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3
Feedback from SNe & stellar winds

J.P.E. Gerritsen & V. Icke

We test a number of different methods for incorporating mechanical feedback from star formation (i.e.
supernovae and mass loss from massive stars) in 3D numerical simulations. It appears that assigning all
this feedback energy to single gas particles gives best results and allows for “superbubbles” in the gas
that have properties corresponding to those observed. Mechanical feedback does not affect the global
star formation rates in isolated galaxies, but acts locally. The simulations produce an interstellar medium
with gas temperatures between 10 and 107 K, with most of the matter in one of three phases centred on
100, 104 and 106 K.

COMPREHENSION of galaxy evolution re-
quires a good understanding of the

transformation of gas into stars, and how
newborn stars interact with the surround-
ing interstellar medium (ISM): feedback from
star formation. For our interest, the evolu-
tion of galaxies, no detailed understanding
of individual stars is needed, but knowledge
about clusters of stars, such as the stellar
clusters in Orion and the large star forming
region 30 Doradus in the LMC, is needed.
Elements of such clusters are: molecular &
ionized gas, strong ionizing and UV-flux due
to massive stars, cavities in the gas distribu-
tion due to supernovae and stellar winds (see
e.g. the beautiful Hubble Space Telescope pic-
ture of NGC 604 in M33 Savage, Jones & Vil-
lard 1996, with a description of this cluster by
Yang et al. 1996, and Kennicutt & Chu 1994
for a review about 30 Doradus).

Clearly, such star forming clusters are very
complex systems, and deserve simulations
for their own sake (e.g. Tenorio-Tagle & Bod-
enheimer 1988). In N-body simulations of
galaxies, however, single points are often lar-

ger than these cluster, so in these simulations
you want to know the net effect of a stellar
cluster on its environment, while not bother-
ing about details.

In the last decade programs have become
available which allow the simultaneous treat-
ment of hydrodynamics and gravitational
dynamics (e.g. Hernquist & Katz 1989; Nav-
arro & White 1993; Heller & Shlosman 1994;
Steinmetz 1996). With these programs it
is possible to study the complex evolution
of galaxies: evolution in isolation (Friedli
& Benz 1995), the formation of galaxies in
a cosmological setting (Katz & Gunn 1991;
Katz 1992; Katz, Weinberg & Hernquist 1996;
Steinmetz & Muller 1995; Frenk et al. 1996),
interacting galaxies (Hernquist 1989, Barnes
& Hernquist 1991, 1996, Mihos & Hernquist
1994a,b, 1996), galaxies in clusters (Pildis, Ev-
rard & Bregman 1996; Moore et al. 1996).

A proper description of star formation and
its effects on the surrounding gas in these
simulations is still needed. Most studies do
incorporate star formation in some way, but
a thorough study of the systematic effects of
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36 Chapter 3 Feedback from SNe & stellar winds

the treatment is often lacking. Star forma-
tion has two main effects on the ISM: first,
it removes gas which is locked up in stars,
and second it injects large quantities of en-
ergy into the ISM, partly by radiation (ion-
izing and UV), partly by mechanical energy
due to SNe and stellar mass loss.

One way of incorporating star formation in
numerical simulations, with UV radiation as
feedback, has been given by Gerritsen & Icke
(1997, Chapter 2). In those simulations gas
can cool radiatively, but it can also be heated
by UV radiation. This allows a two-phase
ISM with gas temperatures between 10 and
a few 104 K. This enabled us to use a Jeans
criterion to select dense, cold region where
stars are likely to form. The procedure is self-
consistent and leads to reasonable star form-
ation rates (SFRs) for disk galaxies.

In this paper we extend these simulations
with the inclusion mechanical feedback. We
start with a brief overview of the numerical
technique and model galaxy in x3.1. Various
recipes for incorporating mechanical feed-
back are tested and compared with standard
bubble theory in x3.2. From this analysis we
select the method that works best, and see
how it affects the global star formation and
ISM (x3.3).

