objects on larger scales.

This chapter outlines in more detail the maps attainable using various tracers within the Milky
Way and beyond, as well as raising specific science questions that can be addressed by these data.

7.2 Mapping the Galaxy – A Rosetta Stone for Galaxy Formation

Mario Jurić, James S. Bullock

Historically Milky Way surveys have suffered from lack of data, and instead relied on sparse
samples and analytic density laws (fitting functions often inspired by extra-galactic observations)
to characterize results. But large, deep, and uniform data sets, exemplified by the SDSS, have
shifted the emphasis from model fitting toward multidimensional mapping. Such model-free maps
were instrumental in correctly characterizing the overall smooth distribution of stars in the Galaxy
(Jurić et al. 2008), as well as revealing a number of coherent, localized substructures (Newberg et al.
2002; Rocha-Pinto et al. 2003; Jurić et al. 2008) that would have been missed or misinterpreted by
pencil-beam surveys. Interestingly, some of these structures have been found in the disk, suggesting
a more complex assembly history for the disk than previously suspected (Kazantzidis et al. 2008).

Moreover, only recently has the distribution of Milky Way stars in metallicity space revealed a
more complete view of the Milky Way and its formation than possible with number counts alone.
Ivezić et al. (2008) calibrated the relation between the position on the u − g, g − r diagram to
[Fe/H] using SDSS imaging (for colors) and SEGUE spectra (for Fe/H) estimates. This calibration
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provides photometric metallicity estimates good to ∼ 0.1 dex. The per-star estimate uncertainty
is almost entirely determined by the photometric precision in the u band. One caveat is that this
calibration assumes that [α/Fe] does not have a large influence on the u− g, g− r–[Fe/H] relation.

Using photometric metallicity indicators, one of the discovered substructures (the Monoceros
stream) was revealed as having a distinct signature in metallicity space (Ivezić et al. 2008), thereby
providing an important constraint on its origin. Finally, the SDSS has also mapped the distribu-
tion of metallicities of near turn-off stars to distances of D = 8 kpc, and found an intriguing lack
of radial metallicity gradients at Z > 500 pc as well as a tantalizing lack of correlation between
metallicity and kinematics throughout the observed disk volume (Ivezić et al. 2008). The latter
discovery questions the physical meaning of traditional decomposition of the Galactic disk into two
distinct and simple components (thin vs. thick) and hints at a kinematic and chemical continuum
that arises from a more complex formation process.

Despite these substantial benchmarks, studies of the Milky Way based on SDSS are limited in
distance and in coverage. Except for a limited number of imaging stripes, the SDSS nearly avoided
the Galactic disk, where most of the stellar mass, and all of the star formation, actually occur.
Thus all inferences about the disk drawn from the SDSS come from stars a few scale heights above
the midplane, or a sample limited to a few hundred parsecs around the position of the Sun. LSST
will have none of these limitations. Between now and 2014, several other ground-based, wide-field,
multi-filter imaging surveys will take place, such as Pan-STARRS1, the Southern Sky Survey, and
the Dark Energy Survey. However, none of these has the depth, width, and temporal coverage, as
well as the simultaneous chemical characterization capability, needed to obtain a complete map of
our Galaxy.

LSST will provide a uniform, multidimensional, star-by-star phase space map of all Milky Way
components, including two orders of magnitude more stars than visible with SDSS. It will for the
first time open the window to a complete picture of the spatial, kinematic, and chemical makeup of
Galactic components. LSST will uniformly cover the Galactic plane, as well as provide up to one
thousand epochs of time-domain information. This information holds the promise of becoming a
true Rosetta Stone for galactic disk formation and structure. It will provide a powerful complement
to large scale galaxy surveys, and may well be a linchpin in our efforts to build a consensus theory
of cosmology and galaxy formation.

7.2.1 Mapping the Milky Way with LSST

Specifically, LSST’s data set will enable:

• The mapping of stellar number density with observations of ∼ 10 billion main sequence stars
to (unextincted) distances of 100 kpc over 20,000 deg2 of sky.

• The mapping of stellar metallicity over the same volume, using observations of photometric
metallicity indicators in ∼ 200 million near turn-off main sequence (F/G) stars.

• Construction of maps of other more luminous tracers, such as RR Lyrae variables, to as far
as 400 kpc – the approximate virial radius of the Milky Way.

• High fidelity maps of tangential velocity field to at least 10 kpc (at 10 km s−1 precision) and
as far as as 25 kpc (at 60 km s−1 precision).
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LSST can achieve such a complete map of the Milky Way only because it has combined a series of
unique enabling capabilities:

• The existence of the u band, allowing the measurement of stellar metallicities of near turn-off
stars and its mapping throughout the observed disk and halo volume.

• The near-IR y band, allowing the mapping of stellar number densities and proper motions
even in regions of high extinction.

• Well sampled time domain information, allowing for the unambiguous identification and char-
acterization of variable stars (e.g., RR Lyrae), facilitating their use as density and kinematic
tracers to large distances.

• Proper motion measurements for stars 4 magnitudes fainter than will be obtained by Gaia
(see § 3.6).

