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panõles Jorge y Luzma que con su buen humor lograron que las reuniones fueran
siempre divertidas.

Je n’oublierai jamais les nombreuses “soirées salsa” avec Christine, merci
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Abstract

This thesis is devoted to the study of the formation and evolution of collisional
ring galaxies using N -body simulations. Two main subjects are developed: a
study of the morphological properties of the produced rings and their dependency
on the conditions of the collision, and the elaboration of a N -body model of the
Cartwheel galaxy.

After a review of the mechanisms involved in the formation of ring galaxies
and of some numerical techniques we present a number of simulations elaborated
to study the effect of the orbit of the perturber, its mass and structure as well
as the structure of the target disk on the large scale structure of the produced
rings and on other morphological features formed in the disk. We also analyse
the kinematic changes induced in the disk by the perturbation, in particular the
radial, tangential and vertical velocity components of the particles of the target
disk.

The model of the Cartwheel galaxy is then presented in detail: the physical
properties of the initial conditions, the history of the collision, the comparisons
of the best fit with the relevant observational data and the future evolution of
this system.

Résumé

Cette thèse est consacrée à l’étude de la formation et de l’évolution des ga-
laxies (( en anneau )) en utilisant des simulations N -corps. Deux sujets principaux
y sont développés : dans un premier temps, une étude des propriétés morpholo-
giques des anneaux produits et de leur dépendance des conditions de la collision ;
et ensuite l’élaboration d’un modèle N -corps pour décrire la galaxie (( Roue de
Charrette )).

Après un examen des mécanismes impliqués dans la formation des galaxies
(( en anneau )) et de quelques techniques numériques, nous présentons un certain
nombre de simulations qui ont été élaborées pour étudier l’effet de deux éléments :
celui de l’orbite de la galaxie perturbatrice et celui de la structure initiale des
galaxies impliquées. Nous avons étudié l’effet produit par ces deux éléments sur
la structure des anneaux formés et sur d’autres particularités morphologiques
formées dans le disque. Nous analysons également les changements cinématiques
qui sont induits par la perturbation. En particulier les composantes de la vitesse
radiale, tangentielle et verticale des particules du disque cible.

Le modèle de la galaxie (( Roue de Charrette )) est présenté en détail. Ce
modèle décrit les propriétés physiques des conditions initiales et l’histoire de
la collision. Des comparaisons y sont faites entre le meilleur ajustement et les
données observationnelles. On y présente aussi l’ évolution future de ce système.



Resumen

Esta tésis está dedicada al estudio de la formación y evolución de las galaxias
de anillo colisionales usando simulaciones de N -cuerpos. Dos temas principales
han sido desarrollados: en un primer tiempo, se realizamos un estudio de las
propiedades morfológicas de los anillos formados y de la dependencia de éstas en
las condiciones de la colision; en seguida elaboramos un modelo de N -cuerpos de
la galaxia conocida como la “Rueda de Carreta”.

Después de un análisis de los mecanismos implicados en la formación de
galaxias de anillo colisionales y de algunas técnicas numéricas presentamos un
conjunto de simulaciones que han sido diseñadas para estudiar el efecto de dos
elementos: el de la órbita de la galaxia perturbadora y el de la estructura inicial de
las galaxias implicadas. Estudiamos el efecto producido por estos dos elementos
en la estructura de los anillos formados y en otros rasgos morfológicos formados
en el disco. También estudiamos los cambios producidos por la perturbación en
la cinemática del disco, en particular, en las componentes radial, tangencial y
vertical de las part́ıculas del disco de la galaxia principal.

El modelo de la galaxia de Rueda de Carreta es presentado en detalle. El
modelo describe las condiciones f́ısicas de las condiciones iniciales y la historia
de la colisión. Hacemos algunas comparaciones entre el mejor ajuste y los datos
observacionales. También presentamos la evolución futura de éste sistema.
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Chapter 1

General background

– Résumé –

Les galaxies sont des systemes d’étoiles, de gaz, de poussières inter-
stellaires et de matière noire qui sont liés par l’attraction gravitation-
nelle. Les galaxies observées présentent une diversité morphologique
et d’echelle caractéristique qui reflete leurs propriétés physiques. Des
schémas de classification ont été élaborés pour “trier les galaxies” et cons-
tituer une base sur laquelle construire des modèles théoriques décrivant
l’origine et l’évolution des galaxies. Quelques systèmes de classification
des galaxies sont présentés ici.

Cependant, les galaxies ne sont pas des systèmes isolés. Leur appa-
rence actuelle n’est pas seulement le résultat des conditions initiales qui
ont prévalues à leur naissance et à leur évolution. Les galaxies portent
aussi la trace des influences de leur environnement et de leurs interac-
tions avec des galaxies voisines. Nous savons aujourd’hui que la plupart
des galaxies ont subi, à un moment ou à un autre de leur évolution, des
interactions ou même des fusions avec d’autres galaxies. De ce fait, nous
présentons une révision des particularités morphologiques couramment
associées aux galaxies en interaction ainsi qu’une brève description des
mécanismes dynamiques qui seraient liés à leur origine.
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– Resumen –

Las galaxias son un sistema de estrellas, gas, polvo interestelar y materia
oscura que se encuentran ligados por su auto-gravedad. Las galaxias se
presentan con una diversidad de morpholoǵıa y escala que son el reflejo
de sus propiedades f́ısicas. Algunos sistemas de clasificación han sido
elaborados para organizar a las galaxias y formar una base sólida sobre
la cual construir modelos teóricos del origen y evolución de las galaxias.
Presentamos algunos de ésos sistemas de clasificación de galaxias.

Sin embargo, las galaxias no son sistemas aislados. Su apariencia ac-
tual no es sólo el resultado de su proceso de formación y de su evolución.
Las galaxias guardan también las marcas de la influencia de su medio am-
biente y de sus interacciones con galaxias vecinas. Sabemos además, que
la mayoria de galaxias han sufrido en un momento u otro de su evolución
interacciones o incluso fusiones con otras galaxias. En este caṕıtulo pre-
sentamos una revisión de las peculiaridades morfológicas que normal-
mente se asocian con las galaxias en interacción asi como una breve
descripción de los mecanismos dinámicos relacionados con su origen.

1.1 Morphological classification of galaxies

As soon as galaxies where recognized as extragalactic objects in the first quarter
of the XXth century, it was clear that they exist in a variety of sizes and shapes
and a comparable diversity of physical properties was logically expected. Some
classification schemes were elaborated as a first step to set up a basis for a link
between the apparent features of galaxies and their physical properties.

1.1.1 Hubble’s classification scheme

Hubble (1936) elaborated one of the first galaxy classification schemes that is of
current use in our days. In a first step he classified the galaxies as regular galaxies,
if they seem to have rotational symmetry about a dominating central nucleus or
irregular galaxies, if this feature is absent. The vast majority of galaxies are
regular, and they in turn can fall in four main groups, the elliptical galaxies, the
spiral galaxies, the barred spiral galaxies and the lenticular galaxies, which are
on the intersection of these three groups.

Elliptical galaxies range from spheroidal to ellipsoidal objects. They are
highly concentrated, with few structural details and their boundaries are not
very well defined. They can be put in a sequence ordered by the ellipticity
of their isophotal contours and labeled as En, where the index n is defined as
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10[1− b/a], with b/a the ratio of the minor to major axis of the contours. An E0
galaxy has circular contours and as the contours are more elongated the index
increases up to a value of E7, where the series stops. No E8 has been identified
so far.

Disk galaxies are nearly flat galaxies with spiral arms and, in most cases,
a spherical bulge in their center. They can be normal spirals or barred spi-
rals which are organized into two parallel but distinct sequences. The common
progress of these sequences is traced by the relative luminosity of the nuclear
region with respect to the disk, the openness of the arms and the degree of res-
olution of the arms in individual stars, associations and nebulae. The normal
spirals, designated as S, have arms emerging from the periphery of a nuclear
region and winding outwards. The sequence begins with galaxies having a bright
nucleus surrounded by a larger bulge resembling an elliptical. The arms are
tightly wound, thin, filamentary and not clearly resolved. As galaxies are placed
in more advanced positions of the sequence the luminosity of the arms dominates
that of the bulge, the arms become bulkier, broader, and more resolved into as-
sociations of stars and emission nebulae and the spiral pattern is more open.
Thus, the sequence is subdivided in three equal types designated as Sa, Sb and
Sc. The limits between consecutive types are not sharply defined, intermediate
objects being indicated as Sab or Sbc.

Barred spirals are designated as SB. The sequence starts with galaxies seen
as a conspicuous ring concentric to the nucleus and traversed diametrically by
a broad bar. As the sequence progresses the ring breaks away from the bar
forming two spiral arms emerging from the tips of the bar and from there the
development parallels that of the normal spirals. SB galaxies are indexed as a,
b or c, in parallel to S galaxies.

Similarities between the E7 end of the elliptical sequence and the beginning
of the S and SB sequences led to join them in a single series comprising all the
regular galaxies. The complete sequence is thus represented by a tuning fork
with the ellipticals in the stem and the S and SB along the two arms (see Fig-
ure 1.1). In the middle of the fork are placed the lenticular galaxies designated
as S0. This type of galaxies is characterized by a central bulge similar to an
elliptical galaxy, surrounded by a more extended and structureless flatter com-
ponent. Many lenticular galaxies have a transitional oblate component called
a lens. Thus, S0 galaxies constitute a smooth transition between elliptical and
spiral galaxies.

To sum up, the sequence of regular galaxies has at one end the round el-
lipticals with gradually more elongated shapes as the sequence progresses. S0
galaxies are a transition between the ellipticals and disk or spiral galaxies. At
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Figure 1.1 Hubble (1936) classification scheme. [Figure taken from Hubble (1936)].

this point the sequence divides in two parallel branches: the normal galaxies and
the barred galaxies. The progress of both branches is marked by a luminosity
increase of the arms at the expense of the bulge luminosity, a spiral pattern that
gradually opens and grows in bulk. The terms early and late are frequently used
to designate the extremes of the sequence without regard of temporal implica-
tions on the evolution of galaxies.

As the number and quality of the photographs of galaxies increased, some
modifications to the original Hubble scheme were proposed. In The Hubble Atlas

of Galaxies (Sandage 1961) S0 type galaxies are expanded into barred and non-
barred sequences designated by S0n ans SB0n. These two series are at the base
of each of the arms in Hubble’s fork and the middle of the fork is occupied by the
E7 class. The index n, between 1 and 3, gives the place in the S(B)0 sequence
according to the strength of dust absorption within their disk. Sandage also drew
more attention to the irregular galaxies.

He classified galaxies with no symmetry as irregulars or without a well defined
spiral pattern. Those containing bright O and B stars associations define the IrrI
subclass and those that look smooth the IrrII subclass.

He classified as IrrI galaxies those without symmetry or well defined spiral
pattern and containing bright O and B stars associations. Galaxies are classified
as IrrII if they show no symmetry and look smooth.
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Figure 1.2 De Vaucouleurs classification scheme. [Figure from de Vaucouleurs

(1959)]

1.1.2 De Vaucouleurs Scheme

A scheme of particular interest for our subject is the de Vaucouleurs (1959) exten-
sion to Hubble scheme. The main idea is that every stage in the Hubble sequence
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can be extended into a bidimensional distribution of types. This globally three
dimensional classification scheme is shown in Figure 1.2. In this diagram Hub-
ble’s fork is placed vertical with the sequence of the normal galaxies following
the upper contour and the barred galaxies the lower contour. Normal S galaxies
in the Hubble classification are now indicated with SA and the barred galaxies
keep the same SB notation. An extra dimension is added to the lenticular and
spiral galaxies to describe the possible existence of inner rings. If the galaxy
has an inner ring from which the spiral arms emerge then it is indexed with an
(r). Thus a normal galaxy with this kind of ring is denoted SA(r), and if in
addition the galaxy has a strong bar then it is a SB(r) galaxy. The galaxies with
arms emerging directly from the nucleus are placed in the opposite side of the
(r) galaxies location. These galaxies are indicated with an (s).

Some galaxies have an external ring enclosing the disk and its spiral struc-
tures. In some of them the arms themselves are curved at their outer extremes
such as to form the external ring. When such a ring is present it is indicated with
an R at the beginning of the galaxy type, as in RSB for a barred galaxy with
an external ring. Rings are classified as nuclear, inner or outer rings depending
whether the ring diameter is smaller, equal or larger than the size of the bar.

1.1.3 Peculiar galaxies

One immediate consequence of having a classification scheme is the identification
of galaxies which show individual particularities and can thus be considered
abnormal. A galaxy can be abnormal in two senses: i) their apparent morphology
departs substantially from the norms defined in the classification schemes; ii)
the features of its spectral distribution are unusual. Morphological irregularities
may include jets, tails, rings, arms with distorted shapes, knots or whatever
irregularity in the brightness distribution. In what concerns to the spectrum,
an abnormal galaxy may have an unusually strong emission in radio frequencies
or atypically broad emission lines (Seyfert galaxies). In reality the galaxies with
strong morphological anomalies frequently have an spectrum which deviates from
the spectrum of a normal galaxy; thus these peculiarities are frequently linked.

Odd-looking galaxies are frequently referred as peculiar galaxies. Some cata-
logs of peculiar galaxies have been published which group them in a number of
categories (Arp 1966; Arp et al. 1987; Vorontsov-Velyaminov et al. 1961-1974;
Zwicky & Zwicky 1971) in an effort to put some order in the great diversity of
observed configurations. Arp et al. (1987) form 25 categories among which the
ring galaxies concerned in our work. All this intense cataloging activity was pos-
sible thanks to the advent of the Schmidt camera which made possible to locate
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Figure 1.3 A sample of peculiar galaxies. Top row: i) The “Antennae” galaxy

(ARP 244) is a spectacular example of tidal tails, with a pair of them emanating

each from one of the merging disks, ii) the “Whirlpool” (M 51) galaxy shows a

enhanced spiral pattern with one of the arms seemingly bridging to the companion,

responsible of the tidal perturbation, iii) the “Sacred mushroom” (AM 1724-622) is

a newborn collisional ring galaxy with an unusually prominent bridge between the

interacting pair. Bottom row: iv) NGC 7225 is a disk galaxy with a bifurcated dust

absorption band, v) NGC 4622 has spirals unusually narrow and wound with very

shallow pitch angle, vi) AM 0355-603 is a one armed spiral. [Image i) taken from the

DSS Palomar/National Geographic Society Sky Survey, image ii) from Arp (1966)

and images iii) to vi) from Arp et al. (1987)]

these exotic objects in wide sky fields (e.g. the Palomar Sky Survey and their
southern counterparts, see Dyson (2005) for some interesting historical notes).
The view of wide fields around the peculiar galaxies was also a key to establish
their link with close companions and galactic interactions. Although some of the
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structures in the peculiar galaxies can come from internal activity such as ejec-
tions or a flattened halo with its symmetry axis missaligned with that of the disk
(White 1983a), the vast majority seems to be associated with the perturbation
by neighboring galaxies.

1.2 Galactic interactions

The link between many of the structures of the peculiar galaxies and the interac-
tion with the galaxies in their neighborhood was strongly reinforced by the results
of numerical simulations. The numerical restricted 3-body experiments carried
by Pfleiderer (1963) and Toomre & Toomre (1972) showed that the encounters
involving at least one disk galaxy can develop bridges of material between the
interacting pair and long tails of outgoing material. Lynds & Toomre (1976)
and Toomre (1978) found that ring structures can be produced by a central and
perpendicular hit of a small companion on a disk galaxy. The results of these
pioneering works using very simplified physical models were by and largely con-
firmed by later self consistent simulations like those of Barnes (1988). Some of
the numerical methods of common use in this field will be described in Chap-
ter 3; for the moment we will address to a brief description of some of the more
important results obtained from simulations.

The wide variety of structures observed in peculiar galaxies is a consequence
of the equally diversified parameter space of the interaction between two galax-
ies. The Hubble type of the interacting galaxies before the collision determines
to a large extent the features that can be formed. Disk galaxies may develop
coherent structures as strong spiral structures (Pfleiderer 1963; Toomre 1978),
extended tails (Toomre & Toomre 1972), single arm disks and expanding rings
(Toomre & Toomre 1972; Theys & Spiegel 1977) among others. The fate of the
perturbed ellipticals is usually less spectacular; their isophotes may be distorted
(Hoessel et al. 1985) or they may develop a series of faint shells or arcs (Quinn
1984; Dupraz & Combes 1986; Hernquist & Quinn 1988). The orbit parameters
and orbital energy are also important. Depending on the initial orbital energy of
the interacting galaxies, they may cross only once and then follow their way into
the intergalactic medium or they can become strongly bound by their gravitation
and experience a number of close passages until they merge into a single object.
When at least one of the galaxies has a disk the orientation of the orbit is very
important and strong resonances may be excited if the rotation of the disk is
tuned with the velocity of the interloper (Toomre 1978). Numerous studies of
the different scenarios have been elaborated with different degrees of complexity.
White (1983b) and Barnes & Hernquist (1992) made a good review of the dy-
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namics of interacting galaxies. The features and mechanisms acting in the more
relevant cases are the following:

Tidal spirals and bridges These structures are formed when a disk galaxy
is perturbed by the near passage of a companion of relative small mass
following a direct orbit (Pfleiderer 1963; Toomre 1978). The temporary
match between the angular velocity of the disk material and the companion
with respect to the center of the disk triggers a resonance; the outer part of
the disk develops an arm towards the satellite and an arm in the opposite
side. When the orbit of the companion is more inclined with respect to the
disk plane, the arms are less pronounced. These arms wind up over a few
rotation periods after which the morphological signature of the interaction
of the disk is difficult to distinguish. More recently Byrd & Howard (1992)
have suggested that, based on self-consistent simulations, long-term tidal
arms are possible and may be present in 80% of the spiral galaxies included
in the Holmberg’s (1969) survey of galaxy groups.

Tails If in the preceding scenario the companion has a mass comparable to that
of the disk galaxy the arm on the side opposing to the perturber position
becomes a long tail of material escaping from the disk galaxy (Toomre
1978). The arm emerging on the side near to the perturber is now a stream
of material then may be captured by the perturber.

Rings They are formed when the disk of a galaxy is crossed by a compact com-
panion near its center and following a nearly perpendicular orbit (Toomre
& Toomre 1972; Lynds & Toomre 1976; Theys & Spiegel 1977). The tem-
porary presence of the perturber near the center of the disk excites large
radial oscillations in the disk material triggered in phase. Due to the radial
gradient of the epicyclic frequency in the disk the radial oscillations drift
out of phase and a nearly circular region of orbit crowding expands from
the central regions towards the disk periphery. This density enhanced re-
gion forms a bright ring in which intense star formation may take place.
In some cases a nuclear region is found inside the ring which may or may
not coincide with its geometrical center.

Perturbed ellipticals The effects of an interaction on ellipticals are more sub-
tle. Distorted isophotes have been detected in interacting ellipticals (Hoes-
sel et al. 1985). Theoretical studies show that hyperbolic encounters push
the stars into larger, less bound orbits that may result in extended den-
sity profiles (Aguilar & White 1986). It has also been found by Aguilar &
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White (1986) that before an elliptical relaxes after an interaction, transient
outward-moving luminosity excesses can be formed.

Shells When a small companion is being captured by a larger galaxy in a nearly
radial orbit shells can form if the total phase space volume they occupy is
sufficiently different (Dupraz & Combes 1986; Hernquist & Quinn 1988).
These shells are formed from the stars stripped from the companion (Carter
et al. 1982; Quinn 1984) and sometimes are placed in alternation at either
side of the center of the main galaxy (e.g. NGC 3923, Malin & Carter
(1980)). Mere mass transfer from a companion can also be at the origin of
shells in non-radial collisions (Hernquist & Quinn 1988).

Ripples The numerical experiments of Wallin & Struck-Marcell (1988) show
that ripples or arcs are formed in gas poor disk galaxies (e. g. Arp 227,
Schweizer et al. (1987)) when they are hit near their center and almost
perpendicularly by an extended companion. The radial oscilations of the
disk stars set up by the perturbation create shell-like structures that vary
in strength and width as a function of the azimuthal angle. The conditions
of this kind of collision are similar to those involved in ring galaxies, but
due to the larger size of the companion and the lack of gas in the disk, the
ring is not formed. When the disk is seen nearly face on the morphology of
these ripples may have a close resemblance to the shells described above,
but the ripples are composed of material from the main galaxy and not of
material from the companion as in shells (Schombert & Walin 1987; Longo
& de Vaucouleurs 1983; Wallin & Struck-Marcell 1988).

Polar rings According to Whitmore et al. (1990) about 5% of the the S0 galax-
ies have a ring of gas, dust and young stars, with its axis aligned per-
pendicularly to the major axis of the disk. The kinematical properties
of these rings seem to be distinct from the properties of the host galaxy
which strongly suggests that they have an external origin. Two scenarios
have been proposed (Athanassoula & Bosma 1985; Schweizer et al. 1983):
the accretion of gas rich dwarf galaxies (Athanassoula & Bosma 1985) and
mass transfer from a passing companion. Although the generalities of these
mechanisms are understood some aspects remain to be cleared as for ex-
ample the reason why rings are found mostly in S0 galaxies.
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Chapter 2

Ring galaxies

– Résumé –

Au milieu des années soixante-dix, les astronomes ont été attirés par la
présence d’anneaux au sein de quelques galaxies. Ces anneaux peuvent
être formés par des résonances internes à la galaxie ou par des collisions
frontales entre une galaxie à disque et une petite galaxie compagnon. Ces
deux types de galaxies sont décrits dans ce chapitre, en faisant ressortir
leurs resemblances et leurs différences.

Les galaxies (( en anneau )) qui sont formées par la collision des galaxies
constituent le sujet central de ce travail. Quelques modèles analytiques
et numériques sur leur origine et leur évolution sont exposés ici. Basés
sur des simplifications, les modèles analytiques sont de bons outils pour
obtenir un aperçu des mécanismes à l’origine de la formation des an-
neaux et de leur propagation à travers le disque. Ils permettent aussi
de prédire avec succès la relation entre les propriétés des anneaux et les
conditions dans lesquelles s’est faite la collision. Une modélisation plus
détaillée des observations dans les galaxies en anneau ne peut être réalisée
que par l’utilisation de modèles numériques. Ainsi, seules les simulations
qui tiennent compte de l’auto-gravité du disque peuvent expliquer la
formation des structures radiales, comme celles qui sont observées dans
la galaxie de (( la Roue de Charrette )). Ces simulations donnent aussi
une perception plus réaliste de l’évolution des structures dans la région
centrale du disque, là où l’auto-gravité est importante.
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– Resumen –

A mediados de los años 70 la presencia de anillos en algunas galaxias
atrajo la atención de los astrónomos. Estos anillos pueden formarse de-
bido a resonancias internas de la galaxia o debido al paso de una pequeña
galaxia compañera a través del centro del disco de la galaxia principal y
siguiendo una órbita perpendicular a éste. Los dos tipos de galaxias son
descritos en este caṕıtulo, haciendo énfasis en sus semajanzas y diferen-
cias.

Las galaxias “de anillo”, formadas por la colisión de dos galaxias,
son el tema principal de este trabajo. Algunos modélos anaĺıticos y
numéricos de su formación y evolución son expuestos. Haciendo algunas
simplificaciones, los modelos anaĺıticos contituyen una herramienta útil
para obtener una idea de los mecanismos implicados en la formación de
los anillos y en su propagacion a través del disco. Estos modelos también
permiten predecir con éxito la relación entre algunas propiedades de los
anillos y las condiciones de la colisión. Una modelisación más detallada
de las observaciones de las galaxias de anillo sólo puede realizarse por
medio de la utilización de modelos numéricos. De este modo, sólo las
simulaciones en las que la autogravedad del disco es tomada en cuenta
pueden explicar la formación de estructuras radiales como las observadas
en la galaxia “Rueda de Carreta”. Este tipo de simulaciones brindan
también una percepción más realista de la evolución de las estructuras
formadas en la región central del disco, en donde su auto gravedad es
importante.

2.1 Ringed galaxies vs ring galaxies

Rings in galaxies can be created by two different mechanisms: (i) internal dy-
namical processes mainly linked with resonances, and (ii) the perturbation from
a companion galaxy. Although phenomenologically these two types of rings are
clearly well differentiated; observations do not always give a clear hint to recog-
nize the origin of individual objects. The detailed modeling of both types of rings
should give guidelines to future observational work. This work is concerned with
rings of collisional origin but its morphological and historical link with resonance
rings deserves some outlines here. A detailed description of collisional ring galax-
ies is given in the next section after which parallelisms and divergences between
both types of objects are discussed. To refer to each type of rings we follow
the convention adopted by some authors (Athanassoula et al. 1997; Buta 1990;
Gerber et al. 1996) who designate galaxies with rings created by collisions as ring
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galaxies and galaxies with rings originated by resonances as ringed galaxies.

The existence in galaxies of ring structures of two different natures was prob-
ably remarked since the discovery of the first samples of these objects. de Vau-
couleurs (1959) S(r) and (R) classes mostly exclude ring galaxies and Theys &
Spiegel (1976) explicitly exclude rings with central nucleus in an attempt to ex-
clude rings of non collisional origin from their statistical study of rings targeted
to give support to the collisional origin scenario. Notwithstanding this early dif-
ferentiation, the first solid base to separate ring and ringed galaxies was given in
the mid-eighties by Few & Madore (1986). They classified a sample of 69 galaxies
in two groups: (i) P-type rings with a knotted structure and often warped or
with assymetries, and (ii) O-type rings with a smooth structure, regular shape
and a centered nucleus. Few & Madore (1986) found that the P-type rings have
a clear excess of near companion galaxies that is absent in their O-type objects.
P-type objects seem to have a broad range of true ellipticities, while O-type rings
might be only slightly elliptic. The properties deduced statistically for the P-
type rings fit well with their computer collisional models and they interpret these
results as a confirmation of the collisional origin of the P-type rings and suggest
that O-type rings have formed in most cases in the absence of a perturber and
correspond to the RS galaxies in de Vaucouleurs (1959) classification scheme.

2.1.1 Ringed galaxies

Internal mechanisms giving rise to rings in galaxies are commonly associated to
non-axisymmetric gravitational potentials (Schwarz 1981, 1984). In the case of a
non-axisymmetric mass distribution, a torque is exerted on the disk of gas that
drives radial movements. Gas accumulates near the inner and the outer Lindblad
resonances and the corotation radius where the energy loss by collisions is mini-
mized, and rings (nuclear, outer and inner ring, respectively) of enhanced density
are formed. If the bar is strong enough, the material is moved outward past the
outer Lindblad resonance into an almost circular ring. In some galaxies with
rings the presence of a bar is not evident (Verdes-Montenegro et al. 1995, 1997,
2000). Nevertheless, particular case studies show that sometimes the driving
force can be associated with a hidden bar or oval distortion (for an example see
Buta 1990), a bar that has decayed (Athanassoula 1996; Buta 1990) or massive
spiral arms.

It has also been proposed that the infall of material from nearby companions
may result in the formation of a ring, and there is an intense debate about the
scenario that prevails and about what are the signs that may reveal the origin
of individual objects. Some galaxies such as the Hoag’s object (see Figure 2.1)
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Figure 2.1 Ringed galaxies. Left: Hoag’s object. The origin of this almost perfect

circle is still unclear; accretion of material or resonance with a hidden oval structure?

