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ABSTRACT OF THE DISSERTATION

Observations of Starburst Galaxies: Science and Supporting Technology

by

Edward Aric Laag

Doctor of Philosophy, Graduate Program in Geological Sciences
University of California, Riverside, December 2009

Dr. Alan Williams, Chairperson

In chapter 1 we report on the development of wavefront reconstruction and control algo-

rithms for multi-conjugate adaptive optics (MCAO) and the results of testing them in the

laboratory under conditions that simulate an 8 meter class telescope. The UCO/Lick Obser-

vatory Laboratory for Adaptive Optics Multi-Conjugate testbed allows us to test wide field

of view adaptive optics systems as they might be instantiated in the near future on giant

telescopes. In particular, we have been investigating the performance of MCAO using five

laser beacons for wavefront sensing and a minimum variance algorithm for control of two

conjugate deformable mirrors. We have demonstrated improved Strehl ratio and enlarged

field of view performance when compared to conventional AO techniques. We have demon-

strated improved MCAO performance with the implementationof a routine that minimizes

the generalized isoplanatism when turbulent layers do not correspond to deformable mirror
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conjugate altitudes. Finally, we have demonstrated suitability of the system for closed-loop

operation when configured to feed back conditional mean estimates of wavefront residuals

rather than the directly measured residuals. This technique has recently been referred to

as the “pseudo-open-loop” control law in the literature. Chapter 2 introduces the Multi-

wavelength Extreme Starburst Sample (MESS), a new catalog of 138 star-forming galaxies

(0.1< z < 0.3) optically selected from the SDSS using emission line strength diagnostics

to haveSFR ≥ 50M⊙ yr−1 based on a Kroupa IMF. The MESS was designed to com-

plement samples of nearby star forming galaxies such as the luminous infrared galaxies

(LIRGs), and ultraviolet luminous galaxies (UVLGs). Observations using the multiband

imaging photometer (MIPS; 24, 70, and 160µm channels) on theSpitzer Space Telescope

indicate the MESS galaxies have IR luminosities similar to those of LIRGs, with an es-

timated medianLTIR ∼ 3 × 1011 L⊙. The selection criteria for the MESS suggests they

may be less obscured than typical far-IR selected galaxies with similar estimated SFRs.

We estimate the SFRs based directly on luminosities to determine the agreement for these

methods in the MESS.
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Chapter 1

Introduction

This dissertation consists of two parts, an observational astronomy component and an in-

strument engineering component. They will be described in separate chapters (2 – 3). The

chapters are related through the fact that the engineering component is designed to aid in

observations of the science targets under study, namely starburst galaxies. Adaptive Op-

tics (AO) is an increasingly important supporting technology for ground based astronomy.

However, the engineering component presented here consists of an advanced AO system

that was not ready for deployment on a telescope during the graduate work. Both projects

represent new and important contributions to their respective fields. Finally, an appendix

(chapter 5), provides an example of what can be achieved using current AO technology to

observe starburst galaxies.
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1.1 Star Formation and Galaxy Evolution

Star formation is one of the most fundamental physical processes occurring in galaxies.

On scales both large and small, it has influenced the formation and structure of galaxies,

and in turn, the evolution of the Universe. This process of evolution continues, albeit

at a slower pace to this day. The star formation rate (SFR), expressed in terms of solar

masses per year, spans several orders of magnitude in low redshift galaxies observed today

(our epoch). While the SFR has been found to be strongly linked to galaxy evolution, the

relationship is still poorly understood.

In order to further our understanding of the relationship between star formation and

galaxy evolution we want to study the objects with the highest SFRs. These are called

“starburst galaxies”, which are loosely defined as objects undergoing an intense galaxy-

wide episode of star formation that is unsustainable given the material available to form

stars. The term starburst galaxy encompasses a variety of different objects spanning a

broad range of physical characteristics. A galaxy such as the Milky Way would by no

means fit this criteria though, nor would 99 percent of the nearby galaxies observed today.

While the Milky Way is still actively forming stars, the activity is confined to relatively

compact regions, and involves a small fraction of the total mass.

The presence of many young O and B type stars signal a starburst event because they

are short lived compared to other main sequence stars. They are also the most massive and

luminous main sequence stars. These stars emit most of theirlight in the ultraviolet (UV),
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where they dominate all other stellar emission in a galaxy. The HII regions surrounding

them, containing large amounts of rarefied gases and plasma,produce strong emission

lines in their spectra. This is because they are experiencing intense radiation from the

stars. Naively one might assume the UV bands, or narrow band filters centered on optical

emission lines would therefore be the best parts of the electromagnetic spectrum to study

the distribution of star formation. Unfortunately, starburst galaxies are notoriously dusty

leading to severe extinction (e.g. Sanders & Mirabel 1996).The UV is easily attenuated by

dust, as are the optical bands. For this reason, longer wavelengths are important to the study

of starburst galaxies. Of course, with so much activity, notall short wavelength light will

be attenuated so it makes sense to incorporate visible and UVobservations into a project

as well.

Multi-wavelength studies are a synergistic approach to astronomy, employing the

strengths of different wavelengths to form conclusions. This technique has found favor

since about the mid-1980s, when advances in technology began to routinely allow sensitive

observations in the UV, near-IR, and far-IR. Until that point, the bulk of astronomy research

involved visible light and radio observations. The near-IRbands (commonlyJ ,H, andK)

are found to have good dust penetration. The far-IR bands (50-170 microns) occur close to

the peak of blackbody emission in starburst galaxies, and can be used to measure thermal

emission from dust heated by UV radiation – thus it becomes anindirect method of getting

at the absorbed UV. The 1.4 Ghz radio band probes radiation from Supernova Remnants
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(SNRs) occurring when massive stars end their lives, and is not appreciably attenuated

at all. Particularly when one is observing intensely star forming galaxies, where young

stars are dominating the emission spectrum, the observables in these different windows are

found to correlate with each other (e.g. Cram et. al. 1998). In general though, most of

the electromagnetic spectrum is made up of continuum emission from all types of stars

combined (both short and long lived) and is neither indicative of the SFR, nor particularly

unusual. We discuss the multi-wavelength approach to determining SFRs in greater detail

in the introduction to chapter 3.

Compared to other galaxies on the Hubble sequence today, starburst galaxies are ex-

periencing the most dramatic evolution in their overall morphologies. They tend to have

highly irregular shapes resulting from tidal forces in galaxy-galaxy collisions (e.g. Surace

et. al. 2000, Veilleux et. al. 2002). Examinations of their substructures often reveal com-

pact regions of intense star forming activity (i.e. starbursts) (Laag et. al. 2006). They also

have complex kinematics, and are thought to contain galactic superwinds (e.g. Heckman

et. al. 1990, 1996, and Veilleux et. al. 1995). Therefore, studying the resolved morphology

and spectroscopy of these galaxies is scientifically important as well, rather than limiting

observations to the integrated emission of a whole galaxy.

Astronomers studying objects at high redshift have found a large decline in the num-

bers of starburst galaxies relative to today (co-moving density), and a corresponding SFR

density decline in the Universe as well (e.g. Dickinson et. al. 2003b, Caputi et. al. 2006).
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Today, astronomers study low redshift starburst galaxies because they are like living fossils.

They provide us with the ability to study what galaxies may have been like in past epochs

in greater detail, and with more reasonable amounts of telescope time. They also allow us

to obtain measurements of very subtle phenomena, and to calibrate physical relationships

to greater precision, than would be possible at high redshift. However, their characteristics

may not be perfectly representative of their high-z counterparts. In order to further our

understanding, we must also examine the period of intense star forming activity at high-z,

and this quest is now driving rapid advances in technology.

As the distance to a galaxy increases, the angular size becomes smaller. By about red-

shift 1, the angular size of most galaxies becomes equivalent to 1 arcsecond in diameter. At

the same time, the density of star forming galaxies and galaxy mergers increases (Conselice

et. al. 2003). The Universe is thought to have reached a peak in SFR density between red-

shifts 2 and 3. Therefore, these redshifts are particularlyimportant for observing starburst

galaxies. Coincidentally, some important emission lines are redshifted into the near-IR

windows (J , H, andK) at this epoch. Thus if they could be resolved, the near-IR data

would indicate the distribution of the star-forming HII regions, and make observing them

very efficient (depending on how dusty high redshift galaxies are). However, the angular

size of these galaxies is so small they cannot be resolved from the ground without using the

special observing technique of AO.

The resolution argument used here for AO also applies to bothgalaxies containing Ac-
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tive Galactic Nuclei (AGN), and more “normal” galaxies as well. Spiral galaxies like the

Milky Way and Andromeda are thought to have formed their firststars and major compo-

nents (bulge and disk) at this epoch. The feedback mechanisms inside the AGN containing

galaxies could potentially be studied as well. The recent move beyond traditional spec-

troscopy to Integral Field Units (IFUs) is just one example of an observing technique that

can yield important scientific results, but only when combined with an imaging system

which compensates for seeing.

1.2 To Higher Redshifts: Adaptive Optics Technology

Significant advances in our understanding of cosmology are often preceded by major break-

throughs in technology. Specific advancements that have changed astronomy dramatically

include the ability to manufacture aberration free opticalsystems, to create more sensitive

photon detectors at all wavelengths, to manufacture large diameter primary mirrors, and of

course, to place a small number of telescopes in space. The current trend in astronomy is

to observe objects at increasingly high redshifts, with theeventual goal being to detect the

formation of the first stars and galaxies. In order to gather enough photons in a reasonable

amount of time, this will require telescopes of unprecedented size and sensitivity. Cur-

rently, designs for ground based optical and near-IR telescopes up to 30 meters in diameter

are nearing the construction phase, and 42 to 100 meter telescopes have undergone de-

sign studies. These future observatories are referred to asthe Extremely Large Telescopes
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(ELTs). A considerable amount of effort is being placed on developing technologies to

support the ELTs. In addition to gathering more photons in a shorter amount of time, it is

desireable to push the limits of resolution, in order to makethe most efficient use of these

massive instruments. Note that no benefit in resolution is gained simply by building a larger

aperture ground based telescope alone. The reason for this is explained below.

The deleterious effects of the atmosphere on ground based astronomy have been known

for a long time. Consider the views of two prominent early astronomers, Newton and

Herschel:

If the theory of making telescopes could at length be fully brought into practice,

yet there would be certain bounds beyond which telescopes could not perform.

For the air through which we look upon the stars is in perpetual tremor;

– Newton,Opticks

By enlarging the aperture of the telescope, we increase the evil that attends the

magnifying the object without magnifying the medium ... however, in beautiful

nights, when the outside of the telescope is dripping with moisture discharged

from the atmosphere, there are now and then favorable hours in which it is

hardly possible to put a limit to magnifying power. But such valuable oppor-

tunities are scarce; and with large instruments, it will always be lost labor to

observe at other times.
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– Herschel,Phil. Trans. 1782

As a practical rule of thumb, under diffraction limited conditions (perfect telescope

and no atmosphere), two neighboring objects can be considered to be resolved when their

angular separation is about equal toλ/D. Thus at 500nm, a 10 meter telescope could

theoretically resolve object details of∼0.01 arcsec in size.

Of course, in the real world this is never achieved because turbulence in the atmosphere

causes the light from a point to be spread over a much larger area called the seeing disk (see

Figure 1.1). A typical good natural seeing (FWHM of the seeing disk) at an observatory

would be< 1 arcsec, with some of the best sites in the world having no better than∼ 0.5

arcsec median seeing. Nevertheless, the bulk of scientific research in astronomy has been

produced under conditions of natural seeing, and much information is still contained within

the seeing disk.

Noting the aforementioned angular sizes of high redshift galaxies, the difficulties as-

sociated with observing them become readily apparent. Currently there are two leading

solutions to the problem of astronomical seeing. The first isspace-borne observations,

the most well known observatory being theHubble Space Telescope(HST). A successor to

HST, theJames Webb Space Telscope, which will have IR capability but not optical, is soon

to be launched. As the size of a space telescope increases, the cost of lifting it into space

quickly becomes prohibitive. Not to mention that if these were the only useful observato-

ries available to astronomers, only a fraction of the current productive output in astronomy
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could be achieved.

The other leading solution to the problem of natural seeing is the aforementioned AO1.

This technology was first envisioned by astronomer Horace Babcock (1953) who worked

at Mt. Wilson Observatory. The process of closed-loop AO is illustrated in Figure 1.2.

In the simplest form, a correcting AO system consists of a telescope, a reference point

source like a natural guide star (not shown), a deformable mirror (called an adaptive mirror

on the figure), or other wavefront correcting element, a control system, and a wavefront

sensor. The wavefront sensing device measures the wavefront deformation2 (or phase) and

using this data, the control system sends appropriate commands to the DM to correct for

distortion and produce a flat wavefront. Because the wavefront sensor is located after the

deformable mirror in this configuration, the system is called a closed-loop design. If the

wavefront sensor were located in front of the deformable mirror, it would be an open-loop

design. The reference guide star need not be an actual star, it just needs to be a point source

located above the most severe atmospheric turbulence. In practice, more sky coverage is

attained by using an artificial star generated by a laser projected from the ground. The most

common of these is the sodium beacon, which excites atomic sodium located at an altitude

of ∼90 km. Without laser guide stars, the technique of AO would belimited to only the

small fraction of the sky near bright stars of visual magnitude at least 14. This is a very

1To be fair, there are techniques other than AO which can be used to compensate for seeing. What makes
AO attractive is that other techniques either require unreasonably bright reference sources in order to function,
take unreasonably long periods of telescope time to get a result, or have both problems simultaneously.

2The most common wavefront sensor, a Shack-Hartmann, actually measures slopes and not phase, but
these are integrated by a computer control system into a wavefront.
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restrictive criterion.

The principle benefits of AO compensated imaging are the increased signal to noise ra-

tio (i.e. image contrast), and superior angular resolutionachieved when compared to seeing

limited imaging. The signal to noise improvement increasesobserving efficiency. These

benefits lead to a myriad of other improvements depending on what additional observing

techniques are being applied. The technology is currently used to correct for near-IR ob-

servations (H andK bands primarily), with plans to extend it into the visible portion of the

spectrum as the technology continues to improve.

A convenient measure of AO system performance is the Strehl ratio (often abbreviated

“Strehl”), given as a value between zero and one, with one signifying a diffraction limited

image. It can be thought of as the simple ratio of the peak of the airy pattern in a diffraction

limited image of a point source, to the peak in the compensated image of a point source.

It can also be estimated from the mean square wavefront errormeasured by a wavefront

sensor. A well compensated image produced by a closed-loop laser guide star AO system

might have a Strehl ratio between∼0.50 and 0.60, although higher Strehls are achieved

routinely. This ratio quickly degrades as one moves off axishowever. A benefit is still

realized for lower Strehls as well, which might be produced by an AO system operating

under non-optimal conditions (e.g. a weak guide star), or ifone is trying to extend the

field of view. Figure 1.3 is a 3-d representation of the intensity pattern of a star in a seeing

limited (left) and AO compensated image (right).
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Despite the fact that AO is routinely used on telescopes around the world, there are

still some serious limitations for AO to overcome, particularly for the largest telescopes.

The problems under consideration in this dissertation are related to the small size of the

isoplanatic patch, which limits the useful field of view (FOV). Figure 1.4 illustrates the

problem of angular isoplanatism. The light coming from the science object (blue oval, left)

traverses a different path than the cylinder traversed by the guide star (pink oval, right).

Note the shaded overlap area indicating turbulence information relevant to the science ob-

ject. The section of turbulence not measured by the guide star accounts for the error. As

the angular separation increases, the quality of the correction on the science object rapidly

degrades because the area of overlap becomes smaller. The size of the isoplanatic patch is

surprisingly small. It may only be a few arcseconds in the visible bands, and up to a few

tens of arcseconds in the near-IR at the best of times. For telescopes with diameters larger

than about 8 meters using laser guide star systems, another type of anisoplanatism also be-

comes severe. This is called focal anisoplanatism, or the “cone effect” (Fried 1995). The

finite height of the laser guide star reference source means that a cone shaped volume of

turbulence above the telescope is probed, rather than the actual cylinder traversed by light

from an object located at infinity. This is a severe limitation for the ELT’s, and a major

driver for the next generation AO systems currently under investigation.

On larger telescopes the current plan for AO is to deploy multiple laser guide stars

in conjunction with a mathematical technique called atmospheric tomography (Raggazoni
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et. al. 1999, Gavel et. al. 2004). Atmospheric tomography isthe process of determining

the 3 dimensional distribution of turbulence in the atmosphere. This is accomplished by

using multiple wavefront sensors, each obtaining data fromtheir own laser guide stars,

and applying the tomography algorithm to compute a volume estimate of turbulence. If

this volume estimate is known, it can be used to operate an AO system in open-loop as

well as closed-loop. Appropriate corrections can then be determined to compensate for

angular anisoplanatism, or produce a correction optimizedfor virtually any direction. This

is particularly useful in conjunction with integral field units, which can be deployed at a

specific place in the focal plane right on a science target.

Assuming one could perfectly measure the complete volume ofatmosphere above the

telescope, the continuous FOV of the system still would not be increased appreciably. In a

typical AO system, it is desirable to place a single deformable mirror at an optical conjugate

of the primary mirror of a telescope. This is because the strongest layer of turbulence

encountered in the atmosphere is nearly always the layer directly above the telescope. The

consequence of this is a high altitude layer cannot be corrected for all incoming angles,

because a ray coming off axis, and traversing the same bits ofturbulence as a ray coming

along the axis, will end up intersecting the primary mirror at a different location. For this

reason a single deformable mirror is insufficient to producea FOV significantly larger than

the isoplanatic patch.

One possible solution to expanding the useful FOV is multi-conjugate adaptive optics
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(MCAO; Beckers 1988). In the simplest of terms, MCAO means adding more deformable

mirrors at optical conjugates of the upper altitude layers in the atmosphere. In theory,

an MCAO system can increase the useful FOV of a compensated image by many times

(Tokovinin et. al. 2000). In order to derive appropriate corrections for the different mirrors,

one must have a knowledge of the 3 dimensional distribution of turbulence in the atmo-

sphere. It does not suffice to measure the sum of all layers, asthe system in Figure 1.2

does. The effects on Strehl of a traditional AO system (left), an AO system applying atmo-

spheric tomography only (center), and an MCAO system using tomography and multiple

mirrors (right) are shown in Figure 1.5. Along with a relatedtechnique called multi-object

AO, MCAO will be one of the most important enabling technologies for the ELTs.

In order to function, an MCAO relies upon a number of complicated supporting tech-

nologies, some of which themselves are considered cutting-edge. For this reason, it is

insufficient to rely on performance estimates derived from computer simulations alone.

The use of an optics testbed is preferable to mock-up the system, before the final version

is placed on a telescope (e.g. Gavel et. al. 2006). Testbeds are significantly cheaper than

building an actual on-sky system. They allow astronomers tosee all the different parts of

an AO system working together, and determine what improvements will optimize perfor-

mance. In light of the ever increasing size and costs of todays telescopes, it is better to have

some type of prototyping system to work out the bugs, rather than ending up with a flawed

instrument that is “too big to fail”.
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The MCAO technique has been previously demonstrated on sky,as well as in the lab

(e.g. Knutson et. al. 2004, Marchetti et. al. 2007). However, chapter 2 describes an unusual

system. This novel system is a hybrid form that can be used alongside technologies that

need to work in open-loop, such as multi-object AO. A currentlaboratory demonstration

of an advanced MCAO system operating in an open-loop configuration, and incorporating

previously untested technologies, will be further discussed in chapter 2.
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Figure 1.1 Cartoon illustrating the effects of astronomical seeing on the image of a star.
(Figure courtesy Claire Max.)
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Figure 1.2 The essential elements of an AO system. (Figure courtesy Claire Max.)
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Figure 1.3 The PSF of an uncompensated image of a star (Left),and compensated image
(Right). (Figure courtesy Claire Max.)
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Figure 1.4 The basic concept of anisoplanatism. Light coming from the science target
(Left) traverses a different path than light coming from theguide star (Right). The shaded
area represents the area of overlap. (Figure courtesy Claire Max.)
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Figure 1.5 The effects on Strehl from 3 different AO systems.In the classical AO system
configuration (Left), the science target is not located at the peak Strehl position. Tomog-
raphy with multiple guide stars (Center) places an optimal correction at the science target.
Finally, an MCAO system operating with tomography (Right) allows the high Strehl FOV
to be extended. (Figure courtesy Claire Max.)
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Chapter 2

Multi-conjugate adaptive optics results

from the laboratory for adaptive optics

MCAO/MOAO testbed

2.1 Introduction

2.1.1 Motivation: The Future of AO in Astronomy

Adaptive optics (AO) systems on 8 - 10m class ground based telescopes are demonstrating

a profound benefit to the scientific community. Through the use of laser guide star sys-

tems (mostly sodium beacons) the old problem of accounting for angular anisoplanatism

between a natural guide star and a science target has been eliminated. But the field of view
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of these AO systems is still very small. The move to the next level of performance will be

to enlarge the science field of view beyond the isoplanatic patch to make more efficient use

of valuable telescope time. Additionally, one can also correct for the “cone effect” caused

by the fact that sodium beacons only probe a cone of turbulence above the telescope due

to their finite 90km altitude (as opposed to the actual cylinder traversed by thescience

wavefront) (Fried 1995; Sasiela 1994). Due to the cone effect, as the aperture becomes

larger, the useful AO corrected field of view of telescopes actually becomes smaller. Even

on a 10 meter diameter telescope, the cone effect is a significant problem amounting to

approximately 300nm rms of wavefront error (Hardy 1998).

The enabling force in this new branch of wide-field AO is atmospheric tomography,

which is the approach of probing wavefronts in several directions to determine the volu-

metric distribution of aberration-causing index of refraction variations (Tallon & Foy 1990;

Tokovinin et al. 2000; Gavel 2004). It turns out that the tomographic algorithms for AO are

very similar to those used for 3-D medical imaging. The approach is to use multiple guide

star beacons, each one measured at its own corresponding wavefront sensor, to reconstruct

an instantaneous 3-D map of the phase perturbations in the atmosphere. Then use the map

to generate control signals for deformable mirrors. Even using tomography with a single

deformable mirror at the ground can significantly reduce thecone effect error over present

techniques which neglect the 3-D distribution.

This paper will describe a set of experiments performed on the MCAO testbed at the
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Laboratory for Adaptive Optics simulating the atmosphere,8 m telescope, and five laser

guide star MCAO system. A similar set of experiments simulating a Multi-Object Adaptive

Optics (MOAO) configuration, where one deformable mirror isassigned per science target,

has been previously reported on in papers by Ammons (Ammons et al. 2006; Ammons

et al. 2007) and will not be discussed in this paper.

2.1.2 An Introduction to Multi-Conjugate Adaptive Optics

In a conventional single conjugate AO system, normally a single deformable mirror con-

jugate to the telescope primary mirror, the isoplanatic patch may be defined by the solid

angle:

θ0 = [2.914k2(sec(ζ))8/3
∫

h
dhC2

N(h)h5/3]−3/5 (2.1)

over which anisoplanatic errors are less than one radianrms (Hardy 1998). For a

given field positionθ, this errorσ2
θ , will be given by(θ/θ0)

5/3. The isoplanatic angle will

naturally depend on the heights of turbulence layersh, and also the strength of those layers

through theC2
N profile. This angle can be quite small in the visible wavelengths (a few

arcseconds), and is generally not larger than 40 arcsecondseven in the near infrared. Thus

we see the importance of this effect on AO corrections.

Multi-Conjugate AO (MCAO; Beckers 1988; Ellerbroek 1994; Louarn & Tallon 2002)

builds upon the concept of tomography, but with the specific goal of compensating for
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angular anisoplanatism across a wide field of view using multiple deformable mirrors. Ob-

viously, an arbitrarily large field of view cannot be achieved, because there are in reality

an infinite number of turbulent layers in the atmosphere. However, if we use an optical

relay to add additional deformable mirrors at planes conjugate to higher turbulent layers,

especially the strongest ones, we can begin to reduce isoplanatism. The isoplanatic error

will then go asσ2
θ = (θ/ΘM)5/3, whereΘM can be as much as 6 - 11 times larger thanθ0,

and the PSF will become correspondingly more uniform (e.g.,Tokovinin et al. 2000).

