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Abstract

Interferometric observations at millimeter wavelengths provide a precious, de-

tailed view of certain astrophysical objects. This thesis is composed of studies that

both rely on and enable this technique to study the structure of planet-forming

disks and soon image the closest regions around super-massive black holes. Young

stars form out of a cloud of gas and dust that, before its eventual dissipation, flat-

tens to a disk. However the disk population is diverse and recent high-resolution

images have revealed a wide variety of interesting features. To understand these

observations we use detailed radiative transfer models to motivate various physi-

cal scenarios. First we identify a set of traits in the disk around V4046 Sgr that

marks the coupled progression of the gas and dust distributions in the presence

of at least one embedded companion. Next, we investigate how the vertical tem-

perature structure of a disk can be spatially resolved and apply our framework

to observations of the disk around HD163296. Lastly, we show how large-scale

radial flows of gas may be observable and question how this phenomenon might

be distinguished from other scenarios such as warps or outflows. The last chapter

summarizes the APHIDS project which changes the sampling rate of data taken at

the SMA so that it may be used for VLBI campaigns.
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1
Introduction

Thomas Young’s double split experiment is often a student’s first formal introduc-

tion to the ideas of coherence and interference. By observing the famous fringe

pattern, Young could study the wave-like nature of photons and aspects of our

physical world that operate on quantum scales. Today, the techniques of interfer-

ometry are ubiquitous over a wide array of technical fields. Even within astron-

omy the scientific applications are diverse: interferometers search for extrasolar

planets, find subtle ripples in the early universe and watch stars explode. But in

all of these examples the astronomer is searching for small details in our sky that,

1



without the resolving power of interferometry, might remain hidden. Going along

with this theme, this thesis presents four studies using observations at millimeter

wavelengths that work to reveal fine structures in disks around young stars and

massive black holes. We cover a wide variety of techniques, from enabling the pro-

duction of useful data products to the basic interpretation of never before seen

features.

Millimeter interferometry is intimately tied to the earlier development of tech-

niques and technologies used at longer wavelengths. The essential operation com-

bines the signals from pairs of telescopes to produce a measure that is sensitive

to some angular scale on the sky. This scale shrinks as the distance between the

two elements grows. By assembling an array with multiple telescopes, an observer

can accumulate information about many spatial scales and reconstruct an image.

However, the information contained in this image will be limited to the scales orig-

inally measured by the interferometer. Images with the best fidelity come from ar-

rays that have many elements spaced at a wide variety of distances and the high-

est resolution comes from the telescopes with the farthest separation.

Each pair of antennas in an array forms a baseline vector (measured in wave-

lengths) with length Dλ and components (u, v, w). The signal voltages, V1(t) and

V2(t), measured by the individual elements are correlated against each other:

r(τ) = lim
T→∞

1

2T

∫ T

−T
V1(t)V

∗
2 (t− τ)dτ. (1.1)

This operation is often done on site with data streamed directly to a correlator

and the resulting measurement, or visibility, is stored on disk. However, for Very

Long Baseline Interferometry (VLBI), the radio telescopes can be separated by
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Figure 1.1: Left: The SMA in its compact configuration with an antenna trans-
porter on the right hand side (photo credit: J. Weintroub). Right: Part of the
ALMA array along with the high site control room and correlator building (photo
credit: ALMA (ESO/NAOJ/NRAO), C. Padilla).

entire continents and real-time correlation is not usually feasible. For these ex-

periments, the signal voltages must be recorded and the visibilities calculated at

some later time. The Event Horizon Telescope (EHT) is a leader in the develop-

ing field of millimeter VLBI and relies on existing observatories. The difficulty of

observing at these short wavelengths increases as the atmosphere becomes nosier,

time variable, and more opaque. Consequently, facilities that can operate at these

wavelengths are a rare resource.

The Submillimeter Array (SMA; Ho et al., 2004) is one such world class ar-

ray. Commissioned in 2003, the SMA is located on the top of Maunakea on the

Big Island of Hawaii at an altitude of 13,386 feet. It is composed of eight 6 me-

ter diameter dishes which, like many interferometers, can be moved into different

configurations so that there are elements as close as 15 meters or as far as 500 me-

ters (see Figure 1.1). Its receivers can operate at wavelengths from 430 microns to

2 millimeters and historically have provided up to 4 GHz of bandwidth. Chapter 2

features an exquisite data set from the SMA that combines observations taken by
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multiple configurations. A major upgrade to the array is increasing the bandwidth

to 8 GHz, enabling more sensitive observations and larger spectral coverage. To

participate in VLBI experiments, the SMA can operate as a “phased array”, essen-

tially turning the interferometer into a single dish telescope. Chapter 5 addresses

a key step of how to integrate the SMA into millimeter VLBI observations such as

those taken by the EHT.

Located 4450 km away in Chile is the Atacama Large Millimeter Array (ALMA).

This facility began early science operations in 2011 and has been commissioned in

a staged fashion where each observing cycle offers more capabilities. Once com-

pleted, ALMA will host an impressive 66 antennas, 64 of which will be 12 meter

dishes and the remaining smaller 7 meter ones (see Figure 1.1). We used publicly

available data from this instrument in Chapters 3 and 4. A fully extended con-

figuration will include baselines up to 16 kilometer and the array will observe at

wavelengths from 400 microns to 7 millimeters. The ALMA Phasing Project (APP)

will enable this giant array to join VLBI experiments and fringes to APEX were

found during a January 2015 test (Matthews & Crew, 2015).

1.1 Structure of Protoplanetary Disks

Both the SMA and ALMA are excellent observatories with which to study young

stars. Within a few hundred parsecs of the Sun there are multiple star forming

regions and stellar moving groups. Their relative proximity to us makes it possi-

ble to resolve physical structures in these regions and our great observatories have

returned spectacular glimpses of the complicated processes that produce a star.

The canonical picture of star formation breaks this process into several stages
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(Shu et al., 1987; McKee & Ostriker, 2007). Picture first a large molecular cloud

spanning hundreds of light years and made up of complex sub-structures: clumps

and cores of concentrated gas and dust. Over time these self-gravitating units

will contract, the material collapses into a disk to conserve angular momentum,

and budding stars ignite their thermonuclear engines. Jets, winds, and outflows

punctuate this process. The system might also be perturbed by the swift pull of a

nearby passing star or the constant presence of stellar partners forming a hierar-

chical system. Whole fields, techniques, and technologies have been developed to

study single chapters of this complicated story and ours begins near its end when

only the disk and young star remain.

Over time, this disk of gas and dust will dissipate leaving trace debris: aster-

oids and comets, dust and planets. So while the star may be nearing the end of its

birth process, this protoplanetary disk is the stage where planets are born. Pro-

toplanetary disk composition and structure provides the crucial initial conditions

that must enable a diverse population of planets. Theories of planet formation

are still developing and require the consideration of physical processes acting on

many physical scales and over a huge range of times. As such, the work to test

and develop these ideas is quite varied, ranging from theoretical calculations to

controlled experiments in the lab to the frontiers of space exploration.

Over the past several decades, observations from interferometers operating

at millimeter wavelengths have made significant contributions to understanding

the structure of these disks. The early maps of the CO emission made using 3 to

5 telescopes in an array at Owens Valley revealed bound, rotating disks with di-

ameters similar to the dimensions of own solar system (Sargent & Beckwith, 1987;

Weintraub et al., 1989; Koerner et al., 1993). Emission from other molecules were
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Figure 1.2: Koerner et al. (1993) imaged the disk around GM Aur using the
Owens Valley Millimeter array. This figure from their paper show maps of the
13CO J=2−1 emission which on the left is integrated over velocity (or frequency)
and the right has been weighted by the channel velocity.

then surveyed (Dutrey et al., 1997) and studies of multiple isotopologues were

used to constrain the two-dimensional structure of some disks (Dartois et al., 2003;

Piétu et al., 2007; Qi et al., 2011) aided by the development of chemical models

(Aikawa & Herbst, 1999, 2001). Images of the dust also revealed interesting struc-

tures such as giant holes centered around the star for a class of “transition disks”

(Hughes et al., 2007; Brown et al., 2009; Andrews et al., 2011b) and evidence for

binary interactions (Akeson et al., 1998).

The main two ingredients in the disk are gas and dust. The majority of the

disk mass is in molecular hydrogen, but observations focus on easier to detect

trace molecules such as 12CO and its isotopologues. The dust grains are detected

via their bulk thermal emission which, when the emission is optically thin, can be
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used to measure the dust mass (Hildebrand, 1983). Interferometric observations

taken at millimeter wavelengths can resolve structure of nearby protoplanetary

disks on scales of a few tens to hundreds of astronomical units. The bulk motion

of material in the disk can also be studied using these same telescopes by study-

ing how the pattern of line emission from molecules such as CO changes with fre-

quency (Beckwith & Sargent, 1993). The velocity of the gas relative to the ob-

server changes as a function of position in the disk. To an observer scanning over

frequency, different parts of the disk seem to light up when its Doppler shifted

emission matches the observer’s frequency window.

There exist several techniques for constraining the structure of protoplanetary

disks. Some geometric properties such as size, inclination, and orientation can be

calculated from an image. The amount of dust in a disk can also be estimated by

assuming a dust opacity and measuring the millimeter wave flux. Alternatively,

one may try to solve the inverse problem: assume some disk model, calculate the

resulting emission, and then compare the model’s prediction to what is observed

(e.g. Dartois et al., 2003; Qi et al., 2003). Often the density, temperature, and

velocity profiles of the disks are assumed to follow power laws or some other para-

metric function. There also exist some model grids that provide more physically

motivated and self consistent disk structures (D’Alessio et al., 2005; Woitke et al.,

2010). Additionally, researchers usually either try to constrain populations us-

ing surveys (e.g. Andrews et al., 2011b; Öberg et al., 2011; Harris et al., 2012) or

present detailed studies of single, interesting disks. The work presented in chap-

ters 2 to 4 takes the latter approach and uses simple parametric models to investi-

gate the structure of a choice few, but very interesting, protoplanetary disks.

V4046 Sgr is a system with two stars closely orbiting each other and around
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this tight binary is a bright protoplanetary disk. In Chapter 2 we present SMA

observations of this disk that reveal a large central cavity in the dust. In addition,

we show that the dust distribution is significantly different than that of the gas:

the gas disk is large and extended while the millimeter sized dust grains are con-

centrated in a narrow ring. Furthermore, the amount of dust left inside the cavity

is inconsistent with photoevaporative scenarios. We argue that this configuration

is the hallmark of an old disk that is being sculpted by at least one unobserved

companion.

HD163296 also has a very large, gas-rich disk, but no central cavity has yet

been observed. In Chapter 3 we use science verification data from ALMA to study

the vertical structure of this disk. We argue that certain resolved features in the

images can be attributed to how the temperature of the gas changes with its dis-

tance from the disk mid-plane and explore how additional, nuanced aspects of the

disk structure may affect the data. Chapter 4 then considers what impact radial

motions of gas within transition disk holes may have upon spectral line emission.

We discuss several indicators of such radial flows along with possible sources of

confusion such as warps in the disk. One disk has provided intriguing evidence of

such flows (Casassus et al., 2013, 2015) and future observations may be able to

detect others.

1.2 Sample Rate Conversion for the EHT

The Event Horizon Telescope (EHT) observes supermassive black holes with base-

lines long enough to resolve event horizon scales of nearby targets. These VLBI

observations provide a unique glimpse into one of the most extreme environments
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in our universe. Using telescopes in Hawaii, Arizona, and California, the collab-

oration has already detected structure at these scales for Sgr A∗ in the Galactic

Center and the black hole at the center of the giant elliptical galaxy M87 (Doele-

man et al., 2008, 2012). These data provide indirect evidence for the existence of

an event horizon (Broderick et al., 2015) along with constraints on the degree of

magnetization in the jet of M87 (Kino et al., 2015) and the orientation of Sgr A∗

(Broderick et al., 2011). EHT observations promise to provide tests of general rel-

ativity (Luminet, 1979; Johannsen & Psaltis, 2010; Bambi, 2013; Broderick et al.,

2014) as well as new studies of black hole time variability (Doeleman et al., 2009)

and accretion (Chan et al., 2015).

The bright future of the EHT is partially driven by its ability to add more

telescopes and incorporate new technologies. The recent March 2015 observing

campaign marked a major milestone in the EHT expansion with participation

from the Large Millimeter Telescope (LMT) in Mexico, Combined Array for Re-

search in Millimeter-wave Astronomy (CARMA) in California, the SMA and

James Clerk Maxwell Telescope (JCMT) in Hawaii, SMT in Arizona and the 30m

dish at Pico Valeta in Spain. Figure 1.3 shows the impressive geographic span of

the EHT including sites in Chile and at the South Pole that will soon be incor-

porated into the array. However, the data taken at the SMA must be processed

before it can be correlated with the rest of the array. In Chapter 5 we describe

the APHIDS pipeline which performs a sampling rate conversion using a cluster

of Graphics Processing Units (GPUs). This software is intended to be a long-term

solution enabling VLBI with the SMA.
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Figure 1.3: A selection of EHT baselines viewed looking back from the Galactic
Center where Sgr∗ lies. The 2015 campaign included sites from Hawaii, California,
Arizona, Mexico, and Spain. (image credit: the EHT collaboration)
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2
The Structure of the Evolved

Circumbinary Disk around V4046 Sgr

In this chapter we present sensitive, sub-arcsecond resolution Submillimeter Ar-

ray observations of the protoplanetary disk around the nearby, pre-main sequence

spectroscopic binary V4046 Sgr. We report for the first time a large inner hole

(r = 29AU) spatially resolved in the 1.3 mm continuum emission and study the

structure of this disk using radiative transfer calculations to model the spectral

energy distribution (SED), continuum visibilities, and spectral line emission of

11



CO and its main isotopologues. Our modeling scheme demonstrates that the ma-

jority of the dust mass is distributed in a narrow ring (centered at 37 AU with a

FWHM of 16 AU) that is ∼5× more compact than the gas disk. This structure

implies that the dust-to-gas mass ratio has a strong spatial variation, ranging

from a value much larger than typical of the interstellar medium (ISM) at the

ring to much smaller than that of the ISM at larger disk radii. We suggest that

these basic structural features are potentially observational signatures of the ac-

cumulation of solids at a local gas pressure maximum. These models also require

a substantial population of ∼µm-sized grains inside the central disk cavity. We

suggest that this structure is likely the result of dynamical interactions with a low-

mass companion, although photoevaporation may also play a secondary role.

2.1 Introduction

In the past few years, high angular resolution millimeter/radio-wave observations

have facilitated rapid development in our understanding of some fundamental as-

pects of protoplanetary disk evolution. For example, there is mounting evidence

for substantial discrepancies between the spatial distributions of mm-sized dust

particles and molecular gas in protoplanetary disks, possibly caused by a dra-

matic decrease in the dust-to-gas ratio at large radii (e.g., Panic et al., 2009; An-

drews et al., 2012). Coupling those results with new analyses that identify a sys-

tematic decrease in dust particle sizes in the outer disk (Guilloteau et al., 2011;

Pérez et al., 2012), there seems to be good progress toward the promise of em-

pirical constraints on the key processes tied to the growth and migration of disk

solids. Meanwhile, there has been marked improvement in the characterization

12



of another key factor in disk evolution: dynamical interactions with companions.

Harris et al. (2012) provided a sweeping quantitative confirmation of the seminal

work by Jensen et al. (1996), demonstrating that tidal interactions in multiple

star systems are a prominent issue for disk survival, especially for separations in

the ∼3-30 AU range. And Andrews et al. (2011b) (among others) have speculated

that the ring-like millimeter-wave dust continuum emission morphologies noted for

the so-called “transition” disks are most likely created by an analogous dynamical

interaction process, though in this case the perturbers may be embedded plane-

tary companions.

For the time being, most of these data-driven studies of disk evolution are

somewhat piecemeal in terms of both diagnostics and target samples, due to prac-

tical observational limitations. While that should soon change dramatically with

the completion of the Atacama Large Millimeter Array (ALMA) facility, it is im-

portant to recognize that some individual targets will always serve as particularly

illuminating case studies for different aspects of disk evolution. Here, we focus on

the disk around V4046 Sgr, a remarkable system with observable characteristics

that are likely simultaneously shaped by all of the fundamental processes involved

in disk evolution.

V4046 Sgr is a double-lined spectroscopic binary with a 2.4-day orbital pe-

riod (Byrne, 1986; de La Reza et al., 1986; Quast et al., 2000; Stempels & Gahm,

2004). Radial velocity monitoring indicates a nearly equal-mass pair of K-type

stars on a close (a ≈ 0.045AU), circular (e ≤ 0.001) orbit (Stempels, Stem-

pels). Kastner et al. (2011) suggested that GSC 07396−00759 could be an ad-

ditional distant (∼2.′8) companion, which itself might be an unresolved close bi-

nary (see also Nataf et al., 2010). Two independent, dynamical methods to esti-
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mate the V4046 Sgr stellar masses are in agreement, with M∗,1 = 0.90 ± 0.05

and M∗,2 = 0.85 ± 0.04M⊙ for the primary and secondary, respectively (Rosen-

feld et al., 2012; Stempels, Stempels). Coupling these dynamical mass measure-

ments to the inferred temperatures and luminosities, pre-main sequence evolution

models suggest that V4046 Sgr has an age of ∼10-20 Myr (Rodriguez et al., 2010;

Donati et al., 2011; Rosenfeld et al., 2012). Those ages are consistent with the

conjecture of Torres et al. (2006, 2008) that V4046 Sgr is a member of the β Pic

moving group, with a kinematic parallax distance of only 73 pc from the Sun. Ev-

idence for a disk around the V4046 Sgr binary first came from emission line ac-

cretion signatures (Hα equivalent widths of ∼30-120Å; Merrill & Burwell, 1950;

Henize, 1976; Herbig & Bell, 1988) and an infrared continuum excess in the IRAS

bands (e.g., Johnson, 1986; Weintraub, 1990; Weaver & Jones, 1992). Strong

(sub)millimeter emission was detected by Jensen et al. (1996), suggesting a rela-

tively large disk mass. Jensen & Mathieu (1997) modeled the infrared SED and

concluded that it was consistent with an extended circumbinary disk truncated

at an inner edge radius of ∼0.2 AU, as would be expected from dynamical inter-

actions with the central binary (e.g., Artymowicz & Lubow, 1994). Later, Kast-

ner et al. (2008) discovered a substantial reservoir of molecular gas in the disk

orbiting V4046 Sgr, which was subsequently imaged and found to span ∼800 AU

in diameter (roughly 10′′ on the sky; Rodriguez et al., 2010; Öberg et al., 2011;

Rosenfeld et al., 2012). Fitting an elliptical Gaussian to their 230 GHz continuum

visibilities, Rodriguez et al. (2010) suggested that the mm-wave dust emission is

concentrated inside a ∼40 AU radius.

Taken together, these properties make the V4046 Sgr system a significant

benchmark for studies of protoplanetary disk evolution for three key reasons. First,
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the advanced age of the disk suggests that evolutionary effects have had more

time to progress, and therefore should exhibit more obvious observational signa-

tures than for a typical ∼1 Myr-old disk. Evolutionary mechanisms like particle

growth and migration (e.g., Birnstiel et al., 2012), giant planet formation (e.g.,

Pollack et al., 1996; Hubickyj et al., 2005), and gas dissipation via photoevapora-

tive winds (e.g., Clarke et al., 2001; Alexander & Armitage, 2009) should all be

relevant in shaping disk properties at the V4046 Sgr age. For reference, such disks

are rare: V4046 Sgr harbors the only gas-rich disk in the β Pic moving group, and

is one of a handful of gas-rich disks known to be associated with T Tauri stars in

local young stellar groups (the others orbit TW Hya, MP Mus, and T Cha; Kast-

ner et al., 1997, 2010; Sacco et al., 2014). Second, the proximity of V4046 Sgr is

a substantial practical advantage in measuring key evolutionary diagnostics: the

same observations would be 4× more sensitive and probe 2× smaller spatial scales

for V4046 Sgr compared to disks around younger T Tauri stars that are associ-

ated with the nearest star-forming clouds (at distances ∼ 140pc). And third, from

the perspective of a stellar host, V4046 Sgr introduces some interesting environ-

mental issues that could influence the evolution of its disk. Aside from dynamical

clearing due to its stellar multiplicity, the binary at the center of the V4046 Sgr

disk makes for an unusual dichotomy. The combined mass of the two central stars

means that dynamical timescales in the disk are relatively short. However, the ir-

radiation environment is not much different than for a single star, so timescales

tied to thermal, energetic, or chemical processes are comparatively unaffected. In

essence, the evolutionary behavior of the V4046 Sgr disk can be described as a

hybrid of a typical Herbig Ae disk and T Tauri disk, depending on the relevant

timescale that dominates a given evolution mechanism.

15



In this article, we present new, sensitive, high angular resolution observations

of the 1.3 mm continuum and 12CO/13CO/C18O J=2−1 line emission from the

V4046 Sgr circumbinary disk. Using these data and a suite of radiative transfer

tools, we aim to construct a preliminary, representative model of the disk struc-

ture in an effort to help characterize the observational signatures of different disk

evolution mechanisms. In the following sections, we describe our observations with

the Submillimeter Array (SMA) and the relevant data calibration procedures (§2),

present some basic observational results (§3), develop models for the disk struc-

ture (§4), and comment on their implications for our understanding of disk evolu-

tion (§5). A summary is provided in §6.

2.2 Observations and Data Reduction

We observed V4046 Sgr with the Submillimeter Array (SMA; Ho et al., 2004) on

Mauna Kea, Hawaii on four occasions in 2009 and 2011. These observations and

their calibration were already described by Rodriguez et al. (2010) and Rosenfeld

et al. (2012), but a brief summary of the key points is provided here for complete-

ness. In these observations, the individual 6-m array elements were arranged in

each of the four available SMA configurations, spanning baseline lengths from 8 to

509 m. The dual-sideband receiver backends and SMA correlator were configured

with a local oscillator (LO) frequency of 225.360 GHz (1.33 mm) and a ∼2 GHz-

wide intermediate frequency (IF) band ±4-6 GHz from the LO: in 2011, a second

IF band was included ±6-8 GHz from the LO. Each sideband/IF band combina-

tion was composed of 24 spectral chunks of 104 MHz width (although typically

only the central 82 MHz are used). In the first IF band, three chunks (in each
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sideband) were split into 512 spectral channels, to sample the CO isotopologue

emission at 200 kHz (∼0.25 km s−1) resolution. All other chunks were coarsely

split into 32 channels (3.25 MHz each) to observe the continuum. Observations of

V4046 Sgr were interleaved with visits to J1924-292 (∼15◦ away) on a 5-15 minute

cycle, as well as J1733-130 (22◦ away) on a ∼45 minute cycle. Additional observa-

tions of 3C 454.3 and available planets/satellites (Neptune, Ceres, Callisto) were

conducted for calibration purposes. A summary of relevant observational parame-

ters is provided in Table 2.1.

The visibility data in each IF band and from each SMA observation were cal-

ibrated independently using the MIR package, as described by Rosenfeld et al.

(2012). After confirming their consistency over all IF/sideband combinations and

on overlapping baseline lengths, the continuum data were spectrally averaged.

Spectral visibilities that cover each CO isotopologue transition were continuum-

subtracted and combined. The overall data quality is exceptional for the SMA

and the low declination of V4046 Sgr, due primarily to the excellent observing

conditions (precipitable water vapor levels were only ∼1 mm throughout all of the

observations). Synthesis images were made using the CLEAN deconvolution algo-

rithm in the MIRIAD software package for each emission tracer. For the 1.3 mm

continuum, we emphasized the emission on smaller spatial scales with a Briggs

robust (-1) weighting scheme, resulting in a map with a 0.′′74 × 0.′′38 synthesized

beam (at P.A. = 14◦) and an RMS noise level of 1.0 mJy beam−1. Channel maps

of the 12CO line emission were generated with natural weighting to produce a

1.′′1 × 0.′′9 beam with an RMS noise level of 40 mJy beam−1 in 25 binned 0.4 km

s−1 velocity channels, centered on the systemic LSR velocity, +2.87 km s−1 (Ro-

driguez et al., 2010). Analogous channel maps of the CO isotopologue lines were
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made by employing a 0.′′5 Gaussian taper, producing a slightly larger synthesized

beam (1.′′5× 1.′′2) and a similar RMS noise level (∼35 mJy beam−1).

