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The hierarchical assembly of mass, wherein smaller clumps of dark matter,

stars, gas, and dust buildup over time to form the galaxies we see today in the

local Universe through accretion events with other clumps, is a central tenet of

galaxy formation theory. Supported by theoretically motivated simulations, and

observations of the distribution of galaxies over a large range of redshift, the theory

of hierarchical growth is now well established. However, on the scales of individual

galaxies, hierarchical growth struggles to explain a number of observations involving

the amount and distribution of dark matter, and the timescale of both the formation

of stars, and the assembly of those stars into galaxies.

In this dissertation I attempt to address some of the central issues of galaxy

formation. My work focuses on massive elliptical galaxies and employs the orbit-

based, axisymmetric dynamical modeling technique of Schwarzschild to constrain

the total mass of a galaxy to large radii. From this starting point a determination
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of the extent and shape of the dark matter halo profile is possible and can then be

compared to the results of simulations of the formation of galaxies. These dynamical

models include information on the stellar orbital structure of the galaxy, and can

be used as a further point of comparison with N-body simulations and observations

from other groups. Dynamical modeling results for both M49 and M87, the first and

second rank galaxies in the Virgo Cluster, are presented and compared in Chapters

4 and 2 respectively. Although both galaxies are similar in mass, a closer analy-

sis shows they exhibit very different dark matter halo profiles and stellar orbital

structure, and likely followed very different formation pathways.

My primary dataset comes from observations carried out on the Mitchell

Spectrograph (formally VIRUS-P) at McDonald Observatory.1 The Mitchell Spec-

trograph is a fiber-fed integral field spectrograph, and allows one to collect spectra

at many positions on a galaxy simultaneously. With spectroscopy one is able to

not only constrain the kinematics of the stars, but also their integrated chemical

abundances. In the introduction I describe recent work I have carried out with my

collaborators using the Mitchell Spectrograph to add further constraints to our pic-

ture of galaxy formation. In that work we find that the cores of massive elliptical

galaxies have been in place for many billions of years, and had their star formation

truncated at early times. The stars comprising their outer halos, however, come

from less massive systems. Yet unlike the stars of present day, low-mass galaxies,

whose star formation is typically extended, these accreted systems had their star

1The instrument’s name was changed in 2011. As some of this work was originally written when
the instrument was named VIRUS-P, I have elected to use that name in those sections of this
dissertation (Chapters 2 and 5). In Chapters 3, 4, and 6, I use the current name.
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formation shut off at high redshift. Although our current sample is relatively small,

these observations place a rigid constraint on the timescale of galaxy assembly and

indicate the important role of minor mergers in the buildup of the diffuse outer halos

of these systems.

All of these advances in our understanding of the Universe are driven, in large

part, by advances in the instrumentation used to collect the data. The Mitchell

Spectrograph is a wonderful example of such an advance, as the instrument has

allowed for observations of the outer halo of M87 to unprecedented radial distances

(Chapter 3). A significant component of my dissertation research has been focused

on characterizing the fiber optics of both the Mitchell Spectrograph and the fiber

optics for the VIRUS spectrograph. I cover the results of the work on the Mitchell

Spectrograph optical fibers in Chapter 5. The affects of stress and motion on a fiber

bundle, critical to the VIRUS spectrograph, are explored in Chapter 6.
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Chapter 1

Introduction

The list of ingredients for galaxy formation is initially very simple. Low-

metallicity gas flows into assembling dark matter (DM) halos under the influence

of gravity. This process of gas and DM accretion continues, with lower density

regions giving way to higher density regions. Once in the assembling DM halo, gas

temperature drops and the density rises to the point where star formation can begin.

This process of accretion and subsequent star formation continues in a hierarchical

manner, with less massive systems merging into ever-larger ones, eventually leading

to the galaxy and galaxy clusters we see today in the local Universe. Yet despite

the relative simplicity of the initial ingredients, we are left with a dizzying variety of

galaxies. And while we certainly have a handle on several of the principle pieces of

a complete theory of galaxy formation, there are a number of aspects of the puzzle

that remain elusive; galaxy formation theory, specifically the cold dark matter model

of mass assembly (ΛCDM), continues to conflict with observations on galactic scales

in a variety of ways. Yet despite the points of discord between ΛCDM predictions

and observations on the scales of galaxies, a general outline of galaxy formation has

been sketched over the last several decades. With new instrumentation and surveys

both coming on line in the coming years and proposed for the coming decades, we

are at a time where a comprehensive theory of galaxy formation appears eminent.
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The wide diversity of galaxies found in the local Universe is perhaps most

simply expressed by their range in mass. The least massive galaxies known (e.g.

Willman et al., 2005) are of order 105M� and compare in mass to large globular

clusters in the Milky Way. These low-mass systems stand in stark contrast to

brightest cluster galaxies (BCG) that can be a million times more massive (e.g.

Carrasco et al., 2010; Murphy et al., 2011) and constitute a significant fraction

(∼ 10% to ∼ 20%) of the light in a galaxy cluster (e.g. Lin & Mohr, 2004; Zibetti

et al., 2005). Indeed, even the definition of what constitutes a galaxy necessarily gets

called into question as we approach these low masses (Willman & Strader, 2012).

Digging a bit deeper, we find that galaxies exhibit not only a wide range in

mass, but in the ages of their stars; from systems experiencing very high levels of

star formation at the present epoch (e.g. Rieke et al., 1985), to passively evolving

galaxies comprised of stars several billions of years old (e.g. Thomas et al., 2005a), to

most everything in between (e.g. Heavens et al., 2004). One of the early, pioneering

discoveries regarding galaxies is the relatively close relation between their colors

and morphology (Holmberg, 1958). Further study would link a galaxy’s color and

morphological traits to the amount of cold gas dissipation, the formation of a disk,

and subsequent star formation (see Roberts & Haynes, 1994, for a review). With

these early observations of galaxy color, we have the first of many clues pointing

the way to a complete theory of galaxy formation. With morphology, we gain yet

another.
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1.1 Hubble’s Contributions

The idea that the “spiral nebulae” seen by early astronomers were not the

local star clusters once posited, but rather galaxies at previously unimagined dis-

tances, was first presented in An Original Theory or New Hypothesis of the Universe

by Thomas Wright in 1750. It would take over 160 years before we had the first

definitive observational evidence to support this theory was in place. Observations

made by Vesto Slipher at Lowell Observatory (Slipher, 1914, 1915) showed that many

of the known nebulae were moving at velocities too high to still be gravitationally

bound to the Milky Way. Reading his words when presenting these observations to

his colleagues on the peculiar velocities of 15 nebulae provides an instructive window

into the predominant thinking of the time. In his 1914 paper Slipher writes,

As well as may be inferred, the average velocity of the spirals is about 25

times the average stellar velocity. This great velocity would place these

nebulae a long way along the evolutionary chain if we undertook to apply

the Campbell-Kapteyn discovery of the increase in stellar velocity with

“advance” in stellar spectral type.

It is clear from his words that Slipher was struggling with old notions colliding with

new observations. Perhaps Slipher and his colleagues felt a sense of intellectual

vertigo; of one on the edge of something too vast, unexpected and unknown to

maintain a bearing. Either way, with these early spectra, the galaxy revolution was

underway.
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Fifteen years later, better telescopes and instrumentation would provide Ed-

win Hubble with the tools necessary to make an even more startling discovery. Ob-

servations of Cepheid variables (and their recently discovered luminosity–periodicity

relationship (Leavitt & Pickering, 1912)) in his observed galaxies allowed him to de-

termine their distance. This information, when combined with measurements of a

galaxy’s recession velocity, led him to the realization that, on average, the further

a galaxy was from us, the higher its recession velocity; a static Universe was no

longer a tenable theory. The idea of an expanding Universe is commonplace to

astronomers today, and naturally falls out of Einstein’s theory of general relativity

when one assumes a homogeneous and isotropic Universe (Friedman, 1922), yet was

revolutionary at the time. Georges Lemâıtre postulated the assumption of homo-

geneity and isotropy would lead to an expanding Universe 2 years before Hubble’s

seminal paper.1 Known as Hubble’s Law, this linear relationship between reces-

sion velocity and redshift is now routinely applied to a wide variety of astrophysical

problems.

The diversity of galaxy types was well known to astronomers at the turn of

the 20th century. In a paper from 1926 (Hubble, 1926), Hubble introduced his now

famous “tuning fork” diagram (see a modified version of a tuning fork classification

scheme from Kormendy & Bender (1996) in Figure 1.1). This galaxy classifica-

tion scheme was later refined in a book entitled “Realm of the Nebulae” (1936),

1Lemâıtre’s paper (Lemâıtre, 1927) was originally published in French. Once it’s significance was
understood, it was partially translated into English and published in Monthly Notices of the Royal

Astronomical Society (Lemâıtre, 1931). Hubble’s observations on the expansion of the Universe
were published in 1929.
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Figure 1.1 A revision of the “tuning fork” morphological galaxy classification scheme
proposed by Kormendy & Bender (1996) that orders elliptical galaxies from boxy

(left) to disky (right) isophotes. This modification places the emphasis on the under-
lying physics rather than viewing angle. First introduced by Edwin Hubble (Hubble,

1926, 1936), the tuning fork diagram is still in use today (although with significant
revisions (e.g. van den Bergh, 1976; Kormendy & Bender, 1996, 2012)) and marks a

clear distinction between the two general types of galaxies: spirals and ellipticals.

and marked an early attempt to bring order to the array of galaxy morphologies.

Perhaps the clearest division in his tuning fork diagram is that between elliptical

and spiral classes of galaxies. This division was an evolutionary one for Hubble,

with “early-type” galaxies (i.e. ellipticals, hereafter ETG) on the left evolving into

“late-type” galaxies (i.e. spirals) on the right. Although we now know this pro-

cess typically proceeds in the opposite sense, with orderly spirals merging to form

disorderly ellipticals, the label of early-type and late-type has stuck.

The Hubble tuning fork continues to be an effective method for classifying

galaxy types. In an attempt to elucidate more of the underlying physics, Sidney

van den Bergh proposed a significant revision of Hubble’s tuning fork diagram (van
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den Bergh, 1976), emphasizing the parallel sequence nature of the diagram. In

this revised classification a new arm to the tuning fork was added; the so-called

anemic spirals which exhibited a lower gas fraction. More importantly, van den

Bergh made the distinction between ellipticals and spirals by their disk-to-bulge

ratios. This addition is significant as the ratio of disk-to-bulge is directly related

to the degree of ordered-to-random motion in the stars, now well recognized as a

fundamental characteristic of a galaxy.

John Kormendy and Ralf Bender have proposed further revisions to van den

Bergh’s parallel sequence classification scheme. In Kormendy & Bender (1996) they

suggested a re-ordering of ellipticals to emphasize their isophotal shape (which re-

flects real physics) rather than their ellipticity (which primarily reflects their viewing

angle). A further revision to the tuning fork diagram was proposed in Kormendy &

Bender (2012) in order to provide spheroidal galaxies a natural place in the classifi-

cation scheme. In both revisions the goal was to emphasize aspects of the underlying

physics and, ultimately, constraints on their formation history. In this way Hub-

ble’s tuning fork diagram and it’s subsequent modifications outlines the push by

astronomers to bring order to our picture of galaxies by striving to understand the

mechanisms at work in their formation.

1.2 How We Know What We Know

Our ability to revise the Hubble tuning fork diagram in order to highlight the

physics of galaxy formation relies in large part on our ability to observe many galax-

ies over a large region of the sky. Astronomy, as with all empirical science, is driven
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by the interplay between the scope of theory and the constraints of observations.

Astronomical instrumentation, both the telescopes and the devices used to capture

light, are the foundation on which the observational constraints are built. The first

photographic cameras and early spectrographs took astronomical observations from

a shaky, subjective field to something quantitative, comparable and repeatable. It

was at this time that the telescope and the instrument began to evolve together, as

telescope designs were modified to replace eyepieces with various instrumentation

(e.g. Hearnshaw, 1996).

With the evolution of technology, the number of objects that could be studied

grew. Early galaxy surveys worked to collect accurate photometry of 100’s to 1000’s

of objects (de Vaucouleurs et al., 1964, 1976; Sandage & Tammann, 1981). As

the charge-coupled device (CCD) began to replace photographic plates and photo-

multiplier tubes in astronomical imaging and spectroscopy, new windows on our

Universe were opened. Telescopes were now large enough, and imaging processes

sensitive and rapid enough, to allow for larger regions of the sky to be explored in a

relatively short time. Substantially larger observing campaigns could be conducted

out to higher and higher redshift. The Sloan Digital Sky Survey (SDSS) (Stoughton

et al., 2002) brought numerous revolutions in our thinking about galaxies. With

spectra of nearly 1 million galaxies with it’s most recent data release (Abazajian

et al., 2009), the SDSS data set affords a robust statistical approach to galaxy studies

over a range of environments. Other modern, large-scale surveys exploring different

wavelengths (e.g. the 2MASS survey (Jarrett et al., 2003)) and redshift ranges (e.g.

the 2dF survey (Colless et al., 2001)) continues to force revisions of our theories.
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This trend will certainly continue, with ever-larger imaging surveys proposed, such

as LSST, and massive spectroscopic surveys such as the Hobby Eberly Telescope

Dark Energy eXperiement (HETDEX) well under way (Hill et al., 2008a).

In large part, this recent renaissance in the study of galaxies owes to the ad-

vances in the scope and sophistication of the instruments available; SDSS happened

because we were able to manifest our scientific goals by building the telescopes

and instruments necessary for the task (Gunn et al., 1998). Other large-format

CCD cameras, both currently deployed (Baltay et al., 2007) and under construction

(Miyazaki et al., 2002), will continue to expand our scientific horizons. Spectroscopy

has kept pace with the advances in imaging, with fiber optics and other integral-field

methods playing a significant role; the SAURON (de Zeeuw et al., 2002) and At-

las3D projects (Cappellari et al., 2011) have explored the kinematics of local galaxies

with high spatial resolution out to the half-light radius (Re) with integral-field tech-

niques. What insights has this mountain of data yielded in our understanding of

galaxy formation?

1.3 Large Scale Revolutions

The statistical leverage gained by the SDSS data set has provided several

significant insights into the mechanisms of galaxy formation. One of the earliest and

most significant of these discoveries was the bimodal color distribution of galaxies

(Strateva et al., 2001; Bell et al., 2003; Kauffmann et al., 2003; Baldry et al., 2004).

By plotting the color of over 100,000 galaxies against their absolute luminosity,

a clear division between a “blue cloud” and a “red sequence” in galaxies is seen.
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Figure 1.2 A Figure taken from Baldry et al. (2004) showing the bimodal distribution
of galaxies when plotted against their absolute magnitude. The X-axis plots the

absolute magnitude and the Y-axis plots color, with redder galaxies towards the
top of the figure. A total of 66,846 galaxies are included in this figure. Of note

is the slope in color, with more luminous (and presumably more massive) galaxies
exhibiting redder colors. This trend holds for galaxies on both the blue cloud and

red sequence.

Figure 1.2 plots a color-magnitude diagram from Baldry et al. (2004) showing this

bimodal distribution in color. In morphological terms, this division in color roughly

parallels the division between the elliptical and spiral sequences seen in the Hubble

classification scheme. And while this relation between color and morphology was

not new, the bimodal distribution of galaxies was.

What does the bimodal distribution in galaxy color add to the story of

galaxy evolution? Before the SDSS data set, the paradigm of galaxy formation had
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established that spiral galaxies evolved into more elliptical, dispersion-supported

galaxies via mergers, accretion, and/or secular processes. This evolution in galaxy

color and morphology was known from several avenues of inquiry, most notably the

Butcher-Oemler effect (Butcher & Oemler, 1984) which finds a higher fraction of blue

galaxies at higher redshift as compared to red galaxies. Indeed, recent results from

Buitrago et al. (2011) suggest a morphological transformation of spirals to ellipticals

leading to a significant increase in the massive early-type galaxy population, from

20–30% at z ≈ 3 to 70% at z = 0. Yet with the discovery of a scarcity of galaxies

between the red cloud and blue sequence, it becomes necessary to evolve blue, disky

galaxies into red, bulge-dominated galaxies rapidly, due to the paucity of galaxies

in the “green valley”.

Recent study of the galaxy population over a range of redshifts has deepened

our understanding of the processes at work in this transformation of galaxy types.

To achieve this rapid evolution across the green valley, Faber et al. (2007) propose

a “mixed” scenario in which both the quenching of star formation in blue galaxies

and a small amount of merging along the red sequence can explain the present day

galaxy luminosity function. This scenario is based on the observation that, while the

number and stellar mass in blue galaxies has been very constant since z ∼ 1, the ≥

L∗ red galaxy population has substantially increased over the same lookback time.

This effect has also been seen in less massive galaxies (e.g. De Lucia et al., 2007)

where, again, the quenching of star formation is invoked to move a star-forming,

blue cloud galaxy rapidly onto the red sequence. There is further observational

evidence for the quenching of star formation; as this process will not strongly effect
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the structure of a galaxy in the short term, we should expect to see a number of

passive, disk galaxies along the red sequence. Indeed, Bundy et al. (2010) find

evidence for a substantial population of red disk galaxies at the low-mass end of the

red sequence. From these observations and others (to be highlighted in subsequent

sections) we are coming to understand that the variety of galaxies we see do not

represent distinct stages along one evolutionary path, but rather stages of several

evolutionary paths that lead to a variety of ends, depending on a host of factors such

as initial conditions, merger history and overall environment.

Although the evidence for a variety of evolutionary pathways is substantial,

there are a number of well-studied observational trends that seemingly all elliptical

galaxies follow. The Kormendy relation (Kormendy, 1977) reveals a linear relation-

ship between the half-light radius (Re) and the mean surface brightness within that

radius.2 The Faber-Jackson relation (Faber & Jackson, 1976), linking a galaxy’s

luminosity and central velocity dispersion, was combined with the Kormendy Rela-

tion in seminal papers by Djorgovski & Davis (1987) and Dressler et al. (1987) and

shown to define a tight 3-parameter relation. When plotted in three dimensions,

elliptical galaxies occupy a plane in this space (although see Djorgovski & Santiago

(1993) for a more critical review of this choice of axes). Known as the Fundamental

Plane (FP), this relationship will necessarily be an important component of any

theory of galaxy formation, in large part because it’s striking thinness, which is on

the order of the measurement uncertainties (e.g. Jorgensen et al., 1996; Graves &

2A number of versions of the Kormendy Relation exist, applying various measures of radius, but
all elucidate the same physics.
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Faber, 2010), is indicative of a high degree of regularity in the process of galaxy

formation.

The virial theorem makes a prediction for the mass, radius and velocity dis-

persion of a relaxed, gravitationally bound system. Based on a straight-forward (if

naive) interpretation of the virial theorem one can then determine the predicted

orientation of the FP in the 3D parameter space of the observables, velocity disper-

sion, surface brightness, and half-light radius. From extensive observations of the

FP relation, over a wide range in redshift, we find the FP is tilted from this expecta-

tion (e.g. Renzini & Ciotti, 1993; Jorgensen et al., 1996). Extensive effort has been

put into understanding the source of the FP tilt. This work has explored variations

of the stellar populations (Auger et al., 2010), dark matter fraction (Ciotti et al.,

1996; Cappellari et al., 2006; Graves & Faber, 2010; Humphrey & Buote, 2010),

non-homology (Pahre et al., 1995; Trujillo et al., 2004), and various other sources

(e.g Scodeggio et al., 1998). The majority of papers aimed at explaining the FP

tilt return either inconclusive results (due to the high degree of tuning necessary)

or present a scenario wherein parts of each explanation are required. In large part,

the challenge in determining the role of each various component on the FP tilt

stems from the difficulty of getting robust constraints on the distribution of dark

matter in these systems, which is a primary focus of this dissertation. Typically,

the DM constraints come from insufficient kinematic coverage, or with the wrong

a priori assumption for the shape of the DM halo. Work towards breaking this last

assumption is progressing (e.g. Jardel & Gebhardt, in preparation) and constitutes

an important step forward in determining the extent and shape of the dark matter
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halos of elliptical galaxies and their role in galaxy formation.

The red sequence terminates at a high mass end. Comprised of the most

luminous and massive galaxies in the local Universe, the high-mass tip of the red

sequence poses a number of questions as to how these galaxies assembled. Chief

among these questions is the relationship that massive elliptical galaxies share with

the population of quiescent, massive galaxies seen at very high redshifts (e.g. Daddi

et al., 2005; Trujillo et al., 2006; van Dokkum et al., 2008). I will return to a

discussion of these galaxies, and their implications for our burgeoning theory of

massive galaxy formation, in §1.4.2.

1.4 Inroads to Galaxy Formation

The framework in which we view galaxy formation is the cold dark matter

paradigm (ΛCDM) wherein smaller DM halos merge to form larger ones. This

framework is supported by well-motivated physical arguments (Gunn & Gott, 1972;

White & Rees, 1978; Fillmore & Goldreich, 1984) and the remarkable agreement

between N-body simulations of the growth of structure (Frenk et al., 1985; Davis

et al., 1985; Springel et al., 2005) and observations of the distribution of galaxies in

the local universe (Davis et al., 1982; Colless et al., 2001). Gravity then brings the

baryons along for the ride.

With such a simple list of initial ingredients, where does the broad range in

galaxy complexity come from? Although the baryonic physics is relatively simple

at the earliest stages of galaxy formation, new processes begin to complicate the

equation. Energy feedback from supernova, AGN activity, and ongoing star forma-
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tion all lead to complications that quickly make simple gas infall into a DM halo a

highly complicated process. Continued star formation, from either low-metallicity

inflowing or self-enriched gas, leads to increased complexity in the chemical abun-

dance gradients. Furthermore, mergers dump new-found kinetic energy and angular

momentum into the growing galaxies, and other dynamical processes such as galaxy

harassment, tidal stripping and minor accretion events further muddy the waters. In

testing the predictions of ΛCDM, a natural place to start is with a study of BCGs,

the end products of hierarchical assembly.

1.4.1 Brightest Cluster Galaxies and Other Massive Ellipticals

Evolution along the red sequence ends at the high-mass tip, with galaxies

exhibiting a number of characteristics that make them distinct from other lower mass

ellipticals. In brief, the galaxies at the high-mass tip of the red sequence are boxy and

dispersion-supported. They exhibit cored light profiles (missing light in their centers

from the extrapolation of a their Sérsic profile) and tend to have predominately

old stellar populations. They almost universally have high (> 4) Sérsic values for

their surface brightness profile, indicative of a rich merger history. In contrast, less

massive ellipticals are predominantly supported by rotation and exhibit a wider

range in stellar populations. This dichotomy between low and high mass ellipticals

is well-delineated in Kormendy et al. (2009, section 2.2) and necessitates different

formation pathways.

Among these massive galaxies are brightest cluster galaxies (BCG). BCGs

are defined as the brightest galaxy in a galaxy cluster and typically reside at the
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gravitational center of the system. Early studies of BCGs found them to be remark-

ably homogeneous (Humason et al., 1956), prompting some groups to use BCGs as

standard candles (Sandage, 1972; Oegerle & Hoessel, 1991; Collins & Mann, 1998).

Further confirmation of their high degree of uniformity comes from a comparison of

their FP relation to other galaxy types, wherein BCGs are shown to exhibit smaller

scatter in this relation as compared to other ellipticals (e.g. Bernardi et al., 2007).

This homogeneity in BCGs is even more striking when one considers the influence

the environment must have on a galaxy that resides at the bottom of the galaxy

cluster gravitational potential well.

As the most massive galaxies in the local Universe, BCGs are a natural

laboratory to study hierarchical assembly. This is because they are thought to be

the final product of a long history of small accretion events, punctuated by major

mergers (e.g. De Lucia & Blaizot, 2007; Naab et al., 2006, 2007). Figure 1.3 shows

the results of semi-analytic modeling of the formation of BCGs taken from De Lucia

& Blaizot (2007). In these models, BCGs begin to form at very early times, and do

so from the accumulation of smaller subclumps of stars, which in turn formed their

stars at higher redshift; the BCG forms at fairly late times, with only ∼ 50% of the

galaxy’s stars in place by Z ∼ 0.5. These and other simulations of the formation

of BCGs and massive elliptical galaxies return results that are well in line with a

hierarchical merger scenario (e.g. Dubinski, 1998; Gao et al., 2004). But are these

simulations an accurate representation of the formation history of massive galaxies?
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Figure 1.3 The results of semi-analytic modeling of the formation history of a bright-
est cluster galaxy (BCG) from De Lucia & Blaizot (2007). The majority of the stars

that end up in the BCG at z ∼ 0 are formed in smaller systems that merge with the
main branch over a wide range of lookback times.
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1.4.2 Giants at High Redshift

The picture of smaller DM halos accumulating over time to form ever-larger

DM halos and thus galaxies, has been tested recently with the discovery of a massive,

compact, and passively evolving galaxy population at high redshift (e.g. Cimatti

et al., 2002). This stems from the fact that massive and old galaxies are expected as

the end products of hierarchical assembly, not at the relatively early stages of galaxy

formation. Dubbed extremely red objects (ERO) by some groups due to their high

amounts of dust and their generally old stellar populations (Cimatti et al., 2002; Treu

et al., 2005), they are found to be highly clustered (Daddi et al., 2000; Roche et al.,

2002; Brown et al., 2005), and are compact when compared to local galaxies (Daddi

et al., 2005; Trujillo et al., 2006; van Dokkum et al., 2008; Doherty et al., 2010;

Cassata et al., 2011; Weinzirl et al., 2011). Further confounding the issue is that we

do not find their local counterparts in high enough densities (e.g. Trujillo et al., 2009)

to explain their high compactness without needing to invoke a mechanism to lower

their central densities. And, with the dearth of local, highly compact galaxies, a

mechanism is needed to both increase the mass (Cassata et al., 2011) and decrease in

central density by increasing the half-light radius (Ascaso et al., 2011; Weinzirl et al.,

2011). The observations have been countered by Hopkins et al. (2009), claiming that

their physical densities are similar to the local population, and that the discrepancy

comes from the extreme difficulty of accurately measuring the diffuse outer halo of

these high redshift galaxies and subsequently underestimating their half-light radius.

However, more recent work focusing on measuring the diffuse halos of EROs

has shown them to exhibit very little in the way of stars at large radii (Szomoru et al.,
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2010, 2012). Moreover, groups have found a range of ERO galaxy densities from the

same data sets, with some appearing truly compact, while others exhibiting sizes

and densities similar to the local population of massive ellipticals (Toft et al., 2007;

Saracco et al., 2010). These observations raise a number of questions, most notably

that two distinct types of passive, elliptical galaxies at high redshift is indicative

of two separate formation pathways. Even if the claims of high central densities

are dismissed, due to the challenges inherent in measuring the faint outer halos of

galaxies at high redshift, these EROs are truly massive (Cappellari et al., 2009) and

pose a very real challenge to the picture of hierarchical assembly of mass.

1.4.3 Major or Minor or Bits of Both?

Extensive work over a range in redshift shows conclusively that the number

density of massive elliptical galaxies (M ≥ 1011M�) grows quickly from z ∼ 3 to

z ∼ 1 (Fontana et al., 2006; Marchesini et al., 2009; Conselice et al., 2011), but

then slows down from z ∼ 1 to the present (Ilbert et al., 2010). This evolution,

on average, changes blue galaxies into red ones and exhibits various dependencies

on environment (Brough et al., 2005) and mass (Cimatti et al., 2006; Franceschini

et al., 2006; Borch et al., 2006). What is less clear is the manner in which this

growth occurs, as there is evidence for multiple formation pathways that a galaxy

can follow. We see the evidence for this in the dichotomies between elliptical and

spheroidal galaxies (e.g. Wirth & Gallagher, 1984; Kormendy, 1985; Binggeli et al.,

1988; Kormendy et al., 2009), and between elliptical galaxies themselves that appear

divided into two distinct classes (e.g. Bender et al., 1992; Cappellari et al., 2006).
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Moreover, BCGs appear distinct from equally massive ellipticals (Schombert, 1986;

Oegerle & Hoessel, 1991; Egami et al., 2006; Best et al., 2007; Bernardi et al., 2007)

and may represent the end product of yet another formation pathway (although see

Loubser et al. (2008, 2009) for counter-examples).

Early work on the formation of elliptical galaxies explored mechanisms of

violent relaxation (Lynden-Bell, 1967; Gott, 1973), the effects of major mergers (Al-

ladin, 1965; Toomre, 1977) and an initial dissipative collapse phase (Eggen et al.,

1962; Larson, 1976; Tremaine, 1981). White & Rees (1978) argued convincingly

that dissipation is a necessary component of galaxy formation in order to achieve

the high densities required to survive the subsequent mergers of hierarchical assem-

bly at later times. Eggen et al. (1962) argue for a “monolithic collapse” of the

Milky Way, wherein gas cools on very short dynamical times and forms stars in the

center of the Galaxy. This process leads to high central stellar concentrations, as

seen in less massive, local ellipticals, and a relation between the stellar age and or-

bital anisotropy, with younger stars on more radial orbits, and older stars on more

circular orbits. And, as the processes of merging and violent relaxation are not

complete, these systems retain information about their formation processes in the

orbital distribution of their stars (Eggen et al., 1962; Valluri et al., 2007; Hoffman

et al., 2010). A discussion of stellar orbital anisotropy is picked up in §1.5.1.

The general picture that has emerged from these and other works is that

processes that allow gas to cool through dissipation lead to the formation of cold

components, exhibiting ordered motion in disk-like structures, whereas dissipation-

less processes, such as mergers without a substantial cool reservoir of gas, lead to
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dynamically hot structures that are dominated by random motions. And while the

details of these pictures have been refined over the years, the central concepts have

remain intact. This division based on the galaxy’s dynamics is closely related to

the division seen in Figure 1.1 between spiral and elliptical galaxies. The trend of

an increasing fraction of elliptical galaxies over time indicates that mergers must

play a significant role in galaxy formation (as this is the predominant mechanism

by which a galaxy’s stellar orbits can become randomized), and that those mergers

are predominantly more gas free (as gas will tend to cool into a disk-like structure

and form new stars on more orderly, circular orbits).

The role that major and minor mergers, continued in situ star formation, and

the wide variety of other feedback mechanisms and dynamical processes play in the

final configuration of stars and gas in a galaxy is significant (e.g. Croton et al., 2006;

Cox et al., 2006b; Martig et al., 2009; Naab et al., 2009; Hopkins et al., 2012). In the

analysis of bridges and tidal tails observed around disk galaxies, Toomre & Toomre

(1972) show that galaxy-galaxy interactions can significantly impact morphology,

with disk-disk mergers being a possible outcome (Toomre, 1977). Major mergers3

have been studied in both observations (e.g. Schweizer, 1982; Bell et al., 2006)

and simulations (e.g. Naab & Burkert, 2003; Cox et al., 2006a,b; Hoffman et al.,

2010). Some have argued (see Barnes & Hernquist (1992) for a review) that major

mergers can not play a significant role in elliptical galaxy formation as they would

disrupt the tight FP and mass-metallicity relations (e.g. Bender et al., 1992). Yet

3Although “major merger” is a loose term in the field, as the mass fraction of the involved
galaxies ranges greatly from group to group, I use the term here to mean mergers with a maximum
of 1:10 mass ratios.
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other groups have shown through semi-analytical modeling (e.g. Kauffmann, 1996)

the disruption caused by the major merger isn’t significant enough to destroy the

observational trends, and others have used the statistical power of SDSS to argue

that major mergers are the predominant mode of elliptical galaxy formation (e.g.

van der Wel et al., 2009).

The roll of minor mergers in elliptical galaxy formation has also been studied

in detail in both observations (e.g. van Dokkum, 2005) and simulations (e.g. Naab

et al., 2007, 2009; Oser et al., 2010; Johansson et al., 2012; Oser et al., 2012).

The interest in minor mergers comes about, in part, with the discovery of both

the extent and ubiquity of intracluster light (ICL); tidally stripped stars that are

common in galaxy clusters and can constitute ∼ 10% to ∼ 30% of the cluster’s light

(Zibetti et al., 2005; Krick & Bernstein, 2007), (see Arnaboldi & Gerhard (2010)

for a review) with N-body simulations support a picture where the dynamics of a

cluster in formation provides enough energy to strip ∼ 40% of the stars (Valluri

et al., 2007). Although first postulated to be common in galaxy clusters by Zwicky

(1951), the study of ICL has been slow to develop due to the very low surface

brightnesses involved. The deep photometry of the center of the Virgo Cluster by

Mihos et al. (2005) has revealed the rich complexity of the ICL (see also Janowiecki

et al. (2010); Rudick et al. (2010)) and clearly shows the role that minor mergers

and small accretion events must play in galaxy formation, particularly in the centers

of galaxy clusters. Due to the clearly dynamical nature of the origin of the ICL

Willman et al. (2004) argues the ICL should be common to all galaxy clusters and

groups (see also Gonzalez et al. (2005)). Yet as evidence for both major and minor
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mergers (as well as continued star formation; see §1.5.2) is robust (e.g. Newman

et al., 2012), questions of the formation history of the most massive galaxies should

not be focused on which mode of formation is the correct one, but rather how all

modes of growth fit into a complete picture of formation.

Central to our continued development of understanding of the mechanisms

driving galaxy formation is our ability to observe the effects of a wide range of

processes. We know from both observations (e.g. Emsellem et al., 2004; Cappellari

et al., 2006; Peletier et al., 2007) and simulations (e.g. Abadi et al., 2006; Hoffman

et al., 2010) that the mechanisms of formation leave their imprint on both the

kinematics of the stars, and their chemical abundance gradients. These and other

works has led to a number of discoveries about the role of the formation processes,

and the rich dynamical structure of ellipticals, as discovered by surveys such as

SAURON, have forced simulations to keep pace (e.g. Jesseit et al., 2007). However,

a significant amount of the work conducted to date is focused on the centers of

galaxies, typically within ∼ 1 Re. Indeed, one of the corner-stones of any final theory

of galaxy formation, the fundamental plane, is based entirely upon measurements

made with light from the cores of elliptical galaxies. And while all of this research,

and the continued work with projects such as Atlas3D (Cappellari et al., 2011), will

remain invaluable to the development of our understanding of galaxy formation, a

picture of what’s occurring beyond the half-light radius of these galaxies has just

begun to be sketched out. This work at large radii is absolutely critical to our

understanding of hierarchical mass assembly, because it is at large radii where a

significant amount of the mass is likely to be deposited (e.g. Naab et al., 2007;
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Johansson et al., 2012). And as with so many of the significant advances in our

understanding of the Universe, new advances in astronomical instrumentation lead

the way.

1.5 The Roll of Instrumentation: Kinematics and Chemistry Be-

yond the Half-light Radius

As discussed earlier in this chapter, the role of instrumentation in the ad-

vancement of science has always been critical. In a visionary paper by Angel et al.

(1977), fiber optics were proposed for use in astronomical instrumentation. Thirty-

five years since that seminal paper the use of fiber optics in astronomy is com-

monplace. Although certainly not the only significant advance in astronomical

instrumentation seen over that period, fiber optics opened a wide array of new

possibilities in instrumentation design through the flexibility afforded when light at

the focal plane of the telescope can be redirected to a different location. Issues of

instrument weight, stability and temperature control are made largely obsolete. Yet

this advantage comes at a cost, as an optical fiber adds an additional element to

the optical path. Moreover, fiber optics are not entirely stable optical elements; in

fact the natural optical scrambling affect of fibers on light has been used to improve

the precision of radial velocity measurements (e.g. Avila et al., 2006). However, not

all scrambling affects of fiber optics are desirable and a clear understanding of the

behavior of optical fibers and their specific application is required when building

new instruments that make use of their flexibility. A more complete discussion of

fiber optics in astronomy is given in Chapters 5 and 6.
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The George and Cynthia Mitchell Spectrograph (the Mitchell Spectrograph,

formally VIRUS-P) is an integral-field spectrograph that employs 246 optical fibers

over a large field-of-view (Hill et al., 2008b). A detailed overview of the instrument is

given in both Chapters 2 and 4. It’s observational power lies, in large part, in the size

of the fibers; with an on-sky diameter of 4.2′′, the optical fibers collect a significant

fraction of the light collected by the telescope. This aspect if the instrument makes

the Mitchell Spectrograph extremely good at exploring astronomical objects at low

surface brightnesses, allowing for measurements well beyond the half-light radius.

1.5.1 Clues from the Kinematics

Due to their collisionless nature, stellar systems exhibit long relaxation times

and therefore leave clues to their formation history in the orbits of their stars

(Lynden-Bell, 1967; White, 1980; van Albada, 1982; Valluri et al., 2007). This

is particularly true at larger radii, as the relaxation time is longer for stars on larger

orbits. Once relaxed, the stars provide an excellent dynamical tracer that we can

use to constrain the total enclosed mass of elliptical galaxies. This second aspect is

significant, as elliptical galaxies typically do not contain the extended HI gas disks,

prevalent in spirals, and commonly used to trace the dynamics of spiral galaxies

to large radii. Although the challenges in measuring stellar dynamics beyond 1 Re

has led the majority of work on ETGs to be conducted within that radius, several

groups have measured stellar kinematics at larger radii (i.e. R ≥ 1 Re) (Dressler,

1979; Saglia et al., 1993; Kelson et al., 2002; Weijmans et al., 2009). Dressler (1979)

conducted some of the earliest work exploring the stellar kinematics at large radii
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for the BCG in Abell 2029. Incredibly, the stellar velocity dispersion was found

to rise from ∼ 375 km s−1 at the galaxy center to over 500 km s−1 at 100 kpc.

Since that discovery, several other BCGs have been shown to exhibit steeply rising

velocity dispersion profiles (Dressler, 1979; Carter et al., 1999; Kelson et al., 2002;

Ventimiglia et al., 2010; Newman et al., 2011, and Chapter 3 in this dissertation).

In perhaps all of these cases, the stars being measured are no longer bound to the

BCG, but rather are part of the ICL. In either case, they probe the gravitational

potential they feel, and can therefore be used to constrain the DM halo of a galaxy

to large radii.

The stellar velocity dispersion is not the only useful piece of information

found in the dynamics of the stars. It was observed from early on that ETGs

displayed anisotropies in the velocity ellipsoids of their stars (e.g. Bender et al.,

1992). This was shown by Merritt (1987) to be critical to our understanding of the

mass distribution of a dynamical system, due to a degeneracy between mass and

orbital anisotropy. Yet more than being used to simply constrain the total mass

of a galaxy, the orbital paths of the stars can inform the formation mechanisms

at work in a galaxy. Eggen et al. (1962) conducted early work in this field where

he found older Milky Way stars on predominately circular orbits, while younger

stars had a more radial trajectory. Early simulations by van Albada (1982) found

that, for a purely dissipationless collapse, the remnant stars were on predominantly

radial orbits, with the radial trend increasing with radius (see Figure 8 in that

work). And observations of several groups at the time found predominantly radial

stellar anisotropies in a relatively large sample of ETGs (e.g. van der Marel, 1991;
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Kronawitter et al., 2000).

Current simulations have made significant advances in the spatial resolution

they probe, the physics they incorporate, and initial conditions, which better match

those from cosmology. The simulations of Naab et al. (2007, 2009) and Johansson

et al. (2012) explore the merger history of massive galaxies, over all cosmic time,

and find a wide range of mechanisms at work. Their simulations allow them to

track the growth of an individual galaxy, and determine whether the stars formed

in situ, or were accreted. This becomes of great interest in comparisons to observed

galaxies once the ability to map which stars are formed in situ or which are accreted

is known. This is possible through an analysis of the chemical abundance gradients

of a galaxy, and is discussed further in §1.5.2.

Comparisons of stellar anisotropies and the results of orbit-based dynami-

cal modeling (as done in Chapters 2 and 4) can provide interesting constraints on

galaxy formation. And while this comparative field is new, with a rich future of

potential discovery, it remains relatively model dependent. Although orbit-based

modeling has been extensively tested (e.g. Thomas et al., 2004, 2005b) for its ability

to reproduce the line-of-sight velocity dispersion profiles (LOSVD) that are used

as constraints on dynamical modeling, degeneracies remain. In the work of Hoff-

man et al. (2009, 2010) , where high resolution simulations of gas rich, disk-disk

mergers are explored, LOSVDs are extracted directly from their simulations. As

the LOSVDs measured for elliptical galaxies do not involve the dependencies of

orbit-based modeling, the comparison is more direct. And while the computational

expense of these models has kept the comparison library quite small, the significant
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advances in computational power seen over the last decade indicate this avenue of

pursuit is a promising one.