Among the many benefits of an increased AO field of view provided by MCAO, are

that it makes better use of valuable telescope time because it can be used on extended or

multiple targets that do not need the absolute highest Strehls possible. When combined

with back-projection tomography and fast algorithms, MCAOwill be feasible for even

the largest proposed telescopes. An MCAO system is already in the beginning stages of

assembly for the Gemini South 8m telescope.

2.1.3 Previous Work

A few on sky experiments have been performed with the goal of measuring or demon-

strating tomographic performance. The Multi-Guidestar Unit at Palomar observatory on

the 200 inch telescope (Palomar Tomograph; Velur et al. 2006) used four natural guidestar

wavefront sensors for an open-loop tomographic wavefront sensing experiment. The key

experiment was to estimate the wavefront at one of the wavefront sensors using tomo-
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graphic information from the other three. They achieved agreement to within 231nm

rms. Another experiment by Baranec et al. (2006) at the University of Arizona Mount

Hopkins Monolithic Mirror Telescope (MMT), used five Raleigh guidestars at a 20km

range gate and achieved closed-loop tomographic correction on a single deformable mirror

to within 172nm of the truth wavefront (Baranec et al. 2006).

The first MCAO system on a telescope, was used for solar observations and remains

in use (Langlois et al. 2004). The most elaborate on sky experiment to date is the MAD

demonstrator which used a natural guide star tomography system combined with closed-

loop MCAO operating in star-oriented mode on a 2 arcminute field of view to achieve

approximately 20% average MCAO Strehl, with higher peak Strehls (30%) near guide star

positions (Marchetti et al. 2003; Marchetti et al. 2007). The system was able to demonstrate

larger fields of view than single conjugate AO (SCAO), and higher Strehls than ground layer

AO (GLAO).

MCAO systems have previously been demonstrated in the lab byPer Knutsson who

simulated a 7.5m telescope (Knutsson & Owner-Petersen 2004), and also by theMAD

demonstrator (Marchetti et al. 2003).
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2.2 The Testbed

2.2.1 Experimental Setup

The University of California Observatory (UCO) MCAO/MOAO testbed in the Laboratory

for Adaptive Optics (LAO) is used for the testing of wide-field adaptive optics techniques to

be implemented on large telescopes from 8 to 30m in diameter. The testbed encompasses

a scale model of an entire astronomical system including science stars, model atmosphere,

telescope, and AO system. Similarity parameters between the testbed and simulated on sky

equivalents are shown in Table 2.1. The optical layout has been described in detail in Gavel

et al. (2006) and Ammons et al. (2006). In Figure 2.1 we show a much simplified version

of the testbed layout to highlight the elements essential tothis MCAO experiment. These

elements will be described in detail below. In Figure 2.2 we show two photographs of the

bench equipment.

The pattern of science targets and laser guide stars as they appear in the far-field is

shown in Figure 2.3. Eight simulated point source science targets (PSF stars) are used

for scoring AO performance over the field of view. These initiate from pigtail optical

fibers split out from a 658nm diode laser. The science point sources are collimated by a

lens before the space designated as atmosphere, and hence appear to be at infinity as seen

at the telescope pupil plane. The sodium guidestar beacons are simulated by red light-

emitting diodes (LEDs) mounted within a holder plate, with pinholes in the plate setting
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the beacon size. We use LEDs instead of laser fibers in order toreduce fringing in the

wavefront sensors. In a true sodium guidestar system, although the beacon sources are

monochromatic they are spatially incoherent, thus using incoherent sources in the testbed

is reasonable. In these experiments, we used 5 guidestars arranged in a pattern of four on

a box with one in the middle, similar to that planned for the Gemini South MCAO system

(this has been called a “quincunx” asterism). The outer 4 stars fall upon a circle of radius

42.5 arcseconds on the sky, scaled to the testbed similaritydimensions. This was intended

to provide reasonable MCAO performance over the whole region probed by our science

target positions. It is a good compromise between achievinga wide FOV, and sampling

that FOV adequately for tomography, given the number of available guide star probes. The

laser guide star pattern is positioned at a 90km conjugate height (testbed-scaled) with

respect to the pupil. The light passes through a simulated atmosphere section where layers

of turbulence may be positioned at any number of simulated altitudes from 0 – 15km.

To simulate atmospheric turbulence we use aberrated phase plates. We have had expe-

rience with both etched glass phase plates and random sheetsof plastic. Random plastic

sheets, CD cases and the like, surprisingly contain regionsof optical path variation fol-

lowing Kolmogorov spatial correlation statistics. As measured in an interferometer, they

can follow a classicκ−11/3 Kolmogorov spectral power law. This amazing coincidence is

perhaps explainable by the manufacturing process: the liquid plastic evolves to a fully de-

veloped turbulent state which is then frozen in as it solidifies. The advantage of the plastic
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over the etched plates is that the phase variations are smooth and continuous, while the

glass plates have discrete height steps every 40µm on the order of the lowest order bit,

about 50nm. The steps can cause some of the Shack-Hartmann wavefront sensor subaper-

tures to dim out because of spurious scattering. For the experiments described in this paper,

we used exclusively the plastic CD cases. See Figure 2 of Ammons et al. (2007) for a plot

of the power spectrum for these CD cases. To simulate the wind, the plates are mounted on

motorized stages that can drive them laterally across the optical path at controlled rates if

desired.

The light then passes through the telescope and enters the correcting MCAO system.

The MCAO system consists of a series of three “deformable mirrors” conjugate to simu-

lated heights of 0km, 4.5km, and 9km. The deformable mirrors are actually simulated

by Hamamatsu X8267 Programmable Phase Modulators (PPMs), also called spatial light

modulators, which have 768 by 768 control elements each. ThePPMs have a dynamic

range of approximately 7.8rad in their center, diminishing slightly toward the edges. Be-

yond about 1 wavelength (658nm on the testbed) the PPMs are forced to phase wrap to

achieve larger stroke. On a typical atmosphere this occurs several times for each PPM used.

Additionally, the PPMs require polarized light to operate.Specific sources of error that the

PPMs contribute to the system is described in the section below entitled “Error Budget”.

A significant strength of the PPMs is their open-loop predictability when calibrated

with a linearity lookup table. A lookup table was determinedfor each PPM individually
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with an interferometer. The PPMs make excellent simulatorsof high actuator count DMs -

especially those capable of open-loop operation. An unexpected problem with the PPMs is

that the particular ones we have produce a strong diffraction pattern with spots of similar

brightness and spacing to the guidestar pattern. The interaction with the wavefront sen-

sors initially made for poor system performance and necessitated the use of focal plane

guide star masks. One focal plane mask is necessary after each PPM, and is used to block

diffraction spots while wavefront sensing is ongoing. The masks are then removed from

the system when the Strehl is measured to allow the science stars to propagate to the far-

field camera. Obviously this is not desirable for a real on-sky system, but PPMs are not

generally considered useful in astronomical AO applications anyway because of the polar-

ized light requirement. It is important to note here that thefocal plane masks are not the

same thing as the spatial filters that many wavefront sensingsystems use to improve perfor-

mance. These masks are chosen to be large enough that the system can still be calibrated

and aligned easily, but small enough to block the spurious spots from propagating through

the system. The wavefront sensors used in this experiment did not have spatial filters. The

masks contribute to a source of error called “mask misalignment” shown in Table 2.2.

The light then passes through the simulated telescope entrance pupil (an adjustable

iris) which is placed at a plane conjugate to the 0km atmospheric layer. Finally, the

light is split between the five Shack-Hartmann wavefront sensors and the far-field science

camera. The wavefront sensors have 34 subapertures across the 8m simulated pupil, with
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4x4 pixel subapertures. The wavefront sensors are multiplexed on the cameras with four

wavefront sensors on one Dalsa CCD camera, and one wavefrontsensor on a separate

Dalsa CCD camera. These wavefront sensors are unique because they have been specially

calibrated for use in single-iteration open-loop mode. In this mode the wavefront sensors

are tasked to measure the full atmosphere, rather than operating about Hartmann nulls. This

process along with details on the design of the wavefront sensors is described in Ammons

et al. (2007). Two of the MCAO experiments described below were performed in single

iterations using this special open-loop mode.

2.2.2 Tomography Software

Wavefronts are reconstructed from the Shack-Hartmann wavefront sensor slopes using

Fourier techniques from Poyneer (2003). The wavefronts measured by each wavefront sen-

sor are then de-pistoned, de-tilted, and treated for edge effects. Finally a tomographic anal-

ysis is performed to reconstruct an estimate of the turbulent volume of the atmosphere. The

tomography algorithm used for all experiments is adapted from the tomography simulation

package “Tomography Spherical Wave” written by Don Gavel (see Gavel (2004), Gavel

(2005) and also Ammons et al. (2006) for descriptions of the Tomography algorithm and

its implementation). Tomography Spherical Wave is a minimum variance Fourier domain

pre-conditioned conjugate gradient (FDPCG) solver utilizing back-propagation assump-

tions and Kolmogorov postfiltering. It iteratively generates an estimate for the volume that
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is then used to determine the appropriate MCAO corrections to place on the deformable

mirrors. The volume estimate is divided into phase slices which represent wavefronts at

various layers in the atmosphere.

2.2.3 Error Budget

An approximate open-loop mode error budget for an on-axis MCAO correction at the 658

nm bench wavelength, using the two layer atmosphere at altitude, is given in Table 2.2

to be used as an example. Most of these terms are taken from thedetailed MOAO error

budget in Ammons et al. (2007). Many of these terms are similar because the testbed setup

was nearly identical. Some of the terms must be counted twice, when using two PPMs

for MCAO corrections. In particular, mask misalignment (the fact that the guide stars are

slightly offset from the centers of the mask holes) must be counted twice since two of them

were used in MCAO. Second, since there were two PPMs used, we have two PPM lookup

table errors when operating in open-loop mode. In closed-loop mode this error will go

away, leading to higher Strehls.

One error that is unique to our open-loop wavefront sensor setup we have termed “wave-

front sensor systematic error”. It is essentially a disagreement between the wavefront sen-

sors when they look at the same 0km aberration, as discussed in Ammons et al. (2007).

It arrises from the small Hartmann spots in the wavefront sensors that are designed to con-

serve Hartmann pixels and prevent spots from exiting subapertures under bad seeing. The
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non-linearity this produces is calibrated out with a daily procedure, but this does not re-

sult in perfect agreement between wavefront sensors on a common ground layer because

of insufficient sampling of the linearity curve, imperfect interpolation, and super-nyquist

frequencies in the atmosphere that distort the Hartmann spots.

Tomography error is large for this system configuration. We estimate from computer

simulations that it is about 55nm rms. As mentioned previously, the outer 4 laser guide

stars lie on a simulated 42.5 arcsecond circle. Additionally, all the turbulent layers are at

upper altitudes in the experiments below, where GS overlap is correspondingly smaller and

tomography resolution suffers.

On-axis best possible static Strehls (no atmosphere) were about 70%. This represents a

static uncorrectable wavefront error of about 60nm rms at λ = 658 nm wavelength. As

we move off-axis, static errors tend to increase. Static errors in the optical system are due

mostly to astigmatism from a large beamsplitter that combines the science stars and laser

guide stars, and also from slight optical misalignments on the testbed. To save time and

reduce complexity in these experiments, we did not attempt to use the PPMs to compensate

for static aberrations. However, doing so would only have led to higher Strehls for all

methods equally, but the relative outcomes would have been the same.

This example error budget produces a total predicted wavefront error for an on-axis

open-loop correction of 104nm rms, and at the bench wavelength ofλ = 658 nm us-

ing the Marechal approximation this predicts a maximum on-axis 37% Strehl. We have

33



achieved comparable peak Strehls in the closed-loop mode. In the open-loop mode experi-

ments below, Strehls are slightly lower than this as expected.

2.3 Experiments and Results

2.3.1 Introduction to the Experiments

Below we present results from 3 experiments to test various aspects of MCAO corrections

on our testbed. In each we use an atmosphere composed of two turbulent layers, all at

upper altitudes (no ground layer). We used two of the plasticCD cases as the turbulent

layers for all of these experiments, and we attempted to orient them in a similar manner so

that the 3 experiments each saw roughly the same turbulent features. In terms of simulated

on-sky parameters at 2.2µm, each individual CD case has anr0 varying between 3 – 6m

across the primary, and approximately 670nm rms tip-tilt removed wavefront error with

a Kolmogorov type power spectrum. The two combined produce asimulatedr0 of 2 – 4m

across the primary, and approximately 1µm rms tip-tilt removed wavefront error, roughly

half a “typical atmosphere” (since the ground layer is absent) at this wavelength. These

values for the two-layer atmosphere are recorded in Table 2.1. For the two-layer case at 500

nm, this corresponds tor0 between 34 – 68cm, or a TT removed seeing FWHM of 0.15 –

0.3 arcseconds, on an 8m telescope. If a strong ground layer were added appropriate to the

C2
N profile of Gemini South for example, the integrated instantaneousr0 would be between
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approximately 75 – 125cm at 2.2µm, or between 13 – 21cm at 500nm, corresponding

to a typical median seeing of 0.5 – 0.7 arcseconds (TT removed).

To give the reader something to compare MCAO performance to,in the first two ex-

periments we also present the results when SCAO and GLAO corrections are used. To

clarify, we call the deformable mirror commands for the wavefront produced when all the

wavefront sensors are averaged together the GLAO correction, and the wavefront from just

the central laser guide star, the SCAO correction. For both SCAO and GLAO we use the 0

km conjugate PPM to perform the corrections. For the MCAO corrections we use the two

upper altitude conjugate PPMs ( 4.5 and 9.0km conjugate heights).

The benefit of removing the ground layer from these experiments is that it allows us

to test the subtleties of tomography combined with the MCAO correction, with better pre-

cision. The principle effect of a ground layer would be to decrease the Strehl uniformly

across the field for all correction types. The ground layer may also contribute to error in the

tomographic reconstruction, if due to measurement error, afeature is erroneously identified

as coming from an upper layer. Thus in order to make the comparison between the various

methods fair, the tomography algorithm is always told thereare 3 layers, 0km, and two

upper altitude layers corresponding to the turbulence. It is the job of the tomography algo-

rithm to resolve the turbulence that belongs to each layer. Asmall amount of turbulence is

sometimes mis-identified at the ground layer in all experiments.

As mentioned previously, corrections in the first two experiments are single iterations,
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using the open-loop capabilities of the testbed. The final experiment shows closed-loop

performance. By single iteration corrections we mean that the full wavefront is measured

once by the wavefront sensors, the full volume is computed, and corrections are placed

on the PPMs. Strehls are then measured without allowing feedback to the MCAO system.

Since these are single iterations, they should be thought ofas representative experimental

runs, but not time averaged results. Due to some variabilityfrom run to run, we avoid

basing conclusions off of single Strehl data points. It is important to realize the Strehl

calculator used was not perfect. Also, below 10%, Strehl is apoor measure of correction

quality – these low values are essentially a noisy floor of no correction. The error on

individual Strehls are±5%. This was mainly because the PSF’s are undersampled in the

wide FOV of the far-field science camera. Significant variation in Strehl across the field is

typical for individual iterations, even on-sky. These Strehl variations do not affect the final

conclusions.

2.3.2 MCAO Versus Other Methods

In this experiment we tested the ability of atmospheric tomography to resolve upper alti-

tude layers, and the precision with which we can correct these upper layers with the PPMs

exactly conjugate to these layers. We placed one turbulent layer at the 4.5km altitude

position and the second layer at 9.0km. We estimate simulated on-skyθ0 for this atmo-

sphere is between 20 – 25 arcseconds. To produce MCAO corrections for this configuration
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we simply used the 4.5km and 9.0km layers in the volume estimate from the tomogra-

phy algorithm as our commands to the PPMs. We call this set of commands the MCAO

correction. We compare the MCAO type correction with GLAO and SCAO.

Percentage Strehl ratios (rounded to two significant figures) measured at each science

star position in Figure 2.3 are shown in Table 2.3. Also included are average Strehl values

to gauge overall performance, and RMS Strehl values to gaugecorrection uniformity. The

RMS values are given in fraction of the average value. “NOCOR” indicates the base no

correction Strehls measured with the PPMs reset (zero values sent). In this position they

are close to flat. It is clear from Table 2.3 that the MCAO correction has enlarged the field

of view when compared to SCAO. It can be seen that the angle encompassing the FOV

with Strehl greater than 20% appears to be a factor of 2 – 3 larger thanθ0, increasing the

size of this high Strehl area to encompass all 8 science stars. The RMS values indicate the

GLAO correction achieves fairly good uniformity compared to SCAO, but MCAO still has

the best.

2.3.3 MCAO Collapse Layers Test

In this experiment, we tested the ability of MCAO to correct when the PPMs are not con-

jugate to the turbulent layers. This introduces anisoplanatism into the MCAO correction.

This cannot be fully compensated for, but it can be reduced. We created a routine called

“collapse layers” to determine optimal commands for the PPMs that reduce isoplanatic er-
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rors, given the known distribution of turbulent layers. This routine is based on formulas

contained within the paper “Isoplanatism in a multi-conjugate adaptive optics system” by

Andrei Tokovinin and Miska Le Louarn (Tokovinin et al. 2000).

We summarize the math of the collapse layers routine here. The correctionψ, given the

wavefrontφ, to be applied to the PPM in Fourier space is given by:

ψ̃(~f) = Gm(~f)φ̃(~f) (2.2)

Gm(~f) is equal to the product of a matrix and a vector of bessel functions.

Gm(~f) = ~A−1~b (2.3)

The entries for theb vector are:

bm = J0(2πf(Hdm(m) − hlay(m))ΘM) (2.4)

and theA matrix:

amḿ = J0(2πf(Hdm(m) −Hdm(ḿ))ΘM) (2.5)

wheref is a spatial frequency,H is the height of the deformable mirror,h is the height

of a turbulent layer, andΘM is a field angle, representative of the enlarged isoplanaticangle
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that an MCAO correction produces. Note that by the nature of the PPMs, we have simpli-

fied these equations from their original form by making the deformable mirror response

functionr(f) be equal to 1.

For the experiment we placed the turbulent layers at 6.75km and 11.25km respectively.

We chose 6.75km so that it was positioned halfway between the 4.5km PPM and the 9.0

km PPM, and the 11.25km position so that it was roughly the same distance above the 9.0

km position.

We refer to the correction produced when we use the collapse layers routine as

“MCAOC”. To measure the difference that the isoplanatic errors make on our correction,

we tried a correction where we placed the 6.75km layer of the volume estimate on the

4.5 km PPM and the 11.25km volume estimate on the 9.0km PPM, and call this the

“MCAOV” (“V” for volume) correction.

In order to account for measurement errors within the Strehlcalculator, we repeated

the Strehl measurement multiple times for MCAOC and MCAOV. For brevity, only one

representative measurement run for MCAOC and MCAOV are shown (rounded to two

significant figures) in Table 2.4. We averaged all the Strehls(using three significant figures)

from each of the measurement runs to produce an average Strehl over the whole field for

each method.

MCAOV produed an average measured Strehl of 22.2% over the field of view, and

MCAOC produced an average 24.4% Strehl. This means MCAOC performed approxi-
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mately 10 percent better than MCAOV, when we look at the wholefield of view. We have

also included measured Strehls for GLAO and SCAO to show how they were performing

on this atmosphere. Note that SCAO has a smaller RMS than the previous experiment only

because it was not able to get the Strehl up above the base no correction for most science

star positions.

2.3.4 MCAO Pseudo-Open Loop Test

Finally, given the predictability of the PPMs, we wanted to test the suitability of a new type

of closed-loop algorithm, called “pseudo-open-loop” for the MCAO system (Piatrou et al.

2005). This is a type of closed-loop that does not use the traditional “poke-matrix” imple-

mentation, and may play an important role in next generationAO systems. An advantage

is that the whole volume of turbulence is known and availablefor tomography, not just the

residuals. A schematic for our implementation of pseudo-open-loop is shown in Figure 2.4.

At the time of these experiments (July 2007) , we unfortunately could only do a small

number of closed-loop MCAO iterations due primarily to memory limitations. The imple-

menation of all the control software on the testbed is fairlymemory intensive, requiring ap-

proximately 256 MByte of RAM to perform the calculations. Ateach iteration we paused,

removed the focal plane masks, and took a Strehl measurement. After 15 full iterations

we simply ran out of memory (the lab computer only had 500 MByte free). Although,

eliminating the Strehl measurement at each step, we were able to get over 20 iterations.
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Assuming approximately 300 iterations per second for a realsystem this represents only a

tiny fraction of a second. We have included this experiment just to show that our MCAO

implementation on the testbed is adaptable to pseudo-open-loop, but we make no conclu-

sions at this point about the stability of this closed-loop method. Experiments including a

much faster pseudo-open-loop implementation to determinestability over longer simulated

times are currently ongoing in the lab. The LAO is simultaneously working on projects to

build real-time computers for on-sky tomography systems.

We ran the system under conditions of both a static atmosphere (4.5 and 9.0km) and a

case with one moving layer to simulate wind. The moving layermoved 1/3 of a subaper-

ture at each iteration which translated to very roughly a 30m/s wind if we assume 300

iterations per second. Plots showing the average Strehl at each iteration for both experi-

ments are shown in Figure 2.5. The leftmost points indicate the average Strehl after the

first measurement and correction, but are not the same as an open-loop correction because

there was a closed-loop gain for this experiment, and for thecase of the strong wind, the

atmosphere was moving before the correction was applied.

2.4 Discussion and Conclusions

We have constructed an MCAO testbed, and demonstrated a fullmock-up of an MCAO

system using five laser guide stars and five wavefront sensorsto produce tomographic re-

constructions of a two layer upper altitude atmosphere. We have used back projection

41



tomography combined with open-loop wavefront sensing to produce our volume estimates.

We have used simulated open-loop capable DMs to produce our MCAO corrections. We

have shown that, while using these advanced techniques MCAOis able to enlarge the field

of view beyond the isoplanatic patch, and produce better correction uniformity than GLAO.

Additionally, we have verified a benefit when using the collapse layers approach to MCAO.

Finally, we have shown that the MCAO system is adaptable to a pseudo-open-loop imple-

mentation. We found no fundamental obstacles to MCAO operation using these techniques,

and our MCAO results seem to agree with predictions.

Our experiments have probed the limits of MCAO without the strong effect of the

ground layer. This was done intentionally. A major problem we address was whether

or not these methods could be implemented successfully, andimprovement shown. To re-

alize a benefit from MCAO there must exist turbulent layers atupper altitudes that make a

significant contribution to image degradation. The goal of this project was to explore the

subtleties of tomography combined with MCAO correction, sowe chose to not include a

ground layer for the whole experiment. Certain complications unique to the testbed (such

as the PPMs) were eased by this decision. Tomography resolution is not as good at upper

altitudes, and this is one of things we wanted to investigate. We wanted to make sure that

the tomography algorithm was actually able to resolve the upper layers. The experiments

detailed in this paper were not designed to simulate all operational conditions simultane-

ously.
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The goals of this project were not to reproduce on the testbedsomething that had al-

ready been done on a real telescope (i.e., a closed-loop poke-matrix type MCAO imple-

mentation using piezo DMs.) The LAO MCAO/MOAO testbed was designed to validate

models for tomography error. The constellation, and certain other conditions we used in

this experiment were designed to mimic the Gemini South MCAOsystem, so that we can

have a baseline to compare experimental results to later. The testbed is also being used

to explore parameter space for Keck Observatory’s next generation AO. The flexibility in

operation of a lab testbed allows unique features that current on-sky MCAO experiments

have not yet implemented.

When interpreting our results, care should be taken by someone faced with the dilemma

of which AO system to use. Ultimately, for ground based astronomy, the ground layer

makes a very important contribution to the design of an AO system. Because this is the

most dominant turbulence layer, if it is not adequately corrected, little benefit will be real-

ized from correcting the upper altitudes. Depending on scientific goals, MCAO may be a

poor choice over simple GLAO due to the complexity. Under thecircumstance of a very

strong ground layer of turbulence, and if the field of interest is not large, then the noise re-

ducing effect of averaging the signals from mutliple wavefront sensors might give a better

correction than MCAO.

