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The Milky Way and the Local Group

๏Are detailed observations of the Local Group compatible with 
the cosmology?

๏Studying stars to understand galaxy formation

๏The two big spirals: The Milky Way & Andromeda

• Structure (stellar halo, thick disk ⇔ history of formation)

 [break]

๏The dwarf galaxies

• The faint end of galaxy formation

• As a population: test of the cosmology

Near-field cosmology



๏Large scale cosmology is 
now largely understood

• Λ Cold Dark Matter universe

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

Cosmology on galaxy scales
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Cosmology on galaxy scales
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๏Large scale cosmology is 
now largely understood

• Λ Cold Dark Matter universe

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

๏Clear discrepancy between 
dark matter and stellar 
distributions

• “missing satellite crisis” 

• hierarchical build-up?
Springel et al. (2009)



Cosmology on galaxy scales
๏Large scale cosmology is 
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• Λ Cold Dark Matter universe
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at the center of dark matter 
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distributions

• “missing satellite crisis” 

• hierarchical build-up?



12 A.P. Cooper et al.

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)

c© 2009 RAS, MNRAS 000, 1–26

Cooper et al. (2009)
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Cosmology on galaxy scales
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distributions
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• hierarchical build-up?



Different causes produce different halos
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Highest luminosity accretion events
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Luminosity
Johnston et al. (2008)



2MASS (2003)
SDSS (2000–2010)
Pan-STARRS (2010–2014)

PAndAS (2008–2011)

The Local Group as a cosmological laboratory

๏ Need to resolve stars ➝ 100x fainter than with integrated light

• Mainly in Local Group. Large use of large sky-surveys

MW plane

800 kpc



The Spiral galaxies
The Milky Way & Andromeda

William Herschel’ s model of the Milky Way (18th century)



The Spiral galaxies
The Milky Way & Andromeda

DM halo (90% of 
total mass)

Stellar halo (~3% of stars)

Thin disk (~90% of disk stars)Thick 
disk

Bulge

Dwarf galaxies

2 Micron All-Sky Survey



The advent of large-sky surveys

๏Modest 2.5m-telescope

๏Redshift spectroscopic 
survey

๏But…

• also large photometric survey

• quarter of the sky

• systematic coverage

• 5 filters from u (UV) to z (IR)

Sloan Digital Sky Survey



A detour via Color-Magnitude Diagrams
๏Photometric surveys rely on CMD analyses to isolate tracers

• isochrone: stellar population of a given metallicity, age, distance

[Fe/H]

Age
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Red Giant Branch

Main Sequence
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Main Sequence

Sub-Giant Branch

(Horizontal Branch)
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3.3. Overall Distribution of Stellar Number Density

Traditionally, the stellar distribution of the Milky Way has
been decomposed into several components: the thin and thick
disks, the central bulge, and a much more extended and tenuous

halo. While it is clear from the preceding discussion that there
are a number of overdensities that complicate this simple model,
the dynamic range of the number density variation in the Gal-
axy (orders of magnitude) is large compared to the local density
excess due to those features (a factor of a few). Hence, it should

Fig. 10.—Stellar number density as a function of Galactic cylindrical coordinatesR (distance from the axis of symmetry) and Z (distance from the plane of the Sun), for
different r ! i color bins, as marked in each panel. Each pixel value is themean for all polar angles !. The density is shown on a natural log scale and coded from blue to red
(black pixels are regions without the data). Note that the distance scale greatly varies from the top left to the bottom right panel; the size of the bottom right panel is roughly
equal to the size of four pixels in the top left panel. Each white dotted rectangle denotes the bounding box of the region containing the data on the subsequent panel.

MILKY WAY TOMOGRAPHY WITH SDSS. I. 877No. 2, 2008
A tomography of the Milky Way

666 DE JONG ET AL. Vol. 714

Figure 3. Hess diagram (grayscale) of the SEGUE scan at l = 94◦ and b > 30◦,
in dereddened (g, g − r). Overplotted are isochrones corresponding to the three
template stellar populations fit to the data. From right to left the isochrones are
for the “thick-disk-like” ([Fe/H] = −0.7), the “inner-halo-like” intermediate
metallicity ([Fe/H] = −1.3) and the “outer-halo-like” metal-poor ([Fe/H] =
−2.2) populations.
(A color version of this figure is available in the online journal.)

color range. We adopt three different metallicity bins, [Fe/H] =
−0.7, −1.3, and −2.2, respectively. All template populations
have the same age range of 10.1 < log[t/yr] < 10.2, and an
assumed binary fraction of 0.5. For convenience, we choose a
nomenclature for these components that is based on the previous
work: we refer to [Fe/H] = −0.7 as a thick-disk-like popula-
tion and, following Carollo et al. (2007), refer to the [Fe/H] =
−1.3 and −2.2 templates as the two halo populations, namely,
an inner-halo-like and outer-halo-like population, respectively.
Note, however, that in our subsequent analysis this choice of
terms neither immediately prejudges the geometry, nor implies
that these components are “distinct.” We simply presume that
these three components are sufficient to completely describe
the stellar populations at any point that is at least 1 kpc above
or below the Galactic mid-plane. Isochrones corresponding to
these population templates are overplotted on Figure 3. The
colors of the MSTO of populations 1 and 2 match the color
of the prominent upper and lower plumes of MSTO stars in
Figure 3, respectively, while the third population has a bluer
MSTO. Using a coarse grid of metallicities means that for stars
with a metallicity different from any of the template popula-
tions a discrepant distance is inferred, as the brightness of the
MS depends is metallicity dependent (see Figure 3). The magni-
tude offsets in this case are ∼0.3 and ∼0.5 mag, going from the
highest ([Fe/H] = −0.7) to the lowest metallicity ([Fe/H] =
−2.2) isochrone. As stars with intermediate metallicities will
be interpolated between the template populations, this trans-
lates into distance uncertainties of at most 10%. The other con-
tributions to the distance uncertainty are inaccuracies in the
isochrones and the photometric uncertainties, both of which are
expected to be much smaller. The overall distance uncertainty
is therefore of order 10%.

