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(orbiting the Milky Way) 
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Stellar masses: 100 – 108 M0 

Dark matter halo masses: 105 – 1010 M0 
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Cosmology with dwarfs? 

Dwarfs are key to: 

1.  Galaxy formation: in ΛCDM, small galaxies from first, so 
some dwarfs may be amongst the first galaxies that formed 

2.  Dark matter: dwarfs are mostly dark matter – M/L~100-1000 

This talk: 

1.  The first galaxies 

2.  The abundance and structure of the dark matter halos of 
dwarfs and the identity of the dark matter 
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The two phases of galaxy formation 

Phase I: Galaxies begin to form during the “dark ages”  

First stars reionize H and heat it up to 104K à prevents gas from 
cooling in halos  of “Tvir” < 104K − galaxy formation is interrupted 

Phase I 

Phase II 

Phase II: Halos with “Tvir” > 104K form à galaxy formation resumes 



The first galaxies   

We may expect two populations of dwarf galaxies: 

those that formed 

•  Before reionization (Phase I − very faint)  

•  After reionization (Phase II − less faint) 

The faintest galaxies we can observe are the satellites 
of the Milky Way  
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The MW satellite luminosity function 

About 55 satellites known in 
the MW so far  from partial 
surveys (e.g. SDSS, Pan-

STARRS, DES) 

Can infer total population from 
survey selection function,  

assuming a radial distribution 
(from simulations)  

(Newton+18, Koposov+08, Tollerud+08, 
Hargis+14) 

	~55	satellites	discovered	so	far	in	MW	
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The MW satellite luminosity function 

Newton, Cautun, CSF+ ‘18 

	Total	No	in	MW	
(MV	=0;	r<300	kpc)	

124±27
40

CumulaBve	satellite	lum.	fn.	

About 55 satellites known in 
the MW so far  from partial 
surveys (e.g. SDSS, Pan-

STARRS, DES) 

Can infer total population from 
survey selection function,  

assuming a radial distribution 
(from simulations)  

(Newton+18, Koposov+08, Tollerud+08, 
Hargis+14) 
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The MW/M31 sat. luminosity function 
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Two populations of galactic satellites 
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Fit 3 models and 
compare using 

Akaike Information 
Criterion (AIC) 

Model                      

Power law        

Double Gaussian   

Constrained DG*  

*Assumes Vcut=30 km/s 

 AIC 

-1.5 

-8.8 

-13.0 



The first galaxies   

What do we expect from galaxy 
formation theory 
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Galaxy formation theory 

Two approaches: 

1.  Cosmological hydrodynamic simulations 

2.  Semi-analytic modelling 

Hydro simulations cannot resolve the ultrafaints (yet) 
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The MW/M31 sat. luminosity function 
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Best hydro simulations only resolve 
dwarfs brighter than -9 
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White & Frenk ‘91  
Cole et al ‘00 

Evolution of baryons 
Basic differential equations of Durham SA model: 

Galaxy Formation 11

Figure 3. A schematic diagram showing the transfer of mass and metals between stars and the hot and cold gas phases during a single
timestep. The solid lines indicate the routes and rates by which mass is transferred between the three reservoirs, while the dashed lines
refer only to the exchange of metals. The instantaneous rate of star formation is ψ and the cooling rate is Ṁcool. The metallicities of
the cold gas, stars and hot halo gas are Zcold, Z∗ and Zhot respectively. The yield of the assumed IMF is p and the parameters β and e
describe the effect of SN feedback and the direct ejection of SN metals into the hot halo gas.

Zcold the metallicity of the cold gas, and β the efficiency of
stellar feedback. Each of the arrows in Fig. 3 gives rise to
a term in the following differential equations that describe
the evolution of the mass and metal content of the three
reservoirs:

Ṁ⋆ = (1 − R)ψ (4.6)

Ṁhot = −Ṁcool + βψ (4.7)

Ṁcold = Ṁcool − (1 − R + β)ψ (4.8)

ṀZ
⋆ = (1 − R)Zcoldψ (4.9)

ṀZ
hot = −ṀcoolZhot + (pe + βZcold)ψ (4.10)

ṀZ
cold = ṀcoolZhot

+ (p(1 − e) − (1 + β − R)Zcold)ψ, (4.11)

where Zcold = MZ
cold/Mcold and Zhot = MZ

hot/Mhot. The
values of R and p in these equations are related to the IMF,
as discussed in Section 5.2.

