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Non-linearity in halo occupation 
probability

• Tensions between abundance and structure of sub-
haloes in simulations and Local Group dSphs:	


- “Too big to fail” (e.g. Boylan-Kolchin et al., 2012)	


- “Gap” in mass between dSphs and Magellanic Clouds?	


• Suggests mapping may depend on additional 
parameters and/or be stochastic (c.f. talks by Maccio, Bullock)	


Q: Are there likely sources of stochasticity?



Conclusions

• Sources of stochasticity in halo-galaxy mapping: 	


- supernova regulation of star formation at low SFR	


- external AGN outflows as star formation regulators	


• Rotation curves of low-mass galaxies (e.g. M33) can 
provide constraints on physical properties of haloes	


• High-resolution simulations of SN feedback in dSphs	


- impact of SN feedback determined by small number statistics 



Feedback in low-mass haloes

• Simple physical model to explain scatter in galaxy 
properties 	


• Assume universal baryon fraction in a DM halo 	

• Gas forms diffuse disk via atomic or molecular 

hydrogen cooling	

• Assume gas settles into disk on dynamical timescale	

• Up to 0.2%  stars have masses 	

• Massive stars can evolve and expel gas before low-mass 

stars form 

Power et al., submitted
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Assembly histories of low-mass haloes
• Monte Carlo merger trees (Parkinson et al., 2008)

• More massive haloes support cooling earlier	

• Bias of low-mass haloes to over-dense regions increases

Power et al., 
2014, submitted
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Figure 2. Redshift at which Cooling is Supported. Here we plot the un-
normalised probability distributions of z

cool

for haloes with z=0 masses of
109M� and 1010M� (blue and red filled regions respectively).
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threshold for cooling via molecular hydrogen later. If they reach
the threshold prior to the onset of cosmological reionization and
form high mass stars, their potential wells are sufficiently shal-
low that gas can be expelled by supernovae, they never become
massive enough to re-accrete gas that cools, and the expelled gas
is likely to be further heated by cosmological reionization; other-
wise, if they don’t reach the threshold prior to reionization, gas can
never cool and star formation cannot proceed. The epoch of star
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Figure 4. Fraction of Binding Energy Deposited by Supernovae as a
function of z

cool

, for haloes with present-day masses between 5⇥107 and
1010 M�. Points are coloured by the present-day halo mass, as indiciated
by the colour bar. Vertical dotted line indicates the redshift at which we
expect reionization to be complete, which we use as a natural boundary for
this process to be viable.

formation in these systems is likely to be concentrated in a sin-
gle burst, and may explain observations such as those of Brown et
al. (2012), who examined the star formation histories of ultra-faint
dwarf galaxies, the least luminous and most dark matter dominated
systems known, and found no evidence for extended star forma-
tion histories. In contrast, haloes with present-day masses ⇠ 10

9

to 10

10

M� reach the threshold for cooling via molecular hydro-
gen cooling early (z

⇠

> 20) and, while supernovae may disrupt star
formation and expel gas, the halo grows sufficiently to reach the
threshold for atomic hydrogen cooling and there is time for gas to
be re-accreted. These systems are likely to experience episodic star
formation, which may be inferred from the chemistry of their stellar
populations.

In this way, inefficient star formation in low-mass haloes and
the disparity in timescales for the formation and of low- and high-
mass stars, with their associated feedback, conspires to produce an
internal mechanism for quenching galaxy formation in low-mass
haloes in a stochastic fashion. This will act in conjunction with ex-
ternal mechanisms, such as the ionizing radiation background that
was present during cosmological reionization (e.g. Weinmann et
al. 2007; Lunnan et al. 2012) . This is in accord with the adap-
tive mesh refinement cosmological zoom simulation of Simpson et
al. (2013), who studied the formation and evolution of a galaxy in
a 10

9

M� dark matter halo at high redshift. They found that cos-
mological reionization is responsible for expelling most of the low
density gas from the halo, while supernovae are required to disperse
the cool, high density gas from the disc.

We have presented a general argument, but we note that it pro-
vides a plausible explanation for the implied low and apparently
stochastic rate of occupancy of satellite galaxies in dark matter
haloes with masses M

⇠

< 10

10

M�, which appears to be required to
reconcile observations of satellite galaxies around the Milky Way

c� 2014 RAS, MNRAS 000, 1–6
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• Haloes                  form from lower mass objects that lose gas	

• may re-accrete gas at lower z	


• Haloes                  reach           too late to accrete  

> 109 M�

< 108 M�

Feedback in low-mass haloes

M
cool

Stochastic Star Formation & Feedback in Low-Mass Galaxies 5
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Figure 2. Redshift at which Cooling is Supported. Here we plot the un-
normalised probability distributions of z

cool

for haloes with z=0 masses of
109M� and 1010M� (blue and red filled regions respectively).
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threshold for cooling via molecular hydrogen later. If they reach
the threshold prior to the onset of cosmological reionization and
form high mass stars, their potential wells are sufficiently shal-
low that gas can be expelled by supernovae, they never become
massive enough to re-accrete gas that cools, and the expelled gas
is likely to be further heated by cosmological reionization; other-
wise, if they don’t reach the threshold prior to reionization, gas can
never cool and star formation cannot proceed. The epoch of star
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Figure 4. Fraction of Binding Energy Deposited by Supernovae as a
function of z

cool

, for haloes with present-day masses between 5⇥107 and
1010 M�. Points are coloured by the present-day halo mass, as indiciated
by the colour bar. Vertical dotted line indicates the redshift at which we
expect reionization to be complete, which we use as a natural boundary for
this process to be viable.

formation in these systems is likely to be concentrated in a sin-
gle burst, and may explain observations such as those of Brown et
al. (2012), who examined the star formation histories of ultra-faint
dwarf galaxies, the least luminous and most dark matter dominated
systems known, and found no evidence for extended star forma-
tion histories. In contrast, haloes with present-day masses ⇠ 10

9

to 10

10

M� reach the threshold for cooling via molecular hydro-
gen cooling early (z

⇠

> 20) and, while supernovae may disrupt star
formation and expel gas, the halo grows sufficiently to reach the
threshold for atomic hydrogen cooling and there is time for gas to
be re-accreted. These systems are likely to experience episodic star
formation, which may be inferred from the chemistry of their stellar
populations.

