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ABSTRACT

We investigate the enhancement of star formation efficiency in galaxy interactions and mergers by numerical simulations of several
hundred galaxy collisions. All morphological types along the Hubble sequence are considered in the initial conditions of the two col-
liding galaxies, with varying bulge-to-disk ratios and gas mass fractions. Different types of orbits are simulated, direct and retrograde,
according to the initial relative energy and impact parameter, and the resulting star formation history is compared to that occuring in
the two galaxies when they are isolated. Our principal results are (1) retrograde encounters have greater star formation efficiency (SFE)
than direct encounters, (2) the amount of gas available in the galaxy is not the main parameter governing the SFE in the burst phase,
(3) there is a negative correlation between the amplitude of the star forming burst and the tidal forces exerted per unit of time, which
is due to the large amount of gas dragged outside the galaxy by tidal tails in strong interactions, (4) globally, the Kennicutt-Schmidt
law is seen to apply statistically for isolated galaxies, interacting pairs and mergers, (5) enhanced star formation occurs essentially in
nuclear starbursts, triggered by inward gas flows driven by non-axisymmetries in the galaxy disks. Direct encounters develop more
pronounced asymmetries than retrograde ones. Based on these statistical results we derive general laws for the enhancement of star

formation in galaxy interactions and mergers, as a function of the main parameters of the encounter.
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1. Introduction

Theories about the formation and evolution of galaxies have un-
dergone drastic changes in the last decade. Impressive progress
in the observations of galaxies at high and intermediate red-
shift now put constraints directly on galaxy evolution (Steidel
et al. 1999; Le Fevre et al. 2000; Cimatti et al. 2002; Flores
et al. 2004). The star formation history can be estimated (Madau
et al. 1996; Lilly et al. 1996), and the confrontation with nu-
merical simulations helps us to discover the actual mecha-
nisms of mass assembly and transformation of gas into stars
(Kauffmann & Charlot 1998; Somerville et al. 2001). Models
are built, on the one hand, through cosmological N-body simu-
lations (e.g. Springel & Hernquist 2003; Sommer-Larsen et al.
2003; Governato et al. 2004), although they generally lack the
spatial resolution at galaxy scales that would enable them to re-
solve star-formation related processes in a realistic way; on the
other hand, simulations are then complemented by semi-analytic
computations, where galaxy evolution is treated with recipes
taking into account all important processes, including hierarchi-
cal merging and star formation (Devriendt & Guiderdoni 2000;
Kauffmann & Haehnelt 2000).

In both cases, it is necessary to study in more detail the star
formation efficiency at the galaxy scale, to calibrate the physical
recipes: star formation rate and feedback processes have been
computed on isolated and merging galaxies, and a large vari-
ety of results have been obtained (Mihos & Hernquist 1994a,b,
1996; Springel 2000; Tissera et al. 2002; Meza et al. 2003;
Kapferer et al. 2005; Cox et al. 2006). All studies demonstrated
that galaxy collisions trigger star formation, and that the initial
disk stability is the main parameter affecting the star formation
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sequence: late-type galaxies without bulge are more prone to vi-
olent bar instability during an encounter, which drives the inter-
nal gas towards the galaxy center to trigger a nuclear starburst
(Mihos & Hernquist 1996). However, the availability of gas in
the interacting galaxies is also one of the more constraining pa-
rameters, as well as the gas physics adopted (Cox et al. 2004).

The amount of star formation triggered due to the interac-
tion is a fundamental parameter required by semi-analytical sim-
ulations and one that depends very much on models adopted
for star formation rate and feedback. We propose here to in-
vestigate this problem statistically, simulating all galaxy types
along the Hubble sequence, and exploring all physical parame-
ters for the interactions, mass ratios, geometrical orbital param-
eters, etc.. in order to get an insight into the global phenomena
and their range of variations. In this first paper the numerical
method and galaxy models are presented and star formation evo-
lution involving giant-like galaxies are presented and discussed.
A wider range of interactions and mergers involving the whole
mass spectrum of galaxies will be considered in a companion pa-
per. Galaxies are initiated at z = 0, while simulations involving
galaxies at any redshift will be studied in a later research.

The layout of the paper is as follows. In Sect. 2, the galaxy
models adopted (Sect. 2.1) and the initial orbital parameters
(Sect. 2.2) are described; the numerical code is described in
Sect. 3; in Sect. 4 the main results are presented, in particular
those related to the evolution of the star formation rate during
the different phases of interaction, its dependency on the total
gas amount in the galaxies and on the main orbital parameters
of the encounter. Finally, in Sect. 5 we analyze and discuss the
interaction-starburst connection and in Sect. 6 the main conclu-
sions of this research are presented.

http://dx.doi.org/10.1051/0004-6361:20066959
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2. Initial conditions
2.1. Galaxy models: moving along the Hubble sequence

Aiming at exploiting a large set of interactions, involving galax-
ies of all morphologies from ellipticals to late-type spirals, the
galaxy models adopted consist of a spherical dark-matter halo,
which may or may not contain a stellar and a gaseous disk and,
optionally, a central bulge.

For each galaxy type!, the halo and the optional bulge are
modeled as a Plummer sphere (Binney & Tremaine 1987, p. 42),
with characteristic masses My and My and characteristic radii rg
and ry. Their densities are given, respectively, by:

_( 3My 2\
=gz 1473 v
and

[ 3Ms 2\
pB(r) = (W) (1 + ?) . ()

The stellar and gaseous disks follow a Miyamoto-Nagai density
profile (Binney & Tremaine 1987, p. 44):
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with masses M, and M, and vertical and radial scale lengths
given, respectively, by £. and a., and h, and a,. Moving along
the Hubble sequence, from giant-like ellipticals (gEO) to giant-
like Sd spirals (gSd), the mass of the central spheroid varies from
Mg = 1.6 x 10'! My, for a gEO to Mg = O for a gSd, while the
gas mass M,, absent in the case of a gEO, increases from 9.2 x
10° My in a gSa to 1.7 x 10' M, for a gSd (see Table 1 for
a complete list of all the parameters in Egs. (1) to (4) and Fig. 1
for a representation of our galaxy sequence).

The initial rotation curves for spiral galaxies are shown in
Fig. 2. In accordance with observations (Roberts & Haynes
1994), for a fixed distance from the galaxy center, the value
of Vi is higher for early type systems than for late type ones,
indicating a decrease in the enclosed mass content. Aiming at
investigating interactions between giant-like galaxies, the mass
ratios of the interacting systems is always of order unity. In the
next future, we will exploit collisions involving galaxies across
the whole mass spectrum.

! Hereafter we will adopt the following nomenclature for the differ-
ent morphological types: gEO for giant-like ellipticals, gSa for giant-
like Sa spirals, gSb for giant-like Sbc spirals and gSd for giant-like
Sd spirals.

Table 1. Galaxy parameters. The bulge and the halo are modelled as
Plummer spheres, with characteristic masses Mg and My and charac-
teristic radii g and ry. M, and M, represent the masses of the stellar
and gaseous disks, whose vertical and radial scale lengths are given,
respectively, by 4. and a., and h, and a,.

gBO0 gSa gSb gSd
Mg [23%x10° M) 70 10 5 0
My [23%x10° Myl 30 50 75 75
M, [2.3 x 10° My] 0 40 20 25

M, /M, 0 0.1 02 03
rs [kpc] 4 2 1 -
ru [kpc] 7 10 12 15
a, [kpc] - 4 5 6
h. [kpc] - 05 05 05
ag [kpc] - 5 6 7
hg [kpc] - 02 02 02
. S——— e wstt—

Fig. 1. Hubble sequence for our galaxy models. From left to right, pro-
jection on the x — z plane of a gEO, gSa, gSb and gSd galaxy. All the
different components (gas, stars and dark matter) are plotted. Dark shad-
ing represents denser regions. Each frame is 20 kpc X 20 kpc in size.
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Fig. 2. Initial rotation curves for the gSa (solid line), gSb (dashed line)
and gSd (dot-dashed line) galaxy.

Intending to obtain hundreds of simulations, each galaxy is
made up of 120000 particles, distributed among gas, stars and
dark matter, depending on the morphological type (see Table 2).

To initialize particle velocities, we adopted the method
described in Hernquist (1993).

2.2. Orbital parameters

Seeking to exploit a vast range of orbital parameters, we per-
formed 24 different simulations for each couple of interacting
galaxies, varying the galaxies’orbital initial conditions, in order
to have (for the ideal Keplerian orbit of two equal point masses
of mass m = 2.3 x 10'" M) the first pericenter separation rpe; =
8, 16, and 24 kpc. For each of these separations, we varied the
relative velocities at pericenter, in order to have one parabolic
and three hyperbolic orbits of different energy. Finally, for each
of the selected orbits, we changed the sign of the orbital an-
gular momentum in order to study both direct and retrograde
encounters.



P. Di Matteo et al.: Star formation efficiency in galaxy interactions and mergers: a statistical study 63

Table 2. Particle numbers for each galactic composant.

¢EO0 gSa eSb eSd

Ngas - 20000 40000 60000

Ngar 80000 60000 40000 20000

Npm 40000 40000 40000 40000

Table 3. Galaxies orbital parameters.
Id Fini rp! vp* E*b Spin®

[kpc] [kpc] [10*> kms™'] [10* km?s7?]
0ldir  100. 8.0 7.07 0.0 up
Olret  100. 8.0 7.07 0.0 down
02dir  100. 8.0 7.42 2.5 up
02ret  100. 8.0 7.42 2.5 down
03dir  100. 8.0 7.74 5.0 up
03ret  100. 8.0 7.74 5.0 down
04dir  100. 8.0 8.94 15.0 up
O4ret  100. 8.0 8.94 15.0 down
05dir  100. 16.0 5.00 0.0 up
O5ret  100. 16.0 5.00 0.0 down
06dir  100. 16.0 5.48 2.5 up
O6ret  100. 16.0 5.48 2.5 down
07dir  100. 16.0 5.92 5.0 up
07ret  100. 16.0 5.92 5.0 down
08dir  100. 16.0 7.42 15.0 up
08ret  100. 16.0 7.42 15.0 down
09dir  100.  24.0 4.08 0.0 up
09ret  100.  24.0 4.08 0.0 down
10dir  100.  24.0 4.65 2.5 up
10ret  100.  24.0 4.65 2.5 down
11dir  100.  24.0 5.16 5.0 up
Ilret  100.  24.0 5.16 5.0 down
12dir  100.  24.0 6.83 15.0 up
12ret  100.  24.0 6.83 15.0 down

“ For two equal point masses of mass m = 2.3 x 10'" M,
b It is the total energy of the relative motion, i.e. E = v>/2—G(m,+my)/r.
¢ Orbital spin, if parallel (up) or antiparallel (down) to the galaxies spin.

