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ABSTRACT

The overall morphology of the barred spiral galaxy NGC 7479 is modelled in numerical
simulations of a minor merger. Special attention is paid to the morphology and velocity field
of the asymmetric spiral structure and the strong stellar bar. The mass of the satellite galaxy
is 1/10 of the mass of the primary disc, or 1/30 of the total mass of the primary. The satellite
is placed initially in a circular prograde orbit at six disc scalelengths from the centre of the
primary. We follow the evolution of the merger until the secondary galaxy reaches the
nuclear region of the primary. A comparison between the modelled and observed
morphologies of the stellar and the ionized and neutral gas distributions and velocity fields
supports the hypothesis that the transient look of NGC 7479 is a result of a minor merger.
We vary several of the initial parameters of the merger and discuss their effects on the
resulting morphology. The merging satellite galaxy is likely to lie within the bar of NGC
7479. We identify a possible candidate in the observational data. We discuss briefly the most
probable future evolution of NGC 7479 in the light of our minor-merger simulations, and
conclude that NGC 7479 is likely to evolve toward an earlier Hubble type.

Key words: galaxies: individual: NGC 7479 — galaxies: interactions — galaxies: ISM —
galaxies: kinematics and dynamics — galaxies: structure.

1 INTRODUCTION

Recent observations of systems at high redshifts have produced
increasing evidence that galaxy—galaxy interactions and mergers
are important in shaping galaxies (e.g. Abraham et al. 1996a,b;
van den Bergh et al. 1996). The Schechter (1976) luminosity
function, applied to isolated spiral galaxies (Morgan, Smith &
Phillipps 1998), implies an increase in galaxy number of around
an order of a magnitude as the galaxy luminosity (and presumably
also the mass) decreases by an order of a magnitude. Many of
these lower mass galaxies are likely to be companions to more
massive systems. Indeed, many companion galaxies have been
detected within the gravitational influence of luminous spiral
galaxies, M51 being the prime example (see also Zaritsky et al.
1993, 1997). It is plausible that close interactions, and eventually
mergers, of low-mass companions (masses up to 1/10 of the
primary mass) with luminous disc galaxies take place relatively
frequently (see, e.g., Zaritsky & Rix 1997).

The high minor-merger rates and the important dynamical
consequences of minor-mergers between luminous field spirals
and their less massive companions have received more attention
recently. Numerical simulations (Mihos & Hernquist 1994;
Hernquist & Mihos 1995, hereafter HM95; Mihos et al. 1995;
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Walker, Mihos & Hernquist 1996; Thakar & Ryden 1996, 1998;
Bekki 1998) have demonstrated how severely minor-mergers can
affect the stellar and gas distributions, including the scaleheights
and the direction of rotation. On the other hand, it has also been
argued that merger events heat the discs significantly (Toth &
Ostriker 1992). In contrast, relatively little attention has been paid
to the formation of tidal arms in the disc of the primary galaxy
(but see Howard et al. 1993).

In this paper we emphasize the structural and dynamical
consequences of a minor merger in a disc galaxy. We compare
observations of the relatively nearby (32 Mpc, from the Hubble
law, assuming Hy = 75kms~!Mpc~! and using a recession
velocity of 2371 kms™'; Laine & Gottesman 1998) strongly barred
and asymmetric spiral galaxy NGC 7479 with numerical N-body
models. The results from our case study help in understanding the
general evolution of disc galaxies undergoing minor mergers, and
should stimulate similar studies of other disc galaxies.

NGC 7479 has recently been mapped with interferometers in
both its 21-cm neutral atomic hydrogen emission (Laine &
Gottesman 1998) and the 2.6-mm CO emission, which traces the
cold molecular gas component (Laine et al. 1999). We present
images from these studies and compare them with models. NGC
7479 has strong star formation along most of its luminous western
arm. In contrast, star formation on the eastern (east is to the left
and west to the right in the observational images and projected
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models) side is weak and patchy. The overall morphology is
somewhat similar to NGC 2442, which has been modelled
recently in an interaction scenario (Mihos & Bothun 1997).
However, the arm asymmetry is even more striking in NGC 7479,
and the bar much stronger and better defined.

Hea emission is relatively strong along the whole bar of NGC
7479. Vigorous star formation along the bar is observed predomi-
nantly in SBc galaxies (Martin 1995; Phillips 1996), and it may
represent a relatively short-lived phase in galaxy evolution, as
abundant gas along the bar is driven toward the centre (Friedli &
Benz 1993, 1995; Quillen et al. 1995; Martin & Friedli 1997).
NGC 7479 may be an extreme example of this galaxy type, since
its strong stellar bar will drive gas inwards very quickly (Quillen
et al. 1995; Laine, Shlosman & Heller 1998). The outer spiral
structure is very asymmetric (Quillen et al. 1995; Laine 1996),
despite the fact that the galaxy is isolated (Tully 1988). This
suggests that it has gone through a very recent, and possibly still
ongoing, minor-merger, as suggested by Quillen et al. This event
could have triggered the asymmetric spiral arm structure, the bar
formation and the gas inflow along the bar. The nucleus of NGC
7479 has been classified as a starburst based on its large and
centrally concentrated 10-pm flux (Devereux 1989). However, the
nuclear emission is very likely to be related to mild AGN activity
rather than star formation. NGC 7479 has also been classified as a
LINER (Keel 1983). General properties of NGC 7479 are listed in
Table 1.