[NASA-STScI image]. Right: NGC 7020 has a symmetric outer ring but the bright

inner zone has a peculiar hexagonal shape. [Image from Sandage & Bedke (1994)].

represent a real puzzle for which different authors claim to show evidence of its
origin with results that contradict each other (Schweizer et al. 1987; Wakamatzu
1990).

Buta (1990) lists some interesting observational facts about ringed galaxies
among which the following are most relevant here:

1. The nuclear rings occur almost exclusively inside the bulge, the inner rings
in the inner regions but outside the bulge and the outer rings in the outer
part of the disk.

2. The galaxies with inner and/or outer rings are commonly of early S0 type
and correspond to the (r) and (R) galaxies in de Vaucouleurs classification
scheme.

3. Whenever a ring is visible in blue light it shows enhanced blue colors in a
color index map. This indicates that rings are regions where star formation
is, or was, favored.

4. Statistics indicate that most rings are intrinsically of oval shape, the inner
rings reaching the more extreme true axis ratio of 0.6.
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5. Whenever an inner and outer ring are present in the same galaxy, their
apparent size ratio is very close to 2.

6. Non-circular motions have been deduced for some rings which may range
from 10 to 50 km s-1 depending on the model adopted to make the inter-
pretation.

7. Preliminary statistical results show that spirals of the (r) variety have fewer
close companions than those of the (rs) or (s) variety. This suggest that
interactions can inhibit the formation of rings or can destroy existing ones.

2.1.2 Ring galaxies

The discovery and interpretation of ring galaxies seem to begin in the mid-
twentieth century with the discovery of the object now widely known as the
Cartwheel galaxy by Zwicky (1941). The clarification of its origin had to wait
more than 30 years. Freeman & de Vaucouleurs (1974) proposed a collision
scenario between a gas rich disk galaxy and an intergalactic cloud of gas which
would capture the gaseous component of the galaxy leaving a disk with its center
devoid of gas that would evolve into a ring galaxy. The volume and mass of the
intergalactic clouds needed to make this scenario effective are so huge that they
should be detected without problem, which is not the case.

Theys & Spiegel (1976) used a sample of 9 galaxies to show that rings without
central nucleus (what they call a R galaxy) have a strong tendency to have a
minor companion at less than 25◦ from its minor axis. This result strongly
suggests that the companion lies near the symmetry axis of the ring and out of
its plane and directly leads to a collision scenario.

Lynds & Toomre (1976) and Toomre (1978) made a clear exposition of the
galactic collision scenario that is accepted at present. The formation of a ring
galaxy is understood as the result of a centrally targeted collision between a disk
galaxy and a compact companion. The companion crosses the disk following
an orbit that is nearly perpendicular, or only moderately inclined. When the
intruder is near the center of the main galaxy the material of the disk is subject
to an extra force directed inwards and the orbits contract. The companion then
recedes, leaving behind an unbalance between the centrifugal and gravitational
force that results in a violent rebound of the disk material. The rebound is not
simultaneous at all radii of the disk, but depends on the epicyclic frequency of
the orbit; the orbits initially closer to the center of the disk have higher epicyclic
frequencies and rebound earlier than the outer orbits. The expanding inner orbits
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Figure 2.2 Two ring galaxies. Left: a sharp view of AM 0644-741 also known as

the “Lindsay-Shapley ring”. [NASA-STScI image]. Right: II Hz 4 is a double ring

system where two disk galaxies seem to have collided perpendicularly. In the less

luminous galaxy the nucleus seems to overlap with the ring. [Image from Lynds &

Toomre (1976)]

Figure 2.3 Radial oscillation of test particles after being perturbed by a central

perpenditular passage of the companion. The companion traverses the center of the

disk at t=0. [After Toomre (1978)].

encounter the still contracting ones in the outer neighborhood and a region of
orbit compression and enhanced density is formed that propagates outwards.

Figure 2.3 exemplifies this graphically. The evolution of a number of test
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particles initially on circular orbits is followed before and after a central perpen-
dicular passage of a perturber. Before the collision the orbits of the particles have
a constant radius. The collision happens at time t = 0 and the orbits contract.
The consecutive rebound of the orbits and the density wave are clearly seen.
The formation of a second ring following a secondary contraction and rebound
is apparent after t = 6. The 3rd and subsequent rings are difficult to form, as
the phase of the oscillations are no longer organized. In galaxies with a gaseous
disk a starburst may be triggered in a galactic scale at the locations where the
gas is compressed around the ring.

Orbits inclined by as much as 45◦ and impact points as far as 0.2 times the
radius of the disk still form rings, but now the nucleus is displaced and the ring
is less sharply defines and fades faster. The low probability of the occurrence of
such well targeted encounters was the subject of discussions at the time these
ideas were proposed. The frequency of these type of galaxies is very low indeed.
Athanassoula & Bosma (1985) estimate that ring galaxies are about 0.02-0.2%
of the spirals.

Lynds & Toomre (1976) and Toomre (1978) applied this scenario to elaborate
models for the II Hz 4 and the Cartwheel ring galaxies. They used simplified three
body simulations that reproduced with great success the general morphology of
these galaxies.

2.1.3 Ring or ringed?

The apparent morphological similitude between the ring and ringed galaxies leads
to the following question: given a particular galaxy with a ring structure, is it
possible to determine unambiguously whether it belongs to the ring or ringed
class?

From the observational point of view, galaxies either with asymmetric rings,
off-centered nucleus or empty ring interior can be placed in the ring galaxy type
with a high degree of confidence. Such features are difficult to explain with
the mechanisms that are believed to form the ringed galaxies. The real risk
of confusion is in the case where the ring is symmetric with a central mass
condensation originated by a perpendicular and central hit to the disk galaxy.
In this case other features can be sought that may hint in favor of either class.

In ring galaxies the expanding wave leaves behind a wake of evolving stars
recently born in the enhanced density of the wave. The radial age gradient of
these new population results in a radial color gradient where the older redder
star population is near to the center of the galaxy and the younger bluer star
population is located in the expanding ring. This gradient has been detected in
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the Cartwheel galaxy (Marcum et al. 1992) giving strong support to the hypoth-
esis of a collisional origin of this object. This color gradient is not expected on
the ringed galaxies, where the rings are believed to keep the same size. Thus,
the detection of such a color gradient would strongly suggest a collisional origin
of the observed object. The main difficulty with this method is the high angular
resolution needed in the photometric data and the low surface brightness of the
inter ring region of many galaxies. If the target galaxy is a mainly stellar early-
type disk this method would not be appropriate; the Sacred Mushroom galaxy
(AM 1724-622, see Figure 1.3) is an interesting example of this situation (Wallin
& Struck-Marcell 1994).

The presence of a near companion would suggest a collisional origin but there
is always the possibility of an apparent pair physically unlinked; a bridge of
material between the two components would provide more solid evidence (see the
ring example in Figure 1.3). In the reverse sense however, a lack of an apparent
companion does not necessarily favor the ringed class. As Athanassoula et al.
(1997) argue based in a number of numerical experiments, the perturber might
have run well far of the main galaxy before the rings disappear.

Athanassoula et al. (1997) argue that the kinematic data can also help with
the job in circular rings. Circular rings composed of material with high expansion
velocities (a few tens of km s-1) can be naturally explained with the collision
scenario.

For the galaxies where two rings coexist, Athanassoula et al. (1997) compared
the ratio of the two ring radii in ring and ringed galaxies and found that in both
cases there is a peak at roughly the same position, although the ring galaxies
tend to have larger ring ratios. This parameter can only be used to distinguish
the origin of rings in ring galaxies with extremely large (> 10) outer to inner
ring ratios.

The stellar color and population on the ring may also give worthy informa-
tion. Although some star formation can be found in both kinds of rings, an
abnormally high star-forming activity can be produced only in the violent event
of a perturbation by a relatively massive companion. Strong starbursts in the
ring would thus support a collisional origin. The stellar population in the rings of
ringed galaxies is expected to be older than the population in the ring galaxies.
Comparing the broad-band colors of the ring of the Hoag’s object galaxy (see
Figure 2.1) with those of a model of a short starburst, Brosh (1985) estimates
an age of the ring structure of 1 − 2 × 109 yr, which is an order of magnitude
larger than the estimated age of the typical ring galaxies. Rings with starburst
older than 1 × 109 yr belong more probably to the ringed galaxy class.

To sum up, rings with asymmetries or lacking an obvious nuclear region can

30



be directly assumed to belong to the ring galaxy class. The situation is less clear
with symmetric rings with a central nucleus. In this case a number of features
can, one or the other, favor either a ring or ringed classification. If more than one
of these features converge to the same type of galaxy, a more robust classification
may be done.

2.2 Analytic models

Historically the numerical models gave a strong support to the collision scenario
of the formation of ring galaxies. Simple models using a disk of test particles suc-
ceeded to (Lynds & Toomre 1976; Toomre 1978) reproduce the ring phenomenon
and this result has motivated the elaboration of analytical models which may help
to understand the results of the numerical simulations and to give insight of the
degree to which they can be applied.

2.2.1 Kinematic impulse model

Binney & Tremaine (1987) elaborated an analytical model of the kinematic re-
sponse of a disk to a central and perpendicular collision by an intruder.

A frequently used simplification that has demonstrated to give good results in
a number of problems related with perturbations is the impulse approximation.
It consists in assuming that the velocity V of the encounter is high enough to
guarantee that during the period of time in which the interaction is effective the
perturbed particles remain practically in the same position. If σi (i = 1, 2) is the
internal velocity dispersion of the interacting systems, b is the distance of closest
approach and r1 and r2 are the median radii of the colliding systems the impulse
approximation is formally written as:

V ≫ σi
max(r1, r2, b)

ri
i = 1, 2.

Where the index i refers to the interacting systems. A direct consequence
of the impulse approximation is that the V remains nearly constant during the
encounter (Binney & Tremaine 1987).

The set-up for the ring galaxy collision scenario is the following: a disk of test
particles is centered on the origin of a cylindrical system of coordinates (R, z) and
coincides with the plane z = 0. Initially the particles follow circular orbits under
the influence of a rigid spherical potential Φ(r), with r denoting the distance
from the potential center. The perturber is also represented as a rigid spherical
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potential Φc(r). The perturber follows an orbit perpendicular to the disk along
the z-axis and crosses it at time t = 0.

As the companion traverses the disk the test particles experience an extra
radial force towards the center that results in a radial velocity component. The
component of the force perpendicular to the disk will have no net effect due to the
symmetry of the problem. The R-component of the gravitational force that the
companion exerts on a particle at (R, 0) is −(R/r)(dΦc/dr) with r the distance
between the particle and the companion. Under the impulse approximation the
radial velocity increment due to this force is

∆vR = −
∫

∞

−∞

dΦc

dr

R

r
dt = −2R

V

∫

∞

0

dΦc

dr

dZp

r
, (2.1)

with Zp(t) = V t the z position describing the orbit of the companion. If the
perturber is a singular isothermal sphere with circular velocity vc,

dΦc/dr = v2
c/r,

and Equation 2.1 gives

∆vR = −πv2
c

V
. (2.2)

The particles will execute radial oscillations around their initial radial position
q. In what follows q is the Lagrangian coordinate of the particles, that is to say,
its position at a reference time taken as the initial conditions. If the perturbation
is small, as expected from the high velocity encounter, we can assume that these
radial oscillation will be at the epicyclic frequency. If the disk is embedded in
a potential identical to the potential of the perturber the epicyclic frequency is
κ(q) =

√
2vc/q and the oscillations are described by

R(q, t) = q − ∆R sin(κt) (2.3)

which, differentiated with respect to t and compared to 2.2, can be used to
eliminate ∆R

R(q, t) = q

[

1 − πvc√
2V

sin

(√
2vct

q

)]

. (2.4)

This equation can be used to track the radial displacements of mass in the disk
and identify the regions where the density increases. Let us take an infinitesimal
mass element of the disk initially contained in a concentric annulus, say, between
the radius q and q + ∆R0. At time t, after the collision, the material in this
annulus will be displaced into an annulus of different radius and thickness, and
will be between R(q, t) and R(q +∆R0, t). The surface densities Σ0 and Σ in the
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Figure 2.4 Density enhancement

as a function of parameter τ de-

fined in Eqs 2.7 and 2.8 for an

analytical model of a ring galaxy.

The curves correspond to vc/V =

0.08, 0.10, 0.12 (solid, dashed and

dotted lines respectively).

annuli containing our mass element before and after the collision respectively are
related by

Σ

Σ0
=

q∆R0

R(q, t)[R(q + ∆R0, t) − R(q, t)]
(2.5)

but R(q + ∆R0, t) can be expanded as

R(q + ∆R0, t) = R(q, t) +
∂R(q, t)

∂R0

∆q + O(∆R2
0)

which can be used to eliminate R(q + ∆R0, t) in Equation 2.5

Σ

Σ0
=

q

R(q, t)

[

∂R(q, t)

∂q

]−1

. (2.6)

Which is the Lagrangian form of the mass continuity equation in cylindrical
coordinates. The partial derivative is positive whenever there is no orbit crossing
which is the case under the assumption that the perturbation is not strong. Using
Equation 2.4 to eliminate R and its partial derivative we get

Σ = Σ0F (τ), (2.7)

with

τ ≡
√

2vct

q
(2.8)

and

F (τ) =

(

1 − πvc√
2V

sin τ

)−1 [

1 − πvc√
2V

(sin τ − τ cos τ)

]−1

. (2.9)

Equations 2.7 to 2.9 give the density at radius R in terms of the Lagrangian
coordinate q of the stars at radius R. When the radial displacements are small
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the function F (τ) gives the factor of density enhancement at R. F (τ) is shown
in Figure 2.2.1 for vc/V equal to 0.08, 0.10 and 0.12. As the velocity of the
collision V is slower with respect to vc, the perturbation gets stronger and the
density enhancement is more pronounced. The position of the maximum density
amplification is Rm =

√
2vct/τm; this correspond to a density wave expanding

with constant speed vm ≈
√

2vc/τm.

2.2.2 Kinematic caustics model

The previous model reveals the wave nature of the ring formed in a collision sce-
nario. On the other hand, the impulse approximation used to estimate the am-
plitude of the radial oscillations of the stars is a very strong restriction; only very
fast collisions satisfy this condition but most of the real cases where marginally
bound orbits are likely, are excluded. Struck-Marcell & Lotan (1990) developed
further the analytic modeling in two different ways: i) the impulse approximation
was substituted by a less restrictive approximation, and, ii) an analytic method
was implemented to identify the position of the rings.

The impulse approximation was replaced with what they call the centrifu-

gal balance approximation. This consist in assuming that the minimum radius
reached by a given star due to the intruder perturbation is such that the cen-
trifugal force at that radius balances the combined gravitational force of the
companion and disk galaxy when their centers coincide.

The validity of this approximation depends on the conservation of angular
momentum in the disk which limits its application to centered perpendicular
collisions and to weak perturbations in which the particles remain nearly confined
to the disk plane. If as before Φ and Φc are the potentials of the disk and
companion galaxies and h the angular momentum per unit mass of a particle on
a circular orbit of radius q the centrifugal balance of the unperturbed star is

(

−dΦ

dR

)∣

∣

∣

∣

∣

q

+
h2

q3
= 0 (2.10)

and after the perturbation, at the moment the star reaches the minimum radius
(

−dΦc

dR
− dΦ

dR

)∣

∣

∣

∣

∣

q−∆R

+
h2

(q − ∆R)3
= 0, (2.11)

with ∆R the amplitude of the oscillation. After eliminating h between these two
equations we get

(

−dΦc

dR
− dΦ

dR

)
∣

∣

∣

∣

∣

q−∆R

+

(

q

q − ∆R

)3 (
dΦ

dR

)
∣

∣

∣

∣

∣

q

= 0. (2.12)
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This equation of centrifugal balance can be used to get the amplitude of the
oscillations of the particles in terms of the gravitational potentials of the host
galaxy and the perturber.

To analyze the rings’ structure and evolution Struck-Marcell & Lotan (1990)
borrowed a technique used previously by Arnold et al. (1982) in the study of
the cosmological problem of the development of structures in the collapse of
material in the galaxy formation epoch. These structures are identified with the
formation of density singularities, where the density goes formally to infinity.
The main idea in this approach is the study of the formation and evolution of
density singularities, or catastrophes, in the mass continuity equation using the
equation of motion. Translated to the ring galaxies problem, the mass continuity
equation is Equation 2.6 and the caustic condition is

∂R/∂q = 0. (2.13)

A caustic is then interpreted as a region where the orbits of initially different
radius overlap. If ∂R/∂q < 0 the orbits cross each other and reverse their radial
order. This region of radial reversed orbits will be limited by a pair of caustics,
as will be shown later.

The equation of motion is obtained assuming epicyclic radial oscillations of
the type described by Equation 2.3 and the caustic condition becomes

1 − sin(κ∞t)
∂∆R

∂q

∣

∣

∣

∣

∣

q=q∞

− ∆R cos(κ∞t)
∂κ

∂q

∣

∣

∣

∣

∣

q=q∞

= 0 (2.14)

with the index ∞ denoting the initial position of the particles contained in the
caustic and the epicyclic frequency there.

Struck-Marcell & Lotan (1990) study the particular case of a main galaxy
modeled with the family of spherical potentials that generate the radial acceler-
ation

−dΦ

dr
=

−GMr2p−2

(r2 + ǫ2)p
, (2.15)

with G the gravitational constant, M the total mass of the halo, ǫ a softening
length and r the distance from the center of the halo. p = 1 corresponds to the
softened point-mass and p = 3/2 to the Plummer potential. They show results
mainly in the limit r ≫ ǫ that reduces to the point mass particle. We thus follow
specifically the case where the main galaxy and the perturber are point masses.

dΦ

dr
=

GM

r2
. (2.16)
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Figure 2.5 Caustic solutions for a point mass potential and an amplitude A = An=2
min.

The solid line represents the right side of Equation 2.19 and the dashed line the left

side. The locations of caustics are signaled with circles.

Applying these potentials to the centrifugal balance Equation 2.12 we get

A =
∆R

q
=

(Mc/M)

1 + (Mc/M)
, (2.17)

with M the mass of the main galaxy and Mc the mass of the perturber. The
disturbance is then independent of the radial position of the stars, in the sense
that the ratio of the amplitude of the oscillation to the initial radial distance is
the same along all the disk radius. The epicyclic frequency for the point mass
potential is

κ =
√

GMq−3/2. (2.18)

Introducing ∆R and κ in the caustic condition 2.14 and after some rearrange-
ments

A sin(κ∞t) − 1 =
3

2
Aκ∞t cos(κ∞t). (2.19)

This equation is an implicit q∞ – t relation similar to Equation 2.8 in the pre-
vious section. κ∞ and t are not separable and we can not solve q∞(t) explicitly
but a graphical representation is very useful to reveal the sense of these equa-
tions. In Figure 2.5 we plot the left and right side of Equation 2.19 separately
after dividing by A. The intersections correspond to solutions to this equation.
Solutions could exist in the intervals where the solid line has negative values pro-
vided that the amplitude A is sufficiently large, otherwise rings with only a mild
density enhancement are produced. The first ring corresponds to the leftmost
interval in which the solid line is negative, the second ring with the next interval
to the right and so on. In the particular example of the figure the first ring is
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Figure 2.6 Radial oscillations on a target galaxy with a point mass halo with Mc =

10. The left, central and right panels correspond to perturbations of different strength

that produce oscillation amplitudes: A = 0.12, 0.21, 0.35 correspondingly.

only a moderate density enhancement, the second is a very narrow annulus and
the third and subsequent rings are delimited by caustics in their inner and outer
borders. As A is larger the dotted line is higher and the earlier rings have one
or two caustics associated. We can also see that rings will be centered at or very
near κ∞t ≈ (2n− 1)π. Evaluating Equation 2.19 at these points and solving for
A we get the minimum value of the amplitude required for the ring n to exactly
have one caustic

An
min =

2

3

1

(2n − 1)π
. (2.20)

Thus A1
min = 0.2122, A2

min = 0.0707 and A3
min = 0.0424 are the minimum

amplitudes required to have caustics in the first, second and third rings corre-
spondingly.

Figure 2.6 shows the radial oscillations of the orbits of the stars for a halo of
mass Mc = 10 and three different oscillation amplitudes Aa, Ab and Ac chosen
such that A2

min < Aa < A1
min = Ab < Ac. For the Aa case the outer ring does

not have a caustic but the second and higher order rings do. In the second panel
the amplitude was selected as to show the case where the first ring has only one
caustic as in the second ring of Figure 2.5. The first ring is very narrow and the
second ring is wider than in the previous panel. In the third panel the oscillation
amplitude is large enough to produce caustics in all the rings. The second ring is
so wide that its inner border overlaps with the outer border of the third ring; such
overlapping rings would be very difficult to identify observationally. In the third
panel we clearly see that the outer ring gets wider with time and is delimited by
two very narrow peaks of density. If θ is defined as the phase difference between
the center of the ring and the enclosing caustics such that κ∞t = (2n − 1)π ± θ,
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the ring width is according to Equation 2.3

∆R = Aq sin(κt) = −Aq sin((2n − 1)π ± θ) = Aq sin(θ). (2.21)

This equation shows that the ring is wider when it reaches the more external
parts of the disk (contribution of the factor q) and that higher order rings are
also gradually thicker (contribution of the sin(θ)).

The location and propagation speed of the rings seems to be the same in
the three panels and independent of the oscillation amplitude as confirmed by a
deeper analysis shown in Struck-Marcell & Lotan (1990). The expansion velocity
of the wave decreases appreciably in the early stages of the ring expansion and
remains nearly constant at later times. The width of the rings also varies with
time, becoming wider during the propagation outwards.

Another interesting fact that can be seen in the right panel of Figure 2.6 is
that whenever a ring is delimited by two caustics and the orbit order is reversed,
three different streams are identified inside the ring. Before the outer ring reaches
the border of the disk these streams are the following: (1) stars falling inwards
due to the initial contraction of the disk, (2) stars rebounding after reaching
the innermost radius, and finally, (3) stars falling inwards in a second oscillation
after reaching the first apocenter. After the ring reaches the border of the disk
only the streams (2) and (3) remain.

Struck-Marcell & Lotan (1990) made some numerical simulations with a re-
stricted 3-body model to check the validity of the simplifications and to verify the
results. Numerical models with a single component potential show that the re-
sulting oscillation of the particles is quite sinusoidal, which supports the epicyclic
approximation. The amplitude and frequency of the oscillation agree within 10%
with the analytical model. The predicted ring widths and those measured in the
simulations are also very similar.

If an extended halo is added to the potential in the numerical simulations the
properties of the rings change at the radius where the halo potential becomes
important. The velocity of propagation of the rings increase in this region and
their width remains roughly constant. The combination of these properties re-
sults in more spaced rings. Although the contribution of a extended halo can
be implemented in the analytical model and the predictions fit well with the
numerical results, the interpretation of the equations becomes too complicated
to give useful insight.

The good agreement of the analytical model with the restricted 3-body nu-
merical simulations suggests that the former can be an efficient tool for inter-
preting the observations of ring galaxies. In particular the width of the rings and
the interring separation can give good indications of the dark matter halo struc-
ture. However, the comparison of the analytical results with fully self-consistent
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models is necessary to check the validity of the simplifications and results given
above. On the other hand, the behavior of the gas, star formation, cooling and
feedback are effects that may play a role in the dynamical evolution of rings and
that may dominate the features of the observational data.

2.3 Numerical models

Historically the collisional origin of the ring galaxies was unveiled with the success
of the numerical simulations to reproduce the ring morphology and the common
presence of a near companion galaxy. The accuracy and realism of the numerical
work has evolved in parallel with the advances in the computational field. If the
analytic work has been useful to understand the basic figure of the formation
and evolution of rings, the numerical work is necessary to study the non-linear
response to the perturbation and the effects of the self-gravity on the structures
formed. In this section some of the more relevant numerical results are presented
in order to give an idea of the state of affairs of this fast developing area of
research.

2.3.1 Restricted 3-body models

Restricted 3-body simulations consist basically of a set of test particles initially
in orbit around a rigid gravitational potential that are perturbed by the passage
of a second rigid potential. The test particles do not interact with each other
and respond only to the presence of the two potentials that mimic the presence
of dark matter halos.

Lynds & Toomre (1976) and Toomre (1978) elaborated the first 3-body mod-
els of ring galaxies. They showed that it is possible to create a good number of
the observed ring morphologies if the parameters of the collision are adequately
chosen. Lynds & Toomre (1976) found that the size of the outer rings does
not vary much between a disk of test particles and a disk made of interacting
particles. They interpreted this result as an illustration that the ring waves are
basically kinematic, which explain the success of the restricted simulations.

2.3.2 Self-consistent N-body models

Self-consistent models are those where all or some components of the galaxies
are composed of particles that interact to the gravity force of the others, that is,
they are massive particles. Depending of the objective of the simulations only the
particles of the disk may be mass particles and the dark halo can be represented
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by a rigid potential or all the components may be composed of massive particles,
in which case the model is referred as fully self-consistent.

Lynds & Toomre (1976) present a model that was the first N-body application
to the ring galaxies problem. They use a central particle to represent a nucleus
and a disk of softened mass particles distributed among 16 rings. The mass of
the nucleus was 1/3 of the total mass of the target galaxy and the remaining 2/3
was in the disk particles. The resolution of those simulations was very low due
to the large softening used to keep the disk stability and to the low number of
initial rings used. The main result derived from those simulations was that the
size diameter of the outer ring in the mass disk simulations is roughly 15% larger
than in the disk of test particles, suggesting that the formation and propagation
of the wave is mainly kinematic.

Theys & Spiegel (1977) performed two-dimensional N-body simulations of
a self-gravitating flat disk without halo. The disk was perturbed with a very
fast passage of a companion twice as massive as the disk. Despite the very
high random velocity they gave to the disk particles in order to inhibit the disk
instabilities, they produced a ring of stars with a central bar and a ring of gas
with an empty interior. Huang & Stewart (1988) included a live halo with twice
the mass of the disk and compared the results with simulations where the halo
particles were held fixed. They found that models with live halos have more
conspicuous rings that expand roughly 30% faster. After the collision the live
halo was deformed into a triaxial shape with its longer axis closely aligned with
the orbit of the intruder.

Athanassoula et al. (1997) investigated the effect of the target and perturber
galaxy properties as well as the orbit of the companion on the resulting rings.
They used fully self-consistent target and perturber galaxies with up to 40,000
particles in the disk galaxy. The mass of the companions range from 0.02 to 0.2
of the target mass MT. When the mass of the companion is 0.05MT or larger
two rings form that coexist for some time span. In general, the effect of stronger
perturbations is to create first rings with higher amplitude, width, lifetime and
expansion velocity. Weaker perturbations give raise to first rings that are more
symmetrical and nearer to a circular shape. The perturbation is stronger when
the mass of the perturber is increased or the collision velocity is slower, and
the first ring properties are modified accordingly. Except for the dependency
of the expansion speed of the ring on the perturbation strength, these results
are as expected from the analytical model described in Section 2.2.2. Another
important finding of this work is the formation of spokes, as those found in the
Cartwheel galaxy, in a purely stellar disk. The creation of spokes seem to be
favored when the perturber has a mass equal to that of the disk of the target, or
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Figure 2.7 Time evolution of a self gravitating gas ring and the formation of knots

by the bead instability. Times shown are t = 0.5, 5.5, 7.5, 10.5, 13.5, 15.5 in units

of 4 × 105(R3/M)1/2yr, where R is in kpc and M is in 1011M⊙. [Figure taken from

Theys & Spiegel (1977)].

equivalently, 20% of the total mass.

