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Abstract

The high-density environment of galaxy clusters is ripedalfisional encounters of galax-
ies. While the large velocity dispersion of clusters wagioally thought to preclude slow
encounters, the infall of smaller groups into the clustetirenment provides a mechanism
for promoting slow encounters and even mergers within ehgstThe dynamical and star-
forming response of galaxies to a close encounter depenbstbriheir internal structure
and on the collisional encounter speed — fast encountegsttetnigger modest, disk-wide
responses in luminous spirals, while slow encounters are @dae to drive instabilities that
result in strong nuclear activity. While the combined ef§eaf the cluster tidal field and
ram pressure stripping make it difficult for individual desgalaxies to participate in many
merger-driven evolutionary scenarios, infalling grouggsresent a natural site for these evo-
lutionary processes and may represent a “preprocessiagé sh the evolution of cluster
galaxies. Meanwhile, the efficiency of tidal stripping atstves the formation of the diffuse
intracluster light in galaxy clusters; deep imaging of tdus is beginning to reveal evidence
for significant substructure in the intracluster light.

11 Interactions of Cluster Galaxies

The importance of collisions in the life of cluster galax@s be seen through a
simple rate argument. A characteristic number of inteoastiper galaxy can be written as
N ~ nout, wheren is the number density of galaxies in a clusteis the cross section for
interactionsy is the encounter velocity, ands the age of the cluster. & = 7r2, wherer,

is the impact parameter, and= /20, then for a cluster like Coma we have

2
4= (o) (anie) (so00 i) (10657)
250 Mp¢ 20 kpc/ \1000 kmst/ \ 10 Gyr

While very crude, this calculation shows that it is reasde&b expect that over the course
of its lifetime in the cluster, a typical galaxy should expece several close interactions
with other cluster members.

While interactions should be common in clusters, they vglbde fast. Because the char-
acteristic encounter velocity is much higher than the gbaircular velocities of galaxies,
these perturbations will be impulsive in nature. Simplelgi@arguments suggest that both
the energy input and dynamical friction should scale &@s(Binney & Tremaine 1987), so
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that a fast encounter does less damage and is much lessttikebd to a merger than are the
slow encounters experienced by galaxies in the field. A comwew has arisen, therefore,
that slow interactions and mergers of galaxies are a rarityassive clusters (e.g., Ostriker
1980), and that much of the dynamical evolution in clustéaxgapopulations is driven by
the effects of the global tidal field (e.g., Byrd & Valtonen9Dd Henriksen & Byrd 1996).
Combined with the possible effects of ram pressure strippiithe dense interstellar medi-
uum (ISM) (Gunn & Gott 1972) or hot gas in galaxy halos (“stralation”; Larson, Tinsley,

& Caldwell 1980), a myriad of processes, aside from galatgractions themselves, seemed
available to transform cluster galaxies.

However, the abandonment of individual collisions as a raatm to drive cluster galaxy
evolution has proved premature. More recent work on the ihyce evolution of cluster
galaxies has emphasized the importance of fast collisiblomre et al. (1996) and Moore,
Lake, & Katz (1998) have shown thegpeated fast encounters, coupled with the effects of
the global tidal field, can drive a very strong response istelugalaxies. For galaxy-like
potentials, the amount of heating during an impulsive enteuscales likeAE/E ~ r,;z,
such that distant encounters impart less energy. Howéisreffect is balanced by the fact
that under simple geometric weighting the number of encrngrécales as%, so that the
total heating, summed over all interactions, can be sigmificWhile this simple argument
breaks down when one considers more realistic galaxy pateind the finite time scales
involved, in hindsight it is not surprising that repeatedtispeed encounters — “galaxy
harassment” — should drive strong evolution. However, ffiesey of harassment s largely
limited to low-luminosity hosts, due to their slowly risimgtation curves and low-density
cores. In luminous spirals, the effects of harassment achmuore limited (Moore et al.
1999). This effect leads to a situation where harassmeneffactively describe processes
such as the formation of dwarf ellipticals (Moore et al. 199e fueling of low-luminosity
AGNs (Lake, Katz, & Moore 1998), and the destruction of lawface brightness galaxies
in clusters (Moore et al. 1999), but is less able to explaiebolution of luminous cluster
galaxies.