In this way, inefficient star formation in low-mass haloes and
the disparity in timescales for the formation and of low- and high-
mass stars, with their associated feedback, conspires to produce an
internal mechanism for quenching galaxy formation in low-mass
haloes in a stochastic fashion. This will act in conjunction with ex-
ternal mechanisms, such as the ionizing radiation background that
was present during cosmological reionization (e.g. Weinmann et
al. 2007; Lunnan et al. 2012) . This is in accord with the adap-
tive mesh refinement cosmological zoom simulation of Simpson et
al. (2013), who studied the formation and evolution of a galaxy in
a 10

9

M� dark matter halo at high redshift. They found that cos-
mological reionization is responsible for expelling most of the low
density gas from the halo, while supernovae are required to disperse
the cool, high density gas from the disc.

We have presented a general argument, but we note that it pro-
vides a plausible explanation for the implied low and apparently
stochastic rate of occupancy of satellite galaxies in dark matter
haloes with masses M

⇠

< 10

10

M�, which appears to be required to
reconcile observations of satellite galaxies around the Milky Way

c� 2014 RAS, MNRAS 000, 1–6
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Figure 2. Redshift at which Cooling is Supported. Here we plot the un-
normalised probability distributions of z

cool

for haloes with z=0 masses of
109M� and 1010M� (blue and red filled regions respectively).
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Figure 3. Fraction of Binding Energy Deposited by Supernovae as a
function of halo mass at z
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, as indiciated
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threshold for cooling via molecular hydrogen later. If they reach
the threshold prior to the onset of cosmological reionization and
form high mass stars, their potential wells are sufficiently shal-
low that gas can be expelled by supernovae, they never become
massive enough to re-accrete gas that cools, and the expelled gas
is likely to be further heated by cosmological reionization; other-
wise, if they don’t reach the threshold prior to reionization, gas can
never cool and star formation cannot proceed. The epoch of star
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Figure 4. Fraction of Binding Energy Deposited by Supernovae as a
function of z

cool

, for haloes with present-day masses between 5⇥107 and
1010 M�. Points are coloured by the present-day halo mass, as indiciated
by the colour bar. Vertical dotted line indicates the redshift at which we
expect reionization to be complete, which we use as a natural boundary for
this process to be viable.

formation in these systems is likely to be concentrated in a sin-
gle burst, and may explain observations such as those of Brown et
al. (2012), who examined the star formation histories of ultra-faint
dwarf galaxies, the least luminous and most dark matter dominated
systems known, and found no evidence for extended star forma-
tion histories. In contrast, haloes with present-day masses ⇠ 10

9

to 10

10

M� reach the threshold for cooling via molecular hydro-
gen cooling early (z

⇠

> 20) and, while supernovae may disrupt star
formation and expel gas, the halo grows sufficiently to reach the
threshold for atomic hydrogen cooling and there is time for gas to
be re-accreted. These systems are likely to experience episodic star
formation, which may be inferred from the chemistry of their stellar
populations.

In this way, inefficient star formation in low-mass haloes and
the disparity in timescales for the formation and of low- and high-
mass stars, with their associated feedback, conspires to produce an
internal mechanism for quenching galaxy formation in low-mass
haloes in a stochastic fashion. This will act in conjunction with ex-
ternal mechanisms, such as the ionizing radiation background that
was present during cosmological reionization (e.g. Weinmann et
al. 2007; Lunnan et al. 2012) . This is in accord with the adap-
tive mesh refinement cosmological zoom simulation of Simpson et
al. (2013), who studied the formation and evolution of a galaxy in
a 10

9

M� dark matter halo at high redshift. They found that cos-
mological reionization is responsible for expelling most of the low
density gas from the halo, while supernovae are required to disperse
the cool, high density gas from the disc.

We have presented a general argument, but we note that it pro-
vides a plausible explanation for the implied low and apparently
stochastic rate of occupancy of satellite galaxies in dark matter
haloes with masses M

⇠

< 10

10

M�, which appears to be required to
reconcile observations of satellite galaxies around the Milky Way

c� 2014 RAS, MNRAS 000, 1–6

Power et al., 
2014, submitted

0             10            20            30 z
cool

l
o
g

1
0
f b

in
d

-2
   

   
   

   
 -1

   
   

   
  0

   
   

   
   

1 
   

   
   

  2
  

5.0          5.5        6.0         6.5         7.0
log

10

M(z
cool

)log

10

M(z
cool

)



2 S. Nayakshin and M. I. Wilkinson

Figure 1. The ram pressure sampled by a satellite galaxy in the present day
Galactic HH (lower curve), compared to the ram pressure in the Galactic
outflow at velocity Vsh = 500 km s−1, for two different assumptions about
the mass in the outflow (see text for detail).

low present day density of gas in the galactic halo (Anderson &
Bregman 2010). Our key suggestion is that ram pressure stripping
during the short but intense galactic outflow phases could be even
more important because (a) the density of the outflowing gas, ρ,
could be much higher than that of the present day Galactic gaseous
halo, and (b) the outflow velocity, Vsh, is also likely to be higher
than the relative velocity between the satellite and the hot static halo.
Since the ram pressure stripping is proportional to the ram pressure
of the ambient gas, Pram = ρV 2

sh, the efficiency of this transient gas
removal phase may be significant.

To demonstrate this point more clearly, we plot in Fig. 1 the ram
pressure seen by a satellite galaxy for three different models. The
‘hot halo’ model (HH hereafter) follows Mayer et al. (2006), which
assumes that the gas temperature is equal to the virial temperature of
the Milky Way’s halo (modelled as an NFW potential, see Navarro,
Frenk & White 1997, halo parameters are listed in Section 3 below),
and the satellite’s orbital velocity is equal to twice the local circular
speed. This is approximately correct at the pericentre of an eccentric
orbit, where Mayer et al. (2006) find that most mass is stripped off.

The two other ‘shock’ models both mimic the physics of the AGN
feedback theory by King (2003, 2005). This theory is based on
observed fast (vAGN ∼ 0.1c) outflows from the nuclear (sub-parsec)
regions of AGN (King & Pounds 2003). In the inner fraction of
a kpc, these outflows are in the momentum-driven regime, which
means that the fast outflow cools rapidly when shocked, and thus
only its momentum is used to drive the gas out of the host galaxy.
At larger radii that are of interest to us here, the fast outflow shock
becomes non-radiative, and its energy is retained in the shocked
primary outflow and in the kinetic energy of the shocked galaxy’s
shell (Zubovas & King 2012). The outflow is then powered mainly
by the kinetic energy of the fast wind, which is liberated at the rate
ĖAGN ∼ (vAGN/2c) LEdd, where LEdd is the Eddington luminosity
for the supermassive black hole (SMBH) launching the outflow.

