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5
Massive star formation in merging

galaxies
J.P.E. Gerritsen & V. Icke

We present simulations of merging galaxies using an N-body tree code for star particles and SPH gas
particles, coupled to a fully self-consistent implementation of star formation. We investigate the effects
of different forms of feedback due to the radiation and mechanical luminosity of newly formed stars.
During the merging of two equal-mass galaxies the star formation rate (SFR) can be enhanced by an order
of magnitude. Mechanical energy input from stellar ejecta delays the onset of a star formation burst after
the first passage in the encounter. This can produce a reservoir of gas to fuel a second burst prior to
the final merging of the nuclei. The enhancement factor for the SFR strongly depends on the structural
parameters of the progenitor galaxies, e.g. the initial distribution of the gas and the intrinsic stability
of the disk. Galaxies with a light halo (“maximum disk”) have one major burst of star formation after
the first encounter of the two galaxies. Galaxies which are stabilized by a massive halo experience two
major bursts of star formation, the first during the onset of the encounter, the second just before the final
merging of the galactic nuclei. The morphology of the merger at this second burst resembles that of the
ultraluminous infrared galaxies.
During the interaction the interstellar medium of the galaxies responds strongly to the gravitational
forces. Part of the gas is driven into the nuclei of the individual galaxies, thereby causing nuclear star-
bursts. This high-density gas is responsible for the bulk of the star formation during the interaction. At
the same time gas in the tidal tails of the galaxies becomes very diffuse and is almost lost for star form-
ation, although small condensations do occur. In these gas knots, star formation proceeds at a very low
rate. Even though the gas properties during the merging sequence vary enormously, a global correlation
exists between the average density of the gas and the SFR: SFR=Mgas / �0:5

gas .

The end products of the mergers resemble elliptical galaxies. The surface density profiles follow a R1=4

law over a large range in surface density, but they also show an extra nuclear component, which is not
observed in real elliptical galaxies. This component, however, is smaller than the gravitational softening
radius, which makes the profile of the cusp rather suspect. Multiple gas disks may develop in the merger
remnants. In the inner gas disk star formation still proceeds, thus giving rise to a dynamically cold stellar
disk. The orientation of such a disk depends on the implementation of the star formation feedback: with
supernova feedback included, the central disks are found to rotate around the minor axis, otherwise they
are found to rotate around the major axis of the triaxial merger remnant.

PECULIAR galaxies have been known since
the beginning of extragalactic astronomy,

but proof that gravitational interactions might
shape galaxies dates back to the simulations
by Toomre & Toomre (1972). A few years later
Toomre (1977) ordered eleven NGC galaxies

in a merger sequence, among which the (by
now) well-studied Antennae (NGC4038/39,
Whitmore & Schweizer 1995; Fabbiano, Sch-
weizer & Mackie 1997) and NGC7252 (Hib-
bard et al. 1994) and he proposed that ellipt-
ical galaxies are the remnants of merging disk
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66 Chapter 5 Massive star formation in merging galaxies

galaxies.

The importance of star formation in inter-
acting galaxies was first addressed by Lar-
son & Tinsley (1978) in their study of inter-
acting and peculiar galaxies. They compiled
integrated UBV colors of normal and peculiar
galaxies and found that the latter class has a
much broader distribution in colors. By fit-
ting photometric burst models they were able
to constrain the duration and strength of the
starbursts. Later this work was extended by
Kennicutt et al. (1987) with H� fluxes. Con-
clusions from this work are that interacting
galaxies experience bursts of typically a few
107 years, during which a considerable frac-
tion (up to 10%) of the stellar mass is formed.
The star formation rates (SFRs) may be en-
hanced by a factor 100, with absolute SFRs up
to 100 M

�
/yr.

This link between interaction and star
formation became even more clear when the
Infrared Astronomical Satellite (IRAS) dis-
covered a class of galaxies that radiate mostly
in the infrared (the Luminous Infrared galax-
ies, LIGs, e.g. Soifer, Houck & Neugebauer
1987). This infrared luminosity mostly ori-
ginates from warm dust which is heated by
young, massive stars. Surveys of infrared
luminous galaxies indicate that many of the
LIGs show signs of interaction and merging.

The fraction of strongly interacting systems
increases with infrared luminosity. Of the Ul-
traluminous Infrared Galaxies (ULIGs, Lir >
1012 L

�
) more than 95% are merger systems

(Sanders & Mirabel 1996). The ULIGs also
contain enormous gas concentrations in the
central kiloparsec of the merger nucleus (e.g.
Aalto et al. 1995; Solomon et al. 1997). Much
of this gas is molecular and provides fuel for
a number of powerful phenomena, such as a
nuclear starburst and associated superwind
which enrich the intergalactic medium, the
formation of massive star clusters, and pos-
sibly the feeding of an active galactic nucleus
(AGN). In the framework of the merger hypo-
thesis the ULIG is a short-lived phase in the
transition from two gas-rich spiral galaxies to
one elliptical galaxy.

Since Toomre & Toomre’s pioneering work,
N-body simulations have steadily improved.
Self-gravity is taken into account, and with
the inclusion of an elementary form of gas
dynamics it has become possible to study
not only the evolution of collisionless sys-
tems, but also the response of gas in various
circumstances. Negroponte & White (1983),
following pioneering work by Lin & Pringle
(1976), were the first to perform N-body sim-
ulations of merging galaxies including a dis-
sipative component (“sticky particles”). They
found large gas concentrations in the centres
of their remnants, but lack of resolution pro-
hibited a detailed analysis of the inflow dy-
namics. Shocks and inflows in tidally per-
turbed disks were studied by Icke (1985) and
Noguchi (1987, 1988). Fully self-consistent
simulations, including smoothed particle hy-
drodynamics (SPH), started with Hernquist
(1989a) and Barnes & Hernquist (1991). These
simulations showed that rapid gas inflows
can be triggered by mergers between galax-
ies.

All these simulations showed that gas can
be brought into the nuclei of merger rem-
nants, where it is expected to be converted
into stars. The next step obviously is to al-
low for star formation in the simulations.
This is difficult because star formation itself
is hideously complicated and therefore ill-
understood. Furthermore, the resolution of
present day simulations does not permit a
detailed treatment of star formation. This
implies that star formation recipes are still
rather ad hoc and each method is suspect.
It is therefore necessary to compare simula-
tions with different recipes for star formation
before we can make firm statements about
the effects of star formation on galaxy evol-
ution. Two main issues concerning numer-
ical star formation recipes are: when do we
allow stars to form from the gas, and how do
we deposit the energy from young stars in the
surrounding gas?

Methods documented in the literature in-
clude the approach of Katz (1992) and Katz
et al. (1996), who use a kind of Jeans cri-
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terion, combined with the local gas density
to locate star forming regions, with virtu-
ally no feedback from massive stars. Nav-
arro & White (1993) extended this method by
including feedback as a velocity change ad-
ded to gas particles surrounding young stars.
This method for modeling feedback has sub-
sequently been used by Friedli & Benz (1995)
together with a Toomre Q criterion to loc-
ate star forming regions, and by Mihos &
Hernquist (1994c) together with a Schmidt
law parametrization to link star formation
to the (isothermal) gas density. A differ-
ent method of feedback has been applied
by Heller & Shlosman (1994) who add ex-
tra pressure to star forming gas particles in
an otherwise isothermal interstellar medium
(ISM, see Gerritsen & Icke 1997b, Chapter 3,
for a discussion of the effects of mechanical
feedback.)

In this article we study the behaviour of
star formation in merging galaxies. For
these systems it is unknown what regulates
star formation, e.g. it is not clear whether a
Schmidt law (SFR/ �n , with n� 1:5, Schmidt
1959; Kennicutt 1989) is a reasonable descrip-
tion for star formation. The ISM in mergers
differs greatly from that in isolated galaxies,
where the pressures are lower by some or-
ders of magnitude (Aalto et al. 1995), so that
an extrapolation of the star forming proper-
ties of spiral galaxies to mergers is danger-
ous. We prefer a star formation recipe that is
not based on a Schmidt law, on concepts like
the Toomre Q parameter, or on gas surface
density. We base ourselves more closely on
the physics of interstellar matter, in particu-
lar its multi-phase structure as caused by the
interplay between heating and cooling mech-
anisms. In earlier work we have shown that
this approach yields a Schmidt type of star
formation law for a solitary disk galaxy.

We have chosen to relate the star forming
properties of the gas directly to its physical
state, i.e. star formation depends on the local
gas density and temperature, which in turn
are determined by radiative heating, the pres-
ence of shocks, and the gravitational poten-

tial from the stellar and dark matter distribu-
tion. Consequently extra care is given to radi-
ative heating and cooling processes; radiative
heating from stars is explicitly included, and
a cooling function between 10 K and 108 K is
included in the calculation, which allows for
a multi-phase ISM in the simulations. We use
a Jeans criterion to locate particles which are
candidates for star formation. With the multi-
phase ISM it is possible to consider only cold
(T < 103 K) regions as sites for star forma-
tion. For isolated galaxies the resultant SFRs
are both in amplitude and in spatial distri-
bution in agreement with observations (Ger-
ritsen & Icke 1997a, Chapter 2). We stress
that star formation in our implementation is self-
regulating, hence we cannot change the SFR
for a galaxy other than by changing the prop-
erties of gas and stars (such as a different
cooling function for the gas or a different ini-
tial mass function (IMF) for the stars). As star
formation is directly related to the physical
state of the ISM, we expect that the present
simulations can actually teach us something
about star formation in mergers, although we
have to keep in mind that we can miss im-
portant physics (see x5.6.5).

