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Abstract

The formation of disk galaxies is one of the most outstandingoroblems in modern astro-
physics and cosmology. We review the progress made by numeal simulations carried out
on large parallel supercomputers. These simulations moddhe formation of disk galaxies
within the current structure formation paradigm in which th e Universe is dominated by a
cold dark matter component and a cosmological constant. We idcuss how computer simu-
lations have been an essential tool in advancing the eld futher over the last decade or so.
Recent progress stems from a combination of increased restibn and improved treatment
of the astrophysical processes modeled in the simulationsuch as the phenomenological
description of the interstellar medium and of the process ofktar formation. We argue that
high mass and spatial resolution is a necessary condition iorder to obtain large disks com-
parable with observed spiral galaxies avoiding spurious disipation of angular momentum.
A realistic model of the star formation history. gas-to-stars ratio and the morphology of the
stellar and gaseous component is instead controlled by thel@enomenological description of
the non-gravitational energy budget in the galaxy. This includes the energy injection by
supernovae explosions as well as by accreting supermassiviack holes at scales below the
resolution. We continue by showing that simulations of gas ollapse within cold dark matter
halos including a phenomenological description of supernvae blast-waves allow to obtain
stellar disks with nearly exponential surface density pro les as those observed in real disk
galaxies, counteracting the tendency of gas collapsing inugh halos to form cuspy baryonic
pro les. However, the ab-initio formation of a realistic rotationally supported disk galaxy
with a pure exponential disk in a fully cosmological simulaion is still an open problem.
We argue that the suppression of bulge formation is related ¢ the physics of galaxy for-
mation during the merger of the most massive protogalactic imps at high redshift, where
the reionization of the Universe likely plays a key role. A suciently high resolution during
this early phase of galaxy formation is also crucial to avoidarti cial angular momentum
loss and spurious bulge formation. Finally, we discuss theale of mergers in disk formation,
adiabatic halo contraction during the assembly of the disk,cold ows, thermal instability
and other aspects of galaxy formation, focusing on their radvance to the puzzling origin of
bulgeless galaxies.
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1 Galaxy formation in a hierarchical Universe

Galaxies occupy a special place in our quest for understandithe Universe. They are large
islands in a nearly empty space and contain most of the ordinabaryonic matter, stars and
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interstellar gas, that emits radiation and can thus be detged by astronomers$. Galaxies come
essentially in two broad categori€s those in which the luminous mass is arranged in a rotating
disk of stars and gas, called disk galaxies or spiral galaxieecause of the presence of spiral arms
of gas and stars (Figure 1), and those in which the luminous rea is distributed in a smooth,
featureless spheroidal structure with little or no rotatia, also known as elliptical galaxies (Figure
1). Disk galaxies have a radial light distributionl (r) that is well t by a decaying exponential
law3, 1 (r) exp( r=rq), whererg is a characteristic scale lengthrg 2 4 kpc for typical spiral
galaxies). Indeed many disk galaxies contain also a spheiali stellar component at their center,
the stellar bulge, which has structural properties similato an elliptical galaxies albeit being
much smaller in sizé. Both types of galaxies are known to contain dark matter, nagly matter
that is not traced by radiation. In disk galaxies dark matterclearly dominates over luminous
matter by mass, as inferred from their high rotation speeds hich requires the gravitational
pull of a massive and extended halo of dark mattér We live in a galaxy of the rst kind, the
Milky Way. Indeed disk galaxies are ubiquitous in the local biverse, and also at the largest
distances and earliest epochs at which the best ground andasp-based telescopes have been able
to study the morphology of galaxies reliably. Only the most massive galaxies in the Universe
do not posess a disk component, while this becomes progreslgi more dominant compared to
the spheroidal component as the mass of the galaxy decreafégure 2).

1.1 The theoretical framework

The formation of disk galaxies is one of the major unsolved @blems of modern astrophysics.
The basic theoretical framework states that disk galaxiesrige from the gravitational collapse
of a rotating protogalactic cloud of gas within the gravitatonal potential well of the dark hald.
The gas cools via radiative processes during the collapsedaeventually settles in centrifugal
equilibrium at the center of the halo potential well forminga rotationally supported gas disk
provided that some angular momentum is retained during theatlapse’. These ideas were
developed two decades ago and they still constitute the bdmdne of disk galaxy formation models
891011111213 \What has changed dramatically since then is the cosmologlacontext in which such
idea is applied, which re ects the remarkable progress thatosmology has undergone in the
meantime. After two decades of active debate there is now onesmological paradigm according
to which the energy density of the Universe is dominated by tbdark matter and a cosmological
constant, while ordinary baryonic matter contributes onlyto a few percent level (an even smaller
contribution is yielded by neutrinos)¢. This model is supported by observations of the large scale
mass distribution in the Universe traced by galaxies thembkes'® and by the power spectrum
of density uctuations inferred from the cosmic microwave ackground radiationt*. Cold dark
matter interacts only via gravity with itself and with ordin ary baryonic matter, and is not subject
to any dissipative force. The governing evolutionary equin for dark matter is the collisionless
Boltzmann equation that describes a zero-pressure uid, b termed a collisionless uid. In this
model, called CDM (CDM stands for "cold dark matter”, while is the cosmological constant
required to explain the observed acceleration of the Univ&) structure forms hierarchically in
a bottom-up fashion, starting from the ampli cation via gravitational instability of primordial
small density uctuations in the dark matter'®’. Because of the scale-free nature of gravity
and the dissipationless nature of cold dark matter, in such model one expects the formation of
self-similar, ellipsoidal collapsed objects, dark mattenalos, at all scale¥. The largest halos are
the last to form!’. Also, direct three-dimensional simulations of structurdormation in a CDM
Universe predict that halos of any mass and size should coimtaa swarm of smaller halos, the
so-called substructuré®?°, as shown in Figure 3.

The model predicts quantitatively the size and mass of the dia halo of a galaxy with a given
measured rotational velocity (the rotational velocity of sars and gas probes the depth of the
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Figure 1: Top: a typical disk-dominated galaxy, the nearby @ral galaxy M102 in the Ursa
Major constellation, 27 million light years from the Sun (tke image was obtained by Chris &
Dawn Schur from Payson, Arizona at 5150 feet elevation withnaamateur telescope). A small
spheroidal bulge is visible at the center of the disk. Bottoma typical spheroidal galaxy with
no disk component, the elliptcal galaxy M87, located at 60 fion light years from us (credits
in the picture).
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Figure 2: The ratio between the mass of the stellar spheroi&) and the sum of the mass of the
stellar spheroid and the stellar disk T) as a function of galaxy mass from a galaxy sample of
the Sloan Digital Sky Surveys (SDSS} (2007 Blackwell Publishing Ltd). Red points with error
bars show the mediarS=T as a function of stellar mass together with the 10 and 90 perddes

of the distribution.
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galaxy gravitational potential well). For a galaxy like our own Milky Way, for example, its
observed rotational velocity of 220 km/s implies a halo mass of about 9 solar masses and
a halo radius of about 300 kp& (by comparison, the disk of our galaxy contains about 6 10'°
solar masses of stars and about 10solar masses of gds Numerical simulations of the growth
of dark matter halos also predict that the radial density prdes of such halos diverge near the
center and are well described by a power-law, r ( being the density andr the spherically
averaged radius of the halo), with =1 1:522232425_ Sjince dark matter dominates by mass over
ordinary baryonic matter, gas collapses within such halogventually forming a galaxy, because
it is pulled inward by their gravitational attraction rathe r than collapsing due to its own gravity.
In this scenario there is no such a thing as a galaxy forming isolation, rather structure, both
dark and baryonic, builds up via continous accretion and mging of smaller systems containing a
mixture of dark and baryonic matter®. This highly dynamical picture emerging from the current
cosmology is the main di erence compared to earlier attemgtto study galaxy formation. Halos
gain their angular momentum by tidal torques due to asymmetes in the distribution of matter,
and also by acquiring the angular momentum originally stokin their relative orbit as they
come together and merge into a larger systéft®2°. Prevailing models have then assumed that
baryons and dark matter start with the same speci c angular mmentum before the collapse
begins since they are subject to the same tidal torqués

1.2 Computer simulations:the angular momentum problem

The modern tool used to study the hierarchical growth of strcture driven by gravity and the
concurrent collapse of baryons within dark halos is represted by three-dimensional computer
simulations that solve the gravitational and hydrodynamial forces between parcels of gas and
dark matter. We will discuss the methodology employed by shcimulations in the next section.
For now it su ces to say that in the most popular simulation method both the gas (i.e. the
baryonic component) and the dark matter are represented byapticles so that structures are
discretized in mass and space. The evolutionary equatiorsjch as the collisionless Boltzmann
equation for cold dark matter, the Euler equation for baryoit matter (baryonic matter is treated
as an ideal gas) and the Poisson equation, which holds for bptare solved for such discrete rep-
resentation of physical reality. Available methods to digetize physical variables and governing
eguations are constructed in such a way that they should coerge to the exact continuum solu-
tion for an in nite number of particles. As we will see in the mext section, discretization itself,
along with other aspects of the current methods, can introdie spurious e ects in the computer
models. Simulations take advantage of large parallel sugemputers in which hundreds of pro-
cessing units are used simultaneously to compute the foraasd advance the system to the next
timestep.

One important prediction of simulations of a CDM Universe ighat halos have a rather universal
value of the angular momentum (per unit mass) at any given eghb quite irrespective of their
precise mass assembly history. This is parameterized viaetldimensionless spin parameter =
JE¥?=GM>32, whereE, M andJ are the total energy, mass and angular momentum of the dark
halo (G is the gravitational constant). One can show that is proportional to the ratio between
the rotational kinetic energy and the kinetic energy in disamered motions associated with the
halo. Halos have a universal distribution of spin parametsr which peaks at a value  0:035
29

Simple spherical one-dimensional models that study diskrfoation in an isolated CDM halo
(namely a halo that does not interact or merge with other hak) predict that the size of disks
resulting from the infall and collapse of baryons matches éhsize of observed disks in galaxies
very welf. The models use mainly two inputs, both coming from cosmolmgl simulations, the
halo density pro le, which is related to the gravitational pull that drives the gas collapse, and the



Figure 3: Example of a massive dark halo ( 10** solar masses) assembled by hierarchical merging
in a numerical simulation of the CDM structure formation model (simulation performed by
L.Mayer and F.Governato with the GASOLINE code*). Many small halos ("substructure") are
orbiting inside the larger halo and will eventually merge wh it as a result of dynamical friction
eroding their orbital energy and orbital angular momentum.These dark matter lumps are the
sites in which gas collapses and forms galaxies.



initial speci ¢ angular momentum of gas as implied by the typal values of the spin parameter.
They further assume that angular momentum is conserved dug the collapse. Hence this result
is simple and remarkable at the same time; it says that CDM hat have the right amount of
angular momentum to form observed disk galaxies.

