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Abstract
We propose CFHT-Luau, an ambitious u band survey of the northern sky. In this first phase, we

request 400 hours to survey 4000 square degrees that lies within the SDSS footprint. When combined

with existing SDSS griz data, we will make the most precise reconstruction of the metallicity structure of

the Galaxy by mapping the distances and metallicities of >10 million main sequence stars. We will also

identify every blue horizontal branch star to half the virial radius of the Galaxy, and produce the

definitive catalog of disk and halo white dwarfs within 1kpc. The potential legacy value of these data

both in and beyond Galactic astronomy is immense, and Luau can be expected to make critical

contributions in the determination of photometric redshifts, galaxy evolution, and many other fields. The

opportunity for leveraging these data by the community is huge. Luau will allow an unprecedented

study of the stellar populations and structure of the outer Galaxy, and takes advantage of the

capabilities of CFHT/MegaCam to produce the definitive survey of the u-band Universe. It will give

CFHT a powerful legacy that lasts beyond the next generation of wide field surveys.
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Requested Time (exposure + overheads) in hours (in nights for Classical)
400.0

Overall scheduling requirements
Range of RA throughout the year

Dark and grey time, median seeing or better in u requested

Observing runs
Run Instrument Seeing Config Details

 A MegaCam 0.80 - 1.00" (in r or K) Filter: u Dark and grey time, median seeing or better in
u requested

Targets
Field RA Dec Epoch Runs Moon Seeing

Lower
Seeing
Upper

S/N Magnitude Diameter Comments

L1 12:00:00.00 +30:00:00.0 J2000 A new 0 1.1 5 24.2
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CFHT-Luau Scientific Justification (1 of 7)

Scientific Justification

Executive Summary

We proposeCFHT-Luau(CFHT Legacy for the u-band all-sky universe), an ambitiousu−band survey of the whole
northern sky (10◦ ≤ δ ≤ 80◦, |b| > 10◦) to u ≃ 24.2 (S/N = 5). Our overarching goal is to combine CFHT
u-band photometry with existing SDSSgriz data to undertake a landmark tomographic study of the structure and
metallicity distribution of the Milky Way. This inescapably requires the maximum possible sky coverage. In this
first phase of the project, we request 400 hours to survey∼ 4000 degs2 (1/10th of the entire Milky Way sky, and
nearly half of the northern sky atb > 30◦) that lies within the SDSS footprint, and ultimately extending to cover
1/3rd of the Galaxy. Most of the major components of the MW (halo, disk(s), streams, substructures, etc.) will be
covered in the completeLuausurvey (with the exception of the bulge, for which the u-bandis inappropriate). By
reaching nearly an order of magnitude fainter than existingSDSSu−band data, we will calculate the photometric
metallicity of > 10 million main sequence stars toD ∼ 30 kpc, with an rms accuracy of∆[Fe/H]≤ 0.3 dex.
These new metallicity estimates will significantly improvethe photometric parallax of the stars, allowing a full
3D analysis of the metallicity structure of the outer Galaxy. This first phase of the project will represent more
than an order of magnitude increase in the volume of the Galaxy that has been probed in this manner compared to
SDSS. The depth of theu−band data is also sufficient to identify effectively every blue horizontal branch star in
the northern hemisphere out to half the virial radius of the Galaxy (D ∼ 150 kpc), to examine the global shape and
substructure of the distant outer halo, and to provide targets for future mass estimates of the Milky Way at large
radius. TheLuaudata will also be used to construct the definitive sample of white dwarf candidates and will allow
the study of any hot stellar populations away from the Galactic disk (e.g., blue stragglers, etc.).

This survey is focused towards Galactic archaeology and stellar populations, with a well-defined and high-
impact science goal. It is entirely self-contained i.e. it initially relies on theu−band data in combination with
a publicly available, well-characterized survey for the redder wavelengths (SDSS). However, the potential legacy
value of these data for fields beyond Galactic astronomy is immense, and these data can be expected to make
critical contributions in the determination of photometric redshifts, the analysis of nearby galaxies and their star
clusters, galaxy evolution, and many other fields. There is considerable potential for these data to be combined
with other existing and future datasets, since our survey area overlaps with SDSS, PanSTARRS1 (PS1), eRosita,
Gaia, Euclid, MS-DESI, among others. The opportunity for “value-added” studies and leverage by the community
is therefore huge, even for the initial survey requested herein. For example, theu = 24.2 magnitude limit at
S/N = 5 is well matched to PS1 (g = 23.6 atS/N = 5; this survey will be made public at the end of 2014), and
we initially cover one-third of the MS-DESI area to a depth deeper than is required for theiru−band pre-imaging.

This proposal recognises that the astronomical landscape in which CFHT/MegaCam operates has changed
dramatically since it was commissioned more than a decade ago. During this time, MegaCam reigned supreme as
the world’s most powerful optical mosaic camera. However, the last decade has seen the international community
actively pursue a large number of new broad-band optical/NIR imaging capabilities. The competition is fierce:
the entire sky visible from Hawaii has recently been surveyed to g = 23.6 at S/N = 5 by the PS1 consortium.
At the same aperture as CFHT, Blanco/DEC beats MegaCam at sheer mapping speeds at optical/red wavelengths
by a factor of 4. At larger apertures, the etendue of Subaru/HSC is essentially an order of magnitude faster
than MegaCam at conducting optical/red surveys. In recognition of these and related issues, the CFHT SAC and
Board recently highlighted the strategic importance ofu−band capabilities for CFHT1. Even with the dramatic
evolution in wide-field imaging, MegaCam will remain the north’s preeminentu−band imager for the foreseeable
future. To capitalize upon this fact, the Observatory is procuring a newu−band filter that will have a higher
throughput than the existing filter and which increases MegaCam’s field of view by∼ 10%, by illuminating four
CCDs that are currently unused. Further increases in image quality and hence survey speed for point sources are
expected thanks to the dome venting upgrade. This proposal seeks to capitalize on CFHT’s unique competitive
advantage in theu−band to conduct an ambitious survey to deconstruct the MilkyWay galaxy into its constituent
metallicities and structural components. It will pave the way for a multitude of ancillary science projects and will
give CFHT/MegaCam a lasting legacy that survives beyond thenext generation of all-sky surveys.

