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Abstract

At an age of 1 million years, massive dust and gas rich circumstellar disks are ubiquitous,

while by 10 million years most disks have become undetectable. I have focused on the

characterization of circumstellar disks in the 5 million year old Upper Scorpius group, a

group of stars that probe the middle of this age range, in order to gain insight to the

speed at which the disk dissipation process occurs and the time available for giant planet

formation. I have carried out the most sensitive survey to-date for millimeter continuum

emission from large dust grains in intermediate aged disks. With a dust mass sensitivity of

4×10−3 MJup and under the assumption of the primordial 100-to-1 gas-to-dust ratio, I have

found that less than 2% of stars in this group could have sufficient mass to continue forming

giant planets. Further work with the Sub-Millimeter Array has allowed me to image the

dust and gas in the most massive of these disks, revealing a 70 AU inner hole containing

sparse dust, a sign-post of the potential presence of giant planets.

With Herschel Science Demonstration Phase observations of four stars at ages from 6

to 12 Myr, I showed the utility of the far-infrared oxygen line in tracing the presence of

gas in disks. I have built on this work by surveying a subset of the Upper Scorpius disks

with the Herschel Space Observatory, combining observations of the [OI] 63 µm line with

ground based observations of millimeter wavelength CO lines to independently assess the

gas content of these disks. Comparison to models of gas-line emission suggest that the

gas-to-dust ratio in the most massive disk in this region is ∼ 20. If this applies to all Upper

Scorpius disks, then only one disk – 0.5% of the population – could potentially form further
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giant planets. In the field, ∼ 20% of stars host giant planets; this suggests that giant planet

formation is complete by the age of Upper Scorpius.
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Chapter 1

Disk-ography

Circumstellar disks of gas and dust, a byproduct of the star formation process, are

the environment in which planets form. The gas and dust content, temperature and

density structure, and disk evolution processes occurring at a given age constrain the planet

formation processes that can occur. Hence, the study of circumstellar disks is essential for

understanding the distribution of planetary properties. Over the past two decades, radial

velocity and transit surveys have identified thousands of candidate planets around other

stars, with several hundred confirmed giant planets around other stars (Johnson 2009;

Batalha et al. 2012). These efforts have led to the finding that as many as 20% of stars

host gas giant planets, and a similar fraction host Earth-size, rocky planets. It appears that

planet formation is a common process around young stars.

The planet formation process can leave its mark on circumstellar disks. The growth

of grains, essential for eventually forming rocky and icy protoplanets, also locks material

away where it can no longer be detected. When protoplanets collide, they will generate the

second generation dust seen in dusty debris disks. Perhaps most dramatically, if a planet

reaches sufficient mass to accrete gas (∼10M⊕), it may carve a gap in the dust and gas

disk. This effect is likely seen in LkCa 15 (Kraus & Ireland 2012), where a giant planet has

been recently imaged within the inner edge of a circumstellar disk with a large gap.

Of course, while these planet formation processes are occurring, the disk is evolving

under other influences, as well. Material accretes from the disk onto the central star, at
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rates of 10−8 M�/ yr or higher in 1 Myr old systems, though often dropping to negligible

levels within a few Myr (e.g. Hartmann et al. 1998). Photoevaporation by X-ray and UV

radiation from the central star can proceed at a similar rate at large disk radii (Gorti &

Hollenbach 2009). Mass can transfer from gas state to solid state through freeze out on

grains, which both facilitate chemical evolution and undergo the growth processes described

above (Visser et al. 2009). Dynamic interactions with a binary companion or giant planet

can cause tidal disruption to a disk. Very close companions, as in CoKu Tau 4 (Ireland

& Kraus 2008), can disrupt the inner disk region while leaving a circumbinary disk, while

companions at separations ∼ 30 AU will disrupt the outer disk region of both stars, leading

to reduced disk lifetimes (Cieza et al. 2009).

Below, I briefly discuss the sample I have selected for my dissertation and outline the

observable signs of the evolution of disk gas and dust, as well as their implications for planet

formation. I also outline sections of this thesis addressing these topics in greater detail. At

the end, I provide further notes regarding the age of my sample, an issue of key importance.

As I have constructed this thesis from 3 published papers and 1 paper in preparation, I

have included them in chronological order, whereas I discuss them thematically in this

introduction.

1.1 Upper Scorpius

At an age of 5 Myr, Upper Scorpius lies intermediate to the age at which massive

circumstellar disks are common (e.g. the 1 Myr regions Taurus and Orion, Andrews

& Williams 2005; Mann & Williams 2010), and the 10 Myr age by which they have

largely dissipated (e.g. Carpenter et al. 2005). My dissertation focuses on Upper Scorpius

members that were known from the Spitzer survey of Carpenter et al. (2006) to have excess

infrared emission at 4.5, 8, and / or 16 µm, indicating the presence of circumstellar disks.

Their sample was drawn from objects that were identified as Upper Scorpius members by

non-disk related factors, and is thus a representative sample of the entire Upper Scorpius

population. Higher mass stars (∼> 1 M�) were identified using parallax and proper motion
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measurements with Hipparcos (de Zeeuw et al. 1999), whereas lower mass stars were

identified as members by optical color-color diagrams and X-ray emission, with verification

of youth by spectroscopic observations for lithium (e.g. Walter et al. 1994; Preibisch &

Zinnecker 1999). My emphasis on disk bearing sources biases my sample against binary

star systems at the peak separation of ∼ 30 AU - at this separation, the main bulk of disk

material is rapidly destroyed, leaving the remaining inner disks to dissipate on very short

timescales (Cieza et al. 2009). It does, however, allow for close binaries, which can have

circumbinary disks (e.g. CoKu Tau/4, Ireland & Kraus 2008), and binaries with larger

separations that can maintain massive circumprimary and/or circumsecondary disks (e.g.

Mann & Williams 2009).

1.2 Dust

Circumstellar dust is heated by light from the central star and thermally emits light

according to its temperature. Dust at the smallest radii in a disk will reach temperatures

as high as ∼1500 K before sublimating, a temperature corresponding to peak emission

near 2 µm. At greater distances from the star and in the midplane of the disk, dust will

have lower temperatures. Dust can reach temperatures of a few tens of K, hence emitting

at long wavelengths (≈1mm). However, the emission and absorption efficiency at any

particular wavelength depends on the size of the dust grain, with this efficiency decreasing

for wavelengths larger than the grain size. This leads to two properties of thermal emission

from dust that are of broad utility in circumstellar disk studies:

1. Very small quantities of warm dust will have strong emission in the near-infrared, with

the strength of the emission tracing the temperature and surface area of the emitting

region, and

2. The luminosity at millimeter wavelengths will vary with the total mass in millimeter

sized grains, as well as their temperature.
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Small dust grains (size ≈ 1 µm) numerically dominate typical dust grain distributions

and effectively absorb and emit short wavelength infrared light. If observing a column

of dust, only the last layer is seen because it effectively absorbs the light from the layers

below. These wavelengths correspond, however, to the peak of emission for warm dust

grains. Small, warm circumstellar dust can a) efficiently emit light at the peak of its

thermal emission, and will b) continue to do so even at very low total masses.

The earliest studies of dust in disks focused on emissions from hot dust at small radii,

detectable in the J, H, K, and L bands (1.2, 1.6, 2.2, and 3.6 µm, respectively) with ground

based telescopes (e.g. Cohen & Kuhi 1979). Early imaging efforts in the near-IR were able

to confirm that dust was distributed in a disk geometry (e.g. Grasdalen et al. 1984). The

Kuiper Airborne Observatory opened access to longer wavelengths, but was too small for

anything more than studies of a few individual objects (e.g Cohen 1983). Much of this

work, however, focused on objects that were identified as disk bearing sources due to strong

Hα emission observed in wide field objective prism surveys (discussed below). The Infrared

Astronomical Satellite (IRAS) provided the first all-sky samples of mid- to far-infrared

observations, allowing for large scale statistical studies of dust content (Strom et al. 1989).

With the continuing development of sensitive infrared arrays, large-area surveys for near-

infrared emission revealed thousands of candidate circumstellar disk systems. The 2MASS

J, H, and K band all-sky survey (Skrutskie et al. 2006) allowed for the discovery of many

circumstellar disks with dust present at the sublimation radius, where the spectral energy

distribution revealed excess emission at 2.2 and, in some cases, 1.6 µm, wavelengths at

which the atmosphere is relatively transparent. The Spitzer Space Telescope made possible

observations at wavelengths from 3.6 to 70 µm (where the atmosphere is opaque, and

corresponding to emission regions around sunlike stars from a fraction of an AU to several

tens of AU). Large surveys (e.g. Cores-to-Disks) found thousands of new young systems

which perhaps lacked the warmest dust, but still showed excesses at longer wavelengths

indicative of cooler dust. The speed of these observations has made the use of infrared excess

emission the dominant technique used to find circumstellar disks. Spitzer observations, in
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particular, resulted in an explosion in the number of known circumstellar disks and a rapid

increase in our understanding of their evolution.

A photometric classification system is used to sort disks into rough evolutionary stages

(Greene et al. 1994). Class II sources show infrared excess emission, but with a generally

falling slope, characteristic of emission from a circumstellar disk, while Class III sources

will have little to no excess. There are also Class I and flat-spectrum sources which show

emission indicating the presence of a more spherical envelope in addition to a disk. At the

youngest ages, most Class I, flat, and II sources, showing the presence of dust close to the

star, also have strong accretion indicators indicating the presence of at least some gas in

the disk, and strong millimeter continuum emission (Kenyon & Hartmann 1995).

Studies of disk bearing stars at different ages indicate that the fraction of stars with

with an infrared excess rapidly declines, from which we infer that small grain inner disk

dust content dissipates with a half life of ∼ 3 Myr (Hillenbrand 2005). There is additional

evidence that dust evolution is faster around more massive stars (e.g. Carpenter et al. 2006).

Several mechanisms have been proposed for the reduction in observable small dust grains,

including dust settling to the disk midplane and subsequent growth to larger sizes, accretion

onto the central star eliminating the dust population, photoevaporation removing small

grains that become entrained in gas, and accretion onto forming planets. For any particular

system, determination of the disk opacity, accretion rate, UV and X-ray environment, and

disk mass are necessary to differentiate among these possibilities. The active dissipation

mechanisms then have implications for the possibility of further planet formation. For

example, a strongly photoevaporating disk is unlikely to survive long enough to form a

Jovian planet if that planet is not already significantly formed.

While infrared surveys have provided a large census of disk bearing systems, and

provided many useful observations for studying disk evolution, they have not directly

provided measurements of the amount of material available for planet formation. For that,

we utilize mm-wavelength photometry.
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The atmosphere becomes transparent again at ∼ 300 µm at dry sites, allowing for the

use of (sub)millimeter astronomy in the study of circumstellar disks. Large dust grains

of ≈ 1mm in size dominate the emission of mm-wavelength light. This light is poorly

absorbed by smaller grains, and such large grains make up a small fraction of the grains

in a typical dust distribution. Hence, mm-photons tend to escape the disk because they

are unlikely to be absorbed, leading to a mm-luminosity proportional to the number of

large grains. In addition, while a warm large dust grain will emit more mm-wavelength

light than will a cool grain, there are many more cool grains thanks to the disk geometry.

However, these large grains tend to dominate the mass distribution. Since mm-wavelength

emissions are dominated by large grains at large distances from the star, measurements can

be converted in a straightforward fashion to an estimate of the dust mass (e.g. Beckwith

et al. 1990). Unfortunately, the confluence of low emitting area (relative to the grain mass)

and the naturally weaker emission due to cooler temperatures leads to mm-emission from

disks being much fainter than infrared.

Fortunately, the last couple of decades have also seen the development of sensitive

millimeter wavelength photometric instruments, such as SCUBA (and now SCUBA2) at

the James Clerk Maxwell Telescope and MAMBO2 at the 30m telescope of the Institut

de Radioastronomie Millimétrique. The large collecting area of these telescopes helps

compensate for the low flux from circumstellar disks, but fluxes are still so low as to preclude

the sort of large surveys carried out in the infrared. Due to the need for long integration

times to reach useful sensitivities, millimeter studies have tended towards focused studies

of one or a few objects to incorporate in large datasets for detailed modeling. Surveys have

tended to focus on carefully selected samples of objects already known to have disks.

Such studies have hinted at a smooth downward trend in outer disk dust mass with age

(Carpenter et al. 2005), but so far, limits have not been as stringent as infrared studies,

nor covered as extensive samples. Recent results suggest most disks follow an evolutionary

sequence wherein outer disk dust mass depletes nearly simultaneously to the depletion of

inner disk dust (e.g. Cieza et al. 2008). This is consistent with a scenario in which accretion
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from the outer disk replenishes the inner disk until the accretion rate drops below the inner

disk photoevaporation rate, leading to inside out photoevaporation of the disk.

In addition, recent years have seen the discovery of rare transitional disks, objects with

large inner disk holes but retaining ample gas and dust (e.g. Hughes et al. 2009; Andrews

et al. 2011). These are most often revealed through a decrement in the near-infrared spectral

energy distribution caused by a lack of small dust grains close the star. Such a lack of

grains could be caused by total removal of dust, or by a mechanism preferentially shifting

the grain size distribution towards larger grain sizes. Accretion and photoevaporation can

lead to the removal of grains small enough to be entrained with gas, and grain growth could

lead to a shift in the grain size distribution. When these disks have large enough mass

that accretion would be expected to dominate photoevaporation and prevent the resulting

inside-out clearing, a third mechanism must be invoked to explain their presence: dynamic

interaction, with a binary companion or one or more giant planets.

In Chapter 3, I present the results of a 1.2 millimeter photometric survey to measure disk

dust masses in the young Upper Scorpius group. This work, conducted using the IRAM 30m

telescope in Spain, was my first foray into conducting and interpreting a large survey, and

it matched the sensitivity of the largest and most sensitive mm-continuum survey (Taurus,

1 Myr old group, Andrews & Williams 2005). I found that only 1 out of 8 B&A stars with

debris disks and 7 out of 20 K&M stars with Class II or transition disks have dust masses of

at least 0.005 MJup. Of these, only four near solar mass stars could potentially have enough

mass (1 MJup, under the assumption of the primordial 100-to-1 gas to dust ratio) to still

form giant planets. These four stars represent only 2% of the Upper Scorpius population,

strongly indicating that giant planet formation is complete by the age of Upper Scorpius.

Furthermore, comparison of the high mass tail of the distribution to other young groups

revealed a factor of 40 drop in the highest disk dust masses from the age of Myr to the

age of Upper Scorpius. Much of the decrease, however, occurs within a few Myr, as shown

by SMA observations of IC 348 members (Lee et al. 2011). This suggests that the rate of

decline in the highest dust masses itself decreases over time.
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The highest mass disk in Upper Scorpius proved to be unusual in another way. The

spectral energy distribution of this object, [PZ99] J160421.7-213028, showed photospheric

emission from the optical to 16 µm, at which point it showed a steeply rising excess.

This is the characteristic SED shape of a transition disk, and the excess began at a long

enough wavelength as to suggest the hole might be resolvable with the Sub-Millimeter Array

interferometer. In Chapter 4, I show the results of sub-millimeter imaging of this disk.

Using the SMA in its longest baseline, highest resolution configuration, I resolved the

inner disk hole, verifying the structure implied by the lack of a near infrared excess. In order

to achieve the best possible resolution in determining the inner radius to 880 µm emission,

I analyzed the data in its raw visibility format, rather than the fourier inversion to an

image (where the image quality is limited by the sparse sampling of the interferometer).

Visibilities reflect the intensity measured at the different spatial frequencies sampled by the

interferometer, i.e. a small, bright object will have strong signal at short and long baselines,

while a large bright object will only be detected on short baselines.

Initial efforts to model this disk as a typical circumstellar disk with a hole removed

completely failed. The rising spectral energy distribution at 16 and 24 µm requires the

presence of dust near 20 AU, while the interferometer data requires an inner disk edge

from 50 to 90 AU. To solve this discrepancy, I treated the disk as having two components

- a primary disk with a large inner hole, and an inner cavity with a reduced dust surface

density. I identified a set of five parameters to characterize the mm-emitting disk: the inner

disk radius, the surface density, a power law index to describe the surface density profile, a

characteristic radius for the surface density profile, and the disk height at the characteristic

radius. I then modeled the sparse inner disk as sharing the same surface density profile,

but with a constant decrement, and extending in to an inner cavity radius. I developed a

software wrapper for the existing MCFOST radiative transfer code (Pinte et al. 2006) to

search for a best fit disk model for this disk. The fitting routine follows the χ2 gradient

to find the best-fit model in a least-squares sense. A key downside to this approach is the

possibility of settling on a local minimum. To avoid this, I conducted the parameter search
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40 times, starting with a different set of parameter values within reasonable ranges. In

general, the searches found similar solutions occupying a small fraction of the search space,

providing some confidence in the solution despite sparse sampling.

