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i

Astronomy 233 \The History of Structure in the Universe" was taught during the fall
semesterof 2007 by ProfessorsRiccardo Giovanelli and Martha Haynes with the always
willing and able assistanceof Astronomy graduate student Carl Ferkinho�. Among the top-
ics discussedin the course were the history of the early universe, the cosmic microwave
background, evidencefor dark energy and dark matter, the relationship betweensupermas-
sive black holes, active galactic nuclei and their host galaxies, the formation of the �rst
stars and galaxies,and the evolution of galaxies,clusters and superclusters through cosmic
time. In addition to providing an overview of the development of structure in the universe,
Astronomy 233 is intended to provide students interested in majoring or concentrating in
astronomy with an intro duction to current forefront topics in the �eld and also to expose
them to aspects of a professionalresearch careersuch as the current \symp osium".

As part of our discussionof cosmic structure, we investigated how galaxy evolution is af-
fected by environmental in
uences, especially in clusters of galaxies.The Virgo Cluster, the
nearest rich cluster to our own Local Group of galaxies,serves as an intriguing laboratory
for the study of the environmental mechanismswhich drive galaxy evolution. In the context
of this symposium, students were placed in the role of summarizing papers selectedfrom
the profesional literature pertaining to \The Virgo Cluster: Galaxy Evolution in Action."
The papers contained herein represent their original work, with minor editting mainly to
conform to the style usedin producing this volume. The students are asked to forgive us for
modi�cations made in the editorial process.

All of us wish to compliment the authors on their contributions, on their diligence and
enthusiasm,and on their patience.

.

Martha P. Haynes

Riccardo Giovanelli

Carl Ferkinho�

Ithaca, New York
27 November 2007
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1. Di�use Ligh t in the Virgo Cluster

Jared Feldman 1

ABSTRA CT The paper by Mihos et al. (2005; hereafter M05) presents deep optical imaging of the center of
the Virgo Cluster, which was used to search for di�use Intra Cluster Light (ICL). The imaging revealed a large
amount of di�use ICL, including multiple tidal streamers as well as tidal tails and bridges betweengalaxies within
the cluster. The imaging also revealed the di�use halo of M 87 and di�use light around the M 84/M 86 pair.
Analysis of the complex substructure of Virgo's di�use ICL allows further understanding of the Virgo Cluster's
formation and gives an insight to general cluster formation.

1.1 Introduction

M05 provide evidencethat di�use intra-cluster light (ICL) in galaxy clusters can be successfullyapplied to
determine their structure and history. Intra-cluster light is the light provided by stars that are not bound
gravitationally to a galaxy but rather the cluster in which the galaxy resides(Vilc hez{Gomez1999).Originally
ICL was discovered through the useof deepbroadband imaging in 1951,by Fritz Zwicky. M05s studies show
that ICL has beendiscovered in individual stars and intra-cluster planetary nebulae,a later stageof evolution
in large massstars. Simulations have led to a generally acceptedunderstanding that the formation of ICL is
related to tidal stripping during the assembly of the cluster. Tidal stripping occurs when large galaxies pull
stars and stellar material from a smaller galaxy (Read et al. 2005). M05 noted that the Virgo Cluster (at an
adopted distance of 16 Mpc) is ideal to study ICL, as it appearsto be a complex environment perfectly suited
for the production of ICL becausethe cluster contains spatial and kinematic substructure, as well as multiple
speciesof galaxies.This diversity located in a single cluster is useful becausethe wealth of data available can
be applied to the study of cluster formation and structure.

1.2 Imaging Technique

Imagesof the Virgo cluster used in M05 were obtained in March and April of 2004using the Burrell Schmidt
Telescope at Kitt Peak, Arizona. Seventy-two object imageswere taken covering nearly 2.25 squaredegreesof
the cluster. Using a complex data processingsystem, the imageswere combined to form a large picture of the
cluster in lieu of many tiny indistinguishable images.Theselarger imagesare more useful for the detection of
ICL in the Virgo cluster. According to M05, someerrors in measurement could possibly have occurred due to
a ring of cirrus surrounding the core of the Virgo cluster that possibly contaminated imagesto the north and
southwest of the �eld of view. Luckily, the core itself was not obstructed and structures were detected in the
ICL. The resulting �nal image is displayed in Figure 1.1.

1.3 Di�use Light In Virgo's Core

M05 declare that a large array of di�use features can be observed in Virgos ICL. These features vary from
extended low surface brightness envelopes, or thin streamers and small scale tidal e�ects. Low brightness

1Department of Astronomy, Cornell Univ ersity, Ithaca, NY 14853



1. Di�use Light in the Virgo Cluster 2

FIGURE 1.1. Di�use light in the Virgo Cluster core as traced by the optical imaging with the Burrell Schmidt Telescope.
North Is up and East is to the left. SeeFigure 1.2 for a schematic diagram identifying the galaxiesand di�use intracluster
light streamers. From M05.

envelopes are frequently present due to dwarf galaxies in which the baryonic matter is in the form of di�use
light and nearly ninety �v e percent of the mass is present as non-baryonic dark matter. The goal of M05 is
to focus on the morphology of Virgos ICL through a qualitativ e analysis. Reproduced from M05, Figure 1.2
provides a schematic diagram identifying various ICL features and galaxieslocated near the cluster center.

Two streamers labelled \A" and \B" in Figure 1.2 seemto be extending to the northwest from M 87, the
largest brightest galaxy in the northern Virgo cluster. Streamer \A" passesthrough a pair of galaxiesand then
towards a group to the north. The surfacebrightnessof the streamerdrops as it enters the halo around the pair
of galaxiesand fadesaway. The extent of streamer A was measuredto be 178 kpc in length, 16 kpc in width
with a luminosity of 109 M � . NGC 4458and NGC 4461,the two galaxieswhich streamer \A" passesthrough,
have high velocities relative to each other, leading M05 to argue that the streamer is causedby stripping from
one of the galaxiesrather than direct interaction betweenthe two.

Streamer \B" appearsto begin just to the northwest of M 87 to the northwest and is 130 kpc long and 6 kpc
wide. It appearsto be \carrying" a low surfacebrightnessdwarf into the halo of M 87, possibly destroying the
dwarf in the tidal forcesof the cluster. Sincethis stream is particularly thin, M05 argue that either the dwarf
is on a highly radial orbit or is being viewed in the orbital plane. Streamers are not all linear, as streamer
\C" appears to be curved and surrounds a low surface brightness dwarf. Besideslarge streams of ICL, the
Virgo cluster also demonstratestidal features on small scales.The twin galaxiesNGC 4435/4438 \D" are in
the shape of a \dogleg" as the tidal forcesof the two galaxiesand the Virgo cluster conspireto alter the shape
of the pair of galaxies.

The measurement of the ICL of the Virgo Cluster facilitates the observation of luminous halos around the
galaxiesin Virgo. An irregular stellar envelope \I" around M 87 has beenobserved that extendsout to around
175 kpc (Weil, Bland-Hawthorn & Malin 1997). It is more di�cult to determine halos around M 84 and M 86
and other smaller galaxies becausethey are closely congregated.Instead, a crown \K" of di�use light north
of M 84/M 86 is visible; in addition a di�use extension is visible to the south, which eventually blends into
the galaxies to the south. Three low surface brightness �lamen ts \L1{L3" are also visible around M 86. An
envelope of light \M" is alsopresent around the galaxiessouth of M 86. A tidal bridge connectsNGC 4413and
IC 3363,not shown in diagram. According to M05, an extendedHI cloud streaming from NGC 4388,also not
shown has been recently discovered which is attributed to ram pressurestripping (Oosterloo & van Gorkom
2005;seealso the paper by Jennifer Burt in this volume).
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FIGURE 1.2. Schematic diagram showing the locations of galaxies and the di�use features seenin the intracluster light
identi�ed in Figure 1.1 and discussedin the text. From M05.

1.4 Discussion

M05sdeepimaging of the Virgo cluster revealeda net of tidal features,evidenceof the continuoustidal stripping
and evolution of galaxiesin Virgo. The ICL is not centered around M 87, the center of the cluster; instead M05
discovered the center to be around M 84/M 86. This is evidencethe ICL is not growing simply by accretion
around a central galaxy, but rather it grows according to the inherent unique structure of the Virgo Cluster.
M05, in comparisonto the IPNe density study by Feldmeieret al. (2005), provide veri�cation that the density
in the core is highly variable and not constant. The deep imaging allows the tracing of the ICL in galaxy
clusters.

M05s study of di�use light assistsin the study of low surfacebrightnessdwarf galaxiesalsoknown asprimarily
dark matter galaxies.Increasedknowledgeof the concentration of dark matter in the Virgo cluster allows for
the understanding of the complex substructure of the ICL. This is evidencethat there is a hierarchy within the
assembly of the Virgo cluster, and it is not simply the product of smooth accretion around a central galaxy.

1.5 References

[1.1] Mihos, J.C., Harding, P., Feldmeier, J. & Morrison, H. 2005,Ap.J., 631, L42 (M05)

[1.2] Oosterloo, T. & van Gorkom, J. 2005,Astr.Ap., 437, L19

[1.3] Read, J.I., Wilkinson, M.I., Evans, N.W., Gilmore, G., & Kleyna, J.T., 2005,M.N.R.A.S., 366, 429

[1.4] Vilchez-Gomez,R. 1999,in IAU Colloq. 171,The Low Surface Brightness Universe, ed. J. I. Davies, C.
Impey, & S. Phillips (ASP Conf. Ser. 170; San Francisco:ASP), 349

[1.5] Weil, M.L., Bland-Hawthorn, J., & Malin, D.R. 1997,Ap.J., 490, 664



2. The Metallicit y Distribution of In tracluster
Stars in Virgo

Kristen Lau 1

ABSTRA CT The Hubble SpaceTelescope was used to detect and measure about 5300 stars in an intracluster
�eld in the Virgo Cluster. It was then possible to determine the metallicit y distribution and the types of stars
present in the portion of the Virgo Cluster by performing photometry on these stars. Through analysis, it was
then found that most metal-poor stars in the observed �eld had lessstructure than that of metal-rich stars. Thus,
it was concluded that the intracluster population is not well-mixed.

2.1 Introduction

The interactions and mergers between galaxies are integral in the evolutionary processof galaxies. In such
processes,tidal forcesoften eject stars from their parent galaxiesinto intergalactic space.As discussedin the
paper by Williams et al. (2007:hereafterW07), thesestars can provide a \fossil record" of the interactions that
took place.As noted by W07, other authors have developed models for the formation and evolution of galaxies
by analyzing the chemistry and age distribution of their stellar populations. The chemical abundance (or
metallicities) of theseejectedstars can provide insight on the galactic origins of the stars. Similarly, according
to W07, it is possibleto determine the interactions that were involved in thesegalactic evolutions by analyzing
the number and spatial distribution of the stars. The history of a group of cluster can be determined by taking
a look at the kinematics and phase-spacestructure of the stars. From this, the interaction history of a system
of galaxiescan be studied through observations of red giants, planetary nebulae,and globular clusters (W07).

The intracluster medium provides a suitable environment for the measurement of intergalactic stars. Galaxies
that are located in regionsof spacethat are densertend to be redder and usually have lessgas(Dressler1980).
Furthermore, through observed colour shifts, galaxy clusters tend to have evolved much more rapidly than
�eld galaxies (Butcher & Oemler 1978). Explanations for such di�erences noted by W07 include gravitation
interactions and mergers among cluster galaxies, gravitational interactions with the cluster's gravitational
potential , and the lossof gasthrough interactions with the intracluster medium.