We assume that over one timestep the cooling rate,
Ṁcool, and the metallicity of the hot gas, Zhot, can be taken
to be constant. This set of first-order, coupled differential
equations can be straightforwardly solved to give the change
in mass and metal content of cold gas, hot gas and stars since
the start of the timestep (Appendix B). The model is quite
flexible: its behaviour is determined by specifying how the
functions τ⋆, β and e depend on the properties of the galaxy
and its surrounding halo. We note that compared to the
simple, “closed-box” chemical enrichment model, the yield
is modified by the metal ejection and feedback to produce
an effective yield peff = (1− e)p/(1−R + β) (equation B9),
which is therefore a function of the potential-well depth of

the galaxy. The evolution of the stellar metallicity differs
from the closed-box model because it is affected by both the
ejection of reheated gas and the accretion of cold gas and
associated metals.

4.2.2 Star Formation Law and Feedback Parameterization

In our previous work (e.g. Cole et al. 1994), we specified the
star formation timescale and feedback efficiency in terms of
the circular velocity of the halo in which each galaxy formed,
VH. T he relations we adopted were

τ⋆ = τ 0′
⋆ (VH/300 kms−1)α′

⋆ (4.12)

and

β = (VH/V ′
hot)

−α′

hot . (4.13)

The parameter τ 0′
⋆ , we treated as a free parameter, while the

other three parameters, α′
⋆, V ′

hot and α′
hot, we constrained

by comparing our models to the numerical simulations of
galaxy formation of Navarro & White (1993). These simula-
tions had only one free parameter, the fraction of SN energy
injected as kinetic energy into the interstellar medium. In
order to suppress the formation of low luminosity galaxies,
and thus produce a galaxy luminosity function with a rea-
sonably shallow faint end slope, as observed, we adopted
a fiducial model with very strong feedback for low circular
velocity halos, which we obtained by setting the parameter
values α′

⋆ = −1.5, V ′
hot = 140 km s−1 and α′

hot = 5.5.
The more detailed modelling that we now perform of the

structure of our model galaxies allows us to specify the star

c⃝ 0000 RAS, MNRAS 000, 000–000

R = recycled fraction 

ψ = star formation rate

β =  SN feedback parameter 

p = metal yield 

e = fraction of metals ejected 

Mass conservation 

Conservation of metals  

SFR & mass ejection 

SFR 

€ 

M
.
BH = fBHψburst +

Lcool
c 2ε SMBH

SN 
feedback 

AGN 
feedback 
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Instantaneous Jeans wavenumber given by 

Expand baryonic overdensity in 
wavenumber: 

Filtering mass used in fitting formula for 
total mass of gas accreted by halos 
(Gnedin ‘00): 

Benson, CSF+  ‘02 

Photoionization & the filtering mass 
Linear theory for the growth of a baryonic perturbation (Gnedin & Hui 98) 
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The GALFORM model  

Modelling reionization: full model well approximated by: 

Controls the characteristic scale 
below which reionisation is 

effective 

[fiducial value: Vcut = 30 kms-1] 

Controls when reionisation 
happens 

[fiducial value: zcut = 6] 

[c.f. a full, self-consistent calculation of 
reionisation by Benson+ (2002a); also employed 

by Bullock+ 00; Somerville '0 etc.] 