This disk has a massive dust component with an inner radius of 70 AU, and a region

with a factor of ∼ 10 lower surface density extending in to 20 AU. There is evidence of

a third dust component to this disk near the sublimation radius. Such a complex dust

configuration can only be formed through dynamic interactions, suggesting that this star

already hosts one or more giant planets.

In Chapter 5, I return to the examination of the dust properties of the entire Upper

Scorpius sample, presenting far-infrared photometry from the Herschel PACS instrument.

Through my membership in the Gas in Protoplanetary Systems Herschel Open Time Key

(GASPS, PI: Dent) project I have carried out a survey for 70, 100, and 160 µm continuum

emission from 44 Upper Scorpius members. These wavelengths provide sensitivity to the

vertical structure of the disks by probing a wide range of dust temperatures. A steeply

rising surface of the dust disk will increase heating.

Using a genetic algorithm (GA), I have generated one-region dust models of the Upper

Scorpius disks, with the particular goal of assessing dust settling and shifts in the inner disk

radius. For each disk, the GA generates a hundred models sampling a wide range of values

for the inner disk radius, surface density profile, scale height, flaring, and dust mass. From

each generation of models, the GA selects the model with the lowest χ2 value and duplicates

its parameters, with modifications (“mutations”), to produce a new generation of models.

When the models of a generation display a wide spread in χ2 values, the mutations increase

in size, and as the range of χ2 values narrow, the mutations become smaller. In this way,

the algorithm both widely samples the parameter space to avoid local χ2 minima and more

densely samples parameter values near the global minimum.

I have also constructed the median SED of Upper Scorpius sources. Comparison of the

best fit disk model to this median SED to the distribution of model parameters for the

observed disks suggests it is reasonable to use the median SED as a proxy for the typical
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K&M star disk. I compare its properties to the similarly constructed median Taurus disk,

and compare their properties to find that the median Upper Scorpius disk is significantly

flatter and more flared than the median Taurus disk. This suggests the action of radius

dependent dust settling. At all radii, the dust in these older disks is more settled, and it is

even more so at small radii. This is not surprising, as dust evolution is expected to proceed

more quickly closer to the star. Also, I find that the typical Upper Scorpius disk inner

radius is near the sublimation radius, even if disk masses are so low as to begin reducing

disk emissions at short wavelengths. In addition, the modeled dust masses confirm the low

dust masses found in my millimeter survey (Chapter 3).

1.3 Gas

Emission associated with accretion has provided a primary tool for finding circumstellar

disks with gas. Accretion can lead to strong emission of the Hα line at 6563 Å. The T-

Tauri class of stars was first identified in Joy (1945), who compiled a large dataset on

photometric and spectroscopic variability. Later objective-prism surveys revealed hundreds

of stars exhibiting strong Hα emission, which was later described as originating from an

accretion shock on the stellar surface and suggesting the presence of a circumstellar reservoir

of gas. Accreting low mass stars are labeled Classical T-Tauri stars (CTTS) and non-

accreting stars are labeled Weak-Line T-Tauri stars. Confirmation that this material was

distributed in a disk geometry awaited the development of millimeter interferometers which

could probe low J transitions of CO (e.g. Sargent & Beckwith 1987).

The primary drivers of the evolution of the gas content of circumstellar disks are

accretion to the central star, photoevaporation by high energy photons from the star, and

to a lesser extent accretion to giant planets and freeze out on grains. Young stars have

accretion rates ∼ 10−8M�/yr (Hartmann et al. 1998), which if maintained at a steady rate

would deplete a 10 MJup disk in 1 Myr. The detection of an accretion indicator does require
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the presence of gas in the inner regions of the disk. However, accretion can halt even while

the disk has significant gas mass.

Photoevaporation is difficult to directly observe, but is expected to play a role in both

removing material from the outer disk and to shape the inner disk. The accretion rate

declines over time and is expected to drop below the rate needed to restore to the inner

disk material which is lost due to photoevaporation (about 10−10 M�/ yr, Alexander &

Armitage 2007) . At this time, photoevaporation may clear the gas disk, as well as entrained

small dust grains, from the inside out. Once the gas has been cleared from a disk, giant

planet formation obviously comes to an end. However, gas can also play a role in reducing

the energy of particle collisions, allowing grains to grow more efficiently.

Due to atmospheric opacity, past observational studies of gas in circumstellar disks

largely excluded wavelengths ∼150 – 400 µm, which probe regions intermediate to those

studied in the optical and near infrared (typically less than 1 AU) and sub-mm (a few 10s

of AU). Far-infrared spectral lines are expected to reveal emission from the disk atmosphere

across a range of radii and extending in to the dust depth. A few dozen disks were

examined for mid-infrared line emission by the ISO satellite (e.g. Creech-Eakman et al.

2002; Lorenzetti et al. 1999), with detections of [OI], [CII], and H2O emission from a few

of the most massive disks. Much of this strong emission was found to originate in shocks

associated with jets from these sources. Relatively quiescent disks were expected to have

weaker emission in these same lines.

The GASPS project has conducted surveys for [OI] and [CII] line emission from a sample

of about 200 disks at ages ranging from 1 to 30 Myr and covering the entire stellar mass

range, to a sensitivity 1000 times greater than previous ISO studies. I have taken the lead

in processing and analyzing the data on one of our intermediate age samples, the 5 Myr old

Upper Scorpius group, as well as helping with observations in other regions. As the third

youngest star forming region among the GASPS targets, this sample is crucial to our goal

of tracing gas and dust evolution in circumstellar disks.
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In Chapter 2, I present the GASPS First Results paper, where I examined PACS

observations of four young stars covering a range of ages and stellar masses. My key

finding from this work was the verification that the [OI] 63 µm line would be the brightest

far-infrared line (indeed, it was the only line detected in this small sample). Even though

the [OI] 145 µm and [CII] 158 µm lines were not detected, the lower limits on the [OI] 63

/ [OI] 145 and [OI] 63 / [CII] 158 line ratios were still useful. I compared these to the

measured line fluxes of jet sources from Liseau et al. (2006) and the the disk models of the

DENT grid (Woitke et al. 2010) to show that our observed objects did not lie on the locus

of jet sources, but instead overlapped the predicted values from disk models. This was an

important validation of the GASPS observing strategy.

In Chapter 5, I discuss my Herschel PACS spectrometer observations for the [OI] 63 µm

line towards 5 B&A star debris disk hosts and 14 K&M star Class II sources. I have also

observed 7 K&M Class II sources with strong infrared excess or mm-continuum emission

for the [CII] 158 µm and [OI] 145 µm lines. None of the debris disks exhibit line emission,

and only two of the K&M stars show emission in the [OI] 63 µm and [CII] 158 µm lines.

These two sources also have two of the most massive dust disks, as determined in my 1.2

mm photometric survey.

Before attempting to use the measured gas line fluxes to estimate disk properties, I

must first ascertain the nature of the emission. One of my GASPS teammates, Christian

Howard, has identified a useful trend among the GASPS Taurus sources. He noted that in

a comparison of [OI] 63 µm line flux to 63 µm continuum, known jet sources lie an order

of magnitude higher than non-jet sources. I use this correlation from C. Howard et al.,

in prep, in Chapter 5 to identify the nature of the line emission. One source, [PBB2002]

J161420.3-190648, lies in the locus of jet sources, while the other, [PZ99] J160421.7-213028,

lies in the regime of disk sources.

However, this correlation is only useful for identifying the nature of the dominant

emission source. A single line flux cannot usefully constrain the disk gas mass, nor can

millimeter photometry (despite the common practice of assuming the primordial gas-to-
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dust ratio of 100 when reporting disk masses estimated from millimeter photometry).

While my survey with the IRAM 30m indicated the disks of Upper Scorpius have low

dust masses, an independent assessment of the gas mass is necessary to constrain the total

disk mass and the amount of material available for giant planet formation. Past modeling

and observations suggested the use of CO as a tool for making order of magnitude estimates

of disk gas mass. I therefore conducted a small survey for CO emission using the JCMT. In

Chapter 5, I combine my observations for CO line emission with the [OI] 63 µm emission

line data to constrain the disk gas mass. Modeling by Kamp et al. (2011) indicates this is a

particularly useful combination, with the optically thin [OI] line probing the disk mass, and

the combination of lines constraining the gas temperature. Most disks have an upper limit

gas mass of 1 MJup, and the one object detected in both [OI] and CO, [PZ99] J160421.7-

213028, has a gas mass of ∼ 2 MJup. Combining this measurement with my previous

determination of this disk’s dust mass, I find it has an intermediate gas-to-dust ratio of

∼ 20.

If this object marks the upper limit to gas-to-dust ratio in Upper Scorpius, as it marks

the upper limit to the dust mass, then these results enhance the results of my millimeter

photometry in Chapter 3:

Under the assumption of a 100-to-1 gas-to-dust ratio, only 2% of Upper Scorpius disks

could still form giant planets. With a lower ratio, only 1 star – 0.5% of the population!

– retains enough material. This is much less than the 20% of field stars that host giant

planets (Borucki et al. 2011). If the stars of Upper Scorpius are to host giant planets at the

same rate as field stars, then they must have already formed.

1.4 Age of Upper Scorpius

Upper Scorpius was selected as the region of study for my thesis because of its intermediate

age (5 Myr, Preibisch & Zinnecker 1999). It provides information on the time evolution of

disks between the youngest groups in the GASPS sample, Taurus (∼ 1 Myr) and Cha II
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(∼ 2.5 Myr), and older groups like TW Hya, η Cha, and β Pic. While core accretion models

do predict rapid gas accretion once a planetary embryo reaches a mass of ∼ 10 M⊕, it may

take several million years for such an embryo to form. Planet formation is therefore a race

against depletion by the other mechanisms described above. If Upper Scorpius has few disks

with sufficient dust and gas mass to form giant planets, then giant planet formation must

be a very rapid process.

Age determinations of Upper Scorpius have been primarily based on comparison of the

HR diagram to isochrones from stellar evolution models. During star formation, the collapse

of the star raises the pressure and maintains or increases the surface temperature (depending

on the stellar mass), slowing the collapse. This process is eventually ended when densities

and temperatures at the core are sufficient to drive fusion at a high enough rate to provide

enough pressure to prevent further collapse, i.e. the star reaches the stellar main sequence.

Higher mass stars will reach the main sequence — and in the case of the highest masses,

depart again — before low mass stars have finished their collapse. The location of members

of a group of associated stars on the HR diagram may then be used to estimate their age

and spread in ages.

However, age estimation from theoretical isochrones faces several challenges. Distance

and extinction uncertainties translate directly into luminosity uncertainties, which are

particularly important for low mass stars that move vertically in the HR diagram as they

approach the main sequence. Uncertainties in the conversion from spectral type to effective

temperature can have a similar effect, particularly for high mass objects which increase in

temperature at a constant luminosity. Unresolved binarity can increase an object’s apparent

luminosity by a factor of up to two, leading to an underestimation of its age.

Theoretical uncertainties present a major challenge, as well. While relative age ordering

is robust, current isochrones may under-estimate the absolute age of low mass stars by 30-

100%, and may over-predict the age of high mass stars by 20-100% (Hillenbrand et al. 2008).

In addition, there is significant variation between isochrones produced by different research

groups. In addition to making age determinations difficult, these factors can easily hide
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the effects of an intrinsic age spread of a few million years in a population of young stars.

With luminosity uncertainties of 0.5 dex (a reasonable estimate for low-mass Upper Scorpius

members, given the size of the association and hence distance uncertainty for objects lacking

parallax measurements), age spreads smaller than 30% cannot be distinguished from a burst

formation with no age spread.

An alternative approach to age determination makes use of kinematic data, such as

that collected on high-mass Upper Scorpius members using Hipparcos. The proper motions

of sources are traced back to the smallest stellar configuration, and an age is derived by

assuming constant motion. An alternative kinematic approach measures a linear expansion

coefficient by comparing proper motion in a particular direction versus the corresponding

coordinate. Kinematic age determinations for Upper Scorpius are dated (de Geus et al.

1989) but also find an age of 5 Myr. However, systematic errors have been identified in

such studies that lead to a convergence to ages of ∼ 4 Myr (Brown et al. 1997).

A recent paper, Pecaut et al. (2012), presents a revised age for Upper Scorpius of 11

Myr. At that age, the low gas and dust detection rates would not be surprising, though

Upper Scorpius would than have an unusually high infrared excess fraction (e.g. Fig. 2,

Wyatt 2008), and the deceleration in the decrease of the highest dust masses I note in Ch.

3 would become even more extreme. The revised age is based on comparison of the higher

mass stars to stellar evolution models, a process that tends to over-estimate ages. Given

this tendency, as well as the 20% disk fraction and the observation that the Upper Scorpius

locus on the HR diagram lies higher than the ∼ 8–10 Myr TWA and β Pic groups, I continue

to adopt the 5 Myr age for Upper Scorpius in this dissertation.

Personally, I hold out hope that this question will be settled soon. High resolution

astrometry from the Gaia space telescope (schedule for launch in 2013), in combination

with high resolution spectroscopy to measure radial velocities, should allow for an accurate

kinematic age determination in Upper Scorpius.
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Chapter 2

Gas in Protoplanetary Systems (GASPS):

First results

Published as Mathews, G.S., Dent, W.R.F., Williams, J.P., et al., 2010, A&A 518, L127

Abstract

Circumstellar disks are ubiquitous around young stars, but rapidly dissipate their gas and

dust on timescales of a few Myr. The Herschel space observatory allows for the study

of the warm disk atmosphere, using far-infrared spectroscopy to measure gas content and

excitation conditions, and far-IR photometry to constrain the dust distribution. We aim

to detect and characterize the gas content of circumstellar disks in four targets as part

of the Herschel science demonstration phase. We carried out sensitive medium resolution

spectroscopy and high sensitivity photometry at λ ∼60–190 µm using the Photodetector

Array Camera and Spectrometer instrument on the Herschel space observatory. We detect

[OI] 63 µm emission from the young stars HD 169142, TW Hydrae, and RECX 15, but not

HD 181327. No other lines, including [CII] 158 and [OI] 145, are significantly detected. All

four stars are detected in photometry at 70 and 160 µm. Extensive models are presented

in associated papers.
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2.1 Introduction

Circumstellar disks of gas and dust are the environments in which planets form; thus,

studies of the evolution of these disks will inform our understanding of the formation of gas

giants. The Herschel space observatory (Pilbratt et al. 2010), with its facilities for sensitive

spectrometry and photometry, allows for significantly deeper searches for circumstellar gas

than were previously possible, providing tighter constraints on the timescale of giant planet

formation and the mechanisms of circumstellar disk evolution.

The Gas in Protoplanetary Systems Herschel open time key project (GASPS, P.I.

W.R.F. Dent, see Dent et al., in prep.) aims to characterize the evolution of gas and

dust in circumstellar disks. Using the Photodetector Array Camera and Spectrometer

(PACS, Poglitsch et al. 2010) integral field unit spectrometer and bolometer array, we are

carrying out a 400 hour survey of 240 young stars for gas line emission and sensitive far-IR

photometry. We focus on three primary emission lines, [OI] 63.184 µm, [OI] 145.525 µm,

and [CII] 157.741 µm, as well as several emission lines of H2O and CO and broadband

photometry at 70 and 160 µm to measure dust emission. Our survey covers young stars at

ages from 1–30 Myr, in the Taurus, Upper Scorpius, η Chamaeleontis, TWA, Beta Pictoris,

and Tucana Horologium associations, as well as HAeBe stars at a variety of ages 0.1– 30

Myr, and with masses ranging from ∼0.5–4 M�. We chose systems known from near-IR

and millimeter photometry and accretion indicators to have disks in a variety of states,

from those still accreting to debris disks, as well as a sample of stars showing no signs of a

disk. We focus on optically-visible stars with low extinction and small envelope masses, i.e.

SED Class II-III.

At a basic level, observations of [CII] and [OI] will provide a determination of the

presence of gas. Comparison to photo-dissociation models (e.g. Kaufman et al. 1999) allows

for the use of [CII] and [OI] emission to place constraints on the density and temperature

structure of circumstellar disks. Such observations will help illuminate disparities between

disk mass estimates based on sub-mm continuum measurements of dust emission and gas
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tracers such as CO. However, atomic C and O have emission lines in the far-IR that are

largely unobservable from the ground. While the Infrared Space Observatory (ISO) allowed

for studies of atomic emission from a few bright sources (e.g Lorenzetti et al. 1999), the

Herschel PACS instrument has 2 orders of magnitude better point-source sensitivity than

the ISO Long Wavelength Spectrograph, opening up the study of circumstellar disk gas to

hundreds more sources.

