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Abstract of the Dissertation

Exploring Planetary System Evolution Through

High-Contrast Imaging

by

Thomas Matthew Esposito

Doctor of Philosophy in Astronomy

University of California, Los Angeles, 2015

Professor Michael P. Fitzgerald, Chair

High-contrast imaging of circumstellar debris disks and exoplanets provides unique infor-

mation about planetary system evolution. Several hundred nearby main-sequence stars are

known to host debris disks: reservoirs of rock and ice that are thought to be coeval with

planet formation. My dissertation research focused on detecting and characterizing such

disks to gain new insight into circumstellar environments during the epoch of planet as-

sembly. To view these systems on spatial scales down to a few astronomical units, I used

near-infrared angular differential imaging data from the Keck NIRC2 and Gemini Planet

Imager instruments. Detection of relatively faint disks and planets in these data is enhanced

by image-processing algorithms that suppress the stellar signal, however, they also bias the

brightnesses of these objects. I developed a new technique to forward-model and correct

for this bias, thus allowing more accurate analysis of disk and planet properties. Applying

this technique to scattered-light imaging of the HD 32297 debris disk, I used photometric

and morphological measurements to infer physical characteristics of the disk and its con-

stituent grains. I also investigated the HD 61005 debris disk and the role that an eccentric,

inclined planet could play in shaping its unusual morphology. To expand the small sam-

ples of resolved disks and directly-imaged planets, I conducted a coronagraphic survey of

24 nearby stars, the preliminary results of which are reported herein. Concluding on the

same theme of high-angular resolution imaging, my final project comprised tasks translating

science requirements into design specifications for an upgraded Keck OSIRIS imager.
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CHAPTER 1

INTRODUCTION

1.1 DEBRIS DISKS AND EXOPLANETS

The discovery of thousands of planets outside of our Solar System (“extrasolar planets” or

“exoplanets”) in the past two decades has provided insight into the variety of planetary

systems in our galactic neighborhood. Over the same period, detections of disks of gas and

dust surrounding many main-sequence stars have opened windows into planet formation and

evolution processes. Beyond simply detecting these objects, detailed analysis of them allows

us to test fundamental theories about planetary system development and place our own

system into context as one of many possible evolutionary outcomes.

Direct imaging is now firmly established as a key method for detecting and characterizing

these exoplanetary systems. This approach creates images from the light emitted or reflected

by a planet or by circumstellar disk material, rather than measuring the effects that such

objects have on the light of their host star. Therefore, direct images show the locations of

planet-mass candidates and map the structure of associated circumstellar disks and belts.

Not only can the observed characteristics of these structures be used to understand the

geometry of the system, but the disk morphology can be used to dynamically constrain

the mass of any planet candidates (even when a planet is not detected). Such observations

provide context for studying formation and dynamical evolution of planetary systems.

Debris disks represent a phase of circumstellar disk evolution considered analogous to the

Kuiper Belt: gas-depleted reservoirs of dust and planetesimals primarily composed of rock

and ice. This phase is thought to follow the dispersal of a star’s protoplanetary disk, which

occurs ∼1–6 Myr after the birth of a Sun-like star (Meyer et al., 2008). Viscous accretion
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onto the star and photoevaporation rapidly remove gas and dust from the protoplanetary

system on a timescale of a few million years (Wyatt, 2008). It is uncertain how much dust is

carried over from the protoplanetary to the debris disk phase, however, debris disks typically

are observed to have dust masses < M⊕ (Wyatt, 2008). Little gas is expected to remain

in the system, but appreciable amounts have been detected in a handful of debris disks

(Aumann, 1985; Redfield, 2007; Riviere-Marichalar et al., 2012; Zuckerman & Song, 2012;

Donaldson et al., 2013; Kóspál et al., 2013; Moór et al., 2013b; Xie et al., 2013).

In the debris disk phase, ranging from ∼10–100 Myr, small dust particles agglomerate

from submicron-sized grains to kilometer-sized bodies (Lissauer & Stewart, 1993). At this

point, a period of runaway growth builds numerous planetary cores ∼2,000–3,000 km in size

(Wetherill et al., 1989; Kokubo & Ida, 1998). Instabilities in the orbits of these protoplanets

cause them to cross and scatter (Kenyon & Bromley, 2006), leading to collisions or ejection

from the system. These large bodies gravitationally stir smaller (< 100 km) planetesimals

that collide and destroy each other, producing large amounts of dust. Fully-formed planets

can also stir the disk, particularly massive giant planets (Wyatt, 2005; Mustill & Wyatt,

2009). These collisions are believed to be the main source of dust in debris disks (Kenyon &

Bromley, 2006). The production of submicron- and micron-sized grains must be continual

in disks with substantial observed dust because particles of that size are removed from the

system by stellar radiation pressure and Poynting-Robertson drag on timescales of hundreds

to thousands of years (Wyatt 2008 and references therein).

Planet formation is coeval with debris disks and thus the two are firmly linked. For

example, most directly-imaged extrasolar planets observed to date around main sequence

stars are located in systems with substantial debris disks (e.g., β Pic (Lagrange et al., 2010),

Fomalhaut (Kalas et al., 2008), HR 8799 (Marois et al., 2008, 2010b), HD 106906 (Bailey

et al., 2014), and HD 95086 (Rameau et al., 2013; Moór et al., 2013a)). Planets orbiting

in or near a disk can leave behind signatures in the disk structure that provide information

about the planet.

The extensively studied β Pic system is a prime example of this. HST (Burrows et al.,

1995) and early adaptive optics (AO) imaging (Mouillet et al., 1997) revealed a warp in

2



the disk that motivated the prediction of a companion planet with constraints on its mass,

semimajor axis, and orbital inclination (e.g., Heap et al. 2000; Freistetter et al. 2007). With

the advent of AO systems on 8–10 m telescopes, direct imaging confirmed a giant planet at

∼8 AU that has parameters consistent with those implied by the disk structure (Lagrange

et al., 2009, 2010; Nesvold & Kuchner, 2015). Similarly, Fomalhaut was discovered to possess

a dust belt with a brightness asymmetry, stellocentric offset, and sharp, eccentric inner edge

(Kalas et al., 2005). Models of the ring constrained the mass, semimajor axis, and eccentricity

of a planet that could possibly produce such a structure (Quillen, 2006). Subsequent imaging

confirmed the existence of a planet candidate in the system (Kalas et al., 2008), though its

eccentric orbit means it is unlikely to be responsible for sculpting the ring (Kalas et al.,

2013; Beust et al., 2014; Tamayo, 2014), indicating that a second planet may be at work.

Other possible structures include clumps of material formed by dust trapped in planetary

resonances, ring gaps, and cleared out holes (Wyatt, 2003; Ertel et al., 2012; Quillen, 2006). It

is therefore important to spatially resolve debris disks so we can learn about their properties

and relationships with planets.

The highest-angular resolution imaging1 of debris disks is achieved at optical and near-IR

wavelengths, particularly when AO systems are used to provide approximately diffraction-

limited imaging on large ground-based telescopes. Observations at these wavelengths pri-

marily measure starlight scattered by submicron- and micron-sized grains because small

particles of size a scatter light most efficiently at wavelengths λ ∼ 2π/a. Blackbody ther-

mal emission at such wavelengths only comes from hot material (>103 K) that is typically

confined to within a few AU of the star. On the other hand, observations at mid-IR and

far-IR wavelengths measure the thermal emission from larger grains that do not scatter light

efficiently. Therefore, thermal emission is typically thought to trace the population of large

parent grains and planetesimals that give birth to the small grains detected in scattered

light.

Measurements of scattered light can also tell us about the grains themselves, probing

1Excluding interferometric observations, which can resolve smaller spatial scales at the expense of sensi-
tivity and field of view.
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their abundance, size, composition, and structure (i.e., porosity). These parameters affect

the observable scattered-light signature so one can constrain them by building them into disk

models that can then be compared with observations. The distribution and characteristics

of the grains inform us about their history and evolution. For example, highly porous, icy

grains may indicate a cometary origin (Donaldson et al., 2013). Such a grain composition

could be differentiated from other possibilities by comparing the disk’s photometric color

and polarization signal with those expected for a disk made of cometary grains. Thus, the

data can reveal grain properties as well as overall disk parameters.

Planets are also best imaged at short wavelengths. The high angular resolution allows the

point sources to be differentiated from the adjacent host star down to projected separations

as small as ∼0.1′′ with AO on an 8–10 m telescope. The flux ratio between a Sun-like

star and a thermally-emitting (i.e., young) planet is also relatively favorable in the near-IR

(e.g., Skemer et al. 2014). That ratio is even more favorable in the mid-IR but Earth’s

atmosphere makes such observations difficult from the ground and no space-based telescopes

will have sufficient resolution at those wavelengths until the James Webb Space Telescope is

operational in ∼2018.

1.2 HIGH-CONTRAST IMAGING OF DEBRIS DISKS AND

EXOPLANETS

The advancement of “high-contrast imaging” techniques has propelled the disk and exoplanet

fields forward in the last decade. The relative faintness of disks and planets at optical/near-IR

wavelengths yields a high contrast between them and their bright, adjacent host star. Conse-

quently, the imaging of such objects depends heavily on the use of advanced technologies and

methodologies to suppress the host star’s light. On the technological side, coronagraphs are

used to block or redirect much of the starlight while allowing the disk/planet light through

to the camera’s detector. AO systems are crucial for performing high-contrast imaging with

ground-based telescopes because they correct image distortion caused by the rapidly varying

atmosphere (e.g., Babcock 1953; Davies & Kasper 2012). This correction allows angular
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resolutions approaching the diffraction limit on large-aperture telescopes and spatially con-

centrates starlight on the detector to improve contrast. Recently, high-order AO systems on

dedicated high-contrast instruments like the Gemini Planet Imager (GPI; Macintosh et al.

2014) and Spectro-Polarimetric High-contrast Exoplanet REsearch instrument (SPHERE;

Beuzit et al. 2008) have brought direct imaging into a new regime in which we can detect

∼Jupiter-mass planets and faint debris disks at projected separations of < 0.5′′ (5 AU at 10

pc).

On the methodological side, advanced observational strategies and algorithms that sup-

press the stellar point-spread function (PSF) further mitigate the contrast problem. Angular

differential imaging (ADI; Mueller & Weigelt 1987; Marois et al. 2006) has proved to be an

effective means for self-calibration of the time-variable residual stellar PSF. Higher contrast

can be achieved by combining ADI with the method of Lafrenière et al. (2007) for construct-

ing a stellar reference PSF through a “locally optimized combination of images” (LOCI).

Ground-based ADI observations on an altitude-azimuth mounted telescope require the sci-

ence camera to track the telescope pupil such that in the focal plane the PSF orientation

remains fixed but the field of view (FoV) rotates throughout the exposure sequence. For a

given target image in the sequence, one can use the other images in the dataset to build a

stellar reference PSF that is well suited to removing the stellar PSF in that target image.

The LOCI algorithm refines construction of the reference PSF by assembling it in subsections

to minimize the PSF subtraction residuals locally rather than globally. The Karhunen-Loève

Image Projection (KLIP) algorithm (Soummer et al., 2012; Pueyo et al., 2015) is another

way to minimize PSF residuals in ADI data based on principal component analysis. These

ADI-based techniques have proven effective for ground-based detections of planets (Marois

et al., 2008, 2010b; Lagrange et al., 2010; Bonnefoy et al., 2011; Currie et al., 2011; Galicher

et al., 2011; Skemer et al., 2012; Currie et al., 2012a; Bonnefoy et al., 2013; Brandt et al.,

2013; Carson et al., 2013; Delorme et al., 2013) and circumstellar disks (Thalmann et al.,

2010; Buenzli et al., 2010; Thalmann et al., 2011; Lagrange et al., 2012; Milli et al., 2012;

Rodigas et al., 2012; Thalmann et al., 2013; Esposito et al., 2014). However, one disadvan-

tage to using ADI on extended sources such as disks (and point sources, to a lesser extent)
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is the attenuation of disk flux due to the conflation of disk emission with the residual stellar

PSF in construction of the reference PSF (Milli et al., 2012). This must be corrected or ac-

counted for in order to obtain unbiased measurements of the disk’s surface brightness from

ADI data.

Polarimetric differential imaging (PDI; Kuhn et al. 2001; Perrin et al. 2004; Quanz et al.

2011) and spectral differential imaging (SDI; e.g., Smith 1987; Racine et al. 1999; Vigan

et al. 2010) are additional high-contrast imaging strategies. PDI is particularly effective for

detecting disks because it separates the polarized light scattered by the disk from the typically

unpolarized starlight. However, this requires an instrument with polarimetry capabilities

(like GPI and SPHERE) and relatively bright targets. SDI is primarily used to detect point

sources because it uses the predictable variation of the stellar PSF in simultaneous images

at multiple wavelengths (e.g., with an integral field spectrograph) to differentiate starlight

from the astrophysical signal of a planet.

1.3 DISSERTATION SUMMARY

My thesis research concentrated on using the unique advantages of high-contrast imaging

to further our understandings of debris disks and exoplanets. I have done this through in-

depth analyses of two individual debris disk systems and a survey designed to discover new

disks and planets. In particular, I have focused on investigating the characteristics of debris

disks as they relate to disk-planet interaction and what this tells us about planetary system

evolution as a whole.

In Chapter 2, I describe an algorithm I developed to forward-model and correct for the

biasing of disk brightness and morphology by ADI PSF subtraction. This new technique

enables greater accuracy when measuring disk properties and inferring physical mechanisms

operating in the system.

In Chapter 3, I present the results from my published study of the HD 32297 debris

disk using near-IR scattered-light imaging. I also used these imaging data to test the self-

subtraction forward-modeling algorithm, which proved effective and valuable in my efforts

6



to model the disk.

In Chapter 4, I report scattered-light imaging and modeling of the HD 61005 debris disk.

In this latest project, I tested a scenario in which a planet on an eccentric, inclined orbit

perturbs the disk’s grains and thus creates the disk’s unusual observed morphology.

In Chapter 5, I describe a direct imaging survey of nearby, main-sequence stars for young,

giant planets and scattered-light debris disks. The goal of this ongoing project is to expand

the modest samples of disks resolved on small spatial scales and directly-imaged planets, as

well as to characterize new discoveries.

In Chapter 6, I finish by presenting the instrumentation component of my thesis: helping

to design an upgraded Keck OSIRIS imager. As part of the design team, I evaluated the

expected wavefront error and detector saturation time for the upgraded instrument, providing

translation from science requirements to design specifications.
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CHAPTER 2

A NEW TECHNIQUE FOR FORWARD-MODELING

SELF-SUBTRACTION OF EXTENDED EMISSION

IN ANGULAR DIFFERENTIAL IMAGING

This chapter presents early thesis work in which I developed a new technique for forward-

modeling self-subtraction of extended emission in ADI data. The results of this project

were published in The Astrophysical Journal in January 2014 as Esposito et al. (2014). I

also applied the forward-modeling technique to imaging of the HD 32297 debris disk as a

test case, the results of which were reported in the same publication. In this dissertation, I

divide that article among two chapters. I describe the methods behind the forward-modeling

algorithm in this chapter and describe its application to HD 32297 in Chapter 3 along with

the rest of my analysis of that disk.

2.1 INTRODUCTION

Measurements of dust-scattered light can probe the location, abundance, size, composition,

and structure (i.e., porosity) of dust grains in circumstellar debris disks. Consequently,

scattered light is sensitive to disk structure. However, measuring scattered light is difficult

because although coronagraphs can be used to block light from the star, residual wavefront

aberrations scatter starlight such that the faint disk signal is often overwhelmed. These

aberrations are time-dependent, further complicating their removal. While AO corrects

for rapidly-varying atmospheric speckles, longer-timescale changes in the wave aberrations

preclude simple schemes for stellar PSF calibration. Fewer than 30 debris disks have been
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spatially resolved in scattered light since the first example was imaged in the β Pic system

(Smith & Terrile, 1984), though the majority of these systems were resolved within the last

decade thanks to advances in high-contrast imaging technology and methods.

Angular differential imaging (ADI; Mueller & Weigelt 1987; Marois et al. 2006) has proven

to be an effective means for self-calibration of the time-variable residual stellar PSF. Higher

contrast can be achieved by combining ADI with the method of Lafrenière et al. (2007) for

constructing reference PSFs through a “locally optimized combination of images” (LOCI).

Ground-based ADI observations on an altitude/azimuth-mounted telescope require the sci-

ence camera to track the telescope pupil such that, in the focal plane, the PSF orientation

remains fixed but the field of view rotates throughout the exposure sequence. For a given

exposure in the sequence, one can then use other exposures to build a reference PSF that

is well-suited to removing the stellar PSF. The LOCI algorithm refines construction of the

reference PSF by assembling it in subsections to minimize the PSF subtraction residuals

locally rather than globally. This technique has proven effective for ground-based detections

of planets (Marois et al., 2008, 2010b; Lagrange et al., 2010; Bonnefoy et al., 2011; Currie

et al., 2011; Galicher et al., 2011; Skemer et al., 2012; Currie et al., 2012a; Bonnefoy et al.,

2013; Brandt et al., 2013; Carson et al., 2013; Delorme et al., 2013) and circumstellar disks

(Thalmann et al., 2010; Buenzli et al., 2010; Thalmann et al., 2011; Lagrange et al., 2012;

Milli et al., 2012; Rodigas et al., 2012; Thalmann et al., 2013).

Exclusion of images nearby in time from the pool used in reference PSF construction

largely mitigates the conflation of point-source PSFs with the residual stellar PSF. However,

this task becomes more difficult for extended sources like disks because they subtend a larger

angle and therefore require greater time separation. If the necessary images are not excluded

and the extended-source PSF is blended with the residual stellar PSF, then some or all of

the source’s flux is removed during PSF subtraction (Milli et al., 2012). For a given on-sky

brightness distribution, this “self-subtraction” is a function of radial separation, azimuthal

angle, and the ADI/LOCI parameters.

One way around the issue of self-subtraction is to use a different observational or data

reduction method, though each strategy has its own drawbacks. Using a reference PSF from
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a disk-less star will avoid removing the disk flux but it also usually offers inferior speckle

suppression because the speckle pattern changes with stellar spectral type and instrumental

flexure from changes in telescope orientation. Spectral differential imaging (e.g., Smith 1987;

Racine et al. 1999; Vigan et al. 2010) uses the invariance of the stellar PSF in simultaneous

images at multiple wavelengths to differentiate it from the disk, but this method commonly

requires specific spectral features in the target and instruments capable of making these

observations. Polarimetric differential imaging (e.g., Kuhn et al. 2001; Perrin et al. 2004;

Quanz et al. 2011) separates the polarized light of the disk from the unpolarized starlight but

requires an instrument with polarimetry capabilities and relatively bright targets. Recently,

principal component analysis (PCA; Amara & Quanz 2012; Quanz et al. 2013a; Thalmann

et al. 2013) and related algorithms like Karhunen-Loéve Image Projection (KLIP; Soummer

et al. 2012) have come into use as an alternative to, or in conjunction with, ADI/LOCI.

These algorithms are effective and provide a nice complement to ADI/LOCI, but they can

also cause self-subtraction if the set of reference images is not carefully selected to omit

modes equal to those of the target object in the region being optimized.

It is also possible to reduce self-subtraction by tuning the parameters of the ADI/LOCI

algorithm to perform a “conservative” PSF subtraction (Thalmann et al., 2010; Buenzli et al.,

2010; Thalmann et al., 2011; Rodigas et al., 2012; Currie et al., 2012b; Boccaletti et al., 2012;

Lagrange et al., 2012; Thalmann et al., 2013). These tempered implementations often have

the downside of poorer noise attenuation than more aggressive formulations due to lower

correlation between the reference PSF and the residual stellar PSF in the data. In addition,

less-aggressive reductions do not see in as close to the star for a given ADI sequence, thus

limiting investigation of the system’s inner regions where planets are most likely to reside.

Efforts have also been made to systematically characterize the biases introduced in brightness

distributions by ADI/LOCI processing and adapt the algorithms to minimize those biases

(Marois et al., 2010a; Milli et al., 2012).

We developed a different approach to reducing the effects of self-subtraction with a new

technique for forward-modeling the amount of self-subtraction of extended emission in ADI-

processed images. This technique is described in the following section.
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2.2 A NEW TECHNIQUE FOR MODELING

ADI SELF-SUBTRACTION

Our technique for modeling the effects of self-subtraction in ADI is based on the opera-

tions that a modified LOCI algorithm performs on the images in a dataset to subtract the

stellar PSF and speckle noise. We can use the technique to inspect where self-subtraction

effects have the greatest impact. The method can also be used as a tool for comparing

the LOCI-processed observations with models of the disk surface brightness derived from

three-dimensional dust distribution models.

Here, we derive the self-subtraction model for the case where the data are acquired with

angular differential imaging. For simplicity, we assume that each exposure in the dataset

is short enough that no blurring occurs due to field rotation, though this effect could be

included with a simple modification to the algorithm. Additionally, we do not account for

off-axis coronagraphic PSF variation.

The ADI target exposures from which the stellar PSF is to be subtracted compose the

sequence Ti. Let g(r, φ) be the scene on the sky (e.g., the disk), which depends on the distance

from the host star r and the position angle (PA) φ as measured counterclockwise from north

in the sky reference frame. Actual images will also contain contributions from the star due

to imperfect on-axis PSF suppression, but because the subtraction algorithm’s operations

are linear, we can consider the effects of the star on the rest of the scene independently.

Therefore, we can define Ti in terms of the scene g as

Ti(r, θ) = g(r, θ − θi) = g(r, θ)⊗ δ(θi), (2.1)

where θ is the angle measured counterclockwise from north in the detector reference frame

(i.e., the detector vertical) and θi is the PA of the image Ti in the detector frame. In the

following steps, we will define Ti using the first equality. We only include the second equality

to illustrate that assuming infinitesimal exposure times allows us to express Ti as the scene

convolved with a delta function located at θi.
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The reference PSF constructed for Ti(r, θ) is a linear combination of all target images

weighted by their associated LOCI coefficients cij(r, θ), which the LOCI algorithm computes

when trying to minimize the residuals in each subsection. Our notation differs slightly from

LOCI convention here, in that j ranges over all images. This requires cij to be zero when an

image Tj is excluded from the reference PSF for target image Ti, i.e., when i = j or when

|θj − θi| is less than a minimum rotation threshold set by the LOCI parameters (see Figure

2.1). In addition, cij is a function of both r and θ by convention, but here we force it to

be a function of only r by taking the median over all optimization subsections at a given

radius. This modification makes the modeling more tractable because we need only divide Ti

into annuli and not sectors within those annuli. It follows that the reference PSF-subtracted

target image is

Si(r, θ) = Ti(r, θ)−
∑
j

cij(r)Tj(r, θ). (2.2)

We build the final image F by rotating all Si to align with a common sky frame and

then combining those rotated PSF-subtracted images. We use the mean here for simplicity

of computation; other schemes are possible (e.g., median, weighted mean). The final image

F is

F (r, φ) =
1

N

∑
i

Si(r, φ+ θi) (2.3)

=
1

N

∑
i

[
Ti(r, φ+ θi)−

∑
j

cij(r)Tj(r, φ+ θj)

]
(2.4)

= g(r, φ)− 1

N

∑
i,j

cij(r)g(r, φ+ θj − θi). (2.5)

We can express g(r, φ + θj − θi) as the convolution of g(r, φ) with a delta function located

at θ = φ − ∆θij, where ∆θij ≡ θi − θj. Here, one could incorporate blurring due to field

rotation by replacing the delta function with a function of finite width, such as a top-hat

function. Our final expression for the LOCI-subtracted field F then becomes

12



F (r, φ) = g(r, φ)− g(r, φ)⊗
∑
i,j

cij(r)δ(φ−∆θij). (2.6)

The second term in Equation (2.6) represents the “self-subtraction function” z,

z(r, φ) = g(r, φ)⊗
∑
i,j

cij(r)δ(φ−∆θij). (2.7)

The self-subtraction function is the linear combination of scenes weighted and positioned in

the same manner as the images in the reference PSFs at a given radius. Thus, subtracting

this function from the general scene g will cause self-subtraction in the final image F in the

same locations and with the same amplitude as in the final LOCI-processed data.

An accurate calculation of the self-subtraction function is important to the quantitative

investigation of structure in debris disks. LOCI parameters are tuned to maximize S/N with

respect to random errors, while the self-subtraction function attempts to quantify systematic

errors. Efforts to infer disk structure from ADI data must consider both types of error.