Our primary goal in this article is to study
variations in the evolution of star formation
caused by different forms of radiative and
mechanical feedback from the new stars to
the gas from which they formed. We will
show that the differences in feedback severely af-
fect the global star formation rates, the geometry
of the gas of the final merger remnant, and the
central stellar density of this remnant. The setup
of the encounter is chosen such that our res-
ults can be compared directly with the results
of Mihos & Hernquist (1994a, 1996), hereafter
MH94, MH96. Our secondary goal is to ad-
dress the effect of different gas distributions
and the role of the disk stability due to the
halo.

The outline of this article is as follows. We
start with a description of the N-body code
(x5.1), the recipe for star formation and dif-
ferent methods for including energy feed-
back from star formation (x5.1.1). Proper-
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ties of the initial galaxies are summarized in
x5.1.2. After a brief description of the en-
counter of two galaxies (x5.2) we discuss in
x5.3 the evolution of the star formation dur-
ing the encounter for the various galaxies and
the consequences of the various feedback im-
plementations. In x5.4 we focus on the evol-
ution of the ISM during the merging. The
structure of the merger remnant is the subject
of x5.5, where we display the surface density
profiles and central disks of gas and young
stars. In the final section we compare our
results with previous work (x5.6.1), analyze
the relation between star formation and gas
density (x5.6.2), make a comparison between
our mergers and starburst galaxies (x5.6.3),
and compare merger remnants and elliptical
galaxies (x5.6.4). Some words of caution re-
garding the limited amount of physics in-
cluded in the simulations are expressed in
x5.6.5. Conclusions are presented in x5.7.

5.1 Numerical technique

We model the evolution of galaxies us-
ing a hybrid N-body/hydrodynamics code
(TREESPH; Hernquist & Katz 1989). Tree
codes are useful for simulating interacting
galaxies, since they offer a large dynamic
range in spatial resolution and do not re-
quire any special geometry. Furthermore the
force calculation scales only with N log N in
computing time. In TREESPH a hierarchical
tree algorithm (Barnes & Hut 1986; Hernquist
1987) determines the gravitational forces on
the collisionless and gaseous components of
the galaxies. The forces are calculated using
a tolerance parameter of � = 0:7 and include
quadrupole moments in order to increase ac-
curacy. A cubic spline is used to soften the
gravitational forces. Each different species of
particles has its own softening parameter, in
particular �

�
= 280 pc, �h = 1:3 kpc for stellar

and halo component respectively. The soften-
ing length for SPH particles equals the indi-
vidual smoothing lengths.

The hydrodynamic properties of the gas
are modeled using smoothed particle hydro-
dynamics (SPH; Lucy 1977; Gingold & Mon-

aghan 1977). The gas evolves according to
hydrodynamic conservation laws, including
an artificial viscosity for an accurate treat-
ment of shocks. We apply a conventional
form of the artificial viscosity with paramet-
ers � = 0:5; � = 1:0 (e.g. Monaghan & Gin-
gold 1983; Monaghan & Lattanzio 1985).

Each SPH particle is assigned an individual
smoothing length h, which determines the
local resolution and an individual time step.
This time step is chosen to satisfy the Cour-
ant condition with Courant number C = 0:5
(Monaghan 1992). Estimates of the gas prop-
erties are found by smoothing over 96 neigh-
bours within 2h; the calculations are rather
insensitive to the exact number of neighbours
used (MH96). We place a lower limit on the
minimum smoothing length of 0:25 �

�
in or-

der to avoid instabilities (e.g. Evrard 1988;
Katz, Weinberg & Hernquist 1996).

We adopt the equation of state

P = ( � 1)�e; (5.1)

where P is the pressure, � the density, e the
thermal energy density, and  = 5=3 for an
ideal gas. As in Chapters 2 and 3 we al-
low radiative cooling of the gas according to
the cooling function for a standard hydro-
gen gas mix with a helium mass fraction of
0.25 and ionization fraction ne=nH = 0:1 (Dal-
garno & McCray 1972). Radiative heating
is modeled as photoelectric heating of small
grains and PAHs by the far-ultraviolet (FUV)
field, produced by the stellar distribution. In
this way we mimic a multi-phase ISM (e.g.
Field, Goldsmith & Habing 1969; McKee &
Ostriker 1977). Unlike previous simulations
we do not impose a lower limit of 104 K on the
gas temperature (e.g. Hernquist 1989; Katz,
Weinberg & Hernquist 1996), but we allow
temperatures as low as our cooling curves go
(10 K). Generally the cooling time of the gas
is so short that it is in radiative equilibrium
with the FUV field. Only in very low density
gas can the cooling time become appreciable.

The calculations are advanced with time
steps of ∆t = 2 � 106 yr for collisionless
particles. The SPH particles are allowed to



5.1 Numerical technique 69

have 32 times smaller time steps in order
to satisfy the Courant condition (Hernquist
1987). Due to the effects of star formation,
energy is not conserved. The parameters
employed here are the same as in the cal-
culations of MH96 and Barnes & Hernquist
(1996), so that the integration errors amount
to less than 0.1% for the total energy.

5.1.1 Star formation and feedback

In Chapters 2 and 3 we extensively describe
the recipe for the transformation of gas into
stars and methods for supplying feedback to
the gas. The recipe works well for normal
(high surface brightness) galaxies, with the
energy budget of the ISM as prime driver for
the star formation. The simulations allow for
a multi-phase ISM with temperature between
10 < T < 107 K. This allows us to consider
cold (T < 103 K) regions as giant molecular
clouds (GMC), places for star formation. Be-
low we summarize the important ingredients
of the method.

From our SPH particle distribution we se-
lect conglomerates where the Jeans mass is
below the mass Mc of a typical GMC. The
Jeans mass is calculated from the SPH estim-
ates of the density � and sound speed s:

MJ =
1
6
��

�
�s2

G�

� 3
2

; (5.2)

with G the constant of gravity.
We follow unstable regions during their

dynamical and thermal evolution and if an
SPH particle resides in such a region longer
than the free-fall time,

tu > t f f =
1p

4�G�
; (5.3)

half of the gas particle mass is converted into
a star particle.

Important for our calculations is that we
consider star particles as stellar clusters 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 determine

these quantities, where we adopt a Salpeter
IMF with slope 1.35 and with lower and up-
per mass limits of 0:1 M

�
and 125 M

�
re-

spectively.
The radiative heating of 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). For
simplicity we adopt v

1
= 2000 km/s. After

3:3 � 107 yr the last 8 M
�

stars explode and
no more mechanical energy is supplied to the
gas. Thus we return mechanical energy from
massive stars into the ISM, and ignore the
mechanical energy from low mass stars.

We run our simulations with three different
implementations of feedback from star form-
ation. The first does not include mechanical
energy feedback. In this radiative (R) case the
FUV radiation from the stars is the only feed-
back mechanism.

In the other two implementations we in-
clude the mechanical energy feedback. In
particular the parent SPH particle is the
carrier of the mechanical energy from the
new star particle. This SPH particle (“SN
particle”) mimics a hot bubble interior. Ra-
diative cooling is temporarily switched off
(the resolution does not allow the creation
of a low-density, hot bubble), the temperat-
ure of the SN particle is set to the mech-
anical energy density (of a few 106 K), and
the particle evolves adiabatically. During the
first 107 years the position and velocity of the
SN particle are equal to those of the associ-
ated star particle. Afterwards, the SN particle
evolves freely in space.

In the “mild” (M) implementation of
this pressure feedback radiative cooling is
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switched on after 107 yr, in the “pressure” (P)
implementation radiative cooling is switched
on only 3� 107 yr after the onset of star form-
ation. Thus in both cases the SN particle has
the same position and velocity as its progen-
itor star particle for 10 Myr. Afterwards the
particles are free to move on separate orbits.
Mild SN particles may cool from that time
on, while pressure SN particles remain hot for
another 20 Myr.

5.1.2 Model galaxies

We model our galaxies using the technique
described by Hernquist (1993). The galaxies
consist of an isothermal (particle) dark halo,
an exponential stellar disk and a gas disk.

