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ABSTRACT

We present self-consistent 3D simulations of the formation of virialized systems
containing both gas and dark matter. Using a fully Lagrangian code based on the
smooth particle hydrodynamics technique and a tree data structure, we follow the
evolution of regions of comoving radius 2-3 Mpc with proper inclusion of the tidal
effects of surrounding material. Initial conditions at high redshifts assume an
Einstein—de Sitter universe, a biased cold dark matter perturbation spectrum
(b=2.5), and a baryonic mass fraction of 10 per cent. The gas is initially cold and
radiates in the manner expected for a plasma of primordial composition. We neglect
star formation and associated processes. We find that most of the gas settles rapidly
into centrifugally supported discs at the centres of small dark matter clumps. These
are not disrupted during later evolution, and survive the merging of their dark haloes.
They either remain distinct, or merge without reheating at a later time. These results
confirm that significant energy input from non-gravitational sources is required to
produce a cold baryonic fraction consistent with the observed abundance of gas and
stars in galaxies. In our simulations, much of the final disc of gas accumulates through
mergers of dense clumps rather than through the smooth infall envisaged in earlier
models. This process involves substantial angular momentum loss and large collapse
factors. It produces discs that are more concentrated than real spiral discs and have
circular velocities up to 70 per cent greater than that of the surrounding halo. Never-
theless, the surface density profile of these discs can be reasonably well fitted by an
exponential, and their rotation curves are flat out to ~ 5 disc scalelengths. The high
efficiency of cooling also results in very low predicted X-ray luminosities for the
residual haloes of hot gas.
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The strongly biased CDM model predicts fluctuations a

1 INTRODUCTION factor of 2 smaller than those observed by the COBE
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The last decade has seen rapid progress in our understand-
ing of how structure formed in the Universe. One of the most
successful of current theories, the cold dark matter (CDM)
scenario, postulates that most of the mass of the Universe is
contributed by some unspecified weakly interacting massive
particle with small initial thermal motions, and that structure
is the result of quantum processes occurring during a very
early inflationary epoch (Peebles 1982, 1984; Blumenthal et
al. 1984). In its standard form, the theory also assumes an
Einstein-de Sitter universe and that galaxies are biased
tracers of the mass distribution (Davis et al. 1985).

Linear theory allows us to compute the statistical proper-
ties of density fluctuations at high redshifts, and hence the

microwave background fluctuations they should produce.

satellite (Smoot et al. 1992). This discrepancy appears to be
due to an incorrect shape for the power spectrum of density
fluctuations, since other data require the amplitude of fluctu-
ations on galactic cluster scales to be quite close to that
predicted by standard CDM (Henry & Arnaud 1991; White,
Efstathiou & Frenk 1993a). For this paper the relevant
fluctuations are on still smaller scales, and indeed the power
spectrum in our simulations can hardly be distinguished from
a power law, P(k)x k™% (see Fig. 1 later). Thus for our
purposes standard CDM just provides a convenient way to
describe the normalization of the fluctuation spectrum.

In CDM-like model universes, small-scale structures col-
lapse first and then merge hierarchically into more massive
systems. This process can be followed in detail with the aid
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of numerical simulations. Until recently, however, only the
collisionless dark matter component could be treated. As a
result, comparison with observation was uncertain and
allowed room for considerable speculation. Further progress
in the field seems to require the explicit inclusion of the
observable component of the Universe (gas and stars). This
involves solving the equations that govern the evolution of a

collisional fluid and including the many additional physical

processes that govern its evolution: star formation and evolu-
tion; energy input from stellar winds, stellar radiation and
supernova explosions; ionization effects from stellar and

quasi-stellar object (QSO) radiation fields; heavy element ‘

enrichment; heat conduction; and magnetic fields.

First attacks on these problems have used a variety of
approaches, and most notably grid-based Eulerian schemes
(see e.g. Cen 1992 and references therein) and Lagrangian
schemes based on the smooth particle hydrodynamics tech-
nique (Evrard 1988; Hernquist & Katz 1989; Navarro &
White 1993, hereafter Paper I). Gravitational interactions
and the dark matter component are followed using standard
N-body methods, particle-mesh codes, P3M codes or tree
codes (Efstathiou et al. 1985; Barnes & Hut 1986; Benz et al.
1990). This field is still in its infancy, and much work is
needed before most of the relevant physical processes can be
treated realistically.

One of the processes expected to be of critical importance
during galaxy formation is radiative cooling. On galactic
scales, cooling times can be significantly shorter than dyna-
mical times (Binney 1977; Rees & Ostriker 1977; Silk 1977).
As a result, gas temperatures can drop far below the virial
temperature during protogalactic collapse. Without pressure
support the gas contracts further, thereby increasing its den-
sity and decreasing its cooling time. This runaway process
can only be halted if (a) a large fraction of the gas is trans-
formed into stars; (b) most of the gas settles into a rota-
tionally supported disc; or (c) external energy input (e.g. from
supernovae) reheats the gas. In combination with the realiza-
tion that galaxies are embedded in massive dark matter
haloes, an elaboration of these ideas led to a first basic
understanding of galaxy formation (White & Rees 1978; Fall
& Efstathiou 1980; Faber 1982).

