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ABSTRACT

Using high resolution, fully cosmological smoothed particle hydro-dynamical simula-
tions of dwarf galaxies in a Λ cold dark matter Universe, we show how baryons attain a
final angular momentum distribution which allows pure disc galaxies to form. Blowing
out substantial amounts of gas through supernovae and stellar winds, which is well
supported observationally, is a key ingredient in forming bulgeless discs. We outline
why galactic outflows preferentially remove low angular momentum material, and show
that this is a natural result when structure forms in a cold dark matter cosmology.
The driving factors are a) the mean angular momentum of accreted material increases
with time, b) lower potentials at early times, c) the existence of an extended reservoir
of high angular momentum gas which is not within star forming regions, meaning that
only gas from the inner region (low angular momentum gas) is expelled and d) the
tendency for outflows to follow the path of least resistance which is perpendicular to
the disc. We also show that outflows are enhanced during mergers, thus expelling much
of the gas which has lost its angular momentum during these events, and preventing
the formation of “classical”, merger driven bulges in low mass systems. Stars formed
prior to such mergers form a diffuse, extended stellar halo component.

Key words: galaxy evolution-galaxy formation-cosmology.

1 INTRODUCTION

Disc galaxies without a bulge component are a common type
of galaxy. The angular momentum of disc galaxies is thought
to originate from tidal torques imparted by surrounding
structures in the expanding Universe (Peebles 1969), prior to
proto-galactic collapse. Disc galaxies will form if we assume
that gas gains the same amount of angular momentum as the
dark matter in this process, and that this angular momen-
tum is retained as the gas cools to the centres of dark matter
halos (Fall & Efstathiou 1980). Gas subsequently fragments
and forms stars. Within cold dark matter (CDM) cosmol-
ogy this picture of the origin of galactic angular momentum
is believed to hold even as galaxies are built hierarchically,
with the added assumption that mergers result in building
bulge components.

However, detailed modelling has highlighted problems
with this scenario. In simulations, gas cools to the centre of
the earliest collapsing structures making them very centrally

concentrated. Dynamical friction occurring during the merg-
ers of such systems results in significant loss of angular mo-
mentum (Navarro & Steinmetz 2000; Maller & Dekel 2002).
This problem has largely been overcome in simulations by
increasingly effective recipes for feedback from supernovae
(Thacker & Couchman 2000; Governato et al. 2007), and in-
creased resolution (Sales et al. 2010). Despite this encourag-
ing progress, decreasing the impact of dynamic friction does
not solve all the problems of galaxy formation which relate
to angular momentum within hierarchical structure forma-
tion (Mayer et al. 2008). Simulations continue to produce
centrally-concentrated systems, resulting in ‘peaked’ rota-
tion curves which do not match those of observed galaxies
(Governato et al. 2008; Dutton & van den Bosch 2009). In
addition, the angular momentum distribution of baryons in
real galaxies differs significantly from the distribution within
dark matter halos (van den Bosch et al. 2001). Even if angu-
lar momentum were fully conserved, CDM halos have a low
angular momentum tail (Navarro et al. 1996; Bullock et al.
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2001). The coupling of dark matter and gas while acquiring
their angular momentum thus implies that baryons should
also have such a low angular momentum component, which
is generally believed to be reflected in bulge components
(van den Bosch 2001). Yet many low mass galaxies have no
bulge; ∼ 70% of galaxies with stellar mass of < 109M⊙

have a Sersic index of less than 1.5 (Dutton 2009). These
pure disc structures reflect an underlying angular momen-
tum distribution which is seemingly at odds with theories
of galaxy formation within the accepted ΛCDM paradigm
(Bullock et al. 2001; van den Bosch 2001). The only way to
reconcile CDM with observations of bulgeless disc galaxies
is to alter the distribution for the baryons, or to remove the
low angular momentum tail. In a hierarchical CDM Uni-
verse, mergers also drive gas toward inner regions, forming
low angular momentum bulge stars. The persistence and de-
gree of these problems means that the manner in which disc
galaxies attain and retain their angular momentum has con-
tinued to be considered one of the major challenges to the
CDM paradigm.

The removal of gas in galactic outflows is one avenue
worth exploring in order to explain the discrepancy in an-
gular momentum distributions between dark matter and
baryons (Binney et al. 2001). Several lines of evidence sug-
gest that supernova driven galactic winds are able to ex-
pel large amounts of gas from galaxies during the galaxy
formation process (Mathews & Baker 1971; Veilleux et al.
2005). Galactic winds have been observed, and extensively
studied in local star forming galaxies (e.g. Lynds & Sandage
1963; Axon & Taylor 1978; Martin 1999; Ohyama 2002;
Martin et al. 2005; Rupke et al. 2005). Outflows are ex-
pected to be more common at high redshift where star
formation is more active (Madau et al. 1996). Indeed, out-
flows have been detected at high redshift from Lyman-break
selected galaxies (Pettini et al. 1998; Simcoe et al. 2002;
Shapley et al. 2003; Adelberger et al. 2005), as well as grav-
itationally lensed galaxies (Pettini et al. 2000).