The halo is modeled as a truncated iso-
thermal sphere, with radial density profile

�h(r) =
Mh

2�3=2

�

rc

exp(�r2=r2
c )

r2+ 2 ; (5.4)

where Mh is the halo mass, rc is the cutoff ra-
dius,  is the core radius, q = =rc and � is a
normalization constant defined as

� =
�

1�
p
�q exp(q2)

�
1� erf(q)

���1
(5.5)

The disk contains two components: stellar
and gaseous. The density of the stellar disk is
described by

�
�
(R; z) = �0 exp(�R=h

�
) sech2(z=z

�
); (5.6)

where h
�

is the radial scale length, z
�
= h

�
=5

is the vertical scale height.
Particles are distributed in space accord-

ing to these density profiles. Velocities are
initialized using moments of the collisionless
Boltzmann equation, with a Gaussian distri-
bution for the velocity.

The gas disk follows the same density pro-
file as the stellar disk, but is ten times less
massive. The gas velocity is initialized ac-
cording to the rotation velocity of the total
system, with isotropic velocity dispersion of
a few km/s. We will refer to this model as the
Milky Way model (MW).

TABLE 5.1— Galaxy parameters for the Milky Way
and NGC6503, and the reference names for the various
models. For models MW and M68 all galaxy paramet-
ers are given, while for models Lin and M90 only dif-
ferences with the MW and M68 models respectively are
indicated.

Milky-Way
reference MW Lin

stellar disk M
�

5:6 1010 M
�

h
�

3.5 kpc
z
�

0.7 kpc
Q
�

1.5
N
�

32768

gas disk exponential linear
Mg 5:6 109 M

�

hg 3.5 kpc 24.5 kpc
Ng 16384

halo Mh 3:1 1011 M
�

 3.5 kpc
rc 35 kpc
Nh 32768

NGC6503
reference M68 M90

stellar disk (M=LB )
�

1.75 3
M

�
3:49 109 M

�
6:06 109 M

�

v
�

68 km/s 90 km/s
h
�

1.16 kpc
z
�

0.19 kpc
Q
�

2 1.5
N
�

32768

gas disk Mg 1:26 109 M
�

hg 14.55 kpc
Rg 8 kpc
Ng 16384

halo Mh 25:6 109 M
�

25:0 109 M
�

 0.624 kpc 1.20 kpc
rc 11.6 kpc 12.0 kpc
Nh 32768

Following MH96 we choose our mass and
length units such that the model galaxies re-
semble our Milky Way. The stellar velo-
city dispersion is fixed at the solar radius
(R
�
= 8:5 kpc), with the requirement that the

Toomre Q parameter equals 1.5. Initially the
gas is given a temperature of 104 K. The para-
meters are summarized in Table 5.1.

Variation

Besides the dependence of SFR on feed-
back implementation, the evolution of the
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star formation in merging galaxies de-
pends on many other parameters. To
mention a few: encounter geometry (im-
pact parameter, parabolic/hyperbolic/head-
on encounter, prograde/retrograde), mass ra-
tio between two merging galaxies, mass ra-
tio between gas and stars. Out of this huge
parameter space which should be studied, we
choose to focus only on galaxy parameters, in
particular the gas distribution and halo con-
tribution to the rotation.

For a second galaxy model we take halo
and stellar disk parameters identical to the
MW model, but we distribute the gas differ-
ently. Instead of a gas mass surface density
which declines exponentially with radius as
the stellar mass surface density, we let the
gas surface density �g decline linearly with
radius:

�g(R) =
3Mg

�h2
g

�
1� R=hg

�
: (5.7)

We adopt a linear extent of the gas disk of 7
stellar scale lengths, thus hg = 24:5 kpc. This
results in more gas in the outer parts of the
model galaxy, which we will call model Lin.

In order to estimate the influence of the
halo on the star formation evolution during
merging we constructed two models for the
Sc galaxy NGC6503. This is a small galaxy
with a (flat) rotation of 120 km/s (note that
the Milky Way model galaxy has a maximum
rotation of approximately 230 km/s). For this
galaxy stellar velocity dispersions have been
measured in the inner parts (Bottema 1989). If
the z-dispersion is due to the surface density
of the stellar disk, this yields a stellar mass-
to-light ratio of (M=LB )

�
= 1:75 and a disk

contribution to the rotation of 68 km/s. We
will refer to this model as M68. A “maximum
disk” solution for the stellar mass-to-light ra-
tio (Van Albada & Sancisi 1986) on the other
hand yields (M=LB)

�
= 3:75 and a disk ro-

tation velocity of 100 km/s. Such a galaxy
is highly unstable to bar formation (Bottema
& Gerritsen 1997). Therefore, we choose the
second model for NGC6503 near maximum
disk ((M=LB )

�
= 3; vrot = 90 km/s, model

M90), which is just stable. As in the Milky
Way model we consider the halo to be an iso-
thermal sphere, truncated at approximately
10 stellar scale lengths.

The gas distribution is modeled to decline
linearly with a scale length of hg = 14:55 kpc.
We truncate the gas distribution at Rg = 8
kpc as gas far away from the centre is expec-
ted to end up in the tails and will not con-
tribute to fuel a nuclear burst of star form-
ation. The total adopted gas mass is Mg =

1:26� 109 M
�

, which means that the gas-to-
stellar mass ratio is higher than in the Milky
Way models.

The SPH parameters for these mergers are
equal to those of the Milky Way mergers.
Due to the smaller system, we adopt smaller
softening lengths for stars and halo particles,
which now are 90 and 430 pc respectively.

5.2 Equal-mass mergers

In this section we consider the evolution of
merging galaxies. We briefly describe the dy-
namical evolution of our merger (see Barnes
1992; Barnes & Hernquist 1992a; Barnes &
Hernquist 1996; MH96 and references therein
for thorough descriptions of the dynamical
aspects of mergers).

5.2.1 Merging evolution

In order to compare our simulations with pre-
vious work we start with the same initial con-
ditions as MH94: we put two equal-mass disk
galaxies on parabolic orbits with a pericentre
of 2.5 disk scale lengths (8.75 kpc) in the case
of a perfect Keplerian orbit. Initially the sep-
aration between the two galaxies is 105 kpc.

The geometry of the encounter is determ-
ined by the orientation of the spin axes of
the galaxies, which are defined by the in-
clination i of the disk with respect to the or-
bital plane and the argument of periapse (!,
see e.g. Toomre & Toomre 1972). One of
the disks moves on an exactly prograde orbit
(i1 = 0�; ! undefined) and the other disk is
highly inclined (i2 = 71�; ! = 30�). The Kep-
lerian orbits and the orientation of the galax-
ies are displayed in Fig. 5.1.
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FIGURE 5.1— Geometry of the encounter. The upper
right galaxy rotates exactly prograde (white arrow), the
lower left galaxy is inclined by 71� (small arrow shows
the spin vector). The curved arrows show the trajector-
ies for perfect Keplerian orbits. Dots are plotted every
10 Myr. The sides of the box measure 120 kpc.

The evolution of the merger with mild
pressure feedback from star formation (MW–
M) is shown in Figs. 5.2 – 5.4, where Fig.
5.2 shows the behaviour of the stars, Fig. 5.3
shows the response of the SPH particles to
the interaction and Fig. 5.4 shows the newly
formed star particles, i.e. the stars formed
during the preceding 104 Myr (which equals
the time difference between two consecutive
boxes). The galaxies move in space largely
unperturbed until the first passage at 300
Myr. Then large spiral arms develop due
to swing amplification, and the galaxies no
longer follow the Keplerian orbit. The main
bodies of both galaxies are transformed into a
bar, which is best visible in the SPH particles
at 600 Myr. At this time the galaxies no longer
move away from each other but start to move
back. They have a second passage at 900 Myr,
after which their centres begin to merge.

Since gravity is the dominant force dur-
ing the interaction, the gas closely follows the
motion of the stars. However, due to its dis-
sipative nature, the detailed response of the
gas differs from that of the stars. The low ve-

locity dispersion of the gas results in sharper
tails and bars. Furthermore at 400 Myr a
bridge of gas is visible between the two galax-
ies, while no stellar bridge exists at that time.
The formation of a bar causes the gas to flow
into the nuclei of the separate galaxies, where
it fuels a starburst. Most stars form in the in-
dividual galaxies. By the time the galaxies fi-
nally merge, most of the gas has actually been
converted into stars and little gas remains for
an extra burst of star formation.

5.3 Star Formation & feedback

Since stars form only when the gas density
exceeds the local threshold density, the new
stars trace only part of the gas (compare Figs.
5.3 and 5.4). Initially star formation is con-
fined to the inner three disk scale lengths.
Just after the first passage, most star forma-
tion occurs along the bar and extends slightly
into the tidal tails of both galaxies. As gas
is fed into the nuclei due to the bar, the star
formation is progressively more confined to
the nuclei of both galaxies, although some
stars form in the tidal tails. At the second pas-
sage star formation is confined to a few high
density regions, which inhibit star formation
in adjacent areas. Finally all star formation is
confined to the centre of the merged system.