For more than a decade researchers have tried to reproduceethatter result with fully three-
dimensional computer simulations but have run into severgroblems. It was soon realized that,
once the hypothesis of isolation is removed and hierarchigaerging is accounted for, angular
momentum can be lost by the gas to the dark matter due to a pross known as dynamical
friction3%231, During mergers, previously collapsed clumps of gas and #amatter fall into a
larger dark halo and su er a drag force as they move through thlatter. The loss of angular
momentum caused by the drag force, called "dynamical frin", is more e ective when the
gas is distributed into cold and dense lumps rather than begnsmooth and extende?®f. But
gas is expected to be clumpy in a model with collisionless dadlark matter in which collapse
can occur at all scales, and large halos grow by accreting dlaahalos which bring their own
dense collapsed gas. As a result, early simulatiGAsvere obtaining improbable small disks
with ten times less angular momentum than real ones. Two tygeof solutions for this "angular
momentum problem” have been considered since then. The r$ very drastic and calls for
revising the cosmological model itself. Alternative modelin which the dark matter has a non-
negligible thermal velocity rather then being "cold" wouldproduce collapsed systems only above
a characteristic scale because the thermal jittering willend to smear out short-wavelength
density perturbations®®. These warm dark matter models (WDM) behave like CDM on large
scale, thus maintaining its succesful features. The redutelumpiness of dark matter halos in the
WDM model implies that baryons are smoothly distributed raher than arranged in previously
collapsed dense lumps when they fall into large galaxy-sikbalos, and therefore lose less angular
momentum by dynamical friction®*34, The second, less exotic possibility, is that baryons do not
just follow the merging hierarchy imposed by dark matter butsomehow decouple from it and
remain much smoother. This could happen if the thermal eneyg-ontent of baryons was enough
to resist gravitational collapse, at least up to some critel mass scale. This way a fraction of
the gas that would have entered a halo in dense clumps withimsller halos would instead enter
with a smooth distribution, perhaps avoiding catastrophidoss of angular momentum. Various
plausible astrophysical mechanisms can be responsible iftereasing the thermal energy content
of the baryons, for example the energy injection by superna® explosions and the ambient
radiation eld produced by stars, accreting black holes or lao external galaxies. There is,
however, a third possibility. This is that the baryons clumpexcessively in computer simulations
because the numerical methods adopted can introduce artial loss of angular momentum. As
we argue in this report, a solution lies probably in a combirteon of the latter two proposals,
with no need of revising the standard cosmological structarformation model.

The next two sections will be devoted, respectively, to theote of numerical e ects in disk
formation simulations, and to the modeling of gas thermodyamics and star formation in the
simulations. We will then show how the structure of simulaté disks is a ected by di erent
models of thermodynamics and star formation. Finally, we Wisummarize the current status of
the eld and the major problems that remain to be solved, inalding the puzzling origin of disk
galaxies without a bulge. We will attempt to recall the most mportant contributions by the
various groups actively involved in this eld of research wife at the same time covering in more
detail some recent results of the research group to which tlaeithors of this report belong.
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Figure 4: Disk size as a function of mass resolution in numeal simulations of disk formation in
an isolated CDM hald® (2007 Blackwell Publishing Ltd). The three panels show deitg maps of
gas in a slice through the centre of the gaseous galactic defter 5 Gyr; the gas mass resolution
decreases from the left to the right by about a factor 8 each apshot (the maximum resolution
is 1 million gas particles). The box side length is 20 kpc fovery panel. At all resolutions disks
show asymmetries such as central bar-like structures andiigd arms. The bar, however, is a

strong and long-lived feature only for su ciently high spatial resolution (set by the gravitational
softening)®.

2 Modeling issues and numerical e ects in computer sim-
ulations of disk formation

2.1 Numerical methods

Before discussing numerical e ects in cosmological disklgay formation simulations we should
keep in mind that until the time of writing this eld of research has been dominated by one
numerical method, smoothed particle hydrodynamics (SPEH)363738  in which particles are trac-
ers of average uid quantities such as density, velocity anttmperature associated with a nite
volume of the uid. The uid is thus discretized by means of paticles and the calculation of
the uid-dynamical equations is carried out in a Lagrangiarfashion. The Euler equation for an
inviscid ideal gas is solved rather than the more general Nav-Stokes equation. An arti cial
viscosity term is introduced in the hydrodynamical force agption and in the internal energy
equation to compensate for some artifacts resulting from énhdiscrete representation of the uid
equations, namely to avoid particle interpenetration and dmp spurious oscillations in shockg.
Although it is introduced for these good reasons, arti cialiscosity also causes some unwanted
numerical e ects, such as damping the angular momentum of ¢huid. One of the reasons behind
the dominance of the SPH method in this eld is that it coupleshaturally with the most e cient
and accurate methods to compute gravitational forces in thelid as well as in the collisionless
dark matter component, the so called treecod&s Treecodes are an approximate but fast and
accurate way of solving the N-Body problef. In treecodes gravitational forces between alll
particles, dark matter and baryons, are solved via a type of uitipole expansion of the gravi-
tational eld which reduces to individual particle interactions only at short distances. Eulerian
techniques that solve gravity and the uid equations on a xel or adaptive grid have been less
used in this eld of research because they have been gengralower and less accurate when
it comes to compute gravity. However, the scenario is chamgj rapidly with the appearance
of several fast, parallel adaptive mesh re nement codes (AR) that are beginning to have an
impact in studies of galaxy formation within a cosmologicatontext*:4243, Restricting ourselves



to the current particle-based methods, we will now brie y reiew the most important numerical
artifacts that can severely a ect the angular momentum corégnt and structure of disks forming
in the simulations. Many of the results that we will discussn greater detail in this and in the
following sections were obtained with the tree+SPH code GARLINE #* in simulations performed
on large parallel supercomputers.

2.2 Numerical e ects: two-body heating

One major problem of all particle-based simulations, bothydrodynamical and collisionless, is
numerical two-body heating. Two-body heating is the spurias increase of kinetic or thermal
energy of a particle representing gas, stars or dark matteud to a collision with another particle.
Particles behave as gravitating point masses and therefoman undergo strong gravitational
accelerations in close encounters with consequent largarsfers of momentum. Such an e ect
is clearly an artifact of the discrete representation of a ebinuum by means of particles. For gas
particles, such spurious large accelerations can be paltyacompensated by pressure or arti cial
viscosity that tend to de ect particles as they approach oneanother. In order to partially
overcome this problem for all types of particles, gravity islecreased at small distances thanks
to the introduction of gravitational softening®®. Softening the gravity eld at scales of order
the interparticle separation is consistent with the fact tfat individual particles should represent
a fairly large sub-volume of the hydrodynamical uid or colisionless continuum (e.g. the dark
matter component) rather than real point-masses (in typiclesimulation dark matter and baryonic
particles can indeed weight 10 10’ solar masses) However, in cosmological simulations of the
CDM model dark matter particles are typically much heavier han gas and star particles because
dark matter accounts for most of the mass. As a result massidark matter particles can transfer
signi cant kinetic energy during gravitational encountes with other particles despite the presence
of gravitational softening.

This spurious transfer of energy in two-body encounters ineases the kinetic energy in random
motions because any component of the velocity can be boostsla result of a given encounter.
Numerical experiments have shown that rotationally suppaed, thin stellar disks can be grad-
ually degraded into a thick spheroidal distribution becaus the random velocity of the baryonic
particles becomes increasingly more important compared wrdered rotatiorf®. If two-body
heating is moderate and a recognizable disk component swes the angular momentum of the
disk along the original axis of rotation still decreases asrasult of the randomization of velocity
vectors*®. Hence two-body heating induces arti cial angular momenton loss. Gas particles su er
an increase of temperature as a result of two-body heatitig This a ects the radiative cooling

e ciency of the gas because the cooling rate is a function oemperatur¢’. The increase of
temperature occurs because the kinetic energy gained in tlody collisions is thermalized by
arti cial viscous dissipation. The only way to reduce these ects is to reduce the graininess of
the mass distribution, which is only achieved by increasinthe number of particles used in the
simulation. This of course calls for more computing power.

The reduction of spurious e ects induced by two-body heatip with increasing resolution has
been tested systematically by means of toy-models that reggent an isolated, already assembled
galaxy®¥48. This type of models is idealized but allows to gain insighinio the phenomenology
of the much more complex cosmological simulations where nyaimteracting objects are simul-
taneously modeled. Such studies have indicated that 1C° particles are required in the dark
matter of a single galaxy to keep the spurious kinetic energgcrease to levelx 10%. In typical
cosmological simulations many galaxies are followed at tlsame time and the latter becomes a
tough resolution requirement.
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Figure 5: Top: growth of the disk mass (expressed relative tihe total gas mass within the
dark halo) as a function of resolutiof® (2007 Blackwell Publishing Ltd). Bottom: Evolution of
the speci c angular momentum in the disk as function of resotion48. The resolution of the
simulations is increasing from LRLD (3 10* gas matter particles and 5
10* dark matter and gas particles), IR (9 10* dark matter and gas
particles) and HR (5 10 gas matter particles and 10 dark matter particles) ; IRLSNL di ers

from the other runs in the prescription of arti cial viscosty. See Table 1 in*® for details on the
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Figure 6: Example of renormalized cosmological voludfe The spatial distribution of dark

matter particles during the simulation is shown, color cod®in density. The region marked in
green has been resampled at higher resolution compared tetrest of the volume (whose total
size is 100 Mpc) to follow the formation of a galaxy-sized odgt inside it.