Even as the effects of high-speed collisions are being detrated, a new attention is
focusing on slow encounters and mergers in clusters. Thaatralement that is often
overlooked in a classical discussion of cluster interadtis the fact that structure forms
hierarchically. Galaxy clusters form not by accreting individual galaxi&sdomly from the
field environment, but rather through the infall of less masgroups falling in along the
filaments that make up the “cosmic web.” Observationallygence for this accretion of
smaller galaxy groups is well established. Clusters shopl@evidence for substructure in
X-rays, galaxy populations, and velocity structure (seg, eeviews by Buote 2002; Girardi
& Biviano 2002) . These infalling groups have velocity disgiens that are much smaller
than that of the cluster as a whole, permitting the slowsgfriateractions normally associ-
ated with field galaxies. Imaging of distant clusters shogwpations of strongly interacting
and possibly merging galaxies (e.g., Dressler et al. 198i;okkum et al. 1999), which
may contribute to the Butcher-Oemler effect (e.g., Laveri@nry 1988). Even in nearby
(presumably dynamically older) clusters, several notaslemples of strongly interacting
systems exist (e.g., Schweizer 1998; Dressler, this valuimeluding the classic Toomre-
sequence pair “The Mice” (NGC 4476) located at a projectsthdce o5 Mpc from the
center of the Coma cluster. Interactions in the infallingugr environment may in effect
represent a “preprocessing” step in the evolution of chupidaxies.
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Fig. 1.1. Top: Number of close encounters per galaxy per Ggrsimulated logdi /M) =
14.6 cluster under different cosmologies. Bottom: The distiin of galaxy encounter
velocities in the simulated clusters. (From Gnedin 2003.)

While the observational record contains many examplesaimaccretion and slow en-
counters, numerical simulations are also beginning toaletés evolutionary path for clus-
ter galaxies. ModermN-body calculations can follow the evolution of individuzlgxy-
mass dark matter halos in large-scale cosmological simuaktallowing the interaction and
merger history of cluster galaxies to be probed. Ghigna €18B8) tracked galaxy halos in
anQm=1log(M/Mg) = 14.7 cluster and showed at late times{0.5) that, while no merg-
ers occurred within the inner virialized 1.5 Mpc of the clrsin the outskirts the merger rate
was~5%-10%. Similar models by Dubinski (1998) confirmed theseilts, and showed
more intense activity betweern= 1 andz= 0.4. Gnedin (2003) expanded on these works
by studying the interaction and merger rates in clustergudifferent cosmological models
(Fig. [I31). InQmn = 1 cosmologies, the encounter rates in clusters staysvediatonstant
with time as the cluster slowly accretes, while under operd-@ominated cosmologies,
the interaction rate increases significantly once the efustializes, as the galaxies experi-
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ence many high-speed encounters in the cluster core. Thibdison of velocities in these
encounters shows a large tail to high encounter velocitiesa significant fraction of en-
counters, largely those in the cluster periphery or thoseioing at higher redshift, before
the cluster has fully collapsed, occur at low relative véies (vrel < 500 km s1). Clearly,
notall interactions are of the high-speed variety!

In summary, clusters are an active dynamical environmatit,avmultitude of processes
available to drive evolution in the galaxy population. Disngling these different processes
continues to prove difficult, in large part because neatlypfthem correlate with cluster
richness and clustercentric distance. Indeed, seekirgptate the “dominant” mechanism
driving evolution may be ill motivated, as these proces&es work in concert, such as the
connection between high-speed collisions and tidal fiedd tkescribes galaxy harassment.
What is clear from both observational and computationalistiis that slow encounters and
mergers of galaxies can be important over the life of a ciusteat early times when the
cluster is first collapsing, and at later times in the outskars the cluster accretes groups
from the field.

Finally, it is also particularly important to remember twoimts. First, clusters come
in a range of mass and richness: not every cluster is as neaasithe archetypal Coma
cluster, with its extraordinarily high velocity dispersiof o, = 1000 km . In smaller
clusters and groups, the lower velocity dispersion willnssktie encounter velocities and
make them behave more like field encounters. Second, as Weopesrvations out to higher
and higher redshift, we begin to probe the regime of clusienétion, where unvirialized
dense environments can host strong encounters.

12 Lessonsfrom the Field ...

To understand the effects of interactions and mergers mterlgalaxies, we start
with lessons learned from the study of collisions in the fishdironment. In §1.3, we will
then ask how the cluster environment modifies these reshitthis discussion, we focus
largely on two aspects of encounters: the triggering ofsiasts and nuclear activity, and
the late-time evolution of tidal debris and possible refafion of gaseous disks.

The role of galaxy interactions in driving activity and ewtibn of field spirals has been
well documented through a myriad of observational and #tézal studies. Models of inter-
actions have demonstrated the basic dynamical responséexi@s to close encounter (e.g.,
Toomre & Toomre 1972; Negroponte & White 1982; Barnes 198821 Noguchi 1988;
Barnes & Hernquist 1991, 1996; Mihos & Hernquist 1994, 199Blose interactions can
lead to a strong internal dynamical response in the galagiasng the formation of spiral
arms and, depending on the structural properties of thesdéskong bar modes. These non-
axisymmetric structures lead to compression and inflow sfigahe disks, elevating star
formation rates and fueling nuclear starburst/AGN agtivif the encounter is sufficiently
close, dynamical friction leads to an eventual merging efdhlaxies, at which time vio-
lent relaxation destroys the dynamically cold disks andlpoes a kinematically hot merger
remnant with many of the properties found in the field eltiptigalaxy population (see, e.g.,
Barnes & Hernquist 1992).