In this model, in the spherically symmetric singular isothermal
potential, the shocked shell outflow velocity, Vsh, is constant be-
yond ∼a kpc distance from the SMBH, and is a few times the
velocity dispersion of the singular isothermal sphere (SIS), σ (see
figures in King, Zubovas & Power 2011). This may appear para-

doxical at first as the mass of the shocked gas increases as the AGN
outflow sweeps through the galaxy. However, the energy and mo-
mentum of the nuclear AGN outflow increase linearly with time as
well, so the ratio of the shocked mass to the fast AGN outflow mass
actually stays constant, and this is why the velocity of the shocked
shell is constant.

This analytical model can be only approximately correct for a
more complicated non-spherically symmetric potential and gas dis-
tribution. It is clear that the outflow velocity is smaller in directions
where the gas density is larger, e.g. along the galaxy midplane
for a spiral galaxy (cf. the arguments of Zubovas, King & Nayak-
shin 2011; Zubovas & Nayakshin 2012, for the Fermi bubbles in
the Milky Way). We do not consider this level of detail in our ex-
ploratory models here; we simply choose a constant outflow velocity
in a spherically symmetric galaxy. Thus, in our model, the satellite
ploughs through an outflow with velocity Vsh = 500 km s−1. We
make two different assumptions for Msh, the mass of the outflowing
shell. In the ‘NFW shell’ model we assume that the mass of the
outflowing gas is equal to 0.05 times the enclosed total mass of the
halo at a given radius R. The mass of the outflow thus increases with
radius in this model. The remaining ‘Msh = const’ model sets the
outflowing mass to Msh = 5 × 1010 M⊙, independent of radius R,
which is 2.5 per cent of the host galaxy mass within its virial radius
(see Section 3 for our Milky Way galaxy model). The first assump-
tion is reasonable for a shell that is being continuously swept up
and so its mass increases as it travels outward (King et al. 2011),
whereas the second assumption is reasonable if a significant fraction
of the gas within the virial radius first contracted to a high-density
central region (e.g. the protobulge) and was subsequently ejected
by the AGN and stellar feedback.

We see that the ram pressure in the two shock models is much
larger than that in the present day HH model, which is mainly due
to the fact that the present day’s Galactic gas halo is a low mass
density one. The purpose of this paper is to investigate in greater
detail the ram pressure stripping of smaller satellite galaxies by
galactic outflows ultimately driven by SMBH and starburst feedback
in the parent galaxy. To this end we first consider a toy model in
which the galaxies are modelled as SIS potentials. The advantage
of this model is that it is purely analytical and easy to follow. We
then consider a more realistic Navarro et al. (1997) dark matter
potential model for both the parent and the satellite, and assume
that the dwarf galaxy contains both a gaseous disc and a gaseous
halo. We consider separately the ram pressure effects on both these
gas components. Finally, we apply the results to a sample of Milky
Way dwarf galaxies.

2 A TOY SP H E R I C A L S I N G U L A R
I S OT H E R M A L S P H E R E M O D E L

2.1 Model galaxies

We start out by assuming that both the host and the dwarf satellite
galaxies can be modelled by fixed SIS potentials with circular veloc-
ities Vcirc = 200v200 km s−1 and vcirc = 20v20 km s−1, respectively.
We assume that these potentials are dominated by dark matter, and
that the gas makes up a small fraction of the total mass, so that the
potential is approximately independent of the presence of gas.

We further assume (Mo, Mao & White 1998) that the virial radius
of the halo of the model galaxies is given by

Rvir = Vcirc

10H (z)
, (1)
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Impact of external AGN outflow on satellites

• At large radii, ram pressure from outflow > restoring 
force from satellite 	


!

!

• Inside     ,  gas is compressed in regions where	


!

!

• Inner edge for compression moves inwards over time	


- natural explanation for central concentration of later star 
formation
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Figure 2. Fractions of gas retained in the dwarf galaxy’s disc and halo
after passage of the host galaxy’s shock, as well as the total fraction of
gas retained. Components are indicated next to the respective curves, as
functions of the galactocentric distance, R. The dwarf galaxies considered
have three different virial masses, corresponding to the maximum circular
velocities of 15, 30 and 60 km s−1, from top to bottom, respectively. The
calculation assumes that the shell mass increases as it propagates outward
(see text in Section 3). All the black curves are for the shock velocity of
Vsh = 500 km s−1, whereas the blue and the red are for Vsh = 300 and
1000 km s−1, respectively.

the one easiest to remove as it is comparatively more extended
than the exponential disc. The disc component is the most compact
one, thus a ∼90 per cent removal of the disc requires the smallest
dwarf (the top panel) to be at R ! 100 kpc from the centre of
the host. The figures show that the more massive the dwarf galaxy
(i.e. the larger its vcirc), the harder it is to affect its gas by the
shock from the host, since all the curves shift to smaller radii as
we compare the top panel to the bottom one. Note that these trends
are qualitatively consistent with the toy SIS model, cf. equation (9).
The latter predicts that the radius at which a given fraction of gas is
removed scales inversely with vcirc, which is approximately borne
out in Fig. 2. For example, the δret = 0.1 for the disc is reached at
R ≈ 30 kpc for the vcirc = 60 km s−1 versus R ≈ 100 kpc for the
vcirc = 15 km s−1.

To estimate the sensitivity of our models to the assumed value of
Vsh, we also computed the fraction of gas retained in the halo of the
satellite galaxy for two other values of Vsh, e.g. 300 and 1000 km s−1

for the blue and the red curves, respectively, for the middle panel.
We see that the gas is removed from the satellite more efficiently
by a faster shock, as should be expected. Qualitatively, the dotted
curve appears to shift to larger radii in roughly linear proportionality
to Vsh. For example, the radius at which 90 per cent of the halo is
removed moves from ∼100 to ∼300 kpc as Vsh is changed from
300 to 1000 km s−1.