Forward-modeling has advantages over an alternative scheme to account for self-subtraction,

namely injecting a model disk at a different non-overlapping angle and reducing the aug-

mented data. This injection introduces random noise from the raw data into the self-

subtraction function. Any comparison of a self-subtracted model to LOCI-processed data

will then have two random noise contributions and thus two sources of uncertainty in the

surface brightness. The speckle pattern near the synthetic disk may also differ from the pat-

tern near the real disk, complicating comparison of the two after reduction. In contrast, the

forward-modeling method produces a self-subtraction function free of random noise, so that

the random error in a comparison of model to data comes only from the data. Practically,

it may also be difficult to find a position in the data at which to inject the model disk due

to interference from diffraction spikes or artifacts caused by telescope support struts. This

is not an issue when using the forward-modeling technique because no alterations are made

to the data itself.

Another key advantage of our forward-modeling technique is that it only requires a single

13



Figure 2.1: Cartoon of the reference image selection and combination process used in LOCI
and our self-subtraction model. Ellipses represent edge-on disks arranged at various PAs
according to the parallactic rotation in a synthetic dataset, while the dark gray circle is
centered on the star and masks the region inside of a coronagraph’s inner working angle. The
gray level of an ellipse indicates the weight of that image in the reference PSF combination
as determined by the cij(r) coefficient (darker means more heavily weighted). In row (a),
the disks of the target images Ti(r, θ) are positioned at their associated θi. In row (b), the
disks of the reference images Tj(r, θ) are weighted by their cij coefficients and summed to
create the reference PSF for Ti. The disk of the target image and disks located within the
minimum rotation threshold for a given separation r (marked by solid lines and white fill)
have cij(r) = 0 and do not contribute to the reference PSF. Note that the amount of PA
rotation is exaggerated in this cartoon for clarity, leading to fewer disks with cij(r) = 0 than
in a typical real dataset. In row (c), all reference PSFs from row (b) are derotated so that
the midplane of the target image’s disk lies at θ = 0◦. In row (d), all reference PSFs from
row (c) are aligned to the star and summed to create the self-subtraction function for the
final LOCI-processed image at separation r.
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LOCI reduction of the dataset (or one reduction per Nδ value if multiple Nδ values are used,

as we discuss in Section 3.6). This means less computational expense and greater speed than

methods that require LOCI reductions of multiple model-injected datasets. This speed ad-

vantage persists when comparing our technique to another self-subtraction-correction method

that subtracts a model disk from the unreduced data and then measures the residuals after

reduction. Thalmann et al. (2013) used this method in conjunction with PCA forward-

modeling to determine self-subtraction of disk emission, thereby avoiding introduction of

additional noise sources associated with model-injection. Such efforts present an interest-

ing future avenue of investigation in comparing our LOCI-based technique with PCA-based

methods, but we consider it to be outside the scope of this work.

Finally, we suggest that it should be straightforward to adapt the self-subtraction mod-

eling algorithm to schemes involving linear combinations of images in ADI sequences other

than the LOCI version we employ in this work. For example, the algorithm can be adapted

to different image-weighting schemes and has no restrictions on the number of images in the

dataset. This may prove useful as new ADI-related methods are developed for the recently

commissioned instruments operating behind extreme AO systems that aim to reach higher

contrasts and smaller inner working angles than previously possible (e.g., GPI, SPHERE,

SCExAO; Macintosh et al. 2008; Beuzit et al. 2008; Guyon et al. 2011).

2.3 APPLICATIONS OF FORWARD-MODELING TO DEBRIS

DISK IMAGING

The general self-subtraction forward-modeling process described above can be applied to any

data processed with a LOCI-based PSF-subtraction algorithm. In the context of my thesis

research, I have applied it to ADI imaging of two different debris disks: HD 32297 and HD

61005. Those applications are described in detail in Chapters 3 and 4, respectively, and

illustrated in Figures 3.2, 3.3, 3.4, and 4.6. I briefly summarize them here.

The HD 32297 application was primarily a test case to assess the effectiveness of the al-

gorithm. We forward-modeled the disk’s self-subtraction in a series of one-dimensional slices

15



that we combined into a two-dimensional model of the disk. Overall, we found that our algo-

rithm performed well and provided an accurate representation of LOCI self-subtraction for a

nearly edge-on disk. This allowed us to derive more reliable photometric and morphological

information from the data than would have been possible otherwise, thereby enhancing our

analysis of the debris disk’s properties. See Chapter 3 for further details.

For the HD 61005 study, we again used the forward-modeling algorithm to apply self-

subtraction to disk surface brightness models so they could be consistently compared with

LOCI-processed data. In this case, the self-subtraction modeling was critical to assessing

disk structures that were heavily affected by self-subtraction and integral to interpreting the

physical mechanisms at work in the system. See Chapter 4 for further details. I also increased

the algorithm’s speed via various coding refinements so that it takes only ∼6 seconds1 to

produce a 1024×1024-pixel self-subtracted model from a raw model of the same dimensions.

Importantly, this increase in speed did not sacrifice accuracy in any way.

1This computation time is for a single 2.16 GHz Intel Core Duo processor.
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CHAPTER 3

HIGH-CONTRAST IMAGING AND MODELING

OF THE HD 32297 DEBRIS DISK

The second component of my thesis is an analysis of the HD 32297 debris disk. This work

was published in the same article as our self-subtraction forward-modeling technique (Es-

posito et al., 2014) because it also served as a test application of that new method. We

detected the bright, nearly edge-on disk in near-IR ADI data processed with LOCI and then

constructed a simple model of the disk’s scattered-light surface brightness with the help

of self-subtraction forward-modeling. From that model and our images, we measured and

analyzed the disk’s brightness, morphology, and color. Our results offered insight into the

disk’s physical properties and grain composition, as well as confirmation of the efficacy of

our forward-modeling algorithm.

3.1 INTRODUCTION

Debris disks produced by mutual collisions of orbiting planetesimals are known to exist

around several hundred nearby main-sequence stars (see, e.g., Wyatt 2008 and references

therein). The dust in these systems can be detected through scattered starlight or thermal

emission, offering a view of the circumstellar environment during planet formation. Circum-

stellar debris disks represent the final stages of the planet formation process (Wyatt, 2008).

Moreover, the presence of a debris disk can be seen as an indicator of planet formation. For

example, many directly-imaged extrasolar planets observed to date around main-sequence

stars are located in systems with substantial debris disks (e.g., β Pic, Fomalhaut, and HR

8799; Lagrange et al. 2010; Kalas et al. 2008; Marois et al. 2010b). Morphological structures
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in the disk can act as signposts for planets that interact with the dust and planetesimals

present (e.g., Mouillet et al. 1997; Heap et al. 2000; Wyatt 2003; Kalas et al. 2005; Quillen

2006; Ertel et al. 2012; Thebault et al. 2012 and references therein). These structures can

also provide information about the mechanisms that replenish the dust and sculpt its distri-

bution.

We have already described our self-subtraction forward-modeling technique in Section

2.2. We applied that technique to modeling of the HD 32297 debris disk based on our

coronagraphic ADI imaging from Keck NIRC2. This allowed us to test the effectiveness

of the forward-modeling technique and also derive a brightness distribution for the disk

that was unbiased by self-subtraction. HD 32297 was also chosen partially to investigate

disagreements between brightness measurements from prior ground-based and space-based

observations. Brightness profiles that reflect the true dust distribution are necessary if we

are going to use them to infer physical properties of the disk. In potential future work,

accurate characterization of self-subtraction in our LOCI-processed images will be critical to

comparisons of observations with more complex models of the disk surface brightness.

In this chapter, we present details of our investigation into the the HD 32297 debris

disk’s photometric and morphological characteristics. We report our observations (Section

3.3), our data reduction methods (Section 3.4), and the results of our coronagraphic imaging

(Section 3.5). Then, we discuss our application of self-subtraction modeling to the HD 32297

debris disk and our subsequent analysis of the disk in Section 3.6. Finally, we discuss the

fidelity and robustness of our modeling and the implications of our results in Section 3.8,

and then summarize our conclusions in Section 3.9.

3.2 THE HD 32297 SYSTEM

HD 32297 is an A5V star (Fitzgerald et al., 2007) located at a distance of 112+15
−12 pc (Per-

ryman et al., 1997). Its circumstellar disk has been observed at wavelengths ranging from

the optical through the millimeter regime and displays interesting morphological features,

including brightness asymmetries and a warp. This disk is a useful test case because it is
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bright and has reference-star-subtracted Hubble Space Telescope (HST ) imaging at similar

wavelengths (albeit at lower spatial resolution) to our own observations (Schneider et al.,

2005; Debes et al., 2009). In addition, the wealth of previous observations gives us many

points of comparison for our work (Kalas, 2005; Fitzgerald et al., 2007; Moerchen et al.,

2007; Redfield, 2007; Maness et al., 2008; Mawet et al., 2009; Boccaletti et al., 2012; Currie

et al., 2012b; Donaldson et al., 2013).

Previous observations of the HD 32297 debris disk have covered a wide range of wave-

lengths. Schneider et al. (2005) revealed a disk extending from ∼34−400 AU in radius at

1.1 µm using NICMOS aboard HST. They modeled the disk to be 10.5◦± 2.5◦ from edge-on

and reported a brightness asymmetry in which the southwest (SW) ansa was brighter than

the northeast (NE) ansa. Kalas (2005) made ground-based, seeing-limited R-band observa-

tions from Mauna Kea which detected scattered light at larger scales (580−1680 AU) and

found a brightness asymmetry similar to that of Schneider et al. (2005). Kalas (2005) also

reported position angles of the emission midplanes to the NE and SW that diverged by 31◦.

To explain these asymmetries, the authors proposed a collision of the disk with a clump of

interstellar material as HD 32297 moves southward through the interstellar medium.

At mid-infrared (MIR) wavelengths, Moerchen et al. (2007) observed the NE lobe to be

brighter than the SW at 12 µm beyond a radius of 0.75′′ with T-ReCS at Gemini South,

but saw no significant asymmetry at 18 µm. This work and Fitzgerald et al. (2007) (11 µm

imaging with Michelle at Gemini North) suggest that there is a ring of warm submicron-sized

dust grains that becomes depleted within a radius of ∼70 AU. Resolved 1.3 mm imaging from

the Combined Array for Research in Millimeter-wave Astronomy (CARMA) conducted by

Maness et al. (2008) showed the same SW-NE asymmetry as the near-IR and optical studies.

Such a disparity in the degree of asymmetry among different wavelengths is predicted by

some planetary-induced resonance models (Wyatt, 2006), encouraging further study of this

system. In the far-infrared, Donaldson et al. (2013) combined Herschel photometry with

previous measurements to investigate the spectral energy distribution (SED) of the disk.

Their best-fit SED model indicated a cold outer dust ring centered around 110 AU and a

warm inner disk with an inner radius of ∼1.1 AU.
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Debes et al. (2009) imaged the HD 32297 debris disk at 1.6 and 2.05 µm with NICMOS

and also re-examined archival 1.1 µm data collected by Schneider et al. (2005), all of which

indicated the previous SW-NE asymmetry. In addition, they reported warping of the inner

disk (< 400 AU), which they modeled as the result of an interstellar cloud sculpting the

disk material (similar to Kalas 2005). Using the AO system deformable mirror mapped

to a 1.6-m subaperture of the Hale telescope at Palomar, Mawet et al. (2009) detected a

truncation of the northeast ansa at ∼65 AU as well as a clear SW-NE asymmetry in Ks-band

imaging, in accordance with previous studies. Recently, Boccaletti et al. (2012) presented

VLT/NACO AO imaging processed with various versions of ADI in H and Ks that did

not show any significant asymmetry but did show the NE ansa to be elongated relative

to the SW. They also found midplane curvature between ∼65 AU and ∼110 AU (more

significantly on the NE ansa than the SW). Currie et al. (2012b) reduced Keck NIRC2 Ks

data using a “conservative” LOCI algorithm and detected a SW > NE asymmetry at small

separations (∼55−65 AU) but their radial brightness profiles also exhibited an unmentioned

NE > SW asymmetry at r ≈ 120−145 AU. They reported a northward disk curvature similar

to previously-mentioned works, as well. The circumstellar environment of HD 32297 is also

unique because of a significant gas component detected in Na I absorption by Redfield (2007)

and in [CII] emission by Donaldson et al. (2013), a rarity for debris disk systems.

3.3 OBSERVATIONS

We observed HD 32297 using the Keck II AO system and a coronagraphic imaging mode of

the NIRC2 camera. We took 30 images with individual exposure times of 30 s in the H-band

filter (λ0 = 1.63 µm,∆λ = 0.296 µm) on 2005 October 22, and 9 images with individual

exposure times of 60 s in the Ks filter (λ0 = 2.15 µm,∆λ = 0.311 µm) on 2007 September 22.

The camera was operated in “narrow” mode, with a 10′′× 10′′ FOV and a pixel scale of 9.95

mas pixel−1 (Yelda et al., 2010). A 200 mas radius coronagraph mask artificially eclipsed the

star in H science images while a 400 mas radius mask was in place for Ks science images.

Airmass ranged from 1.02 to 1.20 across the two nights and the AO loop was closed with HD
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32297 serving as its own natural guide star. The PSF full width at half maximum (FWHM)

was within 10% of the diffraction limit in all images, with the diffraction limit at the central

wavelength equal to 41 mas (4.1 pixels) in H and 54 mas (5.4 pixels) in Ks.

We employed ADI for all science observations. Using this technique, we acquired a se-

quence of images with the camera rotator in vertical angle mode, in which the altitude/azimuth-

mounted telescope and the rotator were adjusted such that the telescope PSF’s orientation

was held fixed relative to the camera and AO system optics. This caused the FOV to rotate

throughout the sequence while the PSF orientation was fixed relative to the detector. Our

images spanned 30.5◦ of angular rotation in the H dataset and 37.2◦ in Ks.

For calibration purposes, we observed standard stars SJ 9105 (Persson et al., 1998) and

FS 30 (Hawarden et al., 2001) unocculted to determine the photometric zeropoint in H

and Ks bands, respectively. We note that our observations of SJ 9105 showed it to be a

visual double, with a second source ∼0.5′′ to the southeast of the standard star. Although

the second object is relatively faint (total flux only ∼4% that of the standard), it may

have affected our calculation of the photometric zeropoint and systematically biased our

photometry downward by ∼4%. Flux densities used for flux conversion were taken from

Tokunaga & Vacca (2005).

3.4 DATA REDUCTION

We used the same procedure to reduce both the H and Ks datasets. After bias-subtraction

and flat-fielding, we masked cosmic ray hits and other bad pixels. Next, we aligned the

individual exposures via cross-correlation of their stellar diffraction spikes (Marois et al.,

2006). Following this, radial profile subtraction suppressed the stellar halo and the sky

background by effectively acting as a high-pass filter.

We applied a modified LOCI algorithm (Lafrenière et al., 2007) to our data to suppress

the stellar PSF and quasistatic speckle noise. For each image in a dataset, LOCI constructs

a unique reference PSF from an optimized linear combination of other images in the dataset.

The reference is constructed in azimuthally-divided subsections of annuli centered on the
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star. In each subsection, the coefficients cij of the linear combination are chosen so as to

minimize the residuals of the PSF subtraction. To simplify our self-subtraction modeling

procedure (see Section 3.6 for further explanation), we modified the LOCI algorithm to

first compute the coefficients as functions of both azimuthal angle and radius, following the

prescription presented by Lafrenière et al. (2007). Then, the algorithm takes the median of

each cij across all subsections in a given annulus, and replaces the original coefficient with

that median value. Only after this do we perform the linear combination that creates the

reference PSF subsection. This reduces cij to being only a function of radius and provides a

single coefficient per annulus for each image, as described in Section 2.2.

After using LOCI to subtract the stellar PSF from all images in the dataset, we derotated

the PSF-subtracted images, and then averaged them to create our final image. Averaging,

rather than median combination, was important for preserving the linearity necessary for

self-subtraction modeling and for simplifying the calculation of the self-subtraction function

(see Section 2.2).

We maximized the signal-to-noise ratio (S/N) of the final image by tuning the LOCI

parameters to achieve a balance between noise attenuation and disk flux retention. The

S/N used in tuning LOCI parameters was calculated by performing aperture photometry at

multiple, equally-spaced radial separations between r = 21 and r = 300 pixels. We tuned

five LOCI parameters. The azimuthal width of the disk PSF is given by W (in pixels), and

Nδ represents the minimum gap allowed (in units of W ) between the disk midplane in the

target image and the midplanes in the images used as references. The radial width of the

subtraction subsections, in which the subtraction residuals are locally minimized, is set by

dr (in pixels). The parameters g and Na are dimensionless and, along with W , determine

the radial and azimuthal widths of the optimization subsections. See Lafrenière et al. (2007)

Section 4.1 for more detailed definitions of all five parameters.

For the H data, we determined optimal parameter values of W = 10 pixels (∼11 AU),

Nδ = 0.5, dr = 5 pixels (∼5.5 AU), g = 0.1, and Na = 250. Our value for W is based on

an estimate of the average disk FWHM at small r. For the Ks data, we determined slightly

different optimal parameter values of W = 10 pixels, Nδ = 0.25, dr = 5 pixels, g = 0.1, and
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Figure 3.1: Final LOCI-processed images of the disk surface brightness in scattered light in
H (left) and Ks (right) bands. The disk is seen approximately edge-on with one ansa to
the NE and the other to the SW of the star. Green areas are negative-brightness regions
created by self-subtraction or imperfect PSF subtraction. The star location is marked by a
white cross. The black circle masks the innermost radii where either residual speckle noise
dominates or the coronagraph mask obscures the disk.

Na = 150. Additional images were created from each dataset for use in our profile fitting

routine (Section 3.6), with values of Nδ ranging from 0 to 5 and the other parameters set to

their optimal values listed above.

3.5 PSF-SUBTRACTED IMAGES

We present the final LOCI-processed H- and Ks-band images in Figure 3.1. We spatially

resolve the disk in scattered light at projected separations of ∼50−300 AU (0.45′′−2.7′′).

Residual speckle noise significantly contaminates the disk emission inward of 50 AU and

creates confusion with the disk signal. Negative-brightness regions occur above and below

the disk midplane as a result of self-subtraction by LOCI processing.

Upon visual inspection, the ansae appear largely symmetrical in brightness and size in

both bands. The only apparent feature is a curvature of both ansae towards the northwest

that is more pronounced at larger separations. This curvature is discussed in more detail in
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Sections 3.7.4 and 3.8.4.

3.6 BRIGHTNESS MODELING ACCOUNTING FOR

SELF-SUBTRACTION

To demonstrate the effectiveness of our self-subtraction modeling algorithm, we applied it

to our observations of the HD 32297 disk. By combining the framework from the previous

sections with a simple parameterization of the disk’s brightness distribution, we produce a

model of the two-dimensional surface brightness as it appeared before undergoing LOCI self-

subtraction. We then extract radial profiles for disk parameters, such as the one-dimensional

integrated brightness, from this model in order to investigate the distribution of dust in the

disk. This method is slightly more complex than aperture photometry, but it produces

brightness measurements that are largely independent of the self-subtraction. It also avoids

complicated three-dimensional radiative transfer models and data inversion. Our goal is

not necessarily to produce a perfect representation of the disk, but rather to construct a

model that is useful for verification of our self-subtraction modeling method and for esti-

mating the disk’s physical parameters. These estimates can later be used as starting points

for constructing more complex three-dimensional models that may provide more accurate

measurements of those parameters.

We begin by defining two coordinate systems so we can more easily extract data from our

images and also construct models to compare with those data. First is a standard Cartesian

coordinate system (x,y) with the star at the origin, x along the horizontal axis (positive is

to the right), and y along the vertical axis (positive is up). Second is a polar coordinate

system (r, θ) with the star at the origin and θ = 0◦ along the positive x-axis. We then rotate

the final LOCI-processed image counterclockwise by 42.5◦ (the complement of our estimated

disk PA of ∼ 47.5◦) so the disk midplane lies roughly along the x-axis, and divide the image

in two along a line parallel to the y-axis and passing through the star location. This gives

us separate SW and NE sections of the image and allows us to deal with one ansa at a time.

For one of the ansae, we further divide the corresponding image section into semicircular
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Figure 3.2: Examples of one-dimensional semiannuli fit by our self-subtraction modeling
algorithm. The different panels show semiannuli from the H-band images reduced using
different Nδ values, but all from the SW ansa at r = 133 AU. The thick gray lines represent
the data, the solid black line is the self-subtracted model (F ) fit to the data, and the dashed
line is the best-fit cubic spline model of the underlying disk vertical brightness profile (g)
with filled circles marking the control point locations in the first panel. The scene g is
constant in all panels but the self-subtracted model differs with Nδ.
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annuli (semiannuli) that are centered on the star, have the center of their arc aligned with

θ = 0◦, and are one pixel wide in the radial direction. Each semiannulus contains the disk’s

one-dimensional brightness profile at r = r0, where r0 is equal to the semiannulus’ radius

of curvature. For computation purposes, we project the semiannulus onto a line, changing

coordinates of the semiannuli from polar to Cartesian via the transformations y = rsin(θ)

and x = r. This makes the brightness profiles functions of vertical (y) and radial (x) distance

from the star. These one-dimensional vertical profiles represent the data to which we fit our

self-subtraction model. Figure 3.2 shows example profiles from our H band dataset processed

with various Nδ values (with y plotted along the horizontal axis).

Next, our model function for the scene g (as it is defined in Section 2.2) represents an

estimate of the disk vertical brightness profile before it underwent self-subtraction. In this

case, we approximate the shape of the disk’s vertical profile using a monotonic cubic spline.

For simplicity, we assume the profile is symmetric about the disk midplane and that the

peak brightness occurs at the midplane. We divide the profile at the midplane and select

four interpolation control points along one half of the profile. One control point is located

at the peak, one is located in the wing of the profile, another is in the profile tail, and the

final point is positioned at the end of the tail of the profile. The brightnesses of these control

points are variables b0, b1, b2, and b3, respectively. Both b0 and b1 are allowed to vary in

the least-squares fit. We fix b2 ≈ b3 ≈ 0, assuming that the disk flux is negligible far from

the midplane. This number of control points sufficiently approximates the general shape of

the disk’s vertical profile for our proof-of-concept test without compromising computational

speed. Adding more control points would likely be one way to improve upon our model and

increase the accuracy of our measurements. Once values for the control points are assigned,

we reflect them about the midplane, so that we can interpolate the entire profile. We do so

over the range y to get g, which we insert into a one-dimensional version of Equation (2.6)

that replaces r and θ with x and y. The third and final fit parameter is the position of the

midplane (ymid), which sets the position of the peak control point along y.

To obtain initial estimates for the fit parameters, we derive them from a Lorentzian

profile assumed to have a peak brightness equal to the maximum brightness of the vertical
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profile and a FWHM drawn from a power law established from a conservative (large Nδ)

reduction of the data. The three parameters depend only on x, therefore, the function g

that they produce is also a function of x. Early tests showed that a pure Lorentzian function

does not approximate the shape of the disk well at all separations, leading us to use the

spline as our model function. We chose a simple model for the vertical profile because our

primary objective was to verify our procedures for modeling self-subtraction in the disk, and

not necessarily to model the disk itself in fine detail.

As Figure 2.1 (row a) illustrates, the disk is oriented at a different PA in each image in

the dataset. Data recorded at the telescope during observations provide the PAs for each

image (θi), which we transform to yi and insert into the self-subtraction function (Equation

2.7). The same cij coefficients used in the LOCI processing of the image being modeled are

also substituted into the expression. We include an additional weighting coefficient in the

summation in Equation (2.7) based on a rough approximation of the Strehl ratio1 of each

reference image Tj. This weighting attempts to account for variations between images due

to seeing and it is only applied during modeling. The Strehl was fairly stable and the PSF

core remained diffraction-limited across the observations, as weights for both datasets were

in the range 0.9−1.2 (with 1.0 as the mean). As shown in Figure 2.1 (row b), for a given

target image Ti, some Tj have cij = 0 because those reference images are excluded from the

reference PSF based on insufficient field rotation (the minimum threshold being set by LOCI

parameters Nδ×W ). With all of the components assembled, we compute the self-subtraction

function in Equation (2.7), and then insert this function into Equation (2.6) to produce a

self-subtracted model of the vertical profile, which we call F .

We use a weighted least-squares routine to compare F with the observed profile and

determine the best-fit values for b0, b1, and ymid. Each pixel i in the observed profile is

weighted by an estimated measurement uncertainty σi. We calculate this uncertainty as

σi =
√
σ2

phot,i + σ2
back, where σphot,i is the photon noise on that pixel and σback is the back-

ground noise at the radial location of the profile due to residual speckles and sky background.