3.1 Numerical technique

We model the evolution of galaxies us-
ing a hybrid N-body/hydrodynamics code
(TREESPH; Hernquist & Katz 1989). A
brief summary of the techniques pioneered
by these authors follows. A tree algorithm
(Barnes & Hut 1986, Hernquist 1987) determ-
ines the gravitational forces on the collision-
less and gaseous components of the galax-
ies. The hydrodynamic properties of the
gas are modeled using smoothed particle hy-
drodynamics (SPH; Lucy 1977, Gingold &
Monaghan 1977). The gas evolves according
to hydrodynamic conservation laws, includ-
ing an artificial viscosity for the treatment of
shocks. Each particle is assigned an indi-
vidual smoothing length, h, which determ-
ines the local resolution and an individual

time step. Estimates of the gas properties
are found by smoothing over 32 neighbours
within 2h. For example, the smoothed dens-
ity is given by

�(~r)=
32

∑
j=1

mjW(~r�~rj;h); (3.1)

where W(~r;h) is the smoothing kernel and mj
is the particle mass.

We adopt the equation of state

P = (� 1)�u; (3.2)

where P is the pressure, � the density, u the
thermal energy density, and  = 5=3 for an
ideal gas.

In the Lagrangian formulation of SPH en-
ergy conservation can be expressed as

du
dt
=�P

�
r~v+ (Γ� �Λ); (3.3)

where ~v is the velocity, and (Γ� �Λ) repres-
ents the radiative heating and cooling pro-
cesses.

As in Chapter 2 we allow radiative cool-
ing of the gas according to the cooling func-
tion for a standard hydrogen gas mix with
a helium mass fraction of 0.25 (Dalgarno &
McCray 1972). Radiative heating is assumed
to be due to photoelectric heating of small
grains and PAHs by the far-ultraviolet (FUV)
field, produced by the stellar distribution.

All our simulations are advanced in time
steps of 1:5 � 106 yr for star particles, while
the time steps for SPH particles can be 8 times
smaller. The gravitational softening length
is 50 pc. A tolerance parameter � = 0:7 is
used for the force calculation, which includes
quadrupole moments.

3.1.1 Star formation

Chapter 2 describes the recipe for transform-
ing gas into stars; below we summarize the
key ingredients.

From our SPH particle distribution we se-
lect conglomerates where the Jeans mass is
below the mass of a typical giant molecular
cloud. In the simulations performed here we
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use Mc = 3:15 � 105 M
�

for this aggregate
mass (the method is not very sensitive to the
exact value of this mass). The Jeans mass de-
pends on the local gas properties and is calcu-
lated from the SPH estimates of the density �
and sound speed s,

MJ =
1
6
��

�
�s2

G�

� 3
2

; (3.4)

with G the constant of gravity. During the
simulations the maximum number density
achieved is of the order of 10 cm�3. It follows
that only regions below 1000 K are unstable
and may form stars.

We follow unstable regions during their
dynamical and thermal evolution and if an
SPH particle resides in such a region longer
than the collapse time

tu > tc =
1p

4�G�
; (3.5)

half of its mass is converted into a star
particle.

Important for our calculations is that we
consider star particles as stellar cluster with
an age. Thus for each individual star particle
we can attribute quantities like the SN-rate,
the mass loss, and the FUV-flux, according to
its age. We use the spectral synthesis mod-
els of Bruzual & Charlot (1993) to determ-
ine these quantities, where we adopt a Sal-
peter initial mass function (IMF) with slope
1.35 and with lower and upper mass limits of
0:1 M

�
and 125 M

�
respectively.

The radiative heating for a gas particle is
calculated by adding the FUV-flux contribu-
tions from all stars, which is done together
with the force calculation. The mechanical lu-
minosity from a star particle is determined by
both the SN-rate and the mass loss rate. We
assume that each SN injects 1051 ergs of en-
ergy and that the energy injected by stellar
winds is Ew =

1
2∆m

�
v2
1

, with v
1

the wind ter-
minal velocity and ∆m

�
the stellar mass loss.

For massive stars v
1

depends critically on
the stellar mass, luminosity, effective temper-
ature, and metallicity (e.g. Leitherer, Robert
& Drissen 1992, Lamers & Leitherer 1993),

while for low mass stars a good approxim-
ation is v

1
= 20 km/s. For simplicity we

adopt v
1
= 2000 km/s if the star particle is

younger than 3� 107 yr.

3.1.2 Model galaxy

We created a model galaxy in which to test
different feedback implementations. The
properties of this galaxy were derived from
those of the Sc galaxy NGC6503. An extens-
ive description of the galaxy and its transla-
tion into a model can be found in Bottema &
Gerritsen 1997; here we summarize the main
points. We assume an exponential stellar disk
with an isothermal z-distribution (e.g. Van
der Kruit & Searle 1982):

�(R; z) = �0 exp(�R=h
�
) sech2(z=z0); (3.6)

with measured radial scale length h
�
= 1:16

kpc and vertical scale height z0 = h
�
=6 = 0:19

kpc. The disk is truncated at 5 scale lengths
(5.8 kpc).