We deliberately choose to avoid fitting the thin disk, because
a template population with more typical thin-disk populations
should have a large range in age and metallicity and would be
difficult to distinguish from a combination of the three templates
described above. Hence, when presenting and interpreting our
results, we will ignore the distance ranges where the thin disk
is expected to be an important contribution to the star counts,
and only consider regions with Z > 1.0 kpc, or roughly four
thin-disk scale heights.

All stars with 15 < g < 21.5, 15 < r < 21.0 and
0.1 < g − r < 0.8 are used in the fits, with Hess diagram pixel
sizes of 0.07 in color and 0.2 in magnitude. This resolution is
sufficient to resolve the features on which the analysis depends,
but still ensures sufficient signal-to-noise per pixel. The color-
cut of g − r < 0.8 eliminates the issue of fitting the faint, red
thin-disk stars. For each of the templates, model CMDs are
created for a range of distance moduli. The magnitude limits
used in the fits (15 < g < 21.5) correspond to distance limit
for MSTO stars of roughly 1.5 kpc < D < 25 kpc. Since the
MSTO stars provide the best constraints for these CMD fits,
only this distance range will be analyzed. However, to avoid
edge effects, model templates are created for distance moduli
between 5.0 (100 pc) and 20.0 (100 kpc) in steps of 0.2 mag
(∼10% distance bins). MATCH then determines the best-fitting
combination of model CMDs. Subsequently, the uncertainties
on the obtained results are determined by refitting Monte Carlo
realizations of each CMD drawn from its best-fit model, as
described in Dolphin (2001). It is again important to note the
difference between this approach and using stars of a particular
spectral type to make three-dimensional maps of the Milky Way
(as in, e.g., Jurić et al. 2008). The CMD fitting will give a
direct, high signal-to-noise map of the stellar mass density, even
if the stellar populations are spatially varying. This approach
also utilizes the information for stars of different spectral types
(colors, luminosities) simultaneously.

A comparison of the best-fit model with the CMD data for
the region at l = 94◦ and b = +30◦ (the same field as shown
in the lower left panel of Figure 2) is presented in Figure 4.
Although the model is not perfect (which perhaps should not
be expected due to the simple model population make-up), the
general features of the density distribution are well reproduced.
The mean residuals are 25% of the mean star counts across the
portion of the CMD used in the fit.

4. RESULTS

Rather than the stellar mass or the number of stars, the
CMD fitting software provides the star formation rate (SFR)
in M$ yr−1 corresponding to each population template for
each distance modulus bin. However, these SFRs can easily
be converted to the spatial stellar mass density using

ρ∗,p = 3
ω

(
D3

2 − D3
1

) × SFRp∆t, (1)

where SFRp is the star formation rate in M$ yr−1 of template
population p, ∆t is the width of the age bin, ω is the solid angle
in steradian corresponding to each CMD, and D1 and D2 are the
distances corresponding to the limits of the distance modulus
bin. The 2001 MATCH version uses a single power-law initial
mass function (IMF). In this analysis we opt for a Salpeter IMF
(Salpeter 1955) with cutoffs at 0.1 and 120 M$, which yields a
total mass of about a factor of 2 higher than currently favored
IMFs (e.g., Kroupa et al. 1993) for old populations (see also

CMD ➝ density maps Juric et al. (2008)
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components (the ‘‘thin’’ and the ‘‘thick’’ disk), allowing for dif-
ferent scale lengths and heights of each component,

!D(R; Z) ¼ !D(R; Z; L1;H1)þ f !D(R; Z; L2;H2); ð22Þ

where

!D(R; Z; L;H ) ¼ !D(R%; 0)e
R%=L exp &R

L
& Z þ Z%

H

! "
; ð23Þ

Fig. 15.—Vertical (Z ) distribution of SDSS stellar counts for R ¼ 8 kpc and
different r & i color bins, as marked. The lines are exponential models fitted to the
points. The dashed lines in the top panel correspond to a fit with a single,
exponential disk having a 270 pc scale height. The vertical dot-dashed line marks
the position of the density maximum and implies a solar offset from the Galactic
plane of '20 pc. The dashed line in the middle panel corresponds to a sum of two
disks with scale heights of 270 and 1200 pc and a relative normalization of 0.04
(the ‘‘thin’’ and the ‘‘thick’’ disks). The dot-dashed line is the contribution of the
1200 pc disk. Note that its contribution becomes important for jZj> 1000 pc. The
dashed line in the bottom panel (closely following the data points) corresponds to a
sum of two disks (with scale heights of 260 and 1000 pc and the relative normali-
zation of 0.06), a power-law spherical halo with power-law index of 2, and a rela-
tive normalization with respect to the 260 pc disk of 4:5 ; 10&4. The dashed line is
the contribution of the 260 pc disk, the dot-dashed line is the contribution of the
1000 pc disk, and the halo contribution is shown by the dotted line. Note that both
the disk and halo models shown here are just the initial estimates of model pa-
rameters, based solely on this Z cross section. As we discuss in x 4.3.9, these are not
the only combinations of model parameters fitting the data, and the true model pa-
rameters fitting all of the data are in fact substantially different (Table 10). [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 16.—Radial distribution of SDSS stellar counts for different r & i color
bins and at different heights above the plane, as marked in each panel. The two
dashed lines show the exponential radial dependence of density for scale lengths
of 3000 and 5000 pc (with arbitrary normalization). [See the electronic edition of
the Journal for a color version of this figure.]

JURIĆ ET AL.882 Vol. 673

Halo

Thin disk
Thick disk



The Thick disk

๏Origin?

• accretion of dwarf galaxy?

• migration of stars in disk?

• heating from DM sub-halos

• gas-rich merger?L188 DIERICKX ET AL. Vol. 725

Figure 1. Eccentricity distributions for 28,377 SEGUE stars at a given height range above the midplane. The simulated data are drawn from the simulations used by
Sales et al. (2009).

time. The eccentricity is then defined and given as

e =
rapo − rperi

rapo + rperi
. (1)

The resulting distributions of observed orbital eccentricities
are shown—as red histograms—in Figure 1, taken over height
ranges 1 < |zscaled| < 3.

