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Abstract. We discuss SPH simulations of galaxy formation which use a
hybrid method to describe a two-phase structure of the star forming ISM
on unresolved scales. Our modeling includes radiative cooling, heating
due to a UV background, growth of cold clouds embedded in an ambient
hot gas, star formation out of cloud material, feedback due to supernovae
in the form of thermal heating and cloud evaporation, starbursts that can
lead to galactic outflows, and metal enrichment. Our particular model
for the treatment of the two-phase structure is based on a modified and
extended version of the grid-based approach of Yepes et al. (1997). We
discuss the properties of the feedback model and show how it stabilizes
star forming disk galaxies and reduces the cosmic star formation rate to
a level consistent with current observational constraints.

1. Introduction

Cosmological simulations of galaxy formation that include radiative cooling of
gas and simple phenomenological models for star formation typically exhibit
an overproduction of stars compared to observational constraints. Part of this
‘overcooling’ problem may be caused by low-resolution effects of the commonly
employed SPH technique, but even when corrected, cooling appears to be too
efficient, particularly in small halos at high redshift. It is thus commonly believed
that feedback processes associated with supernovae explosions, stellar winds, or
UV radiation, play an important role in regulating star formation, and need to
be properly taken into account for a successful model of galaxy formation.

However, attempts to include feedback into cosmological simulations have
proven to be difficult and only shown limited success (among others: Katz, Wein-
berg & Hernquist, 1996; Thacker & Couchman, 2000; Kay et al., 2001). Pure
thermal feedback has been demonstrated to be ineffective, and direct attempts
to include kinetic feedback are not easy to justify physically. In general, the
shape of the luminosity function of galaxies has not been fit successfully, espe-
cially at the faint end, and the feedback schemes have not been able to account
for outflows, which are presumably occurring in starbursting galaxies at high
redshift.
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It appears increasingly unlikely that these difficulties can be overcome by
simple parameter changes or slight alterations of the current generation of mod-
eling techniques. Instead, true progress may require that the physics of star
formation and feedback is modeled more faithfully within cosmological simu-
lations. In particular, the observed multi-phase structure of the interstellar
medium (ISM) may represent a key phenomenon which should not be neglected
in numerical studies of galaxy formation.

However, it is clear that brute-force attempts to resolve the true spatial
structure of the ISM within cosmological volumes will remain computationally
prohibitive in the near future. It may however be possible to include some of
the relevant physics as a sub-grid model for individual fluid elements. In this
contribution, we extend a multi-phase approach for the ISM that was suggested
in a similar form by Yepes et al. (1997) for a Eulerian grid code (see also Hultman
& Pharasyn, 1999). Its properties make it an interesting model that may cure
many of the problems encountered by current single-phase simulations. We will
first define the model in detail, and then highlight some of its properties using
star forming spiral galaxies as examples. We will also briefly discuss some of its
implications for cosmological simulations of galaxy formation.

2. The model

We call our model for star formation and feedback a ‘hybrid’ technique because
it does not explicitly resolve the spatial multi-phase structure of the ISM on
small scales, but rather makes the assumption that essential aspects of the global
dynamical behavior of the ISM can be described in terms of an effective sub-grid
model that only uses spatially averaged properties to describe the medium.

In this hybrid approach, each SPH particle is taken to represent a patch of
the ISM, which we here picture as a co-spatial fluid of condensed cold clouds
embedded at pressure equilibrium in an ambient hot gas. The hybrid particles
may also have a component of stars, forming out of the clouds. For these hybrid-
particles, the equations of hydrodynamics are only followed for the ambient
medium. The cold clouds and the stars are subject to gravity, add inertia, and
participate in mass and energy exchange processes with the ambient gas phase.
These processes are computed on a particle by particle basis in terms of simple
differential equations for a highly simplified model for the physics of the ISM.
The specific model described here tries to incorporate some of the key aspects
of the theoretical picture of the ISM outlined by McKee & Ostriker (1977).

In the following, pp, represents the local density of the ambient gas, p. is the
density of cold clouds, p, the density of stars, and p = pj + p. denotes the total
gas density. Because individual molecular clouds and stars cannot be resolved,
pc and p, are taken to be local averages over a small region of the ISM, which
is represented by one SPH particle.

