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ABSTRACT

I present the results of six papers related the formation and evolution of plan-

ets and planetary systems, all of which are based on high-resolution, ground-

based, mid-infrared observations.

The first three chapters are studies of T Tauri binaries. T Tauri stars are young,

low mass stars, whose disks form the building blocks of extrasolar planets. The

first chapter is a study of the 0.68”/0.12” triple system, T Tauri. Our spatially re-

solved N-band photometry reveals silicate absorption towards one component,

T Tau Sa, indicating the presence of an edge-on disk, which is in contrast to the

other components. The second chapter is an adaptive optics fed N-band spec-

troscopy study of the 0.88” binary, UY Aur. We find that the dust grains around

UY Aur A are ISM-like, while the mineralogy of the dust around UY Aur B is

more uncertain, due to self-extinction. The third chapter presents a survey of

spatially resolved silicate spectroscopy for nine T Tauri binaries. We find with

90%-95% confidence that the silicate features of the binaries are more similar than

those of randomly paired single stars. This implies that a shared binary property,

such as age or composition, is an important parameter in dust grain evolution.

The fourth chapter is a study of the planetary system, 2MASS 1207. We ex-

plore the source of 2MASS 1207 b’s under-luminosity, which has typically been

explained as the result of an edge-on disk of large, grey-extincting dust grains.

We find that the edge-on disk theory is incompatible with several lines of evi-

dence, and suggest that 2MASS 1207 b’s appearance can be explained by a thick

cloudy atmosphere, which might be typical among young, planetary systems.

The fifth chapter is a study of the white dwarf, Sirius B, which in the context

of this thesis is being studied as a post-planetary system. Our N-band imaging



13

demonstrates that Sirius B does not have an infrared excess, in contrast to previ-

ous results.

The sixth chapter is a study of mid-infrared atmospheric dispersion, which

in the context of this thesis is being studied as an effect that will limit the abil-

ity of ELTs to image planetary systems. We measure mid-infrared atmospheric

dispersion, for the first time, and use our results to confirm theoretical models.
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CHAPTER 1

INTRODUCTION

When I was in 3rd grade, a geologist came to my class to show us photographs

from the Voyager mission to the outer Solar System planets. I was fascinated

by Jupiter’s Red Spot, the diversity of gas giant moons, and most of all, the or-

nate structure of Saturn’s rings. This was still a couple of years before Mayor

and Queloz announced their discovery of an extrasolar planet orbiting 55 Peg

and it was hard to imagine that someday we would be able to take pictures of

other planetary systems. The fact that the first pictures of extrasolar planets have

arrived over the last few years (while I was in college or graduate school, de-

pending on your definition of “planet”), makes this an extraordinary time to be

entering the field.

Since exoplanetary astronomy is still a young field, we are faced with answer-

ing several basic questions:

1. How often, and around what kinds of stars are planetary systems likely to

form? (see Chapter 4)

2. What is the nature of the many kinds of planets, some of which are com-

pletely different than anything in our Solar System? (see Chapter 5)

3. How do the planets and planetary systems form and evolve? (see Chapters

2-6)

The first question has been partially answered by the radial velocity and tran-

sit methods (particularly the Kepler mission), which have now built up large

statistics on planets more massive than ∼2 Earth masses and at separations out to
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∼1 AU (depending on mass). The second question is beginning to be addressed

for massive inner planets using the transit technique and massive outer planets

using direct imaging and spectroscopy. The third question is being addressed

with a variety of methods, in particular by studying disks where planets form

and/or live. All three questions are currently studied for a particular set of plan-

ets/planetary systems, which, generally speaking, are the ones that are possible

to detect and study with current technology (so selection effects are a serious

issue). In the coming years, there will be a considerable effort to complete the

census of planets and planetary systems by moving to lower masses, smaller an-

gular separations, etc.

For direct imaging, the drive to lower masses and smaller angular separa-

tions is being led by adaptive optics (AO), a technique that allows large ground-

based telescopes to achieve their diffraction-limited angular resolution, despite

the turbulence of the Earth’s atmosphere. AO systems have typically been used

in the near-infrared (∼1-2.5µm), as opposed to the visible, because AO correc-

tion improves at longer wavelengths. However, conventional AO systems are

not typically used at wavelengths longer than ∼3-4µm because the many mirrors

required in typical AO systems create a high thermal background that diminishes

sensitivity. Deformable secondary AO systems are able to address this problem

by reducing the number of warm optical surfaces. The prototype for this technol-

ogy is the MMT’s adaptive optics (MMTAO) system which is routinely used out

to the N-band (10µm) atmospheric window.

With respect to planetary systems, there are numerous benefits to observing

in the infrared, and in particular, the mid-infrared (∼3-20µm, from the ground).

Due to their low effective temperatures, extrasolar planets emit the vast major-

ity of their light in the infrared. While young planets are best observed in the
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near-infrared, older planets, which can be found around the nearest stars, are

often easier to observe in the mid-infrared (Heinze et al., 2008). Protoplanetary

disks (the disks around young stars in which planets form) and debris disks (the

remnants of planetary formation that persist around older stars) emit light in the

infrared. 10µm is a particularly interesting wavelengths for studying disks, be-

cause it probes the habitable zone, and in protoplanetary disks, it includes the

emission feature of silicate dust grains.

In this thesis, I will discuss a variety of studies relating to the formation, evo-

lution and nature of planetary systems. While the scientific themes deal with

various aspects of planetary systems, the wavelength and instrumentation used

to obtain our data is consistent. The majority of data comprising this thesis are

taken from the ground, in the N-band (8-13µm) atmospheric window, using ei-

ther the 6.5 meter MMT (with its 10µm camera, BLINC-MIRAC4) or the 8.1 meter

Gemini-South telescope (with its 10µm camera, T-ReCS). The BLINC-MIRAC4

observations take advantage of the MMT’s unique deformable secondary adap-

tive optics system, currently the only AO system used for 10µm adaptive op-

tics imaging/spectroscopy. The T-ReCS observations are not performed with an

adaptive optics system, but are still relatively high resolution images due to Gem-

ini’s large aperture.

The thesis is divided into four sections: Chapters 2-4 discuss forming plane-

tary systems in T Tauri binaries, Chapter 5 discusses a directly imaged planetary

system, 2MASS 1207 b, Chapter 6 discusses a post-planetary system, Sirius B,

and Chapter 7 discusses mid-infrared atmospheric dispersion, an effect that will

be important to correct before directly imaging planets and planetary systems

with Extremely Large Telescope (ELTs).

In Chapters 2-4, I present a series of studies of the protoplanetary disks around
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young binaries in the Taurus-Auriga star-forming region, using imaging and

spectroscopy with the MMT adaptive optics system and BLINC-MIRAC4. Bi-

nary stars are a regular outcome of star formation, worthy of study in their own

right. But additionally, their orbits can be used to determine masses, and they are

generally useful as coeval laboratories for studying early stellar evolution.

Chapter 2 is a mid-infrared study of T Tauri, the prototype young star. T

Tauri was originally thought to be a single star, before infrared images revealed a

mysterious companion, which itself turned out to be two stars. Before our publi-

cation, the nature of the infrared companion was debated, with the general con-

sensus being that 1 or more circumstellar/circumbinary disks were responsible

for extincting the infrared companion. We imaged T Tau with MMTAO/BLINC-

MIRAC4 and were able to resolve all three components of the triple system in

the N-band, for the first time, using a novel Markov Chain Monte Carlo super-

resolution technique. By doing this at three wavelengths, spanning the silicate

feature, we were able to show that the more massive component of the infrared

companion has a strong silicate absorption profile, while the other component

does not. This implies that the disks in T Tauri are mis-aligned with respect to

one and other, which is in opposition to theoretical models.

Chapter 3 is a mid-infrared study of UY Aur, a young stellar binary with a

prominent directly imaged circumbinary disk. As part of this project, we com-

missioned a grism spectroscopic mode in BLINC-MIRAC4, making it the first in-

strument capable of adaptive optics-fed silicate spectroscopy. We found that the

dust grains in UY Aur A’s disk are unusually consistent with ISM grains, while

the composition of the UY Aur B dust grains are more inconclusive due to fore-

ground extinction. Additionally, we found evidence for mid-infrared variability

in both UY Aur A and UY Aur B.
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Chapter 4 is a spatially resolved spectroscopic survey of the silicate features

of T Tauri binaries. In addition to the binaries described in Chapters 1 and 2,

this survey resolves 7 more binaries (the smallest of which, GG Tau Aa-Ab is

separated by just 0.25”). With the inclusion of a few literature sources, our survey

provides the first statistically meaningful sample of spatially resolved N-band

spectra of young binaries. Using binaries as a coeval laboratory, we attempt to

determine which stellar properties are correlated with dust grain-growth, the first

step in core-accretion planet formation. We find that the silicate features of binary

stars are more similar than the silicate features of randomly paired single stars,

implying that at least one property shared between binary stars is important to

dust grain growth.

In Chapter 5, I present a study of the properties of 2MASS 1207 b, a 5-8Mjup

companion to a young M-star. There are still only a handful of directly imaged

exoplanets and depending on your definition of “planet”, 2MASS 1207 b is of-

ten considered the first. When 2MASS 1207 b was discovered, its color implied

an effective temperature that was too hot when compared to its luminosity and

model-assumed radius. The longstanding explanation for this hypothesis was

that an edge-on disk of large dust grains was extincting the object. Using new (ex-

tremely deep) Gemini/T-ReCS data and archival and published data, we argue

against this hypothesis, and the analogous hypothesis that it is surrounded by a

spherical dust shell. We compare the available data to thick dust-cloud models,

which have not previously been used due to their failure to reproduce the spectra

of field brown dwarfs. The fact that thick clouds mostly explain 2MASS 1207 b’s

appearance implies that young planets have significantly different atmospheres

than both hot and cool field brown dwarfs.

In Chapter 6, I present a study of a white dwarf, Sirius B, which was an-
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nounced to have a remnant planetary system or debris disk. Numerous white

dwarfs have been found to have metals in their atmospheres that sink below

the photosphere on such short timescales, that they must have accreted recently.

Some of these metal-enriched white dwarfs have infrared excesses due to dust

in a very tight debris disk made from tidally disrupted asteroids and/or plane-

tary bodies. If Sirius B had an infrared excess, it would be a particularly exciting

discovery due to the fact that Sirius A would illuminate any outer parts of Sirius

B’s disk, which could then be spatially resolved. In contrast to previous specula-

tion, our mid-infrared images conclusively show that Sirius B does not have an

infrared excess.

In Chapter 7, I present a study of mid-infrared atmospheric dispersion, which

will likely be an important atmospheric effect relating to the detection of plane-

tary systems with Extremely Large Telescopes (ELTs). Atmospheric dispersion,

which is negligible in the mid-infrared for 8-meter class telescopes, will actually

be a significant effect for larger telescopes, after atmospheric seeing is corrected

by adaptive optics. For the most demanding observations, such as coronagraphic

observations of exoplanets, a mid-infrared atmospheric dispersion corrector will

be necessary at even moderate airmasses.

The study of planets and planetary systems is necessarily a diverse field, span-

ning a large number of scientific questions and techniques. High resolution, mid-

infrared observations are a significant niche in the field, with scientific applica-

tions ranging from the first steps of planet formation to the final moments before

planetary material is swallowed by its star. This thesis provides several studies

of planets and planetary systems spanning this exciting young field.
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1.1 A Discussion of Silicate Features in Protoplanetary Disks

A large fraction of this thesis is devoted to dust grain growth in protoplanetary

disks, which is the first step in core-accretion planet formation (see Figure 1.1).

Specifically, in Chapter 4, I present a spatially resolved spectroscopic survey of

the 10µm silicate features of T Tauri binaries. This feature probes 0.1-5µm silicate

grains in the upper atmospheres of protoplanetary disks. For our study, we chose

to use equivalent width as a proxy for grain size, instead of doing a rigorous

silicate feature decomposition. In this section of the introduction, I will explain

the process of silicate decomposition and justify our reasoning for using simple

equivalent width measurements instead.

Silicate decomposition is the process of determining the aggregate size and

composition of dust grains in a protoplanetary disk, which collectively are mea-

sured as silicate emission from ∼8-13µm. The silicate feature is caused by the

9.7µm stretch mode of Si-O, which can be measured in a laboratory for a variety

of amorphous and crystalline dust grains. Resulting opacities for a typical set of

dust grains are displayed in Figure 1.2. Small amorphous dust grains typically

have large silicate features and large amorphous dust grains typically have small

silicate features. Amorphous dust grain generally have smooth opacity features

peaking at ∼9.7µm while crystalline dust grains have many sharp peaks at a va-

riety of wavelengths.

Armed with a set of laboratory measurements of silicate opacities, it is pos-

sible to “decompose” the silicate spectroscopy of a protoplanetary disk into its

constituent parts. There are several methods for doing this, several of which are

summarized by Juhász et al. (2009). Here, we outline a simple and commonly

used technique developed by van Boekel et al. (2005). In this method, the dust

is approximated as optically thin emission in the foreground of an optically thick
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continuum. The continuum is subtracted and the remaining silicate emission is

normalized, as given by

F norm
ν = 1 +

Fν − F cont
ν

< F cont
ν >

(1.1)

A suite of laboratory opacities are continuum subtracted and normalized using

the same procedure that is used for the silicate emission spectroscopy. The silicate

emission spectroscopy is then decomposed into a linear combination of labora-

tory opacity measurements using the equation

F norm
ν =

N∑

i=1

Ciκ
norm
i (1.2)

where κnorm
i are continuum subtracted and normalized mass opacities for N dif-

ferent dust species (compositions, crystalline structures, grain sizes) and Ci are

weighting constants, determined by a χ2 fit. The weighting constants can then be

used to determine the fractional mass of each dust species from the equation

mi =
Ci

N∑

i=1

Ci

(1.3)

More complex silicate decomposition techniques attempt to model the con-

tinuum and temperature distribution of the dust grains more exactly than van

Boekel et al. (2005)’s simple approach. However, the different methods often

produce substantially different results for the same silicate feature (Juhász et al.,

2009), and the methods generally require such accurate continuum-subtracted

spectroscopy that adequate data is virtually unobtainable; very small differences

in the continuum subtracted silicate feature or assumed optical properties can

propagate to wildly different decomposition results. For the reasons listed be-

low, silicate decomposition techniques are not robust:

1. Unknown geometric properties of the disk cause incorrect continuum esti-

mates.
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2. Amorphous carbon grains are continuum-like in the 10µm region, but a

small amount of curvature complicates continuum subtraction (see Figure

1.1)

3. Extinction is not perfectly known to the surface of a protoplanetary disk,

and spectra that are not perfectly dereddened will have residual ISM silicate

emission/absorption.

4. We have no way of knowing whether the optical properties measured in

labs are applicable to the dust grains in circumstellar disks.

5. Different types of dust grains have degenerate optical properties, which can

only be distinguished with unattainable S/N (and unattainably accurate

continuum subtraction).

6. Currently, there is no method that uses a continuous distribution of grain

sizes. The results of silicate decomposition depend very strongly on the

discrete choice of dust grain sizes.

7. Other features in the 10µm region, for example PAH emission lines, are

difficult to distinguish from dust grains, and add another large group of

optical emitters (degrees of freedom) to the decomposition process.

8. From the ground, continuum subtraction is truncated by telluric absorp-

tion. Additionally, sensitivity and calibration issues complicate an accurate

measurement of the spectrum.

9. There has not been a systematic study of silicate variability, but some sys-

tems are known to have variable silicate features.
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Despite the challenges of silicate decomposition, it is the only way to directly

probe the mineralogy of dust in the atmospheres of protoplanetary disks and it

maximizes the information obtained from silicate spectroscopy. However, for our

study, a simplified approach based on the equivalent widths of silicate features

is adequate, and less susceptible to the problems listed above. Given our small

sample size, it was necessary for us to choose a single-value statistic to quantify

the relative progress of dust grain growth. Silicate features with large equivalent

widths are generally composed of unevolved (relatively small) dust grains, while

silicate features with small equivalent widths are generally composed of evolved

(relatively large) dust grains. Thus by comparing the ratios of equivalent widths

in binaries we can determine whether the stars have similar dust properties or

in the case that the silicate features are different, which star has more evolved

dust. Physically, silicate equivalent widths are known to be correlated with sub-

millimeter spectral slope, which is an indicator of dust grain sizes in the outer

mid-plane regions of the disk (see Figure 1.3, which is reproduced from Lom-

men et al., 2010). So despite the fact that silicate feature equivalent widths are

measured, rather than physically inferred properties, they appear to be powerful

indicators of grain growth that are robust when compared to silicate decomposi-

tion.



24

Figure 1.1 In core-accretion planet-formation, dust grains coagulate to form larger

particles in a hierarchical process that ultimately leads to planet cores, which then

accrete gas from their nascent protoplanetary disk. The growth process spans

14 magnitudes in radius and 42 magnitudes in mass. The initial step in core

accretion is the growth of ∼0.5µm ISM dust grains into larger grains, several µm

in size. This process can be probed in the surface of protoplanetary disks by

observing the shape of the 10µm silicate feature.



25

Figure 1.2 Mass opacities of some common dust species from Juhász et al. (2009).

The amorphous dust grains (top) have smooth features while the crystalline dust

grains (middle) have jagged features. Small dust grains (solid curves) have more

prominent features than large grains (dashed curves).
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Figure 1.3 Correlation between dust grain-growth metrics in the mid-infrared (x-

axis) and submillimeter (y-axis) from Lommen et al. (2010). The upper-right

of the figure shows small (unevolved) grains and the lower-left shows large

(evolved) grains. This demonstrates that grain-growth proceeds throughout the

disk at a similar rate and that either measurement alone can probe grain-growth.
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CHAPTER 2

EVIDENCE FOR MISALIGNED DISKS IN THE T TAURI TRIPLE SYSTEM:

10µM SUPER-RESOLUTION WITH MMTAO AND MARKOV CHAINS

Although T Tauri is one of the most studied young objects in astronomy, the na-

ture of its circumstellar environment remains elusive due, in part, to the small

angular separation of its three components (North-South and South a-b are sep-

arated by 0.68” and 0.12” respectively). Taking advantage of incredibly stable,

high Strehl, PSFs obtained with Mid-IR adaptive optics at the 6.5 meter MMT, we

are able to resolve the system on and off the 10 µm silicate dust feature (8.7µm,

10.55µm, and 11.86µm; 10% bandwidth), and broad N. At these wavelengths,

South a-b are separated by only ∼ 0.3λ/D. This paper describes a robust Markov

Chain Monte Carlo technique to separate all three components astrometrically

and photometrically, for the first time, in the mid-IR. Our results show that the

silicate feature previously observed in the unresolved T Tau South binary is dom-

inated by T Tau Sa’s absorption, while Sb does not appear to have a significant

feature. This suggests that a large circumbinary disk around Sa-Sb is not likely the

primary source of cool dust in our line-of-sight, and that T Tau Sa is enshrouded

by a nearly edge-on circumstellar disk. Surprisingly, T Tau Sb does not appear to

have a similarly oriented disk.

2.1 Introduction

Despite its status as the prototype for young stars, the current perception of T

Tauri is that it is an extremely enigmatic system, perhaps abnormally so. Al-

though T Tauri was originally classified as a single star, Dyck et al. (1982) dis-

covered that it has an infrared companion, which has never been detected in the
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optical (Stapelfeldt et al., 1998a, place an upper flux limit of V ∼ 19.6). Ghez

et al. (1991) completed an exhaustive speckle-image/slit-scan photometric study

to construct SEDs of the strange infrared companion (hereafter T Tau S) along

with the original T Tauri (hereafter T Tau N). The results showed silicate emission

in T Tau N and absorption in T Tau S. The incredibly high infrared luminosity of

T Tau S was enough to convince Ghez et al. (1991) that it contained its own com-

pact source, and flares in their data indicated the presence of an accretion disk

around T Tau S.

Herbst et al. (1996) and a followup by Solf & Böhm (1999) found perpendic-

ular, molecular outflows: an East-West jet is at 23 degrees inclination from the

line-of-sight and centered on T Tau N, while a North-South jet is at 79 degrees

inclination and centered on T Tau S. Kasper et al. (2002) used integral-field spec-

troscopy to show that Brackett series emission could be constrained to a small

region around T Tau S, which the authors theorized could be indicative of a small

edge-on accretion disk.

Compounding the mystery of the infrared companion, Roddier et al. (1999)

found that T Tau S was non point-like and then Koresko (2000) resolved T Tau

S to be a 0.05” binary (hereafter T Tau Sa and T Tau Sb). When observed again

by Duchêne et al. (2002), T Tau Sb had moved significantly, implying that Sa is a

relatively massive star. Duchêne et al. (2002) were also able to resolve Sa from Sb

in near-IR spectra, and determined that Sb is a pre-main-sequence, early-type M-

star with heavy extinction and active accretion, while Sa’s spectrum is generally

featureless.

Beck et al. (2004) presented a study of T Tau’s IR photometric and spectro-

scopic variability. The authors found that T Tau N is not noticeably variable at

K or L’, while T Tau S varies in the same bands on week-long time-scales. While
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changing accretion rates are usually the dominant variability source in classical

T Tauri stars, the color variability in T Tau S (K-L’ vs K) exhibits a “redder when

faint” phenomenon, which the authors believe is best explained by variable ex-

tinction. Accretion may also be present, but it cannot explain the color variability

by itself.

Duchêne et al. (2006) were able to use a long baseline of observations to as-

trometrically determine the masses and orbital properties of the Southern binary,

and the results confirmed that T Tau Sa is actually the most massive object in the

system (N, Sa and Sb have masses of ∼ 2, 2.73 ± 0.31 and 0.61 ± 0.17 M⊙ respec-

tively). With some irony, the star that was originally the prototype for the T Tauri

star classification, orbits a more massive Herbig Ae star.

Even with the plethora of observations of T Tauri over the last 20 years, the

nature of the Southern binary is still a mystery. Much of this owes to the small

separations of the 3 components (N-S and Sa-Sb are separated by 0.68” and 0.12”

respectively, using the orbital parameterization from Duchêne et al., 2006). The

fact that Sa and Sb are invisible in the optical, and that they can only be split

with a powerful AO system limits the temporal and spectral ranges over which

the whole system has been studied. This paper’s results, which extend T Tau’s

resolved photometric range from 4.7µm (Duchêne et al., 2005) to 11.86µm, will

improve our ability to study a resolved SED of the Southern binary. Moreover, the

spatial resolution of the silicate feature definitively establishes the stellar source

of past unresolved silicate absorption detections.

2.2 Observations and Reductions

We observed T Tauri in 4 filters (8.7µm, 10.55µm, 11.86µm, and N-band) with the

6.5m MMT using the Mid-IR Array Camera, Gen. 4 (MIRAC4), an AO-optimised
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camera used with the MMT adaptive optics system (MMTAO—see Lloyd-Hart,

2000 and Brusa et al., 2004) on Nov. 3, 2006 UT. MIRAC4 is a super-sampled,

8-25 µm, 256×256 Si:As array with two optical magnifications. We used the high-

magnification mode (0.055”/pixel) and took 6, 8, 8 and 4 two-minute, chop/nod

exposures at 8.7µm, 10.55µm, 11.86µm (10% filters), and N-band respectively (Ta-

ble 2.1). We repeated these observations for our PSF-star, Beta Gemini (Pollux).

At the time of the observations, MIRAC4 was in a commissioning, first light

run, and had significant electronic artifacts. Most of the problems are corrected in

post-processing using a code written by M. Marengo to remove slowly varying

channel biases, cross-talk, echos, and banding (private communication). Each

image is then inspected for residual detector effects (weak pattern noise), and

problematic frames are removed (Table 2.1). Residual detector artifacts are sup-

pressed by median combining the images.

For mid-IR chop/nod observations at the MMT, the instrument rotator is left

off to stabilize background subtraction by always imaging the same warm, re-

flective surfaces. So to combine our data, we de-rotate all of our images by the

parallactic angle with cubic spline interpolation and cross-correlate the images

to align them (standard AO reduction as in Close et al., 2003a). The images are

scaled to the maximum image flux of a centered 30×30 pixel range to reduce the

effects of atmospheric ozone absorption, and then median combined (see Figure

2.1 for an example of the reduced 10.55µm image we use).

The aligned stack of images is used to construct a sigma image. In order to

robustly calculate the standard deviation of the image stack, the 3 lowest and 3

highest pixels are removed to eliminate outliers (single lowest and highest for

broad N). The sigma image is then multiplied by a constant to correct for this.

Because of the spline shifting, and residual detector effects, we expect the pixel
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values and their associated errors to be somewhat spatially correlated. However,

this should only cause a slight smoothing effect that will not impact our final

results. We parameterize the image into two error regions—the star region and

the background region, and we average the sigma image over the two areas to

estimate pixel value errors.

2.3 Analysis

2.3.1 Markov Chain PSF Fitting

In general, it is possible to super-resolve images at angular scales far smaller than

∼ λ/D given a high enough S/N and PSF-stability (Biller et al., 2005). A binary-

star deconvolution has 6 free parameters: x1, y1, x2, y2, mag1, and mag2. Adding

a third star adds 3 more free parameters. Although, mid-IR AO images have

extremely high and stable Strehls, we find that T Tauri is just a little too faint

at V-band (MMTAO Strehl starts to drop off slightly for V > 11 at 10 µm) to

have the near-perfect Strehls our brighter PSF stars achieve with MMTAO (Close

et al., 2003a). Convolving our PSF stars with a 3-parameter (major-axis, minor-

axis, angle) Gaussian ellipsoid is enough to offset this small effect and allow us to

work in a mostly photon noise dominated regime. For the triple system T Tauri,

this gives us 6 position parameters, 3 flux parameters, and the 3 PSF modification

parameters to fit.

The conventional algorithm to solve a 12-dimensional parameter estimation

problem is to do a Levenberg-Marquardt χ2 minimization (Press et al., 1992). Pa-

rameter errors may be estimated from the covariance matrix. However, these

error bars are unlikely to be even close to accurate given the complexity of our

problem’s parameter space. Constructing a grid of models and calculating rela-

tive likelihoods is a much more robust method, but a 12-dimensional parameter
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space is, in this case, too large to sample with a grid in a reasonable amount of

computer time.

Markov Chain Monte Carlo is the widely accepted technique to circumvent

the computational unfeasibility of model grids (van Dyk, 2002; Gelman et al.,

2003; Kelly, 2007). Instead of spending significant CPU time calculating model

likelihoods in improbable regions, Markov Chains follow a random walk where

they spend most of their time in the most likely areas of the parameter space. The

direction of the walk is dictated by the Metropolis-Hastings algorithm, which

allows the chain to spend the proper amount of time in each region of parameter

space. Ideally, the Markov chain has converged when the aggregate results no

longer have any correlation to the chain’s starting position, and the chain has had

time to explore every probable part of parameter space multiple times. Typically,

the beginning of the chain is discarded as a “burn-in” phase. To be conservative,

we always discard the first half of the chain.

Before implementing the Markov chain, we do a Levenberg-Marquardt χ2

minimization to estimate a reasonable starting value for the Markov Chain. We

also calculate the covariance matrix from the best-fit, and use that to calculate an

initial set of jumping conditions.

For each iteration of the Markov chain, we use a covariance matrix to draw

a proposed jump from a multinomial Gaussian distribution. Initially, the covari-

ance matrix is a product of the Levenberg-Marquardt best-fit algorithm, but as

the chain progresses, we estimate the covariance matrix from the chain itself. For

each proposed jump, the model’s relative likelihood is calculated and compared

to the likelihood of the chain’s previous step (for Gaussian errors, the relative

(unnormalized) likelihood of a model is given by e−χ2/2). If the proposed jump

is more probable than the previous step, the jump is accepted. If the proposed



33

jump is less probable than the previous step, it is accepted a certain percentage of

the time, equal to the ratio of likelihoods of the proposed jump and the previous

step.

When the chain has completed enough iterations, the values of each model

parameter are binned into a histogram, and fit by a Gaussian. We show these

histograms for the 10.55µm photometric results in Figure 2.2. The smoothness of

the histogram for each parameter is a good indication that the Markov Chain has

converged.

At this time, additional quantities of interest may be calculated from the Markov

Chain. For example, we calculate the angular separation of T Tau Sa-Sb using the

x-y positions of the components, and use the known 0.68” angular separation

of T Tau N and T Tau S (center-of-mass of Sa-Sb, as calculated with the orbital

parameterization of Duchêne et al., 2006) to measure the platescale.

Using the Markov Chain Monte Carlo technique for our PSF-fitting problem

has provided us with a sophisticated and extremely robust tool to estimate the

errors on our relative photometry measurements. We are also able to quantify

the degree to which allowing our PSF to vary slightly is constrained by the data.

The technique is general to almost any deconvolution model, however, it works

best with stable, oversampled PSFs, with relatively few free parameters.

2.3.2 Convergence of the Chains

We verify that the Markov Chains have converged by visually inspecting the his-

togram of each parameter and confirming that the plots are unimodal and effec-

tively Gaussian (Figure 2.2). We also run our Markov Chain Monte Carlo pro-

gram multiple times with different starting points and check that our results are

unaffected. A reasonable reduced χ2 (ie ∼ 1) for our best-fit model is a good in-

dication that our models and error estimations are accurate. Table 2.2 contains
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the reduced χ2 of our best-fit models as well as the photometric and astrometric

results for each filter. In Figure 2.3, we compare the residuals resulting from a

two-star (T Tau N; T Tau S) best-fit subtraction, and a three-star (T Tau N; T Tau

Sa; T Tau Sb) best-fit subtraction. The three-star fit has negligible spatial correla-

tions and noise amplitudes consistent with photon noise.

In order to check for systematic effects of our algorithm, we run blind-recovery

tests by constructing fake data sets from our resultant parameters and images of

Beta Gem (our PSF). We add noise to the fake data sets consistent with the noise

in our real data. The Markov Chain technique is always able to return the correct

parameters within the modeled uncertainties, which conclusively demonstrates

that any systematic effects are limited to our slight residual PSF mismatch, and

not to any algorithmic bias.

