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ABSTRACT
Detailed numerical simulations have been carried out on the sinking of a gas-rich disk galaxy into a

large elliptial (spherical) galaxy. Both elliptical and spiral galaxies have been modeled as self-gravitating
particle systems. The interstellar gas component in the disk has been modeled as a system of inelastic
cloud particles dissipating kinetic energy in mutual collisions. Star formation processes and gas con-
sumption owing to star formation are included in the numerical code. Sinking on a radial or slightly
retrograde orbit has been found to produce regular shell structures (i.e., without loops or Ðlaments) made
from the disk material. In this shell formation, no signiÐcant segregation of the stellar and gaseous com-
ponents occurs. Global distribution of the gas clouds is similar to that of the stars, though the latter
make clearer shells. Star formation is turned o† well before the shells develop, because gas clouds are
widely scattered and the gas density is much decreased. We propose that the ““ poststarburst ÏÏ nuclei
often observed in shell galaxies are not necessarily the result of preceding starbursts, as is widely
believed, but could be the result of this drastic truncation of star formation activity.
Subject headings : galaxies : interactions È galaxies : ISM È galaxies : kinematics and dynamics È

galaxies : starburst È galaxies : structure

1. INTRODUCTION

Elliptical galaxies often possess peculiar properties that
are thought to be the outcome of the accretion of small
companion galaxies. They include shell (or ripple) struc-
tures, kinematically distinct cores, and dust lanes. Among
these peculiarities, shells or ripples have attracted much
attention recently and promoted many observational and
theoretical studies. Statistics based on deep photometry
suggest that a large fraction of elliptical galaxies possess
shells or ripples, although the intensity and morphology of
these structures are widely varied. The catalog of &Malin
Carter shows that about 17% of elliptical galaxies are(1983)
surrounded by shells. Furthermore, the CCD study of Ðne
structure of E/S0 galaxies & Schweizer sug-(Seitzer 1990)
gests that a signiÐcantly higher fraction, about 50%, exhibit
these features.

On the theoretical side, more or less systematic e†orts
have been made to understand the origins and the forma-
tion mechanisms of shell structures mainly using numerical
simulations and references therein). These(Prieur 1990
simulations show that the shell structure is a purely stellar
dynamical phenomenon and can be formed by the phase
wrapping or spatial wrapping of the tidally stretched
material of a much smaller companion galaxy.

Though the previous numerical studies seem to be suc-
cessful in explaining shells, some shell galaxies exhibit
another peculiarity still to be investigated. et al.Carter

found that 15È20 of 100 shell galaxies of &(1988) Malin
CarterÏs catalog possess peculiar nuclei, the spectra of(1983)
which suggest dominance of A-type stars. The usual inter-
pretation is that these nuclei are in the poststarburst phase
several times 108 years after the peak star formation activity
(caused during the accretion of the companion galaxy), in
which OB stars have already died out, leaving only stars
with spectral types later than A. Theoretical studies involv-
ing the interstellar gas and the star-formation process are
required to clarify the occurrence of possible starbursts and
their relationship to the dynamical processes. &Hernquist

Weil and & Hernquist studied the fate of(1992) Weil (1993)
the interstellar gas originally contained in the companion
galaxy in shell formation using the smoothed particle
hydrodynamics (SPH) code. Their model shows quick seg-
regation of the gas from the stellar component and efficient
gas infall to the center of the elliptical. Though their model
does not include the star formation process, they argue that
a strong starburst in the center of the elliptical is likely. In
this paper we propose a di†erent interpretation on the basis
of a series of simulations that include the star formation
process explicitly. Dependence of the global gas dynamics
on the adopted interstellar gas model is emphasized.

Section 2 describes the numerical methods and the
models. Results are presented in Discussion is given in° 3.

and summarizes conclusions.° 4, ° 5

2. NUMERICAL METHODS

We consider the sinking of a small spiral galaxy into a
giant elliptical galaxy. In the present paper the words
““ sinking,ÏÏ ““ accretion,ÏÏ and ““merger ÏÏ are used interchange-
ably as far as no confusion occurs. Also, the spiral galaxy is
called the ““ satellite ÏÏ or the ““ companion.ÏÏ Prior to carrying
out a sinking simulation, we must set up equilibrium
models of both the elliptical and spiral galaxies. After this,
these two galaxies are made to collide with some suitable
orbital parameters and spatial conÐgurations. The pro-
cedure is described below.

2.1. Global Structures of the Galaxy Models
This subsection describes the procedure of setting up

equilibrium models that are meant to represent galaxies in
an isolated state.

The initial density distribution of the elliptical galaxy is
assumed to be spherical for simplicity and to obey de Vau-
couleursÏ law (r1@4 law) with an e†ective radius stellarr

e
. N

E(i.e., collisionless) particles are distributed spherically fol-
lowing this law. in most cases. IsotropicN

E
\ 19,985

random motions are given to each particle initially. The
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velocity dispersion is calculated in the same manner as that
in Before doing a sinking simulation, thisHernquist (1993).
model is evolved in isolation for 15.6 time units to ascertain
its stability. Here, the time unit is taken to be (r

e
3/GM

E
)1@2,

where is the total mass of the elliptical galaxy and G theM
Egravitational constant. Structural and kinematical proper-

ties at the end of this calculation are given in TheFigure 1.
state indicated in is used as the initial condition ofFigure 1
the elliptical galaxy in sinking simulations.