• The depth and wide-area nature of the survey, which combined with the characteristics listed
above, permits a uniquely uniform, comprehensive, and global view of all luminous Galactic
components.

With these characteristics, LSST will achieve a two orders of magnitude increase in the amount
of data that will be available for Milky Way science (Ivezić et al. 2008). The typical resolution of
LSST Galactic maps will be on order of ∼ 10 − 15% in distance and 0.2 − 0.3 dex in metallicity.
The former is fundamentally limited by unresolved multiple systems (Sesar et al. 2008), while the
latter is limited by calibration and accuracy of u band photometry.

7.2.2 The Science Enabled by LSST Maps

The science immediately enabled by LSST maps of the stellar distribution (Figures 7.1 and 7.2)
can be divided into a number of headings:

• Characterization and understanding the overall smooth distribution of stars in the Milky
Way (this section, § 7.4) and other nearby galaxies (§ 7.10)

• Characterization and understanding large-scale chemical gradients in the Milky Way (this
section)

• Discovery and characterization of localized features, such as clumps and streams, in metal-
licity and phase space (Milky Way disk - this section; MW bulge - § 7.3; MW halo - § 7.6,
§ 7.9; § 7.10)

• Inferring the distribution of mass and the potential of the Milky Way (§ 7.8)

The stellar number density and proper motion maps will allow measurements of structural param-
eters of all Galactic components (bulge, disk, halo) including the hitherto poorly observed ones
(e.g., the disk scale length). Together with kinematic information, these will facilitate the construc-
tion of global dynamical models of the Milky Way and may break the disk/halo degeneracies still
present in today’s models (Binney & Tremaine 1987). This would put observational constraints on
the distribution of matter in the Galactic disk and halo, and most interestingly, the distribution
of dark matter in the inner Galaxy.
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Figure 7.1: LSST view of the inner Galaxy. A plane-parallel slice through a simulated three-dimensional map of
stellar number density (stars kpc−3, log scale) taken at Z = −2.1 kpc (south of the Galactic plane). The simulation
includes a full SDSS-like model of realistic instrumental and methodological uncertainties, and is directly comparable
to Figs. 12-14 of Jurić et al. (2008, hereafter J08). The projected positions of the Galactic center and the Sun are at
X = Y = 0 and X = 8 kpc, Y = 0, respectively. The stars were distributed according to the J08 density law, with
the addition of an inner triaxial halo/bulge/bar component, and a nearly plane-parallel Monoceros-like tidal stream
in the outer regions. Only data at Galactic latitudes |b| > 10 are shown. The missing piece in the first quadrant is
due to the δ < 34.5◦ limit of the survey. The small dotted circle centered at the position of the Sun denotes the reach
of the J08 SDSS study, and plotted within it are the actual J08 SDSS data from the Z = +2.1 kpc slice. Neither
the outer stream nor the triaxiality of the inner halo/bulge were detected by the SDSS. LSST will easily detect and
characterize both.
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Figure 7.2: The map of median photometric metallicity for ∼ 2.5 million main sequence turn-off stars from SDSS
DR6 in cylindrical Galactic coordinates R and |Z| (adapted from Ivezić et al. 2008). There are ∼ 40, 000 pixels (50
pc x 50 pc) contained in this map, with a minimum of 5 stars per pixel and a median of 33 stars. Note the strong
vertical metallicity gradient, and a marked difference of metallicity of the region coincident with the Monoceros
stream (as marked). LSST will produce equivalent three dimensional maps with ∼ 200 million stars, that will extend
to 100 kpc in the halo and provide coverage of the Galactic plane (as allowed by extinction).
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In addition to mapping the overall smooth distribution, the maps will facilitate the discovery
and characterization of disk (|Z| . 2 kpc) substructure to at least D = 12 kpc heliocentric
distance (Figure 7.1) and at density contrasts of ∆ρ/ρ & 20%. In regions of small or well-measured
extinction, detection of substructure will be possible to significantly deeper levels1. Furthermore,
the uniform coverage of the Galactic plane will yield data for numerous star-forming regions, and
the y band data will penetrate through the interstellar dust layer.

These data will provide constraints on the merger history of the Milky Way and shed light on how
the thin disk formed and survived since z = 1. Structure formation in the concordance cosmology
model (and the vast majority of suggested variants) is fundamentally hierarchical: galaxies and
their halos are assembled from the continuous merging of smaller systems (e.g., Purcell et al. 2008;
Kazantzidis et al. 2009). Meanwhile, the majority of Milky-Way size galaxies in the Universe are
dominated by thin, cold disks of stars, which seem to be relatively unmolested by violent mergers.
This is one of the most pressing problems of galaxy formation today, and any formulation of galaxy
formation must account for this tension. Indeed there are a number of competing suggestions aimed
at explaining how thin disks may survive and/or emerge from the expected bombardment. To first
order, the competing theories are designed to reproduce the broad-brush statistics obtained from
large galaxy surveys (e.g., the fraction of galaxies that are disks). In contrast, the rich kinematic,
spatial, and chemical data set offered by the Milky Way disk itself provides an entirely disjoint
testing ground for models aimed at explaining disk formation in a cosmological context. The LSST
maps described here will provide such a data set.