Combining each orbital configuration with all possible mor-
phologies for the interacting pair of galaxies, we obtained a total
sample of 240 interactions.

In Table 3, the initial distance ri,; and the pericenter dis-
tance 7, between the galaxies center-of-mass are listed, together
with their relative velocity v, at pericenter and the orbital en-
ergy E, for all the simulated encounters?.

The results described in this paper refer only to planar en-
counters (galactic disks lying in the orbital plane).

3. Numerical method

To model galaxy evolution, we employed a Tree-SPH code,
in which gravitational forces are calculated using a hierarchi-
cal tree method (Barnes & Hut 1986) and gas evolution is fol-
lowed by means of smoothed particle hydrodynamics (Lucy
1977; Gingold & Monaghan 1982). Gravitational forces are cal-
culated using a tolerance parameter 8 = 0.7 and include terms up
to the quadrupole order in the multiple expansion. A Plummer
potential is used to soften gravitational forces, with constant
softening lengths for different species of particles. In the sim-
ulations described here, if not explicitly stated otherwise, we
assume € = 280 pc.

2 The values refer to the ideal Keplerian orbit of two equal point
masses of mass m = 2.3 x 10" M.

SPH (Smoothed particle hydrodynamics) is a Lagrangian
technique in which the gas is partitioned into fluid elements rep-
resented by particles, which obey equations of motion similar to
the collisionless component, but with additional terms describ-
ing pressure gradients, viscous forces and radiative effects in gas.
To capture shocks a conventional form of the artificial viscosity
is used, with parameters @ = 0.5 and 8 = 1.0 (Hernquist & Katz
1989). To describe different spatial dynamical ranges SPH par-
ticles have individual smoothing lengths #;, calculated in such
a way that a constant number of neighbors lies within 2k;. All
the simulations have been performed using a number of neigh-
bors Ny ~ 15. The gas is modeled as isothermal, with a tempera-
ture Tgys = 10* K. Because of the short cooling time of disk gas,
fluctuations in the gas temperature are quickly radiated away, so
that simulations employing an isothermal equation of state differ
little from more realistic ones (Mihos & Hernquist 1996; Naab
et al. 2006).

The equations of motion are integrated using a leapfrog
algorithm with a fixed time step of Az = 5 x 10 yr.

3.1. Star Formation and continuous stellar mass loss

Including star formation in gas dynamics is not a trivial task and
a lot of different recipes and numerical methods can be adopted
(Katz 1992; Steinmetz & Miiller 1994; Springel 2000; Springel
& Hernquist 2003; Cox et al. 2006), in order to model, on the
one hand, the star formation rate and, on the other hand, to allow
for the effects that this star formation has on the surroundings.

As in Mihos & Hernquist (1994b), we parametrized the star
formation efficiency for a SPH particle as

M,

gas 1/2
—== = Cxp, (3)
Mgas gas

with the constant C chosen such that the isolated disk galaxies
form stars at an average rate of between 1 and 2.5 Mg yr'.

The choice of the parametrization in Eq. (5) is consistent
with the observational evidence that on global scales the SFR
in disk galaxies is well represented by a Schmidt law of the
form Xspr = AZQ;S, being g, and Xgrr disk-averaged surface
densities, with the best fitting slope N about 1.4 (see Kennicutt
1998a; but also Wong & Blitz 2002; Boissier et al. 2003; Gao &
Solomon 2004). Interestingly, this relation seems to apply, with
a similar slope, also to local scales, as shown in Kennicutt et al.
(2005) for M 51.

Once the SFR recipe is defined, we apply it to SPH parti-
cles, using the hybrid method described in Mihos & Hernquist
(1994b). This consists of representing each gas particle with
two mass values, one corresponding to its gravitational mass M;,
whose value stays unchanged during the whole simulation, and
the other describing the gas content of the particle M; g5, whose
value changes over time, according to Eq. (5). Gravitational
forces are always evaluated on the gravitational mass M;, while
hydrodynamical quantities, in turn, uses the time-varying M; gas.
Only if the gas fraction present in the hybrid particles drops be-
low 5% of the initial gas content, the hybrid particle is totally
converted into a star-like particle and the small amount of gas
material still present is spread over neighbors.

We also followed the method described in Mihos &
Hernquist (1994b) for including the effects of star formation into
the ISM. The method is fully described in the paper cited above,
and here we briefly recall only the main features. A Miller-
Scalo stellar mass function was adopted, and we evaluated
the fraction of stars with masses >8 M, assuming that they
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instantaneously become supernovae, leaving behind remnants of
1.4 Mg and releasing their mass to the surrounding ISM. The
mass released also enriches the metallicity of the surrounding
gas. This is done assuming a yield y = M;e(/M, = 0.02, My be-
ing the total mass of all reprocessed metals and M., the total mass
in stars. For each gas particle, mass and metals return is applied
to the i— th neighbor gas particle, using a weight w; based on the
smoothing kernel.

The energy injection in the ISM from SNe explosions is
treated assuming that only a fraction g4, of Esy = 107! erg
goes into kinetic energy, by applying a radial kick to veloc-
ities of neighbor gas particles; thus, for each SNe explosion,
the i — th neighboring gas particle receives a velocity impulse
directed radially away from the “donor”, with a magnitude

12
Av; = (2 W; €in ESN) / ’

m (©)

w; being, once again, the weighting based on the smoothing
kernel and M; the mass of the receiver.

Evidently, this method has a certain number of free param-
eters, which clearly influence not only the star formation evolu-
tion, but, more generally, the global galaxy dynamics. Before
moving on to perform simulations of galaxy encounters, we
run a set of simulations of isolated galaxies, in order to check
the dependency of the results on the gravitational smoothing
length €, and on the fraction g, of kinetic energy that is re-
leased, via SNe explosions, to the surrounding gas particles. For
example, for the choice of the gravitational smoothing length,
we performed 21 simulations of galaxies gSa, gSb and gSd,
with € = 70, 140,210, 280, 350,420 and 490 pc, respectively.
The results showed that too low a value for € causes a con-
spicuous heating of the stellar disk, for all the morphological
galactic types. An € = 280 pc, which corresponds (for gSa
and gSb galaxies) to the average distance between stars in the
disk seemed to represent a compromise between accuracy in the
evaluation of gravitational forces and avoiding excessive relax-
ation effects. Also for the choice of the €, parameter, a set of
numerical simulations of isolated galaxies was performed, and
the results found were in good agreement to those of Mihos &
Hernquist (1994b), i.e. it was checked that if the total amount of
kinetic energy received by a gas particle, due to the contribution
from all its neighbors, is <1 kms~!, this prevents rapid growth
of the vertical thickness of the gaseous disk, giving good results
in terms of gas and star formation morphology.

If star formation acts in consuming the gas of a galaxy, an ex-
haustive modelling of galactic evolution must also take into ac-
count the competing process of stellar mass-loss. Indeed, as both
observational studies and stellar evolutionary models propose, it
can play an important role, since the gas mass fraction restituted
by stars may reach some 45% over the Hubble time, when inte-
grated over the stellar mass spectrum.

We included continuous stellar mass loss in the model adopt-
ing the formula given in Eq. (2) of Jungwiert et al. (2001), and
applying it only to stellar populations formed into hybrid parti-
cles, i.e., at each time step, an amount

(M; = Mi gas(0) At o

t — toirn + To

Mi(1) = @)
of the stellar mass in the population is lost by evolutionary ef-
fects, going to enrich the gas content M; g, of the hybrid particle.
In the formula above, #;, represents the birth time of the popu-
lation, Ty = 4.97 Myr and ¢y = 5.47 x 1072 (see Jungwiert et al.
2001, for details).

4. Results

In this section, the main results of our study will be presented
and discussed. This first paper being devoted to the study of star
formation in interacting galaxy pairs, we will exclude from our
analysis 24 simulations from the total sample of 240, these simu-
lations involving only gEO-gEQ encounters (“dry” interactions).

After presenting an image gallery of galaxy interactions and
discussing the main morphological features arising during en-
counters (Sect. 4.1), we will move on to examine the evolu-
tion of star formation. To distinguish which contribution to the
global SFR comes from the undisturbed galaxies and which from
the interaction, we will first analyze the evolution of the star for-
mation rate for the isolated galaxies (Sect. 4.2) and then describe
the more salient features of the SFR evolution for the interact-
ing pairs (Sect. 4.3). The evolution of the star formation effi-
ciency (SFE) will also be discussed (Sect. 4.4), while in Sect. 4.5
we will describe where star formation regions are located.

The next step will consist in trying to understand which pa-
rameters determine the different SFR obtained soon after the
pericenter passage and in the merging phase for different galaxy
pairs. This will lead us to study in detail the dependency of the
SFR on total gas content Mg, in the galaxy just before the burst
phase (Sect. 4.6), galaxy separation at pericenter passage Rp,
galaxies’relative velocity at pericenter passage V), characteris-
tic time of the encounter f.,., and tidal effects of the encounter,
quantified by means of a suitable “tidal parameter” (Sect. 4.7).
The dependency of the SFR on this tidal parameter will be gone
into more deeply in Sect. 4.8, while in Sect. 4.9 we propose a for-
mulation for the SFE in the burst phase. Section 4.10 presents
a discussion of the evolution of interacting, merging and post-
merger galaxies into the (Zga, Zsrr) plane. Finally, in Sect. 4.11
gas inflow into the central galactic regions will be exploited.