Observational studies support much of this picture. Irttimg systems show preferen-
tially elevated star formation rates, enhanced on averggidiors of a few over those
of isolated spirals (Larson & Tinsley 1978; Condon et al. 2;9Reel et al. 1985; Ken-
nicutt et al. 1987). Nuclear starbursts are common, witlicglpstarburst mass fractions
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Fig. 1.2. The morphological response of galaxies to a claseunter. The galaxy models
are viewed one rotation period after the initial collisidrep panels show the response to a
slow, parabolic encounter, while the bottom panels showebponse to fast encounters. The
left columns show the response of a pure disk system, thelenfdohels show a disk/bulge
system, and the right panels show a low-density, dark mdtterinated disk.

that involve a few percent of the luminous mass (Kennicutlett987). More dramati-
cally, infrared-selected samples of galaxies reveal a fadipun of interacting “ultralumi-
nous infrared galaxies,” where star formation rates aneatdel by 1-2 orders of magnitude
and dust-enshrouded nuclear activity is common (Soifel. é1984; Lawrence et al. 1989).
These systems are preferentially found in late-stage me(gey., Veilleux, Kim, & Sanders
2002) and have been suggested as the precursors of luminasarg (Sanders et al. 1988).
This diversity of properties for interacting systems agtiet the response of a galaxy to a
close interaction is likely a complicated function of enntar parameters, galaxy type, local
environment, and gas fraction.

Can we isolate the different determining factors to undedtwvhat drives the strong re-
sponse in interacting systems? Numerical modeling of &ut@ns has shown that gaseous
inflow and central activity in an interacting disk is drivamdely by gravitational torques act-
ing on the gas — not from the companion galaxy, but by the dg@iey non-axisymmetric
structures (spiral arms and/or central bar) in the host @hislguchi 1988; Barnes & Hern-
quist 1991; Mihos & Hernquist 1996). This result argues thatstructural properties of
galaxies play a central role in determining the responsattractions. In particular, disks
that are stable against the strong growth of disk instéslitvill experience a weaker re-
sponse, exhibiting modestly enhanced, disk-wide star &ion (unless and until they ulti-
mately merge). This stability can be provided by the presarfa centrally concentrated
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bulge (Mihos & Hernquist 1996) or a lowered disk surface dgrtat fixed rotational speed;
Mihos, McGaugh, & de Blok 1997). In contrast, disk-domimbsgstems are more suscep-
tible to global bar modes and experience the strongestd®fehflow and nuclear activity
(see § 1.3).

Interacting and merging galaxies also show a wide varietlaf features, from long thin
tidal tails to plumes, bridges, and other amorphous tidatide The evolution of this mate-
rial was first elegantly described by the computer modelsooiiire & Toomre (1972) and
Wright (1972). Gravitational tides during a close encoutdad to the stripping of loosely
bound material from the galaxies (see gl 1.3); rather tieing completely liberated, the
lion’s share of this material{ 95%) remains bound, albeit weakly, to its host galaxy (Hern-
quist & Spergel 1992; Hibbard & Mihos 1995). Material is sattin the tidal tails by a
combination of energy and angular momentum — the outergustof the tails contain the
least bound material with the highest angular momentumngitggven time, material at the
base of the tail has achieved turn-around and is falling bawekrd the remnant. Further out
in the tail, material still expands away, resulting in a cagiop in the luminosity density of
the tidal tails due to this differential stretching. As aulgsthe detectability of these tidal
features is a strong function of age and limiting surfacghtness; after a few billion years
of dynamical evolution, they will be extremely difficult teetéct (Mihos 1995).

In mergers, the gas and stars ejected in the tidal tails falklonto the remnant in a
long-lived “rain” that spans many billions of years (Herigju& Spergel 1992; Hibbard
& Mihos 1995). In the merger simulation shown in Figlirel 118s tfallback manifests it-
self as loops of tidal debris that form as stars fall back ulgiothe gravitational potential
of the remnant. Tidal gas will follow a different evolutioas it shocks and dissipates en-
ergy as it falls back. The most tightly bound gaseous matexiarns to the remnant over
short time scales and can resettle into a warped disk (Mihd$e&quist 1996; Naab &
Burkert 2001; Barnes 2002). Such warped H | disks have besare&d in NGC 4753
(Steiman-Cameron, Kormendy, & Durisen 1992) and in thelmearerger remnant Centau-
rus A (Nicholson, Bland-Hawthorn, & Taylor 1992). Over l@rdime scales, the loosely
bound, high-angular momentum gas falls back to ever-isingaadii, forming a more ex-
tended but less-organized distribution of gas outsideragedfective radii in the remnant.
Many elliptical galaxies show extended neutral hydroges) gametimes in the form of bro-
ken rings at large radius, perhaps arising from long-ag@erezvents (e.g., van Gorkom &
Schiminovich 1997).

The ultimate fate of this infalling material is uncertainitimay have important ramifi-
cations for interaction-driven galaxy evolution modelsefficient star formation occurs in
this gas, such as that observed in the inner disk of the mezgerant NGC 7252 (Hibbard
et al. 1994), this may present a mechanism for building disldliptical galaxies. If the
amount of gas resettling into the disk is significant, in pipfe the remnant could evolve to
become a spheroidal system with a high bulge-to-disk ragohaps forming an SO or Sa
galaxy (e.g., Schweizer 1998).