Many outstanding questions remain unanswered, how-
ever, some of which we consider in this paper. What fraction
of the gas in a galactic halo can cool and settle into the
central galaxy? How does this fraction depend on mass and
formation epoch? Does the gas cool gradually from a hot,
low-density atmosphere, as in a cooling flow, or does it
contract into dense lumps at high redshifts, thereafter evolv-
ing mainly through mergers? Does the gas form discs
resembling real spiral galaxies? How does the angular
momentum of a gaseous disc relate to that of the surrounding
dark halo? How frequent are mergers, and what is their
influence on galactic structure?

Some of these questions can be studied using analytic
models such as those developed by White & Rees (1978),
Cole (1991), White & Frenk (1991), Lacey et al. (1993),
Kauffmann, White & Guiderdoni (1993) and Cole et al.
(1994). Such models allow the interaction of the many fac-
tors influencing galaxy formation to be studied relatively
easily, and are now able to account for many of the proper-
ties of the observed galaxy population. Even the earliest of

them showed quite clearly that the physics included in the
simulations of this paper (gravitational evolution of the
gaseous and dark matter components together with radiative
cooling) leads to the excessive condensation of gas into small
dense lumps at early times, and that additional physics is
required to produce results consistent with observation. The
simulations we present below show explicitly how this prob-
lem arises. Such simulations are critical to validate the simple
assumptions made in analytic models, and in some cases can
give quite precise results. Proper simulation of the full galaxy
formation process is not, however, feasible because of the
vast range of scales that are important and the critical role
played by ill-understood physical processes such as star for-
mation. We have therefore elected to study the effects of
additional processes one at a time, rather than to include a
rough representation of all relevant processes in a first
exploration of the problem.

Galaxy formation experiments similar to the ones
reported in this paper have been carried out by Katz & Gunn
(1991) and Steinmetz & Miiller (1993). They used codes
similar to the TReEsPH code of Hernquist & Katz (1989) to
simulate the collapse of an isolated system containing gas
and dark matter. Their initial system was a near-uniform
expanding sphere in solid-body rotation and with small-scale
density fluctuations. They found that the gas settled into a
thin disc soon after the main collapse of the system, and that
angular momentum was transferred to the dark halo from the
gas during the formation process. Cooling was quite efficient
and most of the gas ended up in a cold, rotationally sup-
ported disc. The main shortcomings of this work are the arti-
ficiality of its initial conditions and the isolated evolution of
the system. The relation of the initial conditions to those
expected in a CDM-like universe is uncertain, and the
isolated boundary condition means that external tides are
missing and that infall stops soon after the system first col-
lapses.

The simulations reported follow the evolution of ‘typical’
objects in the CDM scenario, and treat their interactions
with their environments in a fully consistent way. Angular
momentum is acquired naturally through torques exerted by
neighbouring systems, while infall continues until the present
day. Our code is similar in many respects to that of Hernquist
& Katz (1989), and is described in detail in Paper 1. We will
focus our analysis on how cold gas accumulates in the cores
of dark haloes, and on the structure of these gaseous
systems at z=0. We demonstrate the problem of over-
efficient cooling referred to above, but find that, despite this,
the final discs have a similar structure to real spiral galaxies.
The overcooling problem may be resolved by reducing the
baryonic fraction, by including the inhibiting effects of a
photoionizing background (from QSOs or young stars) on
the cooling function (Efstathiou 1992), or by including
mechanical heating from stellar winds and supernovae. We
intend to study these possibilities in future work. Although
clearly not the final answer, we hope that the results of this
paper will prove useful as a first step towards understanding
some of the complex physics of this subject.

Our paper is organized as follows: Section 2 describes our
numerical method and Section 3 describes the main results
of the simulations, while Sections 4 and 5 discuss the impli-
cations of these results and summarize our conclusions.
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2 THE NUMERICAL EXPERIMENTS
2.1 The code

We use a gridless Lagrangian code which combines the speed
and accuracy of tree-based N-body techniques with the flexi-
bility of the SPH approach. A detailed description of SPH is
beyond the scope of the present paper, but an excellent
review can be found in Benz (1990). The particular imple-
mentation of SPH used in our code and some relevant tests
of the performance of the code are described in Paper L.

In SPH, information about the fluid properties is carried
by pseudo-particles which move with the mean fluid velocity
and whose locations serve as interpolation centres for the
computation of local values and gradients of the thermo-
dynamical variables. If each particle is characterized by its
mass m,, its specific internal energy u,, and a smoothing
length A, the hydrodynamical variables at any point in space
can then be computed through kernel interpolation and the
use of an adequate equation of state. In this work, we use the
spline kernel function of Paper I and the equation of state of
an ideal gas, p=(y — 1)pu, where p and p stand for the pres-
sure and density, respectively, and y is chosen to be 5/3. The
physical processes modelled in the present version of the
code include self-gravity, pressure gradients, shock heating
and radiative cooling. The radiative cooling function used is
a fit to the cooling curve of Dalgarno & McCray (1972), as
appropriate for a gas of primordial H and He abundances.
This fit is also in very good agreement with other published
cooling curves, such as that used by Fall & Rees (1985).
Cooling is very inefficient for temperatures below 10* K and
is neglected in these calculations.

Individual smoothing lengths vary with time so that each
gas particle keeps a fixed number of neighbours (~30)
within its neighbour sphere. Gravitational forces are com-
puted using a nearest neighbour binary tree that is free from
geometric restrictions and allows the use of a large number
of particles because of the ~ N log(N) scaling of the required
CPU time (Benz et al. 1990). Gravitational interactions
between neighbouring particles are softened using the same
functional form as the interpolating kernel, but the soften-
ing lengths are set independently for gas and dark matter
particles and are kept constant in time. Collisionless (dark
matter) particles are, of course, subject to gravitational forces
only.