To aid with the interpretation of our PACS line and continuum data, we have interfaced

tools for calculating dust and line radiative transfer (MCFOST, Pinte et al. 2006) and gas

thermo-chemistry (ProDiMo Woitke et al. 2009). We have used these codes to produce a

grid of 300,000 disk models, the Disc Evolution with Neat Theory (DENT, Woitke et al.

2010).

In this paper, we present the first results of science demonstration phase observations

of a Herbig Ae star (HD 169142), two T-Tauri stars (RECX 15 in η Cha and TW Hya),

and a debris disk system (HD 181327). All have ages in the range 6–12Myr, and bear disks

that have undergone some evolution. Near/mid-IR photometry and mm photometry have

indicated disk clearing or grain growth in the inner disks of HD 169142 and TW Hya (e.g.

Grady et al. 2007; Hughes et al. 2007). Mass accretion rate estimates range from < 7×10−10

for HD169142 (Grady et al. 2007) to 5× 10−10 – 2× 10−9 M�/yr for TW Hya (Muzerolle

et al. 2000; Herczeg et al. 2004); and ∼10−9 M�/yr for RECX 15 (Lawson et al. 2004).

In Sect. 2.2, we describe our observations and data reduction, and present our results.

We present a preliminary discussion of the implications for the states of these disks in Sect.

2.3.

2.2 Observations and results

For our SDP targets, we carried out both spectroscopy and photometry with the PACS

instrument on Herschel. For each target, we carried out a 1669s PacsLineSpec observation,

a 5150s PacsRangeSpec observation, and either a 133s PacsPhoto scan map (RECX 15
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and TW Hya) or 159s PacsPhoto point source observation (HD 169142 and HD 181327).

We carried out an additional 220s scan map observation of RECX 15, to test observation

modes. We carried out the reduction of our observations with the facility reduction tool,

HIPE (Ott 2010), using the scripts disseminated at the Herschel data reduction workshop

in January, 2010 1.

2.2.1 Spectroscopy

Spectroscopic observations with the PACS IFU were carried out in chop-nod mode in order

to remove the telescope emission. The PACS IFU is a 5×5 filled array, with 9.4”×9.4”

spaxels. Observations were carried out such that the central IFU spaxel was centered on

the target in both nods. Our SDP observations were carried out with a 2” dither. Each

PacsLineSpec observation includes simultaneous observations from 62.93–64.43 and 180.76–

190.29 µm. Our PacsRangeSpec observations included, in series, simultaneous observations

from 71.81–73.28 and 143.59–146.53 µm, 78.37–79.76 and 156.70–159.47 µm, and 89.28–

90.48 amd 178.51–180.96 µm. Typical continuum rms for all regions are ∼0.3 Jy, with 1σ

line flux uncertainties of 2–5×10−18 W/m2. Spectral resolution ranges from R∼1100–3400.

Full details of the observations are given in Dent et al. (in prep).

For our point source flux measurements, we extracted the A and B nods for the central

IFU spaxel. For each nod, we then Nyquist binned in wavelength with non-overlapping bins

half the width of the instrumental resolution. The mean of the two nods restores the flux

of the objects. We apply wavelength dependent flux and aperture corrections released by

the PACS development team2, and assume a flux calibration uncertainty of 40%.

To extract line fluxes and measure continuum flux from our reduced, nod-combined, flux

corrected spectra, we carried out an inverse-error weighted fit of a gaussian and first-order

polynomial to the spectra. Using the polynomial fit to each spectral region, we estimated

the continuum emission at the rest wavelength for each line. To estimate the error on the

continuum, we calculated the error of the mean for the residual of the polynomial fit in

1https://nhscsci.ipac.caltech.edu/sc/index.php/Workshops/
2PacsSpectroscopyPerformanceAndCalibration v1 1 0.pdf
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Table 2.1. Stellar properties and observational results

Object SpT Age Distance [OI] 63a)a cont.a,b [OI] 145a conta,cCII] 157a cont.a,d 70 µme 160 µmf

Myr pc 10−18W/m2 Jy 10−18W/m2 Jy 10−18W/m2 Jy Jy Jy

HD 169142 A5(1) 6+6
−3

(2) 145(3) 71.7±3.8 18.89 < 10.4 13.76 < 6.4 14.49 27.35±0.03 17.39±0.05

HD 181327 F5(4) 12+8
−4

(5) 50.6(6) < 9.3 1.75 < 8.0 0.80 < 8.5 0.77 1.90±0.03 0.87±0.03

TW Hya K7e(7) 10+10
−7

(8) 56(9) 36.5±3.6 2.99 < 5.5 7.00 < 6.6 8.79 3.90±0.02 7.38±0.04

RECX 15 M2e(10) 9+2
−2

(11) 97(12) 31.5±3.1 0.14 < 4.6 0.10 < 7.4 <0.09 0.18±0.02g 0.07±0.01g

a) Calibration uncertainty 40%
b) 1σ ∼0.03–0.05 Jy
c) 1σ ∼0.02–0.04 Jy
d) 1σ ∼0.03–0.05 Jy
e) Calibration uncertainty 5%
f) Calibration uncertainty 10%
g) Results from two stacked scan maps.
(1) Dunkin et al. (1997); (2) Grady et al. (2007); (3) van Boekel et al. (2005); (4) Nordström et al.
(2004).; (5) Zuckerman & Song (2004).; (6) Perryman et al. (1997); 7) de la Reza et al. (1989); (8)
Barrado Y Navascués (2006); (9) Wichmann et al. (1998); (10, 11) Lawson et al. (2002); (12) Mamajek
et al. (2000)

a region from 2 to 10 instrumental FWHM from the line rest wavelength. For emission

lines, we report the flux of detected lines as the integrated flux of the gaussian line fit. We

calculate 1σ fluxes as the integral of a gaussian with height equal to the continuum RMS,

and width equal to the instrumental FWHM; we report 3σ upper limits for non-detections.

The [OI] 63 µm emission line is clearly detected towards HD 169142, RECX 15, and TW

Hya from our SDP sample; with FWHM ∼90 km/s, HD 169142 and TW Hya are spectrally

unresolved. The emission from RECX 15, on the other hand, appears much broader, with

a FWHM ∼150 km/s; this is a marginal result and could be due to off-center or low S/N

observations in the two nods (further discussion in Woitke et al., in prep.). We show our

baseline subtracted [OI] 63 µm spectra in Figure 2.1. Examination of spectra from the

off-center data cubes show no indications of extended or field emission. In Table 2.1, we

show the [OI] 63, [OI] 145, and [CII] 157 fluxes and 3σ upper limits, as well as the measured

continuum fluxes and 3σ upper limits. At this stage, no other lines were detected with high

significance.
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Figure 2.1: Baseline subtracted, aperture and flux corrected [OI] 63 µm spectra. Error bars
indicate 1σ statistical errors; gaussian line fits are shown in red.
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2.2.2 Photometry

Simultaneous 70 and 160 µm continuum observations were obtained with the PACS

photometer. The blue camera consists of a 64×32 array of 3.2” pixels, while the red camera

consists of a 32×16 array of 6.4” pixels. Point source mode consists of 50” chod-nod

observations for sky subtraction and a 3 point dither (8.5”) for higher spatial sampling.

Scan maps were carried out with a 20”/s scan rate, with a 10 Hz integration cycle.

All sources appear spatially unresolved, with FWHM ∼5” and 11” at 70 and 160 µm,

respectively. We carried out photometry on images at the instrumental pixel size using a

21” aperture for both blue and red camera observations. The PACS team has reported flux

corrections and aperture corrections3, resulting in a flux calibration uncertainty of 5% in the

blue camera, and 10% in the red camera. All four of our SDP targets are detected in both

bands; we report these continuum measurements without color correction in Table 2.1. None

of the sources show signs of extended emission. Comparison with publicly available IRAS

and Spitzer photometry shows a general agreement within the systematic uncertainties. Our

model fitting efforts of lines and continuum from HD 169142 and TW Hya, using MCFOST

and ProDiMo, are presented in Meeus et al. (2010) and Thi et al. (2010); RECX 15 and HD

181327 are addressed in further detail in Woitke et al. (2011) and Lebreton et al. (2012).

We find one exception to a good agreement between continuum measurements from

spectroscopy and photometry – blue camera observations of HD 169142 show differences

up to 50%. The cause of the difference is currently unknown, and may be due to the

large systematic flux uncertainties. We will revisit this issue with future revisions of the

instrumental calibration and reduction techniques. As the 70 µm flux from the photometric

observation is more consistent with photometry in the literature, we consider it the more

reliable of the two flux values, and note the [OI] line flux for HD 169142 may be higher by

up to 50%.

3PACS ScanMap ReleaseNote 23Feb2010.pdf
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2.3 Discussion

2.3.1 Disks or ouflows?

A primary driver of the GASPS project is to use far-infrared emission lines to characterize

the gas content of circumstellar disks. However, many young star with accreting disks are

also known to drive outflows. Their shocks produce strong line emission in this band (Liseau

et al. 2006). Following Hollenbach (1985), we can bound the mass outflow rate from the [OI]

63 luminosity, Ṁoutflow(M�/yr) ≈ 10−4L[OI]63(L�). As some shock emission may emerge

through other lines, for the observed fluxes, this translates into lower limits of 46, 3.5, and

9.1 × 10−10M�/yr for HD 169142, TW Hya, and RECX 15 respectively. Comparison to

observed accretion rates (Sect. 2.1) rule out an outflow shock origin for the emission from

HD 169142, and requires the outflow rate to be a very high fraction (≥ 0.2) of the accretion

rate for TW Hya and RECX 15. This is much greater than the ratio found in T Tauri stars

by Hartigan et al. (1995).

Further, there is no direct evidence for outflows in these sources. We do not find [OI] in

other IFU spaxels in excess of that expected in the wings of the point-spread function, which

places an upper bound to the extent of the emission to less than 680, 260, and 460 AU for

HD169142, TW Hya, and RECX 15 respectively. With the previously noted exception of

RECX 15, the spectra are not resolved, precluding jets with line-of-sight velocities greater

than ∼45 km/s. As noted in Sect. 2.2.1, the broad profile in RECX 15 is suspected to be

due to instrumental effects. This also agrees with the narrow spectral profiles of OI 6300 Å

and CO rotational lines in HD169142 and TW Hydra (Acke et al. 2005; Raman et al. 2006;

Qi et al. 2004).

While J and C shock models predict [OI]63
[OI]145 and [OI]63

[CII]158 line ratios ≥10 (e.g. Hollenbach

& McKee 1989), the analysis of 500 archival ISO observations by Liseau et al. (2006) showed

typical ratios of ∼1–20 and 0.1–5 for background subtracted sources (locus of detections of

Liseau et al., from their Fig. 2, are shown in Fig. 2.2, along with models from the DENT

grid as discussed below). The high [OI]63
[CII]158 ratios of our targets (≥10 for HD 169142, and
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≥5 for TW Hya and RECX 15) only marginally overlap the outflow locus – less than 10% of

the Liseau et al. sources have line ratios large enough to be consistent with our detections.

We compare our results with a subset of the DENT grid of models, selected to match

the observed range of [OI] 63 fluxes (scaled to 140 pc). This includes all models with [OI]

63 line strengths from (4–90)×10−18 W/m2. We show the locus of these models in Fig. 2.2,

which include models with disk masses ranging from 10−6 to 10−1 M�. Location within

this plot can generally constrain disk gas mass to within an order of magnitude; further

constraints using detected line strengths, stellar properties and data from other sources such

as optical and mm continuum and line measurements, can refine this estimate and allow for

determination of the properties of the originating structure (see Kamp et al. 2010; Woitke

et al. 2010)). Predicted line flux ratios of the best fit models for HD 169142 (Meeus et al.

2010), TW Hya (Thi et al. 2010), and for RECX 15 (Woitke et al. 2011) indicate that

with somewhat longer observations, TW Hya and RECX 15 may be detectable in [CII] 158,

whereas HD 169142 may be detectable in [OI] 145.

Given the lack of high velocity spectral observations, poor overlap with observed line

ratios of jet sources, and consistency of line ratios with disk models, we cautiously interpret

our results in the context of disk emission.

2.3.2 [CII] non-detections

The lack of detections of the [CII] 158 line from any of our SDP targets is surprising. Kamp

et al. (2010) predict [CII] 158 emission of ∼10−17 W/m2 for HAe disks with radii ∼200 AU,

with emission varying with disk surface area. HD 169142 is known from mm imaging to

have a disk of radius >200 AU (Raman et al. 2006). Other factors must be at play, such

as flat disks, lack of UV flux, or shielding by a large amount of small dust grains at large

radii.
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Fig. 2. Line flux ratio diagram comparing models with observations. Dots represent GASPS observations with lines indicating 3σ limits, and
arrows indicating lower limits. Squares show predicted line flux ratios based on the detailed models (HD 169142: Meeus et al., 2010; TW Hya:
Thi et al., 2010; RECX 15: Woitke et al., in prep.). Outflow sources are shown in red (Liseau et al. 2006, lines indicate contour containing 90% of
points, hash indicates 68% of points.). Gray regions indicate 99, 90, and 68% of DENT models with [OI] 63 flux consistent with our observations
(4–90×10−18 W/m2 at 140 pc).

3.2. [CII] non-detections

The lack of detections of the [CII] 158 line from any of our SDP targets is surprising. Kamp et al. (2010) predict [CII] 158 emission
of ∼10−17 W/m2 for HAe discs with radii ∼200 AU, with emission varying with disc surface area. HD 169142 is known from mm
imaging to have a disc of radius >200 AU (Raman et al. 2006). Other factors must be at play, such as flat discs, lack of UV flux, or
shielding by a large amount of small dust grains at large radii.

3.3. A new regime of disc studies

The ratio of [OI] 63 line strength to continuum varies substantially, from 0.3–1 for HD169142 and TWHya to 17 for RECX 15.
Both line and continuum are likely optically thick and the stellar luminosities are very different for the three sources but one possible
explanation for the strikingly high line-to-continuum ratio in RECX 15 is an enhanced gas-to-dust ratio (see Fig. 3 of Pinte et al.,
2010).

Further, whereas HD169142 and TWHya have strong mm continuum fluxes indicating large dust masses, RECX 15 is un-
detected at 850 µm (Phillips, in prep.). This is similar to the 49 Ceti disc which is detected at 1.3mm in CO 2–1 but not in the
continuum (Hughes et al. 2008). These comparisons suggest a high gas-to-dust ratio; however, further modeling is necessary (see
Woitke et al., in prep.). The GASPS survey will reveal how common are discs with gas emission yet lacking detectable dust.

Prior studies of circumstellar disc gas have focused on near-infrared emission lines from the hot inner disc (e.g. Brittain et al.
2007) or mm lines from the cool outer disc (e.g. Dent et al. 2005). Far-infrared line emission from intermediate radii of gas rich discs
has not yet been explored in similar detail. Thanks to Herschel’s unprecedented sensitivity, GASPS will examine the gas content of
circumstellar discs in previously unaccessible regimes.
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Figure 2.2: Line flux ratio diagram comparing models with observations. Dots represent
GASPS observations with lines indicating 3σ limits, and arrows indicating lower limits.
Squares show predicted line flux ratios based on the detailed models (HD 169142: Meeus
et al. 2010; TW Hya: Thi et al. 2010; RECX 15: Woitke et al. 2011). Outflow sources
are shown in red (Liseau et al. 2006, lines indicate contour containing 90% of points, hash
indicates 68% of points.). Gray regions indicate 99, 90, and 68% of DENT models with [OI]
63 flux consistent with our observations (4–90×10−18 W/m2 at 140 pc).
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2.3.3 A new regime of disk studies

The ratio of [OI] 63 line strength to continuum varies substantially, from 0.3–1 for HD 169142

and TW Hya to 17 for RECX 15. Both line and continuum are likely optically thick and

the stellar luminosities are very different for the three sources but one possible explanation

for the strikingly high line-to-continuum ratio in RECX 15 is an enhanced gas-to-dust ratio

(see Fig. 3 of Pinte et al. 2010).

Further, whereas HD 169142 and TW Hya have strong mm continuum fluxes indicating

large dust masses, RECX 15 is undetected at 850µm (Phillips, in prep.). This is similar to

the 49 Ceti disk which is detected at 1.3 mm in CO 2–1 but not in the continuum (Hughes

et al. 2008). These comparisons suggest a high gas-to-dust ratio; however, further modeling

is necessary (see Woitke et al. 2011). The GASPS survey will reveal how common are disks

with gas emission yet lacking detectable dust.