2.2 The Virgo Cluster

The Virgo Cluster is the nearestcluster system(at a distanceof about 15Mpc) that hasa signi�can t intracluster
population of stars (W07). It is also the best-studied cluster becauseof its large size. This provides the best
example to help further the knowledgeof intracluster light; see,for example, the paper by Jared Feldman in
this volume. Astronomers have already beenable to trace the distribution of intracluster stars through several
surveysof the Virgo Cluster's intracluster planetary nebulae(seereferencesin W07).

1Department of Astronomy, Cornell Univ ersity, Ithaca, NY 14853



2. The Metallicit y Distribution of Intracluster Stars in Virgo 5

FIGURE 2.1. Location of the intracluster �eld observed with the HST AdvancedCamera for Surveys superposedon an
original deep image of the Virgo cluster core obtained by Mihos et al. (2005). From W07.

2.3 Data Acquisition

A deep Hubble SpaceTelescope (HST) photometric survey of an intracluster �eld of the Virgo Cluster was
madeby W07 in 2005.Figure 2.1 shows the location of the �eld targeted by the AdvancedCamera for Surveys
(ACS) superposedon a deepwide �eld image of the core of the Virgo cluster obtained by the Burrell Schmidt
telescope by Mihos et al. (2005); seealso the paper by Jared Feldman in this volume. The same�eld also
servesas the basis for the study of intracluster globular clusters reviewed by Samuel Johnson Stoever in this
volume. Candidate intracluster stars are indicated by open circles in Figure 2.2 which shows a closeupof a
10 by 0:08 �eld near the center of the ACS �eld.

The ACS imageswere then usedto createa V{I color magnitude diagram of the intracluster stars. Thesedata
were then usedto determine the ageand metallicit y of the stellar population. BetweenMay 30, 2005,and June
7, 2005, HST ACS images of a Virgo Cluster intracluster �eld were obtained as part of project GO 10131.
These images were taken with the wide V band and standard I band �lters. After the images were taken,
they were combined together using a specially designedsoftware pipeline. This program eliminated cosmic-ray
events and geometric distortions from the dithered images.The resulting imagescovered an exposedarea of
11.39squarearcminutes in two co-addedphotometric images.

Through visual examination of these images,astronomersdiscovered several interesting objects in the Virgo
Cluster. The northeast region of the observed �eld revealeda previously undiscovereddwarf spheroidal galaxy
(Durrell et al. 2007). As evident in Figure 2.2, the �eld also contains a large number of background galaxies,
both resolved and unresolved. These background galaxies were then removed from the source catalogue by
eliminating the objects with a secondnumerical �tting routine (W07).
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FIGURE 2.2. A 10 by 0:08 portion of the ACS �eld. Colors are rendered by combining images taken in di�eren t �lters.
White circles mark the locations of probable intracluster stars. From W07.

2.4 Results

As noted by W07, the Virgo Cluster extendsconsiderablyalong the light of sight; the distancesderived for its
members range from 15 to 22 Mpc (W07). The strength of the break in the luminosity function of the Virgo
Cluster suggeststhat about 70% of the stars in the observed intracluster �eld are at a distance of about 16
Mpc away. W07 point out that recently , cosmologistshave predicted that although most intracluster stars have
their origins in massive galaxies,a sizablefraction of the population comesfrom the dissolved remains of lower
massobjects. The distribution of intracluster stars in the observed �eld is generally quite homogeneous(W07).

2.5 Age and Metallicit y Distribution Analysis

The abilit y to determine the ageof distribution of the Virgo Cluster is limited becausethe observations made
by W07 do not reach the horizontal branch or main sequenceturn o� point. Younger stars generally populate
the red giant branch di�eren tly than older objects, as they are usually bluer for the samemetallicit y. Virgo's
intracluster population is dominated by old, metal-poor stars.

W07 attempt to �t the observedCMD usinga number of stellar population evolution modelswhich �t separately
for the ageand metallicit y of the underlying population. Their best-�tting model suggeststhat between70%
and 80%of the stars in the Virgo Cluster have agesgreater than 10 Gyr. Thesestars have a median metallicit y
of [M/H] � � 1:3 and a mean metallicit y of [M/H] � � 1:0. The [M/H] ratio is a ratio of the amount of heavier
metallic elements to the amount of hydrogen in the object. In addition, there is someevidencefor the existence
of a younger, metal-rich component. It can be concluded that Virgo's intracluster population in the �eld is
dominated by low-metallicit y stars that are at least 10 Gyr old.

Most evidencesuggeststhat Virgo's intracluster component is not well mixed, as clumps of stars with similar
metallicit y properties have beenfound clusteredtogether. This suggeststhat the intracluster stars in the Virgo
Cluster do not comefrom a Population I I I source.In addition, the stars must have beenpredominantly formed
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inside galaxiesand then later ejectedout due to galaxy dynamics becausethe fraction of extremely metal-poor
stars is low. Such evidencecan be found in the form of ultra-deep surface photometry (Mihos et al. 2005),
planetary nebula spectroscopy (Arnab oldi et al. 2004) and the W07 star counts.

2.6 Conclusions

W07 used the HST ACS to obtain deep images(in the V and I bands) of red giant stars in the intracluster
spaceof Virgo about halfway between M86 and M87. They also found that the red giant branch of Virgo is
much wider than can be explained by photometric errors through careful evaluation and subtraction of the
galaxy background. Measurements indicate that there is a signi�can t number of very metal-poor [M/H] < � 1:5
stars in the �eld. W07 also noticed that although [M/H] > � 0:5 stars appearedyounger than the rest of the
population, the metal-poor stars seemedto exhibit more spatial structure.

W07 found it intriguing that the Virgo Cluster has a dominant low metallicit y component. It can then be
argued that dwarf galaxies are an important sourceof intracluster stars. Nevertheless,larger galaxies might
also contribute to the intracluster population becausestars are expected to be ejected out from the outer,
metal-poor regionsof galaxiesduring tidal interactions.

It can be concludedthat Virgo's intracluster stars are not well mixed becauseof the wide rangeof metallicities
seenin the data collected by W07. This range also suggeststhat the intracluster stars originate from many
di�eren t galaxy types.With the results obtained from this survey, W07 hope to facilitate the development of
the next generation of models for the dynamical evolution of galaxiesin clusters.

2.7 References

[2.1] Arnaboldi, M., Gerhard, O., Aguerri, J.A.L., Freeman,K.C., Napolitano, N. et al. 2004,Ap.J., 614,
L33

[2.2] Butcher, H., & Oemler, A. 1978,Ap.J., 226, 559

[2.3] Dressler,A. 1980,Ap.J., 236, 351

[2.4] Durrell et al. 2007,Ap.J., 656, 746

[2.5] Mihos, J.C., Harding, P., Feldmeier, J. & Morrison, H. 2005,Ap.J., 631, L42

[2.6] Williams, B.F., Ciardullo, R., Durell, P.R., Vinciguerra, M., Feldmeier, J.J. et al. 2007, Ap.J., 756
(W07).



3. On the In tracluster Globular Clusters of
Virgo

Samuel Johnson Sto ever1

ABSTRA CT In \Virgo's Intracluster Globular Clusters as Seenby the AdvancedCamera for Surveys", Williams
et al. (2007a; hereafter W07) report the �nding of four possible intracluster globular clusters (IGCs) in a speci�c
deep �eld view of the Virgo cluster via the Hubble SpaceTelescope's Advanced Camera for Surveys (A CS). The
ensuing analysis involves identifying metallicit y, radial pro�le, and statistical relevance and comparing against
assumptions. This review seeksto communicate the most important results of the analysis and the most interesting
methods used in achieving these results.

3.1 Importance and Di�culties

The study of IGCs is essentially the study of the history of the matter of the associated clusters. As clusters
evolve, it is thought that tidal interactions between galaxieswill causeglobular clusters to be expelled from
these galaxies, where they then becomeindependently evolving IGCs. These expelled globular clusters then
becomesnapshotsof the galaxy at the time and place of expulsion so that they o�er great candidates for
studies relating to the evolution of the cluster (e.g., matter distribution and tidal interactions). Using the
present understanding of globular clusters, onecan understand such properties as the chemical composition of
the gassesthat formed the globular cluster, via a thorough analysisof the globular cluster (W07, and references
therein).

However, as useful as analysesof IGCs can be, they are extremely faint and hard to catalog. Becauseof this
di�cult y, IGCs have not beenextensively beenusedas mentioned above, and are a great resourcewaiting to
be exploited. The team of Williams et al. focusedon a search for IGCs at 16.2 Mpc. At this distance, the
IGCs would be resolvable by the ACM (with half-light radii of > 0:0005). Additionally , using this distance, it
may be possibleto analyze individual stars within theseVirgo IGCs (which would greatly help in determining
such properties as ageof the cluster).

3.2 Observations and Data Preparation

The observed intracluster �eld is located at a position of �; � (J2000) = (12h28m 10:s80,+12� 33020:000) and at an
orientation of 112:58� which is about 0:67� away from the closestfairly bright galaxy which corresponds to a
distance of about 200 kpc at the adopted distance of 16.2 Mpc (W07) The ACS observations were basedon
F606W (corresponding to wide V -Band) with 26880secondsof exposure time and F814W (corresponding to
the I band) with 63440secondsof exposuretime. An image of this �eld with respect to the cluster is indicated
in Figure 3.1; for a discussionof the deepimaging of central regionsof the Virgo cluster by Mihos et al. (2005),
seealso the paper by Jared Feldman in this volume. For discussionof the analysis of intracluster stars in the
the same�eld, seethe contribution herein by Kristen Lau.

The collecteddata wasthen passedthrough a setof softwareprogramsthat acted like �lters (using photometry),
�rst to �nd the likely most likely IGC candidates.The team usedthe �lters to narrow down the possibleIGCs
to eight candidates. Four of these were then found to not have properties consistent with IGCs (e.g., three

1Department of Astronomy, Cornell Univ ersity, Ithaca, NY 14853



3. On the Intracluster Globular Clusters of Virgo 9

FIGURE 3.1. A deep image of the Virgo cluster originally obtained by Mihos et al. (2005) with the studied ACS �eld
noted near the middle. From Williams et al. (2007b).

of the excessobjects were background galaxies), leaving the team with four candidate IGCs to study. The
remaining candidateswere found to be roughly spherical (with eccentricities � � 0:47). Thesefour candidates
can be seenin Figure 3.2.

The imageswerethen altered to account for extinction (with E(B � V ) = 0:025), the reddeninglaw of Cardelli,
ACS �lter transformations, and bolometric correction (with B CV � � 0:5 so that B CV = M V � M bol with
an M bol = +4 :74). The team also used the typical value of M =LV = 2:3 for the mass/luminosity ratio in
order to estimate the massesfor these clusters. In an attempt to determine if these objects are in fact IGCs,
W07 analyzed the stars surrounding each of theseobjects and found evidencesuggestingan abundanceof red
giants bound to each of these objects, which is indicativ e of the presenceof an IGC. Additionally , the mean
density of unresolved point sourcessurrounding each of the candidate IGCs (of F814W apparent magnitude,
mF 814W � 28:5) suggeststhat, statistically , no more than one of these candidates could be a region with
abnormally high stellar density superimposedover a much brighter object.