2.2 The initial conditions

The generation of initial conditions for a simulation involves
several steps. Initially, ~ 323 particles are arranged on a
cubic lattice inside a sphere of radius ~ 20 Mpc. Position and
velocity perturbations are computed using the Zel'dovich
approximation in order to reproduce a CDM power spec-
trum normalized so that its variance, A(r,), equals the inverse
of the ‘bias’ parameter b for r,=16 Mpc [A(16 Mpc)=1/b
=1/2.5]. We assume the Hubble constant to be H,= 50 km
s~! Mpc~! (h=0.5), and the density parameter to be Q =1,
throughout this paper.

The perturbations consist of the superposition of N, plane
waves with amplitudes chosen from a Gaussian distribution
with variance proportional to the power spectrum. We use
equal number of waves per logarithmic interval. The phases
of these waves are random, and only wavenumbers between
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the fundamental and Nyquist frequencies of the lattice are
included. Fig. 1 shows the power spectrum of a typical reali-
zation with N, ~ 10*, computed by Fourier-transforming the
density field of the perturbed particle distribution, compared
to the ‘actual’ spectrum we are trying to reproduce. A cloud-
in-cell scheme is used to assign particles to the grid. As
expected, the agreement between the two spectra is very
good at low frequencies, but at higher k the simulated P(k)
converges to the white noise level corresponding to the
number of particles used (Efstathiou et al. 1985).

This system is then evolved (assuming isolated boundary
conditions) from a high redshift, z;~7, until the present,
z,=0, at which time virialized clumps of different masses are
identified. For simplicity, we do not select systems that are
undergoing a major merger or are in the process of being
accreted on to a larger structure. This may imply that our
systems do not represent a completely fair sample of the
population of haloes, but they are by no means atypical. All
the systems reach their final equilibrium state through a
series of mergers, in some cases as recent as z = 0.2, but they
show no indication of severe departures from equilibrium at
Zo- A total of four systems with circular velocities ranging
between 160 and 250 km s~ ! are selected, and all the par-
ticles inside a sphere of mean overdensity 200 are traced
back to z,. All the particles belonging to each of these sys-
tems are fully contained in a sphere of comoving radius 2-3
Mpc at z;.

Finally, a finer lattice is used to set up particles inside this
sphere so that, at 2, the sphere of overdensity 200 contains a
specified number of particles, between 2000 and 3000 in the
present simulations. Perturbations are computed as
described above, using the same waves as before, but includ-
ing the new ones allowed by the increased Nyquist frequency
of the new lattice. The surrounding regions are coarsely
sampled in order to provide the appropriate tidal field. In
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Figure 1. The power spectrum of initial conditions generated with
the procedure described in Section 2.2. Filled dots are computed by
Fourier-transforming the density field corresponding to the per-
turbed particle positions on a 323 grid. The solid line without sym-
bols is the actual CDM power spectrum that we are trying to
reproduce. Empty squares correspond to initial conditions where
the particles have been placed at random within the box, and indi-
cate the white noise level corresponding to the number of particles
used. Other relevant parameters are indicated.
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practice, we use the nodes of the tree structure of the previ-
ous simulation so that the accuracy of the tidal forces acting
on the particles inside the selected region is very similar to
that of the first run.

Tests of this procedure show that the overall properties
and the history of the virialized systems formed in the first
and second simulations are indistinguishable, except for the
increased resolution of the latter. The main advantages of
this procedure are that (a) the structural properties of the
selected haloes are naturally determined by the self-consist-
ent evolution of the whole system; (b) we can focus our
resources on the region we are actually interested in; and (c)
we can generate statistically equivalent systems with different
numbers of particles. This last feature is most useful when
trying to assess the effects of limited resolution (i.e. small N)
on the results of the simulations (see e.g. Paper I).

2.3 The simulations

Once the initial dark matter density and velocity fields have
been set up as described above, we insert the gaseous com-
ponent by adding gas particles with an equivalent phase-
space distribution. Their masses are determined by our
adopted baryonic fraction, Q,=0.1, while the mass of the
dark matter component is reduced to maintain Q = 1 overall.
Gas is only included in the high-resolution part of the simula-
tion, and its internal energy is chosen so that the average
initial temperature is very low ( ~ 102 K). The gravitational
softening used for the simulations is 2 and 5 kpc for the gas
and dark matter particles, respectively, in order to allow the
structure of the gaseous discs to be adequately resolved.

We discuss four main simulations, C1-C4, whose proper-
ties we list in Table 1. The radius of the high-resolution
sphere is listed in the column labelled r,, the total mass
inside this radius is M, and the total number of particles
inside this radius (both gas and dark matter) is given in
column N,. Equal numbers of gas and dark matter particles
are used in the high-resolution region. As tests, we repeated
C1 with the gaseous fraction reduced by a factor of 5 (Cla)
and repeated C3 with half as many particles in the high-
density region (C3a). A typical run took about 200 h of
CPU time on a SUN IPC workstation.

3 RESULTS
3.1 The evolution

Different stages of the evolution of one particular model, C3,
are shown in Fig. 2. These snapshots are centred on the par-
ticles that at redshift zero form one of the disc/halo systems

Table 1. Parameters of the runs.

