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gravitational collapse in expanding Universe →
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5. The baryonic mass function of field galaxies

The baryonic mass function is presented in figure 4. This is the sum of the
functions in the three previous figures, where the masses in the gas functions are
multiplied by 1.33 to take into account the presence of helium. The error bars are
small enough that Schechter or any other analytical fits to the data are formally
poor. However, we show our best-fit values on the plot.

In table 3, we present the total mass density of the Universe in baryons within
galaxies, in different forms. Typical errors are 10% (but see §3a). For the stellar
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.

Table 3. The baryonic mass density of galaxies

(Typical errors are ca 10%. A discussion of the larger systematic errors is given in §3a.)

Ub U* UHI UH2

E 0.000 64 0.000 64 w0 w0
S0 0.000 73 0.000 68 0.000 03 0.000 01
SaCSab 0.000 36 0.000 32 0.000 01 0.000 02
SbCSbc 0.000 56 0.000 40 0.000 04 0.000 08
ScCScd 0.000 72 0.000 47 0.000 10 0.000 08
SdCSdmCSm 0.000 37 0.000 21 0.000 07 0.000 05
IrrCdIrr 0.000 13 0.000 07 0.000 03 0.000 01
dE 0.000 02 0.000 02 w0 w0
total 0.0035 0.0028 0.000 29 0.000 26
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Phil. Trans. R. Soc. A (2005)
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.
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multiplied by 1.33 to take into account the presence of helium. The error bars are
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.
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internal baryonic processes

in order to form stars cold gas is required (remember fb)!
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§ supernova feedback – stellar evolution

internal baryonic processes

lifetime supernova progenitor ~ millions of years
galaxy formation timescale  ~ billions of years

but how?extremely energetic events possibly influencing galaxy evolution!
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internal baryonic processes

• ejection,  heating, and enrichment

• eject mass from galaxy centre, i.e. giving it kinetic energy beyond escape velocity:

• where the escape velocity is approx. 

• available energy from SN

𝐸$%&,() =
1
2𝑀()𝑣(*+,

𝑣(*+, =
2𝐺𝑀-%.
𝑅-%.

𝐸/" = 𝜀01𝑓01𝑀∗𝐸01

eSN   <1 = fraction of SN energy available for feedback
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!? (assumed for both Type II and Ia)
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• eject mass from galaxy centre, i.e. giving it kinetic energy beyond escape velocity:

• where the escape velocity is approx. 

• available energy from SN

• ejected mass Mej:
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internal baryonic processes

• ejection,  heating, and enrichment

• eject mass from galaxy centre, i.e. giving it kinetic energy beyond escape velocity:

• where the escape velocity is approx. 

• available energy from SN

• ejected mass Mej:
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𝑉-%.

200𝑘𝑚/𝑠

3,

𝐸$%&,() = 𝐸/"

eSN   <1 = fraction of SN energy available for feedback
fSN ≪1 = number of possible SN per M* (IMF dependent, of order ≲1%)
M* = available stellar mass
ESN = energy supplied by SN (⋍1051erg)

𝐸$%&,() = 𝑀()
𝐺𝑀-%.
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In MW, 100% SN efficiency can eject 40% of the baryonic mass
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• ejection,  heating, and enrichment

• the virial temperature of a dark matter halo

𝐸!"#,%

*thermal motion of gas <=> kinetic energy of gas
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the gas lives in the potential of all material!
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§ supernova feedback – relevance for galaxy formation

internal baryonic processes

SN type II – core collapse

• ejection,  heating, and enrichment

enriching environment with heavy elements
(even going beyond 56Fe!)

remember:
star formation requires cold gas, and heavy elements facilitate cooling
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§ supernova feedback – relevance for cosmology

standard candle!

internal baryonic processes

unique lightcurve
(distance corrected)

 



Galaxy Formation

ü  characteristic light curve

ü  observable out to great distances

§ supernova feedback – relevance for cosmology

internal baryonic processes

m−M = 25− 5log H0( )+ 5log D (z,Ωm,0,ΩΛ,0 )( )
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§ biased galaxy formation

§ internal baryonic processes:

• supernova feedback

• active galactic nuclei feedback

§ dwarf galaxies

5. The baryonic mass function of field galaxies

The baryonic mass function is presented in figure 4. This is the sum of the
functions in the three previous figures, where the masses in the gas functions are
multiplied by 1.33 to take into account the presence of helium. The error bars are
small enough that Schechter or any other analytical fits to the data are formally
poor. However, we show our best-fit values on the plot.

In table 3, we present the total mass density of the Universe in baryons within
galaxies, in different forms. Typical errors are 10% (but see §3a). For the stellar
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.

Table 3. The baryonic mass density of galaxies

(Typical errors are ca 10%. A discussion of the larger systematic errors is given in §3a.)