The three top panels of Fig. 5.5 show the
evolution of the SFR during the merging. Un-
til the first encounter the SFR is rather con-
stant at a rate of about 8 M

�
/yr. This amp-

litude of 4 M
�

/yr for each galaxy agrees with
values derived for the Milky Way. After 400
Myr the SFR increases sharply and reaches
its maximum of almost 40 M

�
/yr (MW–M)

at 550 Myr. Directly after the peak in SFR
the star formation activity drops to the pre-
encounter amplitude and then slowly de-
clines below 1 M

�
/yr at the end of the sim-

ulation.
The various feedback mechanisms produce

noticeable differences in the evolution of the
SFR. If new stars can dump mechanical en-
ergy into the ambient ISM they can delay the
peak of the star forming activity slightly. In
the full pressure feedback (P) star forming
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FIGURE 5.2— Evolution of the star particles during the merger (simulation MW–M). Each panel measures 70� 70
kpc. The simulation time is written in the upper left corner; time difference between two panels is 104 Myr; the
evolution proceeds in rows from the top left panel to the lower right panel. Each dot represents a star particle.
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FIGURE 5.3— Evolution of the gas during the merger with the mild pressure feedback (MW–M). Boxes as in Fig.
5.2. Each dot represents an SPH particle.
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FIGURE 5.4— Evolution of the star formation activity during the merger. Boxes as in Fig. 5.2. Each dot represents
a star particle that is formed during the last 104 Myr.
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FIGURE 5.5— Evolution of the
star formation rate during the mer-
ger. The top three panels represent
the Milky Way mergers with ex-
ponentially distributed gas. a: no
mechanical energy feedback (MW–
R), b: mild pressure feedback
(MW–M), c: full pressure feedback
(MW–P). d: linear gas distribu-
tion (Lin). The bottom four pan-
els show the SFR for two models
for the disk galaxy NCG6503. M68
disk: e: radiative feedback (M68–
R), f : pressure feedback (M68–
P). M90 disk: g: radiative feed-
back (M90–R), f : pressure feed-
back (M90–P). Pressure feedback
delays star formation so strongly
that enough gas is left to fuel a
second burst of star formation be-
fore the final merging.
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gas particles can actually be pushed into the
halo. This reservoir of processed gas serves as
fuel for star formation after 1100 Myr, when
star formation almost ceased in the other sim-
ulations.

5.3.1 Different galaxy types

In the simulations of the previous section we
started with an exponential gas distribution,
i.e. the surface density of the gas declines
exponentially with radius. The scale length
of the gas distribution was chosen equal to
the scale length of the stellar distribution,
hence at each location of the model galaxy
the gas mass surface density equals 10% of
the stellar mass surface density. This means
that much of the gas is already concentrated
in the centres of the two merging galaxies,
thus it is relatively easy to fuel nuclear star
formation. In order to estimate the effects of
the gas distribution on the SFR we created a
model galaxy where the gas surface density
decreases linearly with radius (out to 7 stellar
scale lengths, which corresponds to 24.5 kpc).
Accordingly, much gas resides in the outer
disk of the galaxy (see x5.1.2, model Lin).

Two such galaxies are placed on the same
encounter geometry as in the previous sec-
tion. The evolution of the SFR is shown in
Fig. 5.5d and can be compared with Fig. 5.5a.
It differs in several respects. The amplitude of
the SFR of the isolated galaxies is lower in the
new simulation. This reflects the result found
in Chapter 2 and Ryder & Dopita (1994) that
the SFR depends on the stellar mass surface
density. In the outer parts this density is less
than in the centre, so that star formation pro-
ceeds faster there than in the outer parts of a
galaxy.

During the encounter the SFR is enhanced
to some 15 M

�
/yr, approximately half the

amplitude of the SFR of the previous simu-
lation. Before the encounter the SFR is of or-
der 1 M

�
/yr, thus the relative enhancement

of the SFR is larger in this model than in the
MW model. The star formation burst starts
slightly later, since gas has to be transported
from outside, and the burst lasts longer as the

gas consumption rate is lower. Thus the initial
gas distribution affects timing, duration and amp-
litude of star formation during interaction.

In order to estimate the influence of the
halo on the star formation during merging
we constructed two models for the Sc galaxy
NGC6503 (cf. x5.1.2).

For the merger two NGC6503 models are
put on the same encounter geometry as the
Milky Way mergers. The initial parabolic or-
bits of the two galaxies have a pericentre of
2.5 disk scale lengths (2.9 kpc), one of the
disks moves on an exactly prograde orbit, the
other disk is highly inclined. As the total
mass of the system is an order of magnitude
smaller than the Milky Way merger the time
scale for merging differs between the two
types of mergers.

The evolution of the SFR is shown in the
bottom panels of Fig. 5.5, (e–h). Like the
Milky Way mergers with exponential gas dis-
tribution, the SFR for model M90–R (Fig.
5.5g) peaks during 100 Myr after the first pas-
sage, with an amplification of a factor 12 (pre-
encounter SFR is approximately 0.8 M

�
/yr).

The M68–R model on the other hand (Fig.
5.5e) shows two peaks in the SFR. The first
peak again occurs after the first passage of
the two galaxies, but is delayed and weaker.
The second peak appears just before the final
merging, is sharp (about 10 Myr) and of lar-
ger amplitude than the first peak. As in the
Milky Way models the inclusion of pressure
feedback (P) delays the evolution of the SFR.
For the second star formation burst of model
M68–P this delay provides extra fuel, which
reinforces the second burst. For the M90–P
simulation the effect of the pressure feedback
is to cause a sharply peaked second burst of
star formation which is totally absent in the
simulation without this pressure feedback.

The delaying effect of the pressure feed-
back shows up promptly in the evolution of
the total gas mass as plotted in Fig. 5.6. In
this diagram the solid lines represent the ra-
diative feedback (R), the dotted line the mild
pressure feedback (M), and the dashed lines
the full pressure feedback (P). After the ma-



78 Chapter 5 Massive star formation in merging galaxies

FIGURE 5.6— Evolution of gas mass fraction in time
for the various simulations. The solid lines refer to
the radiative feedback (R), the dots to the mild pres-
sure (M) feedback and the dashed lines to the pressure
(P) feedback. From top to bottom the rows correspond
to the Milky-Way merger, Milky-Way merger with lin-
early declining gas surface density, NGC6503 M68 mer-
ger, NGC6503 M90 merger. The simulations with pres-
sure feedback evolve less rapid than the simulations
with radiative feedback.

jor bursts of star formation ceased, the sim-
ulations have converted the same amount of
gas, independent of the precise feedback im-
plementations. The different models do how-
ever yield variations in the gas fractions left
over after the interaction, which is due to the
initial distribution of the gas.

The intrinsic stability of the stellar disk de-
termines the exact response of the star forma-
tion on interaction. Intrinsically stable disks
(Q > 2, massive halo) develop only weak
bars and therefore a first burst of star form-
ation does not exhaust all gas. Consequently
enough gas is left to fuel another (stronger)

burst of star formation just before the final
merging of the nuclei.

Maximum stellar disks are intrinsically un-
stable to bar formation. As a consequence,
mergers of maximum disk galaxies exhaust
all gas in a first burst of star formation. For
disk galaxy mergers with disks between the
maximum and the stable configuration, the
development of a second burst of star forma-
tion depends critically on the effects of mech-
anical energy feedback.

5.4 Interstellar medium

The essence of the evolution of the ISM dur-
ing the merger is summarized in Fig. 5.7
which shows two phase diagrams. Fig.
5.7a is taken at the beginning of the simula-
tion when the galaxies hardly influence each
other, while Fig. 5.7b is taken at the peak
of the SFR. The ordinate shows the (num-
ber) density of the gas, the abscissa shows
the pressure (P=k) of the gas. At the start of
the simulation, the range in gas properties is
quite limited. Star forming (cold) gas has a
limited range in density: 0:2 cm�3 < nSF <
20 cm�3, and the density for the remaining
warm gas is above n � 0:001 cm�3. Also note
in this diagram the hot SN particles. These
particles of course do not exist in the simula-
tion without mechanical energy feedback.

At the peak of the SFR the situation is
very different from the quiet initial ISM. The
spread in density is much larger, gas in the
tidal tails has much lower density, while gas
fed into the centre is much more compressed.
Also the spread in density for the star form-
ing gas has increased: 0:02 cm�3 < nSF <

1000 cm�3. The lowest density cold gas in
the tails has a collapse time of about 100 Myr.
Thus star formation proceeds very slowly in
the tails, but new stars do form! The collapse
time for the highest density, nuclear, cold gas
is only a few Myr, hence star formation in the
nucleus proceeds almost instantaneously.

Cold gas particles do not occupy the whole
range in density, but are limited to specific
densities. These various gas condensations
are spatially decoupled, implying that the
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FIGURE 5.7— Comparison between
phase diagrams, number density n
versus pressure P=k, of the ISM at two
moments during the evolution of the
system. Each point represents one SPH
particle. The solid line shows the Jeans
criterion. Points to the right of this line
are allowed to form stars. The grey-
scale of the particles is a measure for
the intensity of the stellar radiation field,
where black means most intense heating
from stars. a: ISM after 157 Myr, cold
gas occupies a limited range in density
(0:1 < n < 10). b: ISM after 522 Myr,
due to the interaction gas accumulates
in the nuclei of the galaxies, leading to
very high densities (n > 100 cm�3). At
the same time gas in the tidal tails be-
comes diffuse. In both phase diagrams
most gas particles have a temperature of
order 104 K.

threshold density for cooling below 104 K
varies spatially. In the centre where the SFR is
very high, the stellar radiation is also intense,
hence the threshold density for star formation
is likewise high. In the tails the SFR is low, the
FUV radiation is low, and consequently the
threshold density for star formation is also
very low.