1.5.2 What the Chemistry is Telling Us

The analysis of the chemical composition of the stars in a galaxy can yield

a wealth of information on its formation history. At its most basic, the study of the

chemical composition of a galaxy began with the study of galaxy color. Once the

application of spectrographs in galaxy studies became routine, a deeper understand-

ing of their formation history was possible through a study of the history of star

formation. This added insight comes from our ability to determine both how old the

stars are, and in what types of systems they were born. And while the uncertainties

on such measurements remain relatively large, this new information affords another

window into the mechanisms that drive galaxy formation.

All but the very closest galaxies are too far away to resolve individual stars,

and so chemical abundance work proceeds with integrated light. As this necessarily

becomes an average over all the stars over a given spatial region, a complete chemical

analysis, akin to what’s been done for the Milky Way,4 isn’t possible. Moreover,

the focus has generally been on galaxies that exhibit active star formation (e.g.

Kennicutt, 1998) rather than on studies of “red and dead” elliptical galaxies. This,

at least in part, is due to the challenges in analyzing stellar light from systems

whose star formation has ceased, as the differences in the spectrum of a 4 Gyr

4See the upcoming Annual Reviews article, “Galactic Stellar Populations in the Era of SDSS
and Other Large Surveys” by Zeljko Ivezic, Timothy C. Beers, and Mario Juric (2012).
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and 8 Gyr old stellar population are subtle (e.g. Thomas et al., 2005a). Despite

the challenges, a significant body of knowledge about the star formation history

of ETGs has been established (e.g. Davies et al., 1993; Bender et al., 1993; Fisher

et al., 1995; Trager et al., 2000b; Gallazzi et al., 2005; Kuntschner et al., 2010).

Perhaps most significantly was the establishment of the Lick system of line strengths

(Worthey, 1994) which standardized the comparison of absorption spectra across

various instruments and groups.

One of the key discoveries regarding both BCGs and other massive ETGs is

their generally higher level of alpha-enhancement 5. Because alpha-elements come

predominantly from Type II supernova, while Fe comes predominantly from Type Ia,

alpha-enhancement is thought to be a measure of the duration of star formation (but

see Faber et al., 1992, for alternative causes of alpha-enhancement); if star formation

occurs in an initial burst, followed by no significant ongoing star formation, the

alpha-elements in stars appear enhanced in relation to Fe, as Fe has not had a chance

to enrich subsequent episodes of star formation. Alpha-enhancement is commonly

found to be higher in BCGs and massive ETGs when compared to less-massive

ellipticals (e.g. Worthey et al., 1992; Bender et al., 1993; Trager et al., 2000a) for

two predominant reasons. First, the gravitational potential wells of more massive

galaxies are deeper and therefore better at trapping the alpha-elements from any

strong, initial burst of star formation. Second, less massive galaxies are known to

continue star formation over extended periods of time, allowing the Fe enrichment

5i.e. [alpha/Fe], where “alpha” most commonly implies Mg, Ca, S and O. Scott Trager has
pointed out that alpha-enhancement is a misnomer as the effect is actually a deficit of Fe rather
than a surplus of alpha-elements.
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to continue.

A significant fraction of the literature exploring age, metallicity and alpha-

enhancement of elliptical galaxies is focused within R ≤ 1 Re. This is particularly

true for the SDSS data set where their 3′′ fibers set the limit of their radial extent.

Yet if we are to look for evidence of hierarchical clustering, we need to also explore

the larger radii where the affects of hierarchical assembly are expected to be most

obvious. Recent work towards this end has been conducted by various groups (e.g.

Spolaor et al., 2010; Coccato et al., 2010; Loubser & Sanchez-Blazquez, 2012). Coc-

cato et al. (2011) studies the stellar population of the BCG in Hydra I (NGC 3311)

that was found in Ventimiglia et al. (2010) to exhibit a steeply rising velocity disper-

sion profile from integrated stellar light. Their analysis of age, metallicity, velocity

dispersion and alpha-enhancement points to a formation picture wherein the outer

halo stars were not formed in situ, but rather accreted from either the outskirts of

other ETGs, or possibly from dwarf galaxies.

Extending this work to both larger radii and a larger sample size, Greene

et al. (2012) find that the outer halos of massive ETGs show evidence for mass

growth via accretion of predominantly minor mergers; Figure 1.4 shows the mea-

sured gradients from their sample of 8 ETGs. An analysis of the Mgb line strength

gradients points to growth at large radii in these systems that is dominated by minor

accretion events. These observations are in line with the simulations of Naab et al.

(2007, see Figure 9) and Johansson et al. (2012, see Figure 6) which show that the

stars accreted during a minor merger remain at large radii. Yet the truly intrigu-

ing discovery of the Greene et al. (2012) work is that the small galaxies accreted
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were not like the dwarf galaxies seen locally, which exhibit extended star formation

histories, but were similarly alpha-enhanced as the more massive progenitors. This

evidence for a truncation of star formation early on for both the primary galaxy and

the accreted stars places a stringent constraint on the growth of structure. Work

is currently underway to expand the sample, both in terms of numbers, and over a

wider range of environment.

In a more detailed study of M87 (Graves & Murphy, in preparation) we find

evidence for a very similar formation scenario; from an analysis of a wider set of

absorption features, including Ca, C and N, the support for mass growth at large

radii via minor mergers, proves very robust. Figure 1.5 plots various measured

parameters against radius for M87. Again, we find the intriguing result that the

growth occurs from systems whose star formation was truncated at early times (see

panels a, c and d in Figure 1.5). Further modeling and observations are needed

to explore the details and how prevalent this phenomenon is to massive galaxy

formation. Yet no matter what the specific outcome of this exploration is, the

observations of galaxies at large radii is essential if we are to complete the puzzle of

galaxy formation and evolution.
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Figure 1.4 The strength of the Mgb Lick index for 8 massive galaxies studied in

Greene et al. (2012). The line strengths are plotted against the central stellar
velocity dispersion. The three symbols for each galaxy (aligned vertically) indicate

the radial position on the galaxy from which the measurement was made: small red
symbols are for the center of the galaxy, medium yellow symbols show the 1.5 Re

≤ R ≤ 2.0 Re radial bin, while large blue symbols denote the 2.0 Re ≤ R ≤ 2.5 Re

bin. The 2 galaxies shown with an extra circle are known S0 systems. The small

black dots are ellipticals from Graves et al. (2009) and the dashed lines plot the
relation from Trager et al. (2000a). The Mgb line strengths of the outer halos of all
8 galaxies are similar to the strengths of galaxies of substantially less mass.
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Figure 1.5 Stellar population gradients in M87 out past 2 Re. Black and gray points
show results from opposite sides of the galaxy. (a) Age gradients are flat at all radii.

The central very old ages are likely due to weak ionized gas emission filling in the
Balmer absorption lines used as age indicators. (b) The Fe metallicity is flat in the
center, then drops beyond 0.2 Re and becomes increasingly steep at large radius.

(c,d) The alpha-elements Mg and Ca (which trace SN II) are enhanced above solar
values, with constant enhancement ratios at all radii. These abundance patterns

suggest that at all radii, the stars in M87 formed early and rapidly. (e) [C/Fe] is
strongly super-solar in the center but drops to nearly solar values at large radius.

The low metallicities and nearly solar [C/Fe] ratios at large radius are consistent
with those of low-mass galaxies (σ < 100 km s−1), but low-σ galaxies surviving

today are not alpha-enhanced (Graves et al., 2007). If the M87 halo formed from
the stripping of infalling low-mass satellites, the satellites must have had their star-

formation quenched at early times. (f) [N/Fe] is super-solar at all radii, with a
weak trend toward higher enhancements in the center. At z = 0, the slopes of the
[C/Fe]-σ and [N/Fe]-σ relations are the same, although [C/Fe] is offset to higher

values. Both the changing slope of the [Fe/H]-r relation and the slope differences
between the [C/Fe]-r and [N/Fe]-r relations in M87 suggest that the stars in the

center (r/Re < 0.2) were assembled from different types of progenitor systems than
those with 0.2 < r/Re < 1.0, which are different again from those at r/Re > 1.0.

Simulations of stripping and merging that trace the detailed abundance pattern of
stars will be required to explore these effects quantitatively, but it is already clear

that the data will provide a wealth of information. This figure is taken from Graves
& Murphy, in preparation.
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Chapter 2

Galaxy Kinematics with VIRUS-P: The Dark Matter

Halo of M87

We present 2-D stellar kinematics of M87 out to r = 238′′ taken with the

integral field spectrograph VIRUS-P. We run a large set of axisymmetric, orbit-

based dynamical models and find clear evidence for a massive dark matter halo.

While a logarithmic parametrization for the dark matter halo is preferred, we do not

constrain the dark matter scale radius for an NFW profile and therefore cannot rule

it out. Our best-fit logarithmic models return an enclosed dark matter fraction of

17.2+5.0
−5.0% within one effective radius (Re

∼= 100′′), rising to 49.4+7.2
−8.8% within 2 Re.

Existing SAURON data (r ≤ 13′′), and globular cluster kinematic data covering

145′′ ≤ r ≤ 554′′ complete the kinematic coverage to r = 47 kpc (∼ 5 Re). At this

radial distance the logarithmic dark halo comprises 85.3+2.5
−2.4% of the total enclosed

mass of 5.7+1.3
−0.9×1012 M� making M87 one of the most massive galaxies in the local

universe. Our best-fit logarithmic dynamical models return a stellar mass-to-light

ratio of 9.1+0.2
−0.2 (V-band), a dark halo circular velocity of 800+75

−25 km s−1, and a dark

halo scale radius of 36+7
−3 kpc. The stellar M/L, assuming an NFW dark halo, is

well constrained to 8.20+0.05
−0.10 (V-band). The stars in M87 are found to be radially

anisotropic out to r ∼= 0.5 Re, then isotropic or slightly tangentially anisotropic

to our last stellar data point at r = 2.4 Re where the anisotropy of the stars and
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globular clusters are in excellent agreement. The globular clusters then become

radially anisotropic in the last two modeling bins at r = 3.4 Re and r = 4.8 Re. As

one of the most massive galaxies in the local universe, constraints on both the mass

distribution of M87 and anisotropy of its kinematic components strongly informs

our theories of early-type galaxy formation and evolution in dense environments.

2.1 Introduction

Dark matter is a central component of our current theory of large scale

structure formation. Although the nature of dark matter is unknown, significant

support for this cosmological paradigm comes from well-motivated physical argu-

ments (Gunn & Gott, 1972; Press & Schechter, 1974; White & Rees, 1978; Fillmore

& Goldreich, 1984) and the remarkable agreement between N-body simulations of

the growth of structure (Frenk et al., 1985; Davis et al., 1985; Navarro et al., 1995;

Springel et al., 2005) and observations of the distribution of galaxies in the local

universe (Davis et al., 1982; Colless et al., 2001).

With the increase in computational power seen over the past 30 years, the

spatial resolution of numerical simulations has improved to the point where individ-

ual galaxies are well resolved and their dark matter halos can be studied in detail

(Moore et al., 1998a; Ghigna et al., 2000; Springel et al., 2008; Boylan-Kolchin et al.,

2009). From the study of both cosmological and galaxy scale simulations, different

parameterizations for a universal dark matter density profile have emerged. Einasto

introduced an early parametrization (Einasto, 1965, 1968) based on the Sérsic pro-

file for the light distribution in galaxies (Sersic, 1968). Other dark matter profile
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parameterizations have followed (Dubinski & Carlberg, 1991; Navarro et al., 1997;

Moore et al., 1998b). While each parametrization has found some level of success at

describing the distribution of mass on the scales of galaxy clusters, understanding

the extent and shape of galaxy-sized dark matter halos has met with mixed success.

Observationally, the study of dark matter halos in spiral galaxies has out-

paced that of ellipticals. This is largely due to the presence of extended HI discs

found in spiral galaxies which provide a clean dynamical tracer to several effective

radii (Rubin et al., 1980; van Albada & Sancisi, 1986; Jimenez et al., 2003). Analysis

of the circular velocity curves of spiral galaxies provides some of the strongest evi-

dence for the existence of dark matter on galaxy scales (see Sofue & Rubin, 2001, for

a review). Lacking the extended HI discs seen in spiral galaxies, progress towards

constraining the extent and distribution of dark matter in elliptical galaxies has

proven a greater challenge. Despite this complication, evidence from gravitational

lensing (Keeton, 2001; Mandelbaum et al., 2006; Sand et al., 2008; Carrasco et al.,

2010), X-ray gas profiles (Humphrey et al., 2006; Churazov et al., 2008; Das et al.,

2010), planetary nebulae (PNe) and globular cluster (GC) kinematics (Côté et al.,

2001; Douglas et al., 2007; Coccato et al., 2009) and integrated light stellar kinemat-

ics (Bender et al., 1994; Emsellem et al., 2004; Cappellari et al., 2006; Thomas et al.,

2007b; Weijmans et al., 2009; Forestell, 2009) has shown that elliptical galaxies are

typically dark matter dominated beyond r ∼ 1.5 Re. However, not all galaxies stud-

ied show definitive evidence for the existence of dark matter (Gerhard et al., 2001;

Romanowsky et al., 2003; Moni Bidin et al., 2010) and the best choice of dark halo

parametrization remains elusive. These open questions leave key components of our
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theories of the growth of structure, galaxy formation and evolution largely in the

dark.

Comparison between the results of various mass estimation methods return

agreement for certain systems and disagreement for others. Coccato et al. (2009)

find good agreement between integrated stellar light absorption line kinematics and

PNe data for a sample of 16 early-type galaxies. Yet in other systems the agreement

is poor. In an analysis of NGC 1407, the central elliptical galaxy in a nearby evolved

galaxy group, Romanowsky et al. (2009) find a discrepancy between the mass profile

determined from GC kinematics and the profile determined by X-ray gas. For the

brightest cluster galaxy in Abell 3827 Carrasco et al. (2010) determine an enclosed

mass via strong lensing that is 10× higher than the mass determined from X-ray

measurements. Mass discrepancies extend to tracers other than X-ray gas. Stellar

kinematics of NGC 821 from Forestell & Gebhardt (2010) and NGC 3379 from

Weijmans et al. (2009) disagree with the PNe measurements of Romanowsky et al.

(2003).

Each of these methods for estimating mass brings its own set of advantages,

assumptions and limitations. Mass estimates based on X-ray gas have the advantage

of very extended coverage, providing spatial overlap between the other methods. Yet

X-ray gas analysis is limited to massive galaxies and commonly assumes hydrostatic

equilibrium of the gas. Strong lensing mass estimates avoid this potential pitfall as

it makes no assumptions regarding the energy distribution of the material within

the lens. However, lensing is limited in its flexibility, as the regions of the universe

available for exploration are dictated by the fixed geometry of the lens and source.
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Velocity dispersion measurements from integrated stellar light are effectively avail-

able for all local systems, but require a parametrization of the dark halo and involve

assumptions about the degree of triaxiality of the system. There is also the challenge

of getting stellar kinematics at large radii where the dark halo comes to dominate the

mass. PNe and GCs have an advantage here as they typically extend to large radii,

yet whether these tracers follow the same dynamical history, and therefore probe the

same formation history as the stars, is not clear for all systems. A natural approach

is to combine various data sets and methods in order to apply the strengths of one

method to overcome the shortcomings of another. Treu & Koopmans (2004) and

Bolton et al. (2008) take this approach to good success by using both lensing and

stellar kinematics to break the well known mass-anisotropy degeneracy (Dejonghe

& Merritt, 1992; Gerhard, 1993).

We focus here on the dark matter distribution in the giant elliptical galaxy

M87, the second-rank galaxy in the Virgo Cluster. M87 has been extensively studied

and a number of groups have made estimates of the extent of M87’s mass profile

with a variety of methods. Empirical formulas, based on the virial theorem and

measurements of the central stellar velocity dispersion, returned some of the earliest

mass estimates for M87 (Poveda, 1961; Brandt & Roosen, 1969; Nieto & Monnet,

1984). Sargent et al. (1978) used stellar velocity dispersion measurements extending

to r ∼ 0.7 Re and the photometry of Young et al. (1978) to calculate the mass-to-

light ratio (M/L) as a function of radius and estimate enclosed mass. Since that

time, other mass estimates of M87 using X-ray gas (Fabricant & Gorenstein, 1983;

Tsai, 1996; Matsushita et al., 2002; Das et al., 2010) and GC kinematics (Huchra

37



& Brodie, 1987; Mould et al., 1987; Merritt & Tremblay, 1993) have been made. A

comparison of these values to the mass estimate made in this work is given in §2.6.2.

The outline of the paper is as follows. In §4.2 we give the details of the data

sets used in our dynamical modeling, with specifics on the VIRUS-P instrument

given in §4.2.2. An overview of the data reduction steps is given in §2.3, with the

complete details provided in Appendix 1. §4.3.1 explains the extraction of the line-

of-sight velocity dispersion profile and §4.3.1.1 provides details of the selection of

template stars and their application. In §4.4 we explain the orbit-based dynamical

models. In §6.6 we give the results of our dynamical modeling, with a discussion of

our enclosed mass estimates and a comparison of the logarithmic and NFW halos

found in §4.5.1 and §2.6.2. We explore possible systematics in §2.6.4.

We assume a distance to M87 of 17.9 Mpc, corresponding to a scale of

86.5 pc arcsec−1.

2.2 Data

We make use of 3 sets of kinematic data to dynamically model M87. At large

radii (140′′ ≤ r ≤ 540′′) we use globular cluster kinematics (Côté et al., 2001). Stellar

kinematics from the SAURON data set (Emsellem et al., 2004) are used within the

central 13′′. New stellar kinematics, taken with VIRUS-P (Hill et al., 2008b), cover

4′′ ≤ r ≤ 238′′ and add substantially to the two-dimensional spatial coverage of

the galaxy. We provide details of the stellar surface brightness and globular cluster

data in §2.2.1. The SAURON stellar kinematics are discussed in §2.2.2. In §4.2.1 we

describe the observations made with VIRUS-P. §4.2.2 gives details of the VIRUS-P
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spectrograph and §4.2.3 explains the data collection.

2.2.1 Photometry and Globular Cluster Kinematics

The application of both the stellar surface brightness profile and globular

cluster data follow Gebhardt & Thomas (2009) (hereafter GT09). The V-band pho-

tometry comes from Kormendy et al. (2009), which is a combination of HST data

from Lauer et al. (1992) and various ground-based observations. This photometry

extends from 0.02′′ to 2200′′. As the dynamical modeling requires the stellar surface

density, the surface brightness profile is deprojected following the method of Magor-

rian (1999). Our globular cluster surface density profile comes from McLaughlin

(1999) and is deprojected via a nonparametric spherical inversion as described in

Gebhardt et al. (1996). The globular cluster velocities are reported in Cohen &

Ryzhov (1997), Cohen (2000) and Hanes et al. (2001) and compiled in Côté et al.

(2001). We employ the same cuts to remove foreground and background contamina-

tion as described in Côté et al. (2001). These cuts leave us with 278 globular cluster

velocities which we divide into 11 modeling bins. A line-of-sight velocity dispersion

profile (LOSVD) is then determined from all globular clusters within one modeling

bin as described in GT09.

2.2.2 SAURON Stellar Kinematics

The SAURON data set provides two-dimensional spatial coverage of M87

out to nearly 40′′ with superior spatial resolution to VIRUS-P. We therefore use

SAURON kinematics in the central region of M87. Once the size of the modeling

bins makes the SAURON spatial resolution irrelevant (r ≥ 8′′) the VIRUS-P data is
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used. We elect to use both SAURON and VIRUS-P kinematics between 8′′ ≤ r ≤ 13′′

as described in §2.5.2.

The publicly available SAURON kinematics are parametrized by the first 4

coefficients of a Gauss-Hermite polynomial expansion. As our dynamical modeling

fits the full LOSVD rather than its moments we reconstruct the LOSVD via Monte

Carlo simulations based on the errors provided by SAURON. The details of this

reconstruction can be found in GT09.

2.2.3 VIRUS-P Stellar Kinematics

The VIRUS-P data were taken during three separate observing runs over

10 partial nights in January 2008, February 2008 and February 2009. VIRUS-

P has no dedicated sky fibers. Therefore, sky nods are necessary and constitute

approximately one-third of our observing time. All our VIRUS-P data for M87

were acquired through a cadence of 20 minute science exposures bracketed by 5

minute sky nods. We note that while not having dedicated sky fibers presents issues

with determining the correct level of sky subtraction, sampling the sky with all

246 fibers allows us to better match the PSF variation from fiber-to-fiber while not

adding substantially to our photon noise. A discussion of both the advantages and

drawbacks of sky nods, and the details of our sky subtraction method are given in

1.1.2.

The VIRUS-P data for M87 consists of 5 pointings extending to 238.0′′

(20.6 kpc). The pointing placements are shown in Figure 2.1. Exposure times

and radial distances for each pointing are given in Table 4.1. Ten of the 51 science
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Figure 2.1 An SDSS image of M87 showing the positions of the 5 VIRUS-P pointings.
Each 107′′× 107′′ box consists of a hexagonal array of 246 optical fibers (see Figure
2.2). The total exposure time for each pointing is given in Table 1. North is up and

East is to the right.
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Table 2.1. The exposure times for the 5 central pointings on M87.

Exposure Observation rmin rmax

Pointing Time (min) Date (′′) (′′)

1 180 01-08 130.0 238.0
1 120 02-08 130.0 238.0

2 100 01-08 45.0 140.0
3 60 02-09 0.0 73.0

4 120 02-08 43.0 136.0
5 240 02-08 127.0 203.0

Note. — The exposure times, date of observation, and

radial positions of the 5 VIRUS-P pointings on M87. The
exposure times quoted are the total science exposures in-

cluded in the final VIRUS-P data. Ten of the 51 exposures
taken were withheld from the reductions based on analy-
sis of the S/N of the resulting spectra. Sky nod exposure

time is not included in these totals. All observing condi-
tions were good to photometric, with typical seeing values

of 1.5′′. These data were all taken within ±3 days of the
new moon.

exposures were taken under marginal conditions and withheld from the final data

set as they degraded our signal-to-noise (S/N). The exposure times quoted in Table

4.1 include only the data that went into the final spectra and subsequent modeling.

2.2.4 The VIRUS-P Instrument

The Visible Integral-field Replicable Unit Spectrograph-Prototype, VIRUS-

P, currently deployed on the Harlan J. Smith 2.7 m telescope at McDonald Observa-

tory (Hill et al., 2008b), is a prototype for the VIRUS instrument (Hill et al., 2006).
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VIRUS is a replicated, fiber fed spectrograph currently under development for the

Hobby Eberly Telescope Dark Energy eXperiment (HETDEX) (Hill et al., 2008a).

Originally designed to conduct a Lyman-alpha emitter survey (Adams et al., 2010;

Blanc et al., 2010a), the VIRUS-P spectrograph is proving an excellent stand-alone

instrument for a wide range of scientific problems (Adams et al., 2009; Blanc et al.,

2009; Yoachim et al., 2009; Blanc et al., 2010b; Yoachim et al., 2010). VIRUS-P is a

gimbal-mounted integral field unit spectrograph composed of 246 optical fibers each

with a 4.2′′ on-sky diameter. The CCD is a 2048× 2048 back-illuminated Fairchild

3041 detector. The wavelength range for these observations is 3545–5845 Å. The

fibers are laid out in an hexagonal array, similar to Densepak (Barden & Wade,

1988), with a one-third fill factor and a large (107′′ × 107′′) field of view. The

large fibers and field of view make VIRUS-P an extremely efficient spectrograph for

observing extended, low surface brightness objects such as the faint outer halos of

elliptical galaxies. Gimbal-mounted directly to the barrel of the telescope, VIRUS-P

maintains a constant gravity vector. Extensive analysis of the fiber-to-fiber wave-

length solution and fiber spatial PSF has been conducted and shows negligible evo-

lution over a night. To quantify the evolution, the location of the centers of the

fibers from the twilight flats taken at the start and end of the night are compared

and found to deviate ≤ 0.1 pixels for all nights. The wavelength solution determined

from the arc lamps taken at dusk and dawn are also compared. Typical residuals

of the wavelength solution to known arc lines show an rms scatter of ∼ 0.05 Å for

frames taken at the same time of night. This value of rms scatter does not increase

when arcs from both dusk and dawn are combined. The one exception occurs with
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large temperature swings (≥ 10◦ C). Thermal contraction or expansion of the input

and output ends of the fiber bundle can lead to a change in position and stress

pattern on individual fibers. Localized pressure on a fiber can lead to focal ratio

degradation (Craig et al., 1988; Schmoll et al., 2003) resulting in changes to the

fiber position and spatial PSF over a night and increased RMS scatter in the wave-

length solution residuals. These effects are subtle, yet can degrade the quality of

our flat-fielding. Therefore, if a temperature change ≥ 10◦ C is seen over a night,

the data is split into two groups and reduced using the calibration frames taken at

the closest temperature. We found this approach was necessary for two nights in

our January 2009 observing run. However, even when a steep temperature gradient

is seen, wavelength and flat-field calibration frames are necessary only at the start

and end of a night’s observing.

The median spectral resolution for this VIRUS-P data is 4.75 Å FWHM

as determined from Gaussian fits to strong emission lines in the arc lamp frames.

This resolution corresponds to an instrumental dispersion (sigma) of ∼ 150 km s−1

at 4060 Å and ∼ 112 km s−1 at 5400 Å. VIRUS-P was refocused between our

January/February 2008 and February 2009 observing runs which led to a non-trivial

change (∆FWHM ' 0.5Å) in the instrumental resolution. As we frequently combine

the spectra from different fibers and different nights, the change in instrumental

resolution is taken into account when extracting the stellar LOSVDs. The details

of how differences in instrumental resolution are handled can be found in §4.3.1.1.

The assumption of a Gaussian spectral PSF for VIRUS-P proves to be a

good one. To quantify this, we fit Gauss-Hermite coefficients to 4 bright lines in our
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Figure 2.2 The relative positions of the 246 fibers comprising pointing #4. The
fibers are aligned in a hexagonal array with a one-third fill factor. Each fiber has a

4.2′′ on-sky diameter.
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mercury-cadmium arc lamp frames for all 246 fibers. Over the 4 spectral lines and

all fibers the median H3 coefficient is 0.003 ± 0.013. The median H4 coefficient is

0.0003 ± 0.0117. Any non-Gaussian line behavior is further mitigated by the high

dispersion of M87, which puts us well above the instrumental resolution.

2.2.5 Data Collection

Calibration frames, taken at the start and end of each observing night, con-

sist of a set of twilight frames, mercury and cadmium arc lamp frames and bias

frames. The twilight frames are used for both flat-fielding and determining the

position and shape of each fiber profile. The arc lamp frames are used for the wave-

length solution and determination of the instrumental resolution. (see Appendix

1.1.1 for more details). The remainder of an observing night involves a sequence of

5 minute sky nods and 20 minute science frames. The sky nods were taken 30′ off

the galaxy center in a region of sky with minimal field stars and continuum sources

and where the galaxy has a surface brightness of µb ∼ 26.5 (Kormendy et al.,

2009). While this position still includes intracluster light known to extend across

much of the core of the Virgo Cluster (Mihos et al., 2005), the contribution to the

total flux is very low.

2.3 Data Reduction Overview

We provide a brief overview of the data reduction process here, up through

extraction of the kinematics. The extensive details can be found in the Appendix.

The primary data reduction steps are completed with Vaccine, an in-house
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data reduction pipeline developed for VIRUS-P data. The reduction steps are as

follows. All of the science, sky and calibration frames are overscan subtracted. A

master bias is created by combining all the overscan-subtracted bias frames taken

during an observing run. The arcs and twilight flats are then combined using the

biweight estimator (Beers et al., 1990). A 4th order polynomial is fit to the peaks

of each of the 246 fibers for each night. We refer to this as the fiber trace. This

polynomial fit is then used on each science and sky frame to extract the spectra, fiber

by fiber, within a 5 pixel wide aperture centered around the trace of the fiber. The

wavelength solution is determined for each fiber, and for each night, based on a 4th

order polynomial fit to the centers of known mercury and cadmium arc lamp lines.

The twilight flats are normalized to remove the solar spectra. These normalized flats

are then used to flatten the science and sky data. Once the frames are flattened, the

neighboring sky frames are appropriately scaled, combined, and subtracted from the

science frames. Cosmic rays are located and masked from each 20 minute science

frame. For the dynamical modeling, the galaxy is divided into a series of line-of-sight

radial and angular spatial bins. Therefore, fibers that fall within a spatial bin are

combined. This step leaves us with individual spectra for 88 different spatial bins.

Of these 88 spectra, the 8 central spectra are withheld from the dynamical modeling,

as the SAURON data have superior spatial resolution in the central region. The

next step before the data is ready to model is the determination of the line-of-sight

velocity dispersion profile, described below.
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2.3.1 Extraction of the LOSVD

Our method for determination of the line-of-sight velocity dispersion profile

(LOSVD) follows Gebhardt et al. (2000) and Pinkney et al. (2003). We give an

overview of the method here.

To begin, an initial guess for a non-parametric LOSVD of the stars is made.

This LOSVD is distributed into 29 velocity bins and then convolved with a set of 12

template stars taken from the Indo-US template library. Selection of the template

stars is discussed in §4.3.1.1. The continuum is divided out of both galaxy and

template spectra prior to fitting. The fitting routine works by allowing both the

weights given to each of the 29 velocity bins and the weights given to each template

star to vary. A parameter to allow for an adjustment to the overall continuum of

the template stars is also allowed to float. Minimization of the residuals of the fit

of the convolved stellar template spectra to the galaxy spectra is used to determine

the best LOSVD for that given spatial bin and spectral region.

One of the great advantages VIRUS-P provides in the extraction of the

LOSVD and subsequent error estimates is its wide wavelength range (∼ 2200 Å). The

wide wavelength coverage allows us to determine the best LOSVD in five different

wavelength regions. Of the 5 spectral regions sampled (Table 4.2), 4 of the spectral

regions are used in the final modeling. The Ca H + K spectral region (3650–

4150 Å) proves difficult to fit and exhibits a large systematic offset in all of the first

4 moments of the LOSVD from the other 4 spectral regions, likely due to issues with

the continuum division. This region is therefore not included in the determination
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Table 2.2. The 5 VIRUS-P spectral regions used for the kinematic extraction on

the central region of M87.

Wavelength Range (Å) Spectral Features

3650–4050 Ca H, Ca K

4195–4585 G-band
4455–4945 H-beta

4930–5545 Mgb
5300–5850 Iron

Note. — The 5 spectral regions chosen for

extraction of the best-fit LOSVD for each spa-
tial bin. The calcium H & K region (3650–

4050 Å) is not used in the determination of
the final LOSVD due to a systematic offset in

the measured velocity dispersion as compared
to the other spectral regions. This systematic
is likely due to issues with the continuum nor-

malization over the blue region of the spectra
(see Footnote 1 and §2.4.1 for further discus-

sion).
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Figure 2.3 Two LOSVDs from spatial bins at r = 24.1′′ (left) and r = 173.2′′

(right), plotted with their uncertainties. Over-plotted with lighter colored lines
are the LOSVDs from the four wavelength regions used to determine the final

LOSVD. Seventy-nine of the 80 final modeling LOSVDs are constructed from 4
of the LOSVDs determined from the 4 spectral regions shown in Table 4.2. For one

spatial bin the iron region (5300–5850 Å) proved a poor fit and was withheld from
the final LOSVD.
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of the final LOSVD and error estimate.1 The final LOSVD is created by taking the

average of the 4 LOSVDs within each of the 29 velocity bins. Figure 2.3 shows two

of the final 88 LOSVDs, with errors, for a bin at r = 24′′ and r = 174′′. Over-plotted

in these figures are the LOSVDs from the 4 spectral regions used to generate the

final LOSVDs.

A smaller systematic offset was observed for the Mgb spectral region (see

Figures 2.5 and 2.6). Yet unlike the Ca H + K offset, which stems from the difficulty

in determining the placement of blue continuum, we believe this offset is inherent

to the Mgb spectral region and therefore elect to include it in our final LOSVDs

and subsequent modeling. This decision was made as a trade-off between the ∼

10% offset in velocity dispersion seen with this spectral region, and the mitigating

effects a 4th spectral region has on the statistics of the final LOSVD and uncertainty

estimates. We note also that by including the Mgb spectral region, our claim of a

massive dark matter halo is strengthened as the direction for the Mgb offset is

towards lower velocity dispersions. We pick up this discussion in §2.4.1.

2.3.2 Uncertainty Estimates

Error estimates for the best-fit LOSVD for each spatial bin are determined

in two ways. The first is made via Monte Carlo simulations while the second is

an empirical method that makes use of the wide wavelength coverage of VIRUS-P.

1Since the completion of the dynamical modeling, the continuum normalization issue experienced
with the Ca H + K region has been solved. However, this region is not included in the dynamical
models as the cost of re-running 1000’s of models is prohibitive. We note Figure 2.5 where the Ca
H + K region is included in the analysis of the systematic offset seen in the Mgb spectral region.
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Then, for each velocity bin in each LOSVD, the largest of the uncertainties is taken

as the uncertainty for that velocity bin. Both methods are described here.

The first error estimate is made by a Monte Carlo bootstrap method for each

of the 4 spectral regions used in the final LOSVD. The best-fit convolved LOSVD

and set of weighted template stars provide the starting point for 100 Monte Carlo

realizations. Each realization involves a randomly chosen flux value, drawn from a

Gaussian distribution, for each wavelength. The mean of the Gaussian distribution

is the flux from the best-fit convolved template spectra, and the standard deviation

is set as the mean of the pixel noise values for that spatial bin as determined in

the Vaccine reductions. A new LOSVD is determined for all 100 realizations and

provides a distribution of values for all 29 velocity bins in the best-fit LOSVD. The

error estimate is the standard deviation of the 100 realizations within each of the

29 velocity bins. This Monte Carlo simulation is run on all 4 spectral regions and

returns 4 error estimates for each of the 29 velocity bins in each of the 88 spatial

bins.

The second method for estimating the uncertainty is made by calculating

the standard deviation of the 4 LOSVDs within each of the 29 velocity bins. This

error estimate, combined with the 4 from the Monte Carlo simulations, gives us 5

estimates of the uncertainty within each of the 29 velocity bins of the LOSVD. The

largest uncertainty at each of these steps is taken as the final uncertainty used in

the dynamical modeling. We note that both the Monte Carlo and empirical method

for determining the uncertainty return similar results, with the empirical method

typically being larger.
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2.3.3 Stellar Template Library

The template stars used in the extraction of the LOSVD come from the

Indo-US spectral library (Valdes et al., 2004). The 12 stars in our final template

library (Table 4.3) were chosen from an initial list of 40 stars selected to cover a

range in stellar type and metallicity. These 12 stars were selected from the initial list

as they returned the lowest residuals when fit to the spectra while still maintaining

a good range in stellar type. As the resolution of the template stars does not

match the instrumental resolution of VIRUS-P, we must convolve the template stars

with the instrumental resolution of VIRUS-P. The instrumental resolution varies

both between fibers and, as the instrument was refocused in April 2009, between

observing runs. A further complication is that spectra from several fibers are often

combined to reach the desired S/N. For overlapping pointings this combination can

involve spectra from opposite ends of the CCD where the instrumental resolution

can be different by as much as 0.7 Å FWHM. For a galaxy like M87, with velocity

dispersions around 300 km s−1, the error introduced by ignoring this difference is

small (∼ 2%). A simple solution, particularly given M87’s high velocity dispersion,

would be to convolve all the spectra to the lowest instrumental resolution. However,

as we are interested in developing data reduction methods to accept all of the galaxies

in our sample, we avoid degrading our resolution to the lowest value in the following

manner.

The instrumental resolution is calculated from Gaussian fits to 8 unblended

arc lines from the arc lamp calibration frames taken each night. As the instrumental

resolution values are noisy, particularly at weaker spectral lines, a small, smoothing
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Table 2.3. The set of Indo-US template stars used for the kinematic extraction of

the central pointings of M87.

ID Type Vmag [Fe/H]

HD 50420 A7III 6.16 0.30
HD 78362 F5III 4.65 0.52

HD 5015 F8V 4.82 0.00
HD 693 F5V 4.89 -0.38

HD 39833 G0III 7.66 0.04
HD 161797 G5IV 3.41 0.16

HD 199960 G1V 6.21 0.11
HD 17820 G5V 8.38 -0.69

HD 20893 K3III 5.09 -0.13
HD 6734 K0IV 6.46 -0.25

HD 92588 K1IV 6.26 -0.10
HD 130025 K0V 6.16 -0.19

Note. — The template stars used

in the determination of the best-fit
LOSVD. These 12 stars were selected

from an initial list of 40 stars based on
a minimization of the fitting residuals

during the kinematic extraction.
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boxcar (5 fibers wide) is run along the spatial direction. Measurements of the focal

ratio degradation of the VIRUS-P fibers show minimal fiber-to-fiber variation (≤

2%) (Murphy et al., 2008). As focal ratio degradation is the dominant characteristic

of an optical fiber impacting instrumental resolution, differences in the instrumental

resolution across the spatial direction of the chip are due to optical effects after the

light exits the fiber. As resolution changes stemming from optical effects should be

continuous, a boxcar smoothing of the instrumental resolution values is justified.

Differences in the calculated instrumental resolution from night to night over an

observing run are ∼ 1% and so one instrumental resolution map is made for an entire

observing run. The worst instrumental resolution over our data set is 5.0 Å FWHM

at 4060 Å and 4.4 Å FWHM at 5673 Å. Once an estimate of the instrumental

resolution for every fiber and for each observing run is made, the instrumental

resolution for each fiber going into a spatial modeling bin receives a normalized

weight based on the number of exposures going into the final spectra. This approach

gives more weight to fibers that provide more weight to the final spectra while

accounting for differences in instrumental resolution between fibers and observing

runs. Due to M87’s high velocity dispersion, this step amounts to a negligible change

in the final LOSVD.

Initially, we explored using template stars taken with VIRUS-P to avoid the

complications of convolving the template spectra with the instrumental resolution.

The results achieved by this method proved less robust for two primary reasons.

First, the S/N of the Indo-US spectra is very high. While it is certainly possible

to reach this S/N with VIRUS-P, there are observing time costs to consider. As
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using template stars taken with the instrument is effective only if we are able to

fully sample the instrumental resolution across the CCD, many exposures on the

same template star are necessary. The second limitation is the variety of stellar

types available during an observing run. Although some variety in stellar type and

metallicity is achievable, significant observing time would be lost in attempting to

build up a sufficiently diverse stellar library.

2.4 Moments of the LOSVDs

In Figure 4.5 we plot the first 4 Gauss-Hermite moments of the LOSVDs from

each of our 88 spatial bins. The colored diamonds indicate the angular position on

the galaxy, with black along the major axis followed by blue, green, orange and red

falling along the minor axis. For visual clarity, error bars are plotted only for data

along the major axis. The error bars along the other axes are of comparable size.

The vertical dashed lines indicate where the SAURON kinematics are used over the

VIRUS-P data in the dynamical modeling. Over-plotted with open diamonds are

moments from the best-fit logarithmic model at each spatial bin, after averaging

over the angular bins. To minimize visual confusion, the model fits have not been

plotted in the central region.

2.4.1 Systematics in Stellar Kinematics

We have found a systematic offset between our measurement of velocity dis-

persion when compared to the SAURON data set. The offset is localized around

the Mgb lines. Figure 2.6 plots the velocity dispersion measured for the combined
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Figure 2.4 The first 4 moments of the Gauss-Hermite expansion of the 88 VIRUS-P

LOSVDs. The filled diamonds show the data at different angular bins. The black
diamonds are for the major axis, followed by blue, green, orange, and with red

along the minor axis. The dashed vertical lines near the center indicate the region
where VIRUS-P data is not used and SAURON kinematics are employed in the

modeling. The open diamonds, connected by a line, plot the moments, averaged
over the angular bins, from the best-fit logarithmic dark halo model.
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Figure 2.5 VIRUS-P data for 5 spectral regions from the spatial bin at r = 24.1′′.
The black line plots the data and the red line plots the best-fit stellar template.

