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ABSTRACT. Highly detailed HST observations of globular-cluster cores and galactic nuclei motivate
new theoretical studies of the violent dynamical processes which govern the evolution of these very
dense stellar systems. These processes include close stellar encounters and direct physical collisions
between stars. Such hydrodynamic stellar interactions are thought to explain the large populations of
blue stragglers, millisecond pulsars, X-ray binaries, and other peculiar sources observed in globular
clusters. Three-dimensional hydrodynamics techniques now make it possible to perform realistic
numerical simulations of these interactions. The results, when combined with those of N-body
simulations of stellar dynamics, should provide for the first time a realistic description of dense star
clusters. Here I review briefly current theoretical work on hydrodynamic stellar interactions,

emphasizing its relevance to recent observations.

1. INTRODUCTION

Close dissipative encounters and direct physical colli-
sions between stars should be commonplace in dense star
clusters. Indeed, the typical time between close encounters
(with pericenter separation less than a few stellar radii) for
a star of radius R in a cluster with density p and velocity
dispersion o is given by

i p (o R\
Teon~ 107 Y1\ 105 2 pe ) \ 107 kms 1)\ 1R

(see, e.g., Binney and Tremaine 1987). The dissipation of
kinetic energy in close stellar encounters can have a direct
influence on the dynamical evolution of a cluster, since it
encourages secular core collapse.

There is now direct observational evidence for the ex-
istence of star clusters with densities p ~ 10°-10° Mg pc?
in the nuclei of nearby galaxies. For example, recent HST
Planetary Camera images of M32 have revealed a dense,
unresolved nucleus with density p >4 10° Mg pc? and
velocity dispersion > 60 km s~ ! (Lauer et al. 1993). Sim-
ilar observations of M87 indicate that the mass within the
central few parsecs is > 10° M, with a velocity dispersion
>400 km s~ ! (Lauer et al. 1992). In addition, theoretical
modeling of these observations argues strongly for the
presence of a massive black hole at the center of the stellar
cluster (see Kormendy 1992 for a review). Theorists have
suggested in fact that most galaxies probably contain a
massive black hole at their center (see Rees 1990, and
references therein). One possible mechanism for the for-
mation of this central black hole involves multiple stellar
collisions and mergers (Quinlan and Shapiro 1990).

In the cores of globular clusters, although the density
(ps 108 M, pc_l) and velocity dispersion (~10km s™!)
are typically much smaller than in galactic nuclei, close
stellar encounters may also be dynamically important (see,

'Based on a talk presented at the Second Hubble Fellows Symposium,
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e.g., Spitzer 1987). In addition, they are expected to pro-
duce a variety of interesting observable objects at rates far
exceeding those in the rest of the Galaxy. In particular,
low-mass X-ray binaries (LMXBs) and millisecond pul-
sars are thought to result from close encounters between a
main-sequence or red-giant star and a neutron star (Davies
et al. 1992; Di Stefano and Rappaport 1992; Rasio and
Shapiro 1991). Collisions between two main-sequence stars
could be responsible for the formation of blue stragglers
(Hills and Day 1976; Leonard 1989), which are now being
discovered in large numbers in the cores of dense clusters
(Paresce et al. 1991, 1993; Guhathakurta et al. 1992). Col-
lision rates in globular clusters can be increased consider-
ably by the presence of even a small population of primor-
dial binaries, for which there is now clear observational
evidence (see Hut et al. 1993 for a recent review).

Two basic types of close stellar encounters can be dis-
tinguished. In tidal encounters (Sec. 2), energy is dissi-
pated through distant tidal interactions, but the stars do
not physically collide. In a true stellar collision (Sec. 3),
the stars come into physical contact and energy is dissi-
pated primarily through shock heating.

2. TIDAL ENCOUNTERS

A sufficiently close encounter between two stars can
result in the formation of a bound system. This occurs
when the energy of internal fluid motions induced by the
time-dependent tidal forces during the encounter exceeds
the initial orbital énergy of the two stars (Fabian et al.
1975). This process of tidal capture can occur only in glob-
ular clusters, where the stellar velocity dispersion is very
small compared to the typical escape speed from the sur-
face of a star, and, as a result, the entire orbital energy in
a close encounter can be dissipated without necessarily dis-
rupting the stars. Tidal capture has been well studied in the
linear regime, where semianalytic perturbation techniques
can be used (Press and Teukolsky 1977; see also Lee and
Ostriker 1986; McMillan et al. 1987). For typical globular-
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cluster parameters, capture requires that r,/RS2.5-4,
where r, is the pericenter separation and R is the stellar
radius.