We model three basic processes that lead to mass exchange between the
phases. These are star formation, cloud evaporation due to supernovae, and
cloud growth due to cooling. We discuss these processes in turn, focusing first
on self-regulated, ‘quiescent’ star formation. Later, we will extend the model
to include an additional run-away (i.e. ‘starburst’) mode of star formation. For
simplicity, we will omit adiabatic terms in the following definition of the model.
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We assume that star formation converts cold clouds into stars on a timescale
t«, and for each portion of stars formed, a fraction 3 is taken to be short-lived
and to explode as supernovae instantly. This can be described by:

dp.  pc Pc Pc
= _ gl — (1 -, 1
@~ P =0=-87 (1)

Star formation therefore leads to a depletion of the cold reservoir at the rate
pec/ts, and to an increase of the mass in the ambient phase as B3p./t., where we
assume that ejecta from supernovae are returned to the smooth gaseous phase.
The parameter § is the mass fraction of massive stars (> 8M;) formed for
each initial population of stars and hence depends on the adopted initial mass
function (IMF).

Apart from returning gas (enriched with metals) to the ambient phase of the
ISM, the supernovae also release energy. The exact value of the available energy
depends on the IMF. For the canonical value of 10%! ergs per supernova and the
IMF adopted here, we expect an average return of esy = 4 x 10%® ergs Mgl for
each solar mass in stars formed. The heating rate due to supernovae is hence

d d
3% o fSN% = ﬁHSNf—f, (2)
where ugny = (1 — )3 lesn may be expressed in terms of an equivalent ‘super-
nova temperature’ Tsn = 2uugn/(3k) ~ 10® K.

We assume that the supernova feedback energy is directly heating the am-
bient hot phase. In addition, we assume that cold clouds are evaporated inside
the hot bubbles of exploding supernovae, essentially by thermal conduction,
thereby returning material from condensed clouds to the ambient phase. We
take the total mass of clouds that are evaporated to be proportional to the mass
in supernovae themselves, viz.

dpc Pc

ir Ev_Aﬁt*' 3)
The efficiency A of the evaporation process is expected to be a function of the
local environment. For simplicity, we will only take the expected theoretical
dependence on density, A o p‘4/ 5, into account (McKee & Ostriker, 1977).
We will not try to estimate the evaporation efficiency from first principles, but
rather treat its normalization as a parameter. As we will discuss below, the range
of permissible values for A is limited once we require a plausible temperature
structure for the ISM model.

Finally, we invoke a process that lets cold clouds grow and come into exis-
tence in the first place. We here assume that a thermal instability is operating
in the region of coexistence between the cold and hot phases, leading to mass
exchange between ambient gas and cold clouds. In particular, we assume that
the energy radiated away cools material from the temperature of the hot phase
to that of the cold phase, leading to a growth of the mass contained in clouds.
This mass flux is thus:

do| 1

= . 4
dt - up — uCAnet(phauh) ( )
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Here uj and u. are the internal energies per unit mass for hot and cold phases,
respectively. We will typically assume a temperature of T, ~ 8000K for the
cold clouds. Of course, real clouds will form cores that are much colder, for
example by molecular cooling processes, but this is not important for the model
presented here, where we only rely on up > u.. Adopting smaller values for u,
would not influence our results. In the following, we will use a fudge factor

f= 1 normal cooling )
1 0 thermal instability active

to differentiate between situations where the thermal instability is assumed to be
operating, and regions where it is ineffective. In general, the gas can be expected
to exhibit thermally unstable behavior if the cooling rate is a falling function
of temperature. For a primordial mixture of gas this is the case roughly in the
range 105 — 108 K, while for metal-enriched gas the minimum of the cooling
curve shifts to higher temperatures, up to a a few times 107 K. We thus require
that the ISM temperature lies within this range. For the onset of the thermal
instability itself, we chose a simple density threshold criterion, with f = 0 for
P > peh, and f = 1 otherwise. This is motivated by the observed threshold
behavior of star formation (Kennicutt, 1983, 1989).

Summarizing the above, the mass transfer rates for hot and cold phases can
be written as:

dpc _ pe Pc 1-f
dt t, AIB t, + up — ug Anet(pha uh) (6)
dpr _ ,pc Pc 1-f
dat 'Bt* + AB t,  up— ucAnet(phauh) (7)

In both of these equations, the first terms on the right hand side describe star
formation and feedback, the second cloud evaporation, and the third the growth
of clouds due to radiative cooling of gas.

