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ABSTRACT

We have used self-consistent numerical simulations of N-body systems to investigate
encounters between spherical non-rotating galaxies. In our simulations, the galaxies
were represented by Plummer spheres (o o r ~3) with isotropic velocity distribution,
and we considered collisions along hyperbolic, as well as a few parabolic, orbits. Pairs
of galaxies with several different mass ratios (1:1, 1:2, 1:4 and 1:8) were included. We
analysed the effects on the internal structure of the galaxies caused by collisions that
did not result in mergers after one Hubble time, quantitatively estimating the changes
in linear size, mass and energy, and discussing their possible correlations with the
orbital parameters. Besides this, we used the results of collisions that ended up in
mergers to investigate the structure of the remnants (with respect to binding energy,
mass loss, linear size and flattening). We also obtained the density profiles of the

remnants, which are well described by an r =7 law profile with 3 <y <3.7.
Finally, from the analysis of collisions that ended up in mergers and of those that
did not, we established a range of initial velocities and impact parameters that serves

as a merging criterion.

Key words: methods: numerical - galaxies: evolution - galaxies: interactions -

galaxies: structure.

1 INTRODUCTION

Over the past two decades, there has been considerable
interest in the theoretical and observational consequences of
collisions of galaxies, a subject recently reviewed by Barnes
& Hernquist (1992) and by Muzzio (1993). Galaxies on
orbits of low energy that bring them very close together
usually end up merged in a single remnant after losing a
relatively small amount of mass; more energetic or more
distant encounters, which do not lead to mergers, can also
significantly affect the structure of the galaxies involved and
lead to the loss and exchange of galactic material. That
exchange (dubbed cluster swapping by Muzzio, Martinez &
Rabolli 1984, and tidal accretion by Muzzio 1986) is largest
when the velocity difference between the galaxies is lowest
(Carpintero, Muzzio & Vergne 1989), that is, for conditions
close to those that lead to merging.

Unfortunately, even considering collisions of spherical
non-rotating galaxies only, the parameter space is so large
that much of it remains poorly explored, despite the large
number of investigations performed. For example, although
the ratio of the galactic masses is crucial to decide the
outcome of a collision, most of the investigations performed

* E-mail address: mvergne@fcaglp.fcaglp.unlp.edu.ar.

thus far have dealt with collisions of galaxies of equal mass or
of not too different mass (say, mass ratios of 1:2 or 1:3).

In the present investigation we explore galaxy collisions
under conditions close to those that lead to merging. Such

conditions are interesting because, on one hand, their study"

can result in a better knowledge of the boundary of the
region of the parameter space that leads to mergers and, on
the other hand, it is close to this boundary where the
exchange of material between colliding galaxies is largest.
Also, by limiting ourselves to this restricted region, we can
explore it in more detail than we could a larger region; in
particular, we want to investigate the effects of different mass
ratios. Since we expect significant mass exchanges, a full N-
body code seems better suited than one based on multipole
or equivalent expansions of the potential. While the number
of bodies used in the simulations must thus be low to avoid
lengthy computing times, this is not a serious limitation for a
preliminary exploration of the parameter space like that
which we want to perform.

2 THE SIMULATIONS
2.1 Numerical simulations

We performed several N-body simulations of encounters of
two spherical galaxies. Each galaxy was represented by a
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system of identical particles, each of mass m;, and its position
defined by the vector r; the interaction between particles i
and j is defined by the potential

m;m;
By= -G (1)
! [("i—’j)z"'f?j]llz

where G is the gravitational constant and ¢ is the softening
parameter used to reduce two-body relaxation. The corre-
sponding N-body equations of motion were integrated using
a program developed, and kindly made available to us, by Dr
S. J. Aarseth (Aarseth 1985). This program combines a
fourth-order polynomial predictor-corrector method with
the scheme developed by Ahmad & Cohen (1973), and was
adapted to the HP1000 computer by Carpintero et al. (1989)

2.2 The models

We prepared seven spherical galaxies, each made up of 50,
90, 150, 225, 300, 360 and 400 particles of mass m, for our
simulations. The galaxies were initially represented by non-
rotating Plummer spheres with isotropic velocity distribution
(Binney & Tremaine 1987, p. 223). The mass distribution
within a radius ris given by

3
ar

MG T

(2)

where « is a quantity proportional to the central density and
B a scale factor for the distance to the centre. The total mass
of the galaxy is

a

Ml:w

(3)

Since Plummer spheres have infinite radius, we truncated
them at radii r, that comprise 99 per cent of their total
masses; these limiting radii are an order of magnitude larger
than the half-mass radii, r, (radii that comprise 50 per cent of
the total mass). The initial parameters of the galaxies are
given in Table 1: columns 1-5 list the parameters mentioned
above, and columns 6 and 7 give the total internal energy
(E,) and the internal velocity dispersion (g,), respectively.
All these parameters are expressed in our own units, which
are such that G=1, m=1 and e=1. The scaling to real
galaxies can be obtained by comparing the galaxy made up of
360 particles to galaxy M87, taking a visual absolute

parameters a and § given by Muzzio et al. (1984). Therefore,
the masses and half-mass radii of real galaxies are related to
those of our models by the relations

M,=Mu, Thg = Tnls (4)
where u=5.64%10'"M, and A=28.24 kpc, and the time
unit is 7= 0.5 X 108 yr. Crossing times range between 4.7 and
8.6 of our time units, corresponding to galaxies with 50 and
400 particles, respectively.

We chose the softening parameter taking into account the
results of White (1978), who had used galaxies made up of
250 particles. In order to have the same resolution for the
different galaxy models, the softening parameter should have
been reduced for the smaller galaxies. On the other hand the
smaller galaxies are those that have fewer particles, thus to
avoid altering the relaxation time a larger softening para-
meter would be needed for them. We have therefore adopted
a middle-of-the-road approach, and used the same softening
parameter for all the models. Some resolution is obviously
lost for the smaller galaxies, but relaxation effects are kept at
bay.