13 ... Applied to Clusters

In clusters, a number of environmental effects may modiéydiinamical response
and evolution of interacting galaxies described abovestFine relative velocities of inter-
acting systems tend to be higher, although, as arguedreankay low-velocity encounters
still occur within smaller groups falling in from the clustperiphery. Second, the global
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Fig. 1.3. Evolution of the tidal debris in an equal-mass reenqj two disk galaxies occur-
ring in isolation. Each frame is approximately 0.9 Mpc ondesiNote the sharpness of the

tidal debris, as well as the loops that form as material fadisk into the remnant over long
time scales.

tidal field of the cluster must also play a role in the evolataf interacting systems, strip-
ping away the loosely bound tidal material and potentiatigiag energy to bound groups.
The hot intracluster medium (ICM) can act to further strip low-density ISM in galaxies,
particularly the diffuse tidal gas ejected during collisso

The most obvious difference between interactions in thd &eld in the cluster environ-
ment is the collision speed of the encounter. While slowrattBons are able to drive a
strong dynamical response in disk galaxies, faster eneosinésult in a perturbation that
is much shorter lived and less resonant with the internabdvyios of the disk. FigurigZl.2
shows the different response of galaxies to slow and falisicols. In each case, the galax-
ies experience an equal-mass encounter inclinédealthe orbital plane and with a closest
approach of six disk scale lengths. Three structural maatelsised for the galaxies. The
first is a pure disk system where the disk dominates the ootatirve in the inner two scale
lengths; the second is identical to the first, but with a admlge with bulge-to-disk ratio of
1:3. In both these models, the disk-to-halo mass ratio i81The third system is identical
to the first, but with the disk surface density lowered by adaof 8; this system represents
a dark matter dominated, low-surface brightness (LSB) dallaxy. In the slow collision,
the galaxies fall on a parabolic (zero-energy) orbit withetoeity at closest approach that
is approximately twice the circular velocity. The fast eitin takes place with a hyperbolic
orbit with an encounter velocity of twice that of the parabehcounters.

Notable differences can be seen in the dynamical responeajalaxy models, par-
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ticularly in the growth of global bar modes. During slow ennters, both the disk and
disk/bulge galaxy models develop dramatic bars and spinas avhich can drive strong in-
flow and central activity. The lowered surface density oflt&8 model results in a weaker
self-gravitating response (Mihos et al. 1997); a very smadhak bar is present, but the over-
all response is one of a persistent oval distortion, whichilditve much less able to drive
gaseous inflow. In contrast, the response of the fast enesudépends more strongly on
the structural properties of the galaxy. The pure-disk rhddgelops a relatively strong
bar mode, while the disk/bulge system sports a two-arm Igpétéern with no central bar.
These results are similar to those shown in Moore et al. (9980 modeled high-speed
encounters of disk galaxies of varying structural propsrtiThe LSB model, on the other
hand, lacks the disk self-gravity to amplify the perturbatinto any strong internal response.
However, the vulnerability of LSBs lies not in their intefmasponse to aingle encounter,
but rather in their response tepeated high-speed collisions in the cluster environment
(Moore et al. 1998).

Because the star-forming response of a galaxy is intiméitghed to its dynamical re-
sponse, we can use these results to guide our expectatistaskmirst triggering mechanisms
in cluster galaxies. Because of their stability toward higieed encounters, luminous, early-
type spirals should experience modestly enhanced, didk-starbursts. Low-luminosity,
late-type disks will be more susceptible to stronger inflovemtral starbursts, and AGN fu-
eling; even the LSBs will succumb to the effects of repeatembanters and the cluster tides
(Moore et al. 1996), which drive a much stronger responsea Pesult, these high-speed,
“harassment-like” encounters are effective at drivingletion in the low-luminosity cluster
populations (Moore et al. 1996; Lake et al. 1998), but if Bamaent is the whole story in
driving cluster galaxy evolution, it is hard to explain stgpstarburst activity ifuminous
cluster spirals at moderate redshift. On the other handslthweer collisions expected in
infalling substructure are able to drive a stronger respoagardless of galaxy type.

Aside from driving stronger starbursts in interacting tdugjalaxies, slow collisions also
heat and strip galaxies more efficiently than do high-speedenters. They also raise the
possibility for mergers among cluster galaxies, and themq@! for merger-driven evolu-
tionary scenarios. However, unlike slow collisions in thedj cluster galaxies must also
contend with the effects of the overall tidal field of the ¢&rsHow will this affect the evo-
lution of close interactions, in particular the longevitydadetectability of tidal debris, and
the ability for galaxies to reaccrete tidal material? Toradd this question, Figulel.4 shows
the evolution of an equal-mass merger (identical to the eresigown in Fig[CTI3) occurring
in a cluster tidal field. The cluster potential is given by aon@-like Navarro, Frenk, &
White (1996) profile with total mas¥lgo = 10°°M), r200 = 2 Mpc, andrs = 300 kpc. The
binary pair travels on an orbit withye = 0.5 Mpc andrape = 2 Mpc, and passes through
periclustercon twice, at & 1 and 4 Gyr.

