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Cosmology on (dwarf) galaxy scales

2/3 of the 
stellar mass

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

๏Dwarf galaxies are the most dark-
matter dominated systems
• insight into small-scale DM distribution

• low end of halo mass function

• baryons have small impact on system 
(high M/L)

• study of faint-end galaxy formation: 
hierarchical? SN feedback? 
reionization?



Which dwarf galaxies and why?
๏MOONS' small field of view, number of fibers, southern hemisphere
→ brightest Milky Way dwarf galaxies (Carina, Fornax, Sculptor, … 4–5 in total)

→ chemodynamics of 1000s of stars to:
• constrain the mass and shape of DM halo (detection of DM annihilation, core/cusp)

• study the presence of stellar sub-structures (hierarchical formation, dwarf-dwarf mergers)

• carefully study impact of binaries stars (mainly unknown)

→ chemodynamical decomposition of LMC/SMC outskirts
• hierarchical formation of their stellar halo?

• study of a on-going dwarf/dwarf interaction

๏More difficult but possible (and should be done!)
→ M31, M31 dwarf galaxies, M33, isolated Local Group dwarf galaxies (Sextans A, 

B, NGC 3109, …)



A hope for DM direct detection
๏Faintest (most-DM dominated) 

dwarf galaxies may be best but
• small number of observable 

member stars, doubts on 
virialization, …

→ better to observe brighter systems

๏Now systems with 1k–2k 
observed velocities (Fornax, 
Sculptor)
• significantly above background 

estimations but still large 
uncertainties on modeling

• need more data, more galaxies for 
stacking, …
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Table 1
Classical dSphs Sorted According to Their Distance (Mateo 1998)

dSph d 2rh αc ≈ 2rh
d log10(J med(αc)) log10(J BG(αc))

(kpc) (kpc) (deg) (M2
⊙ kpc−5) (M2

⊙ kpc−5)

Ursa Minor 66 0.56 0.49 11.9+0.1(+0.6)
−0.1(−0.2) 11.2

Sculptor 79 0.52 0.38 11.7+0.0(+0.1)
−0.1(−0.1) 11.1

Draco 82 0.40 0.28 11.8+0.1(+0.2)
−0.1(−0.2) 11.3

Sextans 86 1.36 0.91 11.1+0.6(+1.1)
−0.4(−0.6) 10.1

Carina 101 0.48 0.27 10.8+0.1(+0.2)
−0.1(−0.2) 10.3

Fornax 138 1.34 0.56 11.1+0.1(+0.3)
−0.0(−0.1) 10.3

LeoII 205 0.30 0.08 11.3+0.8(+1.9)
−0.5(−0.8) 11.2

LeoI 250 0.50 0.11 10.9+0.1(+0.5)
−0.2(−0.3) 10.7

Note. The other columns correspond to twice the half-light radius, the optimum
integration angle, the median log10(J ) with 68%(95%) CIs for that angle, and
background-corrected log10(J BG) (see the text).

our assumption that the inner slope satisfies 0 ! γ ! 1, we
underestimate the J-factor typically by a factor of "10 (green
curves in Figure 3). While the adoption of a less restrictive
prior (e.g., allowing 0 ! γ ! 2) would avoid this potential
bias, such an improvement would come at the cost of larger
uncertainties for estimates of the J-factor in all halos. Since
current cosmological simulations (e.g., Springel et al. 2008) and
indirect arguments based on observations (e.g., Kleyna et al.
2003; Goerdt et al. 2006; Gilmore et al. 2007) suggest that
dSph dark matter halos have γ # 1, we report results based
on our more restrictive assumption that 0 ! γ ! 1. Figure 3
illustrates that our estimates of the J-factor are as reliable as this
assumption.

3. DETECTION PROSPECTS

Table 1 and Figure 4 indicate estimates of Jαc
we obtain for

the real dSphs from our Jeans/MCMC analysis while letting γ
vary freely between 0 ! γ ! 1 (i.e., the same analysis tested
using artificial data). The classical dSphs all lie well above the
Galactic plane and hence are prone to similar levels of diffuse
γ -ray background. Adopting the background expected for each
dSph from the standard Fermi diffuse model of the Milky Way
(S. Funk 2011, private communication), we find #7% rms
variation from dSph to dSph in estimated background flux. We
neglect these small background variations in the discussion that
follows.

For a signal-limited detection (plausible in the case of the
Fermi-LAT), Jαc

provides an appropriate figure of merit for
selecting dSphs as dark matter annihilation targets (filled circles
in Figure 4). In that case we find, similarly to Strigari et al.
(2007), that Draco and Ursa Minor are among the best targets in
terms of having the largest median-likelihood estimates for Jαc

.
Somewhat at odds with that of Strigari et al. (2007), our analysis
places Sculptor on approximately equal footing with Dra and
UMi and perhaps even above UMi given the large error bar
associated with that galaxy (of the three, UMi has the smallest
available kinematic data set). This discrepancy likely follows
from different choices of prior for ρ(r), as Strigari et al. (2007)
assume NFW profiles.