1http://www.cfht.hawaii.edu/en/science/SAC/reports/SAC report Sept13.php
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Driving science: The structure and metallicity of the Galaxy and its stellar populations

Galaxies are the visible building blocks of the Universe andtheir formation and evolution is one of the key concerns
of modern astrophysics. Despite huge observational and theoretical efforts, there remain gaping holes in our
knowledge of these systems (e.g., their dark matter distribution, star formation processes, early galaxy evolution),
and at present we possess only a broad-brush understanding of their structure. Bydeconstructingthe present
state of a galaxy into large-scale stellar components and its myriad substructures, separating features by their
distinguishing photometric, metallicity and kinematic properties, our community can begin to understand these
systems in full detail and unravel their complex formation history.

Clearly the Milky Way is the best place to attempt this endeavor, and indeed this is the prime reason that
the Gaia satellite was built. That mission will provide the kinematic dimensions (particularly proper motions)
largely absent from existing surveys and will provide a phenomenal increase in the data quality and quantity for
the nearby Galaxy. It will provide the foundation for much ofthe next generation of research in Galactic and
stellar astronomy. The position of every object in the sky brighter thanG = 20 mag (some1 billion objects) will
be mapped with a positional accuracy of micro-arcseconds for the closest stars. An on-board spectrometer will
provide radial velocity information and abundances for millions of relatively bright stars. An on-board photometer
will measure the spectral energy distribution with sufficient resolution to estimate stellar metallicities atG = 15 to
∆[Fe/H]= 0.1 − 0.2 dex, and atG = 19 to ∆[Fe/H]= 0.35 dex (for FGKM stars; Liu et al. 2012, MNRAS, 426,
2463). To extend this new understanding requires surveys that probe the Galaxy over larger volumes by observing
fainter stars than Gaia. At these limits2 (G = 19 − 20), Gaia metallicities have an accuracy of0.35 dex, and Gaia
parallaxes are accurate to∼ 300µas (corresponding to a distance uncertainty of 30% for starsat 1kpc).

CFHT/MegaCam can provide a timely, critical and self-contained contribution to this field through the mea-
surement of distances and metallicities for millions of distant stars with an accuracy that matches or exceeds that
of Gaia at its observational limits. We will exploit the unique sensitivity of CFHT/MegaCam foru−band obser-
vations. Figure 1 shows au − g, g − i diagram of point sources observed with MegaCam as part of theNGVS
program (104 degs2), with magnitude cuts to match to theLuausurvey. Multiple sequences of different astrophys-
ical objects highlight the efficacious usage of theu−band in the identification and quantification of a range of
astrophysical phenomena. Primary among these for this proposal are the main sequence stars in the nearby Galaxy.

Deconstructing the (three dimensional) metallicity structure of the Galaxy

Evidence of the processes that led to the formation of the Milky Way is expected to be still detectable in the sub-
components and fossil remnants of the accretion events thattook place in our Galaxy’s past (Freeman & Bland-
Hawthorn 2002, ARA&A, 409, 523). To identify these featureswe propose to measure the photometric parallax
and metallicity of all main sequence stars observed as part of Luau using techniques pioneered by the SDSS
collaboration. The seminal study of Ivezic et al (2008, ApJ,684, 287) revealed a tight correlation between the
spectroscopic metallicity of main sequence stars and theiru−g, g−r colours (Figure 2), for stars with metallicities
in the range−2.2 ≤[Fe/H]≤ −0.4 dex. This means that it is possible to estimate the metallicity of a star by
determining its position in theu− g, g− r plane3. Systematic calibration errors are small compared to the random
errors from the photometric uncertainties, and the averaging of large numbers of spectroscopic observations in
the calibration of this technique means that the random errors in the photometric metallicity estimate (∆[Fe/H]=
0.3 dex atg = 19.5) are of the same order as for the spectroscopic measurements(Ivezic et al. 2008).

The error budget for the photometric metallicity is dominated by the uncertainty in the shallow SDSSu−band.
To keep the random error from exceeding 0.3 dex (after which it becomes difficult to cleanly discriminate different
Galactic populations) implies a maximum uncertainty of∼ 0.03 mag inu. In the SDSS, this occurs atu ∼ 19.3 (a
distance threshold for turn-off stars of∼ 2 kpc), whereas theirg−band photometry is substantially deeper, reaching
g ∼ 20.7 with 0.03 mag uncertainty. As can be appreciated from Figure 2, to match the SDSSg−band depth for

2Gaia G-magnitudes will be similar tog for the blue stars that are of primary interest toLuau.
3We note that another CFHT Large Program proposal –Pristine– seeks to identify stars that are more metal deficient than [Fe/H< −2.5,

a regime in whichLuau is not expected to be sensitive. The two programs are entirely complementary: whereasPristine is focused on rare,
extremely metal-poor stars as tracers of early nucleosynthesis, chemical enrichment and primordial star formation,Luau’s primary concern
is the global metallicity structure and substructure of theGalaxy.
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metal-rich stars requiresu ∼ 22.0 with 0.03 mag errors. Thus the SDSSu−band is too shallow at thisS/N limit.