We present the numerical method employed and the initial

Table 1. Some parameters of NGC 7479.

Parameter Value

Galaxy type SBbe(s)?
Environment Isolated”
Right Ascension (B1950.0) 23" 02™ 26536¢
Declination (B1950.0) 12° 03’ 1077¢
Heliocentric velocity 2371 kms ™4
Distance 32Mpc®
Linear scale 1 arcsec = 160 pc®
Size 4.4 arcmin X 3.4 arcmin®
Inclination 51°¢

PA 2274

Total B-band magnitude 11.60 = .05
Integrated H1 flux 35.5Jykms ¢
H1 linewidth 345kms” '

H1 mass 8.6 X 10° Mp?
12C0O 1-0 flux 850 = 160Jykms™!"
H, mass 2.5% 10" Mp"
IRAS 12-pm flux 1.49Jy"

IRAS 25-pm flux 3.60Jy"

IRAS 60-pm flux 15.11y"

IRAS 100-pm flux 243 1y"

Lir 8.91x1010Ly"
Hea flux 14X 10 2 ergem 257"
Dynamical mass 2.3% 10" Me'

Central activity LINER/ R starburst®
Unprojected bar length 8.6 kpc'
Bar axis ratio 0.41™

“Sandage & Tammann (1987). ”Nilson (1973). “The
radio-continuum peak (Laine 1996). 4Laine & Gottesman
(1998). “Assuming the Hubble law with
Hy=75kms™ ' Mpc™'. “de Vaucouleurs et al. (1991).
¢ Huchtmeier & Richter (1989). "Young et al. (1989).
‘From M =677x10* R D V2 Mo, where R is

2.2 arcmin, D is 32Mpc, and V, ma)is 220kms ™. /Keel

max

(1983). *Devereux (1989). 'Using the projected bar
length of 53.5 arcsec (Blackman 1983). " Martin (1995).

conditions of the runs in Section 2. The comparison of the results
from the minor-merger models with the observations is made in
Section 3. The effects of changes in the initial conditions, evidence
for a minor merger in the NGC 7479 system, the current state of the
merger, and the likely future evolution are discussed in Section 4.
The main results are summarized and conclusions given in Section 5.

2 METHOD AND INITIAL CONDITIONS
2.1 Numerical code

The simulations presented here were performed with a three-
dimensional hybrid N-body/hydrodynamics code that evolves
composite systems of collisionless and dissipative particles
(Heller 1991; Heller & Shlosman 1994). The algorithm uses
smoothed particle hydrodynamics (SPH) to model the gas
dynamics. In SPH, the hydrodynamical forces are calculated as
averages over local volumes defined by a smoothing length £,
using a kernel interpolation. Only particles within a radius of 2A
contribute to the sums. The smoothing length varies in space and
time, and is determined by the local particle density, ensuring that
the smoothed forces (pressure and viscosity) are calculated with
approximately the same accuracy everywhere. The algorithm also
uses a hierarchical time-stepping scheme (Whitehurst 1988). This
is an important feature, since the spatial and dynamical time-
scales present in the models can span many orders of magnitude.
The advantages and disadvantages of SPH have been summarized
by Monaghan (1992).

We assumed an isothermal state for the dissipative component
with a temperature of 7 = 10* K. This results in a disc gas layer
that is thinner than the stars for vertical stellar dispersions similar
to the Milky Way. HM95 concluded that the gas flows in discs
which are accreting small satellites are relatively insensitive to
details in the equation of state if the gas can dissipate energy at the
rate of a collection of colliding clouds which maintain a velocity
dispersion similar to the sound speed of a 10*K gas (see also
Barnes & Hernquist 1996).

The total system energy (after correcting for thermal losses) and

Table 2. Initial parameters of the best model.

Parameter Value
Number of disc star particles 80000
Number of halo star particles 40000
Number of satellite star particles 10000
Number of disc gas particles 20000
Initial distance of the satellite 6.0
Gas isothermal temperature 10000 K
SPH viscosity coefficient « 0.5
SPH viscosity coefficient 3 1.0
Initial satellite orbit circular
Satellite orbital inclination 10°
Toomre Q-parameter 1.5
Disc star scale height 0.2
Disc gas scale height 0.057
Gas mass fraction in the disc 0.1
Gas density distribution constant
Disc gas maximum initial radius 5.0
Disc mass 1.0
Halo mass 2.0
Halo core radius 1.0
Halo scalelength 10.0
Satellite mass 0.1
Satellite scalelength 0.15
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momentum, both linear and angular, were monitored. These
quantities were typically conserved to well within 1 per cent. We
ran both low- and high-resolution models. For the low-N models a
tree-code was used to compute the gravitational forces and SPH
neighbour lists, while the high-N models were run using the
special purpose GRAPE-3Af hardware (Sugimoto et al. 1990;
Steinmetz 1996). The gravitational forces were softened to prevent
numerical divergencies and to reduce the artificially fast two-body
relaxation due to the number of particles, which is much smaller
than the number of stars and gas clouds in a real galaxy. A
common softening length for all dissipationless particles was
used. The value of the softening length was a compromise
between the values used by HM95 for the different components,
i.e., disc, halo, and companion. For the dissipative particles, the
softening length was set equal to the smoothing length of the
hydrodynamic scheme.