On the other hand, in the presence of background, objects
with αc significantly larger than the instrumental point-spread
function (PSF) are disfavored. Taking 0.◦1 as an optimistic
estimate of the angular radius containing 80% of the PSF
(close to the optimum integration radius for a point-like source
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Figure 4. Astrophysical factor as a function of the distance to the dSph. Filled
circles, solid, and dashed error bars correspond, respectively, to the median
value, 68%, and 95% CIs on Jαc (where αc is given in Table 1). Empty circles
correspond to J BG

αc
= Jαc /

√
1 + (αc/0.◦1)2.

(A color version of this figure is available in the online journal.)

in the background-limited case) of future ground-based γ -ray
detectors in the appropriate energy range (O(m2

χc2/5), CTA
Consortium 2010), we use J BG

αc
≈ Jαc

/
√

1 + (αc/0.◦1)2 as a
figure of merit in the background-limited case8 (empty circles
in Figure 4). A dominant background significantly changes the
ranking of the dSphs, with Leo II now among the best targets.
Note, however, that Leo II has the largest error bar as it also has
the smallest available kinematic data set of the eight galaxies
considered here.

The J-factors estimated here do not reach the values required
for dark matter detection with existing and near-future instru-
ments in the most conventional particle physics scenarios. More-
over, most are smaller than the values predicted for the Galactic
Center (GC). To illustrate the last point, we adopt an Einasto pro-
file (e.g., Navarro et al. 2004) for the Milky Way’s smooth dark
matter component. We then estimate JGC ∼ 2×1011 M2

⊙ kpc−5

toward the GC for αint = 0.◦01 and JGC ∼ 1 × 1013 M2
⊙ kpc−5

for αint = 0.◦1. However, the presence of strong astrophysical
backgrounds on scales of arcminutes (Aharonian et al. 2004),
tens of arcminutes (Aharonian et al. 2006) and tens of degrees
(Dobler et al. 2010; Su et al. 2010) will obfuscate any gen-
uine dark matter signal coming from the direction of the GC. In
contrast, the old, gas-free stellar populations of dSphs provide
few sources of point-like or diffuse γ -ray emission. On these
grounds, dSphs provide a favorable alternative to the GC as
targets for indirect dark matter searches using instruments with
resolution αint # 0.◦1.

4. CONCLUSION

We have shown that our Jeans/MCMC analysis, in which
we have allowed the inner slope γ to remain a free parameter
with possible values between 0 ! γ ! 1, estimates the
astrophysical J-factor to within a systematic uncertainty of a
factor of #3 for the Milky Way’s classical dSphs, so long as
(1) the integration angle is chosen to be αint = αc ∼ 2rh/d
and (2) the actual dark matter halo has γ ! 1. For cuspier
(γ > 1) profiles, Figures 1 and 3 indicate that our analysis

8 We obtain this figure of merit by convolving the dark matter signal with the
PSF while assuming that both are Gaussian. Charbonnier et al. (2011) study
the effects of angular resolution and demonstrate that within the 80%
containment radius, this approximation is accurate to within a few percent.
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Revisiting the cusp-core issue

๏ Internal dynamics of multiple stellar populations → differential tests of 
DM mass within rh of population → slope of DM profile
• currently done in 2 dwarf galaxies with 1,000+ good quality velocities and 

metallicities.
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luminosities, metallicities, and stellar kinematics exhibited by
Local Group dSphs. Both groups conclude that the baryon
physical processes driving the formation and evolution of their
simulated dSphs leave the cuspy central structure of dSph CDM
halos intact. Taking these results at face value, it seems then that
the Local Group dSphs represent the most pristine dark matter
halos to which we have observational access. Measurements of
the slopes (i.e., “cusp” versus “core”) of dSph mass profiles can
therefore provide a uniquely direct test of structure formation
within the CDM paradigm.

Pressure-supported stellar components provide the only avail-
able kinematic tracers in dSphs, but thus far stellar kinematic
data have figured only indirectly in core/cusp investigations. For
example, Kleyna et al. (2003) detect a kinematically cold stellar
substructure in the Ursa Minor dSph and argue that its survival
against tidal disruption is more likely in a cored as opposed to a
cusped host potential. Sánchez-Salcedo et al. (2006) and Goerdt
et al. (2006) argue that the wide spatial distribution of the five
globular clusters in the Fornax dSph again favors a cored host
potential, as dynamical friction within a centrally cusped poten-
tial would have caused the clusters to sink to Fornax’s center in
less than a Hubble time (unless those clusters had much wider
orbits initially). On the other hand, Peñarrubia et al. (2010) ar-
gue that the mass–size relation traced by the Milky Way’s dSph
population favors evolutionary scenarios that invoke cusped as
opposed to cored halos.4