The tidal field has a number of effects on the evolution of #yistem. First, the merger
time scale has been lengthened — the cluster tidal field itepaergy to the galaxies’ orbits,
extending the time it takes for the system to merge~50% for this calculation). In this
case, the encounter is close enough that the galaxies Holtitilately merge, but it is not
hard to envision encounters where the tidal energy inputifficient to unbind the galaxy
pair. This raises the interesting possibility that infadlipairs may experience the close, slow
collisions that drive strong activity, yet survive the ennter whole without merging.

The most dramatic difference between field mergers and fhaseluster is in the evolu-
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Fig. 1.4. Evolution of an equal-mass merger, identical & th Fig.[I.B, but occurring as
the system orbits through a Coma-like cluster potentiad (s&t). Note the rapid stripping
of the tidal tails early in the simulation; the tidal debreses here is more extended and
diffuse than in the field merger, and late infall is shut oféda tidal stripping by the cluster
potential.

tion of the tidal debris. In the field, most of the materialotgel into the tidal tails remains
loosely bound to the host galaxy, forming a well-defineddraxf the tidal encounter. In the
cluster encounter, the tidal field quickly strips this ldgdsound material from the galaxies,
dispersing it throughout the cluster and adding to the défintracluster starlight found in
galaxy clusters. This rapid stripping of the tidal debrislear in FiguréZZ}: shortly after the
first passage the debris becomes very extended and diffdde emoved entirely from the
system after the subsequent passage through the clugtgointn this encounter, 20% of
the stellar mass is stripped to large distance§0Q kpc), fully twice the amount in a similar
field merger.

This rapid stripping has a number of important ramificatioR#rst, these tidal tracers
are very short-lived; identifying a galaxy as a victim of as# interaction or merger will
be very difficult indeed shortly after it enters the clustetgmtial. The tidal features we do
see in cluster galaxies are likely signatures of a very reoggraction, such that interaction
rates derived from the presence of tidal debris may underats the true interaction rates in
clusters. Second, the rebuilding/resettling of gaseosissdn interaction/merger remnants
will be severely inhibited, as both cluster tides and ransguee stripping act to strip off all
but the most bound material in the tidal debris, leavingglithaterial able to return. Finally,
this stripping will contribute both to the intraclusterhigand to the ICM, as gas and stars in
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the tidal debris are mixed in to the diffuse cluster enviremtn We discuss these processes
in the following sections.

14 Galaxy Evolution: Mergers, Elliptical, and SO Galaxies

In the field environment, interactions and mergers of gakuare thought to be a
prime candidate for driving evolution in galaxy populasoiMajor mergers of spiral galax-
ies may lead to the transformation of spirals into ellipBo@.g., Toomre 1978; Schweizer
1982): the violent relaxation associated with a mergeicéffely destroys the galactic disks
and creates a kinematically hot/*-law spheroid, while the concurrent intense burst of star
formation may process the cold ISM of a spiral galaxy intoitbeX-ray halo of an elliptical.
These processes are not totally efficient, however, ane Isignatures behind that identify
the violence of the merging process: diffuse loops and sleélstarlight, extended H | gas,
significant rotation in the outskirts of the remnant, andaiyically distinct cores (see, e.g.,
the review by Schweizer 1998). While it is an open questiaco aghat fraction of ellipticals
formed this way, it is clear that at least some nearby fielgtéthls — Centaurus A being a
notable example (Schiminovich et al. 1994) — have had sualeni histories.

Mergers have also been proposed as a mechanism to driverthation of SO galaxies.
In this case, the scenarios are varied. For SOs with veryg lanfge-to-disk ratios, reaccre-
tion of gas after a major merger (either from returning tigakerial or from the surrounding
environment) may rebuild a disk inside a newly formed spiierm unequal-mass mergers
of disk galaxies, disk destruction is not complete, and &salting remnant retains a signif-
icant amount of rotation (Bendo & Barnes 2000; Cretton e2@01) and may be identified
with a disky SO, particularly if a significant amount of coldgjis retained by the system to
reform a thin disk (Bekki 1998). Finally, minor mergers beem spirals and their satellite
companions can significantly heat, but not destroy, galatitks (Toth & Ostriker 1992;
Quinn, Hernquist, & Fullagar 1993; Walker, Mihos, & Herngui996), while simultane-
ously helping to “sweep the disk clean” of cold gas via a gedidnally induced bar driving
gas to the nucleus (Hernquist & Mihos 1995). The resultirgikslhave many similarities
to disky SOs (Mihos et al. 1995): thickened disks, little orspiral structure, cold gas, or
ongoing star formation. These different scenarios varynigan the proposed strength of
the interaction — from major to minor mergers — and it has h@eposed that this param-
eter may, in fact, determine the ultimate morphologicadsification of galaxies all the way
from early-type ellipticals to late-type spirals (e.g.h@eizer 1998; Steinmetz & Navarro
2002).