Fig. 3 shows the same calculation but now for the fixed mass
of the expelled shell [case (ii) above]. We observe that because
of the ∼1/R3 ram pressure fall in this model, the transition from
the strongly affected, e.g. δret ≪ 1, to the weakly affected regime,
δret ∼ 1, occurs over a more restricted range of radii than in Fig. 2.
Furthermore, since the ram pressure in this model is lower (see Fig.
1), the satellite galaxies need to be even closer to the centre of the
host to be affected by the feedback shock.

4 A PPLIC ATIO N TO TH E MILK Y WAY dSphs

We now compare the results of our simple calculations with the
observed data for the dSph satellites of the Milky Way. For more
than a decade, a concerted observational effort has been underway
to determine the dark matter content of the Milky Way dSph popu-
lation (see Walker 2012, for a recent review) due to their importance
for understanding galaxy formation on small scales. Although data
are now available for more than 20 dSphs, in what follows we
consider only the so-called ‘classical’ dSphs, as these more lu-
minous objects have constraints on both their dark matter content
(Walker et al. 2009) and Galactocentric orbits (Lux, Read & Lake
2010).

Table 1 presents the data we have used in our comparison. The
mass estimates at rhalf and rlast are taken from Walker et al. (2009)
who used Jeans equation modelling, combined with a Markov chain
Monte Carlo (MCMC) algorithm, to determine masses for the dSphs
based on their projected velocity dispersion profiles. We take the
values for the orbital apo- and pericentres to be those obtained by
Lux et al. (2010) who applied an MCMC approach to the modelling
of the space motions of the six dSphs which have been the subject
of long-term proper motion studies.

Our comparison has two main steps to it: (i) first we build a NFW
dark matter halo model and a corresponding gas disc model for
each of the dSphs in Table 1, and (ii) we determine the ram pressure
acting on the gas disc in the dSph and calculate how much of the
gas remains in the disc after the shock’s passage. The results are
summarized in Table 2.
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and the disc in the dwarf galaxy completely; we neglect the
contribution to the potential due to the disc of the host
galaxy.

We should also specify the mass of the shell being ex-
pelled from the host, Msh, which may be a function of the
galactocentric radius, and the velocity of the shell, vsh. To
sample the range of possible outcomes we test two oppo-
site assumptions for Msh as explained in the Introduction:
(i) that the shell mass Msh = fshMenc(R), where fsh = 0.05
and Menc(R) is the total mass enclosed within radius R, and
(ii) that Msh = 5× 1010 M⊙, independent of radius R.

Figure 2 shows the fraction of gas retained in the dwarf
galaxy after the host feedback shock passage for the disc
and the halo components, and also for the total gas mass,
naturally defined as the sum of the halo and the disc masses.
Three different total masses for the dwarf are considered,
resulting in three different values for the maximum circular
velocity in the galaxy, as marked in the top left corner of each
panel. All the black curves in the figure are for the default
shock velocity studied in this paper, Vsh = 500 km s−1.
We see that the halo gas component of the dwarf is the
one easiest to remove as it is comparatively more extended
than the exponential disc. The disc component is the most
compact one, thus a ∼ 90% removal of the disc requires the
smallest dwarf (the top panel) to be at R <

∼ 100 kpc from the
centre of the host. The figures show that the more massive
the dwarf galaxy (i.e. the larger its vcirc) the harder it is
to affect its gas by the shock from the host, since all the
curves shift to smaller radii as we compare the top panel
to the bottom one. Note that these trends are qualitatively
consistent with the toy SIS model, cf. equation 9. The latter
predicts that the radius at which a given fraction of gas is
removed scales inversely with vcirc, which is approximately
borne out in Figure 2. For example, the δret = 0.1 for the
disc is reached at R ≈ 30 kpc for the vcirc = 60 km s−1

versus R ≈ 100 kpc for the vcirc = 15 km s−1.

To estimate the sensitivity of our models to the assumed
value of Vsh, we also computed the fraction of gas retained
in the halo of the satellite galaxy for two other values of Vsh,
e.g., 300 and 1000 km s−1 for the blue and the red curves,
respectively, for the middle panel. We see that the gas is re-
moved from the satellite more efficiently by a faster shock, as
should be expected. Qualitatively, the dotted curve appears
to shift to larger radii in roughly linear proportionality to
Vsh. For example, the radius at which 90% of the halo is re-
moved moves from ∼ 100 kpc to ∼ 300 kpc as Vsh is changed
from 300 to 1000 km s−1.

Figure 3 shows the same calculation but now for the
fixed mass of the expelled shell (case (ii) above). We observe
that because of the ∼ 1/R3 ram pressure fall in this model,
the transition from the strongly affected, e.g., δret ≪ 1, to
the weakly affected regime, δret ∼ 1, occurs over a more
restricted range of radii than in Figure 2. Furthermore, since
the ram pressure in this model is lower (see Figure 1), the
satellite galaxies need to be even closer to the centre of the
host to be affected by the feedback shock.
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Figure 2. Fractions of gas retained in the dwarf galaxy’s disc and
halo after passage of the host galaxy’s shock, as well as the total
fraction of gas retained. Components are indicated next to the
respective curves, as functions of the galactocentric distance, R.
The dwarf galaxies considered have three different virial masses,
corresponding to the maximum circular velocities of 15, 30 and
60 km s−1, from top to bottom, respectively. The calculation
assumes that the shell mass increases as it propagates outward
(see text in §3). All the black curves are for the shock velocity of
Vsh = 500 km s−1, whereas the blue and the red are for Vsh =
300 km s−1 and Vsh = 1000 km s−1, respectively.
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High-resolution simulations of SN 
feedback in dSphs

• Gadget-3 SPHS simulations with             gas particles and live 
dark matter halo of mass 	


• Hernquist halo with spherical gas distribution	


• SN events occur randomly in position and time, with average 
rate of 1 per Myr	


• Each event injects either        or         ergs (equivalent to 
multiple SNe per “event”)	


!

      See poster by Claire Cashmore

High Resolution Simulations of SN feedback in Dwarf Spheroidals!
Claire Cashmore* & Mark Wilkinson                          *[crc16@le.ac.uk]!

Theoretical Astrophysics, Department of Physics and Astronomy, University of Leicester!