In contrast to the studies mentioned above, here we devise
a method for measuring the slopes of dSph mass profiles di-
rectly from stellar spectroscopic data. We proceed by combin-
ing two recent results. First, for a spherically symmetric dSph
in dynamic equilibrium, the product of half-light radius and
(squared) velocity dispersion provides an estimate of the mass
enclosed within the half-light radius (Walker et al. 2009b; Wolf
et al. 2010). Second, some dSphs contain at least two chemo-
dynamically distinct stellar populations (Tolstoy et al. 2004;
Battaglia et al. 2006; Battaglia et al. 2011), each presumably
tracing the same dark matter potential. Here we formulate a
mathematical model that uses measurements of stellar positions,
velocities, and spectral indices to distinguish two dSph stellar
subcomponents and to estimate their individual half-light radii
and velocity dispersions. For a dSph with two detected stellar
subcomponents, we obtain estimates of masses enclosed at two
discrete points in the same mass profile. Two points define a
slope.

1.1. Stellar Kinematics with Two Numbers

In principle the Collisionless Boltzmann Equation (CBE,
Equation (4.6) of Binney & Tremaine 2008) relates the
six-dimensional (6D) phase-space distribution function, f (r⃗ , v⃗),
of a tracer component to the underlying gravitational potential,
thereby governing the joint distribution of stellar positions and
velocities for a pressure-supported galaxy in dynamic equilib-
rium. In practice the available dSph data provide information
in only three dimensions (3D)—two spatial dimensions orthog-
onal to the line of sight and one velocity dimension along the

4 This result is particularly sensitive to the masses inferred for the Milky
Way’s “ultrafaint” satellites. McConnachie & Côté (2010) have recently shown
that the small velocity dispersions observed for many of these systems can
receive significant contributions from binary orbital motions, a conclusion
supported by the recent direct detection of resolved binary motions in the
Boötes I satellite (Koposov et al. 2011). Downward revision of the intrinsic
velocity dispersions (and hence masses) of several of the smallest ultrafaint
dSphs could lead to a size/mass relation for Milky Way satellites that favors
cored over cusped dark matter halos (see Figure 11 of Peñarrubia et al. 2010).

Figure 1. Top: projected stellar velocity dispersion profile for the Fornax dSph,
adopted from Walker et al. (2009b). Overlaid are spherical Jeans models that
assume either a cored dark matter halo (solid line), an NFW dark matter
halo (dashed line), or if one lets the shape of the dark matter halo vary
freely, velocity distributions that are either isotropic (dash-dot-dot-dot-dashed
line), radially anisotropic (dash-dotted line), or tangentially anisotropic (dotted
line). Bottom: enclosed-mass profiles corresponding to the same models. The
vertical dotted line indicates Fornax’s projected half-light radius (Irwin &
Hatzidimitriou 1995), where the simple estimator specified by Equation (2)
gives M(rh) = [5.3 ± 0.9] × 107 M⊙, in agreement with the value common to
the various successful Jeans models.

line of sight. Implementation of the CBE with dSph data then
requires transformations between 6D and 3D (or 2D with spher-
ical symmetry) phase-space distributions (e.g., Wilkinson et al.
2002), often at significant computational expense.

Many dSph kinematic studies (e.g., Wilkinson et al. 2004;
Strigari et al. 2006, 2008; Koch et al. 2007; Łokas 2009; Walker
et al. 2009b; Battaglia et al. 2008a, 2011) rely instead on the
Jeans equations, obtained by integrating the CBE over velocity
space. The spherically symmetric Jeans equation specifies the
mass profile M(r)—including the contribution from any dark
matter component—in terms of the stellar density profile, ν(r),
and stellar velocity dispersion profile, v̄2(r) (Binney & Tremaine
2008):

1
ν

d

dr

(
νv̄2

r

)
+

2
r

(
v̄2

r − v̄2
θ

)
= −GM(r)

r2
, (1)

where v̄2
r and v̄2

θ are components of the velocity dispersion in
radial and tangential directions, respectively. Confinement of
dSph stellar velocity data to the component along the line of
sight leaves the velocity anisotropy—usually quantified by the
ratio βani(r) ≡ 1 − v̄2

θ (r)/v̄2
r (r)—poorly constrained, ultimately

precluding model-independent constraints on the mass profile
in analyses based on Equation (1). For example, the top panel
of Figure 1 demonstrates that the projected velocity dispersion
profile observed for the Fornax dSph can be fit equally well
by Jeans models that assume either cored or NFW-cusped
dark matter halos, or if the shape of the dark matter halo is