Prior studies of circumstellar disk gas have focused on near-infrared emission lines from

the hot inner disk (e.g. Brittain et al. 2007) or mm lines from the cool outer disk (e.g. Dent

et al. 2005). Far-infrared line emission from intermediate radii of gas rich disks has not yet

been explored in similar detail. Thanks to Herschel’s unprecedented sensitivity, GASPS

will examine the gas content of circumstellar disks in previously unaccessible regimes.
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Chapter 3

The Late Stages of Protoplanetary Disk Evolution:

A Millimeter Survey of Upper Scorpius

Published as Mathews, G.S., Williams, J.P., Ménard, F., et al. 2012, ApJ, 745, 23

Abstract

We present deep 1.2 millimeter photometry of 37 stars in the young (5 Myr) Upper Scorpius

OB association, sensitive to ∼ 4 × 10−3 MJup of cool millimeter dust. Disks around four

low- and solar-mass stars are detected, as well as one debris disk around an intermediate

mass star, with dust masses ranging from 3.6 × 10−3 – 1.0 × 10−1MJup. The source with

the most massive disk exhibits a transition-disk spectral energy distribution. Combining

our results with previous studies, we find the millimeter-detection fraction of Class II

sources has significantly decreased from younger ages, and comparison with near-infrared

and Hα measurements indicates the present disks have undergone significant evolution in

composition or structure at all radii. The disks of Upper Scorpius represent the tail-end of

the depletion of primordial disks; while a few near-solar mass stars may still sustain giant

planet formation, this process has finished around higher mass stars.
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3.1 Introduction

Our understanding of circumstellar disks, the birthplace of planets, has been driven in the

last decade largely by the Spitzer space telescope, which has allowed for the identification

of young stars with warm, optically thick inner dust disks. Spitzer has observed all known

nearby sites of recent star formation (e.g. c2d, FEPS, Gould’s Belt Survey), revealing

hundreds of new disk bearing systems with ages from 1 – 100 Myr. These disks have shown

a remarkable variety of spectral energy distributions (SED), indicating the presence of large-

excess primordial disks, weaker excess “anemic” disks, transition disks showing an emission

gap at short wavelengths, and debris disks showing weak emission characteristic of small

amounts of second generation dust (for an overview, see Williams & Cieza 2011). These

many surveys have revealed a picture of circumstellar disk evolution in which inner disk

dust dissipates on timescales of a few Myr (e.g. Hillenbrand 2006), with inner disks around

higher mass stars evolving more quickly (e.g. Carpenter et al. 2006).

Optical and near-infrared spectroscopic surveys for accretion indicators (e.g. Hα line

equivalent width) have revealed a similar variety in accretion rates among young stars (e.g.

Dahm 2008). The presence of accretion indicates the existence of gas in the inner disk.

On the other hand, probing the outer disk, the main reservoir of dust, requires sensitive

(sub-)millimeter photometry. At these wavelengths, the dust is optically thin, allowing for

the direct measurement of dust mass. Past large mm-surveys in young (<10 Myr) regions

have reached dust mass sensitivities of a few 10−2 MJup for standard assumptions (e.g.

Andrews & Williams 2005; Roccatagliata et al. 2009). In this work, we present results of a

sensitive search for millimeter continuum in a sample of nearby stars in the Upper Scorpius

region which have signs of significant evolution in the inner disk dust and gas.

At a distance of 145 pc (de Zeeuw et al. 1999), Upper Scorpius (Upper Sco) is one

of the closest sites of recent star formation. At an age of 5 Myr (Preibisch & Zinnecker

1999), it has largely exhausted its interstellar gas and dust, reducing contamination from

field emission. Spectroscopic studies indicate that few stars are still accreting (e.g. Walter
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et al. 1994; Dahm & Carpenter 2009); this suggests that most disks have depleted their

inner disk gas content. Spitzer studies using IRAC, IRS, and MIPS (Carpenter et al. 2006,

2009) directly revealed that the disks present in Upper Sco are more evolved than disks in

younger star forming regions. The majority of Upper Sco members (∼80%), at all spectral

types, exhibit no infrared excess. SEDs for the infrared detections in Upper Sco indicate

anemic or transition disks around K and M stars, and debris disks around stars across the

entire sample (B through M spectral types). Similar results have been found in other 5

Myr associations (e.g. λ Ori and NGC 2362, Barrado y Navascués et al. 2007; Dahm &

Hillenbrand 2007).

The variety of disk types around low mass stars in Upper Sco suggest that an age of 5

Myr may be a time at which disk properties rapidly change, providing an ideal laboratory

for examining the evolution of disks. Of all mechanisms affecting disk evolution, perhaps

the one that has stirred the greatest interest in recent years has been the possibility of

disruption by giant planets. Disk mass measurements will provide direct constraints on

the potential for on-going giant planet formation, in turn constraining planet formation

models.

We have carried out the most sensitive survey to date for millimeter emission from 5 Myr

stars, reaching a dust mass sensitivity of ∼4×10−3 MJup. In §3.2, we describe our target

sample and our observations. In §3.3, we discuss the inferred properties of our sources. In

§3.4, we discuss the properties of disks in Upper Sco, and in §3.5, we compare to disks at

younger ages and discuss the implications for planet formation. We summarize our findings

in section 3.6.

3.2 Sample, observations, and values from the literature

We selected our sample from the 218 Upper Sco members observed in the near-infrared

(NIR) continuum survey of Carpenter et al. (2006). They selected survey targets that were

identified as group members on the basis of stellar parameters so as to not bias towards disk
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bearing sources. Moreover, their targets were chosen so as to uniformly sample the stellar

mass range in Upper Sco. We thus believe their sample to be the best representation of

the Upper Sco population. Our sample focused on sources identified by Carpenter et al. as

having a NIR excess at 8 or 16 µm; we observed 8 of the 9 B and A (henceforth BA) excess

sources, 20 out of 24 K and M stars (henceforth KM) with an 8 or 16 µm excess, and 3 BA

and 6 KM stars with no excess.

Our targets were observed for continuum emission at 1.2 mm using the MAMBO2

bolometer array (Kreysa et al. 1998) on the IRAM 30m telescope at Pico Veleta, Spain.

Observations were conducted during the bolometer pools in 2008 (Nov. 13-18, 23) and 2009

(February 24-25, March 8-9, and Nov. 8). Zenith opacity for our observations was typically

∼0.2 – 0.3. Observations were carried out to a target 1σ sensitivity of 1 mJy, typically 20

minutes on source, in an ON-OFF pattern of 1 minute on target followed by 1 minute on

sky, with a throw of 32′′. Observations during November 2009 were limited to 10 minutes on

source, resulting in poorer sensitivity. In addition, deeper observations of objects showing

2σ detections at the target RMS were carried out, resulting in the discovery of millimeter

emission from a pair of sources (HIP 76310, ScoPMS 31) at a higher sensitivity than the

median of the sample. Flux calibration was carried out using Mars, Saturn, or Jupiter

(depending on availability), and local pointing and secondary flux calibration was carried

out using IRAS 16293-2422B. The data were reduced using the facility reduction software,

MOPSIC1.

We list the physical properties of the sources in this study in Table 3.1. We include values

for three objects from other studies: [PBB2002] USco J160823.2-193001 and [PBB2002]

USco J160900.7-190852 (observed at 1.3 mm in Cieza et al. 2008), and [PZ99] J161411.0-

230536 (observed at 1.2 mm in Roccatagliata et al. 2009). These are members of the parent

sample from Carpenter et al. (2006), and would have been observed as part of this work if

photometry did not already exist in the literature.

1http://www.iram.es/IRAMES/mainWiki/CookbookMopsic
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3.2.1 Spectral type and stellar mass

The spectral types of BA stars are from Hernández et al. (2005), and for KM stars we use

spectral types from Preibisch et al. (1998, 2002). For BA stars, we adopt stellar masses

from Hernández et al. (2005), who used the stellar isochrones of Palla & Stahler (2000).

For KM stars, we use masses from Kraus & Hillenbrand (2007), who used the models of

D’Antona & Mazzitelli (1997) and Baraffe et al. (1998) for solar-mass and low mass stars,

respectively. Two stars lack a mass estimate in the literature, [PBB2002] USco J160823.2-

193001 and [PBB2002] USco J160900.0-190836; we assigned these stars masses according to

their spectral type, as in Kraus & Hillenbrand (2007). Comparison of the KM star masses to

other estimates in the literature (e.g. Preibisch & Zinnecker 1999) suggests a typical stellar

mass uncertainty of 10–20%. Both spectral type and estimated stellar mass are listed in

Table 3.1.

3.2.2 Accretion

The Hα equivalent width, Wλ(Hα), was taken from Hernández et al. (2005), Preibisch

et al. (1998, 2002), Dahm & Carpenter (2009), and Riaz et al. (2006). This is then used

to determine the accretion state of the stars. Traditionally, KM stars with Wλ(Hα) of

10Å or greater were considered to be accreting, and referred to as Classical T-Tauri stars

(CTTS). Those with lower or undetected emission were considered to be non-accreting, and

referred to as Weak-line T-Tauri stars (WTTS). Recent work has refined this classification

system (Barrado y Navascués & Mart́ın 2003; White & Basri 2003), identifying spectral type

dependent Wλ(Hα) that unambiguously indicate accretion. Here, we adopt the system of

White & Basri — Wλ(Hα) in emission of 3, 10, 20, and 40Å indicate accretion for K0–K5,

K7–M2.5, M3–M5.5, and M6 and later spectral types, respectively. While there are a few

accreting systems among the KM stars of Upper Sco, none of the BA stars in Upper Sco

show Hα in emission, suggesting that none of these stars still experience accretion.

We note that the use of an accretion indicator to demonstrate the presence of gas in

the disk is subject to two main problems: accretion and photospheric Hα emission can be
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difficult to distinguish at low equivalent widths, and accretion may vary by large amounts

on timescales as short as days (Bouvier et al. 2007; Nguyen et al. 2009). Among the 20 KM

stars in our sample with multiple epochs of Wλ(Hα) measurements, two show values which

would produce different classifications as CTTS or WTTS over a decade timescale. In these

two cases ([PBB2002] J160545.4-202308 and [PBB2002] J160702.1-201938), we classify the

sources as CTTS. We list the Wλ(Hα) and accretion state of our sources in Table 3.1.

Our observations include 8 of the 10 CTTS in the original sample of Carpenter et al.

(2006), and 17 of the 95 WTTS. There are an additional 22 KM stars with no Hα

measurement in the literature, of which we include 1. The millimeter-detected sources

we include from the literature are split between accreting and non-accreting systems; 1 is a

CTTS, and 2 are WTTS.

3.2.3 Infrared disk classification

Table 3.1 also shows the disk classification based on SEDs. SEDs were constructed using

2MASS J, H, and K band photometry (Skrutskie et al. 2006), 4.5, 8.0, and 16 µm

photometry from Carpenter et al. (2006), and 24 and 70 µm photometry from Carpenter

et al. (2009). We used extinction estimates from the literature (Hernández et al. 2005;

Preibisch et al. 1998, 2002) and the R=3.1 reddening law of Fitzpatrick (1999) to deredden

NIR photometry.

For the BA stars in Upper Sco, we use the SED classifications of Carpenter et al. (2009).

Among BA stars, they found only debris disks. Carpenter et al. classified stars in Upper

Sco as hosting debris or primordial disks on the basis of the strength of the NIR excess and

comparison of NIR colors with those of disks in the younger IC348 region.

For KM stars, the classification is based upon the slope of the SED at NIR wavelengths,

as in (Greene et al. 1994). Assuming λFλ ∝ λn, sources exhibiting a near infrared power

law index greater than 0.3 are considered Class I, −0.3 < n < 0.3 are flat-spectrum,

−1.6 < n < −0.3 are Class II, and n < −1.6 are Class III. The classes roughly trace the
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expected evolution of inner disk dust. We use the broadest baseline applicable to our entire

sample, calculating the index from K-band and 24 µm photometry.

We classify the K2 star [PZ99] J160421.7-213028 as hosting a transition disk, based on

its lack of NIR excess at wavelengths less than 16 µm and steeply rising excess at longer

wavelengths (e.g. Cieza et al. 2007).

The Upper Sco sample of Carpenter et al. (2006) contains 19 Class II sources, comprising

15% of the KM stars, and 107 Class III sources. We observed 16 Class II and 9 Class III

sources. The three additional detections included from the literature are Class II sources.

Due to the variety of disk types among KM stars, we summarize their disk classifications

in Table 3.2, where we show the number of each type of object in the parent sample of

Carpenter et al. (2006) (applying our Class II / III and CTTS / WTTS criteria as described

above), the number included in this work, and the number of millimeter detections.

3.3 Results and analysis

We detect 1 out of 11 BA stars, and 4 out of 26 KM stars. Our median 3σ sensitivity is

2.8 mJy. We report observation times, fluxes, and 3σ upper limits in Table 3.3. We also

include fluxes from the literature for [PBB2002] USco J160823.2-193001, [PBB2002] USco

J160900.7-190852, and [PZ99] J161411.0-230536.

Overall, millimeter observations exist for 9 of the 10 CTTS in the original sample, of

which 4 are detected. 18 of the 95 WTTS have been observed for millimeter emission,

with 3 detections, and the single millimeter-observed M star lacking Hα information is not

detected.

Examining disks by NIR classification, 6 Class II sources are detected in millimeter

emission. The additional two millimeter-detections are the debris disk of HIP 76310, and

the transition disk of [PZ99] J160421.7-213028.

We show the SEDs of the 8 millimeter detected Upper Sco sources in Figure 3.1. We

also display the upper quartile, median, and lower quartile SEDs of disk bearing sources
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in the younger Taurus association (Furlan et al. 2006) for comparison. Most sources lie in

the lower quartile of disk emission in Taurus, implying extensive evolution or settling of the

dust. For the object [PBB2002] USco J161420.3-190648, the photospheric model appears

to be a poor fit at short wavelengths. This source is likely being viewed close to edge on.

3.3.1 Mass estimates

Dust masses were estimated from the 1.2 mm flux density assuming the dust to be optically

thin, and are listed in Table 3.3. Under this assumption, the dust mass (Mdust) will be

directly proportional to the flux (Fν), as in Hildebrand (1983):

Mdust =
d2Fν

κνBν(Tc)
(3.1)

Assuming a dust mass opacity (κν) of 10 cm2/g at 1000 GHz and opacity power law index

β=1 (Beckwith et al. 1990), as well as a characteristic dust temperature (Tc) of 20 K (the

median temperature of Taurus disks; Andrews & Williams 2005), we can then estimate dust

masses as Mdust = 1.5×10−3F1.2mm(mJy) MJupat the 145 pc distance of Upper Sco. For the

two objects observed at 1.3 mm, [PBB2002] USco J160823.2-193001 and [PBB2002] USco

J160900.7-190852, we must adopt a different constant: Mdust = 1.9 × 10−3F1.3mm(mJy)

MJup. While there is considerable theoretical uncertainty in these terms, the values are

consistent with previous disk studies. The addition of far-infrared photometry will allow

for detailed modeling of the dust structure of the disk and an improved dust mass estimate

(e.g. Pinte et al. 2006), while multi-line spectroscopy is necessary to constrain the gas mass

(e.g. Kamp et al. 2011). These are the subject of a future paper.

Our median 3σ sensitivity of 2.8 mJy corresponds to an estimated dust mass sensitivity

of 4.2×10−3 MJup. In order to estimate an upper limit to the average dust mass for

non-detected BA and KM stars, we stack our non-detections. If many sources have mm-

emission just below our 3σ limits, then we would expect stacking to result in a measurable

flux. However, this procedure results in a non-detection for both the stacked BA and KM
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observations. The 3σ upper limits of the stacked observations, 0.89 mJy for BA stars, and

0.73 mJy for KM stars, do not differ from what would be expected from the noise in a single

observation of the combined observation times. These upper limits suggest that on average,

BA and KM stars have dust masses less than 1.3×10−3 and 1.1×10−3 MJup, respectively.

3.4 Discussion

3.4.1 Comparison of detected and non-detected sources

The millimeter-detected KM stars exhibit Hα emission similar to the non-detected KM stars.

For each star, we calculate the mean Hα equivalent width from values in the literature, and

show these in comparison to the dust masses in Figure 3.2. We show sources with Hα

in absorption as having an upper limit to emission of 0.1 Å. We calculate the Kendell’s

rank statistic, generalized for a censored data set (Isobe et al. 1986), for the KM stars and

find a Z-value of 0.028, indicating a 98% chance there is no correlation between the Hα

equivalent widths of Upper Sco KM stars and their disk dust masses. Considering just the

mm-detected sources, there is ambiguous evidence for an anti-correlation (Z-value of 1.05,

29% chance of no correlation).