We recently simulated dwarf galaxies which match a
wide range of observed dwarf galaxy properties, including
the absence of a bulge, and a linearly rising rotation curve
with no inner “peak” which characterises previous simu-
lations (Governato et al. 2010; G10 hereafter). The simu-
lated galaxies lie on the Tully-Fisher relation, and the size-
luminosity relation (Brooks et al. 2010). Using techniques
which closely mimic observations, the galaxies have been
shown to have mass distributions which are consistent with
galaxies in the THINGS survey (Oh et al. 2010), and fall on
the baryonic Tully-Fisher relation, as derived by McGaugh
(2005). Most importantly, the simulated dwarfs also match
the distribution of angular momentum of stars observed in
pure disc galaxies, differing significantly from that of the
dark matter halo in which they are embedded (see Figure 4
of G10, as well as Figure 8 of this paper). These properties
indicate that our simulations can provide unique insights
into the acquisition and retention of angular momentum of
disc galaxies. Here we provide an overview of the various in-
terlinked processes which determine the angular momentum
distribution of stars in our simulated bulgeless disc galaxy.
In particular we outline why the significant amount of gas
which is expelled from the galaxy is primarily low angular
momentum material.

In Section 2, we review the code and the simulation

initial conditions. We present the properties of our simu-
lated galaxy in Section 2.1, highlighting resolution issues as
well as the effects of allowing gas to cool to dense regions
before forming stars. We plot star formation rates and
outflow rates, as well as their ratio (the “mass loading”)
in Section 3. We show that the outflows have a strong
bias toward low angular momentum in Section 4. We
outline the reasons for outflows having preferentially low
angular momentum material: early accreted material has
low angular momentum, yet needs to escape a relatively low
potential well (Section 4.1); the existence of an extended
reservoir of high angular momentum gas (Section 4.2);
with outflows being perpendicular to the disc (Section 4.3).
We also show that the starburst triggered in the late
merger expels the bulk of the gas which lost its angular
momentum during this event (Section 4.4). Our summary
and discussion follows in Section 5.

2 THE SIMULATION.

At z = 0 the virial mass of the halo in the dark matter
only run of our simulated galaxy is 4.8 × 1010M⊙ (the virial
mass is measured within the virial radius Rvir, the radius en-
closing an overdensity of 100 times the cosmological critical
density). The halo was selected within a large scale, low res-
olution, simulation run in a concordance, flat, Λ-dominated
cosmology: Ω0 = 0.24, Λ=0.76, h = 0.73, σ8 = 0.77, and
Ωb = 0.042 (Spergel et al. 2003; Verde et al. 2003). The size
of the box, 25 Mpc, is large enough to provide realistic tidal
torques for the small galaxies used in this work.

We evolved the simulation using the fully parallel,
N-body+smoothed particle hydro-dynamics (SPH) code
GASOLINE which self consistently models gas hydrody-
namics and cooling, star formation, and energy feedback
from supernovae, with structure formation driven by the
hierarchical growth of cold dark matter. A detailed descrip-
tion of the code is available in the literature (Wadsley et al.
2004). Here we recall its essential features. The version of
the code used in this study includes radiative cooling and ac-
counts for the effect of a uniform background radiation field
on the ionization and excitation state of the gas. The cosmic
ultraviolet background is implemented using the Haardt-
Madau model (Haardt & Madau 1996), including photoion-
izing and photoheating rates produced by Population III
stars, Quasars, and galaxies starting at z = 9. We use a
standard cooling function for a primordial mixture of atomic
hydrogen and helium at high gas temperatures, but we in-
clude low temperature cooling (Mashchenko et al. 2006).

Star formation occurs when cold gas reaches a given
threshold density (Stinson et al. 2006), which is depen-
dent on the volume of the star forming regions that
can be resolved (Saitoh et al. 2008; Robertson & Kravtsov
2008; Tasker & Bryan 2008). We used 100 amu/cm3 in the
main run analysed here. The adoption of a higher density
threshold for star formation (most previous studies used
0.1amu/cm3) has the effect of increasing drastically the
amount of energy per unit mass released into the gas di-
rectly affected by supernova feedback. This higher thresh-
old is justified by the high mass and spatial resolution of
this run that allow individual star forming regions to be re-
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solved. Star formation then proceeds at a rate proportional
to ρ1.5gas, i.e. locally enforcing a Schmidt law. The adopted
feedback scheme is implemented by releasing thermal en-
ergy from supernovae into the gas surrounding each star
particle (Stinson et al. 2006). The energy release rate is tied
to the time of formation of each particle (which effectively
ages as a single stellar population with a Kroupa IMF). To
model the effect of feedback at unresolved scales, the affected
gas has its cooling shut off for a time scale proportional to
the Sedov solution of the blastwave equation, which is set
by the local density and temperature of the gas and the
amount of energy involved. In the central run described in
this study this translates into regions of ∼ 150 to 400 pc in
radius being heated by feedback from multiple, overlapping
supernovae, and having their cooling shut off for typically
5-10 million years. However, even during high z starbursts
only a few percent of the gas in the disc plane is heated
by supernova feedback to temperatures > 40,000 K. The ef-
fect of feedback is to regulate star formation efficiency as a
function of mass (Brooks et al. 2007). Only two other pa-
rameters are needed, the star formation efficiency (ǫSF =
0.1) and the fraction of supernova energy coupled to the in-
ter stellar medium (ISM) (eSN = 0.4). Similar values have
been used in previous works by this group (Governato et al.
2007). However, here we slightly increased ǫSF from 0.05 to
0.1 to ensure a better normalization to the local Schmidt
law. We explored values of eSN as high as 0.6 and cooling
shutoff times changing by a factor of a few, verifying that,
in the mass range of this study, mass profiles and star for-
mation histories are relatively insensitive to longer (shorter)
cooling shutoff timescales if a smaller (larger) fraction of
supernova energy is coupled to the ISM.