Turn off cooling in halos of circular velocity Vc for: 

     Vc < Vcut   at   z < zcut zcut 

[calibrated by hydrodynamical sims. of Okamoto+ '08] 



Gravitational 
collapse 

Dark matter 
and gas 

distributions 

Gas cooling 
rates 

Star formation, 
feedback 

Galaxy merger 
rates 

The GALFORM semianalytic model 

GALFORM 
Model 

Luminosities, 
colors Positions and 

velocities 

Star formtn. 
rate, ages, 
composition 

Structure & 
Dynamics 

Morphology 
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The GALFORM model  
Durham semi-analytic model of galaxy formation: follows all 

physical processes thought to be relevant for galaxy formation 

HI mass  

Lacey et al. ‘16 

Example 
predictions: 

z=0 LFs 
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The GALFORM model  

Lacey et al. ‘16 

Example predictions: rest-
frame far-UV LF at hi-z 

Durham semi-analytic model of galaxy formation: follows all 
physical processes thought to be relevant for galaxy formation 



[Hellwing+ (2016);  
Bose+ (2016a)] 

Copernicus Complexio (COCO) simulation 

Dark matter only 

L~25 Mpc 

mp = 1.6 x 105Mo 

85 MW-mass halos 

300 LMC-mass halos 

Run GALFORM on 
merger trees constructed 

from COCO – can 
resolve the ultrafaint 

satellites  



University of Durham 

Institute for Computational Cosmology 

The satellite luminosity function 

Two populations of sats formed: (i) before and (ii) after reionization 
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Newtons’ 
estimate of the 
MW differential  
satellite lum fn  
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Theory vs data 
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Stars formed before reionisation 

Ultra-faint satellites 
(M*<105 Mo) (e.g. 

Segue-2, Cannes Venatici 1 
and 2, Bootes 1, etc) form 

~70% of their stars 
before reionization   
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Bright galaxies 

assemble much later: 
they know nothing 
about reionisation. 

Bose, Deason, CSF ‘18 
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Controls the characteristic scale 
below which reionisation is 

effective 

[fiducial value: Vcut = 30 kms-1] 

Controls when reionisation 
happens 

[fiducial value: zcut = 10] 

zcut  and Vcut    

[calibrated by hydrodynamical sims. of Okamoto+ '08] 

The satellite luminosity function 

How does the predicted satellite luminosity function depend on: 
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Effect of zcut 
(when reionisation happens)

Effect of Vcut 
(haloes affected by reionisation)

The satellite luminosity function 

Two populations of sats formed: (i) before and (ii) after reionization 
GALFORM predicts: 
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Theory vs data 
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The MW/M31 sat. luminosity function 
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Best hydro simulations only resolve 
dwarfs brighter than -9 
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ΛCDM in crisis? 

1. The “missing satellites”  

2. The “too-big-to-fail” 

Two problems for ΛCDM on dwarf galaxy scales”  

problems 



cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 

CDM: many subhalos WDM:  few subhalos 

Milky Way: 55 satellites discovered so far (125 in total) 
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Boyarski & Ruchayskiy  ‘12 

CDM: many subhalos WDM:  few subhalos 

Milky Way: 55 satellites discovered so far (125 in total) 



cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 

CDM: many subhalos WDM:  few subhalos 

Milky Way: 55 satellites discovered so far (125 in total) 

This argument is WRONG! 
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•  Reionization heats gas to ~104K, preventing it 
from cooling and forming stars in small halos 

•    Supernovae feedback expels any residual gas  

Most subhalos never make a galaxy!  

Because: 
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Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

dark halos 
(const M/L)  

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman et al ’93, Bullock et al ’00) 
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Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman et al ’93, Bullock et al ’01) 

★ 
★ 

★ 

★ 
★ 

Koposov et al 08 
(SDSS) 



icc.dur.ac.uk/Eagle 

Virgo	Consor*um	
Durham:	Richard	Bower,	Michelle	Furlong,	Carlos	Frenk,	MaOhieu	Schaller,	James	
Trayford,	YelB	Rosas-Guevara,	Tom	Theuns,	Yan	Qu,	John	Helly,	Adrian	Jenkins.	
Leiden:	Rob	Crain,	Joop	Schaye.	
Other:	Claudio	Dalla	Vecchia,	Ian	McCarthy,	Craig	Booth…	

