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Abstract

We present the chemical distribution of the Milky Way, based on 2900 deg? of u-band photometry taken as part of
the Canada-France Imaging Survey. When complete, this survey will cover 10,000 deg? of the northern sky. By
combing the CFHT u-band photometry together with Sloan Digital Sky Survey and Pan-STARRS g, r, and i, we
demonstrate that we are able to reliably measure the metallicities of individual stars to ~0.2 dex, and hence
additionally obtain good photometric distance estimates. This survey thus permits the measurement of metallicities
and distances of the dominant main-sequence (MS) population out to approximately 30 kpc, and provides a much
higher number of stars at large extraplanar distances than have been available from previous surveys. We develop a
non-parametric distance—metallicity decomposition algorithm and apply it to the sky at 30° < |b| < 70° and to the
North Galactic Cap. We find that the metallicity—distance distribution is well-represented by three populations
whose metallicity distributions do not vary significantly with vertical height above the disk. As traced in MS stars,
the stellar halo component shows a vertical density profile that is close to exponential, with a scale height of around
3 kpc. This may indicate that the inner halo was formed partly from disk stars ejected in an ancient minor merger.

Key words: galaxies: formation — Galaxy: halo — Galaxy: stellar content —

1. Introduction

Over the course of the coming decade, our view of the
cosmos will be revolutionized by a series of unprecedented
new surveys. Perhaps the most exciting of these in the
immediate future is the Gaia satellite, a cornerstone of the
European Space Agency’s science strategy, which will survey
the astrometric sky, taking measurements of the minute
motions of about a billion stars in our Milky Way and the
Local Group to understand the detailed formation history of our

Galaxy: structure — surveys

Galaxy. Although Gaia’s precision measurements will have
profound implications for many areas of astrophysics, their
most obvious application will be for studies of the formation,
and subsequent dynamical, chemical, and star formation
evolution of the Milky Way. Indeed, in this new era, many
of the questions of the formation history of galaxies, which we
normally associate with high-redshift studies, will be addressed
with unprecedented spatial detail by looking directly at the
remnants of the structures that made our Galaxy.
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The Gaia mission will provide the kinematic dimensions
(particularly proper motions) that are largely absent from
existing surveys and will bring about a phenomenal increase in
the data quality and quantity for the nearby Galaxy. The
position of every object in the sky brighter than G ~ 20.5 mag
(over 1 billion objects) will be mapped with a positional
accuracy reaching micro-arcseconds for the brightest stars. A
spectrometer will provide radial velocity information and
abundances for stars brighter than G ~ 16 mag. In addition,
a photometer will measure the spectral energy distribution with
sufficient resolution to estimate stellar metallicities at
G = 15 mag to A[Fe/H] = 0.1-0.2 dex (for FGKM stars; Liu
et al. 2012). For the brightest stars (G < 12), atmospheric
information and interstellar extinction will also be derived.
Thus Gaia will undoubtedly provide the foundation for much
of the next generation of research in Galactic and stellar
astronomy, themselves the foundation for much of the rest of
astrophysics.

One of the most exciting problems that Gaia will be able to
contribute to is the unveiling of the dark matter distribution in
the Milky Way, both on global (~100 kpc) and small scales
(<1 kpc). The key observables that Gaia will bring to this
analysis are excellent proper motion measurements—in
mas yr~'—of individual stars in situ in the halo. This angular
displacement information must be coupled with reasonable
distance measurements, to have access to the physical
transverse velocities (in, e.g., km s™!), and of course to know
where the stars are in three-dimensional space. Although Gaia
will also measure stellar parallaxes, such measurements will
not be available for the vast majority of the surveyed halo stars,
which have faint magnitudes (see Figure 1).