Applying these arguments to cluster populations, it sedrat luilding cluster ellipti-
cals through a wholesale merging of spirals within the distadd cluster environment is a
difficult proposition. Clusters ellipticals are an old, hogeneous population showing lit-
tle evolution since at least a redshiftok 1 (e.g., Dressler et al. 1997; Ellis et al. 1997).
Within the cores of massive clusters, merging has largaly sfi due to the high velocity
dispersion of the virialized cluster (Ghigna et al. 1998heTccretion of merger-spawned
ellipticals from infalling groups may still occur, and tleewill be hard to identify morpho-
logically as merger remnants — the combination of clustéegiand hot ICM will strip off
any tell-tale tidal debris and sweep clean any diffuse caklig the tidal tails (recall Fig_1.4)
or low-density reaccreting disk. However, the small scattehe color-magnitude relation
and weak evolution of the fundamental plane of cluster wtighs (see, e.g., the review by
van Dokkum 2002) argues that such lately formed elliptitiaély do not contribute to the
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bulk of the cluster elliptical population. This does not mélaat mergers have not played a
role in the formation of cluster ellipticals. In any hieraizal model for structure formation,
galaxies form via the accretion of smaller objects. Lummaoluster ellipticals may well
have formed from mergers of galaxies at high redshift, ingrevirialized environment of
the protocluster. However, at these redshifts( 1), the progenitor galaxies are likely to
have looked very different from the present-day spiral patn.

Unlike the rather passive evolution observed in clustgtadhls, much stronger evolution
is observed in the population of cluster SOs. The fractioB@ in rich cluster has increased
significantly since a redshift af~ 1, with a corresponding decrease in the spiral fraction
(Dressler et al. 1997). Can the same collisional processdshbve been hypothesized to
drive SO formation in the field account for the dramatic etioluin cluster SO populations?
SO formation scenarios that rely on reaccretion of mateifigr a major merger (disk re-
building schemes) seem difficult to envision wholly withiretcluster environment. While
mergers are possible in infalling groups, the combinatididal and ram pressure stripping
will shut down reaccretion and ablate any low-density gasetisks that have survived the
merger process. For example, it is unlikely the H | disk in aerus A (Nicholson et al.
1992), likely a product of merger accretion, would surviesgage through the hot ICM of
a dense cluster. Satellite merger mechanisms trade onenityadgoroblem for another —
because the mergers involve bound satellite populatia@re tis no concern about the effi-
cacy of high-speed mergers, but, instead, the issue is whetmot satellite populations can
stay bound to their host galaxy as it moves through the alpstential. And, of course, this
mechanism relies on the velgcal environment of galaxies, which does not explain why SO
formation would be enhanced in clusters.

None of the proposed merger-driven SO formation mecharégpsar to work well deep
inside the cluster potential. On the other hand, these pseseshould operate efficiently in
the group environment, where the encounter velocitiesraadler and cluster tides and the
hot ICM do not play havoc with tidal reaccretion. The groupisznment may create SOs
and feed them into the accreting cluster, but if there is @bale transformation of cluster
spirals into SOs in the cluster environment, it needs to peizuother mechanisms.

Other cluster-specific methods for making SO galaxies haentproposed, including
collisional heating and ram pressure stripping of the dé&bé(Moore et al. 1999; Quilis,
Moore, & Bower 2000) and strangulation, the stripping of hato gas from spirals (Lar-
son et al. 1980; Bekki, Couch, & Shioya 2002). While these aemdoy design, explain
the preferential link between clusters and SO galaxiey, dhe not without problems them-
selves. While the effects of ram pressure stripping on thenebed neutral hydrogen gas in
cluster galaxies is clear (e.g., van Gorkom, this volunte)efficacy on the denser molec-
ular gas is unclear. For example, the H | deficient spiralfien\irgo cluster still contain
significant quantities of molecular gas (e.g., Kenney & Ypu989), while studies of the
molecular content of cluster spirals show no deficit of COsamioin (Casoli et al. 1998). If
the molecular ISM survives, it is unclear why star formatstould not continue in these
disks. Strangulation models suffer less from concernsegfficacy of ram pressure strip-
ping, since it is much easier to strip low-density halo gaanth dense molecular ISM,
although it must be noted that there currently is little ataatonal evidence for hot halos
in (non-starbursting) spiral galaxies. In addition, neithbf these methods leads to the pro-
duction of a luminous spheroid — the S0s that might be produtthese ways would have
low bulge-to-disk ratios.
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Ultimately, SOs are a heterogeneous class, from bulgestiisd SOs to the disky SO0s
seen in galaxy clusters, and it should not be surprising @hsingle mechanism cannot
fully account for the range of SO types (e.g., Hinz, Rix, & B&tein 2001). Whether there
is a systematic difference between cluster and field SOsdtean an issue fraught with
selection and classification uncertainties. What is cledhat, even in clusters, SOs often
show evidence for accretion events, similar to that obskiveéhe field SO population (see,
e.g.,, the discussion in Schweizer 1998). Itis likely thatwof these SOs were “processed”
via mergers in the group environment before being incortedranto clusters.