2.3 Results

A summarized representation of the SMA observations of V4046 Sgr is provided in

Figure 2.1. The synthesized map of 1.3 mm dust continuum emission is shown

in Figure 2.1(a), with contours starting at 5 mJy beam−1 (5σ) and increasing

at 10 mJy beam−1 (10σ) intervals. The integrated flux density recovered in this

map is 283 ± 28mJy (dominated by a 10% systematic calibration uncertainty),

consistent with a reasonable extrapolation from single-dish submillimeter pho-

tometry measurements (Jensen et al., 1996). We find the mm-wave emission is

concentrated in a bright, narrow ring centered at the mean stellar position (α =

18h16m10.s49, −32◦47′34.′′50, J2000; Zacharias et al., 2010), with a double-peaked

morphology due to limb brightening at the projected ring ansae (see Andrews

et al., 2011b). The apparent rotation between the semi-major axis of the disk and

the line joining the two ansae is mostly an artifact of the uv sampling and is re-

produced in our models (see §2.4.2). These emission peaks are separated by 0.′′75

(∼55 AU) and have peak intensities of 50 ± 5mJy beam−1 (dominated by a 10%

calibration uncertainty; S/N ≈ 50). The western peak appears slightly brighter

(∼5 mJy beam−1) than its eastern counterpart, but a proper evaluation of the sig-

nificance of this discrepancy requires a more detailed analysis (see §5). The emis-

sion ring itself is at best only marginally resolved, implying a width smaller than

the 0.′′4 (∼30 AU) minor axis of the synthesized beam. Figure 2.1(b) shows the

azimuthally-averaged profile of the real and imaginary continuum visibilities as
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a function of deprojected baseline length, constructed assuming the disk viewing

geometry derived by Rosenfeld et al. (2012) (i = 33.◦5, PA= 76◦). The visibility

amplitudes exhibit the distinctive oscillation pattern that is characteristic of an

emission ring, with nulls at ∼150 and 350 kλ. The zero-spacing amplitude is esti-

mated to be ∼315 mJy, suggesting that roughly 10% of the total flux density from

the disk was filtered out of the synthesized map in Figure 2.1(a): presumably that

emission is distributed on larger scales with low surface brightness.

These SMA continuum measurements demonstrate that the V4046 Sgr bi-

nary joins the growing ranks of stars that host massive protoplanetary “transition”

disks (e.g., Andrews et al., 2011b), with a central cavity of radius ∼29 AU (see

§2.4.2) that is substantially depleted of mm-sized dust particles. This classifica-

tion is commensurate with the SED for V4046 Sgr, shown in Figure 2.1(c) and

constructed from photometry in the literature (Hutchinson et al., 1990; Weaver &

Jones, 1992; Jensen et al., 1996; Jensen & Mathieu, 1997; Rodriguez et al., 2010;

Öberg et al., 2011), the 2MASS (Skrutskie et al., 2006) and IRAS (Beichman

et al., 1988) point source catalogs, and an archival Spitzer IRS spectrum. The

SED features the standard signature of a transition disk, with a distinctive “dip”

in the continuum near 10µm suggesting that small, warm dust is preferentially

depleted (although not absent; see §2.4.2) near the central binary. An accurate

determination of the size of this putative cavity from the SED alone is not triv-

ial (e.g., Calvet et al., 2002), although the very weak excess in the near-infrared

makes it clear that the dust optical depths must be significantly diminished within

at least a few AU of the central stars. Note that the observed dip in the contin-

uum covers a much wider wavelength range than was inferred by Jensen & Math-

ieu (1997). Simulations of interactions between a stellar binary and its circumbi-
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Figure 2.1: An observational summary of the V4046 Sgr disk. (a) An image of
the 1.3 mm dust continuum emission, with contours drawn at 10 mJy beam−1

(10σ) intervals, starting at 5 mJy beam−1. The synthesized beam is shown in the
lower left corner. (b) The azimuthally averaged real (black) and imaginary (gray)
components of the 1.3 mm continuum visibilities as a function of deprojected
baseline length. (c) The broadband SED, with a composite photosphere model
for the two stars marked as a thin gray curve (see Rosenfeld et al., 2012). The
thick gray curve shows the Spitzer IRS spectrum. (d) The velocity-integrated
intensities (0th moment; contours) overlaid on the intensity-weighted velocities
(1st moment; colors) for the 12CO J=2−1 line emission. Intensity contours start
at 0.16 Jy beam−1 km s−1 and increase in 0.24 Jy beam−1 km s−1 steps, and the
color scale spans an LSR velocity width of ±3 km s−1 from the systemic value. (e)
The same as (d), but for the 13CO J=2−1 line emission. Intensity contours are
drawn at 0.15 Jy beam−1 km s−1 intervals, starting at 0.10 Jy beam−1 km s−1. (f)
The integrated line profiles of the 12CO (black), 13CO (red), and C18O J = 2 − 1

(blue; not detected) emission inside square regions 12′′ on a side.

nary disk suggest that the disk material should be inwardly truncated at a radius

∼2-5× the binary separation (e.g., Artymowicz & Lubow, 1994): for V4046 Sgr,
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the disk truncation should occur at ∼0.2 AU, much smaller than the continuum

data suggest. Therefore, the observed dust cavity is not related to interactions

with the central binary.

The gas phase of the V4046 Sgr disk traced by CO isotopologue emission

lines is represented in Figures 2.1(d)-(f). The 12CO and 13CO J=2−1 emission

are displayed as moment maps in Figures 2.1(d) and (e). The velocity-integrated

intensities (0th moment) are shown as contours at 3σ intervals, starting at 2σ

(RMS noise levels are 0.08 Jy beam−1 km s−1 for 12CO, 0.05 Jy beam−1 km s−1

for 13CO), overlaid on the intensity-weighted velocities (1st moment), with colors

marking the velocity shift relative to line center. These maps exhibit the standard

pattern of rotation, more clearly manifested in the individual channel maps shown

together in Figure 2.2. Line emission is firmly detected (>3σ, or 0.12 Jy beam−1

in each 0.4 km s−1 channel) out to ±4.4 or ±4.0 km s−1 from the line center for
12CO and 13CO, respectively. Given the V4046 Sgr stellar mass and disk incli-

nation angle (i = 33.◦5, PA= 76◦with an ambiguity in the absolute orientation;

Rosenfeld et al., 2012), those maximal projected velocities correspond to disk radii

of ∼25-30 AU, which is similar to the size of the dust cavity. Therefore, these data

do not have sufficient sensitivity in the line wings to rule whether or not there is

CO inside the dust cavity. The integrated line intensities derived from the 0th mo-

ment maps are 34.5 ± 3.5 Jy km s−1 for 12CO and 9.4 ± 0.9 Jy km s−1 for 13CO.

The peak intensities in the channel maps are 0.95±0.10 Jy beam−1 (22±2K; peak

S/N ∼20) and 0.47 ± 0.08 Jy beam−1 (6.5 ± 0.8K; peak S/N ∼11), respectively.

The C18O emission is faint, and at best only marginally detected. We estimate an

integrated intensity of ∼0.6 Jy km s−1 from a 0th moment map, but suggest that

this number be treated with caution: there is no firm detection in individual chan-
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Figure 2.2: Naturally weighted channel maps of the 12CO J = 2 − 1 (left) and
13CO J = 2 − 1 (right) emission towards the V4046 Sgr disk. Channels are 0.4 km
s−1 wide with the synthesized beam marked in the bottom left corner. Contour
levels are drawn at intervals of 0.12 Jy beam−1 (3σ).

nel maps. For reference, spatially integrated spectra for the CO isotopologue lines

are shown together in Figure 1(f).

One of the notable features of Figure 1 is the disparity in the apparent spatial

extents of the CO line and dust continuum emission. The optically thick 12CO

line emission spans a diameter of 10′′ on the sky, corresponding to a projected disk

radius of ∼365 AU. Comparing Figures 1(a) and (d), we find the dust ring extent

is roughly 5× smaller. The fainter, optically thinner 13CO emission still subtends

∼8′′ on the sky, ∼4× larger than the 1.3 mm continuum.

2.4 Modeling Analysis

Having highlighted the basic observational characteristics of the gas and dust trac-

ers in the V4046 Sgr circumbinary disk, we now move to a more quantitative ef-
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fort to explore what the data can tell us about the disk structure. We concentrate

our analysis on extracting a model for the radial distributions of gas and dust

based on the observational results described in §3. To do that, we first describe

a flexible modeling framework for constructing disk structures given an arbitrary

surface density profile and dust-to-gas ratio (§4.1), generalized from a similar anal-

ysis of the TW Hya disk (Andrews et al., 2012). Using this formalism, we then

consider in turn the SED and the resolved 1.3 mm continuum observations and

present model disk structures that optimally account for these data (§4.2.1 and

4.2.2) under the assumption of a constant dust-to-gas ratio. After weighing the

successes and failures of these two models, we relax the latter assumption and con-

struct a model (§4.2.3) that is more consistent with all of the data: the broadband

SED, the resolved dust continuum emission, and the resolved line emission from

two CO isotopologues. The ultimate success of this latter model provides some

insights on the shortcomings of our typical assumptions when analyzing disk struc-

tures, which are discussed further in §5.

2.4.1 Physical and Practical Overview

Here we describe a generic prescription for constructing a parametric model of

the two-dimensional density and temperature structure of both dust and gas in a

protoplanetary disk, which builds on the previous work by Andrews et al. (2009,

2010, 2011b, 2012). We assume an axisymmetric, two-dimensional model in a

cylindrical reference frame with coordinates (r, z).

Since dust grains dominate the opacity in a disk, we construct a model start-

ing with the distribution of its constituent solids. In a general case with different
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dust populations, the density distribution is simply defined as the discrete sum

ρdust(r, z) =
∑

j ρj(r, z), where

ρj(r, z) =
Σj(r)√
2πHj(r)

exp

[
−1

2

(
z

Hj(r)

)2
]
. (2.1)

In Eq. (1), Σj(r) is the surface density profile and Hj(r) is the scale height profile

for each dust population (labeled by index j). To keep the problem tractable, we

consider only two dust populations in this study: a “midplane” population that

dominates the disk mass and is composed of larger grains that are vertically set-

tled, and a less-abundant “atmosphere” population of smaller grains that is dis-

tributed to larger heights from the midplane. We define parametric scale height

profiles

Hatm(r) = H0 (r/r0)
ψ (2.2)

Hmid(r) = χ Hatm(r), (2.3)

where H0 is the scale height at r = r0, ψ is the flaring index, and χ is a scaling

factor (in the range 0 to 1) that mimics dust settling: we assign a fixed χ = 1/2

for simplicity. The absorption and scattering opacities for each dust population

were computed with a Mie code, assuming segregated spherical particles with the

Pollack et al. (1994) mineralogical composition and optical constants and a size

distribution n(a) ∝ a−3.5 between 5 nm and a maximum size (here a is the grain

radius). In this specific case, we fix amax(atm) = 10µm and amax(mid) = 1 cm,

which reproduces the shape of the (sub)mm-wavelength SED well (see models de-

scribed in §2.4.2, 2.4.2, and 2.4.2).

For any functional form for the surface densities, Σj(r), the two-dimensional
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distribution of dust densities (and optical depths, accounting for the grain proper-

ties) can be specified with the above prescription. Given ρdust(r, z), we calculate

the corresponding temperature structure, Tdust(r, z), using the Monte Carlo radia-

tive transfer code RADMC-3D1, assuming an incident radiation field from the central

binary. For the latter, we use a composite spectrum of two Lejeune et al. (1997)

model photospheres with {Teff,1 = 4350K, L∗,1 = 0.35L⊙, M∗,1 = 0.90M⊙} and

{Teff,2 = 4060K, L∗,2 = 0.25L⊙, M∗,2 = 0.85M⊙} (for details, see Rosenfeld et al.,

2012).

To construct a corresponding gas disk structure, we define a vertically inte-

grated dust-to-gas mass ratio ζ that may vary spatially, such that Σgas(r) =

Σdust(r)/ζ(r), where Σdust(r) =
∑

j Σj(r). The two-dimensional density struc-

ture of the gas, ρgas(r, z), is determined by numerically integrating the differ-

ential equation that describes vertical hydrostatic equilibrium for a given gas

temperature distribution, Tgas(r, z) (see Andrews et al., 2012, their Eq. 5). At

the midplane (z = 0), the gas and dust are assumed to be thermally coupled:

Tgas(r, z = 0) = Tm = Tdust(r, z = 0). At larger vertical heights, the gas tem-

peratures are permitted to deviate from the dust temperatures. To facilitate those

departures, we adopt the parameterization introduced by Dartois et al. (2003),

Tgas(r, z) =

 Ta + (Tm − Ta)
[
cos πz

2zq

]2δ
if z < zq

Ta if z ≥ zq

, (2.4)

where Ta = Ta,0(r/r0)
−q is a parametric temperature profile for the gas in the disk

atmosphere, which is explicitly defined here as heights larger than a fiducial value,

zq. We fix zq = 2Hgas = 2cs/Ω, where Hgas is the hydrostatic gas scale height
1http://www.ita.uni-heidelberg.de/$\sim$dullemond/software/radmc-3d/
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evaluated at the midplane temperature (Tm), defined as the ratio of the sound

speed (cs) to the Keplerian angular velocity (Ω). The index parameter δ deter-

mines the shape of the vertical temperature gradient of the gas, and is fixed here

to δ = 2, following Dartois et al. (2003). Finally, to insure a physically realistic

model, we impose the additional criterion that the gas cannot be colder than the

dust: if Tgas(r, z) calculated using Eq. (4) is less than Tdust(r, z) computed from

the radiative transfer simulation, we set Tgas = Tdust. In practice, this formulation

provides a straightforward means of permitting extra gas heating relatively near

the star, while (if desired) maintaining thermal coupling between the gas and dust

at all heights at large disk radii (r ≳ 100AU; see §4.2). For the kinematic struc-

ture of the disk, we assume the gas is in Keplerian rotation around the central

stars, vθ2 = GM∗/r, and that the emission line profile widths are determined from

the quadrature sum of a thermal and turbulent broadening term, with a fixed and

constant value for the latter of ξ = 0.1 km s−1.

Having defined the gas disk structure, we need to assign an abundance dis-

tribution for the tracer molecule, CO. Following Aikawa & Herbst (1999), we

assume that 80% of the gas is composed of H2 and then assume a constant frac-

tional abundance fco = n(12CO)/n(H2) such that

n(12CO) = 0.8fco
ρgas(r, z)

µmH
(2.5)

in the region of the disk we term the “abundant layer”. In Eq. (5), µ is the mean

molecular weight of the gas (µ = 2.37) and mH is the mass of a hydrogen atom.

The abundant layer is defined based on the treatment of Qi et al. (2008, 2011),

which assumes CO is present in the gas phase if: (1) the local gas temperatures

are high enough that the CO is not frozen onto the dust grains, and (2) the vertically-
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integrated column density is higher than the penetration depth of photodissociat-

ing radiation. At each radius, Eq. (5) is used to compute the CO densities if

Tfrz ≤ Tgas(r, z) (2.6)

σs ≤ fH

∫ ∞

z
ngas(r, z

′) dz′ (2.7)

are valid: here, Tfrz is the CO freezeout temperature, σs is the photodissocia-

tion column, and fH is the fraction of H nuclei in the gas. Guided by Aikawa &

Herbst (1999) and Qi et al. (2011), we assume fH = 0.706 and fix Tfrz = 19K and

σs = 5 × 1020 cm−2. At locations where Eqs. (6) and (7) are not met, we sharply

(and arbitrarily) reduce the 12CO abundance by scaling fco down by a factor of

108. The CO isotopologue abundances are assumed to follow 12CO with the in-

terstellar medium ratios inferred by Wilson (1999): n(12CO)/n(13CO) = 69 and

n(12CO)/n(C18O) = 557.

The formalism described above and encapsulated in Eqs. (1)-(7) fully defines

the dust and gas structure of a model disk. In practice, the dust structure de-

pends on some description of the surface density profiles for each dust species,

Σj(r), and their corresponding vertical height profiles, Hj(r): here, the latter is

fully specified with two parameters, {H0, ψ}. Likewise, the gas structure is deter-

mined by a dust-to-gas mass ratio profile ζ(r), and three additional free param-

eters: {Ta,0, q} to define the atmosphere temperature profile and {fco} to assign

the CO molecular abundance. For a given model, we generate synthetic data prod-

ucts to compare with the observations and evaluate our parameter choices and

the underlying model characterization. For the dust, we use the ray-tracing ca-

pability of RADMC-3D to produce a synthetic SED and set of 1.3 mm continuum
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visibilities sampled at the same spatial frequencies as observed by the SMA. For

the gas, we use the molecular excitation and line radiation transfer code LIME

(Brinch & Hogerheijde, 2010) to calculate the non-local thermodynamic equilib-

rium level populations based on information from the LAMDA database (Schöier

et al., 2005) and then calculate synthetic spectral visibilities for each of the CO

isotopologues in the velocity channels and spatial frequencies sampled by the

SMA. In all models, we assume the disk inclination (i = 33.◦5), major axis posi-

tion angle (PA = 76◦), total stellar mass (M∗ = 1.75M⊙), and disk center position

derived by Rosenfeld et al. (2012), as well as the distance (d = 73 pc) inferred by

Torres et al. (2006, 2008).

2.4.2 Model Results

The modeling framework we have constructed is relatively complex, with some

fairly severe parameter degeneracies (for a more detailed discussion, see Andrews

et al., 2009, 2011b, 2012; Qi et al., 2011). Moreover, the computational effort

required for the radiative transfer and non-LTE excitation calculations remains

costly, severely limiting our capability to use either stochastic or deterministic

optimization algorithms to robustly probe the parameter-space. In practice, we

build structure models manually, using small explorations of each parameter to

reproduce the key observational features of interest. This means that the models

presented below are not quantitatively optimized, nor unique. However, they are

still of great interest since they serve as qualitative illustrations of key features in

the V4046 Sgr disk structure that are not otherwise easily accessible. In the fol-

lowing sections (§4.2.1 and 4.2.2), we aim to provide a pedagogical guide to the

logic behind the more complex disk structure we ultimately will advocate for the
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V4046 Sgr disk (§4.2.3).

Model to Reproduce the SED

As a starting point, we focus on building a structure model that is designed to

reproduce the broadband SED of V4046 Sgr, with some input from the CO obser-

vations to guide our description of the gas disk structure. Following the modeling

prescription for transition disks described by Andrews et al. (2011b), we adopt

a truncated version of the Lynden-Bell & Pringle (1974) similarity solution for a

thin, Keplerian accretion disk with a time-independent, power-law viscosity profile

to describe the surface densities of the dust (see also Hartmann et al., 1998),

Σdust(r) =


Σss(r) = Σc

(
r
rc

)−γ
exp

[
−
(
r
rc

)2−γ
]

if r ≥ rcav

Σcav if rin ≤ r < rcav

, (2.8)

where rc is a characteristic radius, γ is an index parameter, Σc = e · Σdust(rc),

rcav is a “cavity” radius, Σcav is a constant, and rin is the inner edge of the model.

Both grain populations were forced to follow the behavior in Eq. (8): outside the

disk cavity, 90% of the mass was apportioned to the midplane grains (Σmid =

0.9Σdust, Σatm = 0.1Σdust, for r ≥ rcav), but the tenuous material inside the

cavity was assumed to be all atmosphere grains (Σmid = 0, Σatm = Σcav, for

r < rcav). Since the SED is composed of unresolved photometric measurements,

it has no ability to constrain the gradient γ. Therefore, we fixed γ = 1, a typical

value for disks (Andrews et al., 2009, 2010). The inner radius of the model was set

to rin = 0.2AU, the outer edge of the zone expected to be cleared by dynamical

interactions with the central binary (Artymowicz & Lubow, 1994). For the gas
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Figure 2.3: Results for the modeling effort focused on the SED (§4.2.1). (a) Sur-
face density profiles for the gas (dashed), the large “midplane” (green) and small
“atmosphere” (blue) grain populations. (b) The SED (black points and solid gray
curve) compared with the model (red). The stellar photosphere model is shown
as a dashed gray curve. (c) The deprojected, azimuthally-averaged (real) 1.3 mm
continuum visibility profile, with model overlaid (in red); gray points mark the
residuals. (d) The observed, simulated, and residual 1.3 mm emission synthesized
maps. Contours are drawn at 5 mJy beam−1 (5σ) intervals. Note the smaller
map size compared to Figure 2.1. (e) A comparison of the observed and simulated
12CO moment maps. (f) The same as panel (e), but for the 13CO line. Contour
levels and map sizes for panels (e) and (f) are the same as in Figure 2.1.
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phase, we assumed a standard, spatially uniform dust-to-gas ratio, ζ(r) = ζ = 0.01

(Pollack et al., 1994; D’Alessio et al., 2001).

After some iteration between dust and gas structures, we identified a model

that can reproduce well both the broadband SED and SMA observations of CO

line emission: the results are highlighted in Figure 2.3. Using the morphology of

the continuum “dip” in the infrared SED, we inferred a cavity radius rcav = 3AU,

roughly 15× larger than could be explained by tidal stripping from the V4046 Sgr

binary. As with most other transition disks, this cavity is not empty: the weak

infrared excess (and weak silicate emission feature) noted in Fig. 2.3b is accommo-

dated with Σcav ≈ 10−4 g cm−2. In the mid-infrared, the excess spectrum was fit

with a scale height of H0 = 0.4AU at r0 = 10AU and a flaring index ψ = 1.25

(although the latter is not well-determined in transition disks; see Andrews et al.,

2011b). The total mass of the dust structure (the integral of Eq. 8 over the disk

area) was Mdust ≈ 9× 10−4 M⊙, determined from the luminosity of the millimeter-

wave SED. The characteristic size of the disk was estimated to be rc = 75AU,

based on the extent of the 12CO emission. Those data were described well with a

CO abundance fco = 3 × 10−6 and a steep atmospheric temperature profile with

T0 = 200K (at r0 = 10AU) and q = 0.8. In practice, this Ta(r) profile means the

gas and dust are thermally coupled for r ≳ 150AU, but there is some source of ad-

ditional gas heating in the disk atmosphere at smaller radii. One possible source

for that heating is the strong X-ray emission from the central binary (see §3.5).

Although by design this model provides a good match to the SED and CO

emission, it should be obvious from Figure 2.3 that it is irreconcilable with the re-

solved 1.3 mm continuum data. However, these failures are instructive in refining

the model. The residuals in Figures 2.3(c)-(d) point out two key issues. First, the

31



cavity size derived from the SED alone substantially under-estimates the size that

can be directly measured from the resolved 1.3 mm data. In §3, we estimated a

cavity radius of ∼29 AU (and will quantify that further below), ∼10× larger than

derived here. This kind of discrepancy is not uncommon for transition disks (e.g.,

DM Tau; Andrews et al., 2011b): any inference of a size scale from unresolved ob-

servations is inherently uncertain and may be a signature of how the dynamics of

grains depends upon their size (see §3.5). Second, the spatial extent of this model

is much larger than the 1.3 mm continuum distribution. This latter point is man-

ifested in the poor match to the visibility profile in Figure 2.3(c) on large spatial

scales (short baselines), where the model is clearly more resolved than the data

permit (the negative residuals outside the emission ring in Figure 2.3(d) represent

the same aspect of this model failure). Since rc was determined from the CO data,

this discrepancy is not surprising: we already highlighted in §3 how the CO emis-

sion is much more extended than the dust emission (see Fig. 2.1).