2.3.3 Photometry and Astrometry

We do an absolute photometric calibration based on known fluxes of our PSF

star, Beta Gem (Hoffmann & Hora, 1999). Because of ∼< 10% varying atmospheric

background/absorption during our exposures, we assume an absolute photo-

metric calibration uncertainty of 10% for each filter, which is a correlated quantity

between T Tau N, Sa and Sb. The Markov Chain technique returns relative errors

for each component of T Tau. T Tau N’s relative photometric errors are dwarfed

by the absolute calibration uncertainty, while T Tau Sa and Sb’s relative errors

have an appreciable contribution to their overall photometric uncertainty. The

relative errors on T Tau Sa and Sb are almost completely anticorrelated (Figure

2.2d), in the sense that if Sa is brighter, Sb is fainter and vice versa.

Astrometric quantities should be invariant across the different bandpasses.

We use the orbital parameterization from Duchêne et al. (2006) along with our
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measured separation of T Tau N and T Tau S (center-of-mass1) to determine the

plate scale for each observation. This allows us to measure an angular separation

of Sa-Sb, which should be constant in each filter. We find that our 10.55 µm, 11.86

µm and N-band calculations are consistent at the 0.01” level (0.112” ± 0.003”,

0.104”±0.004” and 0.121”±0.002” respectively), and that our 8.7 µm measurement

is significantly off (0.142”±0.004”). However, poorer seeing conditions during the

8.7 µm observations lead us to believe the longer wavelength results. Variations

in seeing conditions/Strehl can propagate into the strength of the first Airy ring,

and because T Tau Sa-Sb is aligned with T Tau N’s first Airy ring (see Figure

2.1a and 2.1c), separation is a parameter that could be affected by a small, but

noticeable, amount. Systematics in our N-band data (see description below) also

lend some doubt to the accuracy of the broad-band results, which could explain

why our error bars appear to be slightly underestimated. The Duchêne et al.

(2006) orbital parameters predict a separation of 0.119”±0.004” at the time of our

observations, which is consistent with our measurements at the 0.01” level.

The position angle of the Southern binary is well constrained and consistent

across the filter set (307.4 ± 1.1, 306.5 ± 1.6, 308.4 ± 1.1 and 311.1 ± 0.9 degrees

at 8.7µm, 10.55µm, 11.86µm and N-band respectively). The Duchêne et al. (2006)

orbital parameters predict a position angle of 306 ± 13 degrees at the time of

our observations, which is consistent with our measurements, although our data

place a much tighter constraint.

In Figure 2.4 our astrometry results are compared to the orbital motion mea-

surements of Schaefer et al. (2006). Our results are generally consistent with the

predicted orbits. While there is some preference for orbits shorter than 40 years,

our results are meant more as a demonstration of fitting accuracy than as an or-

1The center-of-mass is calculated by taking our measured separation of T Tau Sa-Sb and as-
suming a mass ratio for T Tau Sa-Sb as determined by Duchêne et al. (2006).
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bital constraint.

Our N-band results are somewhat questionable because we only had data

from two different chop-nod sets (and only six usable images total). This means

we could not adequately suppress the detector’s correlated noise by median com-

bining the images, and as a consequence, systematics may have dominated our

results at N-band more than for the other filters. Our best-fit reduced χ2 at N-

band is 4.43 (as opposed to 1.24, 0.82 and 1.37 at 8.7µm, 10.55µm and 11.86µm

respectively).

2.4 Discussion

Figure 2.5 shows the fluxes and overall flux errors of T Tau N, Sa and Sb in the

three narrowband filters. These results show that the silicate absorption in T Tau

S, originally observed by Ghez et al. (1991), originates entirely from T Tau Sa. T

Tau Sb’s silicate SED has large enough photometric uncertainty that we cannot

say whether it has a small emission or absorption feature. However, we can say

with certainty, that it does not have as dramatic a silicate feature as T Tau Sa. T

Tau N also has a negligible silicate feature.2

Walter et al. (2003) used STIS spectra to infer the presence of circumbinary

structure obscuring both objects of the T Tau S binary. However, a circumbinary

structure cannot be the major source of silicate absorption since the absorption

is only towards Sa. Our observations indicate the presence of an edge-on cir-

2Ghez et al. (1991) were able to see an emission feature from T Tau N, but their SED shows
that the peak of the emission is probably fairly localized to 9.7µm, which would explain our
null result at 10.55µm. The amorphous silicate feature generally peaks at 9.7µm, however at-
mospheric ozone absorption makes this wavelength hard to observe from the ground. Strong
features and crystalline silicate can still be detected in the 10.55µm filter. Our N-band results (us-
ing N − [8.7µm + 10.55µm + 11.86µm] as a proxy for a “9.7µm” filter) corroborate the fact that
emission/absorption are peaked at 9.7µm (although, as was mentioned in the previous section,
the accuracy of the N-band results is questionable). Sb has a higher flux at N-band than any of
the narrow-band filters, indicating that Sb could have significant emission at 9.7 µm. North also
has a reasonably strong N-band point, which suggests that it also probably has silicate emission.
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cumstellar disk around T Tau Sa. The dense, optically thick midplane of a disk

can obscure the star (causing the high extinction necessary to completely hide a

∼ 2.7 solar mass star shortward of H-band) and create the silicate absorption we

observe in an otherwise featureless spectrum. T Tau Sb is less red, less obscured

and has less (if any) silicate absorption than T Tau Sa. Duchêne et al. (2002) spec-

tra indicate that T Tau Sb is an M0 star with heavy extinction and active accretion,

implying the presence of a disk. Combined with our null detection of silicate ab-

sorption, it is likely that T Tau Sb has a non-edge-on disk.

In general, circumstellar disks in tight binaries are tidally aligned on short

time-scales, but Jensen et al. (2004) and Monin et al. (2006) have found that sys-

tems with three or more stars tend to have misaligned disks. These previous

works used polarimetry, and could only separate binaries with sep > 100AU .

By resolving silicate features with 10 µm AO and super-resolution techniques,

we can push this limit to ∼ 15AU where tidal forces are stronger and disks are

truncated.

2.5 Conclusions

Markov chain super-resolution is a useful technique for taking full advantage

of highly stable, diffraction limited images from ground-based AO systems or

space-based telescopes. The MMTAO system, along with MIRAC4’s supersam-

pled detector, is uniquely capable of producing these images in the mid-IR at a

6.5-meter class telescope.

We have used MMTAO to image the famous T Tauri triple system and were

able to split the 0.11” Southern binary on and off the silicate feature (8.7µm,

10.55µm, 11.86µm and broad N-band). While previous unresolved data from the

Southern binary show strong silicate absorption (explaining its high extinction),
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we have determined the source of the absorption is entirely in front of T Tau Sa,

a ∼2.7 solar mass Herbig Ae star with an otherwise featureless spectrum.

Our results indicate the presence of an edge-on circumstellar disk around Sa,

corroborating previous theories resulting from jet orientation, differential extinc-

tion of Sa and Sb, narrowly constrained Brackett series emission, and warm, nar-

row CO absorption (Herbst et al., 1996; Solf & Böhm, 1999; Kasper et al., 2002;

Duchêne et al., 2005).

T Tau N has been observed to have silicate emission (Ghez et al., 1991) and

has a perpendicular jet orientation to the Southern jet (Herbst et al., 1996; Solf &

Böhm, 1999), which indicates the presence of a face-on disk. Sb has been modeled

with an accretion disk and the lack of silicate absorption in our results means

that it also has a non-edge-on disk. The fact that disks are misaligned in such a

tight (P ∼ 20 year for Sa-Sb) system is surprising considering that tidal forces

should align them on short timescales. As usual, the prototype for young stars

has provided another surprise for star formation models. It remains to be seen

whether other tight binaries/triple systems have similar anomalies.
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Table 2.1. Observations of T Tau (Nov. 3, 2006)

parameter 8.7µm 10.55µm 11.86µm N

Chop-Nod Setsa 6 8 8 4

On-Source Time (sec) 720 960 960 480

Usable Images 20 25 20 6

Usable On-Source Time (sec) 600 750 600 180

aEach chop-nod set comprises four images with 8” chops and 6” nods
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Table 2.2. Photometric and Astrometric Measurements (Nov. 3, 2006)

parameter 8.7µma 10.55µma 11.86µma Nb

T Tau N (relative mag) 0.000 ± 0.002 0.000 ± 0.001 0.000 ± 0.001 0.000 ± 0.002

T Tau Sa (relative mag) −0.029 ± 0.011 1.134 ± 0.058 0.244 ± 0.047 0.634 ± 0.030

T Tau Sb (relative mag) 1.977 ± 0.075 1.639 ± 0.092 1.215 ± 0.117 0.702 ± 0.033

T Tau Sb-Sa (delta mag) 2.005 ± 0.087 0.498 ± 0.151 0.966 ± 0.165 0.064 ± 0.063

T Tau N (Jy) 6.87 ± 0.69 7.51 ± 0.75 7.43 ± 0.74 7.40 ± 0.74

T Tau S (Jy) 8.17 ± 0.82 4.30 ± 0.43 8.36 ± 0.84 8.01 ± 0.80

T Tau Sa (Jy) 7.06 ± 0.71 2.64 ± 0.30 5.93 ± 0.65 4.13 ± 0.41

T Tau Sb (Jy) 1.11 ± 0.13 1.66 ± 0.22 2.43 ± 0.36 3.88 ± 0.39

Sa-Sb Separation (arcsec) 0.142 ± 0.004 0.112 ± 0.003 0.104 ± 0.004 0.121 ± 0.002

Sa-Sb PA (degrees) 307.4 ± 1.1 306.5 ± 1.6 308.4 ± 1.1 311.1 ± 0.9

best reduced χ2 1.24 0.82 1.37 4.43

a10% filters

b8-13 µm
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Figure 2.1 For all three graphics, North is up and East is left. The images are 1.7”

on a side and have a log10 stretch.

Left: The 10.55µm median combined image of T Tauri showing T Tau N and T

Tau S. Here, T Tau S appears to be unresolved.

Center: The 10.55µm median combined image of Beta Gemini (the PSF used in

this paper).

Right: A schematic of the T Tauri system, with 10.55µm photometry and astrom-

etry as derived in this paper (the N-S separation is from Duchêne et al. (2006)).

The PSF used in the schematic is scaled down for aesthetics.
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Figure 2.2 Photometric results of the Markov Chains for the 10.55µm filter. The

T Tau N, Sa and Sb plots are relative magnitudes scaled to the mean result for T

Tau N. The fourth plot is a scatter plot of fluxes for T Tau Sa vs. T Tau Sb. The −1

slope demonstrates that the T Tau Sa and T Tau Sb flux errors are anticorrelated

(if Sa is brighter, Sb is fainter and vice versa). The fluxes in the fourth plot are

relative, and thus ignore the 10% photometric calibration error assumed in the

rest of the paper.
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Figure 2.3 Levenberg-Marquardt best-fit residuals at 10.55µm with two-star(left)

and three-star models (right). The three star fit has residuals at the photon noise

floor.
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Figure 2.4 Figure modified from Schaefer et al. (2006)

Astrometric solutions to the T Tau Sa-Sb binary (Sa is in the center) with this

paper’s results (2006.9) for 10.55µm (red), 11.86µm (green), N-band (blue) over-

plotted. There is some preference for orbits with a period shorter than 40 years.
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Figure 2.5 The figure shows photometry for 8.7µm 10.55µm and 11.86µm for T

Tau N, Sa, and Sb. The curves drawn through the points are intended as a visual

aid. T Tau Sa has a large absorption feature that is absent from the other stars,

which indicates the presence of an edge-on protoplanetary disk. Since the other

stars lack a similar feature, it is likely that the disks in the T Tauri system are

misaligned.
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CHAPTER 3

ISM DUST GRAINS AND N-BAND SPECTRAL VARIABILITY IN THE SPATIALLY

RESOLVED SUBARCSECOND BINARY UY AUR

The 10µm silicate feature is an essential diagnostic of dust-grain growth and

planet formation in young circumstellar disks. The Spitzer Space Telescope has

revolutionized the study of this feature, but due to its small (85cm) aperture, it

cannot spatially resolve small/medium separation binaries (∼<3”; ∼< 420 AU) at

the distances of the nearest star-forming regions (∼140 pc). Large, 6-10m ground-

based telescopes with mid-infrared instruments can resolve these systems.

In this paper, we spatially resolve the 0.88” binary, UY Aur, with MMTAO/BLINC-

MIRAC4 mid-infrared spectroscopy. We then compare our spectra to Spitzer/IRS

(unresolved) spectroscopy, and resolved images from IRTF/MIRAC2, Keck/OSCIR

and Gemini/Michelle, which were taken over the past decade. We find that UY

Aur A has extremely pristine, ISM-like grains and that UY Aur B has an un-

usually shaped silicate feature, which is probably the result of blended emission

and absorption from foreground extinction in its disk. We also find evidence for

variability in both UY Aur A and UY Aur B by comparing synthetic photometry

from our spectra with resolved imaging from previous epochs. The photometric

variability of UY Aur A could be an indication that the silicate emission itself is

variable, as was recently found in EX Lupi. Otherwise, the thermal continuum

is variable, and either the ISM-like dust has never evolved, or it is being replen-

ished, perhaps by UY Aur’s circumbinary disk.



47

3.1 Introduction

Grain growth, which is one of the initial steps to planet formation, can be studied

by observing the 10µm silicate features of young stars. By modeling the shape

and strength of the feature, it is often possible to determine the different dust

grain constituents (amorphous grain-size, crystallinity, and in some cases min-

eralogy) of a young circumstellar disk (Bouwman et al., 2001; van Boekel et al.,

2005; Kessler-Silacci et al., 2006; Watson et al., 2009; Sargent et al., 2009). Numer-

ous authors have also used simple “size/shape” silicate feature metrics to deter-

mine the characteristic grain-size and crystallinity of dust (van Boekel et al., 2003;

Przygodda et al., 2003; Apai et al., 2005; Kessler-Silacci et al., 2006; Pascucci et al.,

2008). Based on this morphological classification, a logical evolutionary sequence

involves small, amorphous, ISM-like grains combining and annealing into large

(or more porous—see Voshchinnikov & Henning, 2008) and crystalline grains on

the way to forming planetesimals and eventually planets. For a complete review,

see Natta et al. (2007).

The Spitzer Space Telescope and its IRS spectrograph have observed numer-

ous young stellar objects, including the Furlan et al. (2006) Taurus-Aurigae sur-

vey of 111 Class II and III objects. However, a large fraction of these results

are contaminated by unresolved binaries due to Spitzer’s small (85cm) aperture.

Furlan et al. (2006) have noted that along with a large number of “normal” silicate

spectra, they have 15 outlier spectra, some of which may be unresolved blends.

Known binaries exist in both the normal subsample and the outlier subsample.

Complementing the space-based results is a spatially-resolved, N-band (∼8µm-

13.5µm) imaging survey of binaries by McCabe et al. (2006). However, there is

still a need for resolved spectroscopy of these binaries.

In this paper, we present resolved, broad N-band spectroscopy of the 0.88” bi-
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nary UY Aur using the MMT deformable secondary adaptive optics system (MM-

TAO), and the mid-infrared camera, BLINC-MIRAC4. We also present unpub-

lished resolved imaging data from two earlier epochs using IRTF/MIRAC2 and

Gemini/Michelle and compare our results to published Keck/OSCIR photom-

etry (McCabe et al., 2006) and Spitzer/IRS blended spectroscopy (Furlan et al.,

2006; Watson et al., 2009; Pascucci et al., 2008). Collectively, these observations

span more than a decade.

UY Aur is a particularly interesting T Tauri system in the Taurus-Aurigae star

forming region that was originally discovered to be a binary in the optical (Joy

& van Biesbroeck, 1944), before one of its components, UY Aur B, faded to more

than 5 magnitudes fainter than the primary at R-band (Herbst et al., 1995). The

system was observed to be a binary in the infrared by Ghez et al. (1993) and

Leinert et al. (1993), and subsequent H-band and K-band imaging revealed that

the system is highly variable at those wavelengths too (Kenyon & Hartmann,

1995; Close et al., 1998; White & Ghez, 2001; Brandeker et al., 2003; Hioki et al.,

2007). The source of the variability, while assumed to be mostly variable accre-

tion/extinction around UY Aur B may come from UY Aur A as well (Brandeker

et al., 2003). However, spatially resolved, absolute calibration data from Close

et al. (1998) and Hioki et al. (2007) show that UY Aur A’s H-band flux stayed

nearly constant (∆H =0.4 magnitudes) for three data points between 1996 and

2005, while UY Aur B varied by a maximum of ∆H =1.3 magnitudes.

Dutrey et al. (1996) and Duvert et al. (1998) resolved a Keplerian circumbinary

disk around UY Aur A+B using 13CO millimeter interferometry. The disk was

subsequently resolved in scattered light by Close et al. (1998) and polarized scat-

tered light by Potter et al. (2000). Using scattered-light multi-wavelength data,

Close et al. (1998) showed that the dust composition of the circumbinary disk
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was dominated by small (0.03µm-0.6µm) grains and postulated, based on their

images, that spiral-like streamers from the circumbinary disk were replenishing

small grains in the circumstellar disks of the binary components. The circumstel-

lar disks are thought to be truncated to ∼<1/2 the separation of the binary (∼<60

AU assuming a face-on orbit) based on dynamical simulations (Artymowicz &

Lubow, 1994). The system also has a bipolar outflow, although which star is its

source is unknown (Hirth et al., 1997).

Hartigan & Kenyon (2003) used the Space Telescope Imaging Spectrograph

(STIS) to acquire optical spectra of both binary components. Their results show

that UY Aur A is an M0 classical T Tauri star with a mass of 0.6 M⊙ and a fairly

high accretion rate of 10−7.64M⊙/yr. UY Aur B was characterized as an M2.5

classical T Tauri star with a mass of 0.34 M⊙ and a similarly high accretion rate

of 10−7.70M⊙/yr Extinction measurements showed that UY Aur A was extincted

by AV =0.55 and UY Aur B was extincted by AV =2.65. This large disparity in the

extinction of Class II binaries is uncommon since both stars lie along a common

line of sight in the dark cloud. Possible causes of this phenomenon are extinction

of UY Aur B from a foreground object (such as the disk of UY Aur A), or self-

extinction from the disk (caused, for example, by UY Aur B’s disk potentially

being viewed from close to edge-on).

In summary, UY Aur is a binary classical T Tauri system with two truncated

circumstellar disks. UY Aur B is an infrared companion that has exhibited vari-

ability in the optical and near-IR. UY Aur A may be variable in the near-IR as well.

The system is surrounded by a circumbinary disk, which may contain spiral-like

streamers to the circumstellar disks.

Of the 111 young stars in Furlan et al. (2006)’s sample, UY Aur and LkCa

15 have spectra that are the best examples of pristine, ISM-like silicate features
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(Watson et al., 2009), which could be the result of a lack of dust-grain evolution

or variable and/or replenishing mechanisms. Given that these Spitzer measure-

ments are of a blended spectrum, and UY Aur B is heavily extincted at optical

and near-IR wavelengths, it is surprising that Watson et al. (2009) would mea-

sure such a pristine (de-extincted) ISM-like feature. Our resolved spectroscopy

will help determine the nature and differences of the dust components in UY Aur

A and B.

3.2 Observations and Reductions

3.2.1 MMTAO/BLINC-MIRAC4 AO Spectra

On January 14, 2009 UT, we observed UY Aur with MMTAO/BLINC-MIRAC4

using MIRAC4’s newly commissioned spectroscopic mode. MMTAO is the 6.5

meter MMT’s deformable secondary adaptive optics system (e.g. Lloyd-Hart,

2000; Wildi et al., 2003; Brusa et al., 2004). BLINC-MIRAC4 (Bracewell Infrared

Nulling Cryostat; Mid-IR Array Camera, Gen. 4) is a combined AO-optimized

mid-IR imager (MIRAC4) and nulling interferometer (BLINC), which for these

observations, is used in its “imaging” mode. MIRAC4 is functionally equivalent

to previous versions of MIRAC (e.g. Hoffmann et al., 1998), with its new features

documented in Hinz et al (in prep). BLINC is descibed in Hinz et al. (2000). Us-

ing AO, BLINC-MIRAC4 can achieve Strehls of up to ∼98% at 10µm (Close et al.,

2003a).

MIRAC4 was first used in its spectroscopic mode for grism trace-centroiding,

without a flux calibration (Skemer et al., 2009). This paper presents the first flux-

calibrated spectra with MIRAC4, and thus a full description of our observing

strategies and reductions will follow.

MIRAC4 operates at a variety of platescales ranging from 0.055”/pixel to
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0.110”/pixel. In order to observe the full N-band range (7.6µm-13.3µm), we oper-

ate close to the coarsest platescale (0.105”/pixel). For all the spectra in this paper,

we use an oversized (1”) slit, to negate object alignment effects. In this configu-

ration, MIRAC4 has a spectroscopic range of 7.6µm-13.3µm, which is limited by

an N-band filter to block higher order grism modes. Our wavelength calibration

was done in a lab the same week as the observations and resulted in a measured

dispersion of 27 nm/pixel. No telluric wavelength calibration is done at this time

because of the lack of available lines in the N-band atmospheric window. Be-

cause we use an oversized slit, our spectral resolution is limited by diffraction.

At the center of N-band (10.5µm), the diffraction limit of the 6.5 meter MMT is

∼ λ/D =0.32”. This corresponds to a spectral resolution of ∼125.

Conditions on January 14, 2009 UT were photometric at the beginning of the

night and we observed the mid-IR standard, ǫ Tau, at two different airmasses in

broad-N spectra, followed by the science target, UY Aur. Ideally, the UY Aur ob-

servations would have been followed by another observation of ǫ Tau. However,

the wind shifted and strengthened after our UY Aur observation, precluding a

third observation of the standard. All of our observations used adaptive optics

with a loop-speed of 550 Hz. Details of our observations are presented in Table

3.1.

Each object was aligned in the slit for two nod beams separated by 5” (we

chop perpendicular to the slit with an 8” throw). Because we were observing

the binary UY Aur, we rotated the camera with respect to the sky to manually

align the binary with the slit. The telescope rotator was turned on to maintain the

position angle.

All three groups of spectroscopic observations were reduced with our custom

artifact removal software (Skemer et al., 2008) and mean combined. We com-
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pared the two reduced ǫ Tau spectra to determine the quality of our flux calibra-

tion. Because the airmass of ǫ Tau changed between our observations (see Table

3.1), we do a telluric airmass correction by dividing our spectra by atmospheric

transmission curves for Mauna Kea at the appropriate airmasses (we assumed a 3

mm water vapor column density but using different values did not significantly

change our results; the transmission curves are courtesy of Gemini1 and use the

ATRAN code described in Lord, 1992). This technique has also been described in

Honda et al. (2004) and McCabe et al. (2006) among others. After telluric airmass

correction, the ratio of the divided ǫ Tau spectra is shown in Figure 3.1, boxcar-

smoothed with a 0.19µm kernal. The large feature centered at ∼9.5µm is telluric

ozone, and it is clear that within the grey-boxed region, our flux calibration is

poor. We measure the mean and standard deviation of the residuals and find that

outside the ozone feature, our flux calibration has an error of 2.3% ± 3.0%. The

mean difference between the spectra (2.3%) is treated as a global error, and the

standard deviation (3.0%), while not completely uncorrelated with wavelength,

is treated as a local random error. The same calculation yields an error of 19.6%

± 9.0% error inside ozone. This could be caused by an incorrect assumption of

ozone density in our telluric correction (ozone varies with latitude and season)

or a density fluctuation of ozone during our observations (fast day/night or tem-

perature/pressure induced fluctuations). The best way to address both of these

problems is to group future observations closely in both airmass and time.

Our UY Aur observations were reduced similarly to those of ǫ Tau. At a sepa-

ration of 0.88” (Close et al., 1998; McCabe et al., 2006), the binary is easily resolved

by MMTAO/BLINC-MIRAC4, which has superresolved binaries as tight as 0.12”

(Skemer et al., 2008). We determine the relative flux of the two components of UY

1http://www.gemini.edu/sciops/telescopes-and-sites/observing-condition-
constraints/transmission-spectra
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Aur at every wavelength by fitting each 1-D slice with a corresponding 1-D slice

from the second (closest in airmass and time) observation of the point source ǫ

Tau. The images of the spectra of ǫ Tau and UY Aur as well as a best-fit residual

plot are shown in Figure 3.2.

We perform an absolute calibration on UY Aur A and B by comparing them

to the G9.5III mid-IR standard, ǫ Tau (Cohen et al., 1999) and using the telluric

airmass correction technique described above in this section. The error analysis

on our calibrated spectra is somewhat complex due to the different sources and

correlations between errors. We list the five major error sources here:

measurement error due to photon noise, slight PSF mismatch, and crosstalk arti-

facts on the MIRAC4 chip. The crosstalk artifacts manifest in our flux mea-

surements as occasional bad measurements at a single wavelength (detector

row). To robustly measure the flux of our spectra in a way that removes the

effects of an occasional bad single-row measurement, we median combine

our data in 7-pixel (0.19µm) bins (which effectively degrades our spectral

resolution by a factor of two). We empirically calculate the dispersion in

our median measurements by taking the separation between the second

and sixth ordered values in each 7-pixel bin, and multiplying by the Monte

Carlo simulation determined value, 0.303, which gives a 1-sigma (gaussian)

error bar on the median. Typical errors range from 1%-4% of the flux with

errors up to ∼5% of the flux inside telluric ozone.

global model error (i.e. correlated throughout the full spectrum) on the Cohen

et al. (1999) model of ǫ Tau is 2.259% throughout the spectrum.

local model error on the Cohen et al. (1999) model of ǫ Tau ranges from 1.032%-

1.265% across the spectral range.
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global telluric error based on our comparison of the two ǫ Tau measurements

shown in Figure 3.1. We assume a global error of 2.3% outside the ozone

feature and 10% inside ozone. The 10% error inside ozone is less than the

19.6% discrepancy shown in Figure 3.1. However, we believe 10% to be

more appropriate based on the fact that the second ǫ Tau measurement and

UY Aur measurement from Table 3.1 are separated by less in airmass/time

than the two ǫ Tau measurements.

local telluric error based on our comparison of the two ǫ Tau measurements shown

in Figure 3.1. We assume errors of 3.0% outside the ozone feature and 5%

inside ozone. Again, the 5% error inside ozone is less than the 9.0% dis-

crepancy shown in Figure 3.1, but is reasonable considering the proximity

of our observations.

All five error sources are combined in quadrature and plotted about the me-

dian binned spectra in Figure 3.3. The figure shows four spectra: UY Aur A,

UY Aur B, the combined UY Aur A and B, and a reference Spitzer/IRS spec-

trum of the unresolved UY Aur binary (Jeroen Bouwman and Ilaria Pascucci,

private communication). Measurement errors (and total errors) are calculated

separately for each spectrum. The Spitzer/IRS spectrum uses Spitzer pipeline

S18.7.0 and methods described in Bouwman et al. (2008), as well as a correc-

tion for pointing offest errors using the methods described in Swain et al. (2008).

The Spitzer/IRS spectrum has been binned to the same wavelength range as

the MMTAO/BLINC-MIRAC4 data, and measurement errors are calculated sim-

ilarly to the MMTAO/BLINC-MIRAC4 data to include the “error” resulting from

binning a non-neglible spectral range. The dominant source of error for Spitzer

is a 3% global model uncertainty.
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The Spitzer/IRS spectrum has slightly more flux than the MMTAO/BLINC-

MIRAC4 UY Aur combined spectrum. However, the difference is not significant

enough to infer variability based on the overall flux levels. In Section 3.4, we will

show that the shape of the spectra and the relative fluxes of the binary compo-

nents suggest temporal variability. It is also evident from this plot that UY Aur A

and UY Aur B have similar overall fluxes but very different silicate profiles. This

will be discussed in Section 3.4.1 when we analyze the shapes of the silicate fea-

tures. The flux ratio of the two components is plotted as a function of wavelength

in Figure 3.4. Because relative photometry has fewer error sources than absolute

photometry, flux ratios are powerful measurements for determining differences

between the silicate feature (Section 3.4.1) and variability (Section 3.4.2).

3.2.2 Gemini/Michelle Imaging

On September 27, 2004 UT, Gemini/Michelle observed UY Aur using Michelle’s

spectroscopic mode for Gemini program GN-2004B-Q59. We obtained acquisi-

tion images of UY Aur (which is easily resolved) and the standard star ι Aur in

the Si-5 filter (11.15µm-12.25µm at half-maximum). A summary of these observa-

tions is presented in Table 3.1. We did not attempt to use the spectroscopic data

as the binary was aligned perpendicular to Michelle’s slit. The data were reduced

with the standard Gemini IRAF pipeline and are shown in Figure 3.5.

We performed photometry on UY Aur with IRAF daophot (Stetson, 1987) us-

ing ι Aur as a PSF and photometric standard. ι Aur is a K3II Cohen mid-IR

standard (Cohen et al., 1999, 2001), which has been flux-calibrated to 63.074 Jy in

the Si-5 filter2. The error on our absolute flux calibration is dominated by variable

sky conditions, since ι Aur and UY Aur were observed 15 minutes apart. Based

on the well-matched airmass and weather conditions, and the fact that the data

2http://www.gemini.edu/sciops/instruments/mir/MIRStdFluxes.txt
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were taken on a relatively dry night in a clear region of the N-band window, we

assign a 5% absolute photometric error to our measurements. The uncertainty

in our UY Aur A-B flux ratio measurement is most likely dominated by PSF fit-

ting error. Between the two measurments of UY Aur, the flux ratio varied by

∼1%. We conservatively adopt 2% as the error on flux ratio. The results of our

Gemini/Michelle imaging photometry are presented in Table 3.2.

3.2.3 IRTF/MIRAC2 Imaging

On November 15, 1998 UT, IRTF/MIRAC2 observed UY Aur using MIRAC2’s

imaging mode with the older (now replaced) 128x128 detector. We obtained im-

ages of UY Aur (which is marginally resolved) and the standard star α Tau in

the 10.3µm filter (9.73µm-10.73µm at half-maximum). A summary of these obser-

vations is presented in Table 3.1. The data were reduced with the custom IRAF

pipeline of Close et al. (2003b) and are shown in Figure 3.6.