15 Tidal Stripping and Intracluster Light

As galaxies orbit in the potential well of a galaxy clustéars are tidally stripped
from their outer regions, mixing over time to form a diffugettacluster light” (ICL). First
proposed by Zwicky (1951), the ICL has proved very difficoltstudy — at itsbrightest,
it is only ~1% of the brightness of the night sky. Previous attemptsudysthe ICL have
resulted in some heroic detections (Oemler 1973; Thuan &temdy 1977; Bernstein et al.
1995; Gregg & West 1998; Gonzalez et al. 2000), verified byeolagions of intraclus-
ter stars and planetary nebulae in Virgo (Feldmeier, Cilwd& Jacoby 1998; Ferguson,
Tanvir, & von Hippel 1998; Arnaboldi et al. 2002). While th€ll is typically thought of
as arising from the stripping of starlight due to the clugtetential, in fact the role of in-
teractions between cluster galaxies in feeding the ICL itecgirong. Galaxy interactions
significantly enhance the rate at which material is stripgexdllustrated in FigurEZ1.4, the
strong, local tidal field of a close encounter can strip matérom deep within a galaxy’s
potential well, after which the cluster tidal field can lintr the material completely. Inter-
actions, particularly those in infalling groups, act toifpe the pump" for the creation of the
ICL.

The properties of the ICL in clusters, particularly the fragal luminosity, radial light
profile, and presence of substructure, may hold importargscabout the accretion history
and dynamical evolution of galaxy clusters. Material gia@ from galaxies falling in the
cluster potential is left on orbits that trace the orbitaihpaf the accreted galaxy, creating
long, low-surface brightness tidal arcs (e.g., Moore €296), which have been observed in
afew nearby clusters (Trentham & Mobasher 1998; Calcara@d&aR et al. 2000). However,
these arcs will only survive as discrete structures if theeipibal is quiet; substructure will
dynamically heat these arcs, and the accretion of significaass (i.e., a cluster merger
event) may well destroy these structures. If much of the I€formed early in a cluster’s
dynamical history, before the cluster has been fully as$edntthe bulk of the ICL will
be morphologically smooth and well mixed by the present datjy) a few faint tidal arcs
showing the effects of late accretion. In contrast, if th& fGrmed largely after cluster
virialization, from the stripping of “quietly infalling” glaxies, the ICL should consist of an
ensemble of kinematically distinct tidal debris arcs. @usthat are dynamically younger
should also possess an ICL with significant kinematic andofmalogical substructure.

Early theoretical studies of the formation of the ICL sudgdghat it might account for
anywhere from 10% to 70% of the total cluster luminosity {Rimne 1976; Merritt 1983,
1984; Miller 1983; Richstone & Malumuth 1983; Malumuth & Ritone 1984). These
studies were based largely on analytic estimates of tidalsig, or on simulations of indi-
vidual galaxies orbiting in a smooth cluster potential wlich estimates miss the effects of
interactions with individual galaxies (e.g., Moore et 896), intermediate-scale substruc-
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Fig. 1.5. Visualizations of the cluster simulations of Dugki (1998). Top panels show
the distribution of luminous starlight, with the faintestrtours corresponding to a surface
brightness ofuy ~ 30 mag arcseé. Bottom panels show the effect of adding noise char-
acteristic of current observational limits. Left panelswtthe cluster early in collapse (at
z=2), while right panels show the virialized clusterzat 0.

ture (Gnedin 2003), and priming due to interactions in thallimg group environment. As
a result, these models underpredict the total amount of I€well as the heating of tidal
streams in the ICL. Now, however, cosmological simulatioas be used to study cluster
collapse and tidal stripping at much higher resolution aitt & cosmologically motivated
cluster accretion history (e.g., Moore et al. 1998; Dubingkirali, & Ouyed 2001).

One example of the modeling of ICL is shown in Figlirel 1.5. Ehi#sages are de-
rived from theN-body simulations of Dubinski (1998), who simulated thelajpse of a
log(M/Mg) = 14.0 cluster in a standard cold dark matter Universe. Startiognfa cos-
mological dark matter simulation, the 100 most massivesate identified at a redshift of
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Fig. 1.6. Deep imaging of cD clusters from Feldmeier et &10). Top panels show Abell
1413; bottom panels show MKW 7. The left panels show the fQlIX110 view of the
cluster, while the right panels show a close up of the clesteice a smooth elliptical fit
to the cD cluster envelope has been removed. The oval shensdlius inside which the
model has been subtracted.

z= 2.2 and replaced with composite disk/bulge/halo galaxiegredfter the simulation is
continued taz= 0 (see Dubinski 1998 for more details). To quantify thewdi#f light in these
cluster models, we assign luminosity to the stellar paatitlased on a mass-to-light ratio of
1. The top panels show the cluster at two different times. i@neft, the cluster is shown
early in the collapse, &= 2, where it consists of two main groups coming together. The
right panels show the cluster at 0, when the cluster has virialized and formed a massive
cD galaxy at the center. In each case, the lowest visibleotwri$ at a surface brightness
of uy ~ 30 mag arcseé. The bottom panels show the effects of adding observatinsiae
typical of our ICL imaging data (discussed below) and iltast the difficulties in detecting
this diffuse light.