Before using them for our collision experiments, our
model galaxies were allowed to evolve in isolation for 3.5

" crossing times in order to let them reach a stable configura-

tion. Due to the use of a softened potential and the
imposition of a limiting radius, the evolved galaxies are
slightly more concentrated than the original ones. '

2.3 Initial conditions

Only two parameters are needed to describe the orbital
motion of two galaxies: the impact parameter and the
velocity at maximum separation (or at infinity). We used four
mass ratios for the colliding galaxies: 1:1, 1:2, 1:4 and 1:8,
with the combined mass of both galaxies always being 450
particles. The separation of the galaxies at the start of the
simulation was large enough [200 units, i.e. approximately 10
times (r,, + r,,)] for the initial tidal effects to be negligibly
small. Hyperbolic and parabolic orbits were used for our
models. We adopted pericentric distances of 0 (head-on), 10,
15, 20 and 30 units [approximately corresponding to 0, 1/2,
3/4,1 and 3/2 of (r,, + ry,), respectively]. The orbital veloci-
ties for the hyperbolic cases were selected by choosing
orbital energies that were different fractions, c, of the total
internal energy of both galaxies:

1202 Jaqwianop €z uo 1sanb Aq G/ 866/6E1/2/9.2/2101e/seluw/wod dno-olwapede//:sdiy woly papeojumoq

magnitude of M, = —22.3 (Harris & Racine 1979), and the E,,=c|M E +M,E,|, (5)
Table 1. Initial parameters of the galaxies.
M, Th T « ﬂ E, Oo
50 4.71 44.1 1.060 0.0766 — 120. 0.887
90 6.33 59.1 0.790 0.0726 — 284. 0.835
150 8.17 76.3 0.612 0.0255 — 506. 1.106
225 10.00 93.5 0.500 0.0170 — 787. 1.278
300 11.55 107.9 0.433 0.0128 —1473. 1.272
360 12.65 118.2 0.395 0.0106 —-1932. 1.305
400 13.30 124.6 0.375 0.0096 —2581. 1.288
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' with 0=¢<1; E_ is the orbital energy, E, (with i=1, 2) the
internal energy per unit mass of the ith galaxy, and M, its
mass. The X-Y plane was chosen as the orbital plane, and
the initial orbital velocity was in the x-direction. Table 2 lists
the initial orbital parameters for the experiments. The first
column gives the model identification (‘H’ indicates hyper-
bolic, and ‘P’ parabolic, orbits. The number following the
letter indicates the run number). The following columns give
the mass ratio (M, /M,), the pericentric distance (R, in our
units, computed when taking the galaxies as point masses),
the initial orbital velocity normalized with respect to the
parabolic velocity at the same point (V,,/V,), the fraction ¢
(0.0 corresponds to a parabolic orbit), and the parameters
(E) and (R) that represent the normalized orbital energy and
impact parameter, and which are defined below.

The evolution was followed for an interval equal to the
Hubble time (7= 1.5 X 10!° yr). If the galactic pair merged
during this interval and the remnant reached virialization, the
run was stopped, but if the remnant was not in equilibrium,
the simulation was followed until equilibrium was reached.

The analysis of the results was performed in the system of
the centre of mass, which was computed in the following way.
The centre of mass of each one of the two galaxies (when
they had not merged), or that of the remnant (when they had
merged), was computed, and the particles with positive
energy with respect to this centre of mass were found; a new
centre of mass was determined after excluding those
particles, and the procedure was iterated until convergence
was reached (after three or four iterations in most cases).

Due to the low number of particles in the small galaxy of
the pair with mass ratio 1:8, the results are in some cases of
low weight, and therefore only values for the other mass
ratios will be provided in what follows.

3 MERGING CRITERION

We analysed a large number of experiments in order to
develop a criterion for the merging of pairs of non-rotating

Table 2. Main parameters of the experiments.
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spherical galaxies with mass ratios of 1:1, 1:2, 1:4 and 1:8.
This criterion differs from those formulated previously by
Aarseth & Fall (1980) and Binney & Tremaine (1987), in
that they only considered galaxies of equal mass.

Each encounter of two galaxies was characterized by two
dimensionless parameters, { E) and { R), which depend on the
orbital properties of the galaxies and are defined as

Eorb
(E\+Ey)’

Ry

<E>= (rhl +"hz>

(R)= , (6)

where E_, is the initial orbital energy, E,(with i=1, 2) is the
internal energy of the ith galaxy, R, is the pericentric
distance and r,; is the half-mass radius of the ith galaxy. With
these definitions, the possibility that the two galaxies were
not equal is taken into account in the dimensionless para-
meters (E) and {R), which are listed in columns 6 and 7 of
Table 2.

In this way, each initial orbit is associated with a point in
the ((E), (R)) plane, as shown in Fig. 1. Four curves, one for
each mass ratio, divide the ((E), (R)) space into an upper-left
region, where mergers do not occur within a Hubble time,
and a lower-right region, where galaxies merge within this
time.

By averaging the values of the last model that did not
merge with those of the first one that merges, we obtained the
least-squares best fits for each mass ratio:

111 (R)=(2.3310.04)(E)+(1.06£0.01),
1:2  (R)=(3.70£0.90XE)+(1.28+0.18),
L4 (RY=(7.39+0.64)XE)+(1.51+0.08),

1:8  (R)=(16.76+0.79)(E)+(1.18 £0.04). (7)

We notice from Fig. 1 that when (R)= 0.0, that is, when
the encounter is head-on, there is a maximum energy (E,,..),
and therefore a maximum encounter speed, such that all
encounters that start with (E) smaller than (E,,,) lead to a

RUN M, /M, R,

H1 1.0 0.0 2.20
H2 1.0 0.0 1.7
H3 1.0 0.0 1.18
H4 1.0 10.0 1.47
H5 1.0 10.0 1.18
H6 1.0 15.0 1.18
H7 1.0 20.0 1.04
P1 1.0 0.0 1.00
P2 1.0 10.0 1.00
P3 1.0 20.0 1.00
HS8 0.5 0.0 2.05
H9 0.5 10.0 1.58
H10 0.5 10.0 1.46
H11 0.5 20.0 1.09
HI12 0.5 20.0 1.056
H13 0.5 30.0 1.01
P4 0.5 0.0 1.00
P5 0.5 10.0 1.00
P6 0.5 20.0 1.00
H14 0.25 0.0 1.88

Vrel/Vp

c <E> <R>
50.0 —0.44 0.0
25.0 —0.22 0.0

5.0 —0.044 0.0
15.0 —0.13 0.5
5.0 —0.044 0.5
5.0 —0.044 0.75
1.0 —0.009 1.0
0.0 +0.0 0.0
0.0 +0.0 0.5
0.0 +0.0 1.0
36.0 —0.33 0.0
17.0 -0.15 0.51
13.0 —0.12 0.51
2.0 —0.019 1.01
1.0 —0.01 1.01
0.2 —-0.002 1.52
0.0 +0.0 0.0
0.0 +0.0 0.51
0.0 +0.0 1.01
19.0 -0.174 0.0