An improvement to tomography performance would be to use a tighter guide star as-

terism. With a more densely packed array of guide stars, the atmosphere would be better
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resolved. This would likely have boosted MCAO performance,although FOV performance

would have been sacrified. This is a future direction for experimentation. More complicated

atmospheric effects such as guidestar elongation, tilt uncertainty, and altitude variability of

the sodium layer need to be addressed as well, and experiments are ongoing.
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Table 2.1 Similarity Parameters on the Testbed

Parameter Lab On-Sky
Subaperture Size 278µm 27cm
Primary Mirror 8mm 8m
Laser Guide Star Field Angle 42.5arcmin 42.5arcsec
Scienceλ 658nm 2.2µm
Atmosphere Altitude Scale 250mm 15km
Turbulence Strength∗ 300nm rms 1 µm rms
r0

∗ 2 – 4mm 2 – 4m
θ0

∗ 20–25arcmin 20–25arcsec

* These values are for the typical upper altitude two layer (2CD Case) atmosphere.

Table 2.2 Approximate On-Axis Error Budget

Error Type rms error (nm)
Fitting Error 15
Wavefront Sensor Aliasing 9.5
Tomography 55
Wavefront Sensor Systematic 33
Mask Misalignment 1 19
Mask Misalignment 2 19
PPM Lookup Table 1 30
PPM Lookup Table 2 30
Scintillation 18
Static Uncorrectable 60
Total 104
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Table 2.3 MCAO vs. SCAO vs. GLAO (4.5,9km)

Measurement S1 S2 S3 S4 S5 S6 S7 S8 AVG RMS
MCAO 23 28 27 33 26 30 22 20 26 17
GLAO 8 14 12 16 13 13 9 12 12 22
SCAO 9 27 11 18 8 8 6 9 12 59
NOCOR 5 6 6 10 10 9 8 7 8 NA

Table 2.4 Collapse Layers MCAO vs. Volume Type Correction vs. SCAO, GLAO
(6.7,11km)

Measurement S1 S2 S3 S4 S5 S6 S7 S8 AVG RMS
MCAOC 19 25 28 34 23 28 22 17 25 22
MCAOV 17 18 24 26 24 30 24 16 22 22
GLAO 4 10 9 12 9 8 11 8 9 27
SCAO 6 19 9 18 9 10 11 7 11 44
NOCOR 4 10 11 12 8 7 11 7 9 NA

Figure 2.1 Essential elements of the LAO MCAO testbed layout(drawing not to scale).
(1) Science constellation (2) laser guide star constellation (3) atmospheric plate (4) at-
mospheric plate (5) telescope (6) 9km conjugate PPM (7) focal plane mask (8) 4.5km
conjugate PPM (9) 0km conjugate PPM (10) focal plane mask (11) telescope aperture
(12) multi-plexed Shack-Hartmann-wavefront sensor (13) multi-plexed Shack-Hartmann-
wavefront sensor (14) far-field science camera.
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Figure 2.2 The simulated atmosphere section of the testbed with the moveable layers (left)
and a PPM (right).

Figure 2.3 The simulated guide star constellation (boxes) and science star constellation
(stars) on the sky as seen from the far-field (drawing not to scale). The large dashed circle
has a diameter of 42.5 arcseconds as simulated on sky, and thelarge box is intended to
repesent an area about 2 arcminutes on each side.
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Figure 2.4 Pseudo-Open-Loop method schematic. Light is forward propagated (symbol
“A”) through the atmosphere and through the PPMs which have acorrection already on
them, and is measured by the wavefront sensors. The real signal from the wavefront sensors
is combined with a wavefront virtually propaged in software(Y0) to produce a signal which
represents a wavefront measurementY ′ as if the PPMs were flat. This measurement enters
the tomography algorithm and produces a volume estimateX ′. Finally the previous volume
X is subtracted from the new volumeX ′, and the difference is multiplied by a gain value.
This difference, adjusted by the gain is added back to the oldvolume estimate to produce a
volume Xdm for use in MCAO. Xdm becomes the previous volume estimate and is forward
propagated in software to produce the Y0 for the next iteration.

Figure 2.5 The first 15 iterations of pseudo-open-loop for a static atmosphere (boxes) and
moving atmosphere equivalent to a strong wind (diamonds).
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Chapter 3

The Multi-wavelength Extreme

Starburst Sample of Luminous Galaxies

Part I: Sample Characteristics

3.1 Introduction

3.1.1 Starburst Galaxies

Some of the most fundamental unanswered questions in cosmology concern the nature of

star formation in galaxies, and its relationship to galaxy evolution. Mounting evidence

shows we live in an epoch of relative quiescence in terms of star formation. A measured

star formation rate (SFR) of just 1.0M⊙ yr−1 for a present day galaxy would be high
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compared to SFR density estimates forz = 0 (e.g., Hopkins et al. 2001; Brinchmann et al.

2004). The cosmic SFR density is thought to have reached a maximum level betweenz

∼ 2 – 3, where galaxies along the Hubble sequence formed the bulk of their stars (e.g.,

Dickinson et al. 2003b). During that same period, merger rates are also thought to have

peaked, making it the epoch of most rapid galaxy evolution (e.g., Conselice et al. 2003).

In spite of their rarity, prodigiously star-forming galaxies called “starburst galaxies”,

with SFRs ranging from∼ 5 to more than 200M⊙ yr
−1, can be identified locally through

a variety of techniques. Early references to these objects are found in Rieke & Lebofsky

(1979) and Weedman et al. (1981). Though there is no strict definition, the term starburst

galaxy is used to describe highly luminous objects that otherwise span a wide range of

physical properties. Once thought to be unusual, these galaxies provide us with a window

on past epochs when they were the dominant hosts of star formation. The key to finding

them is identifying wavelengths dominated by young stellarpopulations.

The traditional methods used to estimate SFRs are based on direct measurements of lu-

minosity at various wavelengths. A review of these techniques is found in Kennicutt (1998).

However, the focus of that review is on normal galaxies alongthe Hubble sequence, not the

more extreme star forming objects. The measure of star formation considered to be least

affected by dust extinction is the 1.4GHz luminosity, which primarily traces synchrotron

radiation from SN type II’s (e.g., Condon 1992; Cram et al. 1998). Using 1.4GHz lumi-

nosities as a reference, many authors have attempted to determine conversion factors for
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other wavelengths (e.g., Hopkins et al. 2003). Because of the observed strong far-IR – radio

correlation, the next best estimator is the far-IR luminosity which primarily traces repro-

cessed UV light from young hot O and B stars. The conversion from far-IR luminosity to

SFR is made more complicated by the presence of an underlyingolder stellar population

(Kennicutt 1998). Scatter is generally found to be higher between SFRs based directly

on LHα, which traces gas ionized by young stars (i.e. HII regions),or LUV produced by

young stars directly, and longer wavelengths (Cram et al. 1998). These conversions are

obviously most accurate for the case of vigorously star-forming galaxies with little or no

AGN contribution.

3.1.2 Far-IR Selection

The Infrared Astronomy Satellitemission (IRAS; Neugebauer et al. 1984) completed the

first resolved mid-IR and far-IR survey of the sky, and thereby generated a large catalog

of relatively low redshift and dusty star-forming galaxies. These are known as the Ultra-

Luminous Infrared Galaxies (ULIRGs) defined as havingLIR = L(8 − 1000µm) > 1012

L⊙, and the factor of∼10 less luminous LIRGs, withLIR > 1011 L⊙
1. Hereafter we refer

to both classes of objects collectively as “(U)LIRGs” in most situations, while the terms

LIRG and ULIRG will refer to the specific luminosity class defined above. TheInfrared

Space Observatory(ISO; Kessler et al. 1996) satellite also made significant contributions

to their numbers. Atz < 0.1, the number density (Φ) of these galaxies is estimated to be

1The cosmology used throughout this paper isH0 = 71km s−1 Mpc−1, Ωm = 0.27, andΩΛ = 0.73.
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between10−6 and10−7 Mpc−3 for ULIRGs, and between10−4 and10−5 Mpc−3 for LIRGs

(Sanders et al. 2003).

Many of the galaxies identified in these surveys continue to be studied, and provide

our basic understanding of what (U)LIRGs are, and what physical processes underly their

enormous IR luminosities. Examples include the Revised Bright Galaxy Sample (RBGS;

Sanders et al. 2003) and related Great Observatories All-sky LIRG Survey (GOALS; Surace

et al. 2006). A notable sample taken fromIRASis the “1 Jy sample” of 118 ULIRGs, de-

scribed in Veilleux et al. (1999b) and Veilleux et al. (2002). The 1 Jy sample includes

slices of the different forms of activity associated with the (U)LIRG phenomena including

Seyfert 2, LINERS, and HII-like galaxies. (U)LIRGs are alsothe subject of some excellent

review papers (e.g., Sanders & Mirabel 1996; Lonsdale et al.2006).

(U)LIRGs are found to be predominantly powered by star-formation, but with increas-

ing contributions from AGN for more luminous objects (Veilleux et al. 1999a; Armus et al.

2007). (To distinguish them from AGN dominated “warm” sources, starburst powered

(U)LIRGs are sometimes referred to as “cool”.) They containsignificant amounts of dust,

and emit as much as 98% of their total flux in the IR. For the caseof a pure starburst

powered (U)LIRG, the predicted dust temperatures range from 30 – 60K, leading to peak

blackbody IR emission of between 60 – 80 microns (Sanders & Mirabel 1996). In this

sense, the far-IR band has been compared to a calorimeter that gauges star formation activ-

ity.
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Follow-up observations of sub-mm galaxies (SMGs) at other wavelengths, such as those

by Fox et al. (2002) and Borys et al. (2004), have determined these sources are possible

high redshift (z ∼ 1.5 – 2.5) counterparts to local ULIRGs, albeit with much higher space

densities, possibly several hundred per square degree, andpredicted SFRs of∼ 300M⊙/yr

or more (Borys et al. 2003). Compared to the evolution of SFR density in the Universe over

this period, the change in the density of ULIRGs is dramatic.

3.1.3 UV and Optical Selection

While far-IR selection is notable for its success at finding alarge population of unknown

sources, techniques at shorter wavelengths have also been used to identify objects with

intense star forming activity. The first is the Luminous Compact Blue Galaxies (LCBGs;

Phillips et al. 1997; Garland et al. 2004, 2007) identified through surveys in the I-band, and

selected for their unusually high surface brightness. As their name suggests, they have a

much bluer color than a typical (U)LIRG, withB − V < 0.6 (Pisano et al. 2008). They

have typical stellar masses ofM∗ ∼ 109.6 M⊙ and averageE(B − V ) ∼0.5 (Guzmán et al.

2003), meaning they have a low mass and are not very extincted. A related type is the HII

or Blue Compact Dwarf galaxies, which are low stellar mass blue starburst galaxies (Gil de

Paz & Madore 2005). Like (U)LIRGs, LCBGs and HII galaxies arefound to be rare locally.

However, byz ∼1, LCBGs become ten times more common, and are thought to contribute

up to 45% of the star formation rate density (SFRD) in the Universe (Pisano et al. 2008).
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The estimated SFR for a typical LCBG may be as high as 40M⊙ yr−1 (Hammer et al.

2001).

A successful technique to discover high redshift starbursts is the Lyman break method

which relies on the strong attenuation of wavelengths shorter than the Lyman limit (rest

frame 912̊A) (Steidel & Hamilton 1993). Follow up observations of these Lyman Break

Galaxies (LBGs) determined that they are high-z UV luminous galaxies (UVLGs) with

moderately high SFRs, andM∗ of 109.5 – 1011.0 M⊙ (Steidel et al. 1995, 1999). They

have received great attention due to their abundance at highredshifts, and the fact that

they may be candidates for progenitors of present day elliptical galaxies (Giavalisco 2002;

Adelberger et al. 2005). A possibly related phenomenon, andsome of the highest redshift

galaxies known are the Lyman Alpha Emitters (LAEs; Spinrad et al. 1998; Dawson et al.

2004). These are also thought to be proto-galaxies similar to the early Milky Way, however

their true nature is still a matter of debate.

Heckman et al. (2005) have usedGALEX(Martin & The GALEX Team 2005) observa-

tions to show there exists a nearby population of galaxies that have strikingly similar prop-

erties to LBGs. Hoopes et al. (2007) describes a sample of 215relatively nearby UVLGs

that overlap with SDSS. These have a range of SFRs from a few, to as much as 100M⊙

yr−1. A large portion of these are similar to the LCBG and HII galaxies mentioned above,

however a subset of 42 “supercompact” UVLGs described by Basu-Zych et al. (2007) are

thought to be local LBG analogues.
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Finally, the spectroscopic surveys targeting large numbers of galaxies like the 2dF

Galaxy Redshift Survey (2dFGRS; Colless et al. 2001) and theSloan Digital Sky Survey

(SDSS; York et al. 2000) allow selection of starburst galaxies via theHα emission line,

or from fits to the whole optical spectrum (e.g., Owers et al. 2007). We discuss a recent

survey of this type using SDSS in section 3.2.

3.1.4 Deep Surveys

Deep surveys targeting objects at high redshift – combiningdata sets fromHST, Spitzer, and

Chandra, with ground based observations – have brought about a new era of research. The

large projects that have contributed significantly to our knowledge of starburst galaxies in-

clude COSMOS (Scoville et al. 2007), GOODS (Dickinson et al.2003a), and CDFS (Wolf

et al. 2004) among others. One example of this type of sample would be theBzK-selected

star-forming galaxies atz ∼ 2, selected from GOODS-North (Daddi et al. 2005). The

Multi-band Imaging Photometer (MIPS; 24, 70 and 160µm channels; Rieke et al. 2004)

aboard theSpitzer Space Telescope(Werner et al. 2004) is a crucial tool for measuring the

IR luminosity of distant sources and confirming their statusas (U)LIRGs.

A better picture is developing of where star-formation is occurring in the Universe over

time. As early results from sub-mm surveys alluded to, beyond z ∼ 1 star formation is

predominantly occurring in (U)LIRGs with major contributions from LBGs and objects

similar to LCBGs. Caputi et al. (2006) found that by aboutz ∼1 the mid-IR luminosity

59



function is dominated by LIRGs with stellar masses betweenM∗ ∼ 1010 – 1011 M⊙. Daddi

et al. (2005) find that byz ∼2, the typical galaxy with anM∗ ∼ 1011.0 M⊙ is a ULIRG with

LIR > 1012 L⊙ and SFR∼ 200 – 300M⊙/yr. The co-moving density is a factor of 1000

greater than the local density.

Starburst galaxies have been shown to exist in large enough numbers to account for

the bulk of star-forming activity in the early Universe. As the large surveys push detailed

observations to higher and higher redshifts, it is becomingincreasingly important to under-

stand the complex relationships between various star formation rate indicators. Clearly it

is not sufficient to rely only upon samples of “typical” or “well behaved” galaxies on the

Hubble sequence we observe today. Though they present unique observational challenges,

one of which is the frequent high levels of dust obscuration,it is worthwhile to probe these

difficult objects.

3.1.5 Previous Work

Over the years many attempts have been made to derive a SFR fromHα emission line lu-

minosity directly, and explore the relationship between UV, far-IR, and radio derived SFRs.

The SFRs based on uncorrectedLHα are generally lower than SFRs measured from the IR.

Kewley et al. (2002) (their figure 1) find a correlation between uncorrectedSFRHα and

SFRIR (computed using formulae in Kennicutt (1998)), but that theSFRHα underesti-

mates by about a factor 3 theSFRIR. They find the amount theHα underestimates the
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SFR increases for galaxies with higher SFRs. After correcting LHα using Balmer decre-

ment derived E(B-V), they find much better agreement betweenthe two methods . How-

ever, their sample is the Nearby Field Galaxy Survey, which is composed of less vigorously

star-forming galaxies than typical (U)LIRGs. It includes only 1 object with IR or corrected

SFRHα greater than 50M⊙ yr
−1.

Choi et al. (2006), using data from theSpitzerFirst Look Survey, compute an opti-

cal SFR derived from emission lines for a sample which includes a significant number of

LIRGs with IR predicted SFRs between about 20 and 105M⊙ yr
−1. None of their uncor-

rected optical SFRs are more than 50M⊙ yr
−1. They find scatter at IR luminosities greater

than1010 L⊙ (their figure 9). Finally, Flores et al. (2004) examine a sample of ISO se-

lected LIRGs, seven of which haveHα derived SFR greater than 50M⊙ yr
−1 (their figure

2b). They find a non linear relationship between the corrected SFRHα andSFRIR (to

which they fit a polynomial) which increases as IR luminosityincreases.

It is strongly suggested there should be a physical connection between optical extinc-

tion, higher SFR, dustier galaxies, and higherLTIR. Wang & Heckman (1996) observed

that the UV/FIR ratio decreases with increasing FIR luminosity. Other authors have found

a correlation, albeit weak, between SFR and extinction measured by theHα/Hβ ratio,

inferring dustier galaxies will generally have higher SFR (Sullivan et al. 2001, figure 4).
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3.2 Sample Selection

We have taken a different approach to selecting our sample ofstarburst galaxies, with the

aim of finding nearby objects having SFRs at or above the (U)LIRG level, but with less

dust obscuration. In addition to lending themselves to moredetailed study at shorter wave-

lengths, objects in this sample have the potential of being intermediate (or transitioning)

objects between categories mentioned above. They can also be used to explore the rela-

tionships between various SFR indicators. Rather than relying on a single emission line,

the goal of our selection method is to identify galaxies whose entire spectrum indicates an

unusually high level of starburst activity. For this reasonwe decided to use the already

available SDSS catalog of SFRs from Brinchmann et al. (2004), described below, as a

starting point.

Brinchmann et al. (2004) present measured SFRs for a sample of ∼53,000 star-forming

galaxies observed by the SDSS (henceforth we refer to Brinchmann et al. (2004) as “B04”).

B04 employ a novel technique to determine SFRs, rather than the fixed conversion factor

estimators like those in Kennicutt 1998. In short, they apply galaxy evolution and emission

line modeling to generate model grids corresponding to galaxy-wide parameters, and given

the emission line spectrum, compute a likelihood that a given model is correct. The value

of the most likely SFR for each source optical spectrum is then independent of UV, IR, and

radio properties.

Rather than using the default SDSS spectroscopic pipelines, B04 use their own opti-
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mized pipeline to re-analyze the 1D spectra. This data set isnow known as the MPA/JHU

value-added galaxy catalog2. The data reduction for this catalog is described in more detail

by Tremonti et al. (2004) . The subset of star-forming galaxies was taken from this larger

set of∼550,000 measured spectra spanning all galaxy types, and encompasses a large

portion of SDSS through Data Release 4 (DR4) (Adelman-McCarthy & The SDSS Team

2006). The benefit of using this data set over the standard SDSS pipeline, is the improved

accuracy in continuum subtraction. This results in much better identification of emission

lines, particularly the weaker (low S/N) ones. This precision is critical for performing the

various tests to identify and remove AGNs described in section 3.3.2.

B04 build upon methodology outlined in Charlot et al. (2002), modeling the emis-

sion lines following Charlot & Longhetti (2001), and with galaxy evolution models from

Bruzual & Charlot (1993). Their model grids take into account parameters such as metal-

licity, ionization parameter, and dust attenuation. Thesegrids contain∼ 2 × 105 models.

Each model in the grid has an associated dust attenuation based on all the emission lines,

however B04 state: “To first approximation, however, our dust corrections are based on the

Hα/Hβ ratio.” Then comparing to the data, they use a Bayesian approach to compute a

likelihood for each model. In this manner, a likelihood distribution for the value of SFR is

generated spanning a moderate range of SFRs.

In querying the B04 SFR catalog, we chose to select the average value of the likelihood

distributions. Since the SDSS fibers are relatively small, asignificant aperture correction

2http://www.mpa-garching.mpg.de/SDSS/DR4/index.html
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based on color information is applied to the values. Two distributions were generated by

B04, one corresponding to the fiber magnitude, and the other to the total magnitude. The

total magnitudes are based on CMODEL magnitudes from SDSS. These average values of

the distribution become what we will call the “fiber SFR” and the “total SFR”. The same

applies for the stellar mass, which we also extract from the catalog. Additionally, we extract

the 16 and 84 percentiles of the likelihood distributions asa measure of uncertainty. Finally,

we extract from the catalogs the gas phase oxygen abundancesdetermined by Tremonti

et al. (2004) in units of 12+ log(O/H) as a measure of the metallicity.

In selecting the MESS sample, we used these B04 SFR estimatesto aid in identifying

objects with the potential to be starburst galaxies, however, we do not rely solely upon these

as the definitive SFR. In section 3.4 we compare the B04 SFR to other more traditional

methods. It is also important to mention that B04 use a KroupaIMF. It is possible to

convert their SFR to a Salpeter equivalent by multiplying the B04 SFR by a factor of 1.5.

To generate the MESS, we queried the B04 database (based on SDSS data release 4)

with the following criteria:

1. SFR> 50M⊙/yr for bothtotal SFR andin fiber values

2. No excessive corrections fromfiber to total SFR (less than a factor of 30) or stellar

mass (less than a factor of 10)

3. S/N> 3 detection on all emission lines (class= 1 objects in B04)
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4. 0.1< z < 0.3

Note that criteria 1 and 2 help ensure our sample is not dominated by spuriously large

corrections to the fiber values. Combined with the small 3′′ spectroscopic fiber size of

SDSS, that also means the selected objects have high SFR in a relatively compact area.

If these restrictions are not taken into account, the query will return many objects with

incorrect or even absurd total SFRs. Typically the latter occurs where the fiber is centered

directly on a small galaxy, but there is a nearby bright star contributing a large amount of

blue light, in which case the color corrections fail. Criterion 3 ensures that we are able to

classify objects as star-forming galaxies or AGN. Consequently, the MESS contains only

emission line galaxies. Finally, criterion 4 means the sample is relatively low redshift, but

still probes a range where there is the potential of discovering many new (U)LIRGs. It also

assures useful emission lines like [SII] will not be redshifted out of the optical spectra.

The 138 objects that meet these search query criteria form a complete sample within

the SDSS DR4 footprint; they are listed in Table 3.1. Column (1) is the target galaxy with

its SDSS name. Columns (2) and (3) list the J2000.0 right ascension and declination of the

target, respectively. Column (4) is the redshift obtained from SDSS. Column (5) is thelog

B04 SFR in units ofM⊙/yr.

For a few MESS objects the SDSS catalogs contain duplicate observations. The vari-

ations in line fluxes determined from one observation to another are small, but in some

cases, different values for the B04 total and fiber SFR were determined based on these
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observations. For seven objects, at least one of the duplicate observations indicates a SFR

below 50M⊙/yr but more than 10M⊙/yr. We have included these seven targets in the

MESS for completeness. There also exist 10 more objects which meet the aforementioned

criteria, but seem to be suffering from a serious astrometryerror in older SDSS catalogs.

There is considerable disagreement between the fiber RA and DEC (called “plugRA” and

“plugDEC” in the SDSS catalogs) and the regular RA and DEC forthose objects. They

have been excluded from the MESS catalog.

The median redshift of MESS sources is0.200, with a fairly even distribution ofz

values. The median estimatedlog M∗/M⊙ (stellar mass) value from the catalogue is 11.1,

making them moderately massive galaxies. The total B04 estimated SFRs (Kroupa IMF)

range from a minimum of 50M⊙/yr, to one object which has 209M⊙/yr. That object is

the only one with a predicted SFR over 200M⊙/yr in the MESS. The median value is 69

M⊙/yr.