1As a proxy for the Strehl ratio, we used a circular aperture of radius 3 pixels to measure the flux of the
star through the coronagraph mask in an image relative to the mean of this flux across all images in the
dataset.
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The photon noise cannot simply be measured from the observed profile because LOCI self-

subtraction has created “negative-brightness regions” that distort the photon counts. In-

stead, we estimate the photon noise as the square root of the pixel’s photon count in the

model scene g constructed for each least-squares iteration and propagate this uncertainty

through the modeling algorithm. This is only a rough estimate that attempts to account for

the photon noise per pixel before it was distorted by self-subtraction. The background noise

is calculated as the standard deviation of the pixel brightness in the regions of the observed

profile that contain neither disk signal nor self-subtraction.

We perform the least-squares fit simultaneously on profiles from LOCI-processed images

of varying Nδ at each separation, which means that a separate model F is constructed for

each Nδ. For our H data, we use eight images with Nδ={0, 0.5, 1, 1.5, 2, 3, 4, 5}, where

Nδ = 0 is the most aggressive reduction (all reference images allowed) and Nδ = 5 is the

most conservative (few reference images allowed). For our Ks data, we use nine images with

Nδ={0, 0.25, 0.5, 1, 1.5, 2, 3, 4, 5}, with the Nδ = 0.25 image included because it showed

the highest overall S/N for this dataset. All images are weighted equally. This inclusion

of data processed with multiple Nδ values helps the algorithm select a model scene g that

accurately fits the data over a wide range of self-subtraction levels. The parameter space

of the fit is restricted in two ways. We require that: (1) the midplane position be within

the range y of a given profile; and (2) b1 ≥ b2, to maintain consistency within the monotone

cubic spline interpolator. The least-squares algorithm produces a covariance matrix Σ for

the parameters b0, b1, and ymid.

Examples of the best-fit models F and g for a simultaneous fit to vertical profiles at the

same separation but from various Nδ reductions of the H data are shown in Figure 3.2. The

underlying scene g is constant for all panels but the self-subtraction function differs for each

Nδ, resulting in different F functions.

The best-fit model function g is used to derive the disk brightness and FWHM. We

calculate a one-dimensional integrated brightness (Graham et al., 2007) by integrating g

over all y. We calculate the disk FWHM directly from g in a straightforward fashion. These

parameters are more relevant to the disk’s physical properties than the fit parameters b0 and

28



b1. The midplane position is taken directly from the least-squares fit as the best-fit value for

ymid.

It is important to note that, because the vertical profile model takes self-subtraction into

account, the best-fit values retrieved for the brightness, projected FWHM, and midplane

location are those of the model disk prior to self-subtraction. Assuming that the model

is an accurate description of the disk, then we gain estimates of the true disk parameters,

uncorrupted by LOCI processing. The procedure just described in this section for HD 32297

only models the disk at a single radius, so we repeat it for all radii and for both ansae

to construct the full two-dimensional brightness distribution, in the process obtaining radial

profiles for one-dimensional integrated brightness, projected FWHM, and midplane position.

3.6.1 Uncertainties in Brightness Modeling

We determine the uncertainties on our derived disk parameters from transformations of the

covariance matrices (Σ) associated with the original parameters from the least-squares fits.

Correlations exist between the derived parameters, and to transform the variables along with

their uncertainties we must account for the Jacobian of the transformation. To do this, we

calculate Σ′ = J · Σ · JT , where Σ′ is the transformed covariance matrix for the derived

parameters and J is the Jacobian, which we compute numerically. Finally, taking the square

root of the variances along the diagonal of Σ′ gives the marginal distribution σ for all three

derived parameters. These uncertainties include contributions from both photon noise and

background noise because those terms compose the least-squares weights.

Estimating parameter uncertainties from the least-squares covariance matrices assumes

independent, Gaussian-distributed measurement uncertainties. For simplicity in this proof-

of-concept application, we will work under this assumption, although we recognize that

speckles are not Gaussian-distributed (e.g., Fitzgerald & Graham 2006) and that spatial

correlations exist between image pixels. We explore the effects of the non-Gaussian speckle

distribution on our uncertainty estimates near the end of this section. Despite these issues,

we generally find that derived-parameter measurements in adjacent separation bins agree
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within their 1σ errors (Section 3.7). This suggests that our errors properly represent pixel-

to-pixel variations in the data, even in the low S/N regions of the disk.

However, we note the important caveat that there may be systematic errors for which

our 1σ uncertainties do not fully account. One possible source of such systematic error

would be an inability of our spline model for the disk vertical profile to match the functional

form of the profile. Such a situation could lead the least-squares fit parameters to be over-

constrained, consequently causing variances in Σ (and therefore in Σ′) to underestimate the

true parameter variances. This should be taken into account when evaluating the significance

of features in the radial profiles of Section 3.7. Violation of our assumption that the disk

brightness is symmetric around the midplane is another potential source of systematic error.

An improved model of the disk vertical profile could reduce these errors, which remain

preferable to the relatively large uncertainties introduced by self-subtraction and removed

by our modeling process.

One way we attempt to mitigate underestimation of systematic errors is by scaling the

covariance matrix by the reduced chi-square value (χ2
ν). With mean χ2

ν values of ∼4.8 for

Ks model fits and ∼6.0 for H model fits, this scaling increases the associated σ errors on our

derived disk parameters by factors of ∼2.2−2.4 on average. In calculating χ2
ν , we exclude the

residuals from pixels that do not contain either disk signal or self-subtraction. These pixels

contain only random noise and are best fit by zero brightness in the model profile. Such

“empty” pixels make up a significant fraction of each profile and may bias the χ2
ν downward

if not excluded, thereby implying a better goodness of fit than is deserved. The disk and self-

subtraction signals are spatially correlated due to the diffraction-limited imaging resolution,

so we determine the number of degrees of freedom (ν) as the number of resolution elements

minus the number of fit parameters. The number of resolution elements is approximated

as the number of pixels in the profile divided by the diffraction limit (in pixels). This is a

more accurate estimate of the degrees of freedom because our model will only be sensitive

to features larger than the diffraction limit.

The χ2
ν metric is itself uncertain, so we must consider how our scaling of the parameter

variances by χ2
ν introduces additional uncertainty. The standard deviation for a chi-square
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distribution is proportional to
√

2
ν

. Conservatively assuming that the quasistatic speckles

follow an exponential distribution, we find we need ν & 200 for a given semiannulus in order

to achieve a fractional uncertainty on χ2
ν of . 20%. Semiannuli only contain this number of

degrees of freedom at r > 290 AU. Consequently, there is uncertainty in the scaling of our

errors, particularly at small separations where speckle noise is prominent. We do not include

this additional uncertainty in our error bars but it should be considered when evaluating the

significance of our measurements.

We reiterate that our goal in this work is not to produce a perfect representation of the

disk, but rather to construct a model that is useful for verification of our self-subtraction

modeling method and for estimating the disk’s physical parameters. The estimates can later

be used as starting points for constructing more complex three-dimensional models that may

provide more accurate measurements of those parameters.

3.7 MODELING RESULTS

We present the model surface brightness distributions produced by the process outlined in

the previous section for H and Ks bands in Figures 3.3 & 3.4, respectively. For display

purposes, panels (a), (b), and (c) have been scaled by σi, which is the separation-dependent

random error in the data at each pixel i, as calculated in Section 3.6. Note that this differs

from σ described in Section 3.6.1. Panel (a) shows the LOCI image from Figure 3.1 with a

different color stretch and rotated counterclockwise by 42.5◦ so that the midplane lies along

the horizontal. In panel (b) is a model with self-subtraction included, constructed by solving

Equation (2.6) for the best-fit parameter values at all radii. Negative-brightness regions

created by self-subtraction are visible above and below the midplane in the model image,

similar to the LOCI-processed data in location and amplitude. Panel (c) shows a model

of the disk as it appeared before corruption by self-subtraction and random error, which

is constructed from g(r, θ). The banded structures of the models are artifacts primarily

due to fluctuations in the best-fit parameters of the one-dimensional models at neighboring

separations. Panel (d) shows the same model as in (c) but with no scaling. Finally, (e) is

31



a deviate map calculated as [(a) - (b)]/σi. The deviates were not scaled by χ2
ν and thus do

not account for correlated pixels or over-constrained model parameters. We note that the

deviates are >3σi in some parts of the disk, indicating imperfect agreement between data

and model (see Section 3.8.1).

By inspection, the pre-self-subtraction models (c) are consistently brighter than the self-

subtracted models (b) along the midplane and in the wings. This indicates that we have

recovered disk brightness that was previously lost to self-subtraction. We use the pre-self-

subtraction model to derive radial profiles for the disk brightness, projected FWHM, and

midplane location.

3.7.1 Brightness Profiles

Figure 3.5 shows the radial brightness profiles produced by our modeling of the final LOCI-

processed images in both bands. We plot the one-dimensional integrated brightness (mJy

arcsec−1), which is intrinsically absent of self-subtraction because the modeling process ac-

counts for radius-dependent flux loss. The 1σ errors on the measurements were derived from

covariance matrices scaled by χ2
ν , thereby accounting for some of the systematic errors re-

lated to our simplified disk model (see Section 3.6.1 for details). This applies to our FWHM,

midplane location, and color measurement errors in the following sections, as well.

The profiles extend inward to a separation of 50 AU (0.45′′) in both bands. Interior to

this point the disk signal is dominated by residuals from incomplete PSF subtraction, and

uncertainties on the brightness in this region are large. The profiles continue out to ∼335

AU (3.0′′) in H and ∼160 AU (1.4′′) in Ks. Beyond these separations the disk brightness

decreases to the level of the background noise and the disk is not detected. The S/N of the

Ks data is lower than that of the H data at r & 160 AU, leading to lower confidence in the

Ks profiles at these larger separations.

We see brightness features in both ansae, but, as is inherent in all high-contrast disk imag-

ing, comparison to multiple independent data sources is necessary because each telescope,

instrument, observational technique, and data reduction method has its own distinct system-
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Figure 3.3: H-band images of the disk surface brightness. All panels except (d) have been
scaled by σi, which is the separation-dependent random error in the data at each pixel i (not
to be confused with σ calculated from a χ2

ν-scaled covariance matrix). (a) LOCI-processed
image from Figure 3.1, derotated by 42.5◦ so the fiducial midplane lies along the horizontal.
(b) Model of the self-subtracted disk produced by subtracting the forward-modeled self-sub-
traction function from the best-fit model of the disk’s underlying brightness distribution.
Negative-brightness regions above and below the midplane match those in the real data.
(c) Best-fit model of the disk’s underlying brightness distribution absent of self-subtraction.
Disk curvature towards the northwest is clearly visible. (d) Same as in (c) except the bright-
ness is not scaled by σi and follows a linear color stretch from 0–13 mJy arcsec−2. (e) Deviate
map for (a) - (c) normalized by σi. Note that the deviates were not scaled by χ2

ν and thus
do not account for correlated pixels or over-constrained model parameters.

33



-0.4

0.0

0.4

+
N

E

a

-0.4

0.0

0.4

+

b

-0.4

0.0

0.4

+

c

-0.4

0.0

0.4

+

d

-0.4

0.0

0.4

+

e

D
is

ta
n
ce

 f
ro

m
 F

id
u
ci

a
l 
M

id
p
la

n
e
 (

a
rc

se
c)

4

0

4

8

12

16

20

24

S
u
rf

a
ce

 B
ri

g
h
tn

e
ss

 /
 σ
i

3 2 1 0 1 2 3
Residual Surface Brightness (σi)

-2.0 -1.0 0.0 1.0 2.0

Separation (arcsec)

Figure 3.4: Ks images of the disk surface brightness directly analogous to H images in Figure
3.3. The brightness scale for (d) is the same as in H but the scale for (a) through (c) is
slightly different than in H to better show the disk features.
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atic errors. There is an additional complication that different groups use different techniques

for measuring brightness (e.g., flux in apertures of varying size, or midplane brightness). We

note that all of the previous works discussed below used apertures of various sizes to extract

surface brightness profiles, so our profiles are analogous but not directly relatable to theirs

in an absolute sense (see Section 3.8.3 for further discussion).

The H-band brightness features are summarized here according to separation:

r . 55 AU: We measure an abrupt rise in NE brightness toward smaller radii. This could be

due to contamination by speckle noise that is not adequately captured by our error bars (see

Section 3.6.1 for details) or it could be similar to the steep increases reported by Schneider

et al. (2005) and Currie et al. (2012b) at 1.1 µm and in Ks, respectively. However, we find

the NE to be brighter than the SW in this region, which is opposite the asymmetry noted

by the other two works.

r ≈ 90 AU, 130 AU, 160−230 AU: We find a NE > SW asymmetry at these locations.

The asymmetry at 130 AU coincides with a LOCI artifact on the NE ansa (possibly caused

by a sharp transition between adjacent subtraction subsections with different noise char-

acteristics) and may be an artificially-produced increase in the NE brightness. Boccaletti

et al. (2012) presented H profiles that showed no statistically significant asymmetries. They

processed their ground-based data with a “classical ADI” that they considered less aggres-

sive than LOCI in order to try to preserve photometric fidelity. Our findings differ from the

asymmetry detected at 1.6 µm by Debes et al. (2009), who noted the SW ansa to be signifi-

cantly brighter than the NE ansa at r ≈ 112− 280 AU. Other space-based measurements by

Schneider et al. (2005) at the shorter wavelength of 1.1 µm showed no statistically significant

asymmetries between 56 AU and 190 AU but those authors did report the SW ansa to be

systematically brighter than the NE at r ≈ 157− 235 AU.

In Ks, we find the ansae to be generally symmetric, which agrees with Boccaletti et al.

(2012), who presented ground-based Ks profiles that were symmetric between 56 AU and

336 AU. However, we do find asymmetries at these locations:

r ≈ 60 AU, 87 AU: We see SW > NE asymmetries at these separations, though the former
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Figure 3.5: One-dimensional integrated brightness profiles produced by our self-subtraction
modeling process in H and Ks. Measurements represent the disk brightness before flux loss
caused by ADI/LOCI processing. The SW ansa is in blue and the NE is in red. Locations
of significant asymmetries are labeled. The error bars represent 1σ uncertainty levels that
include χ2

ν scaling and uncertainties associated with our simplified disk model, with the
caveat that the errors may remain underestimated due to over-constrained least-squares fit
parameters. The best-fit power-law functions are shown as solid lines for the SW and dashed
lines for the NE. Breaks in the power laws occur at r ≈ 95−125 AU. Low S/N in the Ks

data reduces the reliability of measurements at r & 160 AU.
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feature is located at the edge of the speckle-dominated region.

r ≈ 115 AU: We see a marginally significant NE > SW asymmetry here.

r ≈ 135−180 AU: We note a NE > SW asymmetry in this low confidence region. Partially

overlapping this separation at r ≈ 120−145 AU, profiles from Currie et al. (2012b) indicated a

marginally significant NE > SW asymmetry in Ks, which was not remarked on. In contrast,

Debes et al. (2009) noted a significant SW > NE asymmetry at 2.05 µm in the region

r ≈ 112− 280 AU.

Additionally, although we consider the r > 275 AU region insignificant for this band, we

note that the dip in Ks SW brightness there is not a failure of the fitting algorithm but

suppression of the disk in the LOCI image by an artifact present in several images of the

dataset.

On average in the highest confidence region of r ≈ 60 − 160 AU, the SW ansa is ∼36%

brighter in Ks than in H and the NE is ∼23% brighter in Ks. This may be a real feature

born of the disk’s dust distribution or, as discussed in Sections 3.8.1 and 3.8.4.2, it could

be due to extended wings in the model vertical profiles that increase the model FWHM and

thereby increase the integrated brightness.

In general, we find the brightness profiles to be largely symmetric between ansae, but

there are several regions of NE > SW asymmetry. Previous ground-based observations show

similar asymmetries (Currie et al., 2012b) and elongation of the NE ansa (Currie et al.,

2012b). These results differ from those of the NICMOS observations by Schneider et al.

(2005) and Debes et al. (2009), which generally show the SW to be brighter than the NE. Such

discrepancies between ground-based and space-based measurements underscore the different

systematic uncertainties associated with both types of imaging. We have already discussed

the error sources associated with AO observations processed with ADI/LOCI. Although the

NICMOS data do not suffer from ADI self-subtraction, they do not necessarily present unbi-

ased photometry because they could contain other image-processing artifacts from a variety

of sources (e.g., spectral mismatch between PSF reference star and HD 32297, telescope’s

“breathing” (Fraquelli et al., 2004), unsubtracted thermal background, registration errors
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between stacked images). Systematic errors could impact the NICMOS photometry, and

therefore affect asymmetries in radial brightness profiles or disk colors (see Section 3.7.5).

3.7.2 Brightness Profile Power-Law Fits

To characterize the change in brightness as a function of radius, we fit broken power laws

to each profile and tabulated the best-fit results in Table 1. We fit to the entire profile in

each case. The relevant parameters are the location of the break (rbreak), power-law index

interior to the break (α), and power-law index exterior to the break (β). The uncertainties

shown represent the 1σ level. In H, the measurements of all three parameters are consistent

between the two ansae. In Ks, rbreak occurs ∼10 AU farther out in the SW than the NE.

The indices α and β are also significantly steeper for the SW than the NE. In comparing the

two ansae by wavelength, we find the SW and NE breaks to occur 10− 20 AU farther from

the star in Ks than in H. The Ks profiles also show steeper α values and a steeper SW β

value than the H profiles.

Table 3.1: Model Brightness Profile Power Law Best-fit Parameters

Band Ansa rbreak (AU) Inner Index (α) Outer Index (β)

H
SW 99.1± 2.0 −0.05± 0.20 −2.95± 0.05
NE 95.3± 2.1 −0.25± 0.28 −2.87± 0.03

Ks
SW 122.2± 1.9 −1.50± 0.07 −3.73± 0.07
NE 111.4± 1.9 −0.95± 0.10 −2.79± 0.04

We can compare our power-law results with those of previous works, again with the caveat

that our profiles were derived in a different manner from the profiles in those works. Our

H-band results for rbreak are roughly consistent with those presented by Debes et al. (2009)

for NICMOS 1.6 µm measurements, though our inner and outer indices are consistently

shallower than theirs. Boccaletti et al. (2012) found rbreak and β for their “classical ADI” H

data that are approximately consistent with our own. Their α are positive and substantially

different from our values, though the authors note that these measurements are uncertain

due to low S/N in the inner regions of their H data. Perhaps due to differences in wavelength
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or instrument, our measurements differ from the shorter 1.1 µm results in Schneider et al.

(2005). That work found a single power law in the SW, though the index (-3.57) was very

similar to our outer index. They fit a broken power law to the NE that had a greater rbreak

(190 AU) and a steeper inner index (-3.7) than ours, but found a similar outer index (-2.74).

At still shorter wavelengths, R-band profiles from Kalas (2005) yielded single power law

indices of −3.1± 0.2 and −2.7± 0.2 for the SW and NE ansae, respectively, at r ≈ 5′′− 15′′,

which, if extrapolated inward, would be similar to our outer indices.

With respect to the Ks-band results, our rbreak values roughly agree with 2.1 µm values

from Debes et al. (2009). Our SW β and NE α are also consistent with their findings, but

our SW α is steeper by a factor of ∼3 and our NE β is ∼1.4 times shallower than theirs.

The Boccaletti et al. (2012) Ks SW parameters are similar to the Debes et al. (2009) SW

values, thus our SW results compare similarly. In the NE, we record a similar rbreak and α,

but a shallower β (by a factor of ∼1.6) than reported by Boccaletti et al. (2012). Finally,

Currie et al. (2012b) found they could not fit a power law to their Ks profiles inward of ∼112

AU, which is roughly consistent with the location of our break. However, they found much

steeper power law indices (< −5.1) than ours exterior to that point, whether it be a single

power law (for the SW) or a broken power law (for the NE).

3.7.3 Disk Width

As part of the self-subtraction modeling process, we also extracted radial profiles for the

disk projected FWHM, where the FWHM is measured from the pre-self-subtraction vertical

profile model (g) at a given radial separation. We plot these radial profiles in Figure 3.6.

In both bands, the disk FWHM consistently increases with separation. The only region in

which this doesn’t hold is at r . 60 AU, where speckles contaminate the disk and make it

appear unusually broad. Currie et al. (2012b) also found FWHM to increase with separation.

Boccaletti et al. (2012) noted that the FWHM of the Ks ADI/LOCI-processed disk increased

with separation and determined, as we do, that model disks that were not affected by self-

subtraction had generally larger FWHM than the processed data.
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Figure 3.6: Projected FWHM of the pre-self-subtraction model disk as a function of sepa-
ration for SW and NE ansae in H and Ks. We find the FWHM to generally increase with
separation. The best-fit power-law functions are shown as solid lines for the SW and dashed
lines for the NE. The gray-shaded area in Ks marks the low confidence region that we exclude
from most of our results and discussion. The horizontal, dotted line indicates the diffraction
limit (1.22λ/D) at each band’s central wavelength. The error bars represent 1σ uncertainty
levels that include χ2

ν scaling and uncertainties associated with our simplified disk model.
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In H, the FWHM ranges from 5 AU to ∼60 AU. In Ks, the FWHM ranges from 6 AU to

∼22 AU (in the region r = 60−160 AU). At r > 160 AU, the low S/N in theKs image severely

affected the model-fitting algorithm, leading to disk models that were unbelievably wide.

That the error bars do not fully account for the scatter in this region is possible evidence

that the errors remain underestimated due to systematics involved with our model choice.

It could also indicate a violation of our Gaussian distribution assumption. Qualitatively, we

find that our Ks FWHM values are generally smaller than those of Currie et al. (2012b) and

greater than the observed LOCI-reduced FWHM measurements of Boccaletti et al. (2012)

at a given separation. We find no highly significant differences in FWHM between ansae in

either band, similar to Currie et al. (2012b). Perhaps serendipitously, we see a bump in the

Ks SW profile at r ≈ 67 AU that corresponds to a similar bump in Currie et al. (2012b),

though again the significance is low.

However, we do find the FWHM to be an average of seven percent wider in Ks than in H

at r ≈ 60–160 AU. This may be a true difference in the disk’s appearance in the two bands

or it may be a result of our modeling, as we discuss in Sections 3.8.1 and 3.8.4.2. The drop

to FWHM ≈ 38 AU in the Ks SW profile at r > 275 AU is due to the same artifact discussed

in the previous subsection. Finally, we note that the FWHM is greater than or statistically

consistent with the resolution threshold set by the diffraction limit at all separations.

We fit single power laws to the FWHM profiles to further investigate the increase in

disk width as a function of separation. For both bands we fit the profiles to a minimum

separation of 57 AU because inward of there the FWHM is likely biased by speckles. We

fit the H profile to its outermost separation and truncated the Ks profile at r = 160 AU

for fitting purposes to avoid the low confidence region. We find best-fit power-law indices of

1.47 ± 0.04 for both ansae in H, 1.27 ± 0.14 for Ks SW, and 1.38 ± 0.11 for Ks NE.

3.7.4 Midplane Position

Figure 3.7 shows radial profiles for the disk midplane position relative to a fiducial midplane

with PA = 47.5◦ east of north. We locate this fiducial midplane based on visual inspection
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of our LOCI images and previous PA measurements (Debes et al., 2009; Boccaletti et al.,

2012). We find that the midplane position moves farther toward the northwest as r increases,

indicating bowing or curvature of the disk in that direction. This curvature begins to become

more pronounced at r ≈ 130 AU and is approximately equal in degree in both bands, with

a maximum deviation of ∼30 AU at the largest separations, although there is considerably

more scatter in Ks at large separations where S/N is low. We also find that the midplane

most closely approaches the fiducial midplane at intermediate separations of r ≈ 80−130

AU. Interior to this region, the midplane is again generally located farther to the northwest

than the fiducial position.

Our results agree with previous reports of curvature in the disk. Boccaletti et al. (2012)

reported a midplane deviation of a few AU to the north, particularly on the NE ansa in Ks,

at r ≈ 67− 112 AU. This agrees approximately in amplitude and location with the non-zero

deviation that we find for the midplane position of the inner disk. Northward curvature

was also noted by Currie et al. (2012b) at separations of r ≥ 100 AU that is similar to the

curvature we find in the outer disk. Debes et al. (2009) reported westward curvature in

the SW ansa (and suggested similar curvature in the NE ansa) at separations of 0.5′′−3.0′′,

something that Boccaletti et al. (2012) also possibly detected. Previously, Kalas (2005) had

noted that the SW disk emission curved west with radius at separations greater than 5.0′′.

We discuss possible causes of the curvature in Section 3.8.4.3.