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System

1202 Jaqwianop €z uo 1sanb Aq G/ 866/6E1/2/9.2/21011He/seluw/wod dno-olwapede//:sdiy woly papeojumoq


http://adsabs.harvard.edu/abs/1995MNRAS.276..439V

442 M. M. Vergne and J. C. Muzzio

Table 2 - continued

RUN

H15
H16
H17
H18
H19
H20
H21
P7
P8
H22
H23
H24
H25
H26
H2T
H28
H29
H30
H31
H32
H33
H34
H35
H36
P9
H37
H38
H39
H40
H4l
H42
H43
H44
H45
H46
H4T
H48
H49
H50
H51
H52
H53
H54
H55
H56
HS57
H58
H59
H60
H61
H62
H63
He4
H65
H66
H6T
H68
H69
HT0
HT1
HT2
HT3
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My /M,
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.125
0.125
0.125
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.125
0.125
0.125
0.125
0.125
0.125
0.125
0.125

R,

0.0
10.0
10.0
10.0
10.0
20.0
30.0

10.0
0.0
0.0

10.0
0.0
0.0

10.0

10.0

15.0

15.0

15.0

20.0

20.0

20.0

30.0

30.0

30.0
0.0
0.0

10.0

10.0

10.0

10.0

10.0

15.0

15.0

15.0

20.0

20.0

20.0

30.0

30.0

30.0

30.0
0.0
0.0

10.0
10.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0

0.0

0.0
10.0
10.0
20.0
20.0
30.0
30.0

Vrel/vp

1.45
1.68
1.57
1.45
117
1.01
0.66
1.00
1.00
1.08
1.49
1.29
2.52
2.28
1.92
0.82
1.33
1.20
0.59
1.05
0.88
0.18
0.04
0.01
0.00
0.34
1.48
1.42
1.35
0.92
0.70
0.64
1.27
1.19
1.67
1.67
1.38
0.84
0.87
0.80
1.07
1.05
2.26
2.15
1.34
1.88
1.78
1.15
1.02
1.54
1.30
0.70
1.04
1.01
2.39
1.18
1.72
0.98
0.98
0.74
1.62
1.22

8.0
13.3
10.6

8.0

2.7

0.1

0.05

0.0

0.0

7.0

5.0

2.7
70.0
55.0
35.0
30.0
40.0
30.0
20.0
20.0
10.0

1.0
0.25
0.0
50.0
45.0
40.0
35.0
30.0
21.0
19.0
30.0
25.0
20.0
20.0
10.0
7.0
8.0
5.0
1.0
1.0
30.0
27.0
23.0
19.0
16.0
15.0
10.0
10.0
5.0
1.0
0.5
0.1
19.0
9.0
8.0
5.0
5.0
1.0
5.0
1.0

<E>
—0.073
-0.12
—0.097
—-0.073
—0.024
—0.001
—.001
+0.0
+0.0
—0.062
—0.045
—0.024
—0.61
—0.48
-0.31
—0.26
—0.34
—0.26
-0.17
-0.18
—0.09
—0.044
—0.009
—0.002
+0.0
—0.41
—0.41
-0.37
-0.32
-0.27
-0.19
-0.17
—0.28
-0.23
—0.18
-0.18
—0.092
—0.064
-0.073
—0.046
-0.014
—0.01
-0.27
—0.24
-0.21
—0.174
—0.15
—0.136
—0.091
—0.091
—0.046
—0.091
—0.006
—0.001
—0.174
—0.08
—0.071
—0.045
—0.045
—0.009
—0.045
—0.009

<R>
0.0
0.53
0.53
0.53
0.53
1.05

0.53

0.75
0.75
0.75
1.00
1.00
1.0

1.5

1.5

1.5

0.0

0.0

0.51
0.51
0.51
0.51
0.51
0.76
0.76
0.76
1.01
1.01
1.01
1.51
1.51
1.51
1.51
0.00
0.00
0.0

0.53
0.53
1.05
1.05
1.58
1.58
1.58
1.58
1.58

0.0

0.56
0.56
1.11
1.11
1.67
1.67
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Figure 1. The ((E), (R)) plane. Orbits below and to the right of the
limiting lines end up in mergers in a Hubble time, but the merging
time increases towards the upper-left region.

merger in one Hubble time. The value of (E,,,,) depends on
the mass ratio:

1 (E,0)=—046,
1:2 (E,»=—035,
L4 (E,»=-021,
1:8  (E,»=-007.

For (E) values between 0.0 and (E,,,,), the collisions that
end up in mergers have a limiting maximum value for (R).
For our hyperbolic models, there cannot be mergers when
Ry>1.0(r,, + ;) for mass ratio 1:1, Ry > 1.25(r,, + r,,) for
1:2 and R, > 1.5(ry, + ry,,) for 1:4; the models with mass ratio
1:8 show a similar tendency, but the limiting value is un-
certain due to the steep slope of the (R) versus (E) relation.
For (R)<0.75 the limiting values of (E) are fairly different
for each mass ratio, but the curves become closer for values
of (R) larger than 0.75. As the mass ratio decreases, so does
the dependence on the orbital momentum (or (R)).

The position of the merging limits depends on the
definition of the merging time ( 7},), which is the interval from
the initial instant (when the galaxies are at a distance D, from
each other) to the time when the galaxies do not separate any
more. Fig. 2 presents, for mass ratio 1:2, as an example, the
same limit shown in Fig. 1 (full line), together with the
limiting curve for the case where the galaxies become
bounded in one Hubble time, but take a longer time to end
up merged (dashed line). In this way, the ((E), (R)) plane is
divided into three regions: unbound, bound-and-no-merger,
and merger. It can be noticed that the full and dashed curves
are roughly parallel, and not too distant from each other,

which means that the curves will not change much if we

adopt a different standard galaxy to estimate our time-scale;
the same happens for the other mass ratios.

Collisions of non-rotating spherical galaxies 443

1.75 T T T T T

T T

1.50 F O -
1:2

1.00

Unbound
0.75

<R>

0.50
0.25

0.00 O

~0.25 I 1 1 1 I I I
-05 -04 -03 -0.2 -0.1 0.0 0.1

<E>

Figure 2. The ((E), (R)) plane, including the same curve shown in
Fig. 1 (full line) for mass ratio 1:2, plus the curve (dashed line)
corresponding to the case where the galaxies become bounded in a
Hubble time, but take a longer time to merge. This plane is divided
in three regions: unbound, bound (but not merged) and merged.

4 ENCOUNTERS OF GALAXIES

In the present section, we analyse the changes in the internal
structure of the galaxies that did not end up merged within
one Hubble time. Therefore, we only consider here the initial
orbital parameters that do not satisfy the merging criterion
found in Section 3; the analysis of merger remnants is left for
the next section.