Ub U* UHI UH2

E 0.000 64 0.000 64 w0 w0
S0 0.000 73 0.000 68 0.000 03 0.000 01
SaCSab 0.000 36 0.000 32 0.000 01 0.000 02
SbCSbc 0.000 56 0.000 40 0.000 04 0.000 08
ScCScd 0.000 72 0.000 47 0.000 10 0.000 08
SdCSdmCSm 0.000 37 0.000 21 0.000 07 0.000 05
IrrCdIrr 0.000 13 0.000 07 0.000 03 0.000 01
dE 0.000 02 0.000 02 w0 w0
total 0.0035 0.0028 0.000 29 0.000 26

J. I. Read and N. Trentham2704

Phil. Trans. R. Soc. A (2005)
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§ active galactic nuclei – history

• first observed late 1950s as radio sources

• first visible counterpart found by Maarten Schmidt

• spectrum revealed strange emission lines

• interpreted by Schmidt as redshifted hydrogen lines

• gradually drawing relation to Seyfert galaxies, i.e.

• optically identified galaxies w/ extremely high central luminosities

• distance and observed flux => unknowingly high energy production

internal baryonic processes

what else do we observe?
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§ Active Galactic Nuclei – observed properties

• strong, point-like nucleus

• highly luminous (outshining host galaxy)

• SED very different to stars or galaxies

• signatures of highly excitated elements (e.g. O[VI], C[IV], ...)

• broad emission lines suggesting high internal velocities

• high variability (in X-rays)

internal baryonic processes

circular logic:  AGN is already the explanation for all this...

different types of objects with similar properties →
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(image credit: Paolo Padovani)

but what powers this energy output!?
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§ active galactic nuclei – model(s)

internal baryonic processes

• accretion of mass onto black hole (Mbh~106-1010M⦿)

• gravitational collapse releases energy

∆𝐸"#$= −
1
2∆𝐸%&'

only half of the gained potential energy is converted into kinetic energy!

the remaining half is released...

(exercise)
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*and even on galaxy clusters scales (cf. Galaxy Cluster lecture)

→ prevents gas cooling, and/or

→ expells gas...

...on galactic scales!*
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§ active galactic nuclei – feedback

internal baryonic processes

• the energy output from the AGN impacts its environment via

- radiation

- particle winds

- plasma jets

→ prevents gas cooling, and/or

→ expells gas...

...on galactic scales!  

black hole – bulge mass relation

MULTIDARK-GALAXIES 5217

Figure 5. The contours show the relation of the BH mass to stellar bulge
mass at redshift z = 0 compared to observations from Kormendy & Ho (2013,
open circles) and McConnell & Ma (2013, filled triangles) for GALACTICUS (
top panel), SAG (middle panel), and SAGE (bottom panel). The yellow squares
represent the binned data points of the same relation for a certain model.

Figure 6. Fraction of cold gas compared to stellar mass as a function of
stellar mass at redshift z = 0 compared to observations from Boselli et al.
(2014, their fig. 5a, open circles) and Peeples & Shankar (2011, Table 2,
black triangles). The yellow squares represent the binned data points of the
same relation for a certain model.

MNRAS 474, 5206–5231 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/474/4/5206/4494373
by Astrophysikalisches Institut Potsdam Bibliothek user
on 23 January 2018
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Galaxy Formation internal baryonic processes

§ active galactic nuclei – problem

how to form these super-massive black holes in the first place?

(SMBH with Mbh ~ 109 M⊙)

(M87, featuring a plasma jet)
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§ biased galaxy formation

§ internal baryonic processes:

ü supernova feedback

ü active galactic nuclei feedback

§ dwarf galaxies

internal baryonic processes
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5. The baryonic mass function of field galaxies

The baryonic mass function is presented in figure 4. This is the sum of the
functions in the three previous figures, where the masses in the gas functions are
multiplied by 1.33 to take into account the presence of helium. The error bars are
small enough that Schechter or any other analytical fits to the data are formally
poor. However, we show our best-fit values on the plot.

In table 3, we present the total mass density of the Universe in baryons within
galaxies, in different forms. Typical errors are 10% (but see §3a). For the stellar
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.

Table 3. The baryonic mass density of galaxies

(Typical errors are ca 10%. A discussion of the larger systematic errors is given in §3a.)

Ub U* UHI UH2

E 0.000 64 0.000 64 w0 w0
S0 0.000 73 0.000 68 0.000 03 0.000 01
SaCSab 0.000 36 0.000 32 0.000 01 0.000 02
SbCSbc 0.000 56 0.000 40 0.000 04 0.000 08
ScCScd 0.000 72 0.000 47 0.000 10 0.000 08
SdCSdmCSm 0.000 37 0.000 21 0.000 07 0.000 05
IrrCdIrr 0.000 13 0.000 07 0.000 03 0.000 01
dE 0.000 02 0.000 02 w0 w0
total 0.0035 0.0028 0.000 29 0.000 26

J. I. Read and N. Trentham2704

Phil. Trans. R. Soc. A (2005)

theoretical prediction     

theoretical expectation   

observations

radiative processes prevent star formation!

SN explosions AGN

log(mass [M⦿])

internal baryonic processes
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internal baryonic processes

is that the only consequence?



