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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 



Is there evidence for these 2 
phases of galaxy formation?   

YES! We can see the two phases of galaxy formation 

in the halo of the Milky Way: the ultra-faint satellites 

formed during Phase I  (i.e. before reionization) and 

the bright ones during Phase II. 
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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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EAGLE Local Group simulation 

Sawala, CSF et al ‘16 

Local Group galaxies Emerge from the Dark 7

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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APOSTLE 

LCDM correctly predicts satellite luminosity function 
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The GALFORM model  

Merger trees from cosmological 
dark matter simulation 

Physics models 
for gas and dust 

Gas 
cooling 

Feedback 

Star formation; 
SMBH growtth 
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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] 



[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  
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The satellite luminosity function 

Two populations of sats formed: (i) before and (ii) after reionization 
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GALFORM model 



Yes! But need the satellite luminosity function 

Can we compare the theoretical  
predictions to data? 
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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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DifferenBal	satellite	luminosity	funcBon	MW satellites 
(Newton+ ’18) plus 

MV<-8 M31 
satellites 

(Mcconnachie ’12) 

Bose, Deason, CSF ‘18 
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The 2 populations of galactic satellites �15�10�50
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Bose, Deason, CSF ‘18 

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 
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(i) Formed 
before zreion 

(ii) Formed 
after zreion 

Theory vs data 

Bose, Deason, CSF ‘18 

Pre-existing 
GALFORM 

model 
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Theory vs data 

Bose, Deason, CSF ‘18 

Newtons’ 
estimate of the 
MW differential  
satellite lum fn  
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Bose, Deason, CSF ‘18 

Theory vs data 
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Stars formed before reionisation 

Ultra-faint satellites 
(M*<105 Mo) form ~70% 

of their stars before 
reionization   

Fr
ac

tio
n 

of
 s

ta
rs

 fo
rm

ed
 b

ef
or

e 
z=

6 
Bright galaxies 

assemble much later: 
they know nothing 
about reionisation. 

Bose, Deason, CSF ‘18 



1. Galaxy formation theory predicts 2 populations of gal. 
satellites, formed (i) before and (ii) after reionization 

2. We have estimated the total luminosity function of 
satellites in Milky Way (124 w. MV<0, within 300kpc) 

3.  Combining MW sats with bright M31 sats, we have 
detected the two populations at high signficance 

4.  The (pre-existing) model agrees perfectly with the data 

Conclusions 