The Luau survey will unleash the full power of the Ivezic et al. method4, providing the community with
photometric metallicities and accurate population discrimination out to very large distances for stars down to
g ∼ 20.7. Figure 3 shows a simulation of the number of sources per 100deg2 as a function of distance that
we expect to be find in the survey withu ≤ 22.0 at the Galactic pole. In total, we expect to identify of order
10 million main sequence stars out to beyond 30kpc, corresponding to more than an order of magnitude increase in
the volume of the Galaxy probed in this way in comparison to SDSS. Note that we will derive metallicities for stars
at considerably greater distances as well, but with a largerrms scatter on the individual metallicity measurements.

Photometric parallaxes will be derived following standardtechniques, for which an excellent overview and
application to the SDSS can be found in Juric et al. (2008, ApJ, 673, 864). Metallicity variations are generally the
main source of systematic error in these studies, but here wewill be able to rely upon our photometric metallicity
estimates. In Juric et al. (2008), where metallicity variations are not explicitly considered, the rms distance
uncertainties are∼ 10%, which is an approximate upper limit to the accuracy that will be achieved byLuau5.

A host of related studies in Galactic structure will be pursued with this unprecedented dataset. Since stars form
in associations out of gas of approximately homogeneous chemical composition, the metallicity can be used as a
population discriminant, providing a means of identifyingand differentiating sub-populations in the Galaxy. In
this way we will be able to map out and study the density and metallicity properties of the halo, the thin and thick
disks, and the copious substructures (streams and clouds) that are known to exist. Key science includes:

• Tracing the metallicity profile of the Galaxy at vertical distances from the plane not reached by current
surveys (e.g., Carollo et al. 2007, Nature, 450, 1020; Ivezic et al. 2008). This will enable us to test aΛ-
CDM prediction, that in regions dominated by the outer accreted halo, the metallicity gradient is flat (Font
et al. 2011, MNRAS, 416, 2802);

• Investigate competing thick disk formation models (Bournaud et al. 2009, ApJ, 707, 1; Read et al. 2008,
MNRAS, 389, 1041) as they relate to the metallicity distribution versus radial and vertical scale-lengths.
We will examine whether the structure of the spatially resolve metallicity distribution functions support the
thick disk as a separate, distinct component, or merely the outer regions of a single-component disk that has
continuous gradients inR andz, a scenario that some recent analyses seem to support (Nissen & Schuster
2010, A&A, 511, 10; Bovy et al. 2012, ApJ, 751, 131; Haywood etal. 2013, A&A, 560, 109);

• Measuring the incidence of chemical substructure, and mapping the 3D structure of the Galaxy at large
radius. We will undoubtedly identify new features, including shells, a type of structure that has never been
detected before in the Milky Way (e.g., Fardal et al. 2007, MNRAS, 380, 15).

The structure and mass of the Galaxy at large distances

Main sequence stars can be traced to many tens of kpc, but the stellar halos of galaxies extend to very large radii
(> 100 kpc; Ibata et al. 2014, ApJ, 780, 128). The prototypical example of the structure of galaxies at these vast
radii have been observed with CFHT for the Andromeda Galaxy (McConnachie et al. 2009, Nature, 461, 66) but
tracing the structure of the Milky Way to equivalently largeradius is complicated by the difficulty of identifying
enough luminous tracers at such large distances. Here, bluehorizontal branch (BHB) stars are particularly useful,

4Team members Bonifacio and Caffau are currently improving the photometric metallicity calibration of Ivezic et al. (2008) by us-
ing reddening-free parameters derived from theu − g colour. The metallicity sensitivity of these parameters can be pushed down to
[Fe/H] = −2.5 for photometric errors of≤ 0.02 mags on the parameters. To perform this calibration we are using SDSS/BOSS spectra,
as well as a large set of higher resolution spectra acquired mainly with X-Shooter and UVES over the last five years. Metallicities are
being derived in a homogeneous way using our automatic analysis code MyGIsFoS (Sbordone et al. 2013, A&A, in press). We expect a
clear improvement over the Ivezic et al. calibration, especially at low-metallicities down to[Fe/H] = −2.5. In addition, team member
Recio-Blanco is co-responsible for the determination of stellar parameters in the Gaia-ESO Survey, which has errors ofabout 0.05 dex for
many targets. These measurements will be used in fields overlapping both surveys to cross-check theLuauestimates. We will therefore be
able to undertake a full re-calibration of this technique incorporating new spectroscopic data alongside the new u-band data. Eventually we
will also be able to re-calibrate the photometric distanceswith Gaia distances for the brightest stars of theLuausample.

5For the type of stars of primary interest toLuau (FG stars), the Gaia parallax horizon for 10% relative accuracy is∼ 2.5 kpc or
V = 16.5 (G2V star, see Brown 2013, arXiv:1310.3485). If 10% photometric distance errors are achievable inLuau, the complementarity
with Gaia would start already atV = 16.5.
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CFHT-Luau Scientific Justification (4 of 7)

owing to their relatively constant luminosity and the ease at which they can be identified given sufficiently accurate
photometry in appropriate passbands (Yanny et al. 2000, ApJ, 540, 825; Deason et al. 2011, MNRAS, 416, 2903).

Figure 4 illustrates how the SDSSugr photometry can be used to identify BHB stars. For the SDSSu−band,
these studies are limited toD < 40 kpc (Bell et al. 2010), to ensure that∆(u − g) ≤ 0.05 (again dominated by
theu−band contribution). WithLuau, the photometric error will be less than0.05 mags foru . 22.7, equivalent
to a distance threshold ofD ∼ 150 kpc when combined with existing SDSS data (second panel in Figure 3).