Galaxy Formation

§ influence of (internal) baryonic processes – cusp-core crisis

internal baryonic processes



Galaxy Formation

r

average density profile in spherical shells…

(d
ar

k 
m

at
te

r 
ha

lo
 ‘A

qu
ar

iu
s-

A
‘, 

Sp
ri

ng
el

 e
t 

al
. 2

00
8)

§ influence of (internal) baryonic processes – cusp-core crisis

internal baryonic processes



Galaxy Formation

(N
av

ar
ro

, F
re

nk
 &

 W
hi

te
 1

99
6)

§ influence of (internal) baryonic processes – cusp-core crisis

internal baryonic processes

prediction from cosmological simulations



Galaxy Formation

§ influence of (internal) baryonic processes – cusp-core crisis

€ 

log(r)
€ 

log(ρ)€ 

d log(ρ)
d log(r)

= −1

€ 

d log(ρ)
d log(r)

= −3

internal baryonic processes

a=

a=

prediction from cosmological simulations



Galaxy Formation

€ 

log(r)
€ 

log(ρ)€ 

d log(ρ)
d log(r)

= −1

§ influence of (internal) baryonic processes – cusp-core crisis

→ central ‘cusp’
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§ influence of (internal) baryonic processes – cusp-core crisis

…but cusps do not comply with the dynamics of galaxies

(Stoehr, White, Tormen & Springel 2003)

|a
|

mass modeling of LSB’s

Navarro et al. (2004): St
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NFW

internal baryonic processes
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When early stellar feedback is not included, the energy per SN must
be increased to ESN = 1.2 in order to lower the stellar mass to the
Moster et al. (2013) relation (cyan). We note that the star formation
history using such feedback is quite different from the fiducial runs,
with more star formation at high redshift (see Stinson et al. 2013,
for details). The yellow simulations that include high ϵesf have sys-
tematically lower stellar-to-halo mass ratios, and also have high late
time star formation. Finally, the original MUGS feedback (black)
systematically forms too many stars at each halo mass.

The bottom panel of Fig. 2 shows α as a function of halo mass,
where Mhalo comes from the full hydrodynamical simulation.2 The
solid black line shows the theoretical expectation of α as a function
of halo mass for the DM-only case, as in Macciò et al. (2008)
assuming a WMAP3 cosmology; the thin solid lines represent the
scatter in the c–Mhalo relation.

At fixed halo mass, α varies greatly, depending on the feedback
strength. The simulations that most closely follow the M∗–Mhalo

relationship show a notable flattening of inner profile slopes as
mass increases, as in Governato et al. (2012). This flattening is due
to the increasing energy available from SN explosions, as derived
in Peñarrubia et al. (2012). Indeed, all the galaxies in our sample
whose inner slope is shallower than the corresponding DM run
have had an energy injection from SNe equal to or higher than
the conservative values found in Peñarrubia et al. (2012). We note,
however, that in our simulations the core-creation process does not
only depend on the total amount of energy available: in the g15784
MUGS dwarf galaxy (black triangle), for example, the energy from
SNe is higher than in the g15784 dwarfs of the same mass that
had an expansion, yet this galaxy is strongly contracted. What we
observe is the interplay between the energy from stellar feedback
and the increased potential well caused by the high number of stars
at the galaxy centre (see the next section for more details).

The profiles are flattest around Mhalo ∼ 1011 M⊙.
At higher masses, however, the inner profiles steepen again. All

the simulations above the M∗–Mhalo relationship have inner slopes
α < −1.5, i.e. a contracted halo steeper than the DM expectation at
each halo mass. These simulations are all black coloured indicating
that they were part of the MUGS simulations.

Thus, depending on the feedback and the halo mass used, the
DM haloes may expand, contract or retain the initial NFW inner
slope. It seems that the inner slope of the DM density profile does
not show a clear dependence on halo mass (or equivalently stellar
mass) when different feedback schemes are included.

3.2 Inner slope as a function of the stellar-to-halo mass ratio

While there is not a well-defined relation between α and stellar
or halo mass individually, Fig. 3 shows α, measured in the range
0.01 < r/Rvir < 0.02, plotted as a function of M∗/Mhalo. The DM in-
ner profile slope shows a tight relationship as a function of M∗/Mhalo:
indeed, much of the scatter apparent when α was plotted as a func-
tion of Mhalo disappears. The grey area indicates the region where
the M∗/Mhalo ratios are more than 1σ above the M∗/Mhalo peak in
the abundance matching relation. Real galaxies do not have these
star formation efficiencies.

The tight relationship between α and M∗/Mhalo points to the
conditions in which stellar feedback can create DM density cores.

2 Using Mhalo taken from the DM-only run provides similar results, as
the halo mass amongst DM and SPH simulations changes by only a few
per cent.

Figure 3. The relation between the DM density profile slope, α, measured
in the range 0.01 < r/Rvir < 0.02, and the stellar-to-halo-mass ratio of each
galaxy. The colours and symbols are the same as in Fig. 2. The best-fitting
function of equation (3) is overplotted as a dashed line. The grey area on the
right-hand side indicates the 1σ peak in the M∗/Mhalo abundance matching.

At low values of M∗/Mhalo, the stellar content per halo mass is too
small for the feedback energy to modify the DM distribution, and the
halo of such galaxies retains a cuspy profile. As the stellar content
per halo mass increases, the feedback energy is strong enough to
produce expanded DM haloes, and thus for increasing values of
M∗/Mhalo the inner slope of DM profiles gets flatter, reaching a
maximum of α = −0.10 at M∗/Mhalo = 0.5 per cent. The maximum
value of α is even smaller, i.e. the profiles are flatter, if the inner
slope is measured closer to the centre. At 3 < r/ϵ < 10, α ∼ 0
at M∗/Mhalo = 0.35 per cent. At higher masses, the number of
stars formed in the central regions deepens the potential well at the
centre of the galaxies, opposing the expansion process and leading
to increasingly cuspy profiles for higher values of M∗/Mhalo.