In situ halo stars (say with distance D > 10kpc) with
G > 18 will not have useful Gaia parallax measurements. A
further problem is that these faint stars are predominantly A-,
F-, and G-type main-sequence (MS) dwarfs. The Gaia
spectrophotometer will not give useful astrophysical para-
meters for such stars: as explained in detail in Bailer-Jones
et al. (2013), at G = 19 the metallicity uncertainty is expected
to be A[Fe/H] = 0.6-0.74, while the surface gravity uncer-
tainty is expected to be Alogg = 0.37-0.51. Adopting the
Ivezi¢ et al. (2008) metallicity-dependent photometric parallax
calibration, even with perfect g- and r-band photometry, such
metallicity uncertainties would typically incur >25% distance
errors. It is hence imperative to obtain alternative distance
measurements to enable halo science with Gaia. This is
especially critical given the low density of bright halo tracers
(~7 per deg” up to G = 18 in the Besancon model simulation
shown in Figure 1).

Thus, to enable much of the next generation of exciting halo
science, we need to be able to measure the distances for most
stars in the Gaia catalog, and, if possible, to measure distances
for even fainter stars, since additional information can of course
be extracted from the faint stellar populations associated with
the stars detected by Gaia.

Fortunately, MS stars, which are the most numerous halo
sources in the Gaia catalog, have a relatively well defined
color—luminosity relation that can be exploited to derive their
distances based only on multiband photometry. This is a
consequence of the fact that the MS locus is not extremely
sensitive to metallicity (see Equation (3) below), and the effect
of age is to depopulate the bluer stars while maintaining the
shape of the redder MS. Using Sloan Digital Sky Survey
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Figure 1. Besangon model (Robin et al. 2003) simulation of a field covering
100 deg? at high latitude (/ = 200°, b = 60°), showing the number of stars as a
function of magnitude for all populations (green) vs. those with distances
D > 10 kpc (blue, i.e., halo stars). In this halo star selection with D > 10 kpc,
>90% of the stars that are bright enough to be detected by Gaia (whose
magnitude limit is G ~ 20.5) have G > 18 mag. (We have used the color
equations of Jordi et al. (2010) to transform from the Kron-Cousins V — I
provided by the model to Gaia G). The arrows indicate the expected
performance of parallax (7) or proper motion (1) at some representative
distances for the brightest main-sequence stars of an old metal-poor population
(Fe/H] = —1.5, T = 12 Gyr). For such stars, the horizon of 10% parallax
uncertainty (o;) lies at ~3 kpc, and at 7 kpc the parallax uncertainties are of the
same order as the measurements (expected Gaia end-of-mission accuracy).
Nevertheless, the proper motion uncertainties (0,) for such stars result in
transverse velocities that remain useful over the entire magnitude range
explored by Gaia.

(SDSS) data, Juri¢ et al. (2008) exploited this property to derive
distances for 48 million stars out to ~20 kpc using effectively
just r-band magnitudes and (r — i) colors. In a subsequent
landmark study, Ivezi¢ et al. (2008, hereafter I08) demonstrated
a tight correlation between the spectroscopically measured
metallicity of MS stars (Lee et al. 2008) and their (u — g),
(g — r) colors (see Figure 2 for the CFIS-u version of this
color—color diagram). Systematic calibration errors are small
compared to typical random errors from photometric uncer-
tainties, allowing measurements of metallicity from ugr
photometry that, for sufficiently large samples, are comparably
precise to spectroscopic measurements, but much cheaper.
However, to keep the random error from exceeding 0.3 dex
(after which it becomes difficult to cleanly discriminate
different Galactic populations), a maximum uncertainty of
~0.03 mag in u is required. In the SDSS, this occurs at
u ~ 19.3, which translates to an effective distance threshold for
turn-off stars of ~5-10 kpc. This is despite the fact that the
SDSS g-band photometry is substantially deeper, reaching
g ~ 20.7 with similar uncertainty. Thus for the purpose of
measuring photometric metallicities of MS stars, the SDSS u-
band is really ~2.7 mag too shallow for its g-band. Indeed, the
u-band depth was the limiting factor in the I08 analysis,
affecting their sample size and the discriminating power of
the data.
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