3.2. Eccentricity Uncertainties

Before discussing these distributions, we assess the impact of
two important error sources on these distributions: the individual
phase-space uncertainties and the choice of the potential. For
each stellar ("r, "v)i with its associated (δ"r, δ"v)i , we created 100
Monte Carlo realizations of phase space coordinates, calculated
the eccentricities, and created 100 realizations of the eccentricity
histogram. These showed that the individual measurement
uncertainties result in little variance in the eccentricity histogram
and also cause no significant bias (e.g., away from small
eccentricities). We also explored what the impact of a 5%
systematic uncertainty in the distance (from the Sun) would
be and found the effect on p(e|z) to be small. We also compared
p(e|z) resulting from our choice of the simplistic logarithmic
potential to the distribution produced by a more complex (and
realistic) potential, consisting of a logarithmic halo, a Hernquist
bulge, and a Miyamoto-Nagai disk (e.g., Johnston et al. 1999).
The one-to-one correlation of the resulting eccentricities showed
very little scatter for eccentricities less than 0.6. For higher
eccentricities, the two estimates still show a good correlation,
but with some net bias to larger eccentricities in the three-
component potential. Adopting this more complex form for the
potential would leave p(e|z) largely unaffected for e < 0.6
and slightly boost the high-eccentricity tail. We also explored
the impact of changing vc by ± 10 km s−1 in the logarithmic
potential context and found it to have no significant influence

on the eccentricity distribution. This is because vc enters both
into the transformation to the Galactic rest frame and into the
gravitational potential.

3.3. Cutting the Sample

To focus on the eccentricity distribution of thick disk stars and
to minimize the contribution from the halo, we only consider
stars with tangential velocity vΦ greater than 50 km s−1 in
the Galactocentric rest-frame system (i.e., we remove all stars
on slowly rotating and retrograde orbits, consistent with Sales
et al. 2009). The effect of this cutoff on the overall shape of
the eccentricity distribution is negligible. We also eliminated
the small fraction of stars with metallicity [Fe/H] ! −1.2,
as they may be chemically attributable to the halo (e.g.,
Figure 4 of Carollo et al. 2010). While this may cut out a few
stars of the “Metal-Weak Thick Disk” (Carollo et al. 2010), it
does not affect the overall result for the histograms in Figure 1,
except for somewhat reducing the incidence of very high
eccentricities (e " 0.6). For Figure 2, omitting the metallicity
cutoff strengthens the peaks at e ≈ 0.3–0.4 of the eccentricity
distributions corresponding to the two height bins most distant
from the galactic midplane. We return to the question of the
correlation between kinematics and metallicity at the end,
though it was not explicitly considered by Sales et al. (2009).
Together, these restrictions remove 10.01% of stars in the
original data set, with 28,377 stars left.

4. RESULTS

We now turn our attention to the main result of this Letter, the
comparison of the observed eccentricity distributions derived
from SDSS/SEGUE G-dwarfs with the model predictions by
Sales et al. (2009); this comparison is summarized in Figure 1,
where the panels are in the same order as in Sales et al. (2009,
their Figure 3). The red histograms show the observed p(e|z) for

Dierickx et al. (2010)
-31,535 SDSS spectra
-1 < |z| < 3 kpc
-6d information

•positions
•radial velocities
•proper motions

Kinematics as a diagnostic of the MW past history



The stellar halo
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Figure 3. Hess diagram (grayscale) of the SEGUE scan at l = 94◦ and b > 30◦,
in dereddened (g, g − r). Overplotted are isochrones corresponding to the three
template stellar populations fit to the data. From right to left the isochrones are
for the “thick-disk-like” ([Fe/H] = −0.7), the “inner-halo-like” intermediate
metallicity ([Fe/H] = −1.3) and the “outer-halo-like” metal-poor ([Fe/H] =
−2.2) populations.
(A color version of this figure is available in the online journal.)

color range. We adopt three different metallicity bins, [Fe/H] =
−0.7, −1.3, and −2.2, respectively. All template populations
have the same age range of 10.1 < log[t/yr] < 10.2, and an
assumed binary fraction of 0.5. For convenience, we choose a
nomenclature for these components that is based on the previous
work: we refer to [Fe/H] = −0.7 as a thick-disk-like popula-
tion and, following Carollo et al. (2007), refer to the [Fe/H] =
−1.3 and −2.2 templates as the two halo populations, namely,
an inner-halo-like and outer-halo-like population, respectively.
Note, however, that in our subsequent analysis this choice of
terms neither immediately prejudges the geometry, nor implies
that these components are “distinct.” We simply presume that
these three components are sufficient to completely describe
the stellar populations at any point that is at least 1 kpc above
or below the Galactic mid-plane. Isochrones corresponding to
these population templates are overplotted on Figure 3. The
colors of the MSTO of populations 1 and 2 match the color
of the prominent upper and lower plumes of MSTO stars in
Figure 3, respectively, while the third population has a bluer
MSTO. Using a coarse grid of metallicities means that for stars
with a metallicity different from any of the template popula-
tions a discrepant distance is inferred, as the brightness of the
MS depends is metallicity dependent (see Figure 3). The magni-
tude offsets in this case are ∼0.3 and ∼0.5 mag, going from the
highest ([Fe/H] = −0.7) to the lowest metallicity ([Fe/H] =
−2.2) isochrone. As stars with intermediate metallicities will
be interpolated between the template populations, this trans-
lates into distance uncertainties of at most 10%. The other con-
tributions to the distance uncertainty are inaccuracies in the
isochrones and the photometric uncertainties, both of which are
expected to be much smaller. The overall distance uncertainty
is therefore of order 10%.

We deliberately choose to avoid fitting the thin disk, because
a template population with more typical thin-disk populations
should have a large range in age and metallicity and would be
difficult to distinguish from a combination of the three templates
described above. Hence, when presenting and interpreting our
results, we will ignore the distance ranges where the thin disk
is expected to be an important contribution to the star counts,
and only consider regions with Z > 1.0 kpc, or roughly four
thin-disk scale heights.