To carry out detailed comparison of the SED shapes, we plot the SED indices from 2.2 to

8 microns and 8 to 24 microns in Fig. 3.3, defining the SED index n1−2 = log(
λ2Fλ2
λ1Fλ1

)/ log(λ2
λ1

)

as in Furlan et al. (2006). The central cluster of points correspond to Class II sources, while

points along the left hand side show no excess at 8 µm, indicative of a void inner region.

However, some of these sources exhibit 24 µm excesses indicative of some amount of cooler

dust which may either represent transition or debris disks. The majority of millimeter-

detected sources in Upper Sco exhibit NIR SEDs typical of other Upper Sco Class II sources.

While the NIR and Hα properties of the majority of millimeter detected sources do not

stand out among Upper Sco source, disk dust mass does appear as if it could be correlated

with stellar mass. In Figure 3.4, we show the dust mass as a function of stellar mass. The
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highest dust masses appear clustered around stars of 0.7–1.2 M�, suggesting a stellar mass

dependence in the evolution of the mass of millimeter-sized grains in disks.

We calculate the Kendall’s rank correlation statistic and find that the comparison is

ambiguous when considering the entire sample. With a Z-value of 0.87, there is a 39%

chance of rejecting the null-hypothesis that the disk mass and stellar mass are unrelated.

Noting that the BA stars only host debris disks, we examine the stellar mass - dust mass

relation for KM stars. In this case, the relationship is clear; with a Z-value of 3.17, there

is only a 0.2% chance of disk dust mass not being related to the stellar mass. In Upper

Sco, K stars tend to have disks with higher dust mass than do M stars. This could reflect

numerous factors; these higher mass stars may have emerged from their natal clouds with

higher mass disks or some mechanism may be active in this mass range to preserve disks.

The observation that millimeter detected sources are not outliers in their NIR and Hα

emission suggests that the process leading to low millimeter emission is not necessarily tied

to the loss of disk gas nor small warm grains. However, the concentration of high dust

masses around near-solar mass stars suggests a stellar mass dependent mechanism in dust

evolution. This expands upon the results of Carpenter et al. (2006) and Carpenter et al.

(2009), who found evidence that small dust grains deplete more rapidly around stars of

greater than solar mass than around stars of near-solar mass or less; our results suggest

millimeter-emitting grains are retained longer around near-solar mass stars.

3.4.2 Effects of detectability

The NIR and Hα classification systems we use above serve as indicators for the presence of

dust and gas components of disks. While in younger groups the two properties are strongly

correlated, in Upper Sco the majority of Class II systems show no evidence for accretion.

The statistics of our observations and data collected from the literature indicate that we

are seeing the tail-end of the primordial disk stage. All disks hosted by BA stars appear

to be debris disks. Only 22 out of 127 (17%) KM stars show any evidence for remaining
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primordial disk material (either NIR excess, Hα emission, or mm-emission), and only 7

(6%) have disks detected in millimeter photometry.

These remaining primordial disks appear to be in the last stages of dissipation —

their SEDs lie below the Taurus median, indicating significant inner disk dust evolution

or flattening of the disk; they generally have low Hα equivalent widths, suggesting depleted

gas reservoirs for sustained accretion; and their low mm fluxes indicate that the mass

in millimeter-sized and smaller grains has, for the most part, decreased to the edge of

detectability with current facilities.

One must keep in mind, however, that each of these measures reaches a different

mass sensitivity. Because of this, one should exercise caution in interpreting the statistics

regarding Class II / Class III sources and CTTS / WTTS sources.

Our millimeter observations reach a dust mass sensitivity of ∼ 4 × 10−3MJup, while

near-IR observations are sensitive to dust masses of ∼ 10−5 MJup (e.g. Cieza et al. 2007).

These correspond to disk mass sensitivities of 0.4 MJup and 10−3 MJup, assuming the ISM

gas-to-dust ratio of 100 (e.g. Beckwith et al. 1990).

To estimate an equivalent disk mass sensitivity for Hα observations, we use the empirical

relation of accretion rate as a function of time of Hartmann et al. (1998). Modeling the

accretion rate (Ṁ) as a power law in time (Ṁ ∝ t−η, with stellar age t and η ≈ 1.5−2.8), one

can estimate the remaining disk gas mass as Mgas ≈ (0.5−2)×Ṁ(t)×t. The Wλ(Hα) cutoffs

for classifying systems as accreting roughly correspond to accretion rates of 10−10M�/yr

(e.g. Dahm 2008). Thus, for our Upper Sco sources with t = 5 Myr, Wλ(Hα) observations

provide an estimated disk mass sensitivity of ∼ (0.3 − 1) × 10−3M�. While this estimate

spans a large range of values, and neglects many of the details of accretion (e.g. accretion

variability, observation geometry), it illustrates that Hα observations are likely sensitive to

disks of similar mass as those detected by our millimeter photometry. Both Wλ(Hα) and

millimeter photometry based estimates of the disk mass are at least 2 orders of magnitude

less sensitive than near-IR observations.
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Therefore, one should expect the presence of numerous systems exhibiting infrared

excesses, but lacking one or both of detectable Hα emission and detectable millimeter

emission. This is indeed the case in Upper Sco, with only 4 sources exhibiting all three disk

tracers, while 80% of accreting sources and all millimeter detected sources exhibit an excess

at 24 µm and shorter wavelengths.

3.4.3 Notes on selected sources

HIP 76310: The sole mm-detected A star in our sample, HIP 76310, has the brightest

infrared excess of the BA stars in Upper Sco. However, its infrared to stellar luminosity ratio

(LIR/L∗ = 2.1×10−4, Dahm & Carpenter 2009) falls within the observational definition of

a debris disk (LIR/L∗ < 10−3). Our assumption of 20K for the average dust temperature of

primordial disks is based on KM stars in Taurus and does not apply to the case of a debris

disk around an A star. The SED fit by Dahm & Carpenter implies a much higher dust

temperature of 122K and thus a correspondingly lower dust mass (a factor of ∼8). Both

our initial mass estimate (3.6× 10−3MJup) and revised dust mass of ∼ 5× 10−4 MJup are

several orders of magnitude higher than the lower limit of 2.6× 10−7MJup found by Dahm

& Carpenter, highlighting the high NIR optical depth achieved by small quantities of dust,

and the importance of (sub-)millimeter observations to directly constrain the dust mass.

This dust mass also fits the evolutionary trend of debris disk dust masses as a function of

time as shown in Williams & Andrews (2006).

[PZ99] J160421.7-213028: The K2 star [PZ99] J160421.7-213028 stands out not only

for having a uniquely steep infrared SED in Upper Sco, but also for having the largest

millimeter emission. The SED shape for this object is typical of a transition disk, where

dust grains have been cleared from the inner disk but are still abundant at larger radii. The

strong millimeter emission implies a large dust mass (0.10MJup). However, this source is not

clearly accreting; the Hα equivalent width of -0.57 Å suggests that some process has greatly

reduced or cut off accretion to the stellar surface. By current disk evolution models, the two

most likely candidate processes are the onset of photoevaporation (Alexander et al. 2006)
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or the formation of a planet large enough to reduce stellar accretion below our detection

limits (Alexander & Armitage 2007). Detailed examination of this disk requires millimeter

imaging, which we defer to a later paper.

Binaries: ScoPMS 31 and [PZ99] J161411.0-230536 are detected in millimeter

continuum and exhibit primordial type infrared excesses, yet have binary companions

at projected separations of 84 and 32 AU, respectively (Köhler et al. 2000; Metchev &

Hillenbrand 2009). There is ambiguity between observing a circumstellar or circumbinary

disk; both cases allow for the presence of cold grains at large radii. While the question of

the effect of binarity on disk mass and lifetime is worth considering, our numbers here are

too small to provide a useful study.

3.5 Disk evolution

We can investigate the evolution of observable disk properties from 1 to 5 Myr by comparing

the properties of KM sources in Upper Sco with those in Taurus (mean age 1 Myr, Andrews

& Williams 2005, AW05), and in IC348 (mean age∼2.5 Myr; Lee et al. 2011, LWC11). These

studies are among the largest millimeter surveys at younger ages, for populations that have

served as benchmarks in many disk studies. The Upper Sco and Taurus samples are readily

comparable, as our study has similar dust mass limits to AW05 (4 × 10−3MJup versus

6×10−3MJup). Comparisons with IC348 (dust mass limit of 2×10−2MJup) will necessarily

focus on the high mass end of the dust mass distributions. We examine trends in disk mass

as a function of disk accretion and NIR excess, and the implications for planet formation.

3.5.1 Accretion status

At younger ages accreting systems dominate the population of sources with millimeter

continuum detections. In Taurus, 67 out of 76 (88±11%) millimeter detected sources

with Hα measurements in AW05 are accreting, while in IC348, all 9 mm-detected sources
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are accreting (LWC11). There is no such clear distinction in Upper Sco where, of the 7

millimeter detections, 4 are accreting and 3 are not.

Furthermore, as noted in Section 3.4.1, the Hα distributions of millimeter detected and

non-detected sources in Upper Sco are similar. This is a marked contrast to the younger

IC348, where millimeter-detected disks are biased towards larger Hα equivalent widths than

non-detected disks.

Examining the detection statistics in greater detail, we find that the disk detection rate

among CTTS in Upper Sco is 44 ± 22%, significantly lower than that in Taurus. The

detection rate for WTTS is similar. In Table 3.4, we show contingency tables constructed

for detections and non-detections of CTTS and WTTS in the two regions. Using the Fisher

exact test, we find for a two-tailed distribution the mm-detection rate among CTTS has

∼ 0.25% chance of being independent of region; the apparent drop in mm-detection rate

for CTTS we see in Upper Sco is significant. For WTTS, the two-tailed Fisher’s exact

test indicates that the mm-detection rate for WTTS remains the same between Taurus and

Upper Sco. While the mm-detection rate for WTTS has changed little from 1 to 5 Myr,

the detection rate for CTTS has decreased markedly.

3.5.2 Dust mass distribution

The millimeter-detection rate for Class II sources drops significantly from 1 to 5 Myr.

In Taurus, 86% of Class II sources have millimeter detections (AW05), while in Upper Sco

that fraction has dropped to 32±13% (6/19). Furthermore, the median disk mass decreases.

Taurus Class II disks have a median dust mass of 3 × 10−2MJup, while in Upper Sco the

median dust mass of detected disks is 1.3 × 10−2MJup. The true median is likely to be

lower, due to the high censoring rate in our data.

The Class III sources in Upper Sco are unlikely to host additional massive disks. We

did not detect any of the 9 Class III disks in our survey, and the inferred upper limit to the

detection rate of <11% is consistent with the detection rate for Class III sources in AW05,

7±4%.
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As with the accretion state, we construct contingency tables of the detection statistics

of Taurus and Upper Sco Class II and Class III sources. We show the number of detections

of each type of object in Taurus and Upper Sco in Table 3.4. As with CTTS, we find that

the Class II sources are detected at a lower rate in Upper Sco than in Taurus. The detection

rate for Class III sources, on the other hand, is not clearly distinguishable.

Due to the variation in exposure times in our observations, and hence sensitivities, we

use the Kaplan-Meier product limit estimator for randomly censored data sets (Feigelson

& Nelson 1985) to generate the cumulative dust mass distribution functions, F(≥MDust),

for Class II sources in these regions (Fig. 3.5). The dust mass distribution of Upper Sco

Class II sources is clearly different from that of Taurus Class II sources, with the upper

quartile of Upper Sco sources overlapping the lowest quartile of Taurus sources; 27 ± 10%

of Upper Sco sources have disks with a dust mass greater than or equal to 4 × 10−3MJup,

compared to 89 ± 4% of those in Taurus. We make use of the Gehan, Peto-Prentice, and

log-rank statistics to compare the highly censored dust mass distributions of Upper Sco and

IC 348; the distributions are different, with mild statistical significance (there is only a 2.5

–7% chance that the distributions are drawn from the same parent function).

3.5.3 Disk dissipation timescale

Having established that the dust mass distribution has changed from 1 to 5 Myr, we

examine the rate at which the highest dust masses change. Comparing similarly constructed

mass distributions, LWC11 find that the fraction of IC348 disks with Mdust greater than

2 × 10−2MJup is approximately equal to the fraction of Taurus disks with Mdust greater

than 40×10−2MJup, suggesting a systematic factor of 20 decrease in the dust mass of Class

II sources from 1 Myr to 2.5 Myr. If this trend were to continue, one would not expect

to find any disks with millimeter continuum emission in Upper Sco. However, our results

indicate dust masses do not decline so greatly from 2.5 to 5 Myr; the fraction of disks with

Mdust > 2× 10−2MJup is similar between IC348 and Upper Sco, and the highest masses for

Class II disks in Upper Sco are lower than masses of IC348 disks by only a factor of ∼< 2.
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These results indicate that for Class II sources, the observed dust mass rapidly declines

from 1 to 2.5 Myr, but may only slowly change from then until 5 Myr. In contrast, the

fraction of disks exhibiting IR-excess consistent with primordial dust continues its marked

decline. In Taurus, 50% of KM stars are Class I or Class II (Luhman et al. 2010). We

include Class I sources here as their disks consist of primordial material. In IC348, only

39% of KM stars are Class II, with 1% of sources being Class I (Spitzer photometry of Lada

et al. 2006; Muench et al. 2007). In Upper Sco the Class II fraction is 15%, with no Class

I sources.

While there is no clear evidence for a large age spread among Upper Sco stars, Preibisch

et al. (2002) could not rule out a 1–2 Myr age spread. This allows for the possibility of

some overlap in stellar ages with the stars of IC 348 (where there may be an age spread of

several Myr). It is possible that the mm-detected sources in Upper Sco are also the youngest

sources. If these sources were only marginally older than the sources observed in IC 348,

the small decrease in the maximum mm-emission for Class II disks would be consistent with

a continuation of the steep drop in mm-emission seen in comparing Taurus to IC 348.

However, this argument could be equally applied to IC 348 and Taurus, with the

corresponding claim that only the youngest disks are detected in the survey of LWC11,

and the most massive disks in Taurus are also the youngest. Assuming similar age spreads

in these regions, this scenario would not change the general picture we find of rapid change

in the greatest disk masses over several Myr, followed by a more gradual decline.

There have been recent attempts to trace the evolution of disk properties as a function

of stellar age (e.g. Isella et al. 2009; Guilloteau et al. 2011). The size of star forming

regions, however, suggest distance uncertainties to individual stars large enough to cause

30% or greater uncertainties in luminosity estimates; other factors (e.g. photometric errors)

can make this uncertainty even higher. In turn, 30% luminosity uncertainties are large

enough to cause age uncertainties of several Myr (Hillenbrand et al. 2008). Until the age of

individual stars can be accurately determined, interpretation may need to be restricted to

consideration of average ages.
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Comparison of HR diagrams for these regions indicates that the median age in Upper Sco

is older than Taurus and IC 348 (see Figure 1 of Hillenbrand et al. 2008). The comparison

between Taurus and IC 348 is more ambiguous; across all temperatures, the median

sequences could be equivalent within the luminosity errors. However, at temperatures of

log Teff less than 3.625 (corresponding to a spectral type of about K6), the median Taurus

sequence has luminosity equal to or higher than the IC 348 sequence, suggesting that the

median Taurus age for KM stars is likely younger than IC 348. These interpretations of

the HR diagrams are consistent with the decrease in Class II and CTTS fraction seen from

Taurus to IC 348, and then further to Upper Sco. While the uncertainty in absolute ages of

star forming regions, age spread within those regions, and ages of individual stars complicate

interpretation, the overall trend is clear.

Significant progress has been made in recent years in modeling the dust evolution in

disks. The amount of millimeter sized grains will decrease over time as dust aggregates to

form centimeter and larger bodies, to which millimeter photometry is insensitive (Dullemond

& Dominik 2005). Birnstiel et al. (2010b) modeled mm-slopes and fluxes in disks where

millimeter-size grains remained present due to an equilibrium state between coagulation

and fragmentation. Their models are consistent with observations of young disks at 0.5–

2 Myr, and later work (Birnstiel et al. 2011) shows the same mechanisms can maintain

populations of micron-sized grains that produce NIR excess emission. Observations of

millimeter continuum emission from older disks, such as this work, provide important

constraints on the later time evolution of dust, and perhaps constrain the mechanisms

leading to loss of observable dust (e.g. radial drift, agglomeration into centimeter and

larger grains).

In summary, there appears to be a rapid evolution of disks from 1 to 2.5 Myr, an

interval during which both millimeter-dust masses and disk fractions rapidly drop. While

the infrared disk fraction continues to decrease from 2.5 to 5 Myr, the dust masses of the

remaining disks do not rapidly change. In addition, disks appear to reach a low baseline of

dust mass where there is no longer a correlation between dust and inner disk gas.
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3.5.4 Implications for planet formation

In addition to providing a point of comparison for the evolution of circumstellar disk mass

as a function of age and inner disk properties, our disk dust mass measurements provide

new insights on giant planet formation.

