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Cosmology on galaxy scales
the new frontier

Aquarius simulation, Springel et al. (2009)

๏Large scale cosmology is 
now largely understood

• Λ Cold Dark Matter universe

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

• hierarchical build-up (stars, 
globular clusters, gas…)
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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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๏ Massive galaxies contain the 
majority of the universe’s stellar 
mass

๏ Is there a faint end to galaxy 
formation?

• sensitive to star-formation-
suppression mechanisms

• “missing satellite crisis”?

๏ Which dark matter halos 
contain stars?

• What sets their numbers? their 
properties (luminosity, size, 
shape)?

Why study the faintest galaxies?
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PAndAS
The Pan-Andromeda Archaeological Survey (2008–2011)

๏Building on pilot M31 CFHT 
surveys (Ibata, Martin et al. 2007, 
McConnachie et al. 2008)

๏CFHT large program

• 220 hours over 3 years

• 3.6m telescope on Mauna Kea

๏MegaCam/MegaPrime

• 1 deg2 field of view

• 2 bands (g & i)

๏ All ~400 deg2 now observed



PAndAS data

๏Observing 3 mag. below the 
tip of RGB

• 0.5–0.8” seeing

• ~20 min integration in g & i

• S/N=10 depths

• g ≈ 25.5

• i ≈ 24.5

๏96 million sources

๏~10 million stars in M31 
RGB selection box

Chapitre 6 – Un relevé du halo de la galaxie d’Andromède

FIG. 6.3 - Diagramme couleur-magnitude des étoiles (à gauche) et des galaxies (à droite) du champ
M01. La contamination des étoiles Galactiques vient principalement des étoiles du halo
((g ! i)0

<" 1.0 et i0 < 23.0) et de celles du disque ((g ! i)0
>" 2.2) mais ne se superposent

qu’avec les étoiles de M31 de métallicité élevée. Les isochrones de Girardi et al. (2004) pour
des métallicités [Fe/H] = !2.3, !1.7, !1.3, !0.7, !0.4, 0.0 et +0.2 dex à la distance de M31
(m ! M = 24.47) sont superposées, de même que la boı̂te de sélection utilisée pour isoler les
étoiles RGB de M31 (en rouge). Les incertitudes sur la magnitude i sont indiquées à gauche
du CMD des étoiles.
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Stellar halo of M31









Different stellar populations
→age/metallicity/distance differences

Let us assume metallicity differences…



@ M31 distance
[Fe/H] = –2.3[Fe/H] = –2.1[Fe/H] = –1.9[Fe/H] = –1.7[Fe/H] = –1.5[Fe/H] = –1.3[Fe/H] = –1.1[Fe/H] = –0.9[Fe/H] = –0.7

150 kpc

50 kpc
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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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Measuring Shape/Lumpiness of the halo
• Ibata et al. (2012)
• McConnachie et al. (2012/13)

Volume explored 
around MW by SDSS

150 kpc

50 kpc



PAndAS in the mist 3
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Fig. 2.— The distribution of H I gas (red contours), drawn from the survey of Braun & Thilker (2004), overlaid on a surface density map
of stars identified as being on the RGB within M31 and M33 in the entire PAndAS footprint (see McConnachie et al. 2009; Richardson et
al. 2011). The logarithmic contours are drawn at integrated column densities of H I, with NHI = 1017 to 1020 cm�2 in steps of 0.5 dex.
The annotations indicate the heliocentric radial velocity of H I features.

Red Giant Branch (RGB) at the distance of M31/M33
(D⇠ 780� 900 kpc; Conn et al. 2011, 2012). The pho-
tometric data-taking was completed in early 2011, with
the first published map, covering roughly half of the total
observing, presented in McConnachie et al. (2009), with
the (almost) entire dataset first presented in Richardson
et al. (2011). The final map and data products will be
made publicly available in McConnachie et al. (2012b).
This study focuses upon Red Giant Branch (RGB)