The companion galaxy is a disk galaxy that consists of a
halo, a stellar disk, and a gaseous disk. Here, the halo is
meant to represent not the entire (dark) halo that might
surround the visible galaxy but the portion of the dark halo
inside the optical radius and any luminous spheroidal com-
ponents such as a bulge. The masses of the halo, the stellar
disk, and the gaseous disk are denoted by andM

H
, M

S
, M

G
,

respectively. All the three components are truncated at the
galactocentric radius The model is fundamentallyr \ r

t
.

based on the model of & Efstathiou The stellarFall (1980).
and gaseous disks both have exponential surface density
distributions with the same scale length a. The disks rotate
nearly rigidly in the inner parts and at a nearly constant
velocity in the outer parts. The turnover radius that divides
these two parts is denoted by The halo and the stellarr

m
.

disk are constructed by and stellar particles, respec-N
H

N
Stively, whereas the gaseous disk is composed of cloudN

Gparticles. The cloud particles su†er from mutual inelastic
collisions and experience star formation as described below.
The velocity dispersion of the halo is chosen as follows.
First, the isotropic velocity dispersion at each radius is cal-
culated so that the condition for ““ local virial equilibrium ÏÏ
is satisÐed everywhere (see for details). A trialNoguchi 1991
simulation showed that such a condition does not lead to
virial equilibrium for the entire system. The ratio of the
potential energy, W , to the total energy, E, was W /E\ 2.80
instead of 2 for the exact equilibrium. In order to avoid this,

the velocity dispersion was multiplied by a factor of 0.65,
which leads to W /E\ 1.75.

This disk galaxy model is evolved in isolation before the
sinking simulations. First, only the halo component is
evolved for 15.6 dynamical times with the disk components
Ðxed. After the halo is relaxed, the disks are activated. At
this time, the gravitational force acting on each disk particle
is calculated, and the circular velocity is given to that parti-
cle so that the centrifugal force is balanced with the gravity.
At the same time, small random velocities are given to disk
particles, which correspond to a speciÐed Q parameter of

This state just after the activation of theToomre (1964).
disks is adopted as the initial condition for the disk galaxy
in the sinking simulations.

In the following, we use units so that M
D

\ r
t
\ G\ 1,

where is the total mass of the diskM
D
(\M

H
] M

S
] M

G
)

galaxy. The total mass, and the initial outer radius ofM
E
,

the elliptical galaxy are set to be 10. The e†ective radius, r
e
,

is set to be 1. Length and mass are measured in units of r
tand respectively. Velocities are measured in units ofM

D
,

Time, t, is measured in units of the dynami-v4 (GM
D
/r

t
)1@2.

cal time of the disk galaxy, In the present study,t
d
4 r

t
/v.

the masses of the halo, the stellar disk, and the gaseous disk
are and respectivelyM

H
\ 0.7, M

S
\ 0.24, M

G
\ 0.06,

and The scale length(N
H

\ 4974, N
S
\ 10,000, N

G
\ 5000).

of both disks is a D 0.25, and the turnover radius before
halo relaxation is ToomreÏs Q parameter was setr

m
D 0.1.

to be 1.5 for both the stellar and the gaseous disks, meaning
much smaller velocity dispersions for the gas disk. Both the
stellar and the gaseous disks have a Gaussian density dis-
tribution along the z-direction, the dispersions of which are
0.05 and 0.025, respectively. Initial conditions of the com-
panion model are shown in Figure 2.

The sizes and masses of the elliptical and disk galaxy
models adopted here roughly satisfy the observed scaling
relation for elliptical and spiral galaxies. Suppose that the

FIG. 1a FIG. 1b

FIG. 1.ÈElliptical galaxy model. All quantities are given in the unit system in which the total mass and the e†ective radius of the galaxy are unit mass and
length, respectively. The gravitational constant is unity. (a) Three surface density proÐles projected onto the x-y, x-z, and y-z planes are shown as a function of
r1@4, where r is the projected distance from the center of the galaxy. (b) The proÐles of mean velocities (open symbols) and velocity dispersions ( Ðlled symbols).
Components along the three directions (r, h, /) in the spherical coordinate are shown as a function of the radial distance, r, from the center.
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FIG. 2a FIG. 2b

FIG. 2c

FIG. 2.ÈSatellite disk galaxy model. All quantities are given in nondimensional units described in the text. (a) Surface density distributions in the stellar
and gaseous disk components and volume density distribution in the halo component derived assuming spherical symmetry for the halo are plotted. The
abscissa is the cylindrical radius for the disks and the radial distance from the center for the halo. (b) Mean velocities (open symbols) and velocity dispersions
( Ðlled symbols) of the halo in the spherical coordinate system are given as a function of the radial distance, r, from the center. The halo was assumed to be
exactly spherical in making these plots. (c) Tangential (i.e., rotational) velocities (triangles) and velocity dispersions in the cylindrical coordinate system
(squares : radial, circles : tangential, diamonds : vertical) in the stellar ( Ðlled symbols) and gaseous (open symbols) disks are plotted against r, the distance from
the center.

disk galaxy model represents a late-type (i.e., Sc) spiral
galaxy of an absolute B magnitude Then theM

B
\ [20.

isophotal radius [i.e., the radius corresponding to the
surface brightness of 25th magnitude (arcsec)~2] is typically
10 kpc (see This means that the present ellip-Rubin 1983).
tical galaxy model should have an e†ective radius r

e
\ 10

kpc. The observed relation between B magnitude and the
e†ective radius (see indicates that theKormendy 1977)
e†ective radius of this size is typically possessed by an ellip-
tical galaxy with Then the question is whetherM

B
\ [21.5.

an elliptical galaxy with has a mass 10 timesM
B
\ [21.5

large as that of a spiral galaxy with in agree-M
B
\ [20,

ment with the mass ratio adopted in the present simula-
tions. Because the B-band luminosity of the elliptical is
nearly 4 times that of the spiral in this case, a 10 times
di†erence in mass is realized if the mass-to-luminosity ratio
(in the B band) of the elliptical is 2.5 times that of the spiral.
The B-band mass-to-luminosity ratio for Sc galaxies(m/L