The formation of tidal-capture binaries can be very im-
portant for the dynamical evolution of globular clusters.
Inelastic scattering between these binaries and passing
stars will tend to increase the binding energy of the binary,
providing an effective heat source for the cluster. Numer-
ical solutions of the Fokker-Planck equation taking this
effect into account show that the heating can be strong
enough to halt and reverse core collapse (Statler et al.
1987). The recent HST observations by Lauer et al. (1991)
of a resolved core in the globular cluster M15 (the classic
candidate for a core-collapsed cluster) support this idea.

Tidal cal')ture of a main-sequence star by a neutron star
has long been considered the most likely formation process
for bright X-ray sources (LMXBs) and millisecond pul-
sars in globular clusters (see, e.g., Verbunt 1990). Most
theoretical calculations of this process based on the semi-
analytic perturbation method of Press and Teukolsky
(1977) have concentrated on the dissipation of orbital en-
ergy during the first pericenter passage. The subsequent
evolution of the binary over a large number of orbits is,
however, just as important since it determines the final,
observable equilibrium state of the system.

The problem was first examined by Ray et al. (1987)
from the point of view of global energetics. They calculated
the total amount of tidal energy deposited during the first
and later pericenter passages. They realized that the vis-
cous dissipation of this total energy on a ~ 10*yr time
scale corresponds to a luminosity ~ 10° times the normal
luminosity of a main-sequence star, and concluded that the
resulting expansion of the star is likely to lead to its com-
plete disruption. More recently, Kochanek (1992) has ex-
amined the problem of the long-term dynamical evolution
of tidal capture binaries, making the assumption that vis-
cosity remains always negligible. His conclusion is that a
large majority of tidal captures will eventually lead to stel-
lar disruption or extensive mass losses. In particular, he
finds that a main-sequence star of mass $0.7 M, is always
destroyed after tidal capture by a 1.4 M, neutron star. For
a 0.8 M, main-sequence star (corresponding to the typical
turn-off mass in a globular cluster) the probability of de-
struction is about 95%.

Main-sequence stars may be able to survive tidal capture
by a low-mass white dwarf. This is thought to lead to the
formation of cataclysmic variables, for which the large
globular-cluster population of low-luminosity X-ray
sources has been invoked as evidence (Hertz and Grindlay
1983). Indeed, a cataclysmic variable has been recently
identified with the HST FOC as the optical counterpart of
a low-luminosity X-ray source in the core of 47 Tucanae
(Paresce et al. 1992). However, Bailyn et al. (1990) have
pointed out that the formation of stable binaries with white
dwarf masses $1 M, will in fact be highly suppressed.
This is because mass segregation tends to concentrate the
heavier white dwarfs in the core and because mass transfer
instabilities will lead to the tidal disruption of main-

sequence stars more massive than about 0.8 times the mass
of the white dwarf.

For capture of red-giant stars by compact objects, Rasio
and Shapiro (1991) have shown that the stellar envelope is
always disrupted during encounters with pericenter sepa-
ration small enough to capture another ~1 M, star (see
also Davies et al. 1991). This is in agreement with the
prediction of Bailyn (1988), based on a simple dimensional
argument.

Thus it appears that in very few cases, if any, can a star
survive the process of tidal capture in a globular cluster.
The most likely end-result of a tidal capture appears to be
the complete disruption of the (noncompact) stars in-
volved.

An alternative to tidal capture binaries is provided by
primordial binaries, for which there is now direct observa-
tional evidence (see Hut et al. 1992). Mass segregation will
tend to concentrate these binaries in the cluster core. By
assuming that the reexpansion of the cluster after core col-
lapse is entirely due to the heat generated by primordial
binaries, Goodman and Hut (1989) predicted a relatively
large core of radius 7,~0.1 pc. This is in remarkable agree-
ment with the value 7,=0.13 pc determined by Lauer et al.
(1991) from their recent HST PC image of the core of
M1s.