2.1 The Galaxy: Resolution and Cosmic Variance

The simulation presented here is part of an ongoing cam-
paign to study the formation and evolution of galaxies in a
ΛCDM cosmology. Recent work has highlighted the role of
numerical resolution in driving the structural properties of
simulated galaxies and specifically their internal mass dis-
tribution (Mayer et al. 2008). It is important that the re-
sults in our study do not depend strongly on the resolution
and the numerical parameters adopted. Having said this, we
need to attain a certain, extremely high resolution in order
to resolve star forming regions, a central ingredient of our
model. We analysed the simulated galaxy used in this study
at different resolutions and showed that our key results are
retained at two different (high) resolution regimes, which
have spatial resolution less than ∼ 200 pc and gas particle
mass less than a few 104M⊙(G10).The results presented here
are not affected by resolution, at least for the range of res-
olutions for which our star formation and feedback recipes
were calibrated, yet we emphasise the importance of resolv-
ing star forming regions by allowing gas to collapse to high
density regions during these merger events. This was also
demonstrated recently in a constrained merger simulation
done by Teyssier et al. (2010), who contrasted the location
and nature of star formation in such simulations with that in
lower resolution simulations which use low formation density
thresholds. They found that star formation in merger driven
star bursts occurs when inflowing gas fragments into spa-
tially extended massive, dense clouds, rather than by large

Figure 1. A type of merger tree. We plot the birth position within
the simulation box of every star which ends up in the final galaxy
at z=0. We are tracing the birth of stars as the galaxy moves
through the simulation box. The axis are the x and y co-ordinates
of the simulation box, shown in co-moving kpc. The colors are the
birth time of the stars, where z = 0 corresponds to 13.7 Gyrs.. We
see in this plot the merger events which involve satellites which
are large enough to host stars. Two significant merger events in
particular can be seen at ∼ 2.5 Gyrs and ∼ 7 Gyrs. For these
events, we note the virial mass of the satellites (Sat1 and Sat2)
prior to the merger, as well as the mass of the central galaxy
at corresponding times. The passages of Sat2 around the central
galaxy and its extended merging period is also evident.

Figure 2. The star formation rate plotted as a function of time.
We show 200 Myr bins in red, highlighting the bursty nature
of the star formation. The black line shows 1 Gyr bins, which
is shown because that matches the time resolution information
that we have for outflows, which are less well defined than star
formation. The peak in star formation at ∼ 7Gyrs is associated
with the last major merger.

scale flows to the nuclear regions. This more localised and
extended star formation within an inhomogeneous inter stel-
lar medium is crucial in our model in terms of allowing large
scale outflows to be generated.

To closely study outflows, we generated frequent out-
puts in order to determine outflow rates and the properties
of the gas prior to being blown out. To this end, we use
DG1MR from G10, which has outputs every ∼ 500 Myrs,
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Figure 3. The outflow rate of gas from the galaxy as a func-
tion of time. The black line shows the outflows from the central
galaxy. The red dashed line adds outflows from the two most
significant satellites accreted during the galaxy’s evolution. The
peak outflows occur during the merger events at ∼ 2.5 Gyrs and
∼ 7 Gyrs.

Figure 4. The evolution of the ratio of the mass of expelled gas
to the mass of stars formed, showing a ‘mass loading’ from the
central galaxy (square symbols) of greater than one for almost the
entire simulation, and a rise associated with a late major merger
event. The crosses show the massloading of the major satellite
which merges at z ∼ 1, which also shows significant outflows.

and has an effective resolution 20483 in a 25 Mpc box,
with gravitation softening of 110pc and typical stellar mass
of ∼ 1700M⊙. The morphology (that of a bulgeless dwarf
irregular galaxy), star formation rate, final stellar and
baryon fraction, MHI/LB , rotation velocity, magnitude
and color show little change between DG1 and DG1MR.
These properties contrast significantly compared to the
same simulation run with a low threshold for star formation
(DG1LT), which does not generate large scale outflows.
Details of the properties of the galaxies DG1, DG1MR and
DG1LT using techniques which mimic observations were
presented in G10. DG1MR has Mi = −16.9, g − r = 0.54,
Mstar = 5.3 × 108M⊙, scalelength Rs = 0.9kpc, rotational
velocity Vrot = 55kms−1, and ratio of neutral hydrogen to
B-band luminosity MHI/LB = 1.0.

Bulges are commonly asserted to be formed in merg-
ers, with galaxies which have more mergers, or mergers

Figure 5. The cumulative mass of outflows as a function of cir-
cular velocity. Significant outflows occur prior to the simulated
galaxy attaining all its material. The top axis indicates the cor-
responding redshifts.