stars at the distance of M31 and M33, selected with a
cuts in color and magnitude (e.g. Ibata et al. 2001, 2007;
McConnachie et al. 2009). Figure 1 presents the distri-
bution of metal-rich RGB stars, overlain by a schematic
map of the prominent stellar substructure; note that a
non-linear scaling has been applied to the RGB density,
to bring out faint substructure. The thick solid line is the
entire PAndAS footprint, with stellar substructure as la-
belled thin solid lines. The dashed curve represents a
significant over-density of globular clusters, identified as
the NW Group by Mackey et al. (2010). The dot-dashed
line corresponds to a circle of radius of 150 kpc from the
center of M31. It is very apparent that accompanying
M31 and M33 is a wealth of substructure consisting of
extensive streams and dwarf galaxies [these will be dis-
cussed in more detail in Section 3.1.2, and see Richardson

et al. (2011)].
The stellar catalog derived from PAndAS is supple-

mented with earlier observations with Isaac Newton Tele-
scope Wide Field Camera (see Ibata et al. 2001) and
CFHT/MegaCam & CHFT/CFH12k (see McConnachie
et al. 2003; Ibata et al. 2007) provide the full sur-
vey coverage. In parallel, a number of fields, targeting
prominent substructure and dwarfs, were targeted with
DIEMOS4 on the 10m Keck-II Telescope (e.g. Chapman
et al. 2008; Collins et al. 2011). With a moderate res-
olution (R ⇠ 6000), observations of 60-90 mins around
the prominent CaT absorption lines ⇠ 8600Å resulted
in a S/N⇠ 5 for targets of i ⇠ 21, with a correspond-
ing velocity resolution of ⇠ 5� 10 km s�1; these will be
described in more detail in Section 4.2.

3.1.2. Stellar Properties

Detailed analysis of the stellar substructure in PAndAS
will be presented in Ibata et al. (2012) and McConnachie
et al. (2012b), so here we focus on the key features.
The most significant structure is an extensive stellar

stream, the Giant Stellar Stream (GSS), in the halo of
M31, initially discovered with the Wide Field Camera on

4
www2.keck.hawaii.edu/inst/deimos

Star/HI comparison
Lewis, Braun et al. (2012)

Metal-poor 
M31 RGBs

HI gas



The M31 satellite systems
PAndAS’ Cubs: Dwarf galaxies & globular clusters



6 dSphs (2004) → 28 dSphs (now; 
4 SDSS + 16 PAndAS)

+ deep follow-up

Zucker et al. (2004; 1)
Martin et al. (2006; 3)

Ibata, Martin et al. (2007; 2)
Irwin et al. (2007; 1)

Zucker et al. (2007; 1)
McConnachie et al. (2008; 3)

Martin et al. (2009; 2)
Richardson et al. (2011, 5)

Bell, Slater & Martin (2011, 1)
Slater, Bell & Martin (2011, 1)

Irwin et al. (in prep, 1)

Cas II

Tri I
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Figure 2. Left panel: spatial distribution of stellar sources around And XXI. Small dots represent all stars in the PAndAS survey whereas large dots correspond to
likely RGB stars of the dwarf galaxy, selected within the dashed box shown on the CMD of the middle panel. These stars are clearly clumped into an overdensity of
stars. MegaCam CCDs are shown as dashed rectangles and white regions correspond to holes in-between CCDs or holes in the survey. Open circles correspond to
regions that are lost to the survey due to the presence of saturated bright stars. The central dashed ellipse corresponds to the region within two half-light radii of the
dwarf galaxy, assuming the structural parameters listed in Table 1. Right panels: color–magnitude diagrams within two half-light radii of And XXI (middle panel)
and, for comparison, of a field region at a distance of !20" covering the same area after correcting from gaps in the survey coverage (rightmost panel). The galaxy’s
RGB is clearly visible as an overdensity of stars with 0.8 ! g # i ! 1.5 and i " 21.2 that does not appear in the reference CMD.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 2 but for And XXII. Although this system is much fainter, it still appears as a spatial overdensity of stars (left panel) that are aligned along a
RGB in the CMD (middle panel), a feature that does not appear in the reference CMD (right panel).
(A color version of this figure is available in the online journal.)