The identification of stellar tracers at such large distances enable several key projects. Specifically, we will
determine the 3D density profile of the stellar halo as a function of radius to very large distances – is the halo best
described by a prolate, oblate, spherical or triaxial stellar distribution? How does this compare to measurements at
smaller radius (e.g., Ibata et al. 2001, ApJ, 551, 294; Deason et al. 2011)? Is there even evidence of a “smooth”
component at such large radius or does substructure dominate? Radial velocity follow-up of the most distant
BHB candidates will lead to a significant increase in the number of tracers with well-defined positions and radial
velocities, and consequently provide a measurement of the mass of the Milky Way out to the most significant
fraction of its virial radius to date. Currently, the total mass is very poorly constrained (a factor of two) due to
the sparsity of dynamical tracers at such large distances, aproblem thatLuauwill directly address (Watkins et al.
2010, MNRAS, 406, 264; Deason et al. 2012, MNRAS, 424, 44).

White dwarfs in the Galaxy

Spectroscopically confirmed white dwarfs identified in the recent catalog of Kleinman et al. (2013, ApJS, 204, 5)
are highlighted in Figure 1. Once again, theu-band is crucial to separate this population from other blue, point
source, populations like quasars, and it is even possible toisolate various sub-classes of white dwarfs based only
on this two-color diagram. Such a technique is used by Girvenet al. (2011, MNRAS, 417, 1210) to produce a
large catalog of photometrically identified DA white dwarfsbased on SDSS photometry. Team member Bergeron
is currently leading efforts to more effectively exploit the SDSSu filter for studies of white dwarfs, including
improving the calibration of his and other models to enable superior spectroscopic and photometric comparisons
with these types of data (for earlier work, see Holberg & Bergeron 2006, AJ, 132, 1221).

The prohibitively shallow SDSSu−band means that the present SDSS sample is limited to only relatively
nearby white dwarfs, and is therefore dominated by contributions from the Galactic disk. The deeperu−band
imaging obtained byLuau will identify an order of magnitude more white dwarfs than identified in SDSS (see
Figure 3), a relatively large fraction of which will behalo white dwarfs, that are currently under-represented in
the existing datasets due to the limited effective volume that they probe. Halo white dwarfs constitute the fossil
remnants of the earliest stellar populations that made up the galaxy, and have the potential to reveal the stellar
density and kinematic properties of the earliest accretions onto the proto- Milky Way.

Ancillary science and a CFHT legacy

Luau is defined by the driving science of Galactic Archaeology andis self-contained, requiring only the addition
of publicly available, well-characterizedgriz data from SDSS to fulfill its principal science goal. However, the
scope of this survey means that a vast amount of ancillary science is possible, and the uniqueness of the survey
will ensure a lasting legacy for CFHT that resonates in many diverse fields of astronomical enquiry. The potential
for leveraging these data by the CFHT user community againstfuture surveys that benefit fromu−band imaging
is significant. Indeed, it is worth realizing that in overlapping regionsLuauwill likely become the image quality
reference for SDSS and PS1, a result of the superb image quality of CFHT/MegaCam.

The power of u: The near-UV is exceptionally rich in astrophysically-interesting diagnostics. Theu − g, g − r
diagram shown in Figure 1 is a beautiful demonstration of theleverage that theu−band provides when combined
with red/optical bands. In addition to the stellar types already discussed,quasars are easily identified in this
diagram. Although not shown in this diagram since they are barely resolved,extragalactic star clustersalso
occupy prominent loci in these two color diagrams. These will be present inLuau as point sources and barely
resolved sources around galaxies in the quasi-local Universe. In addition to their identification,Luauwill enable
analyses of their stellar populations through the temperature sensitivity provided by theu−band.
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The u−band is well recognised as being a key filter for accurate determination ofphotometric redshifts, a
major pre-requisite for several on-going and future cosmological surveys. In particular, deepu−band data greatly
minimizes the number of “catastrophic failures” that otherwise occur; Sorba & Sawicki, 2011, PASP, 123, 777).
The u−band also traces sites ofstar formation in external galaxies, and for the closest galaxies allows for the
study of their massive star populations. For more distant galaxies, high-qualityu−band data will be valuable
for characterizing the broadband spectral energy distribution (SED) of galaxies for the derivation of masses and
specific star formation rates (see Mendel et al. 2014, ApJS, 210, 3, among others). Here, the excellent image
quality of CFHT/MegaCam will be particularly beneficial forspatially-resolved studies ofgalaxy morphologyat
blue wavelengths. In the more local Universe, au−band analysis ofKuiper Belt Objects (both known objects
in addition to discoveries made inLuau through a search for moving objects between sub-exposures)will provide
unprecedented information on the spectral energy distribution of these icy nomads of the Solar System, as their
SEDs constrain surface compositions and weathering histories.