It is also possiblethat these candidates are instead elliptical galaxies,as their eccentricities are in fact much
higher than a majorit y of globular clusters. The eccentricit y of these objects, however, can be explained in
terms of tidal interactions in the Virgo Cluster. Additional data obtained from the SDSSsuggeststhat each of
the candidatesthat appear on the survey are more blue than is expectedof ellpitical galaxies.Radial luminosity
pro�les also suggestthat theseobjects are in fact IGCs, using either a radial model called the King model, or
the deVaucouleurs' pro�le given by the r 1=4 -law. With this in mind, W07 suggestthat the only reasonable
alternativ eclassi�cation for the candidate IGCs is that of a rare remnant coreof a tidally stripp ed dwarf galaxy.
However, this view alsohasa problem - the brightest of the candidatesis more than a magnitude dimmer than
what is taken to be a standard of the coresof tidally stripp ed dwarf galaxies,! Cen. On the other hand, this
classi�cation is a tric ky one,and thesetidally stripp ed dwarf galaxiesseemto very rare, so it's hard to exclude
that the candidatesare in fact stripp ed dwarfs. The team �nishes the discusssionby pointing out that the fact
that theseobjects appear at the peak of the luminosity pro�le for globular clusters, the most reasonableand
likely situation is that theseobjects are indeed IGCs.
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FIGURE 3.2. Imagesof the four candidate IGCs. Each image consistsof a superposition of F606W and F814W exposures.
From W07.

3.3 Physical Properties of the Candidatesand Future Observations

Understanding the metallicit y of IGCs can be a great assetto understanding the evolution of the cluster, aswas
mentioned above. The metallicit y of each candidate wasfound by plotting the F606W{F814W color-magnitude
diagram for the point-lik e sourceswithin each candidate. IGC-4 wasfound to be the most metal rich of the four
while still being relatively metal poor with comparisonto other globular clusters. Both IGC-2 and IGC-3 were
also found to be very metal poor. The team's analysis of IGC-1 indicated an overabundanceof background
objects providing an error for its metallicit y, and is still suspected to be somewhat metal poor. The team,
however, uncovered an inconsistency(regarding reddening) betweenthe integrated colors of IGC-1 and IGC-2
and their colors for their respective red giant star systems.One answer that the team suggestedis that these
two are in fact of intermediate metallicit y - the inconsistencycan then be explained by any number of e�ects,
including the presenceof a few relatively bright stars disrupting the analysis.

The team also suggeststhat, becausethese IGCs are bluer than one would expect, either the population of
IGCs in the observed �eld are fundamentally di�eren t from those a great deal closer to the brightest galaxy
clusters, or the four candidates chosenare simply not representativ e of standard IGCs in Virgo as a whole.
The latter of these suggestionsimplies that a larger survey for IGCs is necessary. W07 proceededto try to
ascertain if the candidates were in fact possibly representativ e of IGC populations in Virgo. Although their
analysis suggestedthat these four candidates likely represent the Virgo IGC population well, their analysis
provided two warnings: that theseclusters could possibly have beenformed by a preferential stripping of GCs
from their host galaxies,which would imply that those IGCs that were ejectedfrom galaxieswere in fact done
so basedon metallicit y which could impact how much we can learn about Virgo from IGCs. The other caveat
involves the way that certain types of globular clusters may not survive well outside of galaxies,which could
in
uence the population in oneway or another, again limiting what we can learn about Virgo from their IGCs.

Another important physical property to understandabout theseclustersis the radial pro�les. The team suggests
that the candidates exhibit similar pro�les to those globular clusters in the Milky Way with large distances
from the galactic center, con�rming that the structure of globular clusters is greatly a�ected by the tidal forces,
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which are stronger near galactic centers. The team also used the radial pro�le analysis to suggestthe time
sincetheseclusters wereejectedfrom their host galaxies.The premiseis a simple one:given a cluster that was
ejectedand highly shaped by tidal forces,there is a minimum amount of time after which the cluster recovers
and such tidal in
uences are not visible. W07 suggestthat each of these IGC candidateshave been free from
their parent galaxiesfor a few Gyr.

W07, as was mentioned above, suggeststhat a wider area survey would be of great importance for this study.
Not only would it help ascertain the statistical relevanceof thesecadidates,but perhapsuncover stronger data
to help understand the evolution of the Virgo Cluster.

3.4 References

[3.1] Mihos, J.C., Harding, P., Feldmeier, J. & Morrison, H. 2005,Ap.J., 631, L42

[3.2] Williams, B.F., Ciardullo, R., Durrell, P.R., Feldmeier, J.J., Sigurdsson,M., et al. 2007a,Ap.J., 654,
835 (W07)

[3.3] Williams, B.F., Ciardullo, R., Durrell, P.R., Vinciguerra, M., Feldmeier, J.J., et al. 2007b,Ap.J., 656,
756



4. Rotating Dw arf Elliptical Galaxies in
Virgo: Remnan ts of Dw arf Irregular Galaxies

Ian Waters 1

ABSTRA CT In their investigation, van Zee,Skillman, & Haynes(2004; hereafter vZSH04) have found rotationally
supported dwarf elliptical galaxies in the Virgo Cluster. Typical velocity dispersionsfor surveyed galaxies in Virgo
are � 44� 5 km s� 1 , which indicates that rotation can be a large part of the dynamics of dwarf elliptical galaxies
(dEs) in the Virgo cluster (vZSH04). The authors also note that the rotation of dEs is comparable to the rotation
of similar brightness dwarf irregular galaxies (dIs), and through this relationship, proposethat some, if not most,
dEs are formed when dIs are stripp ed of their gas in a high density environment.

4.1 Introduction

Even though they are the most plentiful structure in the local universe, the evolution and formation of dEs
is still a relative mystery. Despite sharing their morphology with giant elliptical galaxies, due to their light
distribution, vZSH04state that it is clear that they are not simply low masselliptical galaxiesashypothesized
by others. Due to the tendencyof dEs to be found in high density regions,vZSH04suggestthat the environment
has somee�ect on the evolution of thesestructures. Their paper seeksto explain the relationship betweendEs
and dIs established in the literature (see referencesin vZSH04), and in so doing, link the formation of dEs
to the conditions inside densecluster regions and near large galaxies. The authors claim that ram pressure
stripping by the intergalactic medium (IGM) or intra-cluster medium (ICM) would explain the evolution of a
dE from a dI. However, vZSH04 point out that previous studies found no kinematic link betweendEs and dIs,
a fact that would be essential to proving this progression.The new observations of vZSH04 suggestthat some
dEs do have a rotational component of motion, much like their irregular cousins.This new evidencesupports
an evolutionary link betweenthe two typesof dwarf galaxies.

4.2 Observations

For their survey, vZSH04 chose16 dEs within the Virgo cluster at a distance of approximately 16.1 Mpc. To
choosethe samples,they went to the Virgo Cluster Catalog (VCC, Binggeli et al. 1985) and selectedgalaxies
based on their apparent magnitude (mb < 15:5), morphological classi�cation (dE) and on their apparent
ellipticit y (� > 0:25). To obtain the high resolution spectral imagesfor the survey, the Double Spectrograph on
the 5m Palomar telescope was used,with each galaxy observed with multiple 1200sexposures(vZSH04).

To obtain kinematic data for the samplegalaxies,multiple techniques were used. Both Gaussian�ts, used to
provide a rough baseline, and Fourier analysis were used to obtain velocity measurements, and �nd rotation
pro�les. A set of the the rotation curvesand velocity dispersionpro�les is illustrated in Figure 4.1. The analysis
yielded rotation curves with a radius of about 1.56 kpc, and upon �nding these curves, it was found that of
the 16 dEs selected,7 showed evidenceof a velocity gradient.

Five of the galaxiessurveyed were also surveyed in Geha et al. (2003), but vZSH04 found rotational velocities
greater than those reported by those authors. However, this can be explained by the larger radii of rotation
that were traced in vZSH04 compared to Geha et al. (2003). Table 4.1 provides the kinematic information

1Department of Astronomy, Cornell Univ ersity, Ithaca, NY 14853
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FIGURE 4.1. A sample set of rotation curves (upp er) and velocity dispersion pro�les (lower) for four objects in the
vZSH04 sample) From vZSH04.

for the observed galaxiesincluding: rotational velocities V rot derived from the rotation curves,� 0, the velocity
dispersion of the central 200 of the galaxy, and � m , the averagevelocity dispersion of each galaxy.

vZSH04 have determined that �v e of the dEs in the Virgo cluster have signi�can t rotational components.
They point out that while this contradicts studies of the past, it is consistent with several more recent studies
(seereferencesin vZSH04) which found dEs with a rotational component to their motion. This isnt entirely
unexpected; unlike their larger cousins,which retain a morphological distinction when stripp ed of their gas
by the ICM, dwarf galaxiesare characterized by their appearance,which is in turn characterized by their star
formation. If a dwarf galaxy has had its gasstripp ed and is no longer producing stars, it is far more likely to
be classi�ed as a dE (vZSH04).

One issue that arose in their analysis was that the dEs analyzed had only stellar rotation curves, whereas
the dIs they were being compared to had large gaseouscomponents, and it cannot be assumedthat the two
are coupled (vZSH04). To convert from stellar to neutral gas rotation widths, the authors went back to the
observations dIs of van Zee et al. (1997) and van Zee (2001). By comparing the maximum velocity, and the
slope of the rotation curve, as listed in Table 4.1, the authors were able to derive rotation curvesout to 2.45
scale lengths, far greater than the observed 1{1.5 scale lengths (vZSH04). The scale length is a component
of the exponential function describing the brightnessof a galaxy. It is de�ned as the distance over which the
brightness of an object decreasesby a factor of 1/e. The resulting �gure illustrated in Figure 4.2 indicates
that the observed stellar rotation curves underestimate the actual kinematics of the galaxies (vZSH04); the
velocities �t better on the standard Tully-Fisher relation when the rotation curvesare extrapolated out to the
larger radius.
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TABLE 4.1. Kinematic Properties of Virgo Dwarf Elliptical Galaxies. From vZSH04.
Galaxy V � Slope V rot � 0 � m (v/ � ) �

[km s� 1] [km s� 1 kpc� 1] [km s� 1] [km s� 1] [km s� 1]
VCC 178 1120. � 5 22.7 � 2.6 26.1 � 2.9 46 � 10 45.8 � 4.6 0.66 � 0.10
VCC 437 1422. � 5 25.0 � 3.1 40.2 � 4.9 47 � 6 50.3 � 5.0 1.11 � 0.18
VCC 543 984. � 4 25.4 � 2.2 40.8 � 3.5 38 � 8 44.1 � 5.4 1.04 � 0.16
VCC 917 1245. � 5 10.4 � 4.9 12.2 � 5.7 42 � 5 40.2 � 5.1 0.35 � 0.17
VCC 965 826. � 5 25.1 � 3.6 29.3 � 4.2 42 � 8 55.6 � 15.2 0.54 � 0.16
VCC 990 1721. � 4 26.3 � 2.2 33.3 � 2.8 39 � 10 43.4 � 4.7 1.17 � 0.16
VCC 1036 1132. � 5 23.1 � 1.0 48.9 � 2.2 34 � 8 37.1 � 3.9 1.27 � 0.14
VCC 1075 1818. � 5 ... ... 33 � 9 28.7 � 10. ...
VCC 1122 470. � 6 18.1 � 2.3 26.2 � 3.3 55 � 5 40.3 � 4.4 0.61 � 0.10
VCC 1261 1838. � 5 0.90 � 1.5 1.8 � 3.0 50 � 8 48.4 � 4.3 0.05 � 0.08
VCC 1308 1738. � 5 12.0 � 3.8 10.6 � 3.4 41 � 8 39.5 � 4.2 0.39 � 0.13
VCC 1514 579. � 5 12.0 � 2.4 21.1 � 4.3 46 � 7 47.6 � 6.3 0.33 � 0.08
VCC 1743 1273. � 7 40.9 � 24.1 32.7 � 19.3 27 � 11 47.0 � 5.6 0.63 � 0.38
VCC 1857 695. � 10 26.2 � 7.2 38.2 � 10.5 ... ... ...
VCC 2019 1835. � 6 28.3 � 2.8 31.0 � 3.1 37 � 7 40.7 � 3.9 1.25 � 0.17
VCC 2050 1182. � 7 16.7 � 2.6 18.3 � 2.8 43 � 5 36.6 � 6.4 0.52 � 0.12

V � is the heliocentric recessional velocity; � 0 is the velocity dispersion of the central 200; � m is
the mean velocity dispersion of each galaxy; (v/ � ) � is the anisotropy parameter and is equal to
(v/ � )/

p
�=(1 � � ). From vZSH04.