In the remaining sections of the paper we will use the MESS to explore the relationship

between various SFR indicators and between the MESS and samples selected using other

methods.
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3.3 Multi-wavelength Data

3.3.1 SDSS Photometry

Since the MESS is selected from SDSS (York et al. 2000), we have access to high qual-

ity visible imaging/photometry data and spectra. Based on the SDSS imaging and spectra

snapshot images, it is clear the MESS is composed of galaxy mergers, some isolated appar-

ently single nucleus elliptical or spiral galaxies, all being red in optical color, and a fraction

(∼ 10%) of very blue galaxies. We will leave the detailed morphological classification of

the MESS for a subsequent paper (part II), in which we will discuss the results of aK band

imaging campaign.

Figure 3.1 is a color-magnitude diagram of the MESS using SDSS photometry, compa-

rable to similar diagrams in Bell et al. (2004) and Strateva et al. (2001). Also plotted are

galaxies from the UVLGs (Hoopes et al. 2007), and portions ofthe 1 Jy sample (Veilleux

et al. 1999a) and FIRST sample (Stanford et al. 2000) coveredby SDSS. The dashed line in

the upper right region represents the approximate locationof the “red sequence” atz ∼ 0.1,

along which early type galaxies tend to cluster. This figure demonstrates the large range of

colors spanned by the MESS, including the “blue cloud” through the “green valley”.
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3.3.2 Power Source Identification

We have used the so-called “BPT diagrams” (Baldwin et al. 1981), updated with the im-

proved classification schemes presented by Kewley et al. (2001) and Kauffmann et al.

(2003), to verify that our galaxies are powered by star formation in all 3 forms of the

diagram. This ensures the observed luminosities are due primarily to starbursts rather than

AGN, however this does not guarantee our objects do not contain a “buried” AGN. We

obtained the emission line fluxes from the MPA/JHU catalog. It can be seen from Fig. 3.2,

Fig. 3.3, and Fig. 3.4 that our galaxies lie almost wholly beneath the line of pure star for-

mation and do not intrude into the composite region. The regions of Fig. 3.2, Fig. 3.3, and

Fig. 3.4 occupied by the MESS are also denoted by many authorsas “HII” type galaxy

spectra (e.g., Kewley et al. 2006). However, an unusual object, J004236+160202, lies

slightly above the line in Fig. 3.4. We will discuss further the possibility of AGN contam-

ination in sections 3.3.3, and 3.3.5, however we believe theimplication of the above tests

is that AGN are making a minimal contribution, if at all, to the IR luminosity of the MESS

objects.

Additional information can be gleaned from the [OIII] toHβ ratio. Some authors sug-

gest this ratio is sensitive to recent starburst activity inHII galaxies (Rosa-González et al.

2007; Basu-Zych et al. 2007). Furthermore, the equivalent width (EQW) of the theHβ

emission line is thought to be a measure of the ratio of present to past star formation, so

that recent single starbursts would have both higher [OIII]/Hβ ratio and larger EQW(Hβ).

68



We have examined the EQW(Hβ) and [OIII]/Hβ ratio for the MESS. While this line is

typically weak,≤ 11 Å for the MESS, we find 9 objects withHβ EQWs> 50 Å . These

correspond to MESS sources: J004236+160202, J020038−005954, J074936+333716,

J095618+430727, J115630+500822, J145435+452856, J150627+562702,

J154049+390350, and J154120+453619. These sources also have higher [OIII]/Hβ ratio,

and have blue colors based on the optical photometry. These objects are more representa-

tive of the “supercompact UVLGs” identified by Basu-Zych et al. (2007) (see their figure

13), than they are of the rest of our MESS catalog.

3.3.3 Far-IR Observations

We obtained space-based observations in order to study the far-IR properties of the MESS,

and to compare them to (U)LIRGs in classically-selected samples. We have acquired data

with the Multi-band Imaging Photometer (MIPS; 24, 70 and 160µm channels, Rieke et al.

2004) aboard theSpitzer Space Telescopefor all 138 MESS objects (Program ID 40640).

The data were obtained in MIPS photometry mode with the exception of 3 sources in

scan mode identified below. These data were automatically processed through the Spitzer

Science Center (SSC) data pipelines, with version numbers ranging from 16.1.0 for the

earliest data, and up to 18.5.0 for the most recent.

We began our MIPS data reduction with the basic calibrated data (BCD) products. For

the 24µm channel, we flat-fielded the BCDs using the “flatfield.pl” script from the SSC.

69



We then corrected for overlap, and re-mosaicked the BCDs using the MOPEX software

package (Makovoz & Khan 2005) available from the SSC. For the70 and 160µm chan-

nels the delivered filtered BCD products showed filtering artifacts due to the presence of

bright point sources, particularly for the 160µm channel. To mitigate this we used scripts

delivered with the SSC Germanium Reprocessing Tool (GeRT) software package to filter

the regular BCDs while masking out the location of bright point sources. We then mo-

saicked these masked and filtered BCDs with MOPEX. The MOPEX package includes

an APEX point source extraction utility (Makovoz et al. 2004) that was used to measure

aperture photometry for all 3 channels. We then applied the standard aperture corrections

available from the SSC website to the measured fluxes. We report photometry results in

Table 3.2. Listed in column (1) is the object name, and columns (2) through (7) list the

source fluxes inmJy units and associated uncertainty for 24, 70, and 160µm respectively.

Column (6) is thelog LTIR in units ofL⊙, and described below. Upper limits, discussed

below, are in parenthesis. A color correction has not been applied to these values. The

manner in which we compute infrared luminosity described below assumes an SED incor-

porating a range of source temperatures, so we have reportedthe actual values we use for

that relation.

When the angular sizes and distances of the MESS sources are taken into account, and

combined with the pixel scales for the MIPS mosaicked images(2.45, 4.00, and 8.00′′ per

pixel respectively), it is not surprising most of our objects appear as point sources in all 3

70



channels. In a handful of merger cases, the galaxies were resolved into two sources at 24

µm. For those objects the fluxes were summed. At 70 and 160µm these sources are no

longer well resolved into two distinct objects. The majority of the MESS objects do not lie

in regions of extended emission or high IR background levels. At the MIPS wavelengths

the sources generally appear quite isolated.

The majority of the MESS galaxies were detected with high S/Nby MIPS using the

APEX tool. However, three sources (J022229+002900, J040210−054630,

J150627+562702) are not detected at 70µm, and ten sources (J004236+160202,

J021601−010312, J022229+002900, J033918−011424, J040210−054630,

J095618+430727, J145435+452856, J150627+562702, J151320−002551,

J154120+453619) are not detected with APEX at 160µm. For these sources we used

IRAF imexam to measure the flux density centered at the 24µm source position for the

70 and 160µm measurements, and we use these values for upper limit photometry. Fur-

thermore, an additional 11 sources had S/N indicated by APEX< 3 which we designate

as upper limits. Not surprisingly, many of the upper limit sources correspond to optically

blue objects and the broad EQWHβ objects mentioned previously in section 3.3.2. Finally,

there were 3 sources (J104116+565345, J104729+572842, J235237−102943) which were

detected in the MIPS scan mode for a previous proposal, and were not re-observed for our

program. We measured fluxes for these with IRAF imexam from the filtered scan data.

For the majority of the MESS, we only have far-IR data for the three MIPS channels.
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However, a subset of 36 sources were also detected byIRAS. We discuss these data in

section 3.3.4 below. The other MESS objects are simply belowthe sensitivity limits for

IRAS(in survey mode).

Using the MIPS data we have calculated the bolometric infrared luminosity,LTIR, for

each galaxy in the sample. A traditional method would be to doa simple single temperature

modified blackbody fit to the points. These models have been used to approximate the

far-IR SED for a galaxy, but are not physically realistic since the actual IR SED for a star-

forming galaxy is built up from a combination of blackbody emission profiles spanning a

range of temperatures. For purposes of computingLTIR we do not need to constrain the

exact SED in order to generate reliable estimates; rather, we can simulate the full range

of normal star-forming galaxy IR SEDs. This sophisticated approach is described in Dale

& Helou (2002). They derive a relation (equation 4) designedto recover the total infrared

(TIR) luminosity for star-forming galaxy SED shapes. We reproduce the relation here.

LTIR = ζ1 ∗ ν ∗ Lν(24µm) + ζ2 ∗ ν ∗ Lν(70µm) + ζ3 ∗ ν ∗ Lν(160µm) (3.1)

Given the full range of model SED shapes atz = 0, the formula is shown to match

the bolometric infrared luminosity to better than 1% accuracy, and within 4% to redshift 4.

For our redshift range, we are within 1% error untilz = 0.2, and closer to 2% error atz

= 0.3. We use this method to compute theLTIR for the MESS, applying the appropriate
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coefficients (ζ1, ζ2, ζ3) for their equation given that our redshifts range fromz = 0.1 to

0.3. We obtained the coefficients from the authors (via priv.comm.). This method for

computingLTIR is similar to a relation derived forLFIR by Sanders & Mirabel (1996)

using theIRAS bands. The latter was commonly used to estimateLFIR for the IRAS

selected samples of (U)LIRGs.

Note that the total luminosity measured in the TIR range of 3 -1100µm is not appre-

ciably different to that measured in the IR range of 8 - 1000µm, or even in the smaller

FIR range 40 - 500µm, since all of these ranges cover the FIR region, where the bulk of

emission for a dusty star-forming galaxy will occur. In the subsequent analysis, and in sec-

tions that follow, we will treat theLTIR andLIR as basically indistinguishable at this level,

using the TIR subscript to denote only the method used to determine it. To summarize the

properties of the MIPS data for our sample, the median flux at 70 µm is 200mJy. The

medianlog LTIR obtained is 11.5L⊙.

In Fig. 3.5 we plot a portion of the IR spectrum covering the MIPS bands for two typical

MESS sources, J001629−103511 and J003816−010911. The curves represent different

model fits to our source photometry, based on the SEDs for ARP220, M82, and Mrk231

obtained from the SWIRE Template Library (Polletta et al. 2007). These fits were generated

with the program Hyperz (Bolzonella et al. 2000). This figuredemonstrates the strong rise

in emission at the far-IR wavelengths.

In Fig. 3.6 we plot the resultingLTIR for our complete sample, versus the B04 total
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SFR. As explained in section 3.1.1, SFRs are frequently estimated directly fromLTIR (see

section 3.4). There is obviously significant scatter in thisfigure; we discuss the possible

causes in section 3.5 below.

Finally, we can create a far-IR color-color diagram using the MIPS bands (Fig. 3.7).

Others have used figures such as this to identify potential “warm” (U)LIRGs (originally

Lipari (1994) and see also Canalizo & Stockton (2001)). The MESS is plotted as black

squares. Also plotted are the GOALS objects (data release 1)(Sanders et al. 2003) for

which MIPS fluxes have been released. For the purposes of thisfigure, the same color

correction applied to the GOALS data has been applied to our fluxes. The same basic

range is seen in both samples. Some of the MESS exhibit highα(70,24) values. If we

set the threshold for warm objects at a level of−2.10 and above, then we find that the

sources correspond to objects with upper limit detections at 160µm and/or the optically

blue objects identified from SDSS colors. Additionally, thesources identified previously as

having high [OIII]/Hβ and large EQW(Hβ) correspond to higher positions on this diagram.

It appears the portion of the MESS occupying the higher positions are representative of

young almost dustless starbursts. An alternative explanation would be that they are indeed

“warm” LIRGs containing a buried AGN, but we find no other evidence for this (see section

3.3.2).
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3.3.4 Comparison to IRAS

We have 36 coordinate matches in theIRAS(Neugebauer et al. 1984) catalogs. Five of

them are detected in the point source catalogue (PSC). The rest are from the faint source

catalog (FSC; S/N> 5), or the faint source reject file (FSR; S/N> 3). The MESS objects

are near the detection limit ofIRAS. The data includes high quality (Fqual=3) or moderate

quality (Fqual=2) data for the 60µm channel, but nearly all the 100µm measurements

are upper limits only. However, theIRASdata provides a useful independent check on the

MIPS fluxes.

Figure 3.8 compares the MIPS 70µm fluxes to the IRAS 60µm values for eachIRAS

detected MESS source, with the dotted line representing a one-to-one correspondence. Tak-

ing into account the wavelength difference, we find good agreement between these two

bands which reside near the peak emission for starbursts. Figure 3.9 compares theLFIR

computed with formulas in Sanders & Mirabel (1996) to theLTIR computed with the MIPS

fluxes using the method described above. Note that theIRASLFIR represented here is based

on upper limits at 100µm.

3.3.5 Radio

48 of the MESS sources are detected at 1.4GHz in the VLA FIRST survey (Faint Images

of the Radio Sky at Twenty Centimeters; Becker et al. 1995). 117 of the total 138 sample

RA and DECs fall within the FIRST coverage area. The detectedMESS objects have a
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median integrated 1.4GHz flux of only 1.7mJy, making them among the faintest sources

detected by the survey. FIRST has a 1mJy source detection threshold. We obtained the

integrated fluxes for these sources from the FIRST website3 catalog search. These values

were k-corrected assumingSν proportional toν−0.8, and converted to luminosity inW/Hz.

We have examined the FIRST “cutout” images of the MESS sources to look for unusual

features such as double lobed radio sources that might be indicative of an FRII galaxy. In

all cases the MESS appear to be point sources, with essentially no structure. Considering

the detection limit of FIRST corresponds to1022.5 – 1023.5 W /Hz at the MESS redshifts,

anything detected is either a powerful starburst or AGN.

A well known correlation exists between radio and far-IR luminosity for many star-

forming galaxy types (e.g., Helou et al. 1985). It is believed the correlation may be used

to calibrate a SFR for the IR luminosity. The advantage beingthat the 1.4GHz flux is

virtually unaffected by dust attenuation and may provide a less biased value for the most

heavily obscured galaxies (e.g., Hopkins et al. 2003; Sullivan et al. 2001).

In order to test the radio-IR correlation for as much of the sample as possible, we have

performed image stacking using all 117 FIRST image cutouts (including the detected and

non-detected fields) with the IRAF imcombine task. This technique, described in White

et al. (2007), allows luminosity information to be recovered for objects that fall well below

the rms noise level. The technique has been applied previously to samples of quasars

(White et al. 2007) and AGNs (de Vries et al. 2007). A median stack of all 117 MESS

3http://sundog.stsci.edu/
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image cutouts (where the cutouts have been converted to luminosity units) results in a

luminosity 8.92× 1022 W/Hz, after correcting for snapshot bias (see White et al. (2007)).

We determined the S/N in the stacked image of all cutouts was therefore high enough to

allow us to divide the sample into 5 subsample bins. The objects were sorted in order of

increasing IR luminosity, prior to dividing into the bins. The cutouts for each bin were then

median stacked, and the resultant radio luminosities were measured.

We have used the 1.4GHz luminosities for each of the detected objects, as well as the

median stacked data, to compute 1.4GHz SFRs. We discuss these results for the MESS in

section 3.4.

3.3.6 Extinction

Because our sample is optically selected, it is likely the objects are less dust obscured than

other objects with similar SFRs, like typical IR selected (U)LIRGs. As a measure of the

dust extinction in this sample we start with the ratio ofHα toHβ emission lines (Balmer

decrement), and apply methods from Calzetti et al. (1994) tocalculate the Balmer optical

depth,τB, and then estimate anE(B − V ) from this. We assume a theoretical unreddened

Hα/Hβ ratio of2.88 (e.g., Osterbrock 1989).

Specifically, we apply Calzetti et al. (1994) equations 2 and3, with the Balmer optical

depth given by:
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τ l
B = τβ − τα = ln(

Hα/Hβ

2.88
) (3.2)

and the resulting relationship to the intrinsicE(B−V ) for their sample of starburst and

blue compact (HII) galaxies was found to be:

E(B − V )i =
1.086

k(Hβ) − k(Hα)
∗ τ l

B ≃ 0.935 ∗ τ l
B (3.3)

wherek(Hβ)−k(Hα) was obtained from Seaton (1979). Note that the above assumes

a simple foreground screen of obscuring dust. The Balmer optical depth is also thought to

be an upper limit on attenuation (Charlot & Fall 2000).

Using the methods above, the medianE(B − V ) for the MESS is0.654, and the

maximum value obtained is1.03. These values are generally lower than those obtained

by Veilleux et al. (2002) for theIRAS 1 Jy sample of ULIRGs, who found the median

E(B − V ) for HII galaxies, LINERS, and Seyfert 2 galaxies to be 0.80, 1.11, and 1.21

respectively. The values obtained for theIRASBright Galaxy Sample by Veilleux et al.

(1995) were 1.05, 1.24, and 1.07 for HII galaxies, LINERS, and Seyfert 2 galaxies respec-

tively. Doing the above analysis for the Hoopes sample of UVLGs, using data from the

MPA/JHU catalog, gives a median value of0.286. This indicates a much lower extinction

for that sample.
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3.3.7 GALEX Detections

A significant fraction of the MESS objects (70) are detected by theGALEXmission with

S/N greater than 3 in the FUV band (λfuv ∼ 1530Å). We used the Multi-mission Archive

at Space Telescope (MAST) explorer tool to query the GR4/GR5data release catalogs. The

majority of these observations are taken from the all sky survey (AIS; ∼ 100 s exposure

times) or the medium imaging survey (MIS;∼ 1.5 ks exposure times) (Morrissey et al.

2007). An additional 7 targets were contained in the deep imaging survey (DIS;∼ 30ks).

The short exposure times of the AIS and MIS mean that only the most luminous objects

are detected.

Using the obtained fluxes we computed anobservedframeLfuv, and we find 14 of

our 138 objects meet the minimum criteria of being a UVLG according to the definition

used by Hoopes et al. (2007), which isLfuv > 2 × 1010 L⊙. (Although only three of them

were included in the actual Hoopes sample of UVLGs.) We will use the GALEX data to

compare the properties of objects in the MESS to UV selected samples.

3.4 SFR Indicators

As described in section 1, the luminosity at various wavelengths can be used to estimate

SFR. In this section we draw upon our MIPS data, the SDSS data,and the matches from

FIRST, to estimate SFR directly and compare to the B04 total SFR values. We also check

agreement between the various alternative methods.
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There is a certain amount of variation in the fixed conversionfactors used to relate lu-

minosity and SFR between different authors. We have chosen to use relations forSFRTIR

andSFR1.4GHz from Bell (2003). TheSFR1.4GHz calibration from Bell (2003) was also

applied by Hopkins et al. (2003) for determining SFR in a large set of star-forming galax-

ies selected from SDSS. Both papers assume a Salpeter IMF. Wealso use appendix B of

Hopkins et al. (2003) to compute anSFRHα using the emission line fluxes drawn from

the MPA/JHU value added catalog. This formula takes into account a correction from

fiber to totalHα luminosity, and also an extinction correction determined by the Balmer

decrement. The medianlog LHα obtained for the MESS with this method is9.2 L⊙.

In order to make a comparison to B04 SFR, we note the conversion for SFR between

their Kroupa IMF and the Salpeter IMF is a factor of 1.5. The conversion factor is the

ratio of the mass in the two IMFs for the same amount of ionizing radiation (see section

1 of B04). The above methods for calculatingSFRHα, SFRTIR, andSFR1.4GHz for

the MESS indicate lower SFR than the corresponding values from B04, after taking into

account the factor of 1.5. We calculate medianconvertedKroupa IMF SFRs of 35M⊙/yr

for SFRHα, and 37M⊙/yr for SFRTIR. Using the flux obtained from the median stacked

FIRST cutouts we obtain a luminosity of 8.92× 1022 W/Hz, indicating anSFR1.4GHz of

33M⊙/yr (again, Kroupa IMF).

Figure 3.10 shows a plot of theSFR1.4GHz versus the B04 total SFR. The plot indi-

cates essentially no correlation between these measures ofSFR. The sources occupying the
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highestSFR1.4GHz portion of the diagram do not correspond to either objects with higher

positions on the far-IR color-color diagram, or particularly blue galaxies.

Figure 3.11 compares theSFRTIR to SFR1.4GHz which shows reasonable agreement.

The correlation coefficient (Pearson’s) between these quantities is0.8. As mentioned previ-

ously, the far-IR and radio fluxes do tend to correlate for (U)LIRGs as well as star-forming

galaxies in general. Other authors have observed increasedscatter in the Radio-FIR cor-

relation at higher IR luminosities (e.g., Bell 2003). The results of our median stacking of

the radio data using 5 bins of increasing IR luminosity are shown in Fig. 3.12. This figure

indicates the radio-IR correlation holds for the entire range of MESS redshifts (0.1< z <

0.3), even though most of these objects were too faint to be detected.

Figure 3.13 comparesSFRHα to SFRTIR. Objects with filled square symbols are UV

luminous galaxies. There is more scatter observed between these two quantities when com-

pared to Fig. 3.11. Considering that theHα luminosity has been corrected for reddening

with the Balmer decrement, we do not observe anything like the tight correlation found by

Kewley et al. (2002) for the Nearby Field Galaxy Survey. Someof this scatter is likely at-

tributed to an imperfect conversion from fiber to total luminosity. The trend towards the IR

direction for higher SFRs also indicates that extinction islikely not being fully accounted

for. However, when compared to Fig. 3.6, there is clearly an improvement. A similarly

weak correlation is found betweenSFR1.4GHz andSFRHα.

Figure 3.14 plotslog LTIR versus the specific star formation rate, SFR per unit mass,
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calculated from the stellar mass (M∗) used by B04, and theSFRTIR. This gives a measure

of which galaxies are the most prolific at forming stars relative to their size. This plot shows

a weak trend toward higher IR luminosities at higher specificSFR.

Figure 3.15 plots thelog M∗ versus the oxygen abundance in units of 12+ log (O/H)

for the sample. This is otherwise known as the mass-metallicity relation. In figure 3.16 we

plot the oxygen abundance versus the specific SFR. Interestingly, the objects with lower

specific SFR are the ones with the highest 12+ log (O/H).

3.5 Discussion

3.5.1 Composition of the MESS

The MESS is comprised of galaxies with some of the highest SFRs measured at low red-

shift, and selected using the SDSS. Multiple lines of evidence support the idea that the

MESS are starburst galaxies. Among them are their IR luminosities, their position on the

BPT diagrams, their optical colors,Hα luminosities, and the fact that a large percentage

are UV and radio detected (given the limits at their redshifts). As such, the MESS repre-

sent a region of parameter space largely unexplored by previous detailed multi-wavelength

studies.

From ourSpitzerresults we are able to show that high SFRs determined from optical

emission lines frequently correspond to galaxies with highIR luminosities. The MESS
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is comprised of 132 LIRGs (although five of these are only in the LIRG category as

upper limits, J022229+002900, J145435+452856, J123117+015430, J152552+041732,

J120805+542258), five ULIRGs (J082355+244830, J110755+452809, J120031+083114,

J140337+370355, J142221+452011) and one “IR galaxy” withLTIR > 108 L⊙

(J040210−054630). This is a non-trivial result, given both the rarityof objects with LIRG

luminosities, and the fact that we used an optical selectioncriteria. We have performed a

simple lower limit space density calculation based on the size of the SDSS DR4 spectro-

scopic footprint, and the corresponding co-moving volume between 0.1< z < 0.3. This

would indicate a space density for the MESS objects of∼ 2 × 10−7 perMpc3. This is

the same estimated space density of classically-selected nearby ULIRGs as mentioned in

section 3.1.2, but significantly lower than that of classically-selected LIRGs. In addition

to LIRGs, the MESS contains a significant fraction of UVLGs, and spans a large range in

physical characteristics like dust content.

3.5.2 Relationship to Other Samples

The Hoopes et al. (2007) sample of UVLGs is contained entirely within SDSS, and is in-

cluded in the MPA/JHU value added catalog and B04’s SFR catalog. We extract the average

of the total SFR distribution determined for these objects from B04’s catalog. The median

SFR (Kroupa IMF) for the Hoopes sample is∼ 14M⊙/yr and the highest indicated SFR is

76M⊙/yr . We also note the Balmer optical depth indicatedE(B − V ) is 0.286. Overall,
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the UVLGs tend to be much less dusty and have lower predicted SFRs. The Hoopes sam-

ple is divided up into “compact”, “supercompact”, and normal UVLGs based on surface

brightness. As a measure of the surface brightness in the MESS we have divided the UV

luminosities by the area enclosed at the Petrosian 50% lightradius. Hoopes et al. (2007) de-

fine the compact UVLGs as having surface brightness≥ 108 L⊙/kpc
2. All of the UVLGs in

the MESS would potentially fall into the compact category except for one object. A hand-

ful are possible supercompact UVLGs with surface brightness≥ 109 L⊙/kpc
2. These are

sources J020038−005954, J115630+500822, J151320−002551, J163216+352449. The

compact UVLGs in the MESS include objects in the upper portion of the far-IR diagram.