Some of the detected disk substructure may be of secular (dynamical) and not merger origin
(e.g., due to spiral arms; § 7.3). Their detection and identification as such can constrain the
distribution of matter as well as the pattern speeds of non-axisymmetric features in the Galactic
disk. Furthermore, recent simulations of galaxy formation in a fully cosmological context (Read
et al. 2008) have reopened the discussion about the existence and distribution of disk dark matter.
While its dynamical influence is (theoretically) expected to be small, it is highly uncertain and may
still be detectable in global disk kinematics, or in local kinematics and morphology of phase-space
substructure.

Photometric metallicity measurements will be available for about 200 million main sequence F/G
stars. These will sample the disk to the extent allowable by extinction, provide three-dimensional
maps of the metallicity distribution, and reveal large-scale metallicity gradients both in the disk
and the halo. As well as being crucial for differentiating between various models of chemical
evolution and disk assembly, this metallicity information will aid in determining the nature of
detected substructures. Both have been powerfully demonstrated on a smaller sample by the SDSS
(Figure 7.2). LSST will be capable of producing analogous maps that are fully three dimensional,
extend up to 5 magnitudes deeper, and cover the Galactic plane.

The metallicity of the halo will be mapped to distances of 100 kpc. No other existing or planned
survey will provide such a comprehensive data set to study the outer halo (including Gaia, which is
flux limited at r = 20, and Pan-STARRS, which does not have the u band). Maps of RR Lyrae and
classical novae will extend the observable distances to ∼ 400kpc and enable the exploration of the
extent and structure of Galactic halo out to beyond the presumed virial radius. Thus, the LSST

1With a single-epoch limiting magnitude of r = 24.7, near turn-off stars can be observed to ∼ 80 kpc distance on
clear sightlines.
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will enable studies of the distribution of main sequence stars beyond the presumed edge of Galaxy’s
halo, of their metallicity distribution throughout most of the halo, and of their kinematics beyond
the thick disk/halo boundary. It will also obtain direct distance measurements via trigonometric
parallax below the hydrogen-burning limit for a representative thin-disk sample.

Taken together, these six dimensional phase-space (two angular positions, one photometric dis-
tance, two proper motions, and metallicity) maps of the Galaxy will provide a detailed accounting
of the Galaxy’s true makeup and have the potential to spawn a revolution in our understanding of
galaxy formation in general. They will facilitate comprehensive dynamical and chemical modeling
of the structure and evolution of all Galactic components, including mergers in the full cosmolog-
ical context, and provide a rich data set with detailed features whose explanation will present a
challenge for the decades to come.

7.3 Unravelling the Secular Evolution of the Bulge and Disk

Victor P. Debattista, Rok Roškar, Mario Jurić, Jay Strader

7.3.1 The Bulge

The Milky Way is a barred spiral galaxy of Hubble type SBbc with a triaxial bulge (Gerhard &
Vietri 1986; Binney et al. 1991; Nakada et al. 1991; Weiland et al. 1994; Dwek et al. 1995; Zhao
1996; Binney et al. 1997; Stanek et al. 1997). The bar and spiral arms break the axisymmetry of
the disk and lead to secular evolution as gas is transported to the central regions where it forms
stars. Heating of stars in the center can also occur as disk stars scatter off a bar (Kormendy &
Kennicutt 2004).

Bulges formed secularly in this manner are termed pseudobulges, as distinct from the merger-
built bulges that inhabit early-type spirals. Pseudobulges have shallow, exponential light profiles
(corresponding to n . 2 in Sersic fits) and may be flattened. The kinematics of a pseudobulge are
dominated by rotation.

The Milky Way presents one of the largest challenges to the pseudobulge hypothesis. Its bulge is
boxy and flattened, with cylindrical kinematics (Howard et al. 2009)—all pseudobulge character-
istics. Yet the stars in the bulge are old, metal-rich, and enhanced in α-elements (Zoccali et al.
2006); such properties are inconsistent with gradual secular enrichment.

Observationally, it is clear that LSST will provide a unique map of the kinematic properties and
metallicity distribution of the bulge. However, more theoretical work is needed to determine the
most informative way to constrain bulge formation in detail. It is worth recalling that LSST bulge
studies will take place in the context of other large upcoming surveys, such as SDSS-III/APOGEE,
which will obtain high-resolution near-IR spectra of 105 bulge giants to determine precise radial
velocities and chemical abundances for many elements.

Let us consider the kinematic constraints available with LSST. Old main sequence turn-off stars
have unextinguished magnitudes of r ∼ 19 in the bulge. Recalling the proper motion limits of
§ 3.6, single stars with r = 21 will have proper motion accuracies of ∼ 8 km s−1, increasing to
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∼ 40 km s−1 at r = 24. These apparent magnitudes correspond to extinctions of Ar ∼ 2 and ∼ 5
mag respectively. Using the extinction map of Popowski et al. (2003), these mean extinctions are
reached at b = 4◦ (550 pc—this is the latitude of Baade’s Window) and b = 1.6◦ (220 pc) moving
toward the Galactic Center. Thus the detailed kinematics of the bulge, well into the central parts,
can be studied quite readily with proper motions of turn-off stars.