The shaded gray regions are withheld from the kinematic extraction as discussed
in §4.3.1. The velocity dispersions measured for each of the 5 spectral regions are
shown in the upper-left of each panel. The systematic offset between the Mgb

region (σ = 278.7 km s−1) and the other 4 spectral regions (with a mean of σ =
308.5 km s−1) is clear. The Ca H + K region, while initially withheld from the

dynamical modeling due to a large systematic offset seen in its calculated Gauss-
Hermite moments, is included here. The offset seen in Ca H + K was due to issues

of continuum normalization. Since completion of the dynamical modeling this issue
was resolved and can now be included in this comparison.

58



VIRUS-P wavelength regions used in the dynamical modeling (red circles) and the

velocity dispersion calculated from just the Mgb region (green diamonds). Also plot-

ted are the SAURON velocity dispersions for M87 (black squares). The SAURON

spectral range is 4810–5310 Å and shows a similar offset to the VIRUS-P Mgb spec-

tral region. To highlight this difference we have plotted, in Figure 2.5, the VIRUS-P

spectra for 5 spectral regions, along with the template fits (red) and calculated ve-

locity dispersion for each. For this particular spatial bin at r = 24.1′′ the velocity

dispersion determined from the Mgb region is lower than the mean of the other 4

regions by ∼ 30 km s−1. This offset is not an outlier as can be seen in Figure 2.6.

To place a number on this offset we note that the average velocity dispersion of all

the VIRUS-P data points between 7′′ ≤ r ≤ 36′′ is 301.8 km s−1 when all 4 spectral

regions used in the dynamical modeling are included as described in §4.3.1. The

average velocity dispersion when using just the VIRUS-P Mgb region over the same

spatial range drops to 281.8 km s−1. Over the same spatial region (7′′ to 36′′) the

average SAURON velocity dispersion is 287.0 km s−1.

The cause for this offset is unknown and we do not attempt a detailed

analysis of the offset here. Considering the good agreement between the SAURON

and VIRUS-P results for the Mgb spectral range, and the different methods used

by both data reduction pipelines to extract stellar kinematics, the offset is likely

intrinsic to this spectral region. The issues surrounding the Mgb spectral region for

determination of the velocity dispersion of elliptical galaxies, and the correlations

with both galaxy luminosity and velocity dispersion are well known (Terlevich et al.,

1981; Dressler et al., 1987; Worthey et al., 1992; Kuntschner et al., 2001). Barth
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Figure 2.6 Velocity (top) and velocity dispersion (bottom) measurements from
SAURON and VIRUS-P. Black squares plot the SAURON data and red circles

the VIRUS-P data. The green diamonds show the velocity dispersion measured
with VIRUS-P over the Mgb region. These velocity dispersion values are offset by

∼ 20 km s−1 from the velocity dispersion values calculated when combining spectral
regions. With a wavelength range covering the H-beta and Mgb spectral regions,

the SAURON spectral range is similar to the VIRUS-P Mgb region. The agreement
between the SAURON and VIRUS-P velocity dispersion values over this region

(277.0 km s−1 and 281.8 km s−1 respectively) is within our uncertainties.
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et al. (2002) compare the velocity dispersion values measured from the Mgb and Ca

triplet spectral regions for a sample of 33 local galaxies. They find that the Mgb

region is more sensitive to changes in the fitting procedure than the Ca triplet region,

and exhibits an offset in velocity dispersion for 48% of the galaxies in their sample,

yet with roughly equal numbers of galaxies showing higher velocity dispersion values

from either one or the other spectral region. Barth et al. also compare the velocity

dispersions of their Mgb region calculated when both including and excluding the

5150–5210 Å spectral window. For 32 of their 33 galaxies they find lower velocity

dispersion values when this region is suppressed from the fitting, with a clear trend

towards a larger offset with higher galaxy velocity dispersion. We have explored

this trend by suppressing a similar spectral region (5150–5220 Å) from our fitting

and find similar results; velocity dispersion values calculated from the VIRUS-P

spectra where the Mgb lines are withheld from the fitting are systematically lower

than when these lines are included. However, the magnitude of our offset is small

(∼ 3 km s−1) and is ∼ 10% of the offset seen by Barth et al. This discrepancy

in the magnitude of the absolute offset value is likely due to differences in the two

kinematic extraction routines used. Interestingly, it is in the opposite direction as

naively expected from a comparison of the SAURON and VIRUS-P Mgb regions as

excluding the Mgb lines leads to lower velocity dispersions, not higher ones. This

suggests that the driving force behind the overall offset between the Mgb spectral

region and the other 4 VIRUS-P spectral regions is not driven primarily by fits to the

Mgb lines, but rather springs from issue in fitting that spectral region as a whole. A

systematic study of various kinematic fitting methods over different spectral regions
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would be highly illuminating.

2.5 Dynamical Models

We employ axisymmetric orbit-based dynamical modeling based on the idea

first presented in Schwarzschild (1979). The specific details of our axisymmetric

modeling can be found in Gebhardt et al. (2000, 2003), Thomas et al. (2004, 2005b)

and Siopis et al. (2009). The models have been shown accurate to ∼ 15% for

recovery of the dark matter halo parameters (Thomas et al., 2005b) and stellar

M/L (Siopis et al., 2009). Several other groups have developed their own modeling

based on Schwarzschild’s orbit-based method. Dressler & Richstone (1988) and

Rix et al. (1997) developed an orbit-based dynamical modeling code for spherical

systems. van der Marel et al. (1998), Cretton et al. (1999), Gebhardt et al. (2000)

and Verolme & de Zeeuw (2002) generalized to axisymmetric systems and van den

Bosch et al. (2008) has developed a triaxial code. Now a number of groups have

employed Schwarzschild’s orbit-based method for black hole mass determination

(Cretton et al., 1999; Verolme et al., 2002; Cappellari et al., 2002; Gebhardt &

Thomas, 2009), stellar orbital structure and dark matter content (Cretton et al.,

2000; Gebhardt et al., 2003; Copin et al., 2004; Krajnović et al., 2005; Cappellari

et al., 2006; Thomas et al., 2007b; Forestell & Gebhardt, 2010).

We give an outline of the modeling procedure here. First, the galaxy’s surface

brightness is deprojected into a three-dimensional luminosity density. An edge-on

inclination is assumed and so the deprojection is unique. Next, a trial gravitational

potential is determined based on the three-dimensional light distribution and an
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initial guess for the stellar M/L, central black hole mass, and the dark matter halo

parameters. Our orbit library is the same as used in GT09. The galaxy models

extend to 2000′′ over 28 radial, 5 angular, and 15 velocity bins. The gravitational

potential and force are calculated on a grid that is 5 times finer than the grid used

to compare to the data. On average, 25,000 orbits are run in the trial gravitational

potential. A superposition of these orbits is created that is both constrained by the

light density profile and is a best match to the kinematic data. The superposition

is accomplished by giving each orbit a weight as determined by maximizing the

function Ŝ = S - αχ2. Here, S is an approximation to the Boltzmann entropy, χ2 is

the sum of squared residuals between the model and data LOSVDs (Eqs. 5 and 6),

and α is a smoothing parameter. See Siopis et al. (2009) for a detailed description

of both the creation of the orbit library and determination of the orbit weights. The

steps above are then repeated for a different model, each with a different stellar

M/L, dark halo circular velocity and scale radius.

Three types of models are run. First, we ran a set of dynamical models with

no dark matter halo. As the only free parameter is the stellar M/L, only 100 models

are needed to fully explore the parameter space. For the cored logarithmic halo (Eq.

3) we ran 6500 dynamical models. Over 8500 models are run assuming an NFW

dark halo profile (Eq 4). For each model a distinct set of orbital weights is used and

takes approximately 1.5 hours of CPU to run. We use the Lonestar computer at the

Texas Advanced Computing Center (TACC) at The University of Texas, Austin to

complete all our dynamical modeling.
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2.5.1 Model Assumptions

We calculate three types of dynamical models, each assuming a different

mass distribution. First, we consider a mass model for M87 with no dark matter

halo. The mass distribution (ρ) for these models takes the form

ρ(r) = Υν(r) + M•δ(r) (2.1)

where Υ is the stellar M/L, ν is the three-dimensional light density and M• is the

black hole mass. As the black hole is better constrained from GT09 we set our black

hole mass to 6.4 × 109 M� for all our dynamical models. Gebhardt et al. (2010,

submitted) has refined the black hole mass estimate of M87 to 6.6(±0.4)× 109 M�,

yet this small change is within our uncertainties and does not change our results.

Both the second and third sets of dynamical models include a parametriza-

tion for a dark matter halo. The mass distribution then becomes a sum over each

of the mass terms as follows

ρ(r) = Υν(r) + M•δ(r) + ρDM(r) (2.2)

where the first two terms are the same as in equation 1, and ρDM(r) is the dark

matter density term. Two different parameterizations for the dark matter halo are

explored. The first is a logarithmic dark matter halo with a density profile as given

by
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ρDM(r) ∝ v2
c

2r2
c + r2

(r2
c + r2)2

(2.3)

The logarithmic halo features a flat central density core of size rc and an asymptoti-

cally constant circular velocity, vc. The second dark matter density parametrization

is a Navarro-Frenk-White (NFW) profile (Navarro et al., 1996) as given by

ρDM(r, rs) ∝
1

(r/rs)(1 + r/rs)2
(2.4)

The NFW halo diverges like r−1 towards the center and drops as r−3 with radius.

The concentration (c), scale radius (rs) and the virial radius (rv) are related via

c = rv/rs. Both dark matter parameterizations are included in the modeling as

described in Thomas et al. (2005b).

2.5.2 Modeling the Stars and Globular Clusters

The spatial grids used for the modeling are the same as in GT09. The

spatial binning is split into Nr = 28 radial and Nθ = 5 angular bins. Where the

model bins are larger than the SAURON bins, we re-bin the SAURON data. The

re-binning is accomplished by taking the average of all the LOSVDs falling within

one model bin, weighted by their uncertainties. This complication doesn’t arise

with the VIRUS-P stellar data as we simply combine all the spectra from all fibers

that fall within a given model bin before extraction of the LOSVD. For the central

model bins (r ≤ 8′′) we elect to use just SAURON data for its superior spatial

coverage. Between 8′′ ≤ r ≤ 16′′ we use both SAURON and VIRUS-P data. We
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do not combine these data, but rather send in two LOSVDs independently into the

dynamical modeling routines. A total of Nstars
L = 25 + 80 LOSVDs (SAURON +

VIRUS-P) are used in the modeling, with each stellar LOSVD, Lstars, sampled by

Nvel = 15 velocity bins.

To determine the best-fit model, a χ2 minimization is run in each trial po-

tential. The χ2 is calculated as

χ2
stars =

Nstars

L
∑

i=1

Nvel
∑

j=1

(

Lstars
ij − Lmodel

ij (ν)

∆Lstars
ij

)2

(2.5)

Here, Lmodel
ij (ν) is the ith model LOSVD in the jth velocity bin. The orbit model

is forced to reproduce ν, the stellar density, to machine precision. The residuals

between the model and actual set of 105 LOSVDs are minimized for a single model

potential, yielding a single χ2
stars value.

As the globular clusters can have a different orbital structure than the stars,

they are treated as a separate kinematic component. The GCs are handled in a

similar fashion as the stars, with the difference that we employ a deprojected number

density for the GCs rather than the stellar luminosity density as for stars. Both the

stars and GCs are then treated as massless test particles that orbit in a potential

established by the assumed BH mass, stellar M/L and dark halo parameters. The

weighted orbit superposition in each trial potential is determined by minimizing a

similar equation as for the stars, namely,

χ2
GC =

NGC

L
∑

i=1

Nvel
∑

j=1

(

LGC
ij − Lmodel

ij (ν)

∆LGC
ij

)2

(2.6)
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where LGC are the NGC
L = 11 globular cluster LOSVDs built up from individual

GC velocities as described in §4.3.1. As with the stellar density, ν, the GC number

density is reproduced to machine precision.

2.5.3 χ2 Analysis

A χ2 analysis is used to determine both the best-fit modeling parameters

and their uncertainties. We can rule out a model with no dark matter with high

confidence. The best-fit no dark matter model returns a stellar M/Lv = 11.4. How-

ever, the χ2 minimum for this model is 4898, which is a ∆χ2 ≥ 3571 increase over

either of the best-fit models including dark matter. We do not discuss these models

further. The best-fit models for both the logarithmic and NFW halos returns χ2

minima of 1299.4 and 1310.1 respectively. The ∆χ2 of 10.7 between the two dark

matter parameterizations is statistically significant when comparing the different

constraints we get on the stellar M/L. However, we do not get a constraint on either

of the NFW dark halo parameters, concentration and scale radius. This is clearly

seen in the lower, right panel of Figure 2.7 where no clear χ2 minimum for scale

radius is seen out to 350 kpc. As our kinematic data does not extend beyond 50 kpc

we should not expect to get a constraint much beyond this radial distance. As we do

not constrain the NFW dark halo, we focus here on the logarithmic halo results for

our discussion of the χ2 analysis, and refer to the NFW results where appropriate.

To select the best-fit dynamical model we analyze the χ2 values returned

from each model run. The χ2 values plotted in Figure 2.7 are the additive combina-

tion of the χ2 values of both stars and GCs, namely, χ2 = χ2
stars + χ2

GC. Figure 2.7
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plots these χ2 values against the three model parameters for both the logarithmic

and NFW dark halos. Each point gives the χ2 value from a single dynamical model.

The logarithmic dark halo parameters are plotted on the left. The solid red line is

a cubic spline fit to the lowest χ2 values along the parameter space. The dashed

blue line shows the χ2 minima coming from just the stars. For plotting purposes, an

additive shift of 41.5 has been given to the dashed blue line. As the shift is additive,

the relative χ2 values are preserved.

On the right side in Figure 2.7 we plot the χ2 values for the NFW models.

We do not get a constraint on the NFW dark halo scale radius and concentration

parameter. This is evident in the lower-right panel of Figure 2.7 where the χ2

minimum runs unconstrained to rs values, well beyond the extent of our kinematic

coverage. As the NFW concentration parameter is related to the scale radius as

c = rv/rs, we also do not constrain this parameter.

A total of 105 stellar LOSVDs and 11 GC LOSVDs are used in the dynamical

modeling. Of the 105 stellar LOSVDs, 25 are determined from the 4 SAURON

moments which provides 25× 4 = 100 parameters. The 80 VIRUS-P LOSVDs used

in the modeling are fit to 15 velocity bins, giving 80 × 15 = 1200 more parameters.

The 11 GC LOSVDs are constructed from 4 parameters, giving another 11× 4 = 44

parameters which totals to 1344 for each dynamical model. The best-fit dynamical

model for a logarithmic halo had a χ2 = 1299.4, giving a reduced χ2 value of 0.97.

The χ2 minimum for the NFW halo was 1310.1, which gives a similar reduced χ2

value.

The constraints on stellar M/L come predominately from the stars, yet the
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Figure 2.7 The χ2 values (stars + GCs) vs. the three modeling parameters for

a logarithmic dark matter halo (left) and NFW halo (right). Each black dot is
the χ2 value from a single model. To highlight the variation at the χ2 minimum,

only a few hundred of the 1000s of models run are shown. A smoothed spline fit
to the minimum χ2 values (plotted in red) gives us our 68% (∆χ2 ≤ 1) and 95%

(∆χ2 ≤ 2) confidence bands. The dashed blue line plots the χ2 minimum values
for the stars. An additive shift of 41.5 has been made to the stellar values. As the

shift is additive, the relative χ2 values are preserved. The NFW halo results show
the lack of constraint on the NFW scale radius parameter (lower right panel). We

do not show similar spline fits to the NFW halo due to the unconstrained nature of
the model. We note that while we do not constrain the NFW dark halo parameters,
the constraint on the stellar M/L is very robust. The ∆M/L of 1.1 between the

logarithmic and NFW models is due in large part to the difference in inner slope of
the assumed dark halo parameters. 69



Figure 2.8 Plots of the χ2 minimums of the 3 parameters plotted against one another

for the logarithmic dark matter halo. The χ2 range shown is the same as in Figure
2.7 (left half). The small black dots show individual models that lie near the χ2

minimum. The larger black dots show models that fall within the 95% confidence
band (∆χ2 ≤ 2) while the larger red dots show models within the 68% confidence

band (∆χ2 ≤ 1). The modeling degeneracy between the dark and luminous matter,
as discussed in GT09, is clearly seen in the correlation between the stellar M/L and
the two dark matter halo parameters.
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GCs help to constrain the high M/L end as can be seen in the top-left panel of

Figure 2.7. This result is not surprising. The GC kinematics constrain the total

enclosed mass in the outer modeling bins; their kinematics strongly influence the

resulting dark matter halo mass. As we assume a constant M/L for the stars, mass

not accounted for in the dark matter halo must get accounted for in the stars and

drive the M/L to higher values. Therefore, kinematics that constrain the dark halo

will also constrain regions of the modeling where that mass would otherwise wind

up, namely higher values for the stellar M/L.

In the lower-left panel of Figure 2.7 we see a different influence of the GC

kinematics stemming from their extended spatial coverage. Constraints on higher

rs values come from the GC kinematics, which extend to 47 kpc. This result is ex-

pected, as the stellar kinematics do not extend out to the dark halo scale radius and

can therefore not influence the modeling. Clearly the GC kinematics are important

for constraining the dark halo parameters, and the good agreement between the

best-fit stars + GC model and the stars-only model, where the kinematics overlap,

is reassuring since it implies that both large radii stars and globular clusters are

in dynamical equilibrium. Further evidence for equilibrium between the large radii

stars and GCs is seen in the excellent agreement in their velocity anisotropy (see

§2.6.3 and Figure 2.12).

The degree to which the GCs help to constrain the dark matter profile can

be seen in another light in Figure 2.10 where we plot the enclosed dark matter

fraction for the logarithmic dark matter halo. The solid red line shows the dark

matter fraction when including both GC and stellar kinematics in the analysis. The
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dashed blue line comes from an analysis of the stars only. It is clear that kinematics

at large radii are essential to a robust determination of the dark matter fraction at

all radii beyond the central 0.3 Re.

The ∆χ2 = 1 range gives us the 68% confidence bands for each of the

three parameters. For the logarithmic dark halo, the best-fit stellar M/L is 9.1+0.2
−0.2

(V band). The best-fit dark matter halo circular velocity is 800+75
−25 km s−1, and

dark matter halo scale radius is radius of 36+7
−3 kpc. The NFW dark halo, while

not constrained, still gives a robust estimate of the stellar M/L of 8.20+0.05
−0.10. The

difference in these stellar M/L values is driven entirely by the shape of the assumed

dark halo, and that the dynamical models work by constraining total enclosed mass.

As the NFW halo allows for a higher central concentration of mass, and the stellar

M/L is assumed constant as a function of radius, mass can be taken up by the

cuspier NFW profile, thus lowering the M/L of these models.

2.6 Discussion

The parameters of the dark halo from this paper are different than the ones

presented in GT09 which is also based on a stellar dynamical analysis. GT09 also fit

a cored logarithmic dark matter halo yet find a circular velocity that is 10% lower and

a scale radius that is 60% lower than these results. The reason for the difference is

due to the data sets; the data presented here have substantially improved kinematic

coverage for the stars. The stellar kinematics of GT09 end at 33′′ whereas our

coverage extends to nearly 240′′. The GC data is identical between the two papers.

The large gap in kinematic spatial coverage in GT09 between 33′′ and 140′′ leads to
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generally poor constraints on the dark matter halo parameters. The new VIRUS-P

data closes this gap and is therefore more robust.

2.6.1 Enclosed Mass and Dark Matter Fraction

The best-fit dark matter halo parameters for a cored logarithmic profile

returns 800+75
−25 km s−1 for circular velocity, and 36+7

−3 kpc for the scale radius. In

terms of enclosed mass, M87’s dark matter halo is one of the largest ever measured

for an individual galaxy. Figure 4.9 plots enclosed mass for our best-fit logarithmic

and NFW models. The black and red lines, with uncertainty, plot total enclosed

mass for the logarithmic and NFW models respectively. The inclusion of a 6.4 ×

109 M� black hole keeps the total enclosed mass from reaching zero at r = 0. The

uncertainties are the min/max values for the 42 = 16 dynamical models that explore

the parameter limits of our 68% confidence bands. For the uncertainty in the black

hole mass we use the ±0.5 × 109 M� values from GT09. The stellar component is

plotted in green (dot-dash) with uncertainties within the thickness of the lines. The

dark matter profiles are plotted in gray (long dash). The yellow vertical line shows

the extent of our kinematic data. The comparison between the enclosed mass model

from the best-fit logarithmic and NFW halos shows good agreement to the end of

our stellar kinematics. The NFW enclosed mass profile then begins to diverge to

lower total enclosed mass to the end of our kinematic coverage. We discuss how our

results compare to other mass estimates for M87 in the following section.
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Figure 2.9 Total enclosed mass as a function of radius. The solid, black line indicates

total enclosed mass for our best-fit logarithmic model. The NFW enclosed mass
profile is plotted in red. Both of these enclosed mass models are plotted with

uncertainties, which are the min/max values for the 42 = 16 dynamical models that
explore the parameter limits of our 68% confidence bands. The green lines plot

stellar mass for both models (with uncertainties less than the thickness of the line)
and the light gray lines, with uncertainties, indicate the two assumed dark matter

distributions. Note the total enclosed mass does not go to zero with radius due to
inclusion of a 6.4× 109 M� mass black hole. Modeling results beyond our last data
point, indicated by the vertical yellow line, are not constrained by the data, and are

therefore suspect.
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Figure 2.10 The enclosed dark matter fraction as a function of radius for a loga-
rithmic halo. The red (solid) line shows the best-fit χ2 model for both stars and

globular clusters (i.e. χ2 = χ2
stars + χ2

GC). The blue (dashed) line shows the best-fit
dynamical model based on the χ2 value for stars only (i.e. χ2 = χ2

stars). This figure

indicates the degree to which the large radii GCs influence the dark matter fraction
at all radii.
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2.6.2 Comparison to Other Mass Estimates

At larger radii Doherty et al. (2009) have measured kinematics of PNe for

M87. They find a dark halo consistent with the one presented here inside of 500′′,

although since their radial range is 400′′ to 2500′′ there is not much spatial overlap

with our current data set. At around 600′′ they find that the mass density begins

to decrease strongly, leading to a truncation of M87’s dark halo. At r = 1500′′,

their outermost radial bin, the PNe dispersion they measure is 78± 25 km s−1. For

the spatial overlap between our work and theirs (400′′ to 540′′), where we are now

comparing globular clusters and PNe, the kinematics disagree. Possible reasons for

the disagreement are that the GC kinematics in this region are poorly measured or

that the GCs are not in dynamical equilibrium (e.g. from a recent merger event).

Both Cohen (2000) and Côté et al. (2001) find the GC population around M87 shows

both chemical and kinematic evidence for two distinct populations of GCs. Another

possibility is that the PNe measurements are biased in some way. Doherty et al.

(2009) exclude 3 of 8 PNe for their r = 800′′ bin as intracluster planetary nebula

and not tracing the potential of M87. Including these 3 PNe raises their measured

dispersion from 139 km s−1 to 247 km s−1. Certainly a comparison to either GC or

stellar kinematics at this radial position would be enlightening.
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Figure 2.11 A comparison of total enclosed mass from the literature. The symbols
are explained in Table 2.4. The color of the symbols indicates the method employed

to make the mass determination. Blue: empirical, Green: GC kinematics, Red:
Stellar kinematics, Orange: X-rays. The red, black and yellow lines are described

in Figure 4.9.
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Table 2.4. A comparison of mass estimates for M87 from the literature.

Reference Method Symbol Radius Literature Logarithmic NFW
(year) (arcsec) 1012M� 1012M� 1012M�

Neito & Monnet (1984) Empirical circle 490 5.20 4.90+1.14
−0.82 3.90+1.39

−0.91

Brandt & Roosen (1969) Empirical diamond 84 2.7+1.4
−1.4 4.07+0.28

−0.25 4.30+0.49
−0.34

Poveda (1961) Empirical square 84 1.4+3.4
−0.4 0.42+0.03

−0.03 0.44+0.05
−0.03

Fabricant et al. (1983) X-rays circle 1336 15.5+3.5
−3.5 17.9+3.3

−1.6 18.3+8.9
−5.2

Huchra & Brodie (1987) GC kinematics circle 248 6.1+2.2
−2.2 1.61+0.35

−0.29 1.47+0.37
−0.26

Mould et al. (1987) GC kinematics diamond 200 0.90+0.15
−0.15 1.15+0.22

−0.18 1.12+0.25
−0.17

Sargent et al. (1978) Stellar kinematics diamond 80 0.19+0.10
−0.20 0.39+0.03

−0.02 0.41+0.05
−0.03

Sargent et al. (1978) Stellar kinematics diamond 47 0.14+0.05
−0.05 0.24+0.01

−0.01 0.24+0.02
−0.01

Tsai (1996) X-rays diamond 266 2.20 1.80+0.41
−0.33 1.61+0.42

−0.29

Merritt & Tremblay (1993) GC kinematics square 603 6.0+4.0
−1.0 6.66+1.50

−0.99 5.36+2.07
−1.32

Matsushita et al. (2002) X-rays square 113 0.43+1.0
−1.0 5.58+0.58

−0.50 5.92+0.85
−0.60
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Table 2.4 (cont’d)

Reference Method Symbol Radius Literature Logarithmic NFW

(year) (arcsec) 1012M� 1012M� 1012M�

Matsushita et al. (2002) X-rays square 226 1.0+1.0
−1.0 1.39+0.29

−0.24 1.30+0.32
−0.21

Matsushita et al. (2002) X-rays square 340 2.0+1.0
−1.9 2.71+0.65

−0.50 2.26+0.69
−0.46

Wu & Tremaine (2006) GC kinematics circle 406 2.4+0.6
−0.6 3.64+0.87

−0.65 2.93+0.97
−0.65

Note. — Enclosed mass values from the literature. C1) Reference. C2) Method employed to determine

enclosed mass. C3) Symbol used to plot the data in Figure 2.11. C4) Radial distance from the center of
the galaxy, scaled to the distance assumed in this work (r = 17.9 Mpc). C5) Literature value of enclosed

mass at the radial position in C4. The uncertainty is quoted, where available. C6) Enclosed mass from
the best-fit logarithmic halo model from this work. C7) Enclosed mass from the best-fit NFW halo model

from this work.
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Wu & Tremaine (2006) estimate the enclosed mass of M87 at 32 kpc (35.1 kpc

at our assumed distance) to be 2.4(±0.6) × 1012 M� using GC kinematics and

assuming spherical symmetry. Our mass estimate of 3.64+0.87
−0.65×1012 M� (logarithmic

halo) at this radial position falls within the uncertainties, yet with an offset of ∼ 34%.

Romanowsky & Kochanek (2001), using stellar kinematics from van der Marel (1994)

and Sembach & Tonry (1996), and GC kinematics from several sources, derive an

enclosed mass profile for M87 that shows a similar offset towards lower total mass

over the range 1 Re ≤ r ≤ 5 Re. Within 1 Re their models diverge to ∼ 50%

lower total mass. This discrepancy may be due to the stellar kinematics used over

this radial range. The stellar kinematics of Sembach & Tonry exhibit a systematic

offset from other data sets for which Romanowsky & Kochanek make a correction.

The offset between our enclosed mass and theirs within 1 Re may be due to this

effect or due to the different modeling assumptions, as Romanowsky et al. assume

spherical symmetry for their modeling. The discrepancy may also come about due

to the increase in spatial coverage the VIRUS-P data affords over their long-slit

spectroscopy.

Comparison of the X-ray mass determination from Das et al. (2010) to our

mass profile from stars and GCs shows good agreement over the range 4 kpc ≤ r ≤

20 kpc, yet diverges elsewhere (see Figure 2.11). At both larger and smaller radii

the mass profile from X-rays is lower than that determined by the stars and GCs.

At r = 3 kpc the X-ray estimated mass is down by 50 % and at r = 2 kpc the

disagreement is ∼ 70%. A similar discrepancy is seen at larger radii. The enclosed

mass from X-rays at r = 47 kpc, our furthest data point, is lower by 50% than
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our best-fit value. This difference is similar to the one seen in NGC 4649 (Shen &

Gebhardt, 2010). One possible explanation for this discrepancy comes from allowing

for a turbulent component in the X-ray gas. A 50% decrease in enclosed mass can

be explained by a ∼30% non-gravitational component in the gas. This amount of of

difference is similar to the theoretical expectation of Brighenti & Mathews (2001)

and has been seen in similar systems (Churazov et al., 2010). More analysis on a

wider set of galaxies is necessary to fully understand the source of these differences.

In Table 2.4 and Figure 2.11 we compare enclosed mass estimates from the

literature to this work. Our logarithmic and NFW halo mass profiles are plotted as

in Figure 4.9. Each colored symbol in Figure 2.11 indicates the methods employed

to determine the enclosed mass. In general, we find a more massive dark halo for

both our logarithmic and NFW parametrization, although our enclosed mass values

at various radial positions are not consistently the highest reported in the literature

and appear consistent with the scatter of the data seen in Figure 2.11.

2.6.3 Stellar Anisotropy

The mechanisms by which mass accumulation occurs in galaxies leave their

mark on the distribution function of the stars (Lynden-Bell, 1967; Valluri et al.,

2007). Therefore, mapping the anisotropy of both the stars and GCs can address

questions surrounding galaxy formation history and evolution. Our orbit-based

dynamical modeling return the stellar orbital structure, which we summarize in

Figure 2.12. Plotted is the average velocity anisotropy over the 20 angular modeling

bins of both the stars and GCs. The uncertainties are calculated in the same way
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Figure 2.12 The ratio of the radial velocity anisotropy to the tangential anisotropy

for both the stars (red lines) and GC (blue dots).

as described in Figure 4.9 and the text. Within r ' 0.5 Re the stars show radial

anisotropy, then become mildly tangentially anisotropic to the last stellar data point.

The excellent agreement between the stars and GCs in this region is indicative of

dynamical equilibrium between these two components. Although we do not conduct

a detailed analysis of the anisotropy of M87 here, comparison of anisotropy maps to

N-body simulations can be highly informative. An example of such an analysis can

be found in Hoffman et al. (2010) where the dynamical modeling of NGC 4365 by

van den Bosch et al. (2008) is compared N-body simulations.

82



2.6.4 A Discussion of Systematic Uncertainties

Given the high S/N of our data, we pay particular attention to quantifying

systematic uncertainties, since they might be important for the reported uncertain-

ties. As we are using ∆χ2 to determine the parameter values and uncertainties, if

we do not have proper uncertainty estimates for the kinematics we will bias our final

modeling results. There are three internal consistency checks that demonstrate that

our uncertainties are properly estimated.

First, we estimate LOSVDs and Gauss-Hermite parameters from 4 different

wavelength regions. Comparing the standard deviation across the four regions to

the individual uncertainties from the Monte Carlo simulations provides a consistency

check. We find that, in general, these two uncertainties estimates are consistent.

The large wavelength range of VIRUS-P provides this very important estimate,

which includes both statistical and systematic effects.

Second, the reduced χ2 for the best-fit dynamical models is near unity. The

χ2 is measured from the LOSVDs, and we can see the agreement in the plot of

observed and modeled moments (Figure 4.5). The deviations between the data

and the modeling moments are consistent with the stated uncertainties. While this

consistency does not directly show that systematic effects are not an issue, it is an

indirect confirmation.

Third, when comparing kinematics from datasets taken at different times

we find consistent results within the stated uncertainties. With the spatial overlap

of our pointings #3 and #4 we are able to compare the resulting kinematics from
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four of our spatial bins when taken a year apart. We have compared the first four

Gauss-Hermite moments, calculated from our extracted LOSVD, and find that they

are all consistent within their stated uncertainties. These three internal checks

demonstrate control of the measured uncertainties.

Next, we discuss the two areas where systematic effects may be important:

sky subtraction and template mismatch. In order to determine how the level of sky

subtraction affects our extracted kinematics and subsequent modeling, we explore

both over and under subtraction of each 20 minute science frame. A range of sky

subtraction levels are created and taken through all subsequent data reductions.

A total of 25 different sky subtractions are made on each science frame, over a

range of ±12.5% when compared to equal exposure times. The details of these

reductions are given in the Sky Subtraction section in the Appendix. We then

compare the calculated velocity and velocity dispersion values, taken from the best-

fit LOSVD. This comparison, over all 88 spectra, shows no systematic offsets in

velocity or velocity dispersion for either over or under subtraction of the night sky.

The associated random errors for this full range of sky subtractions is within our

quoted uncertainty for both velocity and velocity dispersion.

In order to explore possible systematics due to our use of the Indo-US spec-

tral library, we select the same set of template stars from the Miles spectral library

(Sánchez-Blázquez et al., 2006) and extract kinematics for all of our spectra. The

two libraries agree very well, with deviations between the libraries of ∼ 2.5 km s−1,

well within our quoted uncertainties for velocity dispersion. In the case of velocity,

there is a slight offset (∼ 7 km s−1) which is due to the lack of a velocity zero-point
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between the two libraries. Both of these checks indicate that our systematics are

under control.

2.6.5 Next Steps

This work points the way to several other areas of inquiry. We have explored

two different parameterizations for a dark matter halo, yet others exist and there

is no reason to dismiss any of them. A natural next step is to rigorously explore

several different dark matter halo parametrization with the same data sets and

modeling methods to determine which, if any, is favored. This requires us to push the

collection of stellar kinematics to ever larger radii. The amount of observation time

needed to reach to 2.4 Re with VIRUS-P was not substantial, and stellar kinematics

to 3 and 4 Re are achievable. These data would allow for both better constraints on

the various dark matter halo parameters and a comparison with the other dynamical

tracers (i.e. GCs and PNe). As much of our current understanding of the dark

matter halos around elliptical galaxies depends on GC and PNe kinematics, a robust

comparison between each tracer is needed to explore systematics.

A second avenue of exploration comes from the information contained in

the stellar chemical abundances available through a Lick index analysis. Graves &

Schiavon (2008) provide a publicly available tool that is well-suited for this work.

How elliptical galaxies formed and whether their stars were formed in situ or accreted

over time requires both a dynamical and chemical analysis (Graves & Faber, 2010).

The chemical composition of GCs at large radii have been studied (Cohen, 2000;

Côté et al., 2001), and a detailed comparison of both the kinematics and chemistry
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of both GCs and stars at the same radial position should prove immensely fruitful.

Finally, work towards a more complete and uniform sample of massive el-

liptical galaxies, both 1st and 2nd rank galaxies, and equally massive field ellipticals

(e.g. NGC 1600) is needed to explore the influence of environment on dark mat-

ter halos. Several groups have made significant progress towards this end, yet the

data sets that involve both 2D spatial coverage at both small and large need to be

expanded.
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Chapter 3

The Steeply Rising Stellar Velocity Dispersion of M87

from Integrated Starlight

We have measured the line-of-sight velocity dispersion from integrated stellar

light at two points in the outer halo of M87 (NGC 4486), the second-rank galaxy in

the Virgo Cluster. The data were taken at R = 480′′ (∼ 39.8 kpc) and R = 526′′ (∼

43.7 kpc) along the SE major axis and measures 460±31 km s−1 and 541±38 km s−1

respectively. These stellar velocity dispersion values are in line with the previous

measurement of integrated starlight from Murphy et al. (2011), and the globular

cluster kinematics at comparable radii from Côté et al. (2001), but are significantly

higher than the velocity dispersion of both globular clusters from Strader et al.

(2011) and planetary nebulae by Doherty et al. (2009). A rising velocity dispersion

profile supports a picture wherein the dark matter halo of the Virgo Cluster has

become the dominant mass component in M87 by ∼ 40 kpc. These measurements of

the stellar velocity dispersion, and the stark contrast they make to the measurements

of other kinematic tracers, highlight the rich kinematic complexity of environments

like the center of the Virgo galaxy cluster.
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3.1 Introduction

The framework on which we view the growth of structure is the cold dark

matter (ΛCDM) paradigm, wherein hierarchical mass assembly gives rise to the

most massive galaxies in the local Universe. This theory has received strong sup-

port for its predictions of the form of large scale structure, as comparisons between

simulations from cosmological initial conditions (e.g. Frenk et al., 1985; Davis et al.,

1985; Springel et al., 2005) agree remarkably well with the distribution of galaxies

seen today (e.g. Davis et al., 1982; Colless et al., 2001). Naturally, a clear under-

standing of the extent of galactic scale dark matter (DM) halos, and their role in

galaxy formation and evolution, is critical to this picture of the growth of structure.

Although the agreement between the predictions of ΛCDM and observations

on cosmological scales is strong, the agreement on galactic scales is not as robust.

Numerous “controversies” have come to light in recent years, and have underscored

points of discord between observations and theory. The “core-cusp” problem (see

de Blok (2010) for a review), and the “missing satellite” problem (e.g. Klypin et al.,

1999; Moore et al., 1999) are two such cases where cosmological predictions and

simulations struggle to agree with observations. Furthermore, the discovery of an

old, massive and compact population of galaxies at high redshift (Cimatti et al.,

2002; Treu et al., 2005; Daddi et al., 2005; Trujillo et al., 2006; van Dokkum et al.,

2008; Weinzirl et al., 2011) poses a further challenge to ΛCDM wherein massive

galaxies are the expected end-products of hierarchical assembly of mass (e.g. De

Lucia & Blaizot, 2007).

Although the agreement between theory and observation is not perfect, and
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the eventual success or decline of ΛCDM as the complete and accurate description

of the Universe is not currently known, many signs point to its eventual success.

The much debated failures of ΛCDM can often be at least partially explained from

limitations on the side of theory and/or observation. From the side of theory, a lack

of spatial resolution or proper handling of the complicated physics in cosmological

simulations can lead to biases in the results. From the observation side, incomplete

spatial coverage or observing depth, errors in data reduction and selection bias can

cloud results. Continued work on both fronts will be essential in the process of

fleshing out a complete and accurate theory of structure formation across all scales.

Indeed, we have seen meaningful progress with these apparent conflicts in

recent years. In Adams et al. (2012) some relief in the core-cusp debate is found

when their analysis of the gas dynamics of the late-type dwarf, NGC 2976, returns

a cored DM density profile, in line with other work, yet when the stellar component

is modeled, a clear cusp in the DM distribution is seen; previous observations of DM

halos based on gas kinematics have stubbornly resisted confirming the theoretical

prediction of a cuspy DM halo (e.g. Navarro et al., 1996; Navarro et al., 1997) in

dwarf galaxies. The missing satellite problem has also seen meaningful progress

towards a resolution from both the modeling (e.g. Kravtsov et al., 2004; Strigari

et al., 2007; Bovill & Ricotti, 2009) and observational side in recent years (see

Bullock, 2010, for a review).

Despite these successes, work on both fronts remains to be done. In the

case of compact, high redshift galaxies, improved high spatial resolution simulations

from ΛCDM cosmological initial conditions are now able to model both their size
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evolution (Naab et al., 2007; Oser et al., 2012) and old stellar ages (Oser et al., 2010;

Johansson et al., 2012). However, recent observations by Collins et al. (2009) and

Stott et al. (2011) showing that brightest cluster galaxies at z ∼ 1 exhibit similar

sizes and mass to those seen locally continue to challenge our theoretical picture of

galaxy formation.

One of the real observational limitations is how accurately we can determine

the extent and shape of the dark matter profiles for a range of galaxy types. In the

case of massive ellipticals, there are numerous methods employed, including X-ray

gas measurements (Fabricant et al., 1980; Matsushita et al., 2002; Churazov et al.,

2008; Das et al., 2010), globular cluster (GC) (Mould et al., 1987; Côté et al., 2001;

Strader et al., 2011) and planetary nebulae (PNe) kinematics (Romanowsky et al.,

2003; Douglas et al., 2007; Napolitano et al., 2009; Coccato et al., 2009), gravita-

tional lensing (Keeton, 2001; Mandelbaum et al., 2006; Lagattuta et al., 2010), and

integrated stellar light kinematics (Saglia et al., 1993; Carollo et al., 1995; Kelson

et al., 2002; Thomas et al., 2007b). Each method brings with it strengths and short-

comings, and a complete understanding of a particular galaxy is aided significantly

when different data sets are compared (Treu & Koopmans, 2004; Sand et al., 2008;

Romanowsky et al., 2009; Newman et al., 2011).