Model to Reproduce the Resolved 1.3 mm Continuum Emission

Informed by the failures of the previous model, we shift the focus here to build-

ing a model that is more consistent with the resolved morphology of the 1.3 mm

dust emission. Two prescriptions for the surface density profile are presented,

both of which can reproduce the size and shape of the mm-wave emission. Con-

sidering the visibility profile (Fig. 2.1a), the former is constrained by the short

baselines (R ≲ 150 kλ) and the latter is dictated by the position of the null and

deep trough at higher spatial frequencies. The results shown in Figure 2.4 are for

the same relative ratios of midplane and atmosphere grains and model parame-

terization defined in §2.4.2, but with the the cavity size, rcav, enlarged to 21 AU
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Figure 2.4: Results for the modeling effort focused on the resolved 1.3 mm dust
continuum emission (first model described in §4.2.2). See Figure 2.3 for a descrip-
tion of the contents of individual panels.

(i.e., adjusted without regard to the infrared SED). In addition, this model has

γ = −1.5, rc = 45AU, ψ = 1.5, H0 = 0.45AU at r0 = 10AU, and 0.0011M⊙

of dust. Note that a negative γ implies a density profile that rises with radius out

to rc, but then is sharply truncated. In essence, it naturally produces a relatively

narrow “ring” of material (Isella et al., 2009), making it a practical means of de-

scribing the resolved morphologies of transition disks (e.g., Isella et al., 2010, 2012;

Andrews et al., 2011a; Brown et al., 2012). We also consider an alternative param-

eterization of the surface density profile where the viscous disk similarity solution,
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Figure 2.5: Results for the modeling effort focused on the resolved 1.3 mm dust
continuum emission (second model described in §4.2.2). See Figure 2.3 for a
description of the contents of individual panels.

Σdust(r) = Σss(r) (see Eq. 8), is valid for all r. Figure 2.5 summarizes this sec-

ond model which features a large, negative γ = −3.5 with rc = 48AU, ψ = 1.5,

H0 = 0.4AU at r0 = 10AU and 0.0010M⊙ of dust.

Although both of these models reproduces well the morphology of the 1.3 mm

emission ring (Figs. 2.4,2.5c,d), they each fail to account for the observations of

the V4046 Sgr disk in three similar, illuminating ways. We also experimented with

alternative prescriptions for the surface densities (e.g., a power-law with an outer
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edge cut-off), and found qualitatively similar results. First, they produce too deep

and wide of a “dip” in the infrared SED in Figures 2.4,2.5(b), because there is not

enough dust interior to the density peak. Note that the mid/far-infrared excess of

the models is a manifestation of this lack of inner disk material: in the absence of

an inner disk, a larger surface area of more distant material in the model ring can

be directly illuminated by the central stars, producing a “bump” in the continuum

at ∼50µm. Second, if we assume a standard, uniform dust-to-gas ratio as before

(ζ = 0.01), there is not enough gas outside the density peak in either of these mod-

els to account for the observed spatial extent of the CO emission (Figs. 2.4,2.5e,f).

For a constant ζ, this size discrepancy is present regardless of the assumed CO

abundance or gas temperature distribution, although the results in Figures 2.4

and 2.5 use the same fco and Ta(r) that were adopted in §4.2.1. And third, the

models do not quite generate enough 1.3 mm dust emission on large angular scales

(deprojected baselines ≤50 kλ; see Figs. 2.4,2.5c). The origins of this last discrep-

ancy are indeed subtle. We are unable to account for all the emission through

a simple scaling of the dust mass because the model ring is already nearly opti-

cally thick (this is exacerbated by our assumption of isotropic scattering off large,

spherical grains). Increasing the densities further effectively impedes the radia-

tion transfer to the midplane, making the dust cooler and actually decreasing the

1.3 mm luminosity. Instead, we interpret this emission mismatch as an intrinsic

model deficiency: the addition of a low-density, spatially-extended dust component

could reconcile the model visibilities with the data. Note that this faint (∼10-15%

of the total flux) emission “halo” would be strongly spatially filtered in the synthe-

sized images, as was found for the SMA observations in §3.
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A Hybrid Model to Reproduce All the Data

The three different models constructed above illustrate the key features of the

V4046 Sgr disk structure. To review those results, we have identified three basic

structural elements that are required in any model prescription that aims to suc-

cessfully reproduce the observations:

1. The vast majority of the large grain population must be strongly concen-

trated in a narrow ring with a large central cavity to explain the 1.3 mm

continuum visibilities;

2. Inside that cavity, a reservoir of small dust particles (which produce little

mm-wave emission) at radii of a few AU are required to account for the

morphology of the infrared SED;

3. A large-scale, extended halo structure is necessary to explain the CO line

emission size and a faint, strongly spatially filtered 1.3 mm continuum com-

ponent, but there appears to be substantially less mass in the large dust

particles relative to the gas outside the concentrated ring component.

Here, our goal is to combine the successful aspects of the models described above

into a hybrid structure that incorporates these three elements and is commensu-

rate with all of the observations.

We define a surface density profile for the dust that is composed of three indi-

vidual components, each corresponding to one of the structural elements enumer-

ated above:

Σdust(r) = Σring(r) + Σin(r) + Σhalo(r). (2.9)
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We elect to use simple Gaussian profiles for the distribution of material in the ring

and inner disk components,

Σ(r) =
Σ0√
2πσ

exp

[
−1

2

(
r − µ

σ

)2
]
, (2.10)

where we define parametric constants that correspond to peak radii {µring, µin},

profile widths {σring, σin}, and normalizations {Σ0,ring, Σ0,in} for both structure

components separately. We assume that the ring component is composed solely

of the large “midplane” grains, and that the inner component is made up entirely

of the small “atmosphere” grains. For the halo component, we again assume a

truncated similarity solution model (as in §4.2.1), but eschew the sharp inner edge

for one with a smoother, Gaussian taper:

Σhalo(r) = Σss(r; {Σc, rc, γ}) exp
[
−
(µring

r

)2
]
. (2.11)

The functional form of Eq. (11) is arbitrary, and was selected entirely for purposes

of convenience in the radiative transfer modeling (tying the exponential turnover

scale to the ring component center makes a joint exploration of the model space

less cumbersome). We fix γ = 1 as before and use a 6:1 mass ratio between the

midplane and atmosphere grains. The gas is assumed to follow the small grains

in both the halo and inner disk components separately – i.e. decoupled from the

large grain population – each with a ratio ζ. We use the halo gas profile as an

upper limit on the surface density of midplane grains in the ring. For radii where

the ratio between the two would exceed unity (e.g. in the space between the two

Gaussian distributions), we reduce Σring to equal the gas surface density from the

halo component. Either increasing the gas or reducing the dust density has no
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significant effect upon our observables since the subtended region is very narrow

and the densities are already low.

A model constructed with the recipe outlined above is superior to those pre-

sented in §2.4.2 and 2.4.2 in terms of reproducing all the relevant observations

of the V4046 Sgr transition disk, as demonstrated in Figure 2.6. In this case, we

assumed that the same dust scale height distributions used in the previous sec-

tions were applicable to all of the structure elements. For the ring component, we

identify its center at µring = 37AU and width σring = 7AU (corresponding to

a FWHM of 16 AU, or 0.′′2 projected on the sky; notably smaller than the SMA

angular resolution), and allocate a large total dust mass of 0.004 M⊙. The repre-

sentative size of the central cavity is estimated to be 29AU by subtracting one

half of the FWHM from the ring radius. In the inner disk, we find µin = 4AU,

σin = 1AU, and a total dust mass of 2 × 10−5 M⊙. To account for the faint, ex-

tended 1.3 mm emission component and the size of the CO emission, a halo com-

ponent with a characteristic radius rc = 75AU and total dust mass of ∼10−4 M⊙

is sufficient. To produce sufficient CO line intensities for the same gas tempera-

ture and molecular abundance structures highlighted in §4.2.1, we set ζ = 0.0014

in the outer disk, relative to the halo component only. The weak C18O emission of

this model is consistent with the observations (i.e. a non-detection). In the inner

disk, we have kept ζ = 0.01 fixed as before. The total (gas+dust) mass in this

model is ∼0.094 M⊙ and the disk-integrated dust-to-gas mass ratio is ∼0.047.
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Figure 2.6: Results for the modeling effort that successfully reproduces all of the
data (SED, 1.3 mm continuum visibilities, and CO spectral images). See Figure
2.3 for descriptions of individual panels.
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2.5 Discussion

We have presented sensitive, high angular resolution SMA observations of the

1.3 mm dust continuum and spectral lines of three CO isotopes from the V4046

Sgr circumbinary disk. We have modeled the dust and gas structures and iden-

tified three fundamental signatures of profound evolution in this disk. First, the

majority of the large grains are distributed in a narrow ring centered creating a

large central cavity (r ∼ 29AU). Second, there exists a significant population of

µm-sized grains that have not been cleared from the center of this cavity. Third,

the gas disk extends much farther than the compact dust ring, suggesting that

this disk has a radial variation in the dust-to-gas mass ratio.

To explain the striking discrepancy between the size of the gas and dust dis-

tributions, we invoke a model with a strong radial variation in the relative mass

ratio of the large, midplane grains and the gas. The dust-to-gas mass ratio in the

model is large at the dust ring (ζ ∼ 0.1 – 1) and small outside of it (ζ ∼ 10−3).

Similar discrepancies between the gas and dust distributions have been noted for

other disks, such as those around IM Lup (Panic et al., 2008), TW Hya (Andrews

et al., 2012), and LkCa 15 (Isella et al., 2012). While our preferred model does

feature an extended, but tenuous, dusty halo, models where the dust uniformly

follows the gas disk either produce too much continuum or too little CO emission

at large radii and clearly disagree with the observations (see §2.4.2 and §2.4.2).

We caution that the model 12CO and 13CO line emission is optically thick and so

the derived dust-to-gas mass ratios are upper limits. Additionally, the dust mass

in the model is sensitive to the dust opacities and so other values of the dust-to-

gas mass ratio and total disk mass are possible. The precise form and normaliza-
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tion of ζ(r) are model dependent, but the observations seem to suggest that it is a

strongly decreasing function.

While the underlying physical cause of the discrepancy between the size of

the gas and dust distributions is not clear, there is a natural explanation in the

growth and inward radial drift of dust particles (Weidenschilling, 1980; Brauer

et al., 2008; Birnstiel et al., 2010). Drift is a fundamental feature in the migration

of disk solids, generated because the radial pressure gradient in the disk causes

the gas to rotate at slightly sub-Keplerian velocities while the dust particles are

on Keplerian orbits. The resulting headwind creates a drag-force on the dust that

relates to the size of the particle, preferentially moving the large particles towards

the central star (Weidenschilling, 1977a; Takeuchi & Lin, 2002). As these particles

drift inwards, their size distribution is continuously evolving as they encounter

higher local densities that are conducive to growth (Birnstiel et al., 2010). The

collective effect is to shrink the radial extent of the dust mass distribution, as the

gas disk continues to viscously spread to larger radii (Birnstiel et al., 2012). Since

these processes operate on dynamical timescales, this phenomenon should be par-

ticularly pronounced for the V4046 Sgr disk due to the binarity (increased M∗)

and advanced age of its stellar hosts. Resolved observations taken across the (sub-

)millimeter and radio bands may clarify whether the radial grain size distribution

is consistent with this drift and particle growth scenario (Guilloteau et al., 2011;

Pérez et al., 2012).

In order to reproduce the observed morphology of the mm continuum emis-

sion, we required a model that has its large dust grain population distributed in

a narrow ring. This is suggestive of a physical mechanism acting to both concen-

trate the particles radially and prevent them from moving further into the inner
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disk. Particle growth alone is insufficient to produce mm-wave cavities (Birn-

stiel et al., 2012), but this kind of ring-like dust concentration is a natural con-

sequence of particle evolution models that also employ feedback from a large-

scale maximum in the radial pressure gradient of the gas (Pinilla et al., 2012).

The dynamics of the dust particles are strongly dictated by the surrounding gas

and while negative radial pressure gradients induce inward radial drift, a positive

pressure gradient may stop the dust as it streams towards the star. This pressure

maximum forms a “pocket” that collects dust and, if sufficiently broad and high-

amplitude, can significantly alter the observed continuum emission (Pinilla et al.,

2012).

While many physical phenomena may generate these particle traps (e.g. Barge

& Sommeria, 1995; Klahr & Henning, 1997; Alexander & Armitage, 2007; Jo-

hansen et al., 2009), we focus on an origin in the density maximum at a gap edge

produced by dynamical interactions between a low-mass companion embedded in

the gas disk (Lin & Papaloizou, 1979; Goldreich & Tremaine, 1980; Crida et al.,

2006). Simulations by Pinilla et al. (2012) produced a ring of large grains in a

broad surface density bump exterior to the radius of such a gap. Furthermore,

their models of the mutual evolution of the gas and dust predicted a strong ra-

dial variation in the dust-to-gas mass ratio (see their Figure 6) with heavily de-

pleted dust densities in the outer disk (ζ ∼ 10−3 – 10−4) and a large concentration

within the trap (ζ ∼ 1). Both the ring-shaped surface density profile and radially

decreasing dust-to-gas ratio produced by their calculation were necessary features

of the model we derived for the V4046 Sgr disk.

Recent models that account for the expected substructure in these ring-like

pressure traps suggest that a modest variation in the gas density (peak-to-valley
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amplitude ratio of ≳1.5) can produce strong azimuthal asymmetries in the dust

distribution (Regály et al., 2012; Birnstiel et al., 2013). This phenomenon may

be sufficient to qualitatively explain some observations of the “lopsided” emission

from some transition disks (e.g. Brown et al., 2009; Mayama et al., 2012; Casas-

sus et al., 2013; van der Marel et al., 2013). As noted in §3.3, the western peak

of the V4046 Sgr dust ring appears slightly brighter than the eastern peak by

∼ 5mJy beam−1. We find that this subtle asymmetry is apparent in the contin-

uum visibilities as well, and therefore is not likely to be an artifact of the imag-

ing/deconvolution process. Figure 2.7 shows a cut of the imaginary component of

the complex visibilities binned along the v-axis in the Fourier plane (correspond-

ing to the E-W direction). For a symmetric morphology, the imaginary visibilities

should be zero: however, we find a statistically significant deviation in a sinusoid

pattern. The asymmetry can be reproduced reasonably well with a faint point

source (∼8 mJy) located ∼0.′′23 to the west of the disk center. However, verifi-

cation and characterization of this low-level apparent asymmetry beyond such a

simple model will require observations with higher resolution and sensitivity.

The ring-shaped dust disk and tentative asymmetry seem to be well-matched

to predictions for a large pressure trap generated by a companion interacting with

the gas disk. However, the central spectroscopic binary itself is too compact and

circular to have dynamically truncated the disk at such a large radius: this sce-

nario requires (at least) a third body. One constraint on the properties of a pu-

tative companion comes from the dynamical mass estimate by Rosenfeld et al.

(2012). Since this method utilizes the Keplerian rotation pattern of the disk, it is

sensitive to the cumulative mass at the disk center: the spectroscopic binary plus

any other companion(s). If the central binary and disk are co-planar, Rosenfeld
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Figure 2.7: The complex visibilities of the 1.3 mm emission binned along the v
axis (black points) with a model 8 mJy point source (red) offset by ∆α = −0.′′23

from the disk center (red curve). The inset shows the continuum image with 5σ
contour levels and the model point source (red dot).

et al. (2012) showed that the disk-based dynamical mass estimate was consistent

with that inferred from spectroscopic monitoring of the stellar orbits (Stempels,

Stempels). Therefore, any additional companion must have a low mass: the 3σ

uncertainties on the dynamical mass estimate of Rosenfeld et al. (2012) require

that Mcomp ≤ 0.3M⊙. A second, complementary constraint can be made from

the contribution of any companion to the near-infrared spectrum. The composite

stellar photosphere model adopted here accounts for 99, 95, and 85% of the ob-

served emission in the K, L′ and M bands, respectively (Jensen & Mathieu, 1997;

Hutchinson et al., 1990; Skrutskie et al., 2006). If we attribute the remaining emis-

sion to a co-eval low-mass companion, rather than the tenuous inner dust ring

described in §4, pre-main sequence models (e.g. Baraffe et al., 1998) suggest that

the spectrum requires Mcomp ≤ 0.2M⊙.

44



Figure 2.8: Limits on a companion mass with regions ruled out by the dynamical
mass estimate (orange dots; Rosenfeld et al., 2012), infrared luminosities (solid
blue; Jensen & Mathieu, 1997; Hutchinson et al., 1990; Skrutskie et al., 2006),
and infrared aperture-masking observations (thick rose lines; A. L. Kraus, private
communication). The lower mass limit consistent with the reported velocity shifts
is also shown (gray line; Quast et al., 2000; Donati et al., 2011; Rodriguez et al.,
2010). The position and 2σ widths of the main and inner dust rings are marked
by floating error bars.

A third constraint on a potential companion was suggested by Donati et al.

(2011), based on their claim of a shift in the systemic velocity of the spectroscopic

binary. They measured Vsys = −5.7 ± 0.2 km s−1 (in the heliocentric frame) at a

mean epoch of 2009.7, which is significantly different than the previous measure-

ments of the binary (−6.94± 0.01 km s−1 at epoch 1985.5; Quast et al., 2000) and

the gas disk (−6.26± .05 km s−1; Rodriguez et al., 2010). Assuming the total mass

determined by Rosenfeld et al. (2012) and co-planar orbits, we can derive a lower

limit on the companion mass as a function of semi-major axis (or orbital period)

from these apparent velocity shifts: Mcomp ≳ 0.05M⊙(a/1AU)1/2, where a is the

semi-major axis. It should be noted that these apparent velocity shifts are likely

45



consistent with one another when considering the typical systematic uncertain-

ties in the velocity calibration between different instruments. A final, more direct,

constraint on the companion mass can be made from infrared aperture-masking

observations (A. L. Kraus; private communication). No companion is detected in

those data, with a K-band contrast limit of 6-7 magnitudes outside of 0.′′04 from

the central binary. Assuming a co-eval companion and the Baraffe et al. (1998)

models, these data constrain Mcomp ≤ 0.07M⊙ for a > 2.9AU. Figure 2.8 summa-

rizes these four constraints on Mcomp and a.

Given the results in Figure 2.8, it is clear that the mass of any companion

must be low, making a low-mass brown dwarf or massive giant planet likely candi-

dates. The position of this hypothetical planet from the observed ring is highly

uncertain and with no conclusive evidence for reduced densities in the cavity,

our CO observations cannot help constrain Mcomp or a. However, sensitive ob-

servations with high angular resolution may resolve structure in the inner gas

disk (Casassus et al., 2013) or signatures of clearing in the high-velocity wings

(Dutrey et al., 2008). An alternative way of locating a companion is by looking

at the small grains that filter past it and using this flow of small grains entrained

in the gas to quantify the mass of the companion (Rice et al., 2006; Zhu et al.,

2012). While the distribution of µm-sized dust particles in our model are closer

to the central binary than the inner working angle of the SEEDS survey (Tamura,

2009, 0.′′1-0.′′15), the V4046 Sgr disk is a natural candidate to test this scenario

with scattered light observations (e.g. Dong et al., 2012).

A compelling potential alternative mechanism for shaping the distinctive

structure of the V4046 Sgr disk is photoevaporation (Hollenbach et al., 1994; Clarke

et al., 2001; Alexander et al., 2006a,b; Owen et al., 2012) which can also create
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large pressure traps (Alexander & Armitage, 2007). Strong photoionizing radia-

tion from the central stars drive a wind off the disk surface, and consequently can

open a gap in the disk on ∼AU scales. V4046 Sgr has a large UV excess (de La Reza

et al., 1986; Hutchinson et al., 1990; Huenemoerder et al., 2007) and large X-ray

luminosity (LX ∼ (7 − 10) × 1029 erg s−1, based on archival XMM data; see also

Günther et al., 2006; Argiroffi et al., 2012). According to recent models (Gorti &

Hollenbach, 2009; Gorti et al., 2009; Owen et al., 2010, 2011), this high-energy

emission should drive a photoevaporative wind. Indeed, the presence of such a

wind has been inferred via analysis of mid-infrared [Ne II] emission from V4046

Sgr (Sacco et al., 2012). However, given the suite of models presented by Owen

et al. (2011) and the present accretion rate of V4046 Sgr (log Ṁ = −9.3 ± 0.3M⊙

yr−1; Donati et al., 2011; Curran et al., 2011), the X-ray luminosity is too low to

explain the large cavity size inferred here. However, X-ray photoevaporation (and

perhaps even EUV/FUV photoevaporation) might find a natural role in explaining

the depletion of material inside the innermost dust ring (r ≲ 3AU inferred from

the SED, see §2.4.2).

Perhaps the greatest mystery surrounding the V4046 Sgr disk is its existence:

most theoretical and observational work suggests that disk dispersal processes

should substantially diminish the observational signatures studied here well within

the lifetime of this system and the few others like it (Clarke et al., 2001; Alexan-

der et al., 2006b; Takeuchi et al., 2005; Currie et al., 2007, 2009). The modeling

analysis conducted here unfortunately is unable to directly answer the question of

why this gas-rich disk persists even at an age of 10-20 Myr. However, the inferred

disk structure might be providing some clues. It might be possible that the cav-

ity was formed early in the disk lifetime, stifling the viscous evolution process by
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severely limiting the gas accretion flow onto the central stars, and thereby slow-

ing the natural evolution of the disk material. Alternatively, Alexander (2012)

suggested that the tidal torque induced by a close binary on its disk may inhibit

accretion and increase the lifetime of the circumbinary disk compared to that of

a disk around a single star. Such scenarios are speculative: but it is interesting to

note that most (if not all) of the known long-lived, gas-rich disks have evidence for

low-density cavities at their centers.

Overall, the signatures of evolution in the transition disk hosted by V4046 Sgr

are remarkable, suggesting that this target merits a focused effort moving forward

with ALMA. Its close proximity and large physical size enables high resolution

and high sensitivity observations. Furthermore, the stellar binarity aids the obser-

vations: it is too tight to affect the disk structure, but the high stellar mass means

that the widths of gas disk emission lines is large and so spectral line observations

can have good velocity resolution without sacrificing sensitivity. Observations are

further aided by the fact that it is an isolated system unaffected by cloud contami-

nation. With all of this in mind, V4046 Sgr promises to be an excellent laboratory

for studying disk evolution and planet formation: its old age means that evolution-

ary features are well-advanced, and its rich gas disk provides an excellent target

for both detection efforts and spatially resolved analysis. Lastly, the X-ray lumi-

nosity makes V4046 Sgr a natural target for studying photoevaporation and its

effects on disk evolution.
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2.6 Summary

We have studied the structure of the V4046 Sgr circumbinary disk using high res-

olution, high sensitivity mm-wave observations from the SMA. By modeling the

SED, spatially resolved 1.3 mm dust continuum, and line emission of three CO

isotopes, we have identified this disk as an exemplar evolved protoplanetary disk.

The key conclusions of our analysis are:

1. The CO gas disk is significantly more extended than the compact distribu-

tion of large grains. In order to reproduce this feature we decouple the dust

and gas surface density profiles, reducing the dust-to-gas ratio in the out-

skirts of our disk model by a factor of 10. We interpret this phenomenon

as the result of the simultaneous growth and inward radial drift of mm/cm-

sized particles in a viscously evolving gas disk (Birnstiel et al., 2012).

2. The V4046 Sgr disk features a large central cavity (r = 29AU) depleted of

mm/cm-sized dust grains. These grains are concentrated in a narrow ring

(µ = 37AU, FWHM=16AU). There is no conclusive evidence from the CO

line emission whether there is an analogous depletion in the gas disk. This

distinctive morphology is consistent with simulations that feature large pres-

sure traps generated by the dynamical interaction of a massive companion

with a gas disk and the evolution of solid material (Pinilla et al., 2012).