We performed PSF fitting photometry on UY Aur with IRAF daophot (Stet-

son, 1987) using α Tau as a PSF and photometric standard. α Tau is a MIRAC2

standard, which has been flux-calibrated to 584 Jy in the 10.3 µm filter3 using the

Cohen et al. (1992a) system defined by α Lyr. The night was photometric and both

the object and the standard were observed at very low airmass (1.02-1.09). How-

ever, the 10.3µm filter partially overlaps with the telluric ozone feature (which

can adversely effect absolute calibrations) so we conservatively assume an abso-

lute calibration error of 8%, which is added in quadrature to the photon/fitting

errors. We also adopt 4% as the error on the flux ratio from the errors given by

the IRAF allstar task. The results of our IRTF/MIRAC2 imaging photometry are

presented in Table 3.2.

3cfa-www.harvard.edu/˜jhora/mirac/mrcman.pdf
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3.3 Analysis

3.3.1 Normalization of the Spectra

Following the example of numerous authors (van Boekel et al., 2003; Przygodda

et al., 2003; Kessler-Silacci et al., 2006; Pascucci et al., 2008), we continuum sub-

tract and normalize our spectra (see Figure 3.7) in order to measure size/shape

parameters of the 10µm silicate feature, which can be used to infer the character-

istic dust grain size, and crystallinity. After continuum subtraction, the normal-

ization follows the formula

Sν = 1 +
Fν − Fν,c

< Fν,c >
(3.1)

where Fν is the spectrum and Fν,c is the fit continuum and the denominator,

< Fν,c > is the continuum averaged over the wavelength range of the silicate

feature.

We perform a Monte Carlo simulation of the error terms described in Section

3.2.1 to construct 10000 sets of synthetic spectra. The error terms are correlated

where appropriate so that errors from the absolute calibration (global and lo-

cal model errors and global and local telluric errors) are the same for the three

MMTAO/BLINC-MIRAC4 spectra (UY Aur A, UY Aur B, and combined UY

Aur) and global model/telluric/calibration uncertainties are the same through-

out each full spectrum in a given Monte Carlo trial. For each trial we perform

a best-fit linear continuum subtraction based on the continuum at 8.0µm and

12.5µm-13.0µm. Since the N-band atmospheric window precludes us from mea-

suring the quadratic and higher order continuum terms, we adopt the quadratic

term of the continuum from the Spitzer/IRS spectrum (fit between 5.3µm-8.0µm

and 12.6µm-14.2µm; to avoid silicate) for all of our spectra. As can be seen from

an independent analysis by Watson et al. (2009), the higher order (non-linear)
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continuum terms for UY Aur are small. The Monte Carlo analysis gives us a

range of values for the normalized flux at each wavelength from which we cal-

culate error bars. Pascucci et al. (2008) use a similar Monte Carlo analysis (with

different error sources). The 1-σ range of the fit continua is shown in Figure 3.7

along with the normalized fluxes derived from equation 3.1 and our Monte Carlo

analysis. A few of the normalized spectra are also plotted against each other for

ease of comparison in Figure 3.8. Table 3.3 shows the 9.9µm normalized flux and

the ratio of the 11.25µm/9.9µm normalized fluxes, which are used as a proxy for

grain-size and crystallinity respectively. We also measure the ratio of these pa-

rameters for UY Aur A and B (since this helps supress much of the uncertainty

caused by the absolute error terms). We find that the ratio of the 9.9µm nor-

malized flux terms is 1.40±0.06 and the ratio of the 11.25µm/9.9µm normalized

color is 0.82±0.04. Because the quadratic term of our continuum subtraction is

not well known (we adopt it from a different epoch and it is not resolved for the

two binary components), we may have some residual systematic errors that we

do not present. However, the difference between using the quadratic term from

the Spitzer data and using no quadratic term at all creates a discrepancy of only

0.01 for the values in Table 3.3 so we believe this effect to be small.

3.3.2 Photometric Variability

We compare the photometry of multiple epochs of UY Aur observations to check

for photometric variability, presenting both absolute photometry of the full sys-

tem and relative photometry of the resolved binary for the ground-based data in

Table 3.2. With the spectroscopic data, we can construct synthetic filters to com-

pare our actual photometry (IRTF/MIRAC2, Keck/OSCIR, Gemini/Michelle) to

the spectra (MMTAO/BLINC-MIRAC4 and Spitzer/IRS). For example, photom-

etry in the Gemini/Michelle Si-5 filter is compared to MMTAO/BLINC-MIRAC4
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spectra that have been convolved onto the Gemini/Michelle Si-5 photometric

system. This necessitates a thorough understanding and calibration of each pho-

tometric system.

The traditionally quoted energy flux of an object through a photometric sys-

tem is given by

F (filter) =

∫
Fλ(λ) · R(λ)dλ

∫
R(λ)dλ

(3.2)

where Fλ(λ) is the spectrum of the object as a function of λ and R(λ) is the system

response function (i.e. the product of the sky transmission, the system QE and the

filter profile as a function of λ). If we convert this to an Fν system (i.e. Janskys),

the equation becomes

F (filter) =

∫
Fν(λ) · c · λ−2 · R(λ)dλ

∫
R(λ)dλ

(3.3)

However, when comparing detector counts for relative and absolute calibration,

it is necessary to integrate photons rather than energy (Bessell et al., 1998), which

necessitates that we divide the flux term in equation 3.3 by E = hν. This gives us

Counts1

Counts2
=

∫
Fν,1(λ) · λ−1 · R(λ)dλ

∫
Fν,2(λ) · λ−1 · R(λ)dλ

(3.4)

where counts1

counts2
is the ratio of photons detected for object 1 compared to object 2,

with fluxes Fν,1 and Fν,2 respectively.

In this formalism, Equations 3.2 or 3.3 should be used to determine absolute

fluxes for photometry (i.e. to put a Cohen model spectrum onto a photometric

system) while Equation 3.4 should be used for photometry with actual data (i.e.

counts measured for object 1 versus counts measured for object 2 in a photometric

system).

In order to put the Spitzer/IRS and MMTAO/BLINC-MIRAC4 spectra onto

the photometric systems of IRTF/MIRAC2, Keck/OSCIR and Gemini/Michelle,
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we use Equation 3.4 with Cohen et al. (1992a,b, 1995, 1999) spectra of α Tau (for

IRTF/MIRAC2), α Lyr (for Keck/OSCIR) and ι Aur (for Gemini/Michelle) as

Fν,2(λ). We use the telluric absorption spectrum at 1.0 airmasses for Mauna Kea

assuming 1.0 mm precipitable water vapor as described in Section 3.2.1 (Lord,

1992), and we use filter curves for 10.3µm4 (IRTF/MIRAC2), N-band5 (Keck/OSCIR)

and Si-56 (Gemini/Michelle).

Equation 3.4 and its corresponding uncertainty is calculated using a Monte

Carlo approach with the same error sources (on Fν,1 and Fν,2) and functionality as

the analysis described in Section 3.3.1. The binary flux ratios and corresponding

uncertainties are calculated using the relative errors shown in Figure 3.4.

3.4 Discussion

3.4.1 Normalized Spectra

Our continuum-subtracted, normalized spectra in Figure 3.7 show that UY Aur

A’s silicate emission mostly dominates the combined normalized spectrum, but

that UY Aur B’s role is not insignificant. A direct comparison of the MMTAO/BLINC-

MIRAC4 normalized spectrum (Figure 3.8) with the Spitzer normalized spectrum

shows that the feature itself has changed, as the Spitzer spectrum has a stronger

feature that could be interpreted as smaller, less-evolved grains. Interestingly, the

bottom panel shows that the MMTAO/BLINC-MIRAC4 normalized spectrum

of UY Aur A is consistent with the Spitzer normalized spectrum of the unre-

solved pair. This could mean that UY Aur A’s feature was even more dominant

at the time of the Spitzer observations. Given that we have observed significant

variability in both binary components (see below in Section 3.4.2), it is possible

4http://www.cfa.harvard.edu/˜emamajek/mirac/index.html
5http://www.gemini.edu/sciops/instruments/oscir/oscirIndex.html
6http://www.gemini.edu/sciops/instruments/michelle/imaging/filters
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that changes in either star’s silicate feature could have caused this. Without two

epochs of resolved spectra (the Spitzer spectrum is a blend), it is impossible to

know if UY Aur A’s silicate feature has varied, or just its continuum.

As was noted by Watson et al. (2009), the Spitzer spectrum of the unresolved

UY Aur binary shows almost uniquely clear evidence for small, pristine, ISM-

like grains. In Figure 3.9, we compare our normalized spectrum of UY Aur A

with the scaled optical depth of the ISM towards Sgr A* using the measurements

of Kemper et al. (2004) who find that the ISM is dominated by ∼0.1µm amor-

phous grains. Our spectrum is consistent with these ISM grains with a reduced

χ2
ν value of 0.75. Given that UY Aur A is variable (see below in section 3.4.2) and

has pristine ISM-like grains, it will be interesting to see if future resolved spec-

troscopy finds a varying silicate feature similar to the recent observations of EX

Lupi (Ábrahám et al., 2009).

While it would be interesting to compare the dust properties of UY Aur A

and B, extinction in the spectrum of B precludes a direct comparison. Instead, we

can de-extinct the spectrum of UY Aur B, to see if we can reproduce UY Aur A’s

ISM-like silicate feature with a plausible amount of extinction. We use the ratio of

the fluxes between UY Aur A and B (Figure 3.4, which has lower errors than our

flux-calibrated spectra) and de-extinct UY Aur B using scaled ISM optical depths

from Kemper et al. (2004). These scaled optical depths can be converted to AV

using the ISM extinction curve of Rieke & Lebofsky (1985). With this, we do a 3

parameter best-fit (AV and a linear continuum) to match the spectrum of UY Aur

B to UY Aur A. Our results are plotted in Figure 3.10 where the black diamonds

are the observed flux ratios between UY Aur A and B (Figure 3.4), and the teal

asterisks are the theoretical flux ratios between UY Aur A and B after a best-fit

de-extinction of UY Aur B plus the addition of a linear continuum. The best-fit ex-
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tinction value is AV = 5.1 with a reduced χ2
ν of 1.71. This is a plausible amount of

extinction given that UY Aur B has been observed to vary by >4.5 magnitudes at

R-band, due to a mixture of variable extinction and accretion (Herbst et al., 1995).

Figure 3.11 shows the normalized spectrum of UY Aur B after being de-extincted

by AV = 0 (as observed), 2.65 (the value measured by Hartigan & Kenyon, 2003)

and 5.1 (the best-fit value to make UY Aur B’s silicate feature like UY Aur A’s). If

extinction in UY Aur B is variable, then 5.1 magnitudes of AV extinction would

allow the dust grains in UY Aur A and B to be similar. If extinction in UY Aur B

is not variable or was lower than AV =5.1 at the time of our observations, as was

true when measured by Hartigan & Kenyon (2003), then the silicate feature in

UY Aur B is shallower than A’s which would mean it has larger grains. Disentan-

gling these two scenarios is only possible with simultaneous resolved extinction

measurements and resolved mid-IR spectroscopy.

3.4.2 Photometric Variability

As is evident from Table 3.2 and a corresponding plot shown in Figure 3.12, the

UY Aur system is variable in the mid-infrared. Among our results, we note that

UY Aur A and UY Aur B became significantly fainter in the Si-5 filter between

September 27, 2004 and January 14, 2009. Also, between November 16, 1999 and

January 14, 2009, UY Aur A got fainter in N-band while UY Aur B got brighter.

This change is further highlighted in the flux ratio measurements which dropped

from 2.07±0.03 to 1.19±0.01 over that period. Our results are somewhat surpris-

ing considering that UY Aur B was assumed to be the dominant source of vari-

ability in the near-infrared (Brandeker et al., 2003). The fact that UY Aur A is also

variable in the mid-infrared may mean that it deserves a more complete study at

shorter wavelengths as well. Currently, the best resolved near-infrared variabil-

ity data set, with absolute calibrations, is 3 H-band measurements by Close et al.
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(1998) and Hioki et al. (2007) that show ∼0.4 magnitudes of variability for UY

Aur A and ∼1.3 magnitudes of variability for UY Aur B between 1996 and 2005.

If this variability is caused entirely by extinction, we can use the Rieke & Lebof-

sky (1985) ISM extinction law to say that N-band extinction variability would be

∼0.1 magnitudes for UY Aur A, and ∼0.4 magnitudes for UY Aur B. Based on

our mid-IR variability data from Table 3.2, this hypothetical extinction variability

would be enough to explain UY Aur B’s mid-IR behavior, but not UY Aur A’s.

Thus, some other process, such as variable accretion, must be responsible for UY

Aur A’s mid-IR variability.

If Close et al. (1998)’s hypothesis (following Artymowicz & Lubow, 1996)

that spiral streamers are responsible for dust-replenishment and variability in

the system, then our mid-infrared data suggest the streamers may be affecting

the primary star (UY Aur A) as well as the secondary. Future studies should ad-

dress whether binaries are more likely than single stars to be variable in the mid-

infrared, and whether the variability and the unevolved ISM-like grains are con-

tingent on large circumbinary disks feeding truncated circumstellar disks, such as

the ones surrounding UY Aur and GG Tau. Spectroscopic measurements, which

are able to determine if the source of the variability is continuum or optically thin

dust emission, would be particularly useful.

3.5 Conclusions

While the Spitzer IRS spectrograph has observed numerous young stellar ob-

jects to study grain-growth, Spitzer’s 85cm aperture cannot resolve most binaries

(tighter than ∼3”). As a result, large aperture (ground-based mid-IR systems

and/or JWST) must be used to separate tight/medium-separation binaries.

Using the 6.5 meter MMT with MMTAO/BLINC-MIRAC4, we obtained high-
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Strehl, spatially resolved, low-resolution, N-band spectra of the 0.88” binary UY

Aur. We compare our results to resolved photometry from IRTF/MIRAC2, Gem-

ini/Michelle, and Keck/OSCIR as well as an unresolved spectrum from Spitzer.

We find the following:

1) UY Aur A and UY Aur B have very different silicate features, which when

combined, produce a blended spectrum that includes emission from both sources

and absorption from UY Aur B. Other binaries may have similarly complicated

silicate blends and should be resolved by large-aperture telescopes.

2) UY Aur A’s silicate spectrum is consistent with dust emission from pristine,

ISM-like grains. UY Aur B, which is an infrared companion, has a much flatter

silicate spectrum that may be the result of foreground extinction from an edge-

on disk. As a result, we cannot determine whether UY Aur A and UY Aur B

share similar dust properties (although if corrected for AV =5.1 magnitudes of

extinction, UY Aur B has a similar silicate feature to UY Aur A). The fact that

UY Aur A exhibits ISM-like dust implies that either its dust has not evolved (via

grain-growth) or that its small grains are replenished by variable processes (such

as streamers from the circumbinary disk reservoir).

3) While UY Aur B has shown optical and near-IR variability in the past, we

show that UY Aur A and UY Aur B both show significant variability in the mid-

IR. The variability in UY Aur B is expected based on its presumably changing

extinction profile. However, the mid-IR variability of UY Aur A, especially con-

sidering its unevolved, ISM-like grains, is more surprising. Future resolved spec-

tra will be able to determine if this variability is due to continuum changes, or

if it is due to episodes of dust-processing as was recently observed in EX Lupi

(Ábrahám et al., 2009).
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Table 3.1. Imaging and Spectroscopic Observations of UY Aur

Date (UT) Telescope/Instrument Object Filter Exposure Length (s) # of Exposures Airmass

Jan 14, 2009 MMTAO/BLINC-MIRAC4a ǫ Tau Grism 10 10 1.37-1.38

Jan 14, 2009 MMTAO/BLINC-MIRAC4a ǫ Tau Grism 10 14 1.15-1.16

Jan 14, 2009 MMTAO/BLINC-MIRAC4a UY Aur Grism 10 18 1.09-1.11

Sep 27, 2004 Gemini/Michelleb ι Aur Si-5 4 1 1.05

Sep 27, 2004 Gemini/Michelleb UY Aur Si-5 4 2 1.03

Nov 15, 1998 IRTF/MIRAC2 α Tau 10.3µm 5 1 1.09

Nov 15, 1998 IRTF/MIRAC2 UY Aur 10.3µm 10 54 1.02-1.05

aAll data were taken with MMTAO at a loop-speed of 550 Hz

bThe data were all taken within a period of 15 minutes and had IQ=70%, CC=50% and WV=20% (Gemini observing

constraints for Mauna Kea—www.gemini.edu/sciops/telescopes-and-sites/observing-condition-constraints)
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Table 3.2. Photometry of UY Aur

Date Telescope/ Filter UY Aur UY Aur A UY Aur B Binary flux ratio

Instrument Flux (Jy) Flux (Jy) Flux (Jy) (A/B)

Nov 15, 1998 IRTF/MIRAC2 10.3µm 2.54±0.24 1.54±0.17 1.00±0.14 1.55±0.06

Feb 27, 2004 Spitzer/IRS 10.3µm 2.81±0.08 ... ... ...

Jan 14, 2009 MMTAO/BLINC-MIRAC4 10.3µm 2.63±0.10 1.49±0.06 1.14±0.04 1.30±0.01

Nov 16, 1999 Keck/OSCIR N-band 2.27±0.22 1.53±0.14 0.74±0.05 2.07±0.03

Feb 27, 2004 Spitzer/IRS N-band 2.35±0.07 ... ... ...

Jan 14, 2009 MMTAO/BLINC-MIRAC4 N-band 2.17±0.08 1.17±0.05 0.99±0.04 1.19±0.01

Feb 27, 2004 Spitzer/IRS Si-5 2.62±0.08 ... ... ...

Sep 27, 2004 Gemini/Michelle Si-5 3.26±0.16 1.95±0.10 1.31±0.07 1.49±0.03

Jan 14, 2009 MMTAO/BLINC-MIRAC4 Si-5 2.42±0.09 1.32±0.05 1.10±0.04 1.22±0.02

Note. — The Spitzer/IRS and MMTAO/BLINC-MIRAC4 data are spectra that have been converted to the photometric

systems of 10.3µm (IRTF/MIRAC2), N-band (Keck/OSCIR) and Si-5 (Gemini/Michelle) as described in Section 3.3.2.

The Keck/OSCIR photometry of UY Aur is from McCabe et al. (2006). Their data is presented in magnitudes, which we

convert to Jy using the zero-mag flux of 33.99 Jy for α Lyr presented in their paper.
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Table 3.3. Silicate Shape/Strength Measurements

Spectrum S9.9 S11.25/S9.9

UY Aur (Spitzer unresolved) 1.53±0.01 0.86±0.01

UY Aur (MMTAO combined) 1.36±0.05 0.83±0.04

UY Aur A (MMTAO) 1.59±0.07 0.75±0.04

UY Aur B (MMTAO) 1.14±0.06 0.92±0.06
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Figure 3.1 The divided, processed spectra of two observations of ǫ Tau demon-

strates the quality of our absolute calibration. After a telluric airmass correction

(described in text), we are able to achieve a calibration discrepancy of 2.3% ± 3.0%

outside of the grey-boxed region coincident with telluric ozone. Inside ozone the

discrepancy is 19.6% ±9.0%.
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Figure 3.2 Spectra of our PSF/flux calibrator, ǫ Tau, our science target, UY Aur,

and the best-fit residuals after fitting for the flux of each component of UY Aur.

Note: For clarity, the ǫ Tau spectrum is presented at 1/10 the stretch of the UY

Aur spectra and residuals. UY Aur A is 0.88” from UY Aur B.
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Figure 3.3 MMTAO/BLINC-MIRAC4 flux calibrated spectra of UY Aur A, UY

Aur B, their combined spectrum and a comparison Spitzer (unresolved) spec-

trum. The error bars shown are the combination of several error sources (de-

scribed in text).



71

Figure 3.4 The flux ratio of UY Aur as a function of wavelength from the

MMTAO/BLINC-MIRAC4 spectra. Because the relative errors on each compo-

nents flux are significantly lower than the absolute flux calibration errors, flux

ratios provide a powerful measurement for demonstrating variability and differ-

ences between the silicate features.
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Figure 3.5 Gemini/Michelle acquisition images of Iota Aur (the PSF/flux calibra-

tor) and UY Aur. For Iota Aur, North is up and East is left. For UY Aur, the

coordinate system has been rotated clockwise by 132 degrees.
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Figure 3.6 IRTF/MIRAC2 images of UY Aur and Alpha Tau (the PSF/flux-

calibrator) along with the best-fit residuals of the PSF-fitting photometry. The

best-fit residuals are at the photon noise floor of our image, which gives confi-

dence that the binary was accurately resolved and extracted. For all three images,

North is up and East is left.
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Figure 3.7 LEFT: MMTAO/BLINC-MIRAC4 spectra shown in Figure 3.3 with the

1-σ range of our Monte Carlo continuum plotted in grey. RIGHT: Normalized

spectra (see Equation 3.1) after continuum subtraction. The error bars are the

result of our Monte Carlo analysis (described in Section 3.3.1).
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Figure 3.8 Comparisons of normalized spectra from Figure 3.7. The negligible

error bars on the Spitzer normalized spectra (shown in Figure 3.7) are removed

for clarity. Our combined UY Aur normalized spectrum shows statistically sig-

nificant variability compared to the Spitzer spectrum. However, UY Aur A itself

is statistically indistinguishable from the Spitzer spectrum.



76

Figure 3.9 The continuum-subtracted, normalized spectrum of UY Aur A is com-

pared to the (scaled) optical depth of the interstellar medium towards Sgr A*.

The curves are consistent with reduced χ2 = 0.75. The fact that UY Aur A’s dust

is very similar to the ISM either means that it has not evolved (via grain-growth),

or that variable processes (such as accretion from the circumbinary disk) are re-

plenishing the small ∼0.1µm grains.
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Figure 3.10 In order to see if UY Aur B’s silicate feature is similar to UY Aur

A’s but with more extinction and a different underlying continuum, we take the

observed relative fluxes between UY Aur A and B and do a best-fit de-extinction

of B, plus the addition of a linear continuum, to try to produce an equal flux-ratio

across all wavelengths. The observed relative fluxes between UY Aur A and B

are shown as black diamonds (as in Figure 3.4). The best-fit de-extincted ratio

(+continuum) is shown as teal asterisks and has a reduced χ2
ν of 1.71 with respect

to the dashed line (unity).
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Figure 3.11 Normalized spectra of UY Aur B after de-extinction compared to the

scaled ISM-optical depth shown in Figure 3.9. From top to bottom, UY Aur B has

been de-extincted by AV of 0, 2.65 (the value measured by Hartigan & Kenyon,

2003) and 5.1 (the best-fit value to make UY Aur B’s silicate feature like UY Aur

A’s). Assuming a large amount of extinction towards UY Aur B, it is possible

that UY Aur B’s silicate grains are similar to UY Aur A’s. For lower values of

extinction, UY Aur B’s silicate grains would have to be larger than UY Aur A’s

grains.
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Figure 3.12 Variability of UY Aur and its two components in three filters. The

photometry is listed in Table 3.2. Variability is seen, to some extent, in the com-

bined UY Aur plot, as well as in the UY Aur A and B plots. However, ground-

based resolved data are most sensitive to changes in the flux ratio (seen in the

bottom right). Our most recent MMTAO/BLINC-MIRAC4 data show that the

binary is much closer to equal flux than it has been in the past in all three filters.
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CHAPTER 4

DUST GRAIN EVOLUTION IN SPATIALLY RESOLVED T TAURI BINARIES

Core-accretion planet formation begins in protoplanetary disks with the growth

of small, ISM dust grains into larger particles. The progress of grain growth,

which can be quantified using 10µm silicate spectroscopy, has broad implications

for the final products of planet formation. Previous studies have attempted to

correlate stellar and disk properties with the 10µm silicate feature in an effort

to determine which stars are efficient at grain growth. Thus far there does not

appear to be a dominant correlated parameter. In this paper, we use spatially

resolved adaptive optics spectroscopy of 9 T Tauri binaries as tight as 0.25” to

determine if basic properties shared between binary stars, such as age, compo-

sition, and formation history, have an effect on dust grain evolution. We find

with 90-95% confidence that the silicate feature equivalent widths of binaries are

more similar than those of randomly paired single stars, implying that shared

properties do play an important role in dust grain evolution. At lower statistical

significance, we find with 82% confidence that the secondary has a more promi-

nent silicate emission feature (i.e., smaller grains) than the primary. If confirmed

by larger surveys, this would imply that spectral type and/or binarity are impor-

tant factors in dust grain evolution.

4.1 Introduction

The core-accretion model for planet formation (e.g., Lissauer & Stevenson, 2007)

is a multi-step process beginning with the agglomeration of small interstellar

medium (ISM) dust grains into larger particles. Eventually, these particles reach

the size of planetesimals and gravitationally attract each other and their sur-
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rounding gas. Planet formation must occur quickly, as several physical processes

are able to disperse the gas and dust of the protoplanetary disk. Consequently,

the timescale over which each aspect of core-accretion occurs is critical to the final

outcome of the planet formation process. The first step of core-accretion, where

small ISM dust grains agglomerate into larger particles, is of particular impor-

tance as it sets the conditions for all of the other core-accretion steps.

Dust grain properties can be studied at a variety of wavelengths and locations

in the disk (Natta et al., 2007). Visible and near-infrared scattered light imaging

can be used to study the grain sizes of submicron and micron surface dust at large

radial distances. Mid-infrared spectroscopy of the 10µm and 20µm silicate emis-

sion features can be used to determine the size and composition of submicron and

micron sized surface dust at small radial distances. Far-infrared and millimeter

continuum observations probe deep into the disk mid-plane over the full radius

of the disk and can be used to determine the size distribution and total mass of

mm-cm dust grains. Although these observations probe different grain sizes at

different locations in the disk, it appears that they are somewhat correlated. In

particular, the equivalent width of the 10µm silicate feature is correlated with

the slope of the submillimeter spectral energy distribution (SED), implying that

dust grain growth proceeds concurrently through its various phases (Lommen

et al., 2010). Additionally, the shape of the 10µm silicate feature is correlated with

its amplitude, likely due to the simultaneous development of large amorphous

grains and crystalline grains (van Boekel et al., 2003; Przygodda et al., 2003; Apai

et al., 2005).

Our current understanding of dust grain growth is that it begins during the

Class II phase of star/planet formation, once the dust is collected into a circum-

stellar disk (Beckwith & Sargent, 1991; Ossenkopf & Henning, 1994; Kruegel &
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Siebenmorgen, 1994). At this point, dust grains are expected to coagulate and

settle rapidly (∼ 103 − 106 years depending on model assumptions; Dullemond

& Dominik, 2005; Brauer et al., 2008). However, Class II objects over a wide span

of ages (∼0.5-10 Gyr) have a diverse set of dust grain properties, implying that

dust evolution is not simply a function of age (Meeus et al., 2001; Przygodda

et al., 2003; van Boekel et al., 2005; Apai et al., 2005; Kessler-Silacci et al., 2006;

Furlan et al., 2009; Oliveira et al., 2011). Even within individual clusters, which

are approximately coeval, there is no apparent correlation between mid-infrared

dust properties and stellar mass, luminosity, stellar accretion or disk mass (Sicilia-

Aguilar et al., 2007; Watson et al., 2009). Over a large range of masses, taken be-

tween stars in different clusters with different ages, there appears to be a weak

correlation between mass and silicate feature strength (Kessler-Silacci et al., 2006;

Pascucci et al., 2009), which might be the result of another spectral-type depen-

dent factor, such as X-rays or the location of the silicate emission zone (Glauser

et al., 2009; Kessler-Silacci et al., 2007). However, the general diversity of dust

properties between similar stars of similar ages suggests that additional proper-

ties are needed to explain the evolution of the dust.

One way to isolate which stellar properties are important for dust grain evo-

lution is to observe the dust grain properties of coeval young binaries. Binaries

share certain properties, such as age, composition and formation history, which

are difficult to ascertain in individual stars. If these properties are important for

dust grain evolution, then we expect the dust to be similar in binary pairs. How-

ever, if these properties are unimportant, then the binary stars will have a ran-

dom distribution of dust characteristics, similar to those observed in single stars.

Additionally, if the shared properties are important, they might be hiding cor-

relations between other stellar parameters and dust grain characteristics, which
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can be uncovered by taking advantage of the coevality of binaries.

In this paper (and including the results of Skemer et al., 2010), we present spa-

tially resolved 10µm silicate spectroscopy of 8 Taurus-Aurigae1 binaries, which

triples the sample size of spatially/spectrally resolved binaries in a single cluster

at mid-infrared wavelengths. Small diameter space-based telescopes are unable

to perform high spatial resolution (∼< 2 − 3”) observations in the mid-infrared

(>8µm) due to their large diffraction limits (additionally, the Infrared Spectro-

graph, IRS, on Spitzer is no longer operational, so mid-infrared spectroscopy is

not currently accessible from space). Ground-based observatories have much

larger diameters but suffer from high sky background, variable transmission and

seeing, which explains why constructing even a small sample has been difficult.

We describe our observations and reductions in Section 2 and our corrections

for extinction and equivalent width measurements in Section 3. In Section 4, we

perform statistical tests in an attempt to determine which properties affect dust

grain-growth. In particular, we ask the questions (1) Is grain growth correlated be-

tween binary pairs? and (2) Does removing this effect reveal correlations between grain

growth and other properties? We discuss the implications of our results and our

conclusions in Section 5.

4.2 Observations and Reductions

We observed 7 T Tauri binaries with MMTAO/BLINC-MIRAC4 over several nights

in 2009 and 2010 (the object names, dates, and exposure times can be found in Ta-

ble 1). All of the objects were observed with the 6.5 meter MMT Telescope and

its unique deformable-secondary adaptive optics system (MMTAO; Lloyd-Hart,

2000; Wildi et al., 2003; Brusa et al., 2004), which produces stable, high-Strehl (up

1Taurus-Auriga is a low-mass star forming region with an age of ∼1-2 Myr and a distance of
∼140 pc (Kenyon & Hartmann, 1995; Kenyon et al., 1994).
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to ∼98%) point-spread-functions (PSFs) in the mid-infrared (Close et al., 2003a).