Abstract!
The population of dwarf spheroidal (dSph) galaxies around the Milky Way are devoid of gas. Supernova-driven winds are expected to have played 
a crucial role in the evolution of dSphs, regulating the star formation rate, metal enrichment of the ISM and their present day mass. The low escape 
velocities of dSphs imply that a supernova event should be able to eject a significant amount of gas from these low mass galaxies, however many 
host more than one distinct stellar population. Two key questions arise: how do dSphs manage to retain enough gas after the first burst of star 
formation to supply a subsequent burst, and why is there such a variety in the SFHs? We use Gadget to simulate the effect of supernova feedback 
on a dwarf galaxy with a spherical or disc morphology. We investigate the resulting dwarf, with the future aim to compare the efficiency of gas 
expulsion by supernovae with that of gas removal from an external AGN and to explore how both of these processes influence the star formation 
rate of dSphs. 

Introduction!
The local group dSphs have a very diverse range of properties, with large ranges in mass, luminosity and metallicity. Despite the 
most massive dwarfs having recent star formation, they are all completely devoid of gas, and even though they have similar 
environments and total masses, no two local group dSphs share the same star formation history. Dwarfs have shallow potential wells 
due to their low masses, and so these systems are easily cleared of gas by both internal and external effects. Feedback from 
massive stars can deposit up to 1051 erg into the surrounding ISM, causing fast outflows which can drive gas and metals out of the 
system. The local group dSphs mostly lie within ~300kpc of the Milky Way and so are also susceptible to disruption by ram pressure 
stripping and tidal effects when they pass through the gaseous halo, and possible ram pressure stripping caused by AGN outflows 
from the Milky Way.

Simulations 
• The hydrodynamical code GADGET-3 SPHS was used to run these simulations

• Live Hernquist DM halo, 109         in each case

• 5x105 gas particles in a spherical distribution, each with mass 10  

• Several single SN feedback events vs fewer combined events with the same total energy.

AGN Feedback 
The main aim of this work is to investigate the impact of ram 
pressure stripping during the AGN outflow phase on dSphs on 
close orbits to the host galaxy, which could be much more 
effective than ram pressure stripping form the hot halo [Nayakshin 
& Wilkinson 2013]. The resulting star formation and/or ejection of 
gas and metals will be investigated in the resulting dwarfs and 
compared to observations to see if AGN outflows could play a 
major role in influencing the evolution of the local group dwarfs.

Results

Conclusions!
• SN feedback can drastically alter the density profiles of the gas in 

dwarfs for an initial gas mass !
• The binding energy of                     needs to be exceeded by at 

least a factor of 2.5 to disrupt the dwarf completely, ejecting all the 
mass out of the original volume.!

• One SF “event” containing 50 SN is more effective at clearing gas 
from the original volume compared to 500 single “events” spaced 
in time over the same time interval.!

Future Work!
• Simulations with disc initial condition are currently running.!
• Same runs with             and              gas mass for spherical 

distribution; preliminary results suggest it is much less effective.!
• Investigate the effect of an inhomogeneous ‘clumpy’ medium!
• Add chemistry to investigate the resulting metallicities and 

fractions of metals lost from the dwarfs.!
• Investigate the effects of ram pressure stripping by an external 

AGN outflow.

Feedback outflows and satellite galaxies 327

Figure 2. Fractions of gas retained in the dwarf galaxy’s disc and halo
after passage of the host galaxy’s shock, as well as the total fraction of
gas retained. Components are indicated next to the respective curves, as
functions of the galactocentric distance, R. The dwarf galaxies considered
have three different virial masses, corresponding to the maximum circular
velocities of 15, 30 and 60 km s−1, from top to bottom, respectively. The
calculation assumes that the shell mass increases as it propagates outward
(see text in Section 3). All the black curves are for the shock velocity of
Vsh = 500 km s−1, whereas the blue and the red are for Vsh = 300 and
1000 km s−1, respectively.

the one easiest to remove as it is comparatively more extended
than the exponential disc. The disc component is the most compact
one, thus a ∼90 per cent removal of the disc requires the smallest
dwarf (the top panel) to be at R ! 100 kpc from the centre of
the host. The figures show that the more massive the dwarf galaxy
(i.e. the larger its vcirc), the harder it is to affect its gas by the
shock from the host, since all the curves shift to smaller radii as
we compare the top panel to the bottom one. Note that these trends
are qualitatively consistent with the toy SIS model, cf. equation (9).
The latter predicts that the radius at which a given fraction of gas is
removed scales inversely with vcirc, which is approximately borne
out in Fig. 2. For example, the δret = 0.1 for the disc is reached at
R ≈ 30 kpc for the vcirc = 60 km s−1 versus R ≈ 100 kpc for the
vcirc = 15 km s−1.

To estimate the sensitivity of our models to the assumed value of
Vsh, we also computed the fraction of gas retained in the halo of the
satellite galaxy for two other values of Vsh, e.g. 300 and 1000 km s−1

for the blue and the red curves, respectively, for the middle panel.
We see that the gas is removed from the satellite more efficiently
by a faster shock, as should be expected. Qualitatively, the dotted
curve appears to shift to larger radii in roughly linear proportionality
to Vsh. For example, the radius at which 90 per cent of the halo is
removed moves from ∼100 to ∼300 kpc as Vsh is changed from
300 to 1000 km s−1.

Fig. 3 shows the same calculation but now for the fixed mass
of the expelled shell [case (ii) above]. We observe that because
of the ∼1/R3 ram pressure fall in this model, the transition from
the strongly affected, e.g. δret ≪ 1, to the weakly affected regime,
δret ∼ 1, occurs over a more restricted range of radii than in Fig. 2.
Furthermore, since the ram pressure in this model is lower (see Fig.
1), the satellite galaxies need to be even closer to the centre of the
host to be affected by the feedback shock.

4 A PPLIC ATIO N TO TH E MILK Y WAY dSphs

We now compare the results of our simple calculations with the
observed data for the dSph satellites of the Milky Way. For more
than a decade, a concerted observational effort has been underway
to determine the dark matter content of the Milky Way dSph popu-
lation (see Walker 2012, for a recent review) due to their importance
for understanding galaxy formation on small scales. Although data
are now available for more than 20 dSphs, in what follows we
consider only the so-called ‘classical’ dSphs, as these more lu-
minous objects have constraints on both their dark matter content
(Walker et al. 2009) and Galactocentric orbits (Lux, Read & Lake
2010).