Under the assumption of a primordial 100:1 gas-to-dust mass ratio (e.g. Beckwith

et al. 1990) as if planet formation has yet to begin, Upper Sco retains only a single

known Minimum Mass Solar Nebula disk (MMSN, 10 MJup, Weidenschilling 1977), the

10 MJup disk around [PZ99] J160421.7-213028. If planet formation were to begin now in

Upper Sco, then the region could not form Jupiter mass planets at the frequency observed

in the field (∼10%, Johnson 2009). However, the disks in Upper Sco are clearly evolved,

and the dust has grown substantially. Jupiter mass planets must have already formed, or

be well on their way to formation, as seen in the younger sources of IC348 (LWC11). The

discovery of planetary companions to the Upper Sco members 1RXS J160929.1-210524 and

GSC 06214-00210 (Lafrenière et al. 2008; Ireland et al. 2011) serve as confirmation to this

scenario. Due to our greater sensitivity, however, we can push this argument further to

examine the formation of Neptune mass planets.

At the 5 Myr age of Upper Sco, large rock and ice protoplanets may have formed, or

may be in the process of formation. There are still uncertainties in the growth of grains

from centimeter to planetesimal (105 m) sizes, but simulations indicate growth from micron

to centimeter size grains occurs in as little as 2 × 105 years (Birnstiel et al. 2010a), and

planetesimals can aggregate to form protoplanets with enough mass to accrete gas (∼0.03

MJup) in less than 1 Myr (Pollack et al. 1996). Under core accretion models, the formation

of a gas giant planet requires that gas be retained in the disk until the accreting protoplanet

reaches the critical mass (∼0.1 MJup) at which runaway accretion begins; this process could

take from less than 1 Myr (Alibert et al. 2005) to several tens of Myr (Pollack et al. 1996),

depending on several factors such as disk surface density, formation radius, and the effects

of planetary migration.
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Debris disks are expected to be seen in systems in the final stages of giant planet

formation, as well as after the conclusion of giant planet formation. Our results verify that

BA stars in Upper Sco have no residual cold millimeter-size dust above debris levels; these

disks are unlikely to retain substantial gas mass, signaling the end of giant planet formation.

However, some lower mass KM stars have NIR or mm continuum emission and / or

Hα emission indicating the presence of gas and dust. The median inferred mass for the

handful of mm-detected disks, under the assumption of the primordial 100:1 gas-to-dust

ratio, is ∼0.1 MMSN. By linear scaling of the MMSN, such a disk could produce a planet

approximately twice the mass of Neptune (MN = 0.05 MJup) if planet formation were to

begin now. Only 4 sources have disks with inferred masses of 0.1 MMSN or greater, implying

∼2% of stars in the 5 Myr Upper Sco group retain disks able to form a 2MN planet. In

comparison, results of the first 4.5 months of the Kepler mission suggest that up to 19% of

field stars have Neptune-size planet candidates within 0.5 AU (Borucki et al. 2011). The

formation of Neptune mass planets, in addition to the formation of Jupiter mass planets,

must be at an advanced stage by 5 Myr.

3.6 Summary

We have carried out the largest survey to date for millimeter continuum emission in a

group of 5 Myr stars, an intermediate age in the evolution from ubiquitous gas and dust

rich primordial disks at 1 Myr to, largely, gas and dust poor debris disks by 10 Myr. The

overall picture of Upper Sco is of a region where a handful of primordial disks remain, with

small disk masses, weak NIR excesses, and low Hα emission. We have found:

1. 5 new 1.2 millimeter detections of 2.4 mJy and brighter, with estimated dust masses

typically an order of magnitude lower than Taurus disks.

2. The sole Minimum-Mass Solar Nebula equivalent mass disk is the transition disk of

[PZ99] J160421.7-213028.
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3. The only BA star exhibiting mm-dust emission is the debris disk system with the

highest 24 µm excess, HIP 76310.

4. Other than [PZ99] J160421.7-213028 and HIP 76310, only Class II KM stars are

detected in mm-emission. The Class II millimeter-fraction is 32%, a significant drop

from 86% in Taurus.

5. The mm-detection rate for CTTS is 44%, significantly lower than the detection rate

for CTTS in Taurus. Millimeter detections are roughly split among accreting and

non-accreting sources, suggesting the action of mechanisms that can halt accretion

while preserving mm-sized grains.

6. Dust mass in millimeter-emitting grains appears to decrease more slowly from 2.5 to

5 Myr than from 1 to 2.5 Myr.

7. We verify that BA stars with debris disk SEDs do not have large amounts of remnant

cold dust, and find that with only four exceptions, KM stars with primordial disks

lack sufficient mass to form new Neptune mass or larger planets. If the stars of Upper

Scorpius are to host giant planets at the same rate as field stars, then planet formation

must be at an advanced stage.
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Millimeter Survey of Upper Sco 9

Figure 1. SEDs of the millimeter detected sources discussed here, shown with Kurucz photospheric models (Kurucz 1979) and overlaid
with the upper quartile, median, and lower quartile SEDs of Taurus KM stars (Furlan et al. 2006) normalized to the H band flux. Red
circles are dereddened fluxes from the literature (R=3.1, Fitzpatrick 1999), with open squares indicating original measurements. Our
measurements are indicated as filled red squares. Inverted triangles indicate upper limits. 1σ errors are smaller than symbols.

Figure 3.1: SEDs of the millimeter detected sources discussed here, shown with Kurucz
photospheric models (Kurucz 1979) and overlaid with the upper quartile, median, and
lower quartile SEDs of Taurus KM stars (Furlan et al. 2006) normalized to the H band
flux. Red circles are dereddened fluxes from the literature (R=3.1, Fitzpatrick 1999), with
open squares indicating original measurements. Our measurements are indicated as filled
red squares. Inverted triangles indicate upper limits. 1σ errors are smaller than symbols.
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10 Mathews et al.

Figure 2. Estimated disk mass versus mean Hα equivalent widths for millimeter detected (red) and non-detected KM stars (gray) in
Upper Sco. The displayed errors on Mdust only include flux errors; we neglect uncertainties due to adopted opacity and average disk
temperature. There is no overall correlation between disk mass and Wλ(Hα).Figure 3.2: Estimated disk mass versus mean Hα equivalent widths for millimeter detected

(red) and non-detected KM stars (gray) in Upper Sco. The displayed errors on Mdust

only include flux errors; we neglect uncertainties due to adopted opacity and average disk
temperature. There is no overall correlation between disk mass and Wλ(Hα).
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Millimeter Survey of Upper Sco 11

Figure 3. Near– and mid–infrared SED indices, following the example of Furlan et al. (2006). Squares indicate BA sources, circles indicate
KM sources, and plus signs indicate millimeter detected sources. The symbol color indicates accretion status, and “×” marks in the center
and bottom left indicate the expected indices for a uniform flat disk and a stellar photosphere, respectively. The majority of detections
have similar SED shapes to other Upper Sco Class II sources.

Figure 3.3: Near– and mid–infrared SED indices, following the example of Furlan et al.
(2006). Squares indicate BA sources, circles indicate KM sources, and plus signs indicate
millimeter detected sources. The symbol color indicates accretion status, and “×” marks
in the center and bottom left indicate the expected indices for a uniform flat disk and a
stellar photosphere, respectively. The majority of detections have similar SED shapes to
other Upper Sco Class II sources.
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12 Mathews et al.

Figure 4. Estimated disk dust mass vs. stellar mass in Upper Sco (5 Myr). Solid circles indicate Class II or transition disks, solid squares
indicate sources with debris disk-like IR excesses, and inverted triangles indicate non-excess sources. Millimeter detected sources are red
symbols, with 1σ error bars.Figure 3.4: Estimated disk dust mass vs. stellar mass in Upper Sco (5 Myr). Solid circles

indicate Class II or transition disks, solid squares indicate sources with debris disk-like IR
excesses, and inverted triangles indicate non-excess sources. Millimeter detected sources are
red symbols, with 1σ error bars.

65



Millimeter Survey of Upper Sco 13

Figure 5. Cumulative dust mass distribution for Class II disks in Upper Sco, IC348, and Taurus, as well as Class III Taurus disks. The
sample distributions are calculated using the Kaplan-Meier estimator to include 3σ upper limits. The long vertical lines at the left indicate
the lowest mass or upper limit in the sample.Figure 3.5: Cumulative dust mass distribution for Class II disks in Upper Sco, IC348, and

Taurus, as well as Class III Taurus disks. The sample distributions are calculated using
the Kaplan-Meier estimator to include 3σ upper limits. The long vertical lines at the left
indicate the lowest mass or upper limit in the sample.
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Table 3.1. Target Properties

Name RA Dec. Sp. Wλ(Hα)b SED Accretion M∗
Typea [Å] class state [M�]

HIP 76310 15:35:16.1 -25:44:03.1 A0V < −0.1 debris No 2.20
HIP 77815 15:53:21.9 -21:58:16.5 A5V · · · none · · · 2.00
HIP 77911 15:54:41.6 -22:45:58.5 B9V < −0.1 debris No 2.80
HIP 78099 15:56:47.9 -23:11:02.6 A0V < −0.1 none No 2.20
HIP 78996 16:07:29.9 -23:57:02.3 A9V < −0.1 debris No 1.80
HIP 79156 16:09:20.9 -19:27:25.9 A0V < −0.1 debris No 2.20
HIP 79410 16:12:21.8 -19:34:44.6 B9V < −0.1 debris No 2.50
HIP 79439 16:12:44.1 -19:30:10.2 B9V < −0.1 debris No 2.50
HIP 79878 16:18:16.2 -28:02:30.1 A0V < −0.1 debris No 2.30
HIP 80088 16:20:50.2 -22:35:38.7 A9V < −0.1 debris No 1.70
HIP 80130 16:21:21.1 -22:06:32.3 A9V < −0.1 none No 1.90
[PBB2002] J155624.8-222555 15:56:24.8 -22:25:55.3 M4 -5.40, -5.51 II WTTS 0.24
[PBB2002] J155706.4-220606 15:57:06.4 -22:06:06.1 M4 -3.60, -9.92 II WTTS 0.24
[PBB2002] J155729.9-225843 15:57:29.9 -22:58:43.8 M4 -7.00, -6.91 II WTTS 0.24
[PBB2002] J155829.8-231007 15:58:29.8 -23:10:07.7 M3 -250.00, -158.48 II CTTS 0.36
[PBB2002] J160210.9-200749 16:02:11.0 -20:07:49.6 M5 -3.50 III WTTS 0.13
[PBB2002] J160245.4-193037 16:02:45.4 -19:30:37.8 M5 -1.10 III WTTS 0.13
[PBB2002] J160357.9-194210 16:03:57.9 -19:42:10.8 M2 -3.00, -2.70 II WTTS 0.49
[PBB2002] J160525.5-203539 16:05:25.6 -20:35:39.7 M5 -6.10, -8.61 III WTTS 0.13
[PBB2002] J160532.1-193315 16:05:32.2 -19:33:16.0 M5 -26.00, -152.12 III CTTS 0.13
[PBB2002] J160545.4-202308 16:05:45.4 -20:23:08.8 M2 -35.00, -2.04 II CTTS 0.49
[PBB2002] J160600.6-195711 16:06:00.6 -19:57:11.5 M5 -7.50, -4.11 II WTTS 0.13
[PBB2002] J160622.8-201124 16:06:22.8 -20:11:24.4 M5 -6.00, -3.12 II WTTS 0.13
[PBB2002] J160702.1-201938 16:07:02.1 -20:19:38.8 M5 -30.00, -8.30 II CTTS 0.13
[PBB2002] J160827.5-194904 16:08:27.5 -19:49:04.7 M5 -12.30, -14.56 III WTTS 0.13
[PBB2002] J160900.0-190836 16:09:00.0 -19:08:36.8 M5 -15.40, -12.88 II WTTS 0.13
[PBB2002] J160953.6-175446 16:09:53.6 -17:54:47.4 M3 -22.00, -22.23 II CTTS 0.36
[PBB2002] J160959.4-180009 16:09:59.3 -18:00:09.1 M4 -4.00, -4.41 II WTTS 0.24
[PBB2002] J161115.3-175721 16:11:15.3 -17:57:21.4 M1 -2.40, -4.47 II WTTS 0.60
[PBB2002] J161420.3-190648 16:14:20.3 -19:06:48.1 K5 -52.00, -43.72 II CTTS 0.87
[PZ99] J153557.8-232405 15:35:57.8 -23:24:04.6 K3 <-0.1 III WTTS 0.99
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Table 3.1—Continued

Name RA Dec. Sp. Wλ(Hα)b SED Accretion M∗
Typea [Å] class state [M�]

[PZ99] J154413.4-252258 15:44:13.3 -25:22:59.1 M1 -3.15 III WTTS 0.60
[PZ99] J160108.0-211318 16:01:08.0 -21:13:18.5 M0 -2.40 III WTTS 0.68
[PZ99] J160357.6-203105 16:03:57.7 -20:31:05.5 K5 -11.57 II CTTS 0.87
[PZ99] J160421.7-213028 16:04:21.7 -21:30:28.4 K2 -0.57 transition WTTS 1.12
RX J1600.7-2343 16:00:44.6 -23:43:12.0 M2 · · · III · · · 0.49
ScoPMS 31 16:06:22.0 -19:28:44.6 M0.5V -21.06 II CTTS 0.64
[PBB2002] J160823.2-193001 16:08:23.2 -19:30:00.9 K9 -6.00, -2.75 II WTTS 0.71
[PBB2002] J160900.7-190852 16:09:00.8 -19:08:52.6 K9 -12.70, -20.08 II CTTS 0.71
[PZ99] J161411.0-230536 16:14:11.1 -23:05:36.2 K0 0.96, 0.80, 0.38 II WTTS 1.35

aSpectral types from Hernández et al. (2005); Preibisch et al. (1998, 2002)

bWλ(Hα) from Hernández et al. (2005); Preibisch et al. (1998, 2002); Dahm & Carpenter (2009); Riaz et al. (2006)

Table 3.2. KM classification summary

Disk class CTTS WTTS Unknown Hα

C06 This work mm C06 This work mm C06 This work mm
Class II 8 8 4 11 11 2 — — —

Transition — — — 1 1 1 — — —
Class III 2 1 0 83 7 0 22 1 0

Note. — Summary of KM star classifications, showing the number of each type in the parent sample
(Carpenter et al. 2006), the number in our study, and the number detected in millimeter continuum.
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Table 3.3. Time on source, measured flux, and 3σ Limits

Name tsource Fν(1.2mm) MDust

[minutes] [mJy] [10−3MJup]

HIP 76310 40 2.41±0.61 3.6
HIP 77815 30 <2.00 <3.0
HIP 77911 40 <2.33 <3.5
HIP 78099 20 <2.80 <4.2
HIP 78996 22 <2.81 <4.2
HIP 79156 32 <2.18 <3.3
HIP 79410 28 <3.09 <4.6
HIP 79439 34 <2.63 <3.9
HIP 79878 18 <2.79 <4.2
HIP 80088 28 <2.47 <3.7
HIP 80130 20 <2.90 <4.4
[PBB2002] J155624.8-222555 10 <2.47 <3.7
[PBB2002] J155706.4-220606 22 <2.88 <4.3
[PBB2002] J155729.9-225843 20 <2.46 <3.7
[PBB2002] J155829.8-231007 20 <2.29 <3.4
[PBB2002] J160210.9-200749 20 <2.44 <3.7
[PBB2002] J160245.4-193037 24 <2.41 <3.6
[PBB2002] J160357.9-194210 20 <2.45 <3.7
[PBB2002] J160525.5-203539 10 <3.58 <5.4
[PBB2002] J160532.1-193315 20 <2.58 <3.9
[PBB2002] J160545.4-202308 30 5.15±0.76 7.7
[PBB2002] J160600.6-195711 10 <3.24 <4.9
[PBB2002] J160622.8-201124 20 <2.88 <4.3
[PBB2002] J160702.1-201938 20 <2.45 <3.7
[PBB2002] J160827.5-194904 10 <3.53 <5.3
[PBB2002] J160900.0-190836 10 <3.19 <4.8
[PBB2002] J160953.6-175446 10 <3.00 <4.5
[PBB2002] J160959.4-180009 10 <3.43 <5.1
[PBB2002] J161115.3-175721 10 <4.23 <6.3
[PBB2002] J161420.3-190648 10 9.79±1.14 14.7
[PZ99] J153557.8-232405 20 <2.78 <4.2
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Table 3.3—Continued

Name tsource Fν(1.2mm) MDust

[minutes] [mJy] [10−3MJup]

[PZ99] J154413.4-252258 20 <2.78 <4.2
[PZ99] J160108.0-211318 20 <2.68 <4.0
[PZ99] J160357.6-203105 20 <2.47 <3.7
[PZ99] J160421.7-213028 8 67.51±1.44 101.3
RX J1600.7-2343 20 <2.50 <3.8
ScoPMS 31 50 2.70±0.61 4.1
[PBB2002] USco J160823.2-193001 — 21.90±4.70a 40.9
[PBB2002] USco J160900.7-190852 — 12.30±2.00a 23.0
[PZ99] J161411.0-230536 — 3.5±1.1b 6.0

a1.3 mm flux from Cieza et al. (2008).

b1.2 mm flux from Roccatagliata et al. (2009).