Complementary surveys: In its final form, Luau overlaps with essentially every past and future survey of the
northern sky. Even in this first phase, there is significant physical and scientific overlap with many current, planned
or proposed projects. Each of these provides stand-alone ancillary science opportunities. In addition toSDSS, Luau
also overlaps entirely withPS1, the data products of which will shortly be made freely available to the international
astronomical community. This survey is deeper than SDSS andcovers the entire sky visible from Hawaii ingrizy
bands. Luau combined with PS1 will produce a “super-SDSS”, by completing the equivalent of all 5 original
SDSS filters, as well as the reddery−band.Luauis designed to be entirely complementary to the imminent all-sky
survey to be conducted by theGaia satellite, and we note that the intermediate Gaia data release is well-timed to
the end of the first phase ofLuau. Similarly,Luauwill extensively overlap with the forthcomingEuclid survey, for
which theu−band will undoubtedly be useful for photometric redshift determinations, as well aseRosita(where
u−band photometry of identified X-ray sources will prove particularly interesting). We note that we are also in
informal discussions withMS-DESI, a planned spectroscopic survey in need of pre-imaging for target selection,
and for which theu−band is extremely powerful (for example, in the selection ofQSOs and ELGs). Indeed,Luau
will prove valuable for many future spectroscopic surveys,potentially includingSubaru/PFSas well asngCFHT.

Science Working Groupswill be formed in ancillary science areas, led by members of the CFH community with
expertise in these fields where such expertise is not alreadyin the core collaboration. Access to both the raw
data and high level data-products will be provided to the working groups during the proprietary period to allow
exploitation of theLuaudata in fields beyond the primary science of Galactic Archaeology (seeData Management).

Summary

Luauis a timely and self-contained legacy program that uses the unique capabilities of CFHT/MegaCam to provide
an extensive map of theu−band Universe. At its heart is an ambitious deconstruction of the stellar populations of
the Milky Way. By tracing the outer metallicity profile of theGalaxy at vertical and radial distances that current
surveys do not reach, we will answer a host of related sciencequestions relating to the metallicity structure of the
Galaxy as a function of distance and scale height, extendingacross the thin and thick disks, inner and outer halos,
and substructures old and new. However, the current galaxy models do not match the exquisite resolution that
Luauwill provide for our Galaxy. As such, we have no doubt that it will be the investigation of newly discovered
“unknown unknowns” that will be the most interesting and revealing: we need to know what is really out there!

Luau is set within the international astronomical context of newand large surveys - astrometric, photometric,
and spectroscopic - that marks a new era in wide field science,in which it is essential that CFHT/MegaCam
operates strategically if it is to compete. We argue thatLuau can represent a major component of this strategic
operation, to the benefit of all the CFH community. We believethat Luau capitalizes on CFHT’s competitive
advantage in wide-field, short-wavelength imaging to ensure high-quality science in the short-term; it leverages
several medium-term projects like Gaia and lays the ground-work for ambitious spectroscopic survey instruments
that will dominant stellar, Galactic and cosmological science in the 2020s. The dataset that is produced will be the
deepest, largest, most homogeneousu−band survey of the sky in existence with unrivaled image quality. Given
the scientific power of theu−band for diverse fields of astronomical research and the practical difficulty of its
acquisition for most other ground-based facilities,Luauoffers a powerful legacy for CFHT.
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Figure 1:u−g, g− i diagram of∼ 106

unresolved sources from the NGVS
(covering an area of 104 degs2) in the
MegaCam photometric system, culled
to Luaudepth for theu−band and PS1
depth forg and i. Thus this diagram
indicates what we expect fromLuau,
but for 1/40 of the area. Multiple as-
trophysically interesting sequences are
visible. Tracks indicate the theoretical
loci for main sequence stars and white
dwarfs for two different reddenings of
E(B-V)= 0.01 and0.25 mags, and for
quasars between0 ≤ z ≤ 4 with E(B-
V)= 0.01 (see Bianchi et al. 2009, AJ,
137, 3761). Also highlighted arespec-
troscopically confirmedwhite dwarfs
from Kleinman et al. (2013) that are
found within the NGVS footprint.

Figure 2: Left panel: SDSS stars with spectroscopically-measured metallicities show that the metallicity is a well-
defined function of position in theu − g, g − r plane. This strong correlation permits the derivation of stellar
metallicities purely from well measured photometry. Rightpanel: improved photometric parallaxes for every star
can be measured using the improved metallicity estimates toenable a full 3D exploration of the metallicity structure
of the Galaxy and its subcomponents(From Ivezic et al. 2008).
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Figure 3: Predictions for the observed source
density over 100 degs2 at the Galactic pole as
a function of Heliocentric distance, according
to the new Besancon Galactic model (Robin
et al. 2014, in press; 2003, A&A, 409, 523).
The numbers of white dwarfs and blue hori-
zontal branch stars are shown on the top and
middle panels respectively, while the bottom
panel shows all stellar populations. The thick
red line marks the counts for the expected
Luau depth (0.03 mag errors), with the thin
black line showing the SDSS for comparison.
With Luau depth one can reach very much
greater distances, opening up the possibility
of undertaking a detailed study of the out-
skirts of the Milky Way. Note that we are
proposing to cover 40× this area.
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Figure 4: Left panel: The scale width,b(γδβ), and line shape,c(γδβ), of the Balmer linesHγ , Hδ andHβ for
bright A-type stars taken from the SDSS data release 7 (DR7) spectral catalogue. The blue and red points denote
BHB and BS stars respectively. Right panel: The ridge-linesfor the BHB and BS stars, identified in the left panel,
in the colour spaceu − g, g − r. The thick blue and red lines show the third order polynomialfits to these loci in
colour space. The green line indicates the approximate border between the two populations(From Deason et al.
2011).
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CFHT-Luau Technical Justification (1 of 3)

Technical Justification

In what follows, calculations regarding the survey times and strategies assume the currentu−band filter char-
acteristics. A newu−band filter will act to make all numbers, times and areas more favorable.