2.3.3 Models including gas dynamics

Theys & Spiegel (1977) used a model of a self gravitating flat ring of 125,000 gas
particles initially in equilibrium to study the instabilities that may hake place in
rings where the self gravitation is important. They were concerned with some
condensations observed around rings and the bead instability theory for self-
gravitating liquid rings. These simulations showed that in a time scale of 108 yr
a number of knots form in the ring. If in a first approximation it is assumed
that the formation of the knots is determined by hydrostatics it can be easily
proved that the number of knots expected in a ring of central radius R and cross
section radius a is about ≈ R/a. This number agrees with the R/a ≈ 3 − 5 and
the number of knots in the ring galaxies classified by Theys & Spiegel (1976).
In Figure 2.7 a time sequence is shown of one of the simulations from Theys &
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Figure 2.8 [Face on view of a of a disk after being traversed perpendicularly through

its center by a spherical perturber with 25% the mass of the target galaxy. The star

particles are plot in the upper row and the gass particles on the lower row. Time is

indicated on the upper rigth corner of each panel. The two galaxies’ centers of mass

overlap at the zero of time. Figure based on Gerber et al. (1996)].

Spiegel (1977). The ring fragments in six clumps and some of them eventually
form pairs that merge.

Gerber et al. (1996) elaborated an interesting series of simulations in order
to understand what are the symmetries and differences in the morphological and
kinematical properties of the stellar and gas components in a ring galaxy. They
implemented an artificial viscosity to mimic the shock behavior of gas. Three
separate runs were executed with companion to target galaxy mass ratios 10:1,
4:1 and 1:1. Figure 2.8 shows an extract of the evolution of the stellar and gas
particles separately in the 4:1 simulation. In all three cases the gaseous first ring
is sharper and thinner than the stellar ring. The gaseous and stellar rings form
at the same time and initially have same diameter, but as they propagate the gas
ring gradually moves to the outer border of the stellar ring. This differences arise
due to the collisional nature of the gas. As the ring expands, the different streams
of stars cross and widen the ring while the gas stream flowing inwards cannot
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penetrate the ring and is swept outwards. In the 1:1 case a different behavior is
observed, the gas ring lies in the inner border of the stellar ring. They explain
this lag by the kinetic energy robed to the ring by the increased dissipation of the
gas excited by the higher radial speeds in this strong collision. The nature of the
ring is also different in this simulation; the density wave scenario is substituted
by bulk motion of material over distances that are comparable to the initial disk
dimensions. The ring reaches the initial disk border and continues its expansion
beyond this limit. The halo also undergoes an expansion in this strong hit in
contrast with the little damage suffered in the 10:1 and 4:1 runs. A mainly stellar
nuclear region develops and in the 10:1 and 4:1 cases is surrounded by a second
ring.

The work of Gerber et al. (1996) is one of the few where the evolution of
the kinematics of the models is described in some detail. A good understanding
of the kinematics of the models is important because the kinematics of a real
system may represent the key observational data to help the modeler to discern
the best model among a family of solutions to the morphology. A good example
of this is the study of the “Whirlpool” galaxy (see Figure 1.3) carried by Salo &
Laurikainen (2000). The morphology of this system can be achieved either with
parabolic, single passage orbits or with bound, multiple passage orbits. They
found that the kinematic data of that galaxy clearly favors the multiple passage
scenario in which that system is undergoing its second near passage.

Gerber et al. (1996) computed the radial and rotational velocity profiles of
their models by dividing the disk in concentric annular bins and taking the
average of the velocity over the particles in each bin. An extract of their results
are shown in Figure 2.9 where the radial and rotational velocity of the gas and
stars are shown for each of their simulations at four different times. The fist
column shows the radial velocity for the gas at four different times. The different
style of lines represent the three target galaxy to perturber mass ratios tested.
The second column shows the same plots but now for the stellar component. The
third and fourth columns show the rotation velocities using the same symbols as
in the two firsts columns. The perturber crosses the disk mid-plane at time t = 0.
In the 4:1 and 10:1 cases the velocities show little deviations with respect to the
initial conditions at time t = 6 Myr and the rotation curves keep nearly their
original state. The experiments show that for a given simulation the kinematics
of the gas differs little from the kinematics of the stars. In all cases the radial
velocity is positive (expanding) on the outer ring and becomes negative right
behind it in the 10:1 and 4:1 simulations. Only in the equal mass collision the
disk material is expanding over an extended region behind the ring. At times
t = 80Myr and later of the 1:1 experiment the expanding-contracting transition
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Figure 2.9 Averaged radial (columns 1 and 2) and azimuthal (columns 3 and 4) velocities as a function of radius

for the gas (columns 1 and 3) and star (columns 2 and 4) particles of a disk after being traversed perpendicularly

through its center by a spherical perturber. The results from three different runs are shown with ratios of disk galaxy

to perturber mass of 1:1, 4:1 and 10:1. Time is indicated on the upper left corner of each panel. The two galaxies’

centers of mass overlap at the zero of time. The 4:1 mass ratio run is the same of Figure 2.8. [Figure adapted from

Gerber et al. (1996)].

44



radius of the gas component lies somewhat closer to the center of the disk than
for the stellar component. For the 4:1 and 10:1 simulations this effect is more
difficult to measure on the original plots. The rotation velocities reflect mainly
the effect of the angular momentum conservation. Although the effect of shear is
included in the gas through the viscosity implementation, the differences between
the gas and stars are not large. Initially the rotation velocities increase due to
the contraction of the disk. A pronounced peak is seen later near the outer ring
that corresponds to the material streaming from the outer disk. When the ring
reaches the border of the disk the rotation curves are nearly flat in most of the
disk, and the 10:1 and 4:1 simulations recover a rotation speed close to the one
before the collision. In the 1:1 case the rotation lies well below the original value
due to the general expansion of the disk.
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Chapter 3

N-body numerical techniques

– Résumé –

L’utilisation des simulations numériques a été un progrès important dans
l’étude de la dynamique des galaxies. Les simulations des galaxies en
interaction réalisées dans les années soixante-dix ont permis d’associer
avec certitude un certain nombre d’observations aux effets de marée entre
les galaxies.

Diverses techniques ont été développées pour calculer la force gravi-
tationnelle et l’intégration temporelle des simulations numériques. Dans
ce chapitre nous avons répertorié les techniques utilisées pour le cal-
cul de la force gravitationnelle en faisant ressortir leurs avantages, leurs
limites particulières et le type de problème auquel chacune d’elle peut
s’appliquer. Nous présentons également certains schémas parmi les plus
utilisés pour l’intégration du temps, et qui sont utilisés pour évaluer la
position et la vitesse des éléments de masse dans une simulation.
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– Resumen –

El uso de simulaciones numéricas ha representado un progreso impor-
tante en el estudio de la dinámica de galaxias. Las simulaciones de
interacciones galácticas realizadas en los años 70 permitieron asociar con
certeza un número observaciones a los efectos de marea entre las galaxias.

Diversas técnicas se han desarrollado para calcular la fuerza de gravi-
tación y realizar la integración temporal de las simulaciones numéricas.
En este caṕıtulo hacemos un repertorio de las técnicas utilizadas para
el cálculo de la fuerza gravitacional haciendo énfasis en sus ventajas,
sus ĺımites particulares y el tipo de problema al que cada una de ellas
se adapta mejor. También presentamos algunos de los esquemas más
utilisados para evaluar la posición y velocidad de los elementos de masa
de las simulaciones.

3.1 The N-body simulation problem

The numerical study of galactic interactions began with the analogic-numerical
experiments of Holmberg (1941), who represented mass elements by light-bulbs
and replaced the gravitational force by light. The force on each element of mass
was then read from the deflection of galvanometer attached to a photocell. The
advent of digital technology and fast-growing power of computers have made
feasable numerical experiments with a large number of mass elements. Some
of the relevant numerical methods used to model the dynamics of galaxies are
described in the following sections. The problem can be divided in two main
parts, one concerning the calculation of forces acting on each particle and the
other the time evolution of the particles under the influence of the computed
forces.

The number of stars in a typical disk galaxy is of the order of 1011. It would
be impracticable to follow the detailed movement of a similar number of particles
in a numerical simulation. What is done in practice, is to use a model which
is sufficiently detailed to give information about the involved physical effects
and at the same time not so detailed as to make the calculation out of the
reach of the available computer technology. The systems are thus modeled by
a number of computational super-particles, several orders of magnitude less
numerous than the stars present in real galaxies. The model is expected to be
a good representation of the physical system as long as the studied structures
have large spatial dimensions compared to the inter-particle distances and the
involved timescales are short compared to the collision time. The use of super-
particles introduces an artificial graininess in the model that has to be reduced
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by smoothing the short-range forces.
The continuous time evolution of galaxies has to be substituted in the nu-

merical model by a discrete set of time levels separated by a small time interval.
The equations of motion of each super-particle are then integrated forwards in
time jumping in each time step over the consecutive time levels until the desired
stage of evolution is reached.

Hockney & Eastwood (1981) present an analysis of many of the algorithms
used for the computation of forces and for the time integration in simulations of
systems of particles and Sellwood (1987) made a review of the numerical tech-
niques and applications to astrophysical problems. Although many important
improvements to these techniques have been done since the publication of these
reviews, the basic building blocks remain the same and the following sections
present mainly the algorithms discussed in these two references.

3.2 Force calculation

The force calculation on the particles can be done by using a predefined analyti-
cal gravitational potential permeating the space, from the potential derived from
the individual contribution of each of the mass particles, or by a combination
of both. Simulations where the particles do not contribute to the gravitational
potential are called restricted simulations. In these simulations the gravi-
tational potential may change with time in a way established in advance but
the potential is insensitive to changes in the distribution of particles. Restricted
methods have a limited application due to their poor physical connection with
most of the real systems. Self-consistent simulations are those in which the
mass of the particles contributes to the overall gravitational potential so that the
orbit of each particle is influenced by the presence of the other particles. Such
simulations have been often used to study the evolution of the structure of galac-
tic disks where the dark halo can be approximated by a rigid potential and the
disk by a system of interacting particles. Simulations where the only sources of
gravitational potential are the particles in the system are often referred as fully

self-consistent simulations. Each component of the galaxies (disk, bulge and
dark matter halo) is then composed of a large number of particles and the total
gravitational potential matches the mass distribution deduced from the particles.

There exists four principal types of models used to compute the force calcu-
lation on the particles in self-consistent simulations; the particle-particle model
(PP), the particle-mesh model (PM), the particle-particle–particle-mesh model
(P3) and the tree model. The PP model executes a summation over all the force
contributions from other particles, the PM model computes the force field on a
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Figure 3.1 Restricted three-body model of the Antennae galaxy (see Figure 1.3

for an image of this system). The close encounter of two disk galaxies generated a

pair of long tails whose morphology inspired the name of this object. The tails are

formed mainly by particles that originally where located at the outer parts of the

disks, which allowed a good modeling with this simple method. [Image taken from

Toomre & Toomre (1972)]

mesh from which interpolations are made for each individual particle, the P3M is
an hybrid version of the PP and PM models and the tree-code uses a data struc-
ture that groups sets of neighbor particles and computes the force contribution
from far particles using these associations.

3.2.1 Restricted methods

These methods are used to calculate the trajectories of a large number of test
particles under the influence of a gravitational potential that may be changed
with time. The interactions between the test particles are ignored. The great
advantage of this method is economy at the price of sacrificing self-gravity. This
method can give valuable insight in experiments where the main interest is the
formation of large scale structures where the effects of self-gravity are not im-
portant. This method has been widely used for models of interacting galaxies.

Toomre & Toomre (1972) used a restricted three-body code to study the
formation of tails and bridges of material torn from the disk of a galaxy by the
close passage of a companion. The disk galaxy was represented by test particles
on circular orbits around a point mass potential and the companion galaxy by a
second spherical potential that makes a close passage and temporarily perturbs
the orbits of the particles. In this case the computed forces are the interaction
between the two halos that follow the orbit of the encounter, and the combined
force of the halos on each of the test particles. The system is thus equivalent to
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a multitude of three-body systems where one of the components has a very small
mass with respect to the other two. The method fitted very well the purpose of
the study because the relevant structures are tenuous and are formed by particles
from the outer parts of the disk where the effects of its self gravity are expected
to be weak.

As was mentioned before, Toomre (1978) and Lynds & Toomre (1976) used
a similar scheme to show that ring structures can be formed by the passage of a
perturber through the center of a disk galaxy. More recently Hernquist & Quinn
(1988) and Hernquist & Quinn (1989) used a model with 20 000 test particles to
study the formation of shells in elliptical galaxies and the dependency of their
morphology on the initial structure of the main and companion galaxies.

3.2.2 Particle-Particle method

Also known as the direct summation method. The gravitational force on a parti-
cle is calculated by adding the contribution from each of the other mass particles
in the simulation. On its simplest form this summation is very easy to implement
and makes this method attractive. There is no restriction on the geometry of
the system and it can be easily adapted to a variety of applications.

The main disadvantage of the direct summation is that the cost of the force
calculation grows as N(N − 1), with N the number of particles used in the
simulation which strongly restricts the number of particles that can be used.

In simulations of galaxies the number of particles used is forcibly several
orders of magnitude lower than the number of stars present in a real galaxy and
the mass of each N -body particle has to be correspondingly increased. These
large masses assigned to the particles result in unrealistically strong interactions
between pairs of close particles that in turn produce exaggerated orbit deflections
and kinematical heating of the system. The trick commonly used to solve this
problem is to assume a softened gravitational potential for the particles of the
form −Gm/(r2+ǫ2)1/2 where ǫ is a softening length. The effect of taking this type
of potential is to reduce the strength of the close interactions but the Newtonian
behavior is recovered at large distances r ≫ ǫ. This way the potential that
results from the contribution of all particles is smooth.

Refinements of this method, such as individual time steps, have been imple-
mented to study systems where the effects of binary interactions is a concern, as
in the evolution of stellar clusters.
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3.2.3 Particle-Mesh method

In this method the gravitational force is calculated in a number of points in
space distributed on a grid containing the particles of the system and the force
on the particles is then interpolated from the mesh-defined values. This force
calculation has four steps:

1. Assign a mass to each element of the grid.

2. Compute the potential on the grid using Poisson’s equation.

3. Get the forces on the grid from the potential obtained in the previous step.

4. Interpolate forces at the position of the particles.

These technique smooths unwanted small-scale variations in the gravitational
field that has an equivalent effect to the softened potential of the particles used
in the PP method. As the number of grid points is taken much smaller than
the number of particles and the acceleration of each particle is obtained with
a few operations on the tabulated data, the economy in computational effort is
very high; the cpu time for the force calculation scales only as N . The spatial
resolution in this kind of simulations is roughly the distance between the mesh
points and only variations longer than this length can be resolved.

In its more simple form, the main disadvantages of this method are the geo-
metrical inflexibility imposed by the grid and the low resolution limited by the
size of each cell in the grid. Systems with strong density concentrations or strong
density contrasts are difficult to model, the geometry of the grid can not be easily
adjusted to a system of changing morphology and the acceleration can not be
determined on particles leaking outside the grid.

Grid codes have been succesfully used to study the internal dynamics of
galaxies (Hohl 1971; Sellwood & Carlberg 1984, e.g.) but they are not considered
as a good option for models of interacting galaxies because the grid has to be
large enough to contain the initially well separated galaxies and at the same time
the size of the cells must be small enough to correctly follow the dynamics of
each member. At later times in the interaction this problem can arise by the
spread of debris over a large volume of space.

3.2.4 Particle-Particle–Particle-Mesh method

To overcome the low resolution of the PM method Hockney and Eastwood (see
Hockney & Eastwood 1981, and references therein) proposed a hybrid method
that combines the advantages of the PP and PM methods. The main idea of the
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P3M method is to split the inter-particle force calculation in two contributions,
a short range part arising from particles at a few inter-particle distances and,
a large range part that is sufficiently smooth to be well represented on a grid.
The short range force on a particle is computed by a particle-particle direct
summation and the smoothly varying part is approximated by a particle-mesh
calculation. P3M algorithms have cycle times that scale approximately as N .

3.2.5 Tree codes

A tree code uses a tree data structure to organize the particles in groups and
subgroups of neighbors. The central idea is that the force experienced by a
particle from a relative distant bundle of particles can be approximated as the
force from a single particle with the same mass as the clump and placed at its
mass center. The force of close particles is summed directly as in the particle-
particle method. The main advantage of this technique is that the cpu time for
the force computation scales only as N log N , that gives a good advantage over
the direct sum when N is bigger than a few thousands, but keeping a good track
of the interaction with the close neighbors.

The tree is a hierarchical structure organized in a root, twigs and leaves.
The root is at the base of the structure and embraces all the particles of the
simulation. From the root a number of twigs branch off, each covering a subset
of particles sharing a common spatial neighborhood. Each twig in turn can be
subdivided in a higher stage of twigs containing progressively less particles as
the tree is scaled upwards. When the partition of a twig results in substructures
containing at most one particle, each of these substructures are identified as
leaves, that constitute the top stage of the tree.

All the components of the tree have pointers to its parent twig (the root is the
only exception) and its daughter twigs or leaves. With this information the tree
can be easily walked either upwards to get information of the particles contained
in a given node or downwards to get information about the neighborhood of a
particle. Twigs are often referred with the more formal term of nodes.

The tree structure can be constructed in different ways but the method most
currently used is the one implemented by Barnes & Hut (1986). They begin
with a empty cubical box big enough to contain the whole system of particles.
This initial box is the root of the tree. The particles are added one by one and
whenever a cell contains more than one particle the cell is divided in smaller
cells of exactly half the length. Thus, a parent cell will be divided in eight
daughter boxes. If the pair of particles is still in the same daughter cell, the cell
is divided recursively until the two particles reside in different cells. When all
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Figure 3.2 A two dimension example of the space partition and the resulting tree

structure following the method of Barnes & Hut (1986). [Image taken from Pfalzner

& Gibbon (1996)]

the particles have been included, the space will be divided in a number of cells
of different sizes, each containing at most one particle. The twigs of the tree are
the intermediary partition cells and the leaves are the cells containing only one
particle.

The force calculation on a particle is then done by a direct sum for close
companions whereas the influence of distant particles is counted by groups of
them defined with the hierarchical structure of the tree. The particular grouping
structure used to calculate the influence of remote particles is decided by a crite-
rion usually linked with the desired resolution of the simulation. Barnes & Hut
(1986) use a basic criterion based on the angular size of the cell containing the
far particles as viewed from the particle on which the force is being computed.
Beginning the tree traversal from the root, if a given cell spans over an angle
larger than a tolerance parameter θ the cell is resolved into its daughter cells, and
this process continues iteratively until the partitioned cells span over an angle
≤ θ. The cells or nodes thus selected play a role of pseudo-particles with a mass
equal to the sum of the mass of the particles contained in it and a position equal
to their mass center.

Many modifications have been proposed to this basic implementation. The
tree construction can be executed in different ways, and refreshed only in those
regions where the mass displacements are expected to modify the tree structure
while keeping the same tree locations where the mass displacements are small
relative to the size of the cells McMillan & Aarseth (1993). The properties
of the nodes can also be computed using multipole expansions of the involved
particles. A deep revision of more advanced schemes and their computational
implementation is presented by Pfalzner & Gibbon (1996).

54



Figure 3.3 Block diagram of

the GRAPE-1 chip showing the

pipeline used for the force calcula-

tion. [Image taken from Sugimoto

et al. (1990)]

3.2.6 Grape systems

Most of the force calculation methods presented above have been created to ac-
celerate the force calculation, which dominates the computing cost of the simula-
tions. Another approach relies on increasing the processing power with specially
designed hardware.

Sugimoto et al. (1990) constructed a special-purpose computer in which the
computation is divided between a dedicated processor which calculates only the
force and a host processor which calculates the advancement of the timestep,
diagnostics and other miscellaneous. The special-purpose processor or GRAPE
(GRAvity PipE) is composed of one or more integrated chips which have a hard-
wired pipeline of the needed functions for the force calculation.

In brief, the cycle over which a time step is carried is as follows: i) the GRAPE
stores the coordinates and mass of each of the particles at the current timestep, ii)
the host computer specifies to the GRAPE processor the particle over which the
force will be calculated, iii) the GRAPE then computes the force on the particle
by adding one by one the contribution of the other particles of the system and
sends the forces back to the host, iv) steps ii) and iii) are repeated until the force
on all particles has been obtained, and finally, v) the host advances the position
and velocities of all the particles by ∆t. The cycle i)–v) is then repeated until
the final time level of the simulation is reached.

A series of different machines has been constructed with this type of archi-
tecture (Ebisuzaki et al. 1993; Kawai et al. 2000; Makino et al. 1997): GRAPE-
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Figure 3.4 GRAPE-3

board. [Image taken from

the GRAPE Project web-

page http://grape.astron.s.u-

tokyo.ac.jp/grape/]

1, GRAPE-1A, GRAPE-2, GRAPE-2A, GRAPE-3, GRAPE-3A, GRAPE-4,
GRAPE-5 and GRAPE-6. These computers are divided in low and high accu-
racy type. The low accuracy type are indicated by odd indexes and are intended
for simulations of collisionless systems such as galaxies and clusters of galaxies.
In this kind of simulations only the mean potential is relevant and the force does
not require to be calculated with high accuracy. High accuracy machines are in-
dicated by even numbers and are designed for simulations of collisional systems
where close encounters play an important role, such as in globular clusters. The
local force variations must be computed accurately there.

The first GRAPE constructed was GRAPE-1 which actually was experimen-
tal hardware. With only one GRAPE chip, this machine computes one interac-
tion at each clock cycle and has a peak speed of 240 Mflops. The GRAPE-3 is
a system with 48 GRAPE chips that compute the same number of force inter-
actions in parallel. In addition, this machine can handle particles with different
masses and can elaborate a list of close neighbors, which make it suitable for the
use of a tree algorithm (Barnes & Hut 1986). This machine has a peak speed of
14.4 Gflops, roughly two orders of magnitude higher than the GRAPE-1. The
GRAPE-5 (Kawai et al. 2000) is the newest addition to this series that uses a
set of eight G5 chips. The G5 chip is a faster redesigned version of the chip used
in the GRAPE-3, with two built-in pipelines and 10 times more accurate. The
peak performance of this machine is 38.4 Gflops. The calculation of a time step
with GRAPE-5 is about a factor of 8 faster than that with GRAPE-3.

On the side of the high-accuracy, the GRAPE-2 was the first machine of
this type. As the GRAPE-1, Grape-2 has only one pipeline with a peak speed
of 40 Mflops. GRAPE-4 is a massively parallelized system with 1728 pipeline
integrated circuits distributed over 36 processor boards. This large number of
pipeline chips marks a major difference between GRAPE-4 and the previous
machines. The resulting peak speed is 1.08 Tflops. Another addition to the
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GRAPE-4 system (Makino et al. 1997) is a redesigned architecture with an im-
plementation of an individual timestep scheme integrator. Individual timesteps
integrators are essential in collisional simulations because the orbital timescales of
the particles may range over several orders of magnitude. An individual timestep
scheme results in a higher efficiency, using smaller timesteps only on those par-
ticles which may require it and that usually are only a small fraction. The latest
development in this series of high accuracy systems is the GRAPE-6 (Makino
et al. 2003). The main differences with the GRAPE-4 are the processor chip,
with 6 force-calculation pipelines, an increased clock speed and a bigger number
of processor chips, now increased to 2046. The peak performance of this system
is 64 Tflops.

The development of new generations of GRAPE machines is at present under
study. Technological changes are foreseen such as the use of chips working about
20 times faster, faster memory interfaces and a two dimensional network of 256
host computers. The implementation of sophisticated algorithms for the force
calculations is also being considered, as a combination of a tree algorithm and
individual timesteps. Even if quadrupole or octupole moments are necessary to
reach a given accuracy, the estimated calculation cost is about a factor of 50 less
than that of the direct force calculation (Makino et al. 2003).

3.3 Time integration

The time evolution of the position and velocity of the N particles in the system
is described by their corresponding N equations of motion

mi
d2ri

dt2
= Fi(ri) i = 1, 2, ..., N

where the index i denotes the i-th particle of the system and Fi(ri) is the gravita-
tional force on the particle at position ri. This second order differential equation
can be decomposed into two first order equations

dr

dt
= v (3.1)

dv

dt
=

F(r)

m
= a, (3.2)

where a is the acceleration due to the force F and the index i has been dropped
for clarity but it must be kept in mind that for each of the following equations
we are really referring to set of N similar equations corresponding to the N
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Figure 3.5 Leapfrog time integration scheme. Positions and forces are updated

at integral time levels, whereas velocities are are updated a half timestep forward.

[Image taken from Hockney & Eastwood (1981)]

particles. In three dimentional simulations this translates to a system of 6N
differential equations describing the movements of the N particles in each of the
spatial dimensions. The equations including the force may or may not be coupled
through the dependence of F on the position of all the particles in the system.

Equations 3.1 and 3.2 have to be approximated by a set of algebraic equations
that can be manipulated numerically to get a solution. This approximation can
be done with a variety of schemes of different accuracy and computational cost.
The order of accuracy of an integration scheme gives the order of the Taylor
expansion of the exact solution to which the errors are comparable in the limit
where infinitesimally small time steps are used. Thus a scheme is of second-order
if the result it gives has an error that is similar to the error of a second-order
Taylor expansion of the exact solution.

Here we present some of the time integration schemes more frequently used
in simulations of galaxies. These methods have largely been tested and have
proved to give a good compromise between accuracy and stability against round
off errors, and computational cost.

3.3.1 Second order schemes

The leap-frog scheme is one of the most frequently used in simulations of
galaxies. In this scheme the positions and forces are computed at integral time
levels (t = 0, ∆t, 2∆t, ...) and velocities are computed halfway in between (t =
1
2
∆t, 3

2
∆t, ...). The leapfrog approximation to Equations 3.1 and 3.2 is

rn = rn−1 + vn−1/2∆t

vn+1/2 = vn−1/2 + an∆t, (3.3)

where the index n indicates the timelevel of the integration. n = 0 corresponds
to the initial conditions of the simulation. The velocities have to be advanced at
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the start of the simulation by a half timestep before the time integration begins.
This can be done with a first-order Taylor expansion from the initial conditions
v1/2 = v0 + a0∆t/2. After this initial adjustment the integration proceeds using
the first equation to compute the new positions. The accelerations are computed
for these new positions which allows to update the velocities taking a leap over
the positions timelevel. This sequence is then repeated until the end of the
simulation. If we need to know the state of the system at a given time to check
the energy conservation or to do some analysis of the data, a half timestep must
be done in the velocity at the previous timelevel of the one required.

A different way to write the leapfrog scheme is the following (Hut & Makino
2005)

rn+1 = rn + vn∆t + an(∆t)2/2

vn+1 = vn + (an + an+1)∆t/2, (3.4)

which has the advantage of defining all the quantities at integer times avoiding
half-timestep adjustments at the start of the simulation and at the timelevels
needed for analysis. The price to pay for this simplicity is some extra arithmetic
operations per timestep.