B
)

is around 2.6 (see The mass of an ellipticalRubin 1983).
galaxy is generally difficult to determine. The mass calcu-
lated by KingÏs method & Tremaine sug-(Richstone 1986)
gests a systematic decrease in the V -band mass-to-



0 5 10 15 20 25 30
0

200

400

600

time

nu
m

be
r 

of
 c

ol
lis

io
ns

0 5 10 15 20 25 30
0

.2

.4

.6

.8

1

1.2

time

st
ar

 fo
rm

at
io

n 
ra

te

No. 1, 1997 SINKING SATELLITE DISK GALAXIES. I. 135

FIG. 3a FIG. 3b

FIG. 3.ÈEvolution of the isolated disk galaxy model. (a) Number of mutual collisions between gas cloud particles per time step is plotted against time. (b)
Star formation rate (solid line) and the fraction of the gas turned into stars (dotted line) are plotted against time. If scaled to a typical Sc galaxy with an
absolute blue magnitude of [20, the unit time becomes D7 ] 107 yr, and the unit star formation rate corresponds to D1 yr~1. The same ordinate as forM

_the star formation rate applies to the fraction, and the unity means complete consumption of the gas due to star formation.

luminosity ratio as increases(m/L
V
) M

B
(Kormendy 1987),

giving for There is a color-m/L
V

D 6 M
B
\ [21.5.

magnitude relation (see & Visvanathan suchSandage 1978)
that a more luminous elliptical galaxy generally has a larger
color index B[V . However, the gradient of the correlation
is very small, and we take B[V \ 0.5 for the present
purpose. This color gives form/L

B
D 1.58m/L

V
D 9 M

B
\

[21.5. Therefore, for an elliptical with ism/L
B

M
B
\ [21.5

larger than that of a spiral with by a factor ofM
B
\ [20

9/2.6, or D3.5. Considering the ambiguity involved, this
ratio is in agreement with the factor of 2.5 required. This
discussion shows that the elliptical and disk galaxy models
adopted here have relative masses and sizes consistent with
observations.

In the present simulation, the gravitational forces
between all the particles are calculated by the TREE code
(see & Hut The toleranceBarnes 1986 ; Hernquist 1987).
parameter, h, which determines the opening angle in con-
structing a tree structure, is set to be 0.8. The softening
length (v) di†ers depending on the type of particles. The
elliptical particles have v\ 0.04 in most simulations. The
halo particles have v\ 0.04, whereas the gas cloud particles
and the stellar disk particles have v\ 0.02. The softening
length of a node in the tree structure is taken to be equal to
the mass-weighted mean of individual softening lengths of
all the particles and subnodes contained in that node. Parti-
cle coordinates and velocities are integrated using the leap-
frog algorithm. A Ðxed time step dt \ 1/64 is always

TABLE 1

PARAMETERS OF THE MERGER MODELS

Run M
E

V
D
(V

x
, V

y
) Comments

1 . . . . . . . 10.0 ([1.86,a 0.0) radial
2 . . . . . . . 10.0 (0.0, [0.8b) retrograde
3 . . . . . . . 10.0 (0.0, 0.8b) prograde
1B . . . . . . 10.0c ([1.90,a 0.0) radial

a Escape velocity.
b Half the circular velocity.
c The gravitational softening length, v, is 0.2 for

elliptical particles.

employed. If scaled to a late-type spiral galaxy with ofM
Bapproximately [20 as above, M

D
D 4 ] 1010 M

_
, r

t
D 10

kpc, vD 130 km s~1, and yr.t
d
D 7 ] 107

2.2. T he Gas Cloud Model and the Star
Formation Algorithm

The gas cloud particles in our simulations are considered
to correspond to the interstellar molecular clouds. Colli-
sions between clouds are treated by the so-called sticky
particle method to model the dissipative nature of the inter-
stellar medium & Roberts &(Levinson 1981 ; Roberts
Hausman & Roberts All the cloud1984 ; Hausman 1984).
particles have the same radius (i.e., about 50 pc inr

c
\ 0.005

physical scale). This choice of cloud size leads to the volume
Ðlling factor of the gas clouds of D0.017 in the initial state.
In the simulation, two overlapping clouds are made to
collide inelastically, provided that they are approaching
each other. After collision, the radial component of the
mutual velocity is halved and its sign reversed, while the
tangential component is unchanged.

One important feature of the present models is that the
star formation process is included explicitly in the numeri-
cal code. The star formation process is simulated by chang-
ing a cloud particle into a new stellar particle. This
conversion is performed with a probability that is related to
the local gas density around the cloud particle as follows.
The local gas density, o, for a given cloud particle is deter-
mined by counting the number of the gas clouds residing in
the sphere of a radius centered on the cloud inrdens(\0.075)
question. Then the probability, p, for star formation for this
cloud in the current time step is calculated by

p \ Kstar dto .

Here, is a coefficient that controls the star formationKstarefficiency. The value of was determined empirically soKstarthat the star formation rate in the equilibrium companion
galaxy is nearly the same as the observed values for typical
late-type spiral galaxies (see below). After getting p by the
above equation, we create a number m in the range (0, 1)
using the uniform random number generator. If m \ p, we
change that cloud particle into a stellar one. This particle is
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treated as a collisionless particle afterward. If m [ p, no such
transformation is made. This recipe for star formation,
namely, converting a whole cloud into a star with some
probability instead of converting some fraction of one cloud
at every time step, was taken to avoid an intolerable
increase of the number of particles in the model. In order to
take into account energy input from stellar winds and
supernova explosions, each new star is assumed to give a
velocity of to all the cloud particles locatedvsn(\0.05)
within the distance of at after itsrsn(\0.02) tsn(\0.156)
birth. See & Ishibashi for details.Noguchi (1986)

shows the time evolution of the cloud-cloudFigure 3
collision rate and the star formation rate in the isolated disk
galaxy model that started from the initial condition given in

The cumulative mass of the gas converted to starsFigure 2.
is also given as a function of time. Although both rates show
short-period Ñuctuations and secular changes, the ampli-
tudes of these variations still permit us to regard this model
as a practically stationary model. esti-Kennicutt (1983)Ïs
mate based on emission shows that late-type (Sc) gal-Haaxies with about [20 typically have a globalM

Bstar-formation rate of D1È3 yr~1. The adopted valueM
_of produces D1 yr~1 when scaled to physicalKstar M

_units and is considered to be a reasonable choice in view of
relatively large range in the observed star-formation rate.