We verified this claim by studying in detail the medium mass
version of g15784 for different choices of feedback parameters.
We found that the stellar mass within 1 kpc is a good indicator of
the minimum of the potential in each galaxy and that, as expected,
the medium mass, cored most version of g15784 (green triangle)
has the shallowest potential well. Looking at the evolution of this
galaxy, we observe that its star formation rate (SFR) decreases with
time and correspondingly the M∗/Mhalo value within 1 kpc is fairly
constant at every redshift, reaching only 0.1 at z = 0; the fraction of
gas versus stars at the centre 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 Gyr and its
M∗/Mhalo ratio within 1 kpc increases up to 0.4 at z = 0: the increas-
ing number of stars at the centre causes the gas versus stars ratio
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)
inner mass. We conclude that stellar mass at the galaxy centre
and in particular the ratio M∗/Mhalo is the most important quantity
at indicating the deepening of the gravitational potential which
balances the energy released from SNe.
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Moster et al. (2013) relation (cyan). We note that the star formation
history using such feedback is quite different from the fiducial runs,
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time star formation. Finally, the original MUGS feedback (black)
systematically forms too many stars at each halo mass.

The bottom panel of Fig. 2 shows α as a function of halo mass,
where Mhalo comes from the full hydrodynamical simulation.2 The
solid black line shows the theoretical expectation of α as a function
of halo mass for the DM-only case, as in Macciò et al. (2008)
assuming a WMAP3 cosmology; the thin solid lines represent the
scatter in the c–Mhalo relation.

At fixed halo mass, α varies greatly, depending on the feedback
strength. The simulations that most closely follow the M∗–Mhalo

relationship show a notable flattening of inner profile slopes as
mass increases, as in Governato et al. (2012). This flattening is due
to the increasing energy available from SN explosions, as derived
in Peñarrubia et al. (2012). Indeed, all the galaxies in our sample
whose inner slope is shallower than the corresponding DM run
have had an energy injection from SNe equal to or higher than
the conservative values found in Peñarrubia et al. (2012). We note,
however, that in our simulations the core-creation process does not
only depend on the total amount of energy available: in the g15784
MUGS dwarf galaxy (black triangle), for example, the energy from
SNe is higher than in the g15784 dwarfs of the same mass that
had an expansion, yet this galaxy is strongly contracted. What we
observe is the interplay between the energy from stellar feedback
and the increased potential well caused by the high number of stars
at the galaxy centre (see the next section for more details).

The profiles are flattest around Mhalo ∼ 1011 M⊙.
At higher masses, however, the inner profiles steepen again. All

the simulations above the M∗–Mhalo relationship have inner slopes
α < −1.5, i.e. a contracted halo steeper than the DM expectation at
each halo mass. These simulations are all black coloured indicating
that they were part of the MUGS simulations.

Thus, depending on the feedback and the halo mass used, the
DM haloes may expand, contract or retain the initial NFW inner
slope. It seems that the inner slope of the DM density profile does
not show a clear dependence on halo mass (or equivalently stellar
mass) when different feedback schemes are included.

3.2 Inner slope as a function of the stellar-to-halo mass ratio

While there is not a well-defined relation between α and stellar
or halo mass individually, Fig. 3 shows α, measured in the range
0.01 < r/Rvir < 0.02, plotted as a function of M∗/Mhalo. The DM in-
ner profile slope shows a tight relationship as a function of M∗/Mhalo:
indeed, much of the scatter apparent when α was plotted as a func-
tion of Mhalo disappears. The grey area indicates the region where
the M∗/Mhalo ratios are more than 1σ above the M∗/Mhalo peak in
the abundance matching relation. Real galaxies do not have these
star formation efficiencies.

The tight relationship between α and M∗/Mhalo points to the
conditions in which stellar feedback can create DM density cores.

2 Using Mhalo taken from the DM-only run provides similar results, as
the halo mass amongst DM and SPH simulations changes by only a few
per cent.

Figure 3. The relation between the DM density profile slope, α, measured
in the range 0.01 < r/Rvir < 0.02, and the stellar-to-halo-mass ratio of each
galaxy. The colours and symbols are the same as in Fig. 2. The best-fitting
function of equation (3) is overplotted as a dashed line. The grey area on the
right-hand side indicates the 1σ peak in the M∗/Mhalo abundance matching.

At low values of M∗/Mhalo, the stellar content per halo mass is too
small for the feedback energy to modify the DM distribution, and the
halo of such galaxies retains a cuspy profile. As the stellar content
per halo mass increases, the feedback energy is strong enough to
produce expanded DM haloes, and thus for increasing values of
M∗/Mhalo the inner slope of DM profiles gets flatter, reaching a
maximum of α = −0.10 at M∗/Mhalo = 0.5 per cent. The maximum
value of α is even smaller, i.e. the profiles are flatter, if the inner
slope is measured closer to the centre. At 3 < r/ϵ < 10, α ∼ 0
at M∗/Mhalo = 0.35 per cent. At higher masses, the number of
stars formed in the central regions deepens the potential well at the
centre of the galaxies, opposing the expansion process and leading
to increasingly cuspy profiles for higher values of M∗/Mhalo.