Table 3.4. Comparisons with Taurus disks

CTTS WTTS Class II Class III

mm-detected? yes no yes no yes no yes no
Taurus 67 7 9 52 64 10 4 50

Upper Sco 4 5 3 16 6 13 0 9
P(fTau = fUS) 0.0025 ≈ 1 <<0.001 ≈ 1

Note. — Contingency tables for comparing detection statistics of CTTS / WTTS
and Class II / Class III sources in Upper Sco and Taurus. P(fTau = fUS) shows the
result of the two-tailed Fisher exact test for each table, showing the probability for the
mm-detection rate in Taurus being equal to the mm-detection rate in Upper Sco for each
type of object.
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Chapter 4

880 µm Imaging of a Transitional Disk in Upper

Scorpius: Holdover from the Era of Giant Planet

Formation?

Accepted for publication in the Astrophysical Journal, April 30, 2012, with J. P.

Williams and F. Ménard

Abstract

We present 880 µm images of the transition disk around the star [PZ99] J160421.7-213028,

a solar-mass star in the nearby Upper Scorpius association. With a resolution down to 0.′′34,

we resolve the inner hole in this disk, and via model fitting to the visibilities and spectral

energy distribution we determine both the structure of the outer region and the presence of

sparse dust within the cavity. The disk contains ∼0.1 MJup of mm-emitting grains, with

an inner disk edge of about 70 AU. The inner cavity contains a small amount of dust with a

depleted surface density in a region extending from about 20 – 70 AU. Taking into account

prior observations indicating little to no stellar accretion, the lack of a binary companion,
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and the presence of dust near ∼ 0.1 AU, we determine that the most likely mechanism for

the formation of this inner hole is the presence of one or more giant planets.

4.1 Introduction

It has been long suspected that planets form in disks of circumstellar material, with the

hypothesis dating to Kant (1755). It was nearly two hundred fifty years, however, before

tools were developed to allow the direct examination of this hypothesis. Large scale studies

of thermal emission from small dust grains in circumstellar disks were enabled by the

Infrared Astronomical Satellite (e.g. Strom et al. 1989), while the development of millimeter

observatories allowed the direct measurement of dust mass (Beckwith et al. 1990). The

Spitzer space telescope allowed for statistically complete censuses of nearby star forming

regions (e.g. c2d, FEPS, Gould’s Belt Survey), while ground based interferometers such

as the Smithsonian Sub-Millimeter Array (SMA) and Plateau de Bure Interferometer have

allowed for imaging of the dust and gas components of the brightest disks (e.g. Andrews &

Williams 2007; Schaefer et al. 2009).

Recent decades have also seen the discovery of hundreds of extrasolar planets. Ground-

based radial velocity and transit searches have determined that ∼10–20% of stars host

Jupiter mass and larger planets (Johnson et al. 2010). In the past year, the Kepler space

telescope has revealed a similar fraction of stars hosting planets down to Neptune and Earth

sizes Borucki et al. (2011); Howard et al. (2011). Planet formation appears to be a common

process, though only in the past year has a planet been observed in a young disk, confirming

the connection between disks and planet formation (Kraus & Ireland 2012). The formation

timescale remains uncertain, however.

A likely sequence is that the disk sees the growth of dust grains, which aggregate to

form planetesimals and, over several millions of years, planets. In the core accretion model,

giant planets form in cases where the disk still has sufficient gas mass for large, ∼10 M⊕,

planetesimals to experience gas accretion, and then runaway growth, a process thought to
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occur in disks 3 – 10 Myr old (Pollack et al. 1996). Whereas there are a handful of 10 Myr

old massive disks, the median lifetime for infrared excess from disks is ∼3 Myr (Williams

& Cieza 2011). However, the recent millimeter surveys of Lee et al. (2011) and Mathews

et al. (2012) have found only a handful of stars in the IC 348 and Upper Scorpius regions

hosting massive disks. Most disks are already well advanced in the process of evolution

from gas and dust rich primordial disks to sparse dust debris disks. The paucity of massive

disks in these regions compared with the relatively high frequency of exoplanets suggests

that planet formation must be almost complete by the 3 to 5 Myr age of these regions.

In addition to placing constraints on the timescale of formation, observations of disks

may provide clues to systems where we have the best chance to directly observe planet

formation in action. A giant planet is expected to tidally open a gap in the disk (Artymowicz

& Lubow 1994), leading to inner disk dust depletion. Such depletion is observable as

a reduction in near-IR emission or a hole in emission which could be imaged with high

resolution (sub)mm observations. Near to mid-infrared photometry and spectroscopy with

Spitzer has shown that less than ∼10% of stars with disks show some degree of inner disk

depletion yet still retain massive outer disks (e.g. Cieza et al. 2010). To date, about a

dozen such transitional disks around single stars have had their inner disk gaps verified by

sub-millimeter imaging (Hughes et al. 2007; Brown et al. 2008; Andrews et al. 2011).

Here, we present spatially resolved 880 µm continuum and CO J=3→2 images showing

a transitional disk around a star in the nearby Upper Scorpius association. At an estimated

age of 5 (Preibisch et al. 2002), Upper Scorpius lies in the mid-range of the theoretical

timescale for giant planet formation, and at a distance of 145 pc (de Zeeuw et al. 1999),

it is one of the closest regions of recent star formation. Recently, a somewhat older age of

∼12 Myr has been suggested by Pecaut et al. (2011), which would place the association at

the late-range of theoretical planet formation time-scales.

The star [PZ99] J160421.7-213028 (aka RXJ1604.3-2130A, henceforth J1604-2130) was

first identified as a member of the Upper Scorpius OB association in the spectroscopic survey

of X-ray selected sources of Preibisch & Zinnecker (1999). We adopt the stellar parameters
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found by Preibisch et al. (2002): spectral type K2, stellar mass of 1.0 M�, extinction of

AV = 1 mag, log Teff of 3.658, and logL/L� of −0.118.

J1604-2130 is included in the UCAC3 proper motion survey (Zacharias et al. 2010). They

report a J2000 position of α2000 =16:04:21.6541 and δ2000 = −21:30:28.496, with errors on

the J2000 position of 21 mas and 17 mas in right ascension and declination, respectively.

They also report a proper motion of -14.5±1.9 mas/yr in right ascension, -17.0±1.5 mas/yr

in declination.

Another association member, RXJ1604.3-2130B, lies 16” to the southwest (projected

separation 2350 AU) and is a potential companion (Kraus & Hillenbrand 2009). Aperture

masking interferometry by Kraus et al. (2008) ruled out the presence of a close binary

companion of ∆K = 3.5 mag at a distance of 10–20 mas, and ∆K = 6.2 mag at 40–80 mas

(corresponding to ∼ 0.06 M� at a distance of ∼2 AU, and ∼0.01 M� at ∼9 AU), while

direct imaging in that work ruled out a binary companion as faint as ∆K ∼5.5 at 240–320

mas (corresponding to ∼ 0.02 M� at a distance of ∼40 AU). The complementary study

of Ireland et al. (2011) has placed upper limits on companion masses of 0.07 M� to 0.005

M�at separations from 60 to ≥300 AU.

High resolution optical spectroscopy shows evidence for very low levels of accretion,

with the system exhibiting a P-Cygni profile in Hα emission (10% full width of 252.7

km/s, equivalent width of -0.57 – -0.27 Å, and heliocentric radial velocity of -6.27 – -6.90

km/s; Dahm & Carpenter 2009; Dahm et al. 2012). Recent Spitzer IRAC, IRS, and MIPS

observations (Carpenter et al. 2006; Dahm & Carpenter 2009; Carpenter et al. 2009) have

revealed a transition disk SED, with no excess at 4.5 and 8 µm, and a rising excess at 16

µm and longer wavelengths. Dahm & Carpenter 2009 noted this distinctive SED, as well as

evidence of a factor of 4 variability in the near-infrared excess indicating possible changes

in the dust environment in the inner disk on short timescales. Dahm (2010) presented J,

H, and K band spectroscopy of this target, with weak H and K band excess consistent with

blackbody emission at 900 K, suggesting the presence of dust at small orbital radii (≤0.1
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AU). The 1.2 mm photometric survey of Mathews et al. (2012) shows that this disk is the

most massive in Upper Scorpius.

In §4.2, we describe our (sub)mm observations and data reduction. We then show the

continuum and CO line maps of the J1604-2130 transition disk, as well as analysis of the

visibility data sets and mass estimates, in §4.3. Using a radiative transfer code, we model

the dust component of the disk and estimate its parameters in §4.4. In §4.5 we discuss

the implications for disc evolution and planet formation, and show that the disk has likely

formed one or more giant planets. We conclude with a summary in §4.6.

4.2 Observations

Interferometric observations of J1604-2130 were carried out in three tracks with the Sub-

Millimeter Array (SMA, Ho et al. 2004) and in two tracks with the Plateau de Bure

interferometer (PdBI, Guilloteau et al. 1992). In Table 4.1, we give the night, array

configuration, total continuum bandwidth, total time on-source, zenith sky opacity at 225

GHz, and median system temperature for each observation.

SMA observations consist of upper and lower bandpasses of 4 GHz bandwidth (2 GHz

prior to 2009) for a total continuum bandwidth of 8 GHz (4 GHz prior to 2009), with the

centers of each bandpass separated by 5 GHz and a local oscillator frequency of 340.4 GHz

(880 µm). Continuum regions were sampled at 3.25 MHz, and a 104 MHz wide region was

set aside at the rest frequency of the CO J=3→2 line (345.79599 GHz) to carry out higher

spectral resolution observations with a sampling of 0.203 MHz. Extended array observations

included baselines from 44 to 226 m (50 – 257 kλ), and very extended array observations

included baselines from 120 to 509 m (136 – 578 kλ). Doppler tracking was carried out

in the kinematic LSR rest frame. Our observations were carried out in generally good to

excellent conditions, with system temperatures of ∼100 – 400 K, and zenith opacities at

225 GHz (τ225) less than 0.1.
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For gain calibration, we interleaved alternate 4–5 minute observations of the quasars

QSO B1514-24 and QSO B1730-130 between 20–26 minute observations of J1604-2130. For

bandpass calibration, we used the bright quasars 3C454.3 or 3C273, and Uranus, Callisto,

or Titan for flux amplitude calibration (as available). Observations of flux and bandpass

calibrators were carried out before or after J1604-2130 was available.

Using standard routines in the facility IDL package MIR, we flagged and calibrated the

data. We carried out baseline based phase calibration, finding rms phase errors of ∼10–20◦.

Based on variations in the measured fluxes of our gain calibrators, the flux calibration has

an uncertainty of ∼15%.

We combined wideband continuum channels from all observations and both sidebands

in the imaging process. We used the facility reduction tool MIRIAD to carry out Fourier

inversion, CLEAN deconvolution and image reconstruction using natural weighting. The

synthesized beam of the combined observations is 0.′′51×0.′′32, with an rms of 1.3 mJy/beam

in the continuum. We separately carried out the same imaging process on the higher spectral

resolution line data, binning in 0.25 km/s velocity channels centered on the CO J=3→2 line.

The beamsize is 0.′′53× 0.′′34, and the median noise in the channels is 125 mJy/beam.

PdBI observations were carried out on two nights, January 30, 2011 and March 2, 2011,

in the A and B configurations, respectively. Continuum observations at 2.6 mm used the

WideX receiver with 3.6 GHz upper and lower sidebands for a total bandpass of 7.2 GHz

and sample spacing of 1.95 MHz. Line observations were carried out in a 20 MHz wide

region at the rest frequency of the CO J=1→0 line (115.271 GHz), with a sampling of 0.039

MHz. The A configuration observation included baselines from 136 to 760 m (52 – 292 kλ),

while the B configuration observation included baselines from 88 to 452 m (34 – 174 kλ).

System temperatures ranged from 400 to 800 K, and zenith τ225 ranged from 0.12 to 0.17

(corresponding to median water vapor column from 2.3 to 3.5 mm PWV).

Gain calibration was carried out using 3–6 minute observations of 1504-166, 1519-273,

and 1657-261 (as available) between 25 minute observations of J1604-2130, while flux and

bandpass calibration were carried out with observations of MWC349 and 3C279. We used
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the facility reduction tool GILDAS to carry out data calibration, Fourier inversion, and

imaging. The combined continuum observations have a beam size of 2.′′01 × 0.′′70, with an

rms of 0.25 mJy/beam in continuum. From repeated observations of the calibrators, we

estimate a flux calibration uncertainty of 20%.

4.3 Results

We discuss first the appearance of the SMA maps, and then analyze the velocity map and

continuum visibilities, along with continuum photometry from the literature, to determine

the disk properties. In the PdBI maps, the disk is barely resolved in the east-west direction.

As the SMA data is at much higher resolution, we use the PdBI continuum measurement as

a point in the SED. From the continuum data, we measure the total flux at 880 µm and 2.6

mm. From the integrated emission maps we measure the total flux in the CO J=3→2 and

J=1→0 lines, and from the CO J=3→2 peak-velocity map we determine the orientation

of the disk. We then use the continuum radially averaged visibilities to infer the central

position and the inner radius of the disk. These parameters are then refined via modeling,

in §4.4. We list the properties derived in this section in Table 4.2.

4.3.1 SMA images

We show the 880 µm continuum emission map for J1604-2130 in Fig. 4.1.A, centered on

the disk central position. The disk is being viewed from a nearly face-on perspective, and

has a large inner hole. The image has a peak flux of 18.2 mJy/beam. To measure the total

emission, we integrate all flux above the 2σ contour, giving a total flux of 165±6 mJy.

CO J=3→2 line emission was found at 2σ and greater significance in channels from 4.0

and 5.5 km/s (LSRK). We sum these 0.25 km/s wide channels to produce the integrated

intensity map seen in Figure 4.1.B, with an rms of 75 mJy km/s / beam. The integrated

intensity map shows a drop in emission to the southwest and in the center of the disk;

however, the emission does not clearly drop below 3σ in either location. The outer radius
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of the CO emission roughly corresponds to that of the continuum emission. Integrating

emission above the 2σ contours of integrated line emission, we find a total CO J=3→2 line

flux of 5.2± 0.1 Jy km/s. Following the same procedure, we find a line flux of 0.48± 0.04

Jy km/s for the CO J=1→0 data.

We generated the peak velocity map by fitting a gaussian emission profile at each spatial

position in the disk, including emission from 0.75 to 8.5 km/s in order to achieve good

baseline fits and ensure we captured the full profile at each location. The median uncertainty

in the peak velocity at each point is 0.07 km/s. This map shows a clear east-west velocity

gradient which we use to measure the position angle and inclination of the disk. We do this

by fitting a Keplerian velocity profile (Fig. 4.1.C). Velocities along the observed minor axis

of the disk should be constant, reflecting the systemic velocity. Velocities along the major

axis will be proportional to r−1/2sini, where r is the distance from the star and i is the

inclination from our line of sight (with i = 0 indicating a face-on disk).

To deduce the observational geometry, we varied the central position, position angle, and

inclination, calculated line-of-sight velocities along the major and minor axes, and carried

out a χ2 fit to the velocity map. We mask the central 0.′′53 (the beam major axis) of the

velocity map, since beam dilution will mask the large range in velocities expected at small

radii and lead to poor fits. We find the disk is centered at α2000 = 16h04m21.6416s and

δ2000 = −21◦30’28.′′798, with a conservative uncertainty of ∼ 0.′′1 in both right ascension

and declination. The predicted position from the UCAC3 position and proper motion

is 16h04m21.6394s, −21◦30’28.′′661. Taking into account the J2000 position uncertainty,

proper motion uncertainty, and the position uncertainty of our observations, the offset

between the predicted stellar position and the disk center is ∆α = 0.′′031 ± 0.′′104 and

∆δ = 0.′′137±0.′′102, respectively. The disk is inclined at 6±1.5◦ from face on, at a position

angle of 5◦±10◦ west of north, and with a central velocity of 4.7 ± 0.1 km/s.