2.3. Sinking Parameters
We have carried our several sinking (i.e., merger) simula-

tions using the two galaxy models described above. The
orbital plane (i.e., the plane containing the center of the
elliptical galaxy and the companion initial velocity vector)
is taken to be the x-y plane. Initially the companion center
is located on the x-axis. The respective mass centers of the
two galaxies are initially separated by 5 length units. The
velocity of the companion relative to the elliptical, isV

D
,

varied as given in where and are the x and yTable 1, V
x

V
ycomponents of the companion velocity, respectively. As

seen here, we concentrate on radial and nearly radial
mergers and do not deal with more circular cases. Initially,
the companion disk is parallel to the orbital plane in all the
models. The sense of disk rotation (prograde or retrograde)
in each model is indicated in Table 1.

3. RESULTS

The main aim of the present study is to investigate the
dynamics of the interstellar gas and the star formation
process in relation to the formation of shell structures.

The morphological deÐnition of ““ shells ÏÏ is somewhat
varied in the literature. Some authors use this term in a very
restrictive sense, while others prefer looser usage. For
example, & Combes have restricted the ter-Dupraz (1986)
minology ““ shell ÏÏ to a sharp circular (or slightly elliptical)
arc centered on the galaxy and deÐned a system of shells to
be an ensemble of arcs, which do not cross and are regularly
spaced around the galaxy. They concentrated on radial
merger simulations that tend to produce a regular shell
system deÐned in this way. In contrast, & QuinnHernquist

term all sharp structures arising in both radial and(1988)
nonradial merger simulations as shells. From an obser-
vational viewpoint, classiÐed shell systemsPrieur (1990)
into three types according to their morphology. Type 1 are
constituted by the aligned systems such as those modeled
by & Combes (e.g., NGC 3923), type 2 by theDupraz (1986)
systems in which the position angles of the shells are ran-

domly distributed around the galaxy (e.g., 0422[476 in
& Carter catalogue), and type 3 by all theMalin [1983]

remaining objects. Here we deÐne the shell structure as a
three-dimensional distribution of particles that looks like a
system of multiple arclets that are concentric and detached
from each other (i.e., type 1 and type 2 in PrieurÏs 1990
classiÐcation) when seen along a favorable line of sight.

In partial agreement with previous studies, we have
found that a radial or retrograde merger can create regular
(i.e., type 1 or 2) shell structures. shows the snap-Figures 4
shots of the radial model, run 1. The initial velocity of the
companion is the same as the escape velocity of a test parti-
cle located at the same position as the companion in the
elliptical potential (hereafter we refer to this velocity as the
escape velocity for simplicity). Disk stars, gas clouds, and
new stars created from gas clouds after the start of the
simulation are shown separately in As seen inFigure 4.

stellar particles that initially constituted the stellarFigure 4,
disk of the companion galaxy (i.e., disk stars) start to make
a clear shell structure after the Ðrst collision with the ellip-
tical galaxy. Each shell propagates outward. A multiple
shell system of type 1 is clearly discernible at least for
D9 \ t \ D19 in this model, i.e., for more than D1 Gyr in
the late phase of the accretion. It is noted that the cloud
particles develop a similar structure, although the clarity in
the shells is much reduced. There is no signiÐcant di†erence
in the global distribution between stellar and gaseous debris
of the companion disk. New stars also follow the distribu-
tions of these two components. demonstrates thisFigure 5
similarity in spatial distributions quantitatively. This Ðgure
obviously shows nearly the same radial distribution of
debris for the two disk components.

This similarity comes from the fact that the cloud par-
ticles behave like the stellar particles after the Ðrst collision
of the companion with the elliptical center in this model.

shows the total number of collisions between theFigure 6a
gas clouds in this model as a function of time. It is seen that
the collisions between the clouds are e†ectively reduced
after the companion has passed the elliptical center. When
the companion passes the elliptical center, the gaseous disk
is heavily destroyed. The gas clouds are dispersed into a
large volume of space, because the central part of the ellip-
tical galaxy acts as an efficient scattering center because of
its deep potential well. This scattering leads to decrease in
the gas density and, hence, a decrease in the cloud-cloud
collision rate. After this the gas clouds become essentially
collisionless, mimicking stellar dynamics. This point, i.e., the
lack of signiÐcant segregation between the stellar and
gaseous debris, is in marked contrast with the result by

& Weil and & Hernquist whoHernquist (1992) Weil (1993),
used SPH description of the interstellar gas and obtained a
quick segregation of the gas from the stellar debris. We will
discuss this point later.

is the same snapshot as but for theFigure 7 Figure 4
slightly retrograde model, run 2. In this model, the initial
velocity is taken to be half the circular velocity, and the
velocity vector was directed toward the negative y-
direction. In this case, the companion gradually sinks
toward the center of the elliptical galaxy. In the later phases
(i.e., both the disk stars and gas cloudst Z 18), (Fig. 7a) (Fig.