How long a primordial binary can survive in the core,
however, is not clear. Because of their large orbital sepa-
rations primordial binaries present a large cross section to
penetration by other stars or other binaries. Of particular
importance are resonant interactions, in which all stars
involved form a long-lived intermediate system in which a
close encounter between any two stars is likely. Other in-
teractions can lead to the disruption of the binary or to an
exchange reaction. Direct observational evidence for bi-
nary disruption is provided by the recent discovery by
Meylan et al. (1991) of two high-velocity stars that appear
to have been ejected recently from the core of the globular
cluster 47 Tuc. In addition, Phinney and Sigurdsson
(1991) have shown that the position of the binary pulsar
PSR 2127+ 11C well outside the core of M15 is naturally
explained as resulting from an exchange reaction between a
neutron star and a binary which took place < 10® yr ago in
the cluster core. Models of the post-core-collapse evolution
of clusters (Murphy et al. 1990) indicate that the density
of compact stellar remnants in the core of M15 may be as
high as 107 pc~3, making interactions with primordial bi-
naries highly probable.

Compact binaries that are not disrupted by interactions
with other binaries or single stars can still lead to mergers
because of orbital decay. Repeated distant encounters with
passing stars, magnetic breaking, and the radiation of grav-
itational waves all contribute to the secular loss of angular
momentum from the binary (Hut and Paczynski 1984;
Krolik et al. 1984; Rappaport et al. 1983). However, the
final merging of the two stars into a single object could still
occur on a hydrodynamic time scale (rather than continu-
ing on the secular orbital decay time scale) because of
instabilities that can develop in a close binary system once
the orbital separation becomes comparable to the stellar
radii. These instabilities can be true dynamical instabilities
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associated with the hydrostatic equilibrium configuration
of a close binary (Rasio and Shapiro 1992; Lai et al.
1993a), or they can be triggered by mass transfer (Hut and
Paczynski 1984).

3. STELLAR COLLISIONS

If disruptions and merging of stars are so common in
dense stellar systems, what do the products of these events
look like? Numerical hydrodynamics simulations (Benz
and Hills 1992; Davies et al. 1992; Lai et al. 1993b; Rasio
and Shapiro 1991; Ruffert and Miiller 1990) can only an-
swer this question partially, since the observable properties
of an encounter product also depend on thermal relaxation
and transport processes which take place on a time scale
much longer than the hydrodynamic time scale.

Close encounters involving only main-sequence stars
(single or in binaries) result, on a hydrodynamic time
scale, in the formation of a rapidly rotating, well-mixed
merged object, with a small amount of mass loss (a few
percent at most for nearly parabolic velocities). Recent
HST observations of the high-density cores of the globular
clusters 47 Tuc and M15 have revealed the presence of
large numbers of blue stragglers (Guhathakurta et al.
1993; Paresce et al. 1991, 1993). These hot, luminous ob-
jects appear in the color-magnitude diagram as an exten-
sion of the main sequence above the turn-off point. It has
long been suspected that they could be the result of main-
sequence star collisions (Hills and Day 1976). The very
high stellar densities in the cores of M15 and 47 Tuc (one
of the densest globular clusters known) tend to support
this view. Leonard (1989; see also Leonard and Fahlman
1991) has shown that even in less dense clusters, the ob-
served numbers of blue stragglers are consistent with a
collisional origin provided that ~10% of the stars be in
primordial binaries. As mentioned before, this can increase
considerably the stellar collision rate in the cluster. Alter-
natively, blue stragglers could also be formed by the merg-
ing of two main-sequence stars in a close binary. Direct
evidence that at least some blue stragglers are formed in
this way is provided by the recent detections by Mateo et
al. (1990, 1993) of contact binaries among the blue strag-
gler population in NGC 5466.