All stars with 15 < g < 21.5, 15 < r < 21.0 and
0.1 < g − r < 0.8 are used in the fits, with Hess diagram pixel
sizes of 0.07 in color and 0.2 in magnitude. This resolution is
sufficient to resolve the features on which the analysis depends,
but still ensures sufficient signal-to-noise per pixel. The color-
cut of g − r < 0.8 eliminates the issue of fitting the faint, red
thin-disk stars. For each of the templates, model CMDs are
created for a range of distance moduli. The magnitude limits
used in the fits (15 < g < 21.5) correspond to distance limit
for MSTO stars of roughly 1.5 kpc < D < 25 kpc. Since the
MSTO stars provide the best constraints for these CMD fits,
only this distance range will be analyzed. However, to avoid
edge effects, model templates are created for distance moduli
between 5.0 (100 pc) and 20.0 (100 kpc) in steps of 0.2 mag
(∼10% distance bins). MATCH then determines the best-fitting
combination of model CMDs. Subsequently, the uncertainties
on the obtained results are determined by refitting Monte Carlo
realizations of each CMD drawn from its best-fit model, as
described in Dolphin (2001). It is again important to note the
difference between this approach and using stars of a particular
spectral type to make three-dimensional maps of the Milky Way
(as in, e.g., Jurić et al. 2008). The CMD fitting will give a
direct, high signal-to-noise map of the stellar mass density, even
if the stellar populations are spatially varying. This approach
also utilizes the information for stars of different spectral types
(colors, luminosities) simultaneously.

A comparison of the best-fit model with the CMD data for
the region at l = 94◦ and b = +30◦ (the same field as shown
in the lower left panel of Figure 2) is presented in Figure 4.
Although the model is not perfect (which perhaps should not
be expected due to the simple model population make-up), the
general features of the density distribution are well reproduced.
The mean residuals are 25% of the mean star counts across the
portion of the CMD used in the fit.

4. RESULTS

Rather than the stellar mass or the number of stars, the
CMD fitting software provides the star formation rate (SFR)
in M$ yr−1 corresponding to each population template for
each distance modulus bin. However, these SFRs can easily
be converted to the spatial stellar mass density using

ρ∗,p = 3
ω

(
D3

2 − D3
1

) × SFRp∆t, (1)

where SFRp is the star formation rate in M$ yr−1 of template
population p, ∆t is the width of the age bin, ω is the solid angle
in steradian corresponding to each CMD, and D1 and D2 are the
distances corresponding to the limits of the distance modulus
bin. The 2001 MATCH version uses a single power-law initial
mass function (IMF). In this analysis we opt for a Salpeter IMF
(Salpeter 1955) with cutoffs at 0.1 and 120 M$, which yields a
total mass of about a factor of 2 higher than currently favored
IMFs (e.g., Kroupa et al. 1993) for old populations (see also

3.3. Overall Distribution of Stellar Number Density

Traditionally, the stellar distribution of the Milky Way has
been decomposed into several components: the thin and thick
disks, the central bulge, and a much more extended and tenuous

halo. While it is clear from the preceding discussion that there
are a number of overdensities that complicate this simple model,
the dynamic range of the number density variation in the Gal-
axy (orders of magnitude) is large compared to the local density
excess due to those features (a factor of a few). Hence, it should

Fig. 10.—Stellar number density as a function of Galactic cylindrical coordinatesR (distance from the axis of symmetry) and Z (distance from the plane of the Sun), for
different r ! i color bins, as marked in each panel. Each pixel value is themean for all polar angles !. The density is shown on a natural log scale and coded from blue to red
(black pixels are regions without the data). Note that the distance scale greatly varies from the top left to the bottom right panel; the size of the bottom right panel is roughly
equal to the size of four pixels in the top left panel. Each white dotted rectangle denotes the bounding box of the region containing the data on the subsequent panel.
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de Jong et al. (2010)

Juric et al. (2008)



The stellar halo
A view from inside

Belokurov et al. (2006)

Substructure in the Aquarius stellar halos 3

FIG. 2.— Sky distribution of RGB stars located at “heliocentric” distances [10, 30] kpc (top) and [30,50] kpc (bottom) for the set of Aquarius stellar halos.

the Milky Way halo.
We also find structures that resemble the Orphan stream. Al-

though they are not common at small radii, very low surface
brightness thin streams are present, and can be found as close
as 10 kpc from the halo center. Typically they have elongated
orbits, and their characteristic apocentric distances range from
30 kpc up to∼ 130 kpc. This explains why they have remained
coherent despite the triaxial shape of the halo (and the grain-
iness of the potential). Such streams originate in low mass
galaxies. For example, the progenitor of the thin stream shown
in Fig. 3 had a total mass of 1.2 × 108 M!, a stellar mass of
105 M! and was accreted into Aq-A at z = 5, i.e. ∼ 12.5 Gyr
ago.

3.2. The “Field of Streams”
The previous figures show that in our simulations, streams

from different progenitors frequently overlap on the sky. This
is due mostly to the correlated infall pattern of the progeni-
tor satellites from which these streams originate. For exam-
ple, Aq-A remains embedded in the same large-scale coherent
filament for ∼ 10 Gyr before the present day, and many of its

FIG. 3.— Sky distribution of RGB stars in Aq-A from the “Sagittarius”
(blue) and “Orphan” (orange) streams analogues. Only those stars located at
distances smaller than 80 kpc from the “Sun” are shown.

satellites have formed in this structure (cf Libeskind et al. 2005,
also Lovell et al. 2010, Vera-Ciro et al. in prep.).
This is exemplified in Fig. 4, which plots the distribution of

MSTO stars (generated following our simple prescription) for
Aq-A in a thin distance slice through a region similar to the
SDSS footprint known as the “Field of Streams” (Belokurov
et al. 2006). Here different colors indicate different progen-
itor systems. The characteristics of this Aquarius “Field of
Streams” are similar to those observed in SDSS. In particu-
lar, we see streams of stars that follow similar paths on the
sky, resembling the bifurcation discovered by Fellhauer et al.
(2006), as well as various broad overdensities. Note that some
of the bifurcations that are apparent do not necessarily arise
from the overlap of streams on the same orbit with different or-
bital phase, but instead correspond to the overlap of streams of
different origin. This implies that measurements of position and
distance alone may be insufficient to associate overdensities in
nearby regions of the sky with a single parent object; therefore
some caution is required when such associations are used to
constrain the shape of the underlying gravitational potential.