The results of our experiments are given in Table 3. The
time chosen to evaluate the results was dubbed T,
(expressed in units of the Hubble time, column 2), and was
defined as the time when the separation between the galaxies
reached the value D, (see column 3). If the pair of galaxies
is unbound at Ty (E,,>0.0), then D, is approximately
equal to the initial separation, D, =200 units; but if the pair
is bound, then D,,, is the largest separation that the galaxies
reach after the first close passage. Since none of our pairs of
galaxies needed more than one passage to become a bound
system, the analysis of the results is limited to the first peri-
central passage.

4.1 Mass loss

When one stellar system suffers an encounter with another,
its velocity distribution function changes and some stars may
acquire enough kinetic energy to escape from the system
(tidal stripping). Part of the material lost by one system may
be captured by the other one (tidal accretion).

The fractional mass change (in absolute value) of each
galaxy (M) is given in Table 3 (in the models with unequal
galaxies the first line corresponds to the parameters of the
small galaxy, and the second line to those of the large galaxy),
and it includes the losses due to escapes from the system

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System
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Table 3. Main results of collisions.

RUN
H25

H26
H27
H28
H29
H30
H3l
H32
H33
H34
H35
H36
P9

H37
H38
H39
H40
H41
H42
H43
H44
H45
H46
H47
H48
H49
H50
H51
H52
H53

H54

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System

Tmaz
0.43

0.56
0.40
0.56
0.38
0.50
0.79
0.42
0.50
0.63
0.68
0.64
0.72
0.40
0.73
0.42

0.43

0.63
0.40
0.47
0.50
0.44
0.82
0.61
0.50
0.61
0.58
0.72

0.39

Dmaz
296.0

147.9
222.8
154.4
2454
213.8
232.8
203.6
125.8
214.2
216.1
218.0
220.8
239.5
194.9
237.2
241.1
219.6
160.4
180.1
216.7
240.8
222.0
224.5
208.9
155.4
220.3
211.9
211.9
168.0

232.2

oM

0.156
0.124
0.182
0.227
0.067
0.107
0.107
0.160
0.053
0.076
0.111
0.098
0.093
0.133
0.071
0.071
0.080
0.107
0.053
0.084
0.036
0.027
0.027
0.031
0.040
0.044
0.233
0.033
0.293
0.043
0.193
0.057
0.187
0.037
0.280
0.037
0.220
0.033
0.200
0.037
0.207
0.037
0.213
0.047
0.167
0.047
0.113
0.C30
0.140
0.023
0.167
0.023
0.067
0.01¢
0.080
0.015
0.08C
0.013
0.127
0.027
0.311
0.008

§M,

0.134
0.093
0.155
0.174
0.045
0.054
0.076
0.102
0.035
0.028
0.071
0.054
0.057
0.049
0.035
0.027
0.032
0.049
0.022
0.035
0.009
0.009
0.009
0.018
0.004
0.018
0.180
0.023
0.240
0.033
0.120
0.017
0.134
0.017
0.187
0.024
0.180
0.026
0.153
0.020
0.114
0.017
0.126
0.027
0.114
0.020
0.073
0.013
0.107
0.010
0.094
0.016
0.027
0.007
0.053
0.010
0.053
0.010
0.080
0.024
0.200
0.005

M.
0.022
0.031
0.027
0.053
0.022
0.052
0.031
0.058
0.018
0.048

0.040

0.044
0.036
0.084
0.036
0.044
0.049
0.058
0.031
0.049
0.027
0.018
0.018
0.013
0.036
0.026
0.053
0.010
0.053
0.010
0.073
0.020
0.053
0.020
0.093
0.013
0.040
0.007
0.047
0.017
0.093
0.020
0.087
0.020
0.053
0.027
0.040
0.017
0.033
0.013
0.073
0.007
0.040
0.003
0.027
0.003
0.027
0.003
0.041
0.003

0.111

0.003

SE;
—0.515
—0.459
—0.497
—0.538
—0.163
—0.156
—0.280
—0.410
—0.136
—0.288
—0.280
—0.330
—0.215
—0.304
—0.145
—0.193
—0.226
—0.297
—0.130
—0.106
—0.100
—0.069
—0.064
—0.060
—0.086
—0.061
—0.510
—0.313

"—0.567

—0.331
—0.527
—0.223
—0.530
—0.195
—0.580
—0.163
—0.399
—0.225
-0.370
-0.219
—0.489
—0.149
—0.380
—0.149
—0.159
+0.025
-0.273
—0.119
—-0.262
—0.112
-0.321
—0.100
—0.151
—0.029
—0.181
—0.057
—0.181
-0.057
—0.159
—0.070
—0.550
—0.161

6%,

—0.165
—0.130
—-0.101
—0.095
-0.072
—0.156
—0.034
—-0.182
-0.162
—0.153
—0.035
—0.039
+0.011
—0.007
—0.093
—0.103
—-0.137
—0.118
+0.050
—0.044
—0.013
—0.108
-0.105
+0.013
—0.055
—0.048
—0.240
—0.062
—0.188
—0.038
—0.241
—0.058
—0.289
+0.019
—0.203
+0.041
—0.038
+0.004
—0.151
—0.050
-0.133
—0.031
-0.071
—-0.016
—0.321
—0.158
—0.206
+0.077
—0.081
+0.095
—0.094
-0.017
—0.052
—0.006
—0.036
—-0.039
—0.036
—0.039
—0.044
—0.016
—0.044
+0.005

FZC

1.158
0.979
1.094
1.080
0.963
0.989
1.101
1.101
1.031
0.937
1.039
1.067
0.982
0.982
1.017
1.026
1.086
1.070
1.043
1.043
1.047
0.994
1.009
1.006
0.991
1.001
1.229
1.073
1.056
1.096
1.104
1.073
1.052
1.037
0.956
1.025
0.977
0.975
0.987
1.000
1.087
1.042
1.053
0.983
0.985
1.069
1.080
1.021
0.996
0.973
1.037
0.988
1.022
1.041
1.009
0.995
1.009
0.995
0.980
1.023
1.041
1.056