4.3 Evolution Scenarios

One of the questionsthat astronomersare seekingto answer about dwarf galaxy evolution is why dEs and dIs
aresosimilar. When looking at the two sideby side,the stellar content and morphology arealmost identical; the
only signi�can t di�erences are gascontent and current star formation (vZSH04). Until thesenew observations
the possibleevolutionary tracks of thesegalaxieswere restricted by the lack of a kinematic link. But, this new
work reopensthe possibility that at least somedEs evolved from dIs.

As discussedby vZSH04, one of the two evolutionary scenariosthat have beenproposedis that the progenitor
dI galaxy lacked the massnecessaryto retain its gasduring a star formation episode. As they note, supernovae
are cited as the causeof the loss of gas in this scenario.However, they also point out that recent studies of
several dwarf spheroidgalaxiessuggestthat low massgalaxiesare able to retain gasthrough multiple star burst
periods. In another proposedscenario, ram pressurestripping is the culprit. Due to the morphology-density
relationship of dEs, the vZSH04suggestthat the environment plays a role in the development of dEs in the form
of this ram pressurestripping. They point out that the literature hasshown that nearly all low massdIs falling
into the Virgo cluster will be stripp ed of their gas. Due to the presenceof dark matter, this stripping would
have a minimal e�ect on the kinematics of the dI. The resulting object would then most likely be classi�ed as
a dE. Tidal e�ects are then stated as a possiblereasonfor the presenceof non-rotating dEs, showing that the
presenceof non-rotating dEs is not detrimental to this evolutionary model (vZSH04).

4.4 Conclusions

In their investigation, VZSH04 have given new life to the possibility that dEs may be the result of dIs encoun-
tering a denseregion of spaceand being stripp ed of their gas. As evidence,they point to the morphological
similarities presented in the literature, and observed kinematic similarities. The rotational velocities, observed
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FIGURE 4.2. The standard luminosit y{rotation velocity (Tully-Fisher) relation for dI, dE and spiral galaxiesseparately.
For spirals, the rotational velocities come from nebular emission (HI I regions); for the dE's, they are derived from the
stellar absorption lines. The hexagonsindicate the observed stellar rotation (the maximum rotational velocity), whereas
the arrows indicate the rotation velocities extrapolated out to 2.45 scale lengths. From vZSH04.

in several Virgo Cluster dEs, suggestthat dEs evolved from dIs through ram pressurestripping of their gaseous
component.
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5. In ternal Prop erties and the Nature of
Virgo Ultracompact Dw arf Galaxies

Min Kang 1

ABSTRA CT Recently , a new class of small, high surface brightness stellar systems have been found in the
Fornax and Virgo clusters. Evstigneeva et al. (2007; hereafter E07) usedi�eren t models and examine the internal
properties of a subset of these \ultracompact dwarfs" (UCDs) to determine their true nature as galaxies or star
clusters. Even though UCDs have characters that lie between both globular clusters (GCs) and dwarf ellipticals,
E07 argue that UCDs may be brighter GCs at the end of their evolution. Determining the nature of UCDs may
provide a more de�nite picture of GC evolution and formation.

5.1 Introduction

A newclassof stellar systemhasbeendiscoveredrecently in the Fornax and Virgo galaxy clusters.Ultracompact
dwarf galaxies (UCDs) have some characteristics of both large globular clusters and small elliptical dwarf
galaxies.Astronomers have comeup with formation hypothesesthat give them their intermediate nature. In a
recent paper, E07 take a look at the six brightest UCDs in the Virgo cluster. E07 comparetheir observations
of UCDs to various �tting models and analyze their mass,metallicit y, and velocity dispersion. Also the UCDs
are comparedto already known stars and other structures in the cluster to determine their internal properties.
The authors proposea possiblesolution to the \Missing Satellite Problem" as well as a possibleexplanation
of what UCDs could actually be.

5.2 Discovery and Formation Hypotheses

Figure 5.1, from E07, shows that GCs and dwarf galaxiesare morphologically di�eren t from UCDs. In Figure
5.1, E07 plot the absolute magnitude (luminosit y) versuscentral velocity dispersion � 0 for globular clusters,
dwarf elliptical galaxiesand UCDs, identifying each type of object by di�eren t symbols in the diagram. Both
Fornax and Virgo UCDs are more luminous than GCs yet much dimmer than dwarf ellipticals. UCDs were�rst
discovered in the Fornax cluster in 2003 during an all-object survey designedto gather more data on dwarf
galaxies.Having absolutemagnitudesof � 14 to � 11, Fornax UCDs wereoriginally thought to be galaxies.Due
to their intermediate nature, most UCD formation hypothesespertain to GCs and dwarf galaxies(Drinkw ater
et al. 2003). According to E07, UCDs could be super-massive and highly luminous GCs or highly compact
and low-luminosity dwarf elliptical galaxies.They are also believed to have formed by merging of galaxiesor
primordial objects or by the tidal disruption of nucleated dwarf elliptical galaxies.E07 examinethe possibility
of UCDs being GCs or dwarf ellipticals.

5.3 Observational Testsfor the Formation Hypotheses:Data Fitting

It is nearly impossibleto test the formation hypothesesseparately { neither does the UCDs all give separate
results nor gives enough information. E07 mainly concentrate on UCDs internal properties, such as their
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FIGURE 5.1. Comparison of the internal dynamics of UCDs with GCs and galaxies. The horizontal axis shows the
absolute magnitude (luminosit y) while the vertical axis is the logarithm of the central velocity dispersion � 0 . Di�eren t
colors/symbols represent di�eren t categoriesof objects. The Virgo UCDs are shown by open black pentagons and lie at
the upper end of the globular cluster sequence.From E07.

dispersionvelocities and mass{to{luminosit y ratios. The imaging and spectroscopicobservations wereanalyzed
using the direct-�tting method by examining the � 2 from each goodness-of-�t test. A measurement of how good
a hypothetical model �ts the observed data, � 2 (where � 2 = 1 is the best �t) for several di�eren t models were
used to test whether UCDs were dwarf ellipticals. The radial light pro�les were tested for the possibility of
di�eren t possiblecomponents including a central nuclear component (\Nuk er") and more traditional �ts (Sersic
and King). The GALFIT code was usedto �nd the best �t of the di�eren t possiblecomponents: Nuker, Sersic
and King; these �ts are listed in Table 5.3, from E07. The best �t component was then was subtracted from
the original imagesto examinedi�eren t parts of the UCDs to study for instance, the core and the faint halo.
However, Table 5.3 shows that there is no value (a value that is closeto 1) that standsout asa good �t. This is
a good indication of di�eren t properties betweenUCDs and dwarf ellipticals for which simple �ts to the radial
light pro�le are possible.

5.4 Interpretation of the Data-�tted Values

As is shown in Table 5.3, the correlation betweenthe adopted simple modelsand the actual radial light pro�les
obtained from the imagesis very weak.This re
ects the di�cult y facedwhen detecting this new classof dwarfs.
Many UCDs are hard to detect due to their low luminosity. Even the brightest UCDs are shrouded by the
uncertain boundaries among di�eren t classesof stellar systems. Even though the deep-�eld imaging of the
Fornax and Virgo clusters and the use of GALFIT model show that UCDs are not just dwarf galaxies with
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TABLE 5.1. Structural Parameters Derived from the Light Pro�les for Seven Virgo UCDs.
Parameter VUCD 1 VUCD 3 VUCD 4 VUCD 5 VUCD 6 VUCD 7 Core VUCD 7 Halo

Re;obs 15.4 28.1 29.4 22.5 22.1 . . . . . .
Nuker

� 2(F606W) 0.39 0.41 0.35 0.38 0.24 . . . . . .
� 2(F814W) 0.38 0.43 0.34 0.36 0.27 . . . . . .

Re 13.3 . . . . . . 19.2 . . . . . . . . .
mV;tot 18.49 . . . . . . 18.55 . . . . . . . . .

Rb 6.3 73.3 9.1 19.3 5.2 . . . . . .
� V (Rb) 16.42 22.00 17.24 18.73 16.45 . . . . . .

� 2.52 1.95 3.92 0.99 19.48 . . . . . .
� 2.69 3.17 2.34 4.02 2.24 . . . . . .

 0.23 1.53 0.33 0.00 0.50 . . . . . .
� 0.06 0.15 0.15 0.01 0.04 . . . . . .

Sersic
� 2(F606W) 0.48 0.42 0.40 0.39 0.29 0.37 0.37/0.37
� 2(F814W) 0.44 0.45 0.38 0.38 0.31 0.37 0.36/0.37

Re 11.1 64.3 19.3 18.1 12.9 9.2 214.1/223.4
mV;tot 18.75 17.69 18.85 18.64 19.05 18.68 18.01/17.85

n 2.2 10.9 2.1 1.9 3.1 2.2 1.4/2.1
� 0.07 0.16 0.16 0.01 0.04 0.12 0.05/0.05

King, � = 2
� 2(F606W) 0.45 0.55 0.37 0.37 0.27 0.37 . . .
� 2(F814W) 0.42 . . . 0.36 0.37 0.29 0.36 . . .

Re 11.2 . . . 21.8 17.8 15.2 10.4 . . .
mV;tot 18.66 . . . 18.54 18.59 18.93 18.42 . . .

Rc 3.6 1.9 5.8 6.6 2.7 3.1 . . .
Rt 124.0 1 302.7 172.5 355.6 130.2 . . .

c 1.54 . . . 1.71 1.42 2.12 1.62 . . .
� 0;V 14.91 13.79 15.96 15.98 14.98 14.38 . . .

� 0.06 0.17 0.15 0.01 0.04 0.11 . . .
King with Variable �

� 2(F606W) 0.41 0.53 0.36 0.37 0.25 . . . . . .
� 2(F814W) 0.40 . . . 0.35 0.37 0.28 . . . . . .

� 3.74 0.63 3.95 2.24 4.45 . . . . . .
Re 11.3 18.7 22.0 17.9 14.8 . . . . . .

mV;tot 18.63 18.18 18.52 18.60 18.84 . . . . . .
Rc 4.3 1.8 6.7 6.7 3.2 . . . . . .
Rt 360.0 247.5 1217.4 200.5 2352.5 . . . . . .

c 1.92 2.14 2.26 1.48 2.87 . . . . . .
� 0;V 14.68 13.78 15.76 15.97 14.81 . . . . . .

� 0.06 0.17 0.15 0.01 0.04 . . . . . .
Best model N N N N N K S

The �rst line of each entry represents the goodness-of-�t (� 2) for the models and the images. All
parameters are the mean of the two passbands,V and I. From Table 8 of E07.

their outer part gravitationally torn away, the lack of de�nite evidencemakesit hard to determine their unique
nature.
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5.5 Mass/Luminosity Ratio and Metallicit y

Still with the possibility of UCDs being very young GCs, the mass/luminosity (M/L) ratio could tell a great
deal about their internal structure. In particular, the M/L ratio gives a possible inkling of existenceof dark
matter. E07 claim that theories regarding UCDs origin may be tested with this ratio. For instance, if a UCD
had been formed in a dark matter halo, it would still have somedark matter. However, it is not as simple as
it sounds: high M/L ratio, resulting from existenceof dark matter, can also be causedby tidally disturb ed
systems.This uncertainty in the M/L valuesre
ects the ageand metallicit y rangesof UCDs. As E07 show, the
Virgo UCDs have relatively low metallicit y ranges,resulting in low M/L ratios. Consequently , this provesthat
the Virgo UCDs do not require dark matter in their central regions,but this doesnot prove that dark matter
doesnot exist further out.

