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Figure 2. Pan-STARRS1 map of star counts in Galactic coordinates for stars with 0.2 < (g�r)0 < 0.3. Nearby stars with 17.8 < g0 < 18.4
are shown in blue, stars with 18.8 < g0 < 19.6 are shown in green, and more distant stars with 20.2 < g0 < 20.6 are shown in red. The
Galactic anticenter is in the middle, and the Galactic center is on the right edge. The Monoceros Ring can clearly be seen in broadly
horizontal green structure on the nothern side of the plane and in the similar structure on the southern side of the plane in blue, both of
which extend over 130� in Galactic longitude. The di↵erence in color as presented suggests that the southern component is slightly closer
to the Sun than the northern component. The Galactic plane and some localized regions near the plane are missing due to high extinction,
while the apparent hole near the north celestial pole was imaged but not included in this processing of the data. There are some regions
of the north Galactic cap and near the celestial pole that su↵er from poor PS1 coverage. The Sagittarius stream appears nearly vertical in
red on both sides of the disk.

In order to guide the understanding of the observed
MRi, we have created “mock observations” of two N-
body simulations. One of these models the MRi as per-
turbed disk stars that have been stirred up by satellite
galaxies (Kazantzidis et al. 2009), while the other models
the MRi as simply the debris from a disrupted satellite
(Peñarrubia et al. 2005). These two simulations serve to
illustrate the range of morphologies that these categories
of models generate, along with demonstrating the utility
of the PS1 maps for di↵erentiating between these models.
We note that at this stage neither simulation has been
tuned to reproduce the PS1 observations, so discrepan-
cies must be expected, but our goal is to highlight these
discrepancies so that future models may be better tuned
to match the observations.
To reproduce the color and magnitude cuts from the

observed data in the models, in both simulations we
employ a simple stellar population synthesis method to
transform each simulation particle into a contribution to
a given MSTO-based distance slice. We use the BaSTI
set of isochrones (Pietrinferni et al. 2004), which we pop-
ulate with a Kroupa (2001) initial mass function. The
star particles are drawn from a 9 Gyr old, [Fe/H]=-1.0
population, which is in line with the metallicity measured
by both Conn et al. (2012) and Meisner et al. (2012),
though substantial scatter in the metallicity of the MRi
has been reported (e.g., Yanny et al. 2003; Crane et al.
2003). The results are insensitive to the detailed param-
eter choices, given the large color and magnitude ranges
used in our selection and the qualitative nature of our

comparisons. After generating the distribution of abso-
lute magnitudes in the selected color cut, we then can
assign each simulation particle some fractional contribu-
tion to a given magnitude cut. The particles are pro-
jected onto the “sky” as would be seen by an observer
and summed to produce the star counts map. It is impor-
tant to note that the simulations are run at resolutions
much coarser than single stars, and hence they will not
produce as smooth of a distribution on the sky as we
would observe. We do not correct for this.

4.1. Satellite Accretion Model

As an example of models that recreate the MRi as the
tidal debris of a dwarf galaxy, we show the simulations
of Peñarrubia et al. (2005). This simulation attempted
to reproduce all of the positions, distances and veloci-
ties of the MRi that were known at the time of publi-
cation. To do so, the authors varied the properties of
the accreted dwarf along with its orbit and the shape of
the Galactic potential to find a solution that best repro-
duced the known observations. The resulting best fit has
the hypothesized dwarf on a very low-eccentricity orbit
(e ⇠ 0.1) and at a low inclination relative to the Galac-
tic plane, which allows it to make multiple wraps over a
relatively narrow range of Galactocentric radii and rela-
tively close to the disk in height. The simulation is also
designed so that the main body of the disrupting satel-
lite appears in the region of the Canis Major overdensity
(Martin et al. 2004), as an attempt to link the two struc-
tures. As more recent evidence suggests that the Ca-
nis Major overdensity may not be related to a disrupted
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Cosmology on galaxy scales
the new frontier

30
0 

kp
c

๏Large scale cosmology is 
now largely understood	

• Λ Cold Dark Matter universe	


๏How do baryons condense 
at the center of dark matter 
halos?	


๏Clear discrepancy between 
dark matter and stellar 
distributions	

• “missing satellite crisis” 	

• hierarchical build-up? Bullock & Johnston (2005)
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Belokurov, Zucker et al. (2006+)…

The SDSS breakthrough
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Deconstructing the halo with NSLS

Fainter!

6 N. F. Martin et al.

Fig. 3.— The PAndAS ‘Field of Streams’ built from panels 2 (red; DGC ∼ 17 kpc), 3 (green; DGC ∼ 22 kpc), and 4 (blue; DGC ∼ 32 kpc)
of Figure 2, displaying the highly structured nature of the Milky Way halo in the direction of Andromeda and Triangulum. North is to the
top, and east to the left.

Fig. 4.— Color-magnitude diagrams of five 4.5 deg2 fields in the PAndAS footprint. The locations of the fields are highlighted in the
map displayed in the left-most panel, which reproduces panel 3 of Figure 2. All five fields have the same coverage and target regions of
interest, as described in the text (Section 3.3). A Dartmouth isochrone of age 10 Gyr, metallicity [Fe/H] = −1.5 (Dotter et al. 2007), and
[α/Fe] = +0.2, shifted to a distance modulus of 16.2 (i.e. a distance of 17 kpc), is overlaid on the CMDs and shows a good match with the
MS and MSTO of fields (a) and (c).