3.7.5 Disk Color

Using the one-dimensional brightness profiles presented above, we computed the H − Ks

color of the disk, which is shown in Figure 3.8. We normalized the disk color by subtracting

the corresponding stellar color (H = 7.62, K = 7.59; Two Micron All Sky Survey; Cutri

et al. 2003). The disk is generally red, with 0 mag . H −Ks . 1 mag at all separations. In

the highest confidence region of r < 160 AU, we do not detect any highly significant color

difference between the two ansae, nor do we find the disk to be particularly red at any single

separation.
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Figure 3.7: Disk midplane location measured by the self-subtraction modeling algorithm
and relative to the fiducial midplane location (PA=47.5◦ east of north; dotted line) as a
function of separation for SW and NE ansae in H and Ks. A positive location corresponds
to a position northwest of the fiducial midplane as it extends from the star and a negative
location is southeast of the fiducial midplane. The profiles show considerable northwest
curvature of the disk, particularly in H. The error bars represent 1σ uncertainty levels that
include χ2

ν scaling and uncertainties associated with our simplified disk model.
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Figure 3.8: Disk H − Ks color (solid lines) relative to the star as a function of radius,
computed from self-subtraction-corrected one-dimensional brightness measurements. The
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ν scaling and uncertainties associated with our simplified disk model. The
disk is generally red and its color is approximately constant with r. We have lower confidence
in our measurements at r & 160 AU because of the low S/N in Ks in that region.
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The red color of the disk in our data is most consistent with results from Boccaletti

et al. (2012) when compared with other works. Boccaletti et al. (2012) mentioned that

the disk was dimmer in H than in Ks and their surface brightness profiles (their Figure 6)

showed Ks > H throughout much of the disk, though often with low statistical significance.

Our results are less consistent with the conclusions of Debes et al. (2009), who inferred

colors from the dust’s normalized scattering efficiency and found the disk to be generally

gray in the inner regions and blue at the outer edges over a wavelength range of 1.1–2.1

µm, with the exception of a red zone along the SW ansa between 127 AU and 313 AU.

As we noted in Section 3.7.1, disagreement of our photometry results with those of Debes

et al. (2009) could stem from multiple sources of uncertainty. At shorter wavelengths than

we investigated, Kalas (2005) combined an extrapolated R-band profile (based on surface

brightness measurements at r > 5′′) with the 1.1 µm profiles to derive a blue color. Only

considering total flux per ansa, Mawet et al. (2009) stated that the 1.1 µm/Ks fractional

flux ratio (with 1.1 µm data from Schneider et al. 2005) was perhaps slightly blue, though

statistically consistent with a gray color.

We made an alternative measurement of the disk color using the disk’s peak brightness

only (which is simply the best-fit value in mJy arcsec−2 of the model parameter b0). By this

method, we find a slightly blue color at most separations and gray at the rest, which agrees

better with the Debes et al. (2009) colors than our integrated-brightness results. See Section

3.8.4.4 for further discussion of the differences between our two color measurements.

As comparing color measurements between different datasets and analysis procedures can

be difficult, we leave a more detailed comparison to future work.

3.8 DISCUSSION

3.8.1 Fidelity of Brightness Modeling

In applying our technique to these data, we are modeling two things: (1) the underlying

brightness distribution of the disk, and (2) the self-subtraction function. If we first show
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that we are modeling self-subtraction properly, then we can characterize the accuracy of our

recovered brightness distributions.

We tested the ability of our algorithm to model self-subtraction on synthetic ADI datasets

in which we knew the underlying disk brightness distribution exactly. We created syn-

thetic brightness distributions based on various vertical profile forms including Gaussian,

Lorentzian, and cubic spline functions. These underlying distributions then had one of three

levels of noise added: no noise, Gaussian-distributed noise added to each pixel, or the actual

stellar PSF and speckle pattern from the Ks dataset. Each dataset was processed in the same

manner as the real data using LOCI with a range of Nδ values and then our self-subtraction

modeling algorithm was applied.

As expected, for the cubic spline-based distribution we generally achieved a near-perfect

recovery of the self-subtracted final image and also the original underlying brightness distri-

bution, even for the dataset with real speckle noise included. Our radial profiles for integrated

brightness, FWHM, and midplane location generally agreed with the synthetic input disk’s

pre-self-subtraction values to within the 1σ errors we calculated. This reproduction of the

self-subtraction is by construction, but it serves as a verification of our implementation. We

also recovered the Gaussian- and Lorentzian-based distributions but with less accuracy, as

our spline model generally underestimated the disk FWHM and overestimated the peak and

integrated brightnesses by more than 1σ. We found that this was largely due to the inability

of the simple spline function to perfectly reproduce the forms of the Gaussian and Lorentzian

functions. This is discussed more below. Overall, these tests demonstrated that we could

accurately forward-model the location and amplitude of self-subtraction in a LOCI-processed

image, provided we have an accurate model of the pre-self-subtraction brightness distribu-

tion and that the scene is constant across all images. Therefore, we conclude that we are

modeling the self-subtraction function correctly.

That leaves us to characterize our ability to model the underlying brightness distribution

of our observations. We find that our simple model does not have a sufficient number of

parameters to capture all of the observed disk structure. This is most clearly visible in the Ks

deviates shown in Figure 3.4e, where there are deviates > 3σi at the location of the disk. We
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expect that the discrepancies between observations and the model brightness distribution

indicate that the best-fit model vertical profile was inaccurate at some separations. This

could be partly due to noise or PSF residuals in the data, which contaminated the disk signal

and altered its apparent structure. It is likely that the form we chose for the vertical profile

model was too simple and was incapable of reproducing the disk shape perfectly, as was the

case with our Gaussian and Lorentzian synthetic disks. Recall that the shape of the profile

was entirely determined by just two variables (b0 and b1). With a more complex disk model,

we could produce a more precise reconstruction of the disk’s brightness distribution. The

model form is also a potential source of the relatively bright emission far from the midplane

in the pre-self-subtraction models (Ks especially). With only one parameter controlling the

brightness of the profile’s wings, that brightness could be overestimated because much of the

information about such extended emission is lost to self-subtraction. Additionally, as our

fake-disk tests indicated, our quoted errors may not accurately reflect the uncertainty in the

radial profile measurements if the spline model cannot adequately reproduce the true disk

shape. Possible solutions to these problems include adding more control points to the spline

model or changing to a different functional form (i.e., not a monotonic spline) for the profile.

By applying our forward-modeling technique we are able to reduce the error in recovering

the disk brightness to levels lower than the scale previously set by errors from self-subtraction.

Therefore, our ability to accurately recover the disk brightness distribution is improved after

applying our technique. This is illustrated by a comparison between brightness measurements

made via our modeling with those made via aperture photometry in Section 3.8.3. We are

also able to make more sensible comparisons between different sets of observations, such

as our H and Ks datasets. These two datasets included different numbers of images and

different amounts of angular rotation, making the effect of self-subtraction differ between

them as well. Our self-subtraction modeling puts the final H and Ks images on more equal

footing for comparison than they would be otherwise.

The simple modeling that we have done in this work serves primarily as a guide for the

construction of more detailed models. Using the rough estimates of the disk parameters that

we have derived here, we can construct a three-dimensional model of the dust distribution
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(left to a future work). From that, we can extract a two-dimensional scattered light dis-

tribution, quickly compute the self-subtraction function for that distribution, and combine

the two to form a model that can be compared to the LOCI image. We emphasize that

computing the self-subtraction function does not require processing the new scattered-light

model with LOCI. This saves on computation time when compared to the disk-injection

and pre-reduction disk-subtraction methods mentioned in Section 2.2, which require LOCI

reductions for each new model. We also reiterate that model-data comparisons in the disk-

injection method incorporate twice as much speckle noise as the same comparisons in our

method because the injected model disk is inserted into the observed data, whereas our

model disk can be free of noise and still have self-subtraction applied to it.

3.8.2 Degeneracies in Brightness Modeling of ADI Data

We have seen that ADI and LOCI filter image data, as discussed in Section 3.1, with the

degree of filtering dependent on the amount of field rotation in the dataset and the aggres-

siveness of the PSF subtraction (which largely depends on the Nδ LOCI parameter). This

filtering means we have incomplete information from which we are trying to recover the

disk brightness distribution. Consequently, recovery of that distribution’s parameters from

a single processed image will be degenerate. Such dependence on image processing methods

is common among high-contrast imaging studies. However, we can reduce the degeneracy

on some spatial scales by simultaneously fitting image data processed with different values

of Nδ. This does require multiple LOCI reductions of the data, but we found just eight and

nine reductions to be sufficient for H and Ks, respectively (Section 3.6). Plus, it is easy to

compute the self-subtraction function for different reductions, as only the Nδ parameter and

LOCI coefficients change.

Fitting multiple reductions will not totally remove degeneracy, as the disk emission on the

largest azimuthal scales will still be filtered out through ADI image processing. Nevertheless,

this approach will help break degeneracy on the scales governed by Nδ.
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Figure 3.9: Aperture photometry brightness measurements converted to one-dimensional in-
tegrated brightness profiles (solid lines) for the H-band LOCI final image. Dashed lines show
the 1σ confidence intervals. Four different aperture sizes (azimuthal × radial diameter) were
used: [3×3] (cyan), [11×4] (black), [18×18] (red), and [30×30] pixels (green). Brightness
values for a given separation can vary between different-sized apertures by factors up to
∼2.5. The star is located at x = 0 (not plotted).

3.8.3 Comparison to Aperture Photometry

The primary advantage of our modeled profiles is that they are corrected for self-subtraction,

while aperture photometry makes measurements that are more strongly affected by self-

subtraction.

Although aperture measurements are simpler to execute than our self-subtraction mod-

eling method, the choice of aperture size has a large effect on results for an extended source.

This is because self-subtraction varies according to both radial and azimuthal position in an

image and different-sized apertures will probe different regions of the image. For example, a

large aperture that extends beyond the disk and into the self-subtraction-generated negative-

brightness regions will capture all of the disk light but also some of the negative brightness,

thereby biasing the surface brightness measurements downward. A smaller aperture would

yield different results. Additionally, aperture photometry is sensitive to variations in disk

width and the degree of self-subtraction with projected separation. In contrast, the mod-
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eled profiles are relatively immune to these factors. We attempted to quantify the effect of

aperture size on the surface brightness profile for our highest S/N H-band image in Figure

3.9.

We calculated the mean surface brightness in rectangular apertures centered azimuthally

on the fiducial midplane (see Section 3.7.4) and centered radially at each pixel from the star.

The apertures were [11×4], [3×3], [18×18], and [30×30] pixels in dimension (azimuthal ×
radial diameter). The first size was our best guess at an aperture that would capture the

maximum amount of disk flux and minimum negative brightness in the inner part of the

disk, where we are most interested in the structure. The other sizes were chosen to be

much smaller and much larger than our optimal choice. For an aperture of a given size,

we determined a correction factor to account for the likelihood that some disk brightness

falls outside of the finite aperture. The disk brightness apertures are allowed to overlap

in the radial direction, so no correction factor is needed for that dimension. Therefore, we

construct an aperture with the same azimuthal width as that used for the disk brightness

measurements but with an infinite radial width and compute the correction factor as the

ratio of the flux within that aperture centered on an unocculted reference star to the total

flux of the reference star. This correction factor was then divided into all surface brightness

measurements for the given aperture.

To estimate the uncertainty on a disk surface brightness measurement at a given radial

separation, we placed non-overlapping apertures in regions empty of disk brightness at the

same radial separation, and took the standard deviation of the mean surface brightnesses

within those apertures. We then added this standard deviation term in quadrature with

a Poisson photon noise estimate to get the total uncertainty. The surface brightnesses

and their associated uncertainties were converted to one-dimensional integrated brightnesses

(mJy arcsec−1) by integrating over the azimuthal dimension of the aperture for comparison

with our model profiles.

As Figure 3.9 shows, the four different aperture sizes produced significantly different

brightness profiles in H, even after correcting for finite aperture size. All four profiles show a

general trend of decreasing brightness with increasing separation, with shallower slopes in the
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inner disk and steeper slopes in the outer disk. Overall, larger apertures show shallower slopes

than smaller apertures in both the inner and outer disk. In terms of absolute brightness, the

“optimal” [11×4] profile is brightest in the inner disk, the [30×30] profile is dimmest, and

the other profiles fall in between the two. For the outer disk, the [30×30] profile is brightest,

the [3×3] profile is dimmest, and the other profiles fall in between the two. We do not plot

the Ks profiles but note that they show similar trends and discrepancies on the same order.

There are two effects related to aperture size that drive the differences between these

profiles. First, smaller apertures fail to capture all of the flux from the disk, which biases the

integrated brightness downward relative to larger apertures. This explains why the [3×3]

profile is consistently below the other profiles in the outer disk. Second, the larger apertures

encompass more of the negative brightness created by self-subtraction on either side of the

midplane, thereby biasing the integrated brightness downward relative to smaller apertures.

This explains why the [18×18] and [30×30] profiles are dimmer than the [11×4] profile in

the inner disk, as the latter aperture was chosen specifically to match the width of the disk

in this region and not include negative brightness. The outer disk exhibits less negative

brightness, so the larger apertures do not suffer as much from this effect there and they tend

to produce brighter profiles than smaller apertures. The two effects appear to balance each

other at intermediate separations for the [3×3] and [30×30] apertures because their profiles

show similar brightnesses at r ≈ 115 AU.

In comparison with the H model profiles, the aperture profiles for all sizes are generally

equal or lower in brightness for a given separation. The ratio of model brightness to the

“optimal” H [11×4] aperture brightness is & 1 for all r (except at r < 60 AU, where the

ratio is as low as ∼ 0.7 but the two profiles are statistically consistent), and is predominantly

between 1.5 and 7, with a possible trend of the ratio increasing with separation. When we

compare the Ks model and aperture profiles, the model profiles are generally between 2 and 8

times brighter than the [11×4] aperture profiles. Consequently, in both ansae of both bands,

we find that our modeling process produces brightness profiles equivalent to or brighter

than profiles produced by a best-case aperture. This is evidence that our algorithm recovers

brightness lost to self-subtraction and, though we may be biased by the use of the spline
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model, it does so without the uncertainties involved with selecting an appropriate aperture

size.

Another factor to consider when measuring brightness is ease of comparison between

datasets and studies. One-dimensional integrated brightness profiles are more straightfor-

ward to compare across different wavelengths, datasets, and implementations than are aper-

ture photometry profiles. This is because the one-dimensional profiles are integrated along

the azimuthal dimension, leaving room for uncertainty only in the treatment of the mea-

surement in the radial direction. This is one less than the two dimensions that can vary

in standard aperture photometry measurements. Even in the absence of self-subtraction,

this advantage remains. There is also an additional advantage of a relationship between the

one-dimensional integrated brightness and the vertical optical depth to scattering presented

by the grains (Graham et al., 2007), which provides the opportunity to gain information

about the latter quantity.

3.8.4 Model Structure of HD 32297

Our HD 32297 observations benefit from some of the highest-angular-resolution imaging of

the system to date. They are a valuable addition to the existing library of observations for

this system, as high-contrast imaging is inherently difficult and results are dependent on the

instrument and techniques used. As discussed in Section 3.7.1, the various systematic errors

involved with different types of observations and data analysis routines act as incentive to

measure the properties of this disk using multiple independent datasets. Here we discuss

several implications of our results for the physical structure of the debris disk.

3.8.4.1 Brightness Profile Implications

Brightness asymmetries in debris disks can act as signposts of planets or collisions within

the disk (e.g., Wyatt et al. 1999; Ozernoy et al. 2000). However, we do not believe that

the asymmetries we see in our radial brightness profiles indicate the existence of either

in this system. Although some of the asymmetries appear statistically significant, this is
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still largely a proof-of-concept test and uncertainties in the systematics involved with high-

contrast imaging and our disk modeling (such as artificially-inflated FWHM) preclude us

from drawing further conclusions. Overall, the general symmetry of the disk ansae could be

the result of a relatively smooth dust distribution or it could be due to the fact that when

viewing an optically-thin disk edge-on, a given projected separation averages over the dust

density at many radial separations.

The breaks in the brightness profile power laws we reported are perhaps more informa-

tive. Similar breaks in brightness profiles from previous studies of HD 32297 (Debes et al.,

2009; Boccaletti et al., 2012; Currie et al., 2012b) have been attributed to the presence of

a planetesimal “birth ring” located at the break radius (Strubbe & Chiang, 2006). Our

measurements of the break point would locate the ring in the range of 95 AU . r . 125 AU.

This is also consistent with the location of the cold dust ring estimated to be centered at

110 AU by Donaldson et al. (2013). Translation of our break location to a planetesimal ring

radius requires modeling of the grain scattering phase function, which is beyond our current

scope.

The differences between our ADI-corrected results and those from NICMOS observations

are interesting because both methods have distinct associated systematic uncertainties. We

have already discussed some of the potential systematic errors involved with our observations

and data analysis. HST observations by Schneider et al. (2005) and Debes et al. (2009)

also have potential systematic errors, though different from ours. For example, a spectral

mismatch between the PSF reference star and HD 32297 could lead to over- or under-

subtraction of the stellar PSF, as could PSF variations caused by the telescope’s “breathing”

(Fraquelli et al., 2004). In addition, the thermal background from the telescope could bias

the photometry, particularly at 2.05 µm, as Debes et al. (2009) does not mention performing

sky subtraction as recommended for observations with λ & 1.7 µm (Viana et al., 2009).

Registration errors between stacked images are another possible error source in coronagraphic

observations. Each of these systematic errors could impact the NICMOS photometry, and

therefore affect asymmetries in radial brightness profiles or disk colors (see Section 3.7.5).

Our brightness profiles agree more closely with previous ground-based results than with the
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HST results and do not settle the question of which observational method provides more

accurate information about disk. Instead, we suggest that further observations and more

complete understanding of the errors associated with high-contrast imaging and related

image-processing techniques are needed to answer this question with greater certainty.

3.8.4.2 Implications of FWHM for Disk Shape and Self-subtraction Modeling

Our radial FWHM profiles show that the disk’s projected width generally increases as r

increases. Evidence for projected width increasing with separation has been found in the

roughly edge-on disks of β Pictoris (Golimowski et al. 2006 and references therein), HD 15115

(Rodigas et al., 2012), and AU Mic (Graham et al., 2007). The indices of the best-fit power

laws for our FWHM profiles were all between 1.27 and 1.47, which, for example, are slightly

steeper than the indices ranging from 0.6 to 0.9 that Kalas & Jewitt (1995) found for the β

Pic disk at separations of ∼130−330 AU. One exception to the trend of increasing width in

our data is at r < 60 AU, where we see a rise in both H and Ks widths as r decreases. With

residual speckle noise still contaminating the disk signal this close to the star, this feature is

likely spurious. However, new observations or data reductions that provide a smaller inner

working angle would allow us to investigate whether the disk continues to narrow closer to

the star or whether some mechanism is causing the disk to “puff up” at separations less than

60 AU. Future extreme-AO instruments, such as GPI and SPHERE, promise to offer such

capability and help answer these questions. Three-dimensional modeling of the disk would

also allow us to ascertain the actual disk width rather than just the projected width.

Additionally, we do not see any sharp features in the FWHM profile that are significant.

Such a feature could conceivably indicate the gravitational perturbation of grain or parent-

body orbits, but our measurements do not clearly indicate such a scenario.

The wider FWHM that we see in Ks compared to H could be due to differently dis-

tributed dust populations responsible for scattering the two wavelengths or another physical

mechanism. On the other hand, it could be a sign that our model overestimated the FWHM

in Ks or underestimated it in H. We apply the same modeling method to both datasets, so
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it would be unexpected for one set of measurements to be systematically offset due to some-

thing in the fitting process, yet we cannot rule this out because there may be systematics

that are not fully understood. Consequently, we take the measurements at face value and

refrain from further interpretation.

Comparison of our Ks FWHM measurement with previous works may provide more sup-

port for the efficacy of our self-subtraction modeling algorithm. As noted in Section 3.7.3, our

FWHM values for a given separation are generally smaller than the values reported by Currie

et al. (2012b) and greater than those reported by Boccaletti et al. (2012). This is telling

because Currie et al. (2012b) used a conservative LOCI (Nδ ≥ 2.5, W=5.5 AU) that would

reduce self-subtraction while Boccaletti et al. (2012) used a more aggressive LOCI (for the

measurements in question; Nδ = 1.0, W=7.3 AU). We acknowledge that absolute compar-

isons between measurements from those works and our own are complicated by the different

methods used. For example, the other works measured the FWHM of a Gaussian function fit

to the vertical profile, while we fit a monotonic spline. Each work also included different cor-

rections for self-subtraction in their measurements. Nevertheless, putting aside those issues

and the complications of comparing reductions of different datasets with slightly different

algorithms, it appears that our measurements fall between those taken from the aggressive

and conservative reductions. This implies that our self-subtraction modeling algorithm is

able to recover the disk brightness above and below the midplane that is removed by LOCI.

3.8.4.3 Possible Sources of Disk Curvature

Our midplane position results showed a northward curvature that qualitatively matched pre-

vious publications and that may be explained by existing hypotheses. One such hypothesis

is that the HD 32297 system is interacting with the interstellar medium (ISM). This could

cause brightness asymmetries (Kalas, 2005) or warping of the outer disk by several degrees

(Debes et al., 2009). The estimated radial velocity of HD 32297 (v ≈ 20 km s−1) is similar to

that measured for the ISM (v ≈ 24 km s−1; Redfield 2007), but HD 32297’s proper motion

is primarily to the south, which could potentially cause the disk’s dust grains to be swept

55



towards the north. However, this also depends on the proper motions of the ISM clouds and

little is known about individual clouds in this region.

An alternative explanation is that a combination of scattering phase function and disk

inclination can produce an observed curvature in the scattered-light surface brightness (Kalas

& Jewitt, 1995). If the disk is a few degrees from being perfectly edge-on and the dust grains

are primarily forward scattering, then the near side of the disk (between us and the star)

will appear brighter than the far side. This could account for the curvature we see toward

the north if the near side of the disk is the south edge of the disk in our images. A similar

explanation was proposed for the curvature observed in the HD 15115 debris disk (Rodigas

et al., 2012). Currie et al. (2012b) modeled this scenario for HD 32297 and found that a

disk containing highly forward scattering grains can cause a brightness asymmetry between

the near and far sides that is more pronounced at small separations, causing a change in the

midplane position angle and an apparent warping. Boccaletti et al. (2012) also surmised that

anisotropic scattering leads one edge of the disk to appear brighter than the other. Highly

porous grains are expected to be forward-scattering (Graham et al., 2007) and might be one

explanation for this feature, as Donaldson et al. (2013) found that models of the outer disk

that were composed of highly porous (90% porosity) and icy grains provided the best fit to

the disk’s SED.

A complete explanation of the curvature may require both mechanisms. The difference

in the amount of forward-scattered light observed from the near and far sides of the disk is

least in the outer regions of the disk due to our viewing geometry, so the inclination may

have little effect there. However, interaction of disk grains with ISM dust grains is expected

to be stronger farther from the star (Artymowicz & Clampin, 1997), so an ISM interaction

could produce curvature at the edges of the disk while inclination effects lead to curvature

of the inner disk. We also note that the midplane curvature abruptly begins to increase just

beyond the average break location of our brightness profile power laws, which may indicate

that the same physical mechanism is responsible for both features.
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3.8.4.4 Implications of Disk Color for Grain Properties

The color profiles derived from our one-dimensional (azimuthally-integrated) brightness mea-

surements indicate a generally red color for the disk (Figure 3.8). This may imply grain sizes

that are a few times larger than the approximately micron-sized grains typically thought to

be the main source of scattering. Donaldson et al. (2013) calculated the blowout size for

the disk grains to be about 1 µm (assuming spherical, astrosilicate2 grains) and derived a

minimum grain size of 2.1 µm from their best-fit SED model. Both of these values would be

roughly consistent with the grain sizes implied by our color estimate.

Alternatively, one can compute the disk color based on peak brightness rather than

integrated brightness. Our peak brightness measurement is also intrinsically corrected for

self-subtraction, although self-subtraction is typically least influential near the midplane,

where we assume the peak to occur. We find the peak brightness profiles for both ansae

to be slightly brighter in H than Ks, leading to a peak color that is slightly blue at most

separations and gray at the rest. This agrees with the colors found by Debes et al. (2009)

and is consistent with the disk being populated by micron- or submicron-sized grains that

scatter 1.6 µm and 2.15 µm light with approximately the same efficiency.

The discrepancy between the two methods is possibly due to imprecision in the modeled

disk FWHM measurement. As referred to in Section 3.7.3, the Ks FWHM is generally larger

than the H FWHM at a given separation. This greater width increases the Ks integrated

brightness relative to the H integrated brightness but does not affect the peak brightnesses.