1.168
1.028
1.075
1.105
0.976
0.989
0.985
1.047
0.982
0.983
1.025
0.983
1.008
1.008
1.016
0.958
1.004
0.996
1.037
1.027
1.003
0.998
0.993
0.983
1.007
0.968
1.259
1.032
0.991
1.103
0.936
1.018
0.807
1.038
0.929
1.033
0.948
0.981
0.992
1.006
1.057
1.012
0.874
0.961
0.990
1.020
1.033
1.013
0.984
0.966
1.083
0.981
1.011
1.023
0:936
1.002
0.936
1.002
0.981
0.979
1.043
1.054

brh

+0.596
+0.499
+0.401
+0.314
+0.098
+0.303
+0.139
+0.373
+0.185
+0.214
+0.036
+0.139
+0.224
+0.299
+0.650
+0.077
+0.710
+0.258
+0.011
+0.010
+0.016
+0.104
+0.119
+0.016
+0.118
+0.058
+0.628
+0.389
+0.174
+0.459
+0.680
+0.155
+1.111
+0.071
+0.380
+0.028
—0.019
+0.174
+0.249
+0.174
+0.324
+0.059
+0.432
+0.200
+0.353
—0.016
+0.389
+0.057
+0.243
—0.017
+0.144
+0.072
—0.061
—0.059
+0.171
+0.003
+0.171
+0.003
—0.009
—-0.007
+0.073
+0.211
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Table 3 - continued
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RUN  Tmaz  Dmas  6M oM,  6M.
H55 042 2205 0.367 0223  0.144
0.006  0.003  0.003
H56 050 206.1 0.367 0234 0.133
0.003  0.003  0.000
H57 036 213.0 0.256 0.156  0.100
0.003  0.000  0.003
H58 039 202.2 0200 0.144  0.056
0.006  0.003  0.003
H59  0.39 2074  0.093 0.073  0.020
0.003  0.000  0.003
H60 056 247.6  0.18¢ 0.111  0.078
0.008  0.000  0.008
H61 044 2236 0.133 0.100  0.033
0.003  0.000  0.003
H62 052 2106 0.141 0.088  0.056
0.006  0.003  0.003
HG63 079 2041 0.089 0078 0.011
0.008  0.005  0.003
H64 062 2054 0.078 0.056 0.022
0.006  0.003  0.003
H65 062 2163 0122 0.066  0.056
0.000  0.000  0.000
HG66 027 2034 0.140 0.060 0.080
0.000  0.000  0.000
H6T  0.37 2095 0.360 0.140  0.220
0.000 0.000  0.000
H68 039 2042 0182 0.080 0.100
0.005  0.005  0.000
H69 050 209.9 0.200 0.100 0.100
0.00b  0.002  0.003
H70 044 2179  0.10¢C  0.060  0.040
0.005  0.005  0.000
H71 053 211.8 0.060 0.000 0.060
0.000  0.000  0.000
H72 041 2164 0.080 0020 0.060
0.003  0.000  0.003
H73 056 207.2 0.060 0.040  0.020
0.000  0.000  0.000

(0M,) and those due to captures by the other galaxy (6M,).
The maximum mass change for the whole system is about 20
per cent for encounters with mass ratios of 1:1, 1:2 and 1:4
(16 per cent truly lost and 4 per cent swapped). The loss is
smaller for a mass ratio of 1:8, with a maximum value of
about 4 per cent (16 per cent truly lost and 2.4 per cent
swapped). The bulk of the mass loss in collisions of galaxies
of different masses comes from the smaller galaxy, with the
large one contributing only a small fraction to the total loss.
The total mass losses from the large galaxies of the pairs are
low, for example the galaxies made up of 300 and 360
particles lose about 3 per cent (1.8 per cent through escape)
and 0.5 per cent (0.2 per cent through escape) of their
masses, respectively.

Fig. 3 presents the fractional mass change in the system
versus the orbital parameter ( E) for the different mass ratios,
indicating the total mass losses with full symbols and the
losses by swapping with open symbols; Fig. 4 is similar, using
the orbital parameter ( R) as the abscissa.

SE; 6L, F,; Fyz brp
—-0.606  —0.231 1.076  1.216  +0.548
—0.136 ~ +40.020 '1.069  1.059  +0.200
-0.578  —-0.095 0.946 0980 —0.226
—0.154°  +0.028 0.980 1.023  +0.237
—-0.446  +0.059 1.020  0.909 —0.158
—0.082  +0.0004 1.072  1.000 +0.110
-0.370  -0.012 1.046  0.991  +0.097
-0.092  +40.016 0.984 0981  +0.061
-0.261 -0.016 1.026  0.978 —0.066
-0.067  +0.004 1.012  0.990 40.072
-0.378  +40.038 1.047  1.009  +0.034
—0.0563  +0.065 1.021  0.990  +0.016
-0.173  +0.032 0.991 0913 -0.125
-0.020  +0.057 1.001  1.019 -0.038
—0.187  40.059 0.995 0993 —0.035
—0.027  +40.031 1.018  1.014  +0.003
—0.159  —0.060 0.954 1.022  +0.160
—0.045  +0.088 0.991  1.003  +0.011
-0.104  +0.114 0.995 0.966  +0.159
—0.036  +0.065 0.991 0974  —0.047
-0.181  +40.069 0.922 1.010 +0.076
-0.009  +0.055 1.020  1.007  +40.020
-0.398  -0.218 0.854 0972  +0.330
-0.082  -0.056 1.041 1.014  +0.056
-0.623  -0.272 1.061  1.048 +0.240
—-0.041 . +0.023 0.994 0987 —0.025
-0.355  —0.261 0.941  1.027 +40.273
—-0.064  +0.065 0.941  0.955 —0.069
-0.349  —0.358 0.950 0.912  +0.170
-0.039 -0.018 0.974 0984 —0.003
-0.147  —0.212 0.965  0.996 —0.055
-0.023  +0.058 0.957 0.997 -0.099
-0.138  -0.223 098  0.864 —0.107
-0.018  +0.045 0.992 098  —0.021
—0.066  -0.100 1.167 1.096  +0.004
-0.011  +0.041 0.989 0963 +0.049
—0.058  —0.140 1.012  0.984.  +40.069
—-0.019  +0.046 0.980 0992  +0.022

The figures show good correlation between the total mass
losses and the orbital parameters; besides, the largest losses
correspond in every case to the most energetic and nearly
head-on encounters. From simulations of head-on encoun-
ters of equal-mass galaxies, Navarro (1988) found maximum
mass losses of about 22 per cent, similar to our own values.

The losses due to swapping exhibit no dependence on the
orbital parameters (Figs 3 and 4). The main sources of
swapped material are of course the smaller galaxies, the
balance between the losses from each galaxy becoming more
even as the mass ratio decreases. The minimum mass
exchange corresponds to head-on encounters with equal
galactic masses, which is reasonable since in those cases the
relative velocities are high to avoid mergers.