show a multiple shell structure that lasts at least for D17b)
Gyr to t \ 28, when the simulation was terminated. In this
case, the shells are not oppositely placed with respect to the
elliptical center as in the radial model, run 1, but randomly
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FIG. 4.ÈMorphological evolution of the radial merger model, run 1. (a) Projection of the disk stars onto the x-y plane, which is the orbital plane of the
satellite galaxy. Time, t, is given at the upper-right corner of each frame. Initially (i.e., at t \ 0), the center of the satellite is located at x \ 5, y \ 0 with its disk
rotating counterclockwise in the x-y plane. The satellite is launched into negative x-direction with escape velocity. The new stars born from the gas clouds
after the start of the simulation are not included in the plot (see panel e). (b) Same as (a), but for projection onto the x-z plane. Three-dimensional nature of the
shells is clearly seen (e.g., t \ 12.5). (c) Same as (a), but for the gas cloud particles. Only those clouds are plotted that have not yet experienced star formation
at the time indicated. (d) Same as (c), but for projection onto the x-z plane. (e) Projection of new stars born from gas clouds into x-y plane. All the new stars
existing at the current time are plotted. Large crosses indicate stars having an age less than 0.1 time units (i.e., D107 yr), whereas stars older than 0.1 but
younger than 1 time units (i.e., D108 yr) are plotted as small crosses. Dots indicate stars older than 1 time unit. A smaller area than in panels (a) and (c) is
displayed for clear representation.
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FIG. 5.ÈRadial distribution of the stellar (solid line) and gaseous
(hatched region) particles around the center of the elliptical at t \ 9.4 in run
1. Relative numbers are calculated by counting the number of particles
included in each radial bin and normalizing them so that the areas of both
histograms become the same. The new stars formed from the gas clouds are
not included in either histogram.

located around the elliptical center (type 2 in PrieurÏs
classiÐcation). However, this model is similar to run[1990]

1 in that the stellar particles and the clouds have the same
spatial distribution globally. The new stars also show a
similar distribution to these two components, although
their paucity in number makes shell structures more diffi-
cult to recognize shows the total colli-(Fig. 7c). Figure 6b
sion number of gas clouds as a function of time. In this
model, the collision number is increased remarkably in late
phases, but this is primarily due to the condensation of
clouds in the central part of the companion. At 15.6 time
units, the total collision number is 2215 and the number of
currently colliding clouds is 333 for the entire cloud system.
Of these, 2214 collisions are taking place within 0.05 length
units from the density center of the cloud disk in the satellite
galaxy. This central region contains 331 colliding clouds.
The clouds are widely spread, and the collision number is
decreased in the outer parts, where shell structures develop.

shows the time variation of the star formationFigure 8a
rate in the radial merger model, run 1. It is seen that the star
formation rate is abruptly reduced around the time of the

Ðrst passage of the companion through the center of the
elliptical galaxy. A spiky burst is recognized just before this.
However, this does not contribute signiÐcantly to the
amount of star formation because of its very short duration
(see the dotted line, which shows the cumulative mass of
new stars created from the gas clouds). This abrupt trunca-
tion of star formation at the time of collision is due to the
sudden decrease in gas density caused by the gravitational
scattering by the elliptical potential, which is mentioned
before. In the case of the retrograde model run 2 (Fig. 8b),
we also see a decrease in the star formation rate, but this
time it is gradual, in correspondence with the relatively
gradual disruption of the gaseous disk. In both run 1 and
run 2, star formation has practically ceased several times
108 yr before the shell structure becomes evident. Based on
this result, we propose that the ““ poststarburst ÏÏ nuclei
observed in many shell galaxies are not always the result of
a starburst but could be the outcome of abrupt truncation
of star formation (see ° 4).

Prograde models show a qualitatively di†erent evolution
from the radial or retrograde ones. In run 3, the initial
velocity has the same value as in run 2, the retrograde
model, but its direction is contrary to that in run 2. Figure 9
shows that no discenible shell structure is formed in a pro-
grade sinking. As the satellite galaxy approaches the ellip-
tical galaxy, an increasingly large amount of the material is
tidally detached from the outer part of the satellite and
forms a continuous loop structure encircling the center of
the elliptical. However, the inner part of the satellite sur-
vives tidal disruption and remains gravitationally bound.
Though not evident in a smaller scale plot clearlyFigure 9,
shows that a small stellar bar is formed in the center of the
satellite at t D 7 and persists until t D 10. During this
period, the gas clouds are gathered toward the nucleus of
the satellite galaxy by the gravitational torque of the bar in
the same manner as extensively discussed by Noguchi

shows the change of the star formation(1988). Figure 8c
rate in run 3. The strong starburst seen from t D 6 to t D 12
takes place near the satellite center, fueled by this bar-
driven gas inÑow (see It is noted that, although aFig. 9c).
strong starburst is triggered in this case, the epoch when the
loop system is most developed (t [ 15) corresponds to a
period of very low star formation activity.

FIG. 6a FIG. 6b

FIG. 6.ÈNumber of mutual collisions per time step between the gas cloud particles plotted against time for (a) the radial model, run 1, and (b) the
retrograde model, run 2.
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FIG. 7.ÈMorphological evolution of the retrograde merger model, run 2. (a) Projection of the stellar particles (disk stars) onto the x-y plane, which is the
orbital plane of the satellite galaxy. Time, t, is given at the upper-right corner of each frame. Initially (i.e., at t \ 0), the center of the satellite is located at x \ 5,
y \ 0 with its disk rotating counterclockwise in the x-y plane. The satellite is launched into negative y-direction. (b) Same as (a), but for the gas cloud
particles. The stars formed from the gas clouds are not included in these plots. (c) New stars plotted on the x-y plane. Symbols have the same meaning as in
Fig. 4e.
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FIG. 8a FIG. 8b

FIG. 8c FIG. 8d

FIG. 8.ÈTemporal change in the star formation rate (solid line) and the fraction of the gas turned into stars (dotted line) for (a) the radial model, run 1 ;
(b) the retrograde model, run 2 ; (c) the prograde model, run 3 ; and (d) the radial model, run 1B. The ordinate indicates nondimensional star formation rates
(in the same unit as in or nondimensional fractions (i.e., unity means complete consumption of the gas owing to star formation).Fig. 3b)