2.3 Numerical loss of angular momentum in the baryonic compo nent

When the resolution in the dark matter component is high enagh to overcome two-body heating
there are other numerical artifacts that can a ect the formaon and evolution of galaxies in the
simulations, including the size and angular momentum of thdisk. These are related to how well
the gas component is resolved, namely on the number of gas tpdes. and is once more best
studied using idealized numerical experiments with isolatl galaxy models. These experiments
show that gas particles can lose angular momentum as they leqise within the dark matter
halo before they settle into a centrifugally supported orbiand join the disk*¥°%48  Spurious
angular momentum loss can happen for various reasons; (1)iaral viscosity; (2) the interaction
between particles with signi cant temperature di erence. The disk edge, where cold particles
already belonging to the disk are close to hotter particlegit in process of cooling and collapsing
from the outer part of the halo. The cold particles su er an ati cial drag from the hot particles
as a result of an erroneous estimate of the pressure gradigr@rformed by the standard SPH
method 535250 and shrink to a smaller radius; (3) the disk can be quite asymetric at low gas
resolution and because of this su ers a strong gravitatiomdorque from the surrounding halo,
which then extracts its angular momentum. This latter e ectis very subtle because disks might
become asymmetric as a result of internal, physical evoloti of the mass distribution. Some
observed galaxies indeed have asymmetries, such as bars aval-shaped disks. Nevertheless
the asymmetry seen in the low-res simulations is arti cial bcause it partially disappears as
the resolution is increased (Figure 4 shows that the disk b@mes rounder as the resolution
is increased). The overall result of numerical experimentst varying resolution is that, while
the amount of collapsed mass in the disk converges rapidlytviresolution (Figure 5), angular
momentum loss becomes negligible only when the number of gasticles in an individual galaxy
model approaches TO(Figure 5).

Once the disk has formed, arti cial viscosity can continued degrade angular momentum, espe-
cially near the center of disks where velocity gradients beme very steep and the relative motion
of the particles is poorly modeled. Indeed without e cient teating by supernovae feedback or by
other mechanisms, the inner disk always becomes very densd éoses angular momentum, even
with millions of SPH particles®®. Gravitational instability in the gaseous or stellar compaent of
the disk (this arises when the disk becomes quite massive asrmgas is accreted from the halo)
can also generate transport of angular momentum via non-aimmetric structures such as bars
and spiral armg (see Figure 4), which are ubiquitous in observed galax¥s Bars can transport
angular momentum outward very e ciently?. As a result they can atten the disk density pro le
by pushing out the gas and/or the stars just outside the bar gion**. This a ects the nal disk
size, with a tendency to increase it relative to the case wheeno bar forms. Unfortunately, even
this kind of angular momentum transport depends on resoluin; this time the spatial resolu-
tion of self-gravity, which is set by the gravitational sofening length, has to be high enough to
capture the wavelength of the non-axisymmetric modes of thaensity eld responsible for bar
formation?®.

2.4 Resolution issues in cosmological disk formation simul ations

Cosmological simulations of disk formation follow the nomiear development of structure in a
fairly large volume, of order 50 Mpg, which is much larger than the volume occupied by an
individual galaxy-sized halo. The reason of this apparentedundancy is that the large scale
tidal eld needs to be included in order to properly compute le tidal torques that generate the
angular momentum of the galaxy-sized halos. The larger vohe implies more mass to sample
and therefore implies that the resolution requirements indated in the previous section will be
much harder to meet. To overcome this problem a technique hbgen developed, and constantly
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Figure 7: Top: Rotation curve in cosmological disk galaxy asfunction of resolution and feedback
modeP®. See section 3.4 for a description of feedback models. Thealation of the simulated

galaxy varies from 10* (low-res)to 1P (average-res) to 10° SPH and dark matter particles

within the virial radius. The open dots mark the radius at whch 85% of the stars are located.
Bottom: Rotation curves of massive galaxies formed in cosiongical simulations for varying

resolutiorf! (reproduced by permission of the AAS, 2007). The cosmologidox is simulated

with four di erent numerical resolutions: 4%, 513, 10¢, and 20§ SPH particles and collisionless
dark matter particles. Note how the rotation curves becomencreasingly at as the resolution

increases. In both cases the rotation curve is calculatedcinding all components, dark matter,

stars and gas, in the computation of the mass.



improved in the last decade or so, to increase the resolutiom a selected region within a large
cosmological volume. This way the halo of a single galaxy cée resolved by up to a million
dark matter and gas particles**°%%¢57_ This is the so-called renormalization technique (Figure
6). In this technique, the computational volume includes ons with varying mass and spatial
resolution; the masses of the particles, and therefore thenean separation, increase with the
distance from the selected object, for example a single g&fasized halo. This way most of
the particles are placed in the region of interest, optiming the use of computer time. Thanks
to the latter technique, more evidence has been gathered dmete ect of resolution directly in
cosmological simulations. The analysis of the renormal@simulations con rms that disk size and
angular momentum increases as the resolution of both the damatter and baryonic component
is increased. Simulations with hundreds of thousands bamyc and dark matter particles do
produce stellar disks whose size is indeed comparable withat of real galaxies®85%345556:60
The most recent and highest resolutionX 1 particles per galaxy) of these simulations even
produce high angular momentum gas disks that extend well beyd the stellar component, as
observed in most spiral galaxies (Figure 8). However, a spbh&lal bulge component always
forms at the center of the galaxy (Figure 7, 8, 9) The bulge cgmnises low angular momentum
material brought by several mergers early in the assemblygtory of the systeni*®8. It is too
dense and massive compared to that seen in typical disk galkesc On the other end, such a
dense and massive bulge is not very di erent from that of at kst somegalaxies, such as the
closest nearby spiral galaxy, Andromeda. It is conceivabtbat the high density and large mass
of the bulge might be at least partially caused by arti cial bss of angular momentum during the
early stages of galaxy assembly. In fact, even in the highestsolution renormalized simulations
the progenitors of the nal galaxy have only a few thousand péicles when the bulge forms, ten
billion years before the present epoéh a resolution well below that recommended by numerical
experiments with isolated galaxie$.

It is encouraging that the central concentration of mass, ke the disk size, also decreases as
the resolution is increased. This can be quanti ed by measiag the rotational velocity of the
baryonic material as a function of radius, hence deriving th"rotation curves" that observational
astronomers use to probe the dynamics of real galaxies (Figu7). The degree of rotation is
determined by the depth of the gravitational potential well assuming spherical symmetry, and
that all the kinetic energy of the baryons is in ro&ational fom, the rotational velocity at any
given radius in the galaxy will be given by,,; = (GM=R) (M is the mass,R is the radius
and G is the gravitational constant). V. tends to increase towards the center if a massive
central bulge component is present. Likewise, it becomesttar near the center as the mass
of the central bulge diminishes. Figure 7 shows the rotatioourves obtained by two di erent
groups using two di erent numerical code¥®!. It demonstrates that the rotational velocity
decreases with increasing mass resolution, as expectedhié spurious angular momentum loss
of the baryonic material decreases with increasing resoiom. From the Figure it appears that
the rotation curve is also a ected by other factors, namely e presence or absence of heating
by supernovae feedback that will be discussed in the next §ea. Stronger heating will in fact
counterbalance gas cooling; it will thus reduce the amounf cold gas that collapses to the center
of the progenitor halos forming the stars that will be later mcorporated into the bulge.



Figure 8: Snapshot of a high-resolution galaxy formationmulation at a time close to the present
epoch (the resolution is comparable to the highest resoloti runs published by our group’ ).
The gas is shown in green and the stars are coloured di ereptbased on when they formed. It
can be seen that most of the stars are concentrated in the ceadtregion while gas is a arranged
in an extended disk component with radius about 50 kpc (the vdte image is about 200 kpc on
a side)



3 The role of ISM physics and star formation: sub-grid
models in simulations

3.1 The physics of the ISM

Despite the large amount of dark matter that they contain, dsk galaxies are identi ed via their
baryonic component, namely gas and stars. There is generahsensus that the thermodynamics
of the interstellar medium (ISM), the gaseous component inhe disks of galaxies, is a crucial
aspect of galaxy formation and evolution. Stars indeed forraut of the ISM, being the end
result of the gravitational collapse of the densest regiored clouds made of molecular gas. The
interstellar medium in our Galaxy is multi-phasé?. A minimal ingredient of a realistic model of
the ISM should account for the four main phases found in the sk of a galaxy, which, in order
of increasing density, are the the warm ionized medium (WIM, 0.5 atoms/cm®, T 10* K),
the warm neutral medium (WNM, 0:5 atoms/cm®, T 10* K) , the cold neutral medium
(CNM, 10 50 atoms/cm?®, T 10° K which comprises clouds of atomic hydrogen) and the
cold molecular phase (mostly clouds of molecular hydrogeny 300 atoms/cn®, T 10 K ),
with the rst three phases being in approximate pressure edibrium 2. A hotter, di use phase
also surrounds the disk (hot intercloud medium, 3 10 2 atoms/cm®, T 10° K) and is
likely constantly fed by supernovae explosions that injedarge quantities of thermal energy and
momentum in the ISM. The di erent phases are the result of thenal balance between radiative
heating and cooling at di erent densities and, at the same mhe, thermal instability (perhaps
coupled with gravitational instability) that determines the emergence of the two densest phases,
the CNM and the molecular phas®. Molecular gas is formed and destroyed via a number of
microscopic interactions involving ions, atoms and cata$ys on dust grains. These processes
become biased towards the formation rather than towards th@estruction of molecular hydrogen
only at densities> 10 atoms/cm®. A great deal of energy in the interstellar medium is non-
thermal; this turbulent energy, which is essentially obs&ed as random gas motions of clouds
and inside clouds is supersonic, being several times larglean the thermal energy at the scale
of giant molecular complexes. Turbulent kinetic energy ishbught to be the main agent that
supports the largest molecular clouds 10° solar masses) against global collap&& The partial
suppression of gravitational collapse owing to turbulentugpport also explains the low e ciency
of star formation in our Galaxy (only a few percent of the moleular gas mass present in the
Milky Way appears to be involved in forming stars). Magneticelds also play an important role
in resisting gravitational collapse at scales larger than:D pc, while below this scale ambipolar
di usion and Ohmic dissipation give way yield to the action & gravity 2.