3.3. Quantifying the amount of substructure

FIG. 4.— Distribution of MSTO stars in the Aquarius “Field of Streams”
colored according to provenance. The region of the sky shown here has a
similar extent to the SDSS footprint, but the model “stars” are located in a thin
slice of 1 kpc width at a distance of ∼ 35 kpc.

Helmi et al. 2010



Are structures consistent with ΛCDM?
MW

with Sgr stream
without Sgr stream

Sub-structure is important and far from 
being produced only by the Sgr stream.

Bell et al. (2008)





The stellar halo
A view from inside

Belokurov et al. (2006)



2MASS (2003)
SDSS (2000–2010)
Pan-STARRS (2010–2014)

PAndAS (2008–2011)

MW plane

800 kpc



Andromeda

๏M31 @ ~800 kpc

• Reachable 

• Not as detailed as MW

• But a panoramic view

๏PAndAS

• 45-minute observations/deg2

• 4m telescope (CFHT)

• 2 bands (g and i)

The Panoramic Andromeda Archaeological Survey
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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)

c© 2009 RAS, MNRAS 000, 1–26

Cooper et al. (2009)

kpc

๏Using detailed obs of galaxy structure to 
test cosmology/galaxy formation

• amount of structure in qualitative 
agreement with simulations

๏ Panoramic view from large surveys 
(2MASS, SDSS, Pan-STARRS, PAndAS…)

• using CMD tracers (MSTO stars, BHB 
stars, RGB stars)

• accurate mapping of disk, halo,…



Dwarf 
galaxies



๏ 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?

2/3 of the 
stellar mass

Contribution of galaxies of mass M 
to the universe’s stellar content



๏ Interesting in their own right

• Is there a faint limit to galaxy 
formation?

๏ Interesting as a population

• Do they follow cosmology 
predictions?

Dwarf galaxies

??



๏~20 dwarf galaxies known 
until 2003

๏Many new discoveries

• 12–15 around the MW (SDSS)

• ~20 around M31 (mainly 
PAndAS)

Where the Local Group comes into play





The Hercules dwarf galaxy view by the LBT (Coleman et al. 2007)



Globular
Clusters

Surface 
brightness 
limit

Dwarf galaxies

The Milky Way satellite system

Martin et al. (2008)



Dwarf galaxies vs. Globular Clusters– 32 –

Draco Ursa Minor Sextans

0 2 4

Carina

0 2 4

Leo I

0 2 4

Leo II

0 5 10 15

Omega Centauri

0 5 10 15

Mass follows light

Fig. 2.— Observed line-of-sight velocity dispersion profiles for six dSph galaxies. Also shown

(lower right) is the model predicted dispersion profile for a Plummer model in which mass
follows light. The lower left panel shows the observed velocity dispersion profile for the

globular cluster Omega Cen from Seitzer (1983). The similarity between the Plummer ‘mass
follows light’ model and the data for Omega Cen is apparent, with a monotonic decrease

in dispersion from a central maximum. In contrast, the dSph galaxies do not have their
maximum dispersion value at the centre, and retain relatively high dispersions at large radii,
indicating extended (dark) mass distributions.

Dwarf 
galaxies:

extended 
dark matter

halos

Globular 
Cluster:
no dark 
matter
Gilmore et al. (2007)



Estimating masses

๏Velocity dispersion ➝ 
instantaneous mass estimate of 
the system

• Jeans equation – for a collisionless, 
spherical system, in equilibrium

vel. disp.

orbit anisotropystellar density 
distribution

DM

tracers

50 pc – 2 kpc

kiloparsecs

β = 1− �v2t �
�v2r�



The mass of spheroidal systems

Wolf et al. (2010)

1230 J. Wolf et al.

Figure 4. Left: the half I-band luminosity L1/2 versus half-light mass M1/2 for a broad population of spheroidal galaxies. Middle: the dynamical I-band
half-light mass-to-light ratio ϒI

1/2 versus M1/2 relation. Right: the equivalent ϒI
1/2 versus total I-band luminosity LI = 2 L1/2 relation. The solid line in the

left-hand panel guides the eye with M1/2 = L1/2 in solar units. The solid, coloured points are all derived using our full mass likelihood analysis and their
specific symbols/colours are linked to galaxy types as described in Fig. 2. The I-band luminosities for the MW dSph and GC population were determined by
adopting M92’s V − I = 0.88. All open, black points are taken from the literature as follows. Those with M1/2 > 108 M" are modelled using equation (2)
with σlos and r1/2 culled from the compilation of Zaritsky et al. (2006): triangles for dwarf ellipticals (Geha, Guhathakurta & van der Marel 2003), inverse
triangles for ellipticals (Jørgensen, Franx & Kjaergaard 1996; Matković & Guzmán 2005), plus signs for brightest cluster galaxies (Oegerle & Hoessel 1991)
and asterisks for cluster spheroids, which, following Zaritsky et al. (2006), include the combination of the central brightest cluster galaxy and the extended
intracluster light. Stars indicate globular clusters, with the subset of open, black stars taken from Pryor & Meylan (1993).

more massive counterparts (Bovill & Ricotti 2009; Bullock et al.
2009).

4.2 The global population of dispersion-supported
stellar systems

A second example of how accurate M1/2 determinations may be
used to constrain galaxy formation scenarios is presented in Fig. 4,
where we examine the relationship between the half-light mass M1/2

and the half-light I-band luminosity L1/2 = 0.5LI for the full range
of dispersion-supported stellar systems in the Universe: globular
clusters, dSphs, dwarf ellipticals, ellipticals, brightest cluster galax-
ies and extended cluster spheroids. Each symbol type is matched
to a galaxy type as detailed in the caption. We provide three rep-
resentations of the same information in order to highlight different
aspects of the relationships: M1/2 versus L1/2 (left-hand panel),
the dynamical I-band mass-to-light ratio within the half-light ra-
dius ϒ I

1/2 versus M1/2 (middle panel) and ϒ I
1/2 versus total I-band

luminosity LI (right-hand panel).
Masses for the coloured points are derived using our full mass

likelihood approach and follow the same colour and symbol con-
vention as in Fig. 2. All of the black points that represent galaxies
were modelled using equation (2) with published σlos and r1/2 values
from the literature.13 The middle and right-hand panels are inspired
by (and qualitatively consistent with) figs 9 and 10 from Zaritsky,
Gonzalez & Zabludoff (2006), who presented estimated dynamical
mass-to-light ratios as a function of σlos for spheroidal galaxies that
spanned two orders of magnitude in σlos.