In the early stages of cluster collapse, material is beingtd out of galaxies and into
the growing ICL component. This material has a significamrde of spatial structure in
the form of thin streams and more diffuse plumes, much of d@testervationally detectable
surface brightnesses. At later times this material hasrheawsell mixed in the virialized
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Fig. 1.7. The ICL in Abell 1914 (from Feldmeier et al. 2003).

cluster, forming a much smoother distribution of ICL and smicture that is visible only
at much fainter surface brightnesses, well below curremti$eof detectability. Along these
lines, the degree of ICL substructure may act as a tracereotiyitmamical age of galaxy
clusters.

Indeed, galaxy clusters do show a range of ICL properties.(Mé&meier et al. 2002,
2003) have recently begun a deep imaging survey of galasfaris, aimed at linking their
morphological properties to the structure of their ICL. As tetection of ICL is crucially de-
pendent on reducing systematic effects in the flat fieldirghawe taken significant steps to
alleviate these issues, including imaging in the Washimidilter to reduce contamination
from variable night sky lines, flat fielding from a composifensany night sky flats taken
at similar telescope orientations, and aggressive masiifgight stars and background
sources (see Feldmeier et al. 2002 for complete detailgh Wis data, we achieve a signal-
to-noise ratio of 5 ajy = 26.5 mag arcse€ and a signal-to-noise ratio of 1 ay = 28.3
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mag arcse®. We have targeted two types of galaxy clusters thus far: cBidated Bautz-
Morgan class | clusters (Feldmeier et al. 2002) and irred@daitz-Morgan class Il clusters
(Feldmeier et al. 2003).

FigurelT.6 shows results for the cD clusters Abell 1413 andMK Similar to the clus-
ters studied by Gonzalez et al. (2000; see also Gonzalehdath & Zaritsky 2003), the
cD galaxies are well fit by al/# law over a large range in radius, with only a slight lumi-
nosity excess in the outskirts of each cluster. In each eeseearch for ICL substructure
by using the STSDAS®I | i pse package to subtract a smooth fit to the cD galaxy extended
envelope. In the case of Abell 1413, we see little evidencaify substructure in the ICL;
the small-scale arcs we observe are likely to be due to gitaital lensing. MKW 7 shows
a broad plume extending from the cD galaxy to a nearby brilliptieal, but little else in
the way of substructure.

In contrast, we see evidence for more widespread ICL sutistielin our Bautz-Morgan
type lll clusters. FigurEl7 shows our image of Abell 19lidnked to a resolution of 3after
all stars and galaxies have been masked. Here we see a driettures: a fan-like plume
projecting from the southern clump of galaxies, anothgudd plume extending from the
galaxy group to the east of the cluster, and a narrow streaeméixg to the northeast from
the cluster center. The amount of substructure seen hevassstent with an unrelaxed clus-
ter experiencing a merger, similar to the features seendnuthielaxed phase of the model
cluster shown in FigufeZl.5. We see similar plumes in othee tYi clusters, suggesting that
the ICL in these types of clusters does reflect a cluster srdymamically less evolved than
the cD-dominated clusters of Feldmeier et al. (2002).

While these studies point toward significant substructarthe ICL of galaxy clusters,
imaging surveys continue to be hampered by systematicteff#ith so much of the ICL
substructure present only at surface brightnesses falday,, > 28 mag arcseé, issues
of flat fielding, scattered light, and sky variability becos®vere. An interesting alterna-
tive is to use the significant numbers of intracluster planebhebulae now being found in
emission-line surveys of nearby galaxy clusters (Feldmeieal. 1998; Arnaboldi et al.
2002). These studies have very different detection bidsesdeep surface photometry and
have the potential to probe the ICL down to much lower surtmssities. Planetary nebulae
offer an added bonus: as emission-line objects, followpargoscopy can determine the
kinematics of the ICL, giving yet another view of the deg@a/hich the ICL is dynamically
relaxed (Dubinski et al. 2001; Willman 2003). An interegtamalogy can be made between
the search for kinematic substructure due to tidal strigjmingalaxy clusters and the search
for kinematic substructure due to tidally destroyed sigsllin the Milky Way’s halo (e.g.,
Morrison et al. 2002). In both cases, kinematic substreatan be used to trace the dynam-
ical accretion history of the system. With the advent of iroiiject spectrographs on 8-m
class telescopes, new and exciting opportunities now &isttudying this substructure in
the diffuse starlight of galaxy clusters.
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