2
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Revisiting the cusp-core issue
๏ Internal dynamics of multiple stellar populations → differential tests of 

DM mass within rh of population → slope of DM profile
• currently done in 2 dwarf galaxies with 1,000+ good quality velocities and 

metallicities.
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Fig. 10.— Sculptor’s two chemodynamically independent stellar sub-populations (Battaglia et al.
2008, reproduced by permission of the American Astronomical Society ; see also Tolstoy et al.
2004). Left: Surface brightness profiles for Sculptor’s red giants (black), red-horizontal branch
(red) and blue-horizontal branch stars. Right: Velocity dispersion profiles, calculated for subsets
of relatively metal-rich (top left) and metal-poor (top right), as determined from the VLT/FLAMES
spectroscopic sample of Tolstoy et al. (2004). For comparison, the lower-left panel plots the ve-
locity dispersion profile measured from the composite population.

Battaglia et al. (2008)
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Fig. 10.— Sculptor’s two chemodynamically independent stellar sub-populations (Battaglia et al.
2008, reproduced by permission of the American Astronomical Society ; see also Tolstoy et al.
2004). Left: Surface brightness profiles for Sculptor’s red giants (black), red-horizontal branch
(red) and blue-horizontal branch stars. Right: Velocity dispersion profiles, calculated for subsets
of relatively metal-rich (top left) and metal-poor (top right), as determined from the VLT/FLAMES
spectroscopic sample of Tolstoy et al. (2004). For comparison, the lower-left panel plots the ve-
locity dispersion profile measured from the composite population.
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Revisiting the cusp-core issue
๏ Internal dynamics of multiple stellar populations → differential tests of 

DM mass within rh of population → slope of DM profile
• currently done in 2 dwarf galaxies with 1,000+ good quality velocities and 

metallicities. Still uncertain…
The Astrophysical Journal, 742:20 (19pp), 2011 November 20 Walker & Peñarrubia

Figure 10. Left, center: constraints on half-light radii and masses enclosed therein, for two independent stellar subcomponents in the Fornax and Sculptor dSphs.
Plotted points come directly from our final MCMC chains, and color indicates relative likelihood (normalized by the maximum-likelihood value). Overplotted are
straight lines indicating the central (and therefore maximum) slopes of cored (limr→0 d log M/d log r] = 3) and cusped (limr→0 d log M/d log r] = 2) dark matter
halos. Right: posterior PDFs for the slope Γ obtained for Fornax and Sculptor. The vertical dotted line marks the maximum (i.e., central) value of an NFW profile (i.e.,
cusp with γDM = 1, limr→0[d log M/d log r] = 2). These measurements rule out NFW and/or steeper cusps (γDM ! 1) with significance s " 96% (Fornax) and
s " 99% (Sculptor).
(A color version of this figure is available in the online journal.)

for Sculptor’s inner subcomponent) is several times larger than
the median velocity error in the MMFS data set.

Second, by setting the lower limit of the integra-
tion in Equation (20) at the value of the central slope
limr→0[d log M/d log r] = 2, we extend maximum generos-
ity to models with γDM ! 1, which have instantaneous slopes
d log M/d log r < 2 at all nonzero radii (Section 4.2 and
Figure 4). At the radii ("300 pc) where we evaluate Γ for Fornax
and Sculptor, the highest-resolution Aquarius simulations pre-
dict that dSph-like CDM halos have d log ρ/d log r ∼ 1.3, or
equivalently, d log M/d log r ∼ 1.7 (see Figure 23 of Springel
et al. 2008). Our measurements rule out these slopes with sig-
nificance !99.54% (Fornax) and !99.97% (Sculptor).

Third, we have assumed that the stellar subcomponents con-
tribute negligibly to the gravitational potential. This assumption
generally holds for dSphs, but least so for Fornax, where the dy-
namical mass-to-light ratio is M/LV ∼ 10 in solar units (Mateo
1998). If we attempt to remove the stellar contribution to the en-
closed mass at each radius using the best-fit Plummer profiles to
both stellar subcomponents, we find that for any plausible stellar
mass-to-light ratio 0.5 # M/LV /[M/LV ]⊙ # 5, our estimates
of Γ increase by a few percent (because the stars contribute a
larger fraction of mass to the inner than to the outer point), again
exacerbating the discrepancy with halo models having γDM ! 1.
In summary, all systematic errors that we have identified behave
such that the significance levels we report are conservative.

Finally, we note that for dark matter density profiles of the
form given by Equation (16), values of d log M/d log r > 3
are unphysical, as they imply γDM < 0 (Inequality (19)).
We note that our method does not rule out such unphysical
values, which is unsurprising since we have not imposed any
physicality constraints. However, it is reassuring that the bulk of
our posterior PDFs correspond to physically plausible scenarios
with Γ < 3.