Supernovae explosions are a likely driver of ISM turbulena@nce the blast-waves generated by
them can transport energy and momentum to scales as large &veral hundred parsecs, perhaps
up to kiloparsecs. This gives rise to dramatic out ows of gaabove the disk plane in galaxies
that are actively forming stars (Figure 10). Other drivers 6turbulence in the ISM are probably
operating, both at small scales, for example protostellarubows, and at large scales, such as
spiral waves generated by the large scale gravitational iability of the galactic disk at scales of
1 kpc and above. Magnetic elds probably also play a role siacthey can generate turbulence
via magneto-hydrodynamical (MHD) wave®’. This brief summary highlights the complexity of
the ISM physics. Things are complicated even further by theatt that the main mechanism of
molecular cloud formation is still unclear, and so are the tils of how molecular cores collapse
into stars.
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Figure 9: Disk size and morphology in cosmological simulations of a Mky-Way sized galaxy®® with
varying resolution, performed with the blast-wave feedbak sub-grid model described in section 3 and
section 4. Mock observations of the simulated galaxies, obined using the software SUNRISE?,
are shown in optical wavelengths I-band (top panels) corrggonding to a particular band seen by the
telescope of the Sloan Digital Sky Survey (SDSS)) and in ultaviolet bands (as seen by the GALEX

ultraviolet satellite).
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Figure 10: The disk galaxy NGC3079 which shows clear evidenaf out ows triggered by super-
novae explosions in the central region. The image was obtaohwith the Hubble Space Telescope
(HST) (courtesy of NASA). The gas in the out ow is heated to lage temperatures and shows
up in X-rays. The central bubble is more than 3,000 light-yea wide and rises 3,500 light-years
above the galaxy's disk. The smaller photo at right is a closgp view of the bubble.

3.2 Modeling issues

How can we model the complex phenomenology of the ISM in largeale cosmological galaxy
formation simulations? This has always been a major problebecause the multi-phase structure
of the ISM is also multi-scale, going from kpc scales, whereost of the gas is ionized, to scales of
tens of parsecs and below, where most of the gas is molecuath the density changing by about
8 orders of magnitude across the di erent phases. Cosmoleoagli simulations follow the formation
of galaxies in a volume of at least several tens of Mpc becauas we explained in section 2.4, the
generation of angular momentum and other aspects of structiformation require that the large
scale gravitational eld is properly modeled. This calls foresolving seven orders of magnitude
in length scales, and about ten orders of magnitude in dengitgoing from tens of Mpc scales
and densities of 107 atoms/cm? to parsec scales and densities 100 atoms/cn¥. This can only
get worse if we aim at following directly the process of stabfmation ; indeed stars form from
the collapse of the densest region of molecular clouds, theaalled cores, at scales &f 0:1 pc?.
Currently, limitations in computer power as well as in the e ciency of available algorithms, make
it possible to resolve at best scales of 100 pc in cosmologaienulations (very recent simulations
have been able to achieve a resolution of less than 50 pc, bbey can only cover the rst few
billion years of evolutiorf®). Simulations with resolution adequate to follow directlymolecular
clouds, interstellar turbulence and star formation do exts but are restricted to studying an
isolated galaxy*% or a small region of a single galaxy®. Detailed numerical models of the
e ects of supernovae explosions also exist, but again theyearestricted to a small volume of the
ISME7:€8_ For this reasons, the past decade or so has seen a lot of reseactivity being focused
on designing the so called "sub-grid" models for simulati@n These models essentially contain
a phenomenological description of the processes occurringlow the smallest scale resolved in
the simulation. The phenomenological model is incorporadeinto the same parallel codes that
compute gravity and hydrodynamics as well as radiative heigity and cooling. Sub-grid models,
being phenomenological, inevitably contain some free panaters that are tuned to reproduce



important observables such as the typical star formation tta for a galaxy of a given mass, namely
how much gas is turned into stars over a given amount of time.

The description of star formation is fully sub-grid, while he thermodynamics of the ISM is
partially sub-grid. What do we mean by "partially" subgrid? One example is the following;
radiative cooling is directly modeled for the range of dert&s accessible to the simulations
while its e ect below the grid is only implicitly accounted for in a phenomenological way. Since
simulations typically lack resolution below a few hundred grsecs this sets a maximum density
that the simulation can resolve of order 0.1 atoms/cf) which is close to the density of the
WNM (T 10* K). For this reason cooling processes that are important bev T 10* K
are usually neglected. Likewise, radiative heating is paally determined by the thermal and
turbulent energy injection from supernovae explosions afat from accreting massive black holes
at the center of galaxies, both processes being not directigsolved, but also by the ultraviolet
interstellar or intergalactic radiation background prodwced by stars, or by cosmic-ray and x-ray
heating originating from various astrophysical sources,hich can be directly included as constant
heating terms in the internal energy equation without the ned of a sub-grid model. Finally,
interstellar turbulence cannot be resolved in galaxy formn simulations, nor it is accounted
for in the sub-grid models. In what follows we will recall thenain features of the sub-grid models
widely used in galaxy formation simulations, pointing out heir di erences. First we will cover
the star formation recipes and then sub-grid thermodynamsc

3.3 Star formation recipes

Star formation models used by di erent groups are very simakr in essence. They describe the
conversion of gas into staf$’® A given star particle, once created, will represent a star uster
rather than a single star because of the limited mass resailom in the simulations. Sub-grid
models in this context are all based on the idea that stars caiorm only when the gas climbs
above some threshold densi®’°. This density is usually taken to be @ atoms/cm®. Indeed
this is the typical density of the WNM, and is 6-7 orders of magitude lower than the density of
dense, star forming molecular cloud cores despite being datevely high density in the context
of simulations that model a large cosmological volume. Ontlee density of a gas parcel is above
the latter threshold stars are formed over a timescale comgable to the local dynamical time,
as expected from the fact that stars emerge from the gravit@nal collapse of dense g&&© The
amount of stars formed over such a time span is regulated by &wiency parameter that can
be tuned to match observed star formation rates. This e ciegy parameter crudely mimics the
e ect of unresolved physical processes that regulate theroersion of gas into stars. Among the
latter, the formation and destruction rates of molecular hgrogen that determines how much gas
is available in the star-forming dense molecular phase, arde e ect of turbulence, magnetic
elds, protostellar out ows and all those processes that dermine how e cient is star formation
within single clouds. Dierent algorithms then are distingiished by (1) how they implement
additional conditions, based on e.g. the velocity eld or tsperature of the gas, as pre-requisites
for star formation, and by (2) the details of the method usedd convert a single gas patrticle into
a collisionless star particle.

Despite various di erences, all the sub-grid star formatio recipes designed so far fare quite well
at reproducing the slope of the observed correlation betwedhe average star formation rate
and gas density, the so called Schmidt-Kennicutt laly. The latter relation is global in nature
since it looks at the total amount of stars formed in an entirggalaxy, and is one of the most
fundamental observables that simulations use as a benchrkdor their validity. In more detalil,
the Schmidt-Kennicutt law states that the density of cold netral gas (CNM), mostly atomic
hydrogen, correlates with the global star formation rate. Tis is a non trivial correlation since
in reality it is only the molecular phase that is directly rehted to the production of stars. On



the other end, somehow the molecular phase stems from the traliatomic phase once this is
able to achieve a high enough density. The success of simplb-grid recipes in reproducing the
Schmidt-Kennicutt law is thus probably related to the fact hat they are all based on a threshold
gas density and a dynamical timescalé Both numbers are determined by how the gas density
evolves with time; this in turn is likely controlled by the large (kpc) scale gravitational instability
in galactic disks, which is resolved in the simulations.

Nevertheless, for low mass galaxies large deviations frohetKennicutt relation occur, and such
deviations are also evident in single star forming regiond well studied nearby galaxie¥. In
order to reproduce the latter, more complex observationakenario high resolution simulations
of galaxies have begun to include a sub-grid description dfig molecular phase starting from
the CNM instead of having to bridge all over from the WIM and WNM to stars’#7>, These rst
attempts show that a model that incorporates the formation ad destruction of molecular hydro-
gen as a function of density and ambient temperature allow® treproduce detailed correlations
between the local star formation rate and the local densityfanolecular gas as traced by various
molecular tracers in observations of individual galaxiés These recent models produce realistic
results for the star formation properties of galaxies of vging masse&’®, despite the fact that
heating by supernovae explosions is neglected. They prowid way to follow the molecular gas
fraction when the resolution is not high enough to model matelar gas formation directly by us-
ing the gas at CNM densities as a proxy for the amount of moleleu gas™’’. For this procedure
to be sensible the number of gas particles must of course bghienough to allow resolving the
density of the CNM (> 50 atoms/cn?®). The latest cosmological simulations of galaxy formation
are just now starting to approach this regime.

3.4 Modeling ISM thermodynamics with supernovae feedback

Thermal and kinetic feedback Sub-grid models of supernovae feedback come in a wide
variety. Early attempts in the 90s were essentially based omvo types of implementations. In
the rst implementation 8%3* a fraction of the energy of individual supernovae explosien(10
erg) is damped to the surrounding gas as thermal energy. Indhsecond method a fraction
of the energy of the explosion is converted into kinetic engy of the surrounding gas patrticles
rather than into thermal energy. The latter model is motivaed by the fact that the blast-wave
produced as a result of the stellar explosion will not thermiae immediately but will expand in
the interstellar medium for some time as a result of its bulk wtion”®7%89, With thermal feedback
the gas loses quickly the added energy because the radiato@oling time is very short for the
typical temperatures reached by the gasT( 1 K). Eventually the kinetic energy added to
the gas in kinetic feedback is also thermalized and radiatedvay, but on a longer timescale. As
a result, kinetic feedback is more e ective at increasing thinternal energy of the gas compared
to thermal feedback; gas cooling is counteracted more e aily, and in cosmological simulations
less gas ends up in dense lumps. Overall the gas componengsoess angular momentum while
merging, resulting ultimately in larger disk$%8%81, However, this method is strongly resolution-
dependent and is not directly informed by the actual dynami& and thermodynamics of the
supernova remnant since (the magnitude of the velocity kicgiven to the particles is arbitrary).
Finally, both the thermal and the kinetic method do not accouat for the multi-phase structure
of the ISM.