In the following, we will often refer to the galaxy center
in our analysis. If not otherwise written, we refer to a density-
weighted center evaluated in the following way.

For each configuration, and for each galaxy:

— first we evaluate the density center (Casertano & Hut 1985)
of the dark matter particles Cpy initially (+ = 0) belonging
to the galaxy;

— then we evaluate the density center for all the particles
(gas+stars+dark matter) initially (f+ = 0) belonging to the
galaxy, that are at a distance r < 10 kpc from Cpy;; the den-
sity center so found is used to define the center C of the
whole galaxy.

For evaluating the galaxy velocity, we evaluated the mass-
weighted velocity of all the particles (stars+gas+dm) at a dis-
tance r < 10 kpc from C.

We will also refer sometimes to specific encounters. In this
case the nomenclature adopted is the following: morphological
type of the two galaxies in the interaction (gEO, gSa, gSb or
gSd), + the encounter identification string (see first column in
Table 3), + 00 (for indicating a planar encounter). For example,
the nomenclature gE0gSa04ret00 corresponds to a planar inter-
action between an elliptical and a Sa spiral, whose initial orbital
parameters are those corresponding to id = O4ret in Table 3.

4.1. A gallery of galaxy interactions

Given the large number of simulations performed, it is not pos-
sible to describe each case individually. So we will proceed to
describe some “fiducial” cases, that retain the mean features of
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Fig. 3. Evolution of gas (upper panels), stars (intermediate panels) and dark matter (lower panels) during a direct merger between two gSb galaxies
(id = 09dir in Table 3). Time is labelled in the upper part of the figure. Each frame is 50 kpc x 50 kpc in size.
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Fig.4. Evolution of gas (upper panels), stars (intermediate panels) and dark matter (lower panels) during a retrograde merger between
two gSb galaxies (id = 09ret in Table 3). Time is labelled in the upper part of the figure. Each frame is 50 kpc x 50 kpc in size.

all the simulations performed. In Figs. 3-5, some sequences of
galaxy mergings and flybys are shown.

Figure 3 describes the encounter and successive merger of
two gSb galaxies, on direct orbit. At the beginning of the sim-
ulation the two galaxies are separated by a distance of 100 kpc.
As they start to approach each other, they begin to develop tails,
populated of both stars and gas particles. The intense tidal field
exerted during the pericenter passage (r = 400 Myr) leads also

to a transfer of mass between the two systems. In many cases, as
it will be shown in the following sections, the direct encounter
leads to a more rapid and dramatic merger, with an expansion
of the outer parts of the system, which is particularly visible for
disk galaxies.

The retrograde merger is shown in Fig. 4. In this case
the two galaxies are less affected by the tidal interaction. The
disk galaxies develop two transient great spiral arms, after the
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Fig. 6. From left to right: star formation rate of the isolated gSa, gSb
and gSd galaxies.

pericenter passage, but retain their initial structure for much
longer. Contrary to the direct case, no transfer of mass from one
galaxy to the other takes place and the formation of tidal tails
is less obvious. As will be discussed later, this allows most of
the initial gas mass to stay well confined in the disk of the spiral
galaxy, furnishing a great reservoir for the intense starburst that
takes place in the final stage of the merging. Note particularly
the high gas concentration in the inner central galactic regions in
the last two snapshots of galaxies in Fig. 4.

Finally, Fig. 5 shows a direct flyby between two gSa spirals.
Tidal tails and a bridge connecting the two galaxy centers de-
velop after the pericenter passage at t = 170 Myr. In this, as in
the previous figures, the high density regions in the gas compo-
nent correspond also to the sites of most intense star formation,
as it will be discussed in Sect. 4.5.

4.2. Evolution of isolated galaxies

Since the goal of this paper is to investigate the role interactions
and mergers play in the star formation process, it is essential to

T T T T
=0 t=500Myr t=1000Myr t=1500Myr

o
: l‘m.J,‘
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Fig. 7. Evolution of the gas component (upper panels) and of the stel-
lar one (lower panels) for the isolated gSb galaxy. Time is labelled in
the upper part of the figure. Each frame is 20 kpc X 20 kpc in size.

study the evolution of the SFR in the isolated galaxies, in order
to distinguish secular evolution from tidal effects in the interact-
ing galaxy sample. This is shown in Fig. 6. In all three cases,
an initial burst develops, driven by the compression of the gas
into density waves. In Fig. 7, which shows the time evolution
of the gaseous and stellar component for the gSb galaxy, spiral
arms and a bar are clearly formed at r = 500 Myr.

After the initial peak, the SFR follows a typical exponen-
tial profile. This is a general result of simulations of galaxies
evolved in isolation (see, for example, the discussions in Combes
2004; Harfst et al. 2006), unless ad hoc recipes for modeling
feedback from SNe explosions are taken into account (Springel
2000). To reproduce the average constant star formation rates
found in observations of spiral galaxies in the middle of the
Hubble sequence (Kennicutt 1983; Kennicutt et al. 1994), it is
indeed necessary to take into account also external gas accretion,
as shown in simulations of galaxy evolution in a cosmological
frame (Tissera 2000; Nagamine et al. 2004).

Averaged on the first 3 Gyr of evolution, the (SFR) varies
from 1 Mg/yrto 2.5 Mg/yr.
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Fig. 8. Star formation rate, versus time, for some galaxy mergers. The
SFR is normalized to that of the corresponding isolated galaxies. The
blue arrows indicate the first pericenter passage between the two galax-
ies, and the red arrows the merger epoch.

4.3. Star formation in interacting pairs

The variety of morphological and orbital parameters adopted in
the simulations is reflected in the different star formation histo-
ries of galaxies in the sample. Some SFR evolutions with time
are shown in Figs. 8 and 9, which refer to mergings and flybys
respectively. Simply looking at these few examples, it appears
clear that interactions can increase star formation in the galaxy
pairs from low levels (1.5-2 times the isolated case) to values
typical of starburt galaxies (20—60 times the isolated case).

In these figures, no distinction is made between the two in-
teracting galaxies in the sample, i.e. the relative SFR at time ¢
is evaluated as the ratio between the SFR of the pair and the to-
tal SFR of the isolated galaxies, both evaluated at time 7. From
Fig. 8, one can extrapolate some of the main features of the star
formation evolution for interactions leading to mergers:

— the peak of the SFR usually occurs in the last phases of the
encounter, when the two galaxies are interpenetrating, while,
at the first pericenter passage, the increase in the SFR is only
modest (1 to 4-5 times that of the isolated case).

— for the same orbit, direct and retrograde encounters can lead
to different SFR evolution. Obviously, this is not a general
rule, but often the SFR is greater for retrograde mergers than
direct ones and in some cases the differences between direct
and retrograde encounters is conspicuous. For example in the
gE0gSa05ret00 encounter, the maximum SFR is 20 times
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Fig. 9. Star formation rate, versus time, for some galaxy flybys. The
SFR is normalized to that of the corresponding isolated galaxies.
The blue arrows indicate the epoch of pericenter passage between
the two galaxies.

greater than of the direct gE0gSa05dir00 encounter (upper
panels in the figure).

For flybys, the peak in SFR occurs usually just after the peri-
center passage; also in this case the increase in the star for-
mation rate can be modest (as for the gSbgSd07dir00 and
the gEOgSb10ret00 cases in Fig. 9) or substantial (cf. the
gSagSa04dir00 and gSbgSb03ret00 in the same figure). On aver-
age, the SFR increases by a factor 3.4 with respect to the isolated
galaxy sample.

Note that, both in Figs. 8 and 9, the peak in the star formation
rate corresponds to the occurence of a nuclear starburst.

To show the wide variety of SFR obtained, in Fig. 10 we re-
port the maximum SFR obtained during the 3 Gyr-evolution of
the pairs, as a function of the different orbits simulated. As be-
fore, the SFR is relative to the isolated case. In this plot results
are shown for the whole sample (i.e. both mergers and flybys).
This clearly shows that, for the same initial orbital conditions,
different morphologies of galaxies in the pair lead to different
SFR histories, but also that, fixing the morphology of the pair,
direct and retrograde encounters usually do not lead to the same
star formation evolution. For mergers in general retrograde en-
counters are more efficient than direct ones in driving star for-
mation: indeed, on average, in retrograde mergers the SFR peaks
to 8.9 times that of the corresponding isolated galaxies, while,
for direct mergers, the maximum star formation rate (always rel-
ative to the isolated case) is only 5.
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Fig. 10. Maximum star formation rate, relative to the isolated case, as
a function of the orbital type, for flybys (empty symbols) and merg-
ers (solid symbols). Encounters are grouped into three classes, depend-
ing on the morphology of the interacting galaxies: interactions between
two early type galaxies are shown in the upper panel, the medium panel
refers to early-late type encounters, the lowest to encounters involving
two late-type systems. In each panel, error bars represent the standard
error of the mean. The large error bars found in some cases reflect the
great dispersion in the data.

4.3.1. Integrated star formation

Here we want to examine the evolution of the integrated star for-

mation rate (ISFR = ft 1:03 Gt

gas transformed into stars, during the whole duration of the sim-
ulations. We have seen that different simulations show different
SFRs; they are therefore more or less efficient, during pericenter
passages or mergers, in transforming gas into stellar matter. It is
interesting to check if the ISFR shows the same trend (for ex-
ample if retrograde mergers are more efficient than direct ones),
because, a priori, this is not guaranteed: ISFR can be dominated
by an extreme starburst-like event for a short duration (several
million years) or a long-term low enhancement of SFR due to
interaction.

In Fig. 11, the ISFR, normalized to the isolated case, is
shown, for all the simulations performed, as a function of the
orbit. The main features are:

SFR(t)dt), i.e. the total quantity of

— Integrated on 3 Gyr of evolution, the total gas mass converted
into stars can be increased by up to a factor of ~2, due to
galaxy interactions.

— Flybys can be as efficient as mergers in transforming gas into
stars: for example, two gSb galaxies, involved in a retro-
grade flyby, can have an ISFR comparable to that obtained
in a merger (cf. the L-L flyby with orbit id = 03 with the
L-L mergers 05 and 09 in Fig. 11).