A robust comparison to classically-selected LIRGs is made more difficult by the rela-

tively small size of the SDSS DR4 spectroscopic survey footprint. Since theIRASsurvey

was all-sky, only a small fraction of either the GOALS, the FIRST sample, or the 1 Jy

Sample are found in the MPA/JHU catalogs. Choi et al. (2006) report a meanAv of ∼ 2.5

for a sample of LIRGs with measured Balmer lines in theSpitzerFirst Look Survey, which

is comparable to the E(B-V)∼ 0.80 obtained for HII-like ULIRGs in the 1 Jy sample. In

either case, the differences between these and the MESS are not large. Considering the

factor of∼10 increase in IR luminosity for ULIRGs, the increase in the Balmer decrement

is not proportionally larger for the dustiest objects.

Taking into account the way the MESS were selected and their overall properties, it

appears the MESS represent galaxies bridging a gap between the UVLGs and classically-
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selected (U)LIRGs, with some overlap on either side. The majority of them probably suffer

from too much extinction to be highly luminous in the far-UV,but are not quite as dusty

as the samples of classically-selected (U)LIRGs. Perhaps abetter way to view LIRGs in

the MESS would be as a subset of the overall LIRG population – that is, the population of

LIRGs with the least obscured emission line (HII) regions. This is reflected by the high

LHα obtained for the MESS (medianlog LHα = 109.2 L⊙).

Overzier et al. (2008) has found the starburst activity in some compact UVLGs to be

merger/interaction induced based on HST observations. If these different samples (UVLGs,

MESS, classically-selected (U)LIRGs) are indicative of objects at different ages, it would

appear that as star formation ramps up, the amount of dust becomes too high for them to be

detected in the UV. At even higher SFRs, the optical lines such asHα also become attenu-

ated by dust, leading to the far-IR and radio being the only reliable way of identifying such

objects. This is not to say classically-selected (U)LIRGs do not show strong emission lines,

but rather, they are observed at a level far underestimatingthe actual SFRs. In contrast, the

MESS would represent a brief period when the emission lines are still high enough to be

easily selected. This scenario could explain the lower space density of the MESS as well.

Thus in this sense, it is not surprising it is difficult to find starburst powered ULIRGs in the

B04 catalog.
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3.5.3 Relationship between Optical Spectra and far-IR

In Fig. 3.6 we observe a scatter inLTIR betweenlog SFRtot = 1.69 and 2.00, after which

there are too few data points to infer a conclusion. The righthand axis compares the

indicatedSFRTIR (Kroupa IMF) to the B04 total SFR. There is obviously not a clear

correlation between the IR luminosity and the B04 optical SFR for the MESS. We have

also compared the B04 fiber SFR values to theSFRIR, and the plot is similarly scattered.

Stated another way, higherLTIR does not necessarily equal aproportionallyhigher B04

SFR in this sample. It is worth reiterating at this point thatB04 SFR is already factoring in

a correction for extinction, through the spectra model grids.

In an effort to better understand the relationship between B04 SFR and IR luminosity in

Fig. 3.6, we recall that to first order, the B04 method is basedon the strength of theHα line

and the Balmer decrement. For models of emission line HII galaxies, Balmer line strength

is strongly affected by the formation of young massive stars. With these facts in mind, we

have a basis to infer that deviations from a direct correspondence between B04 SFR and

LHα should be indicative of a higher dust content.

In Fig. 3.17 we relate the ratio ofLTIR toLHα (Hα flux not corrected for extinction in

this case) compared to the Balmer decrement indicatedE(B − V ). This plot indicates the

Balmer decrement is highly correlated with largerLTIR/LHα for the MESS. This figure is

comparable to figure 3 of Kewley et al. (2002). We have indicated the UVLG MESS by

filled squares. There is a clear separation with UVLGs occupying the the lower left portion
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of the diagram. This reflects the fact that dustier galaxies will have larger “IR excess” or

obscuration by dust of large amounts of star-forming activity. This relationship is seen

in other samples of young star-forming galaxies (Dopita et al. 2002; Rosa-González et al.

2007). Similarly, in Fig. 3.18 we relate the ratio ofLTIR to Lfuv compared to the Balmer

decrement indicatedE(B − V ), and observe a similar correlation. Both of these ratios

appear to be good measures of dust content.

Finally in Fig. 3.19 we plot the ratio ofLTIR to LHα (the IR excess) against the ratio

of B04 total SFR toLHα. Once again the UVLGs are indicated. From this correlation we

infer the B04 method is identifying the dustier galaxies andassigning them higher SFRs,

but the scatter is large.

Why there is not a tighter correlation between B04 and the direct measures of SFR is

a matter of speculation. It could be that B04’s method was poorly estimating the SFR for

this sample. Emission lines, since they are based on the properties of gas, may be a reason-

able measure of optical extinction by dust for the lower SFR levels, and lower luminosity

objects. Our choice of selection threshold (50M⊙ yr
−1) may be a level where the methods

of B04 become less effective. The B04 method may not be appropriate at all for the more

heavily obscured (U)LIRGs, and just marginal for the slightly less obscured MESS. For

example, Veilleux et al. (1999a) speaking about the 1 Jy sample state explicitly: “the color

excess derived from the Balmer-line ratio does not significantly depend on the infrared lu-

minosity” and that “the color excess [optical method] in infrared galaxies underestimates
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the amount of dust in dustier objects”.

Our results have important consequences for high redshift surveys of galaxies relying

on emission line fitting methods alone. It appears these methods may not be sufficient, or at

least not well calibrated for very high SFR galaxies. Note that this problem becomes more

important since starburst galaxies represent an increasing fraction of the populations as one

moves to higher redshifts. Our next step is to see if there arealso morphological effects

contributing to the scatter. High SFR galaxies are frequently irregular and the method

for deriving the SFR from the SDSS fiber is likely to be sensitive to this at some level.

Additionally, this information should help us sort out the detailed evolutionary scenario for

the MESS. As more information becomes available on samples such as a theBzK selected

galaxies it will be useful to compare to those as well.
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3.6 Conclusions

• The MESS is composed of galaxies with some of the highest optically determined

SFRs yet measured in the SDSS, and as such probes a region of parameter space not

well explored by previous studies attempting to relate an optical SFR, with dust level,

and far-IR properties. Most of the sample appears to have IR luminosities similar to

those of IR selected LIRGs.

• Objects with very high optically determined SFRs (> 50 M⊙ yr−1), as measured

by B04’s methods for SDSS DR4, often have LIRG level luminosities in the IR.

However, the two quantities are not well correlated in this sample, even though B04

have already accounted for extinction.

• Previous studies have attempted to find a direct conversion factor betweenHα lumi-

nosity and SFR. We find that after correcting for extinction,the indicatedSFRHα for

the MESS is correlated, and roughly in agreement withSFRTIR. Similarly, the 1.4

GHz radio SFRs are also in reasonable agreement with theSFRTIR. Quantitatively,

we find our indicated SFRs by these direct methods to be somewhat lower than the

B04 predictions (after taking into account a conversion between Salpeter and Kroupa

IMF).

• Varying levels of dust extinction are spanned by the MESS, from virtually none to a

Balmer decrement indicatedE(B − V ) of 1.03.
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• 14 of the MESS objects are found to be UV luminous galaxies, with 4 of them being

possible “supercompact” UVLGs.

• A correlation is found betweenLTIR/LHα (IR excess) and the Balmer decrement.

This relationship has been observed by other authors, and iscommonly seen in young

dusty starburst galaxies.

• Based on the above properties we believe the MESS represent acategory of luminous

starburst galaxies bridging a gap between UVLGs and classically-selected LIRGs.

• The next steps involve more detailed examinations of galaxymorphologies in the

near-IR to see if some of the scatter in these plots is relatedto such effects.

90



Bibliography

Adelberger, K. L., Steidel, C. C., Pettini, M., Shapley, A. E., Reddy, N. A., & Erb, D. K.

2005, ApJ, 619, 697

Adelman-McCarthy, J. K. & The SDSS Team. 2006, ApJS, 162, 38

Armus, L., Charmandaris, V., Bernard-Salas, J., Spoon, H. W. W., Marshall, J. A., Higdon,

S. J. U., Desai, V., Teplitz, H. I., Hao, L., Devost, D., Brandl, B. R., Wu, Y., Sloan, G. C.,

Soifer, B. T., Houck, J. R., & Herter, T. L. 2007, ApJ, 656, 148

Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981, PASP, 93, 5

Basu-Zych, A. R., Schiminovich, D., Johnson, B. D., Hoopes,C., Overzier, R., Treyer,

M. A., Heckman, T. M., Barlow, T. A., Bianchi, L., Conrow, T.,Donas, J., Forster, K. G.,

Friedman, P. G., Lee, Y.-W., Madore, B. F., Martin, D. C., Milliard, B., Morrissey, P.,

Neff, S. G., Rich, R. M., Salim, S., Seibert, M., Small, T. A.,Szalay, A. S., Wyder, T. K.,

& Yi, S. 2007, ApJS, 173, 457

Becker, R. H., White, R. L., & Helfand, D. J. 1995, ApJ, 450, 559

91



Bell, E. F. 2003, ApJ, 586, 794

Bell, E. F., Wolf, C., Meisenheimer, K., Rix, H.-W., Borch, A., Dye, S., Kleinheinrich, M.,

Wisotzki, L., & McIntosh, D. H. 2004, ApJ, 608, 752

Bolzonella, M., Miralles, J.-M., & Pelló, R. 2000, A&A, 363, 476
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Table 3.1. The Sample

Name R.A. (J2000) Dec. (J2000) z log SFR
SDSS [hms] [dms] [M⊙/yr]

(1) (2) (3) (4) (5)

J001629−103511 00:16:29 −10:35:11.6 0.212 1.85
J002334+145815 00:23:34 +14:58:15.3 0.153 1.74
J002353+155947 00:23:54 +15:59:47.8 0.192 1.93
J003816−010911 00:38:16 −01:09:11.4 0.296 1.86
J004236+160202 00:42:37 +16:02:02.7 0.247 1.82
J004646+154339 00:46:47 +15:43:39.8 0.181 1.89
J005546+155603 00:55:46 +15:56:03.3 0.192 1.89
J011101+000403 01:11:01 +00:04:03.4 0.296 1.79
J011615+144646 01:16:15 +14:46:46.6 0.18 1.99
J012727−085943 01:27:28 −08:59:43.8 0.21 1.80
J014547+011348 01:45:47 +01:13:48.5 0.181 1.81
J015400−081718 01:54:00 −08:17:18.2 0.166 1.84
J020038−005954 02:00:39 −00:59:54.5 0.253 1.99
J020215+131749 02:02:16 +13:17:49.6 0.207 1.79
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Table 3.1 (cont’d)

Name R.A. (J2000) Dec. (J2000) z log SFR
SDSS [hms] [dms] [M⊙/yr]

(1) (2) (3) (4) (5)

J021601−010312 02:16:02 −01:03:12.3 0.289 1.84
J022229+002900 02:22:30 +00:29:00.7 0.3 1.76
J024750+004718 02:47:50 +00:47:18.3 0.252 1.83
J025220−004343 02:52:21 −00:43:43.2 0.298 1.71
J025958−003622 02:59:58 −00:36:22.0 0.175 1.79
J031036+000817 03:10:37 +00:08:17.8 0.234 1.89
J031345−010517 03:13:45 −01:05:17.7 0.257 1.75
J032641+004847 03:26:42 +00:48:47.5 0.285 2.00
J033206+011048 03:32:07 +01:10:48.1 0.271 1.82
J033918−011424 03:39:18 −01:14:24.6 0.27 1.88
J034742+010959 03:47:43 +01:09:59.4 0.24 1.80
J034830−064230 03:48:30 −06:42:30.6 0.166 1.77
J040210−054630 04:02:11 −05:46:30.4 0.27 2.12
J073219+380508 07:32:20 +38:05:08.1 0.179 2.17
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Table 3.1 (cont’d)

Name R.A. (J2000) Dec. (J2000) z log SFR
SDSS [hms] [dms] [M⊙/yr]

(1) (2) (3) (4) (5)

J074936+333716 07:49:37 +33:37:16.4 0.273 1.89
J075536+250846 07:55:37 +25:08:46.3 0.239 1.82
J080522+270829 08:05:22 +27:08:29.9 0.14 2.02
J081841+463505 08:18:42 +46:35:05.9 0.218 1.88
J082140+032147 08:21:40 +03:21:47.4 0.192 1.93
J082355+244830 08:23:55 +24:48:30.4 0.234 1.96
J084800+061837 08:48:01 +06:18:37.2 0.22 1.84
J084827+331643 08:48:27 +33:16:43.4 0.109 1.73
J085906+542150 08:59:06 +54:21:50.1 0.182 1.73
J090244+343000 09:02:44 +34:30:00.0 0.196 1.83
J090250+334901 09:02:50 +33:49:01.6 0.116 1.94
J090442+453317 09:04:42 +45:33:17.2 0.181 1.86
J090949+014847 09:09:50 +01:48:47.5 0.182 1.90
J091426+102409 09:14:26 +10:24:09.6 0.176 1.83
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Table 3.1 (cont’d)

Name R.A. (J2000) Dec. (J2000) z log SFR
SDSS [hms] [dms] [M⊙/yr]

(1) (2) (3) (4) (5)

J092322+324830 09:23:23 +32:48:30.5 0.14 1.76
J092456+001829 09:24:56 +00:18:29.5 0.153 1.80
J092710+010232 09:27:11 +01:02:32.2 0.169 1.88
J092905+494059 09:29:05 +49:40:59.7 0.189 1.83
J093613+620905 09:36:14 +62:09:05.4 0.225 1.98
J093714+120019 09:37:15 +12:00:19.7 0.14 1.72
J094849−005314 09:48:49 −00:53:14.8 0.231 1.75
J095618+430727 09:56:18 +43:07:27.8 0.276 1.90
J100950+552336 10:09:50 +55:23:36.5 0.194 1.87
J101508+365818 10:15:09 +36:58:18.4 0.208 1.82
J101636−011358 10:16:37 −01:13:58.3 0.172 1.73
J101732+140436 10:17:33 +14:04:36.8 0.231 1.77
J102822+405558 10:28:22 +40:55:58.0 0.203 2.00
J102944+525143 10:29:45 +52:51:43.8 0.227 1.75
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Table 3.1 (cont’d)

Name R.A. (J2000) Dec. (J2000) z log SFR
SDSS [hms] [dms] [M⊙/yr]

(1) (2) (3) (4) (5)

J104116+565345 10:41:16 +56:53:45.1 0.185 1.79
J104729+572842 10:47:30 +57:28:42.9 0.23 1.81
J104906+015920 10:49:07 +01:59:20.1 0.227 1.96
J105527+064015 10:55:27 +06:40:15.0 0.173 1.79
J110618+582441 11:06:19 +58:24:41.7 0.125 1.76
J110755+452809 11:07:56 +45:28:09.9 0.272 1.88
J110908+534143 11:09:09 +53:41:44.0 0.199 1.77
J111929+011117 11:19:29 +01:11:17.3 0.185 2.01
J112152+414757 11:21:52 +41:47:57.8 0.195 1.79
J112436+054053 11:24:37 +05:40:53.3 0.233 1.78
J112851+413455 11:28:52 +41:34:55.8 0.181 1.74
J113513+470821 11:35:14 +47:08:21.0 0.13 1.81
J113703+504420 11:37:04 +50:44:20.7 0.16 1.79
J115111+104710 11:51:11 +10:47:10.2 0.115 1.84
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Table 3.1 (cont’d)

Name R.A. (J2000) Dec. (J2000) z log SFR
SDSS [hms] [dms] [M⊙/yr]

(1) (2) (3) (4) (5)

J115630+500822 11:56:31 +50:08:22.1 0.236 1.82
J115744+120750 11:57:44 +12:07:50.8 0.183 1.74
J120031+083114 12:00:31 +08:31:14.4 0.248 2.28
J120204+495112 12:02:05 +49:51:12.1 0.287 1.74
J120805+542258 12:08:06 +54:22:58.7 0.286 1.71
J121005+002640 12:10:06 +00:26:40.3 0.128 1.86
J122016+534028 12:20:16 +53:40:29.0 0.197 1.89
J122320+115931 12:23:20 +11:59:31.6 0.165 2.15
J122641−000620 12:26:42 −00:06:20.9 0.279 1.85
J123117+015430 12:31:18 +01:54:30.2 0.269 1.85
J123552+592400 12:35:52 +59:24:00.9 0.178 1.91
J123645+535901 12:36:46 +53:59:01.6 0.195 2.00
J124137+444453 12:41:37 +44:44:53.9 0.192 1.91
J124907+582729 12:49:07 +58:27:29.1 0.297 1.75
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Table 3.1 (cont’d)

Name R.A. (J2000) Dec. (J2000) z log SFR
SDSS [hms] [dms] [M⊙/yr]

(1) (2) (3) (4) (5)

J125045+490640 12:50:46 +49:06:40.8 0.218 1.92
J125410+035951 12:54:10 +03:59:51.5 0.168 1.90
J125548+505716 12:55:48 +50:57:16.7 0.151 1.77
J130553+110319 13:05:54 +11:03:19.5 0.238 1.78
J130704+485845 13:07:05 +48:58:45.6 0.123 1.99
J130847+504259 13:08:48 +50:42:59.9 0.124 1.90
J130919+055049 13:09:20 +05:50:49.0 0.274 1.73
J131101−004215 13:11:02 −00:42:15.3 0.245 1.73
J131447+012759 13:14:47 +01:27:59.5 0.287 1.85
J131810+041929 13:18:10 +04:19:29.1 0.113 1.94
J132034+443649 13:20:34 +44:36:49.6 0.166 1.84
J133114+583342 13:31:15 +58:33:42.1 0.196 1.79
J134619+115204 13:46:20 +11:52:04.9 0.195 2.32
J134911+021716 13:49:11 +02:17:16.2 0.218 2.01
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Table 3.1 (cont’d)

Name R.A. (J2000) Dec. (J2000) z log SFR
SDSS [hms] [dms] [M⊙/yr]

(1) (2) (3) (4) (5)

J135435−012213 13:54:35 −01:22:13.9 0.134 1.95
J135646+465414 13:56:46 +46:54:14.8 0.214 2.01
J140337+370355 14:03:38 +37:03:55.5 0.211 1.81
J141803+534104 14:18:04 +53:41:04.1 0.164 1.85
J142057+015232 14:20:58 +01:52:32.2 0.265 1.88
J142221+452011 14:22:22 +45:20:11.9 0.167 1.92
J143047+032330 14:30:48 +03:23:30.0 0.167 1.91
J143727+394530 14:37:27 +39:45:31.0 0.18 1.81
J145435+452856 14:54:36 +45:28:56.4 0.269 1.76
J150627+562702 15:06:28 +56:27:02.6 0.279 1.89
J150705+610919 15:07:06 +61:09:19.9 0.183 1.79
J151226+462903 15:12:26 +46:29:03.9 0.205 1.86
J151320−002551 15:13:21 −00:25:51.9 0.218 1.84
J151405+432528 15:14:06 +43:25:28.4 0.208 1.78
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Table 3.1 (cont’d)

Name R.A. (J2000) Dec. (J2000) z log SFR
SDSS [hms] [dms] [M⊙/yr]

(1) (2) (3) (4) (5)

J152044+321440 15:20:45 +32:14:40.4 0.132 1.97
J152552+041732 15:25:53 +04:17:32.6 0.198 1.76
J153428+315314 15:34:29 +31:53:14.6 0.109 1.80
J154049+390350 15:40:49 +39:03:50.8 0.239 1.89
J154120+453619 15:41:20 +45:36:19.2 0.203 1.83
J154652+030402 15:46:53 +03:04:02.5 0.165 1.75
J155707+050530 15:57:07 +05:05:30.6 0.139 1.71
J155934+404144 15:59:35 +40:41:44.0 0.298 1.80
J160531+401741 16:05:31 +40:17:41.2 0.244 1.84
J161210−005756 16:12:10 −00:57:56.6 0.218 1.75
J161401+423721 16:14:01 +42:37:21.9 0.137 1.77
J163216+352449 16:32:16 +35:24:49.5 0.255 1.98
J204719−004931 20:47:19 −00:49:31.7 0.156 1.94
J205013−011521 20:50:14 −01:15:21.2 0.256 1.94
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Table 3.1 (cont’d)

Name R.A. (J2000) Dec. (J2000) z log SFR
SDSS [hms] [dms] [M⊙/yr]

(1) (2) (3) (4) (5)

J205308+010937 20:53:09 +01:09:37.9 0.172 1.82
J210256+000955 21:02:56 +00:09:55.8 0.191 1.85
J210420−061840 21:04:21 −06:18:41.0 0.271 1.96
J211729−000410 21:17:30 −00:04:10.5 0.21 1.80
J213822+105132 21:38:23 +10:51:32.8 0.219 1.95
J213951−082538 21:39:51 −08:25:38.7 0.155 1.92
J221950+000125 22:19:51 +00:01:25.2 0.231 1.78
J222100−002537 22:21:00 −00:25:38.0 0.198 1.78
J223528+135812 22:35:29 +13:58:12.6 0.183 1.97
J233417+010353 23:34:17 +01:03:53.5 0.281 1.72
J234143−094048 23:41:44 −09:40:48.2 0.275 1.82
J235237−102943 23:52:38 −10:29:43.9 0.25 1.79
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Table 3.2. MIPS Photometry

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J001629−103511 7.9 0.2 111.5 3.0 197.7 2.8 11.5
J002334+145815 12.4 0.2 283.4 3.7 392.7 4.1 11.5
J002353+155947 7.8 0.2 195.0 3.2 276.2 3.7 11.6
J003816−010911 6.7 0.2 117.0 3.0 141.3 2.5 11.8
J004236+160202 10.8 0.1 55.4 2.3 (18.4) NA (11.4)
J004646+154339 5.1 0.1 43.3 2.6 165.1 3.3 11.2
J005546+155603 7.0 0.2 137.6 3.3 229.6 4.3 11.5
J011101+000403 2.1 0.1 68.5 2.8 (65.2) 2.5 (11.4)

1
1
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J011615+144646 5.7 0.2 47.6 2.7 95.3 3.3 11.1
J012727−085943 5.8 0.1 122.0 2.8 181.3 3.0 11.5
J014547+011348 18.9 0.2 223.6 3.4 155.8 2.8 11.5
J015400−081718 31.7 0.2 376.1 3.3 530.6 3.5 11.8
J020038−005954 16.7 0.2 85.5 2.5 (65.1) 2.4 (11.6)
J020215+131749 14.3 0.2 140.1 3.0 (40.1) 3.5 (11.4)
J021601−010312 3.1 0.1 43.8 2.4 (14.7) NA (11.2)
J022229+002900 2.2 0.1 (7.1) NA (22.2) NA (11.0)1

1
4



Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J024750+004718 6.9 0.2 167.9 3.4 185.6 3.4 11.7
J025220−004343 2.1 0.1 47.7 3.0 (92.3) 3.6 (11.5)
J025958−003622 25.9 0.2 327.7 3.9 267.7 6.0 11.7
J031036+000817 5.8 0.2 77.9 2.8 169.7 5.1 11.5
J031345−010517 4.1 0.1 54.8 2.9 106.9 3.6 11.4
J032641+004847 2.7 0.2 27.7 2.6 (54.9) 4.5 (11.3)
J033206+011048 3.6 0.1 50.2 2.5 119.1 0.0 11.5
J033918−011424 2.6 0.2 54.1 2.4 (45.4) NA (11.3)1
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J034742+010959 6.6 0.2 83.8 2.7 128.3 6.5 11.5
J034830−064230 13.3 0.1 222.5 2.8 299.8 5.0 11.5
J040210−054630 1.8 0.1 (14.0) NA (13.9) NA (10.8)
J073219+380508 10.1 0.1 144.1 2.6 191.5 3.2 11.4
J074936+333716 14.5 0.2 111.6 2.8 (46.1) 3.3 (11.7)
J075536+250846 9.4 0.2 253.6 3.2 238.2 4.3 11.8
J080522+270829 56.1 0.2 594.7 4.1 429.5 3.8 11.7
J081841+463505 16.5 0.1 263.5 2.5 311.7 3.3 11.81