Run To My N O
[Mpc]* [10°Mg]

Cl 35 1234 14000 0.10

c2 3.0 777 16000 0.10

Cc3 3.0 777 16000 0.10

C4 3.2 943 12000 0.10
Cla 3.5 1234 14000 0.02
C3a 3.0 777 8000 0.10
“Comoving.

selected for analysis. The snapshots are 500 kpc across and
contain about 3000 particles each. Most of the gas is seen to
gather at the centre of collapsing dark matter clumps, and to
form tightly bound cores of cold gas. Interactions between
neighbouring systems endow each system with a small
amount of angular momentum, which is what ultimately
stops the collapse of the gas and enables thin structures
resembling galactic discs to form. These discs often merge as
their surrounding haloes coalesce. Due to the efficient con-
version of kinetic energy into heat by shocks and to the short
cooling times typical of such dense material, the gas settles
into a new disc very soon after a merger. Blown-up face-on
and edge-on views of the gaseous disc at z=0 are shown in
Fig. 3.

The velocity field in the disc is also shown in Fig. 3; nearly
all the kinetic energy is invested in coherent rotation. Most of
the gas in the system ( ~ 90 per cent in this case) is actually in
the central disc, which is surrounded by a hot, pressure-sup-
ported halo (see Fig. 8, later) and sometimes by smaller satel-
lites like the one seen in Fig. 3. These satellites will
eventually merge with the main disc as a result of dynamical
friction. This is, in fact, the way that most of the mass is
accreted on to the disc: by the addition of individual baryonic
cores. The dark halo shows no indication of such substruc-
ture, suggesting that gaseous cores evolve differently from
their surrounding dark matter and may survive the merging
of their parent haloes. When proper account is taken of the
orbital parameters of the satellites and of their own dark
haloes, simple dynamical friction estimates give on average a
good indication of when these satellites will merge with the
central disc. Full details concerning this issue are deferred to
a later paper, where we analyse a larger number of simula-
tions (Navarro, Frenk & White, in preparation).

Fig. 4 illustrates how the mass of the major halo in each
simulation grows with time. The symbols connected by
dashed lines give this mass in units of the total mass of the
system at z=0, M, (z,). A halo mass is defined to be the
mass within the largest sphere centred on the gaseous core
with a mean overdensity exceeding 200. We consider this
sphere to be the boundary of the virialized halo, and denote
its radius as r,;,. Major mergers can be identified in Fig. 4 as
sudden jumps in the evolution of the mass curves. If we
define the redshift of formation (z;) of each halo as the time at
which half its dark mass has been assembled, the average z;
for these four simulations is = 0.6. This late formation time is
in reasonable agreement with the analytic estimates of Lacey
& Cole (1993), who derive an average formation redshift
z¢~0.63 for a halo of 10'2 M, and a CDM spectrum with a
bias parameter b=2.5.

Do the gaseous cores merge as their surrounding dark
haloes coalesce? This is an interesting question because thin
stellar discs may be destroyed by the accretion of satellites, a
fact that has been used to argue against hierarchical cluster-
ing theories of galaxy formation in an Q = 1 universe (Toth &
Ostriker 1992). The symbols connected with solid lines in
Fig. 4 illustrate how the mass of the main gaseous disc (M)
grows with time. We define this to be the gas mass within 20
(physical) kpc of the centre of the most massive core, and we
plot it in units of QM (z,). The overall evolution of the
core mass is in general not very different from a constant
accretion rate, and indicates that the gaseous cores have
increased their mass by about a factor of ~ 4 since z = 1. Half
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the mass of the disc was already in place by z=0.4, and at
z=0 the gas mass in the inner 20 kpc is a large fraction of the
total baryonic content of the halo.

If all the gas were immediately collected at the centre of a
dark halo, the dark matter and gas curves would overlap in
Fig. 4. This is apparently not the case. Mergers that show up
clearly in the dark matter curves are not seen in the disc
evolution until some dynamical times later, indicating that
gaseous cores survive for some time after their surrounding
haloes merge. Consider, for example, run C1 (open tri-
angles), where the halo undergoes a major merger at z=0.67
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(¢~700). The cores of these haloes do not merge until
z=0.3, implying a survival time of almost 3 x 10° yr. The
survival time can be as short as ~10° yr (run C2), or can
exceed ~5 X 10° yr. The latter is the case in run C4, where
the main gaseous cores have yet to merge at z =0.

Mergers appear to proceed more rapidly when systems of
similar mass are on nearly radial orbits (C2), and to take
longer when they involve a number of haloes of differing
mass merging almost simultaneously (as is the case in C4). If
we define a ‘major merger’ to be the sudden accretion of
more than 20 per cent of the existing disc mass, the last
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Figure 2. Projected positions of gas and dark matter particles at different times in one of the simulations (C3). Redshifts of 2, 1, 0.4 and 0 are
shown. Each box is 600 (physical) kpc across, and contains about 3000 particles. Note how the gas forms tightly bound cores at the centres of
non-linear clumps. These gaseous knots are hardly disturbed when the dark haloes collide, and they take longer than the haloes to complete a
merger. For example, note that at z=0.4 two large gaseous clumps survive, while there is little substructure in the dark matter.
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Figure 2 - continued

major mergers occurred at z~0.76, 0.50, 0.25 and 0.20 in
our four simulations.