Thus, the disk may appear red from one interpretation and blue/gray in the other. This is a

case where a more complex model of the disk vertical profile would allow us to gain a more

precise understanding of the dust population. The color derived from the peak brightness

is likely more reliable because it is less sensitive to the model choice than is the integrated

brightness color, but this has the disadvantage of only probing the dust at the midplane.

2Silicates are minerals composed of silicon compounds that are abundant in Earth’s crust and other rocky
bodies such as asteroids.
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3.9 CONCLUSIONS

We have applied a novel technique for forward-modeling self-subtraction in ADI/LOCI-

processed images to near-infrared scattered-light imaging of the HD 32297 debris disk. Our

method successfully reproduced the self-subtraction pattern in our H- and Ks-band LOCI

images using a relatively simple model of the disk’s vertical brightness profile, the LOCI

parameters, and the position angles of the images in the ADI dataset. The result of the

modeling process was a model of the disk’s two-dimensional surface brightness that was not

distorted by self-subtraction and provided an approximation of the scattered-light distribu-

tion prior to image processing. In the future, this self-subtraction modeling could be used in

combination with other versions of ADI or LOCI, such as those that use iterative reference

PSF subtractions, masks, or damped coefficients.

From the self-subtraction-corrected models we extracted radial profiles for the one-dimensional

integrated brightness, projected FWHM, and midplane location of the disk. The brightness

profiles did not indicate any clear asymmetries or structures but our power-law fits showed a

break that supports the existence of a planetesimal birth ring at r ≈ 110 AU. We also demon-

strated that the model-derived profiles contained less uncertainty from location-dependent

self-subtraction and variable disk width than profiles measured via aperture photometry.

The FWHM profiles indicated a projected disk width that increased with separation from

the star. Our measurements of midplane location showed curvature towards the northwest

that confirms previous reports of similar features. This curvature may be a combination of a

geometric observational effect linked to the disk’s nearly edge-on inclination and interaction

of the disk with the ISM. Additionally, we found the disk’s color to depend on our choice of

model for the disk vertical profile but we estimate the midplane color to be blue or gray at

all separations.

Our self-subtraction modeling technique provides a two-dimensional model of the disk’s

scattered light that is a good starting point for building a three-dimensional model that can

provide more information about grain size, grain composition, dust density, and disk mor-

phology. The speed and accuracy with which we can compute the self-subtraction function
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using this method will also be extremely useful in future work that will compare more-

complex two-dimensional model images with ADI-processed observations. We hope to apply

our technique to a more detailed investigation of this system and to ground-based high-

contrast AO observations of other circumstellar disks with the goal of learning more about

the origins of planetary systems.
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CHAPTER 4

INVESTIGATION OF A PERTURBED-DISK

SCENARIO IN THE HD 61005 DEBRIS DISK

SYSTEM

After studying the HD 32297 disk, I chose to explore planet-disk interaction more directly

in a study of the HD 61005 debris disk system. Previous resolved imaging of this debris disk

showed it to have an unusual morphology highlighted by a swept-back wing shape extending

from a dust ring. The structure had yet to be satisfactorily explained, so I tested the scenario

in which the orbits of the disk’s grains were being perturbed by an unseen planet. My goal

was to build a model of a planet-perturbed disk based on an existing theoretical framework

that could reproduce the disk detected in my NIRC2 and GPI imaging. Those data also

provided an opportunity to characterize the disk at multiple wavelengths and, for the first

time, at radial separations as small as 8 AU. Some work remains ongoing with respect to

the perturbation model analysis and discussion of results, however, I expect to finish this

project soon and submit it for publication in a refereed journal in the fall of 2015.

4.1 INTRODUCTION

Interaction with planets is considered a prime suspect for the mechanism behind morpho-

logical features observed in resolved debris disks. In particular, the gravitational influences

of massive bodies such as planets or brown dwarfs can shape the spatial distribution of the

rocky and icy grains and planetesimals populating these disks. Resolving disk structure on

few-AU spatial scales via imaging of dust-scattered light is consequently a powerful tool for
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studying disk-planet interaction.

The detection and subsequent modeling of debris disk structures can guide future at-

tempts at planet detection, as exemplified by the β Pictoris system (Smith & Terrile, 1984)

described in Chapter 1. In that case, the detection of a warped inner disk indicated the

presence of a massive companion over a decade before the giant planet β Pic b was first de-

tected. The strategy of searching for planets based on the signatures they imprint on disks

may be particularly effective for direct-imaging planet searches because, as has been previ-

ously noted, nearly all of the directly-imaged exoplanets to date reside in systems hosting

substantial dust disks.

The unusual HD 61005 debris disk, nicknamed “The Moth”, is located around a young

(40-100 Myr old; Desidera et al. 2011), nearby (∼35 pc; Perryman et al. 1997) G-type main

sequence star (Hillenbrand et al., 2008). The star’s infrared excess was discovered with

Spitzer (Meyer et al., 2006) and later far-IR and sub-mm observations indicated substantial

populations of mm-sized and larger dust grains (Roccatagliata et al., 2009; Ricarte et al.,

2013). Hines et al. (2007) and Maness et al. (2009) both resolved the disk in scattered-light

with HST NICMOS 1.1 µm and ACS 0.6 µm observations, respectively, and reported it to

have a swept-back morphology with a surface brightness asymmetry between the two sides

of the disk (NE 2 times brighter than SW). Higher-angular resolution VLT/NaCo near-IR

ADI observations by Buenzli et al. (2010) indicated additional disk structures, including

narrow streamers extending outward from the ring ansae. These images also revealed an

inner clearing consistent with spectral energy distribution (SED) modeling by Hillenbrand

et al. (2008), and a 2.75 AU projected offset of the ring center from the star. Recent HST

STIS optical imaging from Schneider et al. (2014) detected a low surface brightness “skirt”

of dust stretching between the streamers south of the star.

Multiple attempts have been made to explain the physical mechanisms behind the ob-

served morphological features. Hines et al. (2007) hypothesized that a cloud of interstellar

medium (ISM) gas exerting ram pressure on small grains in the outer regions of the disk

could be sweeping them backward. Debes et al. (2009) produced a disk model based on this

hypothesis that roughly approximated the swept-back shape. On the other hand, Maness
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et al. (2009) asserted that ram pressure stripping of disk grains by ISM gas is inconsistent

with the gas densities of both the local ISM and the disk. Instead, they proposed that the

swept-back morphology could be caused by secular (i.e., long-period) perturbations of grains

due to gravitational forces exerted by low density, neutral interstellar gas. However, models

based on this mechanism were again only able to roughly reproduce the disk’s observed fea-

tures and did not reproduce the NE > SW brightness asymmetry or the stellocentric offset

(which was only discovered later by Buenzli et al. 2010).

In this work, we present an alternative explanation for the morphology of the HD 61005

debris disk: the secular perturbation of grain orbits due to gravitational interaction with an

eccentric, inclined companion. Such a companion could be either a planet or brown dwarf,

and we will simply refer to it as the ”perturber” to include both possibilities. Theoretical

studies of similar scenarios have shown that eccentric perturbers can induce stellocentric

ring offsets and disk brightness asymmetries on long timescales (Wyatt et al., 1999). The

creation of more complex disk structures, such as spirals, has also been shown to be possible

(Wyatt, 2005).

To test the plausibility of such a scenario being responsible for the HD 61005 disk’s

appearance, we have developed a mathematical framework based on the secular perturbation

theory described in Wyatt et al. (1999). In addition to eccentricity effects, we include the

effects of mutual inclination between the perturber and disk. This framework simulates the

influence of a perturber on circumstellar grains and constructs 2-D scattered-light models of

the disk. We also acquired new scattered-light imaging of the disk in the form of Keck NIRC2

ADI J-, H-, and Kp-band data, as well as Gemini Planet Imager (GPI; Macintosh et al. 2014)

polarimetric H-band data. Here, we quantitatively compare our models with these data and

thus constrain parameters for both the disk and perturber using a Markov-Chain Monte

Carlo (MCMC) fitting technique. Additionally, we report photometric and morphological

measurements of the disk based on our high-angular resolution, multi-wavelength imaging.

We provide details about our observations and data reduction methods in Section 4.2,

and present our imaging results in Section 4.3. We then describe our secular perturbation

model and present our best-fit models in Section 4.4. Afterwards, we discuss our findings in
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the context of previous observations and future study in Section 4.5

4.2 OBSERVATIONS AND DATA REDUCTION

4.2.1 Keck NIRC2

We observed HD 61005 on three separate nights using the Keck II AO system and a coron-

agraphic imaging mode of the NIRC2 camera. Three different broadband filters were used:

J (λc = 1.25 µm), H (λc = 1.63 µm), and Kp (λc = 2.12 µm). See Table 4.1 for exposure

times, numbers of exposures, field rotation, and observation dates. The camera was operated

in “narrow” mode, with a 10′′ × 10′′ FoV and a pixel scale of 9.95 mas pixel−1 (Yelda et al.,

2010). A 400 mas radius coronagraph mask artificially eclipsed the star in all science images.

Airmass ranged from 1.62 to 1.67 across the three nights and the AO loops were closed with

HD 61005 serving as its own natural guide star.

For calibration purposes, we observed standard stars FS 123, FS 155, and FS 13 (Hawar-

den et al., 2001) unocculted to determine the photometric zeropoint in J , H, and Kp bands,

respectively. Flux densities used for flux conversion were taken from Tokunaga & Vacca

(2005).

We employed ADI for all science observations. This technique fixes the telescope PSF’s

orientation relative to the camera and AO system optics during the observations. As a

result, the FoV rotates throughout the image sequence while the PSF orientation remains

approximately constant relative to the detector.

We used the same preliminary reduction procedure for all three datasets. After bias-

subtraction and flat-fielding, we masked cosmic ray hits and other bad pixels. Next, we

aligned the individual exposures via cross-correlation of their stellar diffraction spikes (Marois

et al., 2006). Following this, radial profile subtraction and a Gaussian unsharp mask served

as high-pass filters to suppress the stellar halo and sky background.

Following the procedure described in Esposito et al. (2014) and Section 3.4, we applied

a modified LOCI algorithm to suppress the stellar PSF and quasistatic speckle noise in our
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Table 4.1: HD 61005 Observations

Inst. Filter texp (s) Nexp ∆PA (deg) Date

NIRC2 J 20.0 65 11.1 2014 Feb 09
NIRC2 H 60.0 66 25.0 2008 Dec 02

NIRC2 Kp
20.0 42

19.9 2012 Jan 03
30.0 61

GPI H 59.6 35 140.7 2014 Mar 24

H and Kp data. For each image in a dataset, LOCI constructs a unique reference PSF

from an optimized linear combination of other images in the dataset. In azimuthally-divided

subsections of stellocentric annuli, the coefficients cij of the linear combination are chosen

so as to minimize the residuals of the PSF subtraction. To simplify the ADI self-subtraction

forward-modeling that we apply to our models (Esposito et al. 2014; see Sections 2.2 and

4.4.1), our algorithm computes the median of the cij across all subsections containing disk

signal in a given annulus (known from preliminary reductions) and replaces the original cij

with that median value. After PSF-subtracting our images using LOCI, we derotated them,

masked residuals from the diffraction spikes, and then mean-collapsed the image stack to

create the final images presented in Figure 4.1.

We tuned the LOCI parameters by eye for both datasets to achieve a balance between

noise attenuation and disk flux retention. Following the conventional parameter definitions

from Lafrenière et al. (2007), we used values of {W=10 pix, Nδ=0.1, dr=10 pix, g=0.5,

Na=250} for the H data and {W=4 pix, Nδ=0.1, dr=10 pix, g=0.5, Na=300} for the Kp

data.

LOCI reduction of the J-band data produced poor results due to limited field rotation

and the prominence of diffraction spikes, so we employed a Python implementation (pyKLIP;

Wang et al. 2015) of the Karhunen-Loève Image Projection (KLIP) algorithm (Soummer

et al., 2012; Pueyo et al., 2015). In this process, we divided the images into stellocentric

annuli, divided each annulus into azimuthal subsections, and ran KLIP on each subsection.

The main parameters we adjusted were the number of modes used from the Karhunen-Loève

(KL) transform and an angular exclusion criterion for reference PSFs similar to Nδ. The
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images were then derotated and mean combined into the final image shown in Figure 4.1.

The KLIP parameters used in this reduction: 20 annuli between r=21 pixels and r=400

pixels, no azimuthal division of the annuli (i.e., 1 subsection per annulus), a minimum

rotation threshold of 1◦, and projection onto one KL mode (the primary mode only). We

did not mask the diffraction spikes at any point. This reduction returned better a result

than the LOCI reductions and a simple ADI reduction in which a single reference PSF was

constructed as a median of all images.

4.2.2 Gemini Planet Imager

GPI is a high-contrast imaging instrument on Gemini South with a high-order AO system

(Poyneer et al., 2014) to correct for atmospheric turbulence, a coronagraph to suppress

starlight, and an integral field unit (IFU) that features both integral field spectroscopy and

broadband imaging polarimetry (Larkin et al., 2014). The AO correction allows diffraction-

limited imaging over a ∼1.4′′×1.4′′ FoV and the instrument always observes in an ADI mode.

HD 61005 was observed with GPI during its commissioning in March 2014. See Table 4.1 for

exposure time, number of exposures, field rotation, and observation date. The instrument

was operated in its H-band (λc = 1.65 µm) polarimetry mode, with a pixel scale of 14.13

mas pixel−1 (updated from Konopacky et al. 2014). A 123 mas radius coronagraph mask

artificially eclipsed the star in all science images. Airmass ranged from 1.008 to 1.003 during

the observations and HD 61005 served as its own AO natural guide star.

The Wollaston prism used in polarimetry mode splits the light from the IFU’s lenslets

into two orthogonal polarization states, producing two spots per lenslet on the detector.

To reduce these data we used the GPI Data Reduction Pipeline (DRP; Perrin et al. 2014)

and largely followed the reduction methods developed by the GPIES team and described in

Perrin et al. (2015), which we summarize here. The raw data were dark subtracted, flexure-

corrected using a cross-correlation routine, fixed for bad pixels in the 2-D data, and assembled

into datacubes containing both polarization states using a model of the polarimetry lenslets.

These cubes were then corrected for distortion (Konopacky et al., 2014), corrected for non-
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common path biases between the two polarization spots via double differencing, and fixed

for bad pixels in the 3-D datacube. At this point, we smoothed the images using a two-

pixel FWHM Gaussian profile, subtracted out the estimated instrumental polarization, and

aligned them using measurements of the four fiducial diffraction or “satellite” spots, which

are centered on the location of the occulted star (Wang et al., 2014; Pueyo et al., 2015).

Finally, the datacubes were rotated to place North along the +y-axis and they were all then

combined using singular value decomposition matrix inversion to obtain a three dimensional

Stokes cube containing the Stokes parameters {I, Q, U , V }.

To extract the disk’s polarization signal, we isolated the Stokes Q slices of the Stokes

cube, derotated them to a common sky frame, and mean collapsed them. We performed a

similar process for the Stokes U slices.

To subtract the stellar PSF from the total intensity (Stokes I) images, we isolated those

slices from the Stokes cube and used the same KLIP algorithm as for the NIRC2 J-band

data. The final image shown in Figure 4.1 was created using 30 annuli between r=6 pixels

and r=400 pixels, 5 azimuthal subsections per annulus, a minimum rotation threshold of

10◦, and projection onto the first 16 KL modes.

GPI’s polarimetry mode satellite spot flux calibration is still ongoing, so we only present

our GPI data in arbitrary flux units.

4.3 HIGH-CONTRAST IMAGING RESULTS

We present scattered-light images of the disk in the J , H, and Kp bands from NIRC2 and

an H-band total intensity image from GPI in Figure 4.1. The images were smoothed by

a Gaussian function with a FWHM of σ=2 pixel for display. We spatially resolve the disk

at projected separations of ∼30−150 AU (0.87′′–4.35′′) with NIRC2 and ∼8−37 AU (0.25′′–

1.06′′) with GPI. Residual speckle noise significantly contaminates the disk emission inward

of those lower bounds and creates confusion with the disk signal. Negative-brightness regions

appear above and below the disk as a result of self-subtraction by LOCI and KLIP processing.

The limited field rotation and coincidence of the disk PA with the Keck diffraction spikes in
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the J-band data resulted in substantial PSF residuals and a reduced S/N compared to the

other two NIRC2 images. Therefore, we report the J-band detection but do not include it

in our detailed analyses. We also detect the disk in polarized light with GPI (Figure 4.3),

which we discuss more in Section 4.3.4.

4.3.1 Disk Morphology

We detect all of the major morphological features previously reported for this disk: the

swept-back wings, stellocentric offset, and inner clearing. The measured position angle (PA)

of the disk’s projected major axis is 70.5◦±0.5 (error includes measurement uncertainty and

the instruments’ systematic PA uncertainties). All four datasets are in agreement with this

value, which is consistent with PAs from previous publications.

Wings : The swept-back wings are detected with NIRC2 but lie outside of GPI’s FoV.

They extend from ∼69–130 AU (2.0′′–3.8′′) on the E side and ∼72–140 AU (2.1′′–4.0′′) on

the W side, as measured in H-band. Their extent is similar in J and Kp; any differences are

within the uncertainty caused by ADI self-subtraction. The stellocentric offset is evidenced

by the ∼3 AU difference in inner extent for the two wings. The difference in outward extent

may also be due to the offset, however, the decrease in surface brightness with radial distance

leads to a low S/N at the outer tips of the wings and makes their outer extent uncertain.

The wings show a sharp bend at the ring ansae and their deflection angles south of the ring’s

major axis are ∼22◦ (E) and ∼25◦ (W). This ∼3◦ difference is consistent between the three

images, suggesting it is a real feature. We take this into account when modeling the disk.

Ring Offset : We measured the center of the ring to be offset from the star in NIRC2 H

by 2.9±1.0 AU to the W along the major axis and by 0.6±0.5 AU to the S along the minor

axis. Similarly, we measured an offset in NIRC2 Kp of 1.9±1.0 AU to the W and 0.3±0.5

AU to the S. To measure the ring center, we fit ellipses to the NIRC2 H and Kp rings after

aggressively high-pass filtering the images to leave only the highest-frequency components of

the ring. The uncertainties are combinations of the variances from the least-squares fit and

estimated uncertainty in the star position due to alignment errors. The two measurements
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Figure 4.1: PSF-subtracted images of the disk’s scattered-light surface brightness, rotated
by 19.5◦ so the disk’s projected major axis is horizontal and smoothed with a σ=2 pixel
Gaussian. The top three panels show Keck NIRC2 data in J (KLIP-reduced), H (LOCI),
and Kp (LOCI) bands. The H-band data contains the highest S/N, while the J-band data
suffered from limited field rotation and coincidence of the disk PA with the Keck diffraction
spikes. The swept-back wings, E>W and front>back brightness asymmetries, inner clearing,
and ring center (cyan X) offset from the star (yellow cross) are evident in all three bands.
The ring center could not be accurately measured in the NIRC2 J and GPI images, so the
center position marked there is simply a mean of the NIRC2 H and Kp centers. The bottom
panel shows KLIP-reduced GPI H-band total intensity data, which also shows the latter four
features but does not encompass the wings with its smaller field of view. The GPI surface
brightness is in arbitrary units.
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agree within the uncertainties with each other and also with the 2.75±0.85 AU offset to the

W reported by Buenzli et al. (2010). Residuals from the diffraction spikes and speckles in the

J image made ellipse fitting difficult, as did the limited FoV of the GPI image. Therefore,

we do not report offsets for those data and plot the ring center for them in Figure 4.1 as the

mean of the NIRC2 H and Kp centers for reference.

Inner Clearing : The disk’s dust appears to be depleted inside of the main ring in our

images, except in J where residual speckle noise dominates that region. This is consistent

with findings by Buenzli et al. (2010) and Schneider et al. (2014). We note that ADI

self-subtraction may artificially suppress disk brightness inside of the ring. However, the

consistency with previous imaging and the results of our modeling indicate that the clearing

is a real feature (see Section 4.4.3).

Qualitatively, we find an E>W brightness asymmetry for the front edge of the ring on

the same scale as previous studies. The ring’s front edge is also substantially brighter than

the back edge. We examine the photometric properties of the disk in more detail in the next

section.

4.3.2 Disk Photometry

In all of our images, the ring’s E front edge is ∼1.5–2.5 times brighter than the W front

edge at similar projected separations. The brightness at small separations in the GPI image

follows this same pattern. This is consistent with asymmetries found by all previous resolved

imaging of the disk. Qualitatively, the front edge is also much brighter than the back edge,

which is only marginally detected in NIRC2 H and Kp on the W side and is undetected

in the other images. This asymmetry may be an intrinsic feature or an artifact of self-

subtraction. Our modeling results imply that the explanation may be a combination of

the two (see Section 4.4.3). The non-detection of the E back edge suggests that it is also

either substantially fainter than the W, more heavily self-subtracted due to the brighter E

front edge, or some combination of the two. The E back edge remains undetected even

in conservative ADI and LOCI reductions, which implies at least some intrinsic brightness
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deficit.

We measured surface brightness radial profiles for the disk by performing aperture pho-

tometry on the reduced images in Figure 4.1. Circular apertures 5 pixels in radius were

placed along the ring’s front edge and wings at discrete projected radii and centered on the

peak of the emission in that region (assumed to be the disk midplane). These apertures

are smaller than the width of the ring at its narrowest point (nearest the star) and thus we

expect them to only include disk brightness and not artificial negative brightness created by

self-subtraction. The results for NIRC H and Kp are plotted in the top panel of Figure 4.2.

The J profiles contained large uncertainties due to the low S/N so we do not present those

results. Without a proper flux calibration for polarimetry GPI data, we also refrain from

reporting the GPI brightness profiles for the present.

In H and Kp, the ring’s brightness is greatest close to the star and decreases with sep-

aration out to the ansae, although measurements of the inner ring have large uncertainties

due to stellar PSF residuals. The ansae appear as bright peaks in the radial profiles. In

each filter, the ring and ansae are brighter in the E than the W by a factor of ∼2. The peak

associated with the W ansa is shifted to a greater separation than the E ansa, possibly due

to the ring offset, which can account for a shift of ∼6 AU (twice the stellocentric offset).

The offset of the brightness peaks is closer to 10 AU, however, so the peak brightness may

not simply follow the disk’s morphology.

In contrast to the ring, there is no significant brightness asymmetry in the wings. The

wing brightness also generally decreases with separation but does so at a slower rate than

seen in the ring.

We note that these brightness results are biased by ADI self-subtraction and should

therefore be considered with caution. We are working to correct our measurements for

self-subtraction before submission of this work.
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Figure 4.2: Top: Surface brightness radial profiles for both sides of the disk (E and W) in
the NIRC2 H (solid) and Kp (dashed) images. We measured the mean surface brightness
inside circular apertures of radius 5 pixels placed along the front edge of the ring and the
wings. Errors are the standard deviation in mean surface brightness for multiple apertures
located at the same radius as the measurement but outside the disk. The bright ansae stand
out as peaks at ∼55–70 AU that are shifted to greater radii on the west side due to the ring’s
offset. Bottom: The disk’s H-Kp color computed from the brightness radial profiles.
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4.3.3 Disk Color

We calculated the disk’s H-Kp color from the surface brightness radial profiles and present it

in the bottom panel of Figure 4.2. The ring’s color is distinctly blue, which agrees with the

blue [0.6 µm]-[1.1 µm] color presented by Maness et al. (2009). As those authors suggest,

this implies that the ring contains more grains with sizes of ∼0.1 µm than sizes of 1–2 µm

because of the scattering efficiency of small grains at optical/near-IR wavelengths. A similar

argument was made for the AU Microscopii debris disk and its blue optical and near-IR color

(Krist et al., 2005; Augereau & Beust, 2006; Fitzgerald et al., 2007; Graham et al., 2007).

The color is approximately constant with projected separation and is consistent between the

two sides of the disk.

The low S/N of the J image resulted in large uncertainties in J-H and J-Kp colors so

we do not present them here.

We note that although this color represents a comparison of brightness measurements

from two LOCI-processed images, it may still be biased because the LOCI images sus-

tained different levels of self-subtraction. As comparing color measurements between differ-

ent datasets and analysis procedures can be difficult, we leave a more detailed comparison

to future work.

