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Figure 6. V-band surface brightness of our model haloes (and surviving satellites), to a limiting depth of 35mag/arcsec2 . The axis scales are in kiloparsecs.
Only stars formed in satellites are present in our particle model; there is no contribution to these maps from a central galactic disc or bulge formed in situ (see

Section 3.3)
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A metal-rich M31 halo
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V-l 
Fig. 3.—Color-magnitude diagram of the M31 halo field. Giant branches for M92 {blue side) and 47 Tue {red side) are superposed at the adopted distance and 

reddening of M31. Open circles denote stars whose two color measurements differ by more than 0.2 mag. 

V-l 
Fig. 4.—Color-magnitude diagram of the M33 halo field. Giant branches for M92 {blue side) and 47 Tue {red side) are superposed at the adopted distance and 

reddening of M33. 
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Why is it hard?

๏Stellar halos are low surface brightness                                              
➞ need to go faint for M31 (>3.5m telescope)

๏Stellar halos are huge                                                                   
➞ need to go wide for M31 (need wide-field cameras)

๏Stellar halos are structured and complex                                               
➞ requires in-depth characterization (need 8+m 
telescopes for spectroscopy)

๏The MW disk is in front of M31!!



Going in-depth — SPLASH
Gilbert et al. (2012, 2014, 2018)

see also Chapman et al. (2006), Koch et al. (2008)

4 Gilbert et al.

Figure 1. Locations of the spectroscopic fields. The location and orientation of each spectroscopic mask is denoted with
a small rectangle; green rectangles denote spectroscopic masks with kinematically identified substructure. Larger rectangles
denote the location and extent of the KPNO/Mosaic (black), CFHT/MegaCam (dark grey) and Subaru/Suprime-Cam (light
grey) images used to design the masks. The location of the dwarf elliptical (black circles) and dwarf spheroidal (open triangles)
satellites of M31 are also shown. M31’s center is marked by an open circle, and the orientations of M31’s major and minor axes
are illustrated with the long and short solid lines. The dotted circles have radii of 2, 4, 6, 8 and 11 degrees from M31’s center.

2002–2011
KPNO photometry
~20–30 nights of Keck spectroscopy



Dealing with the MW foreground?

Velocity Dispersion of M31’s Stellar Halo 19

Figure 6. The stellar velocity distribution (vpec, Section 4.1) in each of the seven radial bins. Overlaid are 150 samples
of the parameterized velocity distribution, drawn from the MCMC chain. The blue curves include only the M31 components,
while the green curves include all M31 and MW components. Observed line of sight velocities have been transformed to the
Galactocentric frame, and the bulk motion of M31 has been removed (Section 4): a star with no peculiar velocity relative to
M31’s bulk motion will have v = 0 km s�1.

slope uncertainties. We discuss the e↵ect of modeling
choices on the power-law slope below (Section 5.2).

5.2. Sensitivity to Modeling Choices
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Combining all diagnostics
The Astrophysical Journal, 760:76 (21pp), 2012 November 20 Gilbert et al.

Figure 2. Locations of stars in four of the five empirical diagnostics (Section 2.2; Gilbert et al. 2006): (a) line-of-sight velocity, (b) DDO51 parameter (Section 2.1),
(c) Na i EW, and (d) spectroscopic vs. photometric [Fe/H] estimates. Left four panels: stars identified as secure M31 red giants (classes +2 and +3) and MW dwarfs
(classes −2 and −3) in fields from Rproj ∼ 8 to 80 kpc. The majority of the stars come from the interior fields (Rproj < 30 kpc). Right four panels: stars identified as
secure M31 red giants and MW dwarfs in the outer fields (Rproj ! 80 kpc). The RGB and dwarf probability distribution functions shown in panels (a) and (b) are
normalized to equal area. The PDF contours in panels (c) and (d) show the 90%, 50%, and 10% contours. Although significantly fewer in number and primarily
metal-poor (as can be seen by comparing panel (d) in the left and right figures), stars identified as M31 RGB stars in the outer fields are consistent with the distribution
of M31 RGB stars in the inner fields.
(A color version of this figure is available in the online journal.)

et al. 2006). Two corrections were applied to the observed
velocities: (1) a heliocentric correction and (2) a correction
for imperfect centering of the star within the slit. The latter
correction was calculated by measuring the observed position
of the atmospheric A-band absorption feature relative to night
sky emission lines (Simon & Geha 2007; Sohn et al. 2007).