Still, most new stars form out of the densest
gas. Figure 5.8a shows the density of gas
particles which formed stars during the sim-

ulation versus simulation time. Black regions
correspond to the highest total mass of new
stars. It is clear that most stars form out of
the densest gas. Especially at high density
(which corresponds to a high SFR) the spread
in density is very small. Thus during the
evolution of the system it is the gas at highest
density which dominates the star formation rate.
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FIGURE 5.8— Evolution of the
density of the gas out of which
stars form (nSF). The horizontal
axis gives the time of the simu-
lation, the vertical axis states the
density of the gas out of which
stars have formed. The intens-
ity scaling corresponds to the total
mass of stars formed. At each
time during the evolution most
stars form in the highest density
gas (darkest regions). A small
fraction of the stars forms out of
lower density gas. a shows dens-
ity versus time for the Milky Way
merger with pressure feedback, b
shows the density versus time for
the NGC6503 M68–P simulation
(see x5.3.1).

5.4.1 Resolution limits

The solid lines in Fig. 5.7 show the division
between stable and unstable gas particles and
correspond to a critical mass of Mc = 5:5 �
106 M

�
, or the mass of 16 SPH particles. Gas

particles to the left of this line are stable, the
others are not. From Fig. 5.7b it is clear that
star formation proceeds at its maximum nu-
merical rate, since gas particles at 104 K with
densities above 103 cm�3 would immediately
turn into stars.

As stars are only allowed to form at each
dynamical time step, the time scale for star
formation is at least ∆t = 2� 106 yr. In sim-
ulations which include mechanical feedback
SN particles are retained from star forma-
tion during 10 and 30 Myr for the M and P
implementations respectively and this limits
the maximum SFR (see Chapter 3), although

from Fig. 5.5 we judge that this limitation is
not important.

Thus we have an artificial limit on the SFR;
therefore, the peaks in the SFR shown in Fig.
5.5 could become more sharply peaked with
higher resolution simulations, i.e. with more
particles and consequently larger dynamic
range, and with smaller time steps.

5.5 Merger remnant

5.5.1 Central disks in Milky Way merger

Different effects of the feedback implement-
ation clearly show up in the central gas dis-
tribution after the nuclei of the individual
galaxies have merged, as can be seen in Fig.
5.9. The top six panels in this figure show
projections of the particle distribution of sim-
ulation MW–R, the bottom six panels show
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FIGURE 5.9— Particle distribution after 1800 Myr of evolution. The upper six panels show the particle distribution
for the simulation without SN feedback (MW–R), the lower six show the particle distribution for the simulation with
full pressure feedback (MW–P). The spin axis for the main stellar body is rotated to point along the Z-axis, thus the
XY-view is a “face-on” view. The top row of each six-pack shows the global stellar and gas distribution where each
size measures 700 kpc. The second row zooms in on the central parts of the first row and shows the central 50 kpc
(as indicate by the small boxes in the first row). In simulation MW–R a central gas ring perpendicular to the spin
axis has developed, which is absent in simulation MW–P.
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projections of simulation MW–P at 1.8 Gyr
after the start of the simulation. The galax-
ies are rotated such that the spin axis for the
stellar body within a radius of 30 kpc points
along the Z-axis. For both simulations the
top panels show the total particle distribu-
tion, while the panels directly below zoom in
on the central 50 kpc.

In simulation MW–R a central gas ring de-
velops. The spin axis of this ring is perpendicular
to the spin axis of the main body. This orientation
arises automatically and has important implica-
tions for the jet formation mechanism in active
galactic nuclei. The diameter of the ring is ap-
proximately 2.2 kpc and the gas in it rotates
with a velocity of 150 km/s. The total mass
in the ring amounts 3:5 � 108 M

�
(which is

about half the gas mass inside 10 kpc). At
this time of the evolution, this ring is the only
place in the system where star formation still
proceeds, at a rate of 0:7 M

�
/yr. If this con-

version rate is sustained for another 500 mil-
lion years then all gas currently in the ring
will have disappeared.

In simulation MW–P such a gas ring does
not develop. The kinetic energy released in
the burst of star formation inhibits the col-
lapse of gas into a central disk and the ongo-
ing star formation in the centre of the merger
remnant keeps the gas much more diffuse.
Since gas may escape into the halo in this sim-
ulation only 3:4� 108 M

�
is contained within

10 kpc, half the amount of gas in simulation
MW–R.

5.5.2 Central disks in M68 merger remnant

In the case of the M68 merger differences in
feedback result in dissimilar gas rings/disks.
Figure 5.10 shows the central distribution of
young stars (t

�
< 200 Myr) and gas 400 Myr

after the second star formation burst.
In both simulations a nucleus is created

with a radius less than 50 pc, which is smal-
ler than the softening length of the particles.
One should bear in mind that at this range,
the presence of a possible massive black hole
in the nucleus would begin to be felt; there-
fore, irrespective of possible problems with

FIGURE 5.10— Distribution of gas and young stars
(t
�
< 200 Myr) in the M68 merger remnant, 1070 Myr

after the start of the simulation, 400 Myr after the
second (strongest) peak in the SFR (cf. Fig. 5.5ef). Top
four panels (a � d) show the young stars distribution,
bottom four panels (e � h) show the gas. The left pan-
els show the XY and XZ distribution with radiative (R)
feedback, the right panels show the XY and XZ distri-
bution with pressure (P) feedback. The panels measure
3 � 3 kpc. The rotation axis of the central gas/young
stars disk is oriented perpendicular to the spin axis of
the main stellar body in simulation M68–R, while these
two axes coincide in model M68–P. Thus mechanical
energy feedback determines the orientation of the nuc-
lear gas disk.
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numerical resolution, this inner region is in-
sufficiently modeled in our simulations.

In simulation M68–R the gas settles into a
structure similar to the gas in the remnant of
the MW–R simulation. A small gas disk, per-
pendicular to the spin axis of the main stel-
lar body, gives birth to a central, rotationally
supported, young stellar disk, with a radius
of 300 pc.

The distributions of the gas and the young
stars in simulation M68–P differ in a few re-
spects from the M68–R and MW–P simula-
tion. Compared to the MW–P simulation
much more gas is present in the centre of the
remnant. The mechanical feedback energy
is not able to disperse the central gas. In-
stead, a ring of young stars rotates at 0.5 kpc
around the nucleus. The spin axis of this ring
is perfectly aligned with the spin axis of the
main stellar body (only 8� difference). This
star forming ring also shows up clearly in
Fig. 5.8b. At t > 700 Myr two parallel lanes
of declining density are visible. The upper
lane (nSF � 2� 103 cm�3 at t = 700 Myr) re-
flects star formation in the nucleus, the lower
lane (nSF � 102 cm�3 at t = 700 Myr) corres-
ponds to star formation in the ring. These
lanes should be viewed with some caution,
as they may be artefacts of the SPH method,
which is intrinsically a first-order algorithm
with an effective numerical viscosity which
can be unexpectedly large, in particular in
low-density regions.

The result of the delaying power of the
pressure feedback becomes even more clear
when comparing the distributions of gas and
stars in the merger remnant. Figure 5.11
shows the cumulative mass profile for the
total stellar component, the young stars (t

�
<

200 Myr) and the gas, where the thick and
thin lines refer to simulations M68–P and
M68–R respectively. The extra stellar nuc-
lear component of merger M68–P dominates
the inner 100 pc and consists for 67% of star
particles with formed during the interval 560
Myr < t < 760 Myr.

The orientations of central disks in the
various simulations are summarized in Table

FIGURE 5.11— Total mass inside a radius versus ra-
dius for simulations M68–R (thin lines) and M68–P
(thick lines), at t = 1070 Myr. Mass profiles are plot-
ted for three components: all stars, gas and new stars
(t
�
< 200 Myr). The strong second star formation burst

in the M68–P simulation creates a stellar cusp in the in-
ner 100 pc, which is more massive than in simulation
M68–R.

5.2, describing the shape of the stellar mer-
ger remnant by the axial ratios of the three
principal axes and the triaxiality parameter
T � (1 � b2)=(1 � c2) (Franx, Illingworth &
De Zeeuw 1991). As all simulations have
similar encounter geometry, the shapes of
the remnants differ only moderately. The
angles between spin axis and principal axes
are given in the last three columns. All mer-
ger remnants rotate around their minor axis
( c � 25�). Central disks rotate around the
major axis in case of the radiative feedback,
otherwise they rotate around the minor axis.
Outer disks rotate always around the minor
axis and are built from infalling gas from the
tidal tails.