The second-order Runge-Kutta method is also another possibility for the
time integration. The main idea of this method is to make intermediate first-
order steps and use the information obtained this way to make a timestep of
increased accuracy. In principle this method can be implemented to any desired
order of accuracy; in the next section a fourth-order version will be given. The
second-order Runge-Kutta approximation of Equations 3.1 and 3.2 is

rn+1/2 = rn + vn∆t/2

vn+1/2 = vn + an∆t/2

rn+1 = rn + vn+1/2∆t

vn+1 = vn + an+1/2∆t. (3.5)

The main difference with the leapfrog scheme is that the leap-frog method uses
the average of the acceleration between successive timelevels to advance the ve-
locity (this can be seen from Equation 3.4) while the Runge-Kutta computes the
acceleration at the middle of the velocity timelevels with an intermediate first-
order half timestep. The second-order Runge-Kutta needs thus, two acceleration
computations per timestep in contrast with the one acceleration evaluation of
the leapfrog. The accuracy of the second-order Runge-Kutta is better than the
leapfrog only when very small timesteps are used (Hut & Makino 2005). The
little gain obtained is not worth the extra effort needed to compute twice the

59



acceleration per timestep and the second-order Runge-Kutta method is usually
dropped in favor of the leapfrog scheme.

3.3.2 Higher order schemes

The limited number of bodies in a galaxy N -body simulation gives an approxi-
mation to the real gravitational force that suffers of a clumpy structure, even if
the graininess of the mass distribution is reduced with a softening or with the
use of a grid. Forces in most of the N -body simulations are not so accurate to
merit the use of high order integration schemes.

Fourth and higher order integration schemes are used mainly in simulations
where the study of the internal evolution of regions with high density of stars is
important. They are also used in the study of stellar orbits under the influence of
a well defined gravitational potential. They have been used even in restricted 3-
body simulations as in Toomre & Toomre (1972) and Hernquist & Quinn (1988).

The fourth-order Runge-Kutta scheme can be implemented in the same
way as the second-order shown above, if more intermediate timesteps are added
and combined adequately; indeed, there exist many different ways to implement
the schemes of higher order. The Runge-Kutta formulas form a whole family,
where the higher the order of the scheme, the more the possible choices to com-
bine the intermediate steps. One of the most popular implementations of the
fourth-order Runge-Kutta method for a second order differential equation of the
form y′′ = f(x, y) is the following (Abramowitz & Stegun 1965)

yn+1 = yn + h
(

y′

n +
1

6
(k1 + 2k2)

)

+ O(h5)

y′

n+1 = y′

n +
1

6
k1 +

2

3
k2 +

1

6
k3

k1 = hf(xn, yn)

k2 = hf

(

xn +
h

2
, yn +

h

2
y′

n +
h

8
k1

)

k3 = hf

(

xn + h , yn + hy′

n +
h

2
k2

)

.

Translated to our N -body problem this scheme becomes (Hut & Makino 2005)

rn+1 = rn + ∆t
(

vn +
1

6
(k1 + 2k2)

)

vn = vn +
1

6
k1 +

2

3
k2 +

1

6
k3
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k1 = ∆ta(rn)

k2 = ∆ta
(

rn +
1

2
∆tvn +

1

8
∆tk1

)

k3 = ∆ta
(

rn + ∆tvn +
1

2
∆tk2

)

.

Now three evaluation of the forces are necessary in each timestep, which can
become a work overload in the case of a simulation with a large number of
particles.

Another method that can render any required accuracy is the predictor-

corrector method. In this method each timestep starts with a low-order esti-
mate of the new positions re

n+1 and velocities ve
n+1

re
n+1 = rn + vn∆t

ve
n+1 = vn +

1

2
(ae

n+1 + ae
n)∆t,

where ae
n+1 is the acceleration at the predicted position. The corrected positions

are then obtained using the average of the initial velocity at that timelevel and
of the predicted velocity

rn+1 = rn +
1

2
(ve

n+1 + vn)∆t.

Iterating over these equations the procedure can be repeated until the desired
convergence is reached. Each iteration requires a new calculation of the ac-
celeration of the particles at the predicted positions, which can become a very
expensive computing effort when more than two iterations are needed.

Although the higher order time integration methods are more precise than
the second-order schemes and larger timesteps can be used, the updates involve
more arithmetic operations and considerably more computational work to make
the required force evaluations to compute the intermediate accelerations. The
choice of a fourth or higher order scheme depends on the balance between the
improvement in accuracy and the additional costs.
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Chapter 4

N-body simulations of ring

galaxies

– Résumé –

Nous étudions la formation des galaxies “en anneau” en utilisant des
simulations N -corps. Nous décrivons les structures produites par la col-
lision et la dépendance de leur morphologie aux paramètres orbitaux, à
la structure initiale de la galaxie perturbatrice, et à la structure initiale
du disque cible. Nous constatons que l’intensité de la perturbation peut
être modulée par la masse et la structure du compagnon et par la vitesse
d’impact. La densité de l’anneau externe dépend clairement de la in-
tensité de la perturbation. De plus, elle augmente progressivement avec
l’amplitude de la perturbation jusqu’à atteindre un maximum. Au-delà,
des perturbations plus fortes donnent naissance à des anneaux externes
étendus de densité plus faible. Le deuxième anneau se forme relative-
ment facilement dans nos simulations. Cependant, il ne coexiste avec le
premier anneau que dans un nombre limité de simulations et toujours
pour une période courte. La structure verticale du disque est également
affectée par la collision. Lorsqu’on applique des fortes perturbations, on
observe des déplacements verticaux de masse.

Les collisions décentrées et inclinées aboutissent en un anneau externe
de forme ovale avec le noyau et le deuxième anneau décalé par rapport au
centre géométrique du disque. Dans certains cas, le noyau est transformé
en barre.
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La structure initiale du disque influence également la structure
des deux anneaux. Notamment l’anneau externe s’amenuise au fur
et à mesure que la longueur radiale de du disque grandit. De plus,
l’anneau intérieur prend une forme polygonale quand le disque est dy-
namiquement froid. Nous décrivons et discutons également l’évolution
de la cinématique et de certains des changements qu’elle subit selon les
différentes conditions initiales.

– Resumen –

Hemos estudiado la formación de galaxias de anillo haciendo uso de si-
mulaciones de N -cuerpos. Describimos las estructuras que se forman de-
bido a la colisión y la dependencia de su morfoloǵıa con los parámetros
orbitales, la estructura inicial de la galaxia perturbadora y la estruc-
tura inicial de la galaxia principal. Encontramos que la intensidad de la
perturbación puede ser regulada por la masa y estructura de la galaxia
compañera asi como por la velocidad de impacto. La densidad del anillo
externo depende claramente de la fuerza de la perturbación. Conforme
la perturbación es más fuerte la densidad del anillo aumenta hasta lle-
gar a un máximo después del cual el anillo se vuelve muy ancho y su
densidad disminuye. El segundo anillo se forma con relativa facilidad en
nuestras simulaciones. Sin embargo, los dos anillos coexisten solamente
en un número limitado de simulaciones y en todos los casos durante
un corto periodo de tiempo. La estructura vertical del disco también
es afectada por la colisión. Más aún, cuando se aplican perturbaciones
suficientemente fuertes los deslazamientos verticales de masa son muy
pronunciados.

Cuando la colisión no está centrada en el disco o es inclinada, el
anillo externo toma una forma oval con el núcleo y el segundo anillo
desplazados respecto al centro geométrico del disco. En ciertos casos el
núcleo se transforma en una barra.

La estructura inicial del disco también tiene una influencia sobre la
estructura de los anillos. En especial, el anillo externo se adelgaza a
medida que la longitud de escala radial del disco es más grande. Cuando
el disco es dinámicamente fŕıo el anillo interior toma una forma poligonal.
También describimos y discutimos la evolución de la cinemática del disco
y ciertos cambios observados en ella cuando las condiciones iniciales son
diferentes.
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4.1 Objectives and motivation

In this chapter we investigate the formation of rings in a disk galaxy by the
perturbation of a smaller perturber galaxy. We are mainly interested in the
large scale properties of the rings as their shape, radius, width and velocity of
propagation and relative size ratio for the cases where two rings are formed and
coexist for some time. We want to establish correlations between the properties
of the resulting rings and the orbit parameters as well as the initial configuration
of the galaxies.

Some studies of this kind exist in the literature. Gerber et al. (1996) used
fully self-consistent N -body models that included a flat gas component in the disk
and varied the mass of the perturber to study the differences in the final result.
Athanassoula et al. (1997) used models with only collisionless particles and varied
a number of properties of the target galaxy and the mass of the perturber and
established some correlations between these changes and the properties of the
resulting rings.

Here we intend to extend the experiments of Athanassoula et al. (1997). Some
of our sets of experiments and their corresponding results are equivalent to those
of Athanassoula et al. (1997) but we did it on purpose to have a uniform super-set
of theirs.

4.2 Numerical techniques

4.2.1 Galaxy models

We use fully self-consistent N -body simulations of two galaxies composed of col-
lisionless particles. The initial conditions of the disk galaxy were constructed
using the galaxy model building package GalactICS described in Kuijken & Du-
binski (1995). In these models the bulge has a distribution function of a King
sphere (King 1962) whose density profile depends on the potential as

ρbulge(Ψ) = ρb

[

e(Ψ0−Ψ)/σ2

berf
(

√

(Ψc − Ψ)/σ2
b

)

−π−1/2e(Ψ0−Ψc)/σ2

b

(

2
√

(Ψc − Ψ)/σ2
b −4

3
[(Ψc − Ψ)/σ2

b]
3/2
)]

,

where Ψc is the cutoff potential of the bulge, ρb is the central bulge density, σb

is a parameter to regulate the velocity dispersion and Ψ0 is the central potential
of the whole model. The halo is a lowered Evans oblate ellipsoid (Kuijken &
Dubinski 1994), though we always set up the spherical case. Its density is given
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by

ρhalo(R, Ψ) =
1

2
π3/2/σ3

0(AR2σ2
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√
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√
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0R
2)].

A, B and C are parameters containing the characteristic halo radius Ra, the
halo core radius Rc and a flattening parameter q (q = 1 for spherical halos). The
central velocity dispersion σ0 regulates the peak velocity v0 of the rotation curve
of the halo given approximately by 21/2σ0. Ra gives roughly the radius at which
the rotation curve of the halo would reach the value v0, if continued at its R = 0
slope.

The disk is a three dimensional generalization of the flat disk discussed by Shu
(1969) which has a density falling exponentially with radius and an isothermal
vertical structure. The corresponding density is

ρdisk(R, z) =
Md

8πR2
dzd

e−R/Rderfc
(

r − Rout

21/2δRout

)

× exp

[

−0.8676
Ψz(R, z)

Ψz(R, zd)

]

,

where Md is roughly the mass of the disk ignoring cut-offs, Rd and zd are the
radial and vertical scale lengths. Rout is the truncation radius; the radius from
which the density is forced to drop to zero. δRout gives the sharpness of the
truncation or the radial interval over which the disk density is dropped to zero.

We used spherical perturbers modeled as a Plummer sphere. The density
profile of this model is

ρ(r) =
3Mp

4πb3
p

(

1 +
r2

b2
p

)−5/2

,

where Mp and bp are the mass and the scale length. These spherical models
were constructing using the mkplummer program included in the NEMO stellar

dynamics toolbox (Teuben 1995).

4.2.2 Numerical code

For the time evolution integration we used a modified version of gyrfalcON

(“GalaxY simulatoR using falcON”) which is a full N -body code. gyrfalcON

is based on the very fast “force calculation algorithm of complexity O(N)” fal-

cON, described in Dehnen (2000). falcON is a new implementation of the tree
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rameters of the impact.

code of Barnes & Hut (1986) which is faster by about a factor of 4. gyrfal-

cON uses this tree code with individual adaptive time steps. These packages are
available to the public as part of the NEMO toolbox (Teuben 1995).

4.2.3 Units and dimensions

In all the simulations we used a dimensionless system of units in which the
gravitational constant G = 1. I as in Athanassoula et al. (1997) we adopt the
units of length and time as 3 kpc and 107 Myr the units of mass, velocity and
volume density are then fixed as 6 × 1010 M⊙, 293 km s−1, and 2.22 M⊙ pc−3

respectively. Wherever the magnitudes are given in the adimentional computer
units it will be indicated with the suffix c.u.

4.2.4 Geometry of the impact

We adopted a right-handed rectangular coordinate system. The equatorial plane
of the main disk galaxy is initially parallel to the x-y plane and the galaxy rotates
counter-clockwise as seen from the positive z axis.

Orbit geometry

The orbit of the perturber is described with a set of parameters that are expected
to be of some significance to the nature of our problem. First we have the impact
point, that is to say, the position where the center of mass of the perturber crosses
the equatorial plane of the main galaxy disk. The impact point is described by
its distance Rimp from the main disk center and the angle ϕ between the positive
x-axis and an imaginary line connecting the center of the disk and the impact
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point. We define the inclination θ of the impact as the angle formed between
the positive z-axis and an imaginary line parallel to the impact velocity vector.
The impact velocity is taken always in a plane parallel to the plane x-z and
is prescribed by its magnitude vimp. These definitions are graphically shown in
Figure 4.1 The space of possible collision scenarios is completely mapped by the
ranges 0◦ ≤ ϕ ≤ 360◦ and 0◦ ≤ θ ≤ 90◦.

Initial positions and velocities

The initial positions and velocities of the galaxies are set as follows: once the
parameters of the collision have been chosen according to the definitions given
in Section 4.2.4, they are converted into the (x, y, z) position and (vx, vy, vz)
velocity components of the perturber respect to the center of the target galaxy.
Then we calculate the orbit backwards in time for a period of 15 units of time
assuming that the perturber is a point mass while keeping the particles of the
target galaxy fixed. This period of time is in all our runs long enough to ensure
that the halos of the galaxies are not in contact at the start of the simulations.

Of course, when the full N -body run is carried the companion never hits the
disk at the exact position and with the velocity initially chosen, partly due to the
evolution of the disk and partly due to the action of dynamical friction. However
the differences are small and the essence of the desired impact configuration is
well preserved.

4.3 Simulations

We executed a number of simulations to study the effects of the perturber struc-
ture, parameters of the collision and structure of the target galaxy on the forma-
tion of rings. The runs dedicated to study the perturber and orbit parameters
were all them executed using the same initial conditions for the target galaxy.
Other target galaxies were used when we focused on the effects of the initial
target galaxy structure.

Table 4.1 gives the parameters used as input in the GalactICS package to
create the disk galaxy models. All the quantities are in computer units. The first
column gives the name of the model. Columns 2 to 7 give parameters concerning
the disk and columns 8 to 11 give parameters concerning the structure of the
halo. The second column gives the theoretical mass of the disk if its cut-off radius
should be extended to infinity. Columns 3 and 4 give the radial scale length and
the cut off radius of the disk. Column 5 gives the sharpness of the truncation and
column 6 gives the vertical scale of the disk. Column 7 gives the radial velocity
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dispersion in the center of the disk. Column 8 gives the central potential. The
approximate velocity peak of the rotation curve of the halo is given in column
9. Columns 10 to 12 give correspondingly the flattening parameter of the halo,
the smoothing parameter of the core (ratio of the core radius to the King radius)
and the characteristic radius of the halo.

Table 4.2 gives some of the outcoming properties of the N -body realization.
The first column gives the name of the model. Column two gives the mass of
the disk after being truncated which is roughly the mass that the model actually
has. Columns 3 and 4 give the disk radial extent or edge (the distance of the
outermost particle from the center of the disk) and the estimated Toomre Q
stability parameter at R = 2.5. Columns 6 and 7 give the mass of the truncated
halo and its radial extent.

Table 4.3 give the parameters of the Plummer sphere perturbers. The columns
give correspondingly the model name, its mass to infinity and its radial scale
length.

Finally, Table 4.4 gives the parameters describing the collision in each simu-
lation. Columns 1 to 3 give the name of the simulation, the name of the main
disk galaxy and the name of the perturber. Columns 4 to 7 give the impact
parameter, the azimuthal angle, the inclination of the impact and the impact
velocity; all these quantities are as defined in Section 4.2.4.
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Table 4.1 Parameters used as input in the GalactICS package to create the initial

conditions of the disk galaxy models.

Disk Halo
Model Md Rd Rout δRout zd σR,0 Ψ0 V0 q R2

c/R2
K Ra

kd-t01 0.8 1.0 5.0 0.5 0.1 0.40 -1.9 1.05 1 0.1 2.2
kd-t02 0.8 1.0 5.0 0.5 0.1 0.31 -1.9 1.05 1 0.1 2.2
kd-t03 0.8 1.0 5.0 0.5 0.1 0.34 -1.9 1.05 1 0.1 2.2
kd-t04 0.8 1.0 5.0 0.5 0.1 0.51 -1.9 1.05 1 0.1 2.2
kd-t05 0.8 0.8 5.0 0.5 0.1 0.40 -1.9 1.05 1 0.1 2.2
kd-t06 0.8 1.5 5.0 0.5 0.1 0.40 -1.9 1.05 1 0.1 2.2
kd-t07 0.8 3.0 5.0 0.5 0.1 0.40 -1.9 1.05 1 0.1 2.2

Table 4.2 Properties of the disk galaxy models created with the GalactICS package.

Disk Halo
Model M Re Q M Re

kd-t01 0.78 6.0 1.17 5.52 24.85
kd-t02 0.78 6.0 0.90 5.52 24.85
kd-t03 0.78 6.0 0.99 5.52 24.85
kd-t04 0.78 6.0 1.49 5.52 24.85
kd-t05 0.79 6.0 1.27 5.47 29.51
kd-t06 0.68 6.0 1.25 5.74 20.32
kd-t07 0.43 6.0 2.24 5.96 17.86

Table 4.3 Parameters of the Plummer models.

Model Mp bp

pl-p01 0.50 1.00
pl-p02 1.00 1.00
pl-p03 2.00 1.00
pl-p04 4.00 1.00
pl-p04a 3.00 1.00
pl-p05 2.00 4.00
pl-p06 2.00 2.00
pl-p07 2.00 0.50
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Table 4.4: Parameters of the runs.

Run Target Perturber Rimp ϕ θ v
Perturber mass series
PM1 kd-t01 pl-p01 0.00 0 0 3.0
PM2 kd-t01 pl-p02 0.00 0 0 3.0
FID kd-t01 pl-p03 0.00 0 0 3.0
PM3 kd-t01 pl-p04 0.00 0 0 3.0
PM3a kd-t01 pl-p04a 0.00 0 0 3.0

Perturber size series
PS1 kd-t01 pl-p05 0.00 0 0 3.0
PS2 kd-t01 pl-p06 0.00 0 0 3.0
FID kd-t01 pl-p03 0.00 0 0 3.0
PS3 kd-t01 pl-p07 0.00 0 0 3.0

Impact velocity series
PV1 kd-t01 pl-p03 0.00 0 0 6.0
PV2 kd-t01 pl-p03 0.00 0 0 4.0
FID kd-t01 pl-p03 0.00 0 0 3.0
PV3 kd-t01 pl-p03 0.00 0 0 2.0

Impact inclination series
INC1 kd-t01 pl-p03 0.00 0.0 15 3.0
INC2 kd-t01 pl-p03 0.00 0.0 30 3.0
INC3 kd-t01 pl-p03 0.00 0.0 45 3.0
INC4 kd-t01 pl-p03 0.00 0.0 60 3.0
INC5 kd-t01 pl-p03 0.00 0.0 75 3.0

Impact parameter series
RDIS1 kd-t01 pl-p03 0.25 90 0.0 3.0
RDIS2 kd-t01 pl-p03 0.50 90 0.0 3.0
RDIS3 kd-t01 pl-p03 1.00 90 0.0 3.0
RDIS4 kd-t01 pl-p03 2.00 90 0.0 3.0

Prograde series
PRO1 kd-t01 pl-p03 0.25 270 45 3.0
PRO2 kd-t01 pl-p03 0.50 270 45 3.0
PRO3 kd-t01 pl-p03 1.00 270 45 3.0
PRO4 kd-t01 pl-p03 2.00 270 45 3.0

Retrograde series
RET1 kd-t01 pl-p03 0.25 90 45 3.0
RET2 kd-t01 pl-p03 0.50 90 45 3.0
RET3 kd-t01 pl-p03 1.00 90 45 3.0
RET4 kd-t01 pl-p03 2.00 90 45 3.0
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Table 4.4 Continued.
Run Target Perturber Rimp ϕ θ v
Impact azimuth series
AZM1 kd-t01 pl-p03 1.00 0 45 3.0
AZM2 kd-t01 pl-p03 1.00 45 45 3.0
RET3 kd-t01 pl-p03 1.00 90 45 3.0
AZM3 kd-t01 pl-p03 1.00 135 45 3.0
AZM4 kd-t01 pl-p03 1.00 180 45 3.0
AZM5 kd-t01 pl-p03 1.00 225 45 3.0
PRO3 kd-t01 pl-p03 1.00 270 45 3.0
AZM6 kd-t01 pl-p03 1.00 315 45 3.0

Disk radial scale series
RDISK1 kd-t05 pl-p03 0.00 0 0 3.0
FID kd-t01 pl-p03 0.00 0 0 3.0
RDISK2 kd-t06 pl-p03 0.00 0 0 3.0
RDISK3 kd-t07 pl-p03 0.00 0 0 3.0

Disk Toomre Q parameter series
QTOOM1 kd-t02 pl-p03 0.00 0 0 3.0
QTOOM2 kd-t03 pl-p03 0.00 0 0 3.0
FID kd-t01 pl-p03 0.00 0 0 3.0
QTOOM3 kd-t04 pl-p03 0.00 0 0 3.0
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4.3.1 Different perturbers

We executed two series of runs to see the effect of the mass and size of the
perturber. All these simulations are perpendicular hits through the center of the
main disk. At the impact time the velocity of the perturber respect to the main
galaxy is 3.00 c.u. This velocity is a bit higher than that of an hyperbolic orbit
to ensure that the perturber is not captured by the target galaxy due to the loss
of orbital kinetic energy originated by the dynamical friction.

The target galaxy is the same in all these runs and Figure 4.2 shows the
face-on projection of the particles of the disk, the z vs R diagram (R is the
polar radial distance from the symmetry axis of the disk) exhibits the vertical
structure of the disk. The last three panels show the vz vs R diagram of the
velocity of the particles perpendicular to the plane of the disk, the vrot vs R of
the rotational velocity of the particles around the symmetry axis of the disk and
the vexp vs R diagram of the radial velocity component of the particles respect to
the disk symmetry axis. The velocity diagrams give also an idea of the dispersion
in each velocity component. The self gravity of the disk becomes more important
towards the center of the disk and the velocity dispersions are higher there to
stabilize the disk against local gravitational instabilities.

Mass of the perturber

Runs PM1, PM2, FID and PM3 form a sequence of increasing perturber masses.
We chose masses equal to 0.5, 1.0, 2.0 and 4.0 c.u. respectively that represent
7.9%, 15.9%, 31.8% and 63.5% of the total mass of the target galaxy and 64.5%,
129.9%, 257.8% and 515.7% of the mass of the disk of the target. These simula-
tions are shown in Figures 4.7 to 4.10. It is evident that the size and strength of
the rings are closely linked to the mass of the perturber.

The first ring is very weak when the less massive perturber is used (run PM1)
if we could talk at all of a ring. Probably it would be more adequate to talk
of a bulk density enhancement in the central part of the disk that propagates
outwards with time. But even if the ring structure is not evident, there is an
effect in the spiral structures present on the disk before the collision. The arms
seem to be wiped out at the end of the simulation (see also the last three panels
of Figure 4.8, run PM2). As the mass of the perturber is increased the first
ring becomes more prominent and in the run with Mp = 2.0 c.u. (run FID) the
density of the ring seems to be near a peak. After this peak the density of the
first ring decreases with the mass of the companion. This decrease in the ring
density for heavy companions is due to a increase in the thickness of the ring,
that distributes the mass in the ring over a larger area. This behavior is expected
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Figure 4.2 Diagrams showing the spatial distribution and velocity components of

the particles of the disk of the model kd-t01. Top left: face-on projection. Top right:

z-coordinate vs polar radial distance R showing the vertical structure of the disk.

Bottom left: vertical velocity component vz vs R. Bottom center: Rotation velocity

around the disk symmetry axis vrot vs R. Bottom right: radial velocity with respect

to the disk symmetry axis vs R (positive velocities moving away from the symmetry

axis). The polar distance of the particles at the start of the runs R0 is coded with

colors to ease the tracking of the mass movements as described in the text.
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from the caustic model presented in Chapter 2. The Figure 2.6 shows this clearly:
as the amplitude of the perturbation is higher the density wave passes from a
regime of mild density enhancement without orbit crossing to a regime where the
orbits cross over a large radial extension, thickening the ring. Run PM3 shown in
Figure 4.10 is a good example of this last situation. Between these two regimes
there is a region where the ring is very thin and the orbit crowding is very high;
this corresponds to the maximum found near a perturber mass of 0.2.0 c.u.

The first ring reaches and surpass the initial size of the disk in the simulation
with Mp = 2.0 c.u. and higher. When Mp = 2.0 c.u. the expansion of the disk
continues by the end of the simulation.

The inner or second ring is present in all the four simulations of this series.
Moreover, its size at t = 15.0 c.u. and later is roughly the same in the range
of perturber masses covered. Its structure, however, shows some differences. At
t = 15 c.u. the thickness of the ring increases with the mass of the companion.
This effect is less evident at t = 18 c.u., except for the more massive companion,
for which the inner ring is more difficult to distinguish, probably it is so thick
that it overlaps with the central density concentration.

The first and second rings coexist only in the run FID between times 14.0
and 18.0; after t = 18.0 the outer ring fades way. The presence of two rings in
a galaxy may thus give strong constrains to the relative masses of the galaxies
and the age of the collision.

The nuclear region is temporarily destructed after the collision when the
companion has a mass of 2 c.u. or larger. In the Mp = 2.0 c.u. simulation it
reappears keeping its axial symmetry while in the Mp = 4.0 c.u. simulation it
forms a small bar inside the inner ring.

Radial linear structures or spokes are formed about t = 12c.u. in run FID,
that is to say, when the companion of mass 2 c.u. is used. The strength of
the perturbation seems to be a crucial factor for the formation of spokes; the
run with Mp = 1.0 c.u. shows only mild spokes at t = 12c.u. and the one with
Mp = 4.0 c.u. shows some dim elongated aggregates of particles at t = 15 c.u.
and later.

Model FID shows a number of features of interest, such as the formation of
a clear first ring, the emergence of a second ring that coexists for some time
with the first ring, the presence of a nuclear mass inside the second ring and the
formation of spokes. For this reason we choose model FID as a fiducial case taken
as a reference point for the following series. Although the simultaneous presence
of all the features in model FID in a galaxy is clearly not typical, the separate
presence of one, or some of these features may give clues to the conditions of
the original system and may be used as a departure point for the elaboration of
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numerical models.

The vertical structure of the disks of this series is shown in the z vs R plots
of Figures 4.11 to 4.14. Each point represents one particle of the disk. The polar
radial distance from the center of the disk at the start of the run is coded with
colors as follows: magenta, R ≤ 1.0; orange, 1.0 < R ≤ 2.0; blue, 2.0 < R ≤ 3.0;
green, 3.0 < R ≤ 4.0 and red, R > 4.0. The perturber imprints a vertical
impulse to the particles of the disk, in one direction as it approaches and in
the opposite direction after it has crossed the disk. However, the perturbation
is not symmetric, partly due to the changes in the disk structure during the
approach of the companion and partly due to the changes in the structure of
the companion during the collision. The net effect is that the particles are left
with an oscillatory movement perpendicular to the disk in addition to the radial
oscillations that form the rings.