The mass of the stellar disk is calculated
from the measured stellar velocity disper-
sions (Bottema 1989, 1996) assuming that the
z-dispersion �z is due to the surface density
of the stellar disk (Σ

�
):

�z =
p
�Gz0Σ

�
: (3.7)

This implies a Toomre stability parameter
Q � 1:7 throughout most of the disk, and
yields M

�
= 3:49� 109 M

�
, which in turn sets

�0.
Particles are distributed according to the

density distribution (Eq. 3.6), and velocities
are assigned according to the (gas) rotation
curve (with a maximum of 120 km/s) correc-
ted for asymmetric drift. Dispersions in the
(R; z; �)-directions are drawn from gaussian
distributions with dispersions of (�R;�z ;�� )
respectively, using the relations

�z = 0:6�R ; �� =
�

2!
�R; (3.8)

with ! and � the orbital and epicyclic fre-
quencies.
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The gas surface density distribution is
modeled after the H I distribution,

Σg = Σ0(1� R=hg); (3.9)

with central surface density Σ0 = 10 M
�
=pc2,

and radial extension hg = 14:5 kpc. In our
calculations we truncate the gas distribution
at 8 kpc, well outside the stellar disk, to save
computing time. This yields a total gas mass
1:26� 109 M

�
.

A halo is included in the calculations as
a fixed potential. This is justified since the
galaxy evolves in isolation and the back-
reaction of the dynamically cold disk on the
hot halo is presumably negligible. This has
the advantage that we do not have to make
assumptions about halo particle orbits, and
we do not have to spend time in calculating
the force of the halo particles on the galaxy.
We assign an isothermal density distribution
to the halo,

�h =
�0

1+ (r=rc)2 ; (3.10)

with central volume density �0 =

0:582 M
�
=pc3 and core radius rc = 624 pc.

This correctly puts the maximum rotation
velocity at 120 km/s.

We assign ages randomly to all star
particles according to an exponentially de-
clining SFR,

SFR =
Mt

�b
exp(�t=�b ); (3.11)

with total mass Mt = M
�
+ Mg = 4:75 �

109 M
�

, and burst time �b = 4:2 Gyr. This
gives an age of 5:5 Gyr for the oldest star
particle and a current SFR of 0.30 M

�
=yr.

In the simulations we use 40,000 SPH
particles and 80,000 star particles initially.
This corresponds to an SPH particle mass of
3:15 � 104 M

�
and a star particle mass of

4:36� 104 M
�

. This begins to marginally re-
solve giant molecular clouds.

3.2 Exploring methods for SN feed-
back

In the literature a number of methods for in-
corporating feedback in N-body simulations

exists. These methods can be divided into
two categories: enhancing the thermal energy
of SPH particles, or adjusting their velocities
by some fraction of the thermal energy of the
SNe.

Before considering the implementations of
SN feedback, we first discuss the present
knowledge about superbubbles surrounding
OB associations, as this may guide us in de-
termining how best to incorporate their phys-
ical effects.

3.2.1 Wind-driven bubbles

Winds and SNe from OB associations are cap-
able of blowing cavities into the surrounding
ISM, and may even produce “superwinds”
in starburst galaxies. In the standard model
for wind-driven bubbles a massive star de-
poses mechanical luminosity at a constant
rate (Castor, McCray & Weaver 1975; Weaver
et al. 1977). McCray & Kafatos (1987) have
shown that this theory can also be applied
to OB associations in which SNe occur. The
mechanical luminosity injected into a hot
bubble interior sweeps up the external me-
dium in a thin, dense shell. Approximately
20% of the total energy injected is conver-
ted into the kinetic energy of this shell. Mo-
mentum and energy conservation combined
with a constant energy input rate yield a self-
similar solution for the shell radius Rs,

Rs = (65:9 pc)
�

L38

n0

�1=5

t3=5
6 ; (3.12)

where n0 is the ambient H number density in
cm�3, L38 is the mechanical luminosity in 1038

ergs/s, and t6 is the superbubble age in Myr
(Shull & Saken 1995). This equation holds un-
til the bubble breaks through the disk layer
(Rs � 200 pc for the Galaxy). The bubble pres-
sure (in the absence of radiative cooling) is
then