We note that the asterisks in Fig. 4 are cluster spheroids (Zaritsky
et al. 2006), which are defined for any galaxy cluster to be the sum
of the extended low-surface brightness intracluster light component
and the brightest cluster galaxy’s light. These two components are
difficult to disentangle, but the total light tends to be dominated

13 The masses for the open, black stars (globular clusters) were taken directly
from Pryor & Meylan (1993).

by the intracluster piece. One might argue that the total cluster
spheroid is more relevant than the brightest cluster galaxy because
it allows one to compare the dominant stellar spheroids associated
with individual dark matter haloes over a very wide mass range
self-consistently. Had we included analogous diffuse light compo-
nents around less massive galaxies (e.g. stellar haloes around field
ellipticals) the figure would change very little, because halo light is
of minimal importance for the total luminosity in less massive sys-
tems (see Purcell, Bullock & Zentner 2007). One concern is that the
central cluster spheroid mass estimates here suffer from a potential
systematic bias because they rely on the measured velocity disper-
sion of cluster galaxies for σlos rather than the velocity dispersion of
the cluster spheroid itself, which is very hard to measure (Zaritsky
et al. 2006).14 For completeness, we have included brightest cluster
galaxies on this diagram (plus signs) and they tend to smoothly fill
in the region between large Es (inverse triangles) and the cluster
spheroids (asterisks).

There are several noteworthy aspects to Fig. 4, which are each
highlighted in a slightly different fashion in the three panels. First,
as seen most clearly in the middle and right-hand panels, the dy-
namical half-light mass-to-light ratios of spheroidal galaxies in the
Universe demonstrate a minimum at ϒ I

1/2 # 2–4 that spans a re-
markably broad range of masses M1/2 # 109−11 M" and luminosi-
ties LI # 108.5−10.5 L". It is interesting to note the offset in the av-
erage dynamical mass-to-light ratios between globular clusters and
L# ellipticals, which may suggest that even within r1/2, dark matter
may constitute the majority of the mass content of L# Es. Neverthe-
less, it seems that dark matter plays a clearly dominant dynamical
role (ϒ I

1/2 ! 5) within r1/2 in only the most extreme systems (see
similar results by Dabringhausen, Hilker & Kroupa 2008; Forbes
et al. 2008, who study slightly more limited ranges of spheroidal
galaxy luminosities). The dramatic increase in dynamical half-light

14 In addition, concerns exist with the assumption of dynamical equilibrium.
However, Willman et al. (2004) demonstrated with a simulation that using
the intracluster stars as tracers of cluster mass is accurate to ∼10 per cent.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, 1220–1237
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๏Automatically fitting distance, metallicity, age from the CMD

๏Complex SFH

• fundamentally different from star clusters

• Spread in [Fe/H]

Boötes I χ2 (distance)

They have complex stellar populations
de Jong et al. (2008)

No. 4, 2008 NUMERICAL CMD ANALYSIS OF SDSS DATA 1377

Figure 15. Same as Figure 13, but for the red part (g − r > 0.3) of the Leo T CMD (upper panels) and for the blue part (lower panels).

Figure 16. Same as Figure 7 but showing the SFHs and age metallicity relations for Boo, CVn I, Leo T, and UMa II.

different parameters make it impossible for MATCH to constrain
the stellar population parameters in a statistically significant
way. Although Walsh et al. (2007) show that the SDSS CMD of
Boo II is consistent with Boo II having similar metallicity, age,
and distance as Boo I, the SDSS data alone do not support any
significant constraints on any of these properties. The only way
to get such constraints is by obtaining deeper follow-up data.

CVn I. Being the brightest of the 12 objects analyzed here,
CVn I has a well-populated RGB and HB. This helps us to
increase the robustness of the constraints we obtain from the
SC fits. Although at the edge of the sensitivity limits of SDSS,
the HB enables the determination of the distance. Moreover,
the extent of the HB to very blue colors requires the stars in
CVn I to be both old and metal-poor. This constraint on the
metallicity is further enhanced by the slope of the RGB. To-
gether, the extended HB and RGB thus can provide robust con-
straints on the properties of the dominant stellar population. The

distance modulus we find is slightly smaller than that found
in the literature, but not significantly so. The metallicity of
[Fe/H] = −1.8 ± 0.2 falls nicely within the range of metal-
licities observed by Ibata et al. (2006). Although an age of
14 ± 2 Gyr fits the CMD best, the SFH shows
two peaks. The oldest star-forming episode in the 10–
16 Gyr bin is dominant in terms of the number of
stars and drives the SC fits, but the peak in the 2.5–
4 Gyr bin is equally significant. For the old stars, the metal-
licity is found to be close to [Fe/H] = −2, while the younger
stars have metallicities around [Fe/H] = −1.5. It should be
noted that the young population found here is not caused by the
algorithm attempting to fit BHB stars, as is the case for M15 in
Figure 7. Stars belonging to this young population only appear
in the regions of the CMD where the RGB and the red part of
the HB are located. The presence of two populations is there-
fore purely based on the RGB morphology and the density of

old starsyoung stars
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Globular
Clusters

Dwarf galaxies

The Milky Way satellite system

high M
/L ratio

“single” stellar pops
“complex” stellar pops

low M/L ratio



Testing the cosmology with dwarf galaxies

๏Observed galaxies are broadly 
reproduced

• galaxies with a few 100s of stars are 
expected

• Will we be able to find them?