Table 1 presents the data we have used in our comparison. The
mass estimates at rhalf and rlast are taken from Walker et al. (2009)
who used Jeans equation modelling, combined with a Markov chain
Monte Carlo (MCMC) algorithm, to determine masses for the dSphs
based on their projected velocity dispersion profiles. We take the
values for the orbital apo- and pericentres to be those obtained by
Lux et al. (2010) who applied an MCMC approach to the modelling
of the space motions of the six dSphs which have been the subject
of long-term proper motion studies.

Our comparison has two main steps to it: (i) first we build a NFW
dark matter halo model and a corresponding gas disc model for
each of the dSphs in Table 1, and (ii) we determine the ram pressure
acting on the gas disc in the dSph and calculate how much of the
gas remains in the disc after the shock’s passage. The results are
summarized in Table 2.
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Figure 2. Fractions of gas retained in the dwarf galaxy’s disc and halo
after passage of the host galaxy’s shock, as well as the total fraction of
gas retained. Components are indicated next to the respective curves, as
functions of the galactocentric distance, R. The dwarf galaxies considered
have three different virial masses, corresponding to the maximum circular
velocities of 15, 30 and 60 km s−1, from top to bottom, respectively. The
calculation assumes that the shell mass increases as it propagates outward
(see text in Section 3). All the black curves are for the shock velocity of
Vsh = 500 km s−1, whereas the blue and the red are for Vsh = 300 and
1000 km s−1, respectively.
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the host. The figures show that the more massive the dwarf galaxy
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shock from the host, since all the curves shift to smaller radii as
we compare the top panel to the bottom one. Note that these trends
are qualitatively consistent with the toy SIS model, cf. equation (9).
The latter predicts that the radius at which a given fraction of gas is
removed scales inversely with vcirc, which is approximately borne
out in Fig. 2. For example, the δret = 0.1 for the disc is reached at
R ≈ 30 kpc for the vcirc = 60 km s−1 versus R ≈ 100 kpc for the
vcirc = 15 km s−1.

To estimate the sensitivity of our models to the assumed value of
Vsh, we also computed the fraction of gas retained in the halo of the
satellite galaxy for two other values of Vsh, e.g. 300 and 1000 km s−1

for the blue and the red curves, respectively, for the middle panel.
We see that the gas is removed from the satellite more efficiently
by a faster shock, as should be expected. Qualitatively, the dotted
curve appears to shift to larger radii in roughly linear proportionality
to Vsh. For example, the radius at which 90 per cent of the halo is
removed moves from ∼100 to ∼300 kpc as Vsh is changed from
300 to 1000 km s−1.

Fig. 3 shows the same calculation but now for the fixed mass
of the expelled shell [case (ii) above]. We observe that because
of the ∼1/R3 ram pressure fall in this model, the transition from
the strongly affected, e.g. δret ≪ 1, to the weakly affected regime,
δret ∼ 1, occurs over a more restricted range of radii than in Fig. 2.
Furthermore, since the ram pressure in this model is lower (see Fig.
1), the satellite galaxies need to be even closer to the centre of the
host to be affected by the feedback shock.

4 A PPLIC ATIO N TO TH E MILK Y WAY dSphs

We now compare the results of our simple calculations with the
observed data for the dSph satellites of the Milky Way. For more
than a decade, a concerted observational effort has been underway
to determine the dark matter content of the Milky Way dSph popu-
lation (see Walker 2012, for a recent review) due to their importance
for understanding galaxy formation on small scales. Although data
are now available for more than 20 dSphs, in what follows we
consider only the so-called ‘classical’ dSphs, as these more lu-
minous objects have constraints on both their dark matter content
(Walker et al. 2009) and Galactocentric orbits (Lux, Read & Lake
2010).

Table 1 presents the data we have used in our comparison. The
mass estimates at rhalf and rlast are taken from Walker et al. (2009)
who used Jeans equation modelling, combined with a Markov chain
Monte Carlo (MCMC) algorithm, to determine masses for the dSphs
based on their projected velocity dispersion profiles. We take the
values for the orbital apo- and pericentres to be those obtained by
Lux et al. (2010) who applied an MCMC approach to the modelling
of the space motions of the six dSphs which have been the subject
of long-term proper motion studies.

Our comparison has two main steps to it: (i) first we build a NFW
dark matter halo model and a corresponding gas disc model for
each of the dSphs in Table 1, and (ii) we determine the ram pressure
acting on the gas disc in the dSph and calculate how much of the
gas remains in the disc after the shock’s passage. The results are
summarized in Table 2.
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Figure 3: Fractions of gas retained in the dwarf galaxy’s disc and halo after passage of the host 
galaxy’s shock, as well as the total fraction of gas retained. The calculation assumes that the shell 
mass increases as it propagates outward. Blue and red curves are for v=300kms-1 and 
v=1000kms-1 respectively. From Nayakshin & Wilkinson 2013.

Figure 2: Enclosed mass as a function of radius for the resulting dwarf galaxies after 
500Myr. Left and right plots as above.
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Figure 1: Gas density profiles of the dwarf galaxies after 500Myr. The left plot shows single 
SN feedback events, each with energy 1051 erg, the plot on the right shows combined events, 
where each event releases 1052 erg. The numbers of events are described in the key.
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SN feedback in dSphs 
Cashmore et al., in prep.

500 SN events 50 SN events



SN feedback in dSphs 

• Cumulative impact of larger events is greater than that of 
smaller events of same combined energy	


• Feedback very sensitive to details of SN events 

Cashmore et al., in prep.
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Fig. 1.— Rotation curve of M33. The dark blue curve is the
gas (atomic and molecular) contribution, the orange curve is the
central bulge-like stellar component, the red curve is the stellar
disk, the green line is a proposed dark matter halo (taken from the
most occupied bin from the parameter space of the A1 run) and
the light blue line is the expected rotation curve. Observed data
are in black. The mass-to-light ratio of the stellar components has
been found by fitting the rotation curve rather than by modelling
the stellar population in this case.