Both systems appear as overdensities of stars on the sky, as is
visible in the left panels of Figures 2 and 3. These stars are also
aligned along a RGB that would be at, or close to, the distance
of M31 or M33. The color-magnitude diagrams (CMDs) within
2 half-light radii of the dwarfs (determined in Section 3.3) are
shown in the middle panels of these figures and, when compared
to the CMD of reference fields chosen in an annulus covering

the same area at a distance of !20" from the dwarfs’ centers
(right panels), indeed reveal an alignment of stars that follow
the typical shape of a RGB. Isolating these stars enhances the
contrast of the overdensity of stars on the sky (large symbols in
the left panels).

And XXI is typical of the relatively bright dwarf galaxies
that we have found before (such as And XV or And XVI).
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And XXI is typical of the relatively bright dwarf galaxies
that we have found before (such as And XV or And XVI).

Martin et al. (2009)

And XXI
MV = –9.9±0.6 
rh = 875±127 pc

And XXII
MV = –6.5±0.8 
rh ~ 220 pc
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Bayesian TRGB distance analysis
A. Conn et al. (2011, 2012)

And I



Bayesian TRGB distance analysis
A. Conn et al. (2011, 2012)
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Bayesian distance analysis

12 Conn et al.

a)

b) c)

Fig. 10.— Three views of the M31 Neighborhood: a) A view of the satellites of M31 along the y-z plane. The conic section illustrates the extent of volume
covered by the PAndAS footprint as a function of distance from Earth; b) A view of the satellites of M31 in the x-y plane, revealing their true positions on the
x-y plane after removing the e!ects of perspective (assuming the distances quoted in column 4 of Table 2). Note that Andromeda XXVII lies directly behind
NGC147 in this plot and is not labeled.; c) A 3D view of the satellites of M31. The satellite positions on the PAndAS footprint are indicated (i.e. with perspective
conserved) along with the z-vector giving distance from the M31- centered tangent plane. The central ellipse indicates the approximate area of the survey where
satellite detection is hindered by the M31 disk; Note: The perpendicular bars on relevant axes indicate 100 kpc intervals.

A. Conn et al. (2011, 2012)

Homogeneous 
distances



Automatic search & completeness limits

๏ Full statistical analysis of 
spatial + CMD information

• Accounting for varying MW 
foreground contamination, 
very structured M31 
“contamination”

Martin et al. (2012)



Automatic search & completeness limits

๏ Full statistical analysis of 
spatial + CMD information

• Accounting for varying MW 
foreground contamination, 
very structured M31 
“contamination”

๏Automated search:

• completeness function as 
f(X,Y,rh,[Fe/H],m-M,…)

• new candidate dwarf 
galaxies

→ comparison with simulations

Martin et al. (2012)
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Dwarf galaxy radial velocities
Collins et al. (2011, 2012)

Chapman et al. (2012)

+ Tollerud et al. (2012)
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Globular clusters
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Huxor et al. (2011, 2012)
Mackey et al. (2009, 2012)



Some other results



The M33 stellar halo
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Fig. 2.— Color-magnitude (Hess) diagrams of the di!erent annuli
shown in Figure 1. Bins are 0.025 x 0.025 mag, and are shown with
a logarithmic scaling in number counts of stars. Contamination due
to the foreground MW halo and disk stars is estimated with the
regions defined by 0.1 < (g ! i)0 < 0.6, 19 < i0 < 22, and 1.5
< (g ! i)0 < 3, 17 < i0 < 20, respectively (shown as the boxes in
each panel). The isochrones correspond to [Fe/H] = -1.0 and -2.5
dex for a 12 Gyr, [!/H]=0.0 stellar population at the distance of
M33, and have magnitude limits of 21.0 < i0 < 24.0. The annulus
between 3 < r " 3.75 degrees was used to determine the levels of
foreground contamination. The bright clump at < i0 #< 25, 0
< i0 < 1 is mainly composed of misclassified background galaxies
(with a very small number of M33 horizontal-branch/red-clump
stars).