1
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J082140+032147 14.6 0.1 272.2 2.7 304.3 2.9 11.7
J082355+244830 29.8 0.2 405.7 3.6 291.0 3.0 12.0
J084800+061837 4.1 0.1 90.2 2.4 144.0 3.2 11.4
J084827+331643 21.2 0.1 316.9 3.1 327.9 3.3 11.2
J085906+542150 2.2 0.1 56.6 1.8 80.5 0.0 11.0
J090244+343000 7.3 0.1 141.1 2.3 198.3 2.7 11.5
J090250+334901 35.5 0.1 673.2 4.1 682.3 4.4 11.6
J090442+453317 5.1 0.1 59.2 2.2 178.2 2.4 11.21

1
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J090949+014847 20.4 0.1 380.5 3.1 598.5 3.9 11.8
J091426+102409 11.1 0.2 220.2 2.9 312.4 3.8 11.6
J092322+324830 14.3 0.1 290.6 2.8 252.2 2.5 11.4
J092456+001829 23.9 0.2 534.7 3.7 678.6 4.3 11.8
J092710+010232 27.0 0.2 634.7 4.2 426.7 4.6 11.8
J092905+494059 12.4 0.1 222.1 2.3 318.4 2.6 11.6
J093613+620905 8.0 0.1 176.7 2.0 278.5 3.1 11.7
J093714+120019 19.2 0.2 351.9 3.6 415.9 4.0 11.51

1
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J094849−005314 7.8 0.1 152.3 2.7 288.3 4.5 11.7
J095618+430727 3.5 0.1 36.1 1.8 (15.5) NA (11.2)
J100950+552336 9.1 0.1 171.5 2.1 317.9 2.3 11.6
J101508+365818 6.0 0.1 138.9 2.8 212.2 2.5 11.5
J101636−011358 13.7 0.2 214.7 3.1 246.8 3.5 11.5
J101732+140436 4.1 0.2 70.5 2.9 100.1 3.4 11.3
J102822+405558 10.3 0.1 225.4 2.8 345.5 2.7 11.7
J102944+525143 9.5 0.1 150.7 2.0 179.0 2.1 11.61

1
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J104116+565345 9.2 0.1 162.7 0.0 370.5 0.0 11.6
J104729+572842 6.0 0.1 89.9 0.0 282.6 0.0 11.6
J104906+015920 6.6 0.2 90.9 3.2 166.7 3.6 11.5
J105527+064015 5.5 0.2 105.2 3.2 173.4 3.2 11.3
J110618+582441 12.1 0.1 280.9 2.2 320.5 2.3 11.3
J110755+452809 20.7 0.1 294.1 2.9 333.0 2.4 12.1
J110908+534143 6.7 0.1 92.2 1.9 197.8 2.0 11.4
J111929+011117 10.3 0.2 206.8 3.6 245.2 3.9 11.51

2
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J112152+414757 17.8 0.1 273.9 2.9 286.2 2.8 11.7
J112436+054053 11.1 0.2 206.0 3.9 342.0 4.2 11.8
J112851+413455 5.4 0.1 115.8 2.4 173.1 2.1 11.3
J113513+470821 22.6 0.1 346.5 2.9 331.3 2.6 11.4
J113703+504420 8.8 0.1 171.4 2.1 249.7 2.3 11.4
J115111+104710 13.7 0.2 165.7 3.3 260.8 3.3 11.1
J115630+500822 5.9 0.1 60.3 1.7 (85.7) 1.9 (11.4)
J115744+120750 11.3 0.2 247.4 3.0 319.0 3.0 11.61

2
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J120031+083114 29.9 0.2 290.6 3.1 182.6 2.7 12.0
J120204+495112 10.9 0.1 138.6 2.1 105.7 2.1 11.8
J120805+542258 3.1 0.1 18.8 1.7 (81.7) 1.8 (11.3)
J121005+002640 23.4 0.2 477.5 3.9 639.2 4.3 11.6
J122016+534028 15.3 0.1 284.6 2.6 301.4 2.7 11.7
J122320+115931 15.4 0.1 241.4 3.0 307.9 2.9 11.5
J122641−000620 5.6 0.2 76.6 3.0 193.0 3.0 11.7
J123117+015430 4.4 0.2 28.9 2.4 (72.9) 2.4 (11.3)1
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J123552+592400 11.7 0.1 218.0 2.2 270.7 2.2 11.5
J123645+535901 7.9 0.1 143.9 2.0 203.0 2.3 11.5
J124137+444453 7.0 0.1 100.8 2.3 123.4 2.1 11.3
J124907+582729 3.6 0.1 49.9 1.6 34.8 0.0 11.4
J125045+490640 19.1 0.1 315.5 2.5 394.7 2.7 11.9
J125410+035951 20.6 0.2 356.2 3.5 547.4 4.2 11.8
J125548+505716 33.7 0.1 485.4 3.1 420.4 2.8 11.7
J130553+110319 4.8 0.2 134.3 2.8 94.1 2.3 11.51
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J130704+485845 30.4 0.1 526.8 3.4 443.1 2.9 11.5
J130847+504259 15.0 0.1 308.4 2.7 406.1 2.8 11.4
J130919+055049 6.6 0.2 82.8 2.5 175.1 2.8 11.7
J131101−004215 10.2 0.2 87.4 3.0 34.4 0.0 11.4
J131447+012759 8.4 0.2 153.2 3.0 232.1 3.5 11.9
J131810+041929 119.1 0.2 1162.9 5.9 1190.4 5.7 11.9
J132034+443649 12.7 0.1 238.3 2.3 321.3 2.5 11.5
J133114+583342 13.4 0.1 216.7 2.0 338.3 2.5 11.71
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J134619+115204 11.2 0.0 150.8 2.9 180.6 2.5 11.5
J134911+021716 9.1 0.2 131.9 3.0 176.9 2.8 11.6
J135435−012213 17.9 0.2 384.2 3.8 459.0 4.4 11.5
J135646+465414 11.5 0.1 201.2 2.0 365.4 2.8 11.8
J140337+370355 27.1 0.1 557.0 3.5 369.3 2.6 12.0
J141803+534104 12.4 0.1 263.9 2.4 297.4 2.4 11.5
J142057+015232 7.4 0.2 100.2 2.8 138.9 2.9 11.6
J142221+452011 57.1 0.1 725.5 3.9 579.8 3.1 12.01
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J143047+032330 6.1 0.2 100.1 2.8 165.2 2.8 11.2
J143727+394530 5.6 0.1 99.2 2.0 126.7 1.9 11.2
J145435+452856 4.2 0.1 17.9 1.7 (24.3) NA (11.1)
J150627+562702 4.5 0.1 (12.0) NA (21.4) NA (11.1)
J150705+610919 13.0 0.1 266.2 2.5 384.1 2.6 11.7
J151226+462903 5.0 0.1 118.6 2.0 208.2 2.5 11.5
J151320−002551 7.0 0.1 37.9 2.4 (26.4) NA (11.1)
J151405+432528 9.5 0.1 153.2 2.2 324.9 2.7 11.71
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J152044+321440 20.7 0.1 457.7 3.0 486.1 3.2 11.5
J152552+041732 3.8 0.1 45.0 2.3 (72.9) 3.1 (11.1)
J153428+315314 32.9 0.1 566.8 3.4 557.3 3.5 11.5
J154049+390350 23.8 0.1 214.9 2.1 85.1 2.1 11.8
J154120+453619 26.2 0.1 118.5 2.1 (70.9) NA (11.6)
J154652+030402 19.6 0.1 266.0 3.2 295.9 4.8 11.6
J155707+050530 10.4 0.1 174.4 2.5 193.6 3.6 11.2
J155934+404144 3.4 0.1 48.9 1.9 90.1 1.8 11.51
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J160531+401741 9.7 0.1 190.2 2.3 199.6 2.0 11.8
J161210−005756 10.8 0.1 219.4 3.1 265.8 5.4 11.7
J161401+423721 12.6 0.1 241.8 2.1 368.0 2.5 11.4
J163216+352449 10.2 0.1 186.0 2.1 211.0 2.3 11.8
J204719−004931 12.9 0.1 208.4 2.9 183.2 4.1 11.4
J205013−011521 3.3 0.1 60.9 2.6 79.1 3.6 11.3
J205308+010937 5.0 0.1 56.7 2.4 167.4 4.7 11.2
J210256+000955 10.1 0.2 199.1 2.9 258.2 4.4 11.61
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J210420−061840 4.0 0.2 61.4 2.8 140.3 4.6 11.5
J211729−000410 10.6 0.2 208.4 2.9 218.4 4.1 11.6
J213822+105132 5.5 0.1 62.4 2.3 237.1 4.2 11.5
J213951−082538 12.8 0.2 206.2 3.4 334.0 3.9 11.5
J221950+000125 8.6 0.2 91.7 2.7 (74.5) 4.2 (11.4)
J222100−002537 10.0 0.1 156.4 2.8 167.7 4.5 11.5
J223528+135812 12.8 0.1 271.6 2.7 386.3 4.0 11.7
J233417+010353 5.2 0.2 74.8 2.8 106.6 3.0 11.61
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Table 3.2 (cont’d)

Name fν(24µm) ∆(24) fν(70µm) ∆(70) fν(160µm) ∆(160) log LTIR

SDSS [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] L⊙

(1) (2) (3) (4) (5) (6) (7) (8)

J234143−094048 9.1 0.2 137.8 2.9 193.2 3.0 11.8
J235237−102943 7.2 0.1 79.2 0.0 281.5 0.0 11.7

1
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Figure 3.1 A color-magnitude diagram using photometry fromSDSS DR7 for the MESS
galaxies. The filled black squares represent the MESS catalog. Also plotted is the UVLGs
(green circles) sample from Hoopes et al. (2007), the 1 Jy sample of ULIRGs (red stars)
from Veilleux et al. (1999a) and the FIRST sample of (U)LIRGS(blue triangles) Stanford
et al. (2000). The dashed line in upper right corner represents theapproximatelocation of
the “red sequence” galaxies atz = 0.
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Figure 3.2 BPT diagram 1 for the MESS. One of three emission line galaxy classification
diagrams developed by Baldwin et al. (1981). These have beenimproved upon by Kewley
et al. (2001) and Kauffmann et al. (2003). The dotted line represents a maximal starburst
level defined in Kewley et al. (2001) and the dashed line the limit for pure star formation
defined by Kauffmann et al. (2003). The area above these linesrepresents objects mainly
powered by some form of AGN. The region in between these curves is generally thought
to represent composite objects. The region below the curvesis occupied by star-forming
(HII-like) galaxies. More information on these and the nexttwo diagrams can be found in
Kewley et al. (2006). The emission line fluxes are taken from the MPA/JHU value added
catalog.

132



Figure 3.3 BPT diagram 2 for the MESS. The dotted line marks the division between star
formation and AGN powered objects.
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Figure 3.4 BPT diagram 3 for the MESS. The dotted line marks the division between star
formation and AGN powered objects. One source does seem to bein the Seyfert part of the
diagram. This is object J004236+160202.
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Figure 3.5 Sample spectral fits for two MESS sources, J001629−103511
and J003816−010911, using the SED fitting program Hyperz. The models usedin the fit
were ARP 220, M82, and Mrk231 obtained from the SWIRE Template Library. The range
plotted is from 2.2 microns to 160 microns showing the strongrise in the far-IR portion of
the spectrum, as indicated by the MIPS data points.

135



Figure 3.6LTIR (left axis) for the MESS versus the B04 total SFR. The corresponding
SFRTIR is indicated on the right hand axis. The values forSFRTIR have been converted
to the Kroupa IMF equivalents. Typical oneσ error bars shown for B04 SFR are drawn
from the 16 and 84 percentiles of the likelihood distributions for SFR. Errors onLTIR result
from uncertainties in the SED shapes used in determining therelation to the MIPS fluxes.
Elsewhere in the paper, errors shown are uncertainties in the original measurements only,
rather than the complex SFR relations like the above.
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Figure 3.7 The far-IR color-color diagram (observed frame)adapted to the MIPS bands
(originally Lipari (1994) and see also Canalizo & Stockton (2001)), for the MESS (black
squares). Also plotted are the GOALS objects (Sanders et al.2003) (red triangles), for
which MIPS fluxes have been released. This diagram is sometimes used to separate “warm”
vs “cold” (U)LIRGs. Upper limits are indicated by arrows.
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Figure 3.8 A direct comparison between MIPS 70µm and IRAS60 µm for all MESS
that are found in theIRASFSC and FSCR catalogs. TheIRAS60 µm data are based
on moderate and high quality measurements indicated by the Fqual flag. The dotted line
represents a one-to-one correspondence.
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Figure 3.9 TheLTIR computed following methods in Dale & Helou (2002) versus theLFIR

computed following Sanders & Mirabel (1996) with theIRAS60µm (high quality) and 100
µm (upper limits) fluxes. The values forLFIR are upper limits.

139



Figure 3.10 TheSFR1.4 calculated using radio luminosities from the FIRST survey
(Becker et al. 1995) and following formulas in Bell (2003) versus the B04 total SFR. The
SFR1.4 has been converted from Salpeter to Kroupa IMF. The dotted line indicates a one-
to-one correspondence, which obviously is not reflected by the data.
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Figure 3.11 TheSFRTIR following Bell (2003) versusSFR1.4 (for Kroupa IMF and cal-
culated as above).
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Figure 3.12 TheSFRTIR versusSFR1.4 using the radio stacking technique applied to all
117 objects within the coverage area of FIRST.
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Figure 3.13 TheSFRTIR versus the SFR indicated by theLHα following Hopkins et al.
(2003) and converted to Kroupa IMF. The appropriate formulaaccounts for an aperture
correction, and dust extinction according to the Balmer decrement.
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Figure 3.14 Thelog LTIR versuslog of the specific star formation rate, calculated from
SFRTIR andM∗.
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Figure 3.15 Thelog M∗ versus the gas-phase oxygen abundance (metallicity) in units of
12+ log (O/H).
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Figure 3.16 Metallicity in units of 12+ log (O/H) versuslog of the specific star formation
rate.
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Figure 3.17 Thelog LTIR/LHα versus theE(B−V ) derived from the Balmer optical depth.
Filled squares are UV luminous. Down arrows indicate upper limits.
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Figure 3.18 Thelog LTIR/Lfuv versus theE(B − V ). Filled squares are UV luminous.
Down arrows indicate upper limits.
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Figure 3.19 Thelog LTIR/LHα versus thelog B04SFR/LHα ratio. Filled squares are UV
luminous. Down arrows indicate upper limits.
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Chapter 4

Discussion and Conclusions

4.1 Summary

In this document we have shown how the study of starburst galaxies is one of the main areas

driving advances in future observing technology, specifically with regard to AO. In chapter

2 we have demonstrated in the lab the viability of one possible observational technique,

MCAO, which can be applied to objects at all redshifts including the coveted high redshift

galaxies at the frontier of science. We have shown that MCAO,in conjunction with other

cutting edge technologies, can be used to extend the useful FOV over that of traditional AO.

We note that this becomes increasingly important for the larger telescopes. In chapter 3 we

have created a moderately large catalogue of suitable science targets for AO, with comple-

mentary multi-wavelength photometry observations. We have tested agreement between

various star formation rate indicators. We have used this data to verify that the sample con-
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sists of many powerful starburst galaxies, any of which would make interesting imaging

targets.

4.2 Future Work

For additional scientific results, the MESS catalog is lacking in resolved imaging data. A

thorough examination of the morphologies of the MESS will bethe focus of future studies.

It is important to demonstrate whether the MESS galaxies exhibit the kinds of morpho-

logical features commonly seen in samples of LIRGs and ULIRGs, and if there is enough

evidence to place them at a different evolutionary stage. This is why we are creating a

detailedK-band atlas for the sample. We plan to use this atlas to classify the MESS by

galaxy type, and also look for evidence of interactions. Fora sample at low to moderate

redshift, which we roughly define as 0.0< z < 0.3, good natural seeing conditions can pro-

duce some useful morphological information, particularlyif the plate scale for the detector

is properly matched to typical observing conditions.

Over a period of 3 nights in September 2008, and 3 additional nights in March 2009,

we obtainedK-band imaging data (natural seeing) with the SpeX guider at the NASA

Infrared Telescope Facility (IRTF), located on the summit of Mauna Kea, for 70 of the

MESS objects. Early results indicate a large portion of the MESS (∼ 40 – 50 %) are either

mergers, or have disturbed morphologies that were not obvious from 2MASS, or in many

cases, even the SDSS (see Fig. 4.1). It appears they do exhibit many of the properties
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seen in samples of the much more heavily obscured ULIRGs – thus adding credence to the

theory that similar mechanisms are at work in the MESS galaxies. Many questions about

the MESS remain to be answered with this data. Will any correlations emerge between

merger fraction, SFR, and far-infrared luminosity, like those demonstrated for ULIRGs?

Will we discover the mechanism responsible for the relativelack of dust obscuration in

these galaxies, thus allowing us to place them within an evolutionary sequence?

Despite the success of our seeing limited observations, AO is still needed to yield more

consistently high quality imaging data. See chapter 5 ( the appendix) for an example of the

potential interesting results that could be obtained if thethe MESS galaxies were observed

with AO. The chapter includes the results of AO observations, including model morpholo-

gies fit to the data, for a sample of LIRGs (not the MESS). The data in the appendix was

obtained with natural guide star observations, where the PSF and Strehl ratio was some-

what variable across the FOV (peak Strehl located at the position of the guide star). High

quality MCAO observations, which could be obtained with a future system, would be the

most desirable type of imaging data with which to study the MESS morphologies1.

4.3 MCAO or MOAO?

Turning our attention now to the future of astronomy, it is clear AO will assume a funda-

mental role in supporting the coming era of the ELTs. However, as of this writing, it is not

1The current VLT MAD system, or soon to be commissioned GeminiSouth MCAO system would be
excellent choices, but these observatories are located in the Southern Hemisphere.
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clear whether MCAO, or the related technique of multi-object AO (MOAO), will come into

prominence.

As mentioned in chapter 1, one of the most actively pursued areas of ground based as-

tronomy involves targeting high redshift objects with IFU spectroscopy. These instruments

provide a high level of observing efficiency in terms of the amount of information that can

be gathered simultaneously in a single exposure. Whereas a traditional observation with

slit spectroscopy produces a single spectrum, IFU spectroscopy produces a whole array

of spectra, one for each “IFU pixel”2 across the entire target. For IFU observations, the

primary concern is simply to attain the highest Strehls possible over the small patch of sky

covered by the IFU. The most important measure of performance in this case is the encir-

cled energy, sometimes measured as the radius of the PSF where 50 percent of the light

is concentrated. Even though the FOV of an individual IFU is small, a planned observing

strategy for IFUs is to deploy many of them (up to 20 or more) across the focal plain at one

time. In this multiple IFU observing scenario, a large FOV isrequired, but it does not need

to be continuous. In such a case, MCAO is certainly still compatible, but the principal ben-

efit of MCAO is wasted because it is not worthwhile to correct the unused “empty space”

between IFUs in the focal plane. The technique of MOAO, in which deformable mirrors

are deployed in parallel across the FOV, is better suited to multiple IFU observing.

Two examples of upcoming systems serve as interesting case studies. For the case

of Keck Observatory’s planned Next Generation AO system (Keck-NGAO; Gavel et al.

2Pixels in an IFU are sometimes called “spaxels”.
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2008), the current plan is to have an MOAO system operating inconjunction with multiple

IFUs. On the other hand, the 30 meter TMT project currently has plans to construct a

facility instrument called the Narrow-Field Infrared Adaptive Optics System (NFIRAOS;

pronounced nefarious; Herriot et al. 2006). The initial plan for the NFIRAOS system is

to incorporate two DMs in series to correct a 2 arcminute diameter FOV which will aid in

sharpening natural guide stars. This system will also provide improved sky coverage by

enabling it to use the more plentiful IR natural guide stars,as opposed to relatively rare

bright visible light natural guide stars. As the name implies though, in its initial phase

the science FOV for NFIRAOS will only be about 10 arcseconds wide. So in this respect,

MCAO is being used to improve the performance of a more traditional system, rather than

being the primary correcting method.

4.4 Closing Remarks

In closing, I would like to address one final big picture item in astronomy. As it is in many

technical fields these days, the place where AO was pioneered, the USA, is rapidly losing its

edge when it comes to investment in new science and technology. In particular, Canada and

the European science agencies are putting more funding and effort into the development of

AO. It will soon be the case (arguably it is already) that the world center for AO research

will be located outside the USA. It is the hope of this author that the above referenced TMT

and Keck NGAO projects will serve to revitalize the Americanastronomical community.
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Figure 4.1 A sampling of images from natural seeing observations of MESS targets with
the SpeX guider (IRTF). The top row shows representative disturbed and merger morpholo-
gies, while the bottom row shows normal single nucleus galaxy morphologies. Scale bar
represents approximately 5kpc.
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Chapter 5

Appendix: Adaptive Optics Imaging

Survey of Luminous Infrared Galaxies

5.1 Introduction

Luminous infrared galaxies (LIRGs;LIR > 1011 L⊙), are the best candidates for a link

between the more powerful ultra-luminous infrared galaxies (ULIRGs;LIR ≥ 1012L⊙) and

normal quiescent elliptical galaxies (Genzel et al. 2001).ULIRGs are often interpreted as

powerful mergers of gas rich spiral galaxies. Good evidenceexists for a correlation between

IR luminosity and the fraction of galaxies which are interacting (e.g., Sanders & Mirabel

1996). AtLIR < 1011L⊙ most IR galaxies are single, gas–rich galaxies powered by normal

star formation, while atLIR > 1011L⊙ there is a large increase in the fraction of strongly

interacting or merging galaxies and an increase in the fraction of AGN–powered galaxies.
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Results of numerical simulations by Mihos & Hernquist (1994) describe the evolution of

global star formation rate (SFR) for merging pairs of disk + bulge + halo galaxies. At the

first close approach, star formation is shown to increase slightly over normal levels. When

the galaxies finally collide, gas is driven into the compact center of the remnant galaxy and

the SFR increases rapidly to a peak as much as 70 times the initial rate.

A population of ULIRGs at highz have been shown to share some of the properties

of the local population by studies withInfrared Space Observatory (ISO)(e.g., Sanders

2002, and references therein) and with the SCUBA camera on the James Clerk Maxwell

Telescope (JCMT) (e.g., Barger, Cowie & Sanders 1999, and references therein). If that is

the case, then ULIRGs probably played an important role in the star formation history of

the universe.

Several high resolution imaging studies of ULIRGs and LIRGshave been conducted

with the Hubble Space Telescope (HST). In particular, Borne et al. (1999) observed 120,

z < 0.2 ULIRGs in snapshot mode using the F814WI–band filter and found that virtually

all of the objects in their sample are interacting or merging, and that as many as 20%

contain multiple nuclei or are dense groupings of interacting (soon–to–merge) galaxies.

Farrah et al. (2001) observed a sample of 23 ULIRGs with theHST WFPC2 camera inV

band, and found 87% to be interacting. Borne et al. argue, as have others, that there may

be an evolutionary progression from compact galaxy groups to galaxy pairs to ULIRGs to

elliptical galaxies. TheseHST data also reveal unresolved nuclei, probably AGN, in 15%
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of the objects, in good agreement with optical and FIR spectroscopic classifications.

More recently ULIRGs and LIRGs have been studied with groundbased telescopes.