We are presenting data from 108 spectroscopic masks. These
masks targeted ∼11,000 objects and yielded successful velocity
measurements from over 5800 stellar spectra (52.2%). The
remainder of the targets were galaxy spectra (20.2%), spectra
for which a velocity measurement was not possible due to
insufficient signal-to-noise ratio (S/N) or a lack of strong
spectral lines (24.2%), and a small fraction of catastrophic
failures (3.4%).

2.2. Classification of M31 RGB Stars and
Foreground MW Stars

MW dwarf stars along the line of sight constitute a significant
fraction of the observed stellar spectra even though the sample
of spectroscopic targets consists primarily of objects that have
been photometrically pre-selected to be M31 RGB candidates.
Moreover, the line-of-sight velocity distributions of M31 halo
RGB and MW dwarf stars overlap, and the velocity distribution
of foreground MW stars has a tail that extends well into the
velocity range typical of M31 halo stars. To estimate the surface
brightness of a given M31 field, the relative fractions of stars in
each of the two populations must be securely measured.

Individual stars are identified as M31 red giants or MW
dwarfs using the method developed by Gilbert et al. (2006),
to which readers are referred for full details of the technique.
A combination of photometric and spectroscopic diagnostics

is used to determine the probability an individual star is an
M31 red giant or MW dwarf: (1) line-of-sight velocity (vlos),
(2) photometric probability of being a red giant based on
location in the (M − T2, M−DDO51) color–color diagram
(when available; Table 1), (3) the equivalent width of the
Na i absorption line (surface-gravity and temperature sensitive)
versus (V − I )0 color, (4) position in the (I, V − I ) CMD,
and (5) spectroscopic (based on the EW of the Ca ii triplet)
versus photometric (comparison to theoretical RGB isochrones)
[Fe/H] estimates. Each diagnostic provides separation between
M31 RGB stars and MW dwarf stars based on different physical
parameters. A star’s location in each diagnostic is compared to
empirical probability distribution functions (PDFs) to determine
the likelihood (Li = log10(PRGB/Pdwarf)) the star is an M31 red
giant or MW dwarf (Figure 2); each PDF was determined using
training sets of M31 red giant and MW dwarf stars (Gilbert et al.
2006). The likelihoods for each diagnostic are combined to give
the overall likelihood, ⟨Li⟩, the star is an M31 red giant or MW
dwarf. Stars that are !3 times more probable to be an M31 red
giant than MW dwarf star (⟨Li⟩! 0.5) are designated as secure
M31 red giants (and vice versa for secure MW dwarf stars:
⟨Li⟩ " −0.5); stars below this probability ratio threshold are
designated as marginal M31 red giants (0 < ⟨Li⟩< 0.5) or MW
dwarfs (−0.5 < ⟨Li⟩ " 0). The analysis is restricted to stars
designated as secure M31 red giants or MW dwarfs because the
secure categories suffer from the least contamination (Gilbert
et al. 2007).

Figure 2 presents the position in the four most powerful
diagnostics of secure M31 RGB and MW dwarf stars in fields
interior (left panels) and exterior (right panels) to Rproj ∼ 80 kpc.
Very few stars are identified as secure M31 RGB stars in the
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Access the M31 halo
Gilbert et al. (2014, 2018)
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Figure 9. One- and two-dimensional distributions of the
best-fit power-law parameters describing the change in the
velocity dispersion of M31’s halo with projected radius. Each
point comes from fitting a power-law to random draws from
the M31 halo velocity dispersion posterior probability distri-
butions in all but the outermost radial bin (Figure 8).

Figure 10. Same as the lower panel of Figure 7, with the
power-law fits of the velocity dispersion of M31’s halo as a
function of projected radius overlaid. The light blue curves
show a subset of the power-law fits to 10000 random draws
from the marginalized one-dimensional posterior distribution
functions for the M31 halo velocity dispersion in each of the
first six radial bins. The dark gray curve shows a power-law
composed of the 50th percentile values of the normalization
and slope distributions.