To this end we have made a measurement of the velocity dispersion of the

integrated starlight in M87, the second-rank galaxy in the Virgo Cluster, using the

Mitchell Spectrograph (formally VIRUS-P). This work is driven, in part, by the work

of Doherty et al. (2009) and Strader et al. (2011) who find a declining dispersion

profile from PNe and GC data respectively. As certain systems have exhibited good
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agreement between different tracers of mass (e.g. Coccato et al., 2009) and others

that show disagreement (Romanowsky & Kochanek, 2001; Churazov et al., 2010;

Shen & Gebhardt, 2010), we set out to make a measurement of the stellar velocity

dispersion of M87 at a large radial distance in order to directly compare to other

kinematic tracers. This approach was used by Weijmans et al. (2009) to good effect

on the massive local ellipticals, NGC 3379 and NGC 821.

The paper outline is as follows. In §3.2 we describe the observations and

data collection. §3.3 outlines the data reduction steps. Our results are found in §3.4

where we compare our results with Doherty et al. (2009) and Strader et al. (2011).

We assume a distance to M87 of 17.2 Mpc and note this is slightly lower

than the 17.9 Mpc used in our previous work (Murphy et al., 2011). This distance

corresponds to a scale of 83 pc arcsec−1.

3.2 Observations and Data Collection

3.2.1 The Mitchell Spectrograph

The George and Cynthia Mitchell Spectrograph (The Mitchell Spectrograph,

formally VIRUS-P) is currently deployed on the Harlan J. Smith 2.7 m telescope at

McDonald Observatory (Hill et al., 2008b). The Mitchell spectrograph is a gimbal-

mounted integral-field unit (IFU) spectrograph composed of 246 optical fibers each

with a 4.2′′ on-sky diameter. The CCD is a 2048× 2048 back-illuminated Fairchild

3041 detector. The wavelength range for these observations is 3550–5850 Å at a

resolution of R ≈ 850. The fibers are laid out in an hexagonal array, similar to

Densepak (Barden & Wade, 1988), with a one-third fill factor and a large (107′′ ×
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Figure 3.1 The deep (µv = 28.5 mag arcsec−1) photometry from Mihos et al. (2005)

showing the extended stellar halo of M87. North is up and West is to the right. The
Mitchell Spectrograph field is shown as the white box to the SE. The red circular

regions have been masked in order to highlight the faint structure of the diffuse halo.
NGC 4486a is visible just to the right of our field, while IC 3443 is seen above and

slightly to the left. Note the extended and distorted photometry of M87 along the
major axis to the SE as compared to the NW.
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107′′) field-of-view. A figure showing the on-sky layout of the fibers can be found in

Murphy et al. (2011, see Figure 2).

3.2.2 Data Collection

The Mitchell Spectrograph data presented here was collected over five partial

nights in May 2010 and two complete nights in March 2011. From these observing

runs 42 science frames were collected, each 30 minutes in duration. The conditions

for 2 of the 7 nights was photometric, with the conditions for the remaining 5 nights

being good. At this low galaxy surface brightness, any light cirrus strongly affects

the quality of the frame, so during parts of the night with any noticeable cloud cover,

we went to other targets. In total, 38 of the 42 frames were clean and included in

the final spectra presented here. The median seeing was 2.2′′; this is well below

the 4.2′′ on-sky fiber diameter of the Mitchell Spectrograph and therefore doesn’t

influence our results.

The position of our science pointing is shown in Figure 3.1 overlaid on the

deep photometry of Mihos et al. (2005). North is up and West is to the right. The

Mitchell Spectrograph field is shown as the white box to the lower-left of the image.

Note the elongated shape and disturbed photometry to the SE along the major axis.

The Mitchell Spectrograph has no dedicated sky fibers. Therefore, nodding

for sky frames is necessary and constitutes approximately one-third of our observing

time. The sky nods were taken ∼ 1 degree to the NNE of our science pointing, well

away from the diffuse light in the center of the Virgo Cluster (Mihos et al., 2005;

Janowiecki et al., 2010), yet close enough so that we are sampling roughly the
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same region of the sky. As sky nods sample the sky at a different time from the

science frames we must be careful to understand how much this influences our final

kinematics. We return to the details and analysis of possible systematics in §3.3.3

3.3 Data Reduction

The primary data reduction steps are completed with Vaccine, an in-house

data reduction pipeline developed for the handling of Mitchell Spectrograph IFU

data. In Murphy et al. (2011) we give the complete details of our data reduction

methods, and provide a brief outline of the steps here. We also refer the interested

reader to Adams et al. (2011) where further details of Vaccine are given.

To begin, the bias frames for the entire observing run are combined, and

all of the science, sky and calibration frames are overscan and bias subtracted.

Neighboring sky nods for each science frame are appropriately scaled and combined.

These built-up sky nods are then taken through the rest of the reductions in the

same manner as the science frames. In §3.3.3 we describe how the optimal weights

were determined for the sky nods. The arcs and twilight flats for a single night

are then combined. Curvature along both the spatial and spectral direction of the

CCD is accounted for by considering each fiber individually during the reduction

process. To account for curvature in the spatial direction, a 4th order polynomial is

fit to the peaks of each of the 246 fibers for each night. The polynomial fits are then

used on each science and sky frame to extract the spectra, fiber by fiber, within a

5 pixel-wide aperture. To address curvature in the spectral direction, a wavelength

solution is determined for each fiber and each night. To accomplish this, a 4th order
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polynomial is fit to the centers of known mercury and cadmium arc lamp lines from

the calibration frames. This polynomial fit then becomes the unique wavelength

solution for a given fiber on a given night.

Next, the twilight flats are “normalized” to remove the solar spectra following

a procedure similar to the sky modeling method in Kelson (2003). Further details

of this method are given in Adams et al. (2011). In brief, this process creates a

model of the twilight sky free of flat-field effects. The sky model is then divided out

of the original flat to remove the solar spectra while preserving the flat-field effects

we want to capture. These normalized flats are then used to flatten the science and

sky data. Once the built-up sky frames are flattened, a sky model is made in the

same manner as for the flat-field. This model of the sky is then subtracted from the

science frames. Lastly, cosmic rays are located and masked from each 30 minute

science frame.

The low galaxy surface brightness over pointing (24.8 to 25.4 mag arcsec−1 in

V (Kormendy et al., 2009)) requires us to co-add many fibers to reach the requisite

signal-to-noise (S/N). To accomplish this, we identify all fibers that do not fall on

foreground or background objects. After rejecting fibers that show evidence for

extra light we are left with 227 of the 246 fibers. These fibers were then divided

into two spatial bins by their radial position from the center of M87. The first

radial bin (R1) contains 107 fibers and the second (R2) contains 120. The radial

range for the R1 pointing spans 437.2′′ to 506.4′′ with a luminosity-weighted center

of ∼ 480′′. For the R2 pointing the radial range covers 506.8′′ to 562.2′′ with a

luminosity-weighted center of ∼ 526′′. All the individual spectra are interpolated
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onto a common wavelength scale before being biweight combined.

The traditional estimate of M87’s half-light radius (Re) from RC3 (de Vau-

couleurs et al., 1991) is ∼ 95′′. This estimate of the Re of M87 puts our measurements

at 5.0 Re and 5.5 Re. However, Kormendy et al. (2009) report a substantially higher

measure of Re, which is more than a factor of 7 times larger than the canonical value.

A consideration of the deep photometry by Mihos et al. (2005) and Janowiecki et al.

(2010) makes it clear that the definition of the half-light radius in the centers of clus-

ters, particularly ones as unrelaxed as Virgo, is perhaps ill-defined. We therefore

elect to not use Re in this work.

3.3.1 Extracting the Stellar Kinematics

In order to determine the line-of-sight velocity dispersion (LOSVD) profile

from our spectra we apply the maximum penalized likelihood (MPL) method de-

scribed in Gebhardt et al. (2000) and Pinkney et al. (2003). Our MPL method

is based upon Saha & Williams (1994) and Merritt (1997), yet differs from their

work in that we fit for the velocity bins and template weights simultaneously. This

procedure was shown in Pinkney et al. (2003) to give similar results to the Fourier

correlation quotient technique of Bender (1990). The steps of the process to deter-

mine the best LOSVD are as follows: 1) An initial selection for a velocity dispersion

profile is made. The profile is divided into 19 velocity bins. The total area (e.g.

height) given to each bin is allowed to vary, yet the total of all bins must sum to

unity. 2) A set of 16 stellar templates are used (see Table 3.1). The weights given

to each template star are allowed to vary between 0 and 1, where the total weight
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of all template stars must sum to unity. 3) The weighted template star is convolved

with the LOSVD and fit to the spectra. 4) The heights of each velocity bin, and the

weights given to each template star, are allowed to vary until the residuals between

the convolved, weighted template spectrum and the observed spectrum are mini-

mized. Smoothness is imposed on the LOSVD by the addition of a penalty function

to the final χ2 of the fit (Merritt, 1997). In Figure 3.2 we plot the results of this

process. The two spectra shown (black lines) are for the R1 (top) and R2 (bottom)

regions of our Mitchell Spectrograph field. The red line is the best-fit convolved and

weighted set of template stars. The vertical gray areas in the figure denote spectral

regions withheld from the kinematic extraction due to issues with poor subtraction

of night sky lines. The best-fit LOSVD is shown to the right of each spectra. A

Gaussian fit to the LOSVD was used to determine the values of the stellar velocity

dispersions reported here.

Notably, both LOSVDs exhibit a distinctive wing to positive velocity. The

S/N of our data may not be high enough to reliably measure higher order terms in

the LOSVD, and the extra component may simply be noise. Having said this, other

evidence is suggestive of more complex kinematics in M87 which we outline here.

In the deep photometry of Mihos et al. (2005) (see Figure 3.1) there is evidence of

elongated and disturbed isophotes towards the SE major axis. Superimposed on

the the galaxy light from M87 is extensive intracluster light (ICL) (Mihos et al.,

2005; Janowiecki et al., 2010), formed from stars bound to the Virgo Cluster rather

than a specific galaxy. The ICL has been studied extensively over the past decade

(for a review, see Arnaboldi & Gerhard (2010)) and is predicted to be ubiquitous
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in galaxy clusters (Willman et al., 2004). As these stars are bound the the cluster

rather than the galaxy, their velocity dispersion will reflect the cluster’s potential.

The asymmetry of the LOSVDs for both the R1 and R2 pointings suggests the

presence of a second, streaming component in the stars. Due to the high velocity

values, it’s necessarily a component of the ICL. In Strader et al. (2011), for both the

blue GC population, and the ultra-compact dwarfs in their sample, a very similar

velocity distribution is seen (see Figure 23 in Strader et al. (2011)), showing an

asymmetric component to higher positive velocity for their radial bin of R ≥ 800′′.

More evidence for an extra, positive velocity component comes from Romanowsky

& Kochanek (2001, see Figure 1), wherein a clear excess of GCs to positive velocities

is seen. Whether this reflects a common formation scenario between stars and GCs

will require a more complete survey of the stellar kinematics then presented here.

3.3.2 Stellar Template Library

The stars used in the kinematic extraction were taken from the Indo-US

spectral library (Valdes et al., 2004). Initially a set of 40 template stars were explored

and iteratively rejected down to the final list presented in Table 3.1 based on whether

the star received any weight in the extraction process. We also strove to maintain

a wide selection of spectral types and metallicity. In both Murphy et al. (2011)

and Murphy et al. (2012, in preparation) we explore systematics in the choice of

the template library by comparing the first 4 moments of our extracted LOSVD

when using the same set of template stars, yet taken from the MILES stellar library

(Sánchez-Blázquez et al., 2006). A small (≤ 7 km s−1) difference in velocity is the
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Figure 3.2 The spectra (black line) for the R ∼ 480′′ (top: R1) and R ∼ 526′′ (bot-
tom: R2) positions on M87.The spectra. The red line plots the best-fit, convolved

set of template stars. The vertical gray spectral regions have been suppressed from
the template fitting due to issues with the subtraction of night sky lines. To the right

of each spectra is the convolved LOSVD. The noticeable wings to positive velocity
are indicative of a streaming component in the stars, and are strikingly similar to

the velocity profiles of Strader et al. (2011) for the blue GCs and ultra-compact
dwarf galaxies.
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only systematic offset seen between those two template libraries. We therefore judge

both libraries as robust, and present results here using the Indo-US library.

At this radial position on M87 we are a factor of ≥ 20 below the night sky.

Therefore, the S/N of the resulting spectra is not high enough to break the Mitchell

Spectrograph’s 3550 – 5850 Å wavelength range into multiple regions for kinematic

extraction, as done in Murphy et al. (2011). After much iteration, we have elected

to fit the spectra between 4100 – 5400 Å, rejecting the Ca H&K region and redward

of the Mgb spectral feature.

3.3.3 Uncertainties in the Kinematics

We have explored a number of potential sources of uncertainty in the data

processing and kinematic extraction of these data. We describe each in turn here.

Sky subtraction is the limiting factor when working at these low surface

brightnesses. This is particularly true when the sky is sampled at a different time

then when the data is taken, as is the case here. In Murphy et al. (2011) and

Greene et al. (2012), we have explored the influence of sky subtraction on both the

kinematic extraction and the influence on Lick index line strengths. The methods

laid out in those papers were also conducted here. Namely, a range of weights

were given to the neighboring sky nods and carried through all subsequent data

reductions. This approach provides us with a very direct, brute-force method of

determining the influence of various sky nod weighting on both the final S/N and

extracted kinematics. In both Murphy et al. (2011) and Greene et al. (2012), we

find that for the majority of cases, giving even weight to both sky nods produces
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Table 3.1. The new table of Indo-US and Miles template stars.

ID Type V [Fe/H]

HD 27295 B9IV 5.49 -0.74

HD 198001 A1V 3.77 0.07
HD 2628 A7III 5.22 0.00

HD 89254 F2III 5.25 0.25
HD 9826 F8V 4.10 0.11

HD 136064 F9IV 5.10 -0.04
HD 33256 F2V 5.13 -0.33
HD 34411 G0V 4.70 0.06

HD 201889 G1V 8.04 -0.95
HD 3546 G5III 4.37 -0.66

HD 74462 G5IV 8.69 -1.41
HD 6203 K0III 5.41 -0.29

HD 9408 K0III 4.69 -0.30
HD 10780 K0V 5.63 0.10

HD 6497 K2III 6.42 0.01
HD 200527 M31bII 6.27 0.70

Note. — The template stars used

in the determination of the best-fit
LOSVD. These 16 stars were selected

iteratively from an initial list of 40
Indo-US template stars based on a min-

imization of the fitting residuals. The
same set of stars were taken from both
the Indo-US and Miles stellar library

and the final kinematics (i.e. the first
4 Gauss-Hermite moments) were com-

pared and agreed within their uncer-
tainties. A ≤ 7 km s−1 offset in veloc-

ity was seen between the two libraries,
but no other significant systematic was

seen. The Indo-US library was used for
the final kinematics presented here.
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the best results. This proves true for the data presented here as well. From a visual

inspection of Figure 3.2, the lack of any clearly over or under subtracted night

sky lines gives reasonable assurance that our sky subtraction is not a systematic

problem. Also, the large number of frames we combine has a mitigating affect, as

slight over-subtraction and under-subtraction tend to balance out.

Before settling on the choice of fibers in our two bins, we explored a wide

range of other fiber combinations. These combinations involved binning all the

fibers, splitting the data between the May 2010 and March 2011 observing runs,

and several combinations of fiber sets based on the relative fiber S/N. None of these

various combinations produces any significant difference in the final kinematics.

Most significantly, splitting the data between the two observing runs and finding no

measurable difference in the resulting kinematics, we get further evidence that our

results are not strongly dependent on sky subtraction.

The uncertainties in our LOSVD, and thus stellar velocity dispersion, come

from 100 Monte Carlo realizations of the kinematic extraction. This procedure

begins with the best-fit set of weighted, convolved template stars (i.e. the red

template fit in Figure 3.2). At each wavelength position, and for each Monte Carlo

realization, a randomly chosen flux value is drawn from a Gaussian distribution

of the noise at that wavelength. The noise estimate comes from Vaccine, which

propagates the noise through the entire reduction, pixel by pixel. The mean of the

Gaussian distribution is the flux from the best-fit convolved and weighted template

spectra, and the standard deviation of the Gaussian distribution is the mean of the

noise at the given wavelength. A new LOSVD is determined for all 100 realizations
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and the standard deviation of the 100 values within each of the 19 velocity bins

forms the final uncertainty of our best-fit LOSVD.

3.3.4 The Systematic Offset in Mgb

In Murphy et al. (2011) we find a systematic offset in the velocity dispersion

value we measure when using the Mgb spectral region (4930–5545 Å) when compared

to the other 4 regions used for kinematic extraction. In that work (Figures 5 and 6

in Murphy et al. (2011)) we show that our stellar velocity dispersion values, when

using just the Mgb region, are systematically lower than the other 4 spectral regions

by ∼ 20 km s−1. This measurement is in good agreement with the SAURON data

set, which employs a similar wavelength range (4810–5400 Å). For these data, due to

S/N limitations, we have not split our spectral region into discrete wavelength bins

as was done in Murphy et al. (2011), and the Mgb region plays a significant role in

constraining our extracted LOSVD and subsequent measure of velocity dispersion.

However, we note that if such a systematic is in this data, it drives our reported

stellar velocity dispersion measurements to lower values, not higher.

Although the cause of the offset seen for Mgb region in Murphy et al. (2011)

remains unknown, we now do not believe it is systematic to all early-type galaxies,

but is rather dependent on the galaxy in question. This belief comes from further

work with other galaxies in our sample, most notably M49 (NGC 4472), the brightest

cluster galaxy (BCG) in Virgo. In Murphy et al. (2012, in preparation), with very

similar data quality, spatial coverage, and reduction methods, we no longer see the

offset to lower velocity dispersion values for the Mgb region as was seen for M87.
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For the work on M49 we use the same set of template stars as used here. This set

template stars is different than the ones used in Murphy et al. (2011), yet we have

done a complete kinematic extraction on M49 using the same set of template stars

as used in Murphy et al. (2011). The Mgb offset is not present in M49 with either

set of template stars. We give the complete details in that paper.

3.4 Results

In Figure 3.3 we plot the velocity dispersion from numerous sources along

with our new stellar velocity dispersion measurements. In the central region (0.2′′

to 2.0′′) the upward (orange) triangles plot data from Gebhardt et al. (2011) taken

with the Near-infrared Integral Field Spectrograph (NIFS) on the Gemini telescope.

The downward (blue) triangles plot the publicly available data from SAURON (Em-

sellem et al., 2004) and cover 1.2′′ to 17′′, the same spatial region used in Murphy

et al. (2011). The small (green) diamonds plot the Mitchell Spectrograph data

from Murphy et al. (2011) and cover ∼ 10′′ to ∼ 240′′. The uncertainties for all of

the individual data points have been suppressed for visual clarity, with the average

uncertainty range shown directly above each data set. The rise in stellar velocity

dispersion begins just beyond 100′′ and is in line with the GC velocity dispersion

compiled in Côté et al. (2001) and plotted as (red) circles, with uncertainties. The

GC velocity dispersion data from Strader et al. (2011) are plotted as (gray) squares

and show a starkly different trend towards lower velocity dispersion values with ra-

dius. Although we do not plot the Doherty et al. (2009) PNe velocity dispersion

values in Figure 3.3, we report their values of 247± 46 km s−1 and 139± 23 km s−1
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Figure 3.3 Velocity dispersion vs. radius for integrated stellar light and globular

cluster data for M87. The upward (orange) triangles plot the stellar velocity dis-
persion measurements from the NIFS data of Gebhardt et al. (2011) and span 0.2′′

to 2.0′′. The downward (blue) triangles plot the publicly available SAURON data
(Emsellem et al., 2004) over the spatial range used in Murphy et al. (2011) (1.2′′

to 17′′). The Mitchell Spectrograph stellar velocity dispersion values from Murphy
et al. (2011) are shown as (green) diamonds and extend from ∼ 10′′ to ∼ 240′′. The

uncertainties on these individual data points have been suppressed for visual clarity.
However, we plot typical uncertainties directly above each set of data points. The
(red) circles plot the GC kinematic data as used in Murphy et al. (2011) and which

come from Côté et al. (2001). These data extend from ∼ 88′′ to 475′′. The (gray)
squares plot the GC data from Strader et al. (2011) which range between ∼ 109′′

to ∼ 1580′′ and show a clearly different trend in dispersion, beginning at ∼ 280′′.
Our new stellar velocity dispersion data points are denoted as the larger (green)

diamonds at 480′′ and 526′′. The uncertainties for the new stellar data points come
from Monte Carlo simulations as described in §3.3.3. The trend of an increasing

dispersion for the Côté et al. (2001) GC and Mitchell Spectrograph stellar kinemat-
ics is clear, beginning at ∼ 100′′ and continuing to rise to the limits of our spatial

coverage.

105



at R ≈ 822′′. The two different reported values are based on the cuts they elect to

make in determining which PNe are associated with M87, and which are intraclus-

ter PNe. In either case, these velocity dispersion values are well below all the data

plotted in Figure 3.3, including the GC data from Strader et al. (2011).

The two data points we have added with this work are plotted as the large

(green) diamonds to the upper-right of Figure 3.3. The first 2 data points from

Strader et al. (2011) are in agreement with our stellar kinematic measurements, but

then diverge sharply beyond 300′′. We pick up a discussion of this difference in §3.5.

3.5 Discussion

We measure a very high stellar velocity dispersion along the SE major axis

of M87. The values measured are 480±31 km s−1 at R = 480′′ and 541±38 km s−1

at R = 526′′. These values agree very well with the GC kinematics of Côté et al.

(2001), but stand in sharp contrast to the declining velocity dispersion profile seen

in Doherty et al. (2009), from their measurements of PNe, and the GC kinematics of

Strader et al. (2011). We do not understand the reason for the significant difference

and will speculate on some possibilities.

First, we note that the PNe data from Doherty et al. (2009) comes from the

opposite side of the galaxy as our stellar kinematics. There is a significant amount

of evidence supporting the picture that the center of the Virgo Cluster is not relaxed

(Binggeli et al., 1987; Schindler et al., 1999; Mihos et al., 2005; Doherty et al., 2009;

Kraft et al., 2011). This is particularly evident in the region between M87 and

Markarian’s Chain, where the Doherty et al. (2009) data are taken. Also of note is
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the difference in radial position from the galaxy center between the Doherty et al.

(2009) data and ours; their two pointings are centered at 13.7′ and 32.9′ compared

to our data points at 8.0′ and 8.8′. Despite these caveats, the difference between

the trend in stellar velocity dispersion and PNe is significant and warrants further

examination.

Second, although M87 is not the BCG in Virgo, it does occupy a central

location, in terms of cluster mass, when compared to the Virgo BCG, M49 (e.g.

Böhringer et al., 1994). A rising stellar velocity dispersion profile with radius in

BCGs has been discovered in a number of cases. Early work by Dressler (1979)

on the BCG in the Abell 2029 galaxy cluster (IC 1101) found a stellar velocity

dispersion that increased to over 500 km s−1 at 100 kpc. Kelson et al. (2002) find a

similar result for NGC 6166, the BCG in Abell 2199 (see also Carter et al. (1999)),

where the stellar velocity dispersion gradually rises to ∼ 660 km s−1 at 60 kpc. For

NGC 1407, the central galaxy in an evolved group, Romanowsky et al. (2009) find a

flat to rising velocity dispersion profile from GC data, implying a significant DM halo

must be present. More recently, Ventimiglia et al. (2010) measured an extremely

sharp increase in stellar velocity dispersion in NGC 3311, the BCG in Abell 1060

(Hydra I); from a central velocity dispersion of ∼ 150 km s−1 to ≥ 450 km s−1

over the relatively small radial range of 13 kpc. And from stellar velocity dispersion

measurements and strong lensing constraints, Newman et al. (2011), find the BCG in

Abell 383 to exhibit a steeply rising dispersion profile, climbing from ∼ 270 km s−1

at the center of the galaxy to ∼ 500 km s−1 by ∼ 22 kpc.

Rising velocity dispersions in other galaxies do not give support to a rising
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velocity dispersion in M87. Nevertheless, as observations improve, and kinematic

measurements at ever-larger radii become possible, we have been finding rising ve-

locity dispersion profiles in greater abundance. In the case of M87, a rising velocity

dispersion profile is directly supported by our new measurements from integrated

starlight, and the GC measurements of Côté et al. (2001). And although we have

not included other data in Figure 3.3, other work supports a rising velocity disper-

sion profile in M87. GC measurements from Mould et al. (1987), Huchra & Brodie

(1987), and Mould et al. (1990) also support an increase in velocity dispersion in

M87, although the sample size in these works was small.

Third, we note that direct support for an increasing mass profile comes from

Matsushita et al. (2002, see Figure 21), where their X-ray mass estimates align well

the with Côté et al. (2001) GC velocity dispersion profiles. In Strader et al. (2011), a

comparison with the Côté et al. (2001) kinematics is made (see Figure 16 in Strader

et al. (2011)). As those authors point out, comparisons between data sets from

various groups is challenging, and it is beyond the scope of this work to attempt

any analysis beyond the comprehensive work done in Strader et al. (2011).

There are two further points to be made here. In the case of both GC and

PNe measurements, one is working with individual data points. The GC population

of M87 has been well-studied, and shows a distinctive bimodal distribution in color

(Cote et al., 1998; Kundu et al., 1999; Waters et al., 2009). Both Côté et al. (2001)

and Strader et al. (2011) find these two sub-populations show distinct differences

in their kinematics. While the GC population of this and other massive early-

type galaxies can reach several thousand (McLaughlin, 1999), measurements of their
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kinematics are typically done with a few hundred GCs. In the work of Doherty et al.

(2009), their PNe measurement of velocity dispersion comes from 12 PNe for the

247 km s−1 measurement and 9 for the lower 139 km s−1 value. In Strader et al.

(2011), they are in a far better position, having velocity measurements of over 700

GCs, yet with the kinematic complexity of these systems, the possibility of sampling

subclusters that are not reflective of the gravitational potential of the galaxy is a

possibility. With integrated starlight, we avoid these challenges.

The second point is that perhaps the kinematics of M87, and the center of the

Virgo Cluster, are simply complicated. Seeing the good agreement between the Côté

et al. (2001) GC kinematics and our stellar measurements is reassuring, but perhaps

the claim of Strader et al. (2011) for a better measurement of the GC population

due both to better observations and statistics is true. There is no a priori reason

that the GC and stellar kinematics must go in lock step, and perhaps we are simply

observing a rich system with a complicated formation history. Further work on the

observational front in necessary. In particular, a larger number of measurements

of the kinematics of integrated starlight, taken at a broad range of locations, are

needed if we are to fully understand the clearly complex kinematics of M87.
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Chapter 4

Orbit-based Dynamical Modeling of the Brightest

Cluster Galaxy M49

We present the results of a large set of orbit-based axisymmetric dynami-

cal modeling carried out on M49 (NGC 4472), the brightest cluster galaxy in the

Virgo Cluster. High spatial resolution stellar kinematics from the GMOS instru-

ment, Mitchell Spectrograph stellar kinematics extending to 2.5 half-light radii (Re;

16.1 kpc) along the minor axis and 3.6 Re (23.2 kpc) along the major axis, and glob-

ular cluster (GC) kinematics extending to ∼ 10 Re are used to constrain the dark

matter (DM) halo profile and orbital anisotropy. We find that neither a cored loga-

rithmic (LOG) nor an NFW DM halo scale radius turns over within the very large

extent of our kinematic coverage. However, a consideration of the central density for

the LOG halo, and the empirical relation between the central density and DM scale

radius from Thomas et al. (2009), return a value of 71+8
−9 kpc, twice that of M87.

The stellar orbital anisotropies run from predominantly tangential orbits within the

central ∼ 4′′, turning to radial orbits out to the extent of our stellar data along the

major axis. Along the minor axis, the stars show the same tangential-to-radial trend

initially, but from ∼ 10′′ to ∼ 100′′ the orbits are generally isotropic, turning tan-

gential from ∼ 100′′ to the extent of our data at 3.6 Re. The increasingly tangential

orbits, and a distinctive rise in the stellar velocity dispersion along the minor axis,
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give support, albeit speculative, for a formation history driven primarily by major

mergers. This scenario gains support from the bimodal nature of the GC kinematics

which show evidence of minor axis rotation (Côté et al., 2003). A comparison with

the second rank galaxy in Virgo, M87, shows a number of differences between the

dark matter halo and stellar orbital structure, indicating the first and second rank

galaxies in the Virgo Cluster, although nearly identical in mass, experienced very

different formation histories.

4.1 Introduction

Our current framework for galaxy formation is based on the cold dark matter

model (ΛCDM) wherein galaxies and large scale structure grow in a hierarchical

manner into the Universe we see today. The agreement between simulations of the

distribution of galaxies based on ΛCDM cosmology (e.g. Frenk et al., 1985; Davis

et al., 1985; Springel et al., 2005), and observations over a significant redshift range

(e.g. Davis et al., 1982; Colless et al., 2001) agree remarkably well. However, on

the scales of individual galaxies, comparisons between theory and observations do

not agree as favorably, and numerous “controversies” have cropped up in recent

years. One such point of disagreement is the discovery of an old and massive galaxy

population at high redshift (Cimatti et al., 2002, 2004; Daddi et al., 2005; Doherty

et al., 2010; Weinzirl et al., 2011) which pose a challenge to hierarchical assembly of

mass wherein massive galaxies assemble late (e.g. De Lucia et al., 2006). Moreover,

these systems are observed to be too compact (e.g. Trujillo et al., 2006; van Dokkum

et al., 2008; Cappellari et al., 2009; Szomoru et al., 2010) to be the progenitors of
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the local early-type galaxy (ETG) population without both an increase in overall

mass and a decrease in their central density, as we do not find similar systems in the

local Universe in large enough numbers (Trujillo et al., 2009; Taylor et al., 2010).

With the dearth of local, highly compact galaxies, a mechanism is needed to both

increase the mass (e.g. Cassata et al., 2011) and half-light radius (e.g. Ascaso et al.,

2011). How this evolution occurs remains an open question.

Questions have been raised as to whether these high redshift ETGs are truly

physically denser (e.g. Hopkins et al., 2009). Furthermore, Saracco et al. (2010) find

that the density of the majority (62%) of ETGs they observe from 0.9 ≤ z ≤ 1.92 are

similar to local ETGs, and co-exist with a more compact population with half-light

radii (Re) that are ∼ 2 to ∼ 6 times smaller for the same mass (see also Toft et al.

(2007)). This intriguing result suggests that more than one pathway is available for

the formation of massive ETGs. Even if we are to set aside the claim of high stellar

densities, based on the challenges of measuring Re accurately at these high redshifts,

these systems are truly massive (e.g. Cappellari et al., 2009) and have introduced a

strong and unexpected constraint on any model of massive galaxy formation in the

framework of hierarchical mass assembly.

These questions become particularly acute for brightest cluster galaxies

(BCG), which are predicted to be the end-products of hierarchical assembly (De

Lucia & Blaizot, 2007). In this paper we provide orbit-based, axisymmetric dynam-

ical modeling results for M49 (NGC 4472), the BCG in Virgo. However, unlike many

other BCGs that reside in very dense environments (e.g. Carrasco et al., 2010), M49

is relatively isolated in comparison to M87, M86 and M84 in Markarian’s Chain
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(Markarian, 1961); M49’s relatively isolated position in the cluster makes it an in-

teresting candidate for detailed study.

This paper is outlined as follows. In §4.2 we describe the data used in this

work, including new integral field data taken with the Mitchell Spectrograph. The

data reduction, including the extraction of the stellar kinematics and the calculation

of our uncertainties are detailed in §4.3. The dynamical modeling is described in

§4.4. A discussion of the modeling results, including the enclosed mass, dark matter

fraction, anisotropies of both the stars and GCs, and a comparison to M87 is given

in §4.5.

We assume a distance to M49 of 12.7 Mpc, corresponding to a scale of

62 pc arcsec−1.

4.2 Data

In order to optimize the measurement of the dark halo profile and stellar or-

bital structure, the models require data spanning as large a radial range as possible.

We present below new stellar kinematics out to large radii. We enhance this dataset

by using published kinematics that cover both the central and outer regions. In the

central regions, we utilize data taken with GMOS on Gemini and presented in Shen

et al. (2012). In the outer regions, we use velocities of individual globular clusters,

presented in Zepf et al. (2012) and used in Shen et al. (2012).

The stars and the globular cluster kinematics are not necessarily derived

from the same distribution function, but they do obey the same gravitational po-

tential. Thus, we run dynamical models for each independently and then combine
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the goodness of fit for the final analysis.

Each component, stars and globular clusters, require an estimate of their

radial density profile. The stellar density profile comes from Kormendy et al. (2011).

The globular cluster number density profile comes from Zepf et al. (2012). The

normalization of the globular cluster density profile is not relevant since the stars

and dark matter dominate the potential. Thus, we do not need to fit for it, and

simply use the globular clusters as tracers of the potential.

The globular cluster kinematics range in radii from 70 to 1180′′. We follow

the same spatial binning used in Shen et al. (2012) for the clusters. This binning

provides adequate velocities in one bin in order to estimate the velocity profile and

its uncertainty robustly. Given the number of cluster kinematics, we have 6 globular

cluster velocity profiles used in the dynamical modeling.

The new stellar kinematics explore very well the large radii data, and we

supplement these data using kinematics with good spatial resolution. The central

kinematics come from GMOS on Gemini with data taken in good seeing conditions

of 0.5′′ FWHM. These data are described in Shen et al. (2012). These cover the

central 3′′, and are essential for the estimate of the black hole mass. We find good

agreement between the Gemini data and our new kinematics for the overlap radii

(see Figure 4.5).

4.2.1 Mitchell Spectrograph Stellar Kinematics

The Mitchell Spectrograph (formally VIRUS-P) data presented here were

taken over 6 partial nights during a single observing run in late February and early
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Figure 4.1 A DSS image of M49 showing the positions of our 5 pointings with the

Mitchell Spectrograph. North is up and East is to the right. Each 107′′ × 107′′

box consists of a hexagonal array of 246 optical fibers (see Figure 4.2). The total

exposure time for each pointing is given in Table 4.1. Note that the dwarf galaxy,
UGC 7636, can be seen in the lower-right of this image, just to the left of the bright

star. It is known that UGC 7336 is experiencing both ram pressure stripping of its
HI gas and stripping of stars via tidal forces by M49 (Patterson & Thuan, 1992;

McNamara et al., 1994).
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March, 2009. The conditions for the observing run were very good to photometric.

As the Mitchell Spectrograph has no dedicated sky fibers the science data was

interleaved with sky nods. All data for all our pointings were taken with a cadence

of 20 minute science exposures bracketed by 5 minute sky nods.

The Mitchell Spectrograph data for M49 consists of 5 pointings extending

out to 447.0′′ (27.7 kpc). The on-sky positions of each pointing are shown in Figure

4.1. Exposure times on the science fields and radial distances for each pointing are

given in Table 4.1. All of the science exposures taken were of acceptable quality and

included in the final reductions.

4.2.2 The Mitchell Spectrograph

The George and Cynthia Mitchell Spectrograph (The Mitchell Spectrograph,

formally VIRUS-P), currently deployed on the Harlan J. Smith 2.7 m telescope at

McDonald Observatory (Hill et al., 2008b), is a prototype for the VIRUS instrument

(Hill et al., 2010). VIRUS is a replicated integral field unit (IFU) spectrograph cur-

rently under construction for the Hobby Eberly Telescope Dark Energy eXperiment

(HETDEX) (Hill et al., 2008a). The Mitchell Spectrograph is a gimbal-mounted

IFU spectrograph composed of 246 optical fibers, each with a 4.2′′ on-sky diameter.

The CCD is a 2048×2048 back-illuminated Fairchild 3041 detector. The wavelength

range for these observations is 3550–5850 Å at a resolution of r ≈ 850. The fibers

are laid out in an hexagonal array, similar to Densepak (Barden & Wade, 1988),

with a one-third fill factor and a large (107′′ × 107′′) field-of-view (see Figure 4.2).

The large fibers and field-of-view make the Mitchell Spectrograph extremely effi-
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Table 4.1. Exposure Times for M49 Pointings

Exposure rmin rmax

Pointing Time (min) (′′) (′′)

A 120 0.0 94.0

B 140 44.0 176.0
C 120 44.0 164.0

D 360 315.0 447.0
E 180 214.0 340.0

Note. — The exposure times and ra-
dial positions of the 5 pointings on M49.
These Mitchell Spectrograph data were

taken over 6 nights between February 25 to
March 2, 2009. The exposure times quoted

are the total science exposures included in
the final dataset. Sky nod exposure time

is not included in these totals. The con-
ditions were good to photometric for all

6 nights of the observing run with typical
seeing of 1.9′′.
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Figure 4.2 The placement and relative size of the 4.2′′ fibers within the 107′′× 107′′

Mitchell Spectrograph field-of-view for pointing C.

cient at observing extended, low surface brightness objects such as the faint outer

halos of elliptical galaxies. The Mitchell Spectrograph has now been used success-

fully to conduct the Lyman-alpha emitter pilot survey for HETDEX (Adams et al.,

2010; Blanc et al., 2010a; Finkelstein et al., 2011) and explore a wide range of other

scientific problems (Adams et al., 2009; Blanc et al., 2009, 2010b; Yoachim et al.,

2010; Heiderman et al., 2010; Murphy et al., 2011; Adams et al., 2012; Greene et al.,

2012).

The median spectral resolution for these data is 4.77 Å (FWHM) as deter-

mined from Gaussian fits to the arc lamp frames taken each night. This resolution
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Figure 4.3 The median spectral resolution of the Mitchell Spectrograph for the 6
nights of data presented here. The solid (blue) line plots the spectral resolution in Å

(FWHM) along the left axis while the dashed (red) line plots the spectral resolution
in terms of instrumental sigma (km s−1) along the right axis. The spectral resolution
changes smoothly from fiber to fiber. The dotted lines along both curves plot the

standard deviation taken over all 246 fibers.

corresponds to an instrumental dispersion (sigma) of ∼ 150 km s−1 at 4060 Å and

∼ 112 km s−1 at 5400 Å. The spectral resolution is not constant across the chip, but

rather varies smoothly from fiber to fiber, with a standard deviation from the me-

dian at all wavelengths of ∼ 0.33 Å. Figure 4.3 plots both the median and standard

deviation of the spectral resolution for all 246 fibers over our 6 observing nights.

As we necessarily combine spectra from different fibers, the change in instrumental

resolution must be accounted for and occurs when extracting the stellar line-of-sight

velocity dispersion profiles (LOSVD) as described in §4.3.1.1.

In Murphy et al. (2011) we present extensive details on both the instrument
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and data reduction methods. As this work follows the reductions presented in that

paper, we provide an overview of the data handling and reduction steps here, and

refer the interested reader to that paper for the complete details.

4.2.3 Data Collection

The Mitchell Spectrograph data presented here was collected over 6 nights

in February 2009. Calibration frames consist of twilight frames, bias frames and

mercury and cadmium arc frames, and are taken at both the beginning and end

of each night. The Mitchell Spectrograph has been shown to be extremely stable

over the course of a given night (e.g. Adams et al., 2010; Murphy et al., 2011),

particularly when the temperature change is small (∆t ≤ 5 C◦). As the largest ∆t

seen over the 6 nights was 4 C◦, the calibration frames taken at the start and end

of the night were combined, then used to reduce all the data for a single night.

The Mitchell Spectrograph has no dedicated sky fibers. Therefore, nodding

for sky frames is necessary and constitutes approximately one-third of our observing

time. The observing night involves a sequence of 5 minute sky nods and 20 minute

science frames. The sky nods were taken ∼ 30′ off the galaxy center in a region of

sky with minimal field stars and continuum sources. As sky nods sample the sky

at a different time from the science frames we must be careful to understand how

much this influences our final kinematics. We return to the details and analysis of

possible systematics due to sky subtraction in §1.1.2.
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4.3 Data Reduction

The primary data reduction steps are completed with Vaccine, an in-house

data reduction pipeline developed for the handling of Mitchell Spectrograph IFU

data. An outline of the reduction steps in Vaccine are as follows, leaving the reader

to find further details in Murphy et al. (2011) and Adams et al. (2010). The bias

frames for the entire observing run are combined. All of the science, sky and cali-

bration frames are overscan and bias subtracted. The neighboring sky nods are then

appropriately scaled and combined (see §1.1.2 for more details). These built up sky

nods are then taken through the rest of the reductions in the same manner as the

science frames.