6. DISCUSSION

Let us review the assumptions that enter into our measure-
ment of Γ. In formulating our method we assume that a dSph

consists of either one or two spherically symmetric, equilib-
rium stellar subcomponents that independently trace the same
spherical dark matter potential. In order to quantify probabil-
ity distributions for observed quantities, we further assume that
both stellar subcomponents have Plummer surface brightness
profiles, Gaussian Mg index distributions, and Gaussian line-
of-sight velocity distributions with constant dispersions that re-
ceive negligible contributions from “non-thermal” phenomena
such as rotational support and/or binary-orbital motions. The
tests described in Section 4 indicate that for a range of models
that explicitly violate our assumptions about Plummer surface
brightness and constant velocity dispersion profiles, our method
tends to underestimate Γ, implying that the stated NFW exclu-
sion limits are conservative. Here we discuss the potential for
sensitivity to several assumptions inherent in our method that
are not violated in the tests of Section 4 but might be violated
by real dSphs.

6.1. Spherical Symmetry

Fornax and Sculptor both have projected minor-to-major
axis ratios of ∼0.7 (Irwin & Hatzidimitriou 1995) and are
among the roundest of the Milky Way’s dSph satellites. In
order to investigate the degree to which the observed flattening
of Fornax and Sculptor might affect our measurements of Γ,
we repeated our analysis using elliptical instead of circular
radii, where a star’s “elliptical radius” is the semimajor axis
of the ellipse (with center listed in Table 1, position angle and
ellipticity listed in Table 2 of Irwin & Hatzidimitriou 1995)
that passes through the position of the star. Use of elliptical
instead of circular radii gives constraints of Γ = 2.72+0.50

−0.43 for
Fornax (exclusion significance s(γDM ! 1) ! 96.1%) and Γ =
2.40+0.32

−0.26 for Sculptor (exclusion significance s(γDM ! 1) !
93.9%). Thus the NFW exclusion level for Fornax is relatively
robust while the exclusion level for Sculptor shows mild
sensitivity to whether or not we adjust for Sculptor’s elliptical
morphology.
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Revisiting the cusp-core issue
๏Need more tests and a mass-range as baryons expected to flatten 

central DM slope6 Di Cintio et. al

Table 2. Best fit parameters and relative errors for the α vs M⋆/Mhalo

relation. The reduced Chi-Square is also listed.

radial range n log10x0 β γ χ2
r

0.01 < r/Rvir < 0.02 0.132 −2.051 0.593 1.99 1.16
±0.042 ±0.074 ±0.086 ±0.32

1 < r/kpc < 2 0.168 −2.142 0.699 1.56 1.29
±0.031 ±0.133 ±0.213 ±0.12

3 < r/ϵ < 10 0.231 −2.209 0.494 1.49 1.28
±0.043 ±0.064 ±0.055 ±0.55

the M⋆/Mhalo value within 1 kpc is fairly constant at every red-
shift, reaching only 0.1 at z = 0; the fraction of gas vs stars at the
center is always very high, making possible the core creation since
there is enough gas per total mass (or stellar mass) to be efficient in
flattening the profile.

This process does not occur in the cuspy version g15784 fidu-
cial (red triangle), which has a constant SFR after 11 Gyrs and its
M⋆/Mhalo ratio within 1 kpc increases up to 0.4 at z = 0: the
increasing amount of stars at the center causes the gas vs stars ra-
tio to become very low, therefore the gas available for the outflows
is not sufficient to be effective at flattening the profile because the
potential well has been deepened by the stars.

We note that the total amount of gas in the inner 1kpc is similar
in both the cored and the cuspy medium mass versions of g15784:
it is not the absolute amount of gas which regulates the cusp/core
transition, but its relative value compared to the total (or stellar) in-
ner mass. We conclude that stellar mass at the galaxy center and in
particular the ratioM⋆/Mhalo is the most important quantity at in-
dicating the deepening of the gravitational potential which balances
the energy released from SNe.

The relationship shown in Fig. 3 can be analytically modelled.
We use a four parameter, double power law function, whose best fit
is shown in Fig. 3 as a dashed black line:

α(X) = n− log10

[

(

X
x0

)−β

+

(

X
x0

)γ
]

, (3)

where X = M⋆/Mhalo while β and γ are the low and high star
forming efficiency slopes. The best fit parameters, summarized in
Table 2, were obtained using a χ2 minimization fitting analysis.
The same dependence, but with different normalization, is obtained
for the various criteria used to define the inner radial range, also
shown in Table 2.

Fig. 4 shows the abundance matching relationship of
M⋆/Mhalo as a function of Mhalo color coded according to the
expected value of DM inner slope when α is measured at 0.01 <
r/Rvir < 0.02. The halo mass at which the flattest DM profiles are
expected to be found, corresponding to a peak M⋆/Mhalo = 0.5
per cent, isMhalo ≈ 1010.8M⊙. The profile becomes increasingly
cuspy, approaching the NFW value for galaxies near the MilkyWay
mass: only galaxies withM⋆/Mhalo > 3.8 per cent, which is the
peak in the abundance matching prediction, are contracted. Such
galaxies are outliers in the Universe.