— In general, retrograde encounters are slighlty more efficient
in transforming gas into stars: on average, for retrograde
interactions (/SFR) = 1.24, while (ISFR) = 1.15 for direct
encounters.

— The highest ISFR values are obtained for interactions involv-
ing late-type galaxies.

Lo
T _
£
KX %‘iééiégg_
o [LE
L
_%%%%ﬁ%@@ Ig5
-IL‘:-LIIIIIIIIIB?:I:
2 f ]

1 1 1 1 1 1 1 1 1 1
0102 03 04 0506 07 08 09 10 11 12
orbits

Fig. 11. Integrated star formation rate, ISFR, relative to the isolated
case, as a function of the orbital type, for flybys (empty symbols) and
mergers (solid symbols). Encounters are grouped into three classes, de-
pending on the morphology of the interacting galaxies: interactions be-
tween two early type galaxies are shown in the upper panel, the medium
panel refers to early-late type encounters, the lowest to encounters in-
volving two late-type systems. In each panel, error bars represent the
standard error of the mean. The large error bars found in some cases
reflect the great dispersion in the data.

4.4. Star formation efficiency in interacting pairs

To describe how much stars are produced by unit gas mass, it
is useful to study the star formation efficiency (SFE). This pa-
rameter can be defined as the ratio between the amount of gas
transformed into stars, at a generic time #, and the available gas
content at the same time:

Mgas—>*(t) .
Mgas(t)

Several authors have pointed out that strongly interacting galax-
ies are also more efficient in forming stars (Solomon & Sage
1988; Combes et al. 1994; Georgakakis et al. 2000), while oth-
ers (Casasola et al. 2004) have found that, even if interacting
galaxies appear more luminous in the infrared, this higher star
formation rate does not correspond to a different efficiency in
star formation per unit of calculated H, mass.

In Fig. 12 the SFE, relative to that of the corresponding iso-
lated galaxies, is shown for some of the simulations performed.
In all the cases, we found that an increase in the SFR is corre-
lated with an increase in the SFE, as expected from Eq. (8). It is
interesting to note, however, that, for the most intense bursts:

SFE(t) = (8)

— usually the SFE peak is higher than the corresponding SFR
and is also slightly delayed in time;

— the characteristic SFE times are greater than the correspond-
ing SFR ones, i.e., after the encounter/merger many galaxies
can show a SFR which is returned at preinteraction levels,
while the SFE still shows higher values in comparison to the
isolated counterparts.

This is evidently a consequence of the adopted SFE definition,
because of the fact that, during an intense burst of star formation,
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Fig.12. Star formation efficiency (cyan curve), relative to the iso-
lated case, as a function of time for three mergers (gEO0gSa05ret00,
gEO0gSb01ret00, gSbgSb09ret00) and a flyby (gSdgSd03dir00). The
blue arrows indicate the first pericenter passage between the two galax-
ies, and the red arrows the merger epoch. For comparison also the rela-
tive SFR is shown (grey curve).

gas in interacting galaxies is more rapidly depleted, with respect
to the isolated case, thus the total amount of gas content in the
galaxies is then lower than that of the isolated counterpart.

In Fig. 13, the maximum star formation efficiency obtained
for each encounter is shown, as a function of the orbit.

4.5. Where do stars form?

From the results presented in the previous sections it is clear that
interactions and mergers can lead to a conspicuous enhancement
both in the SFR and in SFE (up to a factor of 100 for the SFE
relative to the isolated case), but this is not always so. The pic-
ture that begins to emerge is that interactions, and mergers in
particular, can lead to intense starbursts, but this is not always
the case, i.e. galaxy interactions are not a sufficient condition
to convert high gas mass quantities into new stars (see Bergvall
et al. 2003 for an observational study of a sample of interacting
galaxies that result in poor starburst triggers).

While, up to now, numerical simulations seem to support
mainly the idea of a frequent occurence of tidally triggered
central starbursts (Mihos & Hernquist 1994a,b, 1996; Springel
2000), observational results depict a more complex scenario.
Ultra Luminous Infrared Galaxies (ULIRGs) indicate centrally
concentrated star formation (but see also Combes et al. 2006 for
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Fig. 13. Maximum star formation efficiency, relative to the isolated case,
as a function of the orbital type, for flybys (empty symbols) and merg-
ers (solid symbols). Encounters are grouped into three classes, depend-
ing on the morphology of the interacting galaxies: interactions between
two early type galaxies are shown in the upper panel, the medium panel
refers to early-late type encounters, the lowest to encounters involving
two late-type systems. In each panel, error bars represent the standard
error of the mean. The large error bars found in some cases reflect the
great dispersion in the data.

an example of a moderate redshift ULIRG with a more extended
CO emission), while a certain number of interacting galaxies
feature a more extended star formation. In the Antennae galax-
ies (Wang et al. 2004), for example, the most intense star for-
mation regions are located between the two galaxies, and the
late-type galaxy NGC 275 in the Arp 140 system, despite being
close to a merger with its companion NGC 274, does not show
evidence of an enhanced or centrally concentrated star forma-
tion, the brightest emission from star formation tracers coming
from an off-center region (Cullen et al. 2006).

Figures 14-19 show a comparison of most intense star for-
mation regions and gas maps for three mergers of the sample. Far
from representing the whole sample, they clearly suggest that
the tidally triggered star formation process can manifest itself
in a variety of ways. The retrograde encounter/merger between
two late type Sb galaxies leads to a strong enhancement in the
total®> SFR (about 20 times that of the isolated case), the site
of most intense star formation being strongly centrally concen-
trated. The same encounter, this time involving galaxies in direct
orbits, leads to the star formation maps shown in Fig. 16: in this
case the central galaxy regions are sites of intense star formation
in the final phases of the merging process, but, this time, the tidal
tails and the bridge connecting the two galaxies contribute also
to the production of new stars, as well as circumnuclear rings*.
The situation changes drastically in Fig. 18, where the star for-
mation maps resulting from an encounter between an early-type
elliptical and a late-type Sd galaxy are shown. In this case, the

3 i.e. evaluated on the total gas mass of the galaxy.

4 Note that the presence of an ILR stops the gas inflow. This, together
with the tidal gas removal, explains why SFRs tend to be lower in direct
orbits, as we will see later on.
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Fig. 14. Star forming regions during the final stage of an encounter in-
volving two gSb galaxies in retrograde orbits (id = 09ret in Table 3).
Only hybrid particles with a star formation efficiency (averaged on
50 Myr) greater than 0.005 are shown. Each frame is 20 kpc in length.
Snapshots are shown every 50 Myr. Blue-green colors correspond to
regions of highest density. See Fig. 15 for a comparison with gas maps.

Fig.15. Gas maps during the final stage of an encounter involving
two gSb galaxies in retrograde orbits (id = O9ret in Table 3). Each frame
is 20 kpc in length. Snapshots are shown every 50 Myr. See Fig. 14 for
a comparison with star forming regions.

first pericenter passage between the two galaxies is highly dis-
ruptive for the gSd, which develops two giant tails, which ac-
quire a high fraction of gas mass, and which are also the site
of intense, local, and clumpy star formation. Note that the star
forming clump in the upper left part of the panels in Fig. 18 cor-
responds to the center of the elliptical galaxy, which has acquired
part of the gas mass of the companion during the interaction.

On average, the gas mass being spread at great distances
from the galaxy center, the gas density is obviously lower than
the one obtained in the above-mentioned encounter. This leads
to a total SFR that is noticeably lower than the one obtained in
the other two mergers: it is only three times greater than in the
isolated case.

4.6. How does the maximum SFR depend on the total
amount of gas available in the galaxies?

Before moving on to describe in detail the dynamical evolu-
tion of gas and stars during the encounters, in order to try to
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Fig. 16. Star forming regions during the final stage of an encounter in-
volving two gSb galaxies in direct orbits (id = 09dir in Table 3). Only
hybrid particles with a star formation efficiency (averaged on 50 Myr)
greater than 0.005 are shown. Each frame is 20 kpc in length. Snapshots
are shown every 50 Myr. Blue-green colors correspond to the regions of
highest density. See Fig. 17 for a comparison with gas maps.

Fig.17. Gas maps during the final stage of an encounter involving
two gSb galaxies in direct orbits (id = 09dir in Table 3). Each frame
is 20 kpc in length. Snapshots are shown every 50 Myr. See Fig. 16 for
a comparison with star forming regions.

understand the physical processes that lead to an enhancement
in the SFR and in the ISFR, with respect to the isolated cases,
we want to find out whether, and to what extent, the SFR peaks
depend on the amount of gas available in the galaxy. In other
words, are the different SFR peak values shown in Figs. 8—12
due to a different gas content in the galaxy at the moment of
the burst?

To investigate this, we evaluated the gas content® (relative to
that at the beginning of the simulation) just before the burst, i.e.
for flybys we evaluated the amount of gas in the galaxy 50 Myr
before the pericenter passage, while, for mergers, the quantity is
evaluated 50 Myr before the coalescence between the two galax-
ies. In Fig. 20 the maximum SFR is plotted, as a function of the
gas content, expressed in units of the initial galactic gas mass, for
all the encounters. Flybys and mergers are located in two differ-
ent regions of the plots. For flybys, the pericenter passage occurs

5> The gas content considered is the total amount of gas, i.e. the gas
can be present both in the tails or in the main body of the galaxy.
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Fig. 18. Star forming regions during the final stage of an encounter in-
volving a gEO and a gSd galaxy in direct orbits (id = 03dir in Table 3).
Only hybrid particles with a star formation efficiency (averaged on
50 Myr) greater than 0.005 are shown. Each frame is 100 kpc in length.
Snapshots are shown every 50 Myr. Blue-green colors correspond to the
regions of highest density. See Fig. 19 for a comparison with gas maps.