0.025 x 0.025 mag bins and is shown with a logarithmic
scale for the number counts of stars. As mentioned pre-
viously, we want to identify M33 RGB stars but first we
need to estimate the level of contamination. To exam-
ine the MW foreground contamination, we look at the
two sources of contribution from MW stars easily iden-
tifiable in the CMDs. The MW halo turn-o! stars are
seen as a thin band on the left of the CMDs, and we
use a region defined as 0.1 < (g ! i)0 < 0.6, 19 < i0 <
22 to identify them. The red MW disk dwarfs are seen
as a broader band on the right, and we identify them
in the region 1.5 < (g ! i)0 < 3, 17 < i0 < 20. Both of
the regions for the MW disk and halo stars are consistent
with McConnachie et al. (2010). Finally, M33 RGB stars
are selected using isochrones from the Dartmouth Stel-
lar Evolution Database (Dotter et al. 2007, 2008) which
are transformed to the CFHT photometric system (Mc-
Connachie et al. 2010). These isochrones are between the
12 Gyr [!/Fe] = 0.0 isochrones, shifted to the M33 dis-
tance modulus, with metallicities of -2.5 dex < [Fe/H ] <
-1 dex. This is a necessarily broad cut to allow for the
possible range of metallicities that may be present in
M33’s halo, which we expect to be predominantly metal
poor. Note that metal-rich stars may also be present,

Fig. 3.— Density contours of candidate RGB stars similar to
Figure 13 in McConnachie et al. (2010) but updated using data
from 2010B for frames tb62-tb66 (see Figure 1). The grey contour
is 1" above the background, corresponding to an estimated surface
brightness limit of µV = 33.0 mag arcsec!2. We exclude any area
within this contour for our estimate of the stellar halo. The black
contours correspond to 2, 5, 8 and 12" above the background (µV =
32.5, 31.7, 31.2, and 30.6 mag arcsec!2, respectively). The feature
at (#, $ = (-3.5, 3.6) is Andromeda II.

but will likely contribute a small amount to the overall
halo component, while increasing dramatically the con-
tamination from foreground stars that occupy a similar
locus in the CMD. We could expect some !-enhancement
in the M33 halo, as we see in the MW halo (e.g., Venn
et al. 2004), but since there is no evidence to suggest this
we adopt [!/Fe] = 0.0 for simplicity. We also note that
the isochrones are being used to help define a locus in
the CMD, and an absolute interpretation of the implied
metallicities is not intended (for example, there may also
be age degeneracies). A magnitude limit of 21.0 < i0 <
24.0 is also imposed on the RGB candidate stars, with
the lower limit ensuring a high level of completeness while
exluding the majority of bright background galaxies mis-
identified as stars (which appear as the bright clump at
at < i0 "< 25, 0 < i0 < 1).
The four panels in Figure 2 correspond to annuli with

the radii between r = 0-1, 1-2, 2-3 and 3-3.75 degrees. We
use the latter annulus to estimate the spatial variation
in the MW foreground since any M33 halo component
is weak. The number of stars in each annulus, and the
number of stars within each of the three selection regions,
is shown in Table 1.

3.1. Extended Substructure Surrounding Disk

Figure 3 is a revised version of Figure 13 in Mc-
Connachie et al. (2010), using the new data in images
tb62-tb66 (see Figure 1). Figure 3 shows the density con-
tours of RGB stars, and uses a slightly narrower metal-
licity cut of -2.0 dex < [Fe/H ] < -1.0 dex than the cut
we impose on the RGB stars in the CMDs. This nar-
rower cut is used simply because this is the metallicity
range in which the substructure component is strongest.
There is hardly any contribution to the substructure from

McConnachie et al. (2010)
Cockcroft et al. (2012)

Tidal material from the M31/M33 interaction
8
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Fig. 6.— The top three rows of the left- and right-hand columns
show the azimuthal and Galactic latitude distributions, respec-
tively, of the density (counts degree!2) variations for each region
in Figure 2. The data within the 3 < r ! 3.75 degree annulus,
having excised the area associated with the extended substructure,
is shown. For the azimuthal distributions, 0, 90, ±180, and -90
degrees correspond to east, north, west and south, respectively.
M31’s centre is at approximately 135 degrees in this orientation
(as indicated by the dashed line). The bottom row shows the ra-
tio of the RGB region to the (disk+halo) region. The best fit
(dashed) weighted least-squares lines in each panel are consistent
with a slope of zero (solid line). The errors in all panels correspond
to the values of

"
n/area.

azimuthal and Galactic latitude distributions. The best-
fit (dashed) line is also shown, and is consistent with
no gradient (solid line) within the errors in both cases.
We therefore find no reason to adopt a spatially varying
foreground contamination factor.