5.6 Interpretation of M/L Ratio and the Dark Matter The Missing Satellite
Problem

By questioning the existence of dark matter in the UCDs, E07 provide a possible solution to the Missing
Satellite Problem. The problem describes the discrepancy between the number of extremely small galaxies
predicted to be around the Milky Way and the number actually observed. The observation only explains less
than ten percent of the predicted value. Although the Virgo UCDs do not require dark matter, the existence
of dark matter in UCDs has becomeone of the possiblesolutions to the problem (along with changing the
character of in
ation and changing the character of the dark matter itself ).

5.7 UCDs Internal Properties and Their Importance

According to their metallicit y rangesand the red absorption line spectra, the Virgo UCDs are very old (shown
by their low metallicit y) (Joneset al. 2006).Also the determination of their real massesof about (2 � 9) � 107

M � shows that it is highly possible that they are indeed very young globular clusters. In other words, the
measurements of the internal UCD properties, such as the age,metallicit y, the abundanceof UCDs, and the
outer properties, such as the surfacebrightness,are very similar to thoseof the brighter GCs. The evolutionary
path of young GCs can be the key to determining the properties of UCDs. If the Virgo UCDs are indeed GCs,
the young GCs will obtain the UCDs' parameters and massesas they grow old. If so, it may be possible to
deducethe formation epoch and history of GCs by more closely examining the UCDs according to E07.

5.8 Summary and Conclusion

E07 explain their method of analyzing and interpreting the observed data of newly discovered UCDs. The
GALFIT model is usedto take the imagesapart and to attempt to understand the internal properties and the
make-up of the Virgo UCDs. They concludethat UCDs are morphologically closerto GCs than elliptical dwarf
galaxies. Many of the UCDs properties { age, metallicit y, mass { indicate they are similar to the brightest
GCs. Furthermore, M/L ratios predict that there need not be any dark matter in the UCDs. However, with
the possibility of there being dark matter, UCDs are considereda possiblealternate solution to the Missing
Satellite Problem.
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6. V CC 2062 and the Case for Tidal Dw arf
Galaxies in the Virgo Cluster

Stephen Demjanenk o1

ABSTRA CT While numerical simulations predict the existenceof old Tidal Dwarf Galaxies (TDGs) which have
survived long after their creation, �nding old galaxies with a tidal origin is challenging. As shown by Duc et
al. (2007; hereafter D07), VCC 2062 is a prime candidate for being an old TDG which managed to survive
in a tidally active environment. Speci�cally , VCC 2062 has many indicators suggesting that it is recycled such
as a strong CO emission, high metallicit y and a high oxygen abundance which support the old TDG theory.
Competiting theories such as an origin as a low-surface brightness spiral or a pre-existing dwarf bring up serious
contradictions in observations. D07 argue that VCC 2062 was probably formed in a pre-enriched HI tail expelled
from NGC 4694 during a tidal interaction. Since the parents have already merged, if this senario is correct,
VCC 2062 is an old TDG.

6.1 Introduction

According to standard cosmologicalmodels signi�can tly more satellite galaxies are predicted than observed
for the Andromeda and Milky Way Galaxies. According to Bournaud & Duc (2006), current cosmological
models do not account for secondgeneration (recycled) galaxies which are formed during galactic collisions.
According to their numerical simulations, a signi�can t proportion of Tidal Dwarf Galaxies(TDGs), which form
from tidally expelled material during galaxy mergers,survive to contribute to the satellite populations around
massive galaxies.

While the formation of tidal tails betweengravitationally interacting objects is well known, only young TDGs
havebeenidenti�ed due to the presenceof tidal armsbridging to the parent galaxies.Over a period of 0.5{1 Gyr
thesebridges disappear making identi�cation of old TDGs di�cult. In general,TDGs have a high metallicit y
inherited from a parent galaxy and an absenseof dark matter. Theseobservations can only be madefor nearby
galaxies,such as those in the Virgo Cluster.

While there are several candidate TDGs such as the Antennaesystem(NGC 4038/39) asstudied by Mirab el et
al. (1992), VCC 2062in the Virgo Cluster will be the main subject of the discussion.Overall, the Virgo Cluster
doesnot contain many tidally interacting systems.While several systemsof molecular clouds, HI I regionsand
HI clouds have been observed, none have had the time to form signi�can t stellar populations and were not
included in the Virgo Cluster Catalog (VCC) by Binggeli et al. 1985.One exception is VCC 2062which has
properties that suggestit is composedof recycledmaterial. The rest of this paper will provide additional data,
such as metallicit y and CO emission,to prove its origin.

6.2 Observations, Data Reduction and Analysis

The Very Large Array(VLA) was used to image the region around NGC 4694 and VCC 2062 in the 21 cm
HI line as part of the VLA Imaging of Virgo galaxiesin Atomic gas(VIV A) survey (Chung et al. 2007). For
their analysis,D07 retrieved the VIVA survey VLA map from the NRAO databasearchive and reprocessedit.
The HI distribution is shown in blue in Figure 6.1 superposedon an optical image. The far-ultra violet (FUV)
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FIGURE 6.1. VLA map of NGC 4694 (left) and VCC 2062(righ t). The HI gas is shown in blue and is superimposedon
the optical image. A GALEX-FUV emission is overlaid in red to track recent star formation. The overall �eld of view
is 90� 60. From D07.

emissionobtained from the GALEX satellite is superposedin red; FUV emissionmaps regionsof recent star
formation. The HI distribution shows a clear connectionbetweenNGC 4694and VCC 2062(the \bridge"); the
HI associated with VCC 2062also appearsto be extended in the direction away from NGC 4694(the \tail").

FIGURE 6.2. Selectedspectra of CO(1-0) (red lines) and HI (cyan lines) along the main body of the HI (blue image)
associated with VCC 2062and HI/SW. The CO emissionsuggestsa high metallicit y for the tail shown here. In particular,
the highest metallicit y is determined to be in the upper left portion of this view, where VCC 2062 is located. From
D07.
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FIGURE 6.3. Luminosit y versus metallicit y plot of dwarf irregulars in the Virgo Cluster. The metal abundance is
indicated by the derived abundanceof oxygen relativ e to hydrogen. VCC 2062is indicated by the red square(top right),
which appears to have a signi�can tly higher metallicit y for its luminosit y than predicted by the mean relation de�ned
by nearby dwarf irregular galaxies (dashed line). These data suggeststhat VCC 2062 inherited its high metallicit y from
a more luminous parent galaxy, such as NGC 4694. From D07

CO(1-0) and CO(2-1) molecular lines were detected with the IRAM 30 m telescope in the densestregions in
the HI tail including the gaseouscondensationto the South-West of VCC 2062given the nameHI/SW. Figure
6.2 shows a comparison of the HI and CO(1-0) spectra obtained at selectedpositions along the body of the
HI. The CO map showed a strong signal from VCC 2062which suggestsa high metallicit y. The CO intensity
tends toward 1 K km s� 1 which is typical for normal late-type galaxiesin Virgo and unexpectedly strong for
an early type dwarf.

Optical spectroscopy of HI I regionsalso suggestsa high metallicit y in the tail containing VCC 2062.Observa-
tions of nearby dwarf galaxieshave shown that there is a relatively well de�ned relationship between optical
luminosity (absolute magnitude) and metallicit y (as indicated by the abundanceof oxygen relative to hydro-
gen): lower luminosity galaxieshave lower oxygen abundances.As illustrated in Figure 6.3, VCC 2062appears
to deviate from this relationship; it has a higher metallicit y for its luminosity. This suggeststhat the material
in VCC 2062also has a high metallicit y, an observation which suggestsit is a TDG and not a dwarf irregular
galaxy which are generally metal-poor. Basedon theory, the higher metallicit y camefrom material oncepart
of a massive parent galaxy out of which VCC 2062formed.

6.3 Results

VCC 2062is in the outskirts of the Virgo Cluster, 4� (1.1 Mpc) to the east of the M87 core.Lying at the same
redshift (1175km s� 1), NGC 4694appearsto connect to VCC 2062by an HI bridge, asevident in 6.1). At the
Virgo distance, the bridge measures38 kpc in length. In the HI/SW region of the tail, however, VCC 2062has
no signi�can t optical counterpart, as seenin Figure 6.4. That �gure illustrates the location of sites of active
massive star formation as traced by H� and the distribution of HI gasrelative to the optical object. While an
absolute blue magnitude of � 13:0 puts VCC 2062in the dwarf category, it also suggestsa slow but active star
formation. In general,dwarf ellipticals have rates indicating low/no star formation.

The HI spectral data can also be usedto trace the kinematics of the gasin and around the tail. As evident in
the position-velocity diagram shown in Figure 6.5, VCC 2062has signi�can tly unique rotational velocities in
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FIGURE 6.4. Optical image of VCC 2062 (left) and HI/SW (bottom right) with HI contours (white) and H� (red)
superimposed.From D07.

the tail which suggestsit is gravitationally bound.

Measurements of the massof VCC 2062 derived from the HI spectra had previously led to a wide range of
massestimates.D07 only include the gravitationally bound HI, a masswhich shows a velocity gradient of 42
kms� 1 over 4.2 kpc. The total luminous massaccounts for one half to one third of the massof VCC 2062.
Compared to normal dwarf galaxies,VCC 2062has a low M dy n

M v is
where M dy n is the total massand M vis is the

visible mass.The low abundanceof dark matter is one of the theoretical properties of TDGs.

6.4 Discussion

VCC 2062is an outsider in the dwarf galaxy population in the Virgo Cluster. It has a complex HI structure, a
high metallicit y and a low proportion of dark matter when comparedto the averagedwarf galaxy in the Virgo
Cluster. D07 examine whether VCC 2062 was a pre-existing dwarf galaxy, a low surface brightness galaxy
which underwent tidal disruption or a recycledgalaxy.

If VCC 2062wasa pre-existing dwarf, its HI content is unlikely to have beenthere when it formed. The massof
VCC 2062would not have beenable to steal gasfrom larger galaxies.The mass-to-light ratio is also much too
low to support this theory. The oxygen abundancein VCC 2062 is signi�can tly higher than dwarfs of similar
luminosity. It is unlikely that VCC 2062is a pre-existing dwarf galaxy.

Could VCC 2062have beenthe remnant of a massive, metal rich object, like a spiral galaxy, which underwent
severe tidal disruptions? There are examplesof the formation of large tails. In this case,for VCC 2062to have
low luminosity it must be a low-surfacebrightness spiral. However, the dynamical masscalculated from the
rotational curves of VCC 2062 is much too low for this scenario.The dark matter does not readily separate
from a galaxy which suggestsVCC 2062started with very little. The lack of dark matter contradicts the theory
that VCC 2062is a remnant of a large galaxy.

D07 argue that since all of the above models have serious
a ws, the casefor VCC 2062 as a recycled galaxy
is the most obvious origin. In this model NGC 4694would be the parent since it is linked to VCC 2062by a
HI bridge which may have formed from ram pressureof tidal interactions in a previous merger. Once in the
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FIGURE 6.5. Position-Velocity diagram obtained from the HI line spectral data along the major axis of VCC 2062
including HI/SW. VCC 2062shows a clear velocity gradient whereasthe rest of the tail doesnot have velocity variation.
From D07.

intracluster medium, the matter in the tail could collapseto form dwarf galaxies.While ram pressurecould
have causedthe tail, D07 arguethat the Intra-Cluster Medium (ICM) is not denseenoughto form such a large
tail. The structure of the tail from NGC 4694doesnot suggestit was formed by ram pressurestripping.