Estimating stellar metallicities will be more challenging, since there is a degeneracy between metal-
licity and extinction for main sequence stars. Red clump giants can be used as standard candles
to give reddening-independent magnitudes and estimate the local extinction; these values can then
be applied to turn-off stars to yield intrinsic colors and thus metallicities.

7.3.2 Spiral Structure

Surprisingly little is known about the spiral arms of the Milky Way, from their vertical structure to
even whether there are two or four arms (Bissantz & Gerhard 2002). Spiral structure drives large-
scale radial mixing of stars without heating the disk. In models of inside-out disk formation, such
mixing tends to erase correlations between age and metallicity that would otherwise be present at
a given radius (Sellwood & Binney 2002; Roškar et al. 2008a,b). It should be possible to use LSST
data to trace the evolution of the stellar populations of the disk toward the l = 270 edge.

While there is strong theoretical motivation for LSST to study the spiral structure of the disk, more
work remains to be done to make predictions specific to LSST. This work should include proper
image simulations to estimate the effects of crowding, saturated bright stars, and extinction on
studies of the disk.

7.4 A Complete Stellar Census

John J. Bochanski, Jason Kalirai, Todd J. Henry

Hydrogen burning low–mass stars (M < 0.8M�) and evolved white dwarfs are the dominant stellar
constituents of the Milky Way and comprise nearly 70% of all stars. Because they dominate the
Galaxy in both mass and numbers and have endured since the Galaxy’s formation, these samples
hold unique information about the entire chemical enrichment and dynamical history of the Galaxy.
Yet until recently, their low intrinsic luminosities (L . 0.4L�) have limited observational studies
of these stars to distances ∼ 500 pc. Surveys such as 2MASS and SDSS have ameliorated this
situation, providing accurate, precise photometry that is sensitive to M dwarfs at distances up
to ∼ 2 kpc. The upcoming Gaia mission will provide parallaxes out to only 10 pc for the latest
M dwarfs. LSST is poised to revolutionize this field, with precise photometry of M dwarfs to
distances ∼ 30 kpc and trigonometric parallaxes of stars within 300 pc (see § 3.6 and Table 3.3).
The photometric sample will contain ∼ 7 billion stars, providing a database of unprecedented
magnitude. The parallactic sample will be a critical component of future investigations, including
the luminosity function and corresponding mass function. Studies of white dwarfs (WDs), the most
common stellar remnant, have also been limited by their diminutive luminosities. The sensitivity
of LSST photometry will extend the white dwarf luminosity function by several magnitudes as
discussed in detail in § 6.11. The structure and cutoff of the WD luminosity function are sensitive to
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the star formation history, progenitor initial mass function, and the initial epoch of star formation.
Combining the initial mass functions measured by M dwarfs and white dwarfs, along with estimates
of the star formation history, will provide a unique glimpse into the evolution of the Galactic disk
and halo, and provide a complete census of nearby Galactic stellar populations.

Accurate distances are essential to a complete stellar census. Distance estimates from LSST data
will come in two forms: direct, trigonometric parallaxes and photometric parallaxes from color–
magnitude relations (CMRs). The accuracy of LSST trigonometric parallaxes is described in
§ 3.6. LSST will measure accurate parallaxes for millions of low–mass hydrogen burning dwarfs,
with spectral types M4 and later (compare with SDSS, for which only 10-20 stars have measured
trigonometric parallax and native 2.5-m photometry). These distances will be used to construct
CMRs in the native LSST system, augmented with Gaia parallaxes. These CMRs will be used
to map the distribution of stars within ∼ 2 kpc with unprecedented resolution and place new
constraints on the initial mass function above and below the hydrogen burning limit.

These vastly improved CMRs and trigonometric parallaxes will make possible a volume–complete
sample of low–mass dwarfs within 300 pc. In 2009, the largest volume–complete sample extends
to ∼ 25 pc, containing roughly 500 systems (Reid et al. 2002). With LSST parallaxes, this volume
limit will grow by three orders of magnitude and contain millions of stars. Furthermore, a volume–
complete, trigonometric parallax sample will obviate any systematics introduced by the assumed
CMR. In order to correctly account for unresolved binaries, follow–up radial velocity studies will
be necessary, although statistical corrections can be made from existing data sets. This project will
yield a precise measurement of the low–luminosity LF (Mr > 16), with a data set of unprecedented
size.