3.3 Core creation

We next examine which mechanism is responsible for the creation
of cores, using the three simulations shown in Fig. 1 as case stud-

Figure 4. The abundance matching prediction color coded according to the
expected value of the DM inner slope at every halo mass. We used the best
fit parameters of α measured between 0.01 and 0.02 of each galaxy’s virial
radius.

ies. As outlined in §1, core formation from stellar feedback de-
pends on repeated starbursts that are able to move gas enough to
have a dynamical effect on the dark matter (Read & Gilmore 2005;
Governato et al. 2010; Macciò et al. 2012; Pontzen & Governato
2012; Teyssier et al. 2013).

The four panels of Fig. 5 show how some relevant quantities
vary as a function of lookback time. From top to bottom we present:
(i) the star formation history, which shows clear starbursts that can
drive outflows; (ii) the gas mass within a sphere of 1 kpc from the
center of the galaxy, which shows when the gas has been driven out
of the galaxy centre; (iii) the distance ∆ between the position of
the dark matter and gas potential minima, which shows how much
the baryonic centre of mass moves around; and (iv) theM⋆/Mhalo

value that determines α.
The medium mass version of g5664 that uses the fiducial

MaGICC feedback (red dashed line) has the flattest density profile
at z = 0, so we expect it to have the most violent history. Indeed,
it has a bursty star formation history (multiplied by 100 to get it
into the same range as the other galaxy star formation histories),
and a star formation efficiency,M⋆/Mhalo, that stays near the op-
timal value for cores, between ∼ 0.35 and 0.5 per cent throughout
its evolution. A couple of the bursts of star formation cause sig-
nificant gas loss from the inner 1 kpc, which results in consistent
offsets between the positions of the center of gas and dark matter
distributions.

The medium mass version of g5664 that uses the low feedback
MUGS physics (dashed black line) is the most contracted galaxy of
this set. Other than a peak of star formation rate at an early time,
corresponding to its peak dark matter accretion, its star formation
history is a smoothly declining exponential. This early star forma-
tion quickly drives the efficiencyM⋆/Mhalo to values higher than
10 per cent, which, according to Fig. 3, leads to a cuspy density pro-
file. The high amount of stars already formed 11 Gyrs ago within
this galaxy creates a deep potential well which suppresses the ef-
fects of stellar feedback, so that little gas flows out of the inner
regions and the DM and gas distributions share the same centre of
mass throughout the galaxy’s evolution.

Perhaps the most interesting case is that of the fiducial high
mass g5664 galaxy (red solid line). At z = 0 its dark matter pro-
file is slightly contracted compared to the NFW halo, but less con-

c⃝ 2010 RAS, MNRAS 000, 1–10

reachable

current observations

Di Cintio et al. (2013)



The hierarchical formation of dwarf galaxies
๏Mounting evidence that dwarf galaxies aren't simple systems

• multiple stellar populations
• presence of sub-structures

→ evidence of hierchical formation?

– 7 –
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Figure 1 | Kinematic detection of a stream in And II. The targets in the circular annulus

0.7 < R/kpc < 1.9 are divided into a kinematically cold and a warm component, panel a. The 134

stars in the connected stream-like region (blue points) yield the blue-dashed line-of-sight velocity

distributions in panels b and c (respectively before and after normalisation, subtraction of the

mean stellar rotation field and convolution with the individual measurement uncertainties), and

the blue-dashed probability distribution for the projected velocity dispersion σ in panel d. Red dis-

tributions are associated with the kinematically warmer control sample, comprising the remaining

319 spectroscopic targets (red points). The 14 blue open points isolate stars which are more likely

to belong to the main body of And II rather than to the stream itself. When they are subtracted

from the sample of stream stars, the internal velocity dispersion of the stream is reduced further,

leading to the blue full distributions.
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Figure 1 | Kinematic detection of a stream in And II. The targets in the circular annulus

0.7 < R/kpc < 1.9 are divided into a kinematically cold and a warm component, panel a. The 134

stars in the connected stream-like region (blue points) yield the blue-dashed line-of-sight velocity

distributions in panels b and c (respectively before and after normalisation, subtraction of the

mean stellar rotation field and convolution with the individual measurement uncertainties), and

the blue-dashed probability distribution for the projected velocity dispersion σ in panel d. Red dis-

tributions are associated with the kinematically warmer control sample, comprising the remaining

319 spectroscopic targets (red points). The 14 blue open points isolate stars which are more likely

to belong to the main body of And II rather than to the stream itself. When they are subtracted

from the sample of stream stars, the internal velocity dispersion of the stream is reduced further,

leading to the blue full distributions.