P
k
= (2:0� 105 K cm�3) L2=5

38 n3=5
0 t�4=5

6 : (3.13)

For our simulations it is useful to rewrite
L38 in terms of star particle (stellar cluster)
mass. With our adopted Salpeter IMF (x3.1.1)
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about 0.8% of stellar mass is contained in
stars more massive than 8 M

�
. As an ap-

proximation we can make the wind energy
input equal to the SN input, so that for a
104 M

�
cluster the average luminosity is L =

1:6� 1038 ergs/s and Eq. 3.12 can be written
as

Rs = (288 pc)
�

M4

n0

�1=5

t3=5
7 : (3.14)

Therefore, bubbles of a few hundred parsecs
are expected in the simulations.

The applicability of the wind-driven
bubble theory has been tested by several
groups. Brown, De Geus & De Zeeuw (1994),
Brown, Hartmann & Burton (1995) studied
the Orion OB1 association in connection with
the Orion-Eridanus bubble; in the LMC su-
perbubbles have been studies by Oey (1996).
In general it is found that the observed
stellar population produces enough energy
to create the bubble, although the observed
shell radius is often smaller than is expected
on the basis of the theory.

Many hydrodynamical studies of super-
bubbles are available in the literature (see the
review by Tenorio-Tagle & Bodenheimer 1988
and references therein) and these generally
agree with the theory. However, the stand-
ard theory assumes a homogeneous ambi-
ent medium. Differences may occur when
this assumption is relaxed. From a recent
three-dimensional study of superbubbles in a
cloudy medium (Silich et al. 1996) it appears
that only 5%� 10% of the total energy input
is converted into kinetic energy of the shell,
as opposed to 20%.

3.2.2 Thermal energy supply

Pioneering work on star formation in N-
body/SPH simulations and the effects of
feedback has been performed by Katz (1992).
In the original implementation all mechan-
ical energy from a new star particle is re-
turned instantly to the neighbouring SPH
particles as thermal energy, using the SPH
smoothing algorithm. Their simulations in-
clude radiative cooling, and since star forma-

tion occurs in high-density regions, the cool-
ing is very efficient there. This means that
the added thermal energy is rapidly radiated
away. Thus the effect of the feedback is small;
certainly mechanical input is not capable of
dispersing the gas. Such an effect would
have important consequences for the mixing
of fusion-enriched material throughout the
galaxy.

In cosmological simulations with, at
present, gas particles of the order of 109 M

�
,

and spatial resolution of a few kpc, it is
impossible to create superbubbles with sizes
of half a kpc. In this case feedback is to be
regarded as “microphysics” and a thermal
energy feedback may be adequate (Katz,
Weinberg & Hernquist 1996). However,
when modeling individual or interacting
galaxies, the resolution is better and one
would like the feedback to have more effect
on the surrounding gas, e.g. to allow for gas
outflows.

3.2.3 Kick velocity

The effect of feedback can be increased dra-
matically by changing the kinematics of gas
particles. In the implementation of Navarro
& White (1993) gas particles around “active”
stars receive a velocity perturbation directed
radially away from the star. The velocity per-
turbation represents a fraction fv of the total
energy released by SNe, and the rest of the
energy is added as thermal energy to the gas
particles.

Implemented in this way, the feedback may
have profound effects on the gas, depend-
ing largely on the value of fv. Navarro &
White (cosmological simulations) favour val-
ues of fv � 0:1, Friedly & Benz (1995, simula-
tions of barred galaxies) take fv of the order
of 0.01 and Mihos & Hernquist (1994, 1995
simulations of interacting galaxies) choose fv
as low as 10�4. Clearly, there is a lot of
arbitrariness in the choice of fv, and since
the consequences for the simulations are dra-
matic an external constraint on fv is neces-
sary. Observations and detailed simulations
of superbubbles (cf. x3.2.1) indicate that about



40 Chapter 3 Feedback from SNe & stellar winds

FIGURE 3.1— The
distribution of SPH
particles in the plane of
the galaxy (jzj < 0:1 kpc);
each dot represents a
particle. Feedback with
kick velocity easily blows
large cavities into the gas.
Only FUV feedback is
not capable of blowing
holes. Pressure feedback
creates reasonable holes
into the gas. Left panels:
SPH particles receive
a kick velocity from
star particles; top-right
panel: pressure feedback;
bottom-right panel: no
mechanical feedback, but
only FUV heating. Each
panel measure 20 � 20
kpc.