The CMRs and parallaxes from the LSST data set will also facilitate a simultaneous mapping of
the local Galaxy structure and the stellar luminosity function. This map will be made based on
the stellar luminosity function technique introduced by Bochanski et al. (2008). For this technique,
distances are first assigned to each star using a CMR (in this case, measured directly by LSST).
Stellar density maps (similar to Jurić et al. 2008) are constructed for small slices in absolute
magnitude. A Galactic density profile is fit to the maps, and the local density is recorded for each
slice in absolute magnitude. An example of the stellar density profile and corresponding model for
one slice in absolute magnitude is shown in Figure 7.3. These local densities plotted as a function
of absolute magnitude form the luminosity function. Applying this technique, the local Galactic
structure and luminosity function are thus measured simultaneously. LSST observations would
extend the distance limits to ∼ 30 kpc for the brightest M dwarfs, mapping out the thin and
thick disk with unprecedented precision. This stellar census will provide an estimate of Galactic
structure and the total stellar mass of the thin and thick disks. It will also be sensitive to changes
in the LF and IMF as a function of position in the Galaxy. The vast numbers of low-mass and
low-luminosity stars to be revealed by LSST will yield important constraints on the overall stellar
mass content of the Galaxy, the stellar initial mass function and the star formation history of the
Milky Way. White dwarfs trace the distribution of previous stellar generations, and their cooling
curves provide a rough age estimate. Since 97% of all stars exhaust their fuel and cool to become
white dwarfs, these stars become powerful tracers of the Milky Way’s star formation history and
evolution. Given the age of the Galactic halo, most of the mass in this component is now tied
up in these remnant stars, which LSST will uncover. See § 6.11 for a more detailed and nuanced
discussion of the white dwarf science that will be uniquely possible with LSST.
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Figure 7.3: Left Panel: The stellar density profile of stars in a small (0.5 mag) slice in absolute magnitude, centered
on Mr = 9.75. Right Panel: The corresponding Galactic density model. The luminosity function and corresponding
mass function is constructed by iterating this analysis over absolute magnitude. Figures adapted from Bochanski
et al. (2008).

7.5 Three-Dimensional Dust Map of the Milky Way

Peregrine M. McGehee, Douglas Finkbeiner

Interstellar dust is a significant constituent of the Galaxy. Its composition and associated extinction
properties tell us about the material and environments in which stars and their planets are formed.
Dust also presents an obstacle for a wide-range of astronomical observations, causing light from
stars in the plane of the Milky Way to be severely dimmed and causing the apparent colors of
objects observed in any direction to be shifted from their intrinsic values. These color shifts
are dependent upon the dust column density along the line of sight and the radiative transport
properties of the dust grains.

The wavelength dependence of the absorption due to dust is parametrized in the widely used model
of Cardelli et al. (1989) by the ratio of general to selection extinction in the Johnson B and V
bands, defined as RV = AV /E(B − V ). The value of RV depends on the dust composition and
grain size along the line of sight. In the low-density diffuse ISM, RV has a value ∼ 3.1, while in
dense molecular clouds, RV can be higher with values 4 < RV < 6.

The fundamental importance of a well-characterized dust map to astronomy is underscored by the
> 5, 000 citations to the dust and extinction maps by Schlegel et al. (1998), henceforth SFD98.
The SFD98 maps are based on far-infrared observations and predict reddening in specific bands by
assuming a dust model and RV = 3.1 as appropriate for sky areas away from the Galactic plane.

Despite the great contribution that the SFD98 extinction map has made to the field, these maps
suffer from several issues that limit their utility in some regimes of study. 1) While the SFD98
map seems to be well calibrated at low column density, various tests using galaxy counts, star
counts and colors, and stellar spectrophotometry indicate that SFD98 overpredicts dust by ∼ 30%
above E(B − V ) ∼ 1 mag. Because this overcorrection appears especially in cold clouds, it is
likely related to the temperature correction adopted in the SFD98 model. 2) In some cases,
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especially at low Galactic latitudes, RV variation is important and is not tracked by SFD98. 3)
For study of low-redshift, large-scale structure, contamination by unresolved point sources can be
important (see Yahata et al. 2007). 4) Finally, the resolution of the SFD98 map is ∼ 6′, which
is larger than the angular scales subtended by nearby, resolved, galaxies for which a carefully
characterized foreground dust distribution is particularly important. For all these reasons, LSST
stellar photometry, which can constrain the temperature correction, overall calibration, and point
source contamination of SFD98, is valuable.

For the study of stellar populations and objects within the Galactic disk it is also important to
determine both the line of sight extinction and the value of RV at a specific distance, neither of
which is dealt with by SFD98. By analysis of the observed reddening of stellar colors, we will verify
both the dust column density and RV values predicted by these maps and can also determine the
local spatial distribution of the dust. We will do this utilizing two specific stellar populations - the
M dwarfs and the F turn-off stars.

The reddening of stellar colors due to the presence of interstellar dust along the line of sight can,
in principle, be used to map the three-dimensional distribution of that dust. This requires that
two important parameters are determined - the amount the observed stellar color is reddened and
the distance to the star. By comparison of the color excess measured in stars at varying distances
we can infer the location of the extincting medium. However, given lack of an a priori knowledge
of the light of sight extinction, which is the very quantity we wish to measure, it can be difficult
to accurately assign intrinsic stellar colors and luminosities in order to determine the amount of
color excess and the distance. This difficulty can be surmounted, however, if we utilize reddening-
invariant combinations of colors whose values can be used to infer location on the stellar locus
and hence intrinsic colors and luminosities. This technique is viable if we use LSST photometry of
M dwarfs as the stellar locus in ugriz colors is nearly parallel to the reddening vector for all but
coolest stars.