with larger mass ratios, assumed to have larger bulges (e.g.
Hopkins et al. 2010). Merger histories of low mass galax-
ies are equally as diverse and rich as high mass galaxies,
yet it is only in low mass galaxies where bulgeless discs are
common (Dutton 2009). Simulations should be able to form
low mass galaxies with low B/D ratios and rising rotation
curves starting from different realizations of cosmological
initial conditions. It is important to highlight that the suc-
cess of our analysed galaxy is not a result of a particular,
special merging history. We showed in G10 the results of
two simulations which had very different merging histories,
highlighting that we have not selected a particularly quies-
cent simulated galaxy. In Figure 1, we plot a type of merger
tree for the simulation analysed in this study, which shows
the birth position within the simulation box of every star
which ends up in the final galaxy at z=0. We are tracing
the birth of stars as the galaxy falls through the simulation
box. The axes are the x and y co-ordinates of the simulation
box, shown in co-moving kpc. The colors are the birth time
of stars. We see in this plot the merger events which involve
satellites which are large enough to host stars. Two signifi-
cant merger events in particular can be seen at ∼ 2.5 Gyrs
and ∼ 7 Gyrs. Prior to merging, Sat1 has a virial mass of
1.4e9M⊙, gas mass of 2.0e8M⊙ and stellar mass of 3.7e6M⊙,
with the central galaxy having virial mass of 4.6e9M⊙, gas
mass of 2.6e8M⊙ and stellar mass of 4.1e7M⊙ at a corre-
sponding time. Also evident are the passages of Sat2 around
the central galaxy and hence its merging period which ex-
tends for ∼ 1.6 Gyrs between ∼ 5.2Grys (z = 1.2) and final
coalescence at ∼ 6.8 Gyrs (z = 0.8). Prior to merging, Sat2
has a virial mass of 4.9e9M⊙, gas mass of 3.4e8M⊙ and
stellar mass of 3.8e7M⊙, while the central galaxy has virial
mass of 1.4e10M⊙, gas mass of 1.3e9M⊙ and stellar mass of
1.8e8M⊙ at a corresponding time.

3 STAR FORMATION AND OUTFLOWS

Figure 2 shows the star formation rate as a function of time
for our simulated galaxy. In red, we show the star formation
using 200 Myr bins. The bursty nature of star formation is
apparent. The black line shows 1 Gyr bins, to allow a better
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Figure 6. The evolution of the ratio of the mass of expelled gas
to the total virial mass of the galaxy. The ratio peaks at early
times, with the subsequent steady decline interrupted by a rise
which occurs during the last major merger event.

match to the time resolution we have for our outflows in sub-
sequent plots. Star formation shows bursts, some of which
are associated with mergers, with a high star formation rate
at ∼ 2.5 Gyrs associated with Sat1, and then peaks again
at ∼ 7 Gyrs. This final increase in the star formation rate is
associated with the last major merger (Sat2), which has a
mass ratio of ∼ 3 : 1. Subsequent to the end of this merger,
the star formation rate decreases significantly, and is quite
low for the final ∼ 4 Gyrs but continues to be bursty.

The outflow rate, in M⊙ yr−1, is shown in Figure 3.
The black line shows the outflows from the central galaxy.
The red dashed line adds outflows from the two most sig-
nificant satellites accreted during the galaxy’s evolution,
marked Sat1 and Sat2 in Figure 1. Outflows are calculated
in a very simple manner: any gas which is bound and within
5R∗ at any output timestep, but is outside Rvir of the final
galaxy at z = 0, is assumed to have been expelled, where R∗

is the radial distance to the furthest star from the centre of
the galaxy. Typically, R∗ is ∼ 0.5Rvir . Our results are not
sensitive to this choice, so long as the radius is well beyond
the star forming region which means that we do not miss gas
which is being expelled, and is not too close to Rvir, which
can result in gas which is not bound being falsely identified
as outflows. We only include gas which does not return to
the galaxy at later times in our definition of outflows in this
study. Using 28 outputs which are ∼ 500 Myrs apart, each
outflow particle is traced through every output to find the
maximum “jump” in radial distance from the centre. The
jump in radius is invariably associated with a temperature
that shows that the gas particle was heated by supernova
energy. The time of the radial and temperature jump deter-
mines the outflow time for the particle.

We note that the degree and direction of outflows in our
simulation are not put in our code by hand as is common
in kinetic feedback schemes (e.g Navarro & Steinmetz 2000;
Springel & Hernquist 2003; Oppenheimer & Davé 2006),
but occur naturally due to thermal pressure exerted on gas
in our formulation of supernova feedback.

The general shape of the outflows histogram is similar to
the star formation rate, including a particularly prominent
peak in outflows during the coalescence of the last major

Figure 7. The angular momentum distributions of stars (blue),
all gas (red) and HI gas (red dashed) within the virial radius
at z = 0 and gas which is blown out of the galaxy throughout
its evolution (black). A bias for low angular momentum to be
expelled is evident, as is the fact that a large amount of material
is expelled.

merger event at time ∼ 7 Gyrs (z ∼ 0.8). This correspon-
dence between a merger induced starburst and subsequent
outflows is discussed in Section 4.4.

The ratio of the outflows from the central galaxy to
the star formation rate is called the “mass loading” or the
“loading factor”. The log of the ratio of the outflows from
the central galaxy to the star formation rate is shown in
Figure 4 (squares). The mean mass loading from the cen-
tral galaxy throughout the simulated galaxy’s evolution is
2.3, with a significant increase associated with the merger at
∼ 7 Gyrs. We will see that a high mass loading is a crucial
ingredient that determines the final angular momentum con-
tent of our simulated galaxy. In Figure 4 we also show the
mass loading of the outflows from the major satellite, Sat2
(crosses), which merges to the central galaxy at z ∼ 1. This
highlights that outflows also occur from the satellites which
are massive enough to from stars. From here on, we anal-
yse properties of outflows from the central galaxy, or main
progenitor, at each time and simply refer to “outflows”.