4.3.4 Disk Polarization

We detected the disk in linearly polarized light with GPI, shown in the top two panels

of Figure 4.3. To facilitate analysis, we transformed GPI’s Stokes Q and U polarization

components into their more intuitive radial analogs, Qr and Ur (Schmid et al., 2006). Qr > 0

indicates a polarization vector perpendicular to a radial line drawn from the star to the pixel

in question, while Qr < 0 indicates a polarization vector parallel to such a line. Ur is

analogous to Qr but the polarization vectors are rotated by ±45◦. Ur effectively represents

a noise map for Qr because GPI is not sensitive to this polarization state. The images in

Figure 4.3 were smoothed using a 2-D Gaussian with a FWHM of σ=2 pixels and the Qr and

Ur data were scaled up by a factor of 10 for display on the same scale as the total intensity
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Figure 4.3: Top: The disk in the radial Stokes Qr polarization state with GPI. Qr > 0
indicates a polarization vector perpendicular to a radial line drawn from the star to the pixel
in question; Qr < 0 indicates a polarization vector parallel to such a line. Middle: The disk
in radial Stokes Ur, which is analogous to Qr with the polarization vectors rotated by ±45◦.
Ur effectively represents a noise map because GPI is not sensitive to this polarization state.
Bottom: GPI Stokes I (total intensity) via a conservative KLIP reduction. All images are in
H-band, were rotated so the disk’s projected major axis is horizontal, and were smoothed
with a σ=2 pixel Gaussian. The star is marked by a yellow cross. Polarized brightness is in
arbitrary units due to ongoing calibration of GPI’s polarization mode satellite spot flux.
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Figure 4.4: Upper limits on the fractional linear polarization of the disk as seen by GPI.
The linear polarization fraction is calculated as

√
(Q2 + U2)/I, with I, Q, and U being the

Stokes parameters shown as images in Figure 4.3. The values plotted are considered upper
limits because the total intensity flux was biased downward an unknown amount by KLIP
self-subtraction. For comparison, we include polarization fraction measurements from HST
ACS 0.6-µm data presented by Maness et al. (2009) (adapted from their Figure 4).
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image in the bottom panel.

The brightness asymmetries seen in total intensity persist in the disk’s Qr brightness,

with the E side still ∼2 times brighter than the W and the front of the ring brighter than

the back. There is also no discernible signal from the back side of the ring. On the other

hand, the disk appears more extended vertically in polarized light than in total intensity at

the same separation, with the polarized disk almost twice as wide at some separations.

We also computed the total linear polarization fraction as a function of projected sep-

aration (Figure 4.4). We measured the mean fraction within circular apertures 5 pixels in

radius centered on the disk’s brightest pixel at a given separation. This fraction is calcu-

lated as P/I, with P =
√
Q2 + U2 being the total linear polarized intensity and I being the

total intensity. The polarization fraction therefore depends on an unbiased total intensity

measurement. To mitigate the effects of self-subtraction bias, we re-reduced the GPI total

intensity data with a more conservative KLIP algorithm (20 annuli, 3 subsections per an-

nulus, rotation threshold of 8◦, 2 KL modes) and used the resulting image (bottom panel of

Figure 4.3) to calculate the polarization fraction. Despite these efforts, the total intensity

has still been biased downward by self-subtraction, though less than in our more aggressive

reduction. Therefore, our polarization fraction measurements are purely upper limits.

The total linear polarization fraction increases from ∼10% at r ≈ 8–25 AU to ∼36%

at r ≈ 32 AU in the E and ∼23% in the W. Except for our outermost measurement at

32 AU, the polarization fraction is similar for the two sides of the disk. Our values are in

rough agreement with those found for the polarization fraction at λ=0.6 µm by Maness et al.

(2009). Their measurements did not extend inward of 45 AU but they did follow a positive

power law (index ≈ 0.1) that would approach 10% polarization at the separations of our

measurements. The potential implications of this polarization information for the properties

of the disk grains are discussed in Section 4.5.1.

A future task will be to estimate the self-subtraction by injecting models of the disk

into the data at right angles to the real disk and running KLIP on the data. By measuring

the fraction of the initial brightness removed in the reduced models, we can estimate the
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brightness loss from the real disk. This approach is necessary because our self-subtraction

forward-modeling algorithm was developed for LOCI-based reductions and would require

substantial modification to work with the KLIP formalism.

4.3.5 Point Source Sensitivity

Although we did not detect any point sources in our data, we can set upper limits on

potential companion masses based on the sensitivity of our observations. Buenzli et al.

(2010) set constraints on the mass of companion from their H-band LOCI VLT/NACO

image. In summary, their 5-σ contrasts rule out planets with M&8 MJup at 0.4′′ and M&2.5

MJup at 3.0′′. We expect our NIRC2 images to yield similar contrasts and constraints but

the analysis is pending.

Our GPI imaging, however, can set new constraints on the inner region of the disk

(r < 1.4′′). We are working to extract 5-σ contrast curves from those data and the results

will be included in the submitted paper.

4.4 MODELING DISK SECULAR PERTURBATIONS

The morphological features of the HD 61005 debris disk imply that some physical mechanism

is shaping the disk. We aimed to find a model that could reproduce these features. Previous

attempts to explain the swept-back shape through interaction between the disk and ISM

gas were only partially successful. Those studies also were conducted before high-angular

resolution imaging revealed important features like the stellocentric offset. Based on existing

theoretical frameworks describing the interactions between planets and disks, we chose to

investigate a scenario in which an unseen planet on an eccentric, inclined orbit perturbed

the disk’s grains over long timescales and forced the disk into the morphology we observe.

We took a phenomenological approach to our modeling. Using secular perturbation

theory to calculate the effects of a planet on grain orbit eccentricity and inclination, we

focused first on finding the right parameterization and parameter values to produce the
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desired disk features. Once that was achieved, then we would examine the types of planetary

systems that can exist within the constraints imposed by our model. Our goal was to show

that a planetary perturber scenario could explain the observations and we considered the

detailed dynamical investigations that could follow to be outside the scope of this work.

4.4.1 Model Construction

Here we describe how we construct scattered-light models of the secularly perturbed disk.

The secular perturbation theory behind our model was described in Wyatt et al. (1999). We

summarize the components of that theory relevant to our model and refer the reader to the

original publication for further details.

The gravitational forces that perturb the orbits of particles in a planetary system can

be decomposed into the sum of many terms. The system’s secular perturbations are the

long-term average of the terms that do not depend on the mean longitudes of either the

particle or its perturbers. Each particle’s orbit can be described by the elements a, e, I,

Ω, and ω̃, and by β, the ratio of the stellar radiation pressure to gravitational forces acting

on the particle. The orbital elements are defined as the semimajor axis a, eccentricity e,

inclination I, longitude of the ascending node Ω that defines the plane of the orbit relative

to an arbitrary reference plane, and the longitude of pericenter ω̃ that defines the orientation

of the orbit within the orbital plane relative to an arbitrary reference direction.

The particles in our case are dust grains. Each of these grains has an e and I that

can be broken down into proper and forced elements. The proper elements (denoted by

a p subscript) are the grain’s fundamental elements, i.e., those that the grain would have

if there were no perturber in the system. These proper elements precess around circles of

fixed radius on timescales set by a. The forced elements (denoted by an f subscript) are

contributed by the perturber and only depend on its orbital elements and the semimajor axes

of the grains. As Wyatt et al. (1999) note, with only one perturber in the system the forced

elements imposed on a grain are constant in time and also independent of the perturber’s

mass. A low mass body will produce longer secular precession timescales but will have as
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much impact on a grain’s orbit as a higher mass object.

We divide our system into three parts: (1) the perturber, (2) relatively large parent grains

that are perturbed by the perturber but do not scatter light, and (3) small daughter grains

that produce the scattered light and are born from collisions of the parent grains but do not

get perturbed. We assume the perturber’s orbital elements (denoted by subscript per) to be

relatively constant on timescales much longer than the precession and collision timescales

of the grains. Perturber mass is not a parameter here, as it only affects the timescales of

secular perturbations. We also assume that the disk’s gas content is negligible based on its

40 Myr age and lack of detected gas (Maness et al., 2009).

Next, we have a population of parent grains (denoted by subscript “gr”) that are large

(β ≈ 0) compared to the submicron- and micron-sized grains and do not produce brightness

in our model. We define initial proper orbital elements for these grains and then introduce

forced elements from the perturber according to the equations below. Secular perturbations

do not change the semimajor axis of the grains, so a is constant with time. We assume that

the parent grains experience collisions and are fragmented into smaller daughter grains. To

simplify parameterization, we assume that the parents only fragment at periastron. This is

where grain velocities will be greatest so it is possible that more frequent and more energetic

collisions will be occurring at periastron than at any other orbital phase. That said, we

require the parents’ collision timescale to be longer than their precession timescale in order

for the parent grains to precess far enough in their orbits before being ground down to

daughter grains to produce the disk shape we want.

As mentioned, each parent grain gives birth to a population of daughter grains (denoted

by subscript “da”). Following standard orbital mechanics, these daughter grains inherit the

same orbital elements as their parent at the time of its breakup but the daughters will have

a larger β because they are smaller. The result is that daughters have Ida = Igr, Ωda=Ωgr,

and ω̃da=ω̃gr. However, ada and eda differ from the parent according to β (see Equations 4.17

and 4.18). Note that these expressions assume the grains are born at periastron. In another

simplification, we do not perturb the orbits of the daughters after they are born. This may

be a reasonable simplification if the destruction timescale for these grains is shorter than the
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Figure 4.5: Example of parent grain orbits traced out by our secular perturbation model.
The two panels show the same orbits viewed at apparent inclinations of 0◦ (left) and the
best-fit model inclination of 96.6◦ (right). The number of orbits is reduced to 20 here for
display purposes, with one orbit highlighted as a thick black line for reference. Parent grains
start out on orbits with proper eccentricities and inclinations, acquire forced components for
both from the perturber, and then those forced eccentricities and inclinations precess over
time. Over many precession timescales, the grains trace out the ensemble of orbits shown
(star located at origin). At periastron, the parent grains break up into smaller daughter
grains (not shown here) that compose our final 3-D dust distribution (see Figure 4.6).
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perturbation timescale. We also choose to ignore the effects of Poynting-Robertson (P-R)

drag on all grains. This is reasonable if we assume that the grains have collisional timescales

significantly shorter than their P-R drag lifetime (Wyatt et al., 1999).

We parameterize our model using the following 17 free variables. We choose our reference

plane for all orbits to be the perturber’s orbital plane, which is defined by Iper=0 (not a free

variable), the perturber’s argument of periastron ωper, and the longitude of its ascending

node Ωper. The inclination of the sky plane Isky (i.e., the observer’s viewing inclination) is

measured relative to the perturber’s orbit. The disk’s parent grains are given an initial orbit

( with ωgr0, Ωgr0, and Igr0, as well as a proper eccentricity egr0p . The parent grain inclination

is also measured relative to the perturber inclination. Two untraditional variables constrain

both the perturber and parent grain orbits. doffs is a parameter that is related to the

observable ring offset distance and jointly constrains agr and ef . rdisk is a parameter related

to the inner radius of the ring and jointly constrains agr and egr0p . We use the standard

g variable to set the degree of forward scattering in the Henyey-Greenstein phase function.

The daughter grains born from the parent grains are assigned a uniform β that is the ratio of

the forces on the grain due to radiation pressure and stellar gravity (Frad/Fgrav). Finally, we

define a disk brightness function using a periodic cubic spline function that is continuous in

the azimuthal coordinate φ. The model reference frame is defined such that φ=0 is directly

opposite the star from the observer when viewing the disk edge-on; φ=π/2 is due west of

the star in this frame. The spline is defined at six points and each of those points is a model

variable bn. This function gives us a way to incorporate differences in brightness azimuthally

around the disk that might arise from differences in dust density, grain scattering properties,

and other effects.

To begin calculating the secularly perturbed grain orbits, we compute the longitude of

pericenter for the perturber and initial parent grain orbits,

ω̃per = ωper + Ωper, (4.1)

ω̃gr0 = ωgr0 + Ωgr0. (4.2)
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We then calculate the initial, unperturbed parent grain total eccentricity as

egr0 = doffs/rdisk. We use the arbitrarily defined variables doffs and rdisk to define egr0

because they are based on disk spatial dimensions that are more intuitively estimated from

the data than an eccentricity. Similarly, we define the parent grain semimajor axis as

agr=rdisk/(1-egr0p). Again, rather than define the perturber orbit explicitly in terms of

its individual elements, we define it relative to the observationally-based doffs and agr pa-

rameters. It is thus defined as ef = doffs/agr. This keeps ef constant, which is valid because

we assume all parent grains have the same semimajor axis agr.

The forced components of the complex parent grain eccentricity (zgrf ) and inclination

(ygrf ) are constant and thus are only calculated once. They are defined as

zgrf = egrf eiω̃per , (4.3)

ygrf = Ipere
iΩper . (4.4)

The complex initial total eccentricities and inclinations for the parent grains are then

zgr0 = egr0eiω̃gr0 , (4.5)

ygr0 = Igr0eiΩgr0 , (4.6)

and their complex initial proper eccentricities and inclinations are

zgr0p = zgr0 − zgrf , (4.7)

ygr0p = ygr0 − ygrf . (4.8)

The precessed proper eccentricity and inclination for the parent grains as functions of

azimuthal coordinate φ are

zgrp = zgr0peiφ, (4.9)
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ygrp = ygr0peiφ. (4.10)

Our expression for ygrp is one place that we differ from the standard secular perturbation

theory of Wyatt et al. (1999) because we require the parent grain proper inclination to precess

backwards from its usual direction. To this point in our analysis, this produced models that

fit the observations better than models created using standard inclination precession. If

we were to precess the inclination in its normal direction, the expression would be ygrp =

ygr0pe−iφ. Our most recent modeling attempts show that we can also produce disk models

similar to observations using this standard precession, so backwards precession may not be

absolutely necessary. Investigation of this remains ongoing and the inclination precession is

discussed further in Section 4.5.2.

From zgrp and ygrp , we calculate the complex parent grain total eccentricity and inclina-

tion

zgr = zgrp + zgrf , (4.11)

ygr = ygrp + ygrf , (4.12)

and take the modulus of those complex quantities to get the perturbed parent grain total

eccentricity and inclination:

egr = |zgr|, (4.13)

Igr = |ygr|. (4.14)

The precessed orbital angles of the parent grain are

Ωgr = tan−1[Im(ygr)/Re(ygr)], (4.15)

ωgr = tan−1[Im(zgr)/Re(zgr)]− Ωgr. (4.16)

We then calculate ada and eda for daughter grains born from the parent grains at their
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periastron positions. They depend on β, agr, egr, and fgr. This last variable is the daughter

grain’s true anomaly, which is inherited from the parent and is zero at periastron. As

discussed earlier, Ida = Igr, Ωda=Ωgr, and ω̃da=ω̃gr.

ada =
agr(1− β)

1− 2β(1 + egr cos fgr)/(1− e2
gr)

=
agr(1− β)

1− 2β(1 + egr)/(1− e2
gr)
, (4.17)

eda =

√
e2
gr + 2βegr cos fgr + β2

1− β =

√
e2
gr + 2βegr + β2

1− β . (4.18)

To get the grain orbits in the sky plane, we transform the orbital angles Ida, Ωda, ω̃da

to the corresponding angles in the sky frame Isky, Ωsky, ω̃sky (these are standard rotational

transformations). We compute a Keplerian orbit for each daughter grain based on its values

for ada, eda, Isky, Ωsky, and ω̃sky. This returns (x, y, z) coordinates for the position of the

grain in the observed sky plane at each of 200 mean anomaly positions along its orbit. Based

on these sky-plane coordinates, we apply a Henyey-Greenstein scattering phase function

assuming that many grains will share the same orbit but will be randomly distributed along

that orbit. The phase function depends only on g and the scattering angle, so that the

resulting brightness is:

BHG =
1− g2

(1 + g2 − 2g cos θsc)3/2
. (4.19)

This brightness is then multiplied by the value of the periodic cubic spline function that

we use as a general . Finally, the brightness is divided by r2 (where r is the distance of the

orbital point from the star) to account for differences in incident stellar flux according to the

inverse-square law.

The result is a “raw” model of the disk’s scattered-light surface brightness as seen pro-

jected onto the sky and free of ADI self-subtraction. We smooth the model slightly to miti-

gate artifacts from only calculating the grain orbits at discrete values of the mean anomaly

and to approximate diffraction-limited seeing at 1.6 µm. An example of one of these models,

calculated for our best-fit MCMC parameters, is shown in the top panel of Figure 4.6.
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4.4.2 Model Fitting

We used an ensemble MCMC simulation to explore the 17-variable parameter space that our

model encompassed and find a best-fit model to our data. This simulation was run using the

“emcee” Python module (Foreman-Mackey et al., 2013) with 64 walkers, 1500 steps, and a

500-step “burn-in” period on 64 cores of UCLA’s Hoffman 2 computer cluster.

We chose to fit models only to the H-band NIRC2 data because we were primarily

interested in modeling the extended wing structures that GPI did not capture. Additionally,

we found similar morphologies and brightness relationships in all three NIRC2 images, so to

save computation time we elected to fit only to the image with the highest S/N, which was

the H-band image.

The model that was actually fit to the data was a self-subtracted version of the raw

model produced using the method described above. Using the LOCI parameters from the H

image reduction and our forward-modeling algorithm from Esposito et al. (2014), we applied

self-subtraction to the raw surface brightness model. This resulted in a model biased in the

same way as the data.

Both the model and data contained many “empty” pixels that contained only noise.

Including these pixels in the fits wasted computation time and biased χ2, so we masked out

these regions and excluded them from the calculation of the residuals. The masked pixels are

colored gray in the deviates map of Figure 4.6 (bottom panel). After masking, the weighted

residuals for each fit were calculated at each pixel as res=(‘data’ - ‘self-subtracted model’ )/σ,

where σ is the brightness uncertainty at that pixel. We calculated σ for each pixel p as the

standard deviation of the brightness value across all other pixels at the same radial distance

from the star as p, excluding pixels that contained disk brightness. Therefore, σ is the same

for each pixel at a given radius.

To find the parameter set that produced a model that best fit the data, we initially

performed a coarse grid search over a wide range of possible parameter values. From there,

we manually tuned parameters until we arrived at a model that roughly resembled the data.

We then attempted to use a Levenberg-Marquardt least-squares algorithm to find the best-fit
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parameters but ultimately found that the algorithm got mired in local χ2 minima and was

not well-suited to our large parameter space with multiple degeneracies between parameters.

Our ultimate approach was to perform an MCMC using the parameters listed at the

beginning of this section. Walkers were initialized using best-fit values from the least-squares

fit and early MCMC iterations. The results of this simulation are shown in Figure 4.6 and

discussed in the next section.

4.4.3 Modeling Results

The best-fit model from our MCMC simulation is shown in the top panel of Figure 4.6 and

the second panel from the top shows that model with self-subtraction applied. It is this

self-subtracted model that has been compared with the data (third panel from top). The

bottom panel shows the best-fit model deviate map, calculated at each pixel as

(‘data’ - ‘self-subtracted model’ )/σ. Table 4.2 lists the best-fit (maximum-likelihood) val-

ues for our model parameters returned by the MCMC simulation. We are in the process

of calculating uncertainties, as the marginalized probability distributions for many of the

parameters are non-Gaussian and do not immediately yield reliable 1σ errors.

The self-subtracted model is the most appropriate to discuss when comparing the model

features to our images. Qualitatively, the model contains all of the features of the observed

disk. It has swept-back wings with approximately the correct extent and deflection angle.

There is a narrow dust ring with an inner clearing and center offset from the star. The

brightness of the ring’s front edge is greater than that of the back edge and the E side of the

disk is brighter than the W.

Examining the self-subtracted model more closely, we find that it agrees well with the

images in some regards and not as well in others. Measuring the ring center in the self-

subtracted model with the same method used for the images, we find it to be offset from the

star by 1.5±1 AU to the W and 0.9±0.5 AU to the S. This is statistically consistent with

the offset in the H-band image reported in Section 4.3.1. We found that this offset is most

sensitive to the parameters doffs and egr0p , which suggests that the disk’s eccentricity is the
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Figure 4.6: Our best-fit model of the scattered-light surface brightness from the eccentric,
inclined perturber scenario, compared with the data. Panels from top to bottom: the raw
model representing the disk as it would appear before processing-induced biases; the model
with LOCI self-subtraction applied; the LOCI-processed NIRC2 H-band data; and a deviate
map. We calculate the deviate map as (‘data’ - ‘self-subtracted model’ )/σi where σi is the
estimated surface brightness uncertainty at each pixel i. The swept-back wings, E>W and
front>back brightness asymmetries, inner clearing, and ring center (cyan X) offset from the
star (yellow cross) are reproduced well by our model. These features are particularly empha-
sized by LOCI self-subtraction. The raw model has not been filtered by image-processing
methods and shows an apron of dust south of the star, which is consistent with previous
space-based observations and the GPI data.
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Table 4.2: Model Max-Likelihood Parameters

Param. Max-Lk Val Unit

Rdisk 53.5 AU
doffs 44.4 AU
Isky 96.6 deg
Igr0 4.4 deg
egr0p 0.2
g 0.56
Ωper 89.7 deg
Ωgr0 266.8 deg
ωper 91.3 deg
ωgr0 93.2 deg
β 0.086
b0 5.1× 10−2

b1 2.5× 10−5

b2 3.5× 10−2

b3 8.2× 10−2

b4 2.6× 10−1

b5 4.3× 10−6

primary factor driving the stellocentric offset. The shape of the ring and inner clearing are

also very similar between model and data.

On the other hand, the model disk’s brightness is only a rough match to that of the data.

The E>W asymmetry exists in the model, but the E side is generally less than 1.5 times

brighter. This is less than the factor of 1.5–2.5 measured in our images. This is something we

are addressing in future modeling iterations. In terms of morphology, the model wings are

more rounded near the ansae than observations show and the E wing has a greater deflection

angle in the model. Adjusting our fitting methods to give more weight to the faint wings

compared to the bright ring may produce a better wing shape in future MCMC simulations.

The raw model shows similarities to the non-ADI space-based images, particularly the

STIS data. Our model has a broad apron of dust extending south of the ring that is even more

evident when viewed on a logarithmic brightness scale rather than the linear scale presented

here. This apron is clearly visible in the STIS images. In our model, the apron is produced

by eccentric, inclined grains on orbits similar to those that produce the wings. However, the
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viewing geometry for this optically thin disk makes the wings appear brighter. Additionally,

as a comparison with the self-subtracted model reveals, self-subtraction removes most of the

brightness from the low spatial frequency apron but leaves the higher frequency wings mostly

intact.

Analysis of our modeling results is ongoing and will be made more quantitative in future

work.

4.5 DISCUSSION

Analyses of our observations and modeling efforts are ongoing, so discussions of our results

are preliminary.

4.5.1 Observations Discussion

Overall, our NIRC2 observations confirm those presented by previous works, particularly

those of Buenzli et al. (2010) who were the only other group to publish ADI data for this disk.

Our J and Kp imaging results, which are unique for this disk, are similar to those in H. This

continuity of disk characteristics from 1.1–2.15 µm implies that the grain populations probed

by these different wavelengths have similar spatial distributions and possibly compositions.

We discuss the swept-back morphology in the next section, as it is highly relevant to our

modeling efforts. Here, we discuss a few other notable results from our imaging.

Self-Subtraction: We acknowledge that our photometry is biased by self-subtraction.

This adds a level of uncertainty to our results and makes comparisons with other studies

challenging. We are working on ways to mitigate this bias, such as performing measurements

on the best-fit raw (pre-self-subtraction) disk model. For this to be effective, we will need

to fine tune the model to more closely match the brightness of the images, as the model

currently fits the general morphology more closely than the brightness distribution.

Disk Photometry : The offset between the peaks associated with the ansae in the bright-

ness radial profiles is an interesting feature. Both H and Kp show that the W profile peaks
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∼10 AU farther from the star than the E profile. 5–6 AU of that shift can be attributed

to the stellocentric offset. However, that leaves 4–5 AU to explain. This is equivalent to 2

or 3 diffraction-limited resolution elements at these wavelengths so this shift is resolved. It

may be a geometric viewing effect due to different lines of sight to the two ansae because

the ring’s major axis is not pointed directly at us. On the other hand, it could be a physical

feature of the dust in the ring, so this question deserves more attention in the future.

Disk Color : The disk’s blue color is roughly constant with radial separation, suggesting

that the small grain populations are the same in the ring and in the wings. This could

be explained by a disk that is intrinsically homogeneous and well-mixed radially. However,

an alternative explanation is that the small grains are produced in or around the ring by

collisions and then are blown outward by radiation pressure onto more eccentric orbits. This

scenario would be consistent with our perturbed disk model in which grains are pushed onto

eccentric orbits. A homogeneous disk would be consistent with many models but a perturber

in the system could help mix the grains radially.

Inner Disk : Our GPI data reveal the HD 61005 disk to smaller radial separations than

ever before. The total intensity images do not show any surprises, as the ring appears to

continue smoothly from larger separations. The brightness asymmetries are of roughly the

same scale at small and large radii.