Thusarisesthe argument by D07 for a tidal origin for the tail, and the formation of VCC 2062.While high-speed
collisions and mergerscreate signs of severe galaxy harassment, D07 argue NGC 4694'stail was created by a
slow merger. Sincethere are no major galaxiesnear NGC 4694,it must be an old merger. Signsof disturbance
within the galaxy support this model. A merger of NGC 4694 and a galaxy one-�fth its mass would be at
the limit for creating the tail and leaving NGC 4694'sdisk structure intact. The merger might have beenan
accretion of the smaller galaxy, instead of a direct collission. Either way, according to D07, a tidal origin for
the tail, and hencethe formation of VCC 2062,is the most acceptablesolution.

6.5 Conclusion

D07 presented an analysisof the ICM near NGC 4694which shows a HI tail containing VCC 2062.VCC 2062
is consideredseparate from the tail since it is kinematically detached. Through careful observation, it has
beendetermined that VCC 2062di�ers signi�can tly from other dwarf irregular galaxiesin the Virgo Cluster.
VCC 2062 has a high metallicit y and a strong CO signal which suggestVCC 2062 was pre-enriched, rather
than enriched becauseof its low mass,with material from a larger galaxy. D07 argue the best hypothesis of
the formation of VCC 2062 is that the galaxy is a recycled object formed after the gravitational collapseto
ejectedmatter, expelled asa result of tidal interaction. While most TDGs can only be detectedin their infancy,
VCC 2062 is several hundred million years old since the parent galaxies have already merged. Compared to
other candidate TDGs, VCC 2062is ancient and yet closeenoughto make accurate observations for this class
of object.
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7. The Globular Cluster System of the Virgo
Dw arf Elliptical Galaxy V CC 1087

Jae Hw an Kang 1

ABSTRA CT Beasleyet al. (2006; B06) explored the evolution of a dwarf elliptical galaxy in a cluster environment
by analyzing photometric and spectroscopic data of the globular cluster (GC) system of the dwarf elliptical galaxy
VCC 1087in the Virgo Cluster. They estimate the total population of 77 � 19 GCs belonging to VCC 1087,which
givesthe speci�c frequency (SN ) of 5.8 � 1.4 for this galaxy. Through spectroscopy of 12 GCs, they examine several
traits of this GC system such as rotation, velocity dispersion, age, metallicit y, and mass to light ratio. This GC
systems signi�can t rotation implies that the progenitor of VCC 1087 was a spiral galaxy. Finally , in the context
of galaxy harassment scenario, B06 conclude that this galaxy might have come from a Sc spiral galaxy that has
been faded and tidally perturb ed in the cluster environment. The SN and the signi�can t rotation of the system
serve as the two main clues to their reasoning.

7.1 Introduction

In their paper, B06 examine the GC system of the Virgo Cluster dE galaxy VCC 1087 by photometric and
spectroscopic analysis. Dwarf elliptical (dE) galaxies constitute the dominant galaxy population in galaxy
clusters(Binggeli et al. 1988).They subdivide into thosewith nuclei (dE,N) and thosewithout nuclei (dE,noN)
and also into rotating and non-rotating ones.VCC 1087 is a rotating dE,N. According to Conselice(2004),
there are three observational constraints that formation scenariosfor dEs must satisfy. First, dEs are found
mostly in the highest density regions.Second,while somedEs are dominated by random stellar motions, some
show signi�can t rotation; for a discussionof rotational velocities in Virgo dEs, seethe paper by Ian Waters
in this volume. Lastly, dEs exhibit a range of stellar population mixes, harboring old, metal-poor stars, or
young, metal-rich stars, or both. As discussedby B06, there are currently supported two possiblemodels of
dE formation. First, dEs could have been formed initially in cluster regions with their further growth halted
by reionization. Second,dEs could have been formed be originally as spiral or irregular galaxies and then
morphologically transformed by interactions in the cluster environment.

B06 note that becauseGCs normally consist of the oldest stellar populations, they are bound tightly to their
parent galaxiesand therefore should resist strongly against tidal e�ects. In addition, GCs are easily separated
from the galaxy background thanks to their great luminosity and compact nature. Also, the number of GCs in
the systemgivesa useful parameter. The speci�c frequency(SN ) is the standard measureusedto characterize
the globular cluster population. Sincelarge (more luminous) galaxieswould be expected to have more globular
clusters simply by scaling laws, the SN metric attempts a normalization of the GC count by parent galaxy
luminosity; SN then is de�ned as the number of GCs in a galaxy per unit luminosity. The standard absolute
magnitude for the normalization is MV = � 15 in the visual band. If Nt is the total number of globular clusters
in a galaxy and LV is the galaxy's luminosity, then the SN is given by:

SN = N t
L 15

L V
= N t 100:4(M v +15) (7.1)

Observations have shown that the averagevalue of SN is larger for earlier type galaxies.For Sc galaxiesSN is
in the range of 0.5 � 0.2. For Sa and Sb galaxies,it is 1.2 � 0.2 (Carroll & Ostlie 1996). For ellipticals, SN , it
is typically higher.

1Department of Astronomy, Cornell Univ ersity, Ithaca, NY 14853
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FIGURE 7.1. HST ACS g475 image of VCC 1087. GC candidates are indicated by small circles, and those we have
spectra are double circled. The bright nucleus of the galaxy can be seenin the center of VCC 1087. From B06.

7.2 The Data

7.2.1 Imaging

B06 obtained imagesof VCC 1087and its GC system from Sloan-type g-band (g475) and z-band (z850)) wide-
�eld imagestaken with the Hubble SpaceTelescope (HST) AdvancedCamera for Surveys(ACS) aspart of the
ACS Virgo Cluster Survey (Cote et al. 2004).They processedthoseimagesthrough the standard ACS pipeline.
On the ACS images,they identi�ed GCs as round, compact objects by distinguishing them from other objects
using shape, color, and sizeinformation. Candidate GCs are shown in the Figure 7.1 by small blue circles.B06
originally detected 68 GCs. However, faint GCs are hard to detect, and the �eld used by B06 doesnot cover
an exhaustive region. After consideringthe uncertainties in the number of GCs causedby background galaxies,
they derive a �nal number of 77 � 19 GCs. Adopting the absolute magnitude of -17.8 for VCC 1087(Jerjen et
al. 2004), they obtain a speci�c frequencySN of 5.8 � 1.4.

7.2.2 Spectr oscopy

B06 obtained optical spectra for 12 GC candidates identi�ed from the g475 and z850 HST ACS imagesduring
April 24-252004,using the Keck I telescope. Those GCs that were analyzed through spectroscopy are circled
as red (or double circled) in Figure 7.1. All scienceimageswent through the standard image processingbefore
they were analyzed.
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FIGURE 7.2. Ratio of rotation to velocity dispersion V/ � ) of the GC systemsversushost galaxy ellipticit y for a number
of well-studied systems. Elliptical galaxies are represented by circles; S0s,squares;and dEs, triangles. Curvesrepresent
constant values of (V/ � ). From B06.

7.3 Analysis

7.3.1 Photometric Pr oper ties of the GC System

As evident in Figure 7.1, the GCs are distributed mainly toward the center of the galaxy and elongated in
the northeast-southwest direction. B06 found that the envelope of the galaxy is not very much redder than its
nucleus. In the color-magnitude distribution for the con�rmed and candidate GCs, there is a blue peak and a
tail of red. The blue peak indicates metal-poor clusters(MPCs), and the tail of red indicates metal-rich clusters
(MRCs). This shows that the GC system of VCC 1087consistsmostly of MPCs, not unlike the Milky Way.

7.3.2 Kinema tics

B06 obtain the velocity for the GC systemof 686� 24km s� 1, consistent with the observedsystemicrecessional
velocity of the galaxy itself of 646 � 30 km s� 1; the identi�ed GC candidates shown in Figure 7.1 really are
globular clusters in VCC 1087.They have found that the GCs show the most signi�can t rotation at the position
angle (P.A., measuredeast through north) of 127� � 8� . The outermost GC at this P.A. has the velocity of
104� 35 km s� 1.

A useful measureof the importance of rotational motion to the dynamical state of a system of particles is the
ratio of the rotational velocity V to the velocity dispersion � due to random motions, V=� . Simple dynamical
models can predict how much a spheroid will be be 
atted to ellipticit y � by rotation. Figure 7.2 compares
the value of V=� measuredby B06 for the GC system of VCC 1087 to values measuredfor GC systems in
other galaxies.As evident in the Figure, VCC 1087hasa higher value for its ellipticit y than other GC systems.
In the GC systemsof other elliptical and S0 galaxies,velocity dispersion dominates rotation. In contrast, for
the two dE galaxieslocated on the upper-half of the plot, rotation becomesimportant. From observations we
know that random motion is dominant in elliptical galaxies,and that rotational motion is dominant in spiral
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galaxies.Therefore, signi�can t rotation in the dE galaxy may imply that its progenitor was a spiral galaxy.

7.3.3 Ages and Abund ances

From analysis of the spectral properties of the GCs, B06 conclude that the GCs in VCC 1087 are generally
old (� 10 Gyr) MPCs and about the sameages.However, the galaxy star light is more metal-rich and appears
to be younger (� 4 Gyr). The scenarioof the history of VCC 1087in the Virgo Cluster must account for these
traits.

7.4 Discussion

B06 note that for an adopted absolute magnitude of VCC 1087is � 17:8, VCC 1087falls into the bright end of
the luminosity function for dEs. Sincethis oneobject cannot necessarilybe generalizedto a class,B06 discussits
properties in the context of dE galaxy formation. As discussedby B06 (seereferencestherein), previousauthors
have have showed via numerical simulations that spiral galaxies can be transformed into spheroidal galaxies
in the cluster environment. This processby which a galaxy is deformed in a galaxy cluster by gravitational
interactions is called galaxy harassment.

B06 obtain two signi�can t traits of VCC 1087that support the galaxy harassment scenario.First, B06 estimate
77 � 19 GCs in VCC 1087,giving a globular cluster speci�c frequencySN = 5.8 � 1.4. This value of the speci�c
frequencyis much higher than the typical value of SN � 1 for late type spiral galaxies(Carroll & Ostlie 1996).
From Equation 7.1, we can seethat in order to carry � 80 GCs with SN = 1, the absolute magnitude in the
visible band should be MV � � 19:8. Hence, if the progenitor of VCC 1087 was a spiral galaxy, it must have
lost some of its luminosity. This loss of luminosity can be achieved through interactions of the galaxy with
the cluster environment. If a spiral galaxy fell into the Virgo Cluster, and lost its gas through ram pressure
stripping or its stars were dispersedthrough galaxy harassment as in the simulations of Moore et al. (1998),
it could fade by 1{2 mag in the visible band. BecauseGCs might also be stripp ed also, therefore lowering
the SN , a faded but once very bright Sc spiral galaxy could have the SN of VCC 1087 today. In addition, to
be strongly a�ected by galaxy harassment so that the fading in luminosity was signi�can t, the parent galaxy
would have had to be a pure disk system (Moore et al. 1998), becausedensespiral bulgesare lesssusceptible
to harassment. Second,B06 measuredthe dominant rotational motion in the GC system of VCC 1087.Since
normal elliptical galaxiesshow random motions with low ratios (V=� , the large rotational component seenin
the GB system of VCC 1087supports the idea that its progenitor might be a spiral galaxy.