3. The cavity contains a significant population of µm-sized grains. We infer

that this distribution of small dust particles has a smaller central clearing

that may be consistent with X-ray photoevaporation (Owen et al., 2011),

but is too large to be truncated by the central binary (Artymowicz & Lubow,
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1994). This population might originate from small grains entrained in the

gas flowing past the pressure barrier that traps the mm/cm-sized grains in

the large ring (Rice et al., 2006).
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Table 2.1: Summary of Observations

UT date configuration antennas baselines ton ∆νcont τatm

[kλ] [min] [GHz] (225 GHz)

2009 Feb 23 extended 8 17-132 110 3.4 0.05

2009 Apr 25 compact-N 6 6-84 220 3.4 0.06

2011 Mar 8 sub-compact 7 4-50 90 7.4 0.05

2011 Sep 4 very extended 8 19-390 180 7.4 0.04
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3
A Spatially Resolved Vertical

Temperature Gradient in the HD

163296 Disk

In this chapter we analyze sensitive, sub-arcsecond resolution ALMA Science Ver-

ification observations of CO emission lines in the protoplanetary disk hosted by

the young, isolated Ae star HD 163296. The observed spatial morphology of the
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12CO J=3−2 emission line is asymmetric across the major axis of the disk; the
12CO J=2−1 line features a much less pronounced, but similar, asymmetry. The

J=2−1 emission from 12CO and its main isotopologues have no resolved spatial

asymmetry. We associate this behavior as the direct signature of a vertical tem-

perature gradient and layered molecular structure in the disk. This is demon-

strated using both toy models and more sophisticated calculations assuming non-

local thermodynamic equilibrium (non LTE) conditions. A model disk structure

is developed to reproduce both the distinctive spatial morphology of the 12CO

J=3−2 line as well as the J=2−1 emission from the CO isotopologues assum-

ing relative abundances consistent with the interstellar medium. This model disk

structure has τ = 1 emitting surfaces for the 12CO emission lines that make an

angle of ∼ 15◦ with respect to the disk midplane. Furthermore, we show that the

spatial and spectral sensitivity of these data can distinguish between models that

have sub-Keplerian gas velocities due to the vertical extent of the disk and its as-

sociated radial pressure gradient (a fractional difference in the bulk gas velocity

field of ≳ 5%).

3.1 Introduction

Spectral line emission from molecules can be a powerful tool for studying the

structure of protoplanetary disks. Abundant molecules in disks, such as CO or

CN, trace the spatial distribution of gas temperatures and the radial extent of the

molecular hydrogen that composes most of the disk mass (Koerner et al., 1993;

Guilloteau et al., 2013). Analysis of multiple lines can determine the vertical tem-

perature structure of the disk (Dartois et al., 2003) or indicate freezeout of the
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gas phase molecules onto dust grains in the cold midplane (Qi et al., 2011). Ob-

servations of various species are useful for studying the abundance distributions

of molecules and processes like ionization (Öberg et al., 2011), grain surface reac-

tions (Dutrey et al., 2011), and fractionation (Öberg et al., 2012). Furthermore,

these spectral lines probe the bulk motions, or kinematics, of the gas (Beckwith &

Sargent, 1993). Observations from interferometers are particularly useful since the

emission is resolved both spatially and spectrally and can be used to derive a dy-

namical mass of the young star (Guilloteau & Dutrey, 1998; Simon et al., 2000),

probe the structure of the disk (Dutrey et al., 2008; Panic et al., 2010), or de-

tect non-thermal line broadening from turbulence (Hughes et al., 2011; Guilloteau

et al., 2012).

The Herbig Ae star HD 163296 (spectral type A1) hosts a protoplanetary

disk with bright continuum emission (Allen & Swings, 1976; Mannings & Sargent,

1997; Natta et al., 2004) and a rich molecular spectrum (Qi, 2001; Thi et al., 2001,

2004; Qi et al., 2013). It is an isolated system, not known to be associated with

any star forming region or young moving cluster (Finkenzeller & Mundt, 1984).

Observations of CO lines show that the disk exhibits Keplerian rotation (Man-

nings & Sargent, 1997; Isella et al., 2007; Hughes et al., 2008) and is remarkably

large, extending past a radius of ∼ 500AU (Isella et al., 2007). The disk is seen in

scattered light (Grady et al., 2000) and is associated with an asymmetric Herbig-

Haro outflow (Devine et al., 2000) and molecular disk wind (Klaassen et al., 2013).

The system is young (∼ 5Myr; Natta et al., 2004) and its Hipparcos parallax in-

dicates it is nearby (d = 122+17
−13 pc; van den Ancker et al., 1998). Qi et al. (2011)

developed a density and temperature structure for this disk that was consistent

with Submillimeter Array (SMA) observations of both the dust continuum and
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multiple CO emission lines. Including an abundance distribution that accounts

for both freezeout and photodissocation, their analysis suggested that the disk has

a midplane CO snow line at r ∼ 155AU. An ancillary result of their model is

that the disk is colder in the midplane than in the atmosphere where the higher J

emission lines are produced. Evidence for a vertical temperature gradient in this

disk was independently presented by Akiyama et al. (2011).

We present an analysis of the spectral line emission from the main CO iso-

topologues observed by the Atacama Large Millimeter/sub-millimeter Array (ALMA)

towards the HD 163296 disk in Bands 6 and 7. We first use a toy model com-

prised of a rotating double cone to guide our intuition of this data. Leveraging

the high spatial and spectral resolution of these observations, we then demon-

strate that the vertical temperature gradient in the disk is directly resolved in

the 12CO J=3−2 maps alone. We develop a disk structure model that is roughly

self-consistent with those data and the J=2−1 transitions of 12CO, 13CO, and

C18O. In addition, we explore the velocity structure of the disk and show that the

excellent spatial and spectral resolution of the sensitive Band 7 observations can

distinguish between various classes of disk models which have bulk gas velocities

that deviate at the ≳ 5% level. We describe the observations in §3.2 and show

the results in §3.3. Our analysis follows in §3.4, where we present the vertical tem-

perature gradient (§3.4.2) and explore sub-Keplerian motions due to the vertical

geometry of the disk and its radial pressure gradient (§3.4.3). We conclude with a

brief discussion in §3.5 and a summary in §3.6.
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3.2 Observations and Data Reduction

HD 163296 (α = 17h56m21.s287, δ = −21◦57′22.′′39, J2000) was observed by

ALMA in Band 6 and Band 7 as part of its commissioning and science verifica-

tion (SV) program. The raw and calibrated visibility data were publicly released

through the science portal, and were accompanied by a set of detailed calibration

and imaging scripts provided by the ALMA SV team1. We started with the cal-

ibrated measurement set and used the CASA software package (v3.4; McMullin

et al., 2007) to produce self-calibrated and continuum subtracted spectral visibil-

ities for the 12CO, 13CO, C18O J=2−1 lines at 230.538, 220.399, 219.560 GHz in

Band 6 and 12CO J=3−2 at 345.796 GHz in Band 7.

The Band 6 observations were taken using 24 of the ALMA 12 m antennas on

2012 June 9, June 23, and July 7 for a total on-source time of 84 minutes (includ-

ing latency). The baselines spanned a range of 20 to 400 m. The correlator was

configured to simultaneously observe four spectral windows (SpW), with two in

each sideband: SpWID #1 included the 13CO and C18O J=2−1 transitions, while

SpWID#2 covered the 12CO J=2−1 line. SpWIDs #0 and #3 observed line-free

continuum (but see Qi et al., 2013) and were centered at 217 and 234 GHz. The

flux calibrator for each of the nights was Juno, Neptune, and Mars, respectively,

and the bandpass solution was generated from observations of the quasar J1924-

292. Integrations on the science target were interleaved with ∼ 2 minute long

observations of the nearby quasar J1733-130 for phase calibration. For the July

7 observations, the flux density of J1733-130 was determined to be 1.55 Jy, using

a bootstrap from the flux calibrator, Mars. Similarly, HD 163296 was observed
1https://almascience.nrao.edu/alma-data/science-verification/overview
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in Band 7 on 2012 June 9, Jun 11, June 22, and July 6 with the same antenna

configuration. Juno (June 9 only) and Neptune were observed as primary flux

calibrators. When Neptune was observed, the flux density of J1733-130 was boot-

strapped for each individual SpW. An additional bootstrap from these observa-

tions was used to determine the flux density of J1733-130 in each SpW observed

on June 9th. The total on-source time was 140 minutes. These observations used

the same bandpass and phase calibration strategy as the Band 6 observations.

The correlator was set up to observe four spectral windows, with two in each

sideband: SpWIDs #0 and #3 were centered at 360 and 347 GHz for continuum,

HCO+ J=4−3 at 356.734 GHz was detected in SpWID #1, and the 12CO J=3−2

line was covered by SpWID #2.2

3.3 Results

Figure 3.1 shows channel maps of the 12CO J=3−2 line along with the J=2−1

lines from 12CO, 13CO, and C18O. Before imaging, the visibilities have been re-

gridded onto the same 0.34 km s−1 wide channels; only the central 15 channels are

shown, where the emission pattern is clearly resolved for all lines. The central 49

channels of the 12CO J=3−2 line imaged at the native ∆v = 0.11 km s−1 channel

spacing is also shown in Figure 3.2. We generated these synthesized images using

the CASA implementation of the CLEAN algorithm (Högbom, 1974) with natu-
2The transformation to the absolute sky frequency in the Band 7 measurement set

provided by the SV team is incorrect. The 12CO J=3−2 line suggests that the systemic
velocity, vsys, of HD 163296 as measured in the local standard of rest frame (radio defini-
tion; LSRK) is 6.99 km s−1. This disagrees with other measurements (vsys = 5.8 km s−1;
Mannings & Sargent, 1997; Isella et al., 2007; Hughes et al., 2008) as well as the ALMA
Band 6 observations. This velocity offset was confirmed by the ALMA Helpdesk, but is
only a minor inconvenience since the line morphology is, for this small offset, sensitive
only to the velocity differences.
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Figure 3.1: The disk hosted by HD 163296 imaged in four CO lines. The disk
orientation is indicated by the solid gray lines, the synthesized beam dimensions
are shown in the lower left corner panels. Each line has been regridded onto the
same velocity resolution (written relative to the systemic velocity in km s−1). The
emission is shown in both color and with σ× [3, 6, 10+5n] (n = 0, 1, 2, . . .) contours
(see Table 3.1 for noise estimates). The last panel for each line contains the 0th
(contours) and 1st (color scale) integrated moment maps.

ral weighting. Table 3.1 summarizes the noise characteristics, synthesized beams,

native channel widths and integrated intensities for each line. The reported line
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Figure 3.2: The 12CO J=3−2 line imaged with a channel width of ∆v = 0.11 km
s−1.

intensities agree with previous measurements by the SMA (Qi et al., 2011) within

the 10% systematic uncertainty estimated for the absolute calibration of the visi-

bility amplitudes.

In order to produce spectral images with such high fidelity, we developed a

CLEAN mask based on the emission pattern expected from a disk in Keplerian

rotation (Beckwith & Sargent, 1993), which requires some assumption about the
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stellar mass, disk inclination, disk size, phase offset, position angle, and systemic

velocity (see §3.4.1). Except for the stellar mass, all of these parameters can be es-

timated from an initial imaging of the data with a square mask; the final imaging

results are consistent for any reasonable choices of these parameters. We iden-

tified the region of the rotating disk where the projected line of sight velocities

corresponded to each individual spectral channel. This region was then convolved

with a fixed Gaussian kernel (σ = 0.′′7) to broaden the mask and ensure that all

of the significant emission was covered and that the CLEANed area was always

much larger than the synthesized beam size. This recipe produces a separate mask

for each channel, within which the measurement set was CLEANed deeply. Some

additional CLEAN iterations were then applied with no mask. This masking tech-

nique significantly improves the quality of the images compared to the reference

maps provided in the SV data package (the signal-to-noise ratio per channel im-

proves by a factor of ∼2–3).

The 12CO J=3−2 emission observed toward the disk around HD 163296 is

asymmetric in its spatial morphology across the major axis of the disk (PA=

312◦). For channels offset from the line center by velocities ≳ 1 km s−1, the re-

solved emission appears systematically closer to the southern semi-minor axis (see

Figure 3.2 and the top set of channel maps in Figure 3.1). Furthermore, channel-

by-channel, the southern half of the disk is brighter than the northern. The 12CO

J=2−1 line has these same features (refer to Figure 3.1), but the effect is much

less obvious; the morphological asymmetry can only be clearly seen for a few chan-

nels, |∆v| ≈ 1.7–2.0 km s−1. The 13CO and C18O spectral emission have no appar-

ent spatial asymmetries (see Figure 3.1).
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3.4 Analysis

Before attempting to explain the detailed morphologies of these CO data, we pro-

vide a brief primer on molecular line emission from a rotating disk (e.g. Omodaka

et al., 1992; Beckwith & Sargent, 1993). The observed line is centered around

some transition frequency, f0, with a linewidth that is sensitive to the quadra-

ture sum of both the thermal velocity and turbulent motions of the gas. If the

emitting gas has some bulk velocity along the line of sight, vlos, then the line cen-

ter will be Doppler shifted away from the transition frequency, f0, by an amount

∆f = −vlos(f0/c). Observations taken by (sub-)millimeter interferometers like

ALMA have both spectral and spatial resolution, and produce an image of the

source for a set of frequency, or equivalently velocity, channels. These spectral

line observations comprise a three dimensional data cube of position, position, and

velocity. For an inclined disk in Keplerian rotation, the emission observed in a sin-

gle channel “highlights” what part of the disk has that same projected velocity as

it is Doppler shifted into the channel center.

The morphology of the line emission in any given channel changes depending

on both the physical conditions and bulk motions of the gas. Modeling the line

emission requires a calculation of the molecular excitation state of the gas and an

integration of the radiative transfer equation along each line of sight, s, through

the disk structure,

Iν =

∫ ∞

0
Sν(s) exp [−τν(s)]Kν(s)ds, (3.1)

where τν(s) =
∫ s
0 Kν(s

′)ds′ is the optical depth, Kν is the absorption coefficient,
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and Sν is the source function. All three of these terms depend upon the local

temperature, Tgas, and density, ρgas, of the disk. Determining the structure of a

disk using optically thick CO lines is difficult, and so previous studies have lever-

aged observations of multiple lines to break the model degeneracies (Dartois et al.,

2003; Piétu et al., 2007).

To parse what these data reveal about the disk hosted by HD 163296, we will

first present a toy model that qualitatively explains the observed morphological

asymmetries noted in the 12CO transitions (§3.4.1). Next, we describe a more

complex modeling procedure for testing whether a given disk structure produces

the observed line intensity in addition to the morphological and brightness asym-

metries (§3.4.2). We then present a simple model developed for pedaogogical pur-

poses (§3.4.2) followed by a more realistic hydrostatic disk model (§3.4.2). Finally,

we demonstrate that some care must be taken when defining the rotation pattern

of the disk, in light of the disk structure we derive with its large radial extent and

molecular layer extending relatively high above the midplane (§3.4.3).

3.4.1 A Toy Model

The asymmetric shape of the 12CO J=3−2 line emission cannot be explained by

the emission pattern predicted for a vertically thin rotating disk. The coordinates

of an inclined thin disk (x, y, z = 0), are related to the sky-plane relative to the

observer, (x′, y′), by 
x

y

z

 =


x′

y′/ cos i

0

 (3.2)
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where i is the disk inclination (0◦ is seen face-on). For a disk rotating in circular,

Keplerian motion, the projected line of sight velocity as a function of position is

vobs(x
′, y′) =

√
GM∗
r

sin i cos θ, (3.3)

with an argument θ = arctan(y/x) and modulus r =
√
x2 + y2. This function is

mirror symmetric across the x′-axis and so the shape of the emission observed at

some velocity, vobs, should appear symmetric about the x′-axis of the sky-plane.

Of course, this geometrical argument is grossly simplified and considers neither

the physical structure of the disk, nor the associated radiative transfer effects for

spectral line emission (see §3.4.2). However, protoplanetary disks are thought to

be geometrically thin (Pringle, 1981), with radial surface densities and tempera-

tures that roughly follow power-laws (i.e. slowly changing ρ and T in the outer

disk; Weidenschilling, 1977b; Adams et al., 1988). Under these conditions, this

approximation works well and has been both a useful and effective guide in the

study of line emission from protoplanetary disks. However, the observation ana-

lyzed here reveals an emission pattern that requires a modified conceptual frame-

work (see also Pavlyuchenkov et al., 2007; Semenov et al., 2008; Guilloteau et al.,

2012).

The toy model that we propose is a differentially rotating double cone, ori-

ented along the z axis with an opening angle ψ ∈ (0, π/2) measured from the

xy plane (i.e., the disk midplane). In this case, rays originating from the the sky-
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plane will intersect the surface at


x

y

z

 =


x′

y′/ cos i+ t sin i

t cos i

 , (3.4)

where t solves the quadratic equation3

0 = t2 [cos(2i) + cos(2ψ)]− 2 sin2(ψ)
[
x′

2
+ y′

2
sec2(i) + 2ty′ tan(i)

]
. (3.5)

The positive and negative roots of this equation correspond to the near and far

halves of the double cone respectively (where we define the near half as the one

closer to the observer). Any given line of sight will intersect the near cone at

larger y than for the flat disk, by an additional factor t sin i (assuming i < 180◦).

Therefore, if this near cone is in circular, Keplerian rotation, vθ2 = GM/
√
x2 + y2

with no vz component, the observed isovelocity contours will be systematically

shifted to smaller y. The same argument follows for the far cone, except that

isovelocity contours are systematically shifted to larger y. If i > 180◦ (which is the

case for the HD 163296 disk; see §3.4.2), then the effects are the same except the

solutions switch to describe the opposite half of the double cone. Larger values of

ψ will amplify the differences between these curves. The emission morphology pre-

dicted from this double cone structure clearly mimics the observed asymmetry in

the 12CO J=3−2 line, as demonstrated in Figure 3.3.

The brightness and morphological asymmetries of the 12CO J=3−2 and 12CO

J=2−1 lines can be understood if the τ = 1 emitting surface is something like a
3http://www.geometrictools.com/Documentation/IntersectionLineCone.pdf

64

http://www.geometrictools.com/Documentation/IntersectionLineCone.pdf


Figure 3.3: The middle two panels separately show the observed velocities (in
color) from the near (second panel) and far (third panel) halves of a double cone
structure in circular, Keplerian rotation with ψ = 15◦, i = 44◦, M∗ = 2.3M⊙, and
semi-major axis aligned with the x′-axis of the observer (see text for parameter
definitions). Dashed contours (in white) show the ±0.75, 1.5, and 2.25 km s−1

isovelocity contours. The same quantities are shown for a flat disk (ψ = 0; first
panel). The ±1.5 km s−1 contours for all three models are shown together in the
fourth panel (solid curve is the flat disk, dashed curve is the near cone, dotted
curve is the far cone).

Figure 3.4: The solid curves show the isovelocity contours of the toy model, corre-
sponding to the channel velocities of the 12CO J=3−2 line (shown in gray). Both
the near (in black) and far (in red) halves of the double cone structure are shown
out to a radius of 600 AU. The model parameters are the same as in Figure 3.3.

double cone structure with ψ ∼ 15◦. The bright portion of the line corresponds

to the near cone that is systematically shifted along the minor axis (to smaller

y). The dim “shadows”, which are asymmetric in the opposite sense, represent
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the far cone. Figure 3.4 shows the velocity pattern of this toy model overlaid on

the regridded channel maps of the 12CO J=3−2 emission. The key feature of the

double-cone is that it mimics an emission structure that has little contribution

from the disk midplane: the structure is in some observational sense “hollow” at

its center. Furthermore, the angle that the cone makes with the disk midplane

(ψ ∼ 15◦) is fairly large (but not abnormally so; van Zadelhoff et al., 2001) and

suggests that the disk cannot be treated as geometrically thin.

Detailed radiative transfer and chemical models (Aikawa & Herbst, 1999;

Aikawa & Nomura, 2006; Semenov & Wiebe, 2011; Walsh et al., 2012) predict a

cone-like structure for molecules like CO. In these calculations, the midplane tem-

peratures are coupled to the cold dust, greatly reducing the CO gas-phase abun-

dance via freezeout onto dust grains. Higher in the disk, direct stellar radiation

heats the material, liberating the CO from the grain surfaces and ensuring that

CO is both abundant and warm. Above this molecular layer, where gas column

densities are low, the CO is depleted by photodissociation via energetic photons

from the star and background radiation field. It is this first layer, the cold mid-

plane, that naturally explains the ALMA observations. In this region, the gas is

too cold to densely populate the higher J CO transitions, so the observed emis-

sion is low. Additionally, the CO number densities should be heavily depleted by

freezeout onto dust grains, further reducing the emission. Instead, most of the

emission is from the warm molecular layer which, being high above the midplane,

should produce asymmetric emission with respect to the major axis of the disk.

This scenario also explains why the less abundant 13CO and C18O emission is not

asymmetric: these lines originate from deeper layers in the disk, which correspond

to lower ψ and less severe asymmetries that are not resolved by the observations.
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Indeed, calculations by Pavlyuchenkov et al. (2007) and Semenov et al. (2008) of

HCO+ J=4−3 emission for axisymmetric, inclined disks (i ∼ 60◦) predicted this

same morphology.

3.4.2 Physical Model Analysis

While the toy model of a differentially rotating double-cone provides a useful qual-

itative explanation for the asymmetric morphology of the 12CO J=3−2 line emis-

sion, we now undertake a more physically motivated, quantitative analysis. We

build upon the disk structures developed by Dartois et al. (2003) and Qi et al.

(2011) to reproduce the morphology of the 12CO J=3−2 line along with the line

intensities of the J=2−1 emission from the 12CO, 13CO, and C18O isotopes. In

this section, we introduce the modeling scheme that we will use to illustrate the

sensitivity of the observations to the temperature structure and velocity field of

the disk.

Following the formalism explained by Andrews et al. (2012), axisymmetric

density and temperature structures are defined using a polar cylindrical coordi-

nate system (r, z). The gas temperature structure, Tgas(r, z), is specified paramet-

rically throughout this work. The gas surface density profile is assumed to be the

self-similar model of a thin, viscous accretion disk (Lynden-Bell & Pringle, 1974;

Hartmann et al., 1998),

Σgas(r) = Σc

(
r

rc

)−γ
exp

[
−
(
r

rc

)2−γ
]
, (3.6)

where rc sets the radial size of the gas disk, γ is a power-law index, and Σc =

Mgas(2 − γ)/(2πr2c ) is the normalization, where Mgas is the total gas mass. The
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density structure, ρ(r, z), is either parametically defined (§3.4.2) or calculated

from the temperature structure using the equation of hydrostatic equilibrium

(§3.4.2). To calculate the CO number density, we assume that 80% of the gas

(by number; µ = 2.37) is composed of molecular hydrogen and that the CO:H2

relative abundance is a constant, fco. Molecular depletion due to freezeout is im-

plemented by decreasing fco by a factor of 108 in the region of the disk where gas

temperatures fall below a freezeout temperature, Tgas < Tfrz. A photodissociation

boundary is calculated by vertically integrating the H nuclei density (0.706ngas,

the same procedure as in Qi et al. (2011); Aikawa & Herbst, 1999) and threshold-

ing for heights, zphot, where the column density is less than a constant value,

σs > 0.706

∫ ∞

zphot

ngas(r, z
′)dz′. (3.7)

This surface density is equivalent to the unitless Σ21 defined by Aikawa & Nomura

(2006) and used by Qi et al. (2011) where Σ21 = σs/1.59× 1021 cm−2.