The arcs and twilight flats for a single night are combined. Curvature along

both the spatial and spectral direction of the CCD is accounted for by considering

each fiber individually during the reduction process. To account for curvature in

the spatial direction a 4th order polynomial is fit to the peaks of each of the 246

fibers for each night. This polynomial fit is then used on each science and sky frame

to extract the spectra, fiber by fiber, within a 5 pixel-wide aperture. To address

curvature in the spectral direction, a wavelength solution is determined for each

fiber and each night. To accomplish this, a 4th order polynomial is fit to the centers

of known mercury and cadmium arc lamp lines. This polynomial fit then becomes

the unique wavelength solution for a given fiber on a given night.

Next, the twilight flats are “normalized” to remove the solar spectrum fol-

lowing a procedure similar to the sky modeling method in Kelson (2003). This

process creates a model of the twilight sky free of flat field effects. The sky model is
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then divided out of the original flat to remove the solar spectrum while preserving

the flat field effects we want to capture. Namely, the fiber-to-fiber transmission

variation, the fiber-to-fiber profile shape, and the pixel-to-pixel variation. These

normalized flats are then used to flatten the science and sky data. Once the frames

are flattened, the weighted and combined sky nods are used to create a model of

the night sky with the same method as described above for the normalization of the

flat-field. The sky model is then subtracted from the science frames. In the last

step of the Vaccine reductions, cosmic rays are located and masked from each 20

minute science frame.

In order to reach the necessary signal-to-noise (S/N) to extract stellar kine-

matics, spectra from both different exposures and different fibers are combined. As

this necessarily combines fibers with a unique wavelength solution, the data and

noise frames are interpolated at this step. The selection of the spatial binning re-

gions is based on constraints coming from the dynamical modeling. The galaxy

is broken up into a series of radial and angular spatial bins as described in §4.4.2.

Fibers that fall within a spatial bin are combined using the biweight estimator (Beers

et al., 1990). After this combination we are left with 71 spatial bins coming from

the Mitchell Spectrograph data. From the GMOS stellar data we get another 28

spatial bins from stellar kinematics. The GC data provide a further 6 bins for a

total of 105 LOSVDs. There is spatial overlap between the Mitchell Spectrograph

data and both the GMOS and GC data. As each kinematic constraint is considered

independently in the dynamical modeling we make no attempt to combine these

data, but simply send in all of the kinematics into the final modeling.
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Table 4.2. Spectral Regions for LOSVD Extraction

Wavelength Range (Å) Spectral Features

3650–4150 Ca H, Ca K

4195–4585 G-band
4455–4945 H-beta

4930–5545 Mgb
5300–5850 Iron

Note. — The 5 spectral regions chosen for

extraction of the best-fit LOSVD for each spa-
tial bin. By allowing the LOSVD to be fit over

these 5 different spectral regions for each spa-
tial bin we get a unique handle on possible sys-

tematics due to wavelength dependent issues
with template mismatch or sky subtraction.

4.3.1 Extracting the Stellar Kinematics

Our method for a non-parametric determination of the stellar line-of-sight

velocity dispersion profile (LOSVD) applies the maximum penalized likelihood (MPL)

method described in Gebhardt et al. (2000) and Pinkney et al. (2003). Our MPL

method is based upon the work of Saha & Williams (1994) and Merritt (1997),

yet fits for the velocity bins and template weights simultaneously. This procedure

was shown in Pinkney et al. (2003) to give similar results to the Fourier correlation

quotient technique of Bender (1990), and similar methods have been employed for

reduction of the SAURON data set (Cappellari & Emsellem, 2004). The steps for

determining the best LOSVD for a given spatial bin are outlined here: 1) An initial
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Figure 4.4 Left: Example of spectra from 3 of the 71 spatial regions taken with the
Mitchell Spectrograph. The black line plots the original spectrum and the red line

shows the best fit weighted stellar template after it has been convolved with the line-
of-sight velocity dispersion profile, shown to the right. The vertical, gray sections

centered at 4180 Å and 4700 Å are withheld do to issues with poor subtraction of
night sky lines. The Mgb region is suppressed due to concerns with alpha enhance-

ment in the galaxy which is not captured in our template stars. However, kinematics
both withholding and included the Mgb line show no significant differences in the
final LOSVD. The light-weighted radial positions (R) for all three spectra are given.

The number in the parentheses gives the number of fibers combined within the spa-
tial bin. The total exposure time (T) is also given. Right: The best LOSVD from

the kinematic fits for the spectrum shown to the left. The dashed lines show the
uncertainties determined from Monte Carlo simulations as described in §4.3.2.1.
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selection for an LOSVD is made. Smoothness is imposed on the LOSVD by the

addition of a penalty function to the final χ2 of the fit (Merritt, 1997). The LOSVD

is divided into 19 discrete bins, with the weight of each bin allowed to vary, yet the

total of all bins must sum to unity. 2) A set of 16 stellar templates form our template

library (see §4.3.1.1). The weight given to each star is allowed to vary between 0

and 1, where the total of all weights must sum to unity. 3) The weighted template

star is convolved with the LOSVD and fit to the spectrum. 4) The weights of each

velocity bin, and the weights given to each template star, are allowed to vary until

the residuals between the convolved, weighted template spectrum and the observed

spectrum are minimized.

Figure 4.4 plots the results of this process for 3 of our 71 spatial bins. The

original spectrum is plotted as the heavy (black) line, and the best-fit convolved

and weighted set of template stars is shown as the light (red) line. The radial

positions and exposure times are shown. The corresponding best-fit LOSVDs are

shown to the right of each spectrum, with uncertainties determined by 100 Monte

Carlo simulations as described in §4.3.2.1.

4.3.1.1 Stellar Template Library

The stars used in the kinematic extraction were taken from the Indo-US

spectral library (Valdes et al., 2004). Initially a set of 40 template stars were explored

and iteratively rejected down to the final list (see Table 4.3). This iterative rejection

process was based on whether the star received any weight in the extraction process.

We strove to maintain a wide selection of spectral types and metallicity throughout
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Table 4.3. Indo-US and Miles Template Stars

ID Type V [Fe/H]

HD 27295 B9IV 5.49 -0.74

HD 198001 A1V 3.77 0.07
HD 2628 A7III 5.22 0.00

HD 89254 F2III 5.25 0.25
HD 9826 F8V 4.10 0.11

HD 136064 F9IV 5.10 -0.04
HD 33256 F2V 5.13 -0.33
HD 34411 G0V 4.70 0.06

HD 201889 G1V 8.04 -0.95
HD 3546 G5III 4.37 -0.66

HD 74462 G5IV 8.69 -1.41
HD 6203 K0III 5.41 -0.29

HD 9408 K0III 4.69 -0.30
HD 10780 K0V 5.63 0.10

HD 6497 K2III 6.42 0.01
HD 200527 M31bII 6.27 0.70

Note. — The template stars used

in the determination of the best-fit
LOSVD. These 16 stars were selected

iteratively from the list of Indo-US tem-
plate stars based on a minimization of

the fitting residuals. The same set of
stars were taken from both the Indo-

US and Miles stellar library and the fi-
nal kinematics (i.e. the first 4 Gauss-
Hermite moments) were compared and

agreed within their uncertainties. The
Indo-US library was used for the final

kinematics presented here.
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the selection process. The spectral resolution of the Indo-US template stars is

∼ 1.35 Å(FWHM), significantly lower than the Mitchell Spectrograph. To account

for the different spectral resolution between fibers, and to avoid simply convolving

all the spectra to the lowest resolution, we follow the method detailed in Murphy

et al. (2011). In brief, we create a large set of template spectra, each convolved to

the same spectral resolution as the fibers that go into the final science spectrum

we are fitting. This is done for all 16 stars in our template list. Each individually

convolved template star is then weighted appropriately (depending on the number

of times a given fiber made it into the final spectrum) and combined to form the

final library that is unique for a single science spectrum.

In order to explore any potential systematics with our choice of template

stars we have run our kinematic extraction using the same set of stars, but taken

from the MILES stellar library (Sánchez-Blázquez et al., 2006). As reported in

Murphy et al. (2011), based on a comparison of the first 4 moments of the LOSVDs,

we find very good agreement between the final kinematics when using the different

sets of template stars. The only measurable offset is a ≤ 7 km s−1 difference in

velocity. We have elected to use the kinematics from the Indo-US template library,

but this choice does not effect our results and is therefore arbitrary. We also note

that the final list of template stars is different from Murphy et al. (2011). We return

to this in §4.3.2.2 and 4.5.4.
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Figure 4.5 Left: The first 4 moments for the stars in M49, as determined from our
non-parametric LOSVD kinematic extraction. This figure includes data taken with

the Mitchell Spectrograph only. Each color represents a different angular region on
the galaxy. Solid gray diamonds (with uncertainties) plot the major axis kinematics

followed by blue, green, yellow, and then red for the minor axis. The angular bins
are divided at 0.0◦, 11.5◦, 22.6◦, 36.8◦, 53.1◦, and 90.0◦. The uncertainties for

the other 4 angular positions have been suppressed for clarity but are of similar
size to the major axis uncertainties. Right: A figure showing the central 10′′ and

including both the GMOS data (filled and open triangles) and Mitchell Spectrograph
data (filled and open diamonds). Colors are the same as in the figure to the left.

Note the rescaling of the ordinate in this figure. Again the uncertainties have been
suppressed but are of similar range as the Mitchell Spectrograph data shown, and
are quoted in Shen et al. (2012; in preparation).
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4.3.2 Moments of the LOSVDs

Although the dynamical modeling we run fits the full, non-parametric LOSVD

and not its moments, it is instructive to plot these moments for visual inspection

and comparison with other kinematic measurements of M49. In Figure 4.5 we plot

stellar velocity, velocity dispersion, and the Gauss-Hermite parameters h3 and h4 for

our GMOS and Mitchell Spectrograph data. The Mitchell Spectrograph stellar data

is given in tabular form in the Appendix. The GC kinematics have been withheld

from this figure but are included in Shen et al. (2012; in preparation).

Due to the large difference in spatial resolution between the GMOS and

Mitchell Spectrograph data, the spatial overlap consists of a single data point. The

agreement between the two data sets is good for velocity and h3. For velocity

dispersion and h4, the Mitchell Spectrograph data is lower but remains within the

uncertainties. A comparison of our M49 major axis velocity dispersion data to Saglia

et al. (1993) shows very good agreement from r = 0 Re to 0.5 Re, the extent of their

kinematic coverage 1. We note the distinctive rise in velocity dispersion at 0.5 Re

seen in both data sets. The location of this rise is strikingly similar (and certainly

coincidental) to the rise seen on both sides of M87 (Sargent et al., 1978; Sembach

& Tonry, 1996; Murphy et al., 2011), yet at an amplitude of ∼half of that seen in

M49.

1We have taken the Re value of M49 to be 104′′ from de Vaucouleurs et al. (1991). Although,
with superior photometry, Kormendy et al. (2009) measure a value of Re = 269′′, we have elected
to apply the older value for a more straight-forward comparison with other papers on M49 who
typically quote the Re value from RC3. This difference in Re values elucidates an important point.
If the definition of Re is to maintain any relevance in discussions of ETGs, particularly if it’s applied
as a parameter in fitting, it must be calculated in a uniform way.
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There are two aspects of the extracted moments worth noting. First, the

velocity dispersion along the minor axis is significantly higher than other positions

on the galaxy. This trend holds at all radii and is mirrored in the anisotropy figures

where we find more tangential orbits in the phase space makeup of the galaxy along

the minor axis than along the major axis (see §4.5.3 for further details). The second

is the strong negative h4 component seen at all radial positions. This negative

kurtosis is indicative of streaming motion in opposite directions.

4.3.2.1 Uncertainties in the Kinematic Extraction

In order to explore possible systematics in the kinematic extraction of the

Mitchell Spectrograph data, the LOSVD uncertainties are estimated in two ways,

both described here. We then take the larger of the two as our final uncertainties

used in the dynamical modeling. The uncertainties on the GMOS stellar kinematics

and GC data are detailed in Shen et al. (2012). These two methods return similar

results as found in Murphy et al. (2011), with one notable exception; we do not see

the distinctive offset in velocity dispersion for the Mgb region as seen in M87 (see

Figures 5 and 6 in that paper). We return to this in §4.3.2.2.

The first method for estimating our uncertainties comes from the Mitchell

Spectrograph’s large wavelength range allows which for a very heuristic approach to

understanding possible systematics in our process of extracting stellar kinematics.

By splitting the 3550–5850 Å wavelength range into 5 separate spectral regions

(see Table 4.2) before extracting the LOSVD, we can directly test the influence

different spectral regions have on the extracted kinematics. Specifically, we extract
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an LOSVD for each of the 5 wavelength ranges, then use the standard deviation

of those 5 values within each of the 19 velocity bins in the LOSVD as our first

uncertainty estimate.

Our second method for determining uncertainties uses a Monte Carlo ap-

proach. For each of the 5 LOSVDs extracted from the 5 wavelength regions we

re-extract the LOSVD 100 times, each time adding Gaussian distributed noise to

the original spectrum, based on the original signal-to-noise calculation from Vaccine.

The uncertainties determined from the scatter in these 100 Monte Carlo realizations

for a single LOSVD are compared to the other 4 LOSVDs for a given spatial bin.

The average of these 5 estimates is then compared to the uncertainties as determined

by the first method, described above. We then employ the larger of these two uncer-

tainties. For all of the 71 Mitchell Spectrograph data the larger uncertainty came

from the Monte Carlo method, although the difference between the two methods

was slight. In all cases the agreement was within 15%.

4.3.2.2 The Offset in Mgb

In Murphy et al. (2011, see Figures 5 and 6) we find a distinct offset in

the stellar velocity dispersion of Mitchell Spectrograph data when using the 4930–

5545 Å spectral region (Mgb) to complete the extraction. This offset is relative to

the other 4 spectral regions shown in Table 4.2 and measures ∼ 20 km s−1. In that

paper we explore whether this effect is due to issues with the selection of template

stars or template mismatch. We find no such systematic. This offset is also seen

in the SAURON data set, which spans a similar wavelength range. The offset is
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robustly measured over all 71 spatial positions on M87, yet whether this effect is

inherent to the Mgb spectral region, an issue with data reduction, 2 or particular

for M87 was not known at the time. For M49, a galaxy of comparable mass, we

find no indication of a kinematic offset in the Mgb spectral region and explore this

difference further here.

For these reductions on M49 we use an entirely different set of template

stars. This choice was made after some iteration with a larger initial set of template

stars returned smaller residuals in the LOSVD extraction. Also, the RMS measured

from the template fitting was more in line with the signal-to-noise of the data,

and we believe reduced the amount of template mismatch, which has been shown

to lead to deviations in the measured kinematics (Cappellari & Emsellem, 2004).

This change in template stars was initially suspected as the source of the offset.

However, the difference in the template star library has been ruled out. This was

done by both extracting the M87 spectra with the new set of template stars, and

applying the original M87 template stars to the extraction of M49. The offset seen

in M87 remained, with no evidence for such an offset apparent for M49. As shown in

Murphy et al. (2011), it is difficult to account for this offset simply through alpha-

enhancement, as kinematic extraction both including and excluding the specific Mgb

lines does not alter the offset. Therefore, in the case of M49, all 5 spectral regions

were used to calculate the LOSVD and estimate uncertainties. We pick up further

discussion of this difference between M49 and M87 in §4.5.4.

2Although this seems unlikely given the very different reduction methods of the SAURON group
and Murphy et al. (2011).
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4.3.2.3 Sky Subtraction

Sky subtraction is frequently the limiting factor when conducting spec-

troscopy beyond the radius where the galaxy light drops below the night sky. At

r = 3.6 Re we are a factor of ∼ 12 below the night sky for these data. As the Mitchell

Spectrograph does not contain dedicated sky fibers, sky nods are necessary. In Mur-

phy et al. (2011) we explore the effects our method of sky-subtraction has on the

final stellar kinematics by allowing different weights to be given to the neighboring

sky nods. This heuristic approach was expanding on in Greene et al. (2012) where

we find a very minimal effect of altering the weights given to neighboring sky nods

when measuring Lick line strength indices.

For these data, there are two primary reasons we believe the effect of sky

subtraction has a negligible effect on our final extracted kinematics. First, the

observing conditions for our 6 observing nights was superb. As we nod for sky,

the most significant impact when working on a low surface brightness target is

variability in transparency. The tests explored in Murphy et al. (2011) and Greene

et al. (2012) where also conducted on these data and show negligible effects to our

final extracted kinematics. Variations in transparency are also mitigated for the low

surface brightness regions due to the large number of individual frames we combine

for the most distant pointings. If any slight over or under subtraction of the sky is

random, the final effect tends to cancel out, as the number of frames we combine

increases.

A visual check on our final results can be seen by noting that the level of

template mismatch is very small (see Figure 4.4), even for our spectrum taken at r
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= 3.6 Re. A second confirmation comes from a comparison of the moments between

our GMOS and Mitchell Spectrograph data (see Figure 4.5). Systematics due to

differences in the instrument, data reduction methods and template stars used in

the kinematic extraction will naturally lead to deviations in the final moments.

Although the GMOS and Mitchell Spectrograph data cover different wavelength

regions, employ different methods for sky subtraction, and use a different set of

template stars, the agreement between the two data sets is reasonable. Although

the spatial overlap is small, with the GMOS data covering a region explored by a

single Mitchell Spectrograph fiber, the trends with radius, particularly the velocity

dispersion and h4values, are in good agreement. All of these points lead us to

conclude we have a handle on our systematics.

4.4 Dynamical Models

The orbit-based dynamical modeling we employ is based on the idea first

presented in Schwarzschild (1979). The method uses orbit-superposition of a large

number of test particles in a pre-defined gravitational potential. Our specific im-

plementation of Schwarzschild’s method is three-integral (E, Lz, I3) axisymmetric

modeling and is detailed in Gebhardt et al. (2000, 2003), Thomas et al. (2004,

2005b) and Siopis et al. (2009). A good overview of the general method is presented

in Thomas (2010). The models have been shown accurate to ∼ 15% for recovery

of the dark matter halo parameters (Thomas et al., 2005b) within 1 Re and stellar

M/L (Siopis et al., 2009) for axisymmetric systems. In Thomas et al. (2007a) the

dynamical modeling code was further tested on the strongly triaxial N-body disc-
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disc mergers of Naab & Burkert (2003) and was found accurate to 20 percent for

prolate/triaxial systems and 3 percent for oblate systems. The viewing angle was

also explored, and in the most extreme case of a highly flattened system viewed

face-on, the mass recovery accuracy drops to 50 percent. However, we note this

is an extreme case and one that doesn’t apply for M49, a well-studied E2 galaxy

exhibiting distinct rotation along the major axis.

Several other groups have developed modeling code based on Schwarzschild’s

orbit-based method. Dressler & Richstone (1988), Rix et al. (1997) and Romanowsky

et al. (2003) developed an orbit-based dynamical modeling code for spherical sys-

tems. van der Marel et al. (1998), Cretton et al. (1999), Gebhardt et al. (2000)

and Verolme & de Zeeuw (2002) generalized Schwarzschild modeling to axisymmet-

ric systems and van den Bosch et al. (2008) has developed a triaxial code. Now

a number of groups have employed Schwarzschild’s orbit-based method for black

hole (BH) mass determination (Cretton et al., 1999; Verolme & de Zeeuw, 2002;

Cappellari et al., 2002; Gebhardt & Thomas, 2009; McConnell et al., 2011, 2012)

and stellar orbital structure and dark matter content (Cretton et al., 2000; Geb-

hardt et al., 2003; Copin et al., 2004; Krajnović et al., 2005; Cappellari et al., 2006;

Thomas et al., 2007b; Forestell & Gebhardt, 2010; Jardel et al., 2011; Murphy et al.,

2011; Jardel & Gebhardt, 2012).

In §4.4.1 we give the specifics of our dynamical modeling assumptions. Here

we provide a brief outline. To construct a Schwarzschild model of a galaxy the

following steps are performed: 1) The photometry of the galaxy is deprojected to

a 3-D density (ν). We assume an edge-on inclination for M49 and therefore the
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deprojection is unique. 2) A mass distribution comprised of 2 to 4 elements is

constructed, depending on whether a DM halo is included. 3) An orbit library,

consisting of ∼ 20,000 orbits, is launched into the gravitational potential defined in

the previous step. These orbits are considered as massless test particles. A set of

orbits for a given E and Lz are launched with a range of initial conditions which

effectively samples the third integral I3 (Thomas et al., 2004). 4) The weights given

to each orbit are determined by maximizing

S − αχ2 (4.1)

where S is the Boltzmann entropy and α is a regularization parameter described

in Richstone & Tremaine (1988). The χ2 value therefore gives us a goodness of fit

parameter we will seek to minimize in order to determine the best-fit models. 5)

Once the model is complete, we alter the assumed density profile and repeat the

process until either a χ2 minimum is reached or we have explored the full range of

parameter space afforded by the spatial extent of our photometry and/or kinematics.

4.4.1 Model Assumptions

We calculate three types of dynamical models, each assuming a different

general mass distribution. First, we consider a mass model for M49 with no dark

matter halo. The mass distribution (ρ) for these models takes the form

ρ(r) = Υν(r) + M• (4.2)
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where Υ is the stellar M/L, ν is the three-dimensional light density and M• is the

BH mass. The BH is better constrained from Shen et al. (2012) and so we set our

BH mass to 1.8 ± 0.5 × 109 M� for all our dynamical models presented here. As

this leaves only 1 free parameter for the no DM halo case, a relatively small set of

models (135) is needed to fully explore the parameter space.

Both the second and third sets of dynamical models include a parametriza-

tion for a DM halo. The density distribution then becomes

ρ(r) = Υν(r) + M• + ρDM(r) (4.3)

where the first two terms are the same as in (4.2). The last term, ρDM(r), gives the

density for the assumed DM halo. Two different parameterizations for the DM halo

are explored. The first is a logarithmic DM halo (LOG) with a density profile given

by

ρDM(r) ∝ v2
c

2r2
c + r2

(r2
c + r2)2

(4.4)

The logarithmic halo features a flat central density core of size rs and an asymptot-

ically constant circular velocity, vc.

The second DM density parametrization we explore is a Navarro-Frenk-

White (NFW) profile (Navarro et al., 1996) of the form

ρDM(r, rs) ∝
1

(r/rs)(1 + r/rs)2
(4.5)
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The NFW halo diverges like r−1 towards the center and drops as r−3 with radius.

The concentration, c, scale radius, rs, and the virial radius, rv, are related via

c = rv/rs.

4.4.2 Modeling the Stars and Globular Clusters

Once we have a dynamical model, we extract model LOSVDs over a spatial

grid split into Nr = 84 radial and Nθ = 20 angular bins. The velocity phase space is

sampled in 19 velocity bins. The spatial resolution of the modeling is then binned

down by a factor of 4, leaving 21 radial and 5 angular bins which correspond to the

same positions on the galaxy we combined our spectra.

The GMOS data is comprised of 28 LOSVDs. There is overlap with just 1

of the 71 Mitchell Spectrograph LOSVDs. The GC data consists of 6 LOSVDs and

overlaps between r = 70′′ and 370′′ with the Mitchell Spectrograph stellar data. This

leaves us with a total of 105 LOSVDs used in all dynamical modeling presented here.

Each LOSVD is handled as an independent constraint and therefore all LOSVDs

are used in the final comparison between the model and data LOSVD.

To determine the best-fit model, a χ2 minimization is performed. The χ2 is

calculated as

χ2
kin =

Nkin

L
∑

i=1

Nvel
∑

j=1

(

Lkin
ij − Lmodel

ij (ν)

∆Lkin
ij

)2

(4.6)

Here, Lmodel
ij (ν) is the ith model LOSVD in velocity bin j. The χ2 equation above

is of the same form for both stars and GC kinematics, so we have labeled these
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Figure 4.6 Plots of the χ2 minimums for the stellar M/L when no DM halo is

assumed in the modeling. The large (black) dots show the χ2 values from additively
combining stars and GC χ2 values. The small (red) dots show the χ2 values for just

the stars and the (blue) + symbols indicate the GC χ2 values for the no DM halo
models run. For display purposes, the χ2 values for both stars and GCs have been
shifted by the amounts indicated at the top of the figure. Clearly, a large majority of

the constraint on the stellar M/L come from the stellar component in the modeling.
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components as “kin”. The orbit model is forced to reproduce ν (either the stellar or

GC density) to machine precision. The residuals between the model and actual set

of 105 LOSVDs are minimized for a single model potential, yielding a single χ2
stars

and χ2
GC value. Note that while the form of (4.6) is the same for both stars and GCs,

the Lmodel term is different for the two components as they have different spatial

distributions. An analysis of the χ2 minimum returns the best mass distribution for

the galaxy.

4.4.3 χ2 Analysis

As described in §4.4.1, we explore three different mass distributions for M49:

1) central BH + stellar component; 2) central BH + stellar component + cored

logarithmic dark matter halo; 3) central BH + stellar component + NFW dark

matter halo. We discuss each in turn here.

The χ2 values for the models assuming no DM halo are shown in Figure 4.6.

The χ2 minimum for these models is 5831.2. Compared to the χ2 minimums for

both the NFW and LOG halo, which are both well below 2000, we can rule out a

model without DM at very high confidence. It is interesting to note the clean yet

systematically higher constraint for the stellar M/L in Figure 4.6 as compared to

the two models including a DM halo. This increase in the stellar M/L is expected;

as the dynamical models work to constrain mass, the lack of inclusion of a DM halo

forces that mass to be included in the stellar component, and drives up the stellar

mass accordingly.

In Figures 4.7 and 4.8 we plot the χ2 values for the 3 parameters in our suite

141



Figure 4.7 The χ2 values (stars + GCs) vs. the three modeling parameters for both a
LOG (left) and an NFW (right) DM halo. The top two panels plot the stellar M/L.
In both the middle and bottom panels the two free parameters for each DM halo

are shown. In both DM halo parameterizations the scale radius is not constrained
and flattens out at large radii, well beyond the extent of our kinematic constraints.

However, in both parameterizations, we find a good constraint on the the stellar
M/L. This is possible because while the exact shape of the DM halo is not fit, the

enclosed mass is reasonably well constrained.
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Figure 4.8 Plots of the χ2 minimums of the 3 parameters plotted against one another
for the LOG (top) and NFW (bottom) DM halo. The small black dots show a subset,

near the χ2 minimum, of all models run. The medium gray dots indicate a ∆χ2

value of 12 from the minimum. The large black dots define our ∆χ2 = 9 region

while the larger red circles show our ∆χ2 = 4 models. The degeneracy between the
circular velocity and scale radius is clearly apparent.
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of dynamical models assuming a DM halo. We ran > 7000 models for the LOG DM

halo and > 6500 models for the NFW DM halo parametrization. As the BH mass

was fixed at 1.8 × 109 M�, based on Shen et al. (2012), it is not shown in these

χ2 figures. Figure 4.7 plots a small fraction of the models run, focusing on the χ2

minimum. The LOG DM halo χ2 values are plotted on the left and the NFW DM

halos are shown on the right. The top two panels give the χ2 values for stellar M/L.

We note the best-fit stellar M/L for the LOG DM halo is higher than for the NFW

DM halo by 0.6. This degree of offset is the same as found for M87 in Murphy et al.

(2011). The stellar M/L is assumed constant with radius, therefore this offset is

to be expected and stems from the assumed shape of the DM halo; as the NFW

halo allows for a higher central concentration of DM when compared to the LOG

halo, the stellar component takes on less of the total mass in the modeling, and,

subsequently, the M/L is lower for the NFW halo.

The middle and bottom panels in Figure 4.7 plot the two independent vari-

ables for the LOG and NFW DM halos: the circular velocity, vc, and scale radius,

rs, for the LOG halo, and concentration, c, and scale radius, rs, for the NFW halo.

We emphasize here that, although our kinematics extend to 73 kpc, no constraint on

the scale of the DM halo is found for either parametrization of the DM halo. This

can come about when the scale radius of the DM halo extends beyond our kinematic

coverage, or when the assumed shape of the DM is a poor fit to the actual distri-

bution of DM. Although we can not rule out either scenario, we do find evidence

that the scale of the DM halo around M49 is large, and extends to the limits of our

kinematics, and perhaps beyond. We give further discussion to this in §4.5.2.

144



Figure 4.8 plots the 3 free DM halo parameters against one another in order

to understand modeling degeneracies. In order to understand whether we are over-

fitting our data, and have used representative uncertainties in our LOSVDs, we

calculate the reduced χ2 value for our dynamical models. Each of our two DM halo

modeling runs consisted of 105 LOSVDs, each with 19 velocity bins. This totals

105 × 19 = 1995 degrees of freedom giving us a reduced χ2 value of 0.96 for the

LOG halo models and 0.95 for the NFW halo. As the reduced χ2 of both DM

halo parameterizations is ∼ 1 we have confidence we are neither over-fitting nor

under-fitting our data.

4.5 Discussion

Although neither the LOG nor NFW scale radius is constrained in the dy-

namical modeling, there is support for an NFW DM halo being preferred over a

LOG DM halo. The χ2 lend support to this as the values for the best-fit NFW halo

are lower by ∼ 10. We get further, if circumstantial support, for the NFW halo

being preferred when we consider both the enclosed mass (and a comparison with

values from the literature), the DM to baryonic mass fraction, and the stellar orbital

anisotropy. We present each argument in turn in §4.5.1, §4.5.2 and 4.5.3. Although

speculative, we give arguments in §4.5.3 in support of a formation history for M49

dominated by major mergers. Then, in §4.5.4, we compare these values for M49 to

M87, finding some distinct differences between these two equally massive galaxies.

145



Figure 4.9 Enclosed mass profiles for the best-fit LOG (left) and NFW (right) dark

matter halo models. The stellar mass (red) and the DM halo (green) combine to
account for the total enclosed mass (black). The dashed lines plot the uncertainties

as described in the text. The vertical line at r = 1180′′ indicates the limits of
our kinematic coverage. Mass values beyond this line are not constrained and are

therefore highly uncertain. Note the enclosed mass does not to to zero at r = 0 due
to the inclusion of the 1.8× 109 M� central black hole.
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4.5.1 Enclosed Mass and Dark Matter Fraction

Our dynamical models are constrained by the pre-defined gravitational po-

tential, as described in §4.4.1, and thus constrain the total enclosed mass as a

function of radius. Figure 4.9 plots these results for both the best-fit LOG and

NFW halos. Shown is the contribution from stellar mass (red), the DM halo (green)

and the total of the two components (black). The uncertainties come from all the

models within a ∆χ2 of 10.0 for both the LOG and NFW halo. The vertical gray

line at 1180′′ indicates the end of our kinematic coverage; values beyond this point

are unconstrained and therefore unreliable. We note that even though we do not

get a constraint on the shape of the DM halo, the total enclosed mass remains a

robust result.

The history of weighing galaxies is long, and several different methods for

estimating mass exist. As M49 is a well-studied galaxy, it is instructive to compare

our enclosed mass values with other estimates from various techniques. M49 has

been studied extensively in X-ray gas (Awaki et al., 1991; Loewenstein, 1992; Awaki

et al., 1994; Irwin & Sarazin, 1996; Brighenti & Mathews, 1997; Humphrey et al.,

2006; Das et al., 2010) with several of these groups making mass estimates. Zepf

et al. (2000) estimate the enclosed mass of M49 from GCs, and Kronawitter et al.

(2000) generate a composite mass profile from stellar kinematics, GC and dwarf

galaxy velocities. In Figure 4.10 we plot several estimates of M49’s mass from the

literature, and over-plot the mass profiles shown in Figure 4.9. See the figure caption

for further details. Although there is not a large separation between the LOG and

NFW enclosed mass profiles, in general the literature values show better agreement
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with the NFW mass profile over all radii. In Figure 4.10 we have also plotted the

total enclosed mass of M87 at the extent of our spatial coverage in Murphy et al.

(2011). These data point is shown as a red diamond and agrees remarkably well

with the total enclosed mass of M49 at r = 47 kpc.

Unlike the case for M87, where the total enclosed mass for both the NFW

and LOG DM halo parameterizations agreed over the full range of where Murphy

et al. (2011) have kinematic coverage, in M49 we find the total enclosed mass for

the two DM halos do not agree within their uncertainties over a majority of their

radii. We believe this is due to the relative freedom the models have at large radii;

although our GC kinematics extend to r ≈ 73 kpc, we have a single data point

constraining the model at 710′′ (44.0 kpc) and another at 1180′′ (73.2 kpc). This

sparsity of kinematic coverage affords significant range in the models which can

allow for the difference in total enclosed mass we see in Figure 4.10.

Although the scale radius does not turn over for either DM halo parametriza-

tion it is instructive to plot the enclosed DM fraction with radius. We do this in

Figure 4.11, where the fractional mass in DM for both the LOG and NFW halo are

plotted as solid (red) and dashed (blue) lines respectively. The results are intriguing

and also provide more circumstantial support for the NFW being preferred. This

comes from the extremely low DM fraction within 1 Re for the LOG halo (∼ 5%)

as compared to nearly 30% for the NFW halo. The circumstantial support for the

NFW halo comes from both observational and theoretical work that points to typi-

cal DM fractions within 1 Re ranging between 15% to 40% (Saglia et al., 1992; Treu

& Koopmans, 2004; Cappellari et al., 2006; Bolton et al., 2008).
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Figure 4.10 Enclosed mass profiles for both the LOG and NFW DM halo and mass

estimates from the literature. Colors are the same as in Figure 4.9. We have
suppressed the uncertainties on stellar M/L for visual clarity. Squares come from

X-ray gas mass measurements: Yellow from Awaki et al. (1994); Blue from Irwin &
Sarazin (1996); Green from Brighenti & Mathews (1997); Orange from Humphrey

et al. (2006); Teal from Das et al. (2010). The circles plot mass estimates from other
mass tracers. The green circle comes from the GC kinematics of Zepf et al. (2000),

and the blue circle comes from a composite of stars, GCs and dwarf galaxy kinemat-
ics from Kronawitter et al. (2000). In general, the agreement of our mass estimates
from orbit-based modeling and the various literature values is good, particularly for

the NFW enclosed mass profile.
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Figure 4.11 The DM fraction (MDM/Mtot) of M49 for the LOG (solid, red line) and
NFW (dashed, blue line) halos. The 3 vertical lines mark the approximate location

of the half-light radius of M49, and the vertical line at 1180′′ marks the limits of
our kinematic coverage. For either DM halo parametrization, the DM fraction at

r = 73 kpc is > 90%.

150



4.5.2 Central Dark Matter Density

The central density of a galaxy’s DM halo is expected to reflect the mean

density of the Universe at the time of formation. This is reflected in the theoretical

work of a model of spherical collapse by Gunn & Gott (1972) and N-body simula-

tions. In the simulations of Navarro et al. (1996), where the DM is parametrized

as NFW halos, the central DM density is related to the concentration parameter, c,

which is found to be higher in DM halos that coalesced earlier.

In Thomas et al. (2009), an empirical scaling relationship between the DM

scale radius and central DM density is described. The work of Thomas et al. (2009)

is based on the same axisymmetric dynamical models we employ, and uses 14 early-

type galaxies from the Coma Cluster, and further ellipticals from Gerhard et al.

(2001), to establish their scaling relationship. Although our LOG halo scale radius

isn’t constrained for M49, the central density can be, as it’s a relationship between

the circular velocity and scale radius. The central DM density for a LOG halo is

given in Thomas et al. (2009, equation 2) and repeated here.

ρh =
3v2

c

4πGr2s
(4.7)

where vc is the DM halo circular velocity, rs is the scale radius and ρh is the central

DM halo density. We plot the χ2 minimum of our models for the DM halo density

in Figure 4.12 and find a good constraint. The X-axis is plotted in log units for a

direct comparison with Thomas et al. (2009, Figure 2). We can use the results from

Figure 4.12 and the empirical scaling relationship of Thomas et al. (2009) to make
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Figure 4.12 The χ2 minimum for the central DM density of the LOG halo. The
central density plotted comes from Equation 4.7 and exhibits a clear minimum at

−2.32 ± 0.05. From the empirical relation in Thomas et al. (2009) this central
density corresponds to a DM scale radius of 71+8

−9 kpc, which is right at the limit of

our kinematic coverage.

an estimate of the DM scale radius for M49. From Figure 4.12 we find a central DM

density value of −2.32± 0.05, which corresponds to a DM scale radius of 71+8
−9 kpc,

right at the limit of our kinematic coverage. As M49 is a BCG, it’s not surprising

that this scale radius is at the upper limit of all the galaxies shown in Thomas et al.

(2009).

4.5.3 Anisotropy of the Stars and Globular Clusters & Speculation on

the Formation History of M49

Elliptical galaxies retain information about their formation processes in their

photometric and kinematic components (Toomre, 1977; van Albada, 1982; Hern-

quist, 1993; Barnes, 1996; Boylan-Kolchin & Ma, 2004; Naab et al., 2006; Valluri

et al., 2007; Kormendy et al., 2009; Hoffman et al., 2010; Johansson et al., 2012).
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The question of the dominant mode of mass accretion for massive galaxies and

BCGs has received significant interest in recent years, particularly with the discov-

ery of a passively evolving, dense galaxy population at high redshift (Cimatti et al.,

2004; Daddi et al., 2005; Trujillo et al., 2006; Cappellari et al., 2009; Doherty et al.,

2010; Weinzirl et al., 2011). The challenges these galaxies pose to ΛCDM are well

known; in a Universe that forms hierarchically, how do you form an massive, old,

and passively evolving galaxy at such early times?

As discussed in our introduction, recent results indicate a range of passively

evolving high redshift galaxies exist (e.g. Toft et al., 2007; Saracco et al., 2010),

indicative of multiple avenues of formation (see also Bundy et al. (2010) for fur-

ther evidence of multiple ETG formation pathways). With the expansive publicly

available data sets of the past decade, and the substantial increase in computational

power seen over that same time, a rich discussion of the roll major and minor mergers

play in the evolution of massive ETGs and BCGs has been ongoing. In particular,

several questions remain as to how the dense and quiescent high-z ellipticals, the

apparent progenitors of local BCGs, are able to evolve while maintaining the tight

scaling relationships measured at z ∼ 0.

A review of the literature in this field is well beyond the scope of this pa-

per. However, in brief, the question of whether major or minor mergers drive the

evolution of ETGs, and what roll secular evolution plays in this process, remains a

central question. Observations (e.g. Baldry et al., 2004; van der Wel et al., 2009;

Robaina et al., 2010) and simulations(e.g. Kauffmann, 1996; Baugh et al., 1996)

supporting the role of major mergers, and those supporting a picture where evolu-

153



tion is driven predominantly by minor mergers and accretion events (e.g. Kaviraj

et al., 2009; Naab et al., 2009; Kaviraj et al., 2011; Oser et al., 2012) are extensive.

As the evidence for both major and minor mergers is indisputable, many groups are

exploring the roll of the entire merger history, both major and minor (e.g. Bluck

et al., 2012).

One formation picture that provides some relief from this conflict is a 2-stage

process of formation (Naab et al., 2009; Oser et al., 2010; Johansson et al., 2012).

An initial phase of dissipational in situ star formation is followed by the accretion of

old stars formed in smaller systems. The second phase, where the dominant mode

of mass accretion is done via dry, minor mergers, has been proposed by a number of

groups based on the results of both simulations (Wang et al., 2011; Oser et al., 2012)

and observations of star formation activity (Kaviraj et al., 2011) and abundance

gradients (Greene et al., 2012). Gravitational heating allows for a decrease in the

central density while the size evolution occurs at large radii. Recently, Newman

et al. (2012) find that while minor mergers can account for the growth of ETGs

since z ∼ 1, another mechanism is needed to account for the significant mass growth

they find (a factor of 3.5± 0.3) from 0.4 < z < 2.5.

Figures 4.13 and 4.14 plot the stellar and GC velocity anisotropy against

radius for the range of best-fit LOG and NFW DM halo models. The ratio of radial

to tangential anisotropy is plotted (σradial/σtangential) for each of the 5 angular bins

from the modeling. The angular bins are divided at the following angles: 0.0◦, 11.5◦,

22.6◦, 36.8◦, 53.1◦, and 90.0◦ and each shown as a different color as in Figure 4.5.