We used the combination mid-IR nulling-interferometer/imager/spectrograph,

BLINC-MIRAC4 (Bracewell Infrared Nulling Cryostat; Mid-IR Array Camera,

Gen. 4), in its imager/spectrograph configuration (Hoffmann et al., 1998; Hinz

et al., 2000; Skemer et al., 2009).

For each binary, we observed a bright spectroscopic standard, that doubled as

a PSF star, before and after the binary observation. We took acquisition images at

8.7µm to put the standard or binary in MIRAC4’s 1”×15” slit. We then inserted

the KRS-5 grism, which is in a filter wheel, near a pupil plane. For the binaries,

we azimuthally aligned both stars with the slit, either based on our 8.7µm im-

ages or on optical acquisition images for the AO-system’s wavefront sensor. The

telescope’s Cassegrain de-rotator was turned on to keep both stars in the slit. We

chopped perpendicularly to the slit with an 8” throw, and nodded along the slit

(so that the binary was visible in both nods) with ∼3-5” nods, depending on the

binary separation.

The adaptive optics (AO) system is able to run at full-speed (550 Hz loop-

speed) for stars brighter than V∼12 mag, and sometimes fainter in good condi-

tions. Since some of our targets were fainter than this cutoff, we ran the AO sys-

tem slower (100-150 Hz loop-speed) on these binaries, and their PSF star/spectroscopic

standards. Our PSF/spectroscopic standard stars were brighter at visible wave-

lengths than our target binaries, so we used neutral density filters in the AO

camera to roughly match the wavefront sensor counts and limit differences in

photon-noise error.

Our reduction methods are described in Skemer et al. (2010). One difference

is that in this paper, instead of having an overall “measurement error”, we often

measure relative errors (between binary sources) separately from absolute errors
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(between one or both binary components and a spectroscopic standard). One

benefit of this is that for sources with large (>2) mid-IR flux ratios, we can do

an absolute calibration on just the brighter component with the best subset of our

observations (i.e., close in airmass and time to bracketing spectroscopic standards

and in photometric conditions), and build up S/N on the fainter companion in

other conditions, without having to frequently switch between the object and a

standard. The method is also useful for tight binaries, where we can use a subset

of the data to do the absolute calibration on the combined binary, and then use

the full dataset to split the binary. We use this method for all but GG Tau, and

XZ Tau (2009 dataset), which were observed only briefly, so that all of the data

were used for both relative and absolute calibrations. The exposure times for our

absolute calibrations (a subset of our full data) and our relative calibrations (our

full data) are listed in Table 1.

We used the mid-IR standard ǫ Tau for all of our binaries except GG Tau, for

which we used HR 1684 (Cohen et al., 1999). In all cases except GG Tau and

XZ Tau (2009 dataset), we were able to measure telluric calibration errors (as in

Skemer et al., 2010) with bracketing standards. In the cases of GG Tau and XZ

Tau (2009 dataset), which were both taken in photometric conditions with well-

matched single spectoscopic standards in both airmass and time, we conserva-

tively assume 3% local errors and 5% global flux errors outside of telluric ozone.

Most of the binaries in our survey have a large enough separation that split-

ting them is trivial with the 6.5 meter MMT and its adaptive optics system. How-

ever, a few of our binaries (GG Tau, GN Tau, XZ Tau, which are separated by

0.25”, 0.41” and 0.29” respectively) are near or below the diffraction limit (λ/D =0.32”

at 10µm) of the 6.5 meter MMT. Because of MMTAO’s high-Strehl and stability in

the mid-infrared, it has resolved binaries as tight as 0.12” at 10µm using super-
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resolution techniques (Skemer et al., 2008). By using our spectroscopic standard

as a 1-D PSF, we fit a double (binary) PSF, for each wavelength of our spectrum

image, fixing the separation of the binary based on imaging data. This gives us

a measurement of the flux of each component relative to our spectroscopic stan-

dard.

For our tightest object, GG Tau, we also fixed the curvature of the grism trace

to that of the PSF star’s grism trace, which is legitimate as long as the object and

PSF star are observed at a similar airmass to avoid the effects of atmospheric

dispersion (Skemer et al., 2009). Both GG Tau and its PSF star were observed at

1.04 airmasses.

For GN Tau, the A and B components are of similar brightness in the opti-

cal, and because of their small separation, the AO system’s wavefront sensor was

somewhat less effective in the direction of the binary. As a result, the binaries’

PSF was slightly wider in the direction of the binary than the spectroscopic stan-

dard’s PSF. We found that convolving our spectroscopic standard’s PSF with a

0.05”-σ Gaussian greatly improved the residuals of the binary fit, although this

smoothing did not significantly affect the measurement values of the fit.

Spectrally dispersed images for each of our seven binaries are shown in Figure

4.1. Each frame shows both components of a binary, with the primary on top and

the secondary on the bottom (primary being defined as the brighter component

in the optical). A vertical cut through each image is shown to the right. Our

tightest binaries, GG Tau Aa-Ab and XZ Tau A-B are separated by less than the

MMT’s ∼0.32” diffraction limit. However, the vertical cut through the spectrally

dispersed images shows a wider spectrum, and with knowledge of the binary

separation (obtained from acquisition images) and our high-Strehl (∼98%) PSF,

we are able to spatially resolve the spectra.
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Spectroscopy for each of our seven binaries (plus a second epoch on one of

the binaries, XZ Tau), is presented in Figure 4.2. In all cases, the A component is

to the left and the B component is to the right. The error bars that coincide with

the Earth’s 9.7 µm ozone feature reflect the larger calibration uncertainties of our

data at these wavelengths.

A summary of all (our survey plus literature) spatially and N-band spec-

trally resolved binaries/multiples in the Taurus-Auriga star forming region is

presented in Table 2. We rebin published spectra from other instruments (DD

Tau A-B and FV Tau A-B from Honda et al., 2006 and GI-GK Tau from Watson

et al., 2009) to the wavelength sampling used in our reductions in order to keep

our results consistent. The uncertainties for DD Tau A-B and FV Tau A-B are from

Honda et al. (2006). The uncertainties for GI-GK Tau are dominated by our bin-

ning method (see Skemer et al., 2010) because of Spitzer’s high sensitivity. Flux

loss due to Spitzer slit mispointings become irrelevant in our later analysis of sil-

icate equivalent widths.

4.3 Analysis

4.3.1 Correction for Extinction

Our mid-IR spectra must be corrected for extinction to avoid contamination by

the silicate feature of the ISM extinction curve (Rieke & Lebofsky, 1985). In Tau-

rus, where most Class II objects are extincted by AV <3 (Kenyon & Hartmann,

1995), the effect is not as great as in other star forming regions. However, some

of our objects have larger extinctions (the largest of which is FV Tau AB, with

AV = 5.3; White & Ghez, 2001). As shown in Figure 1 of Furlan et al. (2009), these

extinctions will have a strong influence on the resulting silicate emission feature

if left uncorrected.
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We correct for extinction in our measured mid-IR spectra using AV values

from Furlan et al. (2009) and references within (listed in Table 4.3), which will al-

low us to make a consistent comparison between our binaries and the single stars

of Furlan et al. (2009) in Section 4.1. We adopt the same extinction laws as Furlan

et al. (2009): Mathis (1990) with RV = 5 for objects with AV < 3 and McClure

(2009) for AV ≥ 3. Since our objects are binaries, we correct extinction in both

components equally, as interstellar extinction is thought to be the same between

tight binary components (White & Ghez, 2001; Hartigan & Kenyon, 2003). The

one exception is for our widest binary, GI-GK Tau, where Furlan et al. (2009) cite

separate extinction values for each component.

Figure 4.3 shows our extinction corrected spectra. There are several exam-

ples of binaries that have strikingly similar silicate features, both in terms of their

strengths and their shapes. Notable example include FX Tau, GN Tau, IT Tau, DD

Tau, FV Tau and GI-GK Tau. We quantitatively compare the strength of silicate

features in binary pairs, using equivalent width measurements, in Section 4.4.1.

More detailed comparisons of their detailed silicate properties would be useful

for determining whether individual dust components (for example, certain crys-

talline species) are correlated between binary pairs, but that test is not addressed

further in this paper.

Our sample shows a diversity of silicate properties. Strong features (implying

small dust grains) are present in GI Tau, GK Tau, RW Aur B and GG Tau Ab,

among others. Weak features (no small grains) appear in IT Tau A and B and

most notably in XZ Tau B, which shows negligible emission in 2009. XZ Tau,

which was observed twice, shows strong variability, as was seen in multi-epoch

Spitzer spectroscopy (Bary et al., 2009). Our data indicate that silicate variability

is present in both sources, and because of the strong variation we observe in the
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flux ratio of the binary, both silicate features likely affect the unresolved Spitzer

variability.

4.3.2 Equivalent Width Measurements: A Signature of Grain Growth

Numerous authors have noted the correlation between the shape and the strength

of the 10 micron silicate feature, where a strong feature generally implies the

presence of small grains. Since the ISM is composed of small, amorphous silicate

grains (Kemper et al., 2004), it is assumed that circumstellar disks where these

grains are observed have not undergone dust processing/grain growth, while

disks with larger and/or more crystalline grains have begun grain growth. The

10 µm silicate feature is only sensitive to a subsample of dust in the circumstel-

lar disk: silicate dust grains between ∼0.1µm and ∼5µm, that are at the optically

thin surface of the disk and at the proper temperature to be in the silicate emis-

sion zone (Kessler-Silacci et al., 2007). While the 10µm silicate feature is being

used to probe grain properties in the upper-layers of the circumstellar disk, mil-

limeter wavelengths can probe the cooler and deeper layers of the disk, which

contain larger mm-cm sized grains. The shape of the millimeter continuum slope

can be used to probe a characteristic mid-plane grain size, which has also been

used to infer grain-growth. In a highly important work, Lommen et al. (2010)

demonstrated a correlation between the strength of the silicate feature (using

equivalent width) and the slope of the millimeter continuum. This means that

despite the limited emission zone of the 10µm silicate feature, it does appear to

be a marker for dust grain-growth throughout young circumstellar disks. This

result has practical importance, because there are many more measurements of

10µm silicate features than millimeter slopes, due to the decreasing brightness of

these objects with wavelength. Binarity, in particular, is best studied at shorter

wavelengths where the system can be spatially resolved.
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Lommen et al. (2010)’s result correlates the equivalent width of the silicate fea-

ture with dust grain sizes in the disk midplane. Similarly, silicate de-composition

techniques (see Sargent et al. 2009; Juhász et al. 2009; Olofsson et al. 2010; Oliveira

et al. 2011 and a review by Watson 2009) establish that the silicate feature equiv-

alent width is connected to the size of dust grains in the upper layers of the disk.

Based on these two correlations, we use the equivalent width of the silicate fea-

ture as a proxy for grain-growth for the rest of this paper. While silicate feature

de-composition techniques still contain more information than this simple ap-

proach, equivalent width is a robust, single-number statistic, that is easily mea-

sured with ground-based systems that are limited in sensitivity, spectral range,

and spectral resolution.

We calculate equivalent width by integrating (F−Fcontinuum)/Fcontinuum, where

the continuum is a linear fit of our flux measurements between 8.07-8.27µm and

12.56-12.95µm. Errors are calculated using the Monte Carlo approach described

in Skemer et al. (2010). The dominant error source for most of our MMTAO/BLINC-

MIRAC4 data is the spectroscopy at the edges of the silicate band, which define

the (linear-fit) silicate continuum. These regions are particularly faint from the

ground because of the low atmospheric transmission ≤ 8µm and ≥ 12.5µm com-

bined with decreasing flux at the longer wavelengths. The other difficult region

in the N-band is the 9.7µm telluric ozone feature, where our absolute calibrations

tend to be much worse than elsewhere in the spectrum (see Figure 4.2). For the

purposes of calculating equivalent width, we interpolate over the ozone region.

The results of our equivalent width measurements of binaries, as well as 8.1

and 12.7 µm continuum photometry and colors are presented in Table 4.3. We in-

clude our MMTAO/BLINC-MIRAC4 measurements, as well as the binaries from

Honda et al. (2006) and Watson et al. (2009), which we interpolate in the same
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fashion as the MMTAO/BLINC-MIRAC4 for consistency. We do not include T

Tau, UY Aur or XZ Tau, which are not used in Section 4.4.1 because they are

self-extincted and variable. All of the quantities listed are calculated with the

extinction corrected spectra.

Our ground-based equivalent width measurements use a smaller than de-

sirable wavelength range (∼8-12.5µm) due to truncation by atmospheric trans-

mission. Space-based equivalent width measurements, motivated by the true

width of the silicate feature, use larger wavelength ranges (for example, Lommen

et al. (2010) use 7.5-13.0µm). Additionally, space-based equivalent width mea-

surements often use polynomial continuum fits instead of linear fits and do not

interpolate over telluric ozone, as is done for our ground-based measurements.

For these reasons, it is worth checking that the equivalent widths calculated us-

ing our ground-based prescription are well-correlated with the equivalent widths

calculated using typical space-based prescriptions. We use a set of single stars in

Taurus (described in Section 4.4.1), whose extinction corrected equivalent widths

are published by Furlan et al. (2009) based on Spitzer/IRS spectroscopy. We ob-

tained the Spitzer data, and applied our MIRAC4 binning procedure and equiva-

lent width measurements prescription. A comparison of our measurements with

the measurements of Furlan et al. (2009) is shown in Figure 4.4. The space-based

prescription (true) equivalent widths are well-correlated with the ground-based

prescription (truncated) equivalent widths, with the exception of one outlier (DM

Tau, which has a large quadratic continuum term (Watson et al., 2009) that is

not accounted for in the ground-based prescription). This implies that ground-

based (truncated) equivalent widths are reliable proxies for the space-based (true)

equivalent widths.
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4.4 Statistical Tests

4.4.1 Is Grain Growth in Binaries Correlated?

Properties shared between binary stars, such as age, composition and formation

history, might be linked to the growth of dust grains in young stars. We test for

this by determining if the silicate features of binary stars are more similar than

the silicate features of randomly selected pairs of single stars. We use the ratio of

extinction corrected equivalent width measurements (Table 4.3) to quantify the

similarity of two silicate features, using the reciprocal of the ratio when the ratio

is < 1.

The binary stars are drawn from our sample of spatially and spectrally re-

solved N-band spectra in Taurus-Auriga (Table 4.2), where we exclude systems

that contain infrared companions, that are thought to be self-extincted and vari-

able (T Tau, UY Aur, XZ Tau, as shown by van Boekel et al., 2010; Skemer et al.,

2010; Bary et al., 2009). This leaves us with 9 binaries for the test. For the pairs

of single stars, we use the extinction corrected equivalent widths of 26 Taurus-

Aurigae single stars from Furlan et al. (2009), where the single stars are listed in

Furlan et al. (2006). We exclude sources with unknown and high (AV > 8) extinc-

tions, and we avoid DG Tau, which is known to have a variable silicate feature

(Wooden et al., 2000; Bary et al., 2009) and HK Tau, which has a self-extincting

disk (Stapelfeldt et al., 1998b). We recalculate the extinction-corrected equiva-

lent widths of the single stars using our ground-based prescription (see Section

4.3.2) and list these values in Table 4.4. The single stars and binaries are similarly

distributed on an HR diagram (Figure 4.5), allowing us to make a reasonably

unbiased comparison.

We do an N=104 Monte Carlo simulation to randomly pair single stars and

to randomly sample the error bars for our binary equivalent width ratios (a his-
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togram of the simulation output is shown in Figure 4.6. In 90% of our trials, the

average (mean) of the equivalent width ratios of the 9 binaries is closer to 1 than

the average equivalent width ratios of 9 randomly selected pairs of single stars.

Thus, with 90% confidence, we find that silicate features in binary pairs are more

similar than silicate features in randomly paired single stars, implying that grain

growth is correlated in binaries.

There is one systematic effect that is likely to have increased the observed

differences between the silicate features of the single star pairs. The extinction

measurements for each single star correspond to an approximately 15% error in

equivalent width (Furlan et al., 2009). This will cause a residual differential ex-

tinction between the single star pairs, that should on average make the single

star silicate features look more different than they actually are. We add 15% more

uncertainty to the single star equivalent widths in our Monte Carlo simulation

and find that our confidence is only changed by 2%. Thus, the effect of residual

extinction in the single star pairs is small. Similiarly the extinction corrections for

the binaries, described in Section 3.1, assumes that the binaries share the same

interstellar extinction. If this assumption is incorrect there would be a residual

differential extinction between the binary pairs, that should on average make the

binary silicate features look more different than they actually are. This bias is

similarly small to the single star bias.

Our single star sample includes 3 transitions disks (GM Aur, DM Tau and

LkCa 15), which have larger than normal silicate equivalent widths (see Figure

4.4 and Furlan et al., 2009). We include them in our single star sample because

some of our binaries have similarly large silicate equivalent widths (for example

GG Tau Ab, which has a “truncated” EqW = 3.33±0.40). Excluding the transition

disks (while including GG Tau) would change our confidence that grain growth
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is correlated in binaries to 83%.

Of our 9 binaries, GG Tau Aa-Ab has the largest disparity between its silicate

feature equivalent widths. GG Tau A is a 0.25” binary with circumstellar disks

around each component and a spatially resolved circumbinary disk (Dutrey et al.,

1994) that is unusually massive (Jensen et al., 1996). Some authors have reported

tentative detections of a dust streamer onto GG Tau Ab (Roddier et al., 1996;

Piétu et al., 2011), which might be replenishing the small dust grains detected

in our silicate spectroscopy (Skemer et al., 2010). The presence of streamers has

also been inferred in tighter binary systems via periodic accretion (Mathieu et al.,

1997; Jensen et al., 2007). If the dust steamer(s) replace the dust grains around

each components at different rates, the silicate features would not be “coeval” as

we have assumed throughout this analysis. Excluding GG Tau (and the transition

disks) from our Monte Carlo simulation would change our confidence that grain

growth is correlated in binaries to 95%.

4.4.2 Does the Coevality of Binaries Reveal a Correlation of Grain Growth and

other Properties?

Numerous authors have used single stars (and unresolved binaries) to determine

if stellar and disk properties might correlate with grain-growth. The strongest

correlation is between X-ray luminosity and dust grain crystallinity and size (Glauser

et al., 2009; Riaz, 2009). A weaker and possibly dependent correlation might ex-

ist between stellar mass and dust-grain size (Kessler-Silacci et al., 2006; Pascucci

et al., 2009). It is possible that age and/or formation history effects are obscuring

the correlations between grain growth and stellar/disk properties. Here, we use

the coevality of binaries to effectively remove the age/formation history affects

and test correlations between grain-growth and various other parameters.

As in Section 4.4.1, we use the 9 binaries from our sample that do not have
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edge-on disks/self-extinction. For each of these binaries, we have compiled a

table of spatially resolved ancillary stellar properties (Table 4.5) and a table of

infrared flux ratios for determining disk colors (Table 4.6). We plot 6 different

stellar/disk properties versus binary equivalent width ratios in Figure 4.7. With

our small sample size of binaries (9), doing too many correlation tests would re-

sult in spurious correlation detections. Thus, the properties we have chosen are

intended to have the most plausible links to grain-growth. Spectral type is an

obvious catch-all, that for a fixed age, is related to the temperature, luminosity

and mass of the star. Bolometric magnitude relates to the total flux hitting the

dust-grains, and should define the “silicate emission zone” (Kessler-Silacci et al.,

2007). Stellar mass relates to the gravity-induced sinking of large dust grains to

the disk midplane and disk dynamics in general. Hα relates to accretion, which

will produce UV photons that can anneal the dust. K-L colors relate to the geom-

etry of the disk’s puffed-up inner-rim. K-N colors relate to the disk geometry at

the location of the silicate emission zone.

For each frame in Figure 4.7, the x-axis shows a difference/ratio measure-

ment for a star/disk property. For example, frame (a) shows the difference in

spectral type between the A component and the B component of the binary. In

all frames, the y-axis shows the ratio of the equivalent width ratios. Vertical dot-

ted lines show equal spectral types, luminosities, masses, Hα equivalent widths,

and colors. Horizontal dotted lines show equal silicate equivalent widths. This

divides each frame into quadrants. We do a coarse correlation analysis by deter-

mining how many binaries are in the top-right or bottom-left quadrants versus

the top-left or bottom-right quadrants. This allows us to easily answer questions

of the form “Do the stars with earlier spectral types have larger or smaller silicate

feature equivalent width?” Since we are dealing with coeval binary pairs, this
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directly relates to whether spectral type is correlated with grain-growth.

In 7 out of 9 binaries, the star with the earlier spectral type has a smaller sili-

cate equivalent width than the star with the later spectral type. Using the bino-

mial distribution with p = 50%, the probability that 7 or more out of 9 binaries

would have larger equivalent widths in either the earlier-type components or the

later-type components is 18%. This probability is not low enough to rule out the

null hypothesis that spectral type is not correlated with silicate feature equiva-

lent widths (especially given that it is 1 of 6 tests shown in Figure 4.7). No other

parameter in Figure 4.7 has a stronger correlation signal than spectral type. Addi-

tionally, none of the parameters in Figure 4.7 have an obvious visual trend. Thus,

we do not find evidence for any correlations with equivalent width, other than

the marginal one observed for spectral type.

4.5 Discussion and Conclusions

Our mid-infrared adaptive optics survey has produced 8 new spatially resolved

silicate spectra of young Taurus-Aurigae binaries (including UY Aur, which was

published in Skemer et al., 2010). This effectively triples the number of spatially

and spectrally resolved binaries in the Taurus-Auriga cluster, and provides the

first opportunity to draw statistical conclusions about the spatially resolved sili-

cate features of binaries in any young cluster. Our fundamental questions are (1)

Is grain growth correlated between binary pairs? and (2) Does removing this effect reveal

correlations between grain growth and other properties?

We find with 90% confidence (when including GG Tau) or 95% confidence

(when excluding GG Tau) that the silicate features of binaries are more similar

than the silicate features of randomly paired single stars (our ambivalence in in-

cluding GG Tau stems from its large circumbinary disk, which might be replen-
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ishing the dust in the inner disks via streamers). The similarity of the silicate

features in our binary pairs implies that one or more shared binary properties

(such as age, composition or formation history) plays an important role in dust

grain evolution.

One possible explanation for our findings is that the environment in which a

star forms affects its potential to grow dust grains, and eventually planets. It is a

fundamental prediction of core-accretion that giant planets form more efficiently

in metal-rich systems, based on the increased solid material available for build-

ing planetary cores (Ida & Lin, 2004a,b). However, the core-accretion scenario

is predicated by small dust grains coagulating quickly enough that aerodynamic

drag does not remove too many meter-sized objects from the system (a prob-

lem, which is commonly known as the “meter-sized barrier”; Weidenschilling,

1977). Brauer et al. (2008) have shown that the removal of meter-sized objects

due to radial drift can be overcome by increasing the disk’s initial dust-to-gas ra-

tio from 1% to 2%. The result is a natural consequence of increasing the rate of

grain growth by decreasing the time between collisions. Since binary stars form

from the same fragmented core material, it is possible that grain growth in binary

stars will proceed at similar rates in each component due to their shared initial

gas-to-dust ratio.

Binarity itself might also affect the silicate features of young stars. Circum-

stellar disks can be dynamically perturbed by a companion star, which intro-

duces spiral structure and truncates the radial extent of the disk (Artymowicz &

Lubow, 1994). In this configuration, large particles collide and fragment more

frequently, which speeds up dust grain evolution (Dubrulle et al., 1995) while de-

creasing the maximum particle size in the disk (Zsom et al., 2011). Dust streamers

from a wider circumbinary disk can also replenish solid material in one or both
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of the circumstellar disks (Artymowicz & Lubow, 1996). The dust streamers are

likely to contain un-evolved, ISM-like dust grains that dominate the appearance

of the silicate feature (Skemer et al., 2010). There are two young Taurus-Aurigae

binaries with directly imaged circumbinary disks: GG Tau (Dutrey et al., 1994)

and UY Aur (Dutrey et al., 1996). In each case, we find that one of the com-

ponents has an unusually prominent silicate feature, indicating the presence of

small grains. Pascucci et al. (2008) were not able to detect a difference between

the silicate features of (unresolved) medium-separation binaries and single stars,

which suggests that any effect must be subtle or uncommon. However, spatially

resolved studies of the silicate features in young binaries might reveal different

dust-grain growth mechanisms.

In Section 4.4.2, we found that seven of our nine binaries (i.e. 82% confidence

of a trend using the binomial distribution) have larger silicate equivalent widths

(smaller grains) in the secondary than the primary. This pattern was also ob-

served in two binaries by Przygodda et al. (2003). Assuming this trend is con-

firmed by larger samples of spatially resolved silicate spectroscopy, the cause

could be based on the dynamics of binaries or simply a spectral-type/mass/luminosity

correlation with the speed of dust grain growth. The former explanation could

be tested by seeing if the correlation is connected with binary separation.

Our study has been limited by its small sample size, due to the complexity and

limitations of ground-based 10 µm spectroscopy and adaptive optics, which were

necessary to build up the current sample. Larger ground-based telescopes, such

as the LBT and ELTs along with large space-based telescopes, such as JWST will

be able to dramatically increase the sample of spatially resolved silicate spectra

of young binaries.



99

Table 4.1. MMTAO/BLINC-MIRAC4 Observations of T Tauri Binaries

Binary Dates (UT) Relative Calibration Absolute Calibration

On-source Time (s)a On-source Time (s)a

DK Tau 2010 Jan 3 2190 1260

FX Tau 2010 Jan 2 and 6 1200 570

GG Tau A 2009 Oct 2 1200 1200

GN Tau 2010 Jan 2 2550 750

IT Tau 2010 Jan 3 and 4 2385 2385

RW Aur 2010 Jan 5 and 6 765 630

XZ Tau 2009 Jan 14 160 160

XZ Tau 2010 Jan 5 1230 270

aRelative fluxes between binary pairs were measured using all available data. Ab-

solute calibrations (using the brighter star or the “un-resolved” binary pair) were

measured using the best subset of data to minimize errors caused by changing at-

mospheric conditions.
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Table 4.2. N-band Spatially and Spectrally Resolved Taurus Binaries

Binary Separation (”) Separation Ref. N-band spectra Ref.

DD Tau A-B 0.56 1 2

DK Tau A-B 2.32 1 this work

FV Tau A-Ba 0.71 1 2

FX Tau A-B 0.89 1 this work

GG Tau Aa-Abb 0.25 this work this work

GI-GK Tauc 12.9 3 4

GN Tau A-B 0.41 this work this work

IT Tau A-B 2.4 5 this work

RW Aur A-Bd 1.40 1 this work

T Tau N-Sa-Sb 0.69/0.13 6 7

UY Aur A-B 0.88 1 8

XZ Tau A-Be 0.29 this work this work

Note. — A list of T Tauri binaries in the Taurus-Auriga star-forming regions

with spatially resolved N-band spectroscopy. We only include binaries separated

by < 30”, which are then likely to be bound and coeval (Kraus & Hillenbrand,

2009). Due to non-negligible orbital motion in the cases of GG Tau, GN Tau and XZ

Tau, astrometry is measured from 8.7µm acquisition images preceding our N-band

spectroscopy. We use α Gemini as our astrometric standard. T Tau Sa-Sb also has

fast orbital motion, which is parameterized, most recently, by Köhler et al. (2008)

adoes not include FV Tau /c, which is a 0.7” binary located 12.3” from FV Tau

(White & Ghez, 2001)

bdoes not include GG Tau B, which is a 0.25” binary located 10.3” from GG Tau

A (White & Ghez, 2001)

cGK Tau is itself a 2.4” binary (Hartigan et al., 1994). However, GK Tau B was not

detected in our 8.7 micron imaging.

dRW Aur was found to be a triple by (Ghez et al., 1993), but (White & Ghez, 2001)

claim the 3rd star was probably a false detection.

eXZ Tau A is itself a 0.09” binary at mm wavelengths (Carrasco-González et al.,

2009).

References. — (1) White & Ghez (2001); (2) Honda et al. (2006); (3) Hartigan et al.

(1994); (4) Furlan et al. (2006), Watson et al. (2009) and others; (5) Duchêne et al.