We verified this claim by studying in detail the medium mass
version of g15784 for different choices of feedback parameters.
We found that the stellar mass within 1 kpc is a good indicator of
the minimum of the potential in each galaxy and that, as expected,
the medium mass, cored most version of g15784 (green triangle)
has the shallowest potential well. Looking at the evolution of this
galaxy, we observe that its star formation rate (SFR) decreases with
time and correspondingly the M∗/Mhalo value within 1 kpc is fairly
constant at every redshift, reaching only 0.1 at z = 0; the fraction of
gas versus stars at the centre 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 Gyr and its
M∗/Mhalo ratio within 1 kpc increases up to 0.4 at z = 0: the increas-
ing number of stars at the centre causes the gas versus stars ratio
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)
inner mass. We conclude that stellar mass at the galaxy centre
and in particular the ratio M∗/Mhalo is the most important quantity
at indicating the deepening of the gravitational potential which
balances the energy released from SNe.
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stellar feedback also affects the distribution of dark matter in the centres of galaxies...
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5. The baryonic mass function of field galaxies

The baryonic mass function is presented in figure 4. This is the sum of the
functions in the three previous figures, where the masses in the gas functions are
multiplied by 1.33 to take into account the presence of helium. The error bars are
small enough that Schechter or any other analytical fits to the data are formally
poor. However, we show our best-fit values on the plot.

In table 3, we present the total mass density of the Universe in baryons within
galaxies, in different forms. Typical errors are 10% (but see §3a). For the stellar
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.

Table 3. The baryonic mass density of galaxies

(Typical errors are ca 10%. A discussion of the larger systematic errors is given in §3a.)

Ub U* UHI UH2

E 0.000 64 0.000 64 w0 w0
S0 0.000 73 0.000 68 0.000 03 0.000 01
SaCSab 0.000 36 0.000 32 0.000 01 0.000 02
SbCSbc 0.000 56 0.000 40 0.000 04 0.000 08
ScCScd 0.000 72 0.000 47 0.000 10 0.000 08
SdCSdmCSm 0.000 37 0.000 21 0.000 07 0.000 05
IrrCdIrr 0.000 13 0.000 07 0.000 03 0.000 01
dE 0.000 02 0.000 02 w0 w0
total 0.0035 0.0028 0.000 29 0.000 26

J. I. Read and N. Trentham2704

Phil. Trans. R. Soc. A (2005)

theoretical prediction     

theoretical expectation   

observations

SN explosions AGN

log(mass [M⦿])

internal baryonic processes

internal baryonic processes influence galaxy formation!
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of the host, compressed, and eventually cool and fragment into
stars. A circular velocity threshold of 12 km s!1 corresponds to a
virial temperature

Tvir ¼
!mpV

2
max

2kB
< 8700 ! K; ð5Þ

where ! is the mean molecular weight. Figure 5 shows the cu-
mulative number of Via Lactea subhalos as well as all Milky
Way satellite galaxies within 420 kpc (the distance of Leo T;
Irwin et al. 2007) as a function of circular velocity. The current
available data are summarized in Table 1. The data points in the
figure include all the previously known dwarfs (Mateo 1998)
plus the new circular velocity estimates of the ultrafaint Milky
Way satellites from Simon & Geha (2007) plus Boötes (Munõz
et al. 2006) and Willman 1 (Martin et al. 2007). They have been
plotted assuming a maximum circular velocity of Vmax ¼

ffiffiffi
3

p
"

(Klypin et al.1999), where " is the measured stellar line-of-sight
velocity dispersion, i.e., assuming a stellar spherical density pro-
file/r!3 in a singular isothermal potential. Note that the assump-
tion of a constant multiplicative factor between Vmax and " is
merely the simplest thing to do, and is not likely to hold on a case-
by-case basis. Detailed modeling of the radial velocity dispersion
profile, allowing for variations in the DM mass distribution and
the stellar velocity anisotropy (Strigari et al. 2007), would be
preferable, but is currently only available for a subset of all known
dwarfs.

If the stellar systems deeply embedded in dwarf spheroidals
remain largely unaffected by tidal stripping (this is clearly not

the case, e.g., for Ursa Major II and Sagittarius), then the mass
removal of large fractions of their original halo mass by tidal
effects may make solutions in which luminosity tracks current
subhalo mass somewhat misleading. Our simulations show and
quantify better than before that many of the dark matter clumps
that have small masses and circular velocities at the present
epoch were considerably more massive and should have formed
stars in the past (e.g., Kravtsov et al. 2004). We illustrate this
point in Figure 4 (right panel ), which shows the cumulative cir-
cular maximum velocity function of substructure within 50, 100,
and 389 kpc. Also plotted, for comparison, is the abundance of
surviving subhalos selected instead by the highest circular ve-
locity they reached throughout their lifetime, Vmax;p. Subhalos
will reach their Vmax;p at a redshift zmax before falling into Via
Lactea: this type of circular velocity selection is designed then to
remove the bias introduced by tidal mass losses, and to highlight
the subhalos that may have started shining before being accreted
by their host. Within r200, the number of massive galactic sub-
halos that reached a peak circular velocity in excess of 10 km s!1

at some point during their history is 510, about 5 times larger
than their present-day abundance. This ratio increases with increas-
ing Vmax;p and decreasing radius: (1) above a virial temperature
Tvir ¼ 10; 000 K, or a circular velocity Vmax ¼ 16:7 km s!1