sion in the inner regions of the MW halo from ⇠ 150 to
100 km s�1 over the inner 20 kpc, settling to a relatively
flat dispersion profile at large radii, with measurements
of �r ⇠ 100 km s�1 from ⇠ 20 – 80 kpc (Battaglia et al.
2005; Xue et al. 2008; Bond et al. 2010; Brown et al.
2010; Kafle et al. 2012; Deason et al. 2012; Kafle et al.
2014). A graphical summary of the MW’s velocity dis-

persion profile can be found in Bland-Hawthorn & Ger-
hard (2016).
M31 also appears to have a sharply decreasing ve-

locity dispersion in the inner regions (Dorman et al.
(2012) measured a velocity dispersion of 140 km s�1

at Rproj= 7 kpc in M31), followed by a relatively flat
dispersion to large radii. However, the reader should
note that the MW profiles measure primarily the radial
velocity of MW halo stars. Given the large spread of the
SPLASH spectroscopic fields on the sky, the M31 line of
sight velocity dispersion profile measures a combination
of the stars’ tangential and radial velocities in the M31
coordinate frame, with the relative contributions chang-
ing with field position.
To date, there have been few analyses of the velocity

dispersion profiles of MW- or M31-like stellar halos in
⇤CDM simulations (one example is Abadi et al. 2006).
The stellar density profiles, substructure characteristics,
and metallicity profiles of the M31 and MW halos have
proven to be useful constraints and checks on ⇤CDM
simulations of stellar halo formation, and comparisons
of the simulations to observations have provided insight
into the physical origins of the stellar halos of M31 and
the MW (e.g., Font et al. 2006, 2008; Zolotov et al. 2010;
Font et al. 2011; McCarthy et al. 2012; Gilbert et al.
2012, 2014). We expect future comparisons of the ob-
served MW and M31 velocity dispersion profiles with
simulated halos will yield further insights into the ori-
gins of stellar halos.

6. CONCLUSION

We modeled the velocity distribution of more than
5000 stars observed in M31 halo fields as part of the
SPLASH survey, including all major MW and M31 com-
ponents in the halo fields. Photometric and spectro-
scopic information on likely MW or M31 membership
for each star was incorporated into the Gaussian mix-
ture model as a prior probability. Tidal debris features
in M31 halo fields were included in the model, and the
marginalized posterior distributions for each are pre-
sented in the appendix.
Marginalizing over all model parameters, we parame-

terized the dispersion of stars in M31’s halo as a function
of projected radius. The dispersion of M31’s halo stars
is found to decrease only mildly with projected radius,
over a radial range of 9 to 100 kpc. Our measurement
finds a significantly flatter profile with radius than that
measured for M31’s globular cluster population. The
measurement of the velocity dispersion profile is the first
step towards using halo stars as tracers of M31’s mass.
In future work, the dispersion M31’s halo stars will be
used to model M31’s total mass distribution.

also Chapman et al. (2006)

also Koch et al. (2008)

• density profile
• velocity dispersion profile
• metallicity profile
• (kinematically) "smooth" vs. 

structured



Going wide — PAndAS
Ibata et al. (2014)
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~60 nights with CFHT
(+ many Keck nights)

The Astrophysical Journal, 780:128 (20pp), 2014 January 10 Ibata et al.

Figure 1. Chosen CFHT tiling pattern of the region around M31 (on which the coordinates are centered) is displayed, with the colors marking the year of observation
of the i-band images from 2003 to 2010, as indicated in the legend. The g-band data have an almost identical tiling pattern and temporal (observing year) distribution.
Each tile represents a CFHT/MegaPrime field. The inner red ellipse represents a disk of inclination 77◦ and radius 1.◦25 (17 kpc), the approximate edge of the
“classical” regular stellar disk. This same ellipse is reproduced in the image insert on the top left, a view of M31 constructed from Palomar photographic plates.
(A color version of this figure is available in the online journal.)

and only a minor fraction of frames had poor image quality.
During the final observing season in 2010, most of these poorer
fields were re-observed in good seeing conditions. The final set
of fields used in the analysis below have good image quality,
with a g-band mean of 0′′.67 (rms scatter 0′′.10) and i-band mean
of 0′′.60 (rms scatter 0′′.10). However, some good and bad outliers
are present in the sample (in g, the best and worst seeings were
0′′.41 and 0′′.93, respectively, while in the i band the best and
worst seeing frames have 0′′.35 and 0′′.92, respectively). As a
consequence of these variations, the photometric depth is not
uniform over the survey. This can be appreciated in Figure 3,
where we display the limiting magnitude in the g (left panel)
and i band (right panel). The median (5σ ) depth is 26.0 in the
g band and 24.8 in the i band. With only a few exceptions, the
chosen exposure times for the observation of these fields were
3 × 450 s in both the g and i bands.