Polarization: The disk appears ∼2x more vertically extended in polarized light than in

total intensity. This could be due to narrowing of the total intensity disk by self-subtraction

because PDI was used to remove the stellar signal in the polarized intensity images, avoiding

ADI self-subtraction effects. In that case, the additional polarized light south of the ring

may be coming from the “apron” of dust seen extending south of the star in STIS imag-

ing (Schneider et al., 2014). Smooth features like this are often filtered out by algorithms

like LOCI and KLIP. We may not see the full extent of the apron because with a .10%

polarization fraction the outer parts of the apron may be too faint for GPI to detect. The

polarized light north of the ring appears to partially fill the inner “clearing” seen in the total

intensity images. This suggests that the system may contain more dust interior to the ring

than otherwise indicated. With the disk brightness being seen in projection, it is hard to
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definitively state where the dust reside relative to the ring. Substantial dust inside the ring

may not rule out the presence of a planet there, as low-mass planets may not clear out large

regions entirely and giant planets might stir the disk enough to produce dust within the hole.

4.5.2 Model Discussion

At this stage of the project, we have identified several topics regarding our model that deserve

detailed discussion. For now, we briefly summarize some of these and the related ongoing

investigations.

(1) Our perturbed-disk model is successful in the sense that it can produce all of the

major features of the observed disk. This supports our theory of an unseen planet secularly

perturbing the grain orbits. Notably, we do not require any interaction between the disk’s

grains and ISM gas to produce a swept-back shape. The wing shape that we find in our

NIRC2 images is similar in extent and angle to that found by Buenzli et al. (2010). The ∼3◦

difference in the deflection angles of the E and W wings may be a physical disk feature but

it can also be reproduced in our models by changing the viewing angle. Therefore, it may

simply be a geometric viewing effect. Our modeling investigation has also confirmed that the

angles and extents of the wings are determined jointly by the eccentricities and inclinations

of the grains, so both elements are crucial to producing the disk’s morphology.

(2) The results of our MCMC simulation indicate that the mean total eccentricity of the

perturbed disk grains is relatively large at ∼0.6. No known, resolved disks are thought to

be this eccentric, so the broader implications of such a shape are worth investigation.

(3) We are interested in quantitatively constraining the orbit of the perturber but our

model is limited in that regard. The parameters aper and eper are only jointly constrained

by the Laplace factor, meaning that they are degenerate. Additionally, the perturber’s mass

is connected to the secular perturbations only through the precession timescale, which itself

is unconstrained. We can set a lower limit to the perturber mass based on our requirement

that grain precession timescales be shorter than the age of the system. A quantitative limit

remains to be calculated. Dynamical arguments, such as limits on orbit stability, may be
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required to make strong statements about the perturber’s properties. This would be useful

for guiding future planet searches in this system.

(4) The high-S/N ring dominates χ2 in our fits, which may explain why our model shows

better agreement with the data along the ring than in the wings. We are working on different

strategies to emphasize the wings in future fits so that their structure is better reproduced

by models.

(5) We acknowledge that we make multiple assumptions and simplifications in construct-

ing this model. In particular, the assumption that the proper inclinations of the parent

grains precess backwards is important. We are in the process of testing models that do not

require this assumption and instead maintain standard precession directions. Initial tests

show that we can produce a swept-back disk roughly consistent with observations using

standard inclination precession and parameter values similar to our best-fit MCMC model.

This is an indication that we may not require unusual dynamics (e.g., multiple perturbers)

to produce the observed disk morphology via secular perturbations from a planet. This work

is ongoing and will be completed before journal submission.
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CHAPTER 5

EXOPLANET AND CIRCUMSTELLAR DISK

DIRECT-IMAGING SURVEY

In the most observationally focused component of my thesis, I used the NIRC2 instrument

on the Keck II telescope to observe 24 unique stellar systems in search of new exoplanets

and scattered-light circumstellar disks. The goal of the survey was to discover self-luminous

giant planets and to resolve disks either for the first time or with higher angular resolution

than done previously. The observations are complete but data reduction remains ongoing

and I will continue working on this project after graduation with plans to publish and/or

obtain follow-up data for any significant findings. As of publication of this dissertation, I

report no new detections and one re-detection of the previously resolved HD 61005 debris

disk.

5.1 SURVEY OVERVIEW

The general motivations for directly imaging disks and planets have been thoroughly dis-

cussed in previous chapters and apply to this survey as well. Here, we focused primarily on

detection, planning to follow up targets with more extensive observations if warranted. Any

additions to the small samples of scattered-light disks (∼30) and directly-imaged exoplanets

(∼10) are extremely valuable at this point in time. Non-detections also have value, as they

rule out the presence of objects to which our observations should be sensitive.

We used NIRC2 AO coronagraphy with ADI to image our targets at near-IR wavelengths.

Based on the criteria described in Section 5.2, we selected targets that our personal past ex-

perience and the published literature suggested were likely to host detectable disks and/or
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planets. We tailored our observations accordingly, as discussed in Section 5.3. We observed

disk-hosting candidates primarily in H band, where the relatively low thermal “sky” back-

ground, good AO correction, and strong scattering efficiency of small dust grains combine

for optimal detectability. On the other hand, we observed planet-hosting candidates in Lp

band, where the ratio between the flux of the host star and that of a thermally-emitting

planet is expected to be most favorable to planet detection from the ground (e.g., Skemer

et al. 2014).

NIRC2 is a uniquely capable instrument for this type of survey. At the start of the survey,

it was the premier camera on an 8-10 m class telescope that operated at Lp and was open to

community-wide use.1 Observations of extrasolar planetary systems in Lp are complementary

to observations by extreme-AO, high-contrast instruments such as GPI & SPHERE (Beuzit

et al., 2008). These instruments have exceptional capabilities to image disks and substellar

companions but only between 0.9 and 2.4 µm. Additionally, with its 10′′×10′′ FoV NIRC2 can

detect extended disk features and long-period companions located at least six times farther

from the host star than GPI (AO-corrected FoV≈1.4′′×1.4′′). SPHERE’s IRDIS imager

(Dohlen et al., 2008) has an 11′′ FoV but, like GPI, is located in the Southern Hemisphere

and cannot observe many targets that we can from Mauna Kea.

5.2 TARGET SELECTION

We selected the survey targets based on several criteria to maximize the likelihood of detect-

ing new planets and scattered-light disks. To focus on new discoveries, we prioritized targets

that did not have published Lp imaging (when looking for planets) or ground-based near-IR

imaging (when looking for disks). We also checked data archives for NIRC2 and HST to

avoid targets that had been observed extensively yet had no published results (implying null

detections). Binaries with angular separations within our FoV were rejected because they

would interfere with ADI PSF subtraction.

1NACO at VLT has since been brought back into operation with similar capability. IRCS at Subaru
Observatory is another option but it has a coarse 20 mas sampling, and Gemini North’s NIRI suffers from
very high background at Lp.
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Table 5.1: Survey Targets

Object Alt Name Sp Type D (pc) Age (Myr) V (mag) LIR/L∗ (10−4) Dust† Refs

HD 377 G2V 39 147–219 7.59 3.7 E 1,2,3
HD 9672 49 Cet A1V 61 40 5.6 R 4
HD 21997 HR 1082 A2IV/V 72 30 6.37 R 5
HD 22179 G5IV 68 10 8.93 1.8 E 2
HD 23208 G8V 50 30 9.2 R 6
HD 30447 F3V 78 10–40 7.86 7.9 R 7
HD 30495 58 Eri G3V 13 1100–1200 5.5 0.3 R 8
HD 35656 HR 1807 A0V 94 6.4 E 9
HD 35841 F3V 96 10–40 8.9 13 R 7
HD 48682 56 Aur G0V 17 3200–6400 5.25 0.7 R 10
HD 55052 48 Gem F5IV 110 300? 5.8 1.0 E 2,11
HD 61005 G4V 35 40–100 8.22 R 12,13,14
HD 69830 G8V 13 5700 5.95 E 2,15
HD 71155 30 Mon A0V 38 170 R 2,16
HD 75616 F5 36 1400–5000 6.99 0.34 E 2,15
HD 84870 A3 89 100 7.19 1 E 2,11
HD 86087 HR 3927 A0V 98 50 5.72 1800 E 2,17
HD 115617 61 Vir G5V 9 4600 4.74 R 10
HD 141943 NZ Lup G2 49 17–32 7.98 1.2 R 7
HD 169142 A8V/A9III 145 1–12 8.16 R 18,19
HD 182681 HR 7380 B8/B9V 69 50 5.66 2.9 R 1,11,20
HD 212695 F5 47 2300 6.95 0.6 E 1,15
HD 213617 39 Peg F1V 53 600? 6.4 0.9 E 11,21
HD 221853 F0 71 < 100 7.34 7.9 E 2,9,21

Notes: Values with ? are particularly uncertain. LIR/L∗ is the ratio of the integrated IR luminosity
and bolometric stellar luminosity. †R=hosts resolved dust; E=IR excess source.
References: (1)Panić et al. 2013; (2)Chen et al. 2014; (3)Vican & Schneider 2014; (4)Zuckerman
& Song 2012; (5)Kóspál et al. 2013; (6)Zuckerman et al. 2013; (7)Soummer et al. 2014; (8)Marshall
et al. 2014; (9)Wu et al. 2013; (10)Wyatt et al. 2012; (11)Rhee et al. 2007; (12)Desidera et al. 2011;
(13)Perryman et al. 1997; (14)Hillenbrand et al. 2008; (15)Trilling et al. 2008; (16)Moerchen et al.
2010; (17)Liu et al. 2013; (18)Quanz et al. 2013b; (19)Reggiani et al. 2014; (20)Moór et al. 2015;
(21)Moór et al. 2011b

The presence or high likelihood of a dusty circumstellar environment was an important

criterium in our target selection. All of our targets had resolved disks, showed a substantial

fractional infrared luminosity (LIR/L
∗ & 10−4) indicating extended dust disks, or (in a few

cases) showed a 22- or 24-µm excess indicative of warm dust. This was important not only

for determining systems with detectable disks but also those with detectable planets. Most

directly-imaged planets reside in systems containing substantial debris disks, suggesting a

connection between the two. This is particularly true of cold, extended debris disks located
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far from the star where giant planets are most easily imaged. Although warm dust is more

likely to be at small angular separations undetectable by our observations, the preponderance

of known dual-component debris disks suggests that a warm dust ring may be accompanied

by an outer cold dust ring more amenable to detection with NIRC2.

Following a common practice in direct imaging, we selected targets with distances of

.100 pc.2 Nearby systems are brighter relative to the thermal background (according to

the inverse square law) and larger on the sky (particularly useful for resolving disks). We

also preferred systems younger than ∼300 Myr because studies have shown dust content

to decrease with age (Wyatt, 2008) and planet luminosity decreases over time as radiative

cooling removes energy from formation. Some of our targets were older than this limit but

were retained because they had resolved dust disks, known planets, or significant unresolved

excesses. These targets were only searched for disks because detection of planets was unlikely.

Spectral type was not a major criterium in this search, however, most of our targets are A,

F, or G stars. This is not problematic, as the majority of directly-imaged planets and debris

disks are hosted by stars of those types.

Here we briefly discuss the targets, dividing them into those hosting previously-resolved

dust disks and those only known to host unresolved IR excesses indicative of dust.

Three targets had been resolved in optical scattered-light with HST NICMOS as part

of the ALICE project: HD 30447, HD 34581, and NZ Lup (Soummer et al., 2014). All

three are close to edge-on and extend to radii of at least 1′′. HST observations tend to

be more sensitive to low surface brightness emission than ground-based ADI but the edge-

on nature of these disks may aid detectability. The higher angular resolution of Keck can

reveal the structure of these disks on smaller spatial scales than can NICMOS. This may

yield particularly interesting results, as HD 30447 shows a significant brightness asymmetry

between the two sides of the disk and HD 35841 has an apparent bowed morphology.

HD 61005 had also been resolved in scattered-light and we observed this target to try to

add a J-band detection to our existing H and Kp detections for additional color information.

2HD 169142 is at ∼150 pc but had been successfully imaged by previous studies.
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See Chapter 4 for details.

Six of our targets had been resolved on large angular scales with Herschel Space Obser-

vatory observations. They are 58 Eri (Marshall et al., 2014), 56 Aur (Eiroa et al., 2013),

61 Vir (Wyatt et al., 2012), 49 Cet, HR 7380, and HD 21997 (Moór et al., 2015). All

of these disks extend to radii of at least 5′′ and their reported inclinations are ∼50◦, 60◦

(Stapelfeldt et al., 2012), 77◦, 67◦, 80◦, and 25◦, respectively. The large radii imply that

the disks will extend well beyond the coronagraph mask and speckle-dominated regions of

our images. A high inclination improves the likelihood of scattered-light detection because

it increases the brightness of disks assumed to be optically thin at short wavelengths. HD

21997 is only slightly inclined, which is particularly problematic for ADI disk observations,

so we only searched for point sources in that system. For the disk targets, our high-resolution

imaging could help break degeneracies between single- and multiple-belt geometries that the

low-resolution Herschel imaging cannot.

The disks around 49 Cet (Lieman-Sifry & Hughes, 2015) and HD 21997 (Moór et al.,

2011a; Kóspál et al., 2013) had been resolved with ALMA and also found to have CO

gas (Zuckerman & Song, 2012), putting them in the small category of debris disks with

measurable gas content. Only β Pic (Aumann 1985; Xie et al. 2013 and references therein),

HD 32297 (Redfield, 2007; Donaldson et al., 2013), HD 172555 (Riviere-Marichalar et al.,

2012), and HD 131835 (Moór et al., 2013b) exhibit similar detectable gas. One possible way

to explain gas in these systems is with collisions of comets stirred by a perturbing planet

(Zuckerman & Song, 2012; Dent et al., 2014), making these two stars prime targets for a

planet search. HD 21997 was also reported to have a dust-free region inward of 55 AU, which

inspired us further to investigate possible point sources close to the star.

HD 71155 was resolved at 10 µm and detected at 18 µm by Moerchen et al. (2010). They

attributed this mid-IR flux to an inner disk of radius ∼2 AU, comparable in size to the Solar

System’s asteroid belt. This material is inside of our NIRC2 inner working angle, however,

a Spitzer 70 µm excess (Chen et al., 2014) suggests this system may also host a Kuiper Belt

analog which would be at a detectable radius.
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HD 169142 is a transition disk in an evolutionary phase between protoplanetary and

debris disks. Recent H-band resolved imaging of the disk by Quanz et al. (2013b) showed a

gap in the system’s inner dust ring at separations of 40− 70 AU. We targeted this system to

search for planets in this region that may be creating that gap. Shortly after we observed this

target in March 2014, Reggiani et al. (2014) and Biller et al. (2014b) published detections

of a point-like object at ∼0.11′′–0.16′′ (16–23 AU) in independent sets of VLT/NACO Lp

observations. Biller et al. (2014b) suggested that the object’s photometry is not consistent

with purely photospheric emission and thus must be a disk feature heated by an unknown

source. Their follow-up observations with MagAO+CLIO2 did not recover the object at H,

Ks, 3.9 µm, or zp wavelengths.

Eleven of our targets were selected based on their unresolved IR excesses, many of which

were detected with the Spitzer Space Telescope at 70 and/or 100 µm (Moór et al., 2011b;

Mizusawa et al., 2012; Chen et al., 2014). Some of these also had excesses detected by WISE

(Wide-field Infrared Survey Explorer; Wright et al. 2010) at 22 µm (HR 3927, HR 1807; Wu

et al. 2013) or at sub-millimeter wavelengths (HD 377, HD 212695; Panić et al. 2013). Many

of these unresolved sources had previously been known from IRAS (Infrared Astronomical

Satellite) data, as well (Rhee et al., 2007). The SEDs for the Spitzer sources were often

consistent with both single- and dual-component disks, so a scattered-light image could

break that degeneracy as it would for the marginally-resolved Herschel disks. We can also

check for chance alignment with background galaxies that create the excess. HR 1807 was

the only target with a known 22 µm excess (and also a Spitzer 24 µm excess from Shvonski

et al. 2010) but no excess at longer wavelengths. This target was something of a test case

for evaluating scattered-light disk detection around stars showing only a warm excess. As

we had no age estimate for HR 1807 and warm dust is traditionally associated with the

youngest circumstellar disks (Wyatt, 2008), we observed the system in the hope that there

was still abundant dust at large separations detectable with NIRC2. HD 23208 had a WISE

22 µm excess but it also had a marginal resolved detection known from a collaborator’s

personal communication that we wished to follow up. HD 69830 is known to host three

Neptune-mass planets detected via radial velocity measurements (Lovis et al., 2006) that all
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have semimajor axes of ≤0.65 AU, making it a particularly interesting system to search for

outer planets.

5.3 OBSERVATIONS & DATA REDUCTION

Our observations were distributed over parts of five nights from February 2014 to December

2014. The NIRC2 camera was operated in “narrow” mode, with a 10′′×10′′ FoV and a pixel

scale of 9.95 mas pixel−1. All exposures were obtained in ADI mode and photometric cali-

bration stars were observed each night. The inscribed circle pupil was used for all exposures

but coronagraph mask size was varied depending on filter, stellar magnitude, and seeing

conditions.

A summary of our observations is given in Table 5.2. Integration times were estimated

from previous experience with NIRC2 coronagraphy and then adjusted at the time of ob-

servation to account for stellar brightness and weather conditions. Typically for planets, we

employed many coadds with short integration times that totaled ∼10–30 s per exposure.

This strategy avoids background saturation at Lp wavelengths but provides a deep enough

exposure to detect faint point sources. It also avoids blurring of the planet’s PSF caused by

ADI field rotation in longer exposures. For disks, we opted for similar total integration times

but achieved them with fewer coadds due to fainter sky background at H wavelengths. In

most cases, we set the integration time per image such that the brightest part of the stellar

PSF, just outside the coronagraph mask, did not saturate the detector. On some occasions,

however, we intentionally saturated this region in order to obtain deeper images that were

more sensitive to faint disks.

In terms of scheduling, we attempted to observe each target long enough in wall-clock

time to obtain sufficient ADI field rotation (∆PA) for quality PSF subtraction. The rate of

field rotation is greatest near transit and at a maximum near zenith, so the amount of time

dedicated to each target depended on its hour angle and declination. To maximize efficiency,

we tried to observe targets near transit whenever possible.

Seeing and weather conditions varied across our five nights. We had clear skies and
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Table 5.2: Survey Observations

Object Filter tint (s) Ncoadds Nexp ∆PA (◦) Mask (mas) Mode Airmass Date

HD 377 H 15.0 1 28 76.8 400 MCDS 1.13 2014 Dec 05
HD 377 Lp 0.3 10 16 1.0 200 CDS 1.24 2014 Dec 05
49 Cet H 30.0 1 120 33.6 400 MCDS 1.24 2014 Sep 02
49 Cet Lp 0.3 30 45 10.0 200 CDS 1.35 2014 Sep 02
HD 21997 Lp 0.3 30 45 9.2 200 CDS 1.47 2014 Dec 05
HD 22179 H 15.0 1 63 39.3 400 MCDS 1.02 2014 Dec 05
HD 22179 H 30.0 1 15 22.9 400 MCDS 1.02 2014 Dec 05
HD 22179 Lp 0.3 20 29 16.5 200 CDS 1.02 2014 Dec 05
HD 23208 H 10.0 2 20 11.1 400 MCDS 1.41 2014 Sep 02
HD 23208 H 45.0 1 25 7.0 400 MCDS 1.40 2014 Sep 02
HD 23208 H 10.0 3 37 7.7 400 MCDS 1.49 2014 Dec 05
HD 23208 Lp 0.5 30 3 0.4 200 CDS 1.35 2014 Sep 02
HD 23208 Lp 0.5 30 3 8.1 200 CDS 1.40 2014 Dec 05
HD 30447 H 20.0 1 62 25.0 400 MCDS 1.58 2014 Feb 07
HD 30447 Lp 1.0 20 22 3.8 200 CDS 1.46 2014 Feb 09
58 Eri H 2.903 1 11 0.8 400 MCDS 1.38 2014 Sep 02
HR 1807 H 8.0 2 76 31.9 400 MCDS 1.04 2014 Feb 09
HR 1807 H 60.0 1 6 12.1 400 MCDS 1.04 2014 Feb 09
HD 35841 H 20.0 1 89 13.9 400 MCDS 1.54 2014 Feb 07
HD 35841 Lp 0.8 25 56 16.7 200 CDS 1.52 2014 Feb 09
56 Aur H 0.726 30 30 24.6 400 MCDS 1.09 2014 Dec 05
56 Aur H 2.903 10 32 27.5 400 MCDS 1.09 2014 Dec 05
48 Gem H 2.0 15 30 16.6 400 MCDS 1.03 2014 Dec 05
48 Gem H 2.903 10 30 32.4 400 MCDS 1.02 2014 Dec 05
48 Gem Lp 0.8 20 60 6.8 200 CDS 1.11 2014 Dec 05
HD 61005 J 10.0 2 65 11.1 400 MCDS 1.64 2014 Feb 09
HD 69830 Kp 3.0 10 36 17.0 400 MCDS 1.20 2014 Feb 07
HD 71155 Lp 0.8 25 41 21.3 200 CDS 1.10 2014 Feb 09
HD 71155 Kp 3.0 3 90 22.8 400 MCDS 1.10 2014 Mar 12
HD 75616 H 2.903 5 55 18.8 400 MCDS 1.26 2014 Dec 05
HD 75616 H 8.0 3 20 7.2 400 MCDS 1.28 2014 Dec 05
HD 84870 Lp 0.8 25 150 32.6 200 CDS 1.11 2014 Mar 12
HR 3927 Lp 0.8 25 109 15.5 200 CDS 2.93 2014 Mar 12
61 Vir Kp 0.4 40 135 27.1 400 MCDS 1.28 2014 Mar 12
NZ Lup Kp 2.903 5 100 22.3 200 MCDS 2.27 2014 Mar 12
NZ Lup Lp 0.8 10 30 2.6 None CDS 2.18 2014 Mar 12
HD 169142 Lp 0.8 20 72 20.1 200 CDS 1.87 2014 Mar 12
HR 7380 H 3.5 4 125 21.8 400 MCDS 1.62 2014 Sep 02
HR 7380 Lp 0.3 20 90 19.9 200 CDS 1.55 2014 Sep 02
HD 212695 H 2.903 5 33 6.9 400 MCDS 1.16 2014 Sep 02
39 Peg H 2.903 5 107 58.8 400 MCDS 1.13 2014 Sep 02
HD 221853 H 5.0 3 51 19.6 400 MCDS 1.04 2014 Sep 02
HD 221853 Lp 0.3 25 25 20.9 200 CDS 1.02 2014 Sep 02

Notes: tint is integration time per coadd per image. ∆PA is total parallactic rotation per dataset
(in degrees). Mask gives the coronagraph mask diameter in milliarcseconds. Mode gives the detec-
tor readout mode: CDS=correlated double sampling (two reads per exposure), MCDS=multiple
correlated double sampling (multiple reads at beginning and end of each exposure, usually 16 in
our observations). Airmass is the mean airmass across the dataset.
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approximately diffraction-limited seeing for 3.5 nights (Feb 09, Mar 12, Sep 02, and the

second half of Dec 05). However, data quality suffered from high humidity on Feb 07 and

heavy clouds for the first half of Dec 05.

We followed initial reduction procedures similar to those described in previous chapters.

For science images in J , H, and K bands, we subtracted a dark frame, divided them by a

flat-field, and masked bad pixels and cosmic ray hits. Images were then aligned via cross-

correlation of the diffraction spikes and accumulated into a data cube. Finally, radial profiles

were subtracted from each image in the cube to remove the stellar halo. The procedures

for Lp science images differed slightly. In those cases, we replaced the flat-fielding step

with subtraction of a sky frame to suppress the greater thermal background. The lack of

prominent diffraction spikes prompted us to align images not by cross-correlation but by

minimizing the residuals from the difference between one chosen reference image and all

other images.

We applied a variety of PSF subtraction algorithms to the data. In general, we subjected

each dataset to three different reductions: a “median ADI”, LOCI, and KLIP. The “median

ADI” constructs a reference PSF from a simple median of all images in the dataset, sub-

tracts that reference from each image, and then derotates and combines the images. As we

found for the HD 61005 J dataset (see Section 5.4), this method sometimes reveals faints

disks that LOCI over-subtracts or self-subtracts. The LOCI reductions spanned a range

of parameters from conservative (preserving source brightness at the expense of PSF sub-

traction) to aggressive (emphasizing PSF subtraction but potentially removing substantial

source brightness) reductions. The conservative reduction allowed for disks with azimuthal

widths up to ∼20 pixels, or 5 λ/D in H-band. The KLIP reductions spanned ranges in the

minimum reference PA rotation and in the number of KL modes used to build the reference

PSF, which together set the aggressiveness of the PSF subtraction.
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5.4 PRELIMINARY RESULTS FOR REDUCED DATASETS

As of publication, we have reduced 11 out of 43 datasets (26%) and do not report any new

exoplanets or disks.