Fig. 4 also gives some indication of how our results may be
affected by the parameters chosen for these simulations. If
Q, is reduced below our adopted value of 0.1, cooling
should become less efficient. This might produce a signifi-
cantly lower concentration of gas in the disc at z=0. This
effect is shown in the C1 panel by the curves without sym-
bols, which correspond to lowering the baryonic abundance
by a factor of 5 (to Q,=0.02). Although the dark matter
evolution is barely affected, only ~ 70 per cent of the avail-
able gas reaches the disc by z =0, compared to ~ 90 per cent
in the case where Q; =0.1. The remainder is in the hot, pres-

sure-supported halo which surrounds the disc. Although
significant, this reduction is still not enough to overcome the
‘overcooling’ problem mentioned in Section 1, although it

_does lessen some of the problems associated with disc struc-

ture which we discuss in the next section. A test for artefacts
due to our limited resolution is shown by the curves without
symbols in panel C4. The evolution is quite similar for the
two simulations shown, even though the additional model
uses only half as many particles to represent the mass distri-
butions.

The dense, gaseous cores that form in these simulations
are presumably the regions of the universe in which most star
formation activity will occur. It is thus important to investi-
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Figure 3. A blow-up of the gaseous-disc in Fig. 2 at z=0. The box is now 30 kpc across. The left-hand panels show two orthogonal projections
of the system. The right-hand panels show the velocity field of the gas (see also Fig. 7). Note the satellite that orbits very close to the main

disc.

gate how much mass is actually locked up in them. Fig. 5
shows how much of the final baryonic content of our main
galactic haloes is in cold, dense clumps at each earlier time.
Gas particles with densities higher than ~200Q, times the
cosmic mean are considered part of dense clumps. Due to
the extremely short cooling times corresponding to this high
density, the temperatures of such clumps are always ~ 104 K,
the cut-off temperature of our cooling curve. By a redshift of
1, ~60-70 per cent of the gas of each final galactic halo is
already in high-density cores, even though Fig. 4 shows that

only a small fraction of this is actually in the central disc. Fig.
5 also shows that by z=0 baryons are slightly overabundant
relative to the dark matter inside a region of overdensity 200.
This overabundance is always smaller than about 20 per
cent, and is expected for rapidly cooling gas collapsing with a
collisionless dark matter halo (White et al. 1993b).

Previous semi-analytic models estimated the mass of gas
accumulating in the core of a dark halo from simple energetic
or timing arguments. A rough upper limit to the mass of a
disc forming at the centre of a dark halo of circular velocity
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Figure 4. The mass of the main disc (dashed lines) and that of its
surrounding halo (solid lines) in runs C1, C2, C3 and C4 as a func-
tion of time. Disc masses are plotted in units of the total baryonic
mass inside a sphere of overdensity 200. Dark halo masses are in
units of the total mass inside a sphere of overdensity 200. Vertical
dot-dashed lines indicate times corresponding to redshifts of 5, 1
and 0.2. Note that the disc is constantly accreting mass, and that
about half its mass has been accreted in the last 6-7 Gyr. Merger
events can be identified as sudden increases in mass. Dark masses

jump suddenly during a merger, and then decrease somewhat as the’

system relaxes to equilibrium. Gaseous cores take longer to merge
than the dark haloes, as demonstrated by the time offset between
halo and gas mergers. The curves without symbols in panel C1
correspond to a run with Q,=0.02, and those in panel C4 corre-
spond to a run in which the number of particles is halved.
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Figure 5. The growth of the amount of the gas in systems identified
at z=0 that is already condensed into cold, dense clumps at each
earlier time. Symbols are as in Fig. 4. Masses are normalized to the
total baryonic mass expected for a halo of the same circular velocity.
Most of the mass forms tightly bound cores by z=1. Values of the
ordinate larger than 1 indicate a small overabundance of baryons
relative to the initial value of 10 per cent (2, =0.1).

V. at redshift z is given by the total mass of the virialized
region of the halo (i.e. within a density contrast of 200; see
White & Frenk 1991; White et al. 1993b), Q, M,,,, where

M, (V,,2)=01G~'H; (1 +2)732 V3. (1)

vir

An alternative estimate can be obtained by assuming that,
when a halo forms, the gas is shock-heated to the virial tem-
perature and is distributed similarly to the dark matter. Since
the equilibrium structure of virialized collisionless systems is
fairly well approximated by an isothermal sphere, it is
straightforward to define a ‘cooling radius’, r,,,, the distance
from the centre of the system at which the local cooling time-
scale equals the age of the universe. The gas mass encom-
passed by 7., (M,,,) provides another estimate of the mass
that may be able to assemble at the centre of a dark halo
(Cole 1991; White & Frenk 1991). In massive systems and at
late times, M., is smaller than Q M, so that cooling may
limit the accumulation of gas, whereas in small systems and
at early times the reverse is true, suggesting that all the gas
within each halo will be in the cold central core.

Fig. 6 shows core mass as a function of halo circular velo-
city for systems identified at z=1 and 0. We include all sys-
tems with more than 200 gas particles in our four main
simulations, and we overplot the predicted values of M,
and Q M,;. It is clear that core masses are generally very
close to Q,M,;,, and that at z=0 they are significantly larger
than M, for the more massive systems. This occurs because
most of the gas that ends up in non-linear clumps is locked
up in the dense cores of smaller clumps at early times. Subse-
quent mergers are unable to disrupt these tightly bound
cores, which spiral into the centre of the newly formed haloes
and merge to form thin discs like the one shown in Fig. 3.
The gas is never reheated to the virial temperatures of the
larger haloes.