We assume a constant turbulent velocity width, ξ = 0.01 km s−1, and disk

inclination, i = 224◦. The bulk gas velocities are described in each section and we

fix several important model parameters: the stellar mass (M∗ = 2.3M⊙; Natta

et al., 2004), source distance (d = 122 pc; van den Ancker et al., 1998), and major

axis position angle (measured East of North, PA = 312◦). Note that the asymme-

tries in the 12CO J=3−2 line emission effectively resolve the absolute disk spin

orientation (Piétu et al., 2007), so our PA and inclinations differ by ∼ 180◦ from

the models presented by Isella et al. (2007) and Qi et al. (2011). See §3.5 for a

more detailed discussion.

For any given disk structure model, we calculate the CO level populations
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using the non-LTE molecular excitation and radiative transfer package LIME

(Brinch & Hogerheijde, 2010) and molecular data from the LAMDA database

(Schöier et al., 2005; Yang et al., 2010). LIME is then used to generate channel

maps matching the native channel spacing of the ALMA data (see Table 3.1). We

then smooth using the Hanning algorithm in the spectral dimension with a three

channel kernel to mimic the ALMA pipeline (see §3.5; Lundgren, 2012) and calcu-

late model visibilities to match the Fourier sampling of the measured visibilities.

We evaluate the model fit through a χ2 statistic of the complex visibilities and

also by inspection of CLEANed channel maps using the same masks and imaging

procedure applied to the data (see §3.2).

It is important to emphasize that the models developed here involve many

degenerate parameters: the exact structures we present are neither unique nor

necessarily optimal. The analysis presented here is only meant to provide a basic

physical understanding of some new, key aspects of these data.

A Pedagogical Structure

In this section, we will demonstrate how a vertical temperature gradient naturally

produces the asymmetric emission morphology of the 12CO J=3−2 line. In order

to disambiguate the effects of density and temperature, we define a single para-

metric disk density structure and calculate the line emission for two simple cases

for the temperature structure: (a) the disk is vertically isothermal and (b) the

disk has a warm (T ∼ 30K) molecular layer above a cold (T ∼ 20K) midplane.

We assume that the gas is vertically distributed with the Gaussian profile ap-

propriate for a vertically isothermal disk in hydrostatic equilibrium (neglecting self
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Figure 3.5: Temperature (color scale) and gas density structure (black contours;
log ngas = [4, 5, 6, 7, 8, 9] cm−3) of the pedagogical models (§3.4.2). (a) A verti-
cally isothermal model structure. (b) A model structure that features an artificial
vertical temperature gradient. The dashed red curves mark the photodissociation
boundaries, for σs = 5× 10−20 cm−2.

gravity):

ρgas(r, z) =
Σgas(r)√
2πH

exp

[
− z2

2H2

]
. (3.8)

For this pedagogical example, the temperature and density structure are entirely

decoupled. The disk scale height is defined to be H(r) = 16(r/150AU)1.35 AU.

The velocity field is defined such that the disk is in circular Keplerian rotation

about the central star, with an azimuthal component

vK
2 =

GM∗
r

. (3.9)

Depletion due to CO freezeout is not considered in this calculation, but photodis-

sociation is included with a threshold density σs = 5 × 1020 cm−2. The model disk

has a gas mass of 0.09M⊙, rc = 115 AU, γ = 0.8, and fco = 5× 10−5.

We first calculate the 12CO J=3−2 line emission from this disk structure as-

suming that it is vertically isothermal with a radial temperature structure set by
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Figure 3.6: The 12CO J = 3− 2 line emission predicted by the models described in
§3.4.2. The top set of channel maps shows the emission from a vertically isother-
mal model structure, while the bottom model structure has a vertical temperature
gradient (see Figure 3.5).

a power law, Tgas = 65K (r/100AU)−0.5. The disk density and temperature struc-

ture is shown in Figure 3.5(a), and the corresponding channel maps in Figure 3.6

(top panels). The qualitative discussion from §3.4.1 is confirmed: the morphology

of the line is essentially symmetric across the major axis with only a slight bright-

ness asymmetry between the Northern (near) and Southern (far) sides of the disk

(which is reversed if the inclination is flipped by 90◦). This geometric effect, for

sensitive data, indicates the absolute orientation of the disk and can qualitatively

be understood by considering the emission that originates above the disk mid-

plane. The half of the disk (located in the N) that is tilted toward the observer

will then have a smaller projection on the observer sky plane (and appear dim-

mer) than the disk half (located in the S) that is tilted away. The double cone

structure described in §3.4.1 similarly encapsulated this effect: in Figure 3.4 the
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isovelocity contours of the near cone (black curve) appear noticeably shorter in

the N part of the disk than in the S for channels near the line center, |vlos| ≲ 1.02

km s−1. Optical depth effects and the disk structure also contribute to the details

of this brightness asymmetry.

Next, we build on that calculation by including a vertical gradient to the

temperature structure. We start by defining a “warm” region where the gas is a

constant Ta = 30 K for z > 20AU (r/100AU) or r < 150AU (the freezeout ra-

dius for this disk Qi et al., 2011). Outside this region (i.e., the disk midplane for

r > 150AU), the gas is a cooler Tm = 20 K. Since the gas high above the mid-

plane and close to the star should be hotter than the 30 K typical for the outer

region of this disk, we add a hot atmosphere above za = 73AU (r/200AU) with a

power-law component Ta(r, z > za) = Tgas+40K (r/200AU)−0.8. This disk struc-

ture is shown in Figure 3.5(b), and the corresponding channel maps in Figure 3.6

(bottom panels). Qualitatively, this model does an excellent job of producing both

the morphological and brightness asymmetries noted in §3.3.

The disk structures described above are both massive and geometrically thick:

the model scale height H is much larger than what the actual midplane temper-

atures would produce. Specifically, the defined H(r) would correspond to a mid-

plane temperature of Tm = 50K (r/100AU)−0.3, which is too warm to reproduce

the line asymmetries (too much emission would be generated, essentially filling in

the hollow cone emission morphology). However, the artificially large scale height

is necessary to reproduce the morphology, since increasing the height of the emit-

ting layer increases the projected separation of the front and back half of the disk

(see §3.4.1). This suggests that a warm layer suspended above a cold midplane

may help to raise the height of the emitting CO layer. It should be emphasized
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that a vertical temperature gradient is necessary to reproduce the data although

it may not be the only contributing effect. Depletion of the gas phase CO due to

freezeout onto grains should also reduce the contribution of the midplane emission,

but this effect requires the cold temperatures that, by themselves, can produce

this distinctive morphology.

A Hydrostatic Model Structure

While the previous model serves to demonstrate how a vertical temperature pro-

file can explain the observed asymmetries in the 12CO J=3−2 and 12CO J=2−1

lines, the model structure is purely pedagogical and not physically self-consistent.

We now present a hydrostatic disk model where the densities are internally con-

sistent with the parametrically defined temperatures. This model roughly repro-

duces both the morphology and intensity of the observed emission simultaneously

for the lines of interest, 12CO J=3−2, 12CO J=2−1, 13CO J=2−1, and C18O

J=2−1.

We define the gas temperatures using a slightly modified version of the param-

eterization introduced by Dartois et al. (2003), where

Tgas(r, z) =

 Ta + (Tm − Ta)
[
sin πz

2zq

]2δ(r)
if z < zq

Ta if z ≥ zq

. (3.10)

Here, Tm(r, z = 0) = 19K (r/155AU)−0.3 is the temperature at the disk midplane

and the atmosphere temperature above the height zq is

Ta(r, z) = 55K (
√
r2 + z2/200AU)−0.5. (3.11)
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Figure 3.7: The temperature and density structure of the hydrostatic model
described in §3.4.2, using the same legend as Figure 3.5. The lower red curve indi-
cates the upper boundary of the cold midplane where the gas phase CO densities
are reduced due to freezeout onto grains.

This prescription produces a smooth, monotonically increasing (with z) transition

between Tm(r, z = 0) and Ta(r, z = zq), with the vertical shape controlled by

the parameter δ = 0.0034 ∗ (r − 200AU) + 2.5 (with the requirement that δ ≥

0.3). The height of the disk atmosphere is assumed to have a radial distribution

described by a truncated power law, zq = 63AU (r/200AU)1.3 exp[−(r/800AU)2].

The midplane temperature profile we assume has the same CO freezout radius

calculated by Qi et al. (2011), but with a shallower power-law index. The form of

the vertical temperature profile (Equation 3.10) was designed to mimic the dust

temperatures in the disk models developed by D’Alessio et al. (1998, 1999, 2001,

2006). Since we do not do the radiative transfer calculation for a dust disk (e.g.,

Qi et al., 2011; Andrews et al., 2012), we adopt this parameterization as a natural

choice for the outer regions of a disk.

The vertical distribution of the gas is determined by solving the differential

equation for hydrostatic equilibrium with our parametrically defined temperature
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Figure 3.8: The 12CO J=3−2 (top) and C18O J=2−1 line emission (bottom) of
the hydrostatic model described in §3.4.2. For both lines the imaged residual
visibilities (∆Iν = data – model) are shown in color (blue is negative and red is
positive). The 3, 6, and 10σ levels are indicated by vertical black lines in the
colorbar.

structure:

−∂ ln ρgas
∂z

=
∂ lnTgas
∂z

+
1

cs2

[
GM∗z

(r2 + z2)3/2

]
, (3.12)

where cs2 = kBTgas/µmh is the sound speed. We normalize the density so that

the total mass of the gas disk is Mgas = 0.09M⊙, and assume γ = 0.8 and

rc = 150AU. As before, we assume that the gas follows circular Keplerian or-

bits and that the self-gravity of the disk is negligible. We now include freezeout

for Tfrz = 19K and photodissociation with σs = 9 × 1020 cm2. For the CO iso-

topes, we assume the relative abundances measured for the ISM by Wilson (1999):
12CO/13CO= 69±6 and 12CO/C18O= 557±30. The disk density and temperature
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Figure 3.9: The integrated line profiles of the four observed CO lines (gray) com-
pared to the model spectrum (black lines; §3.4.2). The spectra were calculated in
10′′ square boxes except for the C18O line, which used a 6′′ square box.

structure are shown in Figure 3.7.

In Figure 3.8 we present channel maps of predicted model 12CO J=3−2 and

C18O J=2−1 emission, with the imaged residuals overlaid in color. This model

successfully reproduces the distinctive spatial morphology of the 12CO J=3−2

line (top panels) while also appearing symmetric in the C18O J=2−1 line (bottom

panels). The majority of the C18O emission is contributed from material much

closer to the midplane than in the case of 12CO. The resulting signature of the

temperature asymmetry is much less pronounced in the isotopologue lines, and is

unresolved by these data. We show a comparison of the integrated line profiles for
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the data and model predictions in Figure 3.9 for the four CO lines of interest.

While this model matches the data fairly well, there are systematic residuals

at large radii near the major axis at projected velocities of ≈ 1 km s−1 where the

model does not produce any significant emission (Iν < 3σ). We cannot account

for this emission by increasing the disk size (rc), since emission at larger radii for

channels at higher velocities as well as at the systemic velocity is overproduced.

One interpretation of these significant residuals is that the gas at large radii is

predicted to be moving too fast and so the emission morphology of the model ap-

pears to “fold” toward the major axis too slowly (when starting at the line center

and looking channel by channel toward the blue or red shifted line wings). We ad-

dress how the model may not accurately describe the true disk velocity field in the

next section.

3.4.3 A Closer Look at the Gas Velocities

Although the models we present in §3.4.2 and §3.4.2 leave non-negligible residuals

compared to the data, they nevertheless serve to illustrate how a disk with a real-

istic vertical temperature structure naturally explains the asymmetric morphology

of the 12CO J=3−2 line. These data are an example of the exquisite sensitivity

that ALMA will routinely achieve for observations of protoplanetary disks. With

this in mind, we now explore how these data are sensitive to the bulk motions of

the gas in the HD 163296 disk, necessitating the use of self-consistent, physically

motivated disk structures in any detailed analysis of its structure or kinematics.

We begin with a broad discussion of the basic expectations for gas velocities

in protoplanetary disks. These disks are usually assumed to be rotating differ-
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entially and in vertical hydrostatic equilibrium, so that there is no bulk vertical

motion of the gas. At any location in the disk, there is an orbital velocity,

v⃗ = v θ̂ (3.13)

where θ̂ = (sin θ,− cos θ, 0), and the gas is assumed to be on circular orbits. The

standard (or tested, e.g. Dutrey et al., 1994) assumption is that v is equivalent to

the Keplerian orbital velocity set by the gravitational potential of the central star,

vK
2

r
=
GM∗
r2

. (3.14)

Equation 3.14 implicitly assumes that the disk is geometrically thin, so that for

a given r the gas at the midplane (z = 0) is moving at the same velocity as the

gas suspended above it. But including the vertical geometry actually decreases the

force from the star as well as the radial projection of that force vector (which sets

the orbital velocity). This effectively reduces v as z increases, and implies that the

disk has differential rotation in both the radial and vertical dimensions,

v2

r
=

r

(r2 + z2)1/2

(
GM∗
r2 + z2

)
. (3.15)

Recasting in terms of the toy model described in §3.4.1, Equation 3.15 reduces

the observed velocity of the CO emitting layer by a factor of (cosψ)3/2 ∼ 0.95–

0.91 for a cone angle, ψ, of 15–20◦. This rough estimate alone suggests caution

when adopting a Keplerian, thin disk velocity field (Equation 3.14) for model-

ing emission from molecules located high above the midplane. In principle, this

assumption can be checked a posteriori for any disk model by calculating ψ (or

equivalently z) of the τ = 1 emitting surface (see §3.5).
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In addition to the gravitational potential of the central star, any radial change

in the gas pressure will provide a force term and alter the gas velocities from the

fiducial Keplerian field, vK . Including the pressure gradient, the force equation

becomes
v2

r
=

GM∗r

(r2 + z2)3/2
+

1

ρgas

∂Pgas

∂r
. (3.16)

As both the gas temperature and density tend to decrease with r, a corresponding

negative pressure gradient causes the gas to slow down and orbit at sub-Keplerian

velocities. This phenomenon is thought to play an important role in the radial

migration and growth of solids in these disks (Weidenschilling, 1977a; Takeuchi

& Lin, 2002; Birnstiel et al., 2010), but is a subtle effect that slows down the gas

from the fiducial Keplerian velocities by a rough factor of (1− c2s/v2K)1/2 ∼ 0.99 for

a temperature of 30 K at r ∼ 500AU in the disk (Armitage, 2009). However, if the

density is falling faster with radius than a power-law, the pressure gradient will be

larger and the gas velocities markedly slower. Therefore, the significance of this

force term depends intimately upon the density and temperature structure. The

popular self-similar solution for Σgas(r) that we have utilized features an exponen-

tial tail that will enhance this effect.

The last force term we consider is the self-gravity of the disk. Unlike the two

previous terms which tended to slow down the gas and produce sub-Keplerian

velocities, the additional mass contributed by the disk should increase v. The com-

posite force equation is then

v2

r
=

GM∗r

(r2 + z2)3/2
+

1

ρgas

∂Pgas

∂r
+
∂ϕgas
∂r

, (3.17)

where ϕgas is the potential due to self-gravity of the disk. The right hand side
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of this equation includes three force terms: Fstellar gravity, Fpressure gradient, and

Fdisk gravity (appearing from left to right in Equation 3.17). To self-consistently

construct a disk structure now requires iteratively solving the equation of hydro-

static equilibrium,

−∂ ln ρgas
∂z

=
∂ lnTgas
∂z

+
1

cs2

[
GM∗z

(r2 + z2)3/2
+
∂ϕgas
∂z

]
, (3.18)

and Poisson equation,

∇2ϕgas = 4πGρgas. (3.19)

For most disk configurations, the Poisson equation must be calculated numerically

which we do using a fixed grid (Swarztrauber & Sweet, 1975) without any itera-

tions with the hydrostatic equilibrium equation (i.e., we do not include self-gravity

when calculating the disk density structure for reasons explained below). As an

illustration, we can roughly estimate the contribution of this correction by consid-

ering a special case with an analytic solution to the Poisson equation: a thin disk

with a surface density profile Σgas = Σ0r0/r and no outer edge has

∂ϕgas
∂r

∣∣∣∣
r=R

= 2πGΣ(R) (3.20)

at the midplane (Mestel, 1963; Lodato, 2007). In that scenario, the gas velocities

are increased by a factor of (1 + 2πGrΣ(r)/v2Kep)
1/2 ∼ 1.005–1.001 for radii ∼ 100–

500AU in the disk. We note that throughout our analysis we have only considered

circular orbits. Including eccentricity in the disk (e.g., Regály et al., 2011) intro-

duces a host of new parameters, asymmetries in the integrated line profile (which

we have not investigated), and is beyond the scope of our analysis.
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Figure 3.10: The velocity difference (in color) between the thin Keplerian disk
(vK2 = GM∗/r) and the four models considered here. The black contours mark
the fractional difference (in %). For reference, the native channel width of the
12CO J=3−2 data is 0.11 km s−1. The molecular layer of the model (§3.4.2) is
indicated by the dashed black border.

We now explore whether these ALMA data can distinguish between models

that include these subtle effects on the gas velocities: (1) the differential rotation

due to the vertical geometry of the disk, (2) the sub-Keplerian velocities of the gas

due to the radial pressure gradient, and (3) the super-Keplerian velocities intro-

duced by self-gravity. In order to disambiguate these three effects, we will consider

separately the three force terms in Equation 3.17 that determine v: Fstellar gravity,

Fpressure gradient, and Fdisk gravity. When modeling the last two disk-specific terms,

we revert to the thin-disk approximation where Fstellar gravity = GM∗/r
2. We use
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the same observing geometry, disk density and temperature structure introduced

in §3.4.2, changing only the gas velocities. As mentioned previously, the self grav-

ity of the disk affects both the velocity and density structures of the disk. Since

both of these structures will impact the observed line emission and we are inter-

ested here in the effect of the former only, we choose to omit the disk potential in

the equation of hydrostatic equilibrium and leave the disk density structure unal-

tered. For completeness, we also calculate the emission from a model whose veloc-

ities are determined by all three terms (Equation 3.17). Due to the more compli-

cated velocity field and the fine spatial sampling of our disk models, we found that

the packaged raytracer in LIME was prohibitively slow. Therefore, for these mod-

els we only used LIME to calculate the non-LTE level populations. To generate

the model images, we utilized the axisymmetry of our disk models to interpolate

onto a fine 2D grid (Fan et al., 2005) and integrated the radiative transfer equa-

tion. None of these four models require any additional parameters.

Figure 3.10 shows the fractional and absolute velocity difference compared

to the fiducial Keplerian velocity field (vK2 = GM∗/r) for each model struc-

ture. As expected, the geometry of the disk height and the disk pressure gradient

slow down the gas high above the midplane and at large disk radii (r ≳ 300AU).

The disk self-gravity speeds up the gas, but has a smaller effect than the first two

terms. Combining all three effects for our fiducial model, the fractional difference

in the gas velocities are on the order of a few percent in the midplane. However,

the absolute velocity difference in the CO emitting region in the outer disk can

be as great as ∼ 0.1 km s−1, the same as the native channel width of the Band 7

observations.

The impact of these changes to the velocity field are significant at the ≳ 3σ
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Figure 3.11: The synthesized channel maps of the models (shown in gray) with
the various velocity structures described in §3.4.3. Overplotted in color are the
fiducial model − model residuals. The fiducial model (§3.4.2) assumes that the
disk is thin (z ≪ H) with Keplerian orbits (v2 = GM∗/r; r =

√
x2 + y2). The

residuals do not indicate the quality of the model as a fit to the data: they show
how the model emission changes when the velocity field is changed.

level across many channels. Figure 3.11 shows the difference between the model

with the standard Keplerian rotation (v2 = GM∗/r; §3.4.2) and the individual

models whose velocity fields are summarized in Figure 3.10. For all of these mod-

els, the central channels were the least affected since the projected velocity (for
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this inclination) is small (vlos ∝ cos θ). The model that accounts for the vertical

geometry of the disk differs most significantly, particularly for the higher velocity

channels (v ≳ 1.4 km s−1). The radial pressure gradient impacts the emission at

large radii, where the surface density profile falls off sharply. By itself, the disk

self gravity has the least significant effect. However, the combined model is clearly

not dominated by any one term, indicating that models for data of this high qual-

ity need to incorporate all of these more physical and self-consistent calculations

for the velocity field. The usual assumptions can, of course, be instead tested a

posteriori as we have done here.

3.5 Discussion

We have conducted an analysis of multiple CO emission lines observed toward the

protoplanetary disk hosted by HD 163296. The exquisite spatial resolution and

sensitivity of these ALMA SV observations, combined with good spectral reso-

lution of the 12CO J =3−2 line, clearly reveals that the spatial morphology of

the emission is asymmetric across the major axis of the disk. We interpret this

asymmetry as a resolved signature of the vertical temperature gradient in the

disk generically predicted by physical/chemical models of disk structures (e.g.,

Pavlyuchenkov et al., 2007; Semenov et al., 2008). We developed a series of phys-

ically self-consistent disk structures, showing that these ALMA data can distin-

guish between models that correct the gas velocities for the vertical thickness of

the disk and the radial pressure gradient of the gas.

We started with a toy model that can conceptually explain the asymmetric

morphology of the 12CO J=3−2 line. An emitting surface described by a rotat-
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ing double cone that makes an angle ψ ∼ 15◦ with the disk midplane naturally

mimicked the observed morphology of this disk. Such a toy model is analogous

to a layered disk structure, where the contribution of the midplane emission is

small due to the cold gas temperatures and depleted abundances produced by the

freezeout of gas phase CO onto grain surfaces. We confirmed the qualitative be-

havior of this toy model by calculating the non-LTE emission from both pedagog-

ical and hydrostatic axisymmetric disk models, concluding with a disk structure

that roughly reproduced the observed morphology of the 12CO J=3−2 emission.

Our analysis also showed that a vertical temperature gradient, which has been

reported in this disk by both Qi et al. (2011) and Akiyama et al. (2011), was con-

sistent with the observed intensities of the J=2−1 emission from 12CO, 13CO, and

C18O, as well as the symmetric morphology of the rarer isotopologue lines.

Spectral line emission, even when it is spatially resolved, cannot easily de-

fine the absolute orientation of the disk: there is a 180◦ ambiguity in the inclina-

tion and position angle. However, the morphological and brightness asymmetry

highlighted here resolves the absolute orientation of the disk. We report values

of the disk inclination and position angle that differ by 180◦ from previous anal-

yses based on less sensitive data (Isella et al., 2007; Hughes et al., 2008; Qi et al.,

2011). For HD 163296, an independent check on the viewing geometry is provided

by its outflow, where Doppler shift measurements of Hα, [S II], O III], [N II] emis-

sion lines and imaging can differentiate between the jet (blue shifted, seen on the

near side of the disk) and counter jet (red shifted, partially hidden behind the

disk). For HD 163296, the blueshifted jet is oriented in the SW direction while the

redshifted counter jet is moving NE (in agreement with the disk wind observed

via 12CO by Klaassen et al., 2013). This is consistent with our reported inclina-
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Figure 3.12: Map renderings of the angle, ψ = tan−1(z/r), that the τ = 1 surface
of the 12CO J=3−2 (top) and 12CO J=2−1 (bottom) model emission makes with
the disk midplane (for the fiducial model described in §3.4.2).

tion axis, which tilts the NE part of the disk toward the observer. Furthermore,

the projecion of the disk rotation axis on the observer sky plane (42◦) is aligned

with the PA of the jet (measured for the counter jet as 42.0 ± 3.5◦; Grady et al.,

2000). The jet inclination (51+11
−9

◦; Wassell et al., 2006; Günther et al., 2013) also

agrees with the disk inclination within the 1σ error bars. We confirm that the jet

appears to be orthogonal to the disk plane, although the large error bars in the jet

inclination leaves open the possibility that the jet is slightly skewed (∆i ≲ 10◦).