In Figure 5 we plot the cumulative mass of such identi-
fied outflows as a function of circular velocity at the time of
expulsion. It is apparent that significant amounts of mate-
rial are expelled while the galaxy is still relatively low mass,
but that the galaxy continues to accrete material and grow.
The early expulsion is particularly significant relative to the
low mass of the galaxy at those times, and this has the effect
of altering the final angular momentum distribution of the
baryons. To highlight this, we plot the evolution of the ratio
of outflows to the total mass of the galaxy (Mfrac) in Fig-
ure 6. This plot shows a peak in the fraction of mass being
ejected at early times, between 2 − 3 Gyrs, when the po-
tential of the proto galaxy is relatively low and the outflow
rate is high. A subsequent steady decline in Mfrac is halted
only during the last merger at ∼ 7 Gyrs, during which large
outflows occur.
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Figure 8. The final distribution of j = rV c(r) for “observable”
baryons in the simulation, which consists of stars and HI gas
(blue). In red we plot the distribution of all baryons which would
have ended in the galaxy if outflows were not present, i.e. it is
the distribution of stars, HI gas and warm/hot gas within the
virial radius at z = 0, combined with outflows whose angular mo-
mentum is determined at the timestep prior to being heated and
expelled. An analytic fit, as determined in Bullock et al. (2001),
to the typical distribution for dark matter halos is overplotted
(green).

4 SELECTIVE REMOVAL OF LOW ANGULAR

MOMENTUM IN OUTFLOWS

70% of baryons are expelled by winds during the simulated
galaxy’s evolution, and there is a significant bias toward low
angular momentum in the expelled gas. Figure 7 compares
the jz distribution of gas which has been ejected in outflows
(black line) to the jz distribution of all baryons within the
virial radius of the galaxy at z = 0, showing gas (red), HI gas
(red dashed), and stars (blue). Here, jz is the component of
the angular momentum whose vector is perpendicular to the
disc. The angular momentum of the outflowing material is
determined at the timestep prior to its heating and ejection
from the central galaxy. The shape of the angular momen-
tum distribution of the ejected material differs strongly from
the material which makes up the galaxy at z = 0. The out-
flow comprises a large low angular momentum peak. The
outflows also display a significant tail of negative angular
momentum material. By contrast, the warm/hot gas in the
galaxy at z = 0 contains high angular momentum material,
while the cold (HI) gas and stars have very little negative
angular momentum material and relatively little low angu-
lar momentum material. We note that a very similar result
occurs when total angular momentum is plotted, which we
omit for brevity.

In order to make a more direct link to observations,
Figure 8 shows the angular momentum distribution, j/jtot,
for “observable” baryons, defined as a combination of stars
and cold (HI) gas in order to mimic van den Bosch et al.
(2001), who plot such a distribution for several observed
galaxies. Here, jtot is the mean angular momentum of these
“observable” baryons, and the angular momentum is derived
using j = rVc(r), where r is the radius and Vc the circular
velocity. We also plot the distribution of all baryons as they
would be in the absence of outflows (red line). That is to say,
the distribution of outflows, as measured just prior to the

Figure 9. The evolution of the mean angular momentum (jz) of
baryons (red) and dark matter (green) which are within the virial
radius at z = 0, compared with the mean angular momentum of
gas which is being ejected during the galaxy’s evolution (squares).
Also shown is the mean angular momentum of gas which is be-
ing accreted at each time (blue line). Material which collapses
early into the galaxy has relatively low angular momentum, and
is available for being expelled, and this is replaced by inflowing
gas which has progressively higher angular momentum.

time of ejection, plus all baryons within the virial radius at
z = 0. This distribution is also normalised by the same jtot
of the disc baryons, in order to allow direct comparison with
the blue line which represents the distribution of observable
baryons. A very different distribution is apparent between
what is observed at z = 0, and the total baryonic component
in absence of outflows. In particular a large amount of low
angular momentum gas is present due to the expelled low
angular momentum gas, as well as a high angular momentum
tail of warm/hot gas.

Also shown on this plot is the distribution of angular
momentum, normalised by the mean angular momentum, for
a typical dark matter halo, as characterised in Bullock et al.
(2001) and used in van den Bosch et al. (2001). The total
baryons which would have been in the galaxy in the ab-
sence of outflows (red line) have a very similar shape to this
distribution, although we note that the normalization, jtot,
that we used was the mean angular momentum of the disc
baryons. Normalising by the mean of the total angular mo-
mentum of baryons which would have been in the galaxy
at z = 0 would shift the distribution to the left. Neverthe-
less, the shape of the distribution of all baryons which would
have been in the galaxy in the absence of outflows, and that
of dark matter halos, are remarkably similar, highlighting
the role that outflows play in causing the distribution of
observed baryons to differ so sharply from their host halos.

We now identify the processes which result in the strong
bias toward low angular momentum of outflows that we have
identified. Although identified separately, these processes are
interlinked. In combination they result in the ejection of low
angular momentum material and a significant alteration of
the angular distribution of baryons, and in particular the
distribution of stars and cold (HI) gas within galaxies com-
pared to their host dark matter halos.
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4.1 Early accreted material has low angular

momentum.

Material which falls into the central regions of proto-galaxies
at the earliest times has been subjected to the least amount
of torquing from the large scale structure (Ryden 1988;
Quinn & Binney 1992). Material falling in at later times has
higher angular momentum. This results in early outflows
having less angular momentum than later outflows, and in-
troduces a bias whereby low angular momentum material
is expelled. Figure 9 shows the evolution of jz of outflows
(squares), calculated at the time of ejection, as well as the
inflows (blue line) at a corresponding time. Also shown is the
evolution of jz for the baryons (red line) and dark matter
(green line) which end up in the galaxy at z = 0. A similar
plot results when total angular momentum is plotted in this
manner. The central galaxy, or main progenitor, is used as
a reference frame at all times, and as we stated above, out-
flows are those ejected from the central galaxy, while inflows,
described below, are also to the central galaxy.