																																					

“Evolution and assembly of galaxies and 
their environment” 



Trayford	et	al	‘15	



APOSTLE 
EAGLE full 

hydro 
simulations 
Local Group 

Sawala et al ‘16 

Dark matter 

CDM 



Far fewer satellite galaxies than CDM halos 

APOSTLE 
EAGLE full 

hydro 
simulations 
Local Group 

Stars 

Sawala et al ‘16 

CDM 
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Fraction of dark subhalos 

Vc =
GM
r

V max = max Vc 

All halos of mass < 5×108Mo  or Vmax < 7 km/s are dark (m*<104Mo)  

Fattahi et al ‘16 

Dark matter content of MW satellites 5
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Figure 3. Left: Stellar mass-halo mass relation for “central” galaxies in the highest resolution APOSTLE runs (L1). The abundance-
matching relations of Guo et al. (2010), Moster et al. (2013) and Behroozi et al. (2013) are shown for reference, labelled as G10, M13,
and B13, respectively. The dotted portion of these curves indicates extrapolation of their formulae to low masses. The fraction of “dark”
systems in APOSTLE (i.e., no stars) as a function of virial mass is indicated by the curve labelled “fdark”. Right: Stellar mass versus
maximum circular velocity (Vmax) of centrals and satellite galaxies in APOSTLE, shown as blue crosses and red circles, respectively. The
offset between field and satellite galaxies is due to loss of mass, mostly dark matter, caused by tidal stripping. The fraction of “dark”
subhalos is shown by the solid red curve. There are no dark subhalos with Vmax > 25 km s−1. Blue and red dashed lines are fits to the
central and satellite stellar mass-Vmax relations, respectively, of the form Mstr/M⊙ = M0 να exp(−νγ), where ν is the velocity in units
of V0 km s−1. Best fits have (M0,α,γ,V0) equal to (5 × 108, 3.23, −2.2, 55) and (6.2 × 108, 2.5, −1.35, 45.5) for centrals and satellites,
respectively.

2013). Such relation is best specified in the regime where
the galaxy stellar mass function is well known (Mstr >
107 M⊙,e.g., Moster et al. 2013), but is routinely extrap-
olated to lower masses, usually assuming a power-law be-
haviour.

We compare the APOSTLEMstr-M200 relation with the
predictions of three different AM models (Guo et al. 2010;
Moster et al. 2013; Behroozi et al. 2013) in the left panel
of Fig. 3. Stellar masses, Mstr, are measured for simulated
galaxies within the “galactic radius”, rgal, defined as 0.15
times the virial radius the halo. This radius contains most
of the stars and cold, star-forming gas of the main (“cen-
tral”) galaxy of each FoF halo. When considering galaxies
inhabiting subhalos (“satellites”), whose virial radii are not
well defined, we shall compute rgal using their maximum cir-
cular velocity, Vmax, after calibrating the Vmax-rgal relation

4

of the centrals.
The left panel of Fig. 3 shows that APOSTLE centrals

follow a tight galaxy-halo mass relation that deviates sys-
tematically from the AM predictions/extrapolations of Guo
et al. (2010); Moster et al. (2013). APOSTLE galaxies of
given stellar mass live in halos systematically less massive
than predicted by those models. This issue has been dis-
cussed by Sawala et al. (2013, 2015), who trace the disagree-

4 Specifically, we used rgal/kpc= 1.69 (Vmax/ km s−1)1.01

ment at least in part to the increasing prevalence of “dark”5

halos with decreasing virial mass. The effect of these dark
systems is not subtle, as shown by the thick solid blue line
in Fig. 3. This line indicates the fraction of APOSTLE ha-
los that are dark (scale on right axis); only half of 109.5 M⊙

halos harbor luminous galaxies in APOSTLE. The “dark”
fraction increases steeply with decreasing mass: 9 out of 10
halos with M200 = 109 M⊙ are dark, and fewer than 1 in 50
are luminous in halos with virial mass ∼ 108.8 M⊙.