2.2 Primary galaxy model
The primary galaxy model followed closely that of HMO95. It

A minor-merger model for NGC 7479 559

employed an exponential disc of collisionless particles, with a unit
scalelength. A constant surface density profile was used for the
dissipative particles, which have a maximum radius of 5
scalelengths, ensuring adequate amounts of gas at the smaller
radii. The z-profile followed a sech’law with scale heights of 0.2
and 0.057 units for stellar and gas particles, respectively. The disc
is embedded in a self-consistent ‘dark’ halo made of collisionless
particles following the density distribution given by Hernquist
(1993). The halo core radius, cut-off radius and total mass are,
respectively, 1.0, 10.0 and 2.0 in computational units. The Toomre
Q parameter has been normalized to 1.5 at the radius of 8.5/3.5
(i.e., a Milky Way -like galaxy) and has a weak radial dependence
(see fig. 1 in Hernquist 1993). In some runs we included a bulge in
the primary galaxy. The spherical mass density profile of the bulge
followed the one proposed by Hernquist (1990). The velocities
were initialized using moments of the Vlasov equation and by
approximating the velocity distributions as Gaussians. For density,
velocity, epicyclic frequency and other profiles, see Hernquist
(1993).

We used dimensionless units, setting the gravitational constant

10 20

Figure 1. Evolution of the stellar distribution in the best model, seen face-on. The position of the companion is marked with a grey plus-sign. Time is marked
in the upper right corner of each panel, and each panel measures 22 length units per edge. Only every third particle is plotted.
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G, the disc scalelength, and the disc mass to unity. In a galaxy
similar to the Milky Way, the scalelength would correspond to
3.5 kpc, the mass unit to 5.6 X 10'° Mg, and the time and velocity
units would be 1.31 X 107 yr and 262kms™ ", respectively. Our
main runs were made with 80 000 collisionless disc particles,
20 000 dissipative disc particles, 40 000 halo particles and 10 000
collisionless particles for the satellite galaxy.

2.3 Satellite galaxy and encounter parameters

The satellite galaxy that we employed has a spherical bulge-like
density profile (see above). The satellite scalelength was 0.15 and
mass 0.1 in computational units. The mass distribution was
truncated near the satellite tidal radius. We also ran models with
other satellite density profiles, including a Toomre—Kuzmin disc
(Kuzmin 1956; Toomre 1963; Binney & Tremaine 1987), a King
density profile (King 1966; Binney & Tremaine 1987) and a R"*-
law model (de Vaucouleurs 1948; Binney & Tremaine 1987).
Initially, the satellite galaxy was placed in a circular orbit
around the primary. However, we also studied a few eccentric

orbits. Results from these runs as well as the other encounter
parameters are discussed in Section 3.

3 MERGER MODELS

In this section we discuss the outcome from our runs with different
initial parameters. The more general aspects of physics during a
minor merger have been discussed at length in HM95, and the
reader is referred to that paper. Our adopted model for the primary
is the same as the one used by HM95, with the exceptions of the
halo mass and the gas distribution. We have reduced the halo mass
by about a factor of 3 in order to allow the formation of a bar
during the encounter. While the halo-to-disc mass ratio of the
primary has a value of 2 globally, it is about unity within the
radius of the gas disc. Test runs using the HM95 halo mass did not
result in a strong bar, contrary to what is observed in NGC 7479.

We began by testing the evolution of a galaxy model in
isolation. We ran a model with 150 000 particles until # = 50
(6.6 x 108 yr), or for the duration of our minor-merger simula-
tions, including gas, which comprised 1/10 of the total disc mass.

10 20

35

40

45 50

Figure 2. Evolution of the gas distribution in the best model. The position of the companion is marked with a grey plus-sign. Time is marked in the upper

right corner of each panel, and each panel measures 22 length units per edge.
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No bar instability, significant gas inflow or disc bending or
thickening was seen, allowing us to assign any such effects to the
influence of the companion in the minor-merger simulations.