We have recovered the HD 61005 debris disk in J-band, the results of which were discussed

in detail in Chapter 4 and are included in an article that will be submitted to a refereed

journal. There are no previously published ground-based detections of this disk at these

wavelengths, so our detection represents a first in that respect. It also validates our general

approach, demonstrating that we can detect scattered-light disks with the methods used

in this survey. The HD 61005 dataset contained relatively little PA rotation (11.1◦) and

relatively high average airmass (1.64) compared to our other datasets, yet still yielded a

strong detection. This is encouraging for the remaining datasets.

We show example PSF-subtracted images for each reduced dataset in Figures 5.1 and 5.2

and briefly summarize them here:

49 Cet H, Lp: No detections in either dataset. Although resolved at longer wavelengths,

this disk remains undetected in scattered light.

HD 30447 H, Lp: No detections in either dataset. High humidity led to poor seeing

conditions during the H-band observations. Very limited field rotation (< 4◦) in Lp reduced

ADI PSF subtraction effectiveness and increased likelihood of self-subtraction.

58 Eri H: No disk detection.

HR 1807 H: No disk detection. This test-case target has no previously-resolved disk

and only a warm excess, so it is possible that there is little or no extended cold dust in this

system.

HD 35841 H: No detection of the NICMOS-resolved disk. High humidity may have hurt

our data quality in this case as well. The apparent structure northwest of the star in our

reduced image is coincident with emission seen in the NICMOS image. However, our feature

is of low statistical significance and is not present in more aggressive reductions.

HD 71155 Lp: Point-like features near the star are residual speckles, as they do not
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HD 35841 H

HR 1807 H 49 Cet H

58 Eri H HD 221853 H

Figure 5.1: Examples of PSF-subtracted images from six disk-based NIRC2 datasets. Bright-
ness is on an arbitrary log scale and the star is at the center of each image. White regions
are artifacts from masking of diffraction spikes to mitigate their residuals in PSF-subtracted
images.
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HD 71155 Lp

HD 169142 Lp 49 Cet Lp

Figure 5.2: Examples of PSF-subtracted images from four planet-based NIRC2 datasets.
Brightness is on an arbitrary log scale and the star is at the center of each image.

change position with PA in images of the uncollapsed, PSF-subtracted data cube.

HD 169142 Lp: We reduced these data in March/April 2014 and did not detect any

point sources. Notably, we did not detect the point-like object at PA ≈ 0 deg reported by

Reggiani et al. (2014) and Biller et al. (2014b). This may be due to several factors. For

one, the other groups performed deeper imaging than we did, both in terms of individual

image integration time and cumulative integration time. Additionally, this object is located

very close to the edge of NIRC2’s coronagraphic mask (radius=0.1′′) and the star was not

precisely centered behind the mask in every image, possibly occulting the source in some

of our images. NACO’s Lp vortex coronagraph also performs better than the NIRC2 Lp
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coronagraph3. Similar to the other groups, we also did not detect any sources in the disk’s

annular gap reported by Quanz et al. (2013b) or near a compact 7 mm excess source at

PA≈ 175 deg and r ≈ 0.34′′ reported by Osorio et al. (2014).

HD 221853 H: This target has IR excesses detected with both WISE and Spitzer, in-

dicating both warm and cold dust populations. However, we do not detect any dust in

scattered light.

Our null detections may tell us something about the effectiveness of our observing strat-

egy. That we do not detect disks seen with NICMOS suggests that our observations may

need to be deeper than those performed in this survey. Of course, this requires more time

per target and limits the number of targets a survey like this can search. Even with deeper

imaging, seeing is likely an important factor when attempting ground-based imaging of disks

detected with space telescopes; any blurring or temporal variation of the stellar PSF reduces

the effectives of our PSF subtraction methods and hinders detection (close to the star, par-

ticularly). It is more difficult to draw similar conclusions about our planet-based imaging,

as none of our targets have companion detections with which we can compare. Detecting

the HD 169142 point-like object is at the edge of our instrumental capabilities and may be

limited more by technology than observing strategy.

Once we have thoroughly reduced all of our data, we can examine the survey statistics,

although we will still be considering a relatively small sample. Similar to the Gemini NICI

Planet-Finding Campaign (Biller et al., 2014a), DUNES survey (Eiroa et al., 2013; Moro-

Mart́ın et al., 2015), DEBRIS survey (Thureau et al., 2014), and the ongoing GPI Exoplanet

Survey, we may be able to generalize our detection rates to limits on occurrence rates for

debris disks and wide-separation giant planets as functions of brightness, radial separation,

age, and other parameters.

3An L-band vortex coronagraph was installed in NIRC2 in 2015, which should enhance future perfor-
mance. A dichroic that caused vertical elongation of the Lp PSF was also corrected.
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CHAPTER 6

UPGRADING THE KECK OSIRIS IMAGER

The final component of my thesis also concerns high-angular resolution AO imaging but this

time from the instrumentation point of view. I completed two tasks related to the design

of an upgraded imager for the OSIRIS (OH-Suppressing Infra-Red Imaging Spectrograph;

Larkin et al. 2006) instrument on the Keck I telescope. These tasks were to (1) estimate

the wavefront error for different optical designs and (2) estimate detector saturation time

for bright sources. In both cases, my work furthered the important process of translating

science requirements into design elements.

6.1 IMAGER UPGRADE MOTIVATIONS AND OVERVIEW

The OSIRIS instrument is composed of an imager and an integral field spectrograph (IFS),

both of which operate in tandem with the Keck AO system between 1.0 and 2.4 µm. The

imager and the IFS can be used simultaneously with the same or different filters, which

enhances its usefulness for many types of astrophysical study. The upgrade designs are

largely based on science requirements specified by astronomers looking to achieve certain

scientific goals with the new instrument. Our upgrade team then translates those science

requirements, such as distortion limits, plate scale, and FoV, into design requirements that

constrain material choices, optical layout, and construction methods. My work was related

only to the imager upgrade, therefore I will focus on that component here.

Some of the primary science drivers for the imager upgrade are related to galactic center

(GC) research. The UCLA Galactic Center group depends heavily upon Keck instruments

for its measurement of stellar orbits around the supermassive black hole (SMBH) Sag A∗.
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These orbits provide important dynamical constraints on the properties of the SMBH and

the stars themselves. In particular, the star S0-2 will make its closest approach to Sag

A∗ in 2018, which will allow a unique test of general relativity theory inside an extremely

deep gravitational potential. S0-2’s orbit will exhibit relativistic effects from 2017–2019 so

completion of the imager upgrade by 2016 to establish a pre-approach baseline will be key.

An upgraded OSIRIS imager will greatly enhance the GC group’s ability to tightly con-

strain orbits of stars in the crowded GC environment. The new HAWAII-2RG detector

(H2RG) from Teledyne Technologies will have twice the number of pixels (2048×2048 vs.

1024×1024) and thus a finer plate scale compared to the current detector: 10 mas/pixel as

opposed to 20 mas/pixel. This will improve the precision of radial velocity measurements

made with the IFS because they require an estimate of the OSIRIS PSF, which will be better

sampled after the upgrade. A more advanced optical design (using two off-axis parabolic

mirrors) will cause less distortion than the current design. Distortion shifts the relative posi-

tions of PSFs on the detector so they do not match the sources’ positions on the sky, an effect

clearly detrimental to astrometry. The low distortion (.1%) in the upgraded imager will

allow the GC group to use OSIRIS for both their imaging and spectroscopy simultaneously;

presently they use NIRC2 for imaging because the existing OSIRIS imager’s high distortion

level (∼8%) precludes accurate astrometry. The upgraded imager’s finer sampling will also

benefit astrometric measurements.

Other advantages of the upgrade include a larger FoV (20′′×20′′ vs. 10′′×10′′) that will

fit the entire GC astrometric field into a single image, negating the need for dithering and

mosaicing multiple images as is currently done with NIRC2. Additionally, better matching

the cold stop to the pupil and moving the filter wheel into a collimated space will reduce ther-

mal background (particularly in K-band) and further reduce distortion, respectively. The

host of improvements from the upgrade will benefit many other imaging and spectroscopic

programs of extended or point sources in crowded fields, as well. Some of these include the

study of: dark matter and dark energy using gravitational lenses, the formation of galaxies

at high redshift, SMBHs in other galaxies to understand the co-evolution of black holes and

their host galaxies, the atmospheres of exoplanets, brown dwarfs, and supernovae.
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One final motivation for the imager upgrade is the threat of the NIRC2 instrument’s

failure. NIRC2 is the workhorse infrared imager for Keck Observatory but its Aladdin

detector has a high risk of sudden catastrophic failure that would render the instrument

inoperable. An improved OSIRIS imager that replaces some or all of NIRC2’s functionality

with the same data quality would mitigate that risk.

6.2 TASK 1: ESTIMATING INSTRUMENTAL WAVEFRONT

ERROR

My first contribution to this project was estimating the expected instrumental wavefront

error (WFE) and its contribution to the distortion in two different possible designs. In

the preliminary design phase, we considered two design architectures: a 1-tier design that

approximately aligned all of the components in one vertical plane, and a 2-tier design that

divided the components among two planes. The two designs offered different advantages and

disadvantages in terms of WFE, throughput, alignment schemes, packaging, and cost.

In a simplified conceptualization, photons from an astrophysical point source arrive at

Earth traveling parallel to one another and forming a plane wave. The “wavefront” is the

locus of points with the same phase along that plane wave. Perfect wavefronts are flat and any

deviations from flatness represent “wavefront error.” When perfect wavefronts pass through

a perfect instrument they form perfect PSFs (e.g., Airy functions for a circular pupil) and

are not distorted. However, imperfect wavefronts passing through that same instrument will

form aberrated PSFs and be distorted according to the wave’s phase discrepancies. In reality,

the wavefront incident to the OSIRIS imager will not be perfect because it is deformed by

Earth’s atmosphere and not perfectly corrected by the AO system. Despite best efforts, the

imager’s optics will also not be perfectly shaped, polished, or aligned, which will give rise to

additional instrumental WFE.

I investigated the instrumental WFE for a number of design iterations to help the team

make a more informed decision as to a preferred design. To begin, the project’s optical

engineer, Renate Kupke from UC Santa Cruz, constructed computer models of the optical
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path for each design. These models output maps of the optical path difference (OPD) in

units of microns. The OPD is the physical difference in path length traveled through the

instrument by a photon entering the telescope pupil at one location compared to a photon

entering at a different pupil location. An OPD map can be computed for each field position

in the detector’s FoV and is independent of wavelength. Example OPD maps are shown in

Figure 6.1.

On-Axis Off-Axis

0.12 0.08 0.04 0.00 0.04 0.08 0.12

Optical Path Difference (microns)

Figure 6.1: OPD maps (piston-subtracted) from the 1-tier design for field positions at the
center of the detector (on-axis; left) and near one of the corners (off-axis; right). The maps
match the shape of the full Keck pupil with its central obscuration. The OPD is relatively
small on-axis and shows some symmetric defocus, whereas the off-axis OPD is greater in
amplitude and also shows asymmetric aberration that will lead to additional distortion.

I calculated the root-mean-square (RMS) WFE at discrete field positions sampled across

the FoV for each design. For a given field position, I subtracted the mean OPD from the

OPD map in order to remove the piston term, which is a systematic offset in the path length.

This resulted in a map where every path difference was measured relative to a zero mean. I

then calculated the RMS of the whole map and multiplied it by 103 to get the RMS WFE
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in nanometers. I constructed a map of the RMS WFE by repeating this calculation for

16×16 field positions spread evenly across a ∼28′′×28′′ FoV. This was actually larger than

the proposed 20′′×20′′ FoV, so values outside of that range were superfluous.

The results of my calculations are shown in Figure 6.2 as contour maps of the RMS

WFE (nm) for the 1-tier and 2-tier designs as of March 2015. Compared to the 2-tier

design, I found that the 1-tier design produced lower RMS WFE near the center of the field

(on-axis) by 4–5 nm and similar RMS WFE at the edges of the field (off-axis). Therefore,

the 1-tier design would be expected to produce approximately the same or slightly lower

amounts of astrometric distortion due to WFE than the 2-tier. Based on these WFE-

induced distortion results alone, the 1-tier design was slightly preferred. After also taking into

account its simpler alignment procedure and easier packaging within the cryogenic dewar,

the 1-tier design was a more clear favorite and we elected to use it as the basis for the

rest of the imager design phase. Additionally, the ∼15–40 nm RMS WFE was still small

compared to the average residual ∼200 nm RMS WFE coming out of the AO system. For

comparison, NIRC2’s RMS WFE is >100 nm. This meant we could tolerate a small increase

in instrumental WFE and use aluminum mirrors rather than glass mirrors that are more

expensive and harder to mount.

Along similar lines, I also worked with Gunther Witzel and Tuan Do of the GC group

to convert the OPD maps into estimates of WFE-induced distortion. Our goal was to

determine the scale of astrometric distortion caused by the instrumental WFE and compare

it to predicted tolerances in distortion for GC science. My primary role was to prepare the

OPD maps in the correct units and format for Gunther who used them to simulate PSFs

across the FoV. Tuan then performed astrometric measurements on these simulated PSFs

just as would be done for real data, thereby estimating the distortion created by instrumental

WFE. The results showed that the distortion was∼1% for the 1-tier design and closer to∼2%

for the 2-tier, which again indicated that the 1-tier design was preferable and confirmed that

its WFE-induced distortion was within the tolerances set by the GC science requirements.
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Figure 6.2: Contour maps of the RMS WFE in nm for the 1-tier and 2-tier designs as of
March 2015. The dashed gray square delineates the upgraded FoV. Compared to the 2-tier
design, the 1-tier design produced lower RMS WFE near the center of the field (on-axis)
by 4–5 nm and similar RMS WFE at the edges of the field (off-axis). Therefore, the 1-tier
design would be expected to produce approximately the same or slightly lower amounts of
astrometric distortion due to WFE than the 2-tier.

6.3 TASK 2: ESTIMATING SATURATION TIME FOR FILTER

SELECTION

My second contribution to the imager upgrade involved estimating saturation times for the

new H2RG detector in order to inform filter selection. Traditionally, the GC group observes

a number of maser sources in their mosaiced NIRC2 images to define a stable reference frame

that allows precise astrometric measurements across epochs. Although the upgraded FoV

will make mosaicing unnecessary, those masers still need to be included in OSIRIS images for

astrometric reference. Additionally, the maser PSFs must not be saturated if their positions

are to be measured with the required precision. There was concern that one maser, IRS-7,

was bright enough to saturate the H2RG in the preferred Kp filter even at the detector’s

minimum integration time. If so, a narrower filter or neutral density (ND) filter would be
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necessary for the imager to meet the science requirements.

To help determine which filters will be needed, I estimated the upgraded imager’s time-

to-saturation (tsat) for IRS-7. I define tsat as the amount of integration time (in seconds) that

it takes for the potential well of the peak pixel of IRS-7’s PSF to fill to the point that the

pixel response is no longer linear, i.e., the pixel “saturates.” This threshold of non-linearity

is set by the detector’s design and is 105 e− for a generic H2RG at 2 µm. Essentially, if tsat

in a given filter is less than the detector’s minimum integration time, then IRS-7’s PSF will

be saturated and it will not be useful as an astrometric reference.

The minimum integration time for an H2RG is primarily determined by the speed at

which the detector can be read out and the number of reads that are performed during an

integration. Electronics and software set the minimum readout time at ∼1.5 s for the full

array. The fewest number of reads usually performed is two (correlated double sampling):

the first read starts immediately after the detector is reset and the second starts one exposure

time after the first read ends. Like most IR arrays, the H2RG integrates constantly and uses

nondestructive reads, so signal accumulates in a pixel from the time it is reset until it is read

out for the second time. Therefore, one can consider the minimum integration time as the

time to perform the two CDS reads back-to-back with zero delay in between. For the H2RG

with its 1.5 s readout time, this equates to a 3.0 s minimum integration time. The question

is whether IRS-7 will saturate its peak pixel in less than this time in a given filter.

Table 6.1: Upgraded OSIRIS Imager & NIRC2 Detector Specifications

Inst Detector QE (2 µm) Well Depth (e−) gain (DN/e−) Min. Int. (s)

OSIRIS H2RG 0.92 100,000 NA ∼3.0
NIRC2 Aladdin-3 0.80 48,000 4 0.181

The quantum efficiency, well depth, and gain of the detectors for NIRC2 and the upgraded OSIRIS
imager. The gain for the new H2RG has yet to be determined but not does factor into our
calculations. The last column gives the minimum integration time in CDS mode.

Tuan Do provided me with a Kp NIRC2 image of a GC field including IRS-7 and an

estimated value of m7=7.26 mag for its Kp apparent magnitude. It is a variable source but

this was the best estimate available so I based my calculations off of this magnitude. Using
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the apparent magnitude (m7) of IRS-7 and the zeropoint (Z) of the NIRC2 detector in Kp,

I calculated the flux of IRS-7 (F7) as

F7 = 10(Z−m7)/2.5 = 10(24.74−7.26)/2.5 = 9.82× 106 DN s−1. (6.1)

I then measured the flux of the IRS-7 PSF’s peak pixel (5.00× 104 DN/s) in the NIRC2

image and calculated the fraction of the total source flux falling on that peak pixel as

fpeak=5.00× 104/F7=5.09× 10−3. From the flux F7 I calculated the intensity I7, which is

the number of photons per second per unit area per unit wavelength arriving at the detector

from IRS-7. This quantity depends on F7, the NIRC2 detector’s quantum efficiency (QE)

and gain (g), the area of the telescope pupil (A), the bandpass of the filter used (∆λ), and

the mean transmissivity of the filter (T ):

I7 =
F7 · g

QE · A ·∆λ · T = 1.19× 1012 photons s−1 m−2 m−1, (6.2)

assuming g=4 DN/e−, QE=0.8 at λ ≈ 2 µm, a pupil of effective circular diameter 9.96

m, and ∆λ=0.351 µm=3.51× 10−7 m and T=0.93 for NIRC2’s Kp filter. The assumed

pupil is the Keck “largehex” pupil that the GC group uses most. The detector and filter

specifications were taken from the NIRC2 manual.

Now, starting from this intensity I can essentially reverse the previous calculation to

get the flux that will be measured by the new OSIRIS H2RG detector (OSIRIS values are

denoted by a “prime”). We are most interested in flux received as a function of bandpass,

so I leave that parameter as a free variable. That is,

F ′7 = I ′7 ·QE ′ · A′ ·∆λ′ · T ′ = 1.19× 1014 ·∆λ′ e− s−1 m−1 (6.3)

Here, I used Teledyne’s specification of QE′=0.92 at λ ≈ 2 µm for the H2RG. This was

an approximation as we did not have the detector in hand when I did the calculation. I

again assumed a “largehex” pupil but used a lower mean transmissivity of T ′=0.869 that is

listed for the current OSIRIS imager’s broadband Kbb filter. I made this choice because the
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upgraded imager will reuse the current filters and Kbb had the highest mean transmissivity

of the imager’s five K-band filters, making it the most conservative choice given that higher

transmissivity will decrease tsat. Kbb is also the only broadband filter in the imager, so it is

more similar in bandpass to the NIRC2 Kp filter than are the narrowband filters. I do not

divide by a detector gain and instead keep the flux in terms of electrons. This is because the

detector’s well depth (i.e., how many electrons a pixel can hold before its response function

becomes non-linear) is given in electrons.

To get the flux falling only on the PSF’s peak pixel (F ′peak), I multiply F ′7 by fpeak. This is

a simplification and assumes that the seeing and AO correction for the OSIRIS observations

will be the same as those of the NIRC2 observations. Based on information from the GC

group, the Strehl of the NIRC2 observations was roughly average, so this assumption seemed

reasonable.

Finally, I divide the well depth (w) by F ′peak to get tsat, the time it takes for the peak

pixel of IRS-7’s PSF to fill its potential well:

tsat = w′/F ′peak = 1.65× 10−7 s m−1. (6.4)

By evaluating this equation at a range of bandpasses, I get the red curve shown in Figure

6.3. The curve represents the time to saturation for IRS-7 with the upgraded OSIRIS imager

as a function of filter bandpass, given the assumptions made above. It also assumes that

detector read noise is negligible, which is reasonable for an infrared array and a bright source.

A black curve is shown for NIRC2 for reference. NIRC2’s detector has a faster pixel clock

and fewer pixels so it can be read out much faster than the H2RG, though this is at the

expense of greater read noise. Three existing OSIRIS filters and one NIRC2 filter (Kp) are

highlighted on the plot as dashed lines. Their bandpasses are: Kbb=0.416 µm, Kp=0.351

µm, Kn3=0.108 µm, and Kn1=0.100 µm.

The plot shows that although OSIRIS will not saturate as quickly as NIRC2, largely

due to the ∼2× greater well depth of the H2RG compared to the Aladdin-3 detector, the

upgraded imager will still saturate faster than its minimum integration time of 3.0 s in CDS
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Figure 6.3: The time to saturation (tsat) as a function of filter bandpass for the peak pixel
of the IRS-7 PSF with the upgraded OSIRIS imager (red line). The time to saturation
for the NIRC2 instrument is shown for comparison (black line). Bandpasses for four filters
currently installed in NIRC2 or OSIRIS are marked with vertical dashed lines. A “largehex”
pupil with effective circular diameter of 9.96 m was assumed and read noise was considered
negligible. OSIRIS will take longer to saturate than NIRC2 but also has a longer minimum
integration time of 3.0 s (black dotted line), so a narrow filter with bandpass ≤55 nm or a
neutral density filter will be required to avoid saturation by bright sources like the IRS-7
maser (Kp=7.26 mag).

mode for all but the narrowest filters. The widest filter in which saturation will not occur

in the shortest possible integration time is 55 nm wide. The times to saturation for filters of

particular interest are (in order of decreasing bandpass): Kbb=0.39 s, Kp=0.46 s, Kn3=1.53

s, and Kn1=1.66 s.

The result of my investigation, therefore, is that the upgraded imager will need to include

either a filter narrower than ∼55 nm or, more likely, an ND filter (or a series of them) that
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blocks a substantial fraction of light from reaching the detector when bright sources like IRS-

7 are observed. In the case of GC observations, this will prevent saturation of the detector

and enable precise astrometry of all masers typically used to establish a stable reference

frame. Based on my estimates for tsat, an ND filter will need to block ∼85% of incident

light if the primary filter being used has a bandpass similar to that of the NIRC2 Kp filter.

Empirical tests of the detector saturation can confirm this in the lab once the imager is

assembled and tested cryogenically in late 2015 or early 2016.
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Moór, A., Kóspál, Á., Ábrahám, P., Apai, D., Balog, Z., Grady, C., Henning, T., Juhász,

A., Kiss, C., Krivov, A. V., Pawellek, N., & Szabó, G. M. 2015, MNRAS, 447, 577
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Duchêne, G., Horner, J., Rodriguez, D. R., Sibthorpe, B., & Wyatt, M. C. 2014, MNRAS,

445, 2558

130



Tokunaga, A. T. & Vacca, W. D. 2005, PASP, 117, 421

Trilling, D. E., Bryden, G., Beichman, C. A., Rieke, G. H., Su, K. Y. L., Stansberry, J. A.,

Blaylock, M., Stapelfeldt, K. R., Beeman, J. W., & Haller, E. E. 2008, ApJ, 674, 1086

Viana, A., Wiklind, T., Koekemoer, A., Thatte, D., Dahlen, T., Barker, E., de Jong, R., &

Pirzkal, N. 2009, “NICMOS Instrument Handbook”, Version 11.0, (Baltimore:STScI)

Vican, L. & Schneider, A. 2014, ApJ, 780, 154

Vigan, A., Moutou, C., Langlois, M., Allard, F., Boccaletti, A., Carbillet, M., Mouillet, D.,

& Smith, I. 2010, MNRAS, 407, 71

Wang, J. J., Rajan, A., Graham, J. R., Savransky, D., Ingraham, P. J., Ward-Duong, K.,

Patience, J., De Rosa, R. J., Bulger, J., Sivaramakrishnan, A., Perrin, M. D., Thomas,

S. J., Sadakuni, N., Greenbaum, A. Z., Pueyo, L., Marois, C., Oppenheimer, B. R.,

Kalas, P., Cardwell, A., Goodsell, S., Hibon, P., & Rantakyrö, F. T. 2014, in Society of
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