3.3. Radial Profile

Having determined the substructure area to avoid, we
first produce substructure-excised radial profiles. As pre-
viously stated, we expect M33’s halo to be extremely
faint, centrally-concentrated and radially-distributed so
we bin the data in annuli centred on M33, where we re-
quire di!erent signal-to-noise for the bins in each plot.
Figure 7 shows radial density profiles of the RGB stars

after excising substructure regions, with di!erent signal-
to-noise (S/N) cuts of 15, 20, 25 and 30, as indicated
in the top-right hand corner of each panel. In all the
radial profiles, we see evidence for a low-luminosity, cen-
trally concentrated, radially distributed profile in M33’s
RGB stars, which we interpret as a detection of M33’s
smooth stellar halo. This is a new component beyond the
extended substructure surrounding the disk that has not
previously been seen. For illustrative purpose only, as the
smooth halo is so faint and the error bars are large, we
use a Levenberg-Marquardt least squares method to fit
the following exponential model, as shown by the curved
lines in Figure 7:

"(r) = "0exp

!

!
r

r0

"

+ "bg; (1)

Fig. 7.— Radial profiles of the RGB candidate stars. Both
the background-uncorrected (upper dashed curved line and points)
and the background-corrected (lower solid curved line) profiles in
each panel. The horizontal dashed lines indicate the background
levels in each case. The radial density (vertical) error bars are
calculated using

"
n/area as the error in each bin. The bin size

was allowed to vary until the required signal-to-noise ratio was
reached. Horizontal “error” bars show the width of the bin. The
vertical dashed regions indicate the radius within which we do not
have any data since we excise the area dominated by the disk and
extended substructure surrounding the disk.

The data points are overlaid with these best fits, as
shown by the curved dashed line. The horizontal dashed
lines show the background level estimated by the fits.
We show the background-subtracted fits with the solid
curved lines at the bottom of each panel. We justify
fitting a constant background as we do not expect the
MW foreground contamination or the background galax-
ies misidentified as stars to vary across the regions of our
observations, from our examinations of both in Figure
5 and 6. Table 2 shows the parameters associated with
each of the fits at di!erent S/N cuts shown in Figure 7.
Although the parameters vary slightly for each di!erent
S/N cut used, they are statistically the same.
We estimate the luminosity of M33’s stellar halo by

assuming a spherically symmetric smooth halo, and then
integrating to obtain an estimate. For the first estimate,
we use only the radii within which we have data (i.e., 0.88
" r " 3.75 degrees) to obtain 8.3 x 103 " LM33,halo,V "
8.4 x 106L!. For the second estimate, we extrapolate the
models inward to M33’s centre, and outward to the virial
radius of M33 (i.e., r " 10.6 degrees), to get estimates of
1.2 x 105 " LM33,halo,V " 2.2 x 107L!.
To estimate an equivalent surface brightness scale, we

use the conversion for nRGB < 350 stars degree"2 from
Figure 15 of McConnachie et al. (2010). Using this con-
version, we obtain a peak surface brightness of µV !
33.2 mag arcsec"2. (If we had instead used the nRGB >
350 stars degree"2 conversion we would obtain a peak
of µV ! 32.8 mag arcsec"2.) These McConnachie et al.
conversions originated from comparing the RGB candi-
date stars and the total luminosity of Andromeda I. The
number of RGB candidates was corrected to exclude MW
foreground stars. Uncertainties were also introduced be-

Genuine M33 stellar halo



Milky Way foreground “contamination”
Martin et al. (2012)
Fardal et al. (2012)

DGC~30 kpc
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