Fig. 19. Gas maps during the final stage of an encounter involving a gEQ
and a gSd galaxy in direct orbits (id = 03dir in Table 3). Each frame is
100 kpc in length. Snapshots are shown every 50 Myr. See Fig. 18 for
a comparison with star forming regions.

in the initial phases of evolution, when the gas content of the disk
galaxies is similar to the initial ones; mergers, on the other hand,
are located in a region of space where the amount of gas mass
is a fraction of between 0.2 and 0.4 of the initial gas mass for
elliptical-spiral encounters, while it is somewhat greater range
(0.1-0.6) for spiral-spiral ones.

In both cases (flybys and mergers) it is evident that one can
have large differences in the maximum SFR, even when the
amount of fuel available is nearly the same: this is the case of
flybys involving a gEO and a gSb in direct orbits, for example,
where one can have a factor of 4 in the maximum SFRs, even
if the gas mass is comparable. Even more striking is the case of
mergers where, with an available gas mass which is about 33%
of the initial value, there are encounters which lead to a maxi-
mum SFR 60 times the isolated case, while others enhance the
SFR only by a factor of 5.

In conclusion, Fig. 20 clearly shows that the quantity of fuel
still available in the galaxy is not the main parameter that influ-
ences the SFR in the burst phase.
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Fig. 20. Maximum star formation rate (relative to the isolated case), as
a function of the gas content (rescaled to its initial value), for flybys
(empty symbols) and mergers (solid symbols). Different symbols cor-
respond to different morphologies of interacting galaxies, as explained
in the legend. Error bars represent the standard error of the mean.

4.7. How does the maximum SFR depend on Ry, Vp, tenc
and on the effect of tidal forces?

In the previous section we showed that the maximum SFR in in-
teracting and merging galaxies does not depend mainly on the
total amount of gas mass available in the main body of the sys-
tem and in the tails. A first indication of the fact that the en-
counter geometry affects the enhancement of star formation has
been seen in Sect. 4.3, comparing retrograde and direct encoun-
ters: we have seen that usually retrograde interactions/mergers
are more efficient than direct ones in converting gas to stars. But
it is still clear that other parameters must play a role in the evo-
lution of the SFR in interacting galaxies: even considering only
retrograde encounters between galaxies with the same morphol-
ogy, in some cases the increase in the SFR relative to the iso-
lated evolution is only modest, while other events lead to a SFR
60 times greater than that of the isolated case.

So, the aim of this section is to explore the dependency of the
maximum SFR (occurring in the coalescence phase for mergers
and soon after the pericenter passage for flybys) on other param-
eters, such as:

— the distance at the first pericenter passage Rp;

— the relative velocity V}, at Rp6;
S R
— the characteristic time of the encounter, fenc = 3~
P

the tidal parameter 7}, of the galaxy pair, defined as’

Ty =Tp1+ Ty, 9
where

Mcomp Di } .
Ty = 1Oglo[ M, (R_p) , i=1,2 (10)

quantifies the effect of tidal forces at pericenter passage R,
suffered by a galaxy of mass M; and scalelength D;, due
to the interactions with a companion galaxy whose mass is
Momp (see also Bournaud et al. 2005). As a measure of the

6 R, and V, have been evaluated using the definitions of galaxy cen-
ters and velocities given at the beginning of Sect. 4.

7 Note that in the following definition of 7, no dependency on the
galaxy mass ratio is proposed. The sample being composed only by
equal mass galaxies, this has no influence on the present study. A pos-
sible formulation for unequal mass encounters could consist into intro-
ducing a weight g = M;/(M; + Mcomp) in the expression for T, ;, i.e.
Tp, i= 10g10[g(Mcomp/Mi) X (Di/Rp)3]~
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Fig. 21. Maximum star formation rate, relative to the isolated case, as
a function of the first pericenter distance between the two galaxies for
flybys (lower panel) and mergers (upper panel). Different symbols cor-
respond to different morphologies of interacting galaxies, as explained
in the legends. The dashed lines represent the best linear least-square
fits. Error bars represent the standard error of the mean.

galaxy scalelength D; we used the radius containing 75% of
the total (baryonic + dark matter) mass of the system;

— the parameter T/t that gives an estimate of the effect of
tidal forces exterted on the pair, per unit of time.

We wish to remind readers that, while for flybys this analysis
relates the SFR at pericenter passage with quantities evaluated
at the pericenter too, this is not the case for mergers, looking in
this case for possible existing correlations between the SFR in
the coalescence phase and physical quantities evaluated at the
first pericenter passage.

4.7.1. Maximum SFR versus R,

Figure 21 shows the maximum SFR, as a function of the dis-
tance R, at first pericenter passage, for flybys (lower panel) and
mergers (upper one).

It is not surprising to see that for flybys there is a tendency to
have increasing star formation levels as the pericenter separation
of galaxies in the pair diminishes. More interesting is the case
of mergers, where a positive correlation (+0.7) between these
two quantities is found, so that galaxies that at first passage are
more distant are also those that suffer the most intense burst of
star formation in the merging phase.

Mergers
FT T LI T T T ]
F o E—-E ret = E-L dir 9
ol E-E dir L-L ret ]
- S F E-L ret L-L dir 3
[ £ ]
n [ ]
| % ‘
£ESF % q E
Eo_Lelly . _ _ A ]
TR C ]
—_ . I . I . I
4 6 8
Vp [100 km/s]
Flybys
o I : I : T 3
o A E—E ret 5 E-L dir
a ~ E-E dir L-L ret
E—L ret L—L dir
E Sk =
n F A ]
X0 L % } ; ]
g [ of I SPSEE
r i S Jp— ~‘1§E' T B
N - FLEt D J
P I . I . I
4 6 8

Vp [100 km/s]

Fig. 22. Maximum star formation rate, relative to the isolated case, as
a function of the relative velocity at pericenter, for flybys (lower panel)
and mergers (upper panel). Different symbols correspond to different
morphologies of interacting galaxies, as explained in the legends. The
dashed lines represent the best linear least-square fits. Error bars repre-
sent the standard error of the mean.

4.7.2. Maximum SFR versus V,

No correlation is found between SFR maximum and the relative
velocity of the two galaxies at the first pericenter passage for
the merger sample, while a weak correlation (+0.34) exists for
flybys (see Fig. 22).

4.7.3. Maximum SFR versus te,

As shown in Fig. 23, the duration of the encounter, and thus the
duration of the perturbation induced by the companion galaxy,
is a parameter that influences the peak of star formation (the
absolute value of the correlation coefficient is about 0.6 for
both flybys and mergers). And, as previously found for R, the
two samples of flybys and merger galaxies feature quite different
behavior: indeed, while the maximum SFR increases as fe,c di-
minishes for flybys, the opposite is the case for mergers, having
a tendence to have higher bursts of star formation at increas-
ing fenc. This is exactly the same trend shown in Fig. 21, because
of the fact that flybys with small pericentric distances must also
have the highest relative velocities, and so, ultimately, small zpc.

4.7.4. Maximum SFR versus T,

For mergers a strong negative correlation (—0.72) is found when
plotting the maximum SFR versus the tidal parameter 7}, de-
fined as the sum of the tidal parameters T, exerted by the
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Fig. 23. Maximum star formation rate, relative to the isolated case, as
a function of the characteristic time of the encounter .., for flybys
(lower panel) and mergers (upper panel). Different symbols correspond
to different morphologies of interacting galaxies, as explained in the
legends. The dashed lines represent the best linear least-square fits.
Error bars represent the standard error of the mean.

two galaxies. The clear trend in Fig. 24 is that galaxy pairs that
suffer intense tidal effects at first pericenter passage tend to have
lower star formation rates in the merging phase. The same be-
havior is found when comparing the SFE at the merger epoch
with T}, (see Fig. 25). The opposite trend stands for flybys, i.e.
at pericenter, galaxy pairs that suffers intense tidal effects tend
to have also higher star formation rates.

4.7.5. Maximum SFR versus T,/ tenc

The same trend is found when comparing the SFR at the merger
with Tp/fene, Which gives an estimate of the perturbation due
to tidal forces per unit time. With a correlation coefficient r =
—0.55, it shows that the maximum SFR is somewhat affected by
the tidal forces exerted by the companion galaxy per unit time.
Remember that our star formation law is only density depen-
dent, so that an increase in the SFR corresponds to an increase
in the local gas density. In this sense, the negative correlation
found between the amplitude of the burst and the tidal forces ex-
erted per unit of time can be understood if one considers that the
stronger the forces, the greater the quantity of galaxy mass (and
so, ultimately, also of gas material) removed from the system,
as an effect of energy injection (see the next section for a more
in-depth discussion of this).
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Fig. 24. Maximum star formation rate, relative to the isolated case, as
a function of the tidal parameter T}, (see text), for flybys (lower panel)
and mergers (upper panel). Different symbols correspond to different
morphologies of interacting galaxies, as explained in the legends. The
dashed lines represent the best linear least-square fits. Error bars repre-
sent the standard error of the mean.

4.8. Why does the SFR in the merging phase depend on T,?

The goal of this section is to further investigate the relation found
in Fig. 24 between the value of the SFR peak in the merging
phase and effects of tidal forces on the pair, evaluated at the
first pericenter passage. In all the previous sections, we have al-
ways referred our analysis to the pair of interacting galaxies: for
example, the SFR is the total SFR, to which both galaxies of the
pair contribute; the tidal parameter T, has been evaluated fol-
lowing Eq. (10), thus summing the tidal effects suffered by the
two galaxies. In this section, we will “decompose” our analy-
sis, evaluating some physical quantities directly on each galaxy
of the pair. This is in order to get a more detailed picture of the
role played by each component in the evolution of the interacting
system.

Being interested in explaining the relation found for mergers,
we restrict our analysis here to the sample of merger galaxies, i.e.
to all the galaxies involved in interactions that lead to mergers in
over three Gyr of evolution.