5%� 20% of the total mechanical luminosity
is used for expansion of the bubble, while the
rest of the luminosity is radiated away. Thus
fv of the order of 0.1 seems appropriate.

We have experimented with adding a kick
velocity to SPH particles that surround active
star particles. The first test for such a recipe is
the effect on a single disk galaxy, in our case
the model galaxy described in x3.1.2. The gas
is allowed to radiate and to form stars. At
each time step the mechanical energy output
from all stars is calculated (see x3.1.1), and
this energy is attributed to SPH neighbours,
according to the SPH smoothing algorithm.

The results of the feedback on the gas can
be judged from Fig. 3.1, which shows the gas
particles within 0.1 kpc from the galaxy plane
projected face-on. The two simulations differ
in the value of fv, in the top-left box fv = 0:01,
in the lower-left box fv = 0:001. In these sim-
ulations the mass of a new star particle is ap-
proximately 104 M

�
, while the number dens-

ity of the cold, star forming gas in the inner
part of the disk is of the order of 10 cm�3. The
shell radius in the standard pressure driven
wind model (cf. Eq. 3.14) then becomes Rs �
300 pc. If a few star particles are present Rs

may be about half a kiloparsec. In the outer
parts of the disk the gas density is more than
an order of magnitude lower, so the bubble
size may be twice as large.

The size of the bubbles for fv = 0:01 ex-
tends to a few kpc, much larger than pre-
dicted and also much larger than the sizes of
observed bubbles.

The bubble sizes do not depend on res-
olution. Comparison between a simulation
with N = 10,000 gas particles and one with
N = 80,000 gas particles does not show a sig-
nificant decrease in bubble size. As the large
bubble size is not caused by poor resolution,
we cannot use the physically desirable value
fv = 0:1. Additional support to reject this
value for fv comes from the gas velocity dis-
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FIGURE 3.2— The velocity dispersion for the gas
for various simulations; solid line: pressure feed-
back; dotted line: fv = 0:001; dashed line: fv = 0:01;
dashed-dotted line: no mechanical feedback, but only
FUV heating; thick dash-dot line: observation of the
H I velocity dispersion for NGC 6946 (from Sancisi,
Kamphuis & Swaters 1996).

persion, which seems quite high (see Fig. 3.2).
The simulation with fv = 0:001 shows

smaller bubbles; the global appearance is bet-
ter, although the holes are still large. But
now the input of kinetic energy into the gas
is a factor 100 lower than what is required!
We can think of a few mechanisms why fv

cannot be of the order of 0.1 in the simula-
tions: (1) the simulations do not contain high-
density giant molecular clouds, which block
superwinds more efficiently than diffuse gas,
(2) energy cannot escape into the halo, since
all energy is attributed to SPH particles, and
(3) the energy is not distributed isotropically,
since we divide the energy among the star’s
neighbours (see Fig. 3.3). Nevertheless, it
seems impossible to explain a shortfall of a
factor 100.

3.2.4 Pressure

Given the problems with the methods men-
tioned above we explored a different way
of implementing feedback. In the standard
bubble theory, the expansion of bubbles is

FIGURE 3.3— The distribution of 32 SPH particles
(dots) which are closest to a (young) star particle (star),
and hence receive all the mechanical energy associated
with that star particle. The left box shows the XY pro-
jection, the right box the XZ projection. The box size is
1 kpc. Clearly, the mechanical energy is not distributed
isotropically. This situation occurs often, since new star
particles preferably form at the edges of bubbles where
the density is highest.

due to the hot interior of the bubble, i.e. the
bubble is pressure driven. We want the sim-
ulations to create bubbles the same way. The
way we try to mimic hot bubbles is by mak-
ing one SPH particle hot, which we call from
now on “SN particle.” This SN particle re-
ceives all the mechanical energy from the star
particle in the form of thermal energy, and is
thus the carrier of the feedback from massive
stars. We then let the program do all the
work instead of adjusting velocities by hand.
Thus we accept our limitations from the start:
since we can never achieve sufficient resolu-
tion, we charge one particle with the whole
task. At the very least this is an unbiased in-
put, and we trust the particle collision mech-
anisms to perform the redistribution and turn
our pseudo-point-explosion into an isotropic
shell.