Fig. 5 presents the mass-distribution of the galaxies after
the encounter (for the small galaxies of the runs Hy; and Hgs
at T,,.), with the same distribution for the unperturbed
galaxies shown for comparison; each symbol corresponds to
a different fraction of bound mass (referred to as the initial
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Figure 3. Fractional change in the mass of the system versus the
energy parameter (E). The filled symbols correspond to the total
mass loss and the open symbols to the mass loss due to swapping,
for all the experiments with different mass ratios (circles for 1:1,
triangles for 1:2, diamonds for 1:4 and squares for 1:8).

0.1 r
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Figure 4. Fractional change in mass of the system versus the
distance parameter (R). The symbols are as in Fig. 3.

mass of the galaxy, M,). These configurations indicate that
the outskirts of the galaxies lose more mass than their central
parts (Fig. 5). This effect increases for energetic and inter-
penetrating encounters, and for lower mass ratios, especially
in the least-massive companion.

4.2 Energy change

The collision of galaxies is an inelastic phenomenon, as the
internal energy increases due to the loss of orbital energy

M(r)/Mo

0.2

0.0

50

r

Figure 5. The final mass distribution versus the radial distance.
The progenitors are indicated with filled symbols and the final
configurations of the galaxies with open symbols. Each symbol
corresponds to a different fraction of bound mass (referred to as the
unperturbed galaxy mass, M,).

from the colliding galaxies. The energy gained by the galaxies
during the encounter is a measure of the damage they
suffered.

The internal energy of a system of N particles is defined as
the sum of the kinetic energies of the particles relative to
their centre of mass (rqy) plus the potential energy of the
mutual interaction, namely,

1 1
Ei’Z_mi(f'i_"'CM)z"‘zzq)ij
;2 2575

The seventh column of Table 3 gives the fractional change
in energy OE,=(E, - E,)/E,, where E, is the energy at the
final instant, ( T,,,,), and E, is the initial energy.

Figs 6 and 7 show good correlations between the
fractional change in energy and the orbital parameters ((E)
and (R), respectively). In the models with different masses,
the range of the change is wider for the smaller galaxies (full
symbols) than for the larger ones (open symbols). Figs 3, 4, 6
and 7 show that 0F; and 0M display a similar behaviour
when plotted against the initial orbital parameters. Dekel,
Lecar & Shaham (1980), among others, have considered a
possible linear dependence between the mean mass loss
((6M)) and the mean internal energy change ((dE)). In our
case, by taking

OE, = CyyOM, (9)

where Cy, depends on the mass ratios, we obtained values of
approximately (—2.96+0.46) for a ratio of 1:1, having
considered the average of the 0E;’s and dM’s of the pair. For
models with mass ratios of 1:2, 1:4 and 1:8 the values of Cy
are (—2.04+0.31), (—-1.61£0.17) and (—1.70+0.14),
respectively, but when considering only the smaller galaxies.
The larger galaxies lose little mass, but their internal energy
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Figure 6. (a) and (b): fractional change in internal energy (JE,)
versus the energy parameter ((E)), for different mass ratios

(indicated in the upper-left corner of the figures). For models with

unequal galaxies the filled symbols correspond to the changes in the
smaller galaxy and the open symbols to those in the larger galaxy.

suffers a larger change. Finally, the values of Cy, indicate that
the energy change per unit mass loss is larger for models with
higher mass ratios.

4.3 Size and radial structure

The galaxies change their size as a result of the encounters
and, to characterize the size of our system, and to quantify its
changes, we chose the half-mass radius, 7,. In general, the
results of other authors (Dekel et al. 1980; Aguilar & White
1986; Navarro 1988; Namboodiri & Kochhar 1993) show a
considerable variety in the behaviour of their systems; in

Collisions of non-rotating spherical galaxies 447
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Figure 7. (a) and (b): fractional change in internal energy (JE,)
versus the distance parameter. Symbols as in Fig, 6.

some cases the final system is more extended than the
original one, while in others it is smaller; the outcome
depends on the mass and binding energy changes, and on the
mass ratio of the colliding galaxies.

The changes of our half-mass radii are given in the last
column of Table 3 for each galaxy of the pair. The models
with mass ratios 1:1 and 1:2 yielded, in general, galaxies that
were more extended than their progenitors (d7, > 0), as can
be noticed from the corresponding mass profiles (see Fig. 8),
which include the profiles of the progenitor and of the
perturber galaxy, obtained by plotting the radii of the regions
containing 10, 20,...,80 and 90 per cent of the mass. The
central concentration of the galaxies is only slightly altered,
but the outermost shells move to radii larger than the original
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Figure 8. Final mass profiles of the galaxies evaluated at T,,,, (open
symbols) and compared with the profile of the progenitor galaxy
(filled symbols) for both galaxies of model Hj;. Each symbol corre-
sponds to given fractions of bound mass (0.1, 0.2,...,0.9).
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Figure 9. Asin Fig. 8, but for the least massive galaxy (90 particles)
of models Hjs and Hy, respectively.

ones, the expansion being larger for nearly head-on en-
counters (strong collisions).

The smaller galaxies of the models with mass ratios 1:4
display a somewhat different behaviour, however. In some
cases, the central parts of the galaxy become concentrated
and the outer parts remain almost unaltered, while in others
the effect is the opposite (Fig. 9). The behaviour of the larger
companions is, instead, similar to that of the models with
mass ratios 1:1 and 1:2.

Little can be said about the change in size of the smaller
galaxy for the mass ratio of 1:8, due to the low number of

particles involved. In those cases, the structure of the larger’

galaxy was not significantly altered by the encounters, and no
differences were noticed between the results of parabolic and
hyperbolic encounters.

We looked for correlations between the changes of the
half-mass radii with the mass and energy changes, and with
the orbital parameters, but we only found correlations with
large scatter.

When the galaxies do not change their form, we would
expect the change in size (dr,) and in internal velocity disper-
sion (0X,) to have opposite signs (virialized conditions).
From our experiments with mass ratios of 1:1 and 1:2 we
found negative 0%, values (Table 3, column 8), in accord-
ance with the fact that the final galaxies are less bound and
have expanded (dr, > 0), although the mass-profiles of the
galaxies do not keep the homology. This departure results
from the deformation of the galaxies due to the encounters,
but it is not important enough to invalidate the prediction of
the virial theorem under the hypothesis of homology. In the
case of collisions occurring where the mass ratio is 1:4, there
is instead a significant change in the mass profiles of the
galaxies involved and, accordingly, the signs of dr, and 0Z,
cannot be easily predicted.