A related result is that the residual fraction of hot gas is
quite small, in fact not larger than ~ 10 per cent in any of the
systems plotted in Fig. 6. As a consequence, these systems
are weak X-ray emitters, the bulk of the gas being too cold to
produce X-rays. Estimates of the X-ray luminosity emitted in
the (0.5, 10)-keV passband are given in Table 1.

A third related result, that the gaseous discs in our major
haloes appear too massive (or too concentrated), is discussed
in the next section. All these results are closely related to the
‘overcooling’ problem. The fraction of the mass of our simu-
lations that ends up in dense baryonic clumps of galactic
density (most of the gas, and so almost 10 per cent of the
mass) is much greater than the fraction of the closure density
in observed galaxies (roughly 0.5 per cent). Furthermore, if
cold dense gas were always able to form stars with high effici-
ency, most of the baryons in our models would be turned into
stars at early times, and there would be little gas left to make
discs in our final haloes. We would thus end up with a central
‘elliptical galaxy’ formed as a result of the merger of stellar
cores, surrounded by stellar satellites some of which might
still retain a disc structure.

Avoidance of these problems clearly requires physical
processes beyond those included here. Previous semi-
analytic models have all recognized this, and have shown that
UV background-suppressed cooling, inefficient star forma-
tion, reheating of gas by supernovae and stellar winds, and
interaction-induced star formation are all plausibly import-
ant, and may all offer ways both to reduce the overall amount
of material that cools, and to bias cooling and star formation
towards large objects and late times (White & Rees 1978;
Cole 1991; White & Frenk 1991; Cole et al. 1994; Kauff-
mann et al. 1993; Lacey et al. 1993). Inclusions of such
effects in our models would substantially reduce the masses
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Figure 6. The mass of cold, gaseous cores (defined to be mass
within the inner 20 kpc) as a function of the circular velocity of their
surrounding haloes. All clumps with N, >200 particles are
included. Open symbols correspond to z=0 and filled symbols to
z=1. Estimates based on the total gas mass within the virialized
region (Q, M,/ h) are given by the solid lines, while the dotted lines
are estimates based on the ‘cooling mass’ (M) computed from a
no-metal cooling function as described in the text. In each case,
upper and lower lines correspond to z =0 and z =1, respectively.

of cores of cold gas, particularly at early times, and would
greatly enhance the amount of gas in a hot, diffuse, X-ray-
emitting component. This is likely to produce major changes
in the behaviour discussed in this and the next section. We do
not, however, believe that the interaction of such complex
processes can be reliably modelled without a clear under-
standing of the evolution of the simpler system treated in this

paper.

3.2 The equilibrium structure of the discs

Fig. 3 shows the velocity field of the gas in one of the discs
identified at z=0 (the primary disc in C3). It is clear from
this figure that the gas is spinning rapidly about an axis per-
pendicular to the plane of the disc, and that radial motions
are very small. This visual impression is confirmed by Fig.
7(a), which plots radial and tangential velocities for the indi-
vidual gas particles. The rotational velocity curve of the disc
is similar to that of a typical spiral galaxy. Near the centre the
rotational velocity rises linearly out to about 2 kpc, where it
flattens and stays nearly constant as far as the edge of the
disc, at about 10 kpc. The radial velocity dispersion of the
gas plays a negligible role in the dynamics of the disc. More-
over, the disc seems to be in equilibrium, without any signifi-
cant inwards or outwards bulk motions. The central linear
portion of the rotation curve reflects the softening of gravita-
tional forces in our code and is therefore non-physical.

Most of the disc mass is concentrated near the centre; in
fact, 61 per cent is packed into the inner 1 softening length
(2 kpc). The disc is almost completely self-gravitating, and
only at about 10 kpc does the cumulative dark matter mass
equal that of the gas (Fig. 7b). This transition radius is in
rough agreement with observational estimates for a typical
disc galaxy. However, the mass fraction in an unresolved
central clump, which ranges from 33 to 90 per cent in our
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Figure 7. (a) The radial and tangential velocities of all the gas par-
ticles in the disc shown in Fig. 3. The rotation curve is rather flat
outside 2 kpc, and no major radial motions are seen, indicating that
the disc is in equilibrium. (b) The cumulative distributions of mass
for gas and dark matter in this same system, together with the corre-
sponding distributions for an equivalent run without cooling. The
gaseous disc is completely self-gravitating close to the centre, and at
~ 10 kpc the gas and dark matter contribute similar amounts to the
total mass. Note that dissipation draws not only gas into the inner
regions but also a substantial amount of dark matter.

four models (column labelled M,,, in Table 2), is much too
large to be compatible with real galaxies. For example, in a
spiral with a rotational velocity of 300 km s~ ! the half-mass
radius of the observed stellar material is typically 10 kpc,
whereas in our models it is in the range 1-3 kpc. It appears
that the gas in the models has contracted too much relative to
the dark matter. Values of the collapse factors Rpy/Rgus,
defined as the ratio of the half-mass radius of a dark halo to
that of its cold baryonic core, are in the range 15 to 70, much
larger than the value ~0.4/4 expected for dissipative con-
traction of the gas at fixed angular momentum (Fall &
Efstathiou 1980; A here is the spin parameter of the halo; see
Table 2 for values of these quantities). Note, however, that
precise values of the Rpy/R,, ratio may depend on the
numerical procedure, as in many cores R, is smaller than
the gravitational softening.
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Table 2. Parameters of the systems at z=0.