The queue mode observations ensure reasonably good pho-
tometric calibration of the data, as the camera is typically op-
erated for a “run” lasting several weeks, during which time
a substantial number of photometric standards are observed at
varying air mass. The transparency during the night is also moni-
tored. The data products from the CFHT pre-processing pipeline
“Elixir” (Magnier & Cuillandre 2004) include de-biassing, flat-
fielding, and an estimate of the photometric zero point for each
observation.

The pre-processed CFHT images were passed through the
Cambridge Astronomical Survey Unit (CASU) pipeline (Irwin
& Lewis 2001), as discussed in Paper I. The software combines
the individual exposures, and then proceeds CCD by CCD,
detecting sources and measuring their photometry, image profile
and shape. Based upon the information contained in the curve
of growth (for each CCD), the algorithm classifies the objects
into noise detections, galaxies, and probable stars. As in Paper I,
we select objects with classifications of either −1 or −2 in both
g and i, which includes point sources up to 2σ from the stellar
locus.

In addition, sources in the stacked images were also measured
using the photometric package DAOPHOT and ALLSTAR
Stetson (1987) so as to provide point spread function (PSF)
fitted photometry and additional morphological measurements
to improve star/galaxy discrimination. While the DAOPHOT
photometry and fit parameters were found to be very useful in
crowded regions, in the outer halo the resulting catalogue was
less homogenous (due to significant PSF variations between
fields) than that derived from the CASU pipeline. In the analysis
below we therefore use only the CASU photometry.

Unfortunately, the Elixir data products received over the
course of the project suffered from the several photometric prob-
lems that are discussed at length in Regnault et al. (2009). Those
authors propose corrections to account for non-uniformities of
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Figure 3. 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.
(A color version of this figure is available in the online journal.)

photometric analysis will be presented in M. Fardal et al. (in
preparation).

Despite this map probing deeper parts of the CMD, the wispy
feature that appears south of the masked Andromeda region,
in the vicinity of (ξ, η) = (0◦, − 5◦), neither correlates with
the prominent stellar structures of the M31 halo, nor with the
features of the survey’s background galaxy distribution, or the
foreground MW dust distribution (see Figures 3, 13, and 20
of Ibata et al. 2007, respectively), giving credence that this is
yet another genuine stellar structure.15 In addition, this feature
is still present in the maps, albeit at lower significance, when
restricting the selection to stars brighter than i0 = 22.8 that
should not be contaminated by M31 stellar populations, or
background galaxies. The CMD of this region shows MS stars
that have fainter magnitudes than the prominent MS visible
in Figure 1. Since it overlaps with the footprint of the data
at the time of the analysis of Martin et al. (2007b), it likely
corresponds to the TriAnd2 structure discovered in that work.
The latest PAndAS photometric calibration (Ibata et al. 2014),

15 Although the CMD selection box for this panel includes some M31
metal-poor red giant branch stars, these almost exclusively belong to compact
dwarf galaxies and are not responsible for the extended features visible in the
map. One example of this contamination can be seen as the strong overdensity
at (ξ, η) ≃ (+7.◦0, − 7.◦5) produced by stars in the And II dwarf galaxy.

combined with the re-observation of some low-quality fields
that covered most of the region of this overdensity, means that
it is now possible to trace the extent of this cloud of stars.16

It roughly covers a region of ∼3◦ × 5◦ which, at this distance,
corresponds to a physical extent of ∼1.5 × 2.5 kpc2.

Figure 3 combines panels 2–4, to produce a color image of the
stellar halo between roughly 10 and 30 kpc. This “PAndAS Field
of Streams” stresses the highly structured nature of the MW
stellar halo in the survey’s cone toward M31 with a crisscrossing
of stellar features of varying morphology, density, and distances.
It is worth remembering at this stage that the PAndAS footprint
covers less than 1% of the sky. It is therefore to be expected
that, despite the revolution provided by panoramic sky surveys,
many halo stellar structures have so far gone unnoticed due to
their limited coverage and/or depth.