7.5.1 Spatial Distribution of Dust

The use of stellar samples to create three-dimensional extinction maps has an established history
beginning with the work of Neckel & Klare (1980); however these, including studies based on SDSS
photometry, are typically limited to heliocentric distances of 1−2 kpc. In the full co-added survey,
LSST will be able to map dust structures out to distances exceeding 15 kpc, thus revealing a
detailed picture of this component of the Milky Way Galaxy.

Mapping of the dust component of the Galactic ISM requires detection of the reddening in the
colors of stars at known distances. The reddening is determined from the color excess deduced
by comparison of the observed colors with those expected based on the stellar spectral type. In
the absence of identifying spectra, the spectral type can be inferred by dereddening the observed
colors (assuming a specific extinction law, i.e., a particular value of RV ) back to the unreddened
stellar locus in a color-color diagram. This dereddening is equivalent to assignment of reddening-
free colors along the stellar locus, which measure the location in the color-color diagram along
the direction perpendicular to the reddening vector. Once the effective line of sight reddening has
been computed, the distance to each star can be determined using dereddened photometry and
well-calibrated color-absolute magnitude relations.
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Figure 7.4: The relation between reddening-invariant colors Qugr (upper left), Qgri (upper right), and Qriz (lower
left) and intrinsic g− i color is shown here for the SDSS median stellar locus (Covey et al. 2007). These indices, as a
whole, show little variation for stars earlier than M0. The vertical axis in these three plots spans three magnitudes
in order to facilitate comparison of the index ranges. The lower right panel shows the selection of M0 to M5 stars
based on Qgri and Qriz, where the latter cut is primarily to discard earlier and more luminous background stars.

Reddening-invariant Indices

Reddening-free colors were defined in the SDSS ugriz system by McGehee et al. (2005) for char-
acterization of embedded pre-main sequence stars and were subsequently used as part of the SDSS
photometric quality analysis system (Abazajian et al. 2009). The general definition is

Qxyz = (x− y)− (y − z)× E(x− y)
E(y − z) (7.1)

where (x − y) and (y − z) are the colors used to construct the color-color diagram. This extends
the definition by Johnson & Morgan (1953) whose original Q would be defined here as QUBV . The
reddening coefficients adopted by the SDSS (Stoughton et al. 2002) follow SFD98 and assume the
“standard” dust law of RV = 3.1 and a z = 0 elliptical galaxy spectral energy distribution.

In Figure 7.4 we compare the variation of the three reddening-invariant indices formed from the
ugriz passbands (Qugr, Qgri, and Qriz) with g − i, a proxy for stellar spectral type (Covey et al.
2007). For g − i < 1.9 (spectral type earlier than M0) there is little variation in any of these
indices, indicating that the stellar locus is approximately parallel to the reddening vector in the
corresponding color-color diagrams. For the M dwarfs we see that the Qgri has the largest range
between M0 and M5, and thus is of the greatest utility for determination of spectral type.
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Selection of Reddening Probes

For determination of spectral type and intrinsic stellar colors to be accurate, the stars used as
reddening probes must reside on the portion of the stellar locus that is not aligned with the
reddening vector in a color-color diagram. As we have seen, this condition is fulfilled by stars of
spectral types M0 and later. In the final panel of Figure 7.4 we show the criteria used to select
for early and mid M dwarfs based on the Qgri and Qriz indices, where the latter is used to filter
out earlier and more luminous background stars whose Qgri colors are similar to M0 dwarfs. The
threshold at M5 is chosen to remove the later spectral type stars, which are too intrinsically faint
to serve as probes for all but the nearest dust structures.

Analysis of the LSST imaging data will adapt the following procedure as used in the SDSS High
Latitude Cloud Survey (McGehee 2009):

• The intrinsic g − i color ((g − i)0) is determined from the observed Qgri color based on a
fifth-order polynomial fit using the median stellar locus (Covey et al. 2007) and assuming
RV = 3.1.

• The total reddening to each star is computed from the g − i color excess.

• Distances are assigned based on the color-absolute magnitude relations of Ivezić et al. (2008)
using the dereddened photometry.

• E(B − V ) maps are created at specific distance ranges using the adaptive technique of
Cambrésy et al. (2005) in which the reddening at each pixel is the median of that com-
puted for the N nearest extinction probes.

Example maps from the SDSS project are depicted in Figure 7.5 for a 10◦ by 10◦ field containing the
high latitude molecular cloud HRK 236+39. These maps are based on the reddening computed for
stars having distance moduli of 7.0 < m−M < 8.0, 8.0 < m−M < 9.0, and 9.0 < m−M < 10.0.
The reddening shown at each pixel is computed as the median of the E(B − V ) values obtained
for the N = 5 nearest stars. The reddening associated with the HRK 236+39 cloud is discernible
at m−M > 7.0 (d > 250 pc) and is obvious at m−M > 8.0 (d > 400 pc).

