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Galactic collisions are very much a dynamic topic in the field of astronomy.  Interactions between the gases, stars, and gravitational fields of the systems involved make the result of each collision different.  One specific type of collisional galaxy results in some of the most spectacular views in astronomy: the collisional ring galaxy.  The formation of these galaxies itself is a very unique process, which is not yet fully understood.  This document will explore what is currently known about the formation of these galaxies, their resulting structure and characteristics, and analyze the Cartwheel Galaxy, one of the most well known ring galaxies.  In conclusion current research will be discussed as well as topics yet to be explored.

To fully understand the dynamics of collisions resulting in ring galaxies, it is necessary to have some background in the properties of galaxies that are not in the midst of a collisional event.  Despite their seemingly stable state, galaxies are in actuality very dynamic structures.  As is done many times by astronomers, we will look at the Milky Way as a typical example.  The Milky Way is a spiral galaxy that harbors between 1 million and 1 million million stars, all rotating about a galactic center, and gravitationally bound.  Like most galaxies, it features a disk, central bulge, and halo, as well as a central radio source and black hole.  The disk and central bulge harbor a majority of the stars in the galaxy.  Stars located in the disk orbit the center at about 200 km/s, in mainly circular velocities while stars in the central bulge rotate at random velocities as they move, slowing them down to a 100 km/s orbit about the center.  It is also noted that overall, the stars of the disk exhibit a differential rotation, that is, the stars closer to the center of the galaxy rotate at a higher rate than those stars located further from the galactic center.  The stars found in the halo do not seem to show any uniform rotation about the center.


Overall these inner motions tend to keep to themselves, with the galactic stars rotating “calmly” about a central axis.  When galaxies interact, however, interesting things take place.  For example, it is predicted that the inevitable collision of the Milky Way and its sister galaxy, Andromeda, 7 billion years from now will result in the formation of one giant elliptical galaxy. The most violent events in this process will occur during the merger itself.  Author Ray Villard of Astronomy magazine predicts that “Stars will scatter into a huge sphere; long tidal tails will form; the cores will merge. When the central black holes coalesce, the newly forming galaxy will shudder momentarily in the wake of gravity waves rippling space and time.”
  Drastic changes in the structure of each galaxy will be made as the forces holding them together are violently disrupted.


It is similar drastic changes that result in the formation of a ring galaxy after a collision.  A ring galaxy does not result from the collision of two large spiral galaxies, such as the collision of the Milky Way and Andromeda.  Instead, a collisional ring galaxy emerges when a smaller galaxy passes through the center of a larger galaxy, such as a spiral.  Usually this collision is slightly off-center, but occasionally it can be thought of as a “bull’s eye”, with the smaller galaxy passing directly through the center of the larger one.  The result of these collisions is a galaxy in the shape of a ring.


There are three types of collisional ring galaxies: RE, RN, and RK.  The RE type 

is sometimes considered the “pure” type.  It has no central nucleus, and appears as an “empty ring”.  The second type, RN, contains an off-center nucleus.  The RK type is described as “ring-like” and contains a prominent knot – an area of intense star formation.  This galaxy is extremely elliptical, and is the most elliptical of the three. The RE galaxy is the most circular, placing the shape of RN galaxies somewhere in between.
  


The formation of these galaxies is not a simple process, but it is one that is fairly easy to understand.  As stated previously, the two galaxies involved in the collision are a smaller galaxy and a larger galaxy, such as a spiral.  The passing of the smaller galaxy through the center or near center of the spiral will eventually result in one of the ring galaxies mentioned above.  For simplicity we will look more closely at the situation in which the smaller galaxy passes directly through the center.


A model of this central collision was created by Lynds and Toomre (1976), described by Appleton and Struck-Marcell (1996), and is paraphrased in the following. In this model, the small galaxy passes directly through the center of the larger galaxy, along its central axis.  The stars of the galaxies are assumed for simplicity to be in circular orbits before the collision occurs.  It is also assumed that the stars are point-like objects and do not collide with one another.  Finally it is assumed to be an extremely rapid collision.  As the smaller galaxy collides with the larger, the gravity of the smaller galaxy tugs on the stars of the larger galaxy’s disk.  The stars do not have time to react or propagate inward towards the center, but do gain a radial inward velocity of some value.  We can still assume circular orbits at this stage, providing that the disturbance cause by the galaxy’s passing through was not too large.  The stars will begin to oscillate, and the period of their epicycles will increase with radius.  Because of this, at certain points along the radius of the galaxy stars will be moving outward, while at other points stars will be moving inward.  The result is that groups of stars will begin to collect at various radii from the center of the galaxy, leaving the spaces in between the peaks of this “density wave” mainly void of stars. 


Despite the possibility of finding more than one ring of stars in a ring galaxy, usually only one ring is visible.  If more than one ring is present, the spacing between the rings increases as the distance from the center of the galaxy increases.  The number of stars also decreases with radius, meaning that once it has deviated far enough from the center, the system will “run out” of stars, and no more rings will form.
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The overall spacing of the rings in the galaxy, as well as the structure, depends largely on the structures and mass ratio of the two galaxies involved in the collision.  A derivation in Appleton and Struck-Marcell (1996) eventually leads to the equation
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where q is the initial unperturbed orbital radius and A is the amplitude of oscillations.  k is radially dependent in the case of propagating waves.  Known as the equation for caustics, this equation can be solved for q by use of t and will yield the inner and outer edges of the ring. These values can then be plugged in to the equation 

to solve for the radii of the edges.  A more detailed derivation can be found in Appleton, P.N. and Struck-Marcell, C.