(! ¼ 0:59 for fully ionized primordial gas), gas can cool effi-
ciently and fragment via excitation of hydrogen Ly#. The number
of subhaloswithin r200 that reached this ‘‘atomic cooling’’ mass at
some point in the past is 135, nearly 6 times larger than their
present-day abundance; (2) within the inner 50 kpc there is today
only one subhalo with Vmax > 16:7 km s!1, but there are 16 sur-
viving remnants that had this peak circular velocity andweremore
massive at earlier times. If substructure mass regulates star forma-
tion, then for a given mass threshold many more subhalos should
have been able to build a sizeable stellar mass at some point in the
past than indicated by their present-day abundance.

It is important then to investigate the consequences of a mass
(or circular velocity) cut that picked instead the top (say) 65most
massive (or largest Vmax;p) subhalos at all epochs as the hosts of
the knownMilkyWay dwarfs. FollowingDiemand et al. (2007b)
such or similar samples have been termed ‘‘LBA’’ (for ‘‘largest
before accretion’’ subhalos) by Strigari et al. (2007) and Simon
& Geha (2007). The idea behind this selection is to allow star
formation only above a relatively large constant critical size, a
scenario of permanently inefficient galaxy formation in all
smallest systems, independently of time-varying changes in the
environment like those triggered, e.g., by reionization. Today’s
circular velocity distribution of our LBA sample is shown in
Figure 5: interestingly, this sample includes 12 of the 14 sub-
halos above Vmax ¼ 20 km s!1 identified today, and 26 of the 35
identified above Vmax ¼ 15 km s!1, i.e., the most massive today
and LBA subpopulations basically coincide at large values of
Vmax.

5 Therefore a solution to the substructure problem in which
only the largest 50Y100 Vmax;p subhalos at all epochs were able
to form stars efficiently would automatically place the luminous
Milky Ways dwarfs in the most massive subhalos at the present
epoch. To match the circular velocity function of the LBA sam-
ple, however, the observed dwarf spheroidals (dSphs) must have
circular velocity profiles that peak at values well in excess of the
stellar velocity dispersion (see Fig. 5 and discussion below).

Fig. 5.—Cumulative number of Via Lactea subhalos within r200 (solid curve),
as well as all Milky Way satellite galaxies within 420 kpc ( filled squares), as a
function of circular velocity. The data points are from Mateo (1998), Simon &
Geha (2007), Munõz et al. (2006), and Martin et al. (2007) and assume a maximum
circular velocity of Vmax ¼

ffiffiffi
3

p
" (Klypin et al. 1999). The short-dashed curve con-

necting the empty squares shows the expected abundance of luminous satellites after
correcting for the sky coverage of the SDSS. Dash-dotted curve: Circular velocity
distribution for the 65 largest Vmax;p subhalos before accretion (LBA sample). Long-
dashed curve: Circular velocity distribution for the ‘‘fossil of reionization’’ EF sam-
ple. This includes the 61 largest (sub)halos at z ¼ 13:6 [Vmax(z ¼ 13:6) > 4 km s!1]
plus the 4 (sub)halos that reach a Vmax;p > 38 km s!1 after the epoch of reioni-
zation and are not in the largest 61 at z ¼ 13:6. [See the electronic edition of the
Journal for a color version of this figure.]

5 Note that the same is not true for the top 10 LBA subhalos (Kravtsov et al.
2004; Diemand et al. 2007b; Strigari et al. 2007a), as the largest Vmax;p systems
suffer the largest mass loss and are removed from the top 10 list of more massive
systems at z ¼ 0.
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Way satellite galaxies within 420 kpc (the distance of Leo T;
Irwin et al. 2007) as a function of circular velocity. The current
available data are summarized in Table 1. The data points in the
figure include all the previously known dwarfs (Mateo 1998)
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Way satellites from Simon & Geha (2007) plus Boötes (Munõz
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removal of large fractions of their original halo mass by tidal
effects may make solutions in which luminosity tracks current
subhalo mass somewhat misleading. Our simulations show and
quantify better than before that many of the dark matter clumps
that have small masses and circular velocities at the present
epoch were considerably more massive and should have formed
stars in the past (e.g., Kravtsov et al. 2004). We illustrate this
point in Figure 4 (right panel ), which shows the cumulative cir-
cular maximum velocity function of substructure within 50, 100,
and 389 kpc. Also plotted, for comparison, is the abundance of
surviving subhalos selected instead by the highest circular ve-
locity they reached throughout their lifetime, Vmax;p. Subhalos
will reach their Vmax;p at a redshift zmax before falling into Via
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remove the bias introduced by tidal mass losses, and to highlight
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ciently and fragment via excitation of hydrogen Ly#. The number
of subhaloswithin r200 that reached this ‘‘atomic cooling’’ mass at
some point in the past is 135, nearly 6 times larger than their
present-day abundance; (2) within the inner 50 kpc there is today
only one subhalo with Vmax > 16:7 km s!1, but there are 16 sur-
viving remnants that had this peak circular velocity andweremore
massive at earlier times. If substructure mass regulates star forma-
tion, then for a given mass threshold many more subhalos should
have been able to build a sizeable stellar mass at some point in the
past than indicated by their present-day abundance.