Veilleux, Kim & Sanders (2002) observed a sample of 118 ULIRGs with the University of

Hawaii 2.2m telescope inR andK ′. Optical spectroscopy for this sample was published

in Veilleux et al. (1999). They find virtually 100% of the sample to be interacting, 39% to

be in the early stages of merging and 56% to harbor a single disturbed nucleus in the late

stages of a merger. 5% were found to be multiple mergers. Theyfind 35% of their surface

brightness profiles to be fit well by a pure de VaucouleursR1/4 profile and another 38%

to be fit equally well by either an exponential or de Vaucouleurs profile. Mean half-light

radius for their ULIRGs was found to be∼3.5 kpc inK ′.

Considerable observational effort has been directed at determining whether ULIRGs

and LIRGs are powered mainly by starbursts or active galactic nuclei (AGN), what the

evidence is for morphological evolution, and whether thesecorrelate with far-infrared (FIR)

luminosity or spectroscopic classification (starburst, AGN, LINER). Recent spectroscopic

surveys have shown that most of the FIR galaxies seem to be powered by starbursts, but

that the fraction of AGN-powered galaxies increases with FIR luminosity (e.g., Veilleux

et al. 1999). A morphological merger sequence which correlates with these spectroscopic

classifications is not clear, most likely because of large differences in the time scales for the

various events. Arribas et al. (2004) observed 30 LIRGs withthe Nordic Optical Telescope

in the visible bandsB, V and I. They find that the LIRG population is dominated by
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starbursts while a higher proportion of ULIRGs are dominated by AGN activity and could

actually evolve into QSOs.

In an effort to construct larger samples of LIRGs and ULIRGs having high resolution

imaging in the near IR, we have identified a new set of candidate objects following the

method of Stanford et al. (2000) as described below. In addition, we have cross-correlated

this sample with a bright star catalog so as to allow for adaptive optics (AO) observations

of the sample. The main aim of our study was twofold: 1) to identify LIRGs and ULIRGs

at higher (z > 0.1) redshifts than current FIR-selected samples, and 2) to perform a de-

tailed high resolution morphological study that would allow us to identify morphological

sequences and characterize galaxy interactions in these objects.

5.2 Sample Selection

We have constructed a sample by cross-correlating theFIRST catalog (S1.4GHz > 1 mJy,

5σ with 5 arcsecond resolution; Becker et al. 1995) with theIRAS Faint Source Catalog

(FSC, S60µm > 0.2 Jy,5σ; Moshir et al. 1992). The sky coverage for theFIRST catalog

is roughly from RAs 8 to 17 hrs.

We extracted all sources which were optically faint, as detailed in Stanford et al. (2000).

For a flux-flux plot and a plot of radio power at 1.4 GHz versus FIR luminosity illustrating

the entire cross-correlatedFIRST–FSC sample see figures 1 and 4 in Stanford et al.

(2000). A major advantage of choosing theseFIRST–FSC (FF ) matches is that it also
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provides a good reason to believe that the FIR flux comes from the optical object at the

radio source position within the largeIRAS error ellipse.

The FF sample was further cross-correlated with theHST Guide Star Catalog (GSC)

to define a sub–sample of LIRG/ULIRG candidates within one arcminute of stars of mag-

nitudes brighter than 13 inR. The nearby stars can be used as guide stars for observations

with the Lick and Keck AO systems. This yielded a sample of∼ 100 targets.

Since the aim of this study was to identify new LIRGs and ULIRGs, we only considered

those objects for which no published redshift was availableat the time (although the redshift

of roughly half of the objects in the sample has been published since by the Sloan Digital

Sky Survey and other authors). The cross-correlation of thethree catalogs yielded a sample

of ∼ 50 targets with RAs between 8 and 17 hrs that were previously unidentified. Due to

observing constraints and weather conditions, we were onlyable to obtain redshifts for 28

objects. Of these, two are found to be ULIRGs, 19 are LIRGs, and the remaining seven we

simply designate as IR galaxies (IRGs) with FIR luminosities1010 ≤ LFIR < 1011L⊙.

Finally, we obtained Lick and Keck AO images of 20 of these objects as described

below. The sample is given in Table 5.1. The 20 objects imagedat Lick and Keck obser-

vatories appear first in the table, in order of increasing RA.The additional 8 galaxies, for

which we have only spectra, are listed below the horizontal line.

Column 1 is the target galaxy with itsFIRST–FSC catalog name. Columns 2 and 3

list, respectively, the J2000.0 RA and DEC of the target. Column 4 is the redshift obtained
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from the object spectrum. Column 5 is the60µm flux. Column 6 is the100µm flux; val-

ues in parentheses indicate upper limits. The fluxes are the template amplitudes from the

“1002” median scans obtained with the SCANPI utility at IPAC. Column 7 is the luminos-

ity distance, calculated usingh = 0.71, ΩΛ = 0.73 andΩm = 0.27 (which we assume

throughout the paper). Column 8 is the integrated flux at 1.4 GHz. Column 9 gives the

FIR luminosity, calculated as in Stanford et al. (2000). ULIRGs and LIRGs are normally

defined according toLIR (8-1000µm) as a whole. We have based our ULIRG and LIRG

definitions onLFIR because in the majority of cases we only haveIRAS detections at

60µm and100µm for the objects in our sample. Most of the objects in the sample were not

firmly detected by IRAS at12µm or 25µm. As a consequence it is possible that some of

the objects we have classified as LIRGs may actually be ULIRGs.

The definition forLFIR used is from Sanders & Mirabel (1996) and takes the form

L(40 − 500µm) = 4πD2
LCFFIR[L⊙] (5.1)

whereDL is the luminosity distance in Mpc,

FFIR = 1.26 × 10−14(2.58 × f60 + f100)[Wm−2] (5.2)

andC = 1.6.

162



5.3 Observations and Data Reduction

Spectroscopic observations of each galaxy in the sample were obtained using the Kast

Double Spectrograph at the cassegrain focus of the Shane 3-meter telescope at Lick Ob-

servatory. We used the 600/4310 grism for the blue side and the 600/7500 grating for the

red side to obtain a useful wavelength coverage spanning from the atmospheric cutoff at∼

3400Å to 8100Å. We used different slit widths to match the seeing conditions, typically

between 1′′ and 2.′′5, yielding a resolution between 2.6 and 6.5Å pixel−1 for the blue side

and between 3.3 and 8.3̊A pixel−1 on the red side, so that the typical resolution for the

spectra was roughly 300 km s−1. The total integration time for each galaxy was 900 s.

The spectra were reduced with IRAF, using standard reduction procedures. After cor-

recting for bias and flat fielding, we subtracted the sky and wavelength-calibrated the two-

dimensional spectrum using OH skylines (for the red side) and arc lamps (for the blue

side). We then flux-calibrated the spectra using spectrophotometric standards from Massey

et al. (1988) and extracted the spectra using the IRAF apextract routines. In the majority

of cases, we measured redshifts from stellar absorption lines, so that the redshifts we quote

correspond to the stellar component of the galaxies as opposed to the gas.

The galaxies FF 1122+4315 and FF 1429+3146 were imaged inK ′ using the Keck II

AO system (Wizinowich et al. 2000a,b; Johansson et al. 2000)with the NIRC-2 camera

(PI: K. Matthews & T. Soifer). Both galaxies were observed using the NIRC-2 Wide-Field

camera, which yields a plate scale of0.′′04 pixel−1. In addition, FF 1429+3146 was also
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observed with the Narrow-Field camera, which yields a platescale of0.′′01 pixel−1. The

remaining galaxies in the sample were observed using the natural guide star LLNL AO

system on the 3 meter Shane telescope at Lick Observatory; for details about the LLNL

AO system refer to Bauman et al. (1999) and Gavel et al. (2000). The AO system feeds

the AO-optimized infrared camera IRCAL (Lloyd et al. 2000),yielding a plate scale of

0.′′076 pixel−1. Observations at Lick were done inH rather thanKs since the warm optical

elements in the AO system result in a high thermal backgroundin the latter. The AO FOV

is 20′′ for the Lick system, 10′′ for the Keck Narrow-Field camera and 40′′ for the Keck

Wide-Field camera .

Observations of point spread function (PSF) stars were obtained either immediately

before or after the observations for each galaxy. We attemptto account for anisoplanatism

by matching the distance and position angle from the guide star (GS) to the PSF. However,

atmospheric conditions vary somewhat on a shorter scale than our total integration times, so

that each PSF is close, but does not perfectly match the conditions for each image. For this

reason, we are unable to provide precise Strehl ratios for each image, but we estimate that

the typical ratios for all our images were between 0.1 and 0.2. We provide full width at half

maximum (FWHM) of the PSF for each image as an indication of the system performance

for every field. Only the observations at Keck and those at Lick on 25 Jan 2003 were

done under photometric conditions; we estimate an extinction inH between 0.1 and 0.4

magnitudes for the rest of the observations. The images werereduced with IRAF, using
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standard IR reduction procedures. A complete journal of observations is given in Table 5.2

which includes total exposure times and GS information.

5.4 Analysis

5.4.1 Fitting Technique

Fitting a mathematical model to an image of a galaxy is one consistent way of determining

its morphology. Several different mathematical models have been used over the years to fit

the most common galactic shapes. These include the well known de Vaucouleurs profile

that models elliptical galaxies and the exponential profilefor galactic disks. More recently

the Sérsic (1968) model has become a highly valuable tool for modeling various compo-

nents of galaxies including bulges, disks, and bars. Using the Sérsic model is beneficial

because the model is able to adapt to the de Vaucouleurs (elliptical) profile at Sérsic index

N=4, the exponential disk profile at N=1, and a Gaussian shapeat N=0.5.

Many authors have used a one dimensional ellipse fitting routine to plot a light pro-

file such as IRAFellipse. For example, Veilleux, Kim & Sanders (2002) use the standard

Fourier expansion of Binney & Merrifield (1998) to fit isophote ellipses to their galaxies.

After generating these ellipses the programs then make a plot of isophote intensity versus

radius and derive the surface brightness profiles by making abest fit to those points. Sur-

veys based on these routines usually classify the object as either elliptical or disk shaped
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based on whether a de Vaucouleurs or exponential model fits best. While this is not unrea-

sonable, some of these classifications now need to be revisedbecause a one dimensional fit

can be subject to errors due to isophote twists and the large variety of galaxy morphologies.

Some of these surveys use a profile slice along the major or minor axis and some use both.

The profile can be different depending on whether the major orminor axis is used (see Peng

et al. 2002, and references therein).

The galaxies in this sample were fit in two dimensions using a program called GALFIT

(Peng et al. 2002). The program bypasses ellipse fitting, andfits a model to the light

profile directly. GALFIT usesχ2 fitting to minimize the error in two dimensions and can

handle the fitting of multiple models simultaneously. The best fit is then subtracted from

the data, and the residuals can be analyzed. In this survey, one or two models were used

as needed to make a reasonable subtraction. More models can be used, but improvements

to the subtraction are not always desirable. Generally, as resolution improves, many Sérsic

profiles can be fit to a galaxy at the same time but these are not necessarily physically

meaningful. Depending on the number of components, a Sérsic model can have anywhere

from eight to several dozen free parameters.

The Sérsic parameter N affects the degree of cuspiness of the galaxy. As the Sérsic

index decreases, the galaxy becomes more “cuspy” in the center. This means the core

intensity flattens quickly as r increases to the half-light radius and the intensity falls off

steeply beyond the half-light radius (Peng et al. 2002). Unperturbed spiral galaxies are a
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homogeneous group. Their Sérsic index usually does not deviate from N=1. Similarly,

ellipticals do not deviate much from N=4, though they are a less homogeneous group.

Mergers of two disk galaxies tend to produce a bulge with knots of compact unresolved

star formation and some mass concentrated in the center. In general, these types of mergers

can have Sérsic indices that are greater than 4 or other ambiguous profiles.

5.4.2 Fitting Procedure

The fitting process consists of two stages. The first stage involves an initial guess. A visual

evaluation of the galaxy is made to decide what types of objects are present (disks, bulges,

bars, etc). The general parameters of these objects, such aseffective radius, centroid, el-

lipticity and position angle can all be approximated by examination of the image with an

image analysis tool.

The fitting program uses the initial guess parameters to create a model, and convolves

it with a PSF provided by the user in order to match the seeing conditions and the resolu-

tion. A “best fit” model is obtained by performing a least squares fit of the PSF-convolved

model to the data. The second stage consists of refinements tothe model to achieve the

most accurate representation of the galaxy. The accuracy ofthe model can be assessed by

examining the residual image for artifacts of under- or over-subtraction. The residual image

is the image formed when the model is subtracted from the original image. If the galaxy

is simple and unperturbed then the residuals should be only the sky background or spiral
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arms for spiral galaxies. This is especially true for distant galaxies where the resolution

that we achieve prevents us from resolving extreme detail such as globular clusters.

If the galaxy is perturbed then other types of residuals willbe apparent. These may

consist of dust lanes, tidal tails, or multiple nuclei. Large symmetric areas with negative

values are characteristic of over-subtraction. These types of errors are generally easy to

spot and another fit should be considered. Sometimes the model may be obviously wrong.

Many adjustments to the input parameters can be made to refinethe model. One possibility

is isolating variables by fixing quantities that are known tobe accurate and letting the

program fit a smaller subset of the parameters.

The accuracy of the parameters determined by the fitting procedure will naturally de-

pend on how well the PSF matches the conditions under which a given image was taken.

To go beyond a simple determination of disk versus elliptical and look at more compli-

cated features, we need to evaluate the uncertainty in the model due to the PSF. We ran

several tests where we used a “mismatched” PSF to fit various galaxies. The mismatched

PSFs were obtained with the same instrument and set up, but under different observing

conditions and with FWHM that differed by as much as 50% of thevalue of the actual cor-

responding PSF. We found that, overall, the resulting modelparameters changed by only

a small percentage of their value. In particular, Sérsic indices of N> 1 changed by less

than 5% and the position angle by only a few degrees. Althoughsmaller Sérsic indices

(N < 0.5) varied by a larger percentage (as much as 40%), their values remained close to
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the values for disk profiles. The effects are similar to running the program with no PSF.

It should be noted that in some cases the PSF can be so “bad”, for instance when position

angle differs greatly from the image, that GALFIT will not beable to converge. In such

cases it is better to run the program with no input PSF. We therefore feel confident that,

while the precise value of the Sérsic index may be uncertaindue to uncertainties in the

PSF, the overall determination of the galaxy morphology andglobal features is robust. A

more serious concern when a PSF is mismatched is that the structure in the residuals will

be affected. If the PSF does not properly represent the imagequality of the galaxy, fine

structure in the residuals will probably be lost.

Another factor that will affect the Sérsic parameter is surface brightness fading. For

galaxies at higherz, the disk of a galaxy (where there is less signal) will fade faster than

the central regions causing the galaxy to appear significantly smaller. This is because flux

scales roughly asL/z4, whereL is the luminosity measured at the source andz is redshift

(Misner, Thorne & Wheeler 1973). In the case where there is a disk + bulge, losing the

edges of the disk will increase the cuspiness and raise the S´ersic index.

Finally a limited field of view may effectively raise the Sérsic index. When combined

with surface brightness fading, a situation is created where a galaxy appears to be smaller

and the drop off from the center is steeper. In such a case onlythe central bulge of a galaxy

is modeled. For nearby galaxies where the field of view is lessthan the scale lengthrs, the

model for the galaxy may not be correct (Peng et al. 2002). Even for our nearest galaxy,
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FF 0841+3557, atz = 0.036 the FOV for the Lick AO system corresponds to 14 kpc. For

the exponential profilers = (1.678r 1

2

), and if we take FF 0841+3557 as an example, we

calculaters to be 7.7 kpc.

Figure 5.1 is an example of how a residual image is obtained for two galaxies in the

sample. The top three panels, showing FF 1110+3130, are an example of a numerical

model that is an accurate representation of the morphology of the galaxy. It produces a

clean residual which shows sky background. Panela is an image of the galaxy before

subtraction. Panelb is a model of the galaxy and panelc is the residual image produced

from the subtraction of panelb from a. The bottom three panels, showing FF 1519+3520,

are an example of a reasonable fit with interesting residuals, namely a compact companion

∼ 0.′′5 east of the galaxy nucleus. In this case we have only modeled the larger galaxy to

the west.

5.4.3 Results

Figure 5.2 shows theH orK ′-band image of each of the 20 galaxies imaged in the sample.

In terms of FIR luminosity, the 20 imaged objects consist of two ULIRGs, 13 LIRGs and

five IRGs. The additional eight galaxies for which we only have spectra yielded six LIRGs

and one IRG.

For each of the galaxies modeled in the sample, the parameters for their models are

listed in Table 5.3. Column 1 lists the target galaxy which may have one or two component
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objects that are modeled within it. Column 2 lists the apparentH orK ′ magnitude of the

object being modeled as determined by the best fit. Column 3 isthe Sérsic parameter, N.

When the model used was an exponential profile the value of theSérsic index is by default

set to 1. The Sérsic model or “light profile” is given by:

Σ(r) = Σee
−κ[(r/r 1

2

)1/N
−1]

(5.3)

whereΣ(r) is the surface brightness at a given radiusr, r 1

2

is the effective radius of the

galaxy,Σe is the surface brightness atr 1

2

, N is the Sérsic index andκ is coupled to N so

that half of the total flux is always withinr 1

2

. This model is described in detail in Peng et al.

(2002). The paper should be consulted for the mechanics of how the model works, because

more equations are involved than what is shown here. The exponential profile is given by:

Σ(r) = Σ0e
−(r/rs) (5.4)

wherers is the scale length(1.678r 1

2

). Column 4 lists the half-light radius (r 1

2

) of the

object in kpc. Column 5 is the ellipticity (ε) of the isophotes (defined as the1− b/a where

b/a is the axis ratio for an ellipse). Column 6 is the positionangle in degrees. Column

7 is the boxiness-diskiness parameter. A negative value corresponds to a disky galaxy

and a positive value corresponds to a boxy galaxy. Column 8 isthe model type used for

the object where “Sér” is short for Sérsic and “Exp” is short for exponential. Column
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9 indicates whether the galaxy appears to contain a single nucleus, a double nucleus, or

multiple nuclei.

Column 10 indicates whether the galaxy is interacting or not. We classify a galaxy

as interacting (“Y”) if the galaxy appears to be in the early stages of a merger (i.e., still

showing distinct components) and/or shows obvious tidal tails or other tidal debris. We

designate a galaxy as possibly interacting (“?”) if the galaxy was difficult to fit, implying

that it may have an irregular morphology. The rest we designate as non-interacting (“N”).

The models used for each individual object are described in detail in Section 5 below.

5.4.4 Powering Mechanism

ULIRGs and LIRGs can be classified in two categories according to the primary source

of their luminosities: those galaxies that achieve their high luminosity from starburst ac-

tivity (henceforth referred to as a starburst galaxies) andthose that are mainly powered by

AGN. It is plausible that most LIRGs contain some combination of excitation mechanisms

including AGN, starbursts, shocks, mergers, and bars. The question then becomes which

mechanism is dominant in each galaxy and whether there are any trends evident in the

sample.

Figure 5.3 shows the emission line flux ratio [O III]/Hβ versus the ratio [N II]/Hα plot-

ted for the 17 objects in the sample which had firm detections of all four emission lines and

a redshiftz less than about0.2 (so that both Hα and Hβ are in our observed spectral range).
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This plot is similar to the plot in Fig. 1 of Kauffmann et al. (2003) which itself is derived

from the “BPT diagram”. Baldwin, Phillips & Terlevich (1981) demonstrated that it is

possible to distinguish type-2 AGNs from normal star forming galaxies by plotting their

emission line ratios and this idea was expanded upon by others. The curved line represents

the demarcation between starburst- and AGN-powered galaxies as determined by Kewley

et al. (2001).

According to the diagram, the galaxies FF 0834+4831, FF 0835+3142, FF 1122+4315,

and FF 1519+3520 are identified as AGN, while FF 0934+4706, FF1110+3130,

FF 1656+2644, FF 1709+5220, FF 1712+3205, and FF 1318+3250 are identified as star-

burst galaxies. Additionally, FF 1138+4405 lies near the demarcation line, and is likely a

star forming galaxy as well. In both of these groups, there isa range of FIR luminosities

so that we do not see a clear correlation betweenLFIR and powering mechanism for the

LIRGs and IRGs in the sample, although it is important to notethat some of the objects

are classified as LIRGs based on upper limits toLFIR and this adds scatter to any possible

trends. Neither of the two ULIRGs are plotted in Fig. 5.3 because [N II] and Hα were

redshifted out of our observed spectra. However, they both have [O III]/Hβ ratios charac-

teristic of AGN. Studies with larger samples like Veilleux et al. (1999) and Arribas et al.

(2004) indicate the fraction of AGN dominated LIRGs increases withLFIR. FF 1651+3001

is the only galaxy that falls in the LINER region. The rest of the objects fall in a region

intermediate between starburst and AGN, possibly representing a population containing
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some combination of both AGN and starbursts, with neither being clearly dominant.

5.4.5 Morphologies

One of the two ULIRGs, FF 1708+4630, is a merger at an early stage, while the other one,

FF 0819+2707, has possible signs of interaction. Three LIRGs, FF 1412+4355,

FF 1429+3146 and FF 1519+3520, are also mergers at an early stage, where the two nuclei

are still distinct. The LIRG mergers are likely mergers of two disks since both components

can be fit well by near exponential profiles and are in early merging stages, because both

nuclei are still distinct. Between 30 and 60% of LIRGs are reported to be mergers in the

literature (Sanders & Mirabel 1996). Similarly, 23% (3/13)of the LIRGs in our sample are

found to be mergers. In agreement with the rarity of multiplemergers cited by Veilleux,

Kim & Sanders (2002), we find only one object FF1429+3146 (a LIRG) that appears to

be a multiple merger in the residual image. None of the 5 IRGs have multiple nuclei or

obvious signs of interaction.

There are only 2 objects that seem to have large bulge components in the sample. One of

these objects is the merger ULIRG FF 1708+4630 with an unusually high Sérsic parameter

at N=6. Another bulge dominated object is the IRG FF 0835+3142. Otherwise, the majority

of the objects seem to be disk-dominated rather than bulge dominated, though the Sérsic

parameters range from 0.7 to 2.3.

The statistical breakdown for profiles produced in Veilleux, Kim & Sanders (2002) for
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single nucleus objects are that 2% are best fit by a pure exponential disk, 35% are best fit by

a pure elliptical, and 38% are fit equally well by both. There are 10 single-nucleus LIRGs

in our sample. Four (40%) are fit fit well by near exponential shapes, and four (40%) fall

somewhere in between exponential and de Vaucouleurs. The “in between” Sérsic indices

indicate that they can be fit by either a pure exponential or a de Vaucouleurs profile but

neither is ideal. The remaining two objects (20%) have indices that are unusual high,

indicating that neither an exponential nor a de Vaucouleursprofile would be a good fit. We

do not find any preference toward elliptical profiles for the LIRGs, and instead find more

disks, but this may be due to small sample statistics. We obtain a meanr 1

2

of 2.9 kpc for

the single-nucleus LIRGs inH (except for FF1122+4315 which was imaged inK ′); this is

somewhat smaller than the mean half-light radius of 3.5 kpc for ULIRGs found by Veilleux,

Kim & Sanders (2002). Of the IRGs only two are fit well by models. FF1113+5524 has a

classic disk+bulge profile and FF 1712+3205 has a nearly a lenticular shape.

Boxiness refers to the shape of the isophotes. Objects with apositive value (“boxy”

objects) have slightly more square isophotes while those that have a negative value (“disky”

objects) are rounded. Boxiness tends to be a sign that a galaxy has undergone a recent tidal

interaction. Most elliptical galaxies are disky; elliptical galaxies that are boxy tend to have

higher mass to light ratios (Kormendy & Djorgovski 1989). Boxiness does not seem to be

correlated with infrared luminosity in this sample.

Galaxies that are interacting make up 30% of the sample, including one ULIRG and
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five LIRGs. If we include all objects that are possibly interacting, they would make up

80% of the sample. Two of the galaxies that do not show signs ofinteraction are IRGs and

the other two are LIRGs. So, in agreement with previous studies, we observe a trend of

toward a higher interaction rate at higher luminosities.