Each line plots the results from a single model from all the models run that fall
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Figure 4.13 The orbital anisotropy for both the stellar (lines) and GC (filled circles)
component, shown as the ratio of the radial to tangential orbits from the dynamical

modeling of the LOG DM halo. All models that fall within the ∆χ2 ≤ 10 range of
the best-fit model are plotted as individual lines and circles. The five colors match

those in Figure 4.5, with black showing the major axis, then blue, green, yellow and
red along the minor axis. A clear trend, from predominantly tangential orbits to

radial orbits at large radii is seen. The agreement between the stars and GC orbits
is good between 100′′ ≤ r ≤ 200′′ is good, but diverges at larger radii. The trend of
increasing tangential orbits along the minor axis with radius is clear.
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Figure 4.14 The orbital anisotropy for the stellar (lines) and GCs (filled circles). The
symbols are the same as in Figure 4.13. Again, the trend for increasing tangential

orbits along the minor axis is clear, and also appears along the 36.8◦ to 53.1◦ angular
bin, shown in yellow. Note the change in the range of the Y-axis when compared to

Figure 4.13.

156



within a ∆χ2 ≤ 5 from the best-fit model. At the center (r ≤ 4′′) of both the LOG

and NFW halos, the stellar orbits are on strongly tangential orbits, likely driven

by the influence of the super-massive black hole at the galaxy’s center. Then, the

stars progress to increasingly radial orbits, as predicted for a dissipationless galaxy

collapse at high redshift (e.g. van Albada, 1982). This is generally the case for both

the LOG and NFW halos, but in the case of the LOG halo, the increase is very

strong, with the stars going to likely unphysical radial orbits at r ≥ 150′′, and the

agreement between the anisotropy of the stars and GCs breaking down. This steep

increase in radial orbits explains the higher total enclosed mass seen in the LOG

halo models, and also provides some of the strongest support for the NFW halo

being the preferred model. Despite the likely unphysical radial orbits for the LOG

halo, we note the clear trend of a stronger relative tangential component along the

minor axis.

The NFW anisotropy plot (Figure 4.14) shows a similar initial trend, with

predominately tangential orbits transitioning to radial orbits quickly. However, the

radial component rarely exceeds ≥ 35% of the tangential component over the entire

radial range where we have spatial coverage for the stars. Also, at all positions

beyond the very center, there is a clear trend for a stronger tangential component

along the minor axis as compared to the major axis. This is also seen more weakly

in the 36.8◦ to 53.1◦ angular bin (yellow). This trend becomes more pronounced

with radius, and by the extent of the stellar coverage the major axis is dominated

by radial orbits while the minor axis is dominated by tangential orbits.

The rise in radial orbits along the major axis, while the minor axis remains
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predominantly isotropic, then turns to tangential orbits, is certainly a clue to M49’s

formation history. But is is a clue we can understand? Although the advances

in computational power have been significant, and the sophistication of models is

growing, there remains a gap between observational results and direct comparisons

with state-of-the-art simulations. Despite the relative infancy of this field, where

the stellar dynamics of an observed galaxy are directly compared to models, some

work currently exists that points to an intriguing, if somewhat speculative, picture

of the formation history of M49. In Hoffman et al. (2010), they report simulation

results of disk-disk mergers, with various gas fractions. In their simulations, they are

able to trace the orbits that compose their model galaxies and find that, in general,

streaming orbits along the minor axis come to dominate the orbital composition

beyond ∼ 1 Re. One of the clear trends seen in this work is the streaming motion

of stars along the minor axis. This trend is evident for a range of merger orbits and

viewing angles (see Figures 3 and 4 in Hoffman et al. (2010)), and, for nearly all

cases, is stronger than for the minor axis. Comparing these general results to M49,

this does not seem to align with our moments (Figure 4.5) as we clearly see a trend

of major axis rotation, with little to no minor axis rotation. How do the simulations

of Hoffman et al. motivate our thinking on M49?

There are two additional pieces of kinematic information that lead us to

speculate that the large majority of M49’s stars formed in a small number of major

mergers. The first comes from the stellar velocity dispersion measures shown in

Figure 4.5. The minor axis clearly shows a hotter stellar component than any

of the other angular bins for M49. And unlike the stellar anisotropy plots, these
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values are not the result of modeling, but simply the the measure of the line-of-

sight velocity dispersion component. We speculate that this hot stellar component

comes from a small number of major mergers, yet with opposite merger orbits and

inclinations so as to leave a counter-rotating stellar population along the minor

axis, with little net rotation, while leaving the dominant rotation of the major axis

relatively undisturbed. It is difficult to imagine a scenario wherein the majority of

the mass assembly of M49 occurs via minor mergers, yet establishes the distinctly

hot component along the minor axis, while leaving the dominant rotation along the

major axis undisturbed.

M49 is not the only BCG to exhibit a hotter minor axis component. Richtler

et al. (2011) find the minor axis of NGC 3311, the central cD galaxy in Abell 1060,

to measure a higher velocity dispersion than the major axis (Figure 2 of that work).

The stellar halo of this BCG is extremely hot (see also Ventimiglia et al., 2010),

increasing by a factor of 2.5 from the galaxy center to ∼ 20 kpc. This increasing

trend in velocity dispersion with radius is seen in the GC population as well (Richtler

et al., 2011) and indicates the presence of a massive dark matter halo. And while

the rise we see in stellar velocity dispersion is modest in comparison, the distinctive

hot minor axis component in both NGC 3311 and M49 is intriguing.

The second piece of information supporting a formation picture wherein the

assembly of mass comes predominantly from a small number of major mergers is

found in the GC population of M49. Evidence for two distinct populations of GCs

around M49 is well established (Puzia et al., 1999; Lee & Kim, 2000; Rhode &

Zepf, 2001; Strigari et al., 2007), and exhibits a clear metal-poor and metal-rich
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population. It has been shown that the formation of GCs are linked to galaxy

mergers (e.g. Ashman & Zepf, 1992). Therefore, just the presence of a bimodal

distribution of GCs is indicative of a small number significant merger events. Côté

et al. (2003) expand on the work of Zepf et al. (2000) where the kinematics of the two

groups is studied and found to be distinct, with a higher velocity dispersion measured

for the metal-poor population when compared to the metal-rich population. They

show that the metal-poor GC population shows distinct rotation, while the the

metal-rich population shows a weaker signal for rotation, yet in the opposite direction

as the metal-poor GC population. There is also a clear change in the orientation of

the rotation with radial distance from the galaxy center (see Figures 7, 8, and 9 in

Côté et al. (2003)). This rotation in the metal-rich GCs is nearly 180◦ between 2′

to 4′ where our minor axis stellar velocity dispersion is the hottest, relative to the

major axis.

Despite the evidence for a formation history dominated by major mergers,

the role of minor mergers is not inconsequential in the formation of M49. The nearby

dwarf galaxy, UGC 7636 is experiencing stripping of its HI gas and stars by M49

(Sancisi et al., 1987; Patterson & Thuan, 1992; Irwin & Sarazin, 1996; McNamara

et al., 1994), and will eventually merge with M49. Not surprisingly, the formation

history of Virgo’s BCG is certain to involve a rich and varied collection of events.

4.5.4 Comparison with M87

M49 resides in a relatively sparse region of the Virgo Cluster. M87, the

second rank galaxy in Virgo, is just slightly less luminous (Mv = -22.95 compared
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to Mv = -23.24 for M49 (Kormendy et al., 2009)), yet resides in a more crowded

region of the cluster, which also appears to be the gravitational center (Böhringer

et al., 1994). Although similar in luminosity and enclosed mass (see Figure 4.10),

there are a couple of distinct differences between M49 and M87 that provides insight

into their formation histories.

First, the total enclosed mass of M87 at the extent of the kinematic coverage

in Murphy et al. (2011) is ∼ 5× 1012 M� at r = 47 kpc. Coincidentally, r = 47 kpc

falls in the small window where the both the LOG and NFW enclosed mass profiles

agree. At the same physical scale in M49, the enclosed mass from both the LOG

and NFW halos is the same as M87, within the measurement uncertainties. Yet

despite this agreement in total mass, the DM scale radius of M49 is at least a factor

of two larger than M87’s scale radius.

A comparison of the stellar anisotropy of M87 and M49 reveals another

difference between the two galaxies. As seen in Figures 4.13 and 4.14, there is a clear

trend for more tangential orbits along the minor axis, with this trend increasing with

radius. Along the major axis, the trend is for generally increasing radial orbits. In

M87, we see both similar and different trends in the anisotropy figure when compared

to M49. In Figure 4.15 we plot a similar figure as shown in Murphy et al. (2011, see

Figure 12), but have not averaged over the 5 angular bins. Here we see a relatively

isotropic distribution of stars, yet with the minor axis showing the same tendency

for tangential orbits over radial, as compared to the major axis. At r ≈ 10 kpc the

trend is for highly radial orbits in the minor axis stars, yet as these orbits are not

constrained by the kinematics, they are highly suspect and plotted at dashed lines.
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Figure 4.15 The ratio of the radial velocity anisotropy to the tangential anisotropy
for M87 from the work of Murphy et al. (2011). Unlike Figure 12 in that work, where
the anisotropy was averaged over all 5 angular bins, we have plotted the angular bins

individually for a comparison with Figures 4.13 and 4.14. For M87, the minor axis
anisotropy is clearly tangential to r ≈ 10 kpc. Although the anisotropy along the

minor axis goes strongly radial beyond this point, the stellar kinematics of Murphy
et al. do not extend beyond this point along the minor axis, so the lines are noted as

dashed and are unreliable as they are not constrained by the kinematics. However,
the trend along the major axis, where the kinematics extend to nearly 50 kpc, is

robust and shows a slight trend towards more tangential orbits with radius, which
is the opposite as that seen in M49.
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However, the general, albeit weak, trend of increasingly tangential orbits is distinct

from M49 where we find an overall increasing radial trend.

A third difference between M49 and M87 comes from the offset seen in

the measure of M87’s velocity dispersion when the Mgb spectral region is used in

comparison to the other 4 spectral regions. We now believe the offset in stellar

velocity dispersion seen for the Mgb region in M87 is real. As discussed in §4.3.2.2,

the offset can not be attributed to the reduction methods or selection of the template

library. The offset is also shown not to be driven by just the Mgb triplet absorption

lines at 5167.3 Å, 5172.7 Å, and 5183.6 Å as withholding those lines does not alter

the measured velocity dispersion appreciably. A better understanding of the cause

of this offset will require a chemical abundance analysis of M87 and M49, which will

be the focus of future work. Also of great interest will be to increase the galaxy

sample size in order to understand whether this offset is typical to massive early-type

galaxies, or particular to M87.

Fourth, although the enclosed mass of M49 and M87 is surprisingly similar

the DM halo of M87 is clearly better fit by a LOG profile, whereas M49 appears to

be better fit by an NFW profile. As neither DM halo profile fits M49 particularly

well, this last point of difference between M49 and M87 carries that caveat.
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Chapter 5

Focal Ratio Degradation and Transmission

in VIRUS-P Optical Fibers

We have conducted extensive tests of both transmission and focal ratio degra-

dation (FRD) on two integral field units currently in use on the VIRUS-P integral

field spectrograph. VIRUS-P is a prototype for the VIRUS instrument proposed

for the Hobby-Eberly Telescope at McDonald Observatory. All tests have been con-

ducted at an input f-ratio of F/3.65 and with an 18% central obscuration in order to

simulate optical conditions on the HET. Transmission measurements were conducted

with narrow-band interference filters (FWHM: 10 nm) at 10 discrete wavelengths

(337 to 600 nm), while FRD tests were made at 365 nm, 400 nm and 600 nm. The

influence of wavelength, end immersion, fiber type and length on both FRD and

transmission is explored. Most notably, we find no wavelength dependence on FRD

down to 365 nm. All fibers tested are within the VIRUS instrument specifications

for both FRD and transmission. We present the details of our differential FRD

testing method and explain a simple and robust technique of aligning the test bench

and optical fiber axes to within ± 0.1 degrees.

165



5.1 Introduction

The versatility provided by optical fibers in the design of astronomical in-

strumentation is making their use commonplace. Fiber-fed spectrographs are being

used widely and with great success (Haynes et al., 1999, 2004; Parry, 2006). As

the demand for fiber-fed instrumentation increases, so does the need for a clear

understanding of the two dominant processes that dictate fiber quality and appli-

cability, namely transmission and focal ratio degradation (FRD). Relatively simple

and accurate methods to test fiber transmission have been in use for many years,

yielding results that prove very repeatable from group to group (Avila, 1988; Craig

et al., 1988; Avila, 1998). However, accurate FRD measurements have proven more

challenging, in large part due to two causes: 1) The measurement techniques and

instruments available have often lacked the precision to measure the faint halos asso-

ciated with FRD, particularly at relatively fast input beams where FRD is expected

to be small, and 2) The variety of sources of FRD are often intertwined, so that

repeatability of the results from group to group has been elusive.

Despite these challenges, many groups have made accurate FRD measure-

ments and our understanding of FRD continues to improve (Ramsey, 1988; Clayton,

1989; Carollo & Danziger, 1994; Schmoll et al., 2003; Bershady et al., 2004). We now

know FRD exhibits a strong dependence on the quality of end polish and immersion,

bending and radial stresses due to fiber handling and mounting methods. FRD also

exhibits a weaker dependence on length and fiber type. Its dependence on wave-

length has been studied by Ramsey (1988), Avila (1988) and Schmoll et al. (2003)

among others, where they found little to no wavelength dependence. However, the
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majority of wavelength-dependent FRD tests have been conducted through broad-

band filters (Avila, 1988), were not conducted on a statistical number of fibers, or

did not test wavelengths below 400 nm. Our tests, particularly at near-UV wave-

lengths, are motivated by the VIRUS 350 nm blue limit and this lack of data in the

literature.

We have undertaken transmission and FRD measurements of two integral

field units (IFU) currently in use on the VIRUS-P integral field spectrograph (Hill

et al., 2008b). VIRUS-P has been in use on the 2.7m Harlan J. Smith telescope at

McDonald Observatory since Fall, 2006. It is a prototype for the VIRUS instrument

proposed for the Hobby-Eberly Telescope Dark Energy eXperiment (HETDEX) (Hill

et al., 2008a). HETDEX is a spectroscopic survey with the goal of collecting spectra

of nearly one million Lyman-alpha emitting galaxies between a redshift of 1.8 to 3.5

in order to place constraints on dark energy (Hill et al., 2008b). VIRUS will be

composed of approximately 150 spectrographs, each fed by an IFU. The science

requirements of the HETDEX project is weighted towards optimal transmission in

the blue. In order to gain a comprehensive understanding of both transmission

and FRD over the entire wavelength range of the VIRUS spectrograph (340 nm to

540 nm) a fiber optic test bench has been constructed at the University of Texas,

Austin.

The paper outline is as follows. In §5.2 we briefly describe the results of tests

conducted at the University Observatory, Munich, on the effects of length, bending,

end immersion, fiber type and input f-ratio on FRD. Details of the fabrication of

both IFUs is given in §5.2.1. This is relevant as we find FRD in the shorter IFU
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(VP1) to be worse than the longer bundle (VP2) and is likely a result of the different

fabrication techniques employed. In §5.3 we give details of the test bench constructed

at the University of Texas, Austin. §5.4 discusses the testing method used for both

FRD and transmission measurements. §5.5 and §5.6 summarize the primary results

of our FRD and transmission tests respectively.

5.2 Preliminary Tests

The Photometric Test Bench (Roth, 1998) at the Astrophysical Institut Pots-

dam (AIP) was used to conduct a variety of FRD measurements on different fiber

types and numerical aperture (NA) (Grupp, 2006). The influence of bending, fiber

length and immersion on FRD was also explored. Many of these results guided as-

pects of the design for the VIRUS-P spectrograph and the two prototype IFUs. We

include here two figures showing FRD dependence as a function of input f-ratio on

fiber length and end immersion. Fiber immersion involved contacting the input end

of the fiber to an anti-reflective (AR) cover plate. The fiber-glass interface was made

with an index matching gel. The significant results of tests conducted at AIP are

as follows: The output f-ratio for an input of F/3.65 showed little to no appreciable

FRD over the majority of tests conducted. These included tests on fiber type and

core diameter1. bending tests down to a radius of 10 mm, length and fiber NA.2

However, at input beams slower than F/4, FRD was seen to increase with

all the tests mentioned above. This was most predominant in the bend tests; at an

1Four Polymicro fibers were tested: FBP200, FLP200, FLP150 and FVP100
2Fibertech AS200 NA:0.16, AS200 NA:0.22 and Polymicro FBP200 NA:0.22
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Figure 5.1 A plot of output f-ratio vs. input f-ratio for 4 different fiber lengths
(Polymicro FBP200/220/245). The multiple measurements shown come from test-

ing the same length of fiber from opposite ends. Although FRD increases with the
input f-ratio, it is unclear whether this is due strictly to increasing fiber length. Note
that while the 16 m length exhibits the worst FRD, both the 2 m and 4 m lengths

show higher FRD than the 8 m length. In either case, the FRD at our input f-ratio
of F/3.65 is minimal.
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Figure 5.2 Results of end immersion on the VIRUS-P IFU, VP1. The diamonds show
results from end immersion while the plus symbols are bare fiber measurements. The

benefit of immersion at all input f-ratios is clear.
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input of F/4, no appreciable difference in an FRD value of 1.11 was seen over the

bend radii explored (250 to 10 mm).3 At an input of F/6, FRD increased from 1.13

to 1.5 over the same bend radii, and by an input of F/10 an increase in FRD from

1.25 to 2.32 was observed.

In sharp contrast to these results (where FRD is small for an input f-ratio of

F/3.65) is the significant effect fiber end immersion has in improving FRD at all but

the fastest input beams. This is not surprising, as fiber end effects have been shown

by many groups to dominate over all other sources of FRD. The notable exception

to this is extreme cases of radial pressure and micro bends.

The VIRUS-P spectrograph is designed to accept an F/3.36 input beam in

order to meet the science requirement of 95% encircled energy (EE) within F/3.65.

The remainder of the results presented in this paper were conducted at the fixed

input of F/3.65. We find that all fibers tested are performing within this specification

for FRD, with ∼ 50% reaching 99% EE at the F/3.36 limit. The details of these

results are found in §5.5.

5.2.1 Integral Field Unit Fabrication

Two different IFUs were fabricated for use on the VIRUS-P instrument. The

first, VP1, was fabricated at AIP with 247 Polymicro 200 µm fibers (FBP200/220/245)

to a length of 4.5m (Kelz et al., 2006a). In order to explore transmission and FRD

3Here, and for the remainder of this paper, we define FRD as the ratio of the output f-ratio
(95% encircled energy) to the input f-ratio; no FRD has a value of 1. The FRD value of 1.11 is
likely inflated due to issues with coupling misalignment.
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Figure 5.3 An image of the IFU head mounted to its XYZ translation stage. Only
the fiber input end (black square) is visible. For reference, this square is ∼ 5 mm

across. The second cylindrical pickoff mirror is seen to the left.

properties of a variety of fibers, 4 different fiber types4 were used to fabricate the

second IFU, VP2. Constructed by Frank Optic, VP2 is 15 m long allowing VIRUS-P

to be tested on the HET.

For both VP1 and VP2 the input end of the IFU was fabricated by inserting

the individual fibers into silica capillary tubes to ensure accurate alignment and

uniform spacing. The output end of the two IFUs was mounted in the same config-

uration, but fabricated and polished differently. For VP1, each fiber was polished

individually before being mounted into the output slit arrangement. In VP2, the

4The 4 fiber types used in VP2 are:Polymicro FBP200/220/245, NA:0.22, Fibertech
As200/220UVPI, NA:0.22 and 0.16, and CeramOptec UV200/220P, NA:0.22
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Figure 5.4 An image showing the output slit of the IFU mounted for testing. The
CCD camera, mounted on its translation stage, is seen on the left.

fibers were mounted and fixed into their final alignment before polishing. The ends

of all fibers were then polished simultaneously. This difference in the mounting

and polishing method is likely the reason why VP1 exhibits worse FRD than VP2,

despite the length difference (Figures 5.13 and 5.14).

5.3 The Fiber Optic Test Bench

To conduct FRD and transmission tests over the wavelength range of VIRUS-

P, a new test bench was constructed at the University of Texas, Austin. To avoid

the difficulties due to chromatic aberration inherent to lens-based optical systems,

particularly below 400 nm, our test bench employs mirrors to collimate the light and

re-image the input pinhole onto the fiber. A schematic of the test bench is given in
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Figure 5.5. Numbers in parentheses following the description given below refer to

the optical elements as referenced in the figure.

The light source is from Oriel and uses a low-ozone deuterium OSRAM XBO

bulb (1). To remove the strong non-uniformities of the source profile shape, the light

passes through two fused silica lambertian diffusers (2). After an irising baffle, the

filters follow (3).5 The light is filtered with a set of 10 narrow-band (FWHM: 10 nm)

interference filters (CVI Laser) with central wavelengths of 337, 350, 365, 380, 400,

420, 450, 500, 550 and 600 nm. A 10 degree forward scattering holographic diffuser

(4) follows the filter and then a second baffle. The light is then focused onto the

entrance pinhole (6) with a fused silica singlet (5). The pinhole is interchangeable

with two different sizes used for either FRD or transmission measurements. The

magnification of the system, set by the two collimating mirrors, is 0.23. Thus,

a 400 µm pinhole images to 96 µm at the test bench focus and is used for all

transmission measurements. For our FRD measurements a 1000 µm pinhole is used.

This size pinhole images to 230 µm and assures complete illumination over the face

of the 200 µm fibers tested.

After the light exits the pinhole, it is caught by the first of two cylindrical

45-degree pickoff mirrors (7) mounted to a fused silica window and sent to the first

mirror (D:76.2 mm f:406.4 mm) (8). Collimation of the system is made by adjusting

the position of the entrance pinhole, which is slaved to the lens. The collimated

5Although placement of the interference filters in uncollimated light introduces a slight wave-
length shift from the filter’s central wavelength this choice was necessary; each filter is slightly
wedge shaped, leading to shifts in the position of the output spot when the filter is placed in the
collimated beam. Although the shifts are small (30 to 100 µm) this is enough to make efficient and
repeatable coupling into the fibers very difficult, necessitating this move.
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Figure 5.5 A schematic of the test bench. The use of mirrors over achromat lenses

allows us to test over our entire wavelength range of 337 nm to 600 nm without
refocusing. The image quality of the system is good at all wavelengths as evidenced
by the sharp input spots at all wavelengths.
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Figure 5.6 In the foreground of this image the IFU input head is shown mounted
to its XYZ translation stage. On the left side of this image one sees both pickoff

mirrors and the aperture stop of the system (elements 7, 9 and 10 in Figure 5.5).
The second mirror (11) is just out of the frame.
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Figure 5.7 An image showing another view of the aperture stop, second pickoff

mirror and IFU head mounting stage.

Figure 5.8 A far field image of the input (left) and output (right) spot taken with
the 400 µm pinhole. The central obscuration, defined by the pickoff mirrors, is very

sharp in the input spot, with its peak-to-valley edge transition happening over a few
pixels.
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beam then passes back to the first window where the pick-off mirror (10 mm in

diameter) mimics the central obscuration of the Hobby-Eberly Telescope (HET).

As the VIRUS-P instrument employs a Schmidt camera, we are interested in the

FRD effects that send light into the central obscuration as well as out of the entrance

cone angle. After the beam passes through this window the aperture stop of the test

bench is set with an adjustable iris (9), and dictates the input f-ratio of the system.

The beam then passes through another fused silica window and is focused onto the

second pickoff mirror by another mirror (D: 50.8 mm, f:101.6 mm) (11). The light

is then sent to focus onto either the IFU, which is mounted to an XYZ translation

stage, or to the CCD camera. Coupling into the fibers is done visually and aided by

a microscope. An image of both the pickoff mirrors and the iris aperture is shown

in Figures 5.6 and 5.7. The input end of the IFU, attached to its translation stage,

is seen just to the right of the second pickoff mirror in the left-hand image. The

image quality of our test bench is good, delivering uniform and sharp images of the

pinhole and central obscuration. Figure 5.8 shows typical images of both the input

and output spot.

5.3.1 Alignment and Coupling Efficiency

Any non-orthogonality at the input end of the fiber between the optical and

fiber axes introduces artificial FRD. Therefore alignment of the translation stage

and IFU head to the optical axis of the test bench is critical. The initial alignment

of the test bench was done by feeding a laser back through the system and aligning

the return beam with the input beam. This allows us to determine orthogonality of
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the input beam to the IFU mounting plate to within ± 0.01 radians. This, however,

is not good enough. According to equation 5.1, taken from Avila (1988), a 0.01

radian error in the input angle, θ, at an input f-ratio of F/3.65, will introduce ∼ 7%

artificial FRD into our measurements.

F/#out =
F/#in

(1 + 2θF/#in)
(5.1)

To improve upon this alignment the following method was adopted. Small,

precise, tips and tilts are made to the input IFU head and images of the output

spots taken. By then plotting the EE as a function of radius for each tip or tilt,

a minimum in the FRD profile is located. These deviations can clearly be seen

in Figure 5.9. As each tip or tilt introduces a ∼ 0.002 radian deviation from the

current alignment, iterations with this technique lead to a FRD minimum having

≤ 1.5% artificial FRD. This method proves extremely repeatable and effective in

minimizing slight misalignments of the input beam and the fiber axis.

There is an aspect of Figure 5.9 that warrants consideration. Note the cross

over of the heavy line (deemed the best alignment) to the dotted lines. This is to

be expected; FRD scatters light not only outwards, but into the central obscuration

and gives rise to this characteristic cross over. The same cross over is also seen in

Figures 5.13 and 5.14. This is significant as the spread in our wavelength dependent

tests (Figure 5.12) do not exhibit this characteristic cross-over. It is this lack of

cross over, in part, that leads us to conclude FRD is wavelength independent down
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Figure 5.9 A plot of encircled energy as a function of radial position, used to confirm
the degree of orthogonality of the input spot to the fiber axis. This technique

achieves alignment to within ± 0.002 radians and was extremely repeatable over
several iterations. The details of this method are given in the text.

to 365 nm.6 A second test was conducted, confirming this result, the details of

which are given in §5.5.

Coupling efficiency is critical for accurate transmission measurements. This

is particularly important for our measurement method, which relies on visually

coupling the input spot into the fiber. To address this concern, we’ve explored

how far from best visual center our input spot can be before we begin to loose

coupling efficiency. Figure 5.10 shows our coupling efficiency remains near 100%

up to ± 30 µm from best visual center. At > 30 µm we see a drop in coupling

6We conducted FRD tests at 337 nm, yet due to the slight red leak in this filter the results fell
near those taken at 400 nm. Although the 337 nm data is not presented it also showed no evidence
for any FRD wavelength dependence, once the red leak was taken into account.
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Figure 5.10 A figure showing the accuracy achieved by visually centering the input

spot onto the fiber.

efficiency of 3 - 5%. As the repeatability of our measurements on the same fiber

is consistently better than 2%, we are confident the systematic errors due to our

method of coupling is minimal.

5.4 Testing Method

Both our transmission and focal ratio degradation measurements make use

of an APOGEE U-260 (512 x 512 20 µm/pixel) liquid-cooled CCD camera. Both

techniques described here are simple in concept and analysis, requiring only a pre-

cision translation stage, a CCD camera and a method for coupling light of a known

f-ratio into a fiber. The data is collected as FITS files with MAXIM-DL, and all

data reduction and analysis is completed with IDL routines written for the various

tasks.
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5.4.1 A Differential Method for Testing FRD

There are a variety of methods to test FRD in optical fibers. The method we

use is a variation on the relatively simple geometric analysis of the output spot size

when the separation between the output end of the fiber and the CCD are known.

The primary drawback of this method is that it requires precise knowledge of the

distance between the end of the fiber and the CCD. This becomes an overwhelming

challenge when attempting to make measurements on large numbers of fibers, or

when the fiber-to-CCD separation can not be accurately determined. To avoid this

difficulty, we make use of a simple, differential method that does not require any

knowledge of the separation between the CCD and the output end of the fiber. The

technique is described below.

The measurement of the f-ratio of a beam (either input or output) is made by

stepping the CCD camera in well-defined increments, in our case 1.27 mm (0.05′′),

and imaging the far field of the output spot. Then, by comparing the same encircled

energy radius at two camera positions, an estimate of the output f-ratio is made.

Each set of camera positions gives you an estimate of the f-ratio of the beam by tak-

ing the ratio of the camera translation distance to the change in spot size diameter

of equal EE values. Indeed, after the first two spot images are taken, yielding one

measurement, additional camera positions increase your total number of measure-

ments by n-1, where ’n’ is the number of camera positions for a given fiber. This

is accomplished by comparing step 1 to step 3, step 1 to step 4, and so on. Repeat

FRD measurements on the same fibers show this method to return very consistent

results (to within 2%) even when the measurements are separated by several weeks.
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5.4.2 The Transmission Testing Method

The transmission measurements presented in §5.6 are made by taking the

ratio of the total light exiting a fiber at a given wavelength to the total light entering

the fiber. To accomplish this, the IFU head translation stage is mounted on a sliding

stage allowing the entire assembly to move out of the optical path of the test bench.

The CCD camera is then set just beyond focus, and a 200 µm pinhole is set at focus

to block any stray light that would not make it into the 200 µm fiber. A set of five

frames at each wavelength (referred to as baseline images) are taken in the far field,

after the last baffling pinhole. Background frames are taken by blocking the light

at the entrance pinhole. After a set of 50 baseline frames is taken (5 × 10 filters)

the camera is repositioned to the output end of the fiber bundle and the IFU head

is translated back to the focus of the optical bench. A set of 2 to 3 fibers are then

tested at all 10 wavelengths, followed by another set of baseline frames. This entire

process takes approximately 1.5 hours.

The accuracy of this method relies, in part, on the stability of the light

source over this time period. Tests of the light source show it to be stable to rapid

fluctuations (on time scales of seconds to minutes) to below 1%. However, we do

find the source to have a gradual drift in intensity over a time period of ∼ 6 hours

with an amplitude of ∼ 7%. This is a sinusoidal fluctuation which is nearly linear

over the time duration between baseline exposures. We make a simple correction for

this effect by linearly interpolating, in time, between the two neighboring baseline

frames and the data frame. This allows us to determine the best baseline value to

use in our estimate of absolute transmission. As the quantum efficiency of our CCD
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is much lower in the UV, a wide range of integration times are required, ranging

from 0.3 seconds at 600 nm to 60 seconds at 337 nm. After the background frames

are subtracted from the data, the total counts on the chip are summed. As our

test bench is light tight and our background subtraction is excellent, including the

entire chip in the sum makes no discernible difference in the totals. As the spot

size takes up roughly half of the chip, flat-fielding is not required. This technique

has proven robust; repeated measurements on the same fibers, often separated by

months, returns transmission values to within ± 1.5% at all wavelengths.

5.5 The Focal Ratio Degradation Measurements

Figure 5.11 shows the results of a typical FRD measurement of one Polymicro

fiber at 600 nm. As our input f-ratio is fixed at F/3.65 for these tests we plot EE as a

function of output f-ratio for all the FRD plots shown. For reference, a vertical line at

F/3.65 and a horizontal line denoting 95% EE are plotted. The diamonds in Figure

5.11 plot the mean, after a minimax rejection of 1 point, of the 6 measurements

(shown as +’s). At 95% EE the output f-ratio for this fiber is F/3.63, corresponding

to an FRD value of 1.008.

In all, 24 fibers in VP2 were tested for FRD both before and after installation

of the AR cover plates and index matching gel. Although no figure is presented here,

we found a 5 - 7% improvement in FRD with the AR cover plates over measurements

made on the same fibers without the cover plates. This improvement in FRD with

installation of the cover plates was uniform across both wavelength and fiber type.

Of the 24 fibers tested in VP2, 10 of these were Polymicro FBP200/200/245 NA:0.22
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Figure 5.11 A plot showing a typical FRD measurement at 600 nm at our input beam
of F/3.65 for a Polymicro fiber in the VP2 IFU. The ’+’s mark the 6 measurements

yielded from the differential step measurement method described in §5.5. This
scatter is typical for the measurements at all wavelengths. The black diamonds are

the mean of the 6 values, after a min-max rejection of 1. These measurements were
taken with both cover plates and index-matching gel.
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Figure 5.12 A plot exploring the wavelength dependence of the 4 fiber types tested.

The ’+’s denote the mean value of the 10 Polymicro fibers tested in VP2 (i.e. the
diamonds in Figure 5.11). We’ve suppressed the majority of the data for visual

clarity. Although there appears to be a wavelength dependence, this is most likely
a systematic effect due to scattering off the the pickoff mirrors rather than FRD, as

discussed in the text.

fibers, the same type of fiber used in VP1. Plotted in Figure 5.12 is the mean output

f-ratios for all 10 Polymicro fibers in VP2. Here, the ’+’s denote measurements of

the mean value of each of the ten fibers (i.e. the diamonds in Figure 5.11).

Figure 5.12 summarizes the most significant finding of this work. Namely, we

find no evidence for an FRD wavelength dependence down to 365 nm (see footnote

in §5.3). Although a first glance at Figure 5.12 appears to show a wavelength de-

pendence on FRD, we believe this is a systematic effect, possibly due to wavelength
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Figure 5.13 The difference in FRD for 4 fiber types at 600 nm. Although only one
wavelength is plotted here, similar results were seen at 400 nm and 365 nm.
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Figure 5.14 Here we plot a comparison of VP1 and the Polymicro fibers in VP2 at

600 nm. Although VP2 is 3 times the length of VP1 it exhibits less FRD than VP1.
This is likely due to the difference in mounting and end polish between the two IFUs

as discussed in §5.2. Note that the range of the ordinate has been slightly altered.
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dependent scattering off the test bench pickoff mirrors. The evidence for a lack of

wavelength dependence on FRD is two-fold. As first discussed in §5.3, the compar-

ison plots of FRD should exhibit a cross over, as FRD scatters light both outwards

and into the central obscuration. This is not seen in Figure 5.12, even when we

consider lower EE values not shown in the plot. To confirm this result, a second

series of FRD tests were conducted at a slower input beam than F/3.65. If caused

by FRD the separation between the three lines in Figure 5.12 should increase, as

FRD in known to increase with slower input beams. We conducted FRD tests at

an input beam of ∼ F/6 and saw no increase in the separation at all wavelengths

tested. These two pieces of evidence lead us to conclude that if there is a wavelength

dependence on FRD it is an extremely weak one.

The same reduction and analysis was made on the other three types of fibers

in VP2 and on the shorter Polymicro fibers in VP1. Figure 5.13 shows the results

for all four fiber types in VP2. As in Figure 5.12 we have plotted the mean of all

the fibers tested, separated by fiber type. The solid line (orange in the electronic

version) in both Figure 5.12 and Figure 5.13 are identical. As the spread in the

results was very similar at all wavelengths tested for all fibers, we present only

the plot for 600 nm. The Polymicro fibers proved superior to the other 3 types of

fibers tested, with CeramOptec exhibiting the worst performance. However, despite

the differences seen in these fiber types, all 4 are well within the specification of

achieving 95% EE within an F/3.36 output beam.

Figure 5.14 compares the results of the Polymicro fibers in both VP1 (4.5 m)

and VP2 (15 m) at 600 nm. Interestingly, VP2 shows less FRD at all three wave-
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Figure 5.15 Data for all fibers tested for transmission before installation of the AR

cover plates and index-matching gel. The rise in transmission at 337 nm is due to
a red leak in that filter.

lengths than VP1. If FRD exhibits a length dependence, it is obscured at these

lengths by the effects of end polish and mounting technique.

5.6 The Transmission Measurements

Both VP1 and VP2 have AR cover plates installed at both the input and

output ends of the fiber bundle (Kelz et al., 2006a). In the case of VP2, we were

able to conduct transmission measurements both before and after installation of

the cover plates. Nineteen fibers were tested before installation of the cover plates

and 24 after installation. There are a number of significant outcomes of these tests.
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Figure 5.16 The mean for each of the four fiber types. The rise in transmission at

337 nm is due to a red leak in that filter.
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Figure 5.17 Data for all fibers tested for transmission after installation of the AR
cover plates and index-matching gel. Comparing these plots to Figures 5.15 and 5.16,

the strong absorption of the index-matching gel is clear. Also note the significant
improvement seen in the fractured fiber, denoted with a heavier line and stars. This
shows the clear benefits of end immersion.
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Figure 5.18 The mean of all fibers tested for transmission after installation of the
AR cover plates and index-matching gel. Comparing these plots to Figures 5.15

and 5.16, the strong absorption of the index-matching gel is clear. Also note the
significant improvement seen in the fractured fiber, denoted with a heavier line and
stars. This shows the clear benefits of end immersion.
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First, the overall transmission before installation of the AR cover plates is below

the theoretical values for the Polymicro FBP200/220/245 fibers by ∼ 4 - 6% at all

wavelengths. This is certainly due to end loss reflections. Despite this offset, the

overall shape of the transmission curve matches the theoretical values quite well.

In Figure 5.15 shows all of the fibers tested before installation of the cover plates

while Figure 5.16 shows the mean values for each of the four fiber types.7 Notable

in this result is the superior performance of the Polymicro fibers at all wavelengths,

particularly at 600 nm. Also of note is the unexpected rise at 337 nm- this is not

real, but the result of a red leak in this filter.

After installation of the two AR cover plates we see the expected improve-

ment over most of the wavelengths. However, we find that transmission is signif-

icantly down, beginning at 380 nm and decreasing by ∼ 10% at 337 nm. This

drop in the UV transmission is due to the index-matching gel (Dow Corning Q2-

3067). We are exploring alternatives to this gel as this substantial loss in the UV is

unacceptable.

5.7 Conclusions

We have presented the details of a new fiber optic test bench constructed

at the University of Texas, Austin, in order to conduct FRD and transmission

measurements on two prototype IFUs for the VIRUS-P integral field spectrograph.

Also included is a detailed description of a simple differential method of testing

7The lowest fiber in Figure 5.15 was not included in the calculation of the mean transmission
value. This fiber had a fracture in its output end. Replotted in Figures 5.17 and 5.18 (’*’ symbols),
note the significant improvement in overall transmission caused by the index-matching gel.
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FRD, and a method for ensuring orthogonal coupling into fibers to within ± 0.1

degrees.

All fibers tested performed well within the specifications of the instrument

design. For all fibers tested the average FRD (EE: 95%) over the wavelength range

of 365 nm to 600 nm is 1.02. There was no apparent wavelength dependence on

FRD over this range.

JDM would like to thank Stuart Barnes and Joshua Adams for many helpful

discussions in both the development of the test bench and analysis of the results.
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Chapter 6

The Influence of Motion and Stress on Optical Fibers

We report on extensive testing carried out on the optical fibers for the VIRUS

instrument. The primary result of this work explores how 10+ years of simulated

wear on a VIRUS fiber bundle affects both transmission and focal ratio degradation

(FRD) of the optical fibers. During the accelerated lifetime tests we continuously

monitored the fibers for signs of FRD. We find that transient FRD events were

common during the portions of the tests when motion was at telescope slew rates, but

dropped to negligible levels during rates of motion typical for science observation.

Tests of fiber transmission and FRD conducted both before and after the lifetime

tests reveal that while transmission values do not change over the 10+ years of

simulated wear, a clear increase in FRD is seen in all 18 fibers tested. This increase

in FRD is likely due to microfractures that develop over time from repeated flexure

of the fiber bundle, and stands in contrast to the transient FRD events that stem

from localized stress and subsequent modal diffusion of light within the fibers. There

was no measurable wavelength dependence on the increase in FRD over 350 nm to

600 nm. We also report on bend radius tests conducted on individual fibers and find

the 266 µm VIRUS fibers to be immune to bending-induced FRD at bend radii of

r ≥ 10 cm. Below this bend radius FRD increases slightly with decreasing radius.

Lastly, we give details of a degradation seen in the fiber bundle currently deployed
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on the Mitchell Spectrograph (formally VIRUS-P) at McDonald Observatory. The

degradation is shown to be caused by a localized shear in a select number of optical

fibers that leads to an explosive form of FRD. In a few fibers, the overall transmission

loss through the instrument can exceed 80%. These results are important for the

VIRUS instrument, and for both current and proposed instruments that make use

of optical fibers, particularly when the fibers are in continual motion during an

observation, or experience repeated mechanical stress during their deployment.

