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Why semi-analytical modelling? 

n Requires much less computational power than 
hydrodynamical models – yet relies on similar “sub-
grid” physics 
n  Better resolution / larger volumes possible 
n  Can serve as toy model to test out physical prescriptions 
n  Gives intuition for physical processes 
n  What is missing? 

n Why study the satellites with this technique? 
n  Better resolution – can resolve smaller satellites in MW system 
n  Several physical prescriptions become important at this scale 

n  Stellar stripping, ram-pressure & satellite disruption 
n  Sensitivity to reionization & feedback 
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grid” physics 
n  Better resolution / larger volumes possible 
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n BUT…. Several prescriptions can not be modelled 
n  Substructures within the satellites 
n  The effects of baryons on the dark matter structure (core-cusp 

debate) 

 



Our model 

n Starkenburg et al., 2013 
Based on Kauffmann et al. (1999), 
Springel et al. (2001), De Lucia, 
Kauffmann & White (2004), Croton et al. 
(2006), De Lucia & Blaizot (2007), De 
Lucia & Helmi (2008) and Li et al. (2009, 
2010)  

n Branch of the “L-Galaxies 
model” or “Munich(/
Groningen) model”  
n  Developed for much larger 

scales 
n  Including new physical 

prescriptions satellite stripping 
& disruption 
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n Star formation histories continuous & bursty, early & late  

n  Including chemical evolution modelling (Romano & Starkenburg 
2013; Romano, Bellazzini, Starkenburg & Leaman 2015)   
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How massive should the galaxy be? 

n Milky Way mass is 
uncertain 
n  Which halo should contain 

a Milky Way galaxy? 

n  We agree better with a 
light MW, also for the too-
big-to-fail (Vera-Ciro et al., 
2013) 

n  Discrepancy of factors up 
to ~10 between models 
that all do reproduce nice 
luminosity functions & 
metallicity relations  

n  Not unique to semi-
analytics 

 
Starkenburg et al., 2013b 



Who lives in which halo? 

n Hydrodynamical 
simulations and 
abundance matching 
tend not to agree 
n  We agree more with 

hydro 
 

n Finding other ways to 
test this relationship 

n  Atomic hydrogen rotation 
curves 

n  Comparison with 
ALFALFA 

Yaryura, Helmi, Abadi & Starkenburg, in prep. 

Starkenburg et al., 2013b 
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Figure 1. Mass distribution of subhaloes found, at z = 0, within
the virial radius, r200, of the level-2 Aquarius A through E haloes.
Their (virial) masses are computed at the time of first infall into
the main progenitor of the main halo. All subhaloes are shown in
blue, luminous satellites in red, and classical satellites in green.
Vertical dashed lines indicate the median of each group. Luminous
satellites populate preferentially the high-mass end of the sub-
halo mass function. The decline in numbers below ∼ 106 h−1 M⊙
results from limited numerical resolution. We consider only sub-
haloes with masses exceeding ∼ 106 h−1 M⊙ in our subsequent
analysis.

2.3 Satellite sample

The semi-analytic model assigns a stellar mass (or luminos-
ity) to each subhalo at the present time. We classify them as:
(i) “classical” satellites (i.e., those brighter than MV = −8);
(ii) “ultra-faint” satellites (fainter than MV = −8); and (iii)
“dark” subhaloes (i.e., those with no stars). We shall here-
after use the term “luminous subhaloes” to refer to classical
and ultra-faint satellites combined.

This classification makes reference to the Milky Way,
where the “classical” satellite population is expected to be
complete within the boundaries of the Galactic halo with
the exception perhaps of the “zone of avoidance” created by
dust absorption in the Galactic disc. “Ultra-faint” satellites,
on the other hand, have only recently been discovered in
Sloan Digital Sky Survey (SDSS) data. Their inventory is far
from complete and their spatial distribution highly biased
to relatively small nearby volumes in the region surveyed
by SDSS (Koposov et al. 2008). Because of this, we shall
restrict much of the comparison of our models with data on
classical satellites.