3.3. Stellar Populations

In Figure 4, we display the CMDs of five different fields
which target various regions of interest within PAndAS (the

16 It is worth noting that, although the map of the TriAnd2 stars built in Martin
et al. (2007b, the right-most panel of their Figure 3) showed no well-defined
overdensity, regions that overlap with the wispy feature we identify here did
show a mild density increase.

5

Martin et al. (2014)



The PAndAS CMD



The Milky Way contaminationThe Astrophysical Journal, 776:80 (18pp), 2013 October 20 Martin et al.

Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Fig. 6.— The combined CMD of the PAndAS survey,
showing the main RGB feature of interest as well as the con-
tamination from foreground and background sources that must
be overcome. The fiducial RGBs correspond to, from left to
right, NGC 6397, NGC 1851, 47 Tuc, NGC 6553, which have
metallicity of [Fe/H] = �1.91, �1.29, �0.71, and �0.2, respec-
tively. The sequences have been shifted to a distance modulus
of (m�M)0 = 24.47. The dashed-line rectangles show the regions
that highlight especially prominent CMD regions in the foreground
Galactic halo (blue) and Galactic disk (red).

tirely independent since Pan-STARRS also bootstrapped
their calibration from the SDSS.

3. GLOBAL COLOR-MAGNITUDE AND SPATIAL
DISTRIBUTION

In Fig. 6 we display the color-magnitude distribution
of point sources over the entire survey area, and the ex-
pected locus of plausible stellar populations in the M31
halo are marked by the fiducial RGB tracks. A large
number of these sources are Galactic contaminants, prin-
cipally from the Galactic disk, thick disk and halo. Their
color-magnitude distribution is complex and varies spa-
tially, but for illustrative purposes in Fig. 6 we mark
the color magnitude diagram (CMD) regions where they
are most visible. In addition to the foreground Galactic
stars, the survey also contains background galaxies that
are unresolved with our CFHT data, which contaminate
especially at faint magnitudes. In an accompanying con-
tribution (Martin et al. 2013), we have developed a de-
tailed empirical model to account for both of these con-
taminating populations. The model uses the area beyond
a radius of 9� (120 kpc) to sample the contamination,
and so provides an interpolation of the number of con-
taminants ⌃(g�i,i)(⇠, ⌘), as a function of color-magnitude
position (g � i, i) and sky position (⇠, ⌘).

A photometric metallicity was estimated for each star
in the survey by comparing their colors and magni-
tudes to the Dartmouth isochrones (Dotter et al. 2008),
shifted into the MegaCam filter system. Similarly, we
binned the Martin et al. 2013 contamination model
into a high resolution grid in color and magnitude
(0.001 mag⇥0.001 mag) and also calculated the metallic-
ity that the contaminants would appear to have if they
were misclassified as M31 stars. In this way we are able
to account for the contamination given any sample selec-

Fig. 7.— Map of stars with (g� i)0 < 1.8 and �2.5 < [Fe/H] < 0
and i0 < 23.5. The contamination from the foreground Milky
Way as well as that from unresolved background galaxies has been
removed in a statistical manner. The dense regions around M31
(radius 50 kpc) and M33 (radius 10 kpc) are shown as greyscale
density images (with bin size 0�.02⇥0�.02) while the outer data are
shown with points. The pink circles indicate the positions of the
known satellites of M31.

Fig. 8.— Metallicity map of stars for the same parameter selec-
tion as Fig. 7. The rich tangle of substructure is seen to possess a
wide range in metallicity.

tion in color, magnitude and photometric metallicity.
Fig. 6 (and Paper I) shows that the contamination

becomes more manageable if we restrict the analysis to
(g � i)0 < 1.8. This has the e↵ect of biassing our sam-
ple against the brightest metal-rich stars, but since such
stars should be rare in the outer halo, we judge it is a
sensible restriction to ensure that we obtain relatively
clean structural maps.