A subtle, but important, point is that spatially resolving the asymmetry caused

by the vertical temperature gradient requires that the data has both excellent

spatial and spectral resolution. In Figure 3.12 we show a pixel map of the angle,

ψ = tan−1(z/r), that the τ = 1 surface of our fiducial model (§3.4.2) makes with

the disk midplane for the 12CO J=3−2 and 12CO J=2−1 emission. Both of these
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lines originate at nearly the same height, and both models exhibit an asymmetric

emission morphology at a ∆v = 0.1km s−1 resolution. However, when imaged at

the ALMA SV resolutions, the J=2−1 line appears mostly symmetric – just like

the data (exceptfor the slight rotation at |v| ≈ 1.7 km s−1). Figure 3.13 shows

the accumulated degradation of the spectral resolution for 12CO J=2−1 model

emission. The spectral averaging (middle panel), Hanning smoothing (right panel),

and Fourier sampling (bottom row) all diminish the apparent morphological asym-

metry even though the first two effects are operations along the spectral dimen-

sion. The muted asymmetry of the 12CO J=2−1 emission can be attributed to

the larger beam size and coarser spectral resolution of the Band 6 observations

and not to the disk structure (as is the case for the rarer 13CO and C18O isotopo-

logues). The Band 6 data have been averaged and smoothed in the spectral di-

mension (see §3.4.2), which smooths the correlated emission in the spatial dimen-

sion (Thompson et al., 1986). The consequence of a coarse spectral resolution is

worth emphasizing, since in practice it may significantly degrade the utility of the

excellent spatial resolution of ALMA.

We explored the sensitivity of the Band 7 observations to the gas kinematics

with a series of models where only the bulk velocities were changed. We found

that these data could distinguish between models for which those gas velocity

differences were ≳ 5%, corresponding to classes of models that incorporated the

vertical geometry of the disk as well as the radial pressure gradient in the gas. In-

deed, a few disks have been identified as having sub-Keplerian velocities (Wang

et al., 2012), and we suggest that these phenomena provide an intuitive explana-

tion (although might not be sufficient for such systems). For our fiducial model,

the disk self-gravity did not appear to significantly alter the velocity field, but
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Figure 3.13: This set of panels show the effect that the smoothing and averaging
in the spectral dimension has on the apparent asymmetry of a model. The top
row features the high fidelity 12CO J=2−1 model observed at v = −1.36 km s−1

(left) which is then spectrally averaged over a spectral bin width of ∆v = 0.32 km
s−1 (center), and then Hanning smoothed (right). The bottom row shows the
synthesized image for each model and all panels are shown on the same color scale
with 5σ interval contours marked on the color bar.

may be important when modeling the density structure. Furthermore, the con-

tributions from the gas pressure gradient and self gravity are model dependent,

and so may become even more important for certain systems (e.g., Cesaroni et al.,

2005; Bergin et al., 2013).

There are a few aspects of the disk hosted by HD 163296 that accentuate

the subtle effects we have addressed. First, the disk is both large and relatively

nearby so that the longest baselines in this SV dataset (∼ 400kλ) correspond to
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spatial scales that will only be attained by full ALMA for T Tauri disks in more

distant star-forming clusters. Second, HD 163296 is an A star that can passively

heat its disk out to large radii. And so in addition to having a large radial extent

and thick vertical geometry, the disk is warm and bright for sub-millimeter ob-

servations. Lastly, the intermediate disk inclination helps to evenly project both

the vertical and radial dimension of the disk on the sky plane (Semenov et al.,

2008). The inclination also projects a significant fraction of the intrinsic gas mo-

tions along the line of sight. This reduces the smoothing effect that the spectral

resolution has upon the spatial pattern of the line (see Figure 3.13).

With high-resolution, sensitive instruments such as ALMA and the JVLA,

there is a host of opportunities for studying circumstellar disks and phenomena as-

sociated with planet formation (e.g. Wolf & D’Angelo, 2005; Semenov et al., 2008;

Cossins et al., 2010; Cleeves et al., 2011; Gonzalez et al., 2012; Ruge et al., 2013).

These observations demonstrate the necessity of more sophisticated, physically

self-consistent approaches when analyzing data from this new generation of observ-

ing facilities.

3.6 Summary

We have analyzed sensitive, sub-arcsecond resolution observations of the 12CO

J=3−2, 12CO J=2−1, 13CO J=2−1, and C18O J=2−1 emission lines from the

protoplanetary disk hosted by HD 163296. The key conclusions of our analysis

are:

1. The 12CO J=3−2 spectral line features a clear and systematic morphologi-
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cal and brightness asymmetry across the major axis of the disk. The 12CO

J=2−1 line exhibits similar, but muted, behavior. No asymmetries are ob-

served for the rarer 13CO and C18O isotopologues.

2. The resolved morphological and brightness asymmetries of the 12CO J=3−2

line emission as well as the symmetric emission of the rarer isotopologues

are the signatures of a vertical temperature gradient in the disk. A double

cone structure encapsulates the salient physical features of a disk with a

cold midplane and warm atmosphere and mimics the distinctive emission

morphology by moving the surface that dominates the emission above (and

below) the disk midplane.

3. We presented a series of simple disk structures that demonstrated how the

observed data can be roughly reproduced by a disk with a cold midplane

and warm atmosphere. For our fiducial model, the τ = 1 surface for the
12CO emission was suspended ∼ 15◦ above the midplane, agreeing with our

morphological characterization using the toy double cone structure.

4. The excellent spatial and spectral resolution of the Band 7 observations are

suprisingly sensitive to the bulk velocities of the gas and can distinguish

between models that include the vertical geometry of the disk and radial

pressure gradient (a fractional difference in the bulk gas velocity field of

≳ 5%). The inclusion of self-gravity for our fiducial disk model is a less

important correction, but may become dominant for other disk models.

5. The excellent sensitivity and spatial resolution of these ALMA SV data

require careful processing of models. In particular, coarse spectral resolu-

tion of the data can strongly impact the spatial morphology of the observed
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emission.
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Table 3.1: Emission Line Results

Parameters 12CO(3-2) 12CO(2-1) 13CO(2-1) C18O(2-1)

Channel Widtha [km s−1] 0.11 0.32 0.33 0.33

Beam 0.′′65× 0.′′42 0.′′81× 0.′′66 0.′′87× 0.′′70 0.′′87× 0.′′70

P.A. −87.◦3 75.◦8 76.◦8 76.◦8

RMS [Jy beam−1] 0.022 0.016 0.009 0.008

Integrated intensity [Jy km s−1] 109± 11 46± 5 18± 2 5.8± 0.6

Peak flux [Jy beam−1] 0.86 0.87 0.45 0.23

a The velocity resolution indicated by the channel width is smaller than the true ve-

locity resolution as the data are Hanning smoothed along the spectral dimension

(Lundgren, 2012).
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4
Fast Radial Flows in Transition Disk

Holes

Protoplanetary “transition” disks have large, mass-depleted central cavities, yet

also deliver gas onto their host stars at rates comparable to disks without holes.

The paradox of simultaneous transparency and accretion can be explained if gas

flows inward at much higher radial speeds inside the cavity than outside the cav-

ity, since surface density (and by extension optical depth) varies inversely with

inflow velocity at fixed accretion rate. Radial speeds within the cavity might even
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have to approach free-fall values to explain the huge surface density contrasts in-

ferred for transition disks. We identify observational diagnostics of fast radial in-

flow in channel maps made in optically thick spectral lines. Signatures include

(1) twisted isophotes in maps made at low systemic velocities and (2) rotation of

structures observed between maps made in high-velocity line wings. As a test case,

we apply our new diagnostic tools to archival ALMA data on the transition disk

HD 142527, and uncover evidence for free-fall radial velocities inside its cavity.

Nevertheless the observed kinematics are also consistent with a disk warp; disen-

tangling the two scenarios calls for detecting optically thin line emission to mea-

sure the low surface densities expected to accompany fast inflow. How material in

the disk cavity sheds its angular momentum wholesale to fall freely onto the star

is an unsolved problem; gravitational torques exerted by giant planets or brown

dwarfs are discussed as a candidate mechanism.

4.1 Introduction

A subset of T Tauri and Herbig Ae disks have large, mass-depleted cavities in

their inner regions, inferred from their infrared spectra (e.g., Kim et al., 2013)

or spatially resolved imaging at infrared (e.g., Geers et al., 2007) and mm wave-

lengths (e.g., Brown et al., 2009). The cavities in these “transition” disks have

radii ranging from ∼4 AU (TW Hya; Calvet et al., 2002; Hughes et al., 2007)

to 20 AU (GM Aur; Hughes et al., 2009) to 40–50 AU (LkCa 15; Andrews et al.,

2011a; Isella et al., 2012) to 140 AU (HD 142527; Casassus et al., 2013). The sus-

picion is that dynamical interactions with nascent planetary systems evacuate the

inner disk regions (e.g., Zhu et al., 2011).

94



Surprisingly, despite their optically thin cavities, many transition disks appear

to be accreting gas at fairly normal rates. Stellar accretion rates Ṁ∗ in transition

disks range from ∼10−9M⊙ yr−1 (TW Hya; Muzerolle et al., 2000) to 10−8M⊙ yr−1

(GM Aur; Gullbring et al., 1998; Calvet et al., 2005) to 10−7M⊙ yr−1 (HD 142527;

Garcia Lopez et al., 2006). These rates overlap with those for conventional disks

without cavities, although the median Ṁ∗ for transitional disks may be a factor of

∼10 lower than for conventional disks (Najita et al., 2007; Espaillat et al., 2012;

Kim et al., 2013).

It is sometimes thought that transition disk cavities are created by planets

consuming material from the outer disk and thereby starving the inner disk. This

is unlikely to be correct — or at least it cannot be the whole story — because a

starved inner disk would also starve the host star, contrary to the observed values

of Ṁ∗ cited above. Modeling of disk spectra and images reveals that surface den-

sity contrasts inside and outside cavities can be ≳ 103 (e.g., Calvet et al., 2005).

Planets inside the cavity cannot simultaneously eat ≳ 99.9% of the mass flowing

inward from the outer disk and still leave enough for their host star to accrete at

near-normal rates. If we interpret the factor-of-10 lower Ṁ∗ for transition disks

as arising from planets consuming ∼90% of the accretion flow from the outer disk

and leaving the remaining ∼10% for the central star (e.g., Lubow & D’Angelo,

2006), then the surface density just inside the planet’s orbit would decrease by

only a factor of 10, which is almost certainly too small to render the inner disk

optically thin — all other factors being equal.

In this paper, we describe a way for transition disks to have their cake (pos-

sess optically thin cavities) and eat it too (accrete at normal rates). The dilemma

can be resolved by (somehow) increasing the radial accretion velocity vR inside
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the cavity, thereby concomitantly lowering the surface densities Σ there. For a

given radius R and steady disk accretion rate Ṁ = 2πRΣvR, we have Σ ∝ 1/vR.

Just outside the cavity, Σ is large because accretion in the outer disk is diffusive

(“viscous”) and slow (vR ∼ α(H/R)2vK ≪ vK, where H is the disk vertical

thickness, α ≪ 1 is the Shakura-Sunyaev stress parameter, and vK is the Keple-

rian orbital velocity). Just inside the cavity, the accretion velocity vR is somehow

boosted — vR could, in principle, approach its maximum of ∼vK — so that Σ is

lowered, conceivably by orders of magnitude, while maintaining the same mass

flow rate Ṁ as in the outer disk.

Gravitational (as opposed to magnetic or hydrodynamic) torques are an ob-

vious candidate for catastrophically removing angular momentum from gas inside

the cavity. In galaxies, gravitational torques are exerted by stars that arrange

themselves into non-axisymmetric patterns. A stellar bar (a perturbation with

azimuthal wavenumber m = 2) eviscerates the interior of the ∼3-kpc molecular

ring at the center of our Galaxy (Schwarz, 1981; Binney et al., 1991); an eccentric

stellar disk (m = 1) may be funneling gas onto the star-forming nucleus of M31

(Chang et al., 2007); and a complex nest of m = 1 and m = 2 stellar potentials

force-feeds gas onto quasars (Shlosman et al., 1989; Hopkins & Quataert, 2011).

In these galaxy-scale examples, radial inflow velocities can approach free-fall rates.

The role of stars in galaxies might be played by planets in transition disks.

We like this interpretation, but it is not without difficulty. The cavities are so

large (they are not annular gaps) and so clean that appeals are made to rather ex-

treme parameters. As many as four planets, each weighing up to ∼10 MJup, have

been posited to carve out a given cavity (Zhu et al., 2011; Dodson-Robinson &
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Salyk, 2011).1 At least in the case of the transition disk around LkCa 15, there

might be one (but so far only one) actively accreting super-Jovian planet located

well inside the disk cavity (Kraus & Ireland, 2012). Some assistance in driving

the accretion flow inside the cavity may be obtained from the gravitational po-

tential of the outer disk itself, if that disk is sufficiently clumpy (for examples of

clumpy disks, see IRS 48 or HD 142527; van der Marel et al. 2013 and Casassus

et al. 2013, respectively). Just inside a non-axisymmetric outer disk, gas stream-

lines can cross, shock, and plunge inward (e.g., Paczynski, 1977).

Disk radial velocities driven by embedded massive planets or brown dwarfs

can be healthy fractions of orbital (azimuthal) velocities. We derive a crude esti-

mate2 for vR by equating the one-sided Lindblad torque — the amount of angular

momentum transmitted outward across a planet’s orbit (Goldreich & Tremaine,

1980) — with the angular momentum advected inward by accretion, ṀvKR. This

balance yields

vR ∼
(
Mp

M∗

)2(H
R

)3

vK (4.1)

where we have used the total linear Lindblad torque, integrated over all reso-

nances outside the torque cut-off zone at distances ≳ H away from the planet

(see, e.g., Goodman & Rafikov 2001 or Crida et al. 2006, and references therein).

For a planet mass Mp ∼ 10MJup, a host stellar mass M∗ ∼ 1M⊙, and a typical
1Even multiple super-Jovian planets are reportedly not enough: grain growth and

dust filtration at the cavity rim are invoked in addition to planets to make the cavity
sufficiently transparent (Zhu et al., 2011; Dong et al., 2012).

2Our “zero-dimensional” analysis ignores the fact that actual disk flows around planets
are two-dimensional and dominated by non-axisymmetric streams flowing in and around
planetary Hill spheres. Still, some indirect empirical support for the scalings in equation
(4.1) has been found by Fung et al. (2014).
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disk aspect ratio H/R ∼ 0.1, equation (4.1) evaluates to

vR ∼ 0.1 vK ∼ 0.5

(
30AU

R

)1/2

km s−1. (4.2)

Modern heterodyne receivers on (sub)millimeter wavelength interferometers rou-

tinely observe disks at ∼0.1 km s−1 resolution, and the Atacama Large Millimeter

Array (ALMA) is expected to provide high sensitivity data at finer velocity scales

yet. Evidence for free-fall radial velocities can be found in the HCO+ filament

within the disk cavity around HD 142527. Casassus et al. (2013) discovered this

filament to be oriented nearly radially; in estimating Ṁ for this system, they as-

sumed vR ∼ vK (although the velocities of the HCO+ filament were not actually

quoted in their study).

Regardless of what is actually accelerating the accretion, we ask here whether

we can test observationally the idea that transition disk cavities have fast (nearly

free-fall) radial flows. We present in §4.2 some predicted observational signatures

of radial inflow in spectrally and spatially resolved (sub)millimeter-wavelength

maps of molecular emission lines. A sample case study based on the HD 142527

disk is presented in §4.3. We conclude in §4.4.

4.2 Observational Signature of Radial Inflow

Interferometers observing the (sub)millimeter and radio spectral line transitions

of molecular gas tracers produce a spatially resolved map of the source for each

frequency (velocity) channel. A disk in Keplerian rotation has well-ordered gas

velocities, and so line emission in a particular channel “highlights” disk material
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that is appropriately Doppler shifted (e.g., Omodaka et al., 1992; Beckwith & Sar-

gent, 1993). Adding a fast radial inflow to the normal Keplerian velocity field al-

ters the morphology of channel map emission (cf. Tang et al., 2012). We identify

two related observational signatures of radial inflow in a disk cavity: (1) twisted

isophotes in the channel map corresponding to the systemic velocity (§4.2.1), and

(2) rotation of features seen between maps made in high-velocity wings (§4.2.2).

While distinctive, neither of these features is entirely unique, and must be disen-

tangled from other non-Keplerian effects (§4.2.3).

Our analysis uses two axisymmetric models: a razor-thin disk and a three-

dimensional (3D) disk. The razor-thin model is a pedagogical tool to develop in-

tuition. The 3D model is more realistic and presents a platform to test the razor-

thin model as well as analyze mock data products.

Both models treat the gas velocities within the cavity (R < Rcav) as having

an inward radial component that is some constant fraction χ of the local circular

Keplerian velocity. The velocity field is then

vx =− vK sin θ − χvK cos θ (4.3)

vy =+ vK cos θ − χvK sin θ , (4.4)

both for the razor-thin model and the 3D model. Here θ is the azimuthal angle

in the disk plane, and variations in bulk velocity with height z are ignored (but

see §4.2.3). Outside the cavity, gas is assumed to follow circular Keplerian orbits.

Our assumption that the radial inflow is axisymmetric is probably unrealistic —

certainly so if the inflow is driven by large-scale gravitational torques as we have

described in §4.1. Nevertheless we assume axisymmetry to gain a foothold on the
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Figure 4.1: Left: Regions of a razor-thin disk model (i = 20◦, χ = 0) where the
velocities v′los fall within each labeled spectral channel of width ∆v′los = ± 0.212

km s−1. Right: Simulated 12CO J=3−2 channel maps for a 3D disk with the
same i and χ. Projected major (horizontal) and minor (vertical) axes of the disk
are shown as dashed red lines. The spatial scales of all panels are identical for a
distance of 145 pc. The morphology of line emission in the channel maps (right)
respects the velocity field (left). The synthesized beam for the simulated 3D
model is 0.′′12×0.′′09, with the beam major axis oriented at position angle PA =
−3◦.

problem.

The disk is inclined by a viewing angle i about the x axis, where i = 0◦ cor-

responds to a disk seen face-on. Note that the effects we will discuss are sensi-

tive to the spin orientation of the disk, and so i can range between 0◦ and 180◦

without degeneracy. Inclinations 0◦ < i < 90◦ imply that the line-of-sight com-

ponent of the orbital angular momentum points toward the observer, whereas

90◦ < i < 180◦ implies that the line-of-sight component points away.

100



For the razor-thin model, the projected line-of-sight velocity is3

v′los = −vy sin i = −vK sin i cos θ + χvK sin i sin θ. (4.5)

We utilize primed coordinates to denote values measured by the observer; the spa-

tial coordinates in the sky plane are x′ = x and y′ = y cos i. The azimuth θ mea-

sured in the disk plane is related to the on-sky angle θ′ by tan θ′ = cos i tan θ. The

left panel of Figure 4.1 shows the morphology of line emission for a razor-thin disk

with no inflow.

We compute an analogous 3D disk model that simulates the 12CO J=3−2

line emission from a disk with a total gas mass of 0.01M⊙, a spatially constant

CO:H2 number-abundance fraction of 10−4, and a Gaussian vertical density dis-

tribution (exp(−z2/2H2) with a scale height of H = 0.1R). The surface density

profile is that of a thin, viscously accreting disk (Lynden-Bell & Pringle, 1974):

Σ ∝ R−1 exp(−R/Rs) with scale radius Rs = 50 AU and an outer truncation

radius of 300 AU. Since our focus in this paper is on the velocity field and not on

the density structure, we have not included any reduction of Σ within the cav-

ity. This simplification should not introduce serious error as long as the cavity

region remains optically thick in 12CO emission, as is apparently the case in re-

ality (Bruderer, 2013). The model is vertically isothermal with a power-law ra-

dial temperature profile: T (R) = 25 (R/100AU)−0.5 K. The mass of the cen-

tral star is 1M⊙, the distance to the observer is 145 pc, and the cavity radius

is Rcav = 50AU. The disk inclination i and radial inflow parameter χ are vari-
3We can set v′los equal to either +vy sin i or −vy sin i. The degeneracy arises because

we can choose the disk’s ascending (≡ toward the observer) node on the sky plane to co-
incide with either the x = x′ axis (our convention in this paper) or the −x = −x′ axis.
Another way to say this is that i is degenerate with −i.
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able. We use the modeling capabilities of LIME (Brinch & Hogerheijde, 2010) to

simulate high-resolution channel maps assuming LTE conditions and a turbulent

linewidth of ξ = 0.01 km s−1. We then use CASA to sample and deconvolve the

Hanning-smoothed visibilities with a spectral resolution of 0.212 km s−1 and a spa-

tial resolution of 0.′′1. The right panel of Figure 4.1 shows the channel maps from

a 3D disk model (χ = 0), zoomed into the inner ±0.′′5. Comparing the left and

right panels of Figure 4.1 reveals how the velocity field of the razor-thin model

offers a guide to the morphology of line emission in the channel maps of the 3D

model (see also Beckwith & Sargent, 1993).

4.2.1 Twisted Isophotes at the Systemic Velocity

The gas with no bulk motion relative to the systemic velocity of the disk has

v′los = 0. From equation (4.5), this gas satisfies

0 = −vK sin i cos θsys + χvK sin i sin θsys , (4.6)

which implies that θsys = arctan(χ−1) in the disk plane, and θ′sys = arctan(χ−1 cos i)

on the sky. For χ = 0 (no radial inflow), θ′sys = 90◦: the systemic velocity chan-

nel probes gas that lies along the minor axis of the disk as seen in projection (see

Figure 4.1, central panels). When χ ̸= 0, the isovelocity contours at v′los = 0 will

be rotated by an angle ∆θ′sys = θ′sys − 90◦. This rotation is evident in the top

set of panels in Figure 4.2, which show the line-of-sight velocity fields of a razor-

thin disk for various values of χ inside the disk cavity. The rotation can also be

seen in the isophotes observed at the systemic velocity of the corresponding 3D

model; the bottom panels of Figure 4.2 show that the isophotes in the channel
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Figure 4.2: Twisted isophotes at the systemic velocity. Top: Observed velocity
fields v′los for razor-thin disks with varying degrees of radial inflow. Within the
cavity radius Rcav = 50AU, gas flows axisymmetrically inward with a veloc-
ity χ times the local circular Keplerian velocity. The dotted gray circle traces
the cavity boundary, the solid white bar indicates θ′sys, and the black arc traces
∆θ′sys = θ′sys − 90◦. Dashed lines show the projected major (horizontal) and minor
(vertical) axes. Bottom: Simulated channel maps at the systemic velocity for 3D
disks having the same i and χ as the razor-thin models shown in the top panels.
The isophotes twist at the location of the cavity radius (∼0.′′34 from the map
centers).

maps “twist” at R = Rcav.

The isophote twist in the systemic velocity channel map can be measured

as a function of radius. We perform this measurement by first dividing the 3D
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Figure 4.3: Rotation angles ∆θ′sys (left) and ∆θ′wing (right) for χ = 0 (black), 0.1
(red), and 1 (blue) in 3D disk models with i = 20◦ and Rcav = 50 AU. ∆θ′sys is
measured in the systemic velocity channel (v′los = 0) as a function of radius, and
∆θ′wing is derived against channel velocity. Analytic predictions from razor-thin
disk models are drawn with horizontal dashed lines. The lower abscissa of the
left panel plots projected distance along the disk’s major axis, while the upper
abscissa of the right panel plots the radius for which vK sin i = v′los.

disk model into concentric annuli, and further splitting each annulus into its top

(y′ > 0) and bottom (y′ < 0) halves. For each half-annulus, an intensity-weighted

centroid (i.e., a “center of brightness”) is computed. The rotation angle ∆θ′sys is

then evaluated from the line joining the centroid positions of the top and bottom

halves of a given annulus at radius R. The left panel of Figure 4.3 shows ∆θ′sys(y
′)

for three values of χ. Note how max |∆θ′sys| is accurately predicted by the razor-

thin model, at least for the example inclination angle i = 20◦. In the mock ob-

servations of the 3D model, the transition between ∆θ′sys = 0 and max |∆θ′sys|,

occurring near the cavity radius (Rcav = 50AU), is smeared by the 0.′′1 beam.
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Figure 4.4: Wing rotation. Top: Rotation angles ∆θ′wing (white arcs), overlaid on
velocity fields of razor-thin disk models. Other symbols are the same as in Figure
4.2. Note how ∆θ′wing ̸= ∆θ′sys. Bottom: Simulated channel maps for various line-
of-sight velocities from corresponding 3D disk models. Comparison of χ = 0 with
χ = 1 shows how wing emission brightens and rotates clockwise from the projected
major axis.