What is needed?

๏Samples of 1–10k radial velocities and (at least) [Fe/H]
• red giant branch stars in Fornax, Sculptor, Carina, Sextans(, Sagittarius)
• calcium triplet observations

• medium resolution for most (g<23)

• high resolution for brighter stars (chemical abundances → Vanessa's talk)

• 100s stars/deg2, especially since numerous foreground contaminants

๏Need heavily multiplexed, wide field of view spectrograph on 8m-class 
telescope → MOONS



The SMC/LMC system

๏Evident hierarchical 
formation of stellar halos 
of L* galaxies.

๏What about lower mass 
systems?
• LMC/SMC have cohort of 

faint dwarf galaxies
• Interacting system
• Stellar halos observed over 

10+ kpc?
Andromeda

(PAndAS; Martin et al. 2013)



The SMC/LMC system

The Astrophysical Journal Letters, 733:L10 (6pp), 2011 May 20 Nidever et al.

Figure 3. SMC radial density profile. (a) Giant star counts from our MAPS fields as a function of radial distance from the Mateo (1998) SMC center. Color indicates
the position angle (P.A.) of the fields (east of north; P.A. = 116◦ is toward the LMC) and lines connect the fields of the four “radial spokes” (for the inner three fields).
The best-fit exponential profile (to the R < 7◦ fields) with hr = 0.◦8 is shown by the dashed line. The dotted line indicates the median foreground level. Large offsets
in the star counts are apparent and indicate that the center used is not appropriate for the SMC periphery. (b) Giant star counts as a function of major axis radius for
our best-fit elliptical exponential model. This profile is a much better fit to all of the data than the model in (a). A “break” population at R > 7.◦5 is apparent. The
estimated foreground contamination levels for each field are shown as open squares.
(A color version of this figure is available in the online journal.)

Figure 4. Stellar surface density of the SMC. The central colored image shows
the RGB star counts from OGLE-III and MCPS. Contours show our best-fit
model to the SMC RGB star counts in MAPS fields and are drawn at even
intervals in log density (starting at 33 giants deg−2 and increasing with an
interval of 0.08 in log density). Squares show MAPS fields constraining the
model fit. The optical center (black cross), H i dynamical center (Stanimirović
et al. 2004, blue cross), and model center (red cross) are indicated.
(A color version of this figure is available in the online journal.)

What is the nature of the break population that apparently
dominates over 7.5◦! R ! 10.◦6 and is fairly azimuthally
symmetric for at least 270◦? The two main possibilities are

(1) a tidal tail or debris, or (2) a “classical” bound stellar halo
as exists around the MW and M31 (e.g., Guhathakurta et al.
2005). The MCs had a recent close encounter (∼200 Myr
ago), which no doubt had a profound impact on the SMC.
The LMC very likely stripped H i gas from the SMC to
form the Magellanic Bridge, and possibly also puffed-up the
stellar distribution on the northeastern side of the SMC. It is
possible that this encounter also created a stellar tidal stream.
Extratidal stars energy-sort into the well-known double-tidal
tail shape only outside a few tidal radii and at smaller radii
can appear fairly azimuthally symmetric (Muñoz et al. 2008).
Since the tidal radius of the SMC is 4–9 kpc (Stanimirović
et al. 2004), the break population is within ∼2 tidal radii; it is,
therefore, difficult to distinguish a bound classical halo from
extratidal stars in this regime. An analysis of the kinematics and
velocity dispersion of these stars as well as further photometric
mapping at more P.A.s and larger radii might help elucidate
their true nature (i.e., bound versus unbound). Either way, these
stars can be thought of as a newfound “halo” component of
the SMC.

De Propris et al. (2010) claim that the edge of the SMC
is at a radius of ∼6 kpc on the eastern side because they
detected only five spectroscopically confirmed SMC giants in
an eastern field at R ∼ 5 kpc. We have a field ∼1.◦6 away (but
at a similar radius) from theirs and find 57 giant candidates
with our Washington + DDO51 selection method (M ! 21.0).
When we also use the De Propris et al. 2MASS selection criteria
(13 < Ks< 14, 0.5 < J−Ks < 1.5), this reduces the number of
giants to five in agreement with the De Propris et al. result. The
difference in detected giants between the two techniques is due
to the shallowness of the De Propris et al. selection, which is
limited to M ∼ 17 at the color of the SMC RGB (M−T2 ∼
1.7). As can be seen in the R = 6.◦2 panel of Figure 2, this
selection only samples the very tip of the SMC RGB whereas
our selection goes four magnitudes fainter and is more sensitive
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๏Evident hierarchical 
formation of stellar halos 
of L* galaxies.