Koposov et al. (2009)
Macciò et al. (2009)
Cooper et al. (2010)

……

Galactic stellar haloes in the CDM model 5

proximation by the existing GALFORM model and parameterization

of Bower et al. (2006).

Many of the physical processes of greatest relevance to galaxy

formation on small scales were explored within the context of semi-

analytic modelling by Benson et al. (2002b). Of particular sig-

nificance are the suppression of baryon accretion and cooling in

low mass haloes as the result of photoheating by a cosmic ioniz-

ing background, and the ‘catastrophic’ effect of supernova feed-

back in shallow potential wells. Together, these effects constitute a

straightforward astrophysical explanation for the disparity between

the number of low mass dark subhaloes found in N-body simula-

tions of Milky Way-mass hosts and the far smaller number of lumi-

nous satellites observed around theMilkyWay (the so-called ‘miss-

ing satellite’ problem). Recent discoveries of faint dwarf satellites

and an improved understanding of the completeness of the Milky

Way sample (Koposov et al. 2008; Tollerud et al. 2008, and refs.

therein) have reduced the deficit of observed satellites, to the point

of qualitative agreement with the prediction of the model ofBenson

et al. (2002b). Therefore, at issue now is the quality (rather than the

lack) of agreement between such models and the data.

A model producing a satellite luminosity function consistent

with expectations of completeness-corrected observations is a fun-

damental prerequisite for the work presented here, in which a pro-

portion of the total satellite population provides the raw material

for the assembly of stellar haloes. As we describe our fiducial GAL-

FORM model, we pay particular attention to the suppressive effect

of photoheating. This is the most significant process shaping the

faint end of the satellite luminosity function if, as we assume here,

the strength of supernova feedback is fixed by constraints on the

galaxy population as a whole.

A simple model of reionization heating based on a halo mass

dependent cooling threshold (Benson et al. 2003) is implemented

in the Bower et al. (2006) model of GALFORM. This threshold is

set by parameters termed Vcut and zcut. No gas is allowed to cool

within haloes having a circular velocity below Vcut at redshifts be-

low zcut. To good approximation, this scheme reproduces the link

between the suppression of cooling and the evolution of the ‘filter-

ing mass’ (as defined by Gnedin 2000) found in the more detailed

model of Benson et al. (2002b), where photoheating of the inter-

galactic medium was modelled explicitly. In practice, in this sim-

ple model, the value of Vcut is most important. Variations in zcut

within plausible bounds have a less significant effect on the z = 0
luminosity function.

As stated above, we adopt as a fiducial model the GALFORM

implementation and parameters of Bower et al. (2006). However,

we make a single parameter change, lowering the value of Vcut

from 50 kms−1 to 30 kms−1. This choice is motivated by recent

ab initio cosmological galaxy formation simulations incorporating

the effects of photoionization self-consistently (Okamoto, Gao &

Theuns 2008; Okamoto & Frenk 2009; Okamoto et al. 2009). These

studies find that values of Vcut ∼ 25 − 35 kms−1 are preferable

to the higher value suggested by the results of Gnedin (2000) and

adopted in previous semi-analytic models (e.g. Somerville 2002;

Bower et al. 2006; Croton et al. 2006; Li et al. 2009).

The V-band satellite luminosity function resulting from the

application of the GALFORMmodel described above to each Aquar-

ius halo is shown in Fig. 1. Satellites are defined as all galax-

ies within a radius of 280 kpc from the centre of potential in the

principal halo, equivalent to the limiting distance of the Koposov

et al. (2008) completeness-corrected observational sample. These

luminosity functions are measured from the particle realisations

of satellites that we describe in the following section, and not di-

Figure 1. The cumulative V-band luminosity functions (LFs) of satellite

galaxies for the six Aquarius haloes, adopting in GALFORM the parame-

ters of Bower et al. (2006) with Vcut = 30 km s−1. These LFs are those

of our ‘particle’ (rather than semi-analytic) realisations of satellites (Sec-

tion 3), and thus include the effect of tidal stripping, although this makes

only a small difference to the original semi-analytic LF. All galaxies within

280 kpc of the halo centre are counted as satellites (the total number of

contributing satellites in each halo is indicated in the legend). The stepped

line (grey, with error bars) shows the observed mean luminosity function

found by Koposov et al. (2008) for the MW and M31 satellite system

(also to 280 kpc), assuming an NFW distribution for satellites in correct-

ing for SDSS sky coverage and detection efficiency below Mv = −10.
The colour-coding of our haloes in this figure is used throughout.

rectly from the semi-analytic model. They therefore account for

the effects of tidal stripping, although these are minor: the fraction

of satellites brighter than MV = −10 is reduced very slightly in
some of the haloes. In agreement with the findings of Benson et al.

(2002a), the model matches the faint end of the luminosity function

well, but fewer bright satellites are found in each of our six models

than are observed in the mean of the Milky Way + M31 system,

although the number of objects concerned is small. The true abun-

dance of bright satellites for Milky Way-mass hosts is poorly con-

strained at present, so it is unclear whether or not this discrepancy

reflects cosmic variance, a disparity in mass between the Aquarius

haloes and the Milky Way halo, or a shortcoming of our fiducial

Bower et al. (2006) model. A modification of this model in which

the tidal stripping of hot gas coronae around infalling satellites is

explicitly calculated (rather than assuming instantaneous removal;

see Font et al. 2008)) produces an acceptable abundance of bright

satellites.

Within GALFORM, cold gas is transferred from tidally de-

stroyed satellites to the disc of the central galaxy when their host

subhaloes are no longer identified at the resolution limit imposed

by SUBFIND. In the Aq-2 simulations this corresponds to a mini-

mum resolved dark halo mass of∼ 3 × 105M$. In the GALFORM
model of Bower et al. (2006), which does not include tidal stripping

or a ‘stellar halo’ component, the satellite galaxy is considered to

be fully disrupted (merged) at this point: its stars are transferred to

the bulge component of the central galaxy. By contrast, our parti-

c© 2009 RAS, MNRAS 000, 1–26
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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)

c© 2009 RAS, MNRAS 000, 1–26
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Figure 4. Projected half-light radius (left), mean luminosity-weighted 1D velocity dispersion (centre) and central surface brightness (right) of simulated

satellite galaxies (defined by rGC < 280 kpc) that survive in all haloes at z = 0, as a function of absolute V-band magnitude. Observational data for Milky
Way and M31 satellites are shown as orange symbols; values are from Mateo (1998) and other authors as follows: bright satellites (triangles pointing right,

Grebel, Gallagher & Harbeck 2003); faint MW satellites discovered since 2005 (triangles pointing up, Martin, de Jong & Rix 2008); M31 dwarf spheroidals

(triangles pointing left, McConnachie et al. 2006; Martin et al. 2009); M31 ellipticals (squares); Local Group dwarf spheroidals and dwarf irregulars (stars).