After spinning up, the dark matter material which ends
in the galaxy at z = 0 essentially retains its angular mo-
mentum. The baryons which end up in the galaxy at z = 0
have also retained their angular momentum. At the early
times, it is low angular momentum material that has been
accreted and is hence available for blow out and this is re-
flected in the very low angular momentum of material which
is ejected at early times. Only gas which has been accreted
can be ejected, so a large bias is clear between ejected gas
and the gas which will end up in the galaxy at z = 0. Thus,
in the absence of this gas turning into stars and hence being
“set” with this low angular momentum, there is a simple
bias for early, low angular momentum gas to be blown out
over later accreted, higher angular momentum gas. The low
star formation rates and relatively high blowout rates (i.e.
the high mass loading, see Figure 4) means that a large
fraction of low angular momentum material is not forming
stars. As outer, high angular momentum shells of gas are
accreted, they make up a larger fraction of the angular mo-
mentum distribution of gas than they would if none of the
earlier accreted gas were expelled. This naturally alters the

distribution of gas angular momentum compared with dark

matter. Low star formation efficiency and high gas fractions

mean that blown out gas has preferentially low angular mo-

mentum.

The blue line traces the angular momentum of inflow-
ing gas at each time. We define inflowing material as gas
which has reached 5R∗ for the first time, in order to make a
fair comparison with the outflowing material as we have de-
fined it (recall that R∗ is the radial distance to the furthest
star from the centre of the galaxy at each time). Clearly, in-
flowing gas has significantly higher angular momentum than
the outflows at all times. At late times, the inflowing mate-
rial has higher angular momentum than the mean of all gas
which is within the virial radius at z = 0, reflecting the fact
that later accreted material has high angular momentum.

Lower potential wells at early times favour higher
blowout rates, as a function of galactic mass, at a time when
lower angular momentum material is being accreted. As we
saw in Figure 6, the gas fraction expulsion rate, i.e. the frac-
tion of gas which is in the galaxy at a given time that is
being expelled, is highest at early times, when low angular

Figure 10. The face-on B-band surface brightness map of the
galaxy at z ∼ 1.2, over plotted by an HI contour map. The HI con-
tours range from 1019cm−2 to 1022cm−2 in steps of 100.5cm−2.
The extent of the star forming region is reflected in the B-band
map, while the extended nature of the HI is evident.

momentum material is being accreted. This results in the
angular momentum distribution of the gas being altered,
with a decrease in the amount of low angular momentum
material.

4.2 Extended reservoir of high angular

momentum material.

Star formation only occurs in the inner regions of the
galaxy where the gas reaches sufficiently high densities. Ex-
tended HI gas discs are found around local isolated low
mass galaxies (Broeils & Rhee 1997). Such low mass, iso-
lated galaxies have gas dominating their baryonic mass frac-
tions, with values typically above 70%, and as high as 95%
(Schombert et al. 2001; Geha et al. 2006) There is evidence
that extended HI discs occur in intermediate (Puech et al.
2010) and high redshift galaxies (Daddi et al. 2010). Fur-
ther, there is evidence for the existence of warm/hot gas in
the halos of disc galaxies (Spitzer 1956; Spitzer & Jenkins
1975; Sembach et al. 2003). In our simulations, gas beyond
the star formation region serves as a repository of high an-
gular momentum material. Typically, between 30% and 40%
of gas within the virial radius of our simulated galaxy lies
within the star forming region at a given time. Figure 10
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Figure 11. Left Panel: The background is a density map of all gas in the simulated galaxy at z = 0.5, where the disc is oriented edge on.
We have taken a 200x200 kpc box. The dashed line marks the virial radius. The arrows are velocity vectors, indicating the direction of
outflows, with the size of the arrows related magnitudes of velocities as indicated above the panel. Middle Panel: Here we plot outflowing
gas, again with velocity vectors demonstrating that outflows are strongly directed perpendicular to the disc. Right Panel: The gas which
is feeding star formation, i.e. we include only gas at z = 0.5 which will subsequently form stars by z = 0. We use the same scale and
again indicate the virial radius. The gas feeding the star formation is accreted largely from low angles from the plane of the disc.

shows the face-on B-band surface brightness map of the
galaxy at z ∼ 1.2, over plotted by an HI contour map.
The extent of the star forming region, from which outflows
are driven, is reflected in the B-band map, while the ex-
tended nature of the HI is evident. At this time, 47% of all
gas is beyond the star forming region. Gas within the star
forming region has average specific angular momentum of
jzmean = 66 kpc kms−1 while gas beyond the star forming
region has jzmean = 131 kpc kms−1. Looking at just the HI
gas at this time, 20% of HI is beyond the star forming region,
and has jzmean = 145 kpc kms−1. Gas which gains energy
directly from supernovae thus has relatively low angular mo-
mentum, so simply modelling this gas which is within the
star forming regions as being blown out will preferentially
remove low angular momentum material.