The rate of supernovae heating depends on how many supernewgpe | and type Il go o in a
given time, which in turn depends on the adopted initial stéar mass function (IMF). The IMF,

N (m ), quanti es how many stars of a given massn are present in a representative ensemble
of stars. Each star particle in the simulation is indeed not &ingle star but rather represents a
star cluster whose unresolved member stars obey the choskiFl Most sub-grid models assume
a standard stellar mass function based on the observed massdtion in galactic star clusters.



Figure 11: Gaseous distribution of an isolated galaxy simatied with blast-wave feedback (2006
Blackwell Publishing Ltd). Note the holes punched by the sugrnovae explosions (hot bubbles)
surrounded by much colder and dense gas in lamentary strugtes.



Standard mass functions are well described by power-laws,(m ) m , < 2, and are
dominated by stars comparable or less massive than the Suor(f review se®). Recently, some
researchers have begun to distinguish between a late epoclgse to present day, in which the
IMF is one of the standard forms, and an early epoch, ten bitlhs of years ago or more, in which
IMF was likely dominated by stars with masses well exceedirdd solar masses, called a top-heavy
IMF 57:8% Of course in the latter case the amount of energy damped byernovae is much larger
because a higher number of massive stars, those that rapidiyxplode into supernovae type II,
is produced for a given star formation episode. The strongsupernovae heating rate resulting
from a top-heavy IMF has a positive e ect on suppressing theofmation of cold and dense gas
clumps in dark halo$”°,

Adiabatic feedback and blast-wave feedback In a third, alternative approach to feedback
the energy of the explosions is damped to the gas as thermal blue radiative cooling of such gas
is stopped for a timescale of about 20 30 Myrs, based on the assumption that it will take this
much time for the (unresolved) interstellar turbulence gegrated by supernovae explosions to be
dissipated384. Of course this is a very simplistic way of accounting for theon-thermal energy
budget of the ISM. In fact it is known that turbulence does nojust behave as an e ective pressure
support for the ISM but can also drive cloud collapse, thus ding star formation, by creating local
density enhancement®. When applied to cosmological simulations, this "adiabati" feedback
proved even more e ective than kinetic feedback in producinan extended disk componeft.
Recently, we have developed further this idé% in the remainder we will refer to our model as
the "blast-wave" model. In the latter model the timescale dting which cooling is shut o is
self-consistently calculated based on a sub-grid model biet blast-wave produced by a supernova
explosion. By temporarily preventing the cooling of the hophase created by supernovae feedback
this type of methods naturally produces a two-phase mediumithi hot bubbles triggered by
supernovae explosionsT(> 1 K) surrounded by a colder, lamentary phase T 10 K) (see
Figure 11). Based on the density and temperature range, theeswo phases roughly represent the
hot intercloud medium and a combination of the WNM and WIM.

The blast-wave model stems from a classic model developedti® late seventie®’” which re-
produces the main features of the multi-phase ISM in our Gatg. In the latter the blast-wave
sweeping the ISM undergoes an adiabatic expansion phase idgrwhich radiative cooling is
negligible. The radius of the blast-wave as a function of tisncan be directly computed from
the local physical parameters of the ISM. In the numerical iplementation such radius de nes
the size of the volume of gas particles that are unable to codliring the adiabatic phase. The
adiabatic phase lasts of order 30 Myrs, after which radiateslosses would become e cient and
the gas is again allowed to cool radiatively. The blast-wavean a ect volumes with length scales
of up to a kiloparsec, as observed in star supernova-drivemt@ws (Figure 10) ; the latter are
well resolved in the highest resolution cosmological sinations available today®. The delay
introduced in the cooling time has also a direct e ect on staformation since the gas becomes
hotter than the typical temperature of gas eligible to form &rs. The latter is a free parameter
in star formation recipes; it is typically set close to 10K, the lower limit of the radiative cooling
function for atomic gas comprising only hydrogen and heliurfthe standard composition adopted
in cosmological simulations). This somewhat mimics the fathat the interstellar turbulence fed
by supernovae explosions might temporarily suppress thellepse of dense molecular cores into
stars. The blast-wave feedback model has only one free paeder, the e ciency of supernovae
feedback, namely what fraction of the energy generated bydhsupernovae explosions is damped
to the gas®. An individual particle belongs to one phase only and theresino enforcement of
pressure equilibrium between di erent phases. Indeed in ¢éhinterstellar medium pressure equi-
librium applies only to the warm and cold di use atomic phasebut not to the star forming cold



molecular phase or to the hot intercloud medium produced byupernovae explosiorfg.

ISM Models with e ective equation of state Another method is based on treating the
interstellar medium via an e ective equation of state that @counts for the relative contributions
of a hot and a cold phase in a statistical fashidf. This method is the modern version of earlier
attempts made to model interstellar gas as a two-phase mediuwith a hot and a cold phas#.
Such earlier methods were splitting gas particles in two setcold and hot particles, with the
transition from one to the other phase being regulated via diative cooling and heating by
supernovae feedback. Some of these methods were decouphieghot and cold phase by solving
the hydrodynamical equations separately for two sets of pérles’>®°. In the new method gas
particles come only in one species; each gas particle in theugation is e ectively representing
a nite volume of the ISM with its share of cold and hot phase bieg determined by the local
density?®. The share of hot and cold phase determines how compressilsiéhe gas, namely the
form of the function P( ) (P is the pressure and the density of the ISM). The larger the fraction
of hot phase associated with a given patrticle the sti er its g@uation of state, and therefore the
higher will be the gas pressure assigned to it for a given déys The hot phase, and thus the
pressurization of the gas, is the result of supernova feediiaand its e ects on the interstellar
medium. These e ects are treated in a phenomenological wayna involve the creation and
destruction rates of unresolved star forming molecular alds. The phenomenological equations
contain free parameters. In denser regions the equation d&te becomes increasingly stier as
star formation generates heating via supernovae explosmand augments the fraction of hot
phase. When the hot phase increases, however, cooling alsadmes more e cient and tends to
replenish the cold phase. For reasonable values of the freggmeters the simulated galaxies tend
to reach quickly self-regulation, in the sense that the eqtian of state approaches a steady-state
regime. A more sophisticated version of this model also incles the additional heating resulting
from accretion onto massive black holes at the center of galas™, which typically renders the
equation of state sti er. On the contrary, switching o heating by supernovae feedback produces a
softer equation of state that approaches the isothermal rege (as expected based on the e cient
cooling rate at the density and temperatures typical of gatdic disks). Since the description of
the interstellar medium given by the e ective equation of shte is statistical in nature the two
phases are implicitly assumed to be in pressure equilibriutacally, which is not the case in the
blast-wave feedback model. This is a major di erence betweehe models, and its consequences
should be systematically explored in the future. This methsd produces very smooth disks in
the simulations when feedback is includéél (without feedback the isothermal disks undergo
rapid fragmentation owing to gravitational instability) as opposed to disks rich of lamentary
structures and occulent spiral arms arising in the blast-vave model (Figure 11).

Recently, the e ective equation of state model was modi ed d allow for strong supernovae
feedback due to a top-heavy stellar mass function arising 8peci ¢ conditions’’, such as during
galaxy mergers (there are indications that the high star fonation rates produced by mergers
might lead to a top-heavy stellar mass function by changinghe balance between heating and
cooling that controls the collapse of molecular cor¥3. This produces a "burst mode" in which
heating is so e cient that it can lead to partial evaporation of the ISM in low mass galaxies.
This appears to reduce the mass of the bulge and make a galaxgne disk dominated, although
galaxies always end up witrsomebulge component.



4 The e ect of ISM models on disk formation

4.1 Isolated galaxy models

Testing the e ect of sub-grid models in galaxy formation simlations is best done not in cos-
mological simulations but in high-resolution numerical ralizations of isolated galaxie§4® (see
section 2). These models are constructed on purpose to rebobserved galaxies, with a disk
of gas and stars, eventually a stellar bulge, and always anterded, massive dark matter halo
with structural properties (mass, spin, density pro le) cansistent with the results of cosmological
simulations describing the hierarchical growth of CDM hale. The various components are in
dynamical equilibrium, representing a stationary solutin of the relevant dynamical equations
for collisionless and uid matter. Small deviations from eqilibrium are present as a result of
discretization and other approximations introduced by thenumerical method$3. These models
by-pass all the issues of ab-initio galaxy formation and areuilt on the assumption of angular
momentum conservation during the baryonic collapse.

Tests of the blast-wave feedback mod€lusing such equilibrium galaxy models show that after
a while the star formation rate and phase diagram of the galgxbecome nearly steady-state
(self-regulation). Locally, however, the phases are not ipressure equilibrium and a patchy,
lamentary structure with bubbles arises that is well reserblant of observed galaxies (Figure
11). Other important properties of observed galaxies, sucks the volumetric ratio between cold
and hot gas, the thickness of the gaseous disk and the ratiotlveen ordered, rotational motions
and random motions in the stellar component, are also satisftorily reproduced®.

These idealized numerical experiments are useful for vadithg the phenomenological recipe
contained in a given sub-grid model. Nonetheless, they gilmited information on what happens
in a realistic cosmological setting in which galaxies arevedys out of equilibrium as a result of
mass accretion from their surroundings and frequent mergirevents with other galaxies.