(1999); (6) Köhler et al. (2008); (7) Ratzka et al. (2009); (8) Skemer et al. (2010)
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Table 4.3. Extinction Corrected Silicate/Continuum Measurements of T Tauri

Binaries

AV (mag)a Silicate EqW (µm) 8.1 µmbflux (Jy) 12.7 µmcflux (Jy)

DD Tau A 1.0 0.95±0.06 0.45±0.01 0.73±0.00

DD Tau B 1.0 1.53±0.11 0.34±0.01 0.43±0.01

DD Tau A/B 0.62±0.06 1.33±0.06 1.72±0.03

DK Tau A 1.3 2.80±0.18 0.66±0.03 0.78±0.02

DK Tau B 1.3 1.76±0.25 0.15±0.01 0.14±0.01

DK Tau A/B 1.60±0.18 4.51±0.14 5.52±0.30

FV Tau A 5.3 1.03±0.10 0.30±0.00 0.32±0.01

FV Tau B 5.3 1.44±0.11 0.43±0.01 0.54±0.01

FV Tau A/B 0.72±0.09 0.70±0.03 0.59±0.02

FX Tau A 2.0 2.61±0.39 0.14±0.01 0.17±0.02

FX Tau B 2.0 2.34±0.43 0.05±0.00 0.07±0.01

FX Tau A/B 1.12±0.26 2.91±0.22 2.45±0.35

GG Tau Aa 1.0 0.91±0.25 0.36±0.02 0.39±0.04

GG Tau Ab 1.0 3.33±0.40 0.24±0.02 0.28±0.02

GG Tau Aa/Ab 0.27±0.08 1.47±0.10 1.38±0.14

GI Tau 2.3 1.93±0.05 0.68±0.01 0.79±0.00

GK Tau 1.1 2.76±0.09 0.69±0.02 0.86±0.00

GI Tau/GK Tau 0.70±0.03 0.99±0.03 0.92±0.00

GN Tau A 3.5 1.04±0.21 0.14±0.01 0.15±0.01

GN Tau B 3.5 1.66±0.20 0.23±0.01 0.21±0.01

GN Tau A/B 0.62±0.12 0.59±0.03 0.75±0.04

IT Tau A 3.8 0.86±0.18 0.20±0.01 0.17±0.01

IT Tau B 3.8 1.06±0.37 0.08±0.00 0.07±0.01

IT Tau A/B 0.81±0.26 2.51±0.07 2.29±0.27

RW Aur A 0.5 1.10±0.07 1.05±0.05 1.26±0.05

RW Aur B 0.5 2.45±0.48 0.12±0.01 0.11±0.01

RW Aur A/B 0.45±0.10 8.43±0.62 11.81±1.59

Note. — All error bars are calculated by taking the interquartile range of our Monte Carlo

simulation, and dividing by 1.34. This is a robust estimate of a Gaussian sigma.

aAV values from Furlan et al. (2009)

bFlux measured between 8.07µm and 8.27µm

cFlux measured between 12.56µm and 12.95µm
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Table 4.4. Single Stars Used in Comparison with Binary Stars

AV (mag)a Spectral Typea Silicate EqW (µm)b

04108+2910 1.4 M0 0.21

AA Tau 1.8 K7 1.18

BP Tau 1.0 K7 1.89

CI Tau 2.0 K7 1.61

CW Tau 2.8 K3 0.69

CX Tau 1.3 M0 1.05

CY Tau 1.7 K7 0.42

DE Tau 1.2 M0 1.21

DL Tau 1.5 K7 0.40

DM Tau 0.7 M1 1.43

DN Tau 0.6 M0 0.51

DO Tau 2.0 M0 0.65

DP Tau 0.6 M0.5 1.06

DR Tau 1.2 ... 0.80

DS Tau 1.1 K5 1.66

F04147+2822 2.5 M4 1.75

FN Tau 1.4 M5 1.25

GM Aur 1.2 K3 3.50

GO Tau 2.0 M0 1.49

HP Tau 2.8 K3 1.69

IP Tau 0.5 M0 2.63

IQ Tau 1.4 M0.5 1.26

LkCa 15 1.2 K5 3.98

RY Tau 2.2 G1 4.02

V410 Anon 13 5.8 M6 0.99

V836 Tau 1.1 K7 2.02

aAV values and spectral types from Furlan et al. (2009)

bEquivalent Widths are based on Spitzer spectra from Furlan et al.

(2009) and are calculated using our ground-based prescription as de-

scribed in Section 4.3.1
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Table 4.5. Ancillary Stellar Properties of Taurus Binaries

Binary Spectral Type Hα EqW (Å) Ref. Mbol (mag)a Mstar/M⊙
a

DD Tau A M3.5 206 1 5.08 0.43+0.13
−0.23

DD Tau B M3.5 635 5.40 0.41+0.11
−0.19

DK Tau A K9 31 2 3.66 0.71+0.09
−0.06

DK Tau B M1 118 5.35 0.61+0.06
−0.04

FV Tau A K5 15 3,1

FV Tau B K6b 63

FX Tau A M1 13 4 4.91 0.62+0.05
−0.03

FX Tau B M4 1.0 5.97 0.28+0.16
−0.32

GG Tau Aa M0 57 1,3c 4.50 0.73+0.09
−0.08

GG Tau Ab M2 16 4.87 0.64+0.03
−0.03

GI Tau K6 20 5,6

GK Tau K7 22

GN Tau A M2.5 (unresolved)d 59 (unresolved) 7

GN Tau B

IT Tau A K3 21.7 4 3.84 1.0+0.3
−0.1

IT Tau B M4 147 5.98 0.28+0.15
−0.32

RW Aur A K1 76 3 3.11 1.4+0.6
−0.7

RW Aur B K5 43 5.01 0.86+0.11
−0.10

aMbol and Mstar are calculated by Kraus & Hillenbrand (2009)

bNote that Hartigan & Kenyon (2003) found no photospheric absorption lines in their STIS

spectrum of FV Tau B.

cHartigan & Kenyon (2003)’s GG Tau spectrum is saturated at Hα, so we use Hα equivalent

width measurments from White & Ghez (2001).

dAlthough GN Tau does not have a published resolved spectral type, it has been resolved

in the optical (Simon et al., 1996), near-infrared (White & Ghez, 2001) and mid-infrared (this

work). Throughout this range of wavelengths, it has a near equal flux ratio, so it is likely that

the binary consists of two nearly equal mass stars.

References. — (1) Hartigan & Kenyon (2003); (2) Monin et al. (1998); (3) White & Ghez (2001);

(4) Duchêne et al. (1999); (5) Kenyon & Hartmann (1995); (6) Hartigan et al. (1994); (7) White &

Basri (2003)
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Table 4.6. Flux Ratios of Taurus Binaries

Binary K Flux Ratio L Flux Ratio Near-IR Ref. 12.7µm Flux Ratio

DD Tau A-B 1.17±0.06 1.72±0.13 1 1.72±0.03

DK Tau A-B 4.21±0.30 4.02±0.13 1 5.52±0.30

FV Tau A-B 1.49±0.01 0.69±0.02 1 0.59±0.02

FX Tau A-B 2.20±0.02 2.97±0.03 1 2.45±0.35

GG Tau Aa-Ab 1.95±0.16 2.23±0.01 1 1.38±0.14

GI-GK Taua 0.77±0.03 0.77±0.07 2,3 0.92±0.00

GN Tau A-B 1.17±0.03 1.25±0.03 1 0.75±0.04

IT Tau A-B 6.37±0.76 16.0±4.4 1 2.29±0.27

RW Aur A-B 4.23±0.16 6.16±0.24 1 11.81±1.59

aPhotometry for GI Tau and GK Tau have been extinction corrected individually using

the AV values listed in Table 4.3.

References. — (1) White & Ghez (2001); (2) Skrutskie et al. (2006); (3) Luhman et al.

(2006)
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Figure 4.1 Spectrally dispersed images of 7 T Tauri binaries that we have spa-

tially and spectrally resolved for the first time at N-band. The wavelength range

(shown at the top) is 7.9µm to 12.5µm and has a suppressed flux at 9.7µm due to

telluric ozone. The images are each 4.4” in the spatial direction and are displayed

with (different) linear stretches. At the right of every spectrally dispersed image

is a vertical (spatial direction) profile cut. GG Tau and XZ Tau are separated by

less than the diffraction-limit of the 6.5 meter MMT but are superresolved due to

the excellent stability of the MMT’s adaptive optics PSF in the mid-infrared. This

is evident in the vertical profiles, which show that that GG Tau and XZ Tau are

wider than the PSF (seen in the well-separated binaries below).
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Figure 4.2 Spectra of 7 T Tauri binaries that we have spatially and spectrally re-

solved for the first time at N-band. XZ Tau is shown twice because we observed

it once in 2009 and once in 2010. In all cases, the primary is shown on the left and

the secondary is shown on the right. The grey region on each plot shows the 1σ

range of our continuum fit, which we use when calculating equivalent widths.

Continued
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Figure 4.2 Continued
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Figure 4.3 Extinction corrected spectra from Figure 4.2 with 3 additional binaries

from Honda et al. (2006) and Watson et al. (2009). Continued
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Figure 4.3 Continued
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Figure 4.3 Continued
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Figure 4.4 We take space-based equivalent width measurements from (Furlan
et al., 2009) and compare them with equivalent width using the same data but
a different (i.e., ground-based) measurement prescription. The different pre-
scriptions produce well-correlated equivalent widths (as shown by the best-fit,
dotted line), where the ground-based (truncated) equivalent widths are system-
atically lower by 36.6%. This means that ground-based (truncated) equivalent
width measurements can be used as a proxy for space-based (true) equivalent-
width measurements. Note that our plot has one outlier, DM Tau, due to the
large quadratic term in its continuum that is not included in our ground-based
prescription. The 3 transition disk objects all have unusually large equivalent
widths.
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Figure 4.5 An HR diagram showing the similar distribution of single stars (blue

diamonds) and binary stars (red triangles) used in our comparison of silicate fea-

tures (Section 4.4.1). Binary pairs are connected with red lines when both stars

are shown. Teff and Mbol values are from Kraus & Hillenbrand (2009) when avail-

able (22 of 26 single stars and 14 of 18 stars in binaries). Ischrones (dotted lines;

1, 2, 5 and 10 Myr) and evolutionary models (dashed lines; 0.1, 0.5, 1.0 and 1.4

M⊙) are from Baraffe et al. (1998). There is a noticeable spread in the ages and

masses of our sources and not all of the binary pairs fall on the same isochrones.

Some of this might be due to observations uncertainties or model errors. In ag-

gregate, Kraus & Hillenbrand (2009) find that Taurus binaries are more coeval

than random pairs.
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Figure 4.6 A comparison of equivalent width ratios from our binary sample and

a sample of randomly paired single stars. Ratios close to 1 indicate that the sili-

cate feature equivalent widths (which are a proxy for dust grain sizes) of a pair

are similar. When including GG Tau Aa-Ab, which might have contaminated sil-

icate features due to accretion from circumbinary streamers, we find with 90%

confidence that the binary stars have more similar equivalent width ratios than

randomly paired single stars. When excluding GG Tau Aa-Ab, we find with 95%

confidence that the binary stars have more similar equivalent width ratios than

randomly paired single stars.
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Figure 4.7 Correlations between binary star silicate feature equivalent width ra-

tios and a set of ancillary stellar properties and disk colors. The dotted lines show

equal properties between binaries. No obvious correlations are present. Frame

(a) shows that in 7 out of 9 binaries, the secondary has a larger silicate feature

equivalent width (EqW10,A/EqW10,B < 1). The probability that 7 or more out of

9 binaries would have larger equivalent widths in either the earlier-type com-

ponents or the later-type components is 18%, which is low enough to warrant

further study, but not low enough to prove a statistical difference.
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CHAPTER 5

EVIDENCE AGAINST AN EDGE-ON DISK AROUND THE EXTRASOLAR PLANET,

2MASS 1207 B AND A NEW THICK CLOUD EXPLANATION FOR ITS

UNDER-LUMINOSITY

Since the discovery of the first directly-imaged, planetary-mass object, 2MASS

1207 b, several works have sought to explain a disparity between its observed

temperature and luminosity. Given its known age, distance, and spectral type,

2MASS 1207 b is under-luminous by a factor of ∼10 (∼2.5 mags) when compared

to standard models of brown-dwarf/giant-planet evolution. In this paper, we

study three possible sources of 2MASS 1207 b’s under-luminosity. First, we in-

vestigate Mohanty et al. (2007)’s hypothesis that a near edge-on disk, comprising

large, gray-extincting grains, might be responsible for 2MASS 1207 b’s under-

luminosity. After radiative transfer modeling we conclude that the hypothesis is

unlikely due to the lack of variability seen in multi-epoch photometry and un-

necessary due to the increasing sample of under-luminous brown-dwarfs/giant-

exoplanets that cannot be explained by an edge-on disk. Next, we test the anal-

ogous possibility that a spherical shell of dust, could explain 2MASS 1207 b’s

under-luminosity. Models containing enough dust to create ∼2.5 mags of extinc-

tion, placed at reasonable radii, are ruled out by our new Gemini/T-ReCS 8.7µm

photometric upper-limit for 2MASS 1207 b. Finally, we investigate the possi-

bility that 2MASS 1207 b is intrinsically cooler than the commonly used AMES-

DUSTY fits to its spectrum, and thus it is not, in fact, under-luminous. New, thick

cloud model grids by Madhusudhan et al. (2011) fit 2MASS 1207 b’s 1-10µm SED

well, but they do not quite fit its near-infrared spectrum. However, we suggest

that with some “tuning”, they might be capable of simultaneously reproducing
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2MASS 1207 b’s spectral shape and luminosity. In this case, the whole class of

young, under-luminous brown-dwarfs/giant-exoplanets might be explained by

atmospheres that are able to suspend thick, dusty clouds in their photospheres at

lower temperatures than field brown-dwarfs.

5.1 Introduction

Until recently, the vast majority of our knowledge regarding exoplanets has come

from radial-velocity studies. Now with ground and space-based dedicated in-

struments, transit studies are discovering and characterizing the atmospheres

of hot jupiters/neptunes at a rapid pace. The frontier for exoplanet studies is

the direct detection and characterization of exoplanets, using high-contrast im-

agers/spectrographs. The emphasis in the direct detection field, thus far, has

been on the discovery of planets. Now with a host of directly-detected planetary

mass objects and candidates, we can proceed with multi-wavelength characteri-

zations of their atmospheres, the primary purpose of which, at least initially, is to

determine the relationships between their masses, ages, radii, and spectra.

In this paper we concentrate on one object, 2MASS 1207 b, the first directly

detected, planetary-mass companion, which was found by Chauvin et al. (2004)

0.78” from the brown dwarf 2MASSWJ 1207334-393254 (hereafter 2MASS 1207

A). 2MASS 1207 A and its companion, 2MASS 1207 b, were verified to be co-

moving by Chauvin et al. (2005) and Song et al. (2006). Since 2MASS 1207 A is

known to be a member of the young TW Hya group (Gizis, 2002), Chauvin et al.

(2004) assign 2MASS 1207 A and b an age of 8±4
3 Myr. Based on their measured

JHKsL’ fluxes, Chauvin et al. (2004), estimate 2MASS 1207 b’s mass to be 5±2

Mjup with an effective temperature of 1250±200 K, assuming a distance of 70 pc.

Several groups have refined the distance of 2MASS 1207 with the moving clus-
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ter method (Mamajek, 2005; Mamajek & Meyer, 2007) and with trigonometric

parallax measurements (Biller & Close, 2007; Gizis et al., 2007; Ducourant et al.,

2008). For the remainder of this paper, we adopt the weighted average of the

parallax measurements (52.8±1.0 pc) as the distance to 2MASS 1207. At this dis-

tance, the inferred luminosity of 2MASS 1207 b is considerably lower (∼2.5 mags)

than models predict given its age and spectral-type temperature.1

The source of this under-luminosity is examined in great detail by Mohanty

et al. (2007). With low-resolution H/K spectra, and the use of accurate distance

measurements, Mohanty et al. (2007) find the temperature of 2MASS 1207 b to be

1600±100 K (using AMES-DUSTY models; Allard et al., 2001) and the bolomet-

ric luminosity to be -4.72±0.14 (log L
L⊙

). This luminosity is a factor of ∼10 (∼2.5

mags) less than the values predicted by AMES-DUSTY models. To explain their

results, Mohanty et al. (2007) invoke a “gray-extinction”, edge-on disk model af-

ter arguing against distance/age errors, model errors, and interstellar extinction.

A highly inclined disk around 2MASS 1207 b is, a priori, highly improbable. How-

ever, 2MASS 1207 A is known to have a disk at a high (>60◦) inclination (Sterzik

et al., 2004; Scholz et al., 2005), and disks around young binary stars tend to be

close to aligned (Jensen et al., 2004; Monin et al., 2006). Perhaps the best evidence

for the edge-on disk model is that other alternatives presented by Mohanty et al.

(2007) and Mamajek & Meyer (2007) are even more unlikely.

The source of 2MASS 1207 b’s apparent under-luminosity is important in the

context of other low-mass objects, some of which (HD 203030 B, HN Peg B, and

HR 8799 bcde) also appear to be less luminous than their temperatures suggest,

while others (GQ Lup b, 2MASS 1207 A, AB Dor C and Beta Pic b) appear normal

1For the remainder of this paper, we use the term “under-luminous” to describe this phe-
nomenon. Other authors (see for example Metchev & Hillenbrand, 2006) invert the problem us-

ing L = 4πR2

D2 σT 4
eff , with a fixed (known) R, and describe Teff as “unusually cool” for its spectral

type.
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(Metchev & Hillenbrand, 2006; Luhman et al., 2007b; Marois et al., 2008; Bowler

et al., 2010; Marois et al., 2010; McElwain et al., 2007; Mohanty et al., 2007; Close

et al., 2007, Bonnefoy et al. in prep). If 2MASS 1207 b’s under-luminosity is

indeed explained by an edge-on disk, other under-luminous low-mass objects

might, at least individually, have their own reasons for being abnormal (such as

inaccurate distance or age measurements). However, if 2MASS 1207 b’s under-

luminosity is not the result of an edge-on disk, it is very difficult to explain how

an age/distance inaccuracy could explain its temperature/luminosity relation-

ship, given its TWA cluster membership, established trigonometric parallax, and

2MASS 1207 A’s normal temperature/luminosity relationship. Thus, alterna-

tive hypotheses should be considered that can explain 2MASS 1207 b’s under-

luminosity in the context of other under-luminous brown-dwarfs/giant-planets.

After presenting new observations and previously published data (Section

5.2), we investigate the source of 2MASS 1207 b’s under-luminosity, in three

parts, beginning with a test of the edge-on disk hypothesis (Section 5.3). We

first construct RADMC radiative transfer models of a hypothetical disk around

2MASS 1207 b. These models contribute to our discussion of the expected vari-

ability of an edge-on disk, compared to observations of 2MASS 1207 b. We also

investigate the likelihood that a system like 2MASS 1207 b would be oriented

on the sky nearly edge-on. Finally, we call attention to several other under-

luminous brown-dwarf/giant-exoplanets that are difficult to explain with near

edge-on disks. Analogous to the edge-on disk hypothesis, is the idea that an

isotropic shell of dust could cause the same gray-extinction as an edge-on disk,

without the geometric constraints (Section 5.4). We model this situation with the

DUSTY radiative transfer code, and evaluate the models in the context of new,

deep 8.7µm images from Gemini/T-ReCS, which provide a meaningful upper-
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limit on the mid-infrared brightness of 2MASS 1207 b for the first time. After

studying the edge-on disk and dust shell hypotheses, both of which assume that

2MASS 1207 b is a Teff = 1600K brown-dwarf/giant-exoplanet with a low lumi-

nosity explained by extinction, we attempt to fit photometry and spectroscopy

of 2MASS 1207 b with lower temperature thick-cloud model atmospheres from

Madhusudhan et al. (2011) (Section 5.5). These models might be able to simul-

taneously explain 2MASS 1207 b’s spectral shape and luminosity, in which case

there would be no need to invoke either of the gray-extincting models. This so-

lution would also have the benefit of potentially explaining the whole class of

under-luminous brown-dwarfs/giant exoplanets.

5.2 Data and Observations

We summarize the relevant published photometry/spectroscopy of 2MASS 1207

in Table 5.1. We also present new Gemini/T-ReCS mid-infrared data, described

in Section 5.2.1, which allow us to put an upper-limit on the 8.7µm flux of 2MASS

1207 b. We use these data to constrain disk models in Section 5.3, shell models

in Section 5.4, and brown-dwarf/giant-exoplanet model atmospheres in Section

5.5.

While photometry of 2MASS 1207 b has been published in a variety of near-

infrared filters, multi-epoch data in any given filter rarely exists, the exception

being NICMOS photometry, which was published for two epochs in the F090M

and F160W filters (Song et al., 2006). However, other archival data do exist, that

give more multi-epoch information than has previously been published. For ex-

ample, Chauvin et al. (2005) verify the common proper motion of 2MASS 1207 A

and b, but do not publish the photometry from this data. We investigate 2MASS

1207 b’s possible variability using archival VLT/NACO data in Section 5.2.2. We
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also explore 2MASS 1207 A’s variability using SMARTS/ANDICAM data that

was previously published for parallax only (Biller & Close, 2007). This is relevant

to much of the previously published photometry of 2MASS 1207 b, which was

calculated relative to 2MASS 1207 A and implicitly assumed 2MASS 1207 A was

not variable.

5.2.1 Gemini/T-ReCS 8.7µm Photometry

We observed 2MASS 1207 in queue-mode on 2008 March 29 UT and in classical-

mode on 2010 March 31 UT and 2010 April 1 UT at Gemini-South, with its highly

sensitive Thermal-Region Camera Spectrograph (T-ReCS; Telesco et al., 1998). We

used the Si-2 filter (λcentral = 8.74µm), which is relatively insensitive to extinc-

tion/silicate absorption from a potential edge-on disk/shell, while being simi-

larly sensitive as the N-band filter2, and mostly immune to variations in precip-

itable water vapor (Mason et al., 2008). Our data were taken in ∼320 s on-source

blocks, which corresponds to ∼18 minutes clock-time when including chop-nod

and other overheads. These long integration sequences are required to build up

enough S/N to shift and add on 2MASS 1207 A. Combining the data in larger

blocks appears to degrade our image quality due to guiding/nod-offset errors.

We reduced our data with the custom T-ReCS IDL software MEFTOOLS v.

5.03, which allows the user to interactively display individual T-ReCS saveset

frames and remove those with bad electronic artifacts/noise properties. We used

this to discard approximately 2% of our frames and produce combined ∼320 s

chop-nod subtracted images.

For each of these images, we fit 2MASS 1207 A with a 2D Gaussian ellip-

soid using the IDL software suite MPFIT (Markwardt, 2009a). We discard images

2http://www.gemini.edu/sciops/?q=node/10085
3http://www.jim-debuizer.net/research/
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where the fit centroid error on 2MASS 1207 A is ≥0.5 pixels (0.045”). This keeps

our final combined image free of degradation from shift and add errors (T-ReCS’

image quality is typically ∼0.3” FWHM). Discarding frames with large centroid

errors also has the benefit of selecting the frames with the best image quality

(FWHM image quality cannot be accurately measured because of the low S/N

on 2MASS 1207 A in a single frame). Our selection leaves us with 15 ∼320 s

blocks, which are then weighted by the S/N of the Gaussian ellipsoid fit, and

combined. While 14 out of 25 blocks from 2010 March 31 UT were usable, only

one out of the 6 blocks from 2008 March 29 UT and none of the blocks from 2010

April 1 UT passed our centroid error cut. The image quality from 2010 April 1

UT appears to have been significantly degraded by a nod-return/guiding error.

A summary of our observations and weather conditions is presented in Table

5.2. Our final combined image is 4749 s on-source (9498 s open-shutter, including

chop-nod subtraction), and is shown in Figure 5.1.

Figure 5.1 shows 2MASS 1207 A at the center of the two red circles, and a

green circle at the near-IR determined position of 2MASS 1207 b (sep=0.773”,

PA=125.37◦; Song et al., 2006). The measured FWHM of 2MASS 1207 A is 0.30”,

so the core of the 2MASS 1207 A point-spread-function (PSF) should have a negli-

gible affect on the measured flux at the position of 2MASS 1207 b. However, there

does appear to be a slight increase in background at a separations <1”, which is

probably the result of 2MASS 1207 A’s PSF seeing halo. We subtract off this small

halo contribution by doing a median average of all pixels within a 2.5 pixel ra-

dius of the separation of 2MASS 1207 b, and at all position angles except for the

aperture that we use for 2MASS 1207 b.

We used data from 2010 Mar 31 UT to perform an absolute flux calibration on

2MASS 1207 A using the mid-IR standard HR4888 (Cohen et al., 1999), which is
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16.011 Jy in the Si-2 filter4. The best 4-hour period of 2MASS 1207 data (which

included 9 of our 15 usable frames) was averaged, and compared to images of

HR4888 taken immediately after (HR4888 was found to vary by ∼5% over the 3

calibration images). We use a 15 pixel (1.35”) aperture and find that 2MASS 1207

is 0.000343 times as bright as HR4888 in the Si-2 filter, which corresponds to an

absolute flux of 5.49 mJy. We assign an 8 % error to this measurement (0.44 mJy),

which is conservative given the fidelity of the Si-2 filter and the night’s good

photometric quality. This value is consistent with published values of 5.6 mJy ±1

mJy in the Si-2 filter (Sterzik et al., 2004), 5.74 mJy in the slightly bluer Spitzer 8µm

filter (Riaz et al., 2006), Spitzer spectroscopy (Morrow et al., 2008), and roughly

consistent with our own measurements using the 2008 Mar 29 UT data (4.3 mJy

±0.5 mJy), which suggests that 2MASS 1207 A is probably not wildly variable at

these wavelengths, despite the presence of a near edge-on disk.

Using 2MASS 1207 A as a PSF, we do a best-fit to determine how much flux

is at the near-IR determined position of 2MASS 1207 b (sep=0.773”, PA=125.37◦;

Song et al., 2006). We assume Gaussian error bars (equal on all pixels for the back-

ground limited case), and fit within a 5 pixel diameter aperture (see Figure 5.1)

to avoid contamination by 2MASS 1207 A. We do a Monte Carlo evaluation of

the background fluctuations by doing a similar aperture measurements at 10000

randomly chosen position angles and separations > 1.5” from 2MASS 1207 A to

avoid residual halo contributions. For each Monte Carlo trial, we subtract the

flux of a randomly chosen background aperture from the measured flux at the

position of 2MASS 1207 b. This gives us an estimate, for each trial, of what the

true flux of 2MASS 1207 b might be. We discard all negative flux measurements

4http://www.gemini.edu/sciops/instruments/midir-resources/imaging-
calibrations/michelle-std-fluxes, which is calculated for Gemini-N/Michelle, but the Si-2
filters of Michelle and T-ReCs are similar
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based on the Bayesian prior that 2MASS 1207 b’s flux must be positive, and use

the remaining cases to construct a cumulative distribution function, which cal-

culates the probability that 2MASS 1207 b’s flux is less than a given value (but

greater than 0). We include an 8% absolute calibration error (see the previous

paragraph), although increasing this error up to ∼20% has a negligible effect on

our results. We find with 50% confidence (i.e. median) that 2MASS 1207 b’s flux

is < 0.26 mJy, 84% confidence (1σ) that 2MASS 1207 b’s flux is < 0.48 mJy and

∼99.9% confidence (3σ) that 2MASS 1207 b’s flux is < 0.92 mJy.

5.2.2 VLT/NACO Near-Infrared Photometry

2MASS 1207 A and b have been spatially resolved by VLT/NACO at several

epochs. Some of these data have been published as astrometry only, and some

have not been published at all. Here we use archival data to investigate the pos-

sibility that 2MASS 1207 b is photometrically variable.

2MASS 1207 was observed 6 times in the Ks filter between 2004 April 27

UT and 2009 June 30 UT. Shorter wavelength filters were also used at multi-

ple epochs, but generally on the same nights as Ks, so variability information

from these filters is redundant. Shorter wavelength filters also suffer from lower

signal-to-noise and a worse adaptive optics correction. Therefore we only focus

on the Ks-band data here.

Of the 6 epochs of Ks data, 2 dates (2005 Mar. 30 and 2005 May 18) suf-

fered from poor seeing so that we could not produce reliable resolved photom-

etry of 2MASS 1207. The other four epochs were reduced using the custom

IRAF pipeline described in Close et al. (2003b). We performed PSF-fitting pho-

tometry on 2MASS 1207 A and b, and a background star (2MASS 12073400-

3932586), using IRAF/daophot (Stetson, 1987) and allstar. Seeing conditions on

2009 June 30 were marginal, so the data were reduced by aperture photometry
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and assigned conservative errors. A summary of our observations and pho-

tometry is presented in Table 5.3. Ignoring the low-quality 2009 June 30 data,

we find that compared to the background star, 2MASS 1207 A is variable by, at

most, σ =0.05 mag (0.09±0.03 mag peak-to-peak), which is similar to our optical

SMARTS/ANDICAM results in Section 5.2.3. 2MASS 1207 b is variable by, at

most, σ =0.12 mag (0.23±0.07 mag peak-to-peak), which is not abnormally high

for a young object with star-spot and/or accretion variability.

5.2.3 SMARTS/ANDICAM I-band Photometry

The combined system, 2MASS 1207 A and b was observed by Biller & Close

(2007) between January 2006 and April 2007 with SMARTS/ANDICAM to mea-

sure the parallax distance to 2MASS 1207. Here we present the photometric

results of this data set, which provide 53 nights of I-band photometry, taken

monthly, in groups of several nights. Observational details are described in Biller

& Close (2007). Special care was taken to always position the target on the same

CCD pixel, and all data were taken near transit to aid the interpretation of the

parallax data. Relative photometry between 2MASS 1207 and the 12 brightest

stars in the field gives an average variability of σ = 0.03 mag. Given that the dif-

ferential magnitude between 2MASS 1207 A and b is 7.8 in the similar NICMOS

F090M filter (Song et al., 2006), this variability must be completely dominated

by 2MASS 1207 A’s intrinsic variability. The variability is smaller than the error

bars of published relative photometry of 2MASS 1207 b (see for example Chauvin

et al., 2004), which legitimizes 2MASS 1207 A’s use as a photometric calibrator for

2MASS 1207 b (although as we describe in Section 5.2.2, the nearby background

star 2MASS 12073400-3932586 is a better calibrator for variability studies).

Variations in the I-band magnitude of 2MASS 1207 with respect to its average

I-band value are plotted in Figure 5.2. Error bars are calculated empirically from
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the multiple frames taken on each individual night.

5.3 The Near Edge-on Disk Hypothesis

A possible explanation for 2MASS 1207 b’s under-luminosity is that it is being

partially extincted by a near edge-on disk of large (gray-extincting) dust grains

(Mohanty et al., 2007; Patience et al., 2010). Such a disk must produce ∼2.5 mags

of extinction at J-band, with nearly gray extinction. The disk must create only

moderate photometric variability. The disk may not have an extremely unlikely

viewing angle/geometry. And the disk properties should be consistent with our

current picture of disk evolution. Additionally, any dust around 2MASS 1207 b

will have its emission constrained by our 8.7 µm photometry. In this section, we

discuss the viability of the near edge-on disk hypothesis, with respect to these

conditions.

5.3.1 RADMC Disk Models

We used the RADMC radiative transfer code (Dullemond & Dominik, 2004) and

RAYTRACE, a post-processing tool, to calculate the emerging spectral energy dis-

tribution (SED) of a hypothetical disk around 2MASS 1207 b. The primary input

parameters of the RADMC/RAYTRACE codes are the SED and mass (Mstar) of

a central source, and the inner radius (Rin), outer radius (Rdisk), inclination (i),

and mass (Mdisk) of its disk. Other relevant parameters include the disk’s vertical

flaring geometry (described below), and a dust grain distribution with associated

optical properties.