FF 0834+4831, FF 0835+3142, FF 1122+4315, and FF 1519+3520 are identified as

AGN. FF 1519+3520 is an early merger of two galaxies, and possibly a dust obscured

AGN. FF 0834+4831 was not imaged. The other two objects, as well as FF 0819+2707 and

FF 1429+3146, have point-like cores in their residuals thatare likely to be their active nu-

clei. Except for FF 0934+4706 which has a PSF like core, and FF1318+3250 for which we

only have an image of the central region, those galaxies below or slightly above the demar-

cation line for starburst galaxies in Fig. 5.3 can be modeledwith near exponential profiles,

and none of them show overt signs of tidal interaction. Conversely, all of the objects that

are currently involved in a tidal interaction are found either in the Seyfert region or in an

intermediate region between the starburst and Seyfert regions. It is possible then that every

object in the sample that is undergoing a merger has some level of nuclear activity.
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5.5 Notes on Individual Objects

5.5.1 The ULIRGS

FF 0819+2707This ULIRG is the most powerful object imaged in the sample, with a

FIR luminosity of log(LFIR/L⊙) = 12.5. Unfortunately, we do not have a flux value for

[N II] or Hα for this object since these lines were redshifted out of the spectra we obtained.

However, the value of log [O III]/Hβ = 1.0 for this object indicates it would almost certainly

be in the AGN Seyfert range of the BPT diagram. The spectrum, shown in Fig. 5.4, shows

a young stellar component. No signs of an ongoing merger are evident in the residual, nor

is a close companion apparent. However, the model is not a good fit since it undersubtracts

at the edges, possibly indicating that the galaxy is perturbed. The redshift for this object

was published by Brand et al. (2003) after we carried out our observations. Brand et al.

indicate that the object lies within a superstructure of radio galaxies.

FF 1708+4630For this galaxy, a merger is evident in Fig. 5.5 after subtraction of a

boxy elliptical host with Sérsic parameter N= 6. The merger components are difficult to

model. One of them is probably the core of the elliptical galaxy that is less than 1 kpc in

diameter (and correspondingly less luminous). The intruder seems to be a smaller galaxy

about 3 kpc in diameter. It lies only 1.5 kpc (in projection) from the core of the primary

galaxy. The object has a starburst spectrum with ongoing star formation as indicated by

strong O 2 emission, possibly triggered by the merger. Because of the higher redshift for
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this galaxy, [N II] and Hα are also redshifted out of our spectral range. However, the value

of log [O III]/Hβ = 0.62 indicates that this object is likely in the AGN region.The Mg Ib

and Ca 2 absorption features are present indicating that an older population is also present.

5.5.2 The LIRGS

FF 0825+5216The dominant power source of this log(LFIR/L⊙) ≤ 12.04 galaxy is uncer-

tain. Its spectrum is that of an old population with very weak[O II] emission. The galaxy

is less than 10 kpc in diameter in projection and is best modeled by a Sérsic model with

N=2.29. No signs of a companion are observed. The model is fairly accurate and there are

almost no residuals that are detectable. The galaxy may havegone through a ULIRG phase

in the past and is now relaxing to an elliptical shape.

FF 0839+3626After subtraction, this moderately luminous LIRG reveals abarred spi-

ral (SBc). The disk is modeled by a Sérsic profile with N=1.77. Based on the spectrum,

the disk is probably composed of a population of older stars.The larger arm is about 2.1

kpc wide and 8.4 kpc long. This arm is actually visible beforesubtraction. The other arm

is short and faint. The bar is about 1.4 kpc wide. No companionis visible. The spec-

trum reveals low ionization emission lines with a strong Hα line. Unfortunately, [O III]

fell precisely in a small gap between the blue and red detectors so that we cannot obtain an

[O III]/H β ratio. However, the value of [N II]/Hα = −0.16 indicates that the object may

fall in the AGN or transition region.
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FF 0841+3557This object lies on the boundary between LIRGs and IRGs. The galaxy

does not seem to be interacting. The spectrum indicates it has an old population. There are

practically no residuals in the subtracted image. It is bestmodeled by an exponential profile.

From the morphology it appears to be an ordinary disk galaxy;no bulge is detectable, but

this could be due to undersampling.

FF 0934+4706The spectrum of this object shows a blue continuum with low ionization

emission lines. Based on its line ratios, the object has a starburst. This galaxy has a

cuspy profile reflecting a high concentration of mass in the center. It is difficult to model

accurately. It also has a bar-like structure visible in the residual but spiral arms are not

apparent.

FF 1110+3130This lower luminosity LIRG shows a starburst spectrum with ablue

continuum. The galaxy is fit accurately by a Sérsic profile with N=0.67, and there are

no identifiable residuals. The shape of this model is near Gaussian (the Sérsic profile

assumes the Gaussian shape when N=0.5). The galaxy is probably a perturbed disk, but no

companion galaxy is visible.

FF 1122+4315This luminous LIRG appears to be a spiral galaxy with a bulge-like

component that extends over most of the image. The spectrum indicates it is an AGN

Seyfert galaxy. An elliptical shape with a Sérsic index of N=3.09 was used to model the

bulge component. The residual image (Fig. 5.6) shows much structure including a possible

warped disk and/or tidal debris, although some effects of over-subtraction are evident. A
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small knot to the southwest could be the core of an interacting dwarf galaxy or a bright

knot of star formation.

FF 1316+2511This is a strongly perturbed LIRG. The Sérsic exponent, while unusually

high (N=10), seems to produce an accurate model of this cuspygalaxy; practically no

residuals are seen after subtraction. The galaxy is spherical in shape (E0). It is boxy, but no

other signs of recent interaction are apparent. The spectrum indicates that an old population

of stars is present.

FF 1412+4355This object is a likely starburst galaxy though it lies slightly above the

demarcation line in Fig. 5.3. Figure 5.7 shows that the galaxy is an early merger of two

disk galaxies with tidal tails and extended debris. The larger spiral galaxy is well modeled

by an exponential profile, and it has a very long tidal tail. The galaxies are∼1.8 kpc apart

in projection. The smaller companion is modeled well by a boxy Sérsic with N=1.7, and

shows practically no residuals after subtraction, while the larger galaxy reveals a distinct

core 0.8 kpc in diameter and a diffuse cloud of debris.

FF 1429+3146The emission line ratios for this object indicate it is somewhere between

the AGN and starburst regions on the BPT diagram. However given the morphology of this

galaxy, and a possible faint broad emission line component in its optical spectrum, it could

be an obscured AGN. The galaxy is clearly undergoing an earlymerger and contains a

young population of stars. We obtained two separate images of this galaxy using the narrow

and wide NIRC-2 cameras. Figure 5.8 shows the narrow camera image. Each image was
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modeled independently; the model parameters determined for each of these images are

generally consistent with each other, although the (higherresolution) narrow camera image

yields a better fit. The parameters listed in Table 5.3 correspond to the narrow camera

image. FF 1429+3146 has four distinct features. The two major components are a large

cuspy Sérsic profile and a smaller merging companion to the south also with a Sérsic profile.

There is a dwarf companion or star forming region to the northeast and possibly one to the

west. All of these components are visible before subtraction. The north galaxy has a Sérsic

parameter of N∼2, while the south galaxy has a Sérsic parameter of N∼1.1 corresponding

to an exponential shape. The models for both major components show diskiness. In the

residual images, a core about 0.5 kpc across corresponding to the larger galaxy can be seen.

This is possibly an active nucleus. The galaxies are about 1.5 kpc apart in projection. The

unusual shape of this galaxy could indicate it is undergoinga major merger. In addition

there may also be a minor merger with a smaller companion making it a multiple merger.

There seems to be some dust present to the north and south.

FF 1517+2800This galaxy has a bright Sérsic profile with N=2.17. The galaxy also has

a faint Sérsic component∼0.5 kpc off center with N=0.31. This unusual shape is similarto

a Gaussian, but steeper. The subtracted image shows a core∼1 kpc in diameter and some

other residuals that may be a tidal tail. Some debris to the south of the obvious core may

be another core that is part of a former companion. The spectrum of this galaxy is heavily

reddened and shows strong emission lines. Emission line ratios indicate that the object is
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probably a starburst galaxy, although it lies in the region between starbursts and AGNs in

Fig. 5.3.

FF 1519+3520This system is best modeled by disk components. The larger component

has a Sérsic index of N=1.44 while a smaller component on thesoutheast has an N=0.91

index and is∼4 magnitudes less luminous. There is a bright, resolved coreabout 1.5 kpc

in diameter roughly at the position of the smaller galaxy. Itis presumably merging with

the primary source. There are features that could be tidal tails to the north and south. The

spectrum indicates that the stellar population is older. Its FIR luminosity puts it at the lower

end of the LIRG scale.

FF 1709+5220This moderately luminous LIRG is likely to be powered by a starburst.

The galaxy is best modeled by a Sérsic profile of index N=0.66; this index could be low

due to undersampling. The image is not deep enough to determine if there is a bulge

component. The galaxy may have a companion of similar radiusand magnitude, with a

Sérsic index of N=0.48 that lies 16′′ away in the image. Since we do not have a redshift for

this object, we cannot determine whether it is a projected galaxy or a true companion.

FF 1725+4559This low luminosity LIRG is best modeled by an exponential profile.

It is slightly boxy but otherwise appears normal. The subtracted image reveals a possible

core about 1 kpc long and 0.5 kpc wide. It lies at the same position angle as the disk and

it could be a bulge that is too small to model. In that case thisgalaxy would seem to be a

normal disk + bulge galaxy.
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5.5.3 The IRGs

FF 0835+3142This object contains an older population of stars. It can be fit by a boxy

elliptical host but is difficult to model accurately. The subtracted image reveals a possible

unresolved core.

FF 1113+5524This object seems to be a normal spiral galaxy. Its spectrum shows some

some star forming activity. The residuals show that it is a prime example of an Sbc spiral

galaxy. A prominent bar and two arms nearly 1 kpc wide each canbe seen.

FF 1138+4405This object can be fit with a near exponential profile. The residual image

reveals a very unusual oblong shaped core. The spectrum of this object is reddened showing

very strong emission (the strongest of the sample) that classifies this object as a starburst,

and an underlying old stellar population.

FF 1318+3250The image of this galaxy in Fig. 5.2 shows only the central barof the

galaxy. The galaxy has two faint spiral arms visible only in optical images. The bulk of the

NIR flux comes from the bar, which is∼15 kpc long in projection. The bulge is∼4 kpc in

diameter. The position angles of the bar and bulge are offsetby 20 degrees. The spectrum

of this galaxy shows some star formation based on the presence of [O II] emission, but the

bulk of the stellar population is probably old. No AGN is apparent.

FF 1712+3205This galaxy can be modeled by an N=2.5 disky Sérsic, which isroughly

a lenticular shape. The spectrum shows weak Hα and [O II] emission.
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5.6 Summary

The results from this study indicate that the technique of cross-correlating 1.4 GHz and far-

infrared fluxes selects many perturbed galaxies, with frequent early mergers and merger

remnants. It selects a high number of starburst galaxies at redshifts0.1 < z < 0.3. A few

type-2 AGN are picked up using this technique but they are much less common.

While our sample is small and we are dealing with small numberstatistics, our results

confirm several trends observed before: 1) ULIRGs are almostinvariably mergers or in-

teracting galaxies; 2) the fraction of LIRGs undergoing mergers is significantly less; 3)

objects with higher FIR luminosity are more likely to contain AGN.

We find, on the other hand, a larger fraction of exponential ornear-exponential profiles

(nearly half of the sample) than in previous surveys. As discussed in Section 4.1, many of

these surveys have based their classification of profiles on one dimensional fits which can

be subject to errors due to isophote twists or other small perturbations. It is possible that

the true fraction of objects with exponential profiles may belarger, as suggested by our

study. However, because of the small size of our sample this is simply speculation at this

stage.

We do confirm, however, that modeling in two dimensions is very effective in high-

lighting features that could be easily missed by visual inspection or one dimensional fitting.

Residual images reveal details such as double nuclei, dust lanes, tidal debris, and secondary

cores that allow us to identify more accurately those objects that are perturbed.
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Our results show the effectiveness of using adaptive opticssystems in combination with

two dimensional modeling to study morphologies of infraredgalaxies. Future morpholog-

ical surveys of this kind can be done with success for other types of interesting galaxies.
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Table 5.1. The LIRG Sample

Object α δ z f60µm f100µm
b DL f1.4GHz log LFIR

a

Name (J2000) (J2000) (Jy) (Jy) (Mpc) (mJy) (L⊙)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

FF0819+2707 08 19 16.8 27 07 34 0.2613 0.74 1.07 1314 5.97 12.50
FF0825+5216 08 25 34.5 52 16 42 0.1726 0.73 (0.65) 823.6 2.4 (12.03)
FF0835+3142 08 35 51.6 31 42 00 0.0483 0.36 (0.30) 211.7 1.02 (10.53)
FF0839+3626 08 39 50.5 36 26 57 0.0961 0.48 1.14 435.9 3.12 11.44
FF0841+3557 08 41 30.9 35 57 45 0.0502 0.57 1.68 220.3 2.72 10.98
FF0934+4706 09 34 04.0 47 06 02 0.1207 0.33 (0.58) 556.8 1.46 (11.43)
FF1110+3130 11 10 02.2 31 30 02 0.1171 0.29 (0.20) 538.9 1.06 (11.23)
FF1113+5524 11 13 38.6 55 24 41 0.0382 0.71 1.50 166.1 3.33 10.75

1
9
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Table 5.1 (cont’d)

Object α δ z f60µm f100µm
b DL f1.4GHz log LFIR

a

Name (J2000) (J2000) (Jy) (Jy) (Mpc) (mJy) (L⊙)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

FF1122+4315 11 22 03.6 43 15 56 0.1463 0.46 0.93 686.4 3.47 11.79
FF1138+4405 11 38 35.5 44 05 28 0.0359 0.68 0.86 155.9 3.35 10.59
FF1316+2511 13 16 42.1 25 11 56 0.1459 0.34 (0.59) 684.4 1.87 (11.63)
FF1318+3250 13 18 24.3 32 50 41 0.0367 0.51 0.84 159.4 2.68 10.53
FF1412+4355 14 12 29.6 43 55 55 0.1332 0.59 0.85 619.6 1.68 11.75
FF1429+3146 14 29 56.5 31 46 02 0.1761 0.18 (0.25) 842.1 1.09 (11.50)
FF1439+3232 14 39 16.9 32 32 39 0.2502 · · · · · · 1250 1.21 · · ·

FF1517+2800 15 17 52.8 28 00 50 0.1016 0.39 (0.60) 462.6 2.24 (11.32)1
9
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Table 5.1 (cont’d)

Object α δ z f60µm f100µm
b DL f1.4GHz log LFIR

a

Name (J2000) (J2000) (Jy) (Jy) (Mpc) (mJy) (L⊙)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

FF1519+3520 15 19 58.4 35 20 37 0.1098 0.24 (0.49) 502.8 2.1 (11.23)
FF1708+4630 17 08 54.0 46 30 46 0.2630 0.29 0.90 1323 2.99 12.26
FF1709+5220 17 09 00.8 52 20 03 0.1689 0.20 (0.52) 804.0 1.18 (11.61)
FF1712+3205 17 12 07.9 32 05 33 0.0372 0.27 (0.66) 161.7 1.19 (10.34)
FF1725+4559 17 25 00.3 45 59 43 0.0625 1.10 1.03 276.8 4.43 11.26
FF0834+4831 08 34 46.8 48 31 39 0.1735 0.30 (0.80) 828.3 2.13 (11.84)
FF1601+4514 16 01 56.6 45 14 03 0.0969 0.58 1.12 439.8 3.35 11.50
FF1621+2214 16 21 08.1 22 14 08 0.0843 0.29 0.60 379.2 1.37 11.081
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Table 5.1 (cont’d)

Object α δ z f60µm f100µm
b DL f1.4GHz log LFIR

a

Name (J2000) (J2000) (Jy) (Jy) (Mpc) (mJy) (L⊙)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

FF1651+3001 16 51 22.6 30 01 04 0.0592 0.55 0.96 275.4 4.32 11.02
FF1656+2644 16 56 46.5 26 44 57 0.1193 0.44 (0.69) 574.8 1.16 (11.55)
FF1721+2951 17 21 43.7 29 50 59 0.1052 0.23 (0.48) 480.2 1.07 (11.19)
FF1723+3845 17 23 29.7 38 45 12 0.0377 0.22 (0.28) 163.9 1.04 (10.15)

aParentheses indicate upper limits.
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Table 5.2. Journal of Observations

Object Scale (kpc/′′) GSV Separation (′′) PA (deg) Exp. Time (s) FWHM (′′) Date Obs.
(1) (2) (3) (4) (5) (6) (7) (8)

FF0819+2707 4.028 11.5 17.9 64.8 12×300 0.49 25 Jan 2003
FF0825+5216 2.904 11.9 30.2 61.2 14×300 0.49 25 Jan 2003
FF0835+3142 0.981 12.5 37.9 286.1 10×300 0.49 25 Jan 2003
FF0839+3626 1.809 11.7 31.3 250.6 6×300 0.15 03 Apr 2002
FF0841+3557 0.968 12.5 31.6 151.6 3×300 0.49 25 Jan 2003
FF0934+4706 2.149 12.8 34.8 5.4 12×300 0.31 03 Apr 2002
FF1110+3130 2.134 12.6 43.6 127.2 6×600 0.80 19 Mar 2003
FF1113+5524 0.762 7.5 37.0 295.9 7×300 0.49 25 Jan 2003
FF1122+4315a 2.563 12.7 27.3 267.9 25×60 0.068 25 May 2002

1
9

4



Table 5.2 (cont’d)

Object Scale (kpc/′′) GSV Separation (′′) PA (deg) Exp. Time (s) FWHM (′′) Date Obs.
(1) (2) (3) (4) (5) (6) (7) (8)

FF1138+4405 0.732 9.7 29.6 258.9 10×300 0.43 03 Apr 2002
FF1316+2511 2.527 11.2 40.6 79.9 8×300 0.60 03 Apr 2002
FF1318+3250 0.719 10.5 34.0 115.5 6×300 0.49 03 Apr 2002
FF1412+4355 2.371 9.8 27.4 350.7 10×300 0.39 03 Apr 2002
FF1429+3146a 3.012 11.9 30.6 8.2 10×120 0.092 25 May 2002

5×120 0.068 25 May 2002
FF1517+2800 1.848 11.9 30.0 13.6 6×300 0.42 03 Apr 2002
FF1519+3520 1.979 11.1 36.2 188.3 6×300 0.29 19 Mar 2003
FF1708+4630 4.024 9.1 27.2 161.2 7×300 0.44 03 Apr 20021
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Table 5.2 (cont’d)

Object Scale (kpc/′′) GSV Separation (′′) PA (deg) Exp. Time (s) FWHM (′′) Date Obs.
(1) (2) (3) (4) (5) (6) (7) (8)

FF1709+5220 2.853 11.8 27.2 237.0 11×300 0.14 04 Sep 2004
FF1712+3205 0.729 11.1 43.0 254.1 5×300 0.17 14 Aug 2003
FF1725+4559 1.189 11.9 27.4 187.5 16×300 0.63 05 Sep 2003

aGalaxies observed inK ′ with the Keck II telescope
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Table 5.3. Model Parameters & Morphologies

Object MAG N r 1

2

(kpc) ε PA (deg) Boxy/Disky Fit Type Nucleus Interact?

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

FF0819+2707 25.1 2.7 5.5 0.52 76.0 ∼ 0 Sér single ?
FF0825+5216 25.0 2.3 0.90 0.44 −64.2 0.27 Sér single ?
FF0835+3142 23.3 4.0 6.8 0.80 −61.0 0.68 Sér single ?
FF0839+3626 20.0 1.8 3.1 0.52 −34.4 −0.31 Sér single N
FF0841+3557 23.6 1.0 4.6 0.26 9.0 −0.83 Exp single N
FF0934+4706 19.0 7.2 3.0 0.74 82.8 −0.54 Sér single ?
FF1110+3130 22.4 0.7 2.9 0.78 23.3 −0.15 Sér single ?
FF1113+5524 21.8 5.0 2.3 0.47 17.3 0.15 Sér single N

30.5 1.0 8.7 0.64 8.0 −0.81 Exp
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Table 5.3 (cont’d)

Object MAG N r 1

2

(kpc) ε PA (deg) Boxy/Disky Fit Type Nucleus Interact?

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

FF1122+4315 8.8 3.1 6.9 0.53 13.1 −0.16 Sér single Y
FF1138+4405 20.5 1.16 1.7 0.84 34.6 0.02 Sé r single Y
FF1316+2511 20.6 10.0 2.8 0.84 −33.3 0.36 Sér single ?
FF1318+3250a · · · · · · · · · · · · · · · · · · Bar single N
FF1412+4355 23.0 1.7 0.67 0.90 −43.0 0.47 Sér double Y

21.6 1.0 1.9 0.09 85.9 ∼ 0 Exp
FF1429+3146 15.2 2.3 5.9 0.52 −1.4 −0.51 Sér mult Y

19.1 1.1 1.2 0.68 24.1 −0.33 Sér
FF1517+2800 20.7 2.2 0.90 0.61 −22.6 −0.23 Sér single Y1
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Table 5.3 (cont’d)

Object MAG N r 1

2

(kpc) ε PA (deg) Boxy/Disky Fit Type Nucleus Interact?

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

22.0 0.3 2.8 0.49 44.7 0.08 Sér
FF1519+3520 20.3 1.4 2.8 0.68 −35.4 −0.20 Sér double Y

23.7 0.9 0.72 0.85 86.7 −0.33 Sér
FF1708+4630 21.3 6.0 4.0 0.26 62.8 0.31 Sér double Y
FF1709+5220 23.1 0.7 2.3 0.34 35.7 −0.25 Sér single ?
FF1712+3205 20.4 2.5 1.4 0.25 −79.9 −0.95 Sér single ?
FF1725+4559 20.8 1.1 1.4 0.89 30.8 0.02 Sér single ?

aThe model parameters for this object are not meaningful since only the central bar was imaged.
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Figure 5.1 For both rows, panela is an image of the galaxy before subtraction. Panelb
is a numerical model of the galaxy and panelc is the residual image produced from the
subtraction of panelb from a. In this and the following figures, north is up, east is to the
left, and the scale bar represents approximately 1 kpc.

200



Figure 5.2 Lick and Keck near IR AO images of the central regions of each galaxy in the
sample.
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Figure 5.3 A BPT diagram of emission line flux ratio [O III]/Hβ versus the ratio
[N II]/H α. From left to right the galaxies plotted are: (1) FF 1656+2644,
(2) FF 1110+3130, (3) FF 1709+5220, (4) FF 0934+4706, (5) FF 1712+3205,
(6) FF 1721+2951, (7) FF 1517+2800, (8) FF 1138+4405, (9) FF 1723+3845,
(10) FF 1318+3250, (11) FF 1412+4355, (12) FF 1429+3146,
(13) FF 0834+4831, (14) FF 1519+3520, (15) FF 1651+3001,
(16) FF 1122+4315, (17) FF 0835+3142.
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Figure 5.4 Optical spectrum of thez = 0.2613 ULIRG FF 0819+2707 in rest frame.

Figure 5.5 Panela is an image of thez = 0.2630 ULIRG FF 1708+4630 before subtraction.
Panelb is an image of the object after subtraction, showing a secondary nucleus or merging
companion.
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Figure 5.6 Residual image (model subtracted) of thez = 0.1484 LIRG FF 1122+4315
showing much structure near the AGN nucleus.
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Figure 5.7 Two merging disk galaxies form thez = 0.1353 LIRG FF 1412+4355. The
image has been smoothed using a gaussian withσ = 1 pixel to highlight the tidal tail and
debris.
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Figure 5.8 Keck NIRC-2 Narrow Camera image of thez = 0.1806 LIRG FF 1429+3146,
displayed in a log scale. Panela shows the galaxy before subtraction and panelb after
subtraction. The dark regions are an artifact of over-subtraction due to the highly perturbed
morphology and multiple components of this galaxy.
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