4.4 Flattening and rotation

The degrees of flattening F,, and F,, were computed using
the formula

N(N +
g NVHL)
K;

with i=y, z, N being the number of bound particles of the
galaxy, and K; the sum of the ranks of the N x-distances
amongst the N y- or z-distances. This method of finding
flattenings was used by White (1978), and it has the
advantage that it weights each particle equally. These quan-
tities are given in columns 9 and 10 of Table 3. In general, the
galaxies tend to conserve the sphericity (F,, and F,, nearly
equal to 1.0) or they are slightly flattened towards the orbital
plane (F,, > 1). Head-on encounters result, instead, in prolate
galaxies. The least-massive members show significant fluctu-
ations in the values of the F;, factors, due to the low number
of particles involved.

The rotation of the galaxies is measured by the spin
parameter (1), defined as

1/2
,1=E_5§2,
GM

where L is the modulus of the angular momentum, E is the

absolute value of the total energy and M is the bound mass of
the galaxy. The galaxy models initially have no rotation, and
they do not acquire any significant spin from the encounters.
Our spin parameters, 4, are all smaller than 0.083 and, there-
fore, they are lower than the values given by Farouki, Shapiro
& Duncan (1983) for elliptical galaxies.
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Table 4. Structural parameters of the merger remnants.
RUN Tm Ts TrLim M Th (%) A F, Fyr E, Zy
H1 0.64 1.82 1.82 378 19.1 16.2 0.010 1.096 1.060 —1499.7 1.320
H2 0.47 1.00 1.00 400 15.8 11.0 0.010 1.058 0.980 —1904.7  1.499
H3 0.38 1.13 1.13 414 14.1 8.0 0.008 0.966 0993 —2246.2 1.574
H4 0.67 1.67 1.67 412 18.8 8.4 0.096 0.978 0.908 —-2010.0 1.438
Hb5 042 1.00 1.00 427  16.8 5.1 0.107 1.004 1.041 -2168.9 1.415
H6 0.50 1.67 1.67 434 17.8 3.8 0.132 1.074 0960 —2160.2 1.366
H7 0.76 1.56 1.56 429 173 4.7 0.148 1.060 1.014 —-22254 1.335
P1 032 136 1.36 426 153 5.3 0.009 1.041 1.049 —22784  1.477
P2 056 1.00 1.60 436 18.7 3.1 0.107 1.058 0.929 —2236.4  1.468
P3 072 132 132 429  16.7 4.7 0.145 1.012 1.017 -2247.9 1.382
H8 036 186 1.86 393 179 129 0.025 1.157 1.139 -1770.5 1.468
H9 095 1.53 2.05 419  20.3 6.9 0.090 1.119 1.073 -—1941.2 1.484
H10 071 148 148 423 189 6.2 0.091 1.039 1.020 -2019.0 1.418
H11 0.71 1.05 1.05 425 16.5 5.6 0.128 1.045 0.980 —2207.6  1.400
12 0.60 1.00 1.00 428 15.6 4.9 0.135 1.062  0.985  —2232.8 1.492
H13 0.48 1.00 1.00 432 18.7 4.0 0.135 1.080 0.921 —2243.7 1.422
P4 061 1.00 1.35 426 15.7 5.3 0.009 1.025 1.013 -2179.0 1.528
P5 0.40 1.00 1.12 428 153 49  0.092 1011 0961 —2249.8 1.468
P6 0.64 1.00 1.20 432 17.1 4.0 0.136 1.021  0.931 —2257.6  1.468
H14 1.00 1.45 1.45 424 15.9 5.8 0.010 1.039 1.011 —-2188.9 1.346
H15 0.27 1.00 1.08 431 14.8 4.2 0.008 1.0564 1.026 —2359.3 1.520
H16 0.67 1.29 1.29 426 15.4 5.3 0.061 1.079 1.017  —2270.3 1.442
H17 068 144 1.44 425 16.6 5.6 0.060 1.073 1.012 -2299.2 1.387
H18 0.77 1.00 1.00 430 16.5 4.3 0.070 1.057 0975  -2331.0 1.376
H19 0.57 1.00 1.00 433 15.9 3.8 0.067 1.022 0973 —-2449.9 1.424
H20 076 114 1.14 434 146 3.6 0.094 1.005 0.953 —2494.3 1.423
H21 093 124 124 434 143 3.6 0.101  1.015 1.003 -—2477.5 1.524
P7 031 134 134 437  16.2 2.9 0.010 1.032 0.985 —2472.0 1.454
P8 0.45 1.28 1.28 437 15.4 2.9 0.074 1.028 0.969 —2468.6 1.494
H22 0.58 1.00 1.00 438 15.6 2.7 0.007 1.013 0.994 —2590.8 1.432
H23 0.50 1.00 1.00 437 153 2.9 0.008 0.986 0.992 —2632.2 1.476
H24 0.76 1.00 1.07 441 137 2.0 0.037 1.048 1.027 -2681.7 1.411

5 MERGERS 20

The results from our collision models for galaxies that

become merged are very similar to those obtained before by

other authors (White 1978; Villumsen 1982, 1983; Navarro

1989), so that they will be only briefly discussed in the 15 -

present section.

Several interesting properties are apparent from our

results, which are given in Table 4. First, some mass escapes o

from the system during the merging process: up to about 16 ~ 10 L _

per cent of the total mass for mass ratio 1:1, 13 per cent for

1:2, 5.3 per cent for 1:4 and 3 per cent for 1:8; these values

correspond to experiments involving our most energetic

hyperbolic encounters. The parabolic encounters lead to

smaller mass losses than the mildly hyperbolic ones analysed S 1

here (about 5.3 per cent for mass ratios of 1:1 and 1:2, and

2.9 per cent for 1:4); the situation may be different for hyper-

bolic encounters at higher velocities. In Fig. 10 we plotted

the fractional mass loss of each system versus the orbital 0 ! I L I I

parameter (E), as well as the least-squares linear fit, includ- -05 -04 -03 -~02 -01 00 0.1

ing the results from all four mass ratios <E>

€((E))=(—26.5+2.6)(E)+(3.59£0.30).

Our experiments show that the models with mass ratios of
1:1 and 1:2 tend to yield similar numbers of escapees for the

Figure 10. Mass loss versus the energy parameter ((E)) for dif-
ferent mass ratios. The full line corresponds to a least-squares linear
fit.
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same orbital energy, while on the other hand, the models with
mass ratios of 1:4 and 1:8 tend to lose less mass than the
others. The mass loss [e(%))] is listed in the seventh column of
Table 4.