Consequently , B06 constructed a plausible evolutionary scenario for VCC 1087 as follows. Five Gyr ago, a
Sc spiral with MV � � 20 carrying about 100 GCs fell into the Virgo Cluster. Ram pressurestripp ed a great
amount of gasfrom the galaxy, preventing further star formation. Subsequently the galaxy fadedby � 1:5 mag.
Interacting with cluster members, its disk wasdisrupted. The galaxy lost some�eld stars and GCs during this
period. Somegas staying in the galaxy would lose angular momentum and fall onto central regions creating
stars and a solar metallicit y nucleusof � 4 Gyr old. This event resulted in the appearanceof VCC 1087as we
seeit today.
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8. A Large HI Cloud near the Center of the
Virgo Cluster

Jennifer Burt 1

ABSTRA CT Oosterloo & Van Gorkom (2005; OVG05) discusstheir analysis of a large (110 � 25 kpc in sizeand
containing 3:4� 108 M � of HI) HI cloud in the central region of the Virgo Cluster. By examining the morphology
and kinematics of the cloud, they deducethat the cloud was most lik ely formed from gasremoved from the nearby
NGC 4388galaxy by ram pressurestripping. This ram pressurestripping is most lik ely due to the ISM (In terstellar
Medium) of NGC 4388 reacting with the hot halo of galaxy group M 86 as opposed to its interaction with the
ICM (In tra-cluster Medium) centered on galaxy M 87 as previously thought. Analysis of the size and density of
the cloud lead to the hypothesesthat gas stripp ed from galaxies in a cluster can remain neutral for up to 108

years. The existenceof this HI cloud implies that ram pressurestripping of infalling spiral galaxies contributes to
the enrichment of the ICM.

8.1 Introduction

It is a well-recognizedfact that the high galaxy density of clusters forms a hostile environment for galaxies
becauseit leadsto frequent interactions that result in strong a�ects and transformations. In addition, because
cluster galaxiestravel at high speedsthrough the ICM, they experienceram pressurestripping (OVG05). That
is, as they orbit the center of the cluster the gaswithin the galaxy interacts with the hot x-ray emitting gasof
the ICM and the galaxy's gasis stripp ed away in a processthat can dramatically alter the evolutionary history
of the galaxy. One very obvious demonstration of this is seenin the fact that many cluster spirals contain less
neutral hydrogen than expected for their type and luminosity (seereferencesin OVG05). Using H I imaging it
has beendiscovered that the H I disks of such galaxiesoften cut o� well inside the optical disk (seereferences
in OVG05).

OVG05 note that, despite studies, both theoretical and observational, of the events that causethis removal of
gases(i.e. ram pressurestripping and tidal forces), there are many unanswered questionsabout the process.
Unknown factors, such as the galaxy's exact path through the cluster, mean astronomershave to guesswhen
and where during the galaxy's existencethe stripping occurred. Even more hypothetical is the fate of the gas
once it is pulled out of the galaxy. A prime candidate for study, in an attempt to answer these questions,
is the NGC 4388 spiral galaxy in Virgo, which, is moving at a rate of at least 1500 km s� 1 and has lost
approximately 85% of its H I. Previous studies of this galaxy are summarizedin detail in OVG05 to which the
reader is referred. The galaxy has an HI disk truncated to well within its optical range and a large plume of
ionised gas,visible in H� , extending 35 kpc o� the galactic plane to the NE. Taken together with the fact that
there are observable soft X-ray emissionsout to 16 kpc and evidencefor neutral gasout to at least 20 kpc NE
of NGC 4388with an HI massof 6� 107 M � , OVG05 point out that theseobservations indicate that NGC 4388
is strongly a�ected by its movement through the cluster. The causeof this gasplume is unknown; suggestions
include ram pressurestripping, nuclear out
o w related to the Seyfert AGN in NGC 4388 and accretion of a
small companion (seereferencesin OVG05).

OVG05 present new observations that prove the HI disk extends further than previously thought. Their work
gives substantial support to the ram pressurestripping theory of the cloud's evolution and determines that
it is most likely the halo of M 86 that is causing the stripping, not the ICM of the cluster itself. Also, they
hypothesizethat stripp ed gas can remain neutral for up to 108 years and that local column density may be
high enoughto promote star formation.

1Department of Astronomy, Cornell Univ ersity, Ithaca, NY 14853
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FIGURE 8.1. Integrated HI emission from the plume. Contour levels are 1.0, 5.0, 10.0 and 50.0 in units of 1019 cm2 .
From OVG05

8.2 The detection of a large HI plume NE of NGC 4388

On February 26 2005 a region to the northeast of NGC 4388 was observed using the Westerbork Synthe-
sis Radio Telescope (WSRT) for 12 hours on a 20 MHz bandwidth. Observations were centered on a 1500
km s� 1 heliocentric velocity.

8.2.1 Pr oper ties of the Plume

Figure 8.1 shows the imageof the integrated HI emissionsuperimposedover a visual picture of the region taken
from the Digital Sky Survey (OVG05). This �gure shows that the authors detect a large, linear plume of HI,
starting to the eastof NGC 4388and expanding towards the NorthEast direction. The velocity of the plume is
roughly between2000{2550km s� 1 which is closeto the velocity of NGC 4388itself: 2524km s� 1 (OVG05).
That the plume connectsto NGC 4388not only visually on the observedplane of the sky but alsoin the velocity
shows that the gas is physically related to the galaxy. The HI plume appears to be the neutral extension of
the plume of ionized gas �rst detected by Yoshida et al. (2002) and Iwasawa et al. (2003). The ionized and
the neutral �lamen ts, which are integrated together in the �gure and indicated by the contour lines, are easily
seento be parts of the sameoverall structure as evident in the Figure 8.1 (OVG05).

OVG05 �nd that the plume of gasextendsapproximately 110x 25 kpc and the massof HI is 3:4� 108 M � . The
peak of the HI emissionis located closeto M 86, instead of closeto NGC 4388as expected, which is � 10 kpc
to the SouthSouthEastof the Galaxy. At this point, the observed column densitiesreach valuesjust above 1020

cm� 2. Becauseof the large beamusedfor the observations, the column density will locally exceedthis value by
a signi�can t factor. OVG05 report that the plume also reachesits maximum width near M 86 with a diameter
of 25 kpc. As the observation is moved out from M 86 towards NGC 4388the column densitiesdecreaseslowly
until, near NGC 4388, the plume is almost undetectable with a column density of 1019 cm� 2. The distance
betweenthis maximum and NGC 4388 is approximately 70 kpc and the plume extends for another 40 kpc to
the NE from the location of the maximum.
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FIGURE 8.2. Caption here. From OVG05

In Figure 8.2, the position-velocity plot shows that the velocity of the plume slowly decreasesfrom 2550
km s� 1 (the velocity of the easternsideof NGC 4388) to about 2000km s� 1 at the far end of the plume. The
velocity width is about 100 km s� 1, except in the region near the maximum where the velocity width is about
200 km s� 1.

8.3 Discussion

8.3.1 Origin

The gas plume's morphology and kinematics clearly demonstrate that the plume is made of gas pulled from
NGC 4388,either by tidal forcesor ram pressurestripping (OVG05). Becausethe relative velocities of galaxies
within the Virgo cluster arehigh, tidal interactions betweenthem are frequent but last for short times. The long,
single �lamen t form of the plume would be a highly improbable result from many short duration interactions.
The main argument against the tidal origin of the gasplume is the distinct lack of a stellar component in the
deepoptical image from Phillips & Malin (1982). BecauseHI disks generally extend much farther than their
associated optical disk they are more susceptibleto tidal distortion, but the HI disk of NGC 4388is truncated
to well within the radius of its optical counterpart. Thus it would be expected to seesomestellar distortion
corresponding to what the authors observed at the sameradii in the HI range. While the deepoptical image
of NGC 4388doesshow somesmall distortion in the stellar disk, which suggeststidal interactions in the past,
these tidal e�ects could not have causedthe plume. The authors suggestthat they may however have shaken
the ICM of the galaxy so that e�ects such as ram pressurecould have a more pronouncede�ect.

The above details argue in favor of a ram pressureorigin for the gas plume associated with NGC 4388 and
it is often cited as a good example of a galaxy undergoing ram pressurestripping (seereferencesin OVG05).
While it hasbeenconsideredin the past that the stripping is centered on the halo of hot gassurrounding M 87,
there is also the possibility that that the HI plume is due to stripping by the halo of M 86 (OVG07). The
authors cite the following reasonsfor their belief in this option: the plume appearsto be much closer to M 86
(10 kpc projected distance) than to M 87 (350 kpc projected distance); the density distribution along the HI
plume is what onewould expect from an interaction with M 86; and the vicinit y of the maximum density near
M 86. The main argument for the M 86 caseis the fact that NGC 4388has a negative velocity with respect
to M 86, while its velocity with respect to the ICM currently assumedto do the stripping is positive. The
negative velocity relation would allow for the proper gas kinematics for a gas plume to form. OVG05 report
that previous authors have suggestedthat the halo of M 86 can provide the sameram pressureas the halo of
M 87, so a passageof NGC 4388closeto M 86 will have similar e�ects (seereferencesin OVG05).
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8.3.2 Fate of the Gas

OVG05 and others cited in their paper, refer to di�eren t predictions for the gas' fate. The copious amount
of HI gas implies that it can survive for a long time. By estimating that NGC 4388 is moving at a rate of
500 km s� 1 in the sky's plane, the plume's length implies an age on the order of 108 years. OVG05 cite
previous results which suggestthat absorption into the ICM is slow, possibly due to a saturated heat 
o w or a
complicated magnetic �eld that impedesheat 
o w into the plume. Assuming this long evaporation time span,
areasof higher density may occur in the plume and someof the gas may becomemolecular. Citing previous
works, OVG05 predict that in such a scenarioonly 10% of the total gas massmay be in the form of neutral
hydrogen. In such a case,the total massof gasin the plume would be � 3:4 � 109 M � .

Citing other works, OVG05 claim that in normal spiral galaxiesif column density in any local region exceedsa
few times 1020 cm� 2, star formation almost always occurs. In the gasplume, column densitiesin various areas
likely exceedthis threshold, in particular near M 86. Thus, the authors conclude that star formation could
occur locally in the plume if the processesthat dictate star formation in the ICM are closeenough to those
that regulate it in regular spiral galaxies.

The last question addressedby the authors is how common neutral gasclouds such as the one associated with
NGC 4388are in clusters. If the neutral gascan exist for 108 yearsas predicted by OVG05, then many more
plumes should be observed, but many Virgo spirals have been imaged in HI and no large plumes have been
reported. However the OVG05 research suggeststhat new deeper optical observations may reveal plumes in
placeswhere they are not currently thought to exist.
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9. Isolated Star Formation: A Compact H I I
region in the Virgo Cluster

Sarah T yree 1

ABSTRA CT Gerhard, Arnab oldi, Freeman & Okamura (2002: G02) discovered an isolated compact region of HI I
gas in the Virgo Cluster's intracluster medium. After identifying the HI I region in a deep image obtained with
the Subaru Telescope, the team used the ESO-VLT to obtain a spectrum which showed strong nebular emission
lines. G02 found the region to be relativ ely high in metallicit y and ionized by nearby OB stars, making it a critical
location candidate for on-going star formation.

9.1 Introduction

The current understanding of star formation is that it typically occurswell inside galaxies.The halosof galaxies
are not denseenoughwith baryonic matter to support massive star formation in that region. Becauseof this,
the star formation that occurs in galaxiesis not even closeto occurring on the outskirts of thesegalaxies.

Stars form from collapsingcloudsof gasand dust, which wereput into motion and pressurizedby a 
uctuation
causedby somedisturbance in the galaxy. Someof the phenomenathat could create such a disturbance are
passingmassive bodies, such as a large comet or even a star (Hermans-Killarn 2007). In radio galaxies, star
formation is triggered by high-energy particles and magnetic �eld 
o wing in a jet-lik e beam out of the active
galactic nucleus.