As we will show later in this section, our Gemini/T-ReCS 8.7µm photometry

upper-limit is not sensitive enough to detect the presence of a disk around 2MASS

1207 b. Consequently, there is no data available at wavelengths longer than L-

band to distinguish between different possible disk models. However, 2MASS
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1207 A has a considerable amount of data at longer wavelengths. As such, our

strategy is to model the disk around 2MASS 1207 A first, and scale the model for

use around 2MASS 1207 b.

For 2MASS 1207 A, we adopted a Teff=2600 K, RA=0.25 R⊙, log(g)=4 and

MA=0.025 M⊙ AMES-DUSTY synthetic spectrum (Allard et al., 2001) for the cen-

tral source, similar to the best-fit model determined by Mohanty et al. (2007).

For the disk parameters, we assume Rin=3.3 RA (the dust sublimation radius for

2MASS 1207 A; Morrow et al., 2008), Rdisk=20 AU (∼0.46×projected binary sep-

aration; Artymowicz & Lubow, 1994), and Mdisk=0.01 MA. We note the precise

values of Rdisk and Mdisk have a negligible effect on the SED for λ <20µm.

We vary the model’s dust grain distribution, vertical geometry, and disk in-

clination to determine a best-fit to the data described in Section 5.2. For the dust

grain distribution we applied a single olivine dust species (Jäger et al., 2003) and

varied the minimum diameter (amin) of the grains between 0.1µm and 10µm. We

assumed a dust grain size power-law with n(a) ∝ a−3.5 (Mathis et al., 1977), and a

maximum dust grain size of 1 mm. For the vertical geometry, we ran two sets of

models: a fully-flared model (hereafter, “flared”), where RADMC calculates the

disk-height self-consistenty (assuming hydrostatic equilibrium and dust-gas cou-

pling), and a set of flatter (hereafter, “flat”) models where the disk scale heights

are parameterized. The flat disk models are assumed to follow a power-law de-

scription with Hp

r
∝ r1/7 and outer disk pressure scale heights (Hp/r) ranging

from 0.04 to 0.10 at Rdisk. The final free parameter, inclination, is varied between

5◦ and 90◦ to determine a best-fit.

The flared disk models do not fit the observed SED of 2MASS 1207 A. While

the models can fit the near-IR observations (assuming inclinations <65◦), they

predict significantly higher fluxes than are observed in the mid-infrared (See Fig-
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ure 5.3). The best-fit flat disk model (Hp/r=0.06, amin=7µm and i=71◦), also shown

in Figure 5.3, provides an adequate fit to all of the 2MASS 1207 A data, although

other parameter combinations also result in acceptable fits. Exploring the de-

generacies in these parameters, we find that the disk around 2MASS 1207 A has

0.06< Hp/r <0.08, amin >5µm, and 70◦ < i < 75◦. The best-fit flat models are con-

sistent with the results of Morrow et al. (2008). Both models suggest advanced

dust processing and dust settling in the disk around 2MASS 1207 A.

To model the hypothetical disk around 2MASS 1207 b, we scaled down the

flared and flat disk models of 2MASS 1207 A. For the central source we use

an AMES-DUSTY model with Teff=1,600 K, RA=0.16 R⊙ and log(g)=4.5 (Patience

et al., 2010). We used the relevant disk parameters from 2MASS 1207 A: Hp/r=0.06,

Mdisk=0.01 Mb, Rin=1.14 Rb (the dust sublimation radius) and Rdisk=10 AU (∼0.2×projected

binary separation; Artymowicz & Lubow, 1994). Our best-fit flared and flat mod-

els are shown for 4 different values of amin in Figure 5.4. The lack of (λ >10µm)

mid-infrared data makes it impossible to distinguish between the flared and flat

disk models, although we note that disks around low-mass stars/brown dwarfs

are found to be flatter than disks around higher-mass stars (Szűcs et al., 2010).

We varied amin from 0.1µm to 5µm and find that the amin=0.1µm flat-disk models

cannot simultaneously fit the Ks and L′, and NICMOS observations. Models with

amin ≥0.5µm fit the data adequately, although the disk models with amin = 1µm

or 5µm do not fit the data quite as well as the amin = 0.5µm due to the redness

observed between L’ and the shorter wavelength data. In each case, the models

have been fit by varying inclination, which is constrained by our requirement

that the disk extinct the central source by ∼2.5 mags at J-band in order to fit

2MASS 1207 b’s near-infrared photometry. Figure 5.5 shows the amin =0.5µm

flat model from Figure 5.4, but with varying inclination. This model is consistent



128

with the measured data for an inclination range of 80.6◦ < i < 80.9◦. Different

disk models have similarly tightly constrained inclinations, although the actual

ranges vary between models. For a given model, the inclination of the disk (or

non-axisymmetric structure) cannot significantly vary in time without producing

strong variability (see Section 5.3.2).

For the remainder of this paper we use the amin =0.5µm models for 2MASS

1207 b. We continue to discuss the flared and flat models, although we prefer the

flat models due to the presence of one around 2MASS 1207 A, and more generally,

because of the ubiquity of flat disks around low-mass stars/brown-dwarfs (Szűcs

et al., 2010).

5.3.2 Variability in Near Edge-on Disks

The lack of near-infrared variability exhibited by 2MASS 1207 b would be un-

usual for a system with a partially extincting, near edge-on disk. Young systems

with edge-on or near edge-on disks have been shown to exhibit variability over

a variety of masses (brown-dwarfs, T Tauri stars, Herbig Ae-Be stars). This vari-

ability is generally the result of eclipsing non-axisymmetric structures in Keple-

rian orbit, such as warps, hydrostatic fluctuations, gaps, spirals, and clumpiness.

The best studied edge-on variables are UX Ori type stars, which display frequent

eclipse-like extinction events caused by hydrodynamic fluctuations along their

puffed-up inner-rims. However, the UX Ori phenomenon is thought to only exist

in completely self-shadowed disks, which are usually around Herbig Ae-Be stars

(Dullemond et al., 2003). In lower-mass T-Tauri stars and brown dwarfs, disk

flaring causes the outer-parts of the disk to be the dominant source of extinction

(Dullemond et al., 2003). The structural sources of variability in the outer parts of

disks are less well understood than inner-rim variability. A far-away companion,

mis-aligned with the plane of the disk (i.e. 2MASS 1207 A) can cause warps in
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the outer-parts of the disk (Fragner & Nelson, 2010), but in this case the warp will

orbit with the period of the binary, which is much longer than the orbital period

of the disk, and is unlikely to cause short-term variability. Other sources of non-

axisymmetric structure have been studied with regard to specific perturbations

(Flaherty & Muzerolle, 2010; Flaherty et al., 2011), but a general theory does not

yet exist.

Empirically, we know that edge-on and near edge-on disks that extinct their

host star exhibit variability over many timescales. Famous examples include the

T Tauri stars AA Tau, which exhibits ∼1 mag variability on periods of days/weeks

(Bouvier et al., 1999, 2003), HH 30, which shows dramatic variability in spatially

resolved scattered light images (Stapelfeldt et al., 1999; Watson & Stapelfeldt,

2007), T Tau Sa, which varies in brightness by several magnitudes on timescales

of years (Skemer et al., 2008; van Boekel et al., 2010), and UY Aur B, which became

fainter by several magnitudes over a ∼50 year period (Joy & van Biesbroeck, 1944;

Herbst et al., 1995). A systematic analysis of NGC 2264 by Alencar et al. (2010) re-

vealed that 28%±6% of classical T Tauri stars exhibit AA Tau-like variability with

amplitudes as large as 137% over a 23 day period. Alencar et al. (2010) do not

publish the variability amplitude of all of their AA Tau-like systems, so we do

not know the lower-limit amplitude. However, their result systematically con-

firms that AA Tau-like variability is common, and probably synonymous with

near edge-on/edge-on disks.

The physical mechanisms leading to disk asymmetries vary as a function of

spectral type and accretion rate and thus the well-studied disks described in the

previous paragraph may not be analogous to brown dwarfs. Although exam-

ples are sparse, several groups (Luhman et al., 2007a; Scholz et al., 2009; Looper

et al., 2010b,a) report evidence for variable occultation of brown dwarfs from
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edge-on or near edge-on disks. These cases provide empirical examples, but

unbiased, systematic variability studies of near edge-on/edge-on disks around

brown dwarfs are rare.

From a modeling perspective, a small warp of just 1 degree (which we approx-

imate as changing the inclination of our RADMC disk by 1 degree) would cause

variability of amplitude 2.20 mags in the NICMOS F160W filter (as well as 2.13

in the NICMOS F090W filter, and 2.16 in Ks-band). This is inconsistent with mea-

sured variability amplitudes of 0.03±0.03 in F160W, 0.24±0.5 mag in F090W, and

0.23±0.07 in Ks-band as well as the general stability of the multi-epoch, multi-

wavelength photometry and spectroscopy summarized in Table 5.1. With respect

to the variable brown dwarfs discussed above, which we caution is not an un-

biased sample, Looper et al. (2010b) and Looper et al. (2010a) find an amplitude

of variability of 1.3 mags and 0.9 mags at Ks for TWA 30A and TWA 30B over

a period of months, Scholz et al. (2009) find an amplitude of variability of 0.45

mags at K for their “Object #2” over a period of about a week and Luhman et al.

(2007a) find an amplitude of variability of ∼0.5 mags at Ks for 2MASS 0438+2611

over 2 epochs separated by 6 years. All of these objects are substantially more

variable than 2MASS 1207 b.

As a result, we find the existence of a near edge-on disk around 2MASS 1207

b to be incompatible with 2MASS 1207 b’s measured photometric stability. How-

ever, we caution that this conclusion is based on an incomplete knowledge of the

structure and variability of extincting disks around brown dwarfs. Further stud-

ies that catalog lightcurves of many young low-mass stars (such as the ongoing

Spitzer/YSOVAR program, and future surveys, such as PAN-STARRS and LSST)

will better constrain the expected variability of extincting disks around young

brown dwarfs.
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5.3.3 The Expected Frequency of Partially Extincting Disks Around Young Brown

Dwarfs

A priori, it would be unlikely (and perhaps unfortunate) that 2MASS 1207 b, a

system which is currently unique as the closest, youngest, extremely low-mass

object, is inclined to our line of sight in a near edge-on configuration where it is

“partially” extincted. In this section, we investigate the probability that a brown

dwarf system is in a configuration such that its disk “partially” extincts the cen-

tral source. We use our RADMC disk models for 2MASS 1207 b and calculate the

extinction produced by the hypothetical disk when viewed at different inclina-

tions varying from 0 to 90 degrees.

In Figure 5.6 we show the H-band extinction predicted by the models as a

function of disk inclination, for both flat and flared geometries. We note that

there are 3 distinct regions of each plot: an unextincted region, a partially extincted

region where the extinction rises sharply, and a fully extincted region where the

extinction levels off. Physically, the partially extincted region begins when the

outer edge of the disk moves into our line of sight towards the brown dwarf. As

inclination continues to increase, the extinction towards the brown dwarf rises

until the fully extincted region, where scattered light (which is assumed to be

isotropic in RADMC) caps extinction even as opacity continues to rise.

Based on this analysis, and assuming an isotropic distribution of disk inclina-

tions, there is a 81.5% probability that a brown dwarf with our flat disk model

is unextincted (AH =0-0.5 mags), a 6.4% probability that it is partially extincted

(AH =0.5-6.0 mags), and a 12.1% probability that it is fully extincted (AH =6.0-7.1

mags). For the flared disk model, there is a 51.0% probability that it is unextincted

(AH =0-0.5 mags), a 14.6% probability that it is partially extincted (AH =0.5-3

mags), and a 34.4% probability that it is fully extincted (AH =3-4 mags). For
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brown dwarfs, the flat disk model is more accurate than the flared disk model

(see Section 5.3.1). Although the exact analysis depends strongly on disk flaring,

the two cases presented here bracket the likely geometries.

Assuming 2MASS 1207 b has a disk, but ignoring its under-luminosity as prior

evidence for why it should have a near edge-on disk, the probability that 2MASS

1207 b’s disk is in the inclination range that causes partial extinction is ∼6.4%.

This also neglects the fact that 2MASS 1207 A’s disk is thought to be near edge-on,

and disks in binaries tend to be aligned. (Jensen et al., 2004; Monin et al., 2006).

Because 2MASS 1207 b is such a unique object, and because we do not yet under-

stand the likelihood that alternative effects are causing its under-luminosity, we

cannot use the fact that 2MASS 1207 b’s hypothetical disk is at an unlikely inclina-

tion to reject the disk’s existence5. However, when more objects like 2MASS 1207

b (i.e. young, low-mass brown dwarfs/exoplanets) are found by surveys like

WISE, our models predict that 81.5% will be unextincted, ∼6.4% will be under-

luminous by 0.5-6.0 mags, and 12.1% will be under-luminous by 6.0-7.1 mags.

A higher percentage in the middle category would imply that disk inclination

cannot explain the under-luminosity phenomenon.

5.3.4 Other Under-luminous Brown-Dwarfs/Exoplanets

While the previous section predicts the percentage of objects in 2MASS 1207 b’s

class that should appear under-luminous (partially extincted) due to the pres-

ence of a near edge-on disk, there are no other objects quite like 2MASS 1207

b in terms of its youth and low mass. However, there are other known under-

5Following Bayes’ theorem, P (edge − on|under − luminous) =
P (under−luminous|edge−on)P (edge−on)

P (under−luminous). . To calculate the probability that a brown dwarf has a

near edge-on disk, given that it is under-luminous, we need to know the probability that
brown dwarfs are under-luminous (the denominator term). Because we do not understand the
likelihood that alternative effects are causing the under-luminosity, and because we do not know
what percentage of brown dwarfs are under-luminous, we do not know P (under − luminous),
so we cannot evaluate P (edge − on|under − luminous)
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luminous brown dwarfs and giant planets (e.g. HD 203030 B, HN Peg B and HR

8799 bcde), which are known to be older than 2MASS 1207 b. Since the gas-rich,

geometrically thick disks around these older systems will have dissipated (and in

the case of HR 8799, the disks would more likely be face-on; Marois et al., 2008),

the near edge-on disk hypothesis proposed for 2MASS 1207 b would not be ap-

plicable. In the previous sections, we have stated why we find the 2MASS 1207

b near edge-on disk hypothesis to be unlikely. A further reason is that there are

other under-luminous brown dwarfs that cannot be explained by a near edge-on

disk, and thus, there is no reason to invoke one to explain the behavior of 2MASS

1207 b.

Are there other patterns that might be shared between these under-luminous

brown dwarfs? Metchev et al. (2009) note that all of the known under-luminous

objects are young L/T transition brown-dwarfs (although Patience et al. (2010)

describe 2MASS 1207 b as an early L-type), and this pattern (sometimes parsed

as the gravity dependence of the L/T transition) has been studied by numerous

groups, including Liu et al. (2008), Dupuy et al. (2009), Stephens et al. (2009),

Saumon & Marley (2008) and Bowler et al. (2010). As brown dwarfs cool from

L-type to T-type, their dusty clouds are thought to dissipate (Burgasser et al.,

2002) and settle below the brown dwarf photosphere. This pattern implies that

non-equilibrium chemistry and dust-cloud physics might play a crucial role in

explaining these systems’ apparent under-luminosities.

A possible explanation for the under-luminosity of the HR 8799 planets has re-

cently been proposed by Currie et al. (2011) and Madhusudhan et al. (2011), who

demonstrate that a thick cloud atmosphere can reproduce the observed photome-

try of the HR 8799 planets. The thick cloud models might be applicable to 2MASS

1207 b as well, and we investigate this possibility in Section 5.5.
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5.4 The Dust Shell Hypothesis

The problems in invoking a near edge-on disk to explain the under-luminosity

of 2MASS 1207 b stem from the fact that near edge-on and edge-on disks tend

to produce more variability than is detected for 2MASS 1207 b, along with the

fact that such a configuration is a priori unlikely and cannot be used to explain

other under-luminous brown dwarfs. In this section, we model the system with a

shell of dust, which should provide the extinction of a near edge-on disk, without

the geometric effects that we have previously deemed unlikely. Such a shell may

have been discovered around the brown dwarf, G 196-3 B (Zapatero Osorio et al.,

2010).

We use the dust shell radiative transfer code, DUSTY6,7 (Ivezic et al., 1999), to

model dust shells at a variety of distances from the central brown dwarf. In all

cases, the central source is the AMES-DUSTY7 brown dwarf model atmosphere

(Teff=1,600 K, Rb=0.16 R⊙ and log(g)=4.5) used as a model of 2MASS 1207 b in

Section 5.3.1. We also use the same dust grain size distribution and optical prop-

erties as described in 5.3.1, with a minimum grain-size of amin=1µm (although

varying this does not significantly change our results). For each shell, we fix the

J-band extinction to be 2.5 magnitudes (the observed under-luminosity of 2MASS

1207 b). The shells are geometrically thin, and placed at Rb, 5Rb, 10Rb, 20Rb,

40Rb, and 80Rb. Since DUSTY is a 1-D code, we are forced to choose a slab ge-

ometry (which we use for the Rb model), and a shell geometry (which we use

6User Manual for DUSTY, University of Kentucky Internal Report, accessible at
http://www.pa.uky.edu/ moshe/dusty

7Regrettably, the DUSTY dust-shell radiative transfer code shares a name with the AMES-
DUSTY brown-dwarf model atmospheres we use in this paper. So to be clear, in this section, we
are enshrouding an AMES-DUSTY brown-dwarf model atmosphere with a DUSTY dust-shell.
Throughout this paper, we refer to the brown-dwarf models atmosphere’s “AMES-DUSTY” (al-
though they are often referred to by other authors as DUSTY), and the dust-shell modeling soft-
ware as “DUSTY”.
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for all others), where the central source is assumed to be a point-source. The

difference between using a slab and point-like approximation is small compared

to the bulk SED shape, so we consider the point-like approximation reasonable

for our purposes. Another limitation of this modeling approach is that a shell

of warm dust right near the surface of the brown dwarf would heat the brown

dwarf and change the output spectrum. Thus our closest-in shells, while useful

for modeling the mid-infrared output, are somewhat non-physical, especially in

the near-infared, where self-consistent models would be necessary to produce the

correct spectral features.

The results of our shell models are presented in Figure 5.7. Dust shells in-

side of 20Rb are ruled out by our Gemini/T-ReCS 8.7µm +3σ upper-limit, while

homogenous shells outside of this radius are not observed for objects of 2MASS

1207 b’s age and mass.

5.5 The Thick Cloud Atmosphere Hypothesis

JHK spectroscopy of 2MASS 1207 b shows its features to be consistent with a 1600

K AMES-DUSTY model atmosphere, but its luminosity is more consistent with

a ∼1000 K model (Mohanty et al., 2007; Patience et al., 2010). Typically, dust is

thought to settle/condense below the photosphere for atmospheres <1200-1400

K (Saumon & Marley, 2008), so ∼1000 K brown-dwarfs/giant-planets are not ex-

pected to exhibit significant dust opacity. However, models with cloud structures

that are suspended above the photosphere in cooler atmospheres might be able to

explain the spectral features of 2MASS 1207 b at the low temperatures indicated

by its luminosity.

Recently, Currie et al. (2011) and Madhusudhan et al. (2011) suggested that

thick cloud atmospheres could explain the red colors and under-luminosity of the
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HR 8799 planets. While their models do an adequate job reproducing the plan-

ets’ photometry, a lack of detailed spectroscopic data diminishes the significance

of their test. In this section, we attempt to fit the available 2MASS 1207 b data

(see Table 5.1) with the thick cloud atmospheres of Madhusudhan et al. (2011).

Medium-resolution, near-infared spectroscopy of 2MASS 1207 b (Patience et al.,

2010) provides the strongest test yet of these models.

The Madhusudhan et al. (2011) models (see also Burrows et al., 2006) param-

eterize cloud thickness from thickest (“Model-A”, where the clouds extend to the

top of the atmosphere), to thin (“Model-E”) with two intermediate specifications

(“Model-AE” and “Model-AEE”). Model grids8 also vary Teff , log(g), metallicity,

cloud composition and modal grain size. The A-models maintain a constant mix-

ing ratio with decreasing pressure, and observationally are characterized by red

near-infrared colors. Similar colors are produced by the fsed = 1 models of Ack-

erman & Marley (2001), Saumon & Marley (2008) and references therein, which

might provide a similar explanation for 2MASS 1207 b’s appearance.

We plot a representative sample of the Madhusudhan et al. (2011) models, as

well as a best-fit, scaled AMES-DUSTY model (Patience et al., 2010) against the

observed photometry (Figure 5.8) and spectroscopy (Figure 5.9) of 2MASS 1207

b. In both figures, frame (a) shows the best-fit AMES-DUSTY model, frames (b),

(c) and (d) show a sample of A-models (thick cloud), and frames (e) and (f) show

a sample of AE-models (intermediate between thick and thin clouds). All of the

Madhusudhan et al. (2011) models we show assume log(g)=4.0, solar metallicity,

and a forsterite cloud composition.

As described in Patience et al. (2010), the 1600 K, log(g)=4.5 AMES-DUSTY

fits the spectral shape of 2MASS 1207 b adequately. However, it can only fit the

8available at http://www.astro.princeton.edu/ burrows/8799/8799.html
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luminosity of 2MASS 1207 b by scaling the model radius to 0.052 R⊙, which is

significantly smaller than the ∼0.16 R⊙ radius predicted by evolutionary models

for an object of 2MASS 1207 b’s age (Burrows et al., 1997; Chabrier et al., 2009).

Both Madhusudhan et al. (2011)’s A-models (thick cloud) and AE-models (inter-

mediate) are able to approximately fit the overall SED of 2MASS 1207 b without

an unphysical radius scaling (the models simply assume a radius based on the

evolutionary models of Burrows et al., 1997).

The JHK spectroscopy of 2MASS 1207 b provides a stronger test of the Mad-

husudhan et al. (2011) models than the SED photometry. Of the AE models, the

850 K and 950 K models bound the measured luminosity of 2MASS 1207 b, but

clearly do not fit the JHK spectral shape. Of the A models, the 900 K and 1100

K models bound the measured luminosity of 2MASS 1207 b, while the 1000 K

model gives the best fit. The 1000 K A-model does not adequately fit the JHK

spectroscopy of 2MASS 1207 b. However, the fit is close enough, both in spectral

shape, and magnitude so as to suggest that thick clouds might play a roll in ex-

plaining the under-luminosity of 2MASS 1207 b. The 1000 K model with a modal

grain size of 30µm fits the K-band spectrum of 2MASS 1207 b, although it over-

estimates the absorption of CO at 2.3 µm and does not fit the H-band spectrum.

The 1000 K model with a modal grain size of 100µm fits the H-band spectrum of

2MASS 1207 b, although it does not quite match the sharpness of the 2MASS 1207

b H-band spectrum and does not fit the K-band spectrum.

With a dedicated modeling effort, it might be possible to “tweak” the thick-

cloud 1000 K model to fit the spectroscopy of 2MASS 1207 b. As shown in Figure

5.9, frame (c), a modal grain-size of 30µm produces a model that is too red in

H-K, and a modal grain-size of 100µm produces a model that is too blue. Ad-

justing the grain-size distribution could address this problem. Additionally, the
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sharpness of 2MASS 1207 b’s H-band spectrum is not matched by the models.

Adjusting surface gravity might address this problem. Finally, the models over-

estimate absorption at 2.3 µm due to CO. Non-equilibrium chemistry, including

the development of more complex organic molecules (C2H2, C2H4, etc.) as de-

scribed in Zahnle et al. (2009), might remove some of the carbon from CO and

produce a better match of this feature. Changing the parameterization of the

cloud prescription could also help address some of these issues.

The adequate fit of the Patience et al. (2010) spectra by the scaled 1600 K

AMES-DUSTY model makes it tempting to choose this model as best describ-

ing 2MASS 1207 b. However, we find that the 1000 K thick cloud atmosphere of

Madhusudhan et al. (2011), with some modifications, may be able to fit 2MASS

1207 b’s spectrum, without an unphysical radius scaling. Using the cooling curve

parameterizations of Burrows et al. (2001) and 2MASS 1207 b’s assumed age of

5-12 Myr, a Teff = 1000K implies that 2MASS 1207 b’s mass is between 5Mjup and

7Mjup.

5.6 Conclusions

We have investigated three hypothetical explanations for the observed under-

luminosity of 2MASS 1207 b: (1) the edge-on disk hypothesis proposed by Mo-

hanty et al. (2007), (2) an isotropic dust-shell, motivated by the possible discovery

of one around G 196-3 B (Zapatero Osorio et al., 2010), and (3) thick cloud model

atmospheres (Madhusudhan et al., 2011) that might be able to fit simultaneously

explain 2MASS 1207 b’s spectral shape and luminosity.

We find the edge-on disk hypothesis unlikely for the following reasons:

1) Based on modeling and observations, young stars of all masses are ex-

pected to exhibit variability when occulted by an edge-on disk, as a result of
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the disk’s non-axisymmetric structure and hydrostatic fluctuations. Using data

from HST/NICMOS (Song et al., 2006) and VLT/NACO (this work), we see no

evidence for strong variability. However, we caution that the magnitude and

ubiquity of variability in edge-on brown dwarf disks are not currently well un-

derstood.

2) The inclination of 2MASS 1207 b has to be very tightly tuned to produce the

observed under-luminosity effect. At different inclinations, brown dwarfs can be

un-extincted, partially extincted, or fully extincted by their disks. 2MASS 1207 b falls

into the regime of partially extincting disks, which our models predict only occur

∼6.4% of the time in young brown dwarfs. Since 2MASS 1207 b is such a unique

system, this low probability is not, in itself, enough to completely rule out the

edge-on disk hypothesis.

3) Since the discovery of 2MASS 1207 b and the ensuing discussion of its

under-luminosity, several more systems have been found that appear to be under-

luminous, including HD 203030 B, HN Peg B and HR 8799 bcde. Since these other

systems are likely all older than 2MASS 1207 b, their gas-rich disks will have dis-

sipated, precluding the geometrically thick disk geometries necessary to extinct

them. Thus at least one other phenomenon must be capable of producing the

same under-luminosity effect, rendering the edge-on disk hypothesis unneces-

sary.

While none of our three arguments individually rules out the edge-on disk hy-

pothesis, collectively, they strongly suggest that other solutions to 2MASS 1207

b’s apparent under-luminosity should be considered. One possibility is that an

isotropic dust-shell could provide the same extinction as an edge-on disk, with-

out the geometric constraints that make an edge-on disk unlikely. By enshroud-

ing equilibrium model atmospheres with isotropic spheres of dust at different



140

radii, we find the following:

1) Optically thick dust shells near the surface of the brown dwarf would emit

blackbody radiation at high enough temperatures so that we would not observe

“gray-extinction” in the near-infrared.

2) Optically thick dust shells further from the surface (or at lower temper-

atures) would emit blackbody radiation in the mid-infrared. Our new 8.7µm

Gemini/T-ReCS photometry has a 1-σ upper limit of 0.48 mJy and a 3-σ upper

limit of 0.92 mJy, which in our simplistic models, rules out dust shells at radii less

than ∼20Rb, or greater than ∼250 K.

Finally, we investigate the possibility that 2MASS 1207 b is not a Teff = 1600

K object, despite the fact that its spectrum is well-fit by a 1600 K AMES-DUSTY

model, scaled to a lower luminosity. Currie et al. (2011) have suggested that thick

cloud models (described in Madhusudhan et al., 2011) can explain the photomet-

ric colors and overall luminosity of the HR 8799 planets, which, similar to 2MASS

1207 b, are under-luminous compared to AMES-DUSTY models. We attempt to

fit 2MASS 1207 b’s photometry and spectroscopy with the Madhusudhan et al.

(2011) atmospheres and find the following:

1) The 1000 K A-models (thick clouds) are able to reproduce 2MASS 1207 b’s

low-luminosity. The small (amode = 30µm) dust-grain model mostly reproduce

2MASS 1207 b’s K-band spectrum, although it overestimates CO absorption and

does not reproduce the H-band spectrum. The larger (amode = 100µm) dust-grain

model, mostly reproduces 2MASS 1207 b’s H-band spectrum, although it under-

estimates the sharpness of the H-band peak and does not reproduce the K-band

spectrum.

2) Using Teff = 1000K and assuming 2MASS 1207 b’s age is between 5 and 12

Myr, we use the cooling curve scaling relations of Burrows et al. (2001) to estimate
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that 2MASS 1207 b’s mass is between 5Mjup and 7Mjup.