We now discuss the energy budget of the gas. Let € = ppup + pcu. denote
the total energy per unit volume of the gas, where u;, and u. are the energy per
unit mass for hot and cold components. We can write the energy budget as:

% (Prun + peuc) = —Anet(pn, un) + ﬂf_c‘USN -(1- ﬁ)%um (8)
* *

where Ayt is the radiative cooling function of the ambient hot medium. Only
the ambient gas is assumed to undergo radiative processes. The second term de-
scribes the non-gravitational energy injection by exploding supernovae. Finally,
the third term gives the loss of energy in the gaseous phase due to material that
is locked up in collisionless stars. For this loss term we assume that the material
that is converted into stars is at the temperature of the cold clouds.

Using our model assumptions, we can split the energy equation into two
separate equations for the thermal budget of hot and cold components:

d _ Pec Pc (1 - f)uc

dz (Pcuc) = t u. — A ‘. Ue + —uh g Aqet (9)
i (ppup) = ﬁ&(uSN + uc) + Aﬂ&u _ YT )l fucA " (10)
dt te ¢ t, © Up — Ue
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Figure 1.  Temperature structure (left) and effective pressure (right)
of the two-phase medium as a function of density in a cosmological
simulation. Above overdensities of ~ 10°, the ISM contains clouds at
8000 K embedded in a ambient hot phase with a temperature that
rises with density. The plume of gas on the left of the diagrams is
shock heated gas in halos. On the right, the pressure is shown in terms
of an effective temperature Teg = uPe/(kp).

Note that we will assume that the cold clouds are at a fixed temperature, so u.
will be treated as a constant. As a consequence, the above equations give the
evolution of the temperature of the hot phase as

on o = 62 (s + e — un) — ABL (i — ) — fhner (1)
t (" ts

This is one of the fundamental equations that is integrated in the simulation
code, augmented of course with a term coming from the external work by pres-
sure forces. Actually, for purely numerical reasons (Springel & Hernquist, 2001)
we prefer to use an equivalent formulation of the above equation in terms of
specific entropy.

A closer inspection of equation (11) reveals some interesting properties.
Suppose the thermal instability is operative (f = 0), then the temperature of
the hot phase changes only due to star formation and feedback processes. In
fact, as long as there is star formation, the temperature will evolve towards

_ _UsN
A+1

up, + Ue. (12)
This means that provided star formation is rapid enough compared to adiabatic
changes of temperature due to the motion of the gas, the temperature of the hot
phase will be maintained at the value set by equation (12), which is independent
of the star formation timescale t,. Since usually A > 1 and ugn/A > u.
this temperature is in practice just given by up ~ ugn/A. For a supernova
temperature of 102 K and, say, A = 100, the self-regulated temperature of the
hot diffuse phase of the ISM will thus be maintained at ~ 106 K.

A further interesting consequence of the above feedback model is that it
leads to self-regulation of star formation. Due to the evaporation process, star
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formation acts to reduce the density in cold clouds, thus lowering the star for-
mation rate. On the other hand, a higher density of hot gas leads to an increase
of the cooling rate, and hence to faster replenishing of clouds, thereby acting
to increase the star formation rate. In this way, a self-regulation cycle of star
formation is established where in dynamical equilibrium the growth of clouds is
balanced by their evaporation due to supernova feedback.

This condition can be seen in more detail by considering equation (8). In
the self-regulated regime of star formation, we expect the effective pressure

Pest = (v — 1)(pnun + pcuc) (13)

of the medium to be constant in time. This condition implies
Pc _ Apet (ph7 uh) ) (14)
te  Pusy — (1 - Buc
Using Anet(ph,un) = A(up)p? and Pusny > u., we thus obtain an expres-
sion for the expected ratio of mass in the cold and hot phases, viz. p./pn =
t.A(up)pn/(Busn). Once the thermal instability sets in, we expect the cold
clouds to be the dominant component in mass, i.e. pr < p. and p ~ p.. We can
then estimate the mass fraction of the hot component as

(@)2 _ _Pusn  Busn (15)
Pc teA(un)pe  teA(usn/A)p
The effective pressure of the gas will therefore take on the value
USN Busn 1/2
=(y-1)p{ — | ————— . 1
Far =00 )"{ i tm) 1o

If the first term in the curly brackets becomes larger than u., the medium
will thus be pressurized by star formation. The dependence of Peg on density
is particularly important for the dynamical stability of star forming regions
and can provide enough vertical thickening to a gaseous disk to prevent rapid
break-up into clumps due to dynamical instabilities. In Figure 1, we show the
temperature structure that results for this model in star forming regions, and
how it leads to pressurization of the medium.