An intermediate level of realism between equilibrium galgxmodels and a fully cosmological
simulation is represented by models that follow the formatin of a single galaxy from the cooling
and collapse of gas within an isolated dark matter halo. Thesnodels are more realistic because
they do not start from an idealized equilibrium condition aml because they do follow the assembly
of the galaxy. However they di er from cosmological simulabns because they neglect the external
tidal eld and the merging with other halos/galaxies duringthe galaxy assembly proce$%*°. One
xes the speci ¢ angular momentum of the gas by choosing a wa of the spin parameter. Once
the spin parameter is xed, for example to the mean value fouhfor dark halos in cosmological
simulations, 0:035, the baryonic mass fraction, namely gas mass initiallyrgsent in the dark
halo, will control the properties of the galaxy that will emege from the collapse. If the baryonic
mass fractionfy, (fy = Mparyon =Myir , Where Mpayon is the mass of baryons in the halo ani
the total halo (virial) mass, i.e. dark matter + baryons) is fairly high, comparable to the universal
baryon fraction expected in the standard LCDM cosmologyf(, 0:17), a massive disk forms
and undergoes soon a bar instability, this being a common aame of gravitational instability
in a rotating gaseous or stellar disk. As we mentioned in sémh 2.4, the bar transfers angular
momentum outward and mass inward, leading to a steep stelldensity pro le in the center and
a much shallower pro le in the outer part. When a standard staformation recipe is included in
the simulation the bar becomes mostly stellar because gasisiently converted into stars, and
undergoes another form of gravitational instability in thevertical direction, known as "buckling
instability" ®. The latter instability de ects the orbits of stars away from the disk plane, turning
the elongated bar into a roundish, bulge-like component. Ehlatter is widely recognized as an
important mechanism of bulge formation, alternative to megers between galaxi€3®°4. After
the buckling instability the simulated galaxy looks like ou Milky Way or the Andromeda galaxy,
with a bulge surrounded by a more massive and extended diskstars and ga&® (Figure 4).



Figure 12: Top and middle panel: snapshots of a high-resalom galaxy formation simulation in
an isolated halo that produce a bulgeless galaxy thanks to @V baryon fractiorf&*3° (2006, 2007
Blackwell Publishing Ltd). See section 4 for details. The f@ panel shows a region of 60 kpc on
a side in which the cold clouds produced by thermal instabiji in the infalling gas are visible.
The middle panel zooms in the inner 20 kpc, showing the dislethinated galaxy with occulent
spiral arms that resembles the bulgeless nearby M33 galaXBottom: the nearby bulgeless galaxy
M33.



Figure 13: Comparison of disk galaxy (isolated collapse sihation) with thermal feedback®
(left, a temperature oor is used - see text) and blast-waveetdback® (right). The gaseous disk
is shown on top and the stellar disk is shown at the bottom. B@s are 20 kpc on a side, the
galaxy halo hasV, = 70 km/s before collapse, simulations have 5 10° SPH particles and 10
dark matter particles and are shown after about 1 Gyr.



If the fraction of baryonic material is chosen low enough isipossible to reproduce a disk galaxy
without a bulge component. The bar does not form, and thus ngkeroid is produced, because
this time the disk has a lower mass and can hardly become grationally unstable. The nal
galaxy looks similar to our neighbor bulgeless galaxy M33 igure 12).

The origin of exponential stellar density pro les The M33-like galaxy emerging from
the simulation with a low baryon fraction does not exhibit anexponential stellar surface density
pro le such as that of typical bulgeless galaxies, rather ishows a sharp upturn within a few
hundred parsecs from the center. Indeed, this upturn is caed by a dense clump of gas and stars,
containing of order 18 solar masses. Central stellar concentrations of comparabhasses, known
as stellar nuclei, are seen in some bulgeless galaxies bwithypical sizes are ten times smaller,
so that they do not a ect the surface density pro le at scaleof hundreds of parse®é. Moreover,
a large fraction of bulgeless galaxies does not have suchlauand shows a stellar exponential
pro le across several kiloparsecs in radius. This is curréyn one of the most important problems
of disk formation. The location of a parcel of gas in the diskfter the collapse, namely how close
to the center such a parcel settles into centrifugal equilium, determines the gas density pro le,
which in turn sets the stellar density pro le via the converon of gas into stars. Such location is
determined by the combined action of gravity, pressure andtational support. The presence of
a dense concentration in the simulations might suggest a 's&nd" angular momentum problem
at small scales. It is a second problem because it occurs evemen the total spurious angular
momentum loss in the disk is down to a few percent thanks to Higesolutiorf®. As we mentioned
in section 2, numerical loss of angular momentum near the ¢enof the potential is hard to tackle
even at high resolution, and might be playing a role in this c®. However, this cannot be the
only issue. In fact, one dimensional spherical numerical mels of gas collapse in cuspy CDM
halos that impose angular momentum conservation also pretlithat same inner upturn of the
stellar density pro le!°. This seems to be a result of how the gas settles in centrifugayuilibrium
in the cuspy potential of a CDM hald®!3, The upturn in the pro le is caused by the collapse
of the innermost shells of the gas distribution, and these arthe ones that collapse rst because
they have the shortest free-fall time.

One possibility to reconcile the simulations with the obseations would be to alter the halo
potential { if the halo has nite density core its potential well would be shallower and the
gas would likely satisfy the the centrifugal equilibrium codition further out from the center,
avoiding the formation of the dense central clump. This of emse would require to invoke some
mechanism that modi es the halo pro les predicted by the CDMsimulations, or even to resort to
an alternative cosmological model. Both options should ndtte disregarded but one may wonder
whether such a drastic change of scenario is really require8ince pressure also plays a role in
deciding the radius at which gas comes into centrifugal edibrium, as well as its distance above
and below the plane, hence ultimately its mass distributionthe answer could lie in the details
of gas thermodynamics during disk assembly.

Here we present preliminary results suggesting that the metlassumed for energy feedback
in the disk has a big impact on the slope of the stellar densitpro le. We recomputed the
same disk formation models presented in already publishe@mk*® using the blast-wave feedback
model (40% of the energy of the supernovae explosions is dadgdo the gas in this particular
simulation). The gas disk has an irregular and occulent sticture without a signi cant central
concentration, at odds with the simulation without feedbak (Figure 13). The stellar disk has a
lower average density and its surface density pro le has a roa atter slope compared to the case
without feedback (Figure 14) and shows a milder upturn at sniescales; what is most important,
however, is that such upturn appears only after a couple of @y of evolution. Therefore it is
related to the internal evolution of the disk (spurious andbr physical) rather than being caused
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Figure 14: Stellar surface density prole (in code units) of a galactic disk in the blast-wave collapse
simulation (dot-dashed line) and in the collapse simulation with a temperature oor mimicking thermal
feedback (solid line). The red line shows a possible expongal t to the surface density prole to
highlight the di erent slopes.The pro les are shown after about 2 Gyrs of evolution.

by the initial conditions (i.e. by gas collapse in a cuspy halpro le).

A single exponential curve can reproduce the slope of mosttbé stellar mass distribution, which
clearly was not the case with thermal feedback (see Figure)140 now the problem has shifted
from forming a pure exponential pro le to preserving it for atimescale long enough, i.e. many
Gyrs, to explain why we observe many pure exponential disks the local Universe. The fact that
the stellar pro le becomes closer to exponential with usinglast-wave feedback is not trivially
related to the higher pressure support in the gas disk proded by the supernovae explosions.
Indeed the simulations that we previously published included a minimum temperature below
which the gas was not allowed to cool in order to crudely mimithe heating due to feedback.
Such temperature oor was comparable to the mean temperaterof the gas in the blast-wave
feedback simulation (30000 50000 K). After all, the models with a temperature oor can eglain
observed trends of increasing thickness of the disk, lowdrstar formation e ciency and higher
gas fractions in the disk with decreasing galaxy mass due thet enhanced pressure suppdft
However, while the temperature oor is by construction the ame everywhere in the disk, the
blast-wave feedback produces a two-phase medium such tha&ngdity, pressure and temperature
can have signi cant local variations (see previous sectipnindeed the morphological appearances
of the two disks are very di erent (see Figure 13), with the kdst-wave model producing a much
more occulent and irregular gas disk which resembles mordosely that of late-type low mass
galaxies such as the nearby Large Magellanic Cldtidd The bubbles produced by supernovae
literally punch holes in the disk and push the neighboring ¢d gas squeezing it into dense
laments, where star formation can go on. The fact that the clol gas is con ned to laments
and cannot Il a large volume naturally avoids the formationof large dense clumps of gas, possibly
explaining why the blast-wave feedback is more e ective auppressing the upturn of the surface
density pro le compared to a model with a uniform temperatue oor.



Cosmological simulations adopting the model of the e ect& equation of stat&€”°! were also able
to produce a disk galaxy having a nearly exponential pro le ithout a central dense clump® but
the stellar disk was too thick and was rotating too slowly inhe central few kiloparsecs compared
to typical disk-dominated galaxies - the inner disk was deient in speci ¢ angular momentum
by a factor of 2. This suggests that the pressurization of thmterstellar medium produced by
this model, which determines the vertical structure of the Bk, might be excessive and might
disfavour the formation of a realistic thin disk. These redts reinforce the idea that the solution
of the exponential disk pro les lies in a correct model of théhermodynamics of the interstellar
medium and star formation rather than in drastic modi cations of the underlying cosmological
model.

4.2 Cosmological simulations of disk formation with blast- wave feed-
back

When applied to galaxies of a range of masses forming in a cadogical simulation the blast-
wave feedback model allows to improve signi cantly the makcwith real galaxies in at least three
ways compared to the case in which a simple thermal feedbaclodel is use&1%:

(1) At a given resolution it produces more extended disks wita smaller bulge (although increas-
ing the mass resolution has the strongest e ect in reducindé bulge-to-disk mass ratio), in line
with what was found for isolated collapse experiments (Figa 9).

(2) It produces automatically the right trend of star formation histories with galaxy mass (Figure
15).

(3) It produces galaxies that lie close to the observed colation between rotational velocity of
the disk and luminosity of the galaxy, also known as Tully-Fher relatior?®.

(4) it allows to predict correctly the stellar mass -metalkity relation® measured in local
galaxies®® and at z = 2%, according to which more massive galaxies are also more nieta
rich (Figure 15).