4.3 Outflows perpendicular to the disc.

Our simulations, as well as observations of outflows, indicate
that the situation is more complex than just expelling mate-
rial from the inner, star formation regions of galaxies. As gas
is expelled, it can entrain gas which is in outer regions of the
galaxy, and sweep it out with the outflows (Stewart et al.
2000; Schwartz & Martin 2004; Veilleux et al. 2005) . The
relative importance of these two modes of outflow are not
well constrained observationally, nor in models. Direct ex-
pulsion from inner regions appears to be the dominant mode
(Bland-Hawthorn et al. 2007), and is the main mechanism
in our simulations, although our time resolution makes it
difficult to constrain the amount of material which is en-
trained from the outer regions. But what we can demon-
strate is that, consistent with observations (Heckman et al.
1987; Bland & Tully 1988; Shopbell & Bland-Hawthorn
1998; Veilleux & Rupke 2002; Bland-Hawthorn et al. 2007)
and theory (Mac Low & Ferrara 1999; Pieri et al. 2007), the

outflows from the central regions are preferentially perpen-
dicular to the plane of the disc.

Figure 11 shows the direction of gas flows from our
galaxy at z ∼ 0.5. The color gas density map shows the
edge on view of the galaxy, with velocity vectors overplot-
ted showing the direction and magnitude of the gas velocity.
The virial radius is marked by a dashed white line. The left
hand panel shows the outflows, and reveals that the outflows
follow the path of least resistance perpendicular to the disc.
These outflows thus entrain material in regions which are
perpendicular to the disc. The highest angular momentum
material, which is in the extended gas disc surrounding the
star forming regions, is the least affected by the outflows.
We measure a low value for the mean angular momentum in
the plane of the disc of this material which is identified as
outflows, with jzmean(outflows) = 20kpc kms−1, while to-
tal angular momentum is high, jmean(outflows) = 193kpc
kms−1, as the material is getting driven to large radii, per-
pendicular to the plane, at high velocities. Here, we have

used jmean ≡

√

jx2
mean + jy2

mean + jz2mean.

By contrast, gas which feeds star formation is forced
to fall on the galaxy from a direction which is in the plane
of the disc. The right panel of Figure 11 shows the edge
on galaxy, again at z = 0.5, but this time only gas which
will form stars by z = 0 is plotted, again with vectors in-
dicating the velocity of the gas. The gas which feeds star
formation is clearly shown to flow primarily from the plane
of the disc. This gas has a relatively high planar angular
momentum, jzmean(starfeed) = 79kpc kms−1, which is a
large fraction of this material’s total angular momentum
jmean(starfeed) = 81kpc kms−1. This contrasts to the out-
flowing material, but also to gas which is in the galaxy at
this time and which remains in the galaxy as gas at z = 0,
i.e. material which is neither being ejected nor feeding star
formation. Such “retained” gas has jzmean(retain) = 67kpc
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kms−1, with total angular momentum, jmean(retain) =
127kpc kms−1.

4.4 What about mergers?

One of the characteristic features of cold dark matter cos-
mology is the mergers of galaxies. This process is ubiquitous,
and essentially scale free (e.g. Fakhouri et al. 2010), mean-
ing that low mass galaxies which become discs will have
in general similar merging histories as high mass galaxies,
which have bulges and may be dominated by spheroidal star
systems. Mergers are widely expected to result in bulges.
In earlier simulations of galaxy formation which suffered
from overcooling, proto-galaxies rapidly formed dense stellar
populations in their central regions. This problem was ex-
acerbated in low resolution simulations, which have denser
central regions (Governato et al. 2008). Loss of angular mo-
mentum to dynamical friction in the mergers of such dense
proto-galaxies resulted in the coalescence of the dense cen-
tral bulge regions (Navarro & White 1994). The result of the
merging of two centrally dense proto-galaxies (i.e. those with
bulges) were galaxies with large bulges. As explained above,
feedback from supernovae prevents a dense bulge forming in
the central regions of the proto-galaxies in these current sim-
ulations. When these proto-galaxies which do not have dense
central stellar components merge, the most severe effects of
dynamical friction are largely mitigated, with gas having
been largely “puffed up” to larger radii, avoiding the cool-
ing catastrophe. Further, as demonstrated in Stewart et al.
(2009), direct accretion of stars is insignificant in low mass
galaxies, whose mergers are dominated by gas. The stars
which are accreted in the mergers, tend to get thrown into
high energy orbits during the interaction, meaning that the
resulting spheroid is not centrally concentrated. A diffuse

stellar halo rather than centrally concentrated bulge results

from the scrambled trajectories of stars during the late ma-

jor merger in our simulation. Indeed, at z=0, our simu-
lated galaxy has an old (mean age 10.3 Gyrs), diffuse stellar
spheroidal component which comprises ∼ 6% of the stellar
mass of the simulated galaxy, even though it has no bulge.
This is consistent with observed low mass galaxies in all envi-
ronments which have old, dim spheroidal stellar populations
in addition to their main body of stars (Vansevičius et al.
2004; Hidalgo et al. 2009; Stinson et al. 2009).

Bulges also form during mergers, when gas which was
rotationally supported has its orbits scrambled, and cools to
the central regions. Hopkins et al. (2009) showed that, when
mergers are gas rich, such bulges can be as little as 10% of
the resulting galaxy. In such gas rich mergers, no strong
bar forms to drive gas to the central regions. Our simulated
galaxy has a rich merger history including a merger with
mass ratio of 3:1 which has a final coalescence z ∼ 0.8. All
mergers are gas rich, with gas to stellar mass ratio above one
for all progenitors of our simulated galaxy. Several reasons
ensure that a bulge does not form during these mergers.
Firstly, only the inner cold gas is subject to being driven
to the centre during the mergers. The surrounding gas is
not affected, but we know that inner gas has preferentially
low angular momentum. Secondly, in our simulation as in
Hopkins et al. (2009), a bar does not form in gas dominated
mergers, limiting the amount of gas driven toward the cen-
tre.