The halo star distribution is shown in Fig. 7, limit-
ing the sample to (g � i)0 < 1.8 and �2.5 < [Fe/H] < 0.
Here, we have subtracted o↵ the contaminating popu-
lations; this is done in a statistical manner, treating

"Statistical" removal of Milky Way foreground model
Ibata et al. (2014)
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Figure 10. Substructure masks generated by the halo fitting algorithm are displayed in black. Note that data within the central 2◦ of M31 was ignored, as we deemed
the spatial distribution to be too complex in that region. Similarly, a 2.◦5 region around M33 was excised. The bottom panel shows the union of the four upper masks.
In each panel, the underlying colored distribution shows the best-fit halo model for the corresponding metallicity selection. The halo fits (the parameters of which are
listed in Table 2) are clearly almost spherical.
(A color version of this figure is available in the online journal.)
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Figure 12. Non-parametric density profile fit to the smooth halo for the
metallicity range −2.5 < [Fe/H] < −1.7, as a function of (3D) radius r.
The filled circles show the anchors of the most likely halo model, with the
corresponding error bars marking 1σ uncertainties derived from the Markov
chain. The continuous line demonstrates the smooth spline function that the
algorithm generates to interpolate the density. To aid visual interpretation, we
have overlaid a γ = −3 profile (dotted line) and a γ = −4 profile (dashed line).
The flattening of this model is q = 1.11 ± 0.04.
(A color version of this figure is available in the online journal.)

between [Fe/H] = −2.5 and [Fe/H] = 0.0, using the 13 Gyr
Dartmouth isochrone model, as discussed above. The upper
color limit was imposed on the sample as we deemed that it was
the only practical way of avoiding overwhelming contamination
by foreground dwarf stars, but it can be appreciated from an
inspection of Figure 6 that the limit excludes most of the
evolved metal-rich RGB stars from our sample. Fortunately,
it is possible to use the same isochrone models to estimate the
number of stars that were missed by the cut and correct for the
absent members. The model estimates that no stars are missing
below [Fe/H] = −1.1, but for more metal-rich populations the
correction ramps up to a factor of 3.8 at [Fe/H] = 0.0. For
younger populations the correction is somewhat smaller: for
instance a 9 Gyr old model predicts a correction of a factor of
3.3 at [Fe/H] = 0.0.

In the discussion above, we have seen that what we have
dubbed the “smooth component” follows a power law with index
Γ ∼ −2 in projection, with the metal-poor stars following this
behavior quite closely. This motivates the use of logarithmic
distance bins, since Γ = −2 would imply equal numbers of
stars present in each interval. Figure 16 shows the sample
distributed into five such intervals between R = 27.2 kpc (2◦)
and R = 150 kpc. The raw star counts are displayed as points
with uncertainties connected by a dashed line. We also show the
counts corrected for the incompleteness of the red stars beyond
(g − i)0 = 1.8; these are connected with the continuous line.

The left column of Figure 16 shows the full sample (minus
satellites), while the distributions in the right column have
had the substructure masked out (using the mask displayed in
Figure 10(e)). These data show a clear metallicity gradient in
both the full and masked samples. The bottom row of Figure 16
displays the different radial bins on the same scale to allow the
reader an appreciation of the relative density present in each

Figure 13. Star-count profile of the smooth metal-poor (−2.5 < [Fe/H] < −1.7) population as a function of projected radial distance. Panel (a) corresponds to the
full unmasked survey (but regions around known satellites are excluded), while panel (b) is masked with the mask shown in Figure 10(d). In both panels, the data for
all azimuthal angles is shown in black. We also show the profiles of the four quadrants individually, color-coded according to quadrant as indicated in the diagram.
A small radial offset has been applied to the colored data points in order to make them easier to see. The overall normalization (i.e., the vertical offset) has been set
by comparison to Dartmouth stellar population models. For the models, we assumed an age of 13 Gyr, [α/Fe] = 0.0 and a log-normal initial mass function; we also
examined 9 Gyr models, but the differences (which can be appreciated from Table 4) were found to be relatively small. The dashed line is a linear fit to the full profile,
implying a (projected) power-law slope of Γ = −2.30 ± 0.02 and Γ = −2.08 ± 0.02, respectively, for the unmasked and masked samples. The larger uncertainties
marked in brackets on the diagrams are derived from taking the rms scatter in azimuthal bins as an estimate of the uncertainty in the profile.
(A color version of this figure is available in the online journal.)
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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contamination severely increases toward the north, which mainly corresponds
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(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <
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cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Integrated counts → Σg, modelling the full CMD
without contamination removal

Only a single drawing from pdfs

–2.3≤[Fe/H]<–1.4
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The future?

๏Surveys:

• HyperSuprimeCam on Subaru?
• Subaru Prime Focus Spectrograph for a systematic study?

๏Going towards a "proper" observation/simulation comparison

• Bringing the simulations to observational space
• "Dumbing them down" with the observations' limitations, noise, and 

systematics
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