One might fear that the deviation from the AM predic-
tion shown in Fig. 3 might lead to a surplus of faint galax-
ies in the Local Group. This is not the case; as discussed
by Sawala et al. (2016), APOSTLE volumes contain ∼ 100
galaxies with Mstr > 105 M⊙ within 2 Mpc from the LG
barycentre, only a fraction above the 60 known such galaxies
in the compilation of McConnachie (2012). We shall here-
after adopt 105 M⊙ (which corresponds roughly to a magni-
tude limit of MV = −8) as the minimum galaxy stellar mass
we shall consider in our discussion. In APOSTLE L1 runs
these systems inhabit halos of M200 ∼ 2× 109 M⊙, and are
resolved with a few tens of thousands of particles.

The right-hand panel of Fig. 3 is analogous to the left
but using Vmax as a measure of mass. This allows the satel-
lites in APOSTLE main galaxies (open circles) to be in-
cluded and compared with centrals (blue crosses). Satellites

5 These are systems with no stars in APOSTLE L1, or, more
precisely, Mstr < 104 M⊙, the mass of a single baryonic particle.

c⃝ 2016 RAS, MNRAS 000, 1–12

Dark matter content of MW satellites 5
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Figure 3. Left: Stellar mass-halo mass relation for “central” galaxies in the highest resolution APOSTLE runs (L1). The abundance-
matching relations of Guo et al. (2010), Moster et al. (2013) and Behroozi et al. (2013) are shown for reference, labelled as G10, M13,
and B13, respectively. The dotted portion of these curves indicates extrapolation of their formulae to low masses. The fraction of “dark”
systems in APOSTLE (i.e., no stars) as a function of virial mass is indicated by the curve labelled “fdark”. Right: Stellar mass versus
maximum circular velocity (Vmax) of centrals and satellite galaxies in APOSTLE, shown as blue crosses and red circles, respectively. The
offset between field and satellite galaxies is due to loss of mass, mostly dark matter, caused by tidal stripping. The fraction of “dark”
subhalos is shown by the solid red curve. There are no dark subhalos with Vmax > 25 km s−1. Blue and red dashed lines are fits to the
central and satellite stellar mass-Vmax relations, respectively, of the form Mstr/M⊙ = M0 να exp(−νγ), where ν is the velocity in units
of V0 km s−1. Best fits have (M0,α,γ,V0) equal to (5 × 108, 3.23, −2.2, 55) and (6.2 × 108, 2.5, −1.35, 45.5) for centrals and satellites,
respectively.

2013). Such relation is best specified in the regime where
the galaxy stellar mass function is well known (Mstr >
107 M⊙,e.g., Moster et al. 2013), but is routinely extrap-
olated to lower masses, usually assuming a power-law be-
haviour.

We compare the APOSTLEMstr-M200 relation with the
predictions of three different AM models (Guo et al. 2010;
Moster et al. 2013; Behroozi et al. 2013) in the left panel
of Fig. 3. Stellar masses, Mstr, are measured for simulated
galaxies within the “galactic radius”, rgal, defined as 0.15
times the virial radius the halo. This radius contains most
of the stars and cold, star-forming gas of the main (“cen-
tral”) galaxy of each FoF halo. When considering galaxies
inhabiting subhalos (“satellites”), whose virial radii are not
well defined, we shall compute rgal using their maximum cir-
cular velocity, Vmax, after calibrating the Vmax-rgal relation

4

of the centrals.
The left panel of Fig. 3 shows that APOSTLE centrals

follow a tight galaxy-halo mass relation that deviates sys-
tematically from the AM predictions/extrapolations of Guo
et al. (2010); Moster et al. (2013). APOSTLE galaxies of
given stellar mass live in halos systematically less massive
than predicted by those models. This issue has been dis-
cussed by Sawala et al. (2013, 2015), who trace the disagree-

4 Specifically, we used rgal/kpc= 1.69 (Vmax/ km s−1)1.01

ment at least in part to the increasing prevalence of “dark”5

halos with decreasing virial mass. The effect of these dark
systems is not subtle, as shown by the thick solid blue line
in Fig. 3. This line indicates the fraction of APOSTLE ha-
los that are dark (scale on right axis); only half of 109.5 M⊙

halos harbor luminous galaxies in APOSTLE. The “dark”
fraction increases steeply with decreasing mass: 9 out of 10
halos with M200 = 109 M⊙ are dark, and fewer than 1 in 50
are luminous in halos with virial mass ∼ 108.8 M⊙.

