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The smallest galaxies 

• Key to understanding galaxy formation

• May reveal the identity of the dark matter

The faintest dwarfs have ~10 – 105 Mo

à can only be seen as satellites of  the Milky Way
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The smallest galaxies 

Gas: the highest-resolution hydro galaxy simulations (Auriga, 
Apostle, Fire), have gas mass resolution  ~104 Mo

Cannot study ultra-faint galaxies with current hydro 
simulations

How much resolution is required to simulate the smallest galaxies?

Dark matter: resolution of ~105 Mo is enough 

Can study ultra-faint galaxies with semi-analytic models

à Galform
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Cooling argument

Jeans argument

A galaxy formation primer

Critical mass to form stars in a halo of 
mass M200

After reionization

Before reionization
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dark. This conclusion agrees qualitatively with results from
cosmological hydrodynamical simulations (Hoeft et al. 2006;
Okamoto & Frenk 2009; Beńıtez-Llambay et al. 2015; Sawala
et al. 2016; Fitts et al. 2017), although the exact value of the
critical halo mass and its dependence on modelling details,
are uncertain. A quantity often discussed in this context is
the “filtering mass” defined as the mass of those haloes that
retain half of their baryons after cosmic reionization; it can
be calculated using either linear theory or numerical sim-
ulations (e.g. Gnedin 2000; Benson et al. 2002a; Okamoto
et al. 2008; Hoeft et al. 2006). The exact connection of this
quantity to galaxy formation is, however, unclear.

To illustrate these ideas, let us assume that prior to
reionization galaxy formation can only take place in haloes in
which atomic hydrogen can cool, that is haloes of virial tem-
perature, T200 & 7000 K. The corresponding critical mass is
approximately,

Mz

H ⇠ (4 ⇥ 107 M�)

✓
1 + z
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◆�3/2

. (1)

In Fig. 1 we follow the evolution of a halo of present-day
mass, M0

cr = 5 ⇥ 109 M�, which, for illustration purposes,
we take to be the critical mass above which all dark matter
haloes host a luminous galaxy at z = 0. The red solid line
shows the average mass growth (inferred from the mean mass
accretion history) of a halo of that mass in ⇤CDM. The halo
mass required for galaxy formation to proceed is shown by
the black dashed line. At z = zre this jumps from Mz

H to
Mz

cr. The blue dashed line in Fig. 1 shows the evolution of
Mz

cr, assumed to be the mass of a halo of virial temperature
Tb = 2 ⇥ 104 K.

All haloes of M200 � M0

cr will host a luminous galaxy
at z = 0. Some haloes of M200  M0

cr will be “dark” but
others will also host a luminous galaxy, depending on their
previous history. The thin brown lines in Fig. 1 illustrate
two di↵erent mass accretions histories that lead to the same
halo mass at z = 0, M200 < M0

cr. One of them never crosses
the critical mass required for gas to collapse, whereas the
other, although below the critical mass at z = 0, exceeded
Mz

H before cosmic reionization. Of the two, only the later
is expected to host a luminous galaxy today. This example
illustrates the origin of the “stochastic” nature of galaxy for-
mation in dark matter haloes of mass close to the critical
value (e.g. Hoeft et al. 2006; Beńıtez-Llambay et al. 2015;
Sawala et al. 2016; Fitts et al. 2017, and references thereir).
Note that given our assumptions none of the dark matter
haloes of mass M200  MH,0 at z = 0 can host a luminous
galaxy, as ⇤CDM haloes can only grow in mass unless they
become a satellite of a more massive system, after which
they may be subject to mass loss from tidal stripping.

The present-day value of the critical mass, M0

cr, that
separates haloes that were able to form a galaxy from those
that were not is a direct probe of the epoch of reionization
and constrains the two parameters, zre and Tb. The redshift
of reionization can be estimated by finding the time when
the average mass of haloes of M200 = M0

cr first exceeded Mz

H

(dashed orange line). The constraint on Tb follows from the

within which the mean mass density equals 200 times the critical
density of the universe and label them with the subscript 200.