Survey area

It is the ultimate goal of this survey to map the∼ 13700 degs2 of sky at10◦ ≤ δ ≤ 80
◦ and|b| ≥ 10

◦, indicated
by the red cross-hatched region in Figure 5. The limit in Galactic latitude is chosen to push towards the Galactic
plane — allowing for detailed studies of younger stellar populations, disk structure and other science that will
further complement Gaia and other surveys — while avoiding the extreme crowding and reddening that will
dominate at even lower latitudes. The limit in declination is chosen so that the survey includes the region of sky
best observed with a northern facility. For example, the KIDS survey is already producing a deepu−band dataset
in a 1000 degs2 region around the Celestial equator, and LSST plans to observe all of the southern hemisphere
and some of the equatorial region, including in theu−band. However, CFHT/MegaCam is the premier u-band
facility in the north, and will remain so for the foreseeablefuture. It is therefore likely that CFHT-Luau will be
unsurpassed in depth and quality as the premier u-band survey of the northern sky for many years, and it can be
expected to provide a lasting legacy for CFHT. Note that the area coverage ofLuau is > 10× that of KIDS, and
it will accomplish this at least 5 years before LSST.

The 4000 deg2 area to be targeted in 2015–2016 is shown as the solid region in Figure 5. This includes
2000 degs2 in the north galactic region and 2000 degs2 in the southern galactic region. This initial survey region
is selected in order (i) to overlap with the SDSS footprint (ii) to span a range in Galactic latitudes for studies
of Galactic structure, while being at sufficiently high Galactic latitude to be relatively free from reddening and
well suited to ancillary extragalactic studies (iii) to span a range in right ascension for scheduling purposes (see
Table 1) (iv) to be observed at reasonable airmass. Providedthese high-level requirements are met, we note that
there is some flexibility in the precise area that can be surveyed. This allows for some iteration to take place with
CFHT staff given the additional time pressures that exist for CFHT in certain RA windows.

The full CFHT-Luau survey area of 13700 degs2 will require 1370 hours (250 nights) of telescope time
(see next section). This is currently beyond the scope of thecurrent Large Program call. As discussed at
length in the Scientific Justification, key high-impact, stand-alone science can be achieved with an allocation of
4000 degs2. We understand that this initial allocation does not requirenor imply any subsequent allocation of
time to continue the survey. We suggest that any subsequent allocation of telescope time is seriously considered
during 2014–2016 based on the competing scientific demands on CFHT, the legacy considerations of complete
u−band coverage of the northern sky, and the proven success of the current time allocation.

Survey depth, observing conditions and exposure times

To obtainS/N ∼ 40 at u = 22.1 impliesS/N = 5 at u = 24.2. For calculation of exposure times, we adopt a
sky brightness in dark time inu of 22.7 mags/arcsec2 , modal seeing of0.85′′, and a typical airmass of1.2. Using
both the MegaCam ITC and a custom ITC calculation that reproduces the MegaCam ITC results (but which gives
us more control over the adopted parameters), we find that we require 240 seconds per MegaCam field to reach
u ≥ 24.2 at S/N = 5. A single exposure of this length will allow the primary science measurements of the
luminosity of point sources to be determined. However, the cosmetics of such exposures would be poor, and the
legacy value of such data severely limited. For example, large surveys such asLuauare ideal hunting grounds
for rare objects. But with a single exposure, there is a significant likelihood that the “rare” objects are in fact
completely spurious. With these considerations foremost,we have decided to split the required time into three
dithered subexposures, to ensure high quality cosmic ray removal, to dither over the small gaps between CCDs,
and to ensure that the detection of rare (and intrinsically interesting!) objects is not compromised by a high
rate of false-positives. We therefore require a total of 6 minutes per field, assuming 40 seconds read-out time
per sub-exposure. Activities underway at CFHT will likely result in the overhead decreasing to∼ 30 seconds
prior to the start of this survey, allowing for a corresponding increase in survey area for a given time allocation.
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CFHT-Luau Technical Justification (2 of 3)

Figure 5: Celestial coordinate projection with lines of constant Galactic longitude and latitude overlaid. The
SDSS area is shown in light blue. The red area indicates the complete CFHT-Luau area (note that this is entirely
covered by PS1), and the solid red area indicates the 4000 degs2 defining the initial survey region for completion
during the 2015–2016 Large Program period. The hatched cyanregion indicates the area belowδ = 10

◦; the
majority of this region will eventually be targeted with LSST.

Finally, we note that we reach the requisite S/N in both dark and grey time, provided that for the latter the fields
observed are in the direction away from the moon.

By allocating a total of 6 minutes per field, we can survey1000 fields per 100 hours. Thus, for a reasonable
allocation of 400 hours over two years, we can survey∼ 4000 degs2. This is nearly one-half of the northern
sky away from the Galactic plane (|b| > 30

◦), and ensures that the variations in Galactic structure will be
well-sampled by the survey, as well as encompassing a large and significant area of sky for ancillary science
studies (including extragalactic programs). Indeed, we will investigate with CFHT the feasibility of observing
the sub-exposures in blocks, so that repeat observations ofindividual fields are observed a few hours apart
(but with all sub-exposures for a given field obtained withinthe same night). This cadence will allow for the
detection/verification of KBOs in our data, while not compromising any of the driving science.

Astrometry, photometry and metallicity calibration

Elixir provides first pass external photometric calibration. All fields lie within the SDSS Legacy footprint (and
within PS1), enabling excellent astrometric solutions anduniform photometric calibration of the final data prod-
ucts. The MegaPipe pipeline (Gwyn 2008, PASP, 120, 212) thatwill be used by our collaboration already
incorporates SDSS cross-matching, and only minor (trivial) adaption is required forLuau. We note that this
pipeline is already being used successfully for the NGVS andOSSOS Large Programs.