Another interesting feature of the merger remnants is that
the systems are less bound when the number of escapees
increases and, therefore, for larger mass ratios (see Fig. 11).

The rotation of the remnants is measured by the same spin
parameter, A (eighth column of Table 4), defined above. We
notice from Fig. 12 (4 versus (R)) that encounters that result
from orbits of large angular momentum produce remnants
which rotate as rapidly as A=0.16 (i.e., a value similar to

O T T T 17 T
—~500 - _
. ............. 18
—1000 | .
B —1500 F Y -
OC
-2000 | e -
‘ E
—2500 | a0 -
.I
_3000 1 1 I 1
350 375 400 425 450 475 500
M

Figure 11. Final energy (E,) versus mass of the remnant, for all the
experiments.
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Figure 12. Rotation parameter (A) versus distance parameter.

those of elliptical galaxies), and it tends to decrease for lower
mass ratios.

The remnants show a trend from ‘prolate’ to ‘oblate’ con-
figurations as the impact parameter increases. The degree of
flattening is given by the F,, and F,, factors defined above.
Thus, head-on encounters such as those of models H,, Hy
and H, yield remnants either elongated in the initial orbital
direction (x-axis), or prolate. Finally, the remnants of models
with mass ratios of 1:2 and 1:4 are flatter than those of
models with a mass ratio of 1:1. The parabolic encounters
result in remnants similar to those of the hyperbolic models.

We use three different characteristic times for our models,
given in the second, third and fourth columns of Table 4 (in
units of the Hubble time). The first is the merging time 7y,
defined in Section 3. The second is the virialization time 7,
the time required for the remnant to virialize (i.e., to reach
Q=T/U=0.5). Finally, the limit time T7,, is the time when
the simulation was stopped and the final parameters were
evaluated. :

We notice that the 7y, values are similar for mass ratios of
1:1 and 1:2, and that they tend to increase with increasing
impact parameter. However, the merging times for mass
ratios 1:4 and 1:8 are longer than those for larger mass ratios
(1:1, 1:2). The reason is that 7, depends strongly on how the
merging process takes place. A good example is offered by
model H,,, that has a 7, value similar to those of models H,
and H,,, although the last two are more energetic than the
first one.

Models that involve equal galactic masses result in viriali-
zation times longer than one Hubble time ( 73), but this does
not happen when the masses are different. In the latter case
the structural parameters of the remnant are similar to those
of its larger progenitor.

Fig. 13 shows the density profile for a merger remnant.
The particles were binned in 10 spherical shells of equal

[0} T T T
oL ML = 1/8 M2 )
([
—4 .
QU
ap
o
=
-6 L _
8 y=_365:0.12 B
-10 1 1 1
-1 0 1
Log r/rh

Figure 13. Density profile corresponding to the final configuration
of a remnant (it corresponds to mass ratio 1:8). The abscissa is the
logarithm of the radius in units of the half-mass radius, and the
ordinate is the logarithm of the spatial density. The profile is well
fitted by the power-law (o < r?).
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Figure 14. Mass profiles of the progenitor galaxy and of the
remnants of the experiments indicated in the lower-right corner of
the figure. Each symbol corresponds to a different fraction of the
total mass (0.0, 0.1,...,0.9).

volume. The radius of each shell was computed as the
average of the outer and inner radii, and it was normalized to
the half-mass radius (r,). The form of the final profiles is
about the same for all remnants, regardless of the initial
orbital parameters and of the galactic mass ratios. They can
be approximated by a power law (o« r?), with exponent
between —3 and —3.7, except in the central region where
the correlation is poor due to the softening. These values are
characteristic of violent relaxation processes (Aarseth &
Binney 1978).

The radial structure and size changes can be seen in Fig.
14, where the mass distribution of the remnants is compared
with that of the progenitor galaxies. In every case the outer
shells of the remnants are more extended than those of their
progenitors, especially for head-on encounters with M,/
M,=1:1and 1:2.

6 CONCLUSIONS

We performed a large number of simulations for collisions of
stellar systems, and obtained a good coverage of the para-
meter space (orbital parameters, mass ratios). Our results
provide quantitative estimates of the changes undergone by
the galaxies due to the collisions, and of the structural
characteristics of the remnants of the mergers. In the case of
encounters that did not result in mergers the main con-
clusions can be summarized as follows.

(i) The maximum mass loss is about 20 per cent for
encounters with mass ratios of 1:1, 1:2 and 1:4 (16 per cent
corresponds to true loss, and 4 per cent is swapped between
the galaxies); for the mass ratio of 1:8 the maximum loss is
about 4 per cent (1.6 per cent truly lost and 2.4 per cent
swapped). The mass loss correlates with the orbital para-
meters of the collision. The mass profiles show that the
galaxies lose mass mainly from their outer envelopes.

Collisions of non-rotating spherical galaxies 451

(ii) After the encounters the galaxies are less bound than
before.

(iii) After head-on encounters the galaxies tend to be
‘prolate’, while after non-head-on encounters the galaxies
either conserve approximately their spherical forms or
become slightly flattened towards the orbital plane.

(iv) The final galaxies have more extended envelopes than
their progenitors. Only the least massive galaxies of the
models with a mass ratio of 1:4 have a different behaviour. In
general, the changes in the mass profiles do not follow a
homology.

From the cases where the galaxies ended up merged, we
conclude the following.

(i) Our maximum mass loss from encounters on hyper-
bolic orbits is about 16 per cent for a mass ratio of 1:1, about
13 per cent for 1:2, about 5.3 per cent for 1:4 and about 3
per cent for 1:8. These values correspond to our most
energetic encounters. On the other hand, the parabolic
encounters lose less mass than the hyperbolic encounters
(about 5.3 per cent for 1:1 and 1:2, and 2.9 per cent for 1:4).
Note, however, that our most energetic encounters are
relatively mild, and the situation may be different for higher
velocities. The lost mass correlates strongly with the orbital
energy of the collision.

(i) The encounters that result from large angular
momentum orbits produce remnants that rotate as rapidly as
A=0.16. The dimensionless spin parameter decreases with
decreasing mass ratio. )

(iii) Remnants resulting from head-on encounters are
prolate. When the pericentric distance increases, the
remnants flatten to the orbital plane (oblate). The flattening
of the system increases with the mass ratio.

(iv) The merging times are very long, particularly for
models with small mass ratios, and they depend on how the
merging process takes place.

(v) The profiles of the remnants of collisions between
Plummer models (pocr~3) are well described by an r~°
power-law profile with 3 <0 <3.7.
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