5.5.3 Density profiles

Figure 5.12 shows the surface density profiles
for the various simulations. All profiles show
an extra nuclear component, which is totally
due to stars formed during the simulation,
much like the profiles of Mihos & Hernquist
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Model radius b=a c=a T  a  b  c

(1) (2) (3) (4) (5) (6) (7) (8)

MW–R < 28 0.80 0.50 0.49 79 68 25
outer disk 1:8� 10 82 81 11
inner disk < 1:8 8 82 88

MW–P < 28 0.83 0.54 0.44 87 69 21
outer disk 0:7� 10 70 77 24

M68–R < 8 0.73 0.46 0.60 85 84 8
outer disk 1� 3 77 90 13
inner disk 0:1� 0:5 21 83 70

M68–P < 8 0.76 0.50 0.56 89 84 6
outer disk 1� 3 77 87 14
inner disk 0:1� 0:7 85 69 21

M90–R < 8 0.76 0.53 0.58 89 89 1
outer disk 1� 5 84 83 10
inner disk 0:1� 0:7 5 89 85

M90–P < 8 0.79 0.52 0.52 86 88 5
outer disk 1:2� 4 89 85 5
inner disk 0:1� 1:2 83 78 14

TABLE 5.2— Shapes and kinematics
of merger remnants for various mod-
els. (1) reference to simulation, inner
and outer gas disks. (2) radius in kpc
for which various parameters are calcu-
lated. (3),(4) axial ratios for the stellar
remnant. (5) triaxiality (T ) for the stellar
remnant. (6),(7),(8) angles between spin
axis and major, intermediate and short
axis, a strikingly bimodal distribution.

(1994b). Pressure feedback may alter the pro-
files both in lowering the central density (Fig.
5.12ab) and in increasing the central density
(Fig. 5.12ef). In all cases the nuclear com-
ponent has a radius equal to the softening
radius of stellar particles, which makes the
break between the inner and outer compon-
ents suspect. In these nuclear regions gas
densities are normally high, so that smooth-
ing length and consequently softening length
for the central SPH particles are up to four
times smaller than the softening length for
star particles, which complicates the analysis
of the nuclear surface density profile even
more. As we mentioned above, artefacts may
occur in the SPH method, which is intrins-
ically a first-order algorithm. Therefore we
limit ourselves to the conclusion that the pro-
files keep rising towards the nuclei.

5.6 Discussion

5.6.1 Comparison with previous work

As theoretical knowledge of star formation is
still limited it is important to compare our
results with previous work. The setup we
have chosen in x5.2 equals the setup of MH94,
only differing in the star formation law, thus
a direct comparison between the simulations

can be made.
In their implementation of star formation

Mihos & Hernquist impose a Schmidt law re-
sponse of the star formation on the gas dens-
ity, Ṁ=M = C� �1=2

gas , where the constant C is
chosen such that a single galaxy forms stars
at a rate of 1 M

�
/yr. Integrated over volume

this yields a Schmidt law with index n � 1:5.
Gas is kept isothermal at 10,000 K and a frac-
tion of the mechanical feedback from stars is
given to the random motions of surrounding
gas particles.

Our simulation corresponds to the
“Disk/Halo Galaxies” merger of MH94.
We can compare their Fig. 2 with our Fig. 5.5.
The two simulations agree as far as the time
and duration of the starbursts is concerned.
They differ in the amplitude of the burst.
Whereas the SFR in the Mihos & Hernquist
simulation peaks at 20–30 times the initial
value, in our simulation the amplitude is
only increased by a factor 4–5. This smaller
increase reflects the effect of the threshold
density for star formation, which may pre-
vent high density gas from forming stars, as
visualized in Fig. 5.7b.

In order to provoke a strong star forma-
tion burst at the time of merging of the two
nuclei both simulations indicate that it is ne-
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FIGURE 5.12— Profiles of the
stellar surface density distribution
for the Milky Way merger (feed-
back R and P) at t = 1:8 Gyr and
for the NGC6503 mergers at t =
1:2 Gyr. Left column shows ra-
dius against mass surface dens-
ity, right column shows radius1=4

against mass surface density. Thin
lines show the projected surface
density for the radiative R feed-
back, thick lines refer to the simu-
lations with pressure P feedback.

cessary to merge galaxies that are relatively
stable to bar formation. Mihos & Hernquist
invoke compact bulges, we need a massive
halo. It shows that the structural parameters
of galaxies are of decisive importance in their
response to merging and interactions.

5.6.2 Schmidt law

A basic question on the issue of large scale
star formation is how star formation is re-
lated to the characteristics of the galaxy, in
particular how it is related to the available
gas. A simple relation links the SFR to the
gas density: SFR / �n , the Schmidt law, with
index n of order 1 or 2. For spiral galaxies

this relation seems to describe star formation
reasonably well, although with large scatter
(see Kennicutt 1989 and Dopita & Ryder 1994
for extensive discussions and possible refine-
ments). For other types of galaxies no empir-
ical relationship is known. Consequently the
Schmidt law is often used in numerical simu-
lations to describe star formation, and the as-
sumption is made that this relation holds in
other circumstances.

In our simulations we do not use this
power law parametrization for the star form-
ation but rather rely on the more basic phys-
ics of heating, cooling, Jeans instability and
cloud collapse. Hence it is interesting to test
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how adequately the Schmidt law describes
star formation during the merger. We can
distinguish three regimes for star formation
in the simulations: proceeding as in ordinary
spiral galaxies; occuring in a very turbulent
environment during the actual merging; or
proceeding as in a (proto) elliptical galaxy.

Figure 5.13a shows the mean gas density
versus global SFR, where the squares indicate
the Milky Way merger (MW–R) and the dia-
monds the NGC6503 M68–P merger. Initially
SFR and density correlate very well: denser
gas yields a higher SFR. At high densities
the SFR reaches a maximum. After the star
formation burst the SFR and density correlate
again and the slope of this part of the curve
equals the slope at the beginning. However,
due to the large difference in gas available for
star formation, the amplitude of the SFR is
smaller after the merger event.

Since the model Milky Way is over an or-
der of magnitude larger than NGC6503 the
curves for the different simulations do not
overlap, but the trajectories are quite similar.
The NGC6503 merger shows an extra loop at
high density, which reflects the second peak
of the SFR at t = 650 Myr (cf. Fig. 5.5f).

We now normalize the SFR to the total gas
mass. Figure 5.13b shows the SFR per unit
gas mass versus mean density of this gas. All
simulations described in this paper are plot-
ted. Star formation and density are clearly
correlated, notwithstanding the various di-
mensions and gas distributions. A least
squares fit to the points yields

SFR=Mgas / n0:5: (5.8)

The good correlation between this star form-
ation efficiency and the gas mass is surprising
given the complexity of the ISM during the
merging as shown in Fig. 5.7.

In order to investigate the nature of Eq. 5.8
we analyze the time scales for star formation
in more detail. Figure 5.8 shows that most
stars form out of the densest gas at each time
step during the evolution. Thus it seems ap-
propriate to consider only gas at this density
for normalization of the SFR. We now define

star forming gas (SF) as gas with a density
exceeding the maximum gas density at that
time by at least 10%.

The time scale for star formation can be
defined as �SF �MSF=SFR. Figure 5.14 shows
the relation between the density of the star
forming gas and this star formation time
scale. At high density the SFR is constrained
by the resolution limit for the density and the
time step (cf. x5.4.1). A least squares fit to the
points where the numerical resolution is ad-
equate (nSF < 200 cm�3) yields

�SF / n�0:8
SF : (5.9)

Thus Eq. 5.8 is an accidental correlation.
Actually the star formation efficiency de-
pends more strongly on the density than the
exponent 0.5 of Eq. 5.8 indicates: it has the
exponent 0.8. Two effects are responsible for
the change. First, the average density of the
gas does not increase as fast as the density of
the star forming gas. Second, the amount of
gas involved in star formation decreases with
density. Together these two effects cause the
apparent relation of global star formation ef-
ficiency with the square root of the average
gas density.

Star formation time scale

We now attempt to determine which process
governs the star formation time scale of Eq.
5.9.

A simplified picture of the star formation
that occurs in the simulations consists of the
following events in a gas cloud. At first, a
young stellar cluster heats up its environment
to 104 K. When the cluster evolves, high mass
stars die out, thereby reducing the heat out-
put from the cluster; during a fraction of the
evolution, dying massive stars provide mech-
anical energy input to the ambient ISM. After
a while the stellar radiation does not provide
enough power to heat its environment to 104

K and the gas starts to cool rapidly, while the
gas typically remains in thermal equilibrium.
Finally the gas cloud becomes Jeans unstable
and collapses to form a new cluster of stars.
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FIGURE 5.13— Relationship
between SFR and mean gas dens-
ity (n). The squares in the diagram
refer to the MW–R merger, the
filled diamonds correspond to
the 68 � P merger. a shows the
global SFR versus mean density,
the lines connect the points in
time. The upper part of the curve
shows the SFR before the merging
of the galaxies, the lower part
shows the SFR afterwards. As
the sizes of our Milky Way model
and NGC6503 differ by more than
an order of magnitude the two
curves do not overlap. b shows
the ratio of the SFR over the total
gas mass in yr�1 versus average
density of the gas. Filled symbols
refer to P feedback. Squares
indicate simulation MW–R, filled
squares MW–P, plus signs MW–M,
crosses Lin � R, diamonds 68� R,
filled diamonds 68 � P, circles
90 � R, and filled circles indicate
simulation 90� P.