First of all, for each galaxy in this sample, we evaluate the
radius r75 containing 75% of the total mass (gas+stars+dark mat-
ter) of the system, just after the pericenter passage with the com-
panion, in order to quantify the expansion experienced by the
galaxy, as an effect of the encounter. In Fig. 27, rss is plot-
ted against the tidal parameter T} 4,, Which now is evaluated
on the single galaxy and not on the pair. For simplicity, we
have grouped galaxies into two subsamples: early-type systems,
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Fig. 25. Maximum star formation efficiency, relative to the isolated case,
as a function of the tidal parameter T, (see text), for flybys (lower panel)
and mergers (upper panel). Different symbols correspond to different
morphologies of interacting galaxies, as explained in the legends. The
dashed lines represent the best linear least-square fits. Error bars repre-
sent the standard error of the mean.

including gEO and gSa, and late-type ones, including gSb and
gSd galaxies.

Not surprisingly, the figure shows a strong correlation be-
tween these two quantities, indicating that the stronger the in-
teraction at the pericenter passage, the greater the subsequent
expansion of the outer parts of the system. The radius r;s is com-
puted including all the galaxy components, but it is likely that
a similar relation holds for the gaseous component only, in the
sense that the gas mass ejected into tidal tails grows as tidal ef-
fects on the galaxy become stronger. This is shown in Fig. 28,
where Mgy out, the gas mass outside 20 kpc from the galaxy cen-
ter, is plotted against T ga1. Mas ou has been evaluated just after
the pericenter passage and it has been normalized to the gas mass
present, at the same time, in the disk of the corresponding galaxy
evolving alone.

To summarize, after the pericenter passage, the amount of
gas in the galactic disk is depleted by two complementary
effects:

1. an increase in the star formation rate in the disk, which
accelerates the gas consumption;
2. the ejection of gas material from the disk into tidal tails.

The role these two phenomena play in depleting the gas mass in
the disk is shown in Figs. 29 and 30.

The first figure shows Mg, in, the gas mass inside 20 kpc
from the galaxy center, versus Tpa1. As in Fig. 28, Mgy in has
been evaluated just after the pericenter passage and it has been

Mergers
7T
F o E-E ret = E-L dir 9
ol E-E dir L-L ret |
. = E-L ret L-L dir 3
SE ]
R :
©
o
B oo i% N 3
5 ek TSN TR
L [y - - _ s A
| N 4
P I U I ST
0 0.5 1
Tp/tenc
Flybys
i B B s e s s s s s e S
o A E-E ret 5 E-L dir
o E-E dir L-L ret
xr o E-L ret L-L dir
IR & & ]
5o s ﬂ& .
R
o |-+ iy : 1
— P S RS RS |
-0.5 0 0.5 1

Tp/tenc

Fig. 26. Maximum star formation rate, relative to the isolated case, as
a function of T/t (see text), for flybys (lower panel) and mergers (up-
per panel). Different symbols correspond to different morphologies of
interacting galaxies, as explained in the legends. The dashed lines rep-
resent the best linear least-square fits. Error bars represent the standard
error of the mean.

normalized to the gas mass present, at the same time, in the disk
of the corresponding galaxy evolving alone.

The second figure shows the dependency on Ty ga1 Of Mgas— .,
the integrated gas mass trasformed into star from the time r = 0
to the time ¢ = t(Rp)s. This quantity also has been normalized to
the gas mass present, at the same time, in the disk of the corre-
sponding galaxy evolving alone.

Comparing these two figures with Fig. 28, it is evident that
usually the disk gas mass is decreased mainly because of the
ejection of a copious gas fraction far out from the disk, while the
encounter-enhanced star formation contributes only modestly to
clear it out. Obviously, part of the gas mass lost in the tails, or
acquired by the companion galaxy, can be reaccreted in the last
stages of the merging event, thus contributing to the fuel avail-
able in the burst phase. But this is not the case for all the gas
mass lost from the disk. In this sense, Fig. 28 helps to explain
the trend found in Fig. 24 (top panel).

4.9. Toward a formulation for the SFE

For practical use, it is convenient to have a fitting formula for
the estimation of the SFE, even if limited to planar encoun-
ters. The aim of this section is to propose a possible formu-
lation, for mergers and flybys, as a function of: 1) the type of
the encounter (E-E, E-L, L-L); 2) the orbital spin, if parallel or

8 Tt is the time corresponding to the pericenter passage.
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Fig. 28. Gas mass outside 20 kpc from the galaxy center, versus the
galaxy tidal parameter T} ga. Mas0u has been evaluated just after the
pericenter passage and it has been normalized to the gas mass present,
at the same time, in the disk of the corresponding galaxy evolving alone.
Different symbols in the figure correspond to early and late-type galax-
ies, as explained. Red color refers to direct encounters, blue to retro-
grade ones. The analysis has been restricted to galaxies in the merger
sample (see text). The dashed lines represent the best linear least-square
fits. Error bars represent the standard error of the mean.

antiparallel to the galaxies angular momentum (i.e. direct or ret-
rograde orbit); 3) the pericenter distance Ry}, of the Keplerian or-
bit of two points with masses equal to the masses of the interact-
ing systems.

In other terms, we are looking for a function f(morph, spin,
Ryp) so that
log o SFEmax = f(morph, spin, Rop). (11D
As in the previous sections, for mergers and flybys, the max-
imum SFE is relative to that of the corresponding galaxies
evolved in isolation.

In Sect. 4.7.4 we have shown the strong correlation existing
between the maximum SFE and the tidal parameter T}, at the
pericenter, giving a global fitting formula, which takes into ac-
count all the various morphological galaxy types. In general, this
strong correlation between T, and SFE still holds when group-
ing galaxies in different classes, depending on their morpholog-
ical type and the orbital spin, direct or retrograde. This suggests
using a right-hand side in Eq. (11) containing a parameter that
could approximate T,. Note indeed that, for practical purposes,
we are looking for a formulation for SFE that could be expressed
only in terms of the initial parameters of the simulated encounter
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Fig.29. Gas mass inside 20 kpc from the galaxy center, versus the
galaxy tidal parameter T} ga. Masin has been evaluated just after the
pericenter passage and it has been normalized to the gas mass present,
at the same time, in the disk of the corresponding galaxy evolving alone.
Different symbols in the figure correspond to early and late-type galax-
ies, as explained. Red color refers to direct encounters, blue to retro-
grade ones. The dashed lines represent the best linear least-square fits.
Error bars represent the standard error of the mean.
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Fig. 30. Plot of My, versus the galaxy tidal parameter T}, ga. Mgas—x
represents the integrated gas mass transformed into star from the time
t = 0 to the time ¢ = #(R,). As in Figs. 28 and 29, this mass has been
normalized to the gas mass present, at the same time, in the disk of
the corresponding galaxy evolving alone. Different symbols in the fig-
ure correspond to early and late-type galaxies, as explained. Red color
refers to direct encounters, blue to retrograde ones. Error bars repre-
sent the standard error of the mean. The analysis has been restricted to
galaxies in the merger sample (see text).

and that does not depend on quantities that require an ad hoc
simulation to be evaluated.

We remind the reader that the tidal parameter T}, at pericen-
ter has been defined in Eq. (9) as the sum of the tidal param-
eters Tp; and T, relative to the two galaxies involved in the
interaction, i.e.

| M, (D Y M, (D,
ogio|— = ogio|— =
&101 37, \ R, 101737, \ R,

) )
Ry
R, being the pericenter distance and D; and D, the galaxies
scalelength. R, was evaluated as the minimum distance between
the two galaxy density centers and both D and D, were approx-
imated with the radius containing 75% of the total galaxy mass
and were evaluated at the pericenter passage.

On the contrary, the suggested approximation for 7, will
make use of all quantities yet available ab initio, i.e.

did>\’
L

Ty

12)

log, (13)

(14)
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Table 4. Values for the A and B constants in Eq. (15), for mergers and
flybys.

Mergers Flybys
A B A B
E-Eret -0.098 1557 0.135 0.653
E-Edir -0.126 0.826 0.115 0.724
E-Lret -0.202 1.089 0.078 0.482
E-Ldir -0.098 0.779 0.024 0.543
L-Lret -0.121 0954 0.027 0.461
L-Ldir -0.026 0.621 0.004 0.467

Ry, being the pericenter distance of the unperturbed Keplerian
orbit of two bodies, having masses equal to the two galaxy
masses, and d; and d, being the radii containing 75% of the total
mass of the unperturbed galaxies.

The suggested formulation for the SFE is the following®:

+ B, (15)

didy\’
108, SFEmax = A logy, {(l—i)
Ry

being A = A(morph, spin) and B = B(morph, spin) constants
depending on the morphology of the two galaxies involved in
the interaction and on the orbital spin. Note that also the x term
depends on galaxy morphologies, via d; and d5.

In Table 4, A and B are given, both for mergers and fly-
bys, and for different classes (E-E, E-L, L-L, in retrograde or
direct orbits). Their values have been obtained performing a lin-
ear least-square fit between the x values and the corresponding
values of log;, SFEn.x resulting from simulations.

A comparison between the curves

dids\’
y:A 10g10 [(F) +B (16)

2b

and the “experimental” data for the SFE, for mergers and fly-
bys, is shown in Figs. 31 and 32, respectively. The proposed for-
mulation for the SFE reproduces the data quite well, with the
modulus of the relative errors quite uniformly distributed with
a mean value that is always below 30%, with the only exception
of early-late type direct mergers and late-late type retrograde fly-
bys, where it is *50%.

4.10. Evolution in the (24,5, ~srr) plane

In the previous sections, we have seen that the star formation rate
in the merging phase anticorrelates with the intensity of the tidal
interaction at first pericenter passage and we explained this in
terms of gas removal from the galactic disk of the two galaxies,
just after the encounter. In this picture, the next step is to verify
if the SFR during interactions and in the coalescence phase cor-
relates with the quantity of gas material available in the galactic
disk.

Several observations of normal galaxies suggest that the SFR
on global scales is well represented by a Schmidt law of the form
2SFR = AZgaSN , Zgas being the gas density weighted inside the
galactic optical radius and Xgpg the disk-averaged SFR surface
density. The best fitting slope N, obtained with a conventional
least squares fit, is about 1.4 (see Kennicutt 1998a). Despite the

° The sample being composed only by giant galaxies, in the following
formula no dependency on the galaxy masses is proposed. We refer the
reader to following papers for a more general formulation, that could
take into account also the mass ratio of the interacting galaxies.
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Fig.31. SFE versus the parameter x defined in Eq. (14) for mergers.
Different panels refer to different classes for the encounters, depend-
ing on the morphology of the interacting galaxies and on the orbital
spin. Error bars represent the standard error of the mean. The dashed
line in each panel represents the proposed formulation for the SFE (see
Eq. (15)).