Figure 1. Redshift evolution of the critical halo mass above
which atomic hydrogen cooling becomes e�cient (orange dashed
line), the critical mass corresponding to a fixed virial tempera-
ture, T200 = Tb = 2 ⇥ 104 K (blue dashed line), and the mean
mass assembly history of a ⇤CDM halo of present-day mass,
M200 ⇠ 5 ⇥ 109 M�h�1 (red solid line). The e↵ective critical
mass for gas to collapse is shown by the dot-dashed black line.
This is equal to Mz

H
(Eqn. 1) prior to the redshift of reionization,

zre, and to Mz
cr (Eqn. 2) after zre. For this particular example, the

value of M0
cr constrains both, the redshift of reionization and the

temperature of the intergalactic medium. The brown thin solid
lines show two particular mass assembly histories of dark matter
haloes of present-day mass, M200 ⇠ 3 ⇥ 109M�, i.e., of mass,
M200 < M0

cr. One halo never exceeds Mz
cr and is expected to

remain “dark” at z = 0. The other was more massive than Mz
cr

prior to reionization and is expected to host a luminous galaxy
at z = 0.

value of M0

cr since,

Mz

cr ⇠
�
1010 M�

�✓ Tb

3.2 ⇥ 104 K
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In this paper we develop a theoretical framework to
understand the onset of galaxy formation and the impact
of cosmic reionization on galaxy formation and address the
follow questions: Is there an actual minimum halo mass at
z = 0 below which galaxies cannot form? If so, how does
this depend on the characteristic scales of cosmic reioniza-
tion? Is the simple picture outlined above consistent with
full hydrodynamical simulations of galaxy formation? Is our
model quantitatively robust? How sensitive are the results
to the underlying assumptions about galaxy formation?

In Section 2 we introduce our model to calculate how
reionization a↵ects galaxy formation in low-mass haloes. We
describe the numerical method and our simulations in Sec-
tion 3. We perform a comparison between our model and
high-resolution cosmological hydrodynamics simulations in
Section 4. We discuss our results in Section 5 and conclude
in Section 6.

2 MODEL

We will discuss later the conditions required for gas to col-
lapse in a halo and make a galaxy. Here, we introduce a

MNRAS 000, 1–13 (2020)

2. After H reionization, gas 
is heated to T=2x104 K. It 
can only cool and form 

stars in halos with: 

Tvir > TIGM = 2x104 K

1. Before reionization, 
stars can only form if 
atomic H cooling is 

effective: à T>7000 K

In which halos do galaxy form?
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dark. This conclusion agrees qualitatively with results from
cosmological hydrodynamical simulations (Hoeft et al. 2006;
Okamoto & Frenk 2009; Beńıtez-Llambay et al. 2015; Sawala
et al. 2016; Fitts et al. 2017), although the exact value of the
critical halo mass and its dependence on modelling details,
are uncertain. A quantity often discussed in this context is
the “filtering mass” defined as the mass of those haloes that
retain half of their baryons after cosmic reionization; it can
be calculated using either linear theory or numerical sim-
ulations (e.g. Gnedin 2000; Benson et al. 2002a; Okamoto
et al. 2008; Hoeft et al. 2006). The exact connection of this
quantity to galaxy formation is, however, unclear.

To illustrate these ideas, let us assume that prior to
reionization galaxy formation can only take place in haloes in
which atomic hydrogen can cool, that is haloes of virial tem-
perature, T200 & 7000 K. The corresponding critical mass is
approximately,

Mz

H ⇠ (4 ⇥ 107 M�)

✓
1 + z
11

◆�3/2

. (1)

In Fig. 1 we follow the evolution of a halo of present-day
mass, M0

cr = 5 ⇥ 109 M�, which, for illustration purposes,
we take to be the critical mass above which all dark matter
haloes host a luminous galaxy at z = 0. The red solid line
shows the average mass growth (inferred from the mean mass
accretion history) of a halo of that mass in ⇤CDM. The halo
mass required for galaxy formation to proceed is shown by
the black dashed line. At z = zre this jumps from Mz

H to
Mz

cr. The blue dashed line in Fig. 1 shows the evolution of
Mz

cr, assumed to be the mass of a halo of virial temperature
Tb = 2 ⇥ 104 K.