6.1 Introduction

First proposed for use in astronomical instrumentation by Angel et al. (1977)

optical fibers have revolutionized the field over the past 3 decades. This revolution

has come about due to the flexibility optical fibers offer in re-routing the light from

the telescope focal plane to a more convenient location. The gain for this technolog-

ical advance is clear as issues of instrument weight, size, stability, and temperature

control are made largely obsolete. However, this advantage comes at a cost as fibers

constitute an added element in the instrument’s optical path. Moreover, optical

fibers are not entirely stable light guides, and while their characteristics have been

studied in a comprehensive and systematic way by several groups (Ramsey, 1988;

Schmoll et al., 2003; Crause et al., 2008; Poppett & Allington-Smith, 2010b), little

work has been focused on their behavior during periods of motion and accumulated

stress, with notable and valuable exceptions (Craig et al., 1988; Clayton, 1989; Avila,

1998; Bryant et al., 2010; Haynes et al., 2011; Bryant et al., 2011). As both current

(Bershady et al., 2004; Kelz et al., 2004; Smith et al., 2004; Roth et al., 2005; Kelz
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et al., 2006b; Tuttle et al., 2008; Wilson et al., 2010) and proposed instrumentation

(e.g. Navarro et al., 2010; Saunders et al., 2010) is making heavy use of optical

fibers, with many instruments requiring repeated motion of the fiber optics, a clear

understanding of their properties under these conditions is needed.

Transmission and focal ratio degradation (FRD) are the two properties of

optical fibers that are generally of most interest for astronomical instrumentation.

Unlike transmission values, which are now routinely supplied by the fiber vendor

and, over a wide wavelength range, are generally repeatable in the lab, FRD mea-

surements are typically left to the individual groups responsible for the instrument.

This is in large part due to two related issues in quantifying FRD. One, due to

the low levels of light involved in measuring FRD, and the significant potential for

systematic errors introduced by the experimental set-up, accurate measurements

of FRD are challenging. Two, there is not one single source of FRD, but rather

several affects of fiber polishing, mounting, and on-telescope application that drive

the various causes of a divergent output light cone that we generally refer to under

the generic term of FRD (Haynes et al., 2011). However, despite these challenges,

several groups have quantified FRD via a number of different techniques (Ramsey,

1988; Craig et al., 1988; Schmoll et al., 1998; Avila, 1998; Carollo & Danziger, 1994;

Schmoll et al., 2003; Crause et al., 2008; Murphy et al., 2008; Haynes et al., 2008;

Brunner et al., 2010; Poppett & Allington-Smith, 2010a).

FRD is typically defined as any increase in the output angle (i.e output

f-ratio, hereafter f/out) of light when compared to the input angle. In an ideal

fiber, the input f/ratio (f/in) will be preserved through the fiber, with no rays being
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scattered to larger output angles. In this case, f/in = f/out and the fiber does not

suffer from FRD. For this work we broaden the definition of FRD to include the

scattering of rays to lower angles as well as higher ones. Another way to express

this modified definition of FRD is by saying that no FRD corresponds to no radial

scattering of the light injected into a fiber. We employ this modified definition of

FRD because VIRUS uses a Schmidt camera design (Hill et al., 2010). With such a

camera design, light thrown into the central obscuration (see Figure 6.2) can land on

the back of the CCD, leading to both loss of overall transmission and the possibility

of scattered light. Note that while there are multiple sources of FRD seen in our

various tests, we leave the majority of the discussion of the sources of FRD for

§6.6, and focus on its quantifiable effects. Therefore we will use the generic term

“FRD” throughout this work to mean any affect that leads to radial scattering of

light within a fiber.

In this work we report on tests performed on both individual fibers and fiber

bundles for use in the Visible Integral-field Replicable Unit Spectrograph (VIRUS)

(Hill et al., 2010). VIRUS is a fiber-fed spectrograph currently under construction

to carry out the Hobby Eberly Telescope Dark Energy eXperiment (HETDEX) (Hill

et al., 2008b). Composed of 75 integral field units (IFU), each ∼ 22 m long and

made of 448 optical fibers (Kelz et al., 2006a), VIRUS will employ the use of fiber

optics in astronomical instrumentation on a unprecedented scale. As the Hobby-

Eberly Telescope (HET) tracker is in continual motion during a science observation,

a clear understanding of both the behavior of fibers while in motion, and the effect

several years of motion have on the fiber properties, is essential.
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The outline of this paper is as follows. In §6.2 we provide an overview

of our experimental set-ups and method of analysis of FRD. Bend radius tests

conducted on 3 different fiber types are detailed in §6.3. Our main results are found

in §6.4, where we describe the lifetime fiber tests carried out on a single VIRUS

fiber bundle, and the changes we observed over the course of the tests. Then, in

§6.5, we report on a specific case for the current science IFU (often referred to as a

“fiber bundle” throughout this work) in use on the Mitchell Spectrograph (formally

VIRUS-P) (Hill et al., 2008a) where FRD in 18 fibers has increased over time, in

some cases substantially. In certain fibers the increase in FRD is extreme, leading

to a ≥ 80% drop in overall fiber transmission. In §6.6 we discuss the implications

each of these results has for the VIRUS instrument and other projects which employ

fibers, particularly if the fibers are mobile or experience repeated motions or localized

stress during their deployment.

6.2 Testing Methods

Our primary tests of transmission and FRD follow the method laid out in

Murphy et al. (2008; hereafter M08). We provide an overview of our test set-up and

method for measuring transmission and FRD here, leaving the interested reader to

reference M08 for further details. Since the work presented in M08 was conducted,

the test bench has been automated. During this modification process we improved

the diffusion of the input light source and removed the one lens (element #5 in

Figure 3 of M08) as other improvements to the test bench made this focusing lens

unnecessary. The layout of the rest of the test bench remains unchanged from M08,
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Figure 6.1 A schematic of the fiber optic test bench used for the transmission and

FRD measurements presented here. The primary optical elements are the same as
in Murphy et al. (2008; hereafter M08), with slight changes in the illumination

system. The arrows indicate the path of light through the test bench. The light
source (#1) is diffused down to achieve a very even illumination on the 700 µm

pinhole (#5) which sits at the focus of the first mirror (#7). The first of two 45◦

pickoff mirrors (#6) send the light from the pinhole to the first mirror where it comes

back collimated. An iris (#8) sets the input f-ratio, and a second mirror (#10) and
45◦ pickoff mirror (#9) focuses the light down onto the end of an individual fiber.
The final spot size we couple into the fiber is ∼ 170 µm, which slightly underfills

the 266 µm diameter fibers and is similar to a 1.0′′ point source for the VIRUS
instrument.
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Figure 6.2 Far-field image and cross-sectional profile of the input spot (left 2 figures)

coming from our fiber optic test bench. Shown in the right 2 images are similar
frames, but showing a typical output spot after the light has passed through an

optical fiber. The radial scattering of light to both higher and lower output angles,
which we define as FRD for this work, is clearly evident. An encircled energy (EE)

analysis of the far-field image at each of 7 discrete camera positions returns an
output focal ratio (f/out) measurement at 1% increments between an EE of 5% and
95%. These values are then used to reconstruct the output light cone and quantify

the FRD of a single fiber.
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and is shown in Figure 6.1. Two 45-degree pickoff mirrors (elements #6 and #9)

create a shadow at ∼ f/8 that mimics the secondary of a typical telescope. In

Figure 6.2 we show far-field images and cross-sectional profiles of the spot that the

test bench creates at its focus (left 2 images) and the output after the light has

passed the length of a fiber (right 2 images). The central obscuration created by the

pickoff mirrors has proven incredibly informative in our analysis of FRD as it allows

us to explore FRD effects that radially scatter light into the central obscuration. An

iris placed in the collimated light path (element #8) is used to set the f/in of the

test bench. A cone-style FRD analysis and transmission measurement are conducted

at 9 discrete wavelengths (∼ 10 nm FWHM) between 350 nm and 600 nm. This

method involves using the second mirror (element #10) to focus the collimated light

from the test bench onto the end of an individual fiber. The fiber is placed at the

focus of the second mirror and therefore sees a cone of light input at f/3.65. This

light is very similar to the light seen by the fibers on the telescope.

The first two frames in Figure 6.2 show a typical far-field image and cross-

sectional profile of the “input” spot (i.e. the cone of light the test bench creates and

that is coupled into an optical fiber). The input spot is used to both confirm the

input f-ratio of the fiber test bench and provide a “baseline” flux for the transmission

measurements. The light source is very stable (∼ 0.05% variation over several hours)

and therefore provides the reference point for our transmission measurements. The

right two frames in Figure 6.2 show a far-field image and cross-sectional profile for

the “output” spot (i.e. the light after it has passed the length of an optical fiber).

The central obscuration, simulating the secondary mirror of a typical telescope, is
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Figure 6.3 Encircled Energy (EE) as a function of f/out for three fibers from the
lifetime test fiber bundle showing a range of FRD. By plotting a wide range of EE

vs f/out (rather than quoting the f/out value at a single EE value) we are able to
map out the effects of FRD over the entire output spot. The vertical green line

marks our f/in value of f/3.65 while a second red line denotes the f/3.47 (95% EE)
tolerance for the VIRUS spectrograph. The light teal line plots the theoretical EE

vs. f/out in the case of no FRD; EE remains flat at 0% until the inner edge of
the central obscuration is hit, then climbs as r2, in accord with the increase in area
of the integrated circle that defines our EE, then flattens out again once at 100%

when the outer edge of the spot is reached. The solid blue line plots data from
a fiber exhibiting typical levels of FRD. The short-dashed green line shows more

FRD, yet with the predominant increase coming as faster rays (i.e. light scattered
outward). For the fiber plotted as a long-dash red line we see FRD scattering light

into both faster and slower rays (i.e. outward and into the central obscuration). A
critical point to note is the way in which the fiber exhibiting the worst FRD crosses

over the other fibers. This cross-over is characteristic of an increase in FRD, as
light is thrown into both the central obscuration and outer halo. Two of the three

fibers plotted do not meet the specification of 95% EE within f/3.47. However,
the lifetime test fiber bundle was not polished to specification and neither input or
output cover-plate and index-matching gel was installed for these tests.
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clear in all the output images, with some amount of FRD throwing light both into

the central obscuration and the outer halo. By stepping the camera over 7 small (4

mm), well controlled increments along the optical axis of the fiber, and capturing

images of the far-field at each camera step, we can map out the output light cone.

At each camera position we take a series of exposures and darks for each of the

9 interference filters. These frames, once referenced to the corresponding baseline

frame, provide 7 measurements of the transmission (one from each camera position)

at each of our 9 bandpasses.

In order to quantify the effect of FRD over the entire fiber profile we consider

the f/out at a wide range of EE, rather than quoting a single value (e.g. 95% EE).

The measure of FRD for a single fiber is accomplished by determining the radius, in

pixels, for a range of encircled energy (EE) values from 5% to 95%, in 1% increments,

for each of the 7 camera positions and 9 wavelengths. A line is fit through the 7

radius values at each EE value. This set of lines then defines the output angle of the

light from a single fiber for the 90 different EE values we’ve measured. By knowing

the camera step size and physical CCD pixel size we can determine the f/out, in

absolute terms, and thus the FRD of the fiber. Figure 6.3 shows an example of this

analysis for three fibers in the fiber bundle used for the lifetime tests (see §6.4),

and plots EE against f/out for three fibers exhibiting various degrees of FRD. The

input f-ratio (f/3.65) is shown as a vertical line. The light teal line represents what

a fiber experiencing no FRD would look like. The solid blue line shows a fiber with

good FRD characteristics; there is a low level of light thrown into the center (as

exhibited by the lower values of EE at higher f/out), and less light thrown outwards
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(as seen in the steepness of the increase in EE at lower f/out). The short-dash green

fiber shows a slight worsening of FRD, primarily in the outer halo. The long-dash

red fiber shows significant FRD, with elevated levels of light both in the central

obscuration and the outer halo. Figure 6.3 reveals an interesting effect of a well-

studied phenomena of optical fibers. Rays incident on a fiber at higher f/in suffer

from higher FRD (e.g. Ramsey, 1988; Poppett & Allington-Smith, 2010b). As the

rays near the central obscuration are incident at higher f/in (∼ f/8) than those near

the outer edge of the input spot (∼ f/3.6), they suffer from more FRD than those

near the edge of the input spot. Therefore, the severity of the FRD experienced by

a ray is a function of it’s incident angle, which changes smoothly from the center of

the input spot to the outer edges. If the strength of the FRD on the central rays is

not strong enough to send the light entirely outside f/3.65, you should expect to see

a piling-up effect of the light in the output spot. We see such an effect, as evidenced

by the blue FRD vs. EE curve being steeper between ∼ f/5 to ∼ f/3.5 than the

curve showing the theoretical light profile of a fiber experiencing no FRD. You can

also see this effect directly, although not in a quantified way, by visually inspecting

the far-field images of the output spots (Figure 6.2).

6.3 Bend Radius Tests

In order to set a fiber bend radius limit for the VIRUS instrument we con-

ducted a series of tests to explore the influence of fiber bending on FRD. Three

different fiber types were tested: CeramOptec UV265-292P-320, Fibertech AS266-

292UVPI-318 and F & T 266-292. The three, 10 m length fibers were inserted into
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Figure 6.4 Top: EE vs f/out for 6 bend radii tested on a single fiber (Fibertech

AS266/292UVPI/318). The tests were performed on single ∼ 6 m fibers, mounted
in standard ferrules at both ends, and polished by hand. A single loop was placed
at the midpoint of the fiber. No measurable increase in FRD occurs between the

no bend, 15 cm, and 10 cm bend radii. At the bend radii of 5 cm and 3 cm a small
increase in FRD is seen, yet only into the central obscuration. We believe this light

comes from the slower (∼ f/8) rays near the central obscuration which are more
prone to being scattered by stress-induced modal diffusion. At rbend = 1.5 cm a

further increase in FRD is observed, this time with scattering observed into both
the central obscuration and the outer halo. The inset in the upper-right shows a

close-up of the cross-over of the EE vs. f/out lines characteristic of FRD. Bottom:
Cross-sectional profiles of the far-field images for all 6 bend radii. Note that not only

does bending-induced FRD scatter rays into the outer halo and central obscuration,
but generally smooths the cross-sectional profile. The two insets show a closeup of
the outer halo and central obscuration.
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furcation tubing, mounted with standard SMA905 fiber connectors, then both ends

were polished by hand and tested for their bend radius characteristics. First, each

fiber was tested twice for FRD without any bends in the fiber, once through each

end of the fiber. Then, the fiber was laid flat on a table, with a single loop placed

into the center of the fiber. Care was taken not to add any extra twists into the fiber

when making the loop. The fiber was then tested for FRD at increasing bend radii

from r = 15 cm to r = 1.5 cm. The fiber was then retested in the same manner, yet

coupling light into the other end of the fiber.

As the results for all three fibers are very similar, we have plotted the results

from just the Fibertech fiber in Figure 6.4. Note the high quality of the end polish

achieved for these tests as evidenced by the very low level of light in the central

obscuration (Figure 6.4, right). The effect of FRD with bend radius is subtle, yet

clearly evident. For the first three bend radii (none, 15 cm and 10 cm) there is no

measurable increase in FRD or change in the cross-sectional profile of the far-field

output spot. Then, at both 5 cm and 3 cm bend radii, we see the first evidence of

FRD, and note an interesting affect; FRD is evident in the central obscuration, but

not in the outer halo. This stems from the same affect described in the previous

section, with the ∼ f/8 rays near the central obscuration suffering from stronger

FRD. It is only when the bend radius reaches 1.5 cm that we see clear FRD into the

outer halo. It is also worth noting the mode mixing that occurs with bend radius,

as seen in the smoothing of the cross-sectional profiles, plotted to the right in Figure

6.4.
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Figure 6.5 Left: An image of the test platform used in the lifetime tests to simulate

the translation and rotation of the Prime Focus Instrument Package (PFIP), which
constitutes the secondary of the HET (see Figure 1 in Hill et al. (2010)). The fibers

and input light source, which gets mounted to the black, L-shaped support below
the platform, had not been installed when this image was taken. Center: An image

taken from below the test platform, looking up. The black dummy fiber bundles,
used to simulate the pressure and collective action of all the VIRUS fiber bundles

on the test bundle, have been installed and are supported at the first strain relief
(top-right in image). The test fiber bundle runs through the center of the dummy
fiber bundles and is therefore not visible in this image. Right: An image taken at

the output end of the fiber bundle, as the fibers break out of the fiber conduit and
before they are arrayed into the output slits (see the central image of Figure 6 in

Hill et al. (2010)). The motion of the fibers relative to their protective conduit was
monitored in this fashion for the duration of the lifetime tests.

6.4 Lifetime Fiber Tests

There are two critical aspects of the VIRUS IFU performance we want to

understand and that were not explored in M08 or in other published work. First,

how do optical fibers behave while in motion, and do these effects depend on the rate

of fiber motion, if at all? This understanding is necessary for VIRUS as the HET

tracks its targets via motion of a suite of mirrors at prime focus (called the Prime

Focus Instrument Package, or PFIP). The VIRUS fiber input heads are connected
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to the PFIP and are thus subject to the motions required to both point and track

the telescope. The second question we seek to address is how do the properties of a

VIRUS fiber bundle change over time due to the accumulation of wear. In order to

explore these questions we simulated 10.2 years of wear (188.7 km of linear travel)

on a single VIRUS fiber bundle. The simulated motion was carried out between

February and May, 2011 on a test rig designed and built for this purpose. The

complete details of the test apparatus are given in Soukup et al. (2010). In Figure

6.5 we show pictures of the final test configuration (left two images) and a single

frame (right) from a camera placed to monitor the motion of the optical fibers

relative to their protective conduit.

To briefly summarize the test apparatus, the test platform is moved by 6

actuators, allowing linear motion in X, Y and rotation (rho). The range of travel

is designed to simulate the motion the fibers will experience from the PFIP. A

lower stage provides motion at the bottom half of the fiber bundle to simulate the

motion coming from the telescope tracking (see Figures 6 and 8 in Soukup et al.

(2010)). Three distinct “tracks” were run, simulating a range of observation tracks

that HETDEX will take on the sky. A wide range of track rates were explored, yet

all fall into one of three categories: “quiescent”, “observation”, and “slew”. For the

quiescent stage, all motion is stopped and affords a reference for the tests. In the

observation mode, the fibers are moved at typical telescope tracking rates (0.77 to

1.3 mm/sec) in order to explore the affect of fiber motion on our science frames.

Lastly, slew mode covers the fastest rates of motion on the HET, similar to typical

telescope slew rates. A wider range in the rate of motion was explored in this mode
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Figure 6.6 Left: A typical far-field frame from the lifetime tests showing the output
from ∼ 150 fibers. As described in §6.4.1, frame-by-frame division of neighboring

images is used to both identify and quantify the transient FRD events seen during
the lifetime tests. Right: A frame after division by its neighbor. Low level, transient

FRD events in a few fibers are evident as rings that deviate from 1.0. See Figures 6.7
and 6.8 and the text in §6.4.1 for further details on how we quantify this transient
FRD effect.

(24.3 to 140 mm/sec), yet as the results were quantitatively similar, they have been

included in the same designation. In order to reach the goal of 10 years of simulated

life within ∼ 4 months, the majority of the lifetime tests were run in the slew mode.

As the current VIRUS calibration plan makes use of the ∼ 90 second rewind of the

telescope for capturing arc and flat field frames, a clear understanding of the fiber

behavior during the slew mode is also critical to the HETDEX project.

6.4.1 Methods

For the lifetime tests we wanted to capture potential changes in the fiber

behavior taking place on short timescales (5 to 30 seconds) and do so over a large
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number of fibers simultaneously. Yet the tests described in M08 and outlined in

§6.3 are carried out on individual fibers, with a complete set of transmission and

FRD tests taking ∼ 1 hour. To achieve the goal of sampling both a large number

of fibers and doing it at a rapid cadence we took an heuristic approach to the

problem, which we describe here. We start by coupling a collimated beam of light

into the input end of the fibers at a controlled angle. Then, by relying on the

azimuthal scrambling of light within a fiber, we simulate a full light cone at an

input f-ratio of f/3.65. This approach allows us to couple light into all the fibers

simultaneously, and is conceptually similar to laser-based tests for FRD (Haynes

et al., 2008). The collimated light is filtered with a broad (∼ 100 Å) bandpass filter

centered at 500 nm. We then use a 3k × 3k CCD to image the far-field output of

a large set of fibers (∼ 150) simultaneously. These frames are taken at a cadence

of a single, 1 second exposure every 5 to 30 seconds, depending on the tests being

run. Approximately 250,000 frames were collected over the duration of the lifetime

tests. The left-hand image in Figure 6.6 gives an example of a typical frame taken

during testing showing the far-field light of ∼ 150 fibers. Clearly the light from

neighboring fibers is confused with the light from other fibers. To overcome this

confusion we employ a differential measurement, wherein frame-by-frame division is

used to detect transient FRD events; by analyzing each divided frame for deviations

from 1.0, and doing so for a large number of frames over a long baseline, we are able

to determine both the severity of the FRD events and how the events are correlated

to the motion of the test platform. An example of a single divided frame is shown

to the right in Figure 6.6. For each frame, information on the platform position (X,
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Figure 6.7 Left: A divided frame from a slew rate of travel and showing evidence for
weak, transient FRD events in several fibers. Each faint circle, visible only in the

divided frame, indicates a single fiber that is experiencing some level of transient
FRD, likely due to a temporary localized shear. The horizontal rectangles indicate

the regions of the frame that are median-combined along the Y-direction, then
plotted to quantify the severity of FRD. Right: A plot of the median-combined

frame cross-sections for 400 divided frames. The two regions are both centered
around 1.00 but have been offset by ±0.01 in the figure for visual clarity. The

horizontal black lines indicate the ±0.003 thresholds used to quantify the severity-
of-event (SOE) parameter as described in the text.

Y and rho), the lower stage position, and both temperature and humidity at two

locations, near the input and output ends of the fiber bundle, were recorded. No

measurable affect from humidity was seen, so we do not discuss it further. Plots

of the various parameters against one another (see §6.4.2.2) allows us to explore

correlations and better understand the causes of the transient FRD events.

In order to quantify the transient FRD events seen in the lifetime tests, two

regions from each set of divided frames are selected for analysis. These two regions

are then median combined along the Y-direction and plotted as a cross-section

through the frame division. Figures 6.7 and 6.8 show examples of this process for a
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Figure 6.8 Left: A divided frame, same as in Figure 6.7 but for a quiescent period
of the testing. Right: The cross-sections of 400 divided frames. None of these

400 frames show any evidence for transient FRD. During observation rates, the
level of FRD events were extremely low and very similar to the frames shown here.

See Figures 6.20 and 6.21 in the Appendix for the SOE results of a track run at
observation rates.

slew and quiescent period of the testing, respectively. The left-hand frame in Figures

6.7 and 6.8 show a single divided frame, with the regions selected for analysis shown

as green rectangles in Figure 6.7; the cross-sections of those regions are plotted to the

right. The divided cross-section values are centered around 1.0 yet have been offset

in the plot by ±0.01 for visual clarity. Note that although we have shown a single,

divided frame to the left in these figures, the cross-sections of 400 divided frames are

plotted in the frames to the right. The evidence for transient FRD is clearly seen

in the cross-sections plotted in Figure 6.7. A threshold is then set for deviations

from 1.0. This threshold was set to ±0.003 and is plotted as horizontal black lines

in the cross-sectional plots in Figures 6.7 and 6.8. Although the threshold value

is somewhat arbitrary, we are making a differential measurement and so the exact

threshold value chosen is not important. Once this threshold is set, we simply count
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up the number of pixels that fall outside our ±0.003 threshold in the cross-sectional

cut of a given divided frame. The more counts that fall outside the threshold, the

more severe the FRD is for a given frame. We will refer to this number as the

severity-of-event (SOE) value. The SOE value is, admittedly, a crude measure in

that it lumps different scenarios under a single value. For example, one could have

low-level FRD in many fibers, or extreme FRD in a single fiber, yet calculate the

same SOE value. However, from inspection of many of the individual frames, and

as evidenced in the cross-section plot of Figure 6.7, the typical case is that the FRD

events are localized to a select number of fibers that get repeatedly affected.

6.4.2 Lifetime Test Result Summary

The fiber lifetime tests revealed a number of interesting results on the behav-

ior of optical fibers, both while in motion and the effect of accumulated wear. We

summarize our primary results here, with the details given in §6.4.2.1, §6.4.2.2 and

§6.4.2.3: (1) The fiber bundle went through a period of rapid settling. The outer

conduit stretched by ∼ 4 cm over the first 4 days. After this period of settling, the

excess conduit length was taken up by an adjustment made at the output slit (see

the right-hand image in Figure 6.5). Further settling was minimal over the remain-

der of the tests, with another 0.3 cm of movement occurring over the subsequent

∼ 10 days, and none over the final 3+ months of the tests. (2) Six fibers broke over

the 10+ years of simulated wear. Two of the six broken fibers were initially weak

and were likely already damaged at the start of the tests. Therefore, the loss of 6

fibers over this time period is considered an upper-limit. (3) The motion of fibers
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Figure 6.9 Schematics of the input head for a VIRUS fiber bundle. The 448 optical

fibers are surrounded by a Teflon fiber bundle sleeve to reduce friction and minimize
wear with the optical fiber conduit. A cross-section of the fiber bundle input head

is shown to the right.

at slew rates led to transient FRD events that tended to cluster around specific

locations along a track. The location of the clustering was dependent on the track

being run, with certain tracks showing a bimodal distribution, and one a trimodal

distribution in the location of the FRD events. We believe these transient FRD

events are due to localized stress and subsequent mircobending in a select number

of fibers. (4) Transient FRD events for slew rates were common, but at a low level

(≤ 1.0%), and drop to effectively zero when the tracks are run at observation rates.

(5) Although no loss in overall fiber transmission was seen over the lifetime tests,

clear evidence for a permanent increase in FRD was seen in all 18 fibers tested both

before and after the lifetime tests.

6.4.2.1 Fiber Settling And Breakage

The motion of the optical fibers relative to their protective conduit was

monitored during the lifetime tests in order to measure the amount of settling we
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can expect in the VIRUS fiber bundles. Excessive settling of the fibers relative to

their conduit can lead to fiber tension and, in extreme cases, fiber breakage. To

understand how the fiber bundle will settle, the position of the fibers relative to

their conduit was monitored at the point where the fibers break out of the conduit

and enter the output slit assembly (see the central image of Figure 6 in Hill et al.

(2010)). The monitoring was done with a machine vision camera mounted just above

where the fibers enter the slit assembly. An example of one frame used to monitor

fiber motion is seen in the right-hand image in Figure 6.5.

The fiber bundle experienced some early and rapid settling, with ∼ 4 cm

of fiber being drawn into the conduit as the conduit settled and lengthened. This

settling took place within the first ∼ 4 days of testing. The output slit assembly

connects to the conduit via an adjustable tail-piece. We therefore adjusted the tail-

piece to take up the excess conduit length and continued to monitor fiber motion.

The fibers settled another ∼ 0.3 cm over the next 2 weeks. After that, no measurable

motion of the fibers was observed over the remainder of the 3+ months of the lifetime

tests.

Over the duration of the lifetime tests 6 fibers broke. Initially the test fiber

bundle was fabricated with an input head at both ends. Figure 6.9 shows a schematic

of the input head. This configuration was initially chosen so that all 448 fibers could

be monitored with a single CCD camera during the tests. However, we later elected

to change this design to better match the final arrangement of the fibers at the

output slit. During the reconfiguration of the fiber bundle and re-polish, several of

the fibers were broken. This didn’t impact our test results, yet may have influenced
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the number of fibers that broke during the lifetime tests, as 2 of the 6 fibers that

broke were noticeably weak in transmission at the start of the tests. We therefore

conclude that the breakage of 6 fibers from wear over 10 years is an upper limit for

the VIRUS instrument.

6.4.2.2 Fiber Motion And Transient FRD

With an SOE value attached to each set of divided frames (as described in

§6.4.1) we can plot the various parameters, both against the SOE values and against

one another. This proves extremely informative as we are then able to determine at

which positions the transient FRD events are most common, and, with thousands

of repeat measurements, begin to see subtle trends in the data. Figures 6.10 and

6.11 show the effects of motion on the fibers during the lifetime tests. In Figure

6.10, the SOE value is plotted against 6 different parameters in order to map out

where the transient FRD events are the most severe. The top two rows in Figure

6.10 plot the position of the test platform (X, Y, rho) and lower stage against the

SOE number. The lower row plots temperature at the output slit (left) and the

input head (right). Nearly 20,000 frames are plotted here, all taken in slew mode

and spanning just over 5 days. In Figure 6.11 the same data set is shown, only

with the various motion parameters plotted against one another in order to show

correlations. The color indicates the SOE value, with black being an SOE value of

0 and red being the highest value seen in Figure 6.10. For this track it is clear that

the FRD events that drive the SOE number to higher values occur at two locations

along the track. In the Appendix (Figures 6.18 to 6.23) we show similar figures for
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a subset of different tracks and rates run during the lifetime tests, including tests

run at observation rates (Figures 6.20 and 6.21).

In all 3 slew tracks, the high SOE values ranged from ∼ 300 to over 400,

yet the transient FRD effects dropped to nearly zero for the same tracks when run

in the observation mode. Clearly the speed at which the fiber bundle is moving,

rather than the track itself, is what drives the transient FRD events. This begs the

question, if the transient FRD events are caused by short-term, localized stress, as

we hypothesize, then why do the fibers that exhibit FRD at certain locations along

the track not exhibit that same FRD at the slower observation rates? A difference

in frame sampling cannot explain this, as we have compared frames over a range

of different time cadences (e.g. a frame is divided by frames other than its nearest

neighbor).

We believe the difference between the slew and observation rates is due to a

difference in settling time; at slew rates the fibers do not have a chance to smoothly

settle. This leads to regions of temporary, localized stress. Based on the cross-

section plot in Figure 6.7 it is clear that a relatively small number of fibers are

being affected repeatedly. Along certain points in the track these fibers experience

localized pressure as they roll over one another. In the slew track rate, the fibers

don’t have time to alleviate the pressure between the fibers, leading to low-level,

transient FRD. In the observation mode, the rate is slow enough to allow proper

fiber settling and the localized points of stress are avoided.
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Figure 6.10 The severity-of-event (SOE) value, as described in the text, plotted
against various parameters for the Dec 65 track. Several thousand frames (18,774),

taken over several days, are plotted. The top two figures plot the X and Y position
of the test platform. In the center two figures we plot the rotation (rho) of the

test platform and the position of the lower stage. The lower two figures plot the
temperature taken at two locations; lower-left is the temperature near the output

slit and lower-right plots the temperature at the test platform where the light is
coupled into the fibers. It is clear that FRD increases at the limits of the tracks,

particularly the Y position. Due to the large number of frames plotted, we are able
to sample the entire phase space of the test platform many times over many days.

This allows us to see subtle trends in the data, such as the increase in FRD with
relatively small increases in temperature. We see a weaker trend with temperature
for the Dec 38 track (Figure 6.18) but not for the Dec 60 track (Figure 6.22), and

so the conclusion that FRD increases with temperature is a tentative one.
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Figure 6.11 The 4 position parameters (X, Y, rho, lower stage) plotted against one
another in order to better understand the correlations between the positions of the

test platform and the transient FRD seen in the lifetime tests. The SOE value is
indicated by color, ranging from zero (plotted as black) to the highest SOE values

(plotted as light green to red). There are two primary sections along the path
(both turnaround points for the Y motion) where FRD events are seen to increase.

Figures 6.19, 6.21 and 6.23 plot the results for 3 different tracks and rates in the
same manner as shown here.
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Figure 6.12 Transmission values at 9 discrete wavelengths (∼ 10 nm FWHM) for
a set of 18 fibers tested before the lifetime tests. The baseline frames needed to

determine fiber transmission were corrupted for 7 of the 25 fibers tested before the
lifetime tests. Therefore, only FRD measurements could be made for these fibers.

The transmission tests were conducted without cover-plates or indexing matching
gel. Based on results in M08, we expect the transmission values to increase by ∼ 4%

at all wavelengths once the cover-plates and index-matching gel are installed.
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Figure 6.13 EE vs. f/out, similar to Figure 6.3, but for all 25 fibers tested before the
lifetime tests. Even without the installation of the cover-plates, and the generally

low quality of final polish on the test fiber bundle, 22 of the 25 fibers meet the
specification for VIRUS (f/3.47 at 95% EE). The fiber showing low transmission

(dashed line) in the left figure clearly exhibits the worst FRD of all fibers tested.
Note the bimodal distribution in the FRD values. The input head had a large

section near one side that showed a visibly worse polish. This bimodal distribution
is directly correlated with the region of poor polish and the location of the fibers at
the input head, and reveals the influence that fiber end preparation has on FRD.

In Figure 6.15a we plot a subset of these fibers retested after the lifetime tests.
Interestingly, the affect poor fiber polish has on FRD has been washed out by the

general increase in FRD due to the accumulated wear of the lifetime tests.
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Figure 6.14 A comparison of the transmission of 18 fibers tested both before (solid,
black lines) and after (dashed, gray lines) the lifetime tests. The uncertainties

shown indicate the full scatter from 7 repeat measurements over a period of ∼ 1
hour. After suppressing the clearly weak fiber, the average of the remaining 17

fibers is calculated at each wavelength and plotted as the heavy solid (yellow) line
and heavy dashed (red) line for the before and after transmission values, respectively.

The uncertainties plotted for the averages are the standard deviation of the 17 fiber
values. No change in the overall fiber transmission is seen from the 10+ years of

simulated wear
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6.4.2.3 Before and After Tests

Before the lifetime tests were carried out, the test fiber bundle was charac-

terized for both transmission and FRD. Twenty-five fibers were tested before the

lifetime tests and 18 of those same fibers were re-tested after. In Figures 6.12 and

6.13 we plot both the transmission and FRD results for the 25 fibers tested before

the lifetime tests. As we wanted to observe unmitigated fiber FRD, the input and

output lens and index-matching gel were not installed. As previously shown (com-

pare Figures 10 and 11 in M08) the index-matching gel and cover-plates are expected

to boost the transmission values by ∼ 4% at all wavelengths. Also, the input end

surface polish on the test fiber bundle was below specification. Therefore, we expect

the FRD and transmission values shown in Figures 6.12 and 6.13 to improve for the

final VIRUS science fiber bundles.

Figure 6.14 plots fiber transmission from both before and after the lifetime

tests. After rejecting the fiber that shows very low transmission, we calculate and

plot the average of the before (solid, yellow) and after (dashed, red) data. We find

no measurable change in the transmission of the VIRUS fibers, at any wavelength,

over the 10+ years of simulated wear. Because we count all photons that pass

through the fiber, and are not concerned with the effects of FRD, the transmission

values before and after the test agree remarkably well, despite the clear increase in

FRD seen.

In Figure 6.15 we plot the primary results of our FRD measurements taken

before and after the lifetime tests. A second major finding of the lifetime tests is that

we see clear evidence for increased FRD in all 18 fibers re-tested at the conclusion

225



Figure 6.15 A figure comparing the FRD measured from before and after the lifetime

tests. As we find no dependence of FRD on wavelength (see plot ’d’) we show only
the results at 480 nm in plots ’a’, ’b’ and ’c’. (a) FRD values for all 25 fibers

tested before the lifetime tests are plotted as solid blue lines. The 18 fibers tested
after the lifetime tests are plotted as dashed red lines. The increase in FRD from

the accumulated wear of the lifetime tests is clearly evident. Note that the bimodal
distribution of FRD seen before the lifetime tests (as discussed in Figure 6.13) has

been washed out by the increase in FRD stemming from the accumulation of wear.
(b) The FRD of 3 fibers selected for closer examination. Each color represents a

different fiber, with solid lines indicating the values measured before the tests, and
dashed lines indicating the values measured after the lifetime tests. Comparing
the before and after values, all three fibers show increased FRD, yet the way the

FRD manifests is different. For the red fiber, the majority of FRD occurs in the
outer halo. This is the opposite for the blue fiber, where the predominant increase

in FRD is seen in the central obscuration. The light green line shows a balance
between light lost into both the center and the outer halo. (c) The average of 17

fibers tested before (solid blue) and after (dashed red) the lifetime tests. The inner
vertical line shows the approximate extent of the shadow of the PFIP. Light within

this region (i.e. higher f/out numbers) is lost onto the back of the CCD. A line
indicating the f/3.47 acceptance f-ratio for VIRUS is also shown. The increase in

FRD is clear. (d) A figure plotting the average (as in (c)) of all 9 wavelengths tested
both before (solid) and after (dashed) the lifetime tests. The colors run from blue

(350 nm) to red (600 nm); with no evidence of a wavelength dependence on FRD,
either before or after the lifetime tests, the lines are all on top of one another and,
therefore, not visibly discernible.

226



of the lifetime tests. Although the total transmission of the fibers was unaffected,

an increased level of light was seen in both the central obscuration and outer halo.

This is best seen in Figure 6.15c where we have plotted the average of 17 of the

18 fibers tested both before and after the tests; the fiber exhibiting extremely poor

FRD was withheld. The FRD curve taken after the lifetime tests (dashed, red line)

clearly shows more light lost to the central obscuration and the outer halo. The

increase in FRD was seen at the same level at all 9 wavelengths tested, as seen in

Figure 6.15d. The before (solid) and after (dashed) curves for all 9 wavelengths are

overplotted from blue to red and are nearly identical. We refer the reader to the

caption of Figure 6.15 for a complete description of the plots. Although the cause of

this rise in FRD is not known with certainty, we speculate it is due to an increase in

microfractures stemming from repetition of motion of the optical fibers. This type

of FRD stands in sharp contrast to the transient FRD events that are driven by

localized shear and that typically occur at the limits of the track range.

We can use these FRD measurements from before and after the lifetime tests

to make a crude estimate of the rate of transmission loss we expect to see in the

VIRUS instrument due to increased FRD. This estimate necessarily makes a number

of simplifying assumptions. First, we assume a circular central obscuration that does

not change. This is a simplification for two reasons. One, the pupil of the instrument

has both a wavelength and in-slit fiber position dependence; the location of the

CCD relative to the central obscuration within the instrument changes (Lee et al.,

2010). Two, the illumination pattern of the HET is also variable and changes over a

given track, so the light coupling into a fiber varies. Setting aside these complicating
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factors, we can estimate the percentage of light lost both into the central obscuration,

where light will be blocked by the CCD, and outside the acceptance f-ratio of VIRUS.

We estimate the light lost to the central obscuration at 2.7% over a 10 year life

span. The loss of light outside the acceptance f-ratio is greater and measures 5.8%.

Therefore, the total loss due to increased FRD over a 10 year lifespan is 8.5%. If we

make a further simplifying assumption of a linear increase in FRD over that time,

this gives a through-the-instrument transmission loss rate of 0.85% per year due to

increasing FRD effects.