It is important then to investigate the consequences of a mass
(or circular velocity) cut that picked instead the top (say) 65most
massive (or largest Vmax;p) subhalos at all epochs as the hosts of
the knownMilkyWay dwarfs. FollowingDiemand et al. (2007b)
such or similar samples have been termed ‘‘LBA’’ (for ‘‘largest
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epoch. To match the circular velocity function of the LBA sam-
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Fig. 1.— Locations of the eight new dwarf galaxy candidates reported here (red triangles) along

with nine previously reported dwarf galaxy candidates in the DES footprint (red circles; Bechtol

et al. 2015; Koposov et al. 2015a; Kim & Jerjen 2015b), five recently discovered dwarf galaxy

candidates located outside the DES footprint (green diamonds; Laevens et al. 2015a; Martin et al.

2015; Kim et al. 2015a; Laevens et al. 2015b), and twenty-seven Milky Way satellite galaxies known

prior to 2015 (blue squares; McConnachie 2012). Systems that have been confirmed as satellite

galaxies are individually labeled. The figure is shown in Galactic coordinates (Mollweide projection)

with the coordinate grid marking the equatorial coordinate system (solid lines for the equator and

zero meridian). The gray scale indicates the logarithmic density of stars with r < 22 from SDSS

and DES. The two-year coverage of DES is ⇠ 5000 deg2 and nearly fills the planned DES footprint

(outlined in red). For comparison, the Pan-STARRS 1 3⇡ survey covers the region of sky with

�2000 > �30� (Laevens et al. 2015b).

DES Collaboration (arXiv:1508.03622)
(red: new form DES, green: new from others, blue: previously known)
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the missing satellite problem – possible solutions
110 4. Satellites of the Milky Way

Figure 4.8: Progenitors of the Milky Way satellite galaxies formed before z=6.7 in the Feedback Run.
The colour map shows projections of the density in red, the density-weighted temperature in yellow and
the metallicity in green (highlighting the metal-enriched galactic outflows). The outer images are cubic
projected images of satellite progenitors with a length of 10 dark matter virial radii, with the stellar column
density overplotted as contours in black. The central image is a cubic projection of the full refinement region.
White circles in the central image are galaxies, and red circles are halos containing galaxies that survive to
become Milky Way satellites at z = 0 in the Feedback Run. The labels ‘a’-‘h’ indicate the position of the
individual satellite images on the central image, with black boxes marking the size of the outer image on the
central image. The Milky Way main progenitor is labelled ‘d’.

the majority of dwarf galaxies (as modelled in cosmological simulations) show outflows of material...
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function measured in the cosmological N-body simulation
of KKVP99. The upper dashed lines show the velocity func-
tion if the e†ects of dynamical friction and/or tidal dis-
ruption are ignored. The analytic model reproduces the
N-body results remarkably well. We have not tuned any
parameters to obtain this agreement, although we noted
above that plausible changes in the assumed initial circular
radius could change the analytic prediction by D50%.R

cThe good agreement suggests that our analytic model cap-
tures the essential physics underlying the N-body results.
An interesting feature of the model is that the subhalos
surviving at z \ 0 are only a small fraction of the halos
actually accreted, most of which are destroyed by tidal dis-
ruption. We discuss implications of this satellite destruction
in ° 4.

2.2. Modeling Observable Satellites
The second step in our model is to determine which of the

surviving halos at z \ 0 will host observable satellite gal-
axies. The key assumption is that, after the reionization
redshift gas accretion is suppressed in halos withzre, v

c
\

We adopt a threshold of km s~1, based on thev
T
. v

T
\ 30

results of Thoul & Weinberg (1996), who showed that
galaxy formation is suppressed in the presence of a pho-
toionizing background for objects smaller than D30 km
s~1. This threshold was shown to be insensitive to the
assumed spectral index and amplitude of the ionizing back-
ground (a similar result was found by Quinn et al. 1996).
Shapiro et al. (1997 ; see also Shapiro & Raga 2000) and
Barkana & Loeb (1999) have suggested that very low mass
systems km s~1) could lose the gas they have(v

c
[ 10

already accreted after reionization occurs, but we do not
consider this possibility here.

The calculation of the halo velocity function in ° 2.1 is
approximate but straightforward, and we have checked its
validity by comparing it to N-body simulations. Determin-
ing which of these halos are luminous enough to represent
known dwarf satellites requires more uncertain assump-
tions about gas cooling and star formation. We adopt a
simple model that has two free parameters : the reionization
redshift and the fraction of a subhaloÏszre f \ M(zre)/Mamass that must be in place by in order for the halo tozrehost an observable galaxy.