From about 20 lower resolution runs, where we varied such
parameters as the companion density profile, orbital inclination
and eccentricity, or primary halo and bulge masses, we picked the
‘best’ model and ran it at a much higher resolution on the GRAPE.
This model had a total number of 150 000 particles. The initial
parameters are summarized in Table 2. The best model included a
companion that started at a radial distance of 6 units (or 21 kpc)
from the centre of the primary. Studying the merger from initial
distances much larger than this using a circular initial orbit is
computationally expensive. Our initial conditions are a reasonable
starting point for studying the effects of an inwards spiralling
satellite. Parabolic orbits and orbits with higher eccentricities will
be discussed in Section 4. The satellite is initially in the plane of
the disc of the primary, but its orbit is inclined to that plane by 10°.
We varied the orbital inclination later to study its effect on the
outcome of the merger (Section 4). A relatively small inclination
is required for creation of the strong tidal features in the disc of
NGC 7479.

The face-on evolution of the disc gas and stars in the best model
is displayed in Figs 1 and 2. Edge-on views of the stellar disc at
the start, middle and end of the simulation are shown in Fig. 3.

Figs 1 and 2 show how the companion generates a tidal arm in
the main disc on the side opposite to the companion. In the time
interval = 3045 the morphological appearance of the main
galaxy is dominated by the tidal arm. Also, a strong bar forms in
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the stellar component. It is in this time interval that the structure of
the simulated galaxy has many features that are seen in NGC
7479. An optical V-band image of NGC 7479 is shown in Fig. 4.
The optical image clearly shows the luminous, long spiral arm on
the western side. This arm appears to continue past the southern
end of the bar and on to the eastern side. A similar morphology is
seen in the simulation frames of the gas distribution after t = 25,
as the tidal arm ‘overshoots’ the end of the bar and then parallels
the bar until it connects to the opposite half. While the strong arm
in the optical image (Fig. 4) does not appear to connect to the
northern half of the bar, there is a strong dust lane about 30 arcsec
north of the nucleus that connects to the bar almost at right angles,
in a similar way as the gas arm in many frames of the best model.
The spiral structure of NGC 7479 on the eastern side of the bar has
several sections of weaker arms, similar to those seen in the model
gas distribution (Fig. 2) on the side opposite to the tidal arm
between = 25 and 40.

The most remarkable similarity between the best model and
NGC 7479 takes place at t = 36. To further help the comparison
of the model and the observations of NGC 7479, the projected
model gas particle distribution at = 36 can be compared to an
Hoa image in Fig. 5, and the model stellar distribution with an /-
band image in Fig. 6. The projection parameters used were (1)
inclination 51°, (2) position angle of the line of nodes 22°, and (3)
the angle between the bar and the line of nodes in the plane of the
galaxy 25°.

Fig. 7 shows the observed line-of-sight gas velocity contours,
which should be compared to Fig. 8 which shows the line-of-sight

25 50

Figure 3. Edge-on view of the evolution of the stellar distribution in the best model. The position of the companion is marked with a grey plus-sign. Time is
marked in the upper right corner of each panel, and each panel measures 20 length units per edge. Only every third particle is plotted.
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Figure 4. (a) Optical V-band image of NGC 7479, showing the star-forming and dust spirals. (b) Optical V-band image of the central bar region of NGC 7479.
The dust lanes are easily seen in this image. (c) A high-resolution (0.8 arcsec) Ha image of NGC 7479.
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velocity field of the projected model frame at r = 36. Even with
20 000 gas particles, the simulation suffers from a lack of particles
in the area between the tidal arms. Because of this, only a few
line-of-sight velocity contours are drawn in Fig. 8.

An additional interesting feature can be seen in the projected
gas density (Fig. 5). A relatively sharp turn occurs in the strong
spiral arm towards the lower right of the galaxy centre. A similar
sharp bend is visible in the observations, although it takes place a
little further south. It is most easily seen in the H1 distribution
(Fig. 7). It is also striking that the simulation frames reveal a
thicker, ‘lens-like’ feature around the bar in the stellar distribution,
bracketed by the curved extensions of the gaseous spiral arms
outside the bar. A similar feature was seen in the colour index
images of NGC 7479 (Quillen et al. 1995; Laine 1996),
reproduced here in Fig. 9.

The companion in our runs was not disrupted during its
spiralling descent into the nucleus of the main galaxy. As an
example of the appearance of the companion, we show the
companion particles plotted with a light grey colour on top of the

stellar particles at + = 36 in Fig. 10. It is also obvious from this
figure that the stellar surface density at a given radius in the bar is
higher on the side opposite to the companion than on the side
close to the companion. A similar asymmetry can be seen in K-
band images of the bar, which show the southern bar to be
systematically brighter by about 0.2—0.3 mag. In addition, there is
a knot in the bar in the K-band image at about 17 arcsec north of
the nucleus, as can be seen in Fig. 11. The relevance of this knot to
the remains of the merged galaxy is discussed in Section 4.