3. Parameter choices

We parameterize the density dependence of the supernova evaporation parame-
ter as

A(p) = Ao (;f;) _4/5, (17)

where py, and Ay are parameters of the model. We also need to specify the star
formation timescale ¢,. We here follow a common assumption often adopted in
cosmological SPH simulations by making the star formation timescale propor-
tional to the local dynamical time of the gas. We thus set

t(p) = £ (p—’t’h)_w, (18)
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Figure 2.  Star formation rate per unit area versus gas surface density
in a quiescently star forming disk galaxy. The symbols show simulation
measurements at various outputs times for a run with ¢t = 6 Gyr. The
solid line indicates the ‘Kennicutt’-law.

where tj is a parameter of the model. For the purposes of this work, we neglect
uncertainties in the IMF and treat 8 and ugn as known constants. However,
the three parameters piy,, Ag, and t§ are of crucial importance for the behavior
of the model and should ideally be either eliminated, or tightly constrained by
observations. ‘

To obtain a plausible model, we first require that at the onset of the thermal
instability, the equilibrium temperature of the hot medium is such that the ther-
mal instability in fact becomes operative. This means that the cooling function
should start to fall at this temperature, which happens at ~ 10°K. We thus re-
quire that Tsn/Ag = 105 K, which fixes Ag to a value of ~ 1000. Next, we argue
that self-regulation of star formation can only work if the pressure generated by
it is dynamically relevant at all. In the context of the present model, this may
be expressed by requiring that the first term in the curly brackets of equation
(16) reaches at least the size of u.. Assuming that this condition just holds at
the onset of star formation, we have

2
USN Busn
= . 19
Pth (Aouc) t5A(usn/Ao) (19)

Given a value for tjj, the density threshold pyy, is then determined. The model
therefore depends on one real free parameter, the star formation timescale t§.
Note that this parameter sensitively determines the star formation rates obtained
in simulations that use this model. We can hence use the observed star formation
rates of local disk galaxies (Kennicutt, 1983, 1989) to determine t§. The observed
‘Kennicutt’-law consists of a power-law correlation

(20)

1.4+0.15
Ysrr = (2.5 4+ 0.7) x 107* ( Ygas ) Mo

Mgpc—2 yrkpc?

between the average star formation rate per unit area and the surface gas density,
and a cut-off for star formation activity below a density of approximately Egas ~
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10Mgpc™2. In Figure 2, we show simulation results for the star formation
densities obtained for isolated disk galaxies, where a value of t§ = 6 Gyr was
used in order to match the observational amplitude of star formation. Note that
matching the slope is non-trivial, because it requires that the vertical structure
that develops under the action of Peg for a self-gravitating disk of gas leads
to star formation rates per unit area which are compatible with the observed
Kennicutt-law. Also note that the cut-off obtained in the simulation is at the
right place. In the present model, the cut-off for the star formation rate is
induced by the value chosen for pg,, which however depends on ¢§. It is thus
a nice consistency check for the model that the implied cut-off matches the
observed one once tj is set to reproduce the amplitude of the Kennicutt-law.

4. Starbursts

As described above, the multi-phase model is effective in establishing a numeri-
cally well controlled regulation cycle for the star formation of gas that has cooled
and collapsed to very high baryonic overdensities. Gas contained in dark mat-
ter halos can thus cool and settle into a rotationally supported disk where the
baryons are gradually turned into stars, with a rate that is in accordance with
observations of disk galaxies. However, the model will not be able to account
in this form for the rich phenomenology associated with starbursts and galactic
outflows. These energetic events are likely to be of crucial importance to un-
derstand the enrichment of the intergalactic medium (IGM) with metals, and
the apparent ‘preheating’ of the gas observed in the intracluster medium. Also,
a process that can reheat and transport collapsed material from the center of
a galaxy into or out of its extended dark matter halo seems to be required to
reproduce both the shape and amplitude of the observed cosmic star forma-
tion history. This is also suggested by semi-analytic models of galaxy formation
which need to invoke such feedback processes to arrive at a successful galaxy
formation scenario.