4.2.2 Maximum LOS Velocities: Wing Rotation

We now consider gas moving at the highest line-of-sight velocities, responsible for

emission in the spectral line wings. Maximizing equation (4.5) with respect to θ

yields

0 = vK sin i sin θwing + χvK sin i cos θwing , (4.7)

or θwing = arctan(−χ) in the disk plane and θ′wing = arctan(−χ cos i) on the sky.

Radial inflow causes the maximum isovelocity contour to rotate away from the

disk major axis by ∆θ′wing = θ′wing(χ) − θ′wing(χ = 0) = θ′wing(χ). Figure 4.4

shows the velocity fields for three razor-thin disk models, together with simulated
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Figure 4.5: Rotation angles ∆θ′sys (blue) and ∆θ′wing (red) for razor-thin disk mod-
els as a function of the radial inflow parameter χ. Solid and dashed curves are for
disk inclinations i = 20◦ and 60◦, respectively. At fixed χ and i, |∆θ′sys| > |∆θ′wing|.
Measuring ∆θ′sys is easier at low inclinations, while measuring ∆θ′wing is easier at
high inclinations.

channel maps for the corresponding 3D models. Where there is inflow, emission

from the 3D model is systematically rotated away from the disk major axis. For

extreme values of χ ∼ 1, line-of-sight velocities within the cavity are noticeably

greater than for the case with no inflow (see top panels of Figure 4.4). Corre-

spondingly, emission from the line wings is brighter — compare channels of the

same velocity between the χ = 0 and χ = 1 models at fixed i = 20◦ (bottom pan-

els of Figure 4.4) — although it should be remembered that any decrease in the

surface density inside the cavity (not modeled here) may reduce the intensity en-

hancement. The last panel of Figure 4.4 demonstrates that ∆θ′wing ̸= ∆θ′sys. This

difference is further quantified in Figure 4.5, which shows that |∆θ′wing − ∆θ′sys|

increases with increasing i and χ. Note how |∆θ′wing| is reduced for highly inclined

disks, just opposite to the behavior of |∆θ′sys|. Clearly, disk orientation is a consid-

eration when designing observations to detect either rotational signature.

To measure ∆θ′wing for the 3D disk model, we employ a procedure similar to
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the one we devised for ∆θ′sys. For each spectral channel, we measure the position

of the intensity-weighted centroid (fitting two-dimensional Gaussians produces

consistent results). Pairs of these positions are constructed from channels blue-

and red-shifted by the same velocity relative to the systemic channel. For a given

velocity pair, the angle ∆θ′wing is calculated from the line segment joining the two

centroid positions. The second panel in Figure 4.3 shows ∆θ′wing as a function of

channel velocity for a few values of χ. Rotation is evident for all channel velocities

equal to the Kepler velocities of material within the cavity. As was the case for

|∆θ′sys|, the maximum value of |∆θ′wing| measured in the 3D model is accurately

predicted by the razor-thin model.

4.2.3 Disentangling Radial Inflow from Other Non-Keplerian Ef-

fects

The rotational signatures of inflow identified in §4.2.1 and §4.2.2 can be mimicked

to varying degrees by other phenomena. We discuss four possible “contaminants”

and how one might disambiguate between these different scenarios.

Radial outflow

Molecular gas can be entrained in winds flowing up and radially outward from

the disk surface (e.g., Pontoppidan et al., 2011; Bast et al., 2011; Klaassen et al.,

2013). Radial outflow would cause the systemic velocity isophotes and the wing

emission to rotate in the direction opposite to that for radial inflow. Distinguish-

ing inflow from outflow requires that we resolve the spin orientation of the disk;

i.e., we need to decide whether i < 90◦ or i > 90◦. The way to break this degener-
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acy is to use spatially resolved channel maps to decide which limb is approaching

and which limb is receding, and then to combine this information with some asym-

metry along the projected minor axis. The asymmetry could be manifested in the

orientation of a polar jet pointed toward the observer (i.e., whether the jet points

along the positive y > 0 or negative y < 0 minor axis). Alternatively, one could

observe a spectral line (Dutrey et al., 1998; Guilloteau & Dutrey, 1998; Rosenfeld

et al., 2013) or continuum (Augereau et al., 1999; Weinberger et al., 1999; Fuka-

gawa et al., 2006; Thalmann et al., 2010) brightness asymmetry arising from the

disk’s orientation. Of course it is also possible that one molecular line traces an

outflowing disk wind, say because it probes gas at high altitude above the mid-

plane, while another traces radial inflow, closer to the midplane.

Infall from a molecular envelope

Gas from the parent molecular cloud may continue to accrete onto the protoplane-

tary disk at early times (Stahler et al., 1994; Yorke & Bodenheimer, 1999; Brinch

et al., 2007). Differential rotation and accelerating infall will mimic the spatio-

kinematic signatures of inflow (cf. Brinch et al., 2008; Tang et al., 2012). However,

the spatial scale of an infalling envelope should be comparable to or larger than

the disk itself, and should not be confined to a central cavity. Furthermore, for an

isolated source, the duration of infall should be considerably shorter than the life-

time of the disk (e.g., Piétu et al., 2005). Evidence for local cloud material might

be indicated by high extinction values, very red infrared spectral energy distribu-

tions, or contamination (self-absorption and/or emission on much larger angular

scales) in single dish molecular line spectra. Most of the currently known transi-

tion disks do not exhibit any clear evidence for a remnant envelope structure.
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Vertical disk structure

Line emission from optically thick gas typically originates in disk surface layers lo-

cated at large vertical heights above the midplane (e.g., van Zadelhoff et al., 2001;

Dartois et al., 2003; Pavlyuchenkov et al., 2007; Semenov et al., 2008). Therefore,

in channel maps, the blue- and red-shifted emission structures are not generally

collinear with the stellar position; rather, they appear rotated away from the mid-

plane in opposite directions from one another (Rosenfeld et al., 2013; de Gregorio-

Monsalvo et al., 2013). These rotations of the blue- and red-shifted line wings

would effectively cancel out in the procedure we developed in §4.2.2 to measure

∆θ′wing. Moreover, vertical structure does not twist the isophotes at the systemic

velocity (i.e., ∆θ′sys = 0). In sum, vertical structure should pose little danger of

confusion in efforts to characterize radial inflow.

A warp

A warp — introduced, for example, by a perturbing body whose orbit is inclined

to the disk plane (Larwood, 1997; Marzari & Nelson, 2009) — also changes the

morphology of line emission in channel maps. At its most basic, a warp comprises

an inner disk that is misaligned with an outer disk, and is described by three pa-

rameters: the radius Rw where the inner disk transitions to the outer disk, the

inclination iinner of the inner disk relative to the sky plane, and the orientation

of the inner disk, i.e., the longitude Ωinner of ascending (≡ toward the observer)

node, measured in the sky plane and referred to the x = x′ axis (as a reminder,

the outer disk has inclination iouter ≡ i relative to the sky plane and orientation

Ωouter ≡ 0◦). An equivalent description uses the outer disk as the reference plane;
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Figure 4.6: Degeneracy between a warp and radial inflow. The same rotation an-
gles for inflow models as shown in Figure 4.3 are plotted here as open circles, and
overlaid with solid curves generated from model warped disks. Warp parameters
were chosen to reproduce ∆θ′wing for the inflow models; evidently these same warp
models automatically mimic ∆θ′sys as well. For χ = 1, the warp parameters are
Rw = Rcav = 50AU, irel = 14◦, and Ωrel = 250◦. For χ = 0.1, Rw = 50AU,
irel = 2◦, and Ωrel = 267◦.

under this alternate convention, the inner disk inclination relative to the outer

disk is irel, and its longitude of ascending node is Ωrel, measured in the outer disk

plane and referred to the x = x′ axis. The angles in the two reference systems are

related by

irel =arccos (cos i cos iinner + cosΩinner sin i sin iinner) (4.8)

Ωrel =
π

2
+ arctan

(
cos iinner sin i− cos i cosΩinner sin iinner

sin iinner sinΩinner

)
. (4.9)

Figure 4.6 shows ∆θ′sys and ∆θ′wing for two 3D disk models with warps (solid

curves) overlaid on our previous results for disk models with radial inflow (open

circles). The similarity between these rotation angle patterns demonstrates that a

warp with the right parameters (see caption) can masquerade as inflow. Further-

110



more, increasing irel can brighten wing emission in the same way that increasing χ

does (data not shown; see §4.2.2; Rosenfeld et al., 2012).

Distinguishing inflow from a warp requires additional data and modeling. A

warped disk located in a region that is known to be optically thin at continuum

wavelengths would need to have its opacity be reduced by large factors by, e.g.,

grain growth or dust filtration at the cavity rim. By contrast, in the fast inflow

model, the opacity need not change much, if at all, since the surface density reduc-

tion that accompanies fast inflow would account for most if not all of the cavity’s

transparency. Spatially resolved, multi-wavelength imaging of the disk cavity can

serve to constrain changes in the dust size distribution. And one can utilize emis-

sion lines from rarer, optically thin gas species (e.g., Bruderer 2013) to measure

total gas surface densities. In §4.3 we wrestle again with the warp/inflow degener-

acy using real observations.4

4.3 A Case Study: HD 142527

We consider the remarkable transition disk hosted by the young F star HD 142527.

At a distance of d = 145 ± 15 pc (Verhoeff et al., 2011), the disk has a large dust-

depleted cavity of radius Rcav ∼ 130 AU that has been imaged in near-infrared

scattered light (Fukagawa et al., 2006; Casassus et al., 2012; Rameau et al., 2012;

Canovas et al., 2013) and mid-infrared thermal emission (Fujiwara et al., 2006;

Verhoeff et al., 2011). The cavity is not completely devoid of dust; Verhoeff et al.

(2011) required an optically thick disk (and even an optically thin halo) interior to

∼30 AU to explain the observed near-infrared and mid-infrared emission. ALMA
4A warp and inflow are not mutually exclusive possibilities — the two phenomena

might be driven simultaneously by companions inside the disk cavity.
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Figure 4.7: Evidence for fast radial inflow in the HD 142527 disk. Left: First
moment or intensity-weighted velocity map of the 12CO J=3−2 emission line
constructed from archival ALMA data. Center: First moment map of the HCO+

J=4−3 emission line. The HCO+ data has lower signal-to-noise than the CO
data. Right: Velocity field for a razor-thin disk with the inflow parameter χ in-
creasing with decreasing R and peaking at unity (see text for details). All panels
are colored using the same velocity scale, and the orientation of the outer disk
is indicated by dashed black lines (projected major axis at PA = −20◦). The
counter-clockwise twist, a signature of radial inflow for i > 90◦, is present in all
panels; in the first moment maps, the twist appears on larger scales where the
emission line intensity is strongest.

Band 7 (345 GHz) observations presented by Casassus et al. (2013) resolved the

highly asymmetric dust ring at Rcav that was originally noted by Ohashi (2008).

The ALMA data clearly demonstrate that molecular gas resides inside the cavity,

emitting in the 12CO J=3−2 and HCO+ J=4−3 lines. We have already noted the

nearly free-fall radial velocities implied by the HCO+ filament (§4.1).

We apply the tools developed in §4.2 to the archival ALMA data on CO and

HCO+ line emission. We aim here only for a first look at the kinematics, and

so forego an extensive modeling effort, fixing in advance the disk mass (0.1M⊙),

scale radius (Rs = 50 AU), disk temperature (T = 70(R/50AU)−0.7), and outer
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truncation radius (300 AU). We also adopt literature values for the stellar mass

(M = 2.7M⊙; Casassus et al., 2013) and viewing geometry for the outer disk

(i = 160◦, with the projected major axis oriented at position angle PA = -20◦;5

Fujiwara et al., 2006; Verhoeff et al., 2011). The inclination and PA of the outer

disk are based on CO channel maps together with thermal mid-infrared images

which show that the eastern side of the disk appears brighter than the western

side; on the eastern side we are seeing the portion of the cavity rim located farther

from the observer and directly illuminated by starlight. The line-of-sight velocities

reported below are all relative to systemic; the systemic velocity is +3.64 km s−1

relative to the local standard of rest, as we deduced from visual inspection of the

CO channel maps.

Figure 4.7 shows the first moment maps for the CO and HCO+ emission lines.

The first moment or intensity-weighted line-of-sight velocity appears twisted near

the disk center (R′ ≲ 0.′′5). With respect to the orientation defined by the outer

disk, the twist in the inner disk is counter-clockwise, which given i = 160◦ implies

radial inflow. Furthermore, the twist is of order ∼1 radian in magnitude, which

implies a radial speed comparable to Keplerian (χ ∼ 1). Compare the first mo-

ment maps (left and center panels) with the velocity field of a model razor-thin

disk with a fast inflow (right panel; cf. Figure 4.4), and recognize that the compar-

ison is only meant to be suggestive since the velocity field is not the same as the

intensity-weighted velocity.

Figure 4.8 compares the measured ∆θ′wing(v
′
los) in the CO line with predic-

tions from several models. A constant χ model does not fit the data as well as a
5Alternatively, if our x′-axis points west and our y′-axis points north, then Ωouter =

70◦.
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Figure 4.8: Possible fast inflow in the HD 142527 disk. The measured rotation,
∆θ′wing, in the 12CO J=3−2 line wings can be approximately reproduced by ei-
ther a disk with graded radial inflow (spatially variable χ; red dashed curve), or
a graded warp (spatially variable irel and Ωrel; blue dot-dashed curve). Details
of the models are in the main text. An inflow model having constant χ = 1 for
R < 35 AU (orange) does less well than the graded inflow model. The spin orien-
tation of the HD 142527 disk (i = 160◦) is opposite to those of our example disks
(having i < 90◦) in §4.2, and so ∆θ′wing is positive rather than negative.

variable χ(R < 140AU = [1 + (R/33AU)6]−1 model that introduces the twist in-

crementally. The variable χ model does as well as a warped disk model (cf. §4.2.3)

in which the warp is likewise introduced gradually. To mock up a warp induced

by a planet as described by linear secular theory (e.g., Dawson et al., 2011), we

ramp up the relative inclination linearly from 0 to its final value irel = 15◦, and

ramp down the nodal angle linearly from Ωrel + 90◦ to Ωrel = 69◦, as the disk

radius decreases from 2Rw to Rw = 25 AU.

At the highest velocities/smallest radii probed in Figure 4.8, all our models

systematically underpredict ∆θ′wing. For the inflow model, the fit at small radii

could be improved by having the azimuthal velocity decrease by a few tens of
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percent in tandem with the increase in radial inflow velocity. The large synthe-

sized beam size (0.′′64×0.′′41, PA = 75.5◦) precludes us from constructing a plot of

∆θ′sys(y
′) showing what would presumably be large twists at small radii (cf. Figure

4.3, which was made assuming a beam size of 0.′′1).

At the smallest velocities/largest radii, there appears in Figure 4.8 to be a

constant offset in ∆θ′wing of about 6 degrees. The offset may be due to a system-

atic error in the position angle we assumed for the outer disk. Another source of

error at these low velocities may be in our systemic velocity (see Hughes et al.

2011 for a method to quantify this uncertainty).

To summarize, our first-cut analysis of the Casassus et al. (2013) ALMA ob-

servations of the HD 142527 disk demonstrates that the predicted spatio-kinematic

signatures of fast radial inflow are eminently detectable, and merits a dedicated

pursuit of inflow in a general sample of transition disks. Additional observations

and modeling are posited to distinguish between a fast inflow or warp origin for

the observed kinematics. This particular disk is especially challenging to interpret

because of its complex and non-axisymmetric structures (Fukagawa et al., 2006;

Fujiwara et al., 2006; Verhoeff et al., 2011; Casassus et al., 2012; Honda et al.,

2012; Rameau et al., 2012; Casassus et al., 2013; Canovas et al., 2013). The disk

interior to R ∼ 30 AU that was inferred by Verhoeff et al. (2011) could, in princi-

ple, support a warp. What would help clarify the situation would be observations

of the central cavity in an optically thin line, to confirm the lower gas surface den-

sities that should accompany fast inflow.
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4.4 Conclusions

Radial inflow of gas at velocities approaching free fall can account for both the

depleted densities inside transition disk cavities and the relatively normal stellar

accretion rates they maintain. We have demonstrated that high spatial and spec-

tral resolution observations of molecular emission lines with (sub)millimeter wave-

length interferometers — particularly ALMA — can detect inflow by virtue of its

two key signatures: twisted isophotes at the systemic velocity, and rotated emis-

sion patterns in channel maps made in the line wings. We developed quantitative

diagnostics of channel maps to characterize radial inflow, and discussed various

real-world complications. Of these, the most serious is a warp.

We tested our inflow diagnostics on archival ALMA observations of the HD

142527 transition disk, uncovering a booming signal consistent with free-fall inflow

velocities at distances of ∼25–50 AU from the host star. Nevertheless a warped

disk at these radii can also reproduce the large, order-unity rotations seen in the

CO and HCO+ line wings. Whether the HD 142527 disk cavity contains a fast ra-

dial inflow or a warped disk (or both), the only mechanism on the table now that

can explain either phenomenon involves strong gravitational torques, exerted by

one or more giant planets/brown dwarfs/low-mass stars (as yet undetected; see

Biller et al., 2012; Casassus et al., 2013). Fast flows should also produce strong

shocks in disks. We have not investigated the signatures of such shocks; the ob-

servables depend on details such as the density and the cooling mechanisms of

shocked material. In the central cavity of the circumbinary disk surrounding GG

Tau A, Beck et al. (2012) have detected hot H2 that may trace shocks internal to

the accretion flow.
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5
Resampling phased SWARM for VLBI

To enable VLBI observations with heterogeneous arrays, it is sometimes neces-

sary to pre-process the data before correlating. In this chapter we describe a soft-

ware solution to change the sampling rate of the data taken at the SMA for the

EHT’s March 2015 observing campaign. We focus on the sampling rate conversion

problem and investigate several possible algorithms. The project has applications

for future VLBI observations at the SMA as well as other sites with similar chal-

lenges.
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5.1 Introduction

Very Long Baseline Interferometry (VLBI) uses similar techniques as the con-

nected element arrays such as the SMA and ALMA featured in the previous chap-

ters. By using detectors located thousands of miles away, perhaps on different

continents or even in space, this technique can achieve milliarcsecond resolution

at radio wavelengths. Each station must have its own clock and, after the obser-

vation campaign, the recorded signals is correlated off-site. Examples of VLBI ap-

plications include geodesy, astrometry, and imaging (Felli & Spencer, 1989; Sovers

et al., 1998). Connected elements arrays may also participate in these experiments

as a single, phased array site (Thompson et al., 2001).

Technical developments in the field continue to open new scientific opportu-

nities. One such exciting example is the development of mm and sub-mm wave-

length VLBI by collaborations such as the Event Horizon Telescope (EHT). The

EHT observes nearby super massive black holes on scales of their Schwarzschild

radii and their observations provide a unique lab to study general relativity and

accretion physics. One of the challenges that this experiment faces is the inhomo-

geneity of its array which is composed of many independently operated observato-

ries. While some of these telescopes use the same back-end hardware such as the

state-of-the-art ROACH2 VLBI Digital Back-end (R2DBE; Vertatschitsch et al.,

2016), a few sites cannot use these systems and produce very different data prod-

ucts. In particular, the sampling rate of the phased ALMA, SMA, and CARMA

arrays are incompatible with the standard VLBI rate. Before the EHT’s software

correlator (DIFX; Deller et al., 2007) can find fringes using these data, they must

be resampled to the R2DBE rate of 4096 MHz.
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This chapter summarizes the Adaptive Phased-array and Heterogeneous In-

terpolator, and Downsampler for SWARM (APHIDS), a resampling software de-

signed for phased SMA data products. We concentrate our discussion to early

development and design in the project with a particular emphasis on the resam-

pling problem. APHIDS also has very general applications for post-processing of

VLBI data since it features fast I/O, a modular threaded pipeline and Graphics

Processor Unit (GPU) accelerated data processing. The code base is open-source

and available online at https://github.com/sma-wideband/sdbe.

The purpose of APHIDS is to take data recorded at the SMA and process it

for correlation using DIFX. The SMA is a key site for the EHT that provides im-

portant East-West baselines and a near zero baseline with its neighbor the JCMT

(see Figure 1.3). The phased sum is calculated by the SMA correlator, the SMA

Wideband Astronomical ROACH2 Machine (SWARM1), which is currently be-

ing deployed in stages as the array’s bandwidth capabilities are upgraded. For

EHT observations taken in March 2015, SWARM recorded at a sampling rate of

2496 MHz in two separate phased sums.

In §5.2 we discuss the sampling rate conversion problem and several common

solutions. The current APHIDS resampling algorithm is described in §5.3 along

with several important design considerations. We include measurements of perfor-

mance as well as a successful demonstration of the software’s operation. We end

by summarizing the goals for near and long-term project development.
1https://www.cfa.harvard.edu/twiki5/view/SMAwideband
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Figure 5.1: A sketch of upsampling when L = 3. The left column shows how the
spectrum changes with each operation and the right column mirrors the effect in
the time domain.

5.2 Sample Rate Conversion

Sample rate conversion, or resampling, is the process of taking a digital signal

(x[i]) sampled at some rate (f0) and calculating new samples (y[i]) at a differ-

ent rate (f1). To analyze this problem we use the ratio between the two rates:

f1/f0 = L/M , where L and M are relatively prime integers. A sample rate con-

version can be helpfully thought of as the combination of upsampling and down-

sampling (Oppenheim, 2010; Lyons, 2011). Upsampling, (also commonly called

interpolation or expansion), increases the sampling rate by a factor of L with the

insertion of L − 1 zeroes between the original x[i]. A low-pass, anti-imaging filter

smooths the signal and suppresses the high frequency spectral images greater than
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Figure 5.2: A sketch of downsampling when M = 3. The left column shows how
the spectrum changes with each operation and the right column mirrors the effect
in the time domain.

the original f0 that have been introduced by the zero inserts. Figure 5.1 sketches

this process in the time and frequency domain for when L equals 3.

Downsampling, or decimation, by an integer factor of M requires that the

signal be first low-pass filtered to avoid aliasing at frequencies greater than the

desired rate f0/M . Next, the sampling rate is reduced to f0/M by selecting every

Mth sample from the filtered signal. Figure 5.2 shows this process in the time and

frequency domain for when M equals 3.

Sample rate conversion by a factor L/M can be conceptualized as a three step

process where the original signal is expanded by L, filtered, and then decimated

by M . As illustrated by Figure 5.3, the serial anti-imaging and anti-aliasing filters

are combined into a single filter with cutoff frequency of 1/max(L,M) × Lf0/2.
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Figure 5.3: Basic multirate resampling signal flow graph.

Under this scheme, interpolation must precede decimation otherwise desired fre-

quency components greater than f0/M cannot be preserved.

Computationally, this basic sample rate conversion scheme is highly ineffi-

cient. The filtering is applied at the highest possible sample rate, Lf0, on a time-

series that is (L − 1)/L zeros by fraction. Furthermore, the decimator discards an

(M − 1)/M fraction of the samples. As a result, this algorithm requires a lot of

memory and spends precious clock time with wasted math. There is a vast litera-

ture of techniques and algorithms that improve performance including multistage

resampling, folded filter structures, and polyphase representations (Oppenheim,

2010; Lyons, 2011; Vaidyanathan, 1993).