The model velocity field shown in Fig. 8 reveals the ‘tongues’
of velocity contours on both sides of the bar, one reaching from
the bottom upwards on the right side of the bar, and the other
reaching from top downwards on the left side of the bar. Similar
‘tongues’ occur in the Ha velocity field shown in Fig. 7. Such
‘tongues’ form when there is a strong radial component in the gas
flow as in the case of gas orbits elongated along a strong bar.
Another striking similarity is seen in the northern arm section,
where the velocity contours in both the observations (H1) and
models have abrupt bends toward lower and higher velocities,

Figure 6. The model star distribution at the best matching time, r = 36 (on the left), compared to the observed I-band image of NGC 7479 (on the right).
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Figure 7. (a) NGC 7479 21-cm H1 integrated intensity at 8.5-arcsec resolution (grey-scale) with 30-arcsec resolution line-of-sight velocity contours drawn on
top at 10kms ™" intervals. (b) Ha emission grey-scale image of NGC 7479 at 3.5-arcsec resolution with 12-arcsec resolution line-of-sight velocity contours
drawn on top at 12kms ™! intervals (the unpublished Ha data were kindly given to us by S. Vogel and M. Regan).

Figure 8. Grey-scale image of the projected model gas distribution at
t =36 in the best model, with some projected line-of-sight velocity
contours overlaid.

depending on which side of the kinematical major axis they lie.
The model velocity plot shows that the particles which form the
arm have a substantial non-circular velocity component; the strong
arm is a material arm responding to the tidal perturbation and
‘sweeping’ outwards (Fig. 12). When comparing the velocity
figures it should be kept in mind that the projected velocities
were evaluated using the SPH formalization, which involves a

© 1999 RAS, MNRAS 308, 557-568
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Figure 9. B — V image of NGC 7479, showing the redder (darker shades)
region around the bar, bounded by bluer colours (lighter shades).

two-dimensional kernel and a smoothing length which defines the
effective spatial resolution and is dependent on the particle
density. Therefore the spatial resolution in the velocity image is
higher in regions which are densely populated with gas particles
(which in this case also means higher gas surface density). In this
way the evaluations are consistent with the hydrodynamic
approach and also result in similar accuracies everywhere.

The edge-on views of the disc presented in Fig. 3 demonstrate
that the minor-merger has not caused thickening of the disc by
more than a factor of 2, consistent with the results of Quinn,
Hernquist & Fullagar (1993) and Walker et al. (1996). The
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Figure 10. Particle plot showing the stars in the primary galaxy and the
companion. Every 6th particle of the primary stars is plotted. The
companion is shown in light grey colour.
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Figure 11. K-band image of the bar in NGC 7479, showing the knot in the
bar 17 arcsec north of the nucleus.

thickening of the disc (and the concomitant increase in stellar
velocity dispersions) has evolved the model towards the
characteristics of an earlier Hubble-type galaxy.

4 DISCUSSION

As discussed below, there are no interaction candidates around
NGC 7479. However, the results presented in Section 3 are
consistent with the merger hypothesis. The main features present
in our model include a strong one-armed structure, and the long
bar near the centre of the disc. Features in the model velocity field
are also consistent with the minor-merger hypothesis. The big
challenge of the merger hypothesis is to explain what has
happened to the perturber of the NGC 7479 system.

Figure 12. Face-on-plot of unprojected velocity vectors of the best model
at t = 36. The bar is oriented vertically, and the dominating tidal arm is on
the right. The lengths of the velocity vectors are proportional to the particle
speeds.

4.1 Evidence for a minor-merger in the NGC 7479 system
4.1.1 Introduction and related earlier work

What has caused the remarkable asymmetry in the spiral arm
structure of NGC 7479? In principle, this could be a result of the
intrinsic evolution of the disc in isolation. Earn (1993) has studied
the maintenance of one-armed patterns in spiral galaxies. He
concluded that the rotation curves need to have the correct form to
support one-armed patterns. Specifically, if Q(r) — k(r) is con-
stant over a large range of radii, a one-armed spiral can be
maintained. Here )(r) is the angular velocity corresponding to the
galaxy rotation curve, and k(r) is the epicyclic frequency, both
being functions of radius. We have applied this test to the H1
rotation curve (Laine & Gottesman 1998) of NGC 7479. It turns
out that this quantity is not constant anywhere in the disc where
the rotation curve can be determined, but rather varies
proportionally to the radius. Even if the disc rotation curve was
capable of maintaining an m = 1 perturbation, the question of the
origin of the asymmetry remains. Probably interactions are
responsible for exciting many if not all the strong m =1
asymmetries observed, as in the Magellanic-type galaxies
(Odewahn 1994, 1996). A recent interaction or merger is the
most likely explanation for many of the prominent features seen in
NGC 7479.

A relatively recent study of one-armed spiral galaxies was made
by Phookun (1993). He studied a sample of five one-armed spiral
galaxies, NGC 3162, NGC 4027 (Phookun et al. 1992), NGC 4254
(Phookun, Vogel & Mundy 1993), NGC 4654 (Phookun & Mundy
1995) and NGC 5713. It turned out that every one of these
galaxies is interacting with the environment, usually with a com-
panion galaxy or a large H1 cloud. There is no evidence for a lack
of a massive halo in any of these galaxies. In the absence of a
massive halo, the m = 1 perturbations are favoured in the scenario
of swing amplification (Toomre 1981; Carlberg & Freeman 1985).