One might fear that the deviation from the AM predic-
tion shown in Fig. 3 might lead to a surplus of faint galax-
ies in the Local Group. This is not the case; as discussed
by Sawala et al. (2016), APOSTLE volumes contain ∼ 100
galaxies with Mstr > 105 M⊙ within 2 Mpc from the LG
barycentre, only a fraction above the 60 known such galaxies
in the compilation of McConnachie (2012). We shall here-
after adopt 105 M⊙ (which corresponds roughly to a magni-
tude limit of MV = −8) as the minimum galaxy stellar mass
we shall consider in our discussion. In APOSTLE L1 runs
these systems inhabit halos of M200 ∼ 2× 109 M⊙, and are
resolved with a few tens of thousands of particles.

The right-hand panel of Fig. 3 is analogous to the left
but using Vmax as a measure of mass. This allows the satel-
lites in APOSTLE main galaxies (open circles) to be in-
cluded and compared with centrals (blue crosses). Satellites

5 These are systems with no stars in APOSTLE L1, or, more
precisely, Mstr < 104 M⊙, the mass of a single baryonic particle.

c⃝ 2016 RAS, MNRAS 000, 1–12
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Figure 3. Stellar mass functions from 12 Apostle simulations at resolution L2 compared to observations. In the left and centre, shaded

regions show the mass functions of satellites within 300 kpc of each of the primary (left) and secondary (centre) of the two main Local
Group galaxies from each simulation volume, while lines show the observed stellar mass function within 300 kpc of M31 (left) and the

MW (centre). In the right, the shaded region shows all galaxies within 2 Mpc of the Local Group barycentre in the simulations, while
the line is the stellar mass function of all known galaxies within the same region. On each panel, the dark colour-shaded areas bound

the 16th and 84th percentiles; light shaded areas indicate the full range among our twelve Local Group realisations. For comparison,

the grey area on each panel corresponds to the mass function of all dark matter halos. All observational data are taken from the latest
compilation by McConnachie (2012). Note that while the M31 satellite count is likely to be complete to 105M�, the count of satellites

of the MW and the total count within 2 Mpc should be considered as lower limits to the true numbers due to the limited sky coverage

of local galaxy surveys and the low surface brightness of dwarf galaxies. See Fig. A1 for numerical convergence.

3.4 The baryon bailout

We next consider the “too-big-to-fail” problem (Boylan-
Kolchin et al. 2011; Parry et al. 2012). As demonstrated
by Strigari et al. (2010) from the Aquarius dark matter
only (DMO) simulations (Springel et al. 2008), a Milky Way
mass halo in ⇤CDM typically contains at least one satellite
substructure that matches the velocity dispersion profiles
measured for each of the five Milky Way dwarf spheroidal
satellites for which high-quality kinematic data are avail-
able. However, that work addressed neither the question of
whether those halos which match the kinematics of a par-
ticular satellite would actually host a comparable galaxy,
nor whether an observed satellite galaxy can be found to
match each of the many predicted satellite halos. Indeed,
the identification in the same simulations, of an excess of
massive substructures with no observable counterparts, and
the implication that the brightest satellites of the Milky Way
appear to shun the most massive CDM substructures, con-
stitutes the “too-big-to-fail” problem (Boylan-Kolchin et al.
2011).