In simulations with NSPH = 40,000 and
N
�
= 80,000 particles the smoothing length of

cold, star forming SPH particles is h � 0:1.
Thus the hot SN particle will have an influ-
ence out to 200 pc at first instance. If the
particle succeeds in pushing its neighbours
out due to its high pressure, a bubble may be
created; if the neighbours push back strongly
enough, or deflate the cavity by rapid cool-
ing, no bubble will appear.

Heller & Shlosman (1994) applied a sim-
ilar method for feedback, but in their simu-
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lations the gas is kept isothermal and there is
no “real” star formation in the sense that no
new star particles are created nor is gas mass
removed. They just mimic the effects of feed-
back from star formation by adding pressure
to gas particles that reside in high-density re-
gions. This makes the evolution of the ISM
a self-regulating process in their simulations,
since dense gas clumps are dispersed.

Special adjustments

A real bubble consists of a hot, low density in-
terior pushing against a dense ambient ISM.
In SPH the density is estimated by smooth-
ing over 32 neighbours. This implies that
the density for the SN particle is approxim-
ately the same as the density of its neigh-
bours. Consequently, the density of the SN
particle is much higher than the density in-
side a bubble. It also implies that the cool-
ing (which scales with �2) is much more ef-
ficient in the simulation than in reality. In
effect, simply adding the mechanical energy
as thermal energy does not allow hot SN
particles, since these particles quickly cool
to 104 K. In order to create hot SN particles
we have to turn radiative cooling of the SN
particles off temporarily (note that we do al-
low cooling done by the work PdV of the SN
particle on its neighbours).

Implementation

When an SPH particle is selected to form
a star, we give half its mass to a new star
particle and the other half is retained. During
the next 3� 107 yr we attribute all mechan-
ical energy released by the star to its parent
SPH particle, the SN particle. The temperat-
ure of the SN particle is set by the mechan-
ical energy density from the star particle at
each time step; this temperature is of the or-
der of 106 K and is shown in Fig. 3.4. The SN
particle is not allowed to cool radiatively yet.
After 3� 107 yr radiative cooling is turned on
again and the particle behaves like a normal
SPH particle, except that the next 3� 106 yr
it still receives some mechanical energy from
the star particle (the lifetime of an 8 M

�
star is

FIGURE 3.4— The temperature of a SN particle
versus age. The temperature is determined by the SN
energy (1052 ergs/s/SN) and the stellar wind energy
( 1

2 ∆m
�
v2
1

), with v
1
= 2000 km/s before 30 Myr and 20

km/s afterwards.

3:2� 107 yr), in addition to the FUV heating.
Depending on its success in creating a low-
density bubble, the SN particle may remain
hot or may cool again.

During the first 107 yr we copy the posi-
tion and the velocity of the SN particle from
the star particle. Afterwards there is no con-
nection between the star and SN particle any
more, and mechanical energy may escape
from the neighbourhood if the SN particle mi-
grates.

Appearance

We applied the pressure method to our model
galaxy. The top-right panel of Fig. 3.1 shows
the face-on gas distribution. Clearly visible
are small empty spots, especially in the centre
of the galaxy, with sizes of a few hundred par-
sec at most. Further out, the bubbles become
somewhat larger, up to a kpc in diameter. The
global appearance of the gas disk can be com-
pared with the H I image of NGC6946 (Fig.
3.5). Although this grand design galaxy is
three times larger than our model galaxy, the
correspondence between the appearance of
holes in both disks is quite good. The dashed
line in Fig. 3.2 shows the velocity dispersion
of the gas; the theoretical values agree with
those observed (Kamphuis 1993 and Sancisi,
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FIGURE 3.5— Comparison between a synthesized H I map from the simulations with pressure feedback and the
observed H I map of NGC 6946 (courtesy J. Kamphuis). The size of the left image is about 20 kpc, while the right
one has a size of 60 kpc.

Kamphuis & Swaters 1996).

We have made an effort to quantify the
morphological results of these calculations
by analyzing the shapes in the projected gas
distributions of NGC6946 and of our model
galaxies. Unfortunately this produced disap-
pointing results, in the sense that we have not
found a satisfactory morphological indicator
that gives sound numerical results. Fourier
transformation of the images turns out to be
practically useless, even though the Fourier
spectra show clear similarities. This is not
too surprising, because the usual Fourier out-
put (a power spectrum) contains no phase in-
formation, whereas it is fair to say that the
shape is mostly in the phase correlations.