T T T T T T T T T T
= E-E ret & ¥ E-Edir _ & 3
agE fox T 5

| s | s | | s | s |

I T I T I I T I T I
£ E-L ret E-L dir EI] E
F Lo o F i T b Lo

| ' | ' | | ' | ' |

I ' I ' I I ' I ' I
oL _
— F L-Lret L-L dir E
B wof ]
n . .

N -
- 1 L 1 L 1 1 L 1 L 1
-2 0 2
X

Fig.32. SFE versus the parameter x defined in Eq. (14) for flybys.
Different panels refer to different classes for the encounters, depending
on the morphology of the interacting galaxies and on the orbital spin.
Error bars represent the standard error of the mean. The dashed line in
each panel represents the proposed formulation for the SFE, described
(see Eq. (15)).

large variation for a given value of X, these data show that
a correlation between SFR and gas density exists, which is also
largely independent of galaxy type. A similar correlation, with
a comparable N slope, exists for starburst galaxies, if averaging
the SFR density and the gas density on the inner (1-2 kpc) galac-
tic region, both the Xy, and the Zgpr values being in this case
1-4 orders of magnitude higher than those obtained for normal
galaxies, thus suggesting that a large amount of gas is present in
the central region to sustain the burst activity.

Other authors have found some variations in the value of
the N slope: Wong & Blitz (2002) investigating a sample of
seven molecule rich spiral galaxies found N ~ 1.1-1.7, depend-
ing on the correction for extinction in Ha emission, in deriv-
ing the SFR; Boissier et al. (2003) found N ~ 2.0 for a sample
of sixteen spiral galaxies; finally Gao & Solomon (2004) sug-
gested a star formation law with a power-law index of 1.0 in
terms of dense molecular gas content, when studying a sample
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Fig. 33. The global Schmidt law in galaxies. Upper left panel: (Zq,, Xsrr) relation for interacting galaxies (grey empty squares). For comparison,
also isolated galaxies are shown (stars). Upper right panel: (X455, Zsrr) relation for merging galaxies. Different symbols in this and in the next
two panels are explained in the legends. For comparison, the interacting galaxy sample is shown with grey empty squares. Lower left panel:
circumuclear starburst. For comparison, interacting galaxies (grey empty squares) and mergers (black squares) are also shown. The dashed line
represent a “global” Schmidt star formation law of the form Xggg o EgaS]A (Kennicutt 1998a), and it is shown for a comparison with the data. Lower
righ panel: (Zq.5, Zspr) relation for post-merger galaxies. For comparison, interacting galaxies (grey empty squares), mergers (black squares) and

circumnuclear starburst (black empty circles) are also shown.

of 65 normal spirals, luminous infrared and ultraluminous in-
frared galaxies.

In this framework, it is interesting to see whether our sample
obeys a similar global relation, provided that on local scales our
star formation recipe is a Schmidt type. In particular, we are in-
terested in finding out if interacting and starburst galaxies follow
a “global” Schmidt law of the type Xspr = AZgasN , as found ob-
servationally for normal spiral galaxies (Kennicutt 1998a) and
if, more generally, it is possible to trace a global evolution on
the X4 — Zsrr plane, for pre-interaction, interacting, starburst
galaxies and mergers.

To compute Z,,5 and XZgrr, we evaluated the SFR and the
gas amount inside a radius containing 85% of the total visi-
ble (gas+stars) galaxy mass'® and then we calculated the disk-
density relative quantities. For interacting galaxies, we evaluated
the two quantities for each galaxy of the pair, while for starburst,

10 Note that for interacting and starburst galaxies, due to the fact that
part of the mass populates tidal tails, thus spreading for several hundreds
kpc outside the galactic center, we restricted our analysis to 85% of the
total visible (gas+stars) mass located inside 20 kpc from the galaxy
center.

circumnuclear starbursts and post-merger Xg,, and the Zgrr are
evaluated on the resulting merger.

The main findings of our analysis are summarized in Fig. 33,
which shows different galaxy samples (interacting, starbursts,
circumnuclear starbursts and mergers) in the plane (Zgqs, ZsFr)-

In this plane the interacting galaxies (upper left panel)
lie in a region which extends over two orders of magni-
tude both in Zg, from 0.1 to 30 M, pc™?, and in Zgrr
(1074-0.02 My yr~! kpc=2). No obviously different behavior is
found for different morphological types, i.e. for early- and late-
type systems. This sample includes galaxies at very different
stages of interactions: there are systems that are well before the
first close passage, hundreds of kpc distant from the companion
(in this sense they can be considered as isolated) and systems
close to the merging phase. We eliminated from this sample (as
in the isolated sample shown in the same panel for comparison)
the transient initial burst phase, corresponding to the emergence
of density waves in the galactic disks (see Figs. 6 and 7). Note
that the best linear fit reported in Fig. 33 for interacting galaxies
would be steeper if the low Xg,s —Zspr values in this sample were
not considered.
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The starburst phase is represented in the upper right panel.
The high correlation found for this sample (0.9) is remarkable.
We should point out that, in this phase, galaxies occupy an ex-
tended region in X4, and reach higher levels of SFR density,
with respect to interacting pairs. Note also that mergers result-
ing from encounters between an elliptical and a spiral have, in
general, higher gas surface densities and a higher star forma-
tion rate density with respect to spiral-spiral mergers. The situ-
ation changes if one restricts the analysis of starburst galaxies
to circumnuclear regions, in the inner kpc region of the galaxy.
In this case (lower left panel) the nature of the starburst event
clearly emerges: the gas circumnuclear density is, on average, at
least 100 times higher than that of the overall disk, thus giving
rise to a strongly enhanced SFR, whose circumnuclear density
is far greater than those of interacting and starburst galaxies as
a whole. In this case, late-type spiral encounters show higher
SFR densities, when compared to mergers involving an early-
type system.

Once the starburst phase is over, the mergers evolve toward
the lower left part of the (Zq4, Zspr) plane (as shown in the lower
right panel in Fig. 33), having at this point used up most of their
gas reservoirs.

This overall trend in the location of normal and starburst
galaxies in the (Zg45, Zsrr) plane is also confirmed observation-
ally (see Kennicutt 1998a, Fig. 9 left). Note that in this case
highest values (for normal and merging galaxies) are reached
both in the x and y axis, but that this is merely due to the fact that
our simulations start with initial conditions typical of present
day galaxies and then evolve over three Gyr in time, so that the
amount of gas in the simulated systems is only initially compa-
rable to that of galaxies in the local Universe. In particular, the
position of isolated and interacting galaxies in Fig. 33 top left is
a reflection of gas amount.

The present study on the evolution of isolated, interacting
and merging galaxies in the (Zqa, Zspr) plane extends and en-
riches earlier numerical research concerning star formation in
isolated galaxies and in major interactions. Springel (2000), for
example, studied the composite Kennicutt law for a small set of
simulated isolated and merging galaxies, showing that his sam-
ple corresponds remarkably closely to the global Schmidt law
over a large dynamic range. But the accordance of the data with
the global Schmidt law is a natural consequence of the chosen
star formation and feedback recipes he adopted, being the free
parameters chosen in order to satisfy Kennicutt’s findings.

In an extensive study conducted to analyze how star forma-
tion depends on the adopted parametrization for feedback, Cox
et al. (2006) showed that isolated galaxies satisfy the empirical
Kennicutt law, when including a gas density threshold for star
formation. Indeed, when averaging star formation rate and gas
surface density within azimuthal annulli, and adopting feedback
parameters that were not too high, they found a good accordance
with the results in Fig. 3 in Kennicutt (1998b). Then, studying
the Kennicutt law for the merger sample, using an azimuthal
aperture of radius 2 kpc, they confirmed that the interacting sam-
ple also closely tracks the empirical star formation law.

But both these studies use a star formation and feedback
modelization designed to reproduce the empirical Kennicutt law.
In this sense, the present study investigates the Zg,5 — Zspr cor-
relation, in a more general context. Indeed, starting from a star
formation recipe based on the local gas volume density (Eq. (5)),
it is not immediately clear that a global (on 10-20 kpc scales) re-
lation, based on gas surface density, must hold. Evidently, we do
not claim to reproduce the slope found for the empirical law, but,
nevertheless, it is striking to see how a global (i.e. on kpc scales)

g5 — ZspR Telation is satisfied, for isolated, interacting, merging
and post-merger galaxies.

4.11. Gas inflow

It is well established that the interaction with a companion
usually destabilises the disk of a galaxy, which develops non-
axisymmetric structures (such as spiral arms and bars), re-
sponsible for exerting torques on the gas material (Noguchi
1988; Barnes & Hernquist Barnes & Hernquist 1996; Mihos &
Hernquist Mihos & Hernquist 1996; Combes Combes 2001). In
this way, the gas loses angular momentum and falls into the inner
galactic regions, where a starburst takes place (see Smith et al.
2007, for an observational study of 35 interacting galaxy pairs,
that show gas concentration in the inner regions, with a subse-
quent enhancement of the central star formation rate).

In the previous section, we have shown indeed that the star
formation enhancement in the merging phase is a strongly inho-
mogeneous process, taking place mostly in the central kilopar-
sec. Here we want to describe in greater detail the gas dynamics
during the different phases of the encounter. To do this, we stud-
ied the occurence and evolution of asymmetries in the disk stel-
lar distribution and the response of the gas component to their
emergence. With this in mind we first Fourier-analyzed the disk
surface density distribution, focusing in particular on the ampli-
tudes of the Fourier components m = 1 and m = 2. Then we
studied the evolution of the gas lagrangian radii containing 10%,
25%, 50% and 75% of the total gas mass, in order to have a pic-
ture of gas inflows into the central regions. Obviously, it is not
possible to describe here the results of all the different encoun-
ters simulated, so we will describe in detail only two of the cases
analyzed.