Using the Suprime-Camof the Subaru Telescope in Japan, Arnaboldi et al. (2003) have discoveredan isolated
compact region of HI I gas in the Virgo cluster that does not exist within the bounds of any galactic halo.
According to this new �nd, large amounts of star formation can take place outside the typical galactic star-
forming regions.This is becausethe HI I gas in the region is high in baryonic density.

9.2 Observations

Arnaboldi et al. (2003) usedthe Suprime-Cam of the Subaru Telescope in Hawaii to obtain deepobservations
of several intracluster �elds in the Virgo cluster for the purposeof trying to �nd intracluster planetary nebulae.
In one of those �elds, shown in Figure 9.1, they identi�ed a compact HI I region; this object, denoted by the
blue circle in Figure 9.1 then becamethe target of further observations with the ESO Very Large Telescope
(VLT) by G02.

Using the Arnaboldi et al. (2003) observations, G02 found the compact HI I region in question to be located
at (R.A., Dec.) = (12h23m 31:9s, +12 � 43047:700). This location is remarkably closeto that of NGC 4388, one
of Virgo's galaxies. (In terestingly, the NASA/IP AC Extragalactic Database does not have any object on �le
corresponding to the location of the HI I region.) The HI I region is not only closeto NGC 4388 in location; it
is closein velocity and has similar emissionline peaks,indicating that the region could have broken o� of the
galaxy somehow.

When the clump of HI I entered the intracluster medium (ICM), star formation was triggered in the region.

1Department of Astronomy, Cornell Univ ersity, Ithaca, NY 14853
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FIGURE 9.1. H� image obtained with the Subaru Suprime-Cam instrument of a 40 by 30 intracluster �eld in Virgo.
The compact HI I region studied by G02 is indicated by the blue circle. The other objects are possibleplanetary nebulae.
From Arnab oldi et al. (2003).

During the lifetime of its most massive stars, the region has moved around 500 pc in relation to the Virgo
cluster, which is over 1630 light years. This means that the star formation is taking place well outside the
star-forming region of the galaxy. This fact still stands regardlessof whether or not the HI I region was ever a
part of NGC 4388,as G02 have hypothesized.

Evidence further shows that the star-forming activit y in the compressedHI I region is not even causedby
NGC 4388.There is a small cluster of OB stars near the HI I region which are causingstars to form there. OB
stars are large, hot, and short-lived stars that exist in small communities or associations of other OB stars. OB
stars give o� ultra violet radiation, which in turn blows away electronsof nearby gasand dust clouds. By this
processhydrogen can be ionized into HI I. The photometry produced by the G02 observations shows that the
emission lines of the compact HI I region are similar to that seenin NGC 4388. An example of the emission
lines detected in the nuclear region of NGC 4388 is illustrated in Figure 9.2 from Ho, Filipp enko & Sargent
(1995). However, the compact HI I region hasunderlying continuum emission(the emissionother than the large
line peaks), showing that the ionization of HI I is causedby the cluster, and not by the stars of NGC 4388.

9.3 Analysis

Figure 9.3 shows the spectrum of the compact HI I region obtained by G02 with the UT4 of the Very Large
Telescope. The major emissionline peakscan be matched up with those seenin the spectrum of NGC 4388,
but the underlying continuum emissionfrom about 4500to 7000cannot. The emissionlines observed by G02
indicate a signi�can t presenceof metals in the compact HI I region. High metallicit y correspondsto population
I stars, which are young. This description more generally �ts the stars that are within galaxies,as the roaming
OB stars are alsoyoung. The discovery of metallicit y in the ICM is thereforesomethingnotable, sinceit further
indicates the independenceof the HI I region from NGC 4388.
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FIGURE 9.2. Emission line spectra of the nucleus of NGC 4388, covering the range from 4200{ 5200 �A(left) and
6200{6800 �A(righ t). From Ho, Filipp enko & Sargent (1995).

FIGURE 9.3. Spectrum of the compact HI I region obtained with the UT4 of the Very Large Telescope. From G02.

9.4 Rami�cations

In addition to the object studied spectroscopically and con�rmed to be an HI I region, G02 have identi�ed
16 other intracluster HI I region candidates within the �eld of the Arnaboldi et al. (2003) image. Assuming
a semi-uniform density of these regions throughout Virgo, G02 suggestthat Virgo has 103 star-forming HI I
regions that are not contained within the normal star-forming region of any particular galaxy. Also, if HI I
regionsgenerally exist on the outskirts of galaxies,G02 proposethat the outskirts of galaxiesare a new place
to study when searching for major birthplaces of stars.

The aforementioned OB stars that are ionizing the HI I regionsexplode as Type I I supernovae and enrich the
Virgo ICM with metals. In this scenario,G02 proposethat the presenceof metals in the ICM combined with
the newly discovered star formation in the ICM lets stars form outside galaxiesthat contain a large variation
of elements.

The discovery of 17 compact HI I regions in the ICM within one �eld of view of Subaru implies heavy changes
in the way we study star formation. It is therefore crucial to our study of the development of the Virgo cluster.
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10. Virgo Galaxies with Long One-Sided HI
Tails

Jessie DeGrado 1

ABSTRA CT In the paper \Virgo Galaxies with Long One-Sided HI Tails," Chung et al. (2007, henceforth C07)
provide the results of a new HI imaging survey of Virgo galaxies. They �nd seven spiral galaxies in lower-density
regions (0.6{1 Mp c in projection from M87) with long HI tails. The tails all point roughly away from M87,
suggestingthat a single mechanism may have causedthe HI loss. C07 conclude that the tails are lik ely a result of
ram pressurestripping as the galaxies fall towards the center of the cluster.

10.1 Introduction

It hasbeenknown for sometime that galaxiesin high density regionsof a cluster may be a�ected by a number
of factors: tidal distortions, harassment, starvation, and ram pressurestripping. Each of these factors a�ects
the morphology of a galaxy in a speci�c way. Tidal distortions { perhapsthe grandest of all { occur due to the
cluster potential and galaxy-galaxy interactions. Through a secondprocess,harassment, far o� galaxiesmay
exert a gravitational pull on a speci�c galaxy and disturb its outer layers.The �nal two factors a�ecting galaxy
morphology pertain to the fate of HI within the galaxy. Through the processof starvation, increasedrates of
star production may causea galaxy to use up the vast majorit y of its HI, essentially starving itself to death.
Finally, the entire galaxy cluster is �lled with hot gas, called the inter-cluster medium (ICM). Each speci�c
galaxy is also �lled with cool gas that is held in by a gravitational restoring force. Ram pressureis the force
exerted on a galaxy as it is acceleratedthrough the ICM. When the ram pressureovercomesthe gravitational
restoring force, a galaxy can literally leave its (HI) guts behind. This is called ram pressurestripping.

C07 investigate the morphological changestaking place in galaxiesin the lower density outskirts of the Virgo
cluster. The majorit y of thesegalaxiesappear undisturbed in the optical; however, C07 identify seven galaxies
located at an intermediate distance from M87 with long HI tails pointing roughly away from the center of the
cluster (seeFigure 10.1). C07 concludethat thesegalaxiesare recent additions to the cluster which have begun
to losetheir neutral hydrogen gasdue to ram stripping and tidal interactions with their neighbors.

10.2 Observations

The VLA (Very Large Array) Imaging of Virgo Galaxies in Atomic gas (VIV A) survey collected HI data on
53 galaxiesin the Virgo cluster. C07 focus their research on seven spiral galaxieswith long HI tails. They �nd
that the HI tails in all seven galaxiesare distinct from tidal bridges { i.e., they do not connect the galaxiesto
another object. Further, all seven tails are pointed roughly away from M87. The galaxieslie between0.6 and 1
Mpc in projection from M87 { henceall seven are in low{ to intermediate{density regions.The galaxiesshow
a wide range of HI gas de�ciency, and the HI mass in the tail varies from 10% to 40% of the total HI mass
(C07).

1Department of Astronomy, Cornell Univ ersity, Ithaca, NY 14853
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FIGURE 10.1.Main large panel: the locations of the HI tail galaxiesshown ascrosseson the X-ray background (indicated
by contours of X-ray brightness) of the Virgo region; the directions of the tails are indicated with arrows. The smaller,
gray images are enlarged views of the HI distribution (white contours) superposed on optical images of the individual
tail galaxies. From C07.

10.3 Discussion

The fact that all of the HI tails point roughly away from the cluster center suggeststhat a single mechanism
such as the gravitational cluster potential or ram pressuredue to motion through the ICM may be responsible
for the tails. C07 calculate the tidal accelerationdue to the cluster potential (2GM R=d3, whereM is the mass
of the cluster within a radius of d, R is the radius of the galaxy) and �nd that it is on averagethree orders
of magnitude lessthan the gravitational accelerationof the galaxy (V 2

r ot =R). Consequently , tidal acceleration
alone cannot account for the existenceof the HI tails.

C07 consider alternativ ely the a�ect of ram pressureon the galaxies. In the casethat the ram pressure(the
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FIGURE 10.2. The range of ram pressure and the restoring force per unit area for galaxies with tails. The possible
range of ram pressure is indicated in black; the restoring force is indicated in gray. From C07.

pressureexerted by motion through the ICM) exceedsthe restoring force of the galaxy, oneexpects to seeram
pressurestripping. Figure 10.2 comparesthe estimated ram pressurewith the restoring force per unit area.
Observe that the ram pressureis equal to � I C M v2

gal , where � I C M is the ICM density, and vgal is the galaxy's
velocity with respect to the ICM. Additionally , the restoring forceper unit area is equal to � I SM V 2

r ot =R, where
� I SM is the surfacedensity of the ISM. The range in the restoring force re
ects an uncertainty in the surface
density of the ISM at the time of stripping.

Figure 10.2 indicates that for �v e out of the seven galaxies, the ram pressuremay exceedthe restoring force.
C07 also make observations of the galaxies' velocities with respect to the cluster mean velocity. For two of the
galaxies,C07 �nd that the galaxies' velocities are closeto the cluster mean velocity { i.e., the galaxiesmove
mainly in the plain of the sky. This, combined with the fact that the tails are pointed away from the cluster,
leadsC07 to conclude that the two galaxiesare falling into the cluster along highly radial orbits. In the case
of a third galaxy, C07 �nd that it is highly blue shifted with respect to the cluster mean, suggestingthat the
galaxy may be falling in towards the center of the cluster from the back.

10.4 Conclusion

Previous research hasfocusedon HI de�ciency in high density regionsof galactic clusters.For example,Solanes
et al. (2001) found that galaxieswithin the densecluster interior su�er depletion of neutral hydrogen; however,
as one movesout from the center of the cluster, they found that the degreeof hydrogen depletion gradually
decreases.This suggeststhat galaxiesare already a�ected by the cluster environment, long before they reach
the densecluster core; C07 call this preprocessing.

C07 provide a concreteexampleof preprocessingin the Virgo Cluster. Their research suggestthat newcomers
to the Virgo Cluster are indeed in
uenced by cluster dynamics, even in relatively low-density regions. C07
investigate how galaxiesin theselow-density regionsbegin to losetheir HI. They �nd that seven of 16 imaged
galaxies between 0.6 and 1 Mpc from M87 have HI tails and conclude that at least 26% of galaxies in this
region of Virgo are recent arrivals to the cluster being stripp ed of gasby ram pressureand tidal forcesas they
fall towards the center of the cluster. This suggeststhat HI lossbeginsin galaxiesin lower density regionslong
before the galaxiesshow any signsof perturbation in the stellar component visible in optical images.
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