Figures 4.11 to 4.13 show that the amplitude of these oscillations increases
with the mass of the perturber. These oscillations can also be seen as the varia-
tions in the velocity component perpendicular to the disk shown in Figures 4.15
to 4.17. Moreover, the three dimensional morphology of the disk is reshaped to
a continually evolving configuration whose appearance depends on the way the
radial and vertical oscillations are coupled. Figures 4.11 and 4.12 show the un-
dulated vertical shape of the disk in the two runs with smaller mass companions.
The radial compression of the orbits at the ring position is also noticeable (e. g.
the blue region in Figure 4.12 at t = 6) in run PM2, as well as the radial orbit
crossing or the runs with the two heavier companions (e. g. the blue and green
particles lie over the same radial positions in run FID at t = 6.0). The collision
with the heavier perturber results in a considerable perpendicular displacement
of the outer particles of the disk; by the time the first ring reaches the edge of
the disk particles entering the density wave from the outer disk are displaced
vertically with respect to the disk plane and there is no real superposition of this
two streams. Thus, although the density wave still exists, its density is somewhat
lower from what would be predicted from a flat model.

Another effect is visible in run PM3; in the early expansion of the ring (see e.
g. t = 3) the R − z plot forms a loop with the radially inflowing material cross-
ing the inner disk. The three dimensional structure of the outer ring resembles
a toroidal flow. This structure was also produced in the simulations of Lynds
& Toomre (1976), and as they remark, the non-collisional particles can freely
traverse the disk, but the gas particles would nor interpenetrate the disk with
that ease. The gaseous material would rather be shocked, swept and accumu-
lated by the wave. Hydrodynamical simulations are necessary to have a better
understanding of these effects.
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The evolution of the rotation velocity of the particles is shown in the vrot

vs R diagrams plotted in Figures 4.19 to 4.22. What is basically seen is the
initial rotation curve of the model modified by the radial displacements and the
conservation of angular momentum. Particles at radial positions larger than
their initial orbits have a lowered tangential velocity, and particles at radial
positions smaller than their initial orbits have an increased tangential velocity.
The combination of this effects on the particles at radial positions adjacent to
the outer ring creates a vertical column in the vrot vs R diagram that can be
easily identified in run PM2 at t = 6 c.u. and t ≤ 12 c.u. in runs FID and PM3.
The presence of the second ring is also characterized by this feature in all the
four runs.

The radial impulse exerted on the particles and subsequent radial oscillations
can be followed in the radial velocity vexp vs R diagrams of Figures 4.23 to
4.26. The initial radial contraction (negative radial velocities) is still present
in the outer disk in the run PM2 at t = 3 c.u. whereas the particles inside
R = 2 c.u. are already rebounding. The same can be seen in the two runs with
the heavier companions. In all the four runs the outer ring is composed of a
wave of expanding particles that propagates outwards and is trailed by a tail of
particles falling to the center of the disk. The emergence and propagation of the
second ring is also associated with a similar stream of expanding particles.

Size of the perturber

The companion mass series showed that a sequence of changes is drawn as the
strength of the perturbation is increased with the mass of the perturber. Varying
the size of the perturber should have a similar effect; as the perturber is more
compact the strength of the perturbation is expected to increase, mainly in the
central region of the disk. Figures 4.27 to 4.30 show a series of simulations with
decreasing perturber sizes, namely bp = 0.5, 1.0,2.0 and 4.0 c.u. (runs PS1, PS2,
FID and PS3, respectively). Runs PS1 and PS2 look quite similar to rungs PM1
and PM2. The run labeled FID is the same as in the perturber series. Run PS3
has some common features with run PM3 but the perturbation seems somewhat
weaker in run PS3, at least as can be judged from the expansion velocity of the
outer ring. We executed a simulation with an intermediate perturber mass (run
PM3a in Table 4.4) so as to have a first ring of comparable radial extension to
that of run PS3. The features formed are again very similar, the size of the inner
ring and the strength of the spokes in both runs are comparable.

Figures 4.31 to 4.34 show the z vs R plots of the particles of the disk. The
vertical structure of the disks in the runs PS1 and PS2 is also very similar to
the structures seen in the runs with low mass companions PM1 and PM2, and
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Figure 4.3 Distance between the

mass center of the target disk and

the density peak of the perturber;

both axes in the computer unites

described in Section 4.2.3. t = 0

corresponds to the impact time.

the run PS3 is also very comparable to run PM3a. Figures 4.35 to 4.46 show
the vertical, rotation and radial velocities of the PS sequence. Comparing these
plots with Figures 4.15 to 4.26 of the PM series, it is evident that the similitudes
between the perturber mass series and the perturber size series are also present
in the kinematics.

These results suggest that it would be difficult to get information about the
mass distribution of the perturber galaxy only from the morphological signature
imprinted on the target disk by the collision. A massive extended companion
may produce a similar result as a more compact and less massive one.

4.3.2 Orbit parameters

Impact velocity

Figures 4.47 to 4.50 show a sequence of decreasing impact velocities vimp = 6.0,
4.0, 3.0 and 2.0 c.u. (simulations with runs PV1, PV2, FID and PV3). Fig-
ure 4.3.2 shows the variation of the distance between the two galaxies with time.
The distance is measured from the mass center of the target disk to the density
peak of the spherical perturber. In the three faster collisions the velocity of the
perturber is nearly constant in time and its value is reduced by only a small
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fraction after the collision (10% in run FID and less than that in runs PV1 and
PV2). In the run PV3 the companion is strongly decelerated after it hits the
disk. The perturber reaches a maximum distance of 6.6 c.u. (roughly equal to
the initial radial extent of the disk) at t = 9, after which a second fall and its
subsequent hit at t = 20 take place.

Run PV1 is quite similar to PM2 and PS2 in the morphology and kinematics.
Run FID is our fiducial simulation and PV2 is intermediate between PV1 and
FID. During the time span of the run, PV3 has an outer ring of comparable
size to that of PS3 but the inner ring arises earlier, around time t = 12 c.u. The
emergence of the second ring in this run can also be seen in the vrot vs R diagram
as a vertical column of particles at R = 1 c.u. and in the vexp vs R diagram as a
clump of particles with relatively high positive (expanding) radial velocities. At
time t = 15 c.u. and later it becomes difficult to say what are the effects of the
impact velocity in run PV3, the close presence of the companion in its second
advance towards the main disk is an external factor surely influencing the disk
evolution.

These experiments suggest that a way to produce a stronger perturbation
on the outer disk while keeping a well defined second ring can be achieved by
slow collisions of low mass companions. A more massive (run PM3) or more
extended companion (run PS3) produce a similar outer ring, but the disk nucleus
is temporarily destroyed and the second ring is formed a few units of time later.

Impact inclination

We executed five runs (INC1, INC2, INC3, INC4 and INC5) with impact in-
clinations θ of 15◦, 30◦, 45◦, 60◦ and 75◦ respectively. All these collisions are
through the center of the main disk. Figures 4.59 to 4.62 show runs INC2, INC3,
INC4 and INC5. The run with θ = 15◦ shows little difference with respect to
the perpendicular case (run FID) and is not shown. Although the collisions in
this series are through the center of the disk, we will refer to the side of the disk
rotating in the direction of the perturber velocity projected on the disk plane
as the co-rotating side of the disk, and the opposite side as the counter-rotating
side.

The outer ring keeps an approximately circular shape in the runs with θ ≤
30◦, but becomes clearly elongated when θ = 45◦ with the minor axis aligned
with the direction of the impact velocity projected on the target equatorial plane.
In the INC4 run, the outer ring is more difficult to recognize and it could be
possible to describe it rather as a curved arm bordering and expanding with the
disk, that connects with the nucleus. This arm appears in the co-rotating side
of the disk. On the counter-rotating side the morphology is different and there
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forms an arm that bridges radially the nucleus and the border of the disk. No
clearly recognizable first or higher order rings are formed in the run with θ = 75◦.

In the runs with θ ≥ 45◦ an arm is formed outside the first ring in the counter-
rotating side of the disk. This arm becomes apparent at the early times following
the collision and its strength and lifetime increase with larger values of θ. This
external arm is detached from the inner arm described above.

The second ring and nucleus are displaced respect the geometrical center of
the outer ring in the direction of the companion velocity, projected on the disk
plane. The second ring is clearly visible in the simulations with θ ≤ 45◦. When
θ = 60◦ this ring forms but its shape is strongly distorted and when θ = 75◦ the
second ring does not form. The nucleus inside the second ring is converted into
a bar in the runs with θ ≥ 30◦. This bar is inside the second ring in the cases
where this latter forms and extends along its diameter.

Impact parameter

Four runs with different impact parametes Rimp = 0.25, 0.5, 1.0 and 2.0 c.u. were
executed and are shown in Figures 4.63 to 4.66. In these plots the impact point
is displaced towards the positive y-axis side from the center of the disk. The
first ring is clearly seen in all four plots and keeps a regular shape. The density
of particles is now higher towards the impact point side along the ring and this
effect becomes very strong in the simulations with impact parameter bigger than
1.0 c.u.

The inner ring and nucleus are displaced with respect to the geometrical
center of the outer ring. This off-centering increases with the impact parameter
and in the more off-centered run, RDIS4, the nucleus overlaps the outer ring
during a good fraction of the ring expansion. As Rimp increases the mass content
of the second ring becomes less important and the nucleus becomes a bar; this
bar grows in length and seems to seize a bigger amount of mass at the expense
of the second ring mass.

The more extreme run RDIS4 has an interesting evolution. At the early stages
of the ring expansion the region between the outer ring and the nucleus forms an
area of very low mass density that strongly contrasts with the dense section of
the ring. The overall morphology of the galaxy at t = 6–9 c.u. resembles an arc
with a very dense knot and an almost empty interior. This morphology is much
like the ring galaxies with empty interiors studied by Theys & Spiegel (1976).
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Prograde orbits

The logical next step is to try collisions that are both inclined and off-centered.
Two interesting types of collisions arise: collisions that are prograde with respect
to the rotation of the disk of the target galaxy and retograde collisions. We chose
an impact inclination of 45◦, because this inclination shows clearly the effects of
the inclination while keeping a clearly distinguishable ring structure.

Four prograde runs with impact parameter equal to Rimp = 0.25, 0.5, 1.0
and 2.0 c.u. (correspondingly labeled as PRO1, PRO2, PRO3 and PRO4) were
executed and are shown in Figures 4.67 to 4.70. The outer ring has a somewhat
elongated shape and a central bar is formed as was expected for inclined collisions
(see Figure 4.60).

The nucleus and inner ring are clearly displaced from the geometric center
of the outer ring even in the nearly central PRO1 run and a sector of increased
density is formed in the inter-ring disk, near to the region where the nucleus and
outer ring are closer. In the PRO4 run this area of enhanced density is delimited
by the bar and a curved arm arising from the bar. The rest of the inter-ring
disk has very low density except for some long and curved arms bridging the
inner and outer rings and whose origin may be related with the spokes formed in
the central collisions. These spokes would here be very stretched by the larger
displacement of the nucleus.

In the runs with a larger impact parameter, the outer ring is more circular be-
tween times 6.0 and 9.0 c.u. In this same time interval, the two more off-centered
runs of this sequence have a close resemblance with the two corresponding runs
of the off-center RDIS sequence shown in Figures 4.65 and 4.66. The outer ring
has a sector with increased density that is located in the side of the impact. This
high density sector is more pronounced as the impact parameter increases until
it resembles and arm forming a continuous structure with the sideways displaced
nucleus, though the association of these two elements is broken at later times.
In subsequent times differences between the RDIS and PRO series arise mainly
because in the prograde case the inner ring is weaker and the outer ring becomes
elongated and with a very peculiar bean-like shape.

Retrograde orbits

The retrograde runs RET1, RET2, RET3, and RET4 are shown in Figures 4.71
to 4.74. As with the prograde runs, the impact inclination is 45◦ and the impact
parameters are Rimp = 0.25, 0.5, 1.0 and 2.0 c.u. for RET1, RET2, RET3 and
RET4, respectively.

The outer ring is elongated in all the simulations and at all times. Although
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the first ring does not have uniform density, there does not seem to be a clear
signature of a strong and systematic density variation along the ring. The excep-
tion is maybe the RET4 run, where the large impact parameter gives rise to a
section of high density in one side of the ring at the early stages of its expansion,
but at t = 9.0 c.u. this variation in density imbalance is less evident. The outer
ring keeps a regular shape with some minor deviations from an ellipse.

Although a bar is formed in all the runs of this series, its length in less
important than in the prograde collisions and is roughly the same in the four
runs. An inter-ring area with enhanced density forms near the region where
the nucleus to outer ring distance is shorter, but is less pronounced than in the
prograde collisions.

Impact point azimuthal angle

Prograde and retrograde are two special cases of a larger family of collisions
parametrized by the azimuth angle ϕ of the impact point defined in Section
4.2.4. Here we vary ϕ over all its possible range, with the impact parameter and
inclination fixed to values Rimp = 1.0 c.u. and θ = 45◦. The series is formed
by eight runs (AZM1, AZM2, RET3, AZM3 AZM4, AZM5, PRO3 and AZM6)
covering the range 0◦ ≤ ϕ < 360◦ by steps ∆ϕ = 45◦ and beginning with ϕ = 0.
The x-y projection of these runs is shown in Figures 4.75 to 4.82. The prograde
and retrograde runs PRO3 and RET3 are repeated here to make the comparison
easier.

Several features are re-shaped as the impact point is shifted in azimuth. The
outer ring is elongated in all these runs in the early expansion (t ≤ 6.0 c.u.)
but as its expansion proceeds it recovers an approximate circular shape in the
runs with 135◦ ≤ ϕ ≤ 225◦. In the runs with −90◦ ≤ ϕ ≤ 90◦ the outer
ring remains elliptical at least until the end of our simulations. The density
variation along the outer ring shows also some dependency on the azimuth of
the impact. In Section 4.3.2 we mentioned that the density was notoriously
enhanced in a segment of the outer ring at which increased density was formed
at 6 c.u. ≤ t ≤ 9 c.u. in the prograde collisions. Indeed, we find that this feature
is formed in a range of values of ϕ between 225◦ and 360◦.

The nucleus (or bar) and second ring are displaced from the geometrical
center of the outer ring in the direction of the impact point. Only in the ϕ = 180◦

case the displacement due to the off-center collision counteracts the effect of the
inclination of the impact and the displacement is more modest.

The second ring can be more or less outlined in all the runs of this series,
but in some of them it shows a remarkable sharp structure that makes of it an
outstanding element in the disk. We find that the inner ring is more prominent
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Figure 4.4 Relation between the impact points tested in the series AZM and the

features produced on the target disk. The impact points that produce the indicated

feature are marked with a solid circle. a) Impact points of the azimuth series; b) runs

with elongated outer rings, c) runs with a very strong systematic density contrast

along the outer ring (mainly at 9.0 c.u. ≤ t ≤ 12.0 c.u.), d) sharply defined second

ring, e) long bar, f) arms emerging from the nucleus.

in two disjoint ranges defined by ϕ; 45◦ ≤ ϕ ≤ 90◦ and 180◦ ≤ ϕ ≤ 225◦. In
these cases the inner ring has a continuous closed shape and has a clear space
separating it from the bar.

In two of the runs we find that the bar pattern is somewhat longer than in
the rest of the simulations. These cases are ϕ = 0◦ and ϕ = 45◦. Interestingly,
the run with the shortest bar is AZM2 (ϕ = 90◦), which is contiguous to these
runs.

Some of the runs develop one or two trailing arms that seem to be closely
linked to the central bar. These arms emerge from the tips of the bar and
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have a high density contrast with the underlying disk. Two types of arms can
be identified in the simulations of this series. In runs AZM6, AZ1, and AZ2
at t = 9.0 c.u. an arm emerges from the tip of the bar pointing towards the
interior of the disk. This arm has a very high density contrast with respect
to the surrounding disk but is short and does not reach the outer ring. The
second type of arm can be seen in runs RET3 and AZM3 and slightly later,
at about t = 12.0 c.u.. This arm emerges from the opposite tip of the bar, is
longer but more diffuse than that of the previous type and connects the bar with
the outer ring, at least for some period of time. Given the characteristics and
location differences between these two types of arms, their formation seems to be
independent one of the other but it could be possible that they are manifestations
of the same phenomenon. Further experiments and analysis would be required
that is out of the scope of this work.

In Figure 4.3.2, a graphical summary of the results of this section is presented.
In panel a) the impact points of the runs are shown. The disk of the target galaxy
is centered at the origin of coordinates and the collision geometry is as described
in Section 4.2.4. The panel b) shows as solid circles the impact points that
produce elongated outer rings during the time span of the runs. In panel c) the
runs where strong density variations are found along the outer ring. Panel d)
represent those impact points that produce a sharply defined inner rings, and
panel e) those that produce a bar remarkably longer. Finally panel f) indicates
the impact point of those runs where arms emerging from one of the tips of the
bar are formed.

4.3.3 Different target galaxies

Disk radial scale length

We tested 4 different disk scale lengths Rd = 0.8, 1.0, 1.5 and 3.0 c.u. and
the corresponding runs (RDISK1, FID, RDISK2 and RDISK3) are shown in
Figures 4.83 to 4.85. The cut-off radius of the disk was kept the same (Rout) in
these disks, and as a consequence the mass of the disk reduces as Rd is increased.
The rotation curves of the four models are plotted in Figure 4.5.

The disk features formed after the collision depend markedly on Rd. The
outer ring becomes thinner as Rd increases and the inner ring has a more regular
circular shape and with the inner border more clearly separated from the nucleus.
The number of spokes increases with Rd; we can count 2 or 3 spokes in run
RDISK1 between times 12 c.u. and 15 c.u., 8 spokes in run FID after time
12 c.u., about 15 spokes in run RDISK2 after t = 15 c.u. and about 15 spokes
seem to be in the process of formation in run RDISK3 at t = 20 c.u. (not shown).
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Figure 4.5 Rotation curves of the four target models of the RDISK series, where

we study the effect of the radial scale length of the target disk Rd. The name of the

model and the value of Rd are indicated in the top of each plot. Both axis are in

the computer units. The disk contribution is plotted with dashed lines, the halo with

dashed-dotted lines and the total rotation curve with solid lines.

Thus, these runs suggest that the time at which the spokes are formed increases
with Rd.

The vertical structure of the disk shows only small differences as Rd is changed,
as can be seen in Figures 4.87 and 4.88. These differences are mainly due to the
redistribution of mass which makes the outer regions (R > 2.5)) denser and with
a higher vertical velocity dispersion (Figures 4.89 and 4.90). The opposite is
true in the central region of the disk where the density and the vertical velocity
dispersion are lower in the disks with larger Rd. This differences in the velocity
dispersion from one model to the other can also be seen in the rotation and radial
components of the velocity shown in Figures 4.91 to 4.94.

The earlier emergence of the second ring in the RDISK3 model with respect
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Figure 4.6 dependence of the Toomre stability parameter Q with the polar radial

distance R for the four disk models of series QTOOM. From top to bottom kd-t04 (run

QTOOM3), kd-t01 (run FID), kd-t03 (run QTOOM2) and kd-t02 (run QTOOM1).

R is in the computer units described in Section 4.2.3.

to the other runs of this series is also revealed by the nearly vertical column of
particles formed at t = 9 c.u. in the circular velocity diagrams of Figure 4.92.
This column is clearly separated from the center of the disk at t = 12 c.u. In
contrast, the RDISK1 run shows this feature only after t = 15 c.u. The particles
of the run RDISK3 have slightly higher rotation velocities than those of the run
RDISK1, but this is due to the higher circular velocity of the initial model used
in the run RDISK3, as can be seen in Figure 4.5.

The different degrees of piling up of material inside the outer ring formed
in the different runs can be appreciated in the vexp vs R diagrams shown in
Figures 4.93 and 4.94. At t = 6 c.u. and 9 c.u. in run RDISK1 the orbits cross
radially and its order is inverted. The relatively wide radial range over which the
particles cross contributes to form a thick outer ring. In contrast, in run RDISK3
the contracting and expanding streams of particles do not cross, or cross only
over a small radial span; the material is rather piled up in a narrow radial range
forming sharply defined ring.
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Disk Q parameter

Figures 4.95 to 4.96 show a series with target disks with increasing values of the
Toomre stability parameter Q ( = 0.90, 0.99, 1.17 and 1.49) at R = 2.5 c.u. The
value of Q is controlled by modifying the disk central radial velocity dispersion
parameter. The dependency of Q with radius of the four models at the start of
the runs is shown in Figure 4.6. We tried colder disks (Q ≤ 0.8) but they are
very unstable and develop strong spiral arms and a bar before the collision. Less
pronounced arms with a clumpy structure form in the two colder disks before
the collision (not shown).

The coldest disk (run QTOOM1) has a Q value slightly below the limit for
local stability (disks are stable against local perturbations if Q > 1). Clumps of
particles are formed in the first ring at t = 6.0 c.u. and an inwards flow of particles
is seen between times 6 c.u. and 15 c.u. The density of this stream of particles
is not radially uniform but has a pronounced peak along a ring concentric to the
outer ring. This ’pseudo ring’ of particles falls to the center and subsequently
forms the central nucleus and the second ring which has a polygonal shape. This
intermediate ring is still apparent though less organized in run QTOOM2, while
in the two hotter disks (runs FID and QTOOM3) the radial inflow of particles
is smooth, without any abrupt variation. As the disk is hotter the inner ring
recovers its circular shape but when Q = 1.49 it is wide and diffuse and its inner
limit overlaps with the nucleus (but it is clearly formed at t=20, not shown).

Except for some slight deviations from a circular shape in the colder disk,
the outer ring is very similar in all the four runs. The number and shape of the
spokes do not seem to change strongly in the runs with values of Q between 0.9
and 1.17; they just have a more clumpy structure in the colder disks. In the
hotter disk only very weak spokes are formed at time 15 c.u. and later. To get
information about the provenance of the material that constitute the spokes, we
tracked back in time the position of the particles in the spokes up until the time
of the collision. This analysis reveals that the spokes are composed of a mixture
of material coming from the densest clumps in the spiral arms present at the
impact time but also of particles coming from other regions not associated with
the arms. Thus, although the origin of the spokes seems to be linked with the
dense clumps formed in the arms of the initial disk, they are not the reminiscent
of these arms as a whole.

The vertical structure is basically the same in the four runs, except for some
particles that are dispersed in both sides of the disk in the colder model. The vz

vs R plots in Figures 4.89 and 4.90 show a noticeable difference in the velocity
dispersion in the inner half of the disk. In particular, looking at the particles
inside R = 1 c.u. (magenta particles) at t = 9 c.u. the vz velocity has a higher
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dispersion in the run QTOOM3 than in the run QTOOM1. Surprisingly the op-
posite is true at t = 15 c.u. Looking at the radial distribution of these particles
an apparent relation between the radial span and the vertical velocity disper-
sion comes out; the dispersion seems to increase as the particles accumulate at
the center, and decreases as the particles expand radially in the second orbital
rebound that originates the inner ring. A more detailed analysis is needed to
confirm this likely coupling between the vertical and radial oscillations.

The Q parameter is mainly mainly by regulating the radial velocity dispersion
and this directly modifies the rotation velocity dispersion. The vrot vs R diagrams
in Figures 4.91 and 4.92 show the contrasts in the radial velocity dispersion of
the models with the lowest and highest Q values in the series. The differences
are very accentuated in the particles initially in the range R < 2.0 c.u. (magenta
and orange particles) where the dispersion is highest in the run QTOOM3. The
radial span along which the central particles are dispersed is also very different in
both runs. In the colder disk the particles initially inside the radius R < 1.0 c.u.
(magenta particles) are mainly redistributed inside an area with R < 2.0 c.u.,
whereas in the hotter disk these particles have been dispersed in a circle of radius
R = 3.0 c.u. and a few more around R = 4.0 c.u.

Another interesting element in the run QTOOM3 is the formation of the
second ring with its inner border overlapping with the central nucleus. In the
face-on view of the disk in Figure 4.86 the second ring becomes evident near time
t = 18 c.u. or shortly before. In the vrot vs R diagram in Figure 4.92 the kinematic
signature of the ring can be identified with the step rise in the rotational velocity
near R = 1 c.u. at time t = 15 c.u. This peak forms a vertex in the distribution
of particles with one side formed by the outer particles of inter-ring disk and a
nearly vertical column at the other side. The vertical column probably extends
towards lower vrot values of nearly zero and actually embraces the particles of
the outer ring. These observations suggest that the kinematical signature of
the higher order rings may be used to identify them in cases where the spatial
overlapping with the nucleus makes a morphological inspection difficult.

As explained above, the value of the local stability parameter Q is regulated
by varying the radial velocity dispersion. The differences in this dispersion in
the models with lower (run QTOOM1) and higher Q (run QTOOM3) can be
clearly recognized in Figures 4.105 and 4.106. The higher dispersion in the run
QTOOM3 is more evident in the particles that with R0 < 2.0 c.u. (magenta and
orange particles). Another important difference between these two runs is the
velocity gradient in the inter-ring disk between times t = 6 c.u. and 12 c.u. In the
run QTOOM3 (higher Q value) the radial velocity increases monotonically with
R from a negative value near the center of the disk, to a maximum value at the
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position of the outer ring. In contrast, in the run QTOOM1 the radial velocity
of the particles has a flat region centered around vexp = 0.0 c.u. at t = 6 c.u.
and around a value of approximately vexp = −0.15 c.u. at t = 9 c.u. Beyond
this flat region the expansion velocity increases to reach a maximum in the outer
ring, as in the run QTOOM3. The region of constant vexp is clearly associated
with the clumps of particles distributed in an annular region falling towards the
center of the disk at t = 9 c.u. This morphological and kinematic information of
run QTOOM1 suggests that once the clumps form during the early expansion
of the first ring, they fall towards the center of the disk keeping their particles
bounded and dragging the particles in the near neighborhood. The region of
constant vexp would thus have a mean value equal to the velocity of infall of the
clumps towards the center at the corresponding time (the velocity of infall of the
clumps rise with time). Beyond this transient ring of clumps (e.g. R > 2.5 c.u.
at t = 9 c.u.) the radial velocity gradient stretch radially the aggregations of
particles forming elongated structures or spokes.
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Figure 4.7 Face-on view of the disk of run PM1. Only one of each two particles has

been plotted for clarity. The companion particles are not plotted. Time is indicated

in the upper right corner of each panel, in computer units. This simulation is part

of the sequence PM, where we study the effect of the perturber mass. In this case

Mp = 0.50 c.u.

Figure 4.8 As Figure 4.7 but for run PM2. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 1.00 c.u.
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Figure 4.9 As Figure 4.7 but for run FID. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 2.00 c.u.

Figure 4.10 As Figure 4.7 but for run PM3. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 4.00 c.u.
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Figure 4.11 z vs R diagram of run PM1. The radial position of the particles at

the start of the run is coded with colors as in Figure 4.2. This simulation is part

of the sequence PM, where we study the effect of the perturber mass. In this case

Mp = 0.5 c.u.

Figure 4.12 As Figure 4.11 but for run PM2. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 1.00 c.u.
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Figure 4.13 As Figure 4.11 but for run FID. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 2.00 c.u.

Figure 4.14 As Figure 4.11 but for run PM3. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 4.00 c.u.
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Figure 4.15 vz vs R diagram of run PM1. The radial position of the particles at

the start of the run is coded with colors as in Figure 4.2. This simulation is part

of the sequence PM, where we study the effect of the perturber mass. In this case

Mp = 0.5 c.u.

Figure 4.16 As Figure 4.15 but for run PM2. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 1.00 c.u.
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Figure 4.17 As Figure 4.15 but for run FID. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 2.00 c.u.