Observations of collisional ring galaxies have shown that they appear mostly blue but also exhibit radial color gradients.  These color gradients are the result of the birth and evolution of stars as the rings are formed.  Initially, young, blue stars are born in the center ring.  As the density wave moves outward, these stars remain and continue to evolve.  Thus once the galaxy has “completed” formation, the young, blue stars at the center have now become older and redder while newly born stars at the outer ring are now young and blue.  This idea is also supported by the discovery that large ring galaxies appear to have a larger color gradient, suggesting that they are more evolved and have had a longer time to develop such a color difference. 


Once the galaxy has formed, a set of “normal” kinematics can begin to evolve.  The motions of the galaxy do depend in part on its overall shape.  Appleton and Struck-Marcell (1996) have concluded that the idea of an expanding and rotating ring is effective only in the scenario of a completely circular ring, such as that cited by Lynds and Toomre (1976).  If the galaxy is not hit directly in the center or is hit by an extremely massive galaxy, the overall motions of the ring will largely depend on the resulting elliptical shape of the new galaxy.


One of the most well known ring galaxies is the Cartwheel galaxy, a huge collisional ring galaxy 150,000 light years across in the constellation Sculptor.  This galaxy clearly exhibits the characteristics of ring galaxies mentioned previously: a single ring of stellar formation containing bright blue young stars and many knots of intense star formation, a bright central nucleus, and also a slightly elliptical shape (Figure 1).  
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Figure 1. Cartwheel Galaxy. These images were taken from the Hubble Space Telescope and depict the collisional ring galaxy “Cartwheel”.  The upper left-hand picture depicts several ‘knots’ of intense star formation. The lower left-hand picture depicts the gases of the system. The right hand photograph clearly shows the ring, central nucleus, and spokes of the galaxy. Also depicted are two of the possible “colliders” which resulted in the galaxy’s formation.  All images are true color.

It also appears that a set of “spokes” extends from the center of the galaxy to its ring.  Although very uncommon, there are three theories of their origin: 1) the spokes were caused by internal gravitational instabilities following the impact of the smaller galaxy, 2) they are similar to spirals and were created after an asymmetric collision, or 3) they are from a “higher order mode in the collisional perturbation”.
 

Current and Future Research

Overall the amount of knowledge about ring galaxies is great, and the topic could be discussed in even greater detail than seen here.  Even so, there are still many more aspects of collisional ring galaxies to be discovered and understood.  Scientists throughout the world find particular interest in researching various aspects of ring galaxies due to their unique and intriguing characteristics.  Researchers A.J. Remijan of the University of Illinois and R.J. Lavery and M.D. Reed of Iowa State University have been working to catalogue collisional ring galaxies in the deep field, i.e., with high redshift, using images from the Hubble Space Telescope.  Their random search of portions of the sky have yielded more ring galaxies than expected, possibly an indication that galactic collisions resulting in ring galaxies, which are currently thought of as semi-rare, were a more prominent feature of the early universe.
  A catalogue of “good examples” of ring galaxies would also aid scientists looking to study a particular characteristic of them as well as be available as a primary reference for types of galaxies in general.


Two interesting articles recently published in the Astronomy and Astrophysics Journal offer some insight into the current state of the studies of collisional ring galaxies.  The first article, “Applicability of a Schmidt law to star formation in ring galaxies”, discusses the use of the Schmidt law in star formation rates in the Cartwheel Galaxy.  Vorobyov has found that although the law works well for “normal” and starburst galaxies, supplementation of the Schmidt law by another factor is needed in order to accurately predict star formation in the Cartwheel.
  The second article, “Nonnuclear Hyper/Ultraluminous X-Ray Sources in the Starbursting Cartwheel Ring Galaxy” remarks on the presence of H/ULXs in the Cartwheel galaxy and relates them to the “production and rapid evolution of short lived massive stars”.  Gao, Yu et. al have discovered that a large amount of X-ray emissions are found in the southern quadrant of the Cartwheel’s ring, the same quadrant which exhibits a majority of the galaxy’s total star formation. More studies could possibly show a definitive “link” between the two.
  These articles are just two of the many articles submitted each year in the study of collisional ring galaxies.


Appleton and Struck-Marcell (1996) have gathered a list of topics in the field of collisional ring galaxies that they feel should be researched and studied to successfully advance the knowledge of collisional ring galaxies.  Their list is by no means comprehensive, and there are many other topics to be explored. Nonetheless, some of their suggestions include:

1. Confirmation and further study of the radial color gradients of the galaxies

2. Further cataloguing of specific types of ring galaxies 

3. Continued use of spectroscopy to learn more about each type of galaxy and
their absorption lines

4. Use of the Hubble Space Telescope to gather as much information about ring


galaxies as possible

This amount of work is large enough for scientists to research decades into the future, and certainly does not include a detailed description of any sub-topics.  Hypothetically, if research on these topics were to be completed and compiled with all the information currently understood about ring galaxies, it would become a comprehensive source describing not only ring galaxies in general, but star formation, gas distributions and metallicities, as well as both stellar and galactic evolution.  Because of their uniqueness, current and future studies of ring galaxies may lead to studies of phenomena never seen in the universe before.
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