3 ANALYSIS AND RESULTS

3.1 Satellite masses and radial distribution

Fig. 1 shows the mass distribution of all subhaloes identified
at z = 0 within the virial radius, r200, of each of the five
Aquarius haloes considered here. Masses are quoted at the
time of first infall into the main progenitor of each halo
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Figure 2. Fraction of enclosed subhaloes as a function of radius
for level-2 Aquarius haloes A through E. All subhaloes are shown
as a blue solid line; the subset of luminous satellites as a red
dashed line, and only the classical as a green dotted line.

(tinf), and correspond roughly to the maximum virial mass
of each subhalo prior to accretion. We also show in Fig. 1
the subhalo masses of the luminous satellites and confirm
that, as expected, they tend to populate the most massive
subhaloes.

Low-mass subhaloes clearly dominate the numbers
down to 106 M⊙, where the distribution peaks. The decline
in numbers at lower masses results from limited numerical
resolution (see Springel et al. 2008, for a detailed discus-
sion). We shall therefore consider for analysis only subhaloes
with virial mass exceeding 106 M⊙ at first infall, or haloes
with more than ∼ 100 particles. Combining all five simula-
tions, our full satellite sample consists of 43, 241 subhaloes,
of which 385 host luminous satellites: 261 ultra-faint and
124 classical dwarfs, respectively.

Fig. 2 shows the radial distribution of the three pop-
ulations of subhaloes in our model. Luminous satellites are
noticeably more centrally concentrated than the majority of
subhaloes (e.g., Gao et al. 2004; Starkenburg et al. 2013),
a bias that might affect the comparison between the orbital
properties of luminous and dark subhaloes. Another notice-
able difference between the luminous and non-luminous sub-
halo population is the distribution of their infall times, tinf .
As shown in Fig. 3, the luminous subhaloes tend to fall in
earlier. The differences between the two populations in ra-
dial distribution and infall times are not independent, as
satellites with early infall times have more time to sink to
the centre of the host halo.

3.2 Orbital ellipticity distributions

We compute the ellipticity, e, of the orbit of each subhalo
from its current apocentric, ra, and pericentric, rp, dis-
tances,

e ≡ ra − rp

ra + rp
, (1)

c� 2013 RAS, MNRAS 000, 1–10

Barber, Starkenburg, 
Navarro et al., 2014 

The galaxy mass – halo mass relation 

This is also 
means  the 
slope of the 
power-law 
will be 
different! 
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The galaxy mass – halo mass relation 

n Abundance matching techniques break down at 
lowest masses  
n  History of the individual halo matters (see also Sawala et al., 2015) 

 



n Let’s use the model 
to tell us just which 
satellites are 
interesting 

n What can we say 
from their dark 
matter properties? 

Barber, Starkenburg, Navarro, 
McConnachie, Fattahi, 2014 

The orbits, shapes & orientations of satellites 
Barber, Starkenburg, Navarro et al., 2014, 2015 
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Figure 1. Mass distribution of subhaloes found, at z = 0, within
the virial radius, r200, of the level-2 Aquarius A through E haloes.
Their (virial) masses are computed at the time of first infall into
the main progenitor of the main halo. All subhaloes are shown in
blue, luminous satellites in red, and classical satellites in green.
Vertical dashed lines indicate the median of each group. Luminous
satellites populate preferentially the high-mass end of the sub-
halo mass function. The decline in numbers below ∼ 106 h−1 M⊙
results from limited numerical resolution. We consider only sub-
haloes with masses exceeding ∼ 106 h−1 M⊙ in our subsequent
analysis.

2.3 Satellite sample

The semi-analytic model assigns a stellar mass (or luminos-
ity) to each subhalo at the present time. We classify them as:
(i) “classical” satellites (i.e., those brighter than MV = −8);
(ii) “ultra-faint” satellites (fainter than MV = −8); and (iii)
“dark” subhaloes (i.e., those with no stars). We shall here-
after use the term “luminous subhaloes” to refer to classical
and ultra-faint satellites combined.