Martin et al. (2014)

PAndAS (MW)	

Field of Streams
17 kpc	

22 kpc	

32 kpc
Beyond SDSS depths



CFHT-Luau Scientific Justification (7 of 7)

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 lines Hγ , Hδ and Hβ 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-lines for the BHB and BS stars, identified in the left panel,
in the colour space u − g, g − r. The thick blue and red lines show the third order polynomial fits 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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Deconstructing the halo with NSLS
AA50CH07-Ivezic-video ARI 19 July 2012 13:22
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Figure 5
Variation of the median photometric stellar metallicity for ∼2.5 million stars from the Sloan Digital Sky
Survey with 14.5 < r < 20 and 0.2 < g − r < 0.4, and photometric distance in the 0.8–9 kpc range
expressed in cylindrical Galactic coordinates R and |Z|. The ∼40,000 pixels (50 pc by 50 pc) contained in
this map are colored according to the legend in the top left. Note that the gradient of the median metallicity
is essentially parallel to the |Z| axis, except in the region of the Monoceros stream, as marked. The gray-
scale background is the best-fit model for the stellar number-density distribution from Jurić et al. (2008).
The inset in the top right illustrates the extent of the data volume relative to the rest of the Galaxy; the
background image is the Andromeda galaxy. The three squares outline the regions used to construct the
vZ − vR ellipsoids shown in Figure 16. The arrows illustrate the variation of the ellipsoid orientation, which
always points toward the Galactic center. Adapted from Ivezić et al. (2008a).

Therefore, reasonably clean subsamples of halo and disk stars can be defined using a simple
metallicity boundary [Fe/H] = −1. We proceed below with a more detailed discussion of each
component.

5. THE MILKY WAY DISK
Recent massive data sets based on the SDSS have confirmed, with exceedingly high statistical
signal-to-noise ratios, the abrupt change of slope in the log(counts) versus |Z| plot around

266 Ivezić · Beers · Jurić
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The MW satellite system
~N

SL
S

SDSS, PS1

Bullock et al. (2010)

MW dwarf galaxies

ΛCDM-based	

simulations

Willman 1 & Segue 1…
"The most DM-dominated 

dwarf galaxies" 
Remnants? Pristine?



The faint end of galaxy formation
Koposov et al. (2009)

Large uncertainty at 
faintest end, the most 

sensitive!	

!

Need to find many 
more



Summary
๏With NSLS…	


• …go beyond mapping the local environment	

• 30 kpc → ~60 kpc for MSTO stars (60 kpc → ~120 kpc for BHB stars)	


• …investigate the nature of faintest MW satellites	

• …superb star/galaxy separation to gri ~ 24.5	


!

!

!

!

!



Mauna Kea	

Spectroscopic	

Explorer

The



Create a new and expanded partnership to:

1. replace the present 3.6m primary mirror with a 10m-class (segmented) 

mirror, mounted on the existing pier.

2. install a dedicated wide-field (1.5 deg2) multi-object spectrograph that 

can simultaneously collect spectra for >3000 sources.

The “Next Generation CFHT” original concept



131 pages

Primary Outcomes 
!
• Redevelopment could 

utilize the existing pier and 
building with only minor 
modifications.


• The conversion would not 
increase the visual footprint 
of CFHT on Mauna Kea.


• No technical “show 
stoppers” with the 
telescope, enclosure, 
spectrograph, fibre-feed 
system, or operations 
model.

273 pages

• Submitted to CFHT SAC and Board in Fall 2012

MSE/ngCFHT Development: 
Completed (unsolicited) Feasibility Studies at http://ngcfht.org  
See also: http://mse.cfht.hawaii.edu 

http://ngcfht.org
http://mse.cfht.hawaii.edu


MSE will:!
• obtain efficiently very large numbers (>106) of low- (R ~ 2 000), moderate- 

(R ~ 6 500), and high-resolution (R ~ 20 000) spectra !
• for faint (20 < g < 24) science targets !
• over large areas of the sky (103 − 104 sq.deg ) !
• spanning blue/optical to near-IR wavelengths (0.37 − 1.3μm). !
• At the highest resolutions, it should have a velocity accuracy of <<1 km/s 

• At low resolution, complete wavelength coverage should be possible in a 

single observation

Defining concept of MSE

• Unique science cases of MSE stemming from: 
• 10 m aperture 
• Operation at a range of spectral resolutions  
• Dedicated Operations, producing stable, well-calibrated and characterised data  
• Long lifetime 
!

• Natural path from 4m-class facilities (MS-DESI, 4MOST, HERMES...) and 8m class instruments 
(Subaru/PFS) to MSE



Space-based Completement
Wide-field Follow-up

• NSLS-fed targets	

• Euclid photo-z calibrator	

 (need 30k spectra down to AB 24.5)

MSE



Summary
๏With NSLS…	


• …go beyond mapping the local environment	

• 30 kpc → ~60 kpc for MSTO stars (60 kpc → ~120 kpc for BHB stars)	


• …investigate the nature of faintest MW satellites	

• …superb star/galaxy separation to gri ~ 24.5	


๏Extraordinary complementarity with MSE	

• well matched target provider in North + Euclid calibration	

!

๏No strong observing strategy requirement	

• but 3 sub-exp preferred (variability) + largely staggered fields	

• Luau could provide a large chunk of u-band observations