Figure 4.18 As Figure 4.15 but for run PM3. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 4.00 c.u.
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Figure 4.19 vrot vs R diagram of run PM1. The radial position of the particles at

the start of the run is coded with colors as in Figure 4.2. This simulation is part

of the sequence PM, where we study the effect of the perturber mass. In this case

Mp = 0.5 c.u.

Figure 4.20 As Figure 4.19 but for run PM2. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 1.00 c.u.
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Figure 4.21 As Figure 4.19 but for run FID. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 2.00 c.u.

Figure 4.22 As Figure 4.19 but for run PM3. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 4.00 c.u.
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Figure 4.23 vexp vs R diagram of run PM1. The radial position of the particles at

the start of the run is coded with colors as in Figure 4.2. This simulation is part

of the sequence PM, where we study the effect of the perturber mass. In this case

Mp = 0.5 c.u.

Figure 4.24 As Figure 4.23 but for run PM2. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 1.00 c.u.
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Figure 4.25 As Figure 4.23 but for run FID. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 2.00 c.u.

Figure 4.26 As Figure 4.23 but for run PM3. This simulation is part of the sequence

PM, where we study the effect of the perturber mass. In this case Mp = 4.00 c.u.
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Figure 4.27 As Figure 4.7 but for run PS1. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 4.00 c.u.

Figure 4.28 As Figure 4.7 but for run PS2. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 2.00 c.u.
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Figure 4.29 As Figure 4.7 but for run FID. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 1.00 c.u.

Figure 4.30 As Figure 4.7 but for run PS3. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 0.50 c.u.
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Figure 4.31 z vs R diagram of run PS1. The radial position of the particles at

the start of the run is coded with colors as in Figure 4.2. This simulation is part

of the sequence PS, where we study the effect of the perturber size. In this case

bp = 4.00 c.u.

Figure 4.32 As Figure 4.31 but for run PS2. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 2.00 c.u.
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Figure 4.33 As Figure 4.31 but for run FID. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 1.00 c.u.

Figure 4.34 As Figure 4.31 but for run PS3. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 0.50 c.u.
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Figure 4.35 vz vs R diagram of run PS1. The radial position of the particles at

the start of the run is coded with colors as in Figure 4.2. This simulation is part

of the sequence PS, where we study the effect of the perturber size. In this case

bp = 4.00 c.u.

Figure 4.36 As Figure 4.35 but for run PS2. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 2.00 c.u.
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Figure 4.37 As Figure 4.35 but for run FID. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 1.00 c.u.

Figure 4.38 As Figure 4.35 but for run PS3. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 0.50 c.u.
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Figure 4.39 vrot vs R diagram of run PS1. The radial position of the particles at

the start of the run is coded with colors as in Figure 4.2. This simulation is part

of the sequence PS, where we study the effect of the perturber size. In this case

bp = 4.00 c.u.

Figure 4.40 As Figure 4.39 but for run PS2. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 2.00 c.u.
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Figure 4.41 As Figure 4.39 but for run FID. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 1.00 c.u.

Figure 4.42 As Figure 4.39 but for run PS3. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 0.50 c.u.
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Figure 4.43 vexp vs R diagram of run PS1. The radial position of the particles at

the start of the run is coded with colors as in Figure 4.2. This simulation is part

of the sequence PS, where we study the effect of the perturber size. In this case

bp = 4.00 c.u.

Figure 4.44 As Figure 4.43 but for run PS2. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 2.00 c.u.
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Figure 4.45 As Figure 4.43 but for run FID. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 1.00 c.u.

Figure 4.46 As Figure 4.43 but for run PS3. This simulation is part of the sequence

PS, where we study the effect of the perturber size. In this case bp = 0.50 c.u.
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Figure 4.47 As Figure 4.7 but for run PV1. This simulation is part of the sequence

PV, where we study the effect of the impact velocity. In this case vimp = 6.00 c.u.

Figure 4.48 As Figure 4.7 but for run PV2. This simulation is part of the sequence

PV, where we study the effect of the impact velocity. In this case vimp = 4.00 c.u.
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Figure 4.49 As Figure 4.7 but for run FID. This simulation is part of the sequence

PV, where we study the effect of the impact velocity. In this case vimp = 3.00 c.u.

Figure 4.50 As Figure 4.7 but for run PV3. This simulation is part of the sequence

PV, where we study the effect of the impact velocity. In this case vimp = 2.00 c.u.
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Figure 4.51 z vs R diagram of run PV1. The radial position of the particles at

the start of the run is coded with colors as in Figure 4.2. This simulation is part

of the sequence PV, where we study the effect of the impact velocity. In this case

vimp = 6.00 c.u.

Figure 4.52 z vs R diagram of run PV3. This simulation is part of the sequence

PV, where we study the effect of the impact velocity. In this case vimp = 2.00 c.u.
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Figure 4.53 vz vs R diagram of run PV1. This simulation is part of the sequence

PV, where we study the effect of the impact velocity. In this case vimp = 6.00 c.u.

Figure 4.54 vz vs R diagram of run PV3. This simulation is part of the sequence

PV, where we study the effect of the impact velocity. In this case vimp = 2.00 c.u.
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Figure 4.55 vrot vs R diagram of run PV1. This simulation is part of the sequence

PV, where we study the effect of the impact velocity. In this case vimp = 6.00 c.u.

Figure 4.56 vrot vs R diagram of run PV3. This simulation is part of the sequence

PV, where we study the effect of the impact velocity. In this case vimp = 2.00 c.u.
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Figure 4.57 vexp vs R diagram of run PV1. This simulation is part of the sequence

PV, where we study the effect of the impact velocity. In this case vimp = 6.00 c.u.

Figure 4.58 vexp vs R diagram of run PV3. This simulation is part of the sequence

PV, where we study the effect of the impact velocity. In this case vimp = 2.00 c.u.

115



Figure 4.59 As Figure 4.7 but for run INC2. This simulation is part of the sequence

INC, where we study the effect of the inclination of the impact. In this case θ = 30◦

Figure 4.60 As Figure 4.7 but for run INC3. This simulation is part of the sequence

INC, where we study the effect of the inclination of the impact. In this case θ = 45◦
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Figure 4.61 As Figure 4.7 but for run INC4. This simulation is part of the sequence

INC, where we study the effect of the inclination of the impact. In this case θ = 60◦

Figure 4.62 As Figure 4.7 but for run INC5. This simulation is part of the sequence

INC, where we study the effect of the inclination of the impact. In this case θ = 75◦
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Figure 4.63 As Figure 4.7 but for run RDIS1. This simulation is part of the sequence

RDIS, where we study the effect of the impact parameter. In this case Rimp = 0.25 c.u.

Figure 4.64 As Figure 4.7 but for run RDIS2. This simulation is part of the sequence

RDIS, where we study the effect of the impact parameter. In this case Rimp = 0.50 c.u.
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Figure 4.65 As Figure 4.7 but for run RDIS3. This simulation is part of the sequence

RDIS, where we study the effect of the impact parameter. In this case Rimp = 1.00 c.u.

Figure 4.66 As Figure 4.7 but for run RDIS4. This simulation is part of the sequence

RDIS, where we study the effect of the impact parameter. In this case Rimp = 2.00 c.u.
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Figure 4.67 As Figure 4.7 but for run PRO1. This simulation is part of the sequence

PRO, where we study the effect of prograde orbits (ϕ = 270◦). In this case Rimp =

0.25 c.u.

Figure 4.68 As Figure 4.7 but for run PRO2. This simulation is part of the sequence

PRO, where we study the effect of prograde orbits (ϕ = 270◦). In this case Rimp =

0.50 c.u.
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Figure 4.69 As Figure 4.7 but for run PRO3. This simulation is part of the sequence

PRO, where we study the effect of prograde orbits (ϕ = 270◦). In this case Rimp =

1.00 c.u.

Figure 4.70 As Figure 4.7 but for run PRO4. This simulation is part of the sequence

PRO, where we study the effect of prograde orbits (ϕ = 270◦). In this case Rimp =

2.00 c.u.
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Figure 4.71 As Figure 4.7 but for run RET1. This simulation is part of the sequence

RET, where we study the effect of retrograde orbits (ϕ = 90◦). In this case Rimp =

0.25 c.u.

Figure 4.72 As Figure 4.7 but for run RET2. This simulation is part of the sequence

RET, where we study the effect of retrograde orbits (ϕ = 90◦). In this case Rimp =

0.50 c.u.
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Figure 4.73 As Figure 4.7 but for run RET3. This simulation is part of the sequence

RET, where we study the effect of retrograde orbits (ϕ = 90◦). In this case Rimp =

1.00 c.u.

Figure 4.74 As Figure 4.7 but for run RET4. This simulation is part of the sequence

RET, where we study the effect of retrograde orbits (ϕ = 90◦). In this case Rimp =

2.00 c.u.
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Figure 4.75 As Figure 4.7 but for run AZM1. This simulation is part of the sequence

AZM, where we study the effect of the impact azimuthal angle in inclined collisions

(θ = 45◦). In this case ϕ = 0◦

Figure 4.76 As Figure 4.7 but for run AZM2. This simulation is part of the sequence

AZM, where we study the effect of the impact azimuthal angle in inclined collisions

(θ = 45◦). In this case ϕ = 45◦
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Figure 4.77 As Figure 4.7 but for run RET3. This simulation is part of the sequence

AZM, where we study the effect of the impact azimuthal angle in inclined collisions

(θ = 45◦). In this case ϕ = 90◦

Figure 4.78 As Figure 4.7 but for run AZM3. This simulation is part of the sequence

AZM, where we study the effect of the impact azimuthal angle in inclined collisions

(θ = 45◦). In this case ϕ = 135◦
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Figure 4.79 As Figure 4.7 but for run AZM4. This simulation is part of the sequence

AZM, where we study the effect of the impact azimuthal angle in inclined collisions

(θ = 45◦). In this case ϕ = 180◦

Figure 4.80 As Figure 4.7 but for run AZM5. This simulation is part of the sequence

AZM, where we study the effect of the impact azimuthal angle in inclined collisions

(θ = 45◦). In this case ϕ = 225◦
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Figure 4.81 As Figure 4.7 but for run PRO3. This simulation is part of the sequence

AZM, where we study the effect of the impact azimuthal angle in inclined collisions

(θ = 45◦). In this case ϕ = 270◦

Figure 4.82 As Figure 4.7 but for run AZM6. This simulation is part of the sequence

AZM, where we study the effect of the impact azimuthal angle in inclined collisions

(θ = 45◦). In this case ϕ = 315◦
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Figure 4.83 As Figure 4.7 but for run RDISK1. This simulation is part of the

sequence RDISK, where we study the effect of the disk radial scale of the target

galaxy. In this case Rd = 0.8 c.u.

Figure 4.84 As Figure 4.7 but for run FID. This simulation is part of the sequence

RDISK, where we study the effect of the disk radial scale of the target galaxy. In this

case Rd = 1.0 c.u.
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Figure 4.85 As Figure 4.7 but for run RDISK2. This simulation is part of the

sequence RDISK, where we study the effect of the disk radial scale of the target

galaxy. In this case Rd = 1.5 c.u.

Figure 4.86 As Figure 4.7 but for run RDISK3. This simulation is part of the

sequence RDISK, where we study the effect of the disk radial scale of the target

galaxy. In this case Rd = 3.0 c.u.
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Figure 4.87 z vs R diagram of run RDISK1. R0 is coded with colors as in Figure 4.2.

This simulation is part of the sequence RDISK, where we study the effect of the disk

radial scale of the target galaxy. In this case Rd = 0.8 c.u.

Figure 4.88 z vs R diagram of run RDISK3. This simulation is part of the sequence

RDISK, where we study the effect of the disk radial scale of the target galaxy. In this

case Rd = 3.0 c.u.
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Figure 4.89 vz vs R diagram of run RDISK1. This simulation is part of the sequence

RDISK, where we study the effect of the disk radial scale of the target galaxy. In this

case Rd = 0.8 c.u.

Figure 4.90 vz vs R diagram of run RDISK3. This simulation is part of the sequence

RDISK, where we study the effect of the disk radial scale of the target galaxy. In this

case Rd = 3.0 c.u.
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Figure 4.91 vrot vs R diagram of run RDISK1. This simulation is part of the

sequence RDISK, where we study the effect of the disk radial scale of the target

galaxy. In this case Rd = 0.8 c.u.

Figure 4.92 vrot vs R diagram of run RDISK3. This simulation is part of the

sequence RDISK, where we study the effect of the disk radial scale of the target

galaxy. In this case Rd = 3.0 c.u.
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Figure 4.93 vexp vs R diagram of run RDISK1. This simulation is part of the

sequence RDISK, where we study the effect of the disk radial scale of the target

galaxy. In this case Rd = 0.8 c.u.

Figure 4.94 vexp vs R diagram of run RDISK3. This simulation is part of the

sequence RDISK, where we study the effect of the disk radial scale of the target

galaxy. In this case Rd = 3.0 c.u.
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Figure 4.95 As Figure 4.7 but for run QTOOM1. This simulation is part of the

sequence QTOOM, where we study the effect of the Toomre stability parameter of

the target disk. In this case Q = 0.90 at R = 2.5 c.u.

Figure 4.96 As Figure 4.7 but for run QTOOM2. This simulation is part of the

sequence QTOOM, where we study the effect of the Toomre stability parameter of

the target disk. In this case Q = 0.99 at R = 2.5 c.u.
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Figure 4.97 As Figure 4.7 but for run FID. This simulation is part of the sequence

QTOOM, where we study the effect of the Toomre stability parameter of the target

disk. In this case Q = 1.17 at R = 2.5 c.u.

Figure 4.98 As Figure 4.7 but for run QTOOM3. This simulation is part of the

sequence QTOOM, where we study the effect of the Toomre stability parameter of

the target disk. In this case Q = 1.49 at R = 2.5 c.u.
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Figure 4.99 z vs R diagram of run QTOOM1. This simulation is part of the sequence

QTOOM, where we study the effect of the Toomre stability parameter of the target

disk. In this case Q = 0.90 at R = 2.5 c.u.

Figure 4.100 z vs R diagram of run QTOOM3. This simulation is part of the

sequence QTOOM, where we study the effect of the Toomre stability parameter of

the target disk. In this case Q = 2.24 at R = 2.5 c.u.
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Figure 4.101 vz vs R diagram of run QTOOM1. This simulation is part of the

sequence QTOOM, where we study the effect of the Toomre stability parameter of

the target disk. In this case Q = 0.90 at R = 2.5 c.u.

Figure 4.102 vz vs R diagram of run QTOOM3. This simulation is part of the

sequence QTOOM, where we study the effect of the Toomre stability parameter of

the target disk. In this case Q = 2.24 at R = 2.5 c.u.
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Figure 4.103 vrot vs R diagram of run QTOOM1. This simulation is part of the

sequence QTOOM, where we study the effect of the Toomre stability parameter of

the target disk. In this case Q = 0.90 at R = 2.5 c.u.

Figure 4.104 vrot vs R diagram of run QTOOM3. This simulation is part of the

sequence QTOOM, where we study the effect of the Toomre stability parameter of

the target disk. In this case Q = 2.24 at R = 2.5 c.u.
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Figure 4.105 vexp vs R diagram of run QTOOM1. This simulation is part of the

sequence QTOOM, where we study the effect of the Toomre stability parameter of

the target disk. In this case Q = 0.90 at R = 2.5 c.u.

Figure 4.106 vexp vs R diagram of run QTOOM3. This simulation is part of the

sequence QTOOM, where we study the effect of the Toomre stability parameter of

the target disk. In this case Q = 2.24 at R = 2.5 c.u.
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4.4 Summary

In this chapter a set of N -body simulations is presented to investigate the for-
mation of ring galaxies. The objective is to study how the orbit of the perturber
and the initital structure of the interacting galaxies influence the resulting mor-
phology of the rings and the different features formed, as well as the kinematics
of the perturbed disk.

We find that when the perturbation to the disk is weak (e.g. due to a very
fast encounter, a perturber of small mass or with a extended nucleus) the outer
ring does not form or consist only of a density wave of very low amplitude;
nevertheless the disk is kinematically warmed and the structures present before
the collision are wiped out.

The density of the outer ring increases as the perturbation is stronger up to a
peak after which stronger perturbations produce a very wide outer ring of lower
density. The second ring is formed with surprising ease with all the perturbers
and impact velocity tested. Nevertheless it coexists with the outer ring only
when a perturber with a mass of about 30% of the target galaxy is used and
during a relatively short time span.

The vertical pull excerted on the particles by the perpendicular trajectory of
the perturber excite waves of mass displaced perpendicularly from the mid-plane
of the disk. Moreover, if the vertical perturbation is strong enough the orbits
crossing radially may lie in different planes, and there may not be a real mass
ovelapping at the location of the rings. Thus, the density enhancement may be,
at least partly, only a projection effect.

When the orbit of the perturber is inclined with respect to the symmetry axis
of the disk by an angle between 30◦ and 60◦ the outer ring has an elliptical shape
with the minor axis aligned with the direction of the impact velocity projected on
the target equatorial plane. The inner ring is also displaced from the geometrical
center of the outer ring towards the same direction. Larger inclinations result
in an broken ring resembling a curve arm bordering the disk and briging to the
nucleus, and a shorter straigh arm on the opposite side. No ring structures are
formed when the orbit has an inclination of 75◦. When the impact point is off-
centered the nucleus and second ring are displaced in the direction of the impact
point and the outer ring has a higher density in the side of the impact.

Runs with prograde and retrograde perturber orbits were also executed. The
main differences are a section of increased density in one side of the outer ring
in the prograde orbits that contrasts with the more uniform outer ring of the
retrograde orbits, and the formation of a long bar inside the second ring in the
prograde orbits.

The effect of the azimuthal angle of the impact point in off-center inclined
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colisions was also tested. We found that this parameter has an influence in the
shape and density variations of the outer ring, the structure of the second ring,
and the structure of the central bar and arms formed after the impact.

A series of four target galaxies with different disk radial scale length Rd

shows that as Rd is larger the outer ring is thinner, the inner ring is more cleanly
separated from the nucleus, and the spokes are more numerous and form later.

The value of the Toomre stability parameter Q influences the geometry of the
second ring, which has a polygonal shape when Q is less than unity and is more
circular as Q is higher than 1. The spokes do not form in the run with higher Q
(=1.49).

141



142



Chapter 5

The Cartwheel galaxy

– Résumé –

Nous présentons un modèle N -corps dont le but est de décrire la galaxie
nommée (( Roue de Charrette )). Ce modèle rend bien compte à la fois des
structures morphologiques observées dans ce système, que des données
cinématiques existant dans la littérature. En construisant ce modèle, on
se fixe comme objectifs d’obtenir des informations sur la structure initiale
des galaxies impliquées (galaxie cible et galaxie perturbatrice) et sur les
détails de la collision.

Nous constatons que la galaxie de la (( Roue de Charrette )) a été
formée par un passage presque central, mais incliné de 36◦, de la ga-
laxie perturbatrice à travers le disque de cible il y a 108 années. La
galaxie cible a un noyau compact et un halo de matière sombre étendu
qui est environ quinze fois plus massif que le disque. La galaxie perturba-
trice a également une composante de matière noire et une masse totale
représentant approximativement 65% de la masse de la galaxie cible.

Parmi les trois compagnons de la galaxie (( Roue de Charrette )), nous
observons qu’une solution existe seulement lorsque la galaxie perturba-
trice est la galaxie près de 1′ au nord-est du disque principal. L’orbite
de la galaxie perturbatrice suggère qu’elle effectue son premier passage
en proximité de la galaxie principale et que le système fusionnera dans
environ 109 années.
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– Resumen –

Presentamos un modelo de N -cuerpos de la galaxia “Rueda de Carrreta”.
El modelo reproduce bien las estructuras morfológicas observadas en esa
galaxia asi como los datos de la cinemática existentes en la literatura.
La construcción de este modelo tiene como objetivos obtener información
sobre la estructura inicial de las galaxias implicadas (galaxia principal y
galaxia perturbadora) y sobre los detalles de la colisión.

Encontramos que la galaxia “Rueda de Carreta” se formó pour un
paso de la galaxia perturbadora casi por el centro e inclinado a través del
disco de la galaxia principal. La colisión tuvo lugar hace unos 108 años.
La galaxia principal tiene un núcleo compacto y un halo extendido de
materia oscura, alrededor de quince veces más masivo que el disco. La
galaxia perturbadora también tiene una componente de materia oscura
y una masa total de alrededor 65% la masa de la galaxia principal.

Entre las tres compañeras de la galaxia “Rueda de Carreta” encon-
tramos que sólo existe solución cuando se asume que la perturbadora
es la galaxia de tipo temprano a 1′ al noreste del disco principal. La
órbita de la galaxia perturbadora sugiere que es su primer paso por las
proximidades de la galaxia principal y que el sistema fusionará en apro-
ximadamente 109 años.

5.1 Historical and general remarks

The modelization of particular astrophysical objects like the Cartwheel galaxy
could rise the question about the utility of putting efforts in knowing the de-
tails of punctual entities. After all, ring galaxies are a very small fraction of
the galaxies observed, and constitute a kind of exotic objects that could hardly
be representative of galaxies in the Universe. The geometric simplicity of the
interaction and resulting structures give this kind of galaxies a special interest:
ring galaxies are for the astronomer the equivalent of a controled experiment of
a physicist. Like a controlled system of an experimental physicist, ring galaxies
give astronomers the unique opportunity to study the effects of the perturba-
tion on a real system that can be modeled with relative ease allowing to unveil
properties that would not manifest on a steady state.

The Cartwheel Galaxy, AM0035-335, is the most striking example of the ring
galaxies. Several characteristic features make the Cartwheel a special galaxy
among the objects of its kind. Of the 84 galaxies listed as ring galaxies in the
Arp et al. (1987) catalog only the Cartwheel has a second crisply defined ring
in the interior of the main ring. The almost radial linear structures in the inter-
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ring region are also features unique to this galaxy. Recent observations of the
Cartwheel galaxy system now provide a better knowledge of the column density
distribution and velocity field of the neutral (Higdon 1996, hereafter H96) and
ionized gas (Amram et al. 1998, hereafter A98); Mayya et al. 2005; Higdon
1995, hereafter H95) while molecular gas has been detected in its central region
(Horellou et al. 1998). The spectacular image obtained with the Hubble Space
Telescope (Struck et al. 1996) gives unprecedented information on the detailed
structure in the inner parts.

Some models of the Cartwheel have been elaborated in the past to try to shed
some light on the origin of some of its features like the spokes (Hernquist & Weil
1993; Struck-Marcell & Higdon 1993; Gerber et al. 1996), the cometary struc-
tures in the inner ring (Struck et al. 1996) or the radial color gradient observed
in the disk (Korchagin et al. 2001; Vorobyov & Bizyaev 2001, 2003). While
these models have contributed to the understanding of the physical processes
that may be acting in the Cartwheel galaxy, a full picture of the evolution of this
galaxy, including all the relevant pieces of knowledge, has not yet been assem-
bled. At present this task is difficult partly because the body of simplifications
and physical conditions assumed in each of the specialized quests is not uniform
or because they have been invalidated by new observations. E. g. Vorobyov &
Bizyaev (2001, 2003) assume the density enhancement obtained in the hydrody-
namical models of Appleton & Struck-Marcell (1987) which lack a halo and in
which the gravitational force of the stars was ignored. Even if this density en-
hancement is confirmed by the hydrodynamical model labeled as C-4 in Gerber
et al. (1996), modeling the Cartwheel was not the objective of that work; the
morphological resemblance of this model is rather fortuitous and clearly fails to
reproduce the observed rotation and expansion of the disk (H96). Hernquist &
Weil (1993) could reproduce the morphology of the spokes with a mixed N -body
and hydrodynamical models but new observations have failed to find the con-
tent of gas predicted. The most detailed model of the Cartwheel to date was
elaborated by Struck-Marcell & Higdon (1993). Their N -body hydrodynamical
simulations show a galaxy with two rings with some intermediate spokes. Unfor-
tunately, the best fit to the spokes is at a time when the inner ring is about 20%
larger than in the Cartwheel galaxy and the kinematic fit to the radial velocity of
the disk is based on preliminar data that has significant differences with the data
published later (H96). Bosma (2000) presents preliminary results of a N -body
model where the companion G2 is assumed to be the perturber galaxy. Horellou
& Combes (2001) presented another model of the Cartwheel, but the inner ring
is nearly 70% bigger than the inner ring of the Cartwheel and, although the
perturber lies near the position of the farthest companion in the north they do

145



not give its radial velocity difference with the Cartwheel.

Motivated by the potentiality of ring galaxies as a tool to understand under-
lying more fundamental processes and by the wealth of observational constrains
now available for the Cartwheel galaxy, we got engaged in the elaboration of
a detailed N -body model of this system that may be used as a solid reference
point for future hydrodynamical and population synthesis models. We will ad-
dress specifically the collision scenario, using numerical simulations. Our main
goals are to get information on the structure of the galaxies before the collision,
to understand the details of the collision and the subsequent evolution of the
density wave itself, and, most of all, to guess correctly which galaxy could have
been the intruder.

To fix the absolute masses and sizes, we follow H96 and adopt a Hubble
constant of 100 km s−1 Mpc−1, while indicating with h = H0/100 any distance
dependent quantity.

5.2 Observations to match

In Figure 5.1 we show the small group of galaxies, including the Cartwheel and
its companions G1, G2 and G3, following the notation of H95. G1 is a small
magellanic irregular at a projected distance of about 25 h−1 kpc northeast of
the Cartwheel, G2 is a compact galaxy also some 25 h−1 kpc projected distance
northeast of the Cartwheel and G3 is a more massive galaxy at a projected
distance of about 80 h−1 kpc to the north.

The essential observational parameters needed for a good model are:

1. The absolute masses, or at least the ratios of companion to main galaxy
mass, for each companion.

2. The absolute sizes, or at least the main size ratios, such as the ratio of the
projected distance of the companion at its current position to the diameter
of the outer ring of the Cartwheel and the relative sizes of the inner and
outer rings.

3. The correct spatial orientation.

4. The rotation curve and the expansion velocity as function of radius of the
main disk.

5. The relative velocity of the companion with respect to the main galaxy.
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Cartwheel

G1

G2

G3

Figure 5.1 Optical image of the Cartwheel group labeled according to Higdon

(1995). The original image has been contrast enhanced for visibility of the faint

structures. North is at the top and the west to the right [courtesy of Anglo-Australian

Observatory/David Malin Images].

We discuss each of these in turn.

In Table 5.1 we gather some data for the Cartwheel and its companions. Lines
one and two give the radial velocities from two different sources and lines three
and four the line of sight velocities with respect to Cartwheel. Throughout this
paper positive line of sight velocities refer to receding velocities with respect to
the observer and negative values refer to approaching velocities. Lines five and
six give the magnitude in the K near-infrared band and its luminosity ratio with
the Cartwheel and lines seven and eight the corresponding quantities for the B
filter. Lines nine and ten give the indicative masses and their ratios with the
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Table 5.1 Properties of the Cartwheel group

Cartwheel G1 G2 G3 ref.
Vsys (km s−1) 9089 8667 9080 8874 1

9100 8639 9104 3
∆V (km s−1) 0 -422 -9 -215 1

0 -461 4 3
K magn. 11.55 14.80 12.50 12.80 2
K ratio 1.0 0.05 0.42 0.32 2
B magn. -20.94 -19.02 -18.72 -19.16 1
B ratio 1.0 0.17 0.13 0.19 1
Mind(109 M⊙) 340 11 12 26 1
Mind ratio 1.0 0.03 0.04 0.08 1
references : 1. Higdon (1996), 2. Marcum et al. (1992),

3. Fosbury & Hawarden (1977)

Cartwheel.