With some “tuning”, it seems possible that the thick cloud models will be able

to explain 2MASS 1207 b’s JHK spectrum and photometry, without the need for

luminosity scaling. Currently, with its trigonometric distance, cluster-membership

age and litany of spectroscopic and photometric data, 2MASS 1207 b provides

the strongest test for the thick cloud models. If their fit to the 2MASS 1207 b

data is improved, it would signal that the under-luminous class of young brown-

dwarfs/giant-planets are really cooler, lower-mass objects than their spectra im-

ply. It would also demonstrate that young brown-dwarfs/giant-planets are capa-

ble of suspending dust clouds in their photospheres at cooler temperatures than

field brown dwarfs.
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Table 5.1. Published Photometry/Spectroscopy of 2MASS 1207

Reference Epoch Filter A Photometry (mag) b Photometry (mag)

Cutri et al. (2003) May 1999 J 13.00±0.03

H 12.39±0.03

Ks 11.95±0.03

Jayawardhana et al. (2003) Apr. 2002 L’ 11.38±0.10

Sterzik et al. (2004) Jan. 2004 8.7µm 5.6±1 mJy

10.4µm 7.5±1 mJy

Chauvin et al. (2004) Apr. 2004 H 18.09±0.21

Ks 16.93±0.11

L’ 15.28±0.14

Song et al. (2006) Aug. 2004 F090M 14.66±0.03 22.34±0.35

F110M 13.44±0.03 20.61±0.15

F160W 12.60±0.03 18.24±0.02

Apr. 2005 F090M 14.71±0.04 22.58±0.35

F145M 13.09±0.03 19.05±0.03

F160W 12.63±0.02 18.27±0.02

Mohanty et al. (2007) Mar. 2005 J 20.0±0.2

Apr.-Jun. 2005 HK spectra spectra spectra

Riaz et al. (2006) Jun. 2005 IRAC3.6 8.49 mJy

IRAC4.5 7.15 mJy

IRAC5.8 6.36 mJy

IRAC8 5.74 mJy

MIPS24 4.32 mJy

Morrow et al. (2008) Jul. 2005a IRS spectra spectra

Patience et al. (2010) Jan.-Feb. 2007 JHK spectra spectra spectra

aIRS spectra of 2MASS 1207 exist for Jul. 2005 and Jul. 2006. Morrow et al. (2008) published the 2005 data, but

mistakenly listed the date as 2006 (Kevin Luhman, private communication, 2010).
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Table 5.2. T-ReCS 8.7 µm Observations of 2MASS 1207

Date (UT) Used On-Source Time (s) IQ (%) CC (%) WV (%) BG (%)

Mar 29, 2008 304 70 50 50 50

Mar 31, 2010 4445 70 50 50 Any

Apr 1, 2010 0 70/Any 50 50 Any

Note. — Gemini-South Observing Conditions (IQ=Image Quality,

CC=Cloud Cover, WV=Water Vapor, BG=Background; descriptions available at

http://www.gemini.edu/sciops/telescopes-and-sites/observing-condition-constraints)
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Table 5.3. Archival NACO Ks photometry of 2MASS 1207

Date (UT) Used On-Source Time (s) 2MASS 1207 A Ks mag 2MASS 1207 b Ks mag ∆ mag b-A

2004 Apr. 27 480 12.07±0.02 16.96±0.06 4.88±0.05

2005 Feb. 5 1560 12.16±0.02 16.77±0.03 4.61±0.03

2005 Mar. 31 1560 12.15±0.02 16.73±0.03 4.58±0.03

2009 Jun. 30 1860 12.23±0.10 17.20±0.22 4.97±0.20

Note. — Absolute photometry is with respect to the nearby background star, 2MASS 12073400-3932586, which

has a 2MASS Ks magnitude of 14.86 (and an error of 0.134, which we do not consider above).
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Figure 5.1 Combined Gemini/T-ReCS Si-2 (8.7µm) image of 2MASS 1207, where

North is up and East is left. 2MASS 1207 A is at the center of the two red circles.

The near-infrared determined position of 2MASS 1207 b (Song et al., 2006) is at

the center of the green circle. The halo subtracted region (described in Section

5.2.1) is the area between the 2 red circles (r =0.55” and r =1”), excluding the

2MASS 1207 b aperture, which is marked by the green circle (r =0.225”). We find

with 50% confidence (i.e. median) that 2MASS 1207 b’s flux is < 0.26 mJy, 84%

confidence (1σ) that 2MASS 1207 b’s flux is < 0.48 mJy and ∼99.9% confidence

(3σ) that 2MASS 1207 b’s flux is < 0.92 mJy.



146

Figure 5.2 SMARTS/ANDICAM I-band variability of 2MASS 1207 A. 2MASS

1207 A is variable with a modest σ ≃3%. This means 2MASS 1207 A is a le-

gitimate photometric calibrator for 2MASS 1207 b.
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Figure 5.3 Best-fit flared and flat disk models for 2MASS 1207 A. The black,

dashed curve is the AMES-DUSTY model spectrum for 2MASS 1207 A’s photo-

sphere, the red, dot-dashed curve is the flared disk model, the blue, solid curve is

the flat disk model, and the black dotted curve is the Spitzer IRS spectrum (Mor-

row et al., 2008). Both models adequately fit the near-infrared data (∼< 10µm),

but only the flat model adequately fits the mid-infrared data (∼> 10µm). Thus, we

conclude that the flat disk model is better for 2MASS 1207 A, and along with ev-

idence that flat disk models are better for most brown dwarfs (Szűcs et al., 2010),

we use this to justify modeling 2MASS 1207 b’s hypothetical disk as flat.
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Figure 5.4 Best-fit flared and flat disk models for 2MASS 1207 b using four min-

imum grain sizes. The black, dashed curves are the AMES-DUSTY model for

2MASS 1207 b’s photosphere (no extinction), the red, dot-dashed curves are the

flared disk models, and the blue, solid curve are the flat disk models. Note that

our 8.7µm upper-limit is drawn with a downward arrow at the median value

connected by a solid line to a horizontal +1σ upper-limit, which is connected by

a dashed line to a horizontal +3σ upper-limit. The flared and flat models are

indistinguishable at near-infrared wavelengths (∼< 10µm), and no data exists at

longer wavelengths. The smallest minimum grain size (0.1µm) flat-disk models

cannot simultaneously fit the bluest and reddest data. For grain sizes ≥0.5µm,

the models fit the data adequately.
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Figure 5.5 amin = 0.5µm flat disk models for 2MASS 1207 b. For a given model, in-

clination is very tightly constrained to about ∼0.3◦ to fit the observed SED. Small

non-axisymmetric structures (such as warps, gaps, hydrodynamic fluctutations

and clumpiness) in a hypothetical disk around 2MASS 1207 b, which are analo-

gous to small inclination changes, would likely cause variability larger than has

been observed (See Section 5.3.2).
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Figure 5.6 The under-luminosity of a brown dwarf extincted by its disk as a func-

tion of inclination, shown for our flat disk model, and our flared disk model

(the under-luminosity of 2MASS 1207 b is marked as a horizontal, dot-dashed

line). For low inclinations, the disk does not extinct the star. Eventually, the outer

edge of the disk moves into the line of sight, and extinction rises rapidly. Finally,

at very high inclinations, the under-luminosity is capped by the scattered light

emission of the disk. We term these regions un-extincted, partially-extincted, and

fully-extincted. That 2MASS 1207 b is in the partially-extincted region is, a priori,

unlikely, but not statistically refutable. If a disproportionate number of objects

in 2MASS 1207 b’s class are found to be partially-extincted, then there must be

another source of their under-luminosity.
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Figure 5.7 Models of 2MASS 1207 b processed through a spherical shell of dust at

different radii (1Rb, 5Rb, 10Rb, 20Rb, 40Rb and 80Rb). The dashed, black curves

are the unattenuated Teff = 1600K model atmosphere for 2MASS 1207 b and the

solid, blue curves are the atmosphere viewed through the additional dust shell.

Note that our 8.7µm upper-limit is drawn with a flat top at +1σ and a downward

arrow at the median value. The models all assume 2.5 magnitudes of extinction

at J-band, simulating the apparent under-luminosity of 2MASS 1207 b. Shells at

separations less than 20Rb are strongly ruled out by our 8.7µm +3σ upper-limit.
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Figure 5.8 Photometry of 2MASS 1207 b compared to (a) the best-fit, scaled

AMES-DUSTY model (Allard et al., 2001), as described in Patience et al. (2010),

(b)(c)(d) thick cloud models (Model-A from Madhusudhan et al., 2011) at three

different temperatures and with two different grain distributions, and (e)(f) in-

termediate (slightly thinner) cloud models (Model-AE from Madhusudhan et al.,

2011) at two different temperatures and with two different grain distributions.

The 1600 K AMES-DUSTY model is scaled to an unphysical object radius of 0.052

R⊙ (i.e. it is under-luminous or under-sized), whereas the cooler, Madhusudhan

et al. (2011) models assume an object size of ∼0.16 R⊙, based on the brown-

dwarf/giant-planet cooling curves of Burrows et al. (1997). If the Madhusudhan

et al. (2011) models are able to fully reproduce the photometry and spectroscopy

of 2MASS 1207 b, without an unphysical radius scaling, they could explain the

whole class of under-luminous brown-dwarfs/giant-planets.
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Figure 5.9 The same models shown in Figure 5.8 compared to the JHK spec-

troscopy of Patience et al. (2010). The 1600 K AMES-DUSTY model reproduces

the spectral shape of 2MASS 1207 b, but is scaled to an unphysical object radius

of 0.052 R⊙ (i.e. it is under-luminous or under-sized). The cooler Madhusud-

han et al. (2011) models can explain 2MASS 1207 b’s luminosity using a physi-

cally motivated object radius of ∼0.16 R⊙, but cannot explain its detailed spectral

shape. However, the Madhusudhan et al. (2011) 1000 K A-models, shown in (c),

are reasonable enough to suggest that modifications to the model might be able

to explain 2MASS 1207 b’s complete appearance.
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CHAPTER 6

SIRIUS B IMAGED IN THE MID-INFRARED: NO EVIDENCE FOR A REMNANT

PLANETARY SYSTEM

Evidence is building that remnants of solar systems might orbit a large percent-

age of white dwarfs, as the polluted atmospheres of DAZ and DBZ white dwarfs

indicate the very recent accretion of metal-rich material. (Zuckerman et al., 2010).

Some of these polluted white dwarfs are found to have large mid-infrared ex-

cesses from close-in debris disks that are thought to be reservoirs for the metal

accretion. These systems are coined DAZd white dwarfs (von Hippel et al., 2007)

Here we investigate the claims of Bonnet-Bidaud & Pantin (2008) that Sir-

ius B, the nearest white dwarf to the Sun, might have an infrared excess from a

dusty debris disk. Sirius B’s companion, Sirius A is commonly observed as a mid-

infrared photometric standard in the Southern hemisphere. We combine several

years of Gemini/T-ReCS photometric standard observations to produce deep

mid-infrared imaging in five ∼10µm filters (broad N + 4 narrowband), which

reveal the presence of Sirius B. Our photometry is consistent with the expected

photospheric emission such that we constrain any mid-infrared excess to ∼<10%

of the photosphere. Thus we conclude that Sirius B does not have a large dusty

disk, as seen in DAZd white dwarfs.

6.1 Introduction

Since its discovery in 1844 (Bessel, 1844), Sirius B has been a tantalizing object.

While its close proximity to the Sun makes it ideal for detailed study, its binary

companion, Sirius A, is the brightest star in the night-sky, complicating obser-

vations of Sirius B. With a ∆ mag of ∼10 between Sirius A and B for optical and
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longer wavelengths, the most successful observations of Sirius B have been space-

based. Hubble Space Telescope (HST/STIS) spectra of Sirius B have led to the accu-

rate determination of its effective temperature (Teff =25,193 K) and mass (0.978

M⊙; Barstow et al., 2005), Hipparcos parallax measurements of Sirius A place the

system 2.64 pc from the Sun (Perryman et al., 1997), and astrometric monitoring

has determined Sirius B’s orbital period (50.090 yrs), semi-major axis (7.500” or

19.8 AU), and eccentricity (0.5923; Hartkopf et al., 2001)1.

Increasingly, ground-based adaptive optics (AO) systems are becoming adept

at high-contrast imaging, usually with the goal of discovering faint planets/brown

dwarfs near their bright host stars. Imaging a faint white dwarf like Sirius B

around a bright, main-sequence A star like Sirius A is a similar problem. Re-

cently, Bonnet-Bidaud & Pantin (2008) used the ESO 3.6 meter telescope, along

with the ADONIS AO system, to image Sirius B in the JHKs filters, which, be-

fore this work, were the longest wavelength photometric measurements of Sirius

B. The Bonnet-Bidaud & Pantin (2008) measurements showed a small (1.7σ) Ks-

band excess when compared to the models of Holberg & Bergeron (2006). Similar

near-IR excesses are present in the spectra of dusty white dwarfs, which are char-

acterized by large excesses in the mid-infrared (von Hippel et al., 2007).

The first infrared excess around a white dwarf (G29-38) was found by Zuck-

erman & Becklin (1987), and was initially thought to be a brown dwarf. This

hypothesis was ruled out by optical/near-IR pulse monitoring that suggested a

disk-geometry source of the excess (Graham et al., 1990; Patterson et al., 1991).

Subsequent spectroscopy using Spitzer/IRS revealed the presence of small dust

grains (Reach et al., 2005). A Spitzer/IRS survey found 4 dusty white dwarfs out

of their sample of 124 (Mullally et al., 2007; von Hippel et al., 2007), and that

1http://ad.usno.navy.mil/wds/orb6.html



156

each of the dusty white dwarfs were of type DAZ (metal-polluted, hydrogen at-

mosphere), leading von Hippel et al. (2007) to coin DAZ stars with mid-infrared

excesses, DAZd. The metals in DAZ white dwarfs are expected to settle below

the white dwarf photosphere much faster than evolutionary timescales (Koester

& Wilken, 2006), thus the presence of metals implies a recent accretion event.

∼1/4 of DA (hydrogen atmosphere) white dwarfs are DAZ (Zuckerman & Reid,

1998), and ∼1/3 of DB (helium atmosphere) white dwarfs are DBZ (Zuckerman

et al., 2010), demonstrating that accretion must be a common phenomenon for

white dwarfs. The cause of this accretion, in many if not all cases, is thought to

be tidally disrupted asteroid-sized objects from a remanent debris disk/planetary

system (Jura, 2008; Zuckerman et al., 2010).

We note that Sirius B is a DA white dwarf, but determining if it is metal pol-

luted (DAZ) is complicated by the difficulty of taking high-resolution spectra of

Sirius B from the ground. This problem is exacerbated by the fact that Sirius B’s

high temperature, (25,193 K Barstow et al., 2005) impedes the detection and in-

terpretation of photospheric metals (Koester & Wilken, 2006; Chayer et al., 1995).

Sirius B’s high temperature also has implications for its potential to host a de-

bris disk. While typical DAZd white dwarfs have temperatures ranging from

T≈7,000-15,000 K (Farihi et al., 2009), Sirius B’s high temperature would subli-

mate dust out to its tidal truncation radius (Jura, 2003), precluding tidal disrup-

tion of asteroids as the source of dust in the system. Instead of dust disks, hot

white dwarfs can have metal vapor disks. The first system observed to display

these features, SDSS 1228+1040 (Gänsicke et al., 2006), was subsequently found

to have a dust disk at larger radii (Brinkworth et al., 2009). Analogously, a de-

bris disk around Sirius B would be at larger radii than is typical for DAZd white

dwarfs, and the dust would be the result of collisions, rather than tidal disruption
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of asteroids. Since not all DAZ and DBZ white dwarfs are found to have debris

disks, the source of their photospheric pollution might come from larger radii

than are easily probed by current mid-infrared instruments (24µm probes ∼120

K dust, which is at ∼<1 AU, assuming radiative equilibrium). As a result, little is

known about the outer regions of white dwarf debris disks.

Spatially resolving a debris disk around a white dwarf would obviously be an

important step in understanding the DAZd phenomenon. As the nearest white

dwarf to the Sun, Sirius B would be a prime target for such a search, especially

given the claims of Bonnet-Bidaud & Pantin (2008) that Sirius B might have a

substantial mid-infrared excess. The importance of such a discovery would be

magnified by the fact that dust particles ∼>1 AU from Sirius B would be primarily

heated by Sirius A (18 AU in 2005.0), which would potentially make it possible

to probe the outer parts of the debris disk at much greater separations than is

normally possible. The maximum radius of Sirius B’s disk, based on tidal trunca-

tion from Sirius A, would be ∼ 1/4 of the orbital semi-major axis (Artymowicz &

Lubow, 1994), which is 5 AU or 2”.

In this work, we use Gemini/T-ReCS (Telesco et al., 1998) archival observa-

tions of Sirius to determine if Sirius B has a strong mid-infrared excess. As the

primary Cohen standard for the Southern hemisphere (Cohen et al., 1992a), Sirius

A is commonly observed as a photometric calibration for a variety of T-ReCS pro-

grams. By co-adding these data, we obtained deep mid-infared images, allowing

us to detect the very faint source, Sirius B, at high signal-to-noise, and with the

redundancy of independent detections in 5 filters.
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6.2 Observations and Reductions

We downloaded all public imaging data of Sirius taken by the Thermal-Region

Camera Spectrograph (T-ReCS; Telesco et al., 1998) on the Gemini-South Tele-

scope. We reduced our chop/nod data and removed bad frames using the cus-

tom T-ReCS IDL software MEFTOOLS v. 5.02.

Most of the data were taken with T-ReCS oriented at a position angle (PA)

of 0◦ (North is up and East is left on the detector). We removed the few images

where PA was not 0◦, and we also removed all data taken in 2007 or later, because

the expected orbital position of Sirius B was near detector artifacts.

Without prejudice to observing conditions or image quality, we registered and

coadded the remaining images in each filter, weighting each image by on-source

observing time. All registration was done on Sirius A, as Sirius B is not visible

in the individual images. Hereafter, we refer to these images as the A-aligned

images. The total on-source observing time in each filter is listed in Table 6.1.

Figure 6.1 shows the A-aligned image of Sirius in the Si-2 (8.74µm) filter. The

point-spread function (PSF) of Sirius A is symmetric, diffraction-limited, and un-

saturated. Figure 6.2 again shows the A-aligned image of Sirius (on the left), but

this time with a deeper stretch that brings out the background at ∼>4”. The im-

age shows a very faint streak in the lower-lefthand quadrant, at the approximate

orbital positions of Sirius B from 2003-2006. Because our image has been con-

structed from data spanning ∼3 years, Sirius B’s fast orbital motion (∼50 year

period) has created an arc across our A-aligned images.

To make B-aligned images, we have to “de-orbit” the individual images that

have been registered on Sirius A. We use orbital elements from the US Naval

2http://www.jim-debuizer.net/research/
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Observatory’s Sixth Catalog of Orbits of Visual Binary Stars3 (Hartkopf et al.,

2001) and shift each individual image by the calculated orbital ephemeris to stack

each image on Sirius B. The final stacked image is shown on the right of Figure

6.2. Sirius B is now clearly visible.

6.3 Mid-Infrared Photometry of Sirius B

We perform PSF-fitting photometry with IRAF/daophot (Stetson, 1987) using Sir-

ius A (from the A-aligned image) as our PSF. The ∆ mag between Sirius A and

B and fluxes are listed in Table 6.1 for each filter. The associated errors are the

difference between using two sky background annuli (6-9 pixels vs. 9-12 pixels)

combined in quadrature with the measured allstar errors.

In the Si-2 and Si-5 filters, the shape of Sirius B’s PSF is essentially identical

to that of Sirius A, with no signs of extended emission after PSF subtraction. The

Si-3 and Si-4 filters have much lower S/N detections, so that a comparison is

difficult. In the N-band filter, the PSFs look somewhat different, likely because of

contamination by detector artifacts, which are stronger in the N-band filter than

in the Si filters. As a result, we perform aperture photometry on our N-band data

in lieu of PSF-fitting photometry. We use 3 different apertures (3, 4 and 5 pixels)

to estimate our error, which is large (0.146 mag), due to the detector artifacts.

Because Sirius A is the primary standard of Cohen et al. (1992a) for the South-

ern hemisphere, it has a well-calibrated flux within the Gemini filters4 that we

can use to flux calibrate Sirius B. We plot these fluxes on a spectral energy dis-

tribution (SED) in Figure 6.3, along with HST/STIS photometry (Barstow et al.,

2005), HST/NICMOS photometry (Kuchner & Brown, 2000), and ESO/ADONIS

3http://ad.usno.navy.mil/wds/orb6.html
4http://www.gemini.edu/sciops/instruments/mir/MIRStdFluxes.txt
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photometry5 (Bonnet-Bidaud & Pantin, 2008). We also plot a 25,193 K blackbody

(the STIS determined temperature of Sirius B; Barstow et al., 2005) normalized to

the V-band magnitude from STIS, the scaled mid-infrared excess of the prototype

DAZd white dwarf, G29-38 (using the model SED from Reach et al. (2005), but

ignoring the small-grain silicate dust feature), and the scaled mid-infrared excess

of the hot white dwarf, SDSS 1228+1040 (using the model SED of Brinkworth

et al., 2009). Our mid-infrared data are consistent with the blackbody, and show

no evidence of an infrared excess.

If Sirius B has no infrared excess (as appears to be the case, or is at least ap-

proximately true), our mid-infrared photometry fall on the Raleigh-Jeans tail for

both Sirius A and B. Thus, the ∆ mag between Sirius A and B is expected to be the

same in all of our mid-infrared filters. As can be seen in Table 6.1 and Figure 6.3,

our data are not quite statistically consistent, which is likely due to residual cor-

related detector artifacts that have caused us to slightly underestimate our errors.

This also explains why two of our filters (Si-2 and Si-4) appear to be statistically

sub-photospheric in Figure 6.3. To put a robust upper-limit on Sirius B’s infrared

excess, we take an unweighted average of our 5 mid-infrared photometry points,

and find that the ∆ mag between Sirius A and B is 10.77±0.09 mags. This empir-

ical error estimate implies that any infrared excess to Sirius B must be ∼<10% of

the photosphere across the N-band.

The DAZd white dwarfs reported by Mullally et al. (2007) and von Hippel

et al. (2007), and others, all have massive mid-infrared excesses (on the order of

∼10,000% at N-band for G29-38 as shown in Figure 6.3 and Reach et al., 2005)

5In Figure 6.3, the ESO/ADONIS photometry do not appear to show an excess, as claimed
by Bonnet-Bidaud & Pantin (2008). Although our blackbody normalization might be slightly
different than Bonnet-Bidaud & Pantin (2008)’s, we note that an excess is similarly not visible in
their Figure 2. Rather, they claim an excess via comparison of their absolute photometry to the
models of Holberg & Bergeron (2006).
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due to a large quantity of small circumstellar dust grains. Our non-detection of a

mid-infrared excess around Sirius B clearly shows that it is not a member of this

DAZd class of objects.6 However, the polluted atmospheres of DAZ white dwarfs

only require a small amount (a Ceres-sized asteroid) of accreted mass to explain

their spectra (Zuckerman et al., 2010), well below the detection/calibration limits

of current telescopes. Additionally, this mass can be hidden in cool material that

is far enough from the white dwarf that it does not emit significantly in the mid-

infrared. A variety of novel observational techniques, such as interferometry,

high-contrast imaging, and leveraging a nearby luminous companion to illumi-

nate a large portion of the disk (as in the case of Sirius A) will be necessary to

study the outer parts of these systems, which might comprise ∼1/4 of DA white

dwarfs, and ∼1/3 of DB white dwarfs (Zuckerman & Reid, 1998; Zuckerman

et al., 2010).

6.4 Conclusions

We used archival Gemini/T-ReCS data to directly image the nearest white dwarf,

Sirius B, in 5 filters in the N-band (10µm) window. The data were taken over a

several year period, where Sirius A was used as a photometric standard for many

T-ReCS programs. Because of Sirius B’s non-negligable orbital motion during

that timespan, we shifted each image by the binary’s calculated orbital ephemeris

in order to stack the images on Sirius B.

Although Bonnet-Bidaud & Pantin (2008) reported a slight excess in the Ks-

band, we find no evidence of a large mid-infrared excess, as would be expected

6In comparing Sirius B to the DAZd class, we note that the DAZd white dwarfs described in
the literature are mostly cooler (as described in Section 6.1) and do not have luminous binary
companions. In these white dwarfs, the infrared excess is probing dust very near the white dwarf
(i.e. inside the tidal truncation radius). In the case of Sirius B, which is hotter, dust within the
tidal truncation radius is sublimated, but the outer regions of the disk are illuminated by Sirius
A.
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for a DAZd white dwarf with a dusty debris disk (von Hippel et al., 2007).

White dwarfs in Sirius-like binary systems might be good targets for observ-

ing the outer parts of these debris disks. Because of the low-luminosity of white

dwarfs, circumstellar material at the separations typically observed in debris

disks are too cold to emit significant radiation in the mid-infrared. However,

in binary systems, regions of the white dwarf’s disk that are not heated by the

white dwarf can be heated by its more luminous companion.
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Table 6.1. Gemini/T-ReCS Observations of Sirius A-B

Filter Wavelength µma On-Source Integration (s) ∆ Mag (Sirius A-B) Sirius A Flux (Jy)b Sirius B Flux (Jy)

Si-2 8.74 1639 10.91±0.09 168.75 0.0073±0.0006

Si-3 9.69 1014 10.58±0.23 140.18 0.0082±0.0018

Si-4 10.38 912 11.01±0.15 124.63 0.0049±0.0007

Si-5 11.66 2447 10.69±0.11 97.07 0.0051±0.0005

N 10.36 1752 10.67±0.15 131.12 0.0071±0.0010

Note. — Observations were taken sporadically from 2003-2006, as calibrations for other Gemini programs, for which Sirius

A is a common photometric/PSF standard.

aFilter information available at http://www.gemini.edu/sciops/instruments/T-ReCS/imaging/filters. The Si filters are

∼10% bandwidth while the N filter is ∼50% bandwidth.

bSirius A fluxes through standard filters available at http://www.gemini.edu/sciops/instruments/mir/MIRStdFluxes.txt
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Figure 6.1 Sirius is commonly observed by Gemini/T-ReCS observers for calibra-

tion. This image combines all Si-2 (8.74µm) data of Sirius taken between 2003,

Dec. 30 UT and 2006 Jun. 31 UT, aligned and coadded on Sirius A. Sirius A’s PSF

is symmetric, diffraction-limited and unsaturated despite a variety of observing

conditions and strategies. The image is 13” by 18”. North is up and East is left.

Sirius B is not visible in this stretch.
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Figure 6.2 Each image is 13” x 18”. North is up and East is left. LEFT: Sirius,

aligned and coadded on Sirius A in the Si-2 (8.74µm) filter (same as Figure 6.1 but

at a different stretch). A very faint streak is visible in the lower-lefthand quadrant,

which is Sirius B smeared out by its orbital motion between epochs (∼3 years).

RIGHT: The same data, but where each frame is shifted by the calculated change

in the position of Sirius B, so that the image is aligned on Sirius B. Sirius B is

now clearly visible at a position angle of 113◦ and separation of 6.75” (its 2005.0

position).
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Figure 6.3 SED of Sirius B with data from HST/STIS (pink plus-signs),

HST/NICMOS (teal square), ESO/ADONIS (green triangles), Gemini/T-ReCS

narrowband Si filters (filled, blue diamonds) and Gemini/T-ReCS broadband

N (filled, red circle). The solid curve is a blackbody with temperature=25,193K

scaled to the STIS V-band flux, the dotted curve is the scaled infrared excess of

the prototype DAZd white dwarf, G29-38, and the dashed curve is the scaled in-

frared excess of the hot white dwarf SDSS 1228+1040. Our Gemini/T-ReCS data

show no evidence of a mid-infrared excess as hypothesized by Bonnet-Bidaud &

Pantin (2008).
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CHAPTER 7

A DIRECT MEASUREMENT OF ATMOSPHERIC DISPERSION IN N-BAND

SPECTRA: IMPLICATIONS FOR MID-IR SYSTEMS ON ELTS

Adaptive optics will almost completely remove the effects of atmospheric turbu-

lence at 10µm on the Extremely Large Telescope (ELT) generation of telescopes.

In this paper, we observationally confirm that the next most important limita-

tion to image quality is atmospheric dispersion, rather than telescope diffraction.

By using the 6.5 meter MMT with its unique mid-IR adaptive optics system, we

measure atmospheric dispersion in the N-band with the newly commissioned

spectroscopic mode on MIRAC4-BLINC. Our results indicate that atmospheric

dispersion is generally linear in the N-band, although there is some residual cur-

vature. We compare our measurements to theory, and make predictions for ELT

Strehls and image FHWM with and without an atmospheric dispersion corrector

(ADC). We find that for many mid-IR applications, an ADC will be necessary on

ELTs.

7.1 Introduction

As we approach the Extremely Large Telescope (ELT) generation of telescopes,

adaptive optics is becoming increasingly important to the general astronomi-

cal community. Large telescopes have small diffraction limits, and achieving

these limits is a major goal for instrument builders. The mid-infrared wave-

lengths, in particular, stand to gain substantially from larger telescopes—at the

diffraction limit, S/N ∝ Diameter2 for background-limited observations of point-

sources. Today’s ∼8-meter class telescopes are close to diffraction-limited in the

mid-infrared, even without adaptive optics, but maintaining the diffraction limit
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as telescopes continue to scale upwards will be challenging.

For ground-based telescopes in the mid-infrared, seeing is often considered

a minor effect, and other (smaller) atmospheric effects are completely ignored.

Kendrew et al. (2008) have predicted several atmospheric properties that may

limit image quality on ELTs, including mid-infrared atmospheric dispersion1, vis-

ible atmospheric dispersion for wavefront sensing, and water vapor turbulence

(see Devaney et al. (2008) for a similar discussion in the near-infrared). So far,

these effects have not been adequately measured.

The 6.5 meter MMT, with its unique mid-IR adaptive optics system (MM-

TAO) provides a powerful testbed for mid-IR AO on ELTs. Effects that will

severely limit image quality on ELTs are just measurable with MMTAO due to its

highly stable PSF. By removing the largest atmospheric effect (seeing), we mea-

sure the second largest effect (atmospheric dispersion) with the newly commis-

sioned spectroscopic mode of the MMT’s Mid-Infrared Array Camera (MIRAC4-

BLINC) and adaptive optics.

Atmospheric refraction is a well-known phenomenon at visible wavelengths,

where it is typically treated as a smooth curve that flattens quickly longward

of K-band (Edlén, 1966; Ciddor, 1996; Bönsch & Potulski, 1998). However, more

detailed treatments show that molecular resonances from CO2 and H2O (amongst

others) dominate the infrared refractivity curve (Hill & Lawrence, 1986; Mathar,

2004; Colavita et al., 2004; Mathar, 2007). These authors show that each infrared

window (L,M,N) is bracketed by molecular absorption and has an atmospheric

refraction curve characterized by an S-shape superimposed on a stronger linear

trend.

1In this paper, we use “refraction” to refer to the absolute bending of light and “dispersion”
to refer to the differential chromatic bending of light. Generally, theoretical considerations use
refraction while practically, telescope images are affected by dispersion.
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In this paper, we measure the atmospheric dispersion curve on the short wave-

length side of N-band (8.26µm-11.27µm) using spectroscopy and adaptive optics.