Thus the star formation time scale is de-
termined by the “lead time”, �l , plus the
collapse time, t f f , where the lead time de-
notes the time during which a stellar cluster
can keep its environment above the Jeans
line. According to Fig. 5.14 the collapse time
(dashed lines) is much smaller than the star
formation time, thus the lead time must dom-
inate the star formation time: �SF � �l >> t f f .

Both the collapse time and the lead time de-
pend on the gas density. The collapse time
scales with the inverse of the square root of
the density (Eq. 5.3). The relation between
lead time and density depends on the exact
form of the IMF and the change of lead time
with density is discussed below.

Due to rapid cooling, gas is mostly in
thermal equilibrium:

nΓ = n2Λ; (5.10)

where n2Λ is the cooling rate, and where the

heating rate is given by

nΓ = 10�24 n�G0 ergs=cm3=s: (5.11)

In this relation � is the heating efficiency and
G0 the incident FUV field in Habing units
(Wolfire et al. 1995). In case one stellar cluster
dominates the FUV radiation, we find that
the heating rate depends on the distance R to
the stellar cluster and the FUV-flux �

�
from

that cluster:

G0 = g�
�
=4�R2; (5.12)

with g a normalization constant. Combin-
ing Eqs. 5.10, 5.11 & 5.12 we find nΛ / �

�
.

Thus for a given critical cooling the density
which can still be heated to sustain a cloud
against collapse depends linearly on the heat
output from a stellar cluster. Consequently
this density changes with time like the stellar
flux changes with time:

d log n
d log t

=
d log�

�

d log t
: (5.13)
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FIGURE 5.14— Time scale for
star formation (�SF � MSF=SFR)
plotted versus density of the star
forming gas. The symbols are the
same as in Fig. 5.13. The solid line
through the points is a fit to all
points where nSF < 200 cm�3 and
has a slope of -0.8. Because of lim-
ited resolution, both in density and
time, points at densities above 200
cm�3 are less reliable. The dashed
line below the points indicates the
collapse time. Since �SF >> tf f , the
star formation time scale is not de-
termined by tf f .

The evolution of �
�

is plotted in Fig. 5.15a,
and the time derivative in Fig. 5.15b. If the
lead time is indeed responsible for the slope
in Fig. 5.14, then this slope should be the in-
verse of the slope of Fig. 5.15a. According
to Fig. 5.15b we expect d log �SF=d log nSF �
�1=1:4 = �0:7, in good agreement with the
slope in Fig. 5.14.

It seems that the FUV radiation from stars
determines the rate at which star formation
proceeds, at least at low densities. If we ex-
trapolate the two lines of Fig. 5.14 to higher
densities, then it appears that at high density
(n > 105 cm�3) the collapse time can domin-
ate the star formation time (t f f > �l). The en-
ergy input from young stars clusters is finite,
hence at these high densities the young stars
cannot deposit enough energy into the ISM to
stop further collapse, and star formation pro-
ceeds at its maximum rate: SFR = MSF=t f f .

5.6.3 Starburst galaxies

Starburst galaxies display a wealth of mor-
phologies: apparently isolated galaxies,
barred galaxies, galaxies with (small) com-
panions, strongly interacting galaxies and
merging galaxies (see Sanders & Mirabel 1996
for a review). Of the starburst galaxies, the
more luminous galaxies tend to suffer the

FIGURE 5.15— Top panel shows the FUV flux (�
�
)

versus time for an instantaneous burst stellar cluster
with Salpeter IMF according to the spectral synthesis
models of Bruzual & Charlot (1993). The bottom panel
shows the derivative of the stellar flux with time.

most violent interaction. Of the ULIG pop-
ulation over 95% appears to be mergers in an
advanced stage (Clements et al. 1996), with a
mean projected separation between the nuc-
lei of 1.2 kpc (Sanders et al. 1988). Generally
the intensity of the starburst is strongest in
systems with smallest nuclear separation, al-
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FIGURE 5.16— Distribu-
tion of stars and gas in the
M68–P merger at the first
peak of the SFR (t = 400
Myr). This view of 50� 50
kpc shows the total stellar
system. The greyscale rep-
resents the (absorption free)
K-band stellar distribution
with the intensity scale in
magnitudes. The contours
represent the gas surface
density, with separations
of one magnitude. The
two insets are close-ups of
the centres (5 � 5 kpc) of
the individual galaxies as
indicated by the boxes in the
global picture.

though exceptions exist (Murphy et al. 1996).

In the merger simulations shown in this
article, most star formation occurs after the
first encounter, when the galaxies are widely
separated. In this respect the majority of
our systems seems to belong to the minor-
ity of observed “wide starbursts”. However
the observations show that the strongest rel-
ative enhancement of the SFR occurs just be-
fore the final merging of the two nuclei. This
strong, late burst of star formation occurs if
the stellar disks are embedded in a massive
halo. Massive halos for late-type disk galax-
ies are derived from measurements of stel-
lar velocity dispersions (Bottema 1989, 1997).
For disks embedded in less massive halos the
development of a second burst depends crit-
ically on the feedback. Consequently gas-rich
disk galaxies are still ideal candidates as the
progenitor galaxies of the ULIGs.

In Figs. 5.16 & 5.17 we show “near-
infrared” images of the NCG6503, M68–P
merger at its two bursts of star formation.
Near-IR here means that we have weighted
all stars with their K-filter flux according to
age (using the population synthesis models

of Bruzual & Charlot 1993), but we did not
include any absorption. Thus these figures
represent dust-free images. Superposed on
the images we plotted the contours of the gas
surface density distribution.

Figure 5.17 shows the stellar and gas dis-
tribution at the time of the second star form-
ation burst. The two nuclei of the progenitor
galaxies are about to merge and are separated
by 850 pc.

The NGC6503 merger is too small to make
it into the ULIG class. A disk with sim-
ilar structural parameters but ten times as
massive would clearly make it into the ULIG
class. Already the nuclear separation and gas
surface density during the second star forma-
tion peak of models M68 match observed val-
ues (Aalto et al. 1995; Solomon et al. 1997).

Star formation in tails

Observations show that overdense regions
exist in tidal tails of merging galaxies
(Zwicky 1956; Schweizer 1978; Mirabel, Lutz
& Maza 1991). Previous simulations showed
that bound structures can develop in tidal
tails (Barnes & Hernquist 1992b, 1996; El-
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FIGURE 5.17— Distribu-
tion of stars and gas in the
M68–P merger at the second
peak of the SFR (t = 635
Myr). The greyscale repres-
ents the (absorption free)
K-band stellar distribution,
the contours represent the
gas surface density. The
inset shows the central 2 kpc
of the merger (indicate by
the box). The two individual
nuclei, separated by 850 pc,
are about to merge.

megreen, Kaufman & Thomasson 1993). Our
simulations show that in some knots in the
tidal tails the gas becomes dense enough
to cool, followed by condensation and star
formation. In this respect these clumps re-
semble star forming knots in the tidal tails
of the Antennae and Superantennae (Mirabel,
Dottori & Lutz 1992; Hibbard et al. 1994). In
the NGC6503 merger, with two rather small
progenitor galaxies, the average SFR in the
tails is of the order 0:001 M

�
/yr. The Milky

Way merger with exponential gas distribu-
tion has a SFR in the tails of only half this rate,
while the linear gas distribution yields a SFR
in the tails of 0:003 M

�
/yr.

5.6.4 Elliptical galaxies

Many central regions of early-type galaxies
have been studied with the Hubble Space Tele-
scope (e.g. Ferrarese et al. 1994; Lauer et al.
1995; Forbes, Franx & Illingworth 1995). The
surface brightness profiles can be divided
into two classes: core galaxies and power-
law galaxies. The profiles of the former class
show broken power-law profiles with almost
flat cores, whereas in the latter class the pro-

files seem to continue more like single power-
laws down to the smallest resolvable radius.
This latter class has been tentatively related
to mergers of gas-rich disk galaxies by Faber
et al. (1997).

In stellar mergers, the phase space dens-
ity is conserved. As the central phase space
density of elliptical galaxies is much larger
than that of disk galaxies, it is impossible to
create true ellipticals by merging of two stel-
lar systems without a compact bulge com-
ponent (see e.g. Carlberg 1986; Barnes 1992;
Hernquist, Spergel & Heyl 1993). A way out
of this problem is the dissipative nature of
the gas. During the merging, gas is trans-
ported into the nucleus. As noted by Barnes
& Hernquist (1996) this gas is very likely
to form stars, thereby increasing the central
phase space density. The question now be-
comes why this density profile of the new
stars falls exactly on top of the density pro-
file of the old stellar population. A priori
it is not easily seen why this should hap-
pen. Indeed, our simulations and those of
Mihos & Hernquist (1994b) indicate that the
density profiles of their mergers do not fol-
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low a single r1=4 all the way to the centre,
but show an extra nuclear component. The
exact nuclear profiles are difficult to inter-
pret because of resolution problems. Still, the
outcome of simulations with SPH dynamics
is that the surface density profiles of merger
remnants keep rising to the centres, much like
the power-law galaxies of Faber et al. (1997).