Finally we have carried out run 1B to investigate the
dependence of the sinking process on the compactness of
the elliptical galaxy. This model is the same as the radial
model, run 1, except that the central gravitational well of
the elliptical is more rounded than that of run 1 owing to
the adoption of a larger softening parameter, v\ 0.2, for the
elliptical particles in this model). As(N

E
\ 9954 Figure 10

indicates, this model tries to make a shell structure as in run
1. In this case, however, the blunt core of the elliptical fails
to destroy the companion completely. As the remnant of the
companion oscillates back and forth through the central
part of the elliptical, it destroys the emerging shells and
prevents the formation of a persistent shell system. Tempo-
ral change of the star formation rate in this model (Fig. 8d)
is similar to that in the prograde model, run 3. A strong
starburst is triggered (D3 \ t \ D8) because the central
part of the companion survives tidal disruption and main-
tains its identity for a long time. Almost all the star forma-
tion takes place in this remnant (see These resultsFig. 10c).
show that the core radius of the elliptical is one of crucial
parameters that control the formation of persistent shell
structures and the triggering of starbursts.

In summary, we have found that the triggering of star-

bursts is incompatible with the formation of a regular and
persistent shell structure, although in a limited range of
parameters. The shell formation requires almost complete
disruption of the companion galaxy and scattering of the
tidal debris into a large volume, and this process inevitably
suppresses star formation. Implications of this result are
given in the next section.

4. DISCUSSION

Shell galaxies have a record of extensive researches in the
past. was probably the Ðrst to suggest thatSchweizer (1980)
shells would result from a merger (for other ideas, see

Nulsen, & Stewart & ChristiansenFabian, 1980 ; Williams
& Struck-Marcell & Wright1985 ; Wallin 1988 ; Thomson

Following this suggestion, many numerical studies1990).
have been carried out with various degrees of computa-
tional complexity, ranging from test particle simulations
(e.g., & Combes to completelyQuinn 1984 ; Dupraz 1986)
self-consistent treatments (e.g., et al.Salmon 1990).

Owing to these more-or-less systematic e†orts in the past,
it appears that we have reached an essentially correct
understanding of many aspects of shell galaxies directly
related to stellar dynamical processes. The present study is
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FIG. 9.ÈSame as but for the prograde merger model, run 3. The satellite is launched into positive y-direction at t \ 0. Note the change of scale inFig. 7
panel c.
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regarded as a preliminary attempt to extend theoretical
understanding to various activities in shell galaxies by con-
sidering gas dynamics. The present models are completely
self-consistent, modeling both the host and companion gal-
axies as self-gravitating particle systems. However, we did
not focus on the detailed process of shell formation such as
investigated by et al. partly because the rela-Salmon (1990),
tively small number of particles employed did not allow a
sufficient resolution and a large dynamic range. For ex-
ample, the shells expected to form in inner regions were not
well represented. Instead, the gas dynamics and associated
star formation were stressed in the present study. Some im-
portant new results obtainedhere are nowdiscussed in depth.

4.1. ““Poststarburst ÏÏ Nature of Shell Galaxies
One of the most important results obtained in the present

study is that star formation is heavily damped in shell for-
mation. This is because an efficient scattering (dispersal) of
the gas cloud system that is indispensable for the formation
of shells reduces the density of the gas and hence the star
formation rate. This result seems to have the following
implication if combined with several observational studies
of shell galaxies. et al. have made photometricCarter (1988)
and spectroscopic observations of a sample of shell galaxies.
They found that the ““ nucleus ÏÏ of many shell galaxies shows
a spectrum with remarkable Balmer absorption lines, which
suggests the dominance of A-type main sequence stars. One
possible interpretation is, as they suggest, that those shell
galaxies exhibiting A-type-starÈdominated spectra are in
the poststarburst phase, i.e., several times 108 yr after the
occurrence of short-period intense star formation. This
might seem plausible, because many interacting galaxies,
especially those undergoing major mergers, are observed to
be experiencing violent star formation along with morpho-
logical deformation (see, & Tinsley etLarson 1978 ; Young
al. et al. However, the present numeri-1986 ; Sanders 1988).
cal study suggests a di†erent possibility. Every case that
gives rise to long-lasting regular shell structures was found
to lead to efficient suppression of star formation. Therefore,
we propose an idea that the ““ poststarburst ÏÏ nature of the
shell galaxies is not caused by starbursts but a result of
truncation of star formation. It should be noted that a spec-
trum dominated by A-type stars does not necessarily
require a preceding starburst but also can result from a
sufficiently rapid truncation of star formation. This is well
demonstrated in the trajectory of a model galaxy in the
plane of Hd equivalent width versus B[R color. The calcu-
lation by & Sharples indicates that a galaxyCouch (1987)
whose star formation is suddenly removed moves upward
from the initial position on the line occupied by normal
galaxies (called the normal line hereafter) as O- and B-type
stars start to vanish and then returns down toward the
normal line as A-type stars start to die out. In the case of a
starburst, however, the galaxy Ðrst moves downward from
the initial position because of the dominance of newly
formed OB stars in early phases and then goes up as these
OB stars start to die, passing through the normal line, and
Ðnally comes down toward the normal line as A stars die.

et al. indeed showed that those shell galaxiesCarter (1988)
with the sign of a ““ poststarburst ÏÏ nature fall on the region
above the line delineated by normal galaxies. No shell
galaxy is observed below the normal line. However, this fact
does not rule out the possibility of starbursts. It may be
simply that the starburst takes place too early and has too

short a lifetime for shell structures to be developed along
with it, preventing these starburst galaxies from being
included in a sample of shell galaxies. Our point is that the
currently available data do not necessarily require star-
bursts. It is interesting to note here that hasArp (1990)
already pointed out a possibility of suppression rather than
enhancement of star formation in violently interacting gal-
axies, on the ground that such interaction will destroy the
gas disk. Although this is not always the case (e.g., we see
intense starbursts in the ultraluminous mergers), we should
note that the inÑuence of galaxy interaction on the star
formation is dependent on the detailed manner in which the
galaxies collide.