Figure 2. The distribution is binned on a 128⇥ 128 grid
and then contours placed that enclose 68%, 95%, and
99% of all models. Our analysis favours models with
steep inner cusps and high mass-to-light ratios, with a
tail in the distribution moving towards flat haloes with
even higher values of ⌥3.6. The two areas are connected
by a bridge of models which is not shown here as the
density is below the 3� level. The exact combination of
stellar disk mass and dark matter halo favoured in Seigar
(2011) (⌥3.6 = 1.25 and �in ' 1) is disfavoured at over
3� here.
To check that all 8 chains are converged on the same

distribution, we calculated the ratio of the variance of the
means of the chains �(x̂), to the mean of the variances
of the chains �̂(x), for each parameter. For � this gave a
value of 147.7 as the chains did not converge to the same
distribution in this parameter, but after that the highest
value was 0.1 for �, indicating the rest of the parameters
are well converged. Inspection of the distribution for each
chain showed that in some cases the chain had found only
the main peak shown in Figure 2 whereas in some cases
the chain only found the left hand side of the tail. As
some chains managed to integrate the entire distribution
as shown in Figure 2, it is reasonable to assume that given
enough time any chain will converge on the same result.
Combining the distributions may produce an incorrect
relative model density between the density of the main
peak and the tail, but our analysis does not make use of
this.
At the low �in end of the plot is the maximal disk case,

where the baryonic component of the galaxy contributes
almost all of the rotation curve. Note that despite being
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Fig. 2.— Contour plot of the mass-to-light ⌥3.6 versus inner
log slope �in. The red contour contains 68% of all the models in
the MCMC chains, the green contour contains 95% and the blue
contour contains 99%.

flat, this region is not flush with the upper boundary
of the ⌥3.6 range - higher values are excluded by the
rotation curve.
The rotation curve presented in Corbelli & Salucci

(2000) shows an apparent feature in the outermost part
of the rotation curve where the rotation velocity begins to
increase, after having levelled o↵ (see Figure 1). This fea-
ture may be modelled by a flat dark matter density pro-
file extending throughout the radial range, coupled with
the maximal baryonic component to model the shape of
the rotation curve at low r. We confirm this by calculat-
ing a measure of the core radius, r1, which is the radius
at which the log slope of the dark matter halo reaches
-1. Figure 3 shows that this value is high (on the order
of the radial extent of the data) for high values of ⌥3.6.
If these outermost data points represented a genuine

feature of the density profile and the disk were not max-
imal, it would require a sharp increase in the dark mat-
ter density at this point as the baryonic component is
marginal here. As there is no obvious mechanism to form
such a shell of dark matter, we cannot take this model
to be correct at high r.
We consider an artefact of the tilted ring method used

to generate this rotation curve to be more a likely ex-
planation of this rotation curve feature. In Corbelli &
Salucci (2000), an initial set of radial bins in this rotation
curve are generated by fitting a parameterised ring to the
HI velocity field of the galaxy, under the assumption of
entirely circular motion, and then additional radial bins
are calculated from interpolating between the neighbour-
ing rings. If the assumptions of the model do not hold
e.g. in the presence of significant radial motion, then the
parameters of a particular ring may be invalid. An over-
estimation of inclination would lead to an overestimation
in rotation velocity, and due to the interpolation, a single
incorrect inclination can account for the apparent feature
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Fig. 1.— Rotation curve of M33. The dark blue curve is the
gas (atomic and molecular) contribution, the orange curve is the
central bulge-like stellar component, the red curve is the stellar
disk, the green line is a proposed dark matter halo (taken from the
most occupied bin from the parameter space of the A1 run) and
the light blue line is the expected rotation curve. Observed data
are in black. The mass-to-light ratio of the stellar components has
been found by fitting the rotation curve rather than by modelling
the stellar population in this case.

Figure 2. The distribution is binned on a 128⇥ 128 grid
and then contours placed that enclose 68%, 95%, and
99% of all models. Our analysis favours models with
steep inner cusps and high mass-to-light ratios, with a
tail in the distribution moving towards flat haloes with
even higher values of ⌥3.6. The two areas are connected
by a bridge of models which is not shown here as the
density is below the 3� level. The exact combination of
stellar disk mass and dark matter halo favoured in Seigar
(2011) (⌥3.6 = 1.25 and �in ' 1) is disfavoured at over
3� here.
To check that all 8 chains are converged on the same

distribution, we calculated the ratio of the variance of the
means of the chains �(x̂), to the mean of the variances
of the chains �̂(x), for each parameter. For � this gave a
value of 147.7 as the chains did not converge to the same
distribution in this parameter, but after that the highest
value was 0.1 for �, indicating the rest of the parameters
are well converged. Inspection of the distribution for each
chain showed that in some cases the chain had found only
the main peak shown in Figure 2 whereas in some cases
the chain only found the left hand side of the tail. As
some chains managed to integrate the entire distribution
as shown in Figure 2, it is reasonable to assume that given
enough time any chain will converge on the same result.
Combining the distributions may produce an incorrect
relative model density between the density of the main
peak and the tail, but our analysis does not make use of
this.
At the low �in end of the plot is the maximal disk case,

where the baryonic component of the galaxy contributes
almost all of the rotation curve. Note that despite being
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Fig. 2.— Contour plot of the mass-to-light ⌥3.6 versus inner
log slope �in. The red contour contains 68% of all the models in
the MCMC chains, the green contour contains 95% and the blue
contour contains 99%.

flat, this region is not flush with the upper boundary
of the ⌥3.6 range - higher values are excluded by the
rotation curve.
The rotation curve presented in Corbelli & Salucci

(2000) shows an apparent feature in the outermost part
of the rotation curve where the rotation velocity begins to
increase, after having levelled o↵ (see Figure 1). This fea-
ture may be modelled by a flat dark matter density pro-
file extending throughout the radial range, coupled with
the maximal baryonic component to model the shape of
the rotation curve at low r. We confirm this by calculat-
ing a measure of the core radius, r1, which is the radius
at which the log slope of the dark matter halo reaches
-1. Figure 3 shows that this value is high (on the order
of the radial extent of the data) for high values of ⌥3.6.
If these outermost data points represented a genuine

feature of the density profile and the disk were not max-
imal, it would require a sharp increase in the dark mat-
ter density at this point as the baryonic component is
marginal here. As there is no obvious mechanism to form
such a shell of dark matter, we cannot take this model
to be correct at high r.
We consider an artefact of the tilted ring method used

to generate this rotation curve to be more a likely ex-
planation of this rotation curve feature. In Corbelli &
Salucci (2000), an initial set of radial bins in this rotation
curve are generated by fitting a parameterised ring to the
HI velocity field of the galaxy, under the assumption of
entirely circular motion, and then additional radial bins
are calculated from interpolating between the neighbour-
ing rings. If the assumptions of the model do not hold
e.g. in the presence of significant radial motion, then the
parameters of a particular ring may be invalid. An over-
estimation of inclination would lead to an overestimation
in rotation velocity, and due to the interpolation, a single
incorrect inclination can account for the apparent feature