Thirdly, and most importantly, as gas falls into the
dense central regions, feedback prevents large amounts of
extended star formation, in a manner similar to what occurs
at the centres of early forming proto-galaxies in our simula-
tion. The feedback from the small fraction of such gas which
forms stars in a burst expels a large fraction of the gas which
has lost its angular momentum and has been driven toward
the centre of the galaxy, as reflected in the high mass load-
ing during this merging epoch, shown in Figure 4. Thus, a
large fraction of the gas which loses angular momentum and
falls to the central regions is expelled. This is clear from the
dip in the line traced by squares in Figure 9, which indicates
that the material which loses angular momentum material
is removed during the merger. Star formation is primarily
occurring in the very inner regions of the merging galaxies,
and hence it is the very material that has lost angular mo-
mentum which is being blown out. The effective modelling
of large scale supernova driven outflows during merger in-
duced star bursts is well supported observationally (Martin
1999; Bland-Hawthorn et al. 2007) and is the extra ingredi-
ent in our models which allow us to form bulgeless merger
remnants, in contrast to the constrained merger simulations
in Hopkins et al. (2009).

5 DISCUSSION

In our simulated dwarf galaxies, we are able to resolve the
process of energy injected from multiple overlapping super-
novae, which occur in clustered star forming regions. The
thermal energy injected into the surrounding gas creates
pressure, and is modelled to undergo a blastwave phase
which drives galactic winds. We emphasise that neither de-
gree nor direction of galactic winds are put in by hand within
our supernova feedback scheme. Further, it is necessary for
the spatial resolution to be significantly less than the scale
length of the disc to capture these effects (Coĺın et al. 2010).
More gas is expelled from our simulated galaxies than forms
stars by z = 0, yet they remain gas dominated at all times.
We have previously shown that our model results in sim-
ulated dwarf galaxies which match multiple properties of
observed dwarf galaxies (Governato et al. 2010; Oh et al.
2010; Brooks et al. 2010). Here, we have outlined the rea-
sons that the galactic winds in our simulated galaxies are
strongly biased toward expelling low angular momentum
gas. We demonstrate the interlinked processes responsible
for such bias, which naturally occur when feedback is ef-
fectively modelled in a hierarchically assembled galaxy in a
cold dark matter Universe.

• Low angular momentum material is accreted early. A

large fraction of the galaxy’s baryonic mass is expelled at

these early times.

• A low potential at early times favours early gas ejection.

• Later accreted material has higher angular momentum

and forms a disc.

These ideas are similarly outlined by Binney et al. (2001),
where a notion of expelling gas early is invoked to explain
the angular momentum of disc galaxies. The high mass
loading and high outflow mass to galaxy mass ratio at early
times in our simulated galaxy, means that we largely satisfy
the Binney et al. (2001) condition of ejecting gas prior to
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disc formation. Early ejection of material is also postulated
in the models of Dutton & van den Bosch (2009) to explain
the mass distribution of disc galaxies.

• A reservoir of high angular momentum material exists

beyond the star forming regions.

Disc galaxies have extended HI discs (Broeils & Rhee
1997), as well as warm/hot gas in the halo (Spitzer 1956;
Spitzer & Jenkins 1975; Sembach et al. 2003). These act
as reservoirs of high angular momentum gas, which are
beyond the star formation radius and thus not subject to
being directly expelled from the galaxy.

• Outflows occur perpendicular to the disc, entraining

relatively low angular momentum material and preventing

infall of material from regions above and below the disc

plane.

Observations strongly indicate that galactic winds expel
material perpendicular to galactic discs (Heckman et al.
1987; Shopbell & Bland-Hawthorn 1998; Veilleux & Rupke
2002; Bland-Hawthorn et al. 2007), as predicted by theory
(Mac Low & Ferrara 1999; Pieri et al. 2007). Gas which
builds the disc at late times is accreted from regions that
are relatively aligned to the disc plane.

• Mergers or instabilities which cause gas to lose angular

momentum trigger star bursts which expel most of this low

angular momentum gas.

Star burst galaxies are generally associated with
mergers, and are observed to have significant outflows
(Heckman et al. 1990; Griffiths et al. 2000; Veilleux et al.
2005) in local galaxies and at high redshift (Pettini et al.
2000; Nestor et al. 2010), predominately driven from
the inner starburst regions (Chevalier & Clegg 1985;
Strickland & Heckman 2007), ensuring that it is the very
material that has lost angular momentum during the
merger which is being expelled. High velocity outflows from
post-starburst galaxies are also observed at high redshift
(Tremonti et al. 2007). The high mass loading in these
events prevents large amounts of stars being formed from
this material which had been driven toward the galaxy’s
inner regions.

• A diffuse stellar halo rather than a centrally concen-

trated bulge results from the scrambled trajectories of stars

during the late major merger in our simulation.

The stellar rather than gas component of mergers between
progenitors which are massive enough to contain stars them-
selves, but which do not themselves have bulges, result in a
diffuse halo component.

By expelling large amounts of preferentially low angular
momentum gas from the galaxy, particularly at early times
and during merger events, the shape of the angular momen-
tum distribution of baryons is altered significantly from that
of their parent dark matter halos. This allows the formation
of bulgeless disc galaxies.
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