Interactions involving compact objects are likely to re-
sult in the formation of massive-disk systems. In these sys-
tems, a compact stellar remnant lies at the center of a
massive, rapidly rotating halo of shock-heated gas left over
from the disruption of a main-sequence or red-giant star.
Massive-disk systems were proposed by Krolik (1984) as
the likely result of interactions between a compact binary
source and a third star. Recent hydrodynamic calculations
have shown that they also form during close encounters
between a compact object and a main-sequence or red-
giant star (Rasio and Shapiro 1991; see also Davies et al.
1992). However, the evolution of these massive-disk sys-
tems on a thermal or viscous time scale remains essentially
unknown (see Krolik 1984 for a qualitative discussion). If
the central compact object is a white dwarf, the thermal
relaxation of the system may produce an object resembling
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a cataclysmic variable. If the central object is a neutron
star, a short-lived, bright X-ray source may result. As the
neutron star accretes matter from the disk, it will be spun-
up, so that the final outcome is an isolated millisecond
pulsar. This formation process for millisecond pulsars does
not involve a standard LMXB progenitor phase and could
provide a solution to the well-known birthrate problem
(Kulkarni et al. 1990; Rasio and Shapiro 1991).

All types of stellar collisions result in some mass loss.
Since the gas ejection speed is typically of order the escape
speed from the surface of the disrupted star (which is usu-
ally much larger than the escape speed from the cluster),
most of the gas will escape from the cluster. Mass loss from
the cluster decreases its total binding energy. In this sense,
stellar collisions contribute indirectly to cluster heating
and could help drive the reexpansion of the core after col-
lapse. In addition, through asymmetric ejection of gas, the
merged object can acquire a recoil velocity which partially
compensates for the direct loss of kinetic energy resulting
from the collision (Benz and Hills 1992). If some of the
gas is retained by the cluster, it may become visible as a
source of extended X-ray emission, as seen in 47 Tuc, @
Centauri, and M22 (Hartwick et al. 1982). Indeed, the gas
can be shock-heated to a temperature ~ 10° K by the ram
pressure of a diffuse interstellar medium through which the
cluster is moving (Grindlay 1985).

Stellar collisions in galactic nuclei are qualitatively dif-
ferent from those occurring in globular clusters. This is
because galactic nuclei are younger stellar systems, which
contain higher-mass stars, and have velocity dispersions
that can approach the escape speed from the surface of a
star. In this regime, complete disruption of a star can occur
during a close encounter (Lai et al. 1993b). Stellar colli-
sions in nearby galactic nuclei may also have directly ob-
servable consequences. High-velocity collisions between
red giants and compact objects have been proposed as the
most likely mechanism for producing the high-velocity gas
clouds observed in the central parts (<1 pc) of our Gal-
axy (Lacy et al. 1982; Livne and Tuchman 1988; Rasio
and Shapiro 1990). More recently, Hernquist et al. (1991)
have proposed that the ~10%° ergs™! unresolved X-ray
source in the nucleus of M33 could be a composite of ~ 10
LMXBs which formed there via processes similar to those
occurring in globular clusters. Indeed, the nucleus of M33
is very similar to a typical Galactic globular cluster. The
velocity dispersion in the core is only 22 kms~!, and its
core radius is probably ~0.1 pc. The rather short central
relaxation time, ~ 107 yr, implies that the system probably
has undergone core collapse.
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early version of the manuscript. This work was supported
by NASA through Grant No. HF-1037.01-92A awarded
by the Space Telescope Science Institute, which is operated
by the Association of Universities for Research in Astron-
omy, Inc., for NASA, under Contract No. NAS5-26555.

REFERENCES
Bailyn, C. D. 1988, Nature, 332, 330

© Astronomical Society of the Pacific « Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1993PASP..105..973R&amp;db_key=AST

3PASP: - 105: J973R

rt

976 RASIO

Bailyn, C. D., Grindlay, J. E., and Garcia, M. R. 1990, ApJ, 357,
L35

Benz, W., and Hills, J. G. 1992, AplJ, 389, 546

Binney, J., and Tremaine, S. 1987, Galactic Dynamics (Prince-
ton, Princeton University)

Davies, M. B., Benz, W., and Hills, J. G. 1991, ApJ, 381, 449

Davies, M. B, Benz, W., and Hills, J. G. 1992, ApJ, 401, 246

Di Stefano, R., and Rappaport, S. 1992, ApJ, 396, 587

Fabian, A. C., Pringle, J. E., and Rees, M. J. 1975, MNRAS, 172,
15P

Goodman, J., and Hut, P. 1989, Nature, 339, 40

Grindlay, J. E. 1985, in IAU Symp. No. 113, Dynamics of Star
Clusters, ed. J. Goodman and P. Hut (Reidel, Dordrecht), p.
149