4.1.2  Observational evidence for a recent merger in NGC 7479

Some evidence for a recent interaction or merger in the NGC 7479
system comes from the high-resolution H1 observations. They
show a long gaseous arm (Fig. 7) that seems to have kinematics
different from those of the main gas disc. An intrinsic H1 warp can
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in principle produce the observed peculiar kinematics, but there is
no integral sign -like form, or any other symmetry in the
kinematical warp, contrary to what is usually observed in warped
galaxy discs. The kinematics of the gas arm are, however,
consistent with radially expanding motion in response to a tidal
perturbation.

The optical images of NGC 7479 show a strong one-armed
spiral pattern on the western side, with irregular short armlets on
the opposing side. These observations are most naturally
explained by a minor merger. The simulations presented in this
paper suggest that the merger is relatively recent or ongoing, and
its effects should be still easily visible, due to the large dynamical
time-scale for mixing in the outer disc, where most of the arm
structure lies. The optical image (Fig. 4) also shows an anomalous
pattern of dust lanes perpendicular to the bar and the south-west
spiral arm, often connecting to Ha emission in the bar or the spiral
arm. In the minor-merger scenario, the dust trails may be
associated with stripped clouds from the merging companion, as
the dust lanes in the nuclear region of M31 (Sofue 1994).

Besides the strong concentration of molecular gas in the
nucleus, molecular gas is also found along the bar (Laine et al.
1999). This suggests that something has recently triggered a still
ongoing gas flow into the nuclear region. The gravitational
perturbations generated by a satellite galaxy, including a recently
created bar, can explain the transient look of the CO emission in
NGC 7479. The lack of strong star formation in the centre also
suggests that the nuclear pile-up of gas has been relatively recent,
and therefore the bar is relatively young. Finally, P. Martin (private
communication) has made optical spectral measurements of
several Hi regions in NGC 7479, and his preliminary results
indicate that the [O1]/HB ratio is considerably higher in the
western arm than on the eastern side of the galaxy. This ratio
reflects both the excitation conditions ([O111] is a high-excitation
line) and the element abundance ratios, and thus metallicities.
While there may be several possible explanations for the
difference in this ratio along the arms of NGC 7479, the ratio is
consistent with the existence of strong shocks along the western
arm produced by recent tidal effects and shocks that form when a
tidal arm sweeps the gas in a disc (cf. NGC 2442; Mihos &
Bothun 1997).

4.2 Current state of the merger

The observations and their comparison to the simulation frames
suggest that the merger is not complete, but the remains of the
satellite galaxy are likely to lie at some distance outside the
nuclear 1-2 kpc region. No interacting companion galaxies within
12 arcmin or +440kms™! of the centre of NGC 7479 have been
found in deep H1 or optical observations (Laine & Gottesman
1998; G. F. Benedict, private communication). Palomar Sky
Survey prints show that the nearest recognizable galaxy lies
almost 1°, or about 500 kpc, away from NGC 7479. Therefore any
companion of NGC 7479 is likely to lie within the disc of NGC
7479.

It is important to note that under reasonable initial conditions
the companion in our simulations is never completely disrupted. A
careful inspection of the disc of NGC 7479 reveals evidence for
the still-intact remains of a companion. At = 36 in the best
model, the companion is on the leading edge of the bar, about a
half bar radius from the nucleus (Fig. 11). Images of NGC 7479 in
fact reveal a point-like object near this location, about 17 arcsec
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north of the nucleus, seen in the optical (including He; Figs 4, 5
and 7), near-infrared (Fig. 11) and CO images (Laine et al. 1999).
The radio-continuum image presented by Laine & Gottesman
(1998) has a peak near this location as well, but displaced to the
west. The point 17 arcsec north of the nucleus is associated with a
relatively strong perturbation of the Ha velocity field (Fig. 7). The
constant-velocity contours in Fig. 7 bend into the bar from the
western side at this location. A similar morphology does not exist
at the corresponding location on the southern section of the bar.
The gas in this location is likely to have a large radial infall
velocity (Laine et al. 1999).

The strong Ha emission in the western arm and the abundant
star formation and molecular gas along the bar are consistent with
the idea that a minor-merger is still progressing. The gas is
compressed in the tidal arm and becomes susceptible to star
formation. The tidal arm in our simulations becomes weaker once
the companion falls deep into the bar region, implying that the
strong starburst in the western arm of NGC 7479 may become
considerably weaker within the next 10 yr.