The halo profile of M33 
Hague & Wilkinson, submitted, astro-ph:1408.4452

• MCMC analysis with 5 halo parameters  
• Calculate halo slope at radius of inner data point and  
• Fixed M/L: NFW favoured - Free M/L: steeper halo 
• Beware        comparisons across parameter space�2
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Fig. 6.— Fit to the degeneracy between log slope at the inner
most bin (�in) and mass-to-light ratio in the Spitzer 3.6µm band
(⌥3.6). Points are 34846 models chosen from the chain, after burn-
in, with a probability 10�5. The line shows the relationship ⌥3.6 =
2.6�6.3⇥0.0892��in , fitted to 2000 bins, and should not be taken as
valid outside the range of the models shown. Green and blue points
are constraints on �in found by models B1 and C1 respectively. See
text for discussion.

In runs D1 and D2, we tested whether this degeneracy
would be changed by having independent ⌥3.6 values for
both stellar components. The scale radius of the inner
component is too short to meaningfully contribute to the
circular velocity at the point in the rotation curve which
we have determined is the strongest driver of the de-
generacy between �in and ⌥3.6,disk. The distribution of
⌥3.6,bulge is unsurprisingly wide, due to its dependence
on a small number of the innermost data points.

4.3. Alternate Mass Models

It is possible the apparently large stellar mass in our
cored models could be accounted for by molecular gas.
The data we obtained from Corbelli & Salucci (2000) in-
cluded the molecular gas fraction, calculated from CO
emission, along with the atomic gas component of the
rotation curve. The factor used to calculate total molec-
ular gas mass from CO emission, XCO, is estimated based
on observations of the Milky Way and may not be cor-
rect for M33. In the mass modelling we use, the stellar
disk has a mass 3.8⇥ 109M� and the molecular gas disk
component has a mass 3 ⇥ 108M�, so the latter would
represent an increase in ⌥3.6 of ⇠ 0.05. To account for
the di↵erence between the modelled ⌥3.6 = 0.67 and the
⌥3.6 = 2.5 required for a flat halo would require XCO to
be 37 times larger. In Dame et al. (2001) the 1� rela-
tive error for this ratio was found to be less than 0.17
for nearby clouds in the Milky Way and thus a factor 37
increase seems unlikely.
The fact that the NFW profile is able to fit the ro-

tation velocities in previous work does not itself convey
the properties of the NFW profile (i.e. a log slope of -
1 at r = 0) upon the galaxy, given that we have shown

there are many profiles with di↵ering properties that also
provide good fits. Asserting a specific density profile im-
poses a relation between the log slopes at small and large
radii as a prior, which means that the parameters that
produce the highest likelihood might not correspond to a
halo that fits all radii optimally. Thus, it cannot be con-
cluded that a low reduced �

2 value for an NFW fit gives
a high posterior probability for specific analytic proper-
ties of the NFW profile, e.g. the central ⇢ / r

�1 cusp.
Allowing more freedom in the profile, and fully exploring
the parameter space with MCMC, resolves these issues
and provides a more robust description of the dark mat-
ter density profile across the entire radial range of the
rotation curve data.

4.4. Ram pressure stripping

Bekki (2008) found that M33 encountered M31 with
a periapsis of ⇠ 100kpc at 4-8Gyr before present. Ram
pressure stripping of M33 by an outflow from M31 could
have had an impact on the progression of feedback in
M33 (e.g. Nayakshin & Wilkinson 2013). The prompt
removal of low density gas by stripping would cause the
dark matter halo to relax into a shallow, less concen-
trated state, as modelled in HW14, so it might be rea-
sonably assumed that such an event would lead to a cored
dark matter halo, but this is not necessarily the case.
It is reasonable to assume the the process of contrac-

tion would mean that after initial baryon infall, but be-
fore feedback begins, the dark matter halo would have
an inner log slope steeper than �in = 1. Feedback mod-
els such as Read & Gilmore (2005) and Ogiya & Mori
(2012) require multiple outflow and inflow events to ac-
count for the transition from such steep initial haloes to
the presently observed flatter inner haloes. If this process
were interrupted early on, it could prevent a su�ciently
large amount of feedback that, even though the event it-
self would flatten the halo slightly, it would still retain
an inner halo that is steep relative to those of similar
galaxies.

5. CONCLUSION

We have modelled the rotation curve of M33 using the
MCMC-based approach we presented in HW13. We have
quantified and understood the degeneracy between bary-
onic mass-to-light ratio ⌥3.6 and, and the log slope at the
inner bin �in. We cannot resolve the conflict between
observations of similar galaxies (Kuzio de Naray et al.
(2006) and Kuzio de Naray et al. (2008)) and the MCMC
analysis of the M33 rotation curve without assuming
⌥3.6 > 2, which is di�cult to reconcile with stellar pop-
ulation modelling. We find that with a lower fixed ⌥3.6
= 0.67, an NFW halo is compatible with the data, but
that this part of parameter space is not strongly favoured
when we relax the constraint on ⌥3.6. We strongly ex-
clude the combination of ⌥3.6 < 2 and a halo profile
inner log slope �in < 0.9, for a comprehensive range of
assumptions.
The relation we find between ⌥3.6 and �in admits at

least the three following scenarios:

1. there is a great deal more mass in the disk of M33
than is accounted for by standard modelling of stel-
lar populations and molecular gas clouds.

  = 0.67⌥



Conclusions

• Stochasticity in outcomes of star formation in low-mass haloes 
may be key to resolution of the too big to fail & “gap” problems	


• Outflows from AGN or starbursts in host galaxy can both 
remove gas and trigger star formation in satellites	


• MCMC modelling of rotation curves is yielding physical 
properties of haloes which can be compared with simulations 	


• The impact of SN feedback in dSphs is affected by distribution of 
SNe in space and time (see poster by Claire Cashmore)