All haloes of M200 � M0

cr will host a luminous galaxy
at z = 0. Some haloes of M200  M0

cr will be “dark” but
others will also host a luminous galaxy, depending on their
previous history. The thin brown lines in Fig. 1 illustrate
two di↵erent mass accretions histories that lead to the same
halo mass at z = 0, M200 < M0

cr. One of them never crosses
the critical mass required for gas to collapse, whereas the
other, although below the critical mass at z = 0, exceeded
Mz

H before cosmic reionization. Of the two, only the later
is expected to host a luminous galaxy today. This example
illustrates the origin of the “stochastic” nature of galaxy for-
mation in dark matter haloes of mass close to the critical
value (e.g. Hoeft et al. 2006; Beńıtez-Llambay et al. 2015;
Sawala et al. 2016; Fitts et al. 2017, and references thereir).
Note that given our assumptions none of the dark matter
haloes of mass M200  MH,0 at z = 0 can host a luminous
galaxy, as ⇤CDM haloes can only grow in mass unless they
become a satellite of a more massive system, after which
they may be subject to mass loss from tidal stripping.

The present-day value of the critical mass, M0

cr, that
separates haloes that were able to form a galaxy from those
that were not is a direct probe of the epoch of reionization
and constrains the two parameters, zre and Tb. The redshift
of reionization can be estimated by finding the time when
the average mass of haloes of M200 = M0

cr first exceeded Mz

H

(dashed orange line). The constraint on Tb follows from the

within which the mean mass density equals 200 times the critical
density of the universe and label them with the subscript 200.

Figure 1. Redshift evolution of the critical halo mass above
which atomic hydrogen cooling becomes e�cient (orange dashed
line), the critical mass corresponding to a fixed virial tempera-
ture, T200 = Tb = 2 ⇥ 104 K (blue dashed line), and the mean
mass assembly history of a ⇤CDM halo of present-day mass,
M200 ⇠ 5 ⇥ 109 M�h�1 (red solid line). The e↵ective critical
mass for gas to collapse is shown by the dot-dashed black line.
This is equal to Mz

H
(Eqn. 1) prior to the redshift of reionization,

zre, and to Mz
cr (Eqn. 2) after zre. For this particular example, the

value of M0
cr constrains both, the redshift of reionization and the

temperature of the intergalactic medium. The brown thin solid
lines show two particular mass assembly histories of dark matter
haloes of present-day mass, M200 ⇠ 3 ⇥ 109M�, i.e., of mass,
M200 < M0

cr. One halo never exceeds Mz
cr and is expected to

remain “dark” at z = 0. The other was more massive than Mz
cr

prior to reionization and is expected to host a luminous galaxy
at z = 0.

value of M0

cr since,

Mz

cr ⇠
�
1010 M�
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In this paper we develop a theoretical framework to
understand the onset of galaxy formation and the impact
of cosmic reionization on galaxy formation and address the
follow questions: Is there an actual minimum halo mass at
z = 0 below which galaxies cannot form? If so, how does
this depend on the characteristic scales of cosmic reioniza-
tion? Is the simple picture outlined above consistent with
full hydrodynamical simulations of galaxy formation? Is our
model quantitatively robust? How sensitive are the results
to the underlying assumptions about galaxy formation?

In Section 2 we introduce our model to calculate how
reionization a↵ects galaxy formation in low-mass haloes. We
describe the numerical method and our simulations in Sec-
tion 3. We perform a comparison between our model and
high-resolution cosmological hydrodynamics simulations in
Section 4. We discuss our results in Section 5 and conclude
in Section 6.

2 MODEL

We will discuss later the conditions required for gas to col-
lapse in a halo and make a galaxy. Here, we introduce a
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2. After H reionization, gas 
is heated to T=2x104 K. It 
can only cool and form 

stars in halos with: 

Tvir > TIGM = 2x104 K

1. Before reionization, 
stars can only form if 
atomic H cooling is 

effective: à T>7000 K

Need to resolve halos of M~107.5 Mo
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dark. This conclusion agrees qualitatively with results from
cosmological hydrodynamical simulations (Hoeft et al. 2006;
Okamoto & Frenk 2009; Beńıtez-Llambay et al. 2015; Sawala
et al. 2016; Fitts et al. 2017), although the exact value of the
critical halo mass and its dependence on modelling details,
are uncertain. A quantity often discussed in this context is
the “filtering mass” defined as the mass of those haloes that
retain half of their baryons after cosmic reionization; it can
be calculated using either linear theory or numerical sim-
ulations (e.g. Gnedin 2000; Benson et al. 2002a; Okamoto
et al. 2008; Hoeft et al. 2006). The exact connection of this
quantity to galaxy formation is, however, unclear.