4.3 Future evolution of NGC 7479

The bar in our simulations forms rapidly, during about 10 time
units, which corresponds to less than 1.5 X 108 yr if we use the
physical units of HM95. After another 1.5 10%yr the bar is
destroyed as the companion spirals into the nucleus. In NGC 7479,
the bar destruction is likely to take place relatively soon, within a
few 108 yr, since the companion appears to be in the bar relatively
close to the nucleus at the current time, as argued above. The
massive concentration of molecular gas in the nucleus of NGC
7479 is likely to increase and trigger a nuclear starburst, possibly
creating a more massive stellar bulge and, eventually, also
weakening the bar. The tidal arm becomes weaker in time, and
star formation is likely to decrease in the tidal arm once the
companion has reached the nuclear 1-2kpc region. Thus it is
likely that NGC 7479 is evolving towards an earlier Hubble-type
galaxy, in accordance with the theory of secular dynamical
evolution (e.g. Martinet 1995).

Some uncertainty into our modelling and predictions for the
future dynamical evolution of NGC 7479 is brought about by the
unknown effects of star formation. These issues will have to be
dealt with in future studies if further progress is to be made.

4.4 Effects of changes in the initial conditions

So far we have addressed only a very specific set of initial
conditions. In the following we will discuss how various changes
in the initial conditions affect the structural and kinematical
evolution of a minor-merger.

The various parameters whose influence we investigated are
given in Table 3. These test simulations were made with only
about 12 000 total particles to save computational time, allowing a
greater range of parameters to be explored. Even with the reduced
number of particles, the overall structures can be studied relatively
reliably.

As noted by HM95, a considerable fraction of the satellite is
likely to survive a merger if its average mass density is higher than
that of the disc and halo. We have run several cases of differing
average mass densities for the satellite, varying its mass from 0.05
to 0.1 and the scalelength from 0.1 to 0.9. The bulk of the
companion is not disrupted, except in the extreme cases when
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Table 3. Various parameter values whose influence on the merger
morphology was studied.

Parameter Value

Companion density profile
Companion density profile
Companion density profile

King profile
Toomre—Kuzmin disc
de Vaucouleurs R'* law

Initial distance of companion 8.0

Companion orbit eccentric (e = 0.2, 0.3, 0.5, parabolic)
Companion orbital inclination 0°, 30°

Gas mass fraction in the disc 0.2

Gas density distribution exponential

Halo mass 5.8

Satellite mass 0.05-0.1

Satellite scalelength 0.1-0.9

Primary galaxy structure inclusion of a bulge

unrealistically large scalelengths (0.9) were used. In every realistic
case, most of the companion survives the plunge into the nucleus
of the primary. Even companions with mass ~ 0.05 are able to
produce many of the observed features of NGC 7479. We also
used other density profiles for the companion, including the
Toomre—Kuzmin model (Kuzmin 1956; Toomre 1963; Binney &
Tremaine 1987), the King density profile (King 1966; Binney &
Tremaine 1987) and a RY*-law model (de Vaucouleurs 1948;
Binney & Tremaine 1987). Using a realistic scalelength or size for
the companion, in combination with these other mass density
profiles, did not change the outcome significantly. We conclude
that if NGC 7479 has experienced a minor-merger with a satellite
galaxy which has 5-10per cent of the primary disc mass, the
companion has probably not been fully disrupted.

While we do see some features possibly related to the remains
of a companion in the disc of NGC 7479, they are not striking in
optical and H1 images. If part of the companion mass consists of
gas particles, it helps a little in making it more susceptible for
disruption, but even with a gas mass fraction of 50 per cent, the
bulk of the companion is not disrupted (Laine 1996). It is possible
that the majority of the mass of the companion is dark matter, as
some studies (see Ashman 1992, and references therein) have
shown that the fraction of ‘dark matter’ increases with decreasing
galaxy mass, and the dark mass can be up to dozens of times the
visible mass in dwarf galaxies. It is conceivable that dark matter
dominates the mass of the companion. Therefore one would not
necessarily expect to see a luminous blotch at the current location
of the companion.

Changing the halo mass fraction to a larger value, 5.8 times the
disc mass (as used by HM95), resulted in a merger where the
formation of the bar was suppressed. This is the well-known result
of massive haloes suppressing the formation of a bar (see, e.g.,
Ostriker & Peebles 1973). The remarkable thing is that even
forcing by a relatively massive merging companion is incapable of
inducing a well-formed bar when the halo mass is high.

A similar result was obtained when we employed a moderately
massive spherical bulge component with one-third of the disc
mass. Again, the bar did not form. The bulge can destroy the
orbital support for a bar and cause chaos in the inner radii (Hasan
& Norman 1990; Friedli & Benz 1993; Norman, Sellwood &
Hasan 1996).

Reducing the encounter inclination to 0° gave essentially the
same results as the 10° inclination. With an elevated inclination of
30°, the companion was first dragged into a low-inclination orbit
at a large radius, in accordance to the results of Walker et al.

(1996). The subsequent evolution followed that seen in our
standard models, although a better match with the observed
morphology was obtained with the lower inclinations. Thus our
results are not very sensitive to the initial orbital inclination of the
satellite galaxy, as long as it is not too large. However, the 30°
inclination encounter did produce a significantly larger per-
turbation of the outer disc in the z-direction. It is difficult to
estimate whether the disc of NGC 7479 currently has a large
z-thickness.