To Fourier-analyze the disk surface density distribution, we
adopted the following procedure:

— firstly, the angular momentum of the disk galaxy was evalu-
ated and the galactic plane was rotated as a function of this,
in order to have the galactic spin parallel to the z-axis of the
reference frame;

— then the x — y plane was divided into an annular grid (expo-
nentially spaced in radius and linearly in azimuth) between
the center C of the disk galaxy and 10 kpc.

— the surface mass density distribution on the x — y plane was
evaluated, taking into account only the old galactic stellar
component that lies between +500 pc from the galactic disk.

— once the density X(r, 6), being r the distance from the galaxy
center and 6 the azimuth, had been computed, for each annu-
lar ring, we fitted Z(r, 6) with the following function
@ = 1+ [A;sin(0 + ¢1) + Az sin(20 + ¢,)

0

+.... + Ag sin(86 + ¢g)] (17)

obtaining a value of Ag, Ay,..., Ag and ¢y,..., ¢g for each
annular ring.

— finally, for each configuration, we evaluated the averaged
value (A1) and (A;) of A; and A, respectively, between 1
and 10 kpc and we adopted these values to quantify the
“strength” of the m = 1 and m = 2 asymmetries.

The results of this analysis are shown in Fig. 34, which refers to
two encounters (a direct and a retrograde one) between an ellip-
tical and a gSb galaxy. In the first column, the relative distance
between the two interacting system is shown, as a function of
time, while the second and third column show the evolution of
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Fig. 34. Gas dynamics during the interaction and subsequent merger between an elliptical and a spiral Sbc galaxy. The first row refers to the
two galaxies in direct orbit, the second row to galaxies in retrograde interaction. First column: relative distance between the two galaxy centers
versus time. Second column: evolution of the A, strength, versus time (solid line). For comparison, the evolution of the A; asymmetry of the same
galaxy evolving alone is shown (dotted line). Third column: evolution of the A, strength, versus time (solid line). For comparison, the evolution of

the A, asymmetry of the same galaxy evolving alone is shown (dotted lin
10% (black), 25% (red), 5S0% (blue) and 75% (green) of the gas mass are

m = 1 and m = 2 asymmetries, respectively. It is evident from
this plot that:

1 and m

— tidal encounters usually amplify both m
2 asymmetries;

— at the first pericenter passage or during flybys, galaxies in di-
rect orbits usually develop A, asymmetries more pronounced
than those arising in retrograde encounters;

— for mergers, a second amplification in the A; and A, asym-
metries, relative to the isolated case, occurs when the two
galaxies are in the final stage of coalescence;

— in the phase between first pericenter passage and merger, the
A; and A; values can be either higher or lower than those of
the same galaxies evolving in isolation.

The emergence of strong asymmetries in the disk obviously
influences the gas dynamics, as shown in the last column of
Fig. 34, where the lagrangian radii for the gas component are
shown'!. Indeed, after the first pericenter passage, as the disk
galaxy develops transient m = 1 and m = 2 asymmetries, an ini-
tial gas inflow, involving about 25% of the gas mass takes place,
accompanied by an increase in the star formation efficiency. This
inflow lasts for about 200 Myr and is followed by a re-expansion

' In fact here we refer to the gas+new stars component.

e). Fourth column: evolution with time of gas lagrangian radii containing
shown, in units of the corresponding gas radii of the isolated gSb galaxy.

of the inner gas lagrangian radii, probably due to an enhance-
ment in the gas kinetic energy from SNe explosions. But the
most dramatic and very rapid gas compression starts only when
the two interacting galaxies are in the final phase of the merger:
in this case the rapidly changing galactic potential causes the
inflow of a substantial fraction of the gas mass (between 50%
and 80% of the gas mass involved) into the inner kiloparsec re-
gion, where a strong starburst takes place.

5. Discussion: are galaxy interactions always
starburst triggers?

In the previous section, we have looked at the evolution of the
star formation rate during flybys and mergers in detail, show-
ing the great variety of SFR evolutions occurring during galaxy
interactions and presenting an in-depth study of the SFR de-
pendency on several parameters. We have already pointed out
(Sect. 4.5) that interactions are not always a sufficient condition
to convert high gas mass quantities into new stars. Here we wish
to go into the discussion on this point in greater depth, because of
its potential impact on observational studies as well. Evidently,
we are bearing in mind that the statistical analysis presented in
this paper has its limitations, which we will try to remove in later
research. For example, even though we were exploring a whole
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Hubble sequence (from early-type to late-type giant galaxies),
all the simulations were carried out using a unique dark matter
model. Having shown in Sect. 4.8 that tidal effects are crucial in
determining the SFR in the merging phase, it could be interesting
to check, in subsequent work, how the overall analysis depends
on the dark matter model adopted (varying the density profiles,
the limiting radii, the central concentrations, and so on).

The present work is also limited to coplanar encounters, with
galaxies having null relative disk inclinations, and spins parallel
to the orbital angular momentum.

Notwithstanding this the large sample (216) of interact-
ing galaxies presented here is yet sufficient to draw some
preliminary conclusions concerning the interaction-starburst
connection.

Figure 35 shows the histogram of the maximum SFR for
mergers and flybys. As in the previous section, this value is rel-
ative to the SFR of the galaxy evolved in isolation. The plot
clearly highlights that mergers are not always starburst triggers:
indeed the number of mergers that produce star formation rates
ten times higher than those of isolated galaxies are about 17%
of the total merger sample, while half of the sample shows only
a moderate enhancement in the SFR (less than four times the
isolated case).

High SFR are not only less frequent, but are also character-
ized by the shortest duration times. This is shown in Fig. 36,
where the histogram of the burst duration is plotted, for two dif-
ferent SFR enhancement levels. About 36% of the whole in-
teracting galaxies sample'? sustains SFRs two times higher
than those of the isolated counterparts for a time greater than
500 Myr. But this duration significatively diminishes, for galax-
ies whose relative SFR is greater than five. In this case, the maxi-
mum starburst duration is less than 600 Myr and only 13% of the
whole galaxy sample sustains a SFR enchancement greater than
five for more than 100 Myr (small window in Fig. 36). Lastly,
galaxies that show SFRs 20 times higher than those of the iso-
lated counterparts are able to substain it for 150 Myr, in the most
favourable cases.

Not only is the starburst frequency low, but also the inte-
grated star formation rate, compared to the isolated case, seems
to support the idea that interactions are not always sufficient
to convert high gas mass quantities into new stars, as the his-
togram in Fig. 37 shows. Flybys and mergers can produce twice
as many stars as isolated galaxies, but about 50% of all the merg-
ers, and 76% of flybys, have an ISFR (see Sect. 4.3.1 for its
definition) that is only 1.25 times greater than that of isolated
galaxies.

6. Conclusions

We have investigated the enhancement of the star formation rate
in galaxy interactions by numerical simulations, comparing the
star formation properties of more than two hundred pairs of in-
teracting and merging galaxies with those of isolated galaxies.
The present research partially confirms previous numeri-
cal investigations (Mihos & Hernquist 1994a,b, 1996; Springel
2000; Cox et al. 20006), in the sense that major galaxy inter-
actions and mergers can trigger strong nuclear starburst, but it
shows clearly that this is not always the case, i.e. mergers are not
always starburst triggers and galaxy interactions are not a suf-
ficient condition for converting large quantities of gas mass into
new stars. This is mainly because strong tidal interactions at the
first pericenter passage can remove a large amount of gas from
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Fig. 35. Histograms of the maximum SFR (relative to the isolated case),
for mergers. Flybys are shown for comparison in the small window in-
serted in the figure.
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Fig. 36. Histograms of duration of enhanced SFR, for the whole sample
of interacting galaxies (mergers and flybys). Two thresholds are shown:
relative SFR > 2 and relative SFR > 5 (the latter is shown in the small
window inserted in the figure).

the galaxy disks. This gas material, ejected into the tidal tails, is
only partially re-acquired by the galaxies in the last phase of the
merging event.

We have shown that the star formation rate in the merging
phase:

1. does not depend mainly on the total amount of gas mass
available just before the final coalescence phase, this total
amount of gas content being the sum of that present in the
tails and in the main body of the system.

In turn, it is strongly negatively correlated with:

2. the distance between the two galaxy centers at the first peri-
center passage, in the sense that, on average, galaxies that
pass too close to one another also produce the lowest bursts
of star formation;

3. the amplitude of the tidal forces at pericenter, i.e. pairs that
suffer less intense tidal actions at the first passage are able to
preserve a great mass fraction in the disk, which constitutes
the fuel for the nuclear starburst in the merging phase.
Furthermore,

4. the enhancement of the star formation in the merging phase
depends on the galaxy spin, in the sense that, on average,
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Fig. 37. Histogram of the relative ISFR, for mergers. Flybys are shown
for comparison in the small window inserted in the figure.

galaxies in retrograde orbits are stronger starburst triggers
than those involved in direct encounters.

We have also analyzed the evolution in the (Zga5, Zsrr) plane of
interacting, mergers and post-merger galaxies, finding that, glob-
ally, the Kennicutt-Schmidt law applies statistically for all the
different stages of interaction.

Finally, we have put forward a formulation for the SFE at
the pericenter passage for flybys and in the coalescence phase
for mergers. The general laws we derived depend only on the
main parameters of the encounters, such as the orbital spin, the
pericenter separation and the galaxy dimensions.

Obviously, it is still necessary to use a larger range of param-
eters, for example to get an insight into the dependency of the
star formation efficiency on the orientation of the galaxy disks
with respect to the orbital plane, or on the mass ratio of the galax-
ies in the pair. It would be interesting also to perform a subset
of these simulations while varying the star formation rule, i.e.
from a density-dependent, Schmidt-type one, to a formulation
that could take into account energy dissipation in shocks, as pro-
posed by Barnes (2004). Whatever the case may be, we believe
that this research can contribute, on the one hand, to clarifying
the physical mechanisms behind the large range of star formation
enhancements found in observed interacting pairs, while furnish-
ing, on the other hand, simple star formation formulations for
theoretical modelling.
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