To illustrate these ideas, let us assume that prior to
reionization galaxy formation can only take place in haloes in
which atomic hydrogen can cool, that is haloes of virial tem-
perature, T200 & 7000 K. The corresponding critical mass is
approximately,

Mz
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In Fig. 1 we follow the evolution of a halo of present-day
mass, M0

cr = 5 ⇥ 109 M�, which, for illustration purposes,
we take to be the critical mass above which all dark matter
haloes host a luminous galaxy at z = 0. The red solid line
shows the average mass growth (inferred from the mean mass
accretion history) of a halo of that mass in ⇤CDM. The halo
mass required for galaxy formation to proceed is shown by
the black dashed line. At z = zre this jumps from Mz

H to
Mz

cr. The blue dashed line in Fig. 1 shows the evolution of
Mz

cr, assumed to be the mass of a halo of virial temperature
Tb = 2 ⇥ 104 K.

All haloes of M200 � M0

cr will host a luminous galaxy
at z = 0. Some haloes of M200  M0

cr will be “dark” but
others will also host a luminous galaxy, depending on their
previous history. The thin brown lines in Fig. 1 illustrate
two di↵erent mass accretions histories that lead to the same
halo mass at z = 0, M200 < M0

cr. One of them never crosses
the critical mass required for gas to collapse, whereas the
other, although below the critical mass at z = 0, exceeded
Mz

H before cosmic reionization. Of the two, only the later
is expected to host a luminous galaxy today. This example
illustrates the origin of the “stochastic” nature of galaxy for-
mation in dark matter haloes of mass close to the critical
value (e.g. Hoeft et al. 2006; Beńıtez-Llambay et al. 2015;
Sawala et al. 2016; Fitts et al. 2017, and references thereir).
Note that given our assumptions none of the dark matter
haloes of mass M200  MH,0 at z = 0 can host a luminous
galaxy, as ⇤CDM haloes can only grow in mass unless they
become a satellite of a more massive system, after which
they may be subject to mass loss from tidal stripping.

The present-day value of the critical mass, M0

cr, that
separates haloes that were able to form a galaxy from those
that were not is a direct probe of the epoch of reionization
and constrains the two parameters, zre and Tb. The redshift
of reionization can be estimated by finding the time when
the average mass of haloes of M200 = M0

cr first exceeded Mz

H

(dashed orange line). The constraint on Tb follows from the

within which the mean mass density equals 200 times the critical
density of the universe and label them with the subscript 200.

Figure 1. Redshift evolution of the critical halo mass above
which atomic hydrogen cooling becomes e�cient (orange dashed
line), the critical mass corresponding to a fixed virial tempera-
ture, T200 = Tb = 2 ⇥ 104 K (blue dashed line), and the mean
mass assembly history of a ⇤CDM halo of present-day mass,
M200 ⇠ 5 ⇥ 109 M�h�1 (red solid line). The e↵ective critical
mass for gas to collapse is shown by the dot-dashed black line.
This is equal to Mz

H
(Eqn. 1) prior to the redshift of reionization,

zre, and to Mz
cr (Eqn. 2) after zre. For this particular example, the

value of M0
cr constrains both, the redshift of reionization and the

temperature of the intergalactic medium. The brown thin solid
lines show two particular mass assembly histories of dark matter
haloes of present-day mass, M200 ⇠ 3 ⇥ 109M�, i.e., of mass,
M200 < M0

cr. One halo never exceeds Mz
cr and is expected to

remain “dark” at z = 0. The other was more massive than Mz
cr

prior to reionization and is expected to host a luminous galaxy
at z = 0.

value of M0

cr since,

Mz

cr ⇠
�
1010 M�

�✓ Tb

3.2 ⇥ 104 K

◆
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In this paper we develop a theoretical framework to
understand the onset of galaxy formation and the impact
of cosmic reionization on galaxy formation and address the
follow questions: Is there an actual minimum halo mass at
z = 0 below which galaxies cannot form? If so, how does
this depend on the characteristic scales of cosmic reioniza-
tion? Is the simple picture outlined above consistent with
full hydrodynamical simulations of galaxy formation? Is our
model quantitatively robust? How sensitive are the results
to the underlying assumptions about galaxy formation?

In Section 2 we introduce our model to calculate how
reionization a↵ects galaxy formation in low-mass haloes. We
describe the numerical method and our simulations in Sec-
tion 3. We perform a comparison between our model and
high-resolution cosmological hydrodynamics simulations in
Section 4. We discuss our results in Section 5 and conclude
in Section 6.