6.5 Mitchell Spectrograph Fiber Bundle Degradation

The Mitchell Spectrograph (formally VIRUS-P) (Hill et al., 2008a) is an

integral-field spectrograph that has been in use on the Harlan J. Smith 2.7 m tele-

scope at McDonald Observatory for the past 6 years. The current fiber bundle,

VP2, has been the primary science bundle from Spring, 2008 to the present. VP2

is composed of 246 optical fibers, each with a 200 µm core diameter. Complete

transmission and FRD tests for VP2 can be found in M08. Here, we report on a

drop in overall fiber transmission in a select number of fibers seen in VP2. This

transmission drop is caused by severe FRD due to a localized shear in the affected

fibers that occurs near the input head of the fiber bundle, which is similar to the

design shown in Figure 6.9. Figure 6.16 plots the on-sky positions of all the fibers

in VP2. When the fiber bundle was first commissioned in Spring, 2008, all 246

of the optical fibers were within specification and performing well on sky (Murphy

et al., 2008). However, over time we have seen a drop in the transmission of the
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Figure 6.16 Left: An on-sky map of the VP2 fibers showing those fibers most affected
by FRD due to localized stress. The fibers are over-sized slightly in the figure for

display purposes. The colors indicate the approximate severity of the FRD and
subsequent loss of transmission. Yellow denotes a 5% to 20% loss, orange shows a

20% to 40% loss, and red indicates transmission loss ≥ 40%. Right: Cross-sectional
profiles of fiber transmission taken on October 2008 (solid, black line) and March

2011 (dashed, red line) from flat-field frames at ∼ 4500 Å. Tests at other wavelengths
return very similar results. The drop in transmission of individual fibers is clearly

evident. The symbols above specific fibers reference where they are located on the
IFU head in the left-hand figure. The vertical (green) lines locate the end of a
row of fibers. Note that these cross-sectional profiles include all losses through the

instrument. This includes central obscuration loss (onto the back of the CCD),
outer halo loss (outside the acceptance f-ratio of the instrument), and, for those

fibers with large losses, a suspected breakdown of total internal reflection within the
fiber.
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Figure 6.17 Far-field images of a single fiber in VP2 affected by FRD stemming from

localized shear at the input head of the IFU. The fiber shown here is denoted by the
triangle in Figure 6.16. The four frames shown come from different levels of twist

placed into the fiber bundle. Even in the most extreme case (upper-left), where the
central obscuration is entirely filled, the twist applied was a single “figure 8” put

into the bundle ∼ 10 m away from the input head. In the lower-right corner the
bundle has been fully relaxed and the FRD is substantially reduced.
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18 fibers highlighted in Figure 6.16. The colors in the left-hand plot of Figure 6.16

indicate the severity of the decrease as described in the figure caption. This drop

in transmission is seen clearly in the flat field cross-sectional profiles, shown to the

right in Figure 6.16, and can reach ≥ 85% in the worst cases.

The drop in fiber transmission was first noticed during an observing run in

December 2008. VP2 is 22 m long, yet the length needed for the Mitchell Spectro-

graph is just over 4 m. As the Mitchell Spectrograph is a prototype for the VIRUS

instrument, the extra fiber length was necessary for engineering runs on the HET

during the design of VIRUS. When the Mitchell Spectrograph is in operation on

the 2.7 m telescope, the extra length of VP2 was being taken up by a D ∼ 1 m coil

attached to the side of the instrument. With the discovery of the drop in transmis-

sion of the corner fibers in VP2, we speculated this was due to accumulated stress

in the fibers and subsequent FRD; due to the clear trend in the location of the

affected fibers, it was hypothesized that we were seeing an explosive form of FRD

in select fibers stemming from accumulated twists that propagate the length of the

fiber bundle and terminate at the input head. As the fibers are glued in place at the

input head, the twists can no longer propagate and a shear develops between a fiber

and its point of termination. Fibers at the outer edges of the input head take up

the majority of this transmitted shear and thus exhibit the highest FRD. The fiber

bundle was uncoiled and shaken out during an observing run in February 2009, and

the transmission of all affected fibers returned to normal.

VP2 was taken back to the lab where twist tests were conducted on the fiber

test bench. Figure 6.17 shows 4 far-field images of a single corner fiber (denoted
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with a triangle in Figure 6.16), with various levels of twist placed into the fiber

bundle. From these tests we confirm that the loss in transmission was an extreme

form of FRD due to localized shear at the input head, with light being lost into the

central obscuration and outer halo. Surprisingly, the test twists were placed into

the fiber bundle nearly 10 m away from the input head, and reveals how far fibers

can propagate stress before manifesting its results. It is very likely that, in the most

extreme cases, where overall transmission loss exceeds 40%, the localized shear is

causing loss of total internal reflection and thus significant light loss into the fiber

cladding. Regrettably, testing for loss of total internal reflection was not done while

VP2 was in the lab, so this hypothesis remains untested. We also note that, like the

FRD seen in the lifetime tests, we see no evidence for a dependence on wavelength

in the loss of transmission due to localized shear. In Poppett & Allington-Smith

(2007) they see a trend of increasing FRD with wavelength over the 450–700 nm

range of their tests. However, this trend is clear in their data at the slower f-ratios

of their tests (e.g. f/in ≥ 10), but is not readily apparent in their results at f/in ≤ 5,

which is the range for our tests.

Since the discovery of this FRD effect, the fiber bundle was re-routed on

the telescope to remove any loops. This change in routing alleviated the twisting

stress and returned the overall transmission of all affected fibers back to normal.

Fiber transmission, when not being affected by this stress-induced form of FRD,

has been shown to be very stable (Adams et al., 2011). However, over the course of

the past year, the transmission of these affected fibers has been declining. Attempts

at relieving the stress with manipulation and re-routing of the fiber bundle have
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failed, and the low transmission of the affected fibers is now permanent. We note

that the fiber routing for the Mitchell Spectrograph, even after the elimination of

the fiber coil, has numerous places where the bend radius is at or tighter than the

10 cm limit set for the VIRUS instrument. In §6.6 we give further discussion of the

implication of this transmission loss for VIRUS and other IFU fed spectrographs.

6.6 Discussion

We give a recap of the tests presented here, then discuss what implications

this work has for both the VIRUS instrument and other projects which employ fiber

optics that experience stress or motion during science observations or deployment.

In summary:

1) We find clear evidence for an increase in FRD due to the accumulation of wear

from repeated motion. Surprisingly, FRD due to poor fiber surface polish is effec-

tively washed out by this new FRD, which likely comes from microfractures formed

by repeated motion. This increase in FRD shows no dependence on wavelength.

Although FRD is found to increase with wear, no loss in overall transmission was

seen in the same fibers.

2) Fiber motion leads to low-level (≤ 1.0%), transient FRD events in a select number

of fibers. The rate necessary to manifest these FRD events is typical of a telescope at

a slew rate of travel (e.g. 40 to 120 mm/sec). When the fibers were moved at a rate

typical of a science observation (e.g. 0.8 to 1.3 mm/sec), the transient FRD events

dropped to a negligible level. These FRD events tended to cluster into bimodal or

trimodal distributions along the the limits of the telescope track where the stress
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on the fiber bundle was at a maximum.

3) Bend radius tests on the 266 µm core fibers showed no evidence for increased FRD

down to a r = 10 cm bend radius. From 5 cm ≥ r ≥ 3 cm, the fibers experienced

FRD for slower input f-ratios (∼ f/8) as evidenced by the increase in light thrown

into the central obscuration, but not the outer halo. By r = 1.5 cm, FRD increased

for both slow and fast (f/3.65) input f-ratios.

4) An explosive form of FRD has been seen in the current fiber bundle in use for

the Mitchell Spectrograph. Transmission in 18 fibers is affected, and stems from

localized stress at the input head. The FRD is causing light to scatter both into the

central obscuration and the outer halo. In the most severe cases, when transmission

loss exceeds 50%, loss of total internal reflection within the fiber is suspected.

It is instructive to review the causes of these various forms of FRD before

discussing the implications for the VIRUS instrument. We find evidence for all three

distinct forms of FRD as studied in Haynes et al. (2011). The first is end-surface

scattering, due to poor fiber polish. This can take the form of visual scratches and

pits, and also sub-surface damage from the polishing process. The evidence for this

form of FRD is best seen in Figure 6.13 where a clear bimodal distribution in the

FRD characteristics of the lifetime test fiber bundle is seen. The bimodal nature of

the FRD curves has an exact correlation with where on the input head the fiber is

located. A large region of the fiber head was polished to a lower level, and this is

directly reflected in the increased FRD measured of those fibers.

A second form of FRD were the transient events seen throughout the lifetime

tests. As the fibers were in motion at a rate of travel high enough to not allow
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for a smooth dissipation of regions of localized pressure, microbends develop and

lead to low levels of FRD. This is seen in the increased SOE values during the

accelerated sections of the tests, and most prominent at the limits of the tracks

where fiber bundle stress was likely the highest (see Figures 6.10 and 6.11 and in

the Appendix). While these FRD events in the lifetime tests were transient, we

also find that an accumulation of localized shear and subsequent microbends can

become permanent, as seen in the degradation of the VP2 fiber bundle in use on

the Mitchell Spectrograph.

The third form of FRD seen in these tests is evidenced by comparing the

FRD values from before and after the lifetime tests (see Figure 6.15). Although

we can not be certain, we believe this increase in FRD is due to microfractures

that have formed in the fibers from repeated motion. The FRD caused by repeated

flexure is permanent and washes out the FRD due to poor surface polish (see Figure

6.15a). Of these various sources of FRD, all but one is directly under the control

of the fiber bundle manufacturer. FRD induced by surface scattering is remedied

by higher quality end polish. The cross-sectional plots shown in Figure 6.4 give an

indication of how well a fiber can be polished. However, this was for a single fiber,

and an accurate, flat polish of the much larger surface area of typical fiber bundle

input head is more difficult to achieve than for the single fiber shown in Figure 6.4.

Perhaps the source of FRD most critical to the VIRUS instrument, and

astronomical instrumentation in general, is the FRD coming from localized shear

and subsequent microbending. The importance of understanding this form of FRD

becomes clear when one considers its variable nature. Although FRD due to surface
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scattering is not ideal, it is at least stable over time. Yet when FRD is variable,

calibrations become difficult to impossible, and systematic errors with flat-fielding

and extraction of on-chip fiber profiles can dominate your uncertainties. For the

VIRUS instrument, an understanding of these challenges, as discovered from the

VIRUS prototype, the bend radius tests, and the lifetime fiber tests, has led to

careful consideration in the design of the fiber routing for VIRUS. This includes a

bend-radius limit and the design of the three strain reliefs used to manage the fiber

bundles once deployed on the HET. The current calibration plan for the HETDEX

project involves collecting flat-field and arc lamp frames while slewing the telescope

to target the next field. The levels of transient FRD seen in the lifetime fiber

tests were quite low, typically ≤ 0.5% with a maximum rarely greater than 1.0%.

Whether this affects the calibrations at a detectable level will need to be explored

further, once VIRUS is on-sky.

A final lesson gleaned from the degradation seen in VP2 is both in the

initial design and packing fraction of the fiber bundle, and how the fiber bundles

are deployed. In VP2, the fiber packing fraction inside the fiber conduit is tight.

Allowing enough space, or providing a low-friction buffer, such as a Teflon tubing,

so that torsion placed on the fiber conduit does not pass directly to the fibers,

can mitigate the transfer of shear into the fibers. Yet perhaps more critical is how

the fiber bundles are deployed. The coiling of VP2 was certainly the source of the

initial problems seen with fiber transmission loss. Once the twists of the coiling were

released, the transmission returned to normal for ∼ 2 years. It is unclear what has

led to the permanent decline in these fibers (Figure 6.16), but as the transmission
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loss was previously shown to come from localized shear, it’s likely that the fibers

have worked themselves into a configuration that can not be undone by fiber bundle

manipulation and shaking. It is also not clear if the effect seen in VP2 is really a risk

for VIRUS, as the bundles will not experience the relatively sharp bends (r ≤ 10 cm)

found in the Mitchell Spectrograph, and the VIRUS IFUs will use a Teflon inner

lining. One possible solution for other IFU-based instruments would be to include

a row of dummy fibers along the outer edges of the IFU. As the twists that led to

explosive FRD in VP2 were placed ∼ 10 meters from the input head, the dummy

fibers would need to run the length of the fiber bundle. For the VIRUS instrument,

this was prohibited by space constraints at the IFU head, but could be implemented

on other IFU configurations for future instrumentation.
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Figure 6.18 The SOE values for the Dec 38 track in slew mode (rate = 140 mm/sec).
Symbols and axes are the same as Figure 6.10. There are 9,896 divided frames

plotted. Note that for this track, the height of the lower bench and the Y position
are synchronized, thus the clear trend of FRD events occurring at the extreme
positions of both the Y motion and lower stage. Further testing showed that most

of these events were driven by motion of the lower stage. Here we again see a trend
with temperature, although the trend is a weak one.
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Figure 6.19 The SOE values from Figure 6.18 plotted against the 4 motion param-

eters, X, Y, rho, and the lower bench height for the range of SOE values plotted
in Figure 6.18. Red plots high SOE values while black plots SOE values of zero.

See Figure 6.11 for a more complete description. Here we see that the Y and lower
stage motion is driving the FRD events, with the X and rho motion showing less

influence.
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Figure 6.20 The SOE values (1,321 divided frames) for the Dec 38 track in obser-
vation mode (rates of 0.77 to 1.3 mm/sec). Note the much smaller range of SOE
values plotted here.
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Figure 6.21 The SOE values plotted against the 4 parameters of motion as described

in Figure 6.11. The range of SOE values is significantly smaller (by a factor of
∼ 20×) than other tracks run in slew mode. Also note that the high SOE values are
scattered evenly along the entire track. This pattern is in marked contrast to the

tests in slew mode where FRD events are clearly clustered. The range of this track
was slightly altered from the other Dec 38 track (Figures 6.18 and 6.19) in order to

test the observation rate and a slew rate rewind (note the under-sampling in rho
during the rapid rewind period).
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Figure 6.22 SOE values for the Dec 60 track in slew mode. These 24,545 frames were

all taken at a rate of 105 mm/sec. Note that the SOE range plotted in this figure
has increased from 400 to 500. Here we see a trimodal distribution in the locations
of the most severe events. Also note that there is no clear trend with temperature

as seen in Figures 6.10 and 6.18.
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Figure 6.23 The SOE values plotted against the 4 parameters of motion as described

in Figure 6.11. Unlike the other two tracks (Dec 38 and Dec 65) run in slew mode,
we see a trimodal distribution in the locations of the most extreme FRD events.
These manifest at both the limits of X and Y, and also the central position of all 4

parameters.
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Appendix 1

The Reduction of IFU Data

1.1 Data Reduction

The reduction of integral field spectroscopy (IFS) data involves numerous

issues not faced in the reduction of traditional long-slit data (Barden & Wade, 1988;

Parry & Carrasco, 1990; Wyse & Gilmore, 1992; Barden et al., 1993; Lissandrini

et al., 1994; Watson et al., 1998). Each fiber exhibits its own character, with vari-

ations in spatial PSF, transmission and focal ratio degradation (Avila, 1988; Ram-

sey, 1988; Bershady et al., 2004; Murphy et al., 2008). Despite these complications,

many groups have developed robust and versatile pipelines for the reduction of IFS

data(Bacon et al., 2001; Zanichelli et al., 2005; Turner et al., 2006; Sánchez, 2006;

Sandin et al., 2010).

This paper is the first in a series and establishes our principle methods of

data reduction. For this reason we give a detailed description of each step in the

data reduction process. In the description below, the term “spectral” is used in

indicate the wavelength or X-direction on the CCD. The term “spatial” is used for

the cross-dispersion or Y-direction.
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Figure 1.1 An image of VIRUS-P data from a 20 minute central pointing on M87

(#3 in Figure 2.1) after all preliminary data reduction is complete. Just the central
∼ 90 fibers are shown. The inset shows a close-up of 11 fibers extracted over a 5

pixel-wide aperture. Residuals from the 5577 Å sky line subtraction can be seen
to the far right. The strong absorption feature seen on the far left is the G-band

(∼ 4310 Å rest frame). The weaker absorption band near the center, just to the left
of the small box, is Hβ (∼ 4860 Å) and the strong, wide feature towards the right

is the Mg b region (∼ 5167 to 5183 Å).
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Figure 1.2 Spectra from three of the 88 spatial bins located at r = 97.1′′, 189.2′′ and

238.0′′. The counts are a biweight combination of the CCD counts in ADU, after
sky subtraction, over 20 fibers, 72 fibers and 38 fibers respectively. The typical level

of the night sky is shown for comparison. The night sky subtracted from the most
distant pointing at r = 238′′ is ∼ 5 times brighter than the galaxy.
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1.1.1 Reduction Details

The preliminary data reduction uses Vaccine (Adams et al., 2010), an in-

house pipeline developed for reduction of VIRUS-P data. We give a full account of

the Vaccine data reduction steps here. First, the overscan and bias are subtracted

from all frames. The CCD is very clean, therefore no masking of bad pixels is

conducted. Next, the twilight flats and arc lamp frames are combined with the

biweight estimator (Beers et al., 1990). The biweight is used at several steps in the

reduction process.

Due to issues of instrumental alignment and the inherent limitations of all

optical elements, curvature in both the spatial and spectral directions on the CCD

is unavoidable. The curvature along the spatial direction is handled by allowing

each fiber to have its own wavelength solution. In order to correct for the curvature

along the spectral direction the twilight flats are used to locate the centers of each

fiber and determine the fiber trace. To accomplish this, a 21 pixel-wide boxcar is

run along a single fiber of the twilight flat in the spectral direction. The fiber profile

in the spatial direction is super-sampled with the boxcar and fit with a Gaussian

profile to determine the center of the fiber at each pixel step in the spectral direction.

This boxcar method effectively smooths over fiber spatial profile variation due to

solar absorption features and pixel-to-pixel flat-field variation while giving a robust

estimate of the location of the center of the Gaussian profile. As the curvature in

the spectral direction is not extreme (∼ ∆5 pixels from the center of the CCD to

the edge of the 2048× 2048 chip) a 21 pixel-wide boxcar smoothing is justified. The

location of the centers of all the Gaussian profiles for a single fiber are then fit with
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a 4th order polynomial. The polynomial fit becomes the trace of the fiber. The

steps described above are repeated for all 246 fibers.

Once the fiber trace is determined for all 246 fibers, the fiber profile is

extracted, fiber by fiber, over a 5 pixel-wide aperture. Figure 1.1 shows an image

of the central ∼ 90 fibers of a typical frame after extraction. As the fiber centroid

moves from one row of pixels to the next the 5 pixel extraction aperture follows.

By allowing the extraction aperture to make discrete steps between rows of pixels

we avoid interpolation of the data. There are two advantages to not resampling

the data at this step. First, we avoid introducing the correlated noise inherent

to interpolation and can therefore carry accurate pixel-to-pixel noise calculations

through the final step of the Vaccine reductions. This is helpful as a proper S/N

calculation is necessary for the Monte Carlo error estimations made later in the

reductions (§2.3.2). Second, interpolation can artificially broaden the spectra, and

while the dispersion of M87 is well above the instrumental dispersion for all our

pointings, this should not be assumed a priori.

The typical FWHM of a fiber profile along the spatial direction is ∼ 4 pixels

with an average spacing of ∼ 8 pixels between the centers of adjacent fibers. We have

measured the cross-talk between fibers to be ≤ 1% over a 5 pixel-wide aperture. The

fiber position on-sky is mapped onto the CCD from left-to-right and top-to-bottom

(Figure 2.2). Therefore, neighboring fibers on the CCD are typically neighboring

fibers on the sky and, as neighboring fibers are often combined to reach the desired

S/N, the effect of cross-talk is further mitigated. We explored extracting over a 7

pixel-wide aperture and compared the final S/N of both extractions. Due to the
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low level of signal in the edges of the 7 pixel aperture, the 5 pixel aperture returns

better S/N and is used for all VIRUS-P data presented here.

Mercury and cadmium arc lamp frames are used for wavelength calibration

and afford 8 unblended and well-spaced emission lines over our wavelength range.

The wavelength of each emission line has been confirmed using the Robert G. Tull

Coudé spectrograph on the 2.7 m telescope in the R = 60k set up. The wave-

length solution for each fiber is determined as follows. For an individual fiber, each

emission line is fit with a Gaussian profile to determine its center.1 A 4th order

polynomial is fit to the centers of each emission line and the residuals between the

actual wavelength and fit wavelength are minimized. The cadmium 3611.3 Å line

and the mercury 5769.6 Å line are near the blue and red edges of our wavelength

range and minimize the amount of extrapolation needed at the edges of the polyno-

mial fit. Typical rms residuals of the polynomial fit are ≤ 0.07 Å or ≤ 4.4 km s−1 at

4800 Å (FWHM) . Comparison of the wavelength solution from the arc lamps taken

at the start and end of the night show differences well below the noise of the fit.

We find that small linear shifts in the spectral direction of the fiber, possibly due

to thermal variations at the output end of the fibers, can occur on the timescales

of an hour. To account for this shift, a correction is made to the 0th order term

of the wavelength solution based on the change in position of the bright 5577.34 Å

sky line. The average of this correction over all frames was 0.13 Å with a standard

1We have characterized the spectral PSF of the VIRUS-P instrument and find it to be very
nearly Gaussian. To quantify this, we fit Gauss-Hermite coefficients to 4 bright lines in our mercury-
cadmium arc lamp frames. Over the 4 spectral lines and all 246 fibers the median H3 coefficient is
0.003 ± 0.013, while the median H4 coefficient is 0.0003 ± 0.0117.
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deviation of 0.11 Å. A heliocentric correction is made to each frame. For our Febru-

ary data this correction had a mean of 19.3 km s−1 and a standard deviation of

0.7 km s−1. For our January data the mean heliocentric correction is 27.6 km s−1

with a standard deviation of 0.2 km s−1.

The next reduction step involves creating a flat-field frame from the twilight

flats. There are four different pieces of information combined in the twilight flats:

pixel-to-pixel variation, fiber-to-fiber throughput variation, fiber cross-dispersion

profile shape, and the twilight sky spectrum. The first three are aspects of the flat-

field we want to preserve while the twilight sky spectrum must be removed. Our

approach is to construct a model of the twilight sky, free of flat-field effects, and

then divide this model out of the original twilight frame. To generate a model of

the night sky we use a method similar to Kelson (2003) for IFS sky subtraction. We

outline our method here.

To model the twilight sky a 51 fiber-wide boxcar is run along the spatial

direction. As each fiber has a slightly different wavelength solution, a B-spline

interpolation (Dierckx, 1993) of the pixel’s wavelength is made, based on the wave-

length solution determined by the arc lamp polynomial fits. By employing a B-spline

interpolation, we are not limited by the pixelization of the wavelength solution. The

51 fiber-wide boxcar and 5 pixel-wide extraction aperture provides 51×5 = 255 esti-

mates of the twilight flux at a given wavelength. Both pixel-to-pixel, fiber through-

put, and fiber profile shape vary on scales much smaller than the size of the boxcar

and are thus smoothed out. What remains is a model of the twilight sky with

flat-fielding effects removed. The model is then divided out of the original twilight
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flat, leaving pixel-to-pixel, fiber throughput, and fiber profile shape intact. We at-

tempted to avoid these complications through the use of dome flats, yet the intensity

of the available dome lamps below ∼ 4000 Å is too low to determine an accurate

fiber trace. Even if an acceptable light source was available, there is another issue

with dome flats. It has been shown that the input acceptance angle is preserved

through optical fibers and that focal ratio degradation is dependent on this angle

(Carrasco & Parry, 1994; Murphy et al., 2008). As light entering the fibers from

a dome lamp is not collimated, there is a concern that the fiber cross-dispersion

profile is not being properly quantified with the use of dome flats. Twilight flats

avoid both of these issues.

Initially, the wavelength solution is estimated from un-flattened arc frames.

This can lead to errors in the wavelength solution when an arc line falls on top

of a flat-field feature. Therefore, the determination of the wavelength solution and

subsequent derivation of the flat-field frame is iterative. The arc lamp frames are

flattened, and the wavelength solution is recalculated. As the flat-fielding procedure

relies on the wavelength solution, a new flat-field, based on the new wavelength

solution, is also made. We find this iteration leaves the wavelength solution for

most fibers unaffected, yet can improve the residuals by ∼ 0.05 Å for a handful of

fibers where one or more of the arc lines used for the wavelength solution fall on

strong flat-field features. A single iteration is all that is required.

The flat-field frame captures the pixel-to-pixel, fiber-to-fiber and fiber profile

shape variation for each fiber at very high S/N. However, due to thermal effects over

an observing night, the science and sky frames can exhibit a shift in the position of
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the fiber profile. This shift manifests as a breathing mode and can reach up to a

0.3 pixel shift in the center of a fiber when the temperature gradient over the night

is steep. A shift in the center of a fiber will lead to large flat-fielding errors if not

accounted for. To correct for this effect we have developed a heuristic solution. The

general idea is to measure the offset over a subset of fibers, then create a unique flat

for each science and sky frame based on the master flat for that night. We will refer

to this frame as the science flat and it is generated as follows. For each fiber in each

science frame the difference between the fiber center of the master flat and science

frame is calculated at all 2048 pixel positions. The median of these values for each

fiber is taken, then smoothed with a 12 fiber-wide boxcar. As the breathing mode

is smooth and continuous, and the signal in the science and sky frames can be quite

low, this level of smoothing is both required and justified.

The fiber profiles have shapes that deviate slightly from any simple parametriza-

tion. For all re-samplings we employ a sinc interpolation, chosen for its non-

parametric properties. Simply resampling each fiber’s flat will properly capture

the shift in fiber position, but will improperly capture the pixel-to-pixel features.

Therefore we run a 81 pixel-wide boxcar along the dispersion direction to isolate the

fiber profile from the pixel-to-pixel variation. The original flat containing the proper

pixel-to-pixel map and the re-sampled fiber profile are combined to form the final

science flat. As sinc interpolation is not flux-conserving, the science flat is renor-

malized to match the total counts in the original science frame. Once this unique

flat is applied, we are left with science and sky frames that have been extracted,

wavelength calibrated and flattened. The next step is sky subtraction.
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1.1.2 Sky Subtraction

Figure 1.2 plots M87 spectra from 3 different spatial bins. An estimate of a

typical night sky spectra is shown for comparison. The spectra are shown in CCD

counts and the relative flux between the spectra has been preserved. At 1 Re the

galaxy is still brighter than the night sky by about a factor of 2. By 2 Re the

night sky is now more than twice as bright as the galaxy, and in our furthest spatial

bin the sky is ∼ 5 times brighter. A careful handling of sky subtraction at these

low surface brightnesses is important, and we discuss our method in detail here.

VIRUS-P does not have sky fibers and so sky nods are necessary. Lacking sky fibers

has obvious drawbacks as we sample the sky at a different point in time, and loose

science observing time to sky nods. Despite these disadvantages there are benefits

to sky nods. One clear advantage to sky nods comes from the much improved noise

statistics we get from sampling the sky with all 246 fibers. As our sky subtraction is

done with a model of the night sky (described below) the addition of noise from the

night sky estimate is reduced by
√

N, where N is the number of fibers. In contrast,

Densepak and Sparsepak on the WIYN telescope dedicate 4.4% and 8.5% of their

CCD to sky fibers, respectively, (Barden & Wade, 1988; Bershady et al., 2004) while

the SAURON instrument dedicates just over 10% of its lenslets to estimates of the

sky (Bacon et al., 2001). Sky nods also avoid the risk of cross-talk between the

science and sky fibers, particularly when observing bright science targets.

A more serious issue with dedicated sky fibers is their limited offsets from the

center of the science portion of the integral field unit. The sky fibers for Densepak

and Sparsepak are offset 60′′ and 70′′ from the center of the science field. For
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Figure 1.3 Top: The final VIRUS-P spectra for a spatial bin at r = 60′′. The
black spectra is the biweight combination of 6 fibers over 12 exposures. Over-

plotted in green are the 12 sky spectra subtracted from each exposure prior to
the biweight combination. The continuum has been normalized here for plotting

purposes. Middle Top: The variance of the 12 sky spectra shown in the top panel.
Note that while certain high variance regions are associated with night sky lines
(e.g. 5200 Å), others are not associated with any strong night feature (e.g. 4860 Å).

These variance plots are calculated for each spatial bin and used to help determine
locations where the sky evolves on short time scales. Lower 2 Panels: Shown in

black are the final spectra for two spatial bins at r = 13.2′′ (upper) and r = 222.0′′

(lower). Over-plotted in red is the best-fit stellar template spectra. The gray areas in

both lower figures indicate spectral regions that are suppressed when completing the
kinematic extraction due to either issues with sky subtraction or template mismatch.

We note that while these spectral regions are not fit when extracting the final stellar
kinematics, the difference in the final LOSVD when the smaller regions (∆λ ≤ 50Å)

are not masked is minimal. Table 4.2 shows how the spectra are split into 5 spectral
regions prior to stellar template fitting.
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SAURON this is increased to 154′′ yet this size of offset can prove constraining for

nearby galaxy work. For a galaxy like M87, whose half-light radius is ∼ 100′′ and

possibly larger (Kormendy et al., 2009), the dedicated sky fibers are still collecting

a significant amount of light from the galaxy itself, thus reducing the final S/N. It

is clear that for M87, estimates of the sky at ∼ 150′′ from the galaxy center will

lead to subtraction of some level of galaxy light. How strong this effect is depends

critically on how far out from the galaxy center the sky estimates come from.

With exposure times of 5 minutes for the sky nods and 20 minutes for the

science frames, weights are given to the sky frames. The weighted sky frames are

then summed to produce an estimate of the night sky. If the night sky did not

evolve over 30 minutes, then the best sky estimate would come from weighting each

neighboring sky nod by 2 and summing them. However, the sky can evolve on time

scales less than 30 minutes. To account for this, 25 different sky estimates are made,

each created by giving different weights to the neighboring sky nods. These frames

are then sent through all of the reductions independently. Five different weights are

used for each sky nod, ranging between 1.75 to 2.25 in 0.125 increments. With each

sky nod receiving five different weights, the various combinations of sky nods lead

to the 52 = 25 estimates of the night sky. Once the remaining data reduction is

complete we have 25 versions of each science frame. This range allows us to analyze,

in a very direct way, both the best sky to subtract from each science frame, and the

influence of our sky subtraction on the final stellar kinematics. We describe here

how the individual sky frames are created from the sky nods and then discuss how

the best sky to subtract from each science frame is selected from the 25 options.
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For each of the 25 scaled sky frames bright continuum objects and cosmic

rays are identified as 3σ outliers above the median and masked. As a 3σ cut may

not catch low level sources, a 51 fiber-wide boxcar is run over the frame. A boxcar

of this size corresponds to smoothing over a 107′′ × 21′′ region of the sky, so even

faint, extended sources are removed. From this frame the sky is modeled by the

same method used to model the twilight sky during the creation of the flat-field.

The principle difference is that rather than modeling the sky to divide out of the

frame, the sky model is what we are after.

The first step in determining the best level of sky to subtract is a visual

inspection of the quality of subtraction of the night sky lines. However, the deter-

mination can not be made based solely on these lines as they evolve on very short

time scales and independently of the thermal background that most strongly effects

our estimates of the stellar kinematics. The second step is to conduct a preliminary

fit of a single template star (HD20893) to the data. We outline the steps here, leav-

ing the details of this fitting method to §4.3.1. First, for each of the 25 data frames,

a set of fibers seeing a moderate level of galaxy light are selected and combined to

form a single spectrum. The exact number of fibers and amount of galaxy light isn’t

critical as the final determination comes from a relative comparison of the results.

In fitting the data with a template star, a convolution occurs between the template

star and an assumed line-of-sight velocity dispersion profile (LOSVD), which ac-

counts for broadening in the spectra due to the temperature of the galaxy at that

location. Normally, a continuum offset for the template star is allowed to float when

conducting the extraction of kinematics. However, for this step, this value is fixed to
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avoid possible degeneracies between this parameter and the level of sky subtraction.

A comparison of the residuals of the fit between each of the 25 frames and the single

template star is used to determine the best level of sky subtraction. For nearly all

frames (∼ 90%) the best sky subtraction comes from scaling each sky nod by 2 and

summing them. The exception to this occurs primarily with exposures near dawn

or dusk when twilight begins to affect the weighting.

As the sky evolves on time scales shorter than 30 minutes, the accuracy of

our sky subtraction is not perfect and certain spectral regions remain problematic,

particularly around regions of bright sky emission lines. In order to get a handle

on both the location and severity of these issues, we conduct a visual inspection

of the data by over-plotting the sky-subtracted galaxy spectra for a given spatial

bin with each subtracted sky that goes into a given pointing. We show an example

of the results of this inspection in Figure 1.3. In the top panel, the 12 different

sky spectra subtracted from each 20 minute frame are over-plotted on the resulting

galaxy spectra. At each pixel the variance is calculated for the 12 sky spectra and

plotted in the second panel. A region of high variance indicates a region where the

night sky evolves substantially between exposures. Notice that the high variance

tends to be, but is not limited to, spectral regions with bright sky lines. The lower

two panels in Figure 1.3 show the final sky subtracted spectra, along with the best-

fit stellar template, for two spatial bins at r = 13.2′′ and 222.0′′. The details of this

fitting routine are given in §4.3.1. The gray areas indicate spectral regions excluded

from the stellar template fitting. These regions are excluded when the template fit

to the data is poor due to either issues with sky subtraction or template mismatch.
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With 25 different estimates of the level of sky subtraction we are in a good

position to explore systematics due to either over or under subtracting the night sky.

To do this we select a range of spatial bins at various radii and S/N. We then take

the reductions up through extraction of the LOSVD and compare the moments of

the LOSVDs from the 25 frames. Although variation between these frames is seen,

it is both random and within the uncertainties of our analysis. This is particularly

true for central regions of the galaxy where our S/N is high. At larger radii, where

the galaxy light is faint, over or under subtraction of the night sky tends to wash

out the signal entirely rather than introduce systematics.

There is another component of the reductions that further mitigates error

due to inaccurate sky subtraction. The final spectra is, at minimum, a combination

of three separate frames, and up to 15 for the case of pointing #1. As the sky sub-

traction from each 20 minute exposure is independent, random poor sky subtraction

is mitigated by having many frames. This mitigating effect gains strength for the

more distant pointings, where the number of exposures increases.

1.1.3 Further Reductions

Once the sky subtraction is complete, cosmic rays are located and masked.

To locate cosmic rays, each pixel value is compared to the pixel values that fall

along either the same row or column of the extracted frame. Comparison with pixel

values along the same row avoids masking continuum sources while comparison along

the same column avoids masking real galaxy emission features that will appear in

neighboring fibers. A pixel found to be a 7σ outlier in this comparison is masked,
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as well as all neighboring pixels. Any low level cosmic rays not masked in this step

are rejected when the spectra from different exposures and fibers is combined.

Next, fibers containing either foreground or background objects are located

and masked. These fibers are identified by taking the median of the flux in each

fiber and plotting these values against the position on the galaxy. As the median is

taken over 5 rows × 2048 pixels = 10,240 values any residual cosmic rays or emission

features will not influence this map. Foreground stars and background objects are

located as outliers from the smooth continuum of the galaxy and masked. Although

these objects will fall onto the same fibers for the same pointing, each science frame

is inspected individually. We find this frame-by-frame check is necessary as transient

objects, most notably satellites, can swamp an entire row of fibers.

Low level background sources remain a concern for the most distant pointings

where the surface brightness of M87 may approach the level of these sources. As

the final spectra for the most distant bins comes from a biweight combination of

between 30 to 70 fibers, and even a large background source will fall into just a

few of our large fibers, any low level source will be rejected by the final biweight

combination.

Each fiber for each night has a unique wavelength solution. Therefore, a

linear interpolation is required before combining spectra from different fibers. The

fiber cross-dispersion profile shape in each science frame is removed via division

by the flat, and so the spectra from each of the 5 rows of a fiber is used in the

biweight combination independently. In the case of pointing #3, where we have 3

science exposures, a minimum of 15 estimates of the spectra go into the biweight
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(1 fiber × 3 exposures × 5 rows). The biweight estimator has been shown to be

robust for samples smaller than 15 (See Beers et al. (1990) for references). For our

largest spatial bin, 72 fibers × 15 exposures × 5 rows = 5,400 estimates are sent into

the biweight. Once this step is complete we are left with the 88 VIRUS-P spectra

presented in this work.
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Jahnke, K., Jogee, S., Koposov, S., Meisenheimer, K., Peng, C. Y., Sanchez, S. F.,

& Wisotzki, L. 2006, ApJ, 640, 241

Bender, R. 1990, A&A, 229, 441

Bender, R., Burstein, D., & Faber, S. M. 1992, ApJ, 399, 462

—. 1993, ApJ, 411, 153

Bender, R., Saglia, R. P., & Gerhard, O. E. 1994, MNRAS, 269, 785

Bernardi, M., Hyde, J. B., Sheth, R. K., Miller, C. J., & Nichol, R. C. 2007, AJ,

133, 1741

Bershady, M. A., Andersen, D. R., Harker, J., Ramsey, L. W., & Verheijen, M. A. W.

2004, PASP, 116, 565

Best, P. N., von der Linden, A., Kauffmann, G., Heckman, T. M., & Kaiser, C. R.

2007, MNRAS, 379, 894

Binggeli, B., Sandage, A., & Tammann, G. A. 1988, ARA&A, 26, 509

Binggeli, B., Tammann, G. A., & Sandage, A. 1987, AJ, 94, 251

Blanc, G. A., Adams, J., Gebhardt, K., Hill, G. J., Drory, N., Hao, L., Bender,

R., Ciardullo, R., Finkelstein, S. L., Gawiser, E., Gronwall, C., Hopp, U., Jeong,

D., Kelzenberg, R., Komatsu, E., MacQueen, P., Murphy, J. D., Roth, M. M.,

Schneider, D. P., & Tufts, J. 2010a, ArXiv e-prints

265



Blanc, G. A., Gebhardt, K., Heiderman, A., Evans, II, N. J., Jogee, S., van den

Bosch, R., Marinova, I., Weinzirl, T., Yoachim, P., Drory, N., Fabricius, M.,

Fisher, D., Hao, L., MacQueen, P. J., Shen, J., Hill, G. J., & Kormendy, J.

2010b, ArXiv e-prints

Blanc, G. A., Heiderman, A., Gebhardt, K., Evans, N. J., & Adams, J. 2009, ApJ,

704, 842

Bluck, A. F. L., Conselice, C. J., Buitrago, F., Grützbauch, R., Hoyos, C., Mortlock,
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1994, Nature, 368, 828

Bolton, A. S., Treu, T., Koopmans, L. V. E., Gavazzi, R., Moustakas, L. A., Burles,

S., Schlegel, D. J., & Wayth, R. 2008, ApJ, 684, 248

Borch, A., Meisenheimer, K., Bell, E. F., Rix, H.-W., Wolf, C., Dye, S., Kleinhein-

rich, M., Kovacs, Z., & Wisotzki, L. 2006, A&A, 453, 869

Bovill, M. S., & Ricotti, M. 2009, ApJ, 693, 1859

Boylan-Kolchin, M., & Ma, C.-P. 2004, MNRAS, 349, 1117

Boylan-Kolchin, M., Springel, V., White, S. D. M., Jenkins, A., & Lemson, G. 2009,

MNRAS, 398, 1150

Brandt, J. C., & Roosen, R. G. 1969, ApJ, 156, L59+

Brighenti, F., & Mathews, W. G. 1997, ApJ, 486, L83+

266



—. 2001, ApJ, 553, 103

Brough, S., Collins, C. A., Burke, D. J., Lynam, P. D., & Mann, R. G. 2005,

MNRAS, 364, 1354

Brown, M. J. I., Jannuzi, B. T., Dey, A., & Tiede, G. P. 2005, ApJ, 621, 41

Brunner, S., Burton, A., Crane, J., Zhao, B., Hearty, F. R., Wilson, J. C., Carey,

L., Leger, F., Skrutskie, M., Schiavon, R., & Majewski, S. R. 2010, in Society

of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, Vol. 7735,

Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series

Bryant, J. J., O’Byrne, J. W., Bland-Hawthorn, J., & Leon-Saval, S. G. 2010,

in Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series,

Vol. 7735, Society of Photo-Optical Instrumentation Engineers (SPIE) Conference

Series

Bryant, J. J., O’Byrne, J. W., Bland-Hawthorn, J., & Leon-Saval, S. G. 2011, Mon.

Not. R. astr. Soc., 415, 2173

Buitrago, F., Trujillo, I., Conselice, C. J., & Haeussler, B. 2011, ArXiv e-prints

Bullock, J. S. 2010, ArXiv e-prints

Bundy, K., Scarlata, C., Carollo, C. M., Ellis, R. S., Drory, N., Hopkins, P., Salvato,

M., Leauthaud, A., Koekemoer, A. M., Murray, N., Ilbert, O., Oesch, P., Ma, C.-

P., Capak, P., Pozzetti, L., & Scoville, N. 2010, ApJ, 719, 1969

Butcher, H., & Oemler, Jr., A. 1984, ApJ, 285, 426

267



Cappellari, M., Bacon, R., Bureau, M., Damen, M. C., Davies, R. L., de Zeeuw,

P. T., Emsellem, E., Falcón-Barroso, J., Krajnović, D., Kuntschner, H., McDer-
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