The Tully-Fisher relation is directly connected with the mat important aspects of galaxy
formation'®31%4 namely the amount of gas which forms stars and thus deternga the lumi-
nosity of the galaxy, and the depth of the gravitational potetial well, which determines the
magnitude of rotation. In the past numerical simulations hae failed to reproduce this rela-
tion. Not surprisingly, the only other work in which simulated galaxies were falling close to
the observed Tully-Fisher is the same work in which an expontal, disk-dominated galaxy was
obtainec®. In the latter work the authors also obtained a nearly at rotation curve for one of
their simulated galaxies thanks to the absence of a dense amdssive bulge. This single rotation
curve was atter than that of the galaxies in®°, although a new series of blast-wave feedback
simulations, which consider a larger variety of initial coditions, also includes some objects with
nearly at rotation curves (Governato et al., in preparation). A at rotation curve with a very
small bulge component is also obtained in recent AMR simuliains that, thanks to a resolution
better than 50 pc, are able to follow directly the dynamics ah thermodynamics of bubbles
produced by supernovae explosions, although the calculati is carried out only until z = 343,
Regarding the third point, the trend between star formatiorhistory and galaxy mass is such that
lower mass galaxies have progressively more extended stamnfation histories, namely a larger
fraction of their stars forms at progressively later epochsThis is the observed "downsizing" of
galaxies, namely the fact that smaller galaxies appear to % formed more recentl§f>. Taken at
face value, for years downsizing has been considered as alimental problem of the cold dark



matter model, which predicts that structure formation pro@eds from small to large halos in a
bottom-up fashion. The blast-wave feedback model has alled to resolve this discrepancy by
decoupling the evolutionary timescale of the baryonic congment from that of the dark matter
component owing to their di erent energetics; in low mass daxies gas is less gravitationally
bound to the halos and can thus be more dramatically a ectedybthe heating due to supernovae
explosions®, with the result that star formation is quenched and more gas available at later
epochs to keep forming stars. In other words, the star formian in small galaxies is diluted over
a much longer time span, so that when their light is measuredeéy appear young today despite
the fact that their halos assembled early. Dilution also mee a lower average star formation rate
relative to large galaxies (Figure 15). another well estalBhed observational distinction between
low mass and high mass galaxies.

A lower average star formation rate also implies that at the wrent epoch low mass galaxies
should be more gas rich relative to high mass galaxies. Thiagpens in the simulation® and
is in agreement with the observed trend of increasing gas ¢teon towards decreasing galaxy
mass®’. The gas fractions in the blast-wave feedback runs are actlyasigni cantly higher than

in models that use a purely thermal feedback.

Realistic gas fractions and star formation rates are also tained with simulations employing
the e ective equation of state€®. Unfortunately, a direct and systematic comparison betwee
the latter model and the blast-wave feedback model is still issing. Therefore at present it is
unclear which of the two models performs best against a larget of properties measured for
real disk galaxies, especially it is unknown how the two moldecompare when they are used
in cosmological simulations starting with identical inital conditions. Such a comparison would
certainly be of great bene t in order to ponder in a critical vay the conceptual modeling behind
the two di erent methods.

Finally, the fact that cosmological simulations with blastwave feedback reproduce the observed
stellar mass-metallicity relationt® suggests that this kind of sub-grid model not only provides a
reasonable description of the star formation process butsal of the associated metal enrichment
(in the model metals are liberated when supernovae type | argipe |l explode, as well as via
stellar winds*®) and mixing processes in galaxies. It is important to note it with this model
of feedback galaxies with a rotational velocity> 50 80 km/s do not experience major gas
"blowouts" and are able to retain a relatively large gas fra@n within their virial radius. Rather
supernovae feedback makes star formation relatively ineient in small galaxies, making them
gas rich and more metal poor, as the metals produced in stellaxplosions are diluted over a
larger gas fraction. This result opens the door to the possiity of using the blast-wave feedback
model to study the photometric properties of very high redsft galaxies, where the poorly known
amount of metals in the gas component can strongly a ect theiobservational properties.

5 Open issues and nal remarks

It is fair to say that the progress achieved by several groufis simulating galaxy formation is quite

remarkable. Just a decade ago the spatial resolution of coslmgical simulations barely reached
a kiloparsec, which corresponds to the characteristic expential scale length of galactic disks.
Today simulations are approaching a resolution better thaa hundred parsecs, an improvement
of more than an order of magnitude. Therefore we have movedin a situation in which the

process of disk galaxy formation was barely within the reacbf cosmological calculations to a
situation in which the simulations can e ectively target sich process. At the same time, sub-grid
models of those astrophysical mechanisms that determineetithermodynamics of the interstellar
medium, and consequently the process of star formation, dsecoming increasingly more realistic.
Furthermore, as the resolution of simulations increasesrther we might enter a regime in which



the multi-phase ISM and the bulk e ect of supernovae explosns can be modeled directly rather
than being incorporated in a sub-grid fashion. Indeed the nsb recent (AMR) cosmological
simulations at the time of writing suggest that the many assmption of sub-grid models cease to
be required if a resolution of at least 50 pc can be achie¥éd Finally, we have gained a much
better understanding of the various numerical e ects that an dramatically a ect the results of
the simulations and render a comparison with observed galas quite meaningless.

Yet, despite the tremendous improvement in numerical resgion, cosmological simulations are
still a ected by resolution issues in the early phase of galgt assembly, namely during the st few
billion years of evolution. The latter phase is charactered by frequent mergers (the merger rate
of dark halos declines dramatically aftez = 1, about 8 billion years ago, in the CDM model)
and is responsible for the build up of the central region of gaies, including their bulgé®®>. The
central region of a virialized object indeed assembles earlbecause it corresponds to the peak of
the local density eld, which becomes gravitationally unsible and collapses earlier than the the
outer, lower density regions. The collapse of the centralgmn is of course lumpy; many small
halos, each of them possibly already hosting a previouslysasbled small galaxy, come together
and merge. Even in the best cosmological simulations curtBnavailable, these "primordial”
halos are poorly resolved due to their small masses. Eachettjbeing resolved by only a few tens
of thousand particles, spurious angular momentum loss, tamody heating and other numerical
e ects are particularly severé®4”48  This lack of resolution at early times probably explains
why the same simulations that are nally producing disks wih realistic structural properties
58,59:34:55:60 still exhibit central regions with an excess of low angular omentum material and an
ubiquitous massive, dense spheroidal bulge component. &nbulgeless galaxies are abundant
in the present-day Universe as well as several billions ofays agd, here we are facing a major
problem.

5.1 Origin of bulgeless galaxies

The ubiquitous bulge component in simulated galaxies triggs the following question;can a disk
galaxy without a bulge ever be formed in a CDM Universe? Answering this question using
the current simulations seems a daunting task. The situatrobecomes even worse if we consider
that halos with larger angular momentum, thus favourable tahe formation of large, dominant
disks, are also those that are more prone to form a massive gelbecause they undergo a larger
number of major merger¥®. If the main problem is resolution during the early phase otsicture
formation, one could hope to minimize numerical loss of angm momentum by increasing the
resolution further. However, due to the scale-free naturef @ollapse in a cold dark matter
Universe, when the mass resolution is increased not only piausly resolved halos are sampled
by more particles, but also new, previously unresolved hal@ppear that are once again modeled
with too few patrticles. In other words, in cold dark matter sinulations of any resolution there
will always be some epoch at which most lumps of dark matter drbaryons become small enough
to be poorly resolved, thus biasing the angular momentum ctamt of the nal galaxy. The latter
argument, however, strictly applies only to dark matter. Aswe have seen, mechanisms such as
supernovae feedback can decouple the collapse history ofyloas from that of the dark matter.

In addition, as the mass of the progenitor lumps decrease<tte is another important process that
can lead to a signi cant decoupling. Between one and ve bithn years after the Big Bang, namely
betweenz = 3 and z = 1, both the formation rate of stars in galaxies and the massrgwth of
supermassive black holes that shine as quasars at the cergéthem reach their peak, producing
so much ultraviolet radiation to ionize most of the hydrogerin the Universg®%11011112 = Thjg
ubiquitous ultraviolet radiation, known as the photoioniang background, keeps the intergalactic
gas at a temperature exceeding 1, suppressing the collapse of baryons in halos with masses
below 16 solar masses (deeper potential wells are needed to con nes tjaat cannot cool below 16
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Figure 15: Top:Star formation histories of simulated galags of varying mass in high-res cos-
mological simulation$® (2007 Blackwell Publishing Ltd). The three galaxies have # following
masses within the virial radius;16 10'! solar masses (DWF1), 15 10% solar masses (MW1)
and 31 10 solar masses (GAL1). Bottom: Mass-metallicity relation fosimulated galaxies
at z = 0 (lled circles) and z = 2 (open diamonds}® (reproduced by permission of the AAS,
2007). The solid curved line is the observational t to> 53,000 galaxies in the Sloan Digital
Sky Survey?!, shifted down by 0:26 dex as found in the observatiot®?. Error bars show the
observational mass-metallicity relation atz = 2192, Dotted lines connect some of theg = 0
galaxies to their progenitors atz = 2 , showing how galaxies evolve in the plane with time.



K) 113114115116 - The jonizing background also causes photoevaporation afggthat has previously
collapsed in such small hald$’. The net result is that halos with masses below £G&Golar masses
become nearly empty of baryons during this epoch, retainingnly the stars that were formed
before the rise of the ultraviolet background; when they mge, they bring very little baryonic
mass and thus should contribute little to the formation of blges. Interestingly, galaxies with
little or no bulge are mostly found among the lowest mass digkalaxies (Figure 2), which were
formed by the hierarchical merging of smaller lumps, as exgted if the photoionizing background
played a key role in suppressing bulge formation early on.

Recent cosmological simulations by the major groups invad in this area of research include the
e ect of the photoionizing background®>859%345560  The inclusion of the ultraviolet background
in the picture introduces a scale, 10 solar masses, in an otherwise scale-free structure fornuati
model. This suggests that simulations should try to obey théollowing resolution requirement in
order to avoid spurious angular momentum loss during the dgrphase of galaxy formation; the
smallest baryon-rich lumps, namely those with masses 1¢° solar masses, should be resolved by
about a million SPH particles, and a few 10dark matter particles, as suggested by resolution
studies'®48, The latter resolution requirement translates into an SPH prticle mass of about 18
solar masses, a couple of orders of magnitude higher thantlearrently achieved in cosmological
simulations of galaxy formatior®.