Central disks

A common feature in our merger remnants
is the formation of a central gas disk, which
might (depending on the actual density) give
rise to a central stellar disk. The exact imple-
mentation of the energy feedback from star
formation causes a dichotomy in the orient-
ation and shape of these central disks. In
case of the radiative feedback, a central gas
disks develops which spins around the ma-
jor axis, thus perpendicular to the spin axis of
the main stellar body. In case of the pressure
feedback, either none (MW–P) or one (M68–
P, M90–P) central gas disks develop. In the
former simulation a gas disk never develops,
partly because of the turbulent ISM due to
SNe, partly because there is not enough gas
to develop a self-gravitating disk or ring. In
the latter simulations the central disks rotate
around the minor axis of the stellar body.

Observations of central disks in early type
galaxies show that these are mostly aligned
with the major axis of the galaxy, and
with spin axis directed along the minor axis
(Franx, Illingworth & De Zeeuw 1991; De
Zeeuw & Franx 1991; Van den Bosch et al.
1994). In several cases the central disks break
up in a nuclear disk which is well separated
from an outer disk, much like the merger-
remnant of simulation M68–P. This result
suggests that SNe and stellar winds may
cause an alignment of the spin axis of cent-
ral gas disks and the main stellar body. Firm
conclusions however cannot be drawn from
the small sample of mergers that are stud-
ied here. For future work it is interesting to
study the settling of gas disks in a rotating
triaxial potential, with the inclusion of star
formation and feedback mechanisms at much

higher resolution.

Globular cluster formation

A peculiar feature of elliptical galaxies is that
they contain relatively more globular clusters
than spiral galaxies. Therefore it is assumed
that globular clusters must form during mer-
gers, if elliptical galaxies form in this way.
Against this interpretation argues the ana-
lysis of globular clusters in elliptical galaxies
with kinematically distinct cores by Forbes et
al. (1996) who do not find an excess of young
globular clusters in these systems. Never-
theless HST observations indicate that glob-
ular clusters may indeed form in interacting
galaxies (e.g. Whitmore et al. 1993; Whitmore
& Schweizer 1995).

In our simulations it is impossible to de-
termine whether globular clusters form, since
the mass of our SPH particles is already com-
parable to globular cluster masses. Yet the
ISM during the merger is favorable to the
formation of large bound clusters, due to the
high pressure which squeezes the gas into
high-density molecular clouds and raises the
star formation efficiency. Thus it is likely
on the basis of the simulations that globular
clusters form in mergers, but higher resolu-
tion simulations are needed to fully address
this question.

5.6.5 Missing physics

Our simulations share the fate of most as-
trophysics: they contain a limited amount
of real physics. The omissions are all on a
level which, from an astronomical point of
view, are ‘micro’physics: light scattering and
absorption, cosmochemistry, nuclear enrich-
ment, and small-scale hydrodynamics such
as fragmentation.

There are many suggestions that the IMF
in merging galaxies differs from the IMF in
spiral galaxies. For spiral galaxies, the obser-
vational data is consistent with a universal
IMF (e.g. Kennicutt 1983, 1989; Kennicutt &
Chu 1994), which has a form which is close to
a Miller-Scalo (Miller & Scalo 1979) and Sal-
peter (Salpeter 1955) IMF. This universal IMF



92 Chapter 5 Massive star formation in merging galaxies

also seems to apply to many starburst galax-
ies (e.g. Zinnecker 1996). However there are
indications that in the extreme high-pressure
ISM of major mergers, the IMF differs from
the universal IMF (see e.g. Goldader et al.
1997). Actually it is surprising that the IMF
is so universal in most environments. At the
moment the issue of the IMF is not settled,
and the resolution of the simulations does not
justify the inclusion of an IMF which depends
on the ISM. Judging from simulations with
varying IMF in Chapter 2 we estimate that
the SFR may be enhanced by a factor 2 if the
formation of massive stars is suppressed in
merging galaxies.

In our calculations we do not include ab-
sorption of the FUV radiation. This may be
valid for the ISM in isolated galaxies, but in
mergers it is likely to break down given the
huge amounts of gas and dust in the centres
of these systems. Consequently the radiative
heating of the gas will be overestimated in the
simulations and the amount of cold gas un-
derestimated. This results in an underestim-
ation of the SFR. Other heating sources asso-
ciated with massive stars like X-rays and cos-
mic rays are not included in the calculations.

Clearly missing in the treatment of the gas
are phase transitions from molecular to neut-
ral and ionized hydrogen and vice versa. The
resolution of the present simulation do not al-
low such a treatment, and extra physics like
self-shielding (Van Dishoeck & Black 1986) is
necessary for these processes. Observations
of merging galaxies like Arp 220 show much
shock heated H2 gas. Through rotational-
vibrational line radiation in the infra-red,
these warm H2 molecules loose much of their
energy. This could result in a flow of mo-
lecular gas into the centre. For instance for
NGC6240 Van der Werf et al. (1993) show
that the peak of the H2 emission is located in
between the two stellar nuclei (K-band nuc-
lei).

As a final point we mention the lack of
chemical evolution of the ISM. In a real
galaxy the ISM is enriched by heavy metals
from stellar ejecta. This enrichment enhances

the cooling capabilities of the ISM, so that en-
riched gas might easier form a new genera-
tion of stars (Spaans & Carollo 1997).

5.7 Conclusions

In this paper we presented simulations of
merging galaxies. Emphasis is given to
a multi-phase description of the interstellar
medium. A two-phase ISM is created by in-
cluding radiative cooling of gas below 104 K
according to standard cooling functions, and
heating of the gas by photoelectric heating
from small grains and PAHs which are illu-
minated by the local interstellar FUV radi-
ation field. Thanks to this two-phase ISM
we are able to include star formation in a
straightforward manner: regions of cold, un-
stable gas clouds are allowed to form stars in
a collapse time. Feedback from star formation
is provided in two ways: gas is heated radiat-
ively by FUV photons and mechanical energy
feedback from stellar ejecta is included as an
instantaneous overpressure. In this way star
formation in the simulations is self-regulating
and strongly depends on the physical state of
the local ISM.

During the merging of two disk galaxies a
bar develops in both galaxies, which trans-
ports gas to the centre. Therefore star form-
ation primarily occurs in the nuclei of the
two individual galaxies. If the stellar disk is
nearly a maximum disk (Van Albada & Sanc-
isi 1986) the bar is strong and the consequent
star formation may convert all gas in a single
burst of star formation after first encounter.
If the stellar disk is supported by a more
massive halo, less gas is converted in the first
burst of star formation and enough is left over
to fuel a second, brief but strong burst just be-
fore the final merging of the two nuclei. The
exact response of the SFR on the interaction
does however depend critically on the exact
implementation of mechanical energy feed-
back from young, massive stars. Stellar ejecta
delay the response of the star formation dur-
ing the merging and this delay may create of
reservoir of gas which fuels a second burst,
which would otherwise not occur.
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The main results of this article can be sum-
marized as follows:

� The behaviour of star formation in a mer-
ger sequence depends on the structural para-
meters of the galaxies. In intrinsically un-
stable disks one major burst of star forma-
tion converts all gas into stars, in intrinsically
stable disk a second strong burst occurs just
before the final merging of the nuclei. The
physical properties of a merger during the
second burst resemble those of ULIGs.

� Mechanical energy feedback from SNe
and stellar winds delays star formation dur-
ing the merger. Gas temporarily pushed out
into the halo may fuel a strong second burst
of star formation which is otherwise absent,
or it may prolong the duration of enhanced
star forming activity.

� Star formation proceeds primarily in the
highest density gas. The radiative heating
from these stars prevents cooling of most of
the lower density gas, thereby prohibiting
star formation. For the star forming gas a
power-law relation between SFR and density
can be written as SFR=MSF / n0:8

SF . The inter-
pretation of this relation is that the FUV-flux
from stars determines the time scale for star
formation. Averaging over all gas yields the
apparent correlation SFR=M / n0:5.

� In the tidal tails star formation proceeds
at a very low rate (less than 0.001 M

�
/yr) in

several small condensations.

� The surface density profiles of the merger
remnants keep rising into the centres. Due to
limited numerical resolution the shape of the
profiles cannot be determined accurately.

� In merger remnants gas disks develop in
the central few kiloparsec. The density of
these is high enough to sustain star forma-
tion, thus giving rise to dynamically cold stel-
lar disks. The orientation of a central disk
depends on the energy feedback. Without
mechanical energy feedback all central gas
disks are found to rotate around the ma-
jor axis of the triaxial stellar remnant, with
mechanical energy feedback these disks ro-
tate around the minor axis.
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