There have been recent development of polyphase filter representations for

GPUs (i.e. van der Veldt et al., 2012; Adámek et al., 2014; Kim & Bhattacharyya,

2014b). These filter structures can operate at the low sample rate of f0/M by in-

troducing delays to switch the expander and decimatator (Crochiere & Rabiner,

1981). However, they require some filter design and careful book-keeping or buffer-

ing to keep track of sample indices (Wang et al., 2001). The implementation in

Kim & Bhattacharyya (2014b) assigned each thread to a filter coefficient, par-

allelizing the inner product operation. However, Kim & Bhattacharyya (2014b)

found that their GPU kernel was dominated by the indexing operations. Adámek

et al. (2014) (building on the work by van der Veldt et al. (2012)) presented an

implementation of a polyphase filter bank that could run at data rates in excess

of 6.5 GB/s (their estimate for the single channel output of the SKA’s Low Fre-
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quency Aperture Array).

For testing and development we also considered two elementary options for

the resampling: linear and nearest neighbor interpolation. Linear interpolation is:

y[i] = x[j] + (x[j + 1]− x[j])(if0/f1 − j) (5.1)

where j = floor(if0/f1). This is equivalent to applying a “tent” FIR filter with

2L taps on the upsampled Lf0 time series before decimation (Oppenheim, 2010).

Similarly, a 2L tap box-car filter is equivalent to nearest-neighbor interpolation:

y[i] = x[round(if0/f1)]. (5.2)
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Neither linear or nearest-neighbor interpolation consider the frequency con-

tent of the original signal and, as a result, perform poorly for signals with any

significant power near the Nyquist rate (Fraser, 1989). To further emphasize this

point, Figure 5.4 shows the frequency response for both methods when the resam-

pling factor L/M is 64/39. Note that both methods have large side lobes and so

the resampled signal will introduce a large slope in the passband. However, GPUs

can compute these low-order interpolations directly on the card using texture

memory. Kim & Bhattacharyya (2014a) utilize this feature by using the cuFFT

library to upsample the signal in the Fourier domain by some initial factor, U ,

and then interpolating in texture memory. It would be straight forward to expand

upon the framework introduced by Kim & Bhattacharyya (2014a) to handle cases

where M is greater than L. This scheme should help reduce loss from aliasing, al-

beit at the cost of two FFTs and much larger memory requirements.

5.2.1 Resampling in the Fourier Domain

In contrast to the previous methods, one can also implement a rational L/M sam-

ple rate conversion entirely in the Fourier domain (Gold, 1969). After accumu-

lating kM samples at a clock rate of f0 (where k = 1, 2, 3 . . .), the DFT returns

spectral components spaced at f0/kM . If f1 > f0, the resampled spectrum is

generated by inserting p zeros to match the new f1 while maintaining the correct

frequency components:
f1

kM + p
=

f0
kM

. (5.3)

Solving for p = k(L −M). If f0 < f1, the spectrum is instead trimmed by p sam-

ples. The time series sampled at f1 can then be constructed from the inverse DFT.
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This method is equivalent to sinc interpolation using an ideal low-pass filter and is

a perfect interpolator if the original, continuous signal has a discrete spectral den-

sity distribution that is band-limited below the Nyquist limit. In practice, errors

may be introduced from aliased spectral leakage.

Trimming or padding the spectrum is equivalent to convolving a normalized

sinc function with the original series wrapped periodically. Consequently, errors

will be introduced into the beginning and end of the resampled signal. How far

and significantly this error propagates away from the time series’ edges depends

on the width of the sinc function which is set by the resampling factors L and M :

B sinc(Bt)
F⇐⇒


1 |f | < B/2

0 |f | > B/2

(5.4)

where B = min(f0, L/Mf0). The number of samples for which this makes a

large difference is small and can be roughly treated as less than a 1% effect when

N > 100max(L/M, 1). One option to mitigate this error to stitch together over-

lapping, resampled segments (Bi & Mitra, 2011) which requires more computation

and memory. A second strategy is to multiply the original signal by some tapered

window function (Fraser, 1989).

For post-processing phased SWARM, DFT resampling is a good fit because

one can access large chunks of the time series without accumulators in hardware

and it has well-behaved errors that can be easily modeled. However, the speed of

the FFT depends on the resampling factors (L/M = 32/39 for the March 2015

EHT observations) and zero-padding in the case that the L ≫ M may require

large amounts of memory. In practice, we also found that the memory space of

126



Table 5.1: Correlation coefficient loss from resampling

Method 64/39 32/39 128/125

Nearest-Neighbor 13% 17% 13%

Linear 5% 7% 5%

Hamming window (16L taps) 1% 2% 2%

FFT (N = M) 1% 1% 0.2%

the GPU could be a limiting factor not only on how much data could be simulta-

neously resampled, but also storing FFT plans (which depends on values of L and

M).

5.3 APHIDS

We are developing a software solution to the resampling problem called APHIDS.

This open-source project is written in C/CUDA using the High Availability Shared

Pipeline (HASHPIPE)2. The software is designed to use modularized, lightweight

threads to handle reading data packets from hard drives, resampling on a GPU

cluster, and then writing back to separate disks. These three steps are each loosely

mapped to threads we call the vdif_in_net thread, vdif_inout_gpu_thread, and

vdif_out_net thread. The ultimate goal of is to process data streamed directly

at the telescope. The flowchart in Figure 5.5 shows how data progresses through

the pipeline and this section will describe each block covering the major hardware

components, software design, and data formats. We will conclude with a discus-
2https://github.com/david-macmahon/hashpipe

127

https://github.com/david-macmahon/hashpipe


Mark6
Reader

Reader Resampler
VDIF
packet

& header

Mark6
Writer

BENG @ 2496 GHz
quantized to 2-bits

spectra of
16k complex64

time series
@ 2048 GHz

VDIF @ 4096 GHz
quantized to 2-bits

Figure 5.5: This signal flow chart shows an overview of APHIDS. The red boxes
represent operations on the GPU while blue boxes are for the CPU. Once the
B-engine frames have been unpacked, each of the two phased sum streams are
processed independently and in a serial fashion.

sion of future development and applications of APHIDS.

5.3.1 Hardware and Data description

APHIDS features three main hardware components: an I/O data system, CPU,

and GPU cluster. For I/O, the EHT observations taken by SWARM in March
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2015 have been stored on four disk-packs that each hold eight, 6 TB hard drives

(totaling 192 TB of disk space). The Mark6 VLBI data system has four modules

that can hold one disk-pack and we use two separate Mark6 units to handle the

recording and playback of data. APHIDS itself is run on a separate CPU that

controls the GPU cluster.

The GPU cluster has four GTX 980 GPUs, each with 4GB of local memory.

Data from the CPU (or host) is copied over a PCI-E bus into the local GPU (or

device) memory. Once the data is transferred, the host directs the device to per-

form functions (or kernels) on the data which must be again moved from the local

device memory onto on-chip memory for the individual streaming multiprocessors

that make up the GPU. After computation is done, the host transfers the data off

of the device memory.

The observations were recorded using a scatter/gather file system which dis-

perses the individual scan data over the four modules in a Mark6. APHIDS uses

fast, general purpose software called sgcomm (Scatter/Gather Communication)

to read in the scattered data into CPU shared memory over a 10 Gigabit Ether-

net. Data from phased SWARM was streamed through a specialized version of

the R2DBE called the SDBE (Swarm Digital Back End) and packaged into a cus-

tomized B-engine format. Each B-engine frame is composed of 2048, 1056B VDIF

frames 3 with 128 snapshots of a 16384 sample SWARM spectra. However, the

current SDBE bitcode packs neither the snapshots contiguously in time nor the

spectrum samples contiguously in frequency. Furthermore, each B-frames overlaps

the preceding one in memory. Our resampling algorithm handles 19968 SWARM

samples simultaneously, so in order to reduce the amount of book-keeping the in-
3http://www.vlbi.org/vdif/
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out thread buffers 40 B-engine frames to produce 39 × 128 complete SWARM

snapshots. The inout thread does preliminary checks to ensure that the B-engine

frames are complete before assigning each buffer to a GPU. The data is written as

a time series using following the VDIF specification.

As mentioned previously, the data is split into two phased sums that together

cover the desired 4096 MHz of observing bandwidth. Since DIFX can handle the

chunks independently we do not stitch the spectra together. However, the obser-

vation was designed to include guard bands which must be removed by APHIDS

(see Figure 5.9 and §5.3.2).

5.3.2 Resampling Block

APHIDS resamples the data in the Fourier domain (see §5.2.1). There were sev-

eral contributing factors that led us to make this choice rather than apply filters

in the time domain. First, the GPU cluster can handle relatively large chunks of

data at a time so losses from the DFT are very manageable. Second, regardless

of what resampling algorithm is used the SWARM spectra must be transformed

into the time domain, the guard bands trimmed and the signal modulated. These

operations are done naturally in the Fourier domain. However, the cost of the re-

sampling operation will be largely dominated by these operations. Lastly, we can

utilize the optimized cuFFT library 4 to ensure good performance, reduce develop-

ment time and maintain a manageably sized codebase.

The APHIDS resampling block is composed of three 1-dimensional FFTs (A,

B, and C; see Figure 5.6). Following the cuFFT API reference to improve perfor-
4https://developer.nvidia.com/cuFFT
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(A) batched real IFFT
dimension of 32768

(B) batched real FFT
dimension of 39× 512

Trim band and shift frequency

(C) batched real IFFT
dimension of 32× 512

complex spectra
@ 2496 MHz

time series
@ 2048 MHz

Figure 5.6: The resampling block trims the phased SWARM guard bands and
shifts the passband to DC as part of the resampling operation.

mance, we utilize batched FFTs (launching more than one FFT at a time using

the cuFFT API), out-of-place transforms, and operate on contiguous chunks of

memory. We also use single precision transforms to reduce the memory transfer

bandwidth and ensure that the resampling block can be run on a single device.

The latter point is important since it allows the inout thread to parallelize the

resampling operation across the cluster and provide a roughly x4 speedup.

The first FFT (A) takes the complex valued, 16384 sample SWARM spec-

trum into the time domain, returning 32768 real samples. Since SWARM omits
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Figure 5.7: This figure shows the performance of radix-2, single precision,
batched, complex-to-real, 1D transforms measured on our GPU cluster (solid
lines). The dashed lines show the same measures for non radix-2, candi-
date resampling FFT sizes (NB). The benchmark conventions follow FFTW
(http://www.fftw.org/speed/method.html).

the Nyquist sample which is outside the SWARM guard band cutoff frequency, we

insert a zero as the 16385th sample. Since this transform is radix-2, the perfor-

mance should benefit from the Cooley-Tukey algorithm. However, on our cluster

the cuFFT library exhibits linear improvement in Gflops with transform size up

to N of 16384 (see Figure 5.7). This behavior is consistent with the CUDA 7.0

performance report5 and we find that this transform, just outside of the optimal

regime, operates at 6.7 Gsps.
5http://on-demand.gputechconf.com/gtc/2015/webinar/

gtc-express-cuda7-performance-overview.pdf
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Next, we Fourier transform chunks of NB = 19968 consecutive time series sam-

ples (B). The resulting spectrum has a frequency resolution of 2496MHz/19958 =

125 kHz. The following step is to apply a third complex-to-real transform (C) on

a subset of the spectrum, using only frequencies from 150MHz to 1174MHz. The

final time series has size NC = 2 × (1174 − 150)/0.125 = 16384 per batch el-

ement and our desired sampling rate of 16384 × 0.125MHz= 2048MHz. This

simple operation simultaneously resamples the signal, modulates the signal, and

trims the guard bands. Furthermore, it is easily implemented using cuFFT by us-

ing the same batch size as the second real-to-complex transform, increasing the

input pointer index by 150/0.125 = 1200 (equivalent to masking out the first 1200

channels) and then using a input stride of 9980 for the N = 16384 complex-to-real

transform.

The choice of FFT size was set to maximize performance. In order for the

target sampling rate to be achieved NB must be a multiple of 39. Furthermore,

so that the 150 MHz guard band can be removed, we must ensure that 150 is a

multiple of 2496/NB:

150× 39

2496
=

75

32
=
i

j
, i, j = 1, 2, 3, . . . (5.5)

To ensure this, j should be a multiple of 32 so that

NB = 39j = 1248i, i = 1, 2, 3, . . . (5.6)

Lastly, the size of the C transform is then determined:

NC =
32

39
NB. (5.7)
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The dashed line in Figure 5.7 shows the performance for candidate NBs. Unlike

for the radix-2 cases, the configuration that has the best Gflop performance does

not also provide the best Gsps rate. This is likely because the Gflop calculation is

not an actual flop count, but a scaling from the original Cooley-Tukey algorithm

(Cooley & Tukey, 1965). The Gsps metric is perhaps more useful in this case as

it shows that choices of NB ≤ 19968 will have good performance. However, the

figure also demonstrates that this non radix-2 FFT is about 2× slower than the

radix-2 case.

5.3.3 Timing Performance

In this section we report on timing measurements of the APHIDS resampling ker-

nels. We consider the cost of loading the data onto the device separately and do

not include it in the scores of the individual kernels. Furthermore, we do not in-

clude the cost of building the FFT plan since this operation is done only once. We

have designed the resampling block to operate on a single GPU so there is no time

spent moving data between devices and we can parallelize across each card. The

kernels (except for the depacketer) must be called twice, once on each phased sum.

Our current implementation uses synchronous calls (one kernel function is called

at a time). We tested an asynchronous setup, but saw no speedup. This indicates

that the majority of the GPU resources are being used. Table 5.2 lists the time it

takes for the kernel to be executed a single time and also the speed of the kernel

assuming it is operating on a buffered 0.32 Gb data chunk (see §5.3.2).
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Table 5.2: Timing measurements of APHIDS kernels

Kernel time [ms] rate [Gbps]

Reorder 10.5 31.5

FFT A (N=32768) 25.4 12.9

FFT B (N=19968) 38.0 8.6

FFT C (N=16384) 13.8 23.7

Quantize (2-bit) 12.0 27.3

5.3.4 FFT Accuracy

One concern with using multiple FFTs to change the sampling rate is the error in-

troduced by bit growth. The floating point error grows as O(
√
logN) (Schatzman,

1996) on average for the Cooley-Tukey algorithm, but errors can be exacerbated

by inaccurate twiddle factors or our choice of FFT algorithm (see benchFFT6).

We have computed the accuracy of the cuFFT library using single precision for

radix-2 transforms as well as the Nb = 19968 case in Figure 5.8. These values were

computed using benchFFT and we compare against fftw37 results also computed

on our GPU cluster. For random input, the cuFFT library follows the expected

O(
√
logN) behavior, but with larger scatter and slightly worse performance than

fftw3.

Round off error and bit growth is also a general concern for scientific com-

puting on GPUs. Increasing the precision to double can significantly slow down
6http://www.fftw.org/accuracy/
7http://www.fftw.org/
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Figure 5.8: Accuracy of the FFT algorithm as measured by the L2 error from
benchFFT

performance and then require reoptimization or even the redesign of kernels. Gen-

erally, well implemented FFTs can be very stable options. The results of ours

test suggest that bit growth will not be a large source of loss for the resampling

scheme presented in §5.3.2.

5.3.5 Quantization

Another source of loss and distortion to consider is the requantization back to 2-

bits that is done before writing back to disk on the Mark6 (see Figure 5.5). In

theory, APHIDS could record higher bit data (or even the full 32 bits for floating

point), but this adds complications for correlation in DIFX and would incur costs

for both disk space and output data rate. While the former cost is monetary, the
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latter could be an important limiting factor for real-time operation of APHIDS

at the back end of the SDBE. The signal-to-noise loss expected from 2-bit quan-

tization is a function of the quantization thresholds, but for Gaussian noise and

Nyquist sampling is at best 12% (Cooper, 1970; Thompson et al., 2001).

5.3.6 Inverting the Polyphase Filterbank

Under normal operation, SWARM uses a polyphase filter bank (PFB) to generate

its spectra. The PFB is an efficient method of producing spectra where each chan-

nel has a frequency response much better than the sinc pattern of the DFT. This

is achieved by using a window function and a polyphase filter structure to reduce

the effects of leakage and scalloping (Lyons, 2011). However, for VLBI observa-

tions we must transform the spectrum into the original time series to resample the

data. Inverting the PFB is a non-trivial operation so the operators use a version

of the SWARM bit-code that replaces the PFB with an FFT. However, for the

first two nights of the 2015 EHT campaign this version was not used and so we

must consider this problem.

One option is to simply apply the generic APHIDS pipeline on the PFB spec-

tra which uses an DFT to invert the SWARM spectra into time series. The re-

sulting pseudo time-series is a series of weighted averages of the original time se-

ries. The weights are determined by the window function used in the PFB and

the number of elements in the sum by the number of taps, NT . For example, if

the window function is a box car, then the weights are equal and the correlation
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coefficient for a white noise time stream goes like:

ρ =
1√
NT

. (5.8)

SWARM uses four taps and a Hanning filter. We simulated the resulting correla-

tion loss and saw a 34% loss, exceeding the largest loss we expect in the pipeline

from the 2-bit quantization (12%). Using the PFB inversion technique developed

by Richard Shaw8 we see excellent recovery with a loss of only 0.5% although the

inversion routine takes about 10 times longer than numpy’s iFFT and already

uses the highly optimized LAPACK library. CUDA libraries offer many of the

required functions to implement this solution on the GPU and we have ported

Shaw’s solution to CUDA using a combination of CUBLAS and CUSolver. The

current implementation runs about 5 times slower than an inverse FFT batched

over the same size data chunk.

5.3.7 Current Status and Future Development

APHIDS is still under active development, but rapidly nearing full-scale produc-

tion. Figure 5.9 shows the original SDBE and resampled auto spectra from data

taken in March 2015. Using data resampled by APHIDS, Mike Titus, the corre-

lator engineer at MIT Haystack, has found a cosmic fringe on 3C297 using the

short baseline between the JCMT and the SMA (see Figure 5.10). He reported

an increase in the fringe amplitude over initial tests using linear interpolation.

APHIDS currently runs about 4.5 times slower than real time, sufficient for pro-

cessing the March 2015 EHT campaign data. The resampling block with PFB
8https://github.com/jrs65/pfb-inverse
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Figure 5.9: This figure shows the spectral density of phased SWARM along with
the single reference dish (in purple). The APHIDS output is also plotted (dotted).

inversion should be available shortly.

APHIDS promises to be an important tool for the EHT. It crucially enables

the correlation in DIFX of non-standard sampling rates and also provides a plat-

form for any general pre-processing of VLBI data. It features fast data I/O from

Mark6 recorders and GPU accelerated processing. We have demonstrated the cor-

rectness and speed of this design and its immediate applicability to the 2015 EHT

data. However, there remain a number of challenges for future development of the

software.

For future VLBI campaigns at the SMA, it would be ideal if APHIDS could

run in real-time at the backend of the SDBE. This would reduce the media re-

quirements and also the hassle of post-processing the data off-site. However, the
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performance will need to improve as the SWARM data rates increase and if the

front-end of the pipeline is optimized to reduce the amount of SNR loss from

quantization. Additionally, some analysis on the cooling requirements of the cards

should be conducted to ensure that the GTX980s used in our GPU cluster can

safely run at the altitude of the SMA (4100 meters). Regardless of where it oper-

ates, APHIDS will need maintenance to remain compatible with SWARM as it

and the SDBE are updated. The current git repository and its wiki is a good solu-

tion for keeping track of versioning and performance status.

5.4 The APHIDS Team

Andre Young, Lindy Blackburn, Laura Vertatschitsch, Rurik Primiani, and Kather-

ine Rosenfeld are part of the core APHIDS team located at the Smithsonian As-

trophysical Observatory. Jonathan Weintroub and Sheperd Doeleman were re-

sponsible for project oversight and invaluable support was provided by Mike Titus

and Geoff Crew at MIT Haystack. The EHT is supported by the NSF and the

Gordon and Betty Moore Foundation.
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Figure 5.10: Fourfit plots of a sky fringe found using APHIDS resampled SWARM
data and JCMT.

141



6
Conclusion

We conclude with brief summaries of the preceding chapters along with some dis-

cussion of recent developments in the field.

In Chapter 2 we used the SMA to study the protoplanetary disk around the

close binary V4046 Sgr. This disk featured a narrow ring of large mm-sized grains

along with an extended gas rich disk. Detailed modeling of these features demon-

strated that they were consistent with the viscous spreading of the gas and the

concentration of the dust via pressure drag forces. This disk is one published
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Figure 6.1: This ALMA observation of the HL Tau disk revealed multiple rings
and gaps (Partnership et al., 2015).

example among a few and more similar systems continue to be identified (Isella

et al., 2007; Panic et al., 2009; Andrews et al., 2012; de Gregorio-Monsalvo et al.,

2013; Zhang et al., 2014). A related phenomenon are the severely asymmetric

dust “horse-shoe” disks that have been observed at multiple wavelengths (van der

Marel et al., 2013; Fukagawa et al., 2013; Isella et al., 2013; Casassus et al., 2015;

Marino et al., 2015). Thought to be perhaps generated by gigantic 3D Rossby

wave instabilities (Regály et al., 2012), these are another striking example of the

interplay between the gas and dust in protoplanetary disks. Another particular ex-

citing example is HL Tau where recent observations have revealed narrow gaps in

the dust continuum (see Figure 6.1. This image was obtained using ALMA base-

lines as long as 15 km and possible causes include planet-disk interactions and

condensation fronts (Partnership et al., 2015; Zhang et al., 2015).

In Chapter 3 we explored the vertical structure of a protoplanetary disk using
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observations that exhibited clear signs of the kinetic temperature changing verti-

cally in the disk. The search for azimuthal temperature variations are a natural

extension of this work (Isella et al., 2013) and some evidence has been found (van

der Plas et al., 2014). There is much activity designing observations to probe the

ambient conditions for planet formation beyond temperature from the local ioniza-

tion environment (Cleeves et al., 2014; Teague et al., 2015) to turbulence (Hughes

et al., 2011; Guilloteau et al., 2012; Flock et al., 2015; Simon et al., 2015).

To conclude our work on protoplanetary disks, we discussed in Chapter 4

observational indicators of radial gas flows within the holes of transition disks.

Casassus et al. (2015) have studied the gas kinematics for the curious case of

HD142527 using the CO J = 6-5 line and found that their data is consistent with

accretion reaching close to free-fall velocities. The gas surface density of transition

disks have also been recently studied using observations taking at sub-millimeter

wavelengths (Bruderer et al., 2014; Zhang et al., 2014; Canovas et al., 2015; Perez

et al., 2015; van der Marel et al., 2015) and will help determine how these struc-

tures are formed (Bruderer, 2013). Molecular disk winds, outflows, and binary

systems are all recently observed with interesting gas kinematics (Klaassen et al.,

2013; Dutrey et al., 2014; Williams et al., 2014; Salyk et al., 2014; Czekala et al.,

2015). Looking to the future, well resolved, highly sensitive observations of spec-

tral lines may constrain the strength of MRI-drive turbulence (Simon et al., 2015),

query the active sites of planet formation (Cleeves et al., 2015; Ober et al., 2015),

or reveal circumplanetary disks (Perez et al., 2015).

The ground-breaking Event Horizon Telescope continues to report exciting,

new science with every campaign from the early detections of AGN at mm wave-

lengths (Doeleman et al., 2005) to structures at the event horizon of a supermas-
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sive black hole (Doeleman et al., 2008, 2012). The 2015 campaign represented a

new scale of operations, incorporating more telescopes and fielding new technolo-

gies. In Chapter 5 we reported on the status of the APHIDS software which will

post-process the phased SMA data and make the sampling rate compatible with

the rest of the EHT network. This problem is not limited to the SMA and we

hope that the development done with APHIDS will prove useful for other sites

and VLBI experiments.
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