The value of is constrained to by observationszre zre Z 5
of high-z quasars (e.g., Songaila et al. 1999) and to zre [ 50
by measurements of small-angle cosmic microwave back-
ground (CMB) anisotropies, assuming typical ranges for the
cosmological parameters (e.g., Griffiths, Barbosa, & Liddle
1999). The value of f is constrained by the requirement that
observable halos have mass-to-light ratios in the range of
observed dwarf satellites. For the subset of (dwarf irregular)
satellite galaxies with well-determined masses, the mass-to-
light ratios span the range (Mateo 1998) ;M/L

V
^ 5È30

dwarf spheroidals have similar but with a broaderM/L
Vrange and larger observational uncertainties. We can esti-

mate for model galaxies by assuming that theyM/L
Vaccrete a baryon mass before and convertfM
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The factor is the fraction of the haloÏs virial mass thatF
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alies within its Ðnal optical radius (which may itself be

a†ected by tidal truncation). For the values quotedM/L
Vabove, the optical radius is typically D2 kpc (Mateo 1998),

and representative mass proÐles of surviving halos imply
kpc) ^ 0.5 ; however, this factor must be consideredF

o
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uncertain at the factor of 2 level. The value of is alsov*uncertain because of the uncertain inÑuence of supernova
feedback, but by deÐnition Adopting a valuev* ¹ 1.

typical for galactic disk stars (Binney & Mer-(M*/L
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light ratios of typical dwarf satellite galaxies then implies
f D 0.3. With the uncertainties described above, a range
f D 0.1È0.8 is plausible, and the range in observed M/L

Vcould reÑect in large part the variations in f from galaxy to
galaxy. Values of would imply excessive mass-to-f [ 0.1
light ratios, unless the factor can be much smaller thanFowe have assumed.

In sum, the two parameters that determine the fraction of
surviving halos that are observable are and f, with plaus-zreible values in the range and f D 0.1È0.8. For azre D 5È50
given subhalo of mass and accretion redshift we useM

a
z
a
,

equation (2.26) of LC93 to probabilistically determine the
redshift when the main progenitor of the subhalo wasz

fÐrst more massive than We associate theM
f

\ fM
a
.

subhalo with an observable galactic satellite only if z
f

º zre.

3. RESULTS

Figure 2 shows results of our model for the speciÐc
choices of and f \ 0.3. The thin solid line is thezre \ 8
velocity function of all surviving subhalos at z \ 0, repro-
duced from Figure 1. The thick line and the shaded region

FIG. 2.ÈCumulative velocity function of all dark matter subhalos sur-
viving at z \ 0 (thin solid line) and ““ observable ÏÏ halos (thick solid(zf [ zre)line with shading) for the speciÐc choice of and f \ 0.3. The velocityzre \ 8
function represents the average over 300 merger histories for halos of mass

h~1 The error bars and shading show theMvir(z \ 0) \ 1.1 ] 1012 M
_

.
dispersion measured from di†erent merger histories. The observed velocity
function of satellite galaxies around the Milky Way and M31 is shown by
triangles.
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function measured in the cosmological N-body simulation
of KKVP99. The upper dashed lines show the velocity func-
tion if the e†ects of dynamical friction and/or tidal dis-
ruption are ignored. The analytic model reproduces the
N-body results remarkably well. We have not tuned any
parameters to obtain this agreement, although we noted
above that plausible changes in the assumed initial circular
radius could change the analytic prediction by D50%.R

cThe good agreement suggests that our analytic model cap-
tures the essential physics underlying the N-body results.
An interesting feature of the model is that the subhalos
surviving at z \ 0 are only a small fraction of the halos
actually accreted, most of which are destroyed by tidal dis-
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approximate but straightforward, and we have checked its
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5. The baryonic mass function of field galaxies

The baryonic mass function is presented in figure 4. This is the sum of the
functions in the three previous figures, where the masses in the gas functions are
multiplied by 1.33 to take into account the presence of helium. The error bars are
small enough that Schechter or any other analytical fits to the data are formally
poor. However, we show our best-fit values on the plot.

In table 3, we present the total mass density of the Universe in baryons within
galaxies, in different forms. Typical errors are 10% (but see §3a). For the stellar
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Figure 4. The field galaxy baryonic mass function. The data points are for all galaxies, while the
lines show spine fits by Hubble type. The lines are as in figure 2. The CDM mass spectrum from the
numerical simulations of Weller et al. (in press) is also shown. Overlaid are parameters for a
Schechter fit to the total mass function.

Table 3. The baryonic mass density of galaxies

(Typical errors are ca 10%. A discussion of the larger systematic errors is given in §3a.)

Ub U* UHI UH2

E 0.000 64 0.000 64 w0 w0
S0 0.000 73 0.000 68 0.000 03 0.000 01
SaCSab 0.000 36 0.000 32 0.000 01 0.000 02
SbCSbc 0.000 56 0.000 40 0.000 04 0.000 08
ScCScd 0.000 72 0.000 47 0.000 10 0.000 08
SdCSdmCSm 0.000 37 0.000 21 0.000 07 0.000 05
IrrCdIrr 0.000 13 0.000 07 0.000 03 0.000 01
dE 0.000 02 0.000 02 w0 w0
total 0.0035 0.0028 0.000 29 0.000 26

J. I. Read and N. Trentham2704

Phil. Trans. R. Soc. A (2005)

SN feedback

AGN feedback
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