In the past, high level photometric calibration of MegaCam has proven complex, in particular the removal of
spatial variations in the photometric zero-point of the filters across the field of view. However, solutions to these
problems for the SNLS are discussed extensively in Regnaultet al. (2009, A&A, 506, 999) and for PAndAS
in Ibata et al. (2014, ApJ, 780, 128). AsLuau fields lie within the SDSS footprint we can cross-calibrate to
remove all spatial non-uniformities. Figure 6 shows what this looks like in practice from the PAndAS survey1.

1PAndAS did not originally overlap with the SDSS Legacy Area and this introduced delays in understanding how best to correct the
photometry. A full description of the successful recipe is described in Ibata et al. (2014), and its derivation has now allowed for the
release of all high-level data in 2014, with an accompanyingarticle in preparation (McConnachie et al. 2014, ApJS, in preparation).
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CFHT-Luau Technical Justification (3 of 3)

Figure 6: Left panel: The spatial distribution over the CFHTfield of view of the photometric differences in the
g-band PAndAS fields with respect to well-measured stars in the SDSS. Clear and significant trends are obvious.
Right panel: photometric differences after the CFHT flattening operation has been applied. The residual maps
are clearly very flat, and have an rms scatter lower than 0.02 magnitudes (full discussion in Ibata et al. 2014).

In addition, with overlaps from the ditheredLuauexposures, we will construct an internal calibration as a means
to check the global photometric calibration.

Team member Babusiaux has implemented methods to compute accurately the effect of the extinction law
on broad-band photometry, including the SDSS u-band, usingmethods similar to those described in Hanson
& Bailer-Jones 2014 (arXiv:1312.3424). Combining Gaia distances withLuauand complementary optical and
near-IR photometry will allow one to make a very precise map of the local extinction and of the variation of the
extinction law with line of sight. Although interesting by itself for ISM science, these maps are necessary to
fully exploit the very low photometric errors ofLuau.

For the resolved stellar studies discussed herein, accurate star–galaxy classification is essential (compact
elliptical galaxies atz ∼ 0.5 are a significant source of contamination). We have a wealth of experience with
such issues, for example from PAndAS. Good IQ is essential, with the number of galaxies misidentified as stars
based on morphology alone increasing by a factor of three foronly a few tenths of an arcsecond degradation in
IQ. Colour separation will of course reduce the contamination rate further.

Note that if the CFHT dome venting programme works well, thenit is conceivable thatLuau could have a
typical image quality that is nearlytwiceas good as SDSS or PS1 (median∼ 1.5′′). Thishugeimprovement will
be transformational for many extragalactic studies.

Table 1: We assume that the observations will be split optimally
between semesters, and that the distribution does not change be-
tween 2015 and 2016. However, we leave it to CFHT to deter-
mine the most convenient schedule. Some slight modifications of
the observing area can be accommodated.

Semesters A+B
RA Hours
00–04 94
04–08 0
08–12 81
12–16 88
16–20 30
20–24 109
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CFHT-Luau Data Management (1 of 1)

Data Management Plan

The Luau collaboration has extensive experience in all aspects of the observations, data reduction, data
storage and access, scientific analysis, and project management required to ensure thatLuau delivers forefront
science and an internationally recognised legacy for CFHT.

Data analysis plan and quality assessment process

We have no real-time analysis requirements beyond the default quality assurance that takes place at the telescope
and after running the Elixir pipeline. The Elixir pipeline will provide basic image processing, including first-
pass photometric/astrometric calibration at the individual frame level. For all aspects of further data processing
and management (e.g. catalogue generation, morphologicalclassification), we will use the MegaPipe pipeline
developed and maintained by S. Gwyn as part of the Canadian Astronomical Data Center (CADC). This op-
tical pipeline has been extensively scientifically verifiedby successfully processing MegaCam data, including
large programs such as the CFHTLS and the NGVS. We request that data is made available at the end of each
MegaCam run in order to facilitate efficient data processingand scientific exploitation.

The processed data will be tagged with seeing measurements and other Data Quality Control (DQC) infor-
mation. We will further check seeing, limiting magnitudes and sky background level for consistency with legacy
data quality requirements. If necessary, fields failing these checks at a significant level will be reinserted into the
observing program and noted for report to CFHT staff.

Data products and plans for data dissemination

All primary data products will be in the form of FITS files (multi-extension image or binary tables for the cata-
logues). These will be VO-compliant to expedite publishingthe results. The data will be available to the CFHT
community immediately and to the world after 1 year, in accordance with CFHT policy. The following addi-
tional data products will be made available to the international community within 2 years of completion of this
survey (by January 2018): (i) Statistical confidence maps for all image products (ii) Derived object catalogues
based on a standard set of object descriptors including astrometric and photometric measures, and morpholog-
ical classification (cross-matched to SDSS objIDs appropriate) (iii) DQC database including measurements of
seeing, average stellar shape, aperture corrections, sky background and noise levels, limiting magnitudes.

The coreLuau collaborators listed herein will lead the primary science efforts on Galactic structure and
resolved stellar populations. Given the number of scientists working in the CFH and international communities
on ancillary science topics that will significantly benefit from these data, we will establishScience Working
Groups (SWGs) during 2014 in these topics. Leadership/membershipwill be solicited from the CFH community
where such expertise is not already present within the collaboration. These working groups will establish the
scope forLuau to be used to advance their fields, will advise the co-PIs on how to best ensureLuau meets their
science requirements, and will have access to the proprietary Luau data in order to efficiently exploitLuau for
their science. The leads of each SWG will attend allLuau science meetings (telecons in addition to face-to-face).
The SWGs will form the primary link betweenLuau and the wider CFH community (including Brazil, China,
Taiwan and the Republic of Korea), to ensure thatLuau delivers a broad legacy for astronomy.