This classification makes reference to the Milky Way,
where the “classical” satellite population is expected to be
complete within the boundaries of the Galactic halo with
the exception perhaps of the “zone of avoidance” created by
dust absorption in the Galactic disc. “Ultra-faint” satellites,
on the other hand, have only recently been discovered in
Sloan Digital Sky Survey (SDSS) data. Their inventory is far
from complete and their spatial distribution highly biased
to relatively small nearby volumes in the region surveyed
by SDSS (Koposov et al. 2008). Because of this, we shall
restrict much of the comparison of our models with data on
classical satellites.

3 ANALYSIS AND RESULTS

3.1 Satellite masses and radial distribution

Fig. 1 shows the mass distribution of all subhaloes identified
at z = 0 within the virial radius, r200, of each of the five
Aquarius haloes considered here. Masses are quoted at the
time of first infall into the main progenitor of each halo
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Figure 2. Fraction of enclosed subhaloes as a function of radius
for level-2 Aquarius haloes A through E. All subhaloes are shown
as a blue solid line; the subset of luminous satellites as a red
dashed line, and only the classical as a green dotted line.

(tinf), and correspond roughly to the maximum virial mass
of each subhalo prior to accretion. We also show in Fig. 1
the subhalo masses of the luminous satellites and confirm
that, as expected, they tend to populate the most massive
subhaloes.

Low-mass subhaloes clearly dominate the numbers
down to 106 M⊙, where the distribution peaks. The decline
in numbers at lower masses results from limited numerical
resolution (see Springel et al. 2008, for a detailed discus-
sion). We shall therefore consider for analysis only subhaloes
with virial mass exceeding 106 M⊙ at first infall, or haloes
with more than ∼ 100 particles. Combining all five simula-
tions, our full satellite sample consists of 43, 241 subhaloes,
of which 385 host luminous satellites: 261 ultra-faint and
124 classical dwarfs, respectively.

Fig. 2 shows the radial distribution of the three pop-
ulations of subhaloes in our model. Luminous satellites are
noticeably more centrally concentrated than the majority of
subhaloes (e.g., Gao et al. 2004; Starkenburg et al. 2013),
a bias that might affect the comparison between the orbital
properties of luminous and dark subhaloes. Another notice-
able difference between the luminous and non-luminous sub-
halo population is the distribution of their infall times, tinf .
As shown in Fig. 3, the luminous subhaloes tend to fall in
earlier. The differences between the two populations in ra-
dial distribution and infall times are not independent, as
satellites with early infall times have more time to sink to
the centre of the host halo.

3.2 Orbital ellipticity distributions

We compute the ellipticity, e, of the orbit of each subhalo
from its current apocentric, ra, and pericentric, rp, dis-
tances,

e ≡ ra − rp

ra + rp
, (1)

c� 2013 RAS, MNRAS 000, 1–10



n Can orbits be 
linked to star 
formation 
enhancement or 
surpression? 

n  Proper motions are 
only half the story 

n  This can actually be 
used to constrain the 
Milky Way mass too 

 

Barber, Starkenburg, Navarro, 
McConnachie, Fattahi, 2014 

How do satellites’ orbits help? 
Barber, Starkenburg, Navarro et al., 2014, 2015 



Conclusions 

n Semi-analytical modelling can be very useful as toy 
models to test physics & gain intuition 
n  The unknown dark matter mass of the Milky Way and the 

satellites are a limiting factor in the modelling  

n  Our model reproduces various observables, using the 
properties of stars and of HI gas 

n  A natural result of input physics is the breakdown of abundance 
matching at low masses  

n The satellites’ orbits rely on the Milky Way mass too 
n  Satellites become actually rounder through stripping 

n  Find a Milky Way mass for which orbits “match” 