5.2.1 Mass ratios

One of the main issues in the modeling is the relative mass of the companion
to the target disk. Trials to measure the mass of the Cartwheel are based on
rotational data (H96), or from the luminosity multiplied by an appropriate mass-
to-light ratio (Fosbury & Hawarden 1977). The former method is problematic,
since the rotation curve derived from present-day Hα or Hi observations reflects
partly the perturbed nature of the present day velocity field caused by the traver-
sal of the disk (H96, A98). Only an educated guess can be made. The second
method is more secure, since we can correct for known stellar population effects.
Nevertheless evidence has been found that Cartwheel has an initial mass function
biased toward massive stars (H95). Moreover, there is no easy way to estimate
the amount of dark matter involved in either the Cartwheel or its companions.

From the data collected in Table 5.1, we can see that the stellar mass of
the Cartwheel, as indicated by the near-infrared K-band luminosity ratio, is
only 2-3 times that of the companions G2 or G3. In the optical B-band the
luminosity ratios are such that the Cartwheel appears 5-7 times brighter than
its companions. This difference between the B and K band can presumably be
attributed to the effect of the recent massive star formation in the outer ring
of the Cartwheel, which provides a lot of B light for little mass. As far as the
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unknown component of matter is concerned, we assume that the proto-Cartwheel
is an ordinary disk galaxy, for which the usual mass decomposition procedures
can be applied (Athanassoula et al. 1987).

G2 has been usually taken as a compact elliptical galaxy but a closer inspec-
tion of the HST image (Struck et al. 1996, see Figure 5.13) and of Figure 5.1
reveals the presence of two small spiral arms and of a larger tail extending to the
west. These suggest G2 is an early-type disk, which presumably has a compact
dark halo as well. For G3, we think we deal with a small spiral, again having a
dark halo. There is thus no reason to believe that the mass ratios are that much
different from those given by the near-infrared K-band data. In other words, it is
quite conceivable that the disk mass of the Cartwheel itself is of the same order
as the total mass of the compact intruder G2 or G3, as already anticipated in the
simulations of Hernquist & Weil (1993) and Athanassoula et al. (1997, hereafter
ABP).

5.2.2 Size ratios and orientation angles

The outer ring’s minor to major axis ratio is about 0.69 as measured from con-
tinuum around the Hα line (A98). This size ratio can be reproduced with an
adequate inclination angle, to zeroth order, assuming a circular symmetry and a
thick disk. A98 derive an inclination of about 50◦. A closer look shows that some
sections of the outer ring of the Cartwheel are linear rather than the projection of
a circle so this angle could be different depending on how much the ring deviates
from a circle. From the same continuum image, the relative size of the inner ring
with respect to the outer ring is about 0.2. The position angles of the outer and
inner rings are about 129◦ and 102◦ respectively (H96). The inner ring is then
misaligned by 27◦ from the outer ring.

5.2.3 Kinematics

The primary source for the kinematic data to match is H96, who presents a
detailed Hi study with the VLA. The results from the higher resolution Hα
study by A98 by and large confirm the results by H96. However, the lack of Hα-
emission in the region between the rings results in a lack of crucial information
about the nature of the motions there. It is therefore the characteristics of the
rotation and expansion velocity as function of radius as derived by H96 that
should be matched by our models.
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5.2.4 Position and velocity of companion

The ratio of the projected distance between the intruder and the center of the
target disk to the diameter of the Cartwheel outer ring should match the obser-
vations. The perturber velocity in the simulation should also correspond to the
observed radial velocity of the companion relative to the Cartwheel. From Hi

measurements, H96 gives the radial velocities listed in Table 5.1. We find, as de-
scribed later in Section 5.4, that the radial velocities are a very strong constraint
to help us solve the puzzle of the identity of the intruder.

5.2.5 Other relevant observations

Some indirect information about the pre-collision stellar disk has been drawn
from the radial color gradient left as the wake of the expanding starburst. Mar-
cum et al. (1992) first detected this color gradient with near-infrared and optical
photometry and, based on a model of the evolution of the starburst popula-
tion, suggested that the pre-collision disk had little or no stars. Their modeling
however was rather oversimplified and the fit to the data poor. Later, more
detailed modeling of the same data by Korchagin et al. (2001) showed that an
old pre-collision stellar disk is needed. Subsequent modeling by Vorobyov &
Bizyaev (2001) confirmed this result and suggested that the pre-collision disk
was a late-type Freeman disk and that a short starburst in the nuclear region
about 10 million year ago is needed to reproduce the anomalous red colors in
this region.

5.3 Simulations

We use a N -body fully self-consistent model to simulate the interaction between
a disk galaxy and a perturber. Only colisionless particles were included but, as
the global mass distribution is driven by the stars and the dark matter via the
gravitational force, our model is suitable for rendering a very good approximation
of the mass distribution in the Cartwheel galaxy. The available data of the
kinematics of the Cartwheel comes from Hi and Hα observations, so there could
be doubt as to whether a comparison between our model results and the observed
kinematics is meaninful. The ring galaxy models of Gerber et al. (1996) with
N -body and gas dynamical SPH particles show that the kinematics of the stars
and the gas differ only slightly when the perturber to target mass ratio is in the
range 0.1 to 1.0, so that the comparison between the observed velocities of the
gas component and the velocities of our model makes sense. We will comment

150



later on the small differences expected.

5.3.1 Galaxy models

During the search of a model to match the observations of the Cartwheel galaxy
we used a main galaxy composed of a disk, a bulge and a halo constructed us-
ing the model building packgages described in Chapter 4. The perturber was
modeled in most of our simulations by a Plummer sphere made up of 35 000
particles. As we report later, not all the (MC, bC) combination pairs could repro-
duce the Cartwheel features, so only a fraction of the possible combinations was
explored in detail. In the last refinements of our fit the perturber is a disk galaxy
set up with the GalactICS package. The main disk galaxies and both types of
perturbers were constructed using the model building packgages described in
Chapter 4.

5.3.2 Numerical technique

At the beginning of our research numerical simulations were done using a par-
allelized tree code on a GRAPE-3AF system, the performance and accuracy
of which are described in Athanassoula et al. (1998). Later on the gyrfalcON

(Dehnen 2000) N -body code was released to the public and tested. We already
mentioned this package in Chapter 4. We decided to continue our project using
this code, which is considerably faster than the treecode on the GRAPE-3AF
system and allowed us to use many workstations.

The time step, softening and opening angle used in the simulations were
chosen so as to describe well the evolution of the main galaxy and the perturber,
each in isolation. By comparing the first and the last moments of the simulations
we find that the energy conservation is better than 0.014%.

5.3.3 Units and dimensions

In all the simulations we used a dimensionless system of units in which the
gravitational constant G = 1. The normalization units for the final model are
chosen such that the size of the outer ring and the velocity curves are adequately
scaled to fit the observations. The units of mass and time are obtained from
these constraints. Whenever we refer to a value in terms of these computer units
we will indicate it with the suffix c.u.
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Figure 5.2 Geometric parameters of the collision and orientation of the disk of the

perturber. The impact point is indicated with a white sphere on the target disk, and

the impact velocity with a vector with its tail at the impact point. The single primed

system of coordinates is centered on perturber center of mass and its axis are parallel

to the coordinate system centered on the target galaxy. The double primed coordinate

axes are what the single primed system becomes after being rotating jointly with the

perturber.

5.3.4 Geometry and orientation of the model

The geometry of the impact is described using the parameters defined in Chap-
ter 4. As described there, at the start of the simulations the equatorial plane of
the main disk galaxy is parallel to the x-y plane and the galaxy rotates counter-
clockwise as seen from the positive z axis.
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In the best matching model of the Cartwheel galaxy we used a disk galaxy as
a perturber. The relative orientation of this disk is specified with two rotations.
Starting with the disk on the x-y (z = 0) plane its inclination is defined by
one rotation around the y-axis through an angle η (positive rotations are in the
counter-clockwise sense as seen from the positive side of the rotation axis) and
its line of nodes (parallel to the x-y plane) is chosen by a rotation around the
z-axis through an angle ζ .

The non-axisymmetric structures on the Cartwheel disk make the choice of
the orientation angles of the model an important issue to reproduce the observa-
tions. Assuming the observer is watching from the positive side of the z-axis the
following transformations are performed to choose the observed orientation: 1)
the mass center of the main disk particles is centered on the origin of coordinates,
2) a line of nodes is chosen on the model by aligning such imaginary line with the
y-axis by means of a rotation through an angle λ around the fixed z-axis, and
finally, 3) the model is inclined executing a rotation through an angle β around
the fixed y-axis.

5.4 The search of the best parameters

5.4.1 Some straightforward restrictions

The observational data described in Section 5.2 strongly restrict the parameters
of the collision and the rotation angles of the projected view. Several types of
interaction scenarios lead to results which are far from realistic.

In order to reach the observed projected distance the perturber must have a
minimumm velocity value at the impact instant. To match the position of G1 or
G2 this velocity must be of order 500 km s−1 and for G3 750 km s−1. We also
find that in order to reproduce the ring shape and to keep the nucleus within a
reasonable distance from the center of the outer ring, we must have R ≤ 0.8 c.u.
As A98 argues, given the velocity field and assuming the spokes are always
trailing then the near side of the disk is that closer to the companions (north-
east side). An approximate value for the inclination β of the disk with respect to
the sky projection plane can be obtained from the outer ring’s minor to major
axis ratio. The axis ratio of about 0.69, as measured from the continuum emission
in a band close the Hα line (A98), hints an inclination of 46◦. But in inclined
collisions the outer ring is known to be elliptical with its minor axis roughly
aligned with the impact velocity of the companion projected onto the main disk
plane (see Chapter 4 of this work and ABP). Thus we can set β ≤ 46◦. The
geometry of the outer ring is partly determined by the impact angle ϕ. Orbits
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with ϕ ≤ 45◦ are needed to avoid very elongated outer rings with unreliable
distortions. These restrictions on the impact angle and on the inclination of
the main disk on the sky plane strongly favor a scenario where the companion
crosses the main disk from its front side. A collision from behind would need
very inclined and fast collisions that in general result in very distorted rings.

5.4.2 Which galaxy passed through?

It is not clear whether all the three companions of the Cartwheel are part of
a physical system, or whether some of them appear near only in projection.
It is clear, however, that the ring structure of the Cartwheel is the byproduct
of the close interaction with only one companion. The presence of more than
one perturber would hardly preserve the symmetry of the ring. A previous
strong interaction of the main galaxy with any of the companions seems also
very improbable because an initially asymmetric mass distribution over the disk
would result in a similar asymmetry on the ring. Furthermore, the optical color
gradient of the disk seems to indicate that the Cartwheel is experiencing its first
starburst activity due to the ring density wave (Marcum et al. 1992).

To date, no definitive arguments have been given to discern which of the
three companions was the one that truly perturbed the Cartwheel’s disk. More-
over, all three companions show some signs of perturbation suggesting all may
be members of the system. G1 shows some traces of perturbation in its inner
parts but not as strong as would be expected from a passage through the inner
region of the Cartwheel (A98). With respect to the Cartwheel this companion is
approaching us with a radial velocity component of −422 km s−1. This is a high
value for a companion that should have been de-accelerated by the dynamical
friction of a near central encounter, but this argument is not sufficient to discard
this galaxy as the intruder. For the moment we do not consider this galaxy as
a possible perturber. G2 has a projected position very close to G1 but it ap-
proaches us with a radial velocity of −9 km s−1 with respect to the Cartwheel
which makes it a more suitable companion.

G3 is the farthest companion of the system. Although its velocity field
appears regular, some signs of perturbation in its Hi distribution (H96) are
present. The line of sight component of its velocity relative to the Cartwheel
is −215 km s−1. H96 argues that G3 is the intruder, because of a faint bridge of
neutral hydrogen at a radial velocity of 8808 km s−1 seems to connect G3 and
the Cartwheel. His argument, however, is not compelling, since inspection of the
channel maps shows no real radial velocity continuity between this tail and the
regular Hi in G3. Furthermore, this Hi bridge could be accidental: i.e. presum-
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ably due to some interaction within the group, but not necessarily connected
with the direct hit of the Cartwheel by the intruder.

What is suspicious about G3 is its high radial velocity. A velocity of a few
hundred kilometers per second would be normal if the collision occured from the
back side of the disk but, as mentioned already, this requires a very inclined
angle for the impact that does not render a ring post-collision structure (Toomre
1978). We could also think about a collision where the companion impacts the
disk from the side facing the observer and on a point such that the nucleus of the
target galaxy produces a deflection of the companion’s orbit giving the required
radial velocity. This impact point should be placed somewhere southwest of the
nucleus of the disk, but, as the nucleus invariably moves towards the impact
point after the interaction, this type of collision results in a ring galaxy with
the nucleus badly placed. In addition, as the impact point should not be far
from the center of the disk, a strong deflection of the orbit is hard to get. The
only possibility is that G3 could have approached the Cartwheel’s disk from the
side facing the observer, crossed the disk and eventually arrived at its maximum
distance from Cartwheel and then began the way back toward the main galaxy.
Then we would now observe G3 heading for a new collision with the Cartwheel,
thus showing a lower radial velocity component with respect to Cartwheel. In
this scenario we can calculate a lower limit for the time required from G3 to
make the loop from the first time it reached the projected distance measured at
present (on the run away following the impact) to the return at that distance
(now falling back to the disk galaxy), and see if this time is in agreement with
the estimated age of the ring. To avoid going into complicated equations we
simplify taking the companion as a mass point moving under the influence of
a force pointing towards the nucleus of the Cartwheel galaxy and of constant
amplitude. This amplitude is taken equal to the gravitational force exerted by
the Cartwheel on a mass at a distance rG3 equal to the present-day distance
between the Cartwheel and the companion G3. We can assume no dynamical
friction exists because rG3 is large enough to ensure that it is out of the dark halo
of the main galaxy. We can also assume a radial trajectory along a straight line
with respect to Cartwheel’s center because we know the collision took place very
near the center of the main galaxy. Under these conditions the radial distance
from the companion to the main galaxy center at time t would follow the relation

r(t) =

(

−G
MCW

2r2
0

)

t2 + v0t + r0

where G is the constant of gravitation, MCW is the total mass of the Cartwheel
and v0 and r0 are the companion velocity and distance at some reference time
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taken as t0 = 0. From this we find that for the real G3 the time elapsed between
the two successive passages at distance rG3 obeys the inequality

∆t ≥ 2vG3r
2
G3

GMCW
,

where vG3 is the velocity of G3 with respect to the Cartwheel at distance rG3.
This inequality remains valid if we substitute the real distance rG3 by the distance
projected on the plane of the sky RG3 and vG3 by the radial velocity VG3 towards
the observer.

From Hi observations we know (H96) VG3 ≥ 215 km s−1, RG3 ≥ 87.2 kpc and
MCW = 3.4 × 1011 M⊙. After substituting these values we get ∆t ≥ 2.18 ×
109 years. H96 estimates that the time elapsed since the intruder’s passage is
3×108 years and our simulations presented later on this work give 1.4×108 years,
so G3 would have no time to reach the position it is observed at with the radial
velocity observed. Under this dynamical basis we can safely conclude that G3
can be discarded as a possible perturber for the Cartwheel galaxy. The Hi plume
observed by H96 could still have its origin in an interaction within the group,
but not in the collision which formed the Cartwheel ring.

5.4.3 Searching for the best fitting model

We need a method to evaluate the goodness of fit of the trial models. Two
facets must be accounted for: the morphology and the kinematics. For the
morphology we make direct comparisons by superposing the HST image (Struck
et al. 1996) of the Cartwheel over the plot of the model particles. This is a simple
but effective way to check the relative sizes, position and orientation of all the
relevant features.

For the kinematics the method is less straightforward. Although a direct
comparison with the observed velocity map would be desirable, this data is not
published. We turn to the derived rotation curve and the radial profile of the
expansion velocity from Hi (H96). The equivalent information is computed from
our simulations following the same method as used by H96, that is to say, for
the chosen projection view the main disk is decomposed in ten elliptical annular
regions. The size, axis ratio, orientation and position of the outer and inner
annuli are set to fit the outer and inner rings of the model and the intermediate
annuli are smoothly varied between the two extremes. Each annulus is then
subdivided in 6◦ azimuthal cells for which the mean line of sight velocity is
computed. H96 assigns a weight to each of these cells according to its Hi mass
relative to the total mass of the concerned annulus. For consistency with Higdon’s

156



analysis, each cell was assigned a weight according to the Hi column density of
the Cartwheel at the corresponding position. We read these column densities
from Figure 5a of H96. The line of sight velocity-position angle diagram of each
annulus is then fitted with a model of a rotating, expanding ring and the resulting
velocities are compared with the ones deduced by Higdon.

The exploration of the parameters defining the orbit of the perturber and the
initial structure of both galaxies is a huge task given the size of the parameter
space, even when observational data give some hints on the physical properties
of the galaxies in the Cartwheel group. We first studied the easier problem of the
morphology fit only, setting temporarily aside the kinematic fit. We attacked this
problem using a single model for the main galaxy, choosing model m1 of ABP
which is known to develop structures similar to those of Cartwheel when hit
by a perturber of moderate mass. We increased the resolution by using 200 000
particles instead of 40 000 used by ABP. This way we could establish some bounds
to the perturber orbit and initial structure for which the morphology is well
reproduced.

We continued the survey of parameters by gradually expanding the parame-
ters space, including in the interplay more variables in the case reliable values or
limits were found on the former ones. A cyclical refinement process over the in-
volved parameters was necessary to verify or correct the values of the constraints
on the variables fixed formerly once better values for the newer ones were found.

5.4.4 Constraints obtained from the simulations

We tested a large number of configurations of the initial structure of the target
and the perturber galaxies as well as the orbit. We run of the order of 6 000
simulations to get a solution that satisfactorily reproduces the morphology and
kinematics of the Cartwheel and of its perturber.

Our findings are the following:

1. Whenever two rings form and coexist for some time, the inner to outer ring
diameter ratio increases with time.

2. For a given time after the collision the inner to outer ring major axis ratio
decreases as the mass of the perturber increases, and decreases with the
scale length of the perturber. Thus, for each value of the mass of the
companion Mp there exists a scale length bp such that the rings relative
size will be the same at a fixed time after the collision. Mp and bp are
related as

bp = C1Mp − C2
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with C1 and C2 positive constants that depend on the chosen ring size ratio,
the initial target model and the time after impact.

3. A perturber with a total mass of 0.5 to 1.0 the total mass of the main
galaxy is needed to achieve an expansion velocity extending over the outer
half of the disk. Only such a massive intruder can produce a sufficiently
violent initial contraction and subsequent rebound.

4. The violent perturbation of a massive perturber destroys temporarily the
nucleus of the main disk and the second ring does not form or arise only at
very late times when the outer ring has become very faint. This problem
can be solved with a halo with a high central density to strongly bind the
inner disk particles to the galaxy center.

5. Provided that the perturber is sufficiently heavy and the halo of the main
galaxy sufficiently centrally concentrated, the kinematics and size ratio of
the inner and outer rings of the Cartwheel galaxy can be fitted. Moreover,
the kinematics is fitted only during a very short period of time, thus offering
a good criterion to date the impact.

6. An inclined orbit produces an asymmetrical perturbation that imprints
different vertical velocities at different sections of the disk. We find that
this asymmetry produces an effect that favors a constant expansion velocity
on the outer half of the disk, of the type observed in the Cartwheel (H96).
Asymmetries are also produced in the shape of the outer ring. In particular,
the dissimilar curvatures of the approaching and receding sides can be
reproduced.

7. Off-center collisions are needed to place the inner ring on the correct posi-
tion with respect to the outer ring. Although some moderate displacement
of the nucleus and inner ring is achieved with inclined impacts, an off-
centered hit is needed to fully reach their observed position.

8. The disk-to-halo mass ratio of the main galaxy influences the formation
of spiral arms on the disk before the collision. If the spiral structures are
strong enough they survive the impact and can be seen as arms in the inter-
ring region. Such arms have a smaller pitch angle and larger radial extent
than the spokes observed in the Cartwheel, and thus the two structures
can not be associated. On the other hand, a disk with little mass results
in a very uniform, featureless inter-ring disk and the constant expansion
of the outer ring is not achievable. A disk-to-halo mass ratio between 0.05
and 0.09 is best for the formation of spokes.
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Table 5.2 Structural parameters of the galaxies best model. All the magnitudes are

in the computer units described in Section 5.3.3.

Parameter Target Perturber
DISK

Md 0.80 0.34
Rd 1.00 0.50
zd 0.10 0.10
Rout 5.00 4.00
Q at Rout/2 0.90 1.51

BULGE
Mb 0.26 0.40
Rext 0.54 2.57

HALO
Mh 12.03 7.91
v0 1.35 2.30
Ra 0.40 1.10
Rext 29.17 8.08

9. As mentioned in Section 5.2.1, the structures present in the companion
G2 reveal the presence of a disk. Moreover, the mid-infrared detected in
this companion is typical of the early-type galaxies (Charmandaris et al.
1999). Without trying to reproduce its features in detail, we tested a few
perturbers with a somewhat extended bulge and a hot disk so as to emulate
a small lenticular galaxy using the Kuijken & Dubinski (1994) models. We
find that, if the perturber disk is conveniently oriented with respect to the
target disk, the companion naturally develops two arms close to its bulge
and a somewhat more extended tail near the one observed on G2. These
results give stronger support to the hypothesis that the G2 companion is
the perturber.

5.5 Best model

5.5.1 Initial conditions

We searched for the best fit using a collision between two disk-bulge-halo Kuijken
& Dubinski (1995) galaxy models. The introcution of a disk in the perturber
doesn’t have any noticeable effect on the final morphology or kinematics of the
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Figure 5.3 Intial rotation curves of the main galaxy (upper panel) and the perturber

galaxy (lower panel). The disk contribution is plotted with dashed lines, the halo with

dot-dashed lines, the bulge with dotted lines and, the total rotation curve with solid

lines.

main galaxy but allows to reproduce some morphological features observed in the
companion G2. The values of the parameters of the components of each galaxy
are listed in Table 5.2. There is no observational evidence of a bright bulge in
the Cartwheel galaxy, but we included one to model the condition of a centrally
concentrated distribution of matter needed to have an inner ring of the correct
size. In this way, we attribute this component to the dark matter halo. The
initial rotation curves of the two interacting galaxies are shown in Figure 5.3 up
to the truncation radio of the disk of the main galaxy.

The parameters describing the geometry of the impact, the initial disk orien-
tations and the angles for the observed orientation are listed in Table 5.3. The
perturber traverses the disk of the main galaxy very near its symmetry axis at
about 1/10 th of its outer radius. The impact point and relative velocity of the
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Table 5.3 Parameters of the impact geometry, the initial disk orientation and the

angles for the observed orientation of our best fit model. The detailed meaning of

each variable is explained in Section 5.3.4

Parameter Value
Impact

R (c.u.) 0.4
φ 90◦

ϕ 36◦

v (c.u.) 3.70
Perturber orientation

η 70◦

ζ 270◦

Observed orientation
λ 35◦

β 27◦

companion are such that the collision is slightly retrograde with respect to the
main disk. From the perturber perspective the collision is of a different kind.
The perturber ‘sees’ the main galaxy on an orbit placed almost on the mid-plane
of its disk. The nucleus of the main galaxy crosses the perturber through the
diameter of its disk. The perturber survives this intrusion, but its disk is strongly
perturbed.

Once the best model was chosen, the computer units can be adjusted so as
to fit best the numerical values of the relevant quantities of the Cartwheel. The
optical radius of the Cartwheel outer ring is 33 kpc (H95), and 9.3 c.u. in our
model. Thus we take the length unit as 1 c.u. = 3.55 kpc = 8.06′′. The velocity
unit is chosen to give the best fit to the rotation and expansion velocity curves
obtained by H96 (Figure 5.16). In this way we obtain 1 c.u. = 154.50 km s−1.
Using this normalization the resulting time unit is 1 c.u. = 2.25 × 107 yr and
the unit of mass is 1 c.u. = 1.97 × 1010 M⊙. The surface density unit is 1.56 ×
103 M⊙ pc−2. The main galaxy would then have a total mass of 2.6 × 1011 M⊙

and a disk of 1.6×1010 M⊙ with an initial outer radius of 17.7 kpc. The perturber
total mass would be 1.70 × 1011 M⊙. The collision would occur with an impact
parameter of 1.42 kpc and a velocity of 571 km s−1.
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5.5.2 Time evolution

Overall morphology evolution

In Figure 5.4 we plot a time sequence of the evolution of our best model viewed
from the initial rotation axis of the main disk. The coordinate system is as
described in Section 4.2.4. The center of mass of the main disk has been placed
on the origin of coordinates in all panels. The simulation begins at t = −14 c.u.
when the companion is at a distance of 30 c.u. from the center of the main galaxy.
The perturber crosses the equatorial plane of the main disk at t = 0.0 c.u. Edge on
views viewed along the y and x–axis are shown in Figures 5.5 and 5.6 respectively
for the same time sequence as in Figure 5.4. The orientation corresponding best
to the observed orientation is shown in Figure 5.7.

At the start of the simulation (not shown) the main disk has a regular axisym-
metric density, but at the collision time it has developed a multi-arm structure.
At the best fit time, t = 4.57 c.u., the outer ring has reached a diameter close
to the original size of the disk and in subsequent times the ring pursues its ex-
pansion beyond this limit. The shape of the outer ring is not perfectly circular
and some sectors are more curved than others. Three spoke-like structures can
be seen at t = 4.57 c.u. on the lower part of the disk and one curved arm on the
opposite side.

In the view of Figure 5.5 the velocity of the companion is almost perpendicular
to the line of sight and its disk rotates counter-clockwise. Contrary to the main
galaxy, the perturber disk does not develops any structure before the collision,
due to its higher velocity dispersion and lower disk to halo mass ratio. After the
collision, the space between the two disks is almost empty of particles and no
bridge arises from gravitationally stripped particles of any of the disks.

Because of its inclined trajectory the perturber imprints uneven vertical im-
pulses to the particles at different disk locations. The particles on the side near
to the companion at its approach are pulled upwards while the particles on the
radially opposite side are pulled downwards after the main disk is traversed.
The asymmetries of the vertical distortion are evident in Figures 5.5 and 5.6.
After the collision the mean plane of the main disk is inclined in the y direction,
its three dimensional structure is complex with a hollow on the side near the
perturber and a bump on the opposite side.

On the observed orientation of Figure 5.7 the near side of the main disk is on
the top and the approaching side on the right. The near side of the perturber
is on the left and the approaching side on the bottom. The perturber crosses
the main disk from the side facing the observer. The companion is strongly
perturbed; two small arms appear near the bulge and two larger arms extend
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Figure 5.4 Simulation view along the initial rotation axis of the target galaxy disk. We plot the particles of the target

disk as well as the bulge and disk of the companion. Only one out of three particles is plotted for clarity. All particles

have the same mass, so that the density of points on the plot is proportional to the projected mass density. The disk

rotates counter-clockwise on this plot. Time is indicated in the upper right corner of each panel in computer units;

t=0.00 corresponding to the time at which the center of mass of the perturber crosses the equatorial plane of the target

disk. The time indicated with bold faced characters corresponds to the best fit to the Cartwheel galaxy.
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Figure 5.5 As Figure 5.4 but now for the side-on x − z view.
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Figure 5.6 As Figure 5.4 but now for the edge-on y − z view.
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Figure 5.7 As Figure 5.4, but now as observed.
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Figure 5.8 Radial profile of the projected column density of the target

galaxy obtained as described in the text. Curves A-E correspond to t =

−13.93, 1.57, 3.07, 4.57, and6.07 respectively. Curve A shows the profile of the unper-

turbed disk at the start of the simulation. The radial interval between consecutive

points is such that the resolution is roughly the same as in Figure 4 of H95.

along the deformed disk. The small arms are decoupled from the larger arms,
moreover the small arms seem to be physical structures while the larger arms
are a projection effect of the curvatures induced on the disk plane.