We have tried to construct a “hole de-
tector” by convolving the density distribu-
tions with a model hole in which the surface
density has the form

h(r) �
�

r2

�2 � 1
�

e�r2=�2
(3.15)

This is a density-compensated distribution,

in the sense that
1Z

0

r h(r) dr = 0 (3.16)

so that it does not represent a mass excess,
just a mass redistribution. This function is
very well-behaved; among other things, its
Fourier transform has the same shape, so that
the convolution does not add spurious struc-
tures.

The results are shown in Fig. 3.6, where the
resulting convolution is plotted as a function
of the hole size � in pixels. The holes are
clearly picked out, and it is evident that they
have a characteristic size distribution. How-
ever, we have not yet succeeded in compar-
ing this properly with actual galaxies.

Limitation

During the time that an SPH particle is tem-
porarily a SN particle it cannot form stars.
This implies that there is a maximum star
formation rate set by this model. Consider
the case of a major merger, where half the
total gas mass is transported into the nucleus,
while the other half is locked up in the tidal



44 Chapter 3 Feedback from SNe & stellar winds

FIGURE 3.6— Sequence of convolu-
tions of the simulation presented in Fig.
3.5. Each image is 256 by 256 pixels.
The values of � (in pixels) increase top
to bottom and left to right, as � = 1, 2,
4, 8, 16, 32.

tails. The maximum star formation rate is
set by the total gas mass available (1/2 Mgas)
of which half can be converted into stars in
one time step, and by the SN time, which is
3� 107 yr. Thus we find

SFRmax =
Mgas

1:2� 108 yr; (3.17)

which for a merger of two model galaxies
corresponds to 21 M

�
/yr. For two Milky

Way-type galaxies merging, assuming in total
1:1 � 1010 M

�
of gas, this yields SFRmax =

92 M
�

/yr. Such a merger has been studied
by Mihos & Hernquist (1994). They find a
maximum SFR of approximately 70 M

�
/yr.

Apparently some care is needed when inter-
preting the SFR during a merger simulation.

3.2.5 Pressure redistribution is best

Based upon our experience we think that the
pressure scheme is an attractive method for
modeling mechanical feedback effects. Just
adding thermal energy has (almost) no ef-
fect, while giving velocity kicks involves a
lot of arbitrariness concerning the fraction
of mechanical energy which is thermalized.
When the observed values of mechanical lu-
minosity are used as input, these models do
not match the observed morphologies of gas
disks. The pressure method reproduces ob-
served gas morphologies, does not invoke ad
hoc velocity adjustments, and allows for the
escape of hot gas into the halo.
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FIGURE 3.7— The evolution of the star formation rate
versus time. The simulation starts at t = 0, the line left
of t = 0 shows the SFR of the Bruzual initial evolution;
to the right of t = 0 is plotted the SFR which results
from the calculation. The SFR steadily declines during
the simulations. The input SFR is slightly lower than
the true SFR, which results initially in a small burst of
star formation.

3.3 Global effects of pressure feedback

In this section we discuss the global effects of
the mechanical energy feedback in the form
of pressure on the evolution of the model
galaxy. At appropriate places a comparison
with simulations without mechanical feed-
back will be made.

3.3.1 Global SFR

Figure 3.7 shows the total SFR as a function of
time during the simulation. The SFR stead-
ily declines with time. As in Chapter 2 the
global SFR is correlated with the total amount
of gas available. Simulations without mech-
anical feedback show the same amplitude
(during 0:3� 109 < t < 0:6� 109 yr, hSFRi =
0:27 M

�
/yr for simulations with and without

mechanical feedback) and time-evolution of
the SFR. This means that SNe and stellar mass
loss are locally important, but are of less im-
portance globally for star formation.

3.3.2 ISM

The evolution of the gas fractions in its vari-
ous phases (cold, warm and hot) is shown
in Fig. 3.8. The hot gas fraction (T > 105 K)

FIGURE 3.8— The evolution of the gas in various
temperature ranges versus simulation time. The rate of
evolution becomes steady after 200 Myr. Note that the
dotted line shows the hot gas fraction multiplied by 10.
Solid line: T < 1000 K; dotted line: T > 105 K; dashed
line: 8000 K< T < 105 K; dash-dot line: total gas mass.

is small throughout the simulation (of order
1%); in fact SN particles contribute most to
the hot gas, although a tiny number of SN
particles escape into the halo and remain hot.