Using a primary gas distribution which is initially exponential
instead of flat resulted in more gas in the bar. The outer arm
regions were less populated and thus less well-defined. However,
the overall morphological evolution was very similar to that of a
constant density gas disc. Increasing the gas mass fraction of the
primary disc from 0.1 to 0.2 caused the gaseous disc to produce
stronger arms at early times, and a relatively strong two-armed
structure appeared, which is inconsistent with the observations of
NGC 7479. We conclude that the primary disc gas mass fraction is
not likely to be as high as 0.2.

We also made some runs with the companion starting at an
initial distance of 8 units. In this case the generation of the bar and
the asymmetric spiral structure were delayed, as expected, but
once the companion fell to a radial distance of 2-3 from the
primary centre, the bar and the tidal arm formed in much the same
way as in our best model. In addition, the structure on the side
opposite to the main tidal arm was very similar.

Effects of the initial orbital eccentricity were studied by giving
the companion initial velocities that corresponded to orbital
eccentricities of 0.2—0.5. We also studied parabolic orbits where
the companion started at a distance of 12 units from the centre of
the primary. Various impact parameters were also tried, varying
from twice the disc scalelength out to perigalacticon distances
beyond the gas disc radius.

In cases where the companion starts on a parabolic orbit, it
passes through the disc without merging during its first plunge.
When the perigalacticon was very close to the centre of the
primary (two disc scalelengths), the companion comes back after a
relatively short time and then merges rapidly. At no point during
this simulation did the observed stellar or gas distribution assume
a morphology similar to the observations. The first pass of the
companion through the disc causes only patchy structures, and the
subsequent merging during the second plunge takes place so
rapidly that the companion does not have time to drive bar and
tidal arm formation. The simulations with the companion
passing at larger distances through the disc in a parabolic orbit
did not result in a significant slowing down of the companion,
and we did not continue the simulations to follow the second
plunge.

We also ran simulations where the companion started at a
distance of 12 units and had eccentricities of 0.3 and 0.5. The
more eccentric case produced a rapid merger, and again the
companion did not have time to drive the formation of a bar or a
strong tidal arm. Therefore such a high eccentricity is likely to be
inconsistent with the observed morphology of the NGC 7479
system. The more moderate eccentricity of 0.3 produced a merger
at a lower pace, and the companion had enough time to drive the
formation of a stellar bar and a moderately strong tidal arm.
However, the bar was shorter than in cases where the merger
took place from a circular initial orbit, and the match of the
overall structure, including the tidal arm, to the morphology of
NGC 7479 was not as good as for our best model (with a circular
initial orbit).
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Therefore, although a comprehensive study of the parameter
space of initial conditions is left for a future paper, we conclude
that mergers from moderately eccentric orbits of a companion
(e < 0.5) are consistent with the observed morphology of NGC
7479. Such interactions are possibly seen elsewhere in the nearby
Universe. The prime example is M51 and its companion NGC
5195, which may be in a bound orbit, destined to merge relatively
soon (Howard & Byrd 1990; see also Salo & Byrd 1994). In the
future, we plan to make a more comprehensive study of minor-
mergers by sampling the parameter space of initial conditions
more densely. Also, the NGC 7479 system represents a good case
for the use of a genetic algorithm to extract and refine the initial
conditions that lead to the observed morphology of the system
(Theis 1998).

5 CONCLUSIONS

We have performed simulations of minor-mergers between
satellite galaxies with masses 5—10per cent of the disc mass of
the primary galaxy and primaries which have a halo mass twice
their disc mass. We compared the results from these simulations to
the various observations of NGC 7479, testing the hypothesis that
NGC 7479 has undergone a recent minor merger which may not
be complete. The results suggest that companions of moderate
mass, merging from orbits with eccentricities < 0.5, can
reproduce most of the salient observational features of NGC
7479, including (1) a strong stellar bar; (2) a strongly asymmetric
spiral arm structure in the gaseous and stellar distribution of the
primary, specifically a strong tidally induced arm; (3) many
features of the line-of-sight velocity field; (4) the concentration of
molecular gas into the nuclear zone and along the bar, and (5) the
various anomalous dust lanes that cross the disc and the bar.

The simulations also suggest that the companion has not been
completely disrupted. The best candidate for the current position
of the remains of the companion is the feature about 17 arcsec
north of the nucleus. This feature can be seen in the optical and
near-infrared broad-band images, CO emission, Ha images, and
as a perturbation in the CO and Ha images of the line-of-sight
velocity fields.

The future evolution in the NGC 7479 system is likely to lead to
an increasingly large central concentration of molecular gas, and
the resulting nuclear starburst could create a more massive bulge.
Together with the addition of the remains of the satellite galaxy,
the increased central mass concentration is likely to eventually
destroy the stellar bar, and the overall appearance may then
resemble an earlier Hubble-type galaxy.
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