๏What about lower mass 
systems?
• LMC/SMC have cohort of 

faint dwarf galaxies
• Interacting system
• Stellar halos observed over 

10+ kpc? 10
 k

pc



Evidence for SMC & LMC stellar halo
๏ From photometry alone

• Kinematics of disk? halo?

• Sub-structure?
• Origin?

• How does it fit in hierchical 
universe?

• How does it fit in SMC/LMC 
interaction?

๏Need phase-space study

• but swamped by foreground
• need southern, wide-FoV, 

MOS on 8m class telescope 
→ MOONS
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Figure 3. SMC radial density profile. (a) Giant star counts from our MAPS fields as a function of radial distance from the Mateo (1998) SMC center. Color indicates
the position angle (P.A.) of the fields (east of north; P.A. = 116◦ is toward the LMC) and lines connect the fields of the four “radial spokes” (for the inner three fields).
The best-fit exponential profile (to the R < 7◦ fields) with hr = 0.◦8 is shown by the dashed line. The dotted line indicates the median foreground level. Large offsets
in the star counts are apparent and indicate that the center used is not appropriate for the SMC periphery. (b) Giant star counts as a function of major axis radius for
our best-fit elliptical exponential model. This profile is a much better fit to all of the data than the model in (a). A “break” population at R > 7.◦5 is apparent. The
estimated foreground contamination levels for each field are shown as open squares.
(A color version of this figure is available in the online journal.)

Figure 4. Stellar surface density of the SMC. The central colored image shows
the RGB star counts from OGLE-III and MCPS. Contours show our best-fit
model to the SMC RGB star counts in MAPS fields and are drawn at even
intervals in log density (starting at 33 giants deg−2 and increasing with an
interval of 0.08 in log density). Squares show MAPS fields constraining the
model fit. The optical center (black cross), H i dynamical center (Stanimirović
et al. 2004, blue cross), and model center (red cross) are indicated.
(A color version of this figure is available in the online journal.)

What is the nature of the break population that apparently
dominates over 7.5◦! R ! 10.◦6 and is fairly azimuthally
symmetric for at least 270◦? The two main possibilities are

(1) a tidal tail or debris, or (2) a “classical” bound stellar halo
as exists around the MW and M31 (e.g., Guhathakurta et al.
2005). The MCs had a recent close encounter (∼200 Myr
ago), which no doubt had a profound impact on the SMC.
The LMC very likely stripped H i gas from the SMC to
form the Magellanic Bridge, and possibly also puffed-up the
stellar distribution on the northeastern side of the SMC. It is
possible that this encounter also created a stellar tidal stream.
Extratidal stars energy-sort into the well-known double-tidal
tail shape only outside a few tidal radii and at smaller radii
can appear fairly azimuthally symmetric (Muñoz et al. 2008).
Since the tidal radius of the SMC is 4–9 kpc (Stanimirović
et al. 2004), the break population is within ∼2 tidal radii; it is,
therefore, difficult to distinguish a bound classical halo from
extratidal stars in this regime. An analysis of the kinematics and
velocity dispersion of these stars as well as further photometric
mapping at more P.A.s and larger radii might help elucidate
their true nature (i.e., bound versus unbound). Either way, these
stars can be thought of as a newfound “halo” component of
the SMC.

De Propris et al. (2010) claim that the edge of the SMC
is at a radius of ∼6 kpc on the eastern side because they
detected only five spectroscopically confirmed SMC giants in
an eastern field at R ∼ 5 kpc. We have a field ∼1.◦6 away (but
at a similar radius) from theirs and find 57 giant candidates
with our Washington + DDO51 selection method (M ! 21.0).
When we also use the De Propris et al. 2MASS selection criteria
(13 < Ks< 14, 0.5 < J−Ks < 1.5), this reduces the number of
giants to five in agreement with the De Propris et al. result. The
difference in detected giants between the two techniques is due
to the shallowness of the De Propris et al. selection, which is
limited to M ∼ 17 at the color of the SMC RGB (M−T2 ∼
1.7). As can be seen in the R = 6.◦2 panel of Figure 2, this
selection only samples the very tip of the SMC RGB whereas
our selection goes four magnitudes fainter and is more sensitive
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MOONS & Local Group dwarf galaxies
๏MOONS perfect for chemodynamical study of dwarf galaxies to:

• provide better constraints of astrophysical uncertainty on indirect DM 
annihilation signal

• constrain presence of core/cusp in most DM-dominated systems

• constrain presence of predicted dwarf/dwarf mergers

• study impact of binaries

๏MOONS perfect for chemodynamical study of SMC/LMC outskirts:
• halo? consequence of SMC/LMC interaction → constraints on low-mass 

hierchical formation

๏Other targets are possible:
• M31 + M33 + their bright satellites (And II, …)

• Dwarf irregular galaxies at edge of Local Group