The amount of gas below 8000 K stays
more or less constant during the simulation,
while the warm gas fraction declines stead-
ily. As in the simulations without mechan-
ical energy feedback, the SFR correlates very
well with the total amount of gas available.
The column of gas determines the mid-plane
pressure of the gas. Thus the SFR correlates
with total gas mass, gas surface density and
gas volume density (since these are all cor-
related), but also depends on the stellar disk,
as the stellar disk determines mostly the mid-
plane density of the gas.

Figure 3.9 shows the multi-phase ISM in
the simulation. Clearly visible is the two-
phase character of most of the gas. At high
densities (n > 0:001 cm�3) the hot phase is
entirely populated by SN particles, while be-
low that density no SN particles exist and all
hot particles are SPH particles residing in the
halo. Within the present resolution the three
phases of the ISM are reproduced faithfully.
The narrowness of their locus in the upper
right hand side of the figure indicates that
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FIGURE 3.9— Phase diagram for the SPH particles in
the simulation. Each dot represents an SPH particle
with its density (horizontal) and pressure (vertical).
The majority of the particles are found near 104 K and
100 K and show a two-phase structure (the black re-
gions). The isolated points below n = 10�3 cm�3 rep-
resent hot (T > 105 K), low-density SPH particles in
the halo. The particles at high pressure above n =
10�3 cm�3 are SN particles, which do not radiate.

these phases are roughly in pressure equilib-
rium with one another. Only the coldest frac-
tion is smeared out, because it is there that
gas clouds collapse to form stars.

3.3.3 Settling of SN particles

The solid line in Fig. 3.10 shows the average
scale height versus “age” of the gas, where
age means the time elapsed since an SPH
particle last formed a star particle. The scale
height quickly rises to 1 kpc (within 50 Myr)
and remains at that value for 100 Myr. There-
after the gas slowly falls back onto the galaxy
and from 400 Myr onwards the scale height
remains more or less constant.

The dashed line in the same plot shows
the average radial velocity dispersion of the
gas. The vertical and tangential velocity dis-
persions are almost equal to this. The ve-
locity dispersion is highest at age zero, de-
clines to approximately 8 km/s after 400 Myr
and stays constant from then on. Both scale

FIGURE 3.10— The solid line shows scale height of
gas versus age of the gas. SPH particles are binned in
age steps of 15 Myr. The dashed line shows the radial
velocity dispersion for gas. Both scale height and velo-
city dispersion stay constant after 400 Myr.

height and velocity dispersion indicate that
the mechanical feedback affects the ISM for
400 Myr.

3.4 Conclusions

We have tested a number of methods that in-
corporate mechanical energy feedback from
SNe and stellar winds in SPH simulations.
The feedback has no effect on the global star
formation rate but acts only locally, and may
blow cavities in the surrounding medium.
The main points of the various methods can
be summarized as follows:
� No mechanical feedback: star formation

is not capable of blowing holes into the gas.
� All mechanical energy smoothed as

thermal energy of neighbouring SPH
particles: the extra energy is rapidly radiated
away; no holes are created.
� Part of the mechanical energy is con-

verted in a velocity shift for the neighbour-
ing particles: holes are created too efficiently
compared with observations and standard
superbubble theory. Very small conversion
factors can create appropriate cavities.
� One SPH particle carries all mechanical

feedback as a high pressure particle: star
formation seems to create holes of the correct
size. A small fraction of the gas makes a hot
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halo.
The last method is successful in describ-

ing the evolution of isolated galaxies, is easy
to implement, and allows for hot halo gas.
Thereby the simulation yields a three-phase
ISM with temperatures of 10! 104 ! 107 K.
It appears to be a good method for applica-
tion in future simulations.
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1996 ApJ 468, 722
Steinmetz M., 1996, MNRAS 278, 1005
Steinmetz M., Muller E., 1995, MNRAS 276, 549
Tenorio-Tagle G., Bodenheimer P., 1988, ARA&A

26, 145
Van der Kruit P.C., Searle L., 1982, A&A 110, 61
Weaver R., McCray R., Castor J., Shapiro P., Moore

R., 1977, ApJ 218, 377
Yang H., Chu Y.-H., Skillman E.D., Terlevich R.,

1996, AJ 112, 146



48