In the central panel we use data for Milky Way satellites only tabulated by Wolf et al. (2009). In the rightmost panel, we plot data for the Milky Way and M31

(Grebel et al. 2003; Martin et al. 2008). A dashed line indicates the surface brightness of an object of a given magnitude with reff = 2.8ε, the gravitational
softening scale (see Section 2.1).

fMB; likewise, a change in fMB from 1% to 3% selects three times

more particles at fixed resolution. Therefore, as fMB = 3% has

converged at the resolution of Aq-3, it is reasonable to expect that

fMB = 1% selects a sufficient number of particles to ensure that

satellite sizes are not dominated by noise at the resolution of Aq-2.

We show below that the most significant contribution to the halo

comes from a handful of well resolved objects withMV < −10,
rather than from the aggregation of many fainter satellites. Addi-

tionally, as demonstrated for example by Peñarrubia, McConnachie

& Navarro (2008a); Peñarrubia, Navarro, &McConnachie (2008b);

Peñarrubia et al. (2009), there is a ‘knife-edge’ between the onset

of stellar stripping and total disruption for stars deeply embedded

within the innermost few percent of the dark matter in a halo. We

conclude that premature stripping resulting from an over-extension

of very small satellites in our model is unlikely to alter the gross

properties of our stellar haloes.

The points raised above in connection with Fig. 3 make clear

that the in vivo particle tagging approach demands extremely high

resolution, near the limits of current cosmological N-body simula-

tions. The choice of fMB = 1% in this approach (from an accept-

able range of 1 − 3%) is not arbitrary. For example, a choice of
fMB = 10% (either as a round-number

For the remainder of this paper we concentrate on the higher

resolution Aq-2 simulations. In Fig. 4 we fix fMB at 1% and com-

pare the surviving satellites from all six of our haloes with observa-

tional data for three properties correlated with absolute magnitude:

effective radius, reff , mean luminosity-weighted line-of-sight ve-

locity dispersion, σ, and central surface brightness, µ0 (although

the latter is not independent of reff ). In all cases our model satel-

lites agree well with the trends and scatter in the data brighter than

MV = −5.

The force softening scale of the simulation (indicated in the

first and third panels by dashed lines) effectively imposes a maxi-

mum density on satellite dark haloes. This corresponds to a radial

scale below which we would expect reff to become independent of

magnitude: Fig. 4 shows the reff(MV) relation becoming vertical
for galaxies fainter than MV ∼ −5 , equivalent to reff ∼ 185 pc.
This resolution-dependent maximum density corresponds to a min-

imum surface brightness at a given magnitude. The low-surface-

brightness limit in the Milky Way data shown in the right-hand

panel of Fig. 4 corresponds to the completeness limit of current

surveys (e.g. Koposov et al. 2008; Tollerud et al. 2008). The lower

surface brightness satellite population predicted by our model is

not, in principle, incompatible with current data.

In Fig. 5 we show the relationship between total luminosity

and the mass of dark matter enclosed within 300 pc,M300, for our

simulated satellites in all haloes. This radial scale is well-resolved

in the level 2 Aquarius simulations (see also Font et al. 2009, in

prep.). Our galaxies show a somewhat steeper trend with luminos-

ity than the data of Strigari et al. (2008), although both show very

little variation, having M300 ∼ 107 M# over five orders of mag-

nitude in luminosity . This remarkable observational result sug-

gests a minimum central density for dark haloes hosting star for-

mation; some authors have interpreted this as evidence for a fun-

damental truncation scale in the primordial fluctuation power spec-

trum. However, in agreement with previous studies using ‘problem-

specific’ semi-analytic models, lower-resolution N-body simula-

tions (Macciò, Kang & Moore 2009; Li et al. 2009; Busha et al.

2009; Koposov et al. 2009), and N-body gasdynamic simulations

(Okamoto & Frenk 2009), we find that this characteristic scale

arises naturally as a result of astrophysical processes including gas

cooling, star formation and feedback inΛCDM dark haloes.

3.3 Defining the stellar halo and satellite galaxies

To conclude this section, we summarise the terminology we adopt

when describing our results. Tagged dark matter particles in the

self-bound haloes and subhaloes identified by SUBFIND consti-

c© 2009 RAS, MNRAS 000, 1–26

log(size) velocity disp. Surf. brightness

M
V

obs. data



A solution to the “missing satellite crisis”
๏ “Semi-Analytic Models”

๏Based on dark matter sub-
halos as predicted

๏Postulated star formation 
suppression:

• if vcirc<10 km/s (H2 cooling 
limit)

• if vcirc<35 km/s after zrei 
(photo-heating)

• after system becomes a 
satellite

๏Adding selection effects

Koposov et al. (2009)

nb of observed 
satellites



What are the faintest galaxies?

๏The ‘realm of galaxies’ has expanded by ~100 since 2003

• A few 100 stars at the bottom of dark matter potential wells

๏Census still incomplete, even around the Milky Way

• Current searches find objects at the surface brightness limit

๏ ‘Galaxy formation’ becomes extremely inefficient in low-mass 
dark matter halos

• It is plausible that many low-mass DM sub-halos are ‘empty’



Summary

๏Looking at stars to understand 
galaxy formation

๏Large surveys have revolutionized 
the field

• structured stellar halos resulting from 
history of formation

• dwarf galaxies can be very faint

๏Limits of star-formation in galaxies?

• presence of “galaxies” without stars is 
likely!