Provided that resolution issues are solved, a conceptualgimiem still remains. It is a common
assumption, supported by a large number of detailed threardensional simulations, that mergers
between nearly equal mass disk-dominated galaxies wouldgduce a spheroidal, bulge-dominated
systent!8119120 - These nearly equal-mass mergers are frequent in hieragzli assembly, espe-
cially early on. A bulgeless galaxy should only arise if the$t major merger occurs when the
cosmic ultraviolet ux is still high, at z > 1, i.e. more than ten billions of years ago, and in-
volves lumps small enough to be nearly devoid of baryons. Majmergers between more massive
lumps, that were barely a ected by the ultraviolet ux, and/ or occurring later, when the ux
has declined, will inevitably build a bulge; the bulge will aly become less concentrated as the
resolution increases but will not disappear. This means thérming bulgeless galaxies in CDM
needs a requirement on the merging history in addition to thaon the resolution'?!. The fact
that major mergers cease to be common after=2  3'22 is quite encouraging in this respect.
This gure becomes even more favourable, at least qualitatly, for halos with masses below
that of the Milky Way halo, which would be consistent with thefact that most bulgeless galaxies
are of low mass (Figure 2). Yet, at the moment it is unclear howhese gures on halo merger
rates can be compared quantitatively with the fraction of blgeless galaxies seen both today and
at z =1 in large galaxy surveys such as COSMOS

The nal structure of the galaxy is strongly dependent on itsmerging history not only because
the latter contributes to determine its bulge-to-disk ratb but also because it a ects the structure
of the disk itself?®. After the last major merger the galaxy grows via accretion fosmaller
lumps of dark matter and baryons (usually referred to as sdties) and gas accretion from the
hot gas cooling from the halo. We could name this second phdsgigarchic growth”, using a
terminology well known in the eld of planet formation, whete a similar switch between modes of
growth occurs in the case of colliding km-sized rocky bodiéslanetesimals). Bulgeless galaxies
should arise in those systems that switch to "oligarchic gvath” earlier than the rest of the galaxy
population based on our previous argument. However this sple prediction is complicated by
the fact that a bulge could also arise during the "oligarchigrowth" phase as a result of bar
formation and subsequent bucklingf. Therefore, one should require that the fraction of CDM
halos that switch to "oligarchic growth™ at high redshift be comfortably larger than the observed
fraction of bulgeless disk galaxies since some of them midtdave formed their bulge later via
internal evolution.



It is important to consider the possibility that the acceptal assumption that mergers produce
bulge-like, spheroidal components might not be true in gers. Recently, it has been shown that
if the disks of two galaxies contain a lot of gas a large disk mde produced as a result of the
merger?412% This is because the gas dissipates and settles into centgl equilibrium at fairly
large radii owing to the angular momentum originally lockedn the orbital motion of the two
galaxies. The disk re-growth might actually increase the sk-to-bulge ratio provided that there
is su cient gas in the original galaxies, but this still needs to be quanti ed. Now, interestingly
galaxies appear to become more gas rich at earlier times and fower masses. It is thus plausible
that at early times galaxies underwent several gas-rich ngers that contributed to building a
disk more than to forming a bulge. As a consequence, it seeneservant to carry out simulations
that are very accurate in the early phase of galaxy assemblyem if this prevents from following
the formation of the galaxy until the present epoch (Callega Mayer et al., in preparation).

As we have seen in the previous section, mergers are not thdyoway by which a central mass
concentration can arise in galaxies. The non-cosmologicaiulations also exhibit a pro le that
becomes steeper than exponential towards the center, altigh models with blast-wave feedback
look very promising as fas as limiting the growth of the cenéil density enhancement. We note,
however, that the initial gas density and angular momentum idtributions of the isolated models
are poorly constrained. Testing di erent initial conditions can teach us about the physical
conditions of the gaseous halo needed in order to be congisteith observations. Preliminary
simulations (Kaufmann et al. in preparation) show that an iitial gas density pro le with a core,
and thus a high initial entropy (as expected in scenarios inlmch some non speci ed primordial
heating mechanism, perhaps feedback by massive centraldiadoles, raised the entropy of the
gas already collapsed in hald®), can lead to disk masses, atomic hydrogen distribution and-
ray emission in better agreement with observations compat¢o the case in which the gas density
follows the cuspy dark matter pro le. Comparing the predicton of simulations to observations
in di erent wavelengths, such as radio wavelengths at whickhe atomic hydrogen is revealed,
and X-rays by means of which the hot gas in the halo can be deted, could be a powerful tool
to constrain the physics of galaxy formation.

5.2 Additional issues at a glance

There are some aspects of the galaxy formation process thag Wwave not covered in this report
and that might have an impact on the problem of disk formatiorand, in particular, on the origin

of bulgeless galaxies. First, gas accretion seems to ocaurai di erent fashion for large and
small galaxies. Small galaxies mostly accrete gas that ergealready cold T  10* K) in the
dark matter halo following a lamentary, anisotropic ow, while large galaxies tend to be built
mostly by accretion of gas that is shock heated to high tempatures (T 10° K) when it enters
the halo and later cools down in a smooth, isotropic oW’'?8, The implications of these two
modes of accretion on disk formation, for example their imgaon angular momentum transport,
are still unclear. The treshold halo mass that decides betee cold and hot mode accretion is
estimated to be around 1& solar masses, namely comparable to the mass of the Milky Way o
Andromeda halo. This is interesting in the context of bulgelss galaxies. As we already noted,
bulge-dominated galaxies such as the Andromeda galaxy, arsually much more massive than
bulgeless galaxies such as the M33 galaxy (there are somengpias of massive bulgeless galaxies,
e.g. M101 in Figure 1), hence their di erent structure mightbe, at least partially, a product of
these two di erent gas accretion modes.

Another aspect that needs attention is that for galaxies maly accreting in the hot mode a
thermal instability might develop in the cooling ow!?°. As a result of that gas cools faster
in slightly more overdense regions, giving rise to dense etis nearly in pressure equilibrium
with the surrounding gas?%1% (see Figure 12). In this case the hot mode would not be a smooth



cooling ow but would develop into a two-phase medium. Clousilose orbital angular momentum
due to the hydrodynamical drag exerted by the surrounding gaand eventually reach the center
at timescales di erent from gas that started out at the same adius but remained in the di use
phase. Since there is transfer of angular momentum betwedmetcold and hot phase we expect
some e ects on disk formation. It is hard to predict, even qudatively, in which direction
the e ect will be since both the hot and the cold phase will ev@ually contribute to the disk
assembly. A very high resolution is required to resolve théérmal instability **° and cosmological
simulations are just now becoming capable to do so.

Furthermore, another issue concerns a dynamical mechanisalled adiabatic contraction. Indeed
the dark matter halo should slowly contract in response to # baryonic mass collapsing within
it13L, This is a standard assumption of the one dimensional numeal models that we discussed
earlier in this review (see section 1). Di erent researchemwho have developed numerical models
of gas collapse within isolated spherical halos disagreg&hbtly on the magnitude of the e ect,
i.e. on how strongly the overall potential well of the galaxyis modi ed**2. In any case, the
e ect of adiabatic contraction is to increase the maximum rtational velocity of the galaxy and
to reduce the size of the disk because the overall potentiatlivbecomes deeper (hence the radius
at which a gas parcel can be in centrifugal equilibrium dimishe$). This has an impact on
any observed correlation between galaxy properties thatvolves the disk rotational velocity,
for example the Tully-Fisher relation (see previous secti). Recent work with one-dimensional
numerical models has pointed out that, if adiabatic contra@n is e ective, it is impossible to
match the observed Tully-Fisher relation even in the case #t the angular momentum of the gas
is perfectly conserved during the collapse { the resultingagaxies always rotate too fast. The
fact that recent cosmological simulations are able to roughmatch the Tully Fisher relation® is
thus not expected. However, this discrepancy might suggesiat one-dimensional models cannot
capture the dynamics and thermodynamics of the three-dimsional collapse in a cosmological
context. In particular, it is possible that the concept of athbatic contraction is not appropriate
for a structure formation model like CDM in which a large fraction of the baryonic mass is added
not via slow, smooth accretion of gas but rather via mergersd/or cold ows on timescales short
enough to violate the assumption of adiabaticity in the rstplace.

Finally, even if realistic disks could form it is not clear tkat they will survive intact until the
present epoch in a Universe where structure grows hierarchlly. In a hierarchical Universe a
galaxy is always surrounded by smaller galaxies that will emtually perturb it during close y-
bies by raising tides, or even merge with it. Cosmologicalnsulations predict that these satellite
galaxies have very eccentric, plunging orbit® which should take them close to the disk of the
primary galaxy. The tidal perturbations will deposit kinetic energy in the stellar disk, raising
the random velocities of its stars and increasing its scalesight'34. This is con rmed by recent
three-dimensional simulations, although the extent of thelamage, especially whether or not
most of the disk survives intact despite the intruders, is gt debated'*>'%, Tidal interactions
will also trigger bar formation and eventually produce a bye via the buckling instability (see
section 4.1). The disk might eventually re-growth as new gas accreted from the halo or a
gas-rich companion is digested, but this is still unclear ahe moment. The study of disk heating
by satellites is a di cult problem that requires a resolution beyond that currently possible in
cosmological simulations.

In summary, there are several aspects of galaxy formationdhstill need to be understood in
depth, and their overall impact on disk formation thus stillawaits a clear assessment. This deeper
understanding demands a substantial improvement in the rekition of the simulations and in
the sub-grid recipes that describe the ISM, star formationrad feedback. Yet, in our opinion,
simply more computing power and better sub-grid methods anmot going to solve many of the
pressing issues in this eld, such as the origin of bulgelegalaxies. Instead, there is still room,
and need, for new ideas and new approaches to the open questioProvided that this happens,



computer simulations will then continue to play a central rée in advancing our understanding
of how disk galaxies form.
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