2 MODEL

We will discuss later the conditions required for gas to col-
lapse in a halo and make a galaxy. Here, we introduce a
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1. Before reionization, 
stars can only form if 
atomic H cooling is 

effective: à T>7000 K

2. After H reionization, gas 
is heated to T=2x104 K. It 
can only cool and form 

stars in halos with: 

Tvir > TIGM = 2x104 K
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Halo Occupation Fraction (HOF): fraction of halos 
of a given mass TODAY that host a galaxy

A galaxy formation primer

Benitez-Llambay & CSF ‘20
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Halos of M<3x108Mo 
today have NO galaxy

Halos of M>5x109Mo 
today all have a galaxy
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The MW satellite luminosity function

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

124±27
40

Cumulative 
satellite lum. fn.

102 Mo 105 Mo

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)

Newton, Cautun, CSF+ ‘18
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The MW satellite luminosity function

Gas mass ~105 Mo

DM mass ~106 Mo

~105 Mo (7DM)

The “Magpie” project: 
Eagle resimulations of 

MW analogues 

Shao, Cautun, Frenk ‘22
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orphans
survivors

Orphan galaxies: satellites that lost their halos due to resolution effects 

• ~2/3 of  ultrafaints are orphans

• Even relatively bright satellites 
can be orphans

The importance of “orphan” galaxies

Shao, Cautun, Frenk ‘22

Galform applied to the 
Magpie hydro 

simulation merger trees

Magpie:

Gas mass ~105 Mo

DM mass ~106 Mo

~105 Mo (7DM)
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Where are the orphans?
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The plane of satellites in the MW

Sibelius project
Constrained realizations of the local universe (w. BORG & SWIFT)

Till Sawala, Marius Cautun, Carlos Frenk, John Helly, Jens   
Jasche, Adrian Jenkins, Peter Johansson, Guilhem Lavaux, Stuart 

McAlpine, Matthieu Schaller
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Problem: the 11 “classical” Milky Way satellites are in a thin, possibly 
rotating plane (Lynden-Bell 1976) 

Bechtol+ 2015

The plane of satellites in the MW

Sawala, Cautun, CSF et al ‘22
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The orbital poles of 7 of the 11 satellites are clustered

The plane could be a spinning disk

Pawlowski & Kroupa (2020) 

The plane of satellites in the MW

GAIA DR2
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2 %

0.7% No strong correlation –
< 1 : 100,000 chance?

Pawlowski & Kroupa (2020) 

How rare is it?

The plane of satellites in the MW

Eigenvalues 
of inertia 
tensor

a>b>c 



Gaia EDR3 proper 
motions, integrated 

in a fixed MW 
potential for +/- 1 

Gyr.

Sawala, Cautun, CSF et al ‘22
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Each satellite 
integrated for one 

orbital period, 
with the other 10 

satellites fixed

The plane of satellites in the MW
MW Percentiles in LCDM
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The present values of c/a and (c/a)red of the MW are unusually 
low – for the MW!

Simultaneously 
integrated over 
the past 0.5, 1 

and 2 Gyr.

The plane of satellites in the MW

Each satellite 
integrated for one 

orbital period, 
with the other 10 

satellites fixed

MW Percentiles in LCDM

Time-average median
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The plane of 
satellites is tilting

Evolution of the plane of satellites

ΛCDM median

c/a

ΛC
DM

MW “plane of 
satellites” is just as 
transient as equally 

flattened distributions 
in our simulations

Direction of plane

� 1Myr

MW



University of Durham

Institute for Computational Cosmology

What about the clustered poles?

l Gaia EDR3: 23 degrees (not 16)

l Look elsewhere effect

l Complete sample of subhaloes (with orphans)

The rotating plane of satellites

We have 5/200 (2.5%) more clustered than the MW (compared to 0.04%)
Still rare, but not astronomically unlikely.
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Conclusions

• The smallest galaxies (10 --105M) key to gal formation & DM

• Beyond reach of current hydro simulations

• But can be modelled with SA models in DM sims of moderate res.

Ø Orphans are important even at hi res. With orphans:

1. Galform simulations agree with MW sat lum fn and 

radial distribution à No “too many satellites” problem

2. Flattening (c/a) of MW plane and alignment of orbital 

poles are not unusual in LCDM

Ø The MW plane of satellites is transient à will get fatter 

in 0.5Gyrs!