Run A Ve Vot Mais Myt  Min Rpm logLx
[km/s] [km/s] [QMyir] [Myir] [Maior] [Rgas)  lerg/s]

C1  0.053 216 380 0.88 0.12 033 154 39.0
c2 0.075 166 280 0.94 0.07 0.90 66.1 38.5
C3  0.037 164 260 0.85 0.07 061 193 38.6
C4 0.039 180 310 0.68 0.05 048 411 38.0

Cla 0.053 216 241 0.65 0.20 0.55 31.2 38.1
C3a 0.037 164 250 0.73 0.11 042 170 38.3

A related problem is that the amplitude of the disc rota-
tion curve (V,,,) greatly exceeds the circular velocity of the
surrounding dark halo (V,) measured at substantially larger
radius ( ~ 300 kpc). Table 2 quotes both values for the main
discs in our four simulations; V, is on average 40 per cent
smaller than V. However, data on satellites orbiting bright
spiral galaxies show that the real drop over this radial range
is much smaller ( ~ 20 per cent; Zaritsky & White 1994). The
difference between V,,, and V, results from the large collapse
factors of the gas together with the particular baryonic frac-
tion adopted in these simulations (2,=0.1). A lower Q,
would lead to lower disc rotational velocities, but would not
help to produce discs as large as those observed (see, for
example, model Cla in Table 2).

As anticipated in the previous subsection, the discs have a
temperature close to the cut-off temperature adopted in our
cooling algorithm, 7, = 104 K. This is well below the typical
virial temperature of the surrounding haloes, and implies that
pressure plays no role in supporting the disc structure. The
surrounding halo, however, is filled with a tenuous atmos-
phere of hot, pressure-supported gas with a cooling time
longer than a Hubble time. At large radii, this hot halo domi-
nates the temperature profile shown in Fig. 8. Note, however,
that its mass is well below that of the disc (Table 2). The
gaseous halo is not made up of this hot atmosphere alone. In
fact, it is a two-phase system that also includes cold, dense
satellites like the one shown in Fig, 3.

The surface density profiles of our gaseous discs are
shown in Fig. 9. Outside the central unresolved lump, three
of the four profiles are approximately exponential with scale-
lengths between 3 and 5 kpc. The exception is the disc
formed in run C2 (open circles), where almost all the disc
mass lies in the inner 2 kpc. The extreme concentration of
this case can be traced to the last major merger it experi-
enced. This happened at z=0.2 and involved two discs of
near-equal mass on an almost radial orbit. Since the internal
spins of these discs were not parallel, the remnant ended up
with very little angular momentum. Without rotational sup-
port, the gas contracts until it lies within the gravitational
softening radius, where the collapse is artificially halted.

The gaseous core in run C2 is an extreme example of an
effect that is present in all our simulations. In general, as dark
haloes merge their cores transfer much of their orbital angu-
lar momentum and orbital energy to the surrounding dark
matter (Frenk et al. 1985; Barnes 1988; Quinn & Zurek
1988; Navarro & Benz 1991). The result is a substantial
reduction in the angular momentum of the gaseous com-
ponent. This is illustrated in Fig. 10, which plots the specific
angular momenta of the gas and the dark matter contained in
cylindrical shells aligned with the total angular momentum
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Figure 8. Temperature profiles of the gaseous component (runs
with cooling). Symbols correspond to those in Fig. 4. The discs are
nearly isothermal and the gas stays at 7~ 10* K, because its high
density implies very short cooling times. Each disc is surrounded by
a hot, low-density atmosphere of pressure-supported gas at approxi-
mately the virial temperature of the system. The transition from the
cold phase to the hot phase is rather abrupt, and occurs at 10-30
kpc. The average density of gas in the hot phase is very low, which
implies that these systems would be very weak emitters of X-rays.

o
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Figure 9. The surface density profiles of the gaseous discs. The
symbols correspond to different simulations as in Fig. 4. Exponen-
tial profiles with scalelengths of 3 and 5 kpc are also shown.

vector, each of which contain 20 per cent of the mass of the
relevant component. Dotted curves correspond to the gas,
and solid curves to the dark matter. If there had been no
exchange of angular momentum between the two com-
ponents these two sets of curves would be expected to co-
incide. This is far from the case, and it is clear that the
formation and merging of dense, gaseous cores at the centres
of dark haloes has been accompanied by large losses of angu-
lar momentum. These losses are in turn responsible for the
large contraction factors needed to reach centrifugal equilib-
rium. :
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is the cumulative mass of each component in these bins. Dotted lines
are used for the gaseous component and solid lines for the dark
matter. Symbols are as in Fig. 4.

4 DISCUSSION

An important result of our simulations is that, in the absence
of processes other than radiative cooling, gas collects at the
centre of a system very soon after it collapses and forms a
thin, rotationally supported disc (Fig. 3). As clumps merge to
form new systems these cores also merge and make new
discs which contain most of the gas. In hierarchically cluster-
ing scenarios like CDM it is thought that all large structures
are formed by the amalgamation of smaller ones. If gas col-
lects so efficiently at the centres of dark haloes and is only
slightly perturbed by subsequent mergers, it is hard to under-
stand why the largest virialized structures in the present Uni-
verse (rich galaxy clusters) have most of their observed
baryons in the form of a hot, smoothly distributed gas (see,
for example, Jones & Forman 1992 and references therein).
How did the gaseous component avoid being locked up in
low-mass clumps at high redshifts?