To account for starbursts, we assume that the self-regulation of star forma-
tion breaks down at sufficiently high gas densities, being replaced by an ‘explo-
sive’ (i.e. very rapid) mode of star formation. In the self-regulated regime, cold
clouds are imagined to be constantly formed and evaporated. In fact, if clouds
are not replenished by cooling, they would be consumed on a timescale

* 3/10
t= b to (L) . 21)
BA  BAo \pn

This timescale t. describes the speed on which clouds are reprocessed. At the
onset of star formation, it is about a factor ~100 shorter than the star formation
timescale itself, on the order a few times 107 years. However, for higher densities,
clouds are reprocessed more slowly, and eventually ¢, will become larger than
the maximum lifetime of individual clouds. At this point it is becoming unlikely
that tight self-regulation can be maintained. Instead we will assume that all of
the clouds begin to collapse and to form stars, i.e. the timescale of star formation

will suddenly become very short.
Since it is rather unclear how this transition to accelerated star formation
proceeds in detail, we model it in a simple way. We assume that self-regulation
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Figure3.  Star formation rate per unit volume in a cosmological simu-
lation using the multi-phase model including starbursts. Symbols show
various observational constraints. In this simulation, only about 10%
of all the baryons are locked up in stars at z = 0.

breaks down once the evaporation parameter falls below a prescribed value Ag,
at which point we will assume rapid star formation with ¢, — 0. The existence
of this threshold imposes an upper bound on the cloud reprocessing timescale,
and also a maximum temperature for the self-regulated hot phase of the ISM.

If the starburst threshold Agy, is reached for a particle with mass M. in cold
clouds, this mass will then be turned into stars and hot supernova remnants
with masses M, = M.(1 - 3)/(1 + BA’) and M}, = BM_ (1 + A")/(1 + BA’), and
the temperature of the remnant gas will be set to u, = ugn/(1 + A’) + u.. This
assumes that even in this ‘burst’ mode of star formation, cloud evaporation takes
place with efficiency A’. It is plausible that A’ is substantially smaller than Agy,,
because many clouds will already have turned into stars once the supernovae
begin exploding. On the other hand, it is unlikely that evaporation would be
completely suppressed. Lacking better estimates, we here assume A’ = 10 for
this process, which will roughly split the cold cloud mass equally in stars and
hot remnant gas, with the latter ending up at a temperature of about 107 K.
For Ay, we select a value of 25 for now, but we note that we in principle allow
this value to be adjusted in order to improve fits of cosmological simulations to
observations. In particular, we expect that Ag, will have a strong impact on the
cosmic star formation history, the metal enrichment of the IGM, and the faint
end of the luminosity function, among others. Any of these observations may
thus be used to constrain Agp,.

Once a starburst event in the above sense has taken place, we create a new
star particle of mass M,, and the hybrid particle that is left behind is reduced
in mass to M} (plus any hot gas it had before the event), all of it being in
the ambient phase, i.e. the particle becomes a ‘normal’ single-phase gas particle
at this point. After a time-delay of 107 years, corresponding to the lifetime of
massive stars, all of the supernova energy produced in the starburst is injected
into the gas particle that is left behind. This triggers a small explosion, and in
general accelerates the particle due to the created pressure forces towards the
negative density gradient. In a star forming disk, the collective effect of many
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of such star-bursting particles in the central region can then produce a bipolar
galactic wind. For small enough galaxies, the gas can actually leave the dark
halo entirely and become gravitationally unbound from it.

Using this starburst model, we obtain a very good match between obser-
vational constraints on the star formation history and simulation results. In
Figure 3, we show a result for a small cosmological test simulation with 2 x 1003
particles. Starbursts are very frequent at high redshift, and become increasingly
less important at low redshift. Outflowing material actually enriches and heats
the IGM. We will give a more detailed analysis of these results in future work.

5. Conclusions

While the modeling of star formation and feedback discussed here is still phe-
nomenological to a large degree, we think it is arguably better motivated by
the underlying physics than feedback schemes previously employed in numerical
studies of galaxy formation on cosmological scales. The ability of the model to
simultaneously match the star formation law of isolated disk galaxies and the
cosmic star formation history make it a highly promising candidate for further
simulation work on galaxy formation. In particular, the approach accounts for
galactic outflows and will thus allow us to address a large number of highly
interesting questions related to the enrichment and heating of the IGM, and its
relation to star forming high-z galaxies. An SPH approach like the one pre-
sented here seems almost ideally suited to study these problems. Alternatively,
adaptive mesh refinement codes may also be fruitfully combined with a sub-grid
technique like the one discussed here.

We have already applied an earlier version of the current model in a large
simulation of the ‘concordance’ cosmology, using 2 x 3003 particles in a box
33.5h~!Mpc on a side. First results for this particular run, which did not yet
account for starbursts and metal enrichment, have been discussed by White,
Hernquist & Springel (2001a,b). In future work, we plan to investigate the
consequences of starbursts for galaxy formation and the IGM in detail, using
simulations of comparable or even larger size.
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