Two points are worth mention here. One concern is
about the spatial extent of the regions that et al.Carter

observed. Because they do not mention the aperture(1988)
used in their observations, it is not clear how small a region
near the nucleus was observed and even whether the
nucleus is that of the host elliptical or that of the accreted
companion. For this reason, we have checked our numeri-
cal results and investigated whether the star formation
history is signiÐcantly di†erent from place to place in the
radial model, run 1. At the epoch of t \ 15.6, when the shell
structure is well developed, we placed a series of concentric
annuli with various radii around the elliptical nucleus and
analyzed the age distribution of the new stars that are con-
tained in each annulus. The result presented in Figure 11
does not indicate a large di†erence in the age distribution of
new stars at di†erent radii. Every annulus shows a deÐ-
ciency of stars that have been formed after the Ðrst passage
of the companion through the elliptical center (i.e., t [ 3).
Therefore, our interpretation of the et al.Carter (1988)
observation is una†ected by what aperture size they
actually used. It is also noted that the surface density of
stars that formed in the initial phase (0 \ t \ 3) increases
toward the center of the elliptical, and such a central con-
centration would be indeed recognized as a nucleus lacking
in young stars.

The second point is that the catalog of & CarterMalin
which served as a database for the et al.(1983), Carter (1988)

study, collects shell galaxies deÐned in a broad sense,
including confused and ill-deÐned systems (such as loops),
in addition to regular ones. It is impossible (at least from

et al. and other available literature) to knowCarter [1988]
how the spectroscopic properties of shell galaxies are corre-
lated with the morphological type of their shell system. Our
numerical results suggest that the star formation history in
shell galaxies (including those with a confused system) is
related to the manner in which the shells are formed and
their resultant morphology Unfortunately, it may be(° 3).
difficult to check such correlation observationally because
star formation has long ceased regardless of the type of
merger when the galaxy develops a shell system and
becomes to be classiÐed as a shell galaxy. A poststarburst-
like nucleus may be observed in any case.

Other observational results do not permit unique inter-
pretations either. et al. show that infraredThronson (1989)
characteristics of shell galaxies are similar to those of
normal-type (mostly S0) galaxies. Their interpretation is
that (1) the merger events have no appreciable e†ects on the
star formation process in shell galaxies or (2) the timescale
for the creation and maintenance of shells is longer than
that for star formation. et al. found thatWilkinson (1987a)
the incidence of radio activity in shell galaxies is not signiÐ-
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FIG. 11.ÈDistribution of the birth time for the newly born stars that are located at di†erent projected distances from the center of the elliptical galaxy at
the epoch t \ 15.6 in the radial merger model, run 1. The radial bin is indicated in the upper right of each frame. The ordinate indicates the surface density of
the stars with a given birth time (the abscissa) in the given radial bin, obtained when plotted onto the x-y plane. All the histograms are normalized so that
they have the same peak height in order to display very low parts in late phases in outer bins. The maximum value of each histogram is given in the
upper-right corner of the corresponding frame to facilitate the comparison between di†erent radial bins.

cantly higher than in normal E/S0 galaxies, although there
is some evidence that the presence of shells strengthens
radio/infrared correlation Browne, & Wol-(Wilkinson,
stencroft In contrast to more systematic but simpler1987b).
studies such as mentioned above, detailed studies for indi-
vidual cases are scarce but would be helpful. &McGaugh
Bothun have carried out UBV surface photometry of(1990)
three shell galaxies, Arp 230, NGC 7010, and Arp 223. In
the case of Arp 230, the measured colors of the individual
shells suggest a burst of star formation in which shell

material was involved and which had ceased by the time of
complete shell formation. Morphological and photometric
evidences, however, suggest that Arp 230 is a product of
merger between two spirals and rule out involvement of an
elliptical. In the cases of NGC 7010 and Arp 223, shell
colors can be explained by passive evolution (aging and
segregation) of stellar tidal debris of the companion galaxy
accreted by the primary. Therefore, these observations do
not seem to present serious contradiction to our numerical
results.
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4.2. Gas Dynamics versus Stellar Dynamics

Although the efficient reduction in star formation rate in
shell galaxies is an interesting possibility that the present
study has revealed, this result probably depends on the spe-
ciÐc model for the interstellar medium adopted. Hernquist
& Weil and & Hernquist performed a(1992) Weil (1993)
numerical study for sinking satellites that includes inter-
stellar gas components. Their study indicates that the gas is
quickly separated from the stellar component of the com-
panion and is accreted to the center of the host spherical
galaxy. Their numerical model di†ers from the present one
in two points. First no self-gravity is taken into account in
their study. Their companion galaxy is composed of mass-
less particles and falls into the rigid gravitational potential
of the host spherical galaxy. Second, they have used the
SPH code instead of the inelastic gas cloud model to
describe the interstellar gas. This second point, i.e., the dif-
ference in the gas model, is considered to be the major cause
of di†erence in the dynamical behavior of the gas. As these
authors state, in the SPH, which is meant to describe a
continuous Ñuid, each SPH particle is always feeling the
pressure from neighboring particles. When there are two
oppositely moving Ñows, particles from one Ñow cannot
pass through the particles from the other Ñow. This is
exactly the situation that occurs when the gas torn from the
companion falls into the center of the host galaxy. When the
gas that has fallen Ðrst is returning back from the Ðrst apo-
center passage, it collides with another part of the gas that is
about to reach the elliptical center for the Ðrst time. Pres-
sure e†ects mentioned above and energy dissipation
(because of the assumption of isothermal state) make the
gas condense into a small region at the elliptical center, as
discussed in & Weil and & HernquistHernquist (1992) Weil