Another way of presenting the same problem is to con-
sider that, although the primordial abundance of baryons
appears, from nucleosynthesis arguments, to be ©,=0.05
(for h=0.5; Walker et al. 1991), the directly observed
abundance of baryons (mainly stars in galaxies) is only about
a tenth of this (Persic & Salucci 1992). If star formation were
to proceed unhindered in the baryonic discs in our simula-
tions, it would certainly produce an overabundance of stars
at the present time. This is, of course, the ‘overcooling’ prob-
lem discussed above. Our simulations seem to confirm the
earlier theoretical work which asserted that additional
effects, for example radiative and hydrodynamic feedback
from star formation, must have a critical effect on the forma-
tion history of a galaxy.

Fig. 4 indicates that the mass of a disc is continuously
growing, and that most of the mass is added through mergers.
Can this mechanism really produce the thin stellar discs
characteristic of spiral galaxies? The answer is still far from
certain. Mergers have occurred as recently as z=0.2 in our
models, and the mean redshift of the last major merger is
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~0.4. This means that a typical galaxy would have been
seriously perturbed as recently as ~5 Gyr ago. It is
dangerous, however, to draw conclusions about merging sta-
tistics from a set of only four simulations. In addition, the
cure for the overcooling problem may reduce both the
number of merging lumps and their mass, while increasing
the fraction of the disc that is accreted from a relatively
smooth component. We are presently carrying out a large
number of simulations to address the first problem, and we
are gradually incorporating additional physical processes
into our modelling in order to investigate the second.

Given the excessive contraction of the gas to form our
simulated discs, it is surprising that the shape of the rotation
curves of the discs agrees quite well with that observed in
bright spirals (see one example in Fig. 7a). Similar results
were found by Katz & Gunn (1991) who claimed that the
flatness of these curves is due to the intrinsic structure of the
gaseous disc together with the increased amount of sur-
rounding dark matter (as compared with adiabatic simula-
tions) which has been drawn inwards by the central
concentration of gas (Blumenthal et al. 1986). Fig. 7(b)
shows that this process also operates in our simulations. We
compare the inner mass profiles of the gas and dark matter
with those obtained in an equivalent simulation where cool-
ing effects are switched off. It appears that the dissipative
contraction of the gas does indeed bring in just enough dark
matter to maintain a flat rotation curve.

In our simulations the cold gas contracts in radius by a
large factor, and much of it ends up in an unresolved central
knot. This shows that angular momentum is transferred very
efficiently from gas to dark matter as the discs form and
merge. Clearly, models that assume detailed conservation of
angular momentum are a very poor description of such sys-
tems. However, as noted by Navarro & Benz (1991),
although this process could conceivably give rise to concen-
trated stellar systems such as elliptical galaxies and the bulges
of spirals, the loss of angular momentum seems too great for
it to be a viable mechanism for making real spiral discs. They
argued that feedback processes related to star formation can
result in less concentration of the baryonic component at
early times, and so less transfer of angular momentum to the
dark matter. The present study seems to reinforce their con-
clusions, which were based on much lower resolution simula-
tions.

While these problems mean that our models cannot yet be
considered acceptable descriptions of the formation of real
disc galaxies, it is encouraging that with very simple physics
-cooling gas in a dynamically evolving population of dark
haloes - it is indeed possible to produce condensed centri-
fugally supported systems with approximately the sizes and
masses of galaxies.

5 CONCLUSIONS

We have presented self-consistent simulations of the forma-
tion of virialized clumps of gas and dark matter in an Q =1
universe dominated by cold dark matter. The clumps are
chosen to have potential-well depths corresponding to galac-
tic haloes (V,~200 km s™!). The simulations include the
effects of gravity, of pressure gradients, of shocks, and of
radiative cooling, but they do not include star formation and
the attendant gas-heating processes. Our main conclusions
are as follows.
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(i) Practically all the gas in a virialized system ends up in a
dense, cold core at its centre or in dense cold satellites which
are the remnant cores of earlier clumps. These cores can
merge during subsequent evolution, but they are never
reheated. This confirms earlier suggestions that some physi-
cal mechanism (e.g. supernovae) must prevent this ‘overcool-
ing problem’ if we are to reconcile the CDM model with the
low baryonic density (in the form of stars) at the present time,
and with the large amount of X-ray-emitting gas in galaxy

_ clusters.

(i) The gaseous cores at the centres of dark haloes are
thin, rotationally supported structures. These discs are
quickly regenerated after a merger. Their outer regions have
rotation curves and surface density profiles that have the
same shape as those of disc galaxies.

(iii) Hierarchical clustering with dense gaseous cores
involves the transfer of large amounts of angular momentum
from the gas to the dark matter. As a result, the gaseous cores
are substantially smaller than predicted by simple analytic
arguments that assume conservation of angular momentum
during contraction within any given halo. Indeed, the cores
formed in our models are substantially more compact than
real disc galaxies. This problem may well be solved by the
same processes that solve the overcooling problem.

(iv) A simulated galactic disc has on average accreted
more than half its present mass since z =0.5, and has under-
gone its last major merging encounter at z ~ 0.4. The average
formation time of its surrounding dark halo is z;~ 0.6. It is
unlikely, then, that thin stellar discs much older than ~ 5 Gyr
can form in most galaxies in this scenario. More simulations
are needed to give a proper statistical basis for this con-
clusion, which may also be affected by the final resolution of
the overcooling problem.
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