Propagation of the density wave

Figure 5.8 shows the radial profile of the azimuthaly averaged column density of
the target disk. To obtain it, we first projected the target disk to the Cartwheel
viewing angle, and then decomposed it in a sequence of 20 elliptical annuli similar
to those used for the kinematics analysis (see Section 5.4.3) with major axis
length ranging from 0.25 to 8.85 c.u. and the mean column density was computed
by azimuthal averaging in each annulus. Curves A to E show times -13.93, 1.57,
3.07, 4.57 and, 6.07, respectively. At the start of the simulation, t = −13.93 c.u.,
the disk column density has the unperturbed initial exponential dependence with
radius and the column density at its center reach a value of 0.11 c.u. The ratio
of the column density of the ring to that of the initial disk at the same radius
increases as the ring expands. For times 1.57, 3.07 and 4.57 the density increases
by the factors 2.37, 3.58 and 7.60. At time 6.07 the wave has overrun the initial
limit of the disk.

In Figures 5.9 and 5.10 the variation with radius of the mean density of the
dark halo components are plotted for the main galaxy and for the perturber.
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Figure 5.9 Dependence of the mean density with radius for the dark matter

component (halo + bulge) of the target galaxy. Curves A-F correspond to times

t = −13.93, 1.57, 3.07, 4.57, 6.07, and11.07, and the correspondence of time with the

line style is the same as in Fig 5.11.

Figure 5.10 As Figure 5.9 but for the dark matter component (halo only) of the

perturber galaxy.

The center of the dark matter distribution was taken as its density maximum.
Although the deformation of the dark matter is not symmetric we calculated
the mean density on concentric spherical shells to have a tracer of its global
contraction/expansion. The curve A shows the density profiles at the start of
the run. The main galaxy dark matter component experiences a contraction
shortly after the perturber crosses the disk at t = 1.57 that can be seen as an
increase of the mean density in the inner 3 c.u. and a decrease on the outer part.
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The radial rebound of the particles at later times produces a region of increased
density that expands outwards leaving a region of lowered density behind it.
At the time corresponding to the current epoch the shell of increased density is
located at the same radius as the ring on the disk, but it seems much thicker
as is expected accounting the high radial velocity dispersion of the particles of
the halo. At this time, density at r = 5.1 is 1.6 higher than the initial value.
Although the density of the halo does not have a peak at the increased density
location but rather decreases monotonically with radius at all times, these mass
displacements suggest that a density wave is induced in the halo by the perturber
passage, in parallel to the wave in the disk. The halo density enhancements and
rarefactions become more pronounced as the expansion progresses and may play
an important role on the propagation of the density wave in the disk. Indeed,
the study by Huang & Stewart (1988) using live and rigid halos showed that the
ring is more conspicuous in simulations where a live halo is allowed.

The dark halo of the perturber experiences a similar perturbation and density
variations. The smaller limits of the original galaxy are reached soon by the
rebounding particles and its outer border expands.

Kinematic evolution

The rotation and expansion velocities of the main disk as computed with the
method used by H96 are shown in Figure 5.11 for different times. These curves
have to be interpreted with care, because the vertical velocity component im-
printed to the particles by the inclined collision contributes in a non negligible
fraction of the line of sight velocities, thus altering to some degree the deduced
rotation and expansion components. For example, the rotation after the collision
seems too high above the initial rotation curve even at times when the ring has
overrun the original radius of the disk and a lower rotation velocity is expected by
angular momentum conservation. If we set to zero the velocity component per-
pendicular to the initial disk plane, the computed rotation curve at t = 4.57 c.u.
lies below the initial rotation curve.

Figure 5.11 is rather useful to show what would be the evolution of the ve-
locity curves as deduced from the observed orientation and to provide kinematic
information to compare with observations. The first thing to notice is that a
solid body rotation is found on the outer half of the disk during the time span
plotted. As the disk expands, the rotation velocity and the angular velocity fall.
On the other side, the radial velocity shows a contracting external disk at the
early times and an expanding outer disk somewhat later. The fraction of disk
expanding reduces with time, until only the outer ring expands and the material
inside it falls towards the inner disk as the wave passes. On the other hand,
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Figure 5.11 Time sequence of the rotation (a) and expansion (b) velocities de-

rived from the target disk of our simulation. Curves A-E correspond to t =

−13.93, 1.57, 3.07, 4.57, and6.07, respectively. Curve A shows the unperturbed ve-

locities at the beginning of the simulation, curve D shows the best fit time. Time,

length and velocity are measured in the computer units described in the text. The

velocities were derived by binning the disk in 10 radial zones for consistency with the

observational data (H96). The different radial extent of the curves at different times

is due to the contraction and expansion of the border of the disk.

the peak of the expansion velocity stays constant. The age of the collision can
thus be well constrained by the rotational angular velocity, the fraction of disk
expanding, and the vexp/vrot ratio.

The expansion velocity of the density wave can be estimated from the density
peak positions at different times. The radius of the ring at different times is
plotted on Figure 5.12. The velocity seems to be nearly constant in the range
of time shown and a least squares linear fit of these points gives an expansion
velocity of the density wave of vring = 1.06 c.u. = 164 km s−1.
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Figure 5.12 Dependence of the outer ring radius with time. The line is a least-

squares fit of the data.

5.5.3 Current epoch

Morphology

With the kinematic restrictions described above we were able to unambiguously
choose t = 4.57 ± 0.25 c.u. as the time of the best fit. This means that, if our
model is correct, we are looking at the Cartwheel 1.0 × 108 yrs after the impact
took place. Figure 5.13 shows an enlarged version of the current epoch from the
observed view. The left panel shows the position of all the particles of the target
disk and of the disk and bulge of the perturber. The inset shows a close up of
the nuclear region and of the second ring. The right panel shows the isocontours
of the projected density obtained from the particles displayed in the left panel
superposed to the image of the HST for direct comparison. The HST image has
been contrast enhanced to highlight the low density structures as the spokes on
the main disk and the tail of the companion G2. The inset shows the same region
as the inset of the left panel. The highest density contours on the centers of both
galaxies have been excluded for clarity.

The main morphological features of the disk of the Cartwheel are well repro-
duced by our model. The axis ratio of the projected outer ring is reproduced, as
well as the deviations from a perfect ellipse. Notice in particular the asymmetry
in the curvature between the left and right side of the ring. The straight section
of the ring on the bottom is also present in the model. These features depend
mostly on the inclination of the impact and on the choice of the projection and
are closely linked to the three dimensional morphology of the ring. The inner ring
is also present in the model and has the correct size, minor to major axis ratio,
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Figure 5.13 Observed orientation view of simulation at t = 14.58 c.u., the best fitting time. Left panel: particles

of the disk of the target galaxy and bulge and disk of the perturber. The dark halo particles of both galaxies are not

plotted for clarity. As in Figure 5.4, the density of points is proportional to the projected mass density. Right panel:

isodensity contours of the model superimposed on a Hubble Space Telescope image of the Cartwheel galaxy (Struck

et al. 1996). Contours correspond to Σ = 0.0045, 0.009, 0.018, 0.036, 0.072, 0.144 c.u.. North and east directions are

indicated by the arrows. The inset figures show a ×1.8 amplification of the nuclear region.
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Figure 5.14 Column density dependence with position angle around the outer ring

of the model as deduced from the observed view. The angular 6◦ interval between

consecutive points is such that the resolution is the same as in Figure 3b of H95. The

model has been aligned with the sky coordinates and position angle is measured from

a line extending north from the center of the outer ring and counter-clockwise.

and major axis orientation relative to the outer ring. The concentration of mass
inside the second ring is roughly of the appropriate size and is displaced with
respect to the geometrical center of the inner ring towards the correct direction.

A granular structure of the outer ring is evident in the red continuum image
of H95 and its azimuthal surface brightness profiles. The column density along
the outer ring of the model in Figure 5.14 shows the same kind of variations.
The peak to minimum ratio of the red continuum is 4.0, and the density peak to
minimum ratio of the model is 2.6. The lower ratio on the simulation is expected
because the old disk stars are more uniformly distributed than the new born
stars that dominate the emission in the outer ring.

The exact position of the spokes seems to be of stochastic nature. Once
we had a model that fitted the morphology of the rings and the kinematics,
we ran a number of simulations that were identical to this model except for
the seed number of the random number generator used to assign the particles
positions and velocities of the main galaxy. All simulations resulted in different
configurations of the spokes and we took that which fitted best the Cartwheel
inter-ring structure. A deeper analysis and discussion on this subject is given in
Section 5.6.3.

The perturber fits the position of the companion G2. As mentioned in Sec-
tion 5.5.1, this companion shows some structures typical of disk galaxies and
we made some experiments to check if some information about its structure and
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orientation could be deduced from our model. We find that we can reproduce
the faint tail on one of the sides of G2 for a reduced range of orientations with
respect to the main disk. A detailed inspection with a three-dimensional visu-
alization program reveals that the tail is not a physical structure, it is just an
effect of the projection of the disk distortions. This can be seen on the x-z view
of Figure 5.5, where the tail is not apparent. The two arcs on the sides of the
perturber can not be associated to the arms of G2 because a closer inspection
reveals that the arcs on the model are indeed sections of an irregular ring formed
around the nucleus as consequence of the collision. In some of our simulations
where the spiral arm pattern on the pre-collision main disk was strong, some
signs of those structures survived after the interaction, this can also by applied
to the perturber and we can not discard that the arms of G2 are reminiscent of
the initial disk structure. The position angle of the perturber is sensitive to the
initial orientation of the disk and it is not so different from that of G2. The fact
that we reproduce both the tail and the major axis orientation seems at least a
good signal to support the hypothesis of G2 as a disk galaxy and suggest that
we used nearly the right orientation. Moreover, this morphological match give
stronger support to the hypothesis that G2 was the true perturber.

Kinematics

The isovelocity contours of the line of sight velocity in the observed orientation
are shown in Figure 5.15. The projected image was divided into a square grid of
50 elements per side and the mean velocity of the particles in each cell was com-
puted. The contours were obtained from this velocity matrix. The values of the
contours were chosen such that the velocity difference between contiguous con-
tours is equivalent to the velocity difference between the observational contours
of Figure 5c of H96, using the unit conversion factors defined in Section 5.5.3.
The resulting number of contours on the disk is the same as in H96, so the span
of the line of sight velocity values is consistent with observations. This is in part
the consequence of the method used to chose the units.

The shape and distribution of the contours is in good agreement with obser-
vations, in particular, the straight lines crossing the west side of the disk, the U
shaped lines on the east side and the misalignment between the kinematic and
outer ring major axis, more pronounced on the approaching side. In our model
a region of relatively constant velocity can be seen near the approaching side of
the inner ring, delimited by the -430 c.u. line. A similar region is found in the
disk of the Cartwheel, around the spoke on the approaching side.

On the other hand our model fails to reproduce the curved shape of the
contours on the far side of the disk.
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Figure 5.15 Simulation line-of-sight velocity contours for the best fitting model

projected as the Cartwheel is observed. Contours begin at -1.080 c.u. and increase

at intervals of 0.162 c.u. up to 1.030 c.u.

The line of sight velocities of the particles of the disk at different distances
from the nucleus were fitted to a rotating and expanding model as explained in
Section 5.4.3 in a completely analogous way as H96. An inclination of 41◦ of
the disk is assumed for consistency with H96, even though the inclination used
in the model is 27◦. Figure 5.16 shows the derived rotation (upper panel) and
expansion (lower panel) curves derived from the observed orientation. The filled
circles connected with the solid line are the points from our model. The empty
circles and squares with error bars are the data from the neutral hydrogen (H96)
and the Hα emission (A98), respectively. H96 decomposed the disk in annular
regions with the outer and inner annulus set to fit the outer and inner rings
respectively. The line of sight velocities observed around each annulus are then
fitted by an rotating and expanding ring. On the other hand, A98 determined the
Hα rotation curve over a set of annuli concentric to the nucleus of the Cartwheel,
and assuming the disk is only in rotation. The Hα outer rotation curve is thus
uncertain. Moreovever, the Hα rotation curve may have a small contribution
from the radial velocities at all radii. The units of the observational data were
transformed to computer units for comparisons with our model.

Both curves reproduce well the main kinematic features of the Cartwheel. The
rotation curves raises gradually in the external 7 points as a solid body rotation.
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Figure 5.16: Rotation (a) and expansion (b) velocities of the target disk deduced
from our simulation (solid circles connected by a solid line) at the best fit time
t=4.56 . The dimensionless computer units described in the text are used. The
velocities where obtained following a procedure identical to that of H96 and
corrected for a disk inclination of 41◦ for consistency with the same authors. The
observational deduced velocities from Hi (H96) and Hα line (A98) are shown as
empty circles and empty squares with error bars respectively. The observational
velocities were scaled using the conversion factors described in the text.

The slope on these points is very well reproduced. The internal 3 points are
increasingly farther of the Hi points as we get closer to the nucleus. We put a lot
of efforts to try to set these points lower without success. None of our simulations
could reproduce simultaneously the correct size of inner ring and the rotation of
the inner three points as deduced for the Hi. The only simulations with solid
body rotation in these points had a very small inner mass accumulation without a
second ring, or were initially unstable disks which developed a strong bar before
the collision. These points are, however, inside the error bars of the ionized

176



hydrogen but this coincidence must be taken with care. The kinematics near the
inner ring are very complex and streams of particles with very different tangential
and radial velocities cross there. It is in this regions of intense orbit crossing
where the kinematics of the collisionless stars and gas is expected to differ the
most and our results may fail to reproduce the observations. Indeed, Vorobyov
& Bizyaev (2003) find, that in their hydrodynamical model of the Cartwheel
the gas streams near and inside the inner ring are difficult to trace due to their
complexity. The inner point of Fig 5.16 overlaps with the inner ring and the
two following points lie in a region that could be considered a transition between
the inter ring region and the nuclear-inner ring region. Detailed simulations
including gas are necessary to study the kinematics of the central region of the
Cartwheel.

5.5.4 Future evolution

The central passage of the perturber at the origin of ring galaxies is a circum-
stance that enhances the effect of dynamical friction on the companion espe-
cially when the main galaxy has a concentrated halo or bulge. The capture of
an initially unbound companion is a possible scenario under such circumstances
(Luban-Lotan & Struck-Marcell 1989).

In our model, the initial orbital energy of the companion is E = 9.16 c.u., so
it is gravitationally unbound to the main galaxy. At the present time the velocity
of the companion with respect to the main galaxy is 180 km s−1 (moving farther
away) and the distance between the center of mass of the disk of the target and
the companion is 34 kpc. The subsequent evolution of the model shows that the
galaxies will have a second collision at time t = 42 c.u. and will merge shortly
after, near t = 49 c.u. The outer ring continues its expansion during this time but
the near presence of the perturber distorts it. At the time we stopped the run
(t = 70 c.u. the two galaxies form an elliptical nucleus with streams of material
escaping from the system.

If the companions G1 and/or G3 are also physical members of the Cartwheel
group the final scenario may be more complex, but the perturber seems to be
sufficiently bound to the main galaxy to change its fate under the influence of
the other companions.
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5.6 Discussion

5.6.1 Mass of the perturber

The mass of the perturber has been a real puzzle in the elaboration of models
for the Cartwheel. The apparent mass of the near companions seem too low
to produce a response strong enough to reproduce the outer ring properties.
However, the estimations of the mass of the perturber is necessarily troubled by
the effects of its passage through the main galaxy.

We are now concerned with the mass of the companion G2 that we believe
was the real perturber. To obtain an estimation of the mass of this companion
Davies & Morton (1982) measured the velocity dispersion in its central region
with spectral data. They measured a velocity dispersion σ = 99 ± 10 km s−1.
Using the luminosity–velocity dispersion relation of Davies et al. (1983) and a
mass-to-light ratio for elliptical galaxies equal to 7.5 (Efstathiou & Ellis 1980;
Schechter 1980) a mass of 1.2× 1010M⊙ (corrected for H0 = 100 km s−1 Mpc−1)
is obtained for the companion G2. This represents 7% of the total mass of
the perturber in our model. But this straight comparison is not completely
justified, we know that G2 is not an elliptical galaxy and that it is embedded in
a massive and extended halo. In addition the passage through the main galaxy
is expected to modify the velocity dispersion of its old population stars. These
two considerations suggests that the mass estimation of Davies & Morton (1982)
may be in error.

We can analyze the problem in the inverse direction, that is to say, we can
compute what would be the mass that an hypothetical observer would deduce
from observations of the perturber of the model and following the same steps as
Davies & Morton (1982). The problem then reduces to compare the line-of-sight
velocity dispersion of the disk and bulge of the perturber with the one measured
by Davies & Morton (1982). Davies & Morton (1982) took the spectrum from the
central three 1.4-arcsec increments of a 1-arcsec slit. To work on an equivalent
area we counted the particles contained in a squared area 0.5 c.u. by side centered
on the projected mass center of the perturber from the observed orientation.
These area coincides with the area of highest column density. The velocity
dispersion is σ = 0.6675 c.u. = 103 km s−1 that match very well the observations.

5.6.2 Density enhancement by the wave

A direct comparison of the densities of the model with the observations is dif-
ficult because the visible and near-infrared emission of the ring and the region
behind it is expected to be strongly dominated by the stars born in the starburst
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associated with the density wave (Vorobyov & Bizyaev 2001). The population
synthesis models by Vorobyov & Bizyaev (2001) and Vorobyov & Bizyaev (2003)
give a good fit to the color properties of the Cartwheel’s disk assuming an old
stellar late-type Freeman disk with a young population forming in an expanding
wave with a gas density enhancement twice as big as the unperturbed disk. In
our model the density enhancement on the ring averaged on time between the
collision and the present epoch would be around 3.5, a factor of 1.75 higher of
that assumed by Vorobyov & Bizyaev (2001). If the gas density enhancement in
the ring is about twice more pronounced than for the stars, as found by (Gerber
et al. 1996) in their experiments with equal mass galaxies, an average enhance-
ment by a factor of 7 would be expected for the gas if included in our model.
Neither Vorobyov & Bizyaev (2001) nor Vorobyov & Bizyaev (2003) study the
dependence of their model with the density enhancement and the value they
chose was based on simulations performed in a more general purpose that were
not intended to fit the Cartwheel galaxy (Appleton & Struck-Marcell 1987). We
believe that the density enhancement predicted by our model is more realistic
given the agreement of our model with other observations and that new popula-
tion synthesis models accounting for the consequences of our kinematics results
are desirable to check the overall consistency of the parameters proposed by us.

5.6.3 Spokes

One of the most intriguing features in the Cartwheel galaxy are the spokes bridg-
ing the inner and outer rings. The composition and formation of these structures
is a subject that has deserved attention in a number of works, but many ques-
tions remain to be solved. The simulations of Hernquist & Weil (1993) predict a
large content of gas in these structures that the available observations have failed
to detect (H95; H96; A98). Mayya et al. (2005) detected seven finger-like struc-
tures emerging inwards from the outer ring in 20 cm radio continuum but none
of these seem to be associated with the spokes; at best one of them corresponds
with an optical spoke when extrapolated inwards. Apart from the optical, the
only excess emission that has been detected overlapping the spokes is a faint
filament in the mid-infrared LW2 band (Charmandaris et al. 1999) associated to
stretching modes of 2-dimensional molecules and with some contribution from
the black body tail of the stellar photospheric emission. The position of this
filament corresponds well with the spoke centered on the approaching side of the
Cartwheel.

The physical processes involved in the formation of the spokes are still unclear
but the self-gravitation of the disk and the effects of dissipation of the gaseous
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Figure 5.17 Evolution of the clumps seeded at the the early expansion of the ring

seen from the observed orientation. The other particles of the disk are plotted in a

lighter tone. Clumps are artificially formed at t = 2.07 c.u. and the simulation is

restarted from that time. By the time corresponding to the current epoch on the

right panel, the clumps have been distorted and formed spokes in the approaching

side of the disk. Time is indicated at the top right corner of each panel. The clumps

have been labeled a − n to facilitate its identification.

component seem to be of great importance here (Hernquist & Weil 1993). Based
on their hydrodynamical simulations, Hernquist & Weil (1993) have suggested
that the spokes would be the byproduct of the formation of knots in the wave
density (Theys & Spiegel 1977) comprising material from different initial radial
positions and angular momentum content. These clumps would eventually fall
towards the center of the galaxy and the differences in angular momentum as
well as the differential rotation and tidal forces would shear them into radial
structures. In this scenario, the perturbation needs to be of some minimum
strength to compress enough material to trigger the gravitational instabilities in
the outer ring. ABP found that a perturber mass at least 20% of the mass of
the main galaxy or larger is needed to produce spokes in the main disk, while
the radial velocity dispersion does not seem to have a big effect. Although the
spokes can be produced in simulations of purely collisionless particles, the effect
of dissipation in a gas component is a necessary ingredient for the formation of
spokes as pronounced as those of the Cartwheel galaxy (Hernquist & Weil 1993).

We found that spokes are formed for a range of configurations of the dark halo
and disk of the main galaxy but they arise too late in time (usually at t ≥ 7),

180



when the kinematics of the Cartwheel can not be fitted (see Section 5.5.2). The
farthest we could do with our best model is to get spokes at t = 4.5 in a stochastic
way that seems sensitive to the details of the structures formed inside the outer
ring as the density wave passes, and probably to the structures present shortly
before the collision.

We made the following experiment: we ran 43 simulations which had as initial
conditions different realisations of the same mass and velocity distributions. The
resulting size of the rings and the rotation and expansion curves were practically
the same in all simulations but the structures in the inter-ring region were dif-
ferent from one simulation to the other. We found that in all the 43 simulations
there was a wide, diffuse and curved arm on the receding side and a more sharply
defined roughly straight arm on the approaching side. Both arms emerge from
opposite sides of the inner ring and their extension can vary from all the way to
the outer ring to one half of this distance. The presence of these two arms is then
a constant in the simulations. On the other hand, in some simulations linear and
nearly radially oriented spoke-like structures are formed in the inter-ring region.
These spokes have lenghts between 1/2 and 3/4 of the radial distance between
the inner and outer ring and its extremes may or may not touch any of the rings.
Spokes were formed in 22 of the 43 runs. From those simulations with spokes
in 14 of them there was only one spoke, in 5 there were two spokes and in 3
runs three spokes were formed. The distribution of the spokes is not completely
random but a trend to form in one of the sides of the disk is evident. If the
disk is divided in four imaginary radial slices of 90◦ each, roughly delimiting the
approaching, receding, near and far sides of the disk, one of the spokes counted
in all simulations was located in the far side and all the rest were placed on the
approaching side. The Cartwheel’s spokes are also located in this region of the
disk. This agreement suggests that the right side of the disk is somehow or other
a more suitable place for the formation of spokes.

To follow in more detail the movements of the particles falling to the center
of the disk and test the bead instability scenario we created artificially some
clumps in the outer ring at an early stage of its expansion. This was done by
shrinking the position of the particles around a number of uniformly separated
positions in the ring while keeping their speeds unchanged. We restarted the
simulation from this modified snapshot to follow the evolution of the clumps.
We found that the fate of each clump depends on its initial position on the disk.
Figure 5.17 shows the particles in the clumps at the time they were formed and
after evolved to the current epoch time. Clumps a to f have been stretched more
or less uniformly and to a larger extent than the other clumps while clumps g to
k are rather moderately stretched as their particles remain around an identifiable
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concentration. Clumps l to n are deformed more irregularly and could be hardly
associated with the spokes. These results are not dependent of the particular
projection shown and are confirmed when the disk is viewed face on. The clumps
become spoke-like structures only on the approaching side of the disk. The
predominance of the spokes on this region is then explained by the asymmetric
movements of the particles of the disk imprinted by the inclined orbit of the
perturber. Even more, the clumps that evolved into spokes were initially in the
side of the ring that corresponds to the side with strongest star formation activity
in the Cartwheel. If this region of strong star formation is not a material feature
that follows the disk rotation but rather is consequence of the way material is
converging there, and remains on the same angular section of the ring or rotates
only very slowly, then the spokes would be the smoke on the gun signature of the
star forming regions previously lying in that region of the ring and now falling
towards the nucleus of the galaxy.

These results show that our model gives a consistent picture of the formation
of the spokes in the bead instability scenario described above. The artificially
formed clumps are not completely unjustified. Indeed, a more conspicuous and
probably earlier formation of the clumps is expected in models where the dissi-
pative effects of a gas component is included. In effect, Hernquist & Weil (1993)
found that the stars respond locally to the gas clumps formed in the outer ring.
A modelization including the gas effects is desirable to confirm our speculations,
but is beyond the scope of this work.

5.6.4 Radial velocity of the material and expansion ve-

locity of the wave

The velocity of propagation of the outer ring can not be measured directly from
observations but the population synthesis of the expanding starburst on the outer
ring predict that the color gradient of the disk and a difference in the radial
position of the peaks of the K-band, B-band and Hα emission are dependent
on the wave expansion velocity. On this basis, Vorobyov & Bizyaev (2003) find
that the outer ring has expanded with a velocity of 60 km s−1 when the Hubble
constant is assumed to be H0 = 100 km s−1 Mpc−1. This value is below the one
obtained with our model in Section 5.5.2; nevertheless this methods are subject to
the uncertaintities of the star formation process that is not yet well understood.
Moreover, it is known that some peculiarities are present in the Cartwheel, H95
finds that an stellar initial mass function with some bias towards the massive stars
may be present in the Hii regions of the outer ring and deviations from a classical
Schmidt law are also apparent (H96). As for the central region, Vorobyov (2003)
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has found that shear may reduce or inhibit star formation there. We must add
to all this the assumption by Vorobyov & Bizyaev (2003) of a constant density
enhancenment by a factor of two due to the wave passage. The inconveniences
of such assumption was discussed in Section 5.6.2 and the same conclusions are
valid here.

The wave nature of the ring opens the possibility of a difference between the
mean radial velocity of the material forming the ring and the propagation velocity
of the ring. Figure 17 of ABP shows that in most cases the propagation velocity
of the wave vring is higher than the mean radial velocity vstar of the star particles
in it. Vorobyov & Bizyaev (2003) find that for a number of hydrodynamical
simulations matching some features of the Cartwheel the propagation velocity of
the ring is roughly twice the mean velocity of the gas in it at the time the wave
reaches the outer limit of the disk.

In our model the mean expansion velocity of the particles in the outer ring
is vstar = 0.44 c.u. = 68 km s−1 and the estimated velocity of the wave vring =
1.06 c.u. = 164 km s−1, so we have vstar/vring = 0.41.

5.7 Conclusions

The three dimentional description of the mass distribution in the disk and dark
matter halo, their kinematical properties, the intensity of the perturbation and,
the identification of the intruder galaxy and its description should give a solid
ground over which future detailed hydrodynamical and popullation synthesis
models could be constructed.
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