This causes a quick segregation of the gas and the(1993).
stars. However, a system of discrete gas clouds can behave
like a stellar system under certain conditions. A gas cloud
system can have a relatively long cloud-cloud collisional
timescale depending on the cloud parameters (the cloud
size, the mean separation between the clouds, and their
velocity dispersion), whereas a continuous gas corresponds
to the limit of frequent collisions. Therefore, a system of
clouds behaves as an essentially collisionless system, if it
experiences a change of the external gravitational Ðeld that
occurs in a period shorter than the internal cloud-cloud
collisional timescale. Such a ““ quasi-collisionless ÏÏ nature of
the gas cloud system has brought about its morphological
similarity to the stellar component and suppression of star
formation, especially in the case of the radial merger, as
discussed in A similar di†erence caused by the adoption° 3.
of di†erent gas models is reported in & HenslerTheis (1993)
for the case of protogalaxy collapse simulations.

The dependence of global gas dynamics on the details of
the adopted gas model found here is considered to have an
important implication. It is not yet clear which model
(discrete or continuous) is a more realistic description of
actual interstellar gas. Our knowledge of detailed inter-
stellar gas physics is limited to our Galaxy and a small
number of nearby galaxies. The observations done for these
galaxies seem to indicate a highly clumpy nature of the
interstellar medium, with a large fraction of mass contained
in massive discrete clouds of molecular or atomic hydrogen.
It is not clear how the physical property of the interstellar
gas is altered in abnormal environments such as strongly

interacting galaxies, starburst galaxies, and active galaxies.
For example, observations of starburst galaxies undergoing
mergers have revealed a large-scale emission nebulosity that
is not seen in more quiescent galaxies located in isolated
environments (e.g., Heckman, & Miley sug-Armus, 1990),
gesting abnormal nature caused by the starbursts. It is not
clear whether the observed peculiarity of the interstellar
matter (ISM) invalidates the application to these galaxies of
a clumpy ISM model such as the one used in the present
study. Nevertheless, it will be interesting from a theoretical
point of view to investigate systematically the global gas
behavior as a function of the ““ microscopic ÏÏ physical
parameters such as the collisional and dissipational time-
scales in the gas component.

5. CONCLUSIONS

We have carried out numerical simulations on the accre-
tion of a disk galaxy by a larger elliptical (spherical) galaxy.
Both galaxies are constructed by a large number of gravi-
tating particles (more than D104 particles for each galaxy).
A fraction of disk particles in the companion galaxy were
made to collide inelastically with each other and form stars
depending on the local gas density, mimicking the funda-
mental behavior of the interstellar gas clouds. Within a
limited range of parameters, this study found a relationship,
as follows, between the resulting morphology of tidal debris
of the satellite and the temporal development of star forma-
tion rate.

1. In a radial merger between a large spherical galaxy
and a much smaller satellite disk galaxy having 1/10 the
mass of the former, star formation activity that had been
taking place in the satellite before merger is completely
truncated after the Ðrst passage of the satellite through the
primary center. The stars from the satellite make a system of
shells several times 108 yr after the cessation of star forma-
tion, and this system lasts for more than D1 Gyr. Individ-
ual shells are aligned with the direction of the original
satellite motion and interleaved in radius on opposite sides
of the primary. These stellar shells are accompanied by
gaseous shells, which are more di†use than the stellar ones.

2. A slightly retrograde merger leads to the formation of
stellar and gaseous shells that lie near the satellite orbital
plane and are located at random position angles around the
primary center. This shell system also has a long lifetime

Gyr). By the time the shell system starts to develop,(Z1
star formation is signiÐcantly damped.

3. In a slightly prograde merger, a strong starburst is
triggered at the nucleus of the tidally deformed satellite
galaxy as the satellite approaches the primary. After the
starburst has faded out because of depletion of the gas, a
system of stellar and gaseous loops encircling the primary
center starts to develop.

In sum, for any geometric conÐguration of a merger, star
formation is much reduced by the time a galaxy develops
the faint structures that cause it to be classiÐed as a shell
galaxy. More important, these results suggest that the
““ poststarburst ÏÏ nuclei found in a number of shell galaxies
(especially those with a regular shell system) could be a
result of truncation of star formation rather than the after-
math of the alleged starburst.
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APPENDIX

DETERMINATION OF DENSITY PEAKS

It was necessary to deÐne the center of each galaxy unambiguously in performing some of the analysis presented in this
paper (e.g., In the present situation, the center of mass of individual galaxies cannot be used because both galaxies canFig. 11).
deform greatly. If a few particles are kicked out to large distances from either of the two galaxies, the center of mass of that
galaxy can even move out of the main body, thus making the center of mass almost meaningless. Several kinds of centers have
been considered to deÐne the center of a N-body system, such as the potential center & Hut and the median(Casertano 1985)
position of the particles & Quinn(McGlynn 1984 ; Balcells 1990).

In order to analyze our simulation data, we have devised the following algorithm to calculate the density peak. First, we set
a three-dimensional grid that covers the system. This grid region is divided into 7 ] 7 ] 7 cells (seven cells in each direction).
Second, we count the number of particles contained in each cell. Third, the cell that possesses the maximum particle number is
determined. Fourth, all the particles in this cell and the neighboring 26 cells are counted. If this number is below 1/10 of the
total particle number, the center of mass of these particles is taken as the density peak. If this condition is not fulÐlled, we
apply the same procedure to the region covered by the above 27 cells. This procedure is repeated until the condition is
satisÐed. In making this method was applied to the particles constituting the elliptical galaxy.Figure 11,
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