Guhathakurta, P., Yanny, B., Schneider, D., and Bahcall, J. N.
1993, in Proceedings of STScI Workshop on Blue Stragglers,
ed. M. Livio and R. Saffer, ASP Conference Series, in press

Hartwick, F. D. A., Cowley, A. P., and Grindlay, J. E. 1982,
Apl, 254, L11

Hertz, P., and Grindlay, J. E. 1983, ApJ, 275, 105

Hernquist, L., Hut, P., and Kormendy, J. 1991, Nature, 354, 376

Hills, J. G., and Day, C. A. 1976, ApL, 17, 87

Hut, P., and Paczynski, B. 1984, ApJ, 284, 675

Hut, P. et al. 1992, PASP, 104, 981

Kochanek, C.S. 1992, Apl, 385, 604

Kormendy, J. 1992, in Testing the AGN Paradigm, ed. S. S. Holt,
S. G. Neff, and C. M. Urry (New York, AIP), p. 11

Krolik, J. H. 1984, ApJ, 282, 452

Krolik, J. H., Meiskin, A., and Joss, P. C. 1984, ApJ, 282, 466

Kulkarni, S. R., Narayan, R., and Romani, R. W. 1990, ApJ,
356, 174

Lacy, J. H., Townes, C. H., and Hollenbach, D. J. 1982, ApJ,
262, 120

Lai, D., Rasio, F. A., and Shapiro, S. L. 1993a, ApJ, 406, L63

Lai, D., Rasio, F. A., and Shapiro, S. L. 1993b, ApJ, 412, 593

Lauer, T. R. et al. 1991, ApJ, 369, L45

Lauer, T. R. et al. 1992, AJ, 103, 703

Lauer, T. R. et al. 1993, AJ, in press

Lee, H. M., and Ostriker, J. P. 1986, ApJ, 310, 176

Leonard, P. J. T. 1989, AJ, 98, 217

Leonard, P. J. T., and Fahlman, G. G. 1991, AJ, 102, 994

Livne, E., and Tuchman, Y. 1988, ApJ, 332, 271

Mateo, M., Harris, H. C., Nemec, J., and Olszewski, E. W. 1990,
AlJ, 100, 469

Mateo, M. 1992, in Proceedings of STScI Workshop on Blue
Stragglers, ed. M. Livio and R. Saffer, ASP Conference Series,
in press

McMillan, S. L. W., McDermott, P. N., and Taam, R. E. 1987,
Apl, 318, 261

Meylan, G., Dubath, P., and Mayor, M. 1991, ApJ, 383, 587

Murphy, B. W., Cohn, H. N., and Hut, P. 1990, MNRAS, 245,
335

Paresce, F., De Marchi, G., and Ferraro, F. R. 1992, Nature, 360,
46

Paresce, F. et al. 1991, Nature, 352, 297

Paresce, F. et al. 1993, in Proceedings of STScI Workshop on
Blue Stragglers, ed. M. Livio and R. Saffer, ASP Conference
Series, in press

Phinney, E. S., and Sigurdsson, S. 1991, Nature, 349, 220

Press, W. H., and Teukolsky, S. A. 1977, ApJ, 213, 183

Quinlan, G. D., and Shapiro, S. L. 1990, ApJ, 356, 483

Rappaport, S., Verbunt, F., and Joss, P. C. 1983, ApJ, 275, 713

Rasio, F. A., and Shapiro, S. L. 1990, ApJ, 354, 201

Rasio, F. A., and Shapiro, S. L. 1991, ApJ, 377, 559

Rasio, F. A., and Shapiro, S. L. 1992, ApJ, 401, 226

Ray, A., Kembhavi, A. K., and Antia, H. M. 1987, A&A, 184,
164

Rees, M. J. 1990, Science, 247, 817

Ruffert, M., and Miiller, E. 1990, A&A, 238, 116

Spitzer, L. 1987, Dynamical Evolution of Globular Clusters
(Princeton, Princeton University)

Statler, T. S., Ostriker, J. P., and Cohn, H. N. 1987, ApJ, 316,
626)

Verbunt, F. 1990, in Neutron Stars and their Birth Events,
NATO ASI, ed. W. Kundt (Dordrecht, Kluwer), p. 179

© Astronomical Society of the Pacific « Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1993PASP..105..973R&amp;db_key=AST