A simple characterization of the problem is given by the
number of satellite halos with maximum circular velocities,

vmax = max
⇣p

GM(< r)/r
⌘
, above ⇠ 30 km/s, where all

satellite halos are expected to be luminous (Okamoto et al.
2008; Sawala et al. 2014). Only three MW satellites are con-
sistent with halos more massive than this limit (the two
Magellanic Clouds and the Sagittarius dwarf), whereas dark
matter only (DMO) ⇤CDM simulations of MW-sized halos
produce two to three times this number. Indeed, as shown in
Fig. 4, when we consider the DMO counterparts of our LG
simulations, the MW and M31 halos each contain an average
of 7�8 satellites with Vmax > 30 km/s inside 300 kpc, more

than twice the observed number of luminous satellites. This
is despite the fact that, in order to match the most recent dy-
namical constraints (Gonzalez et al. 2013; Peñarrubia et al.
2014), the average halo masses of M31 and the MW in our
simulations are lower than those in which the problem was
first identified (Boylan-Kolchin et al. 2011).

The situation changes, however, when we consider the
hydrodynamic Local Group simulations: Each main galaxy
in our hydrodynamic simulation has on average only 3 � 4
luminous satellites with vmax > 30 km/s. Furthermore, the
average velocity function of the most massive substructures
across our LG simulations appears to be in excellent agree-
ment with the MW estimates, quoted by Peñarrubia et al.
(2008) and overplotted as red circles in Fig. 4.

Several factors contribute to the reduction in the mea-
sured satellite vmax function in our hydrodynamic simula-
tions compared to DMO simulations, including our own: (i)
a reduction in the mass of each subhalo due to baryonic
e↵ects as discussed below, (ii) the failure of a fraction of
subhalos of vmax < 30 km/s to form any stars, and (iii)
those halos of vmax < 30 km/s that actually contain ob-
servable dwarf galaxies being disproportionately a↵ected by
tidal stripping.

In Fig. 6, we compare the maximum circular velocity
of individual isolated halos matched between our hydro-
dynamic and DMO simulations. In agreement with Sawala
et al. (2013) and Schaller et al. (2015), we find that while the
more massive halos of vmax > 100 km/s that host the MW
and M31 are not significantly a↵ected, the halos of dwarf
galaxies are less massive than their DMO counterparts, with
the loss of baryons due to reionization and supernova feed-
back, and a reduced growth rate leading to a ⇠ 15% re-
duction in vmax. The average reduction in mass is similar

c� 2014 RAS, MNRAS 000, 1–13
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Observed abundance of satellites 
is compatible with CDM 

• à 

When “baryon effects” are 
taken into account 

There is no such thing as the 
“satellite problem” in CDM! 

• à 
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The “too-big-to-fail” problem 

The	satellites	of	the	MW	 Dark	maOter	subhalos	in	CDM	

MW has only 3 satellites 
with Vmax>30 km/s 

(LMC, SMC, Sgr) 

CDM has ~10 subhalos with 
Vmax>30 km/s 

• Why did these not make a 
galaxy? 

Vc =
GM
r

V max = max Vc 



Rotation curves of Aquarius subhalos  
Boylan-Kolchin et al.‘11 

9 dwarf 
satellites of 
Milky Way: 
mass within 

half-light 
radius  

Excludes 
LMC, SMC, 
Sagittarius 

€ 

Vc =
GM
r





University of Durham 

Institute for Computational Cosmology 

Too-big-to-fail in CDM: baryon effects 
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No too-big-to-fail problem in CDM 

• à 
When “baryon effects” are included 
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Conclusions 

•  Dwarf galaxies are  important  diagnostics  for cosmology  

•  Have detected 2 populations of satellites in the Milky Way:  

   (i) the “first galaxies” that formed before reionization (M*<105 M0) 

   (ii) a brighter population that formed after reionization (M*>105 M0) 

•  These populations were predicted by existing GALFORM model 

When baryon effects are taken into account 

•  NO “satellite problem” in CDM (reionization + SN feedback) 

•  NO “too-big-to-fail problem in CDM (early ejection of gas) 

1. The first galaxies 

2. The MW satellites in ΛCDM 