Data storage and access

Excluding calibration frames, the raw data volumes for thisfirst phase ofLuau will be ∼ 8.5TB. Post-Elixir
processing will make use of computing facilities operated by the CADC and the Canadian Advanced Network
For Astronomical Research (CANFAR) facilities. The CADC are collaborators inLuau. CANFAR is an ad-
vanced computing infrastructure combining the resources of CADC with storage resources and grid processing
provided by Compute Canada to produce a unified storage/processing system. In practice, CANFAR provides
a self-configuring virtual cluster deployed on multiple cloud clusters, and a virtual storage environment layered
upon distributed storage resources. Final data products will be made available in real-time to the collaboration
using VO-access methods, with long term storage and world-wide access delivered through CADC/CANFAR.
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No PhD Students involved

Linked proposal submitted to this TAC: No

Linked proposal submitted to other TACs: No

Any other expenditure

Relevant previous Allocations: No
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Related Publications
Note: while no students are currently involved in this proposal, we expect Luau to form the basis for

several graduate theses over the next several years supervised by the CoIs and members of the

SWGs.

The co-PIs area heavily involved in the PAndAS CFHT Large Program and related earlier allocations.

To date, these allocations have produced >20 papers based solely or mostly on the CFHT data, in

addition to ~15 papers based on closely related follow-up programs (there have been >30 accepted

follow-up proposals to PAndAS since 2009, including data from Gemini, Subaru, Keck and HST).

Selected PAndAS papers published to date include:

The Large-scale Structure of the Halo of the Andromeda Galaxy. I. Global Stellar Density, Morphology

and Metallicity Properties, Ibata et al. 2014, ApJ, 780, 128

The PAndAS View of the Andromeda Satellite System. I. A Bayesian Search for Dwarf Galaxies Using

Spatial and Color-Magnitude Information, Martin et al. 2013, ApJ, 776, 80

A vast, thin plane of corotating dwarf galaxies orbiting the Andromeda galaxy, Ibata et al. 2013, Nature,

493, 62

PAndAS in the Mist: The Stellar and Gaseous Mass within the Halos of M31 and M33, Lewis et al.

2013, ApJ, 763, 4

PAndAS' Progeny: Extending the M31 Dwarf Galaxy Cabal, Richardson et al. 2011, ApJ, 732, 76

The Photometric Properties of a Vast Stellar Substructure in the Outskirts of M33, McConnachie et al.

2010, ApJ, 723, 1038

Evidence for an Accretion Origin for the Outer Halo Globular Cluster System of M31, Mackey et al.

2010, ApJ, 717, 11

The remnants of galaxy formation from a panoramic survey of the region around M31, McConnachie et

al. 2009, Nature, 461, 66

Other relevant non-PAndAS papers include:

MegaPipe: The MegaCam Image Stacking Pipeline at the Canadian Astronomical Data Centre, Gwyn,

S., 2008, PASP, 120, 212

Towards a spectroscopic census of white dwarfs within 40pc of the Sun, Limoges, M-M, Lepine, S.,

Bergeron, P., 2013, AJ, 145, 136

The Dominant Epoch of Star Formation in the Milky Way Formed the Thick Disk, Snaith, Owain N.,

Haywood, M., Di Matteo, P., Lehnert, M., Combes, F., Katz, D., Gómez, A., 2014, ApJ, 781, L31

The age structure of stellar populations in the solar vicinity. Clues of a two-phase formation history of

the Milky Way disk, Haywood, M., Di Matteo, P., Lehnert, M., Katz, D. Gómez, A., 2013, A&A, 560, 109
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The formation of a thick disk through the heating of a thin disk: Agreement with orbital eccentricities of

stars in the solar neighborhood, Di Matteo, P., Lehnert, M. D., Qu, Y., van Driel, W., 2011, A&A, 525,

L3

Observing run info :

Applicants
Name Affiliation Email Country Potential

observer

Francois Hammer Observatoire de Paris francois.hammer@obspm.fr France

William Harris McMaster Univeristy harris@physics.mcmaster.ca Canada

Misha Haywood Observatoire de Paris Misha.Haywood@obspm.fr France

Vanessa Hill Observatoire de la Cote
d'Azur

vanessa.hill@oca.eu France

Ariane Lancon Observatoire
Astronomique de
Strasbourg

ariane.lancon@astro.unistra.fr France

Nicolas Martin Observatoire
Astronomique de
Strasbourg

nicolas.martin@astro.unistra.fr France

Julio Navarro University of Victoria jfn@uvic.ca Canada

Alejandra Recio-Blanco Observatoire de la Cote
d'Azur

arecio@oca.eu France

Celine Reyle Observatore de
Besancon

celine@obs-besancon.fr France

Harvey Richer University of British
Columbia

richer@phas.ubc.ca Canada

Annie Robin Observatoire de
Besancon

annie@obs-besancon.fr France

Marcin Sawicki St. Marys University sawicki@ap.smu.ca Canada

Arnaud Siebert Observatoire
Astronomique de
Strasbourg

siebert@astro.u-strasbg.fr France

David Schade CADC david.schade@nrc-cnrc.gc.ca Canada

Else Starkenburg University of Victoria else@uvic.ca Canada

James Taylor University of Waterloo taylor@uwaterloo.ca Canada

Ludovic Van Waerbeke University of British
Columbia

waerbeke@phas.ubc.ca Canada

Kim Venn University of Victoria kvenn@uvic.ca Canada
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