Distance and AV Limits

It has been demonstrated that accurate three-dimensional mapping of the local ISM within a few
kpc is possible using SDSS photometry of M dwarfs (McGehee 2009). Analysis of the g − i color
excess in regions effectively free of interstellar reddening shows that distance modulus limits of 7.0
(at M5) to 11.2 (at M0) result in a volume-limited survey nearly free of the systematic color biases
inherent in this g-band limited data set.

These limits correspond to g ∼ 20.6 and σg ∼ 0.02−0.03 for single-epoch SDSS observations. Given
the relative g-band 5σ limits of SDSS and the LSST single epoch and final co-added surveys, we
estimate that the the co-added LSST data will reach 5 magnitudes deeper in m-M, allowing the
LSST to probe dust structures across a significant portion of the Galaxy. In Figure 7.6 we depict
the portion of the Galactic disk accessible by the LSST single and co-added surveys as well as the
SDSS assuming the vertical and radial scale height dust model outlined in § 3.7.1.
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7.5 Three-Dimensional Dust Map of the Milky Way

Figure 7.5: Reddening maps from SDSS data for a 10◦ × 10◦ field containing the high latitude molecular cloud
HRK 236+39. The computed reddening is shown for M dwarfs having distance moduli spanning 7.0-8.0 (left), 8.0-9.0
(center), and 9.0-10.0 (right). The two circles centered on the cloud position are based on the core and envelope size
as tabulated by Dutra & Bica (2002).

Figure 7.6: This plane-parallel view of the Galaxy (left) taken at Z=0.0 kpc (the Galactic plane) is used to illustrate
the dust mapping limit at specific Galactic latitudes for the SDSS (blue), single epoch LSST observations (red), and
the full LSST survey (black, assuming 100 visits in g). The survey limits at |b| = 0, 2, 4, 6, 8, and 10◦ are computed
using the vertical and radial exponential scale Galactic dust model described in § 3.7.1. The projected positions of
the Galactic center and the Sun are at X = Y = 0 and X = 8 kpc, Y = 0, respectively. The shaded region indicates
the portion of the Galactic plane north of δ = 34.5◦ limit of the survey. The survey limits are shown on the right in
projection onto the X −Z plane to illustrate the ability of LSST to probe structures several kpc above the Galactic
disk at significant distances within the plane.
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7.5.2 Variation in Extinction Laws

Changes in the absorption properties of dust grains, as parametrized by RV , result in a shift in
both the direction and length (for a specific dust column density) of the reddening vector in a
color-color diagram. This is reflected in the reddening-free colors by variations in the scaling factor
used when defining the linear combination of colors, e.g., in the E(g − r)/E(r − i) term for Qgri.
By analysis of the observed color shifts due to reddening it is possible to constrain the value of RV
along the line of sight and gain insight into the nature and composition of the interstellar dust in
that region of the Galaxy.

The LSST will be in a unique position to measure the changes in the observed reddening vector
due to RV variations due to its superb photometric accuracy (see § 2.6). The specifications for
LSST are a factor of two more stringent than typically achieved in previous surveys, including the
SDSS (except for limited photometric conditions).

F turn-off stars (gabs ∼ 4) reside on the blue tip of the stellar locus in ugriz color space and for
g > 19 trace the total Galactic extinction along high-latitude lines of sight. This method will
provide a verification of the far-infrared-based SFD98 extinction model and allow study of the
variations in dust grain sizes as inferred from RV . The value of RV provides a general indicator of
grain size, with the RV ∼ 4.5− 5 values seen in star formation regions suggestive of grain growth
in cold molecular clouds.

The slope of the reddening vector is sensitive to the value of RV as shown in Figure 7.7. For the
SDSS passbands and an assumed F star source SED, the value of E(u−g)/E(g−r) is larger for small
RV and decreases with a slope of approximately −0.11 with increasing RV . This analysis mandates
precise and well-calibrated photometry. For example, determination of RV to within σRV = 0.5
requires the slope of the reddening vector to be measured to σm = 0.06. If E(B−V ) = 1 along the
line of sight, then the required photometric accuracy is 2%. The photometric accuracy requirement
becomes proportionally more stringent as the dust column density decreases due to the reduced
movement of the blue tip in the color-color diagram. LSST, with better than 1% photometric
accuracy in the final co-added survey, will be able to study RV variations in both Galactic plane
and high latitude environments.