In previous studies, Livengood et al. (1999) measured refractivity at one wave-

length (12µm) while Tubbs et al. (2004) interferometrically measured refractivity

throughout the N-band but were insensitive to the overall trend. Our spectro-

scopic result has the benefit of measuring all wavelengths simultaneously, so that

the overall trend and curvature of the effect throughout N-band is unambiguous.

By directly measuring the atmospheric dispersion curve, we can assess how the

effect will limit image quality in the mid-infrared for ground-based ELTs. This

is useful for instrument builders, who will have the option of using atmospheric

dispersion correctors (ADCs) to suppress the effect.

7.2 Observations and Instrument Description

Our data were obtained March 4, 2009 UT with the 6.5 meter MMT and its de-

formable secondary adaptive optics system (MMTAO – e.g., Lloyd-Hart, 2000;

Wildi et al., 2003; Brusa et al., 2004). We used the newly commissioned spectro-

scopic mode of MIRAC4-BLINC. The instrument is a combination of the Mid-IR

Array Camera, Gen. 4 (MIRAC4) and the Bracewell Infrared Nulling Cryostat

(BLINC – Hinz et al., 2000) which for these observations, is used in its “imaging”

mode. MIRAC4 is functionally similar to previous incarnations of MIRAC (e.g.

Hoffmann et al., 1998) with the main new feature being a DRS Technologies 256 x

256 Si:As array. Some of the relevant details of this new instrument are described

below.

MIRAC4-BLINC was use to observe the mid-infrared standards α Her and

γ Aql. Both targets were bright in the visible (3.06 and 2.72 V magnitudes for

α Her and γ Aql, respectively) which allowed us to run the MMTAO system
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at full sampling speed (550 Hz). At longer wavelengths the MMTAO system

can produce nearly perfect diffraction-limited images with extremely stable point

spread functions (Kenworthy et al., 2004; Hinz et al., 2006). At N-band, typical

Strehls of up to ∼98% can be obtained under good seeing conditions (Close et al.,

2003a). Conditions were non-photometric with moderately high winds (bursts

up to 30 mph). However, the adaptive optics system was consistently able to

stay locked on bright sources. Data from the MMT weather station showed an

average temperature of 7.8 ◦C, an average pressure of 745 mbar and an average

relative humidity of 44.3%. Detailed weather descriptions for each observation

are shown in Table 7.1.

The MIRAC4-BLINC optics are enclosed and cooled in two attached cryostats.

Reflective reimaging optics in the BLINC portion of the system create an image

of the secondary on an articulated mirror. The mirror provides rapid chopping

capability at rates of 1-10 Hz. A mask overlaid on the mirror provides the critical

cold stop for the system. Downstream from the chopping mirror an image of

the telescope focal plane is formed at an f-ratio of f/26.7 (1.22 arcsec/mm). A

cold image stop wheel allows insertion of several slits at this location. A second

set of reflective reimaging optics within the MIRAC4 cryostat create a second

pupil image at a cold stop, which is followed by two filter wheels, the first of

which contains a KRS-5 grism. The grism was fabricated by Zeiss and has an 11

degree wedge and 27 lines /mm to create a first-order, low-resolution (R∼100)

spectrum on the detector. Flexure of the grism, with respect to the applications

in this paper, is negligable. By adjusting the position of the detector as well as

a set of fold optics it is possible to create a range of magnifications from 0.55-1.1

(giving final plate scales from 0.054 to 0.11 ”/pixel, for the 50 micron pixels of the

MIRAC4 detector).



171

For these observations we used the high magnification setting of the camera

to maximize our PSF sampling. At maximum magnification the grism dispersion

is 12.6 nm/pixel. We used an off-center, 0.6 mm wide (0.73”) slit that placed the

spectrum from 8.26-11.27 microns on the array. At 10 microns wavelength this

gives a diffraction-limited spectral resolution of 130. The dispersion and range

of the spectra were calibrated by using a thin transmissive piece of polystyrene

and correlating the known spectrum of the film with the measured response of

the system.

We aligned the target in the slit for both nod beams (see Figure 7.1), chopping

perpendicular to the slit and nodding along the slit. The slit was aligned per-

pendicular to the horizon in order to optimally measure atmospheric dispersion.

Details of our observations are listed in Table 7.1.

The data were reduced using our custom artifact removal software described

in Skemer et al. (2008). The images were then cross-correlated (with spline inter-

polation) and median combined (see a reduced image in Figure 7.2).

7.3 Analysis

In order to determine the intrinsic curvature of the MIRAC4 grism, we assume the

α Her data taken at 1.05 airmasses is unaffected by atmospheric dispersion. The

models of Mathar (2004, 2007) suggest that the effect is small, but non-negligable

(see Figure 7.3). As a result, all of our measurements underestimate the effect of

atmospheric dispersion by the amount shown in Figure 7.3 at each airmass (a cu-

mulative effect of 0.015”). In the interest of not contaminating our measurements

with models, we ignore the effect for the rest of the analysis section. However,

we do include the extra atmospheric dispersion in our ELT implications section.

We measure the trace of the grism by centroiding every wavelength with a
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best-fit, Moffat function (Markwardt, 2009b). Four parameters (peak value, cen-

troid, FWHM and Moffat Index) were allowed to vary with wavelength, with

centroid being the relevant parameter. In principle, this fit could be used to pro-

duce an error estimate derived from random (i.e. photon) noise. However, our

dominant error source is systematic noise caused by psf-mismatch (described be-

low). The grism trace is shown in Figure 7.4 and shows a 0.05” offset over the

range of our spectrum. The linear trend is the result of grism alignment and the

curvature of the trace is intrinsic to the optical system. Two dips appear in our

raw spectrum, which correspond to apparent artifacts in the grism trace. Since

our PSF is a spectrally smoothed two-dimensional image, spectral features can

easily cause slight PSF mismatches, which manifest themselves as grism trace

artifacts. These regions are ignored in any further analysis.

For each observation listed in Table 7.1, we repeat the trace measurement, and

subtract the grism’s intrinsic curvature (the trace of the 1.05 airmass spectrum;

Figure 7.4). This gives us a direct measurement of the atmospheric dispersion

across our spectral range (minus the atmospheric dispersion at 1.05 airmasses).

The effect is fixed to 0 at the red end (11.2 µm) of our spectrum and is shown for

each observed airmass in Figure 7.5. There is clear evidence that the blue light

is refracted more than the red, and that this trend increases with airmass. A fit

of the linear trend between 9.9 and 11.0 µm gives 10.3 mas/µm, 20.4 mas/µm,

15.8 mas/µm and 33.9 mas/µm at 1.32 airmasses, 1.53 airmasses, 1.82 airmasses

and 2.53 airmasses respectively. We note that the observed trend is not perfectly

sequential as our 1.53 airmass data appear to have experienced more atmospheric

dispersion than our 1.82 airmass data.

The strong linear trends from Figure 7.5 imply that atmospheric dispersion

is an important effect to consider when designing mid-IR instruments on large
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telescopes. For the next (ELT) generation of telescopes, a mid-IR ADC will be

necessary to achieve diffraction-limited images. However, traditional ADCs can

only correct linear atmospheric dispersion. In Figure 7.6 we show the curvature

of atmospheric dispersion by subtracting off a linear trend from the data shown

in Figure 7.5. This simulates the effect of atmospheric dispersion after correction

from a perfectly tuned ADC. Unfortunately, some elongation of the PSF may still

occur in broad filters even with an ADC due to nonlinear atmospheric dispersion.

Note that the observed curvature is sequential with airmass.

7.4 Discussion

7.4.1 Fitting with Models

We compare our measurements to the models described by Mathar (2004, 2007).

These models calculate refractive index values (n) by summing over the electronic

transitions of atmospheric molecular constituents from the far-ultraviolet to the

far-infrared, using the molecular line database HITRAN (Rothman et al., 2005).

A full description of the model can be found in Mathar (2004).

The refraction, or the angular distance between the true and apparent zenith

distances for a given refractive index, can be calculated from:

R ≈ 206, 265(
n2 − 1

2n2
) tan(z) (7.1)

where z is the true zenith distance in radians and R is in arcseconds. From this,

the differential refraction (dispersion) between two wavelengths is given by:

R1 − R2 ≈ 206, 265(
n2

1 − 1

2n2
1

−
n2

2 − 1

2n2
2

) tan(z). (7.2)

We calculate the expected atmospheric dispersion using the output of Mathar’s

models and equation 7.2 (where the value of n2 is fixed to the refractive index at

λ = 11.2µm, as we did in our differential MMTAO measurements). Because our
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measurements subtract off atmospheric dispersion at 1.05 airmasses (assuming it

to be small; see Figure 7.3), we do the same with our models. The comparison be-

tween our measurements and the models is shown in Figure 7.7. The solid curves

are our measurements, the dotted curves are the models with dispersion at 1.05

airmasses subtracted and the dashed curves are the models without dispersion

at 1.05 airmasses subtracted.

We ran the models at a variety of relative humidities to reflect the measured

variation during each group of observations (see Table 7.1). These small humidity

variations create a ∼10% model uncertainty for each set of observations.

The models show a good fit to the observed spectral trace longward of ∼9.5

µm in three of the four cases (qualitatively, a quantitative approach, such as a

χ2 test would be inappropriate given that our dominating errors are systematic).

The clear exception is the spectral trace taken at airmass 1.53, which follows the

same trend as the others but lies significantly above the curve predicted for the

meteorological conditions at the time of observation. The discrepancy could be

due to a temporary burst of moisture high up in the atmosphere (where our

ground-based weather monitors are insensitive). It could alternatively be the

result of a filter wheel return error which caused our grism to be slightly mis-

aligned. This second scenario is unlikely as the filter wheel has a resolution of

<0.03◦, which should provide a spectrum tilt of, at most, 5 mas across the array.

At all four airmasses, our measurements show more curvature than the mod-

els predict. At this point, it is unclear whether the source of disagreement is error

in the measurements or error in the models. Given that the linear trend dominates

the curvature, this disagreement may prove insignificant. However, if the linear

trend is corrected with an ADC, the curvature may still cause some non-negligble

dispersion at very high airmasses.



175

Overall, the Mathar models fit our measurements very well, and will be use-

ful for ADC designs and operations. It is still an open question whether ground-

based weather measurements will make good predictors of atmospheric disper-

sion throughout the atmosphere. In our case ground-based weather measure-

ments allowed accurate predictions in three out of four cases. The source of the

residual curvature is also unclear at this point. Both issues should be addressed

with future observations.

7.4.2 Implications for ELTs

Mid-IR cameras on ELTs will need to operate in several modes to accomplish a

wide variety of scientific tasks. The loss of image quality related to atmospheric

dispersion will affect each situation differently. Here we discuss specific implica-

tions to three commonly used mid-IR modes: broad-band imaging, narrow-band

imaging and spectroscopy.

7.4.2.1 Broad-Band Imaging

Using our MMTAO observations, we can simulate the degradation of image qual-

ity for ELTs. Our MMTAO observations only cover 8.26µm-11.27µm but the

broad N-band extends all the way to ∼14µm. We approximate full N-band dis-

persion curves (8.26µm-13.74µm) by reflecting our MMTAO dispersion curves

about 10.5µm (creating the characteristic S-shape; this may be an oversimplifica-

tion as Mathar (2004, 2007)’s models show slightly increased curvature longward

of 11µm). We also add back the theoretical dispersion at 1.05 airmasses having

confirmed the validity of the linear trends in Mathar (2004, 2007)’s models. Fi-

nally, we fit the curves with a fifth-order polynomial to remove the noise and

systematics shown in Figures 7.4-7.6.

We simulate ELT images by convolving our estimated dispersion curves with
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diffraction-limited PSFs and flat SEDs. In this case, the (1-D) convolution step is

simply adding together PSFs at positions defined by our dispersion curves. The

PSFs are constructed from annulus apertures with outer diameters 24.5m, 30m

and 42m and a 20% central obscuration. An example of our simulated images is

shown for a 42 meter telescope with no ADC in Figure 7.8. The results show a

severe elongation in the altitude axis.

Using our simulated ELT images, we measure Strehl and FWHM, with and

without a linear ADC, at 1.0, 1.5 and 2.5 airmasses. These results are shown in

Table 7.2. Without a linear ADC, Strehl and FWHM are significantly degraded

for all three telescopes, even at 1.5 airmasses. With a linear ADC, the images

are almost perfectly corrected at reasonable airmasses. Thus, we conclude that

a linear ADC is essential for broad N-band imaging on ELTs and that a higher

order, “non-linear” ADC is not.

7.4.2.2 Narrow-Band Imaging

We repeat the experiment from the previous section but with a 10% filter cen-

tered at 10.5µm (note that no reflection of the atmospheric dispersion curve is

necessary). Our results are shown in Table 7.3. Image quality is still noticeably

degraded with the narrow-band filter, but the effect only becomes serious for the

largest (42m) telescope. With an ADC, narrow-band imaging is completely unaf-

fected by atmospheric dispersion. Thus, we conclude that a linear ADC will be

useful for some narrow-band imaging applications on ELTs, and unnecessary for

others based on scientific needs.

7.4.2.3 Spectroscopy

The chromaticity of the images shown in Figure 7.8 imply that chromatic slit

loss may be a major problem for ELT mid-IR spectroscopy. The problem can
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be avoided by always keeping the slit perpendicular to the horizon so that there

is no refraction in the spectral dispersion axis. However, this would preclude ob-

servations of a variety of spatially resolved objects (binaries, circumstellar disks,

etc.) where a properly aligned position angle is important. Based on our pre-

dictions for broad-band image quality (Table 7.2), a linear ADC would suppress

dispersion to the point where broad-band spectroscopy would be possible at dif-

ferent position angles, given a wide slit. For certain high resolution spectroscopic

applications (with a very narrow bandpass), an ADC will not be necessary.

7.5 Conclusions

After seeing is removed by adaptive optics, atmospheric dispersion will be the

dominant source of image quality degradation on ground-based ELTs, surpassing

diffraction. While theory has predicted large S-shaped refraction curves in each

infrared window, the effect had not been measured as a function of wavelength

through the atmosphere. In this paper, we use MMTAO and the MIRAC4-BLINC

spectrograph to measure atmospheric dispersion from 8.26µm-11.27µm. We find

the following:

1) “Blue”-light (8.26µm) is refracted more than “red”-light (11.27µm) in the

mid-infrared, and the effect increases with airmass and humidity.

2) Although the linear term of mid-IR atmospheric dispersion is dominant,

a non-negligable amount of curvature exists too. Observations over different

wavelength ranges (including full N-band) will help determine the source of this

curvature.

3) The dominating linear trends in our measurements are in excellent agree-

ment with the models of Mathar (2004, 2007). We measure more curvature than

the theory predicts; however, the magnitude of the curvature is small compared
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to the linear trend. Mathar (2004, 2007) models may now be used to develop

predictive models for ADCs given ground-based measurements of temperature,

pressure, relative humidity and airmass.

4) Based on simulations of mid-IR ELT adaptive optics images with atmo-

spheric dispersion, we find that ADCs will be useful for high-Strehl, narrow-band

imaging and spectroscopy, and essential for high-Strehl, broad-band imaging and

spectroscopy. Our conclusions are only based on an analysis of image quality.

We make no claims about the technical feasibility (cost, increased background,

decreased throughput, etc.) of a mid-IR ADC. Instrument builders will have to

weigh these issues as well.
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Table 7.1. MMTAO Observations and Weather (March 4, 2009 UT)

Object Airmass Exposure Length # of Exposures Pressure Temperature Relative Humidity

(s) (mbar) (◦C) (%)

Alpha Her 1.05 0.05 80 745.1 8.0 42.1±0.5

Alpha Her 1.32 0.05 80 745.0 7.5 49.2±1.5

Gamma Aql 1.53 3 16 745.1 8.1 44.4±0.4

Gamma Aql 1.82 3 26 745.0 7.8 36.7±1.3

Gamma Aql 2.53 3 16 744.8 7.6 49.3±0.5

Note. — Values listed for airmass, pressure, temperature and relative humidity are averages over each group of

observations, with the error bars on relative humidity showing the standard deviation of the range of measured values

over each group of observations. The weather data were recorded outside the telescope dome using a standard weather

monitoring station on a 20 foot pole. All data were taken with an AO loop-speed of 550 Hz.
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Table 7.2. Predicted N-band Image Quality for ELTs

Telescope Diameter (m) Airmass Strehl (%) Strehl with ADC (%) FWHM (mas) FWHM with ADC (mas)

42 1.0 100 100 53 53

42 1.5 43 98 135 54

42 2.5 27 94 226 56

30 1.0 100 100 74 74

30 1.5 56 99 139 75

30 2.5 37 97 225 77

24.5 1.0 100 100 91 91

24.5 1.5 64 99 145 92

24.5 2.5 44 98 225 93

Note. — The N-band filter is assumed to be rectangular from 8.26µm-13.74µm. We also assume a flat SED and a site similar

to the MMT’s. FWHM is measured in the altitude axis. In the azimuth axis, FWHM is assumed to be diffraction-limited.
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Table 7.3. Predicted 10%-band Image Quality for ELTs

Telescope Diameter (m) Airmass Strehl (%) Strehl with ADC (%) FWHM (mas) FWHM with ADC (mas)

42 1.0 100 100 52 52

42 1.5 94 100 55 52

42 2.5 88 100 58 52

30 1.0 100 100 73 73

30 1.5 97 100 74 73

30 2.5 93 100 77 73

24.5 1.0 100 100 89 89

24.5 1.5 98 100 90 89

24.5 2.5 95 100 92 89

Note. — The 10%-band filter is assumed to be rectangular from 9.975µm-11.025µm. We also assume a flat SED and a site

similar to the MMT’s. FWHM is measured in the altitude axis. In the azimuth axis, FWHM is assumed to be diffraction-

limited.
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Figure 7.1 Image of an MMTAO 10.55µm PSF (Pollux) with our 0.75” slit super-

imposed. The high-Strehl core is completely contained in the slit. (Pollux PSF

image from Skemer et al., 2008).
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Figure 7.2 The raw, combined image of α Her’s spectrum at 1.05 airmasses taken

with MIRAC4-BLINC and MMTAO. Because the data were taken in MIRAC4’s

high-magnification mode, our PSF is well-sampled with 0.055” pixels (compared

to the ∼0.3” MMTAO diffraction-limited FWHM). The combination of high Strehl

and a fine platescale allow us to measure the trace of the spectrum (centroid at

each wavelength) to high precision.
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Figure 7.3 Theoretical atmospheric dispersion across our spectroscopic band at

1.05 airmasses from the models of Mathar (2004, 2007). Our measurements sub-

tract the atmospheric dispersion at 1.05 airmasses so that we can measure our

grism’s intrinsic alignment/curvature. This means our measurements consis-

tently underestimate atmospheric dispersion by the amount shown in this plot

(∼0.015”).
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Figure 7.4 TOP: N-band spectrum of α Her taken at 1.05 airmasses. The spec-

trum has not been flux calibrated, and shows two large features: at ∼8.8µm, there

is a detector quantum efficiency drop and at ∼9.7µm there is telluric ozone ab-

sorption. BOTTOM: Grism spectral trace of α Her at 1.05 airmasses (where at-

mospheric dispersion is assumed to be low; see Figure 7.3). The trace features

coincident with the MIRAC quantum efficiency (QE) effect and telluric ozone are

artifacts.
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Figure 7.5 MIRAC4-BLINC/MMTAO measurements of atmospheric dispersion

in the N-band. For each airmass, we measure the grism trace and subtract the

grism’s intrinsic curvature (Figure 7.4). The effect has been fixed to 0 at 11.2µm.

Our results show that atmospheric dispersion in the mid-infrared is a relatively

large effect, although it is considerably smaller than the ∼0.3” diffraction-limited

FWHM of a 6.5 meter telescope. On larger ELTs, mid-IR atmospheric dispersion

will severely limit image quality if left uncorrected. Note that we underestimate

atmospheric dispersion by the amount shown in Figure 7.3 due to our assump-

tion that atmospheric dispersion is negligible at 1.05 airmasses.



187

Figure 7.6 On ELTs, mid-IR atmospheric dispersion correctors (ADCs) will be

necessary to suppress the linear atmospheric refraction effect shown in Figure 7.5.

In this figure we fit and remove the linear trend from each atmospheric dispersion

curve. The resultant nonlinear residuals will be uncorrected by traditional ADCs.
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Figure 7.7 Comparisons of our measured atmospheric dispersion with theory

from Mathar (2004, 2007). Our measurements consistently underestimate atmo-

spheric dispersion by the amount shown in Figure 7.3, due to our differential

measurement (with a 1.05 airmass grism trace). In all four plots, the solid, col-

ored curves are our measurements, the dotted curves are models that subtract

the 1.05 airmass dispersion from Figure 7.3 to properly account for the underes-

timate described above, and the dashed curves are the true models. The models

all have been calculated using weather data from the corresponding observation

(see Table 7.1, and have errors of about 10% based on the varying humidity dur-

ing each observation. Three of the four models are very good fits to the linear

trend of our measurements. However, the models all indicate less curvature than

is seen in the data.
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Figure 7.8 Simulated 3-color N-band images (blue is 8.26µm and red is 13.74µm)

for a 42 meter telescope at different airmasses (zenith is up). Without an ADC,

image quality will be significantly degraded in the altitude axis. The images as-

sume a flat SED and a site similar to the MMTs.
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CHAPTER 8

FUTURE DIRECTIONS

As I stated in the Introduction, the future of exoplanetary astronomy is heav-

ily dependent on our ability to detect lower-mass planets and fainter disks at a

variety of separations from the host star. The primary driver for this will be im-

proved instrumentation, including bigger telescopes on the ground and in space,

more sophisticated wavefront control systems, improved coronagraphic perfor-

mance, and etc. The next major jump for mid-infrared instrumentation is the

Large Binocular Telescope (LBT) and its interferometric beam combiner, LBTI. Ba-

sic scalings of telescope aperture indicate that LBTI will be approximately 4 times

more sensitive than the analogous instruments on the MMT, in the background

limit.1 Improvements from the MMT’s AO system to the LBT’s AO system will

increase sensitivity by even more in the contrast-limited regime.

From the perspective of exoplanet imaging, LBTI will have an unprecedented

sensitivity and inner-working angle in the mid-infrared. This capability primar-

ily applies to 3-5µm imaging, which has been used recently to search for new

exoplanets (Beta Pic b and HR 8799 e were discovered at 3.8µm) and to character-

ize non-equilibrium chemistry in the atmospheres of known exoplanets. There

are several new dedicated exoplanet imagers (NICI, HiCIAO, GPI and SPHERE)

which are designed primarily to work in the near-infrared (∼1-2.5µm). It is ex-

pected that many planets will be discovered with these instruments, and because

they are directly imaged, it will possible to study their atmospheric compositions

(using LBTI, or Magellan/Clio in the Southern hemisphere), which will likely be

1Calculated by basic S/N scaling in the diffraction-limited, background-limited case where
the collecting area of the LBT is 2π(8.4m)2 and the diffraction limit is λ/8.4m by λ/22.8m
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more diverse than field brown dwarfs at similar temperatures. Protoplanetary

disks and debris disks will also greatly benefit from LBTI’s high contrast and

stable PSF. In particular, the nulling interferometry mode on LBTI will make it

possible to image asteroid-belt analogs. This will be important for the obvious

reason that it will help us understand the architecture and evolution of planetary

systems, but it will also be important because background emission from exozo-

diacal dust might be a factor in future space-based exoplanet imagers.

The LBT is in some ways a bridge to the next generation of large ground-based

telescopes: the ELTs, whose current designs range from 24 to 40 meters. Much

of the science being done with the LBT will be extended with the ELTs. Again,

with direct imaging, the goal will be to image lower-mass planets closer to their

host stars. Around the same time, the James Webb Space Telescope (JWST) will

be returning images with unparalleled sensitivity, and coincidentally, the same

spatial resolution that we currently obtain with the MMT. Planets that are being

found today will be easily imaged with JWST, and high S/N medium-resolution

spectroscopy will help us understand the compositions of their atmospheres.

From the perspective of protoplanetary disks, JWST will be able to do high S/N,

medium resolution silicate spectroscopy (R=3000), and will have a much larger

continuum region (5-28µm) than ground-based spectroscopy, which, as described

in the introduction, will be useful for detailed silicate decomposition studies.

The studies I have presented in this thesis can all be advanced with improved

instrumentation, such as LBTI and JWST, as described in the following para-

graphs.

Studies of T Tauri binaries, as described in Chapters 2-4, will probably be

most improved by JWST. Due to its unconventional shape, LBTI does not have a

field de-rotator, and will thus not be an ideal instrument for binary spectroscopy,
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where it is essential to simultaneously keep both stars in the slit (LBTI does not

have an integral field unit spectrometer, which would be able to do slitless spec-

troscopy). Since JWST is the same diameter as the MMT, it will be able to con-

tinue the MMT survey described in Chapter 4, but it will be able to do it for

much fainter stars, which will greatly increase the sample of spatially resolved

T Tauri binaries. From the ground, we were able to spatially resolve 12 multiple

star systems in Taurus (only 9 were used in the statistical test). A significantly

larger sample, with higher S/N spectra at higher spectral resolution would def-

initely determine if and how shared properties in binary stars affect dust grain

evolution. Ancillary to these mid-infrared studies, the newly updated EVLA and

ALMA radio telescopes will have the sensitivity and spatial resolution to study

the mm-cm SEDs of T Tauri binaries, which will provide an independent way to

study whether binaries have similar dust properties.

Studies of directly imaged exoplanet atmospheres, as described in Chapter 5,

will be continued in the near future with LBTI, where it will be possible to detect

new planets, and characterize previously detected exoplanet atmospheres in the

mid-infrared. In the near future, we should be able to perform multi-wavelength

photometry from 3-5µm to measure the effects of non-equilibrium chemistry and

cloud thickness on young, planetary atmospheres. Initially it will be useful to

do this around the known extrasolar planets, principally HR 8799 b, c, d and e,

2MASS 1207 b, and Beta Pic b (2MASS 1207 b and Beta Pic b are too far South

for LBTI, but the new Magellan AO system, with the Clio camera would be ca-

pable of these observations). If GPI, SPHERE or other dedicated planet finding

instruments detect more planets, it will be possible to build the sample of multi-

wavelength atmospheric studies. At 10µm, LBTI might be able to detect the HR

8799 planets (models suggest that HR 8799’s 4 planets are approximately 100µJy
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at 10µm, which is near LBTI’s anticipated sensitivity limit). If it can, it would

provide a strong constraint on thick cloud atmospheres, and would potentially

be able to detect an infrared excess.

Studies of white dwarf debris disks will continue with JWST similarly to pre-

vious studies with Spitzer. As discussed in Chapter 6, there is an advantage to

looking at white dwarfs in relatively narrow binary systems, where the primary

star can illuminate the outer parts of its debris disk (the white dwarf is too faint

to do this itself). There are several enticing candidates, most notibly Procyon B,

where the white dwarf can be resolved from the primary with LBTI.

Our MMTAO study of atmospheric dispersion in Chapter 7 verified that the-

oretical models of mid-infrared atmospheric dispersion are reasonably accurate

compared to observations. For designing mid-infrared instruments on ELTs, the

theoretical predictions are probably reasonable until it is time to begin calibrat-

ing the atmospheric dispersion corrector. A tangent to this study would be to in-

vestigate other atmospheric phenomena that might negatively impact ELT high-

contrast observations. One such predicted phenomenon is water vapor turbu-

lence, a situation where dry-air turbulence, as measured by an optical wavefront

sensor, differs slightly from water vapor turbulence, which is then left uncor-

rected by adaptive optics. This phenomenon could be measured with LBTI by

taking short AO spectroscopic exposures at M-band, which includes several wa-

ter lines.

This thesis comprises several high resolution mid-infrared studies of planets

and planetary systems. Because this wavelength range is particularly favorable

for studying nearby, old exoplanets, non-equilibrium chemistry in young exo-

planets, silicate dust emission in protoplanetary disks, and the habitable zone of

debris disks, mid-infrared studies of planets and planetary systems are a sig-
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nificant niche and will continue to be in the near future. New ground-based

telescopes, such as LBTI and future space-based telescopes such as JWST will

dramatically expand our ability to work at these wavelengths.
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Conference Series, ed. P. Léna & A. Quirrenbach, 349–353

Hinz, P. M., Heinze, A. N., Sivanandam, S., Miller, D. L., Kenworthy, M. A.,

Brusa, G., Freed, M., & Angel, J. R. P. 2006, ApJ, 653, 1486

Hioki, T., Itoh, Y., Oasa, Y., Fukagawa, M., Kudo, T., Mayama, S., Funayama, H.,

Hayashi, M., Hayashi, S. S., Pyo, T., Ishii, M., Nishikawa, T., & Tamura, M.

2007, AJ, 134, 880

Hirth, G. A., Mundt, R., & Solf, J. 1997, A&AS, 126, 437

Hoffmann, W. F. & Hora, J. L. 1999, MIRAC3 User’s Manual

Hoffmann, W. F., Hora, J. L., Fazio, G. G., Deutsch, L. K., & Dayal, A. 1998, in

Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series,

Vol. 3354, Society of Photo-Optical Instrumentation Engineers (SPIE) Confer-

ence Series, ed. A. M. Fowler, 647–658

Holberg, J. B. & Bergeron, P. 2006, AJ, 132, 1221

Honda, M., Kataza, H., Okamoto, Y. K., Yamashita, T., Min, M., Miyata, T., Sako,

S., Fujiyoshi, T., Sakon, I., & Onaka, T. 2006, ApJ, 646, 1024

Honda, M., Watanabe, J.-i., Yamashita, T., Kataza, H., Okamoto, Y. K., Miyata, T.,

Sako, S., Fujiyoshi, T., Kawakita, H., Furusho, R., Kinoshita, D., Sekiguchi, T.,

Ootsubo, T., & Onaka, T. 2004, ApJ, 601, 577

Ida, S. & Lin, D. N. C. 2004a, ApJ, 604, 388



203

—. 2004b, ApJ, 616, 567

Ivezic, Z., Nenkova, M., & Elitzur, M. 1999, ArXiv Astrophysics e-prints
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