7.6 Streams and Structure in the Stellar Halo

Carl J. Grillmair, Ata Sarajedini

Cosmological simulations predict that the halo of our Galaxy should be composed at least partly
of tidal debris streams from disrupted dwarf galaxies (Bullock & Johnston 2005). Some fraction of
the halo is also believed to be made up of debris streams from both existing and disrupted globular
clusters (Grillmair et al. 1995; Gnedin & Ostriker 1997). At least 11 substantial streams have now
been detected in the SDSS and 2MASS (Newberg et al. 2002; Yanny et al. 2003; Majewski et al.
2003; Odenkirchen et al. 2003; Rocha-Pinto et al. 2004; Grillmair & Dionatos 2006b; Grillmair &
Johnson 2006; Belokurov et al. 2006; Grillmair & Dionatos 2006a; Belokurov et al. 2007a; Grillmair
2006b,a, 2009). The more prominent of these are shown in Figure 7.8. In this section, we focus
on identifying the stellar streams around the Milky Way that can be studied with individual stars.
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7.6 Streams and Structure in the Stellar Halo

Figure 7.7: The position of the blue tip of the stellar locus, populated by F turn-off stars, can be used to constrain
RV , the ratio of general to selective extinction. On the left panel is shown reddening vectors of length E(B−V ) = 0.1
for RV = 2.6, 3.1, and 3.6. The slope of the reddening vector (E(u − g)/E(g − r)) is a monotonic function of RV ,
having a mean derivative of ∼ −0.11 in the domain 2 < RV < 6 (right).

The detection and study of very low surface brightness stellar streams based on diffuse light is
discussed in § 9.6. Using the proper motions of tidal stream stars to derive their orbits is discussed
in § 7.8.

Tidal streams provide powerful and sensitive new probes for studies of Galactic structure and
formation. For example, the mapping of the positions and motions of stars in tidal streams is the
most accurate method known for determining the mass distribution of the Galactic halo (Johnston
et al. 1999; Odenkirchen et al. 2000). For dwarf galaxies and globular clusters, tidal stripping is a
relatively weak process, and the stripped stars are left with very small random velocities (σ ≈ 1−10
km s−1). These stars therefore travel in orbits almost identical to those of their progenitors. By
sampling the motions of stream stars at various points along the orbit, it becomes possible to
accurately measure the exchange of potential and kinetic energies, and thus the potential field of
the Galaxy (e.g. Grillmair 1998; Johnston et al. 1999). With a sample of many tidal streams, both
their orbits and the shape of the Galactic potential can be determined in a self-consistent manner.
Globular cluster streams are particularly useful in this respect as they will be both numerous and
dynamically cold (Combes et al. 1999). They will not only help to constrain the overall shape of
Galactic potential, but also to probe its lumpiness and perhaps reveal the existence of pure dark
matter subhalos (Murali & Dubinski 1999; Johnston et al. 2002).

Tidal streams also provide a new window on the formation process of the Galaxy. The streams
discovered to date appear to be very long-lived structures, and simply counting streams will greatly
improve estimates of the number and distribution of dwarf galaxies and star clusters which, through
disruption, contributed to the buildup of the Galactic halo (Bullock & Johnston 2005). Cosmolog-
ical models suggest that there may be considerably more substructure at larger radii (R > 50 kpc),
with orbits becoming predominantly radial for the more remote objects. As photometric and kine-
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Figure 7.8: A composite, filtered surface density map of stars in the SDSS Data Release 5. Stars in DR5 have
been filtered to select stellar populations at different distances with color-magnitude sequences similar to that of
the globular cluster M 13 (Grillmair 2009). Lighter shades indicate areas of enhanced surface density, and different
portions of the field have been filtered for stars at different distances. Varying noise levels are a consequence of the
very different levels of foreground contamination using these different filters. The distances of the streams range
from 4 kpc for Acheron, to 9 kpc for GD-1 and the Anticenter Stream, to 50 kpc for Sagittarius and Styx.

matic surveys reach ever further and wider, we can look forward to a day when we will be able to
lay out a precise, chronological sequence of the major events that led to the Galaxy as we see it
today.

The detection of tidal streams is now reaching the limit of what is possible with the SDSS; the most
recently discovered streams having been detected at the ∼ 7σ level (Grillmair 2009). However,
by virtue of its areal coverage and much fainter limiting magnitude, the LSST survey will be able
to detect many more streams, both locally and throughout the Local Group. Current simulations
predict that at least 20% of detectable dwarf galaxy debris streams reside at R > 50 kpc (Johnston
et al. 2008). Due to both the limiting magnitude of the SDSS and a selection bias that strongly
favors long features in the plane of the sky (e.g. Grillmair 2009), the seven known globular cluster
streams all lie within 10 degrees of being perpendicular to our line of sight. Assuming that the
orbits should be oriented more or less isotropically, and that this selection bias can be overcome
with deeper photometry (to reach the populous turn-off and main sequence) and improved search
techniques, then scaling to all possible orientations one would expect another ∼ 80− 170 globular
cluster streams within 50 kpc waiting to be discovered in the LSST survey area. Some fraction
of these will be found by SkyMapper and Pan-STARRS, but the more tenuous, inclined, and
distant streams will require the extended reach of LSST. If globular cluster progenitors and their
debris fall off as R−3, then LSST could find another 60 to 130 debris streams beyond 50 kpc. The
actual number will presumably depend on the supply of relatively loosely bound clusters at these
distances, and/or whether the orbits are sufficiently radial that tidal stresses can remove large
numbers of stars.
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