We use these parameters for modeling the dust disk, but defer further quantitative

discussion of the line data to a later paper.
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4.3.2 Radially averaged visibilities

Based on the disk inclination and position angle as determined from the peak velocity map,

we deproject the interferometer visibilities, scaling uv distances along the minor axis by

the cosine of the disk inclination. We plot the radially averaged real and imaginary fluxes

versus the radial uv distance. To provide an adequate signal-to-noise ratio, we bin the real

and imaginary flux in 25 kλ bins from 12.5–287.5kλ, and 50kλ bins at larger baselines.

We plot the binned components of the continuum visibilities in Figure 4.2, along with

the similarly binned CO J=3→2 visibilities, including measurements from 4 to 5.5 km/s

as in the integrated emission map. The imaginary component is less than 3σ in all bins,

making it consistent with zero as expected for a centered, azimuthally symmetric disk. We

find that a greater fraction of the power in the CO line is found at small baselines compared

with the continuum emission, suggesting more CO emission is to be found in large scale

structures.

The radially averaged profiles strongly constrain the size of the inner hole in gas and

dust, and provides further insights to the large scale structure of the disk. Strong contrast

between the cavity and outer disk leads to nulls in the Fourier transform of the emission

profile. To estimate the inner and outer edges of sub-millimeter emission, we fit a simple

disk model to the radially binned real visibilities based on Equation A2 of Hughes et al.

(2007):

V is(Ruv) = A

∫ θ2

θ1

θ1−pJ0(2πθRuv) dθ., (4.1)

which represents the Fourier transform of a power-law brightness disk with an inner hole (i.e.

I(θ) ∝ θ−p). A is a free parameter that sets the intensity scale, θ1 and θ2 are the inner and

outer disk edges respectively, and p is the exponent of a power law describing the variation

in emission intensity with radius. J0 is the Bessel function of the first kind of order 0. We

show our best-fit analytic models in Figure 4.2. The continuum model has parameter values

of A = 0.16± 0.02 Jy, θ1 = 0.′′43± 0.′′01, θ2 = 0.′′95± 0.′′03, and p = 2.03± 0.01. The CO line
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model has parameter values of A = 5.0± 0.2 Jy km/s, θ1 = 0.′′32± 0.′′01, θ2 = 1.′′84± 0.′′24,

and p = 1.98± 0.01. The similar values for p (∼ 2) suggest the brightness functions of dust

and gas have similar variation with radius.

The inner and outer angular limits correspond to radii from 60 – 140 AU for continuum

emission, and 45 – 270 AU for CO emission. These suggest the dust cavity may be

larger than that of the gas, however, given the complex interaction of surface density and

temperature structure in determining the surface brightness function, such an assessment

cannot be made without more detailed modeling. We also note that the continuum model

does not fit the long baseline visibilities well, suggesting the presence of some millimeter

continuum emission at small spatial scales. We examine the structure of the dust disk with

detailed radiative transfer modeling, including the spectral energy distribution, but we defer

further interpretation of the CO line data to a later paper.

4.3.3 Millimeter-emitting dust mass

Under the assumption of optically thin dust emission, we can estimate the dust mass of the

disk. The dust mass (Mdust) will be directly proportional to the sub-mm flux (Fν), as in

Hildebrand (1983):

Mdust =
d2Fν

κνBν(Tc)
(4.2)

We assume J1604-2130 lies at the mean distance of Upper Sco derived from the Hipparcos

data (145 pc, de Zeeuw et al. 1999). We also use a characteristic dust temperature (Tc) of

20 K as shown to be appropriate for Taurus disks (Andrews & Williams 2005), and a dust

mass opacity κν = 10 (ν/1000 GHz)β cm2/g (Beckwith et al. 1990).

We estimate the value of β by making a power law fit to the mm-fluxes. We plot the

880 µm and 2.6 mm fluxes in Figure 4.3, along with the 1.2 mm flux from Mathews et al.

(2012), 67.5 ± 1.4 mJy. A power law fit, including calibration uncertainties, shows that

for fν ∝ ν−αmm , the mm-slope αmm is equal to 3.17 ± 0.21. Assuming an optically thin
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medium and emission in the Rayleigh-Jeans limit, where αmm = β + 2, we then calculate a

value of β = 1.17. This is approximately 3σ less than the value of β for small ISM grains

(β = 2), and is greater than that expected for large blackbody grains (β = 0). It is close

to the value of β ≈ 1 expected in the case where grains follow a power law size distribution

N(a) ∝ a−3.5, with a maximum grain size at least 3 times the observed wavelength (Draine

2006). Together, these suggest that this disk may have experienced significant grain growth,

up to at least centimeter-sizes. The inferred dust mass is 0.1 MJup.

The assumption of optically thin emission is justified because, for the β = 1.17 opacity

function, dust will become optically thick to 880 µm emission at a surface density of 0.35

g/cm2, and at a surface density of 1.3 g/cm2 for 2.6 mm emission. Surface densities this high

are not observed at large radii in even the youngest primordial disks. For our estimated disk

mass, this high density would require a 2–5 AU wide ring at a radius of 90 AU. However,

such a narrow ring is ruled out by both the SMA images and the simple model fits described

above. In addition, we show in our later modeling (§4.4.2) that the peak surface density in

the disk is a factor of ten too low for the dust to be optically thick to 880 µm emission.

4.4 Modeling

The temperature profile of the disk is reflected in the spectral energy distribution (SED),

while the density profile is reflected in the resolved sub-mm image. By simultaneously fitting

the SED and SMA data, we derive the disk properties. Because of the sparse sampling of

the Fourier plane, we fit the interferometric visibilities rather than the image itself. For the

stellar properties, we adopt a stellar temperature of 4550 K, luminosity of 0.76 L�, log g

of 4.0, and extinction of 1 mag in V band, based on the references in §4.1. For the disk

orientation, we use the disk position angle and inclination derived in Section 4.3.1.
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4.4.1 Procedure

To model the disk, we use the 3-dimensional radiative transfer code MCFOST (Pinte et al.

2006, 2009) to produce a model SED and 880 µm image. We then simulate observation of

that image to generate visibilities. We fit the SED and radially binned components of the

880 µm continuum visibilities.

We constructed a spectral energy distribution for J1604-2130, combining our 880 µm flux

with values in the literature. For the B, R, and I bands, we used photometry from Preibisch

& Zinnecker (1999), converting magnitudes to fluxes using the absolute flux conversions of

Bessell (1979). We used near-infrared J, H, and KS band photometry from the 2MASS

survey (Skrutskie et al. 2006) and the absolute flux conversions of Cohen et al. (2003). The

near-infrared 4.5, 8, and 16 µm photometry of Carpenter et al. (2006) and mid-infrared 24

and 70 µm photometry of Carpenter et al. (2009) were published as fluxes; these values

are used here directly. We also include the spatially integrated 880 µm flux from this

work, and the single-dish 1.2 mm continuum measurement from Mathews et al. (2012). We

dereddened the optical and near-infrared fluxes by AV = 1 mag using the R=3.1 reddening

law of Fitzpatrick (1999).

The SMA image indicates a disk with a large inner hole. In addition, the SED shows

only photospheric emission out to 8 µm, requiring an absence of dust out to several AU.

However, the excess emission at 16 and 24 µm requires the presence of a small amount of

dust within the inner hole seen in the SMA image. A model that has an inner hole entirely

depleted of dust therefore does not fit the data, and we require a three zone disk model.

Following Andrews et al. (2011), we explore a modified version of the parametric

accretion disk density model with a dust surface density of

Σacc(R) = ΣC

(
R

RC

)−γ
exp

[
−
(
R

RC

)2−γ]
, (4.3)
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where ΣC is the surface density at the characteristic scaling radius, RC , and γ is treated as

a free parameter describing the surface density of the disk (this corresponds to the viscosity

power law index in accretion disk theory, e.g. Hartmann et al. 1998).

We split the disk into three regions. In the innermost part of the disk, within a gap of

radius Rgap, we treat the dust surface density as zero to account for the lack of excess at

wavelengths up to 8 µm. Based on the hole seen in 880 µm emission, yet accounting for the

excess seen at 16 and 24 µm, we deplete the inner region of the disk by a factor δcav from

Rgap to Rcav. We refer to this depleted region as the disk cavity, and to the remainder as

the disk. For the outermost radius included in our models, we set Rout to 300 AU, but in

practice, the emission at these radii is too low for the sensitivity of our data. Therefore,

our adopted surface density model goes as:

Σdust(R) =


0, if R < Rgap

δcavΣacc(R), if Rgap ≤ R < Rcav

Σacc(R), if Rcav ≤ R < Rout

(4.4)

The vertical dust distribution is modeled as a Gaussian with scale height h = hCRC

(R/RC)ψ, where hCRC is the scale height at RC and ψ describes the power-law disk flaring.

After initial modeling indicated our data do not constrain ψ, we adopted a value of 1.2 for

this parameter, based on the median flaring value found in the multi-transition disk study

of Andrews et al. (2011).

For the dust properties, we adopt the porous grain mineralogy of Mathis & Whiffen

(1989), fixing the exponent of the power law grain size distribution at −3.5. We adopt a

minimum grain size of 0.005 µm and a maximum grain size of 7.8 mm (i.e. 3 times the

longest observed wavelength, following Draine 2006). The grain composition and grain size

distribution determine the wavelength-dependent opacity function. We also note that the

choice to use the grain properties of Mathis & Whiffen is essentially arbitrary. Other grain

models lead to equally good models and the current data on J1604 does not discriminate

among the several possibilities.
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In order to find a best-fit model for the J1604-2130 disk, we carried out a search of the

7 free parameters identified above (ΣC , RC , γ, Rgap, Rcav, δcav, hC), adopting the central

position, inclination, and position angle determined from the peak-velocity map (§4.3.1).

Generating even a sparse grid of 7 parameters would require a prohibitively long time,

therefore, we use the Levenberg-Marquardt χ2 minimization algorithm as implemented in

the IDL routine MPFIT (Markwardt 2009) to carry out an iterative least squares fit to

the observed SED and real and imaginary components of the radially averaged visibilities.

Each evaluation of the parameter search carries out the following steps:

1. For a given set of parameters, we generate the corresponding model at the observed

central position, position angle, and inclination. MCFOST produces both an SED for

the model and an 880 µm image.

2. We then simulate an observation of the model with the uv-coverage and integration

time of our SMA observations. We use the Fourier transform functionality of the

CASA package1 to generate a simulated uv dataset for the model image, from which

we generate deprojected, recentered, and binned radially averaged visibilities.

3. The fitting routine calculates the local numerical gradient of the χ2 function of

the SED and the radially averaged visibilities. As the model disk is azimuthally

symmetric, the imaginary components of the radially averaged model visibilities are

always zero, with slight variations due to the stochastic nature of the image simulation.

4. The numerical gradient of the χ2 values are then used in determining the next point to

sample in the space of free parameters. The search algorithm follows the χ2 gradient

towards the minimum.

In order to avoid local minima and more fully map the parameter space, we carried

out the search algorithm 40 times, randomly varying the starting values of the parameters

within the ranges listed in Table 4.3. The Levenberg-Marquardt algorithm naturally leads

1http://casa.nrao.edu/
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to low density sampling in regions of the parameter space with high χ2 values, with the

sampling density rising as the search moves into regions of lower χ2. In addition to providing

a sampling of the parameter space, each run, k, of the search algorithm results in a set of

best-fit values for the i parameters (µk = µ1,k, µ2,k, ..., µi,k), parameter uncertainty estimates

(σk = σ1,k, σ2,k, ..., σi,k), and a covariance matrix (Ak) which allows for estimation of the

parameter dependencies.

4.4.2 Fit Results

We carried out 40 parameter searches starting from very different initial values, each of

which consisted of about 100 disk models. The model with the lowest χ2 value out of the

total of 3967 separate disk models has χ2 = 75.7 and parameters of log δCav = −0.89,

RC = 108AU, γ = −0.69, logΣC = −1.23 g/cm2, hC = 0.04, Rgap = 19 AU, and Rcav = 70

AU. 35 of the 40 searches converged to a very similar set of parameters, with χ2 ranging

from 76 to 85. This gives us confidence that we are reaching the global χ2 minimum of the

seven dimensional parameter space. The remaining 5 of the 40 searches converged on local

minima with χ2 greater than 100.

The separate searches show strong convergence, despite starting in different regions of

the parameter space. These models tend to have similar χ2 values, suggesting that a mean

of the parameters found by the several searches will provide a reasonable estimate of the

disk parameters. We make use of the full set of ∼ 4000 disk models to map out parameter

space so we can assess the reliability of our parameter estimates.

There are, however, difficulties in estimation of the parameter uncertainties. Formally,

our models have 40 degrees of freedom (i.e. 14 SED points, 17 visibility bins with both

real and imaginary components, and 7 free parameters), for a minimum reduced χ2 value

of ≈ 2. In addition, some data points do not contribute to the fitting process (e.g. optical

photometry, where the disk cannot have emission, and imaginary visibility points which will

be near zero for all azimuthally symmetric models), and others will be highly correlated (e.g.

photometry near the SED peak and visibilities near the first null, both of which are strongly
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affected by the inner disk radius) and thus will not contribute a full degree of freedom. The

combination of these two issues – possible model misspecification and uncertainty in the

number of degrees of freedom – suggests that the uncertainty estimates produced by MPFIT

for each search and the conversion of χ2 values to probabilities are inaccurate.

This means that traditional approaches to error estimation (e.g. ∆χ2 contours) are not

applicable. However, the relative comparison of models via differences in χ2 are still valid,

i.e. a lower χ2 value still indicates a better model. We cannot say, however, to what degree

the model is better. With these limitations in mind, we report the standard deviation of

best-fit parameter values, but note that they do not necessarily represent 1σ uncertainties,

and only serve to give a qualitative indication of how well each parameter is constrained in

relation to the range of values included in the search. We report the mean parameter values

and their standard deviations, along with the range of values explored for each parameter,

in Table 4.3.

For a further qualitative examination, we show the 2-dimensional ∆χ2 distributions for

pairs of parameters (Fig. 4.4). At each point within the displayed space, we calculate the

parameter-distance and χ2-weighted mean χ2. In each figure, we show best-fit parameters

from our searches. The inner disk dust depletion factor, δcav, strongly correlates with

both RC and γ, the characteristic radius and surface density power law term. The other

parameters (ΣC , hC , Rcav, and Rgap) are tightly constrained with only weak correlations

with other parameters.

We show the comparison of our adopted disk model with the data in Figures 4.5 (SED

and binned visibilities) and 4.6 (continuum image, model, and residual). We calculate

the residual by subtracting the model visibilities from the observed visibilities, and then

carrying out the same imaging procedure as described in §4.2. We can see that the model

underpredicts the flux at the 2σ level at the location of the peak of emission to the southeast,

suggesting a possible asymmetry in the continuum emission.
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In Figure 4.7, we show the dust surface density for our adopted disk parameters. The

total inferred dust mass is ∼ 0.1 MJup, in close agreement with the simple calculation

presented in §4.3.3. The inner cavity in this model has a dust mass of ∼ 0.007 MJup.

4.5 Discussion

4.5.1 Disk mass

Our continuum observations and modeling allow us to determine the dust mass in the disk

of J1604-2130, and the high disk luminosity rules out the possibility of this being a debris

disk. In addition, the detections of the CO J=3→2 and J=1→0 lines indicate the presence

of gas in the disk. However, CO attains high optical depth at low column densities and

provides only a lower limit to the gas mass. A more accurate determination requires multi-

line spectroscopy and detailed modeling (e.g. Kamp et al. 2011) and is the subject of a

future paper. To provide a rough estimate for the disk gas mass, we select from the DENT

grid of disk models (Woitke et al. 2010) all young (age ≤10 Myr), solar mass stars with face

on 0.1 MJup dust disks and large inner holes. Among these, the detection of CO J=3→2

at a level of ∼ 10−19 W/m2 suggests a gas mass of 3 MJup with a factor of 10 uncertainty.

4.5.2 Inner disk

Our adopted model indicates the inner 20–72 AU of the J1604-2130 disk has 0.007 MJup

of dust in grains up to ∼1 cm in size. This represents a decrease in surface density of a

factor of ∼10 relative to the dust rich outer disk shown in our SMA image. Examination of

the parameter space indicates that all feasible models achieve a similar low inner disk dust

density, either through this abrupt decrease in surface density or a combination of greater

value of the characteristic radius and a much steeper decline in surface density (RC as high

as ∼ 115 AU and γ as low as ∼ −1.5, respectively). However, even this extreme requires a

factor of 2.5 decrease in surface density at Rcav. The dust surface density decreases towards

the center of the disk, and the transition cannot be smooth.
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The additional truncation of dust near 20 AU is indicated by the rising SED at 16

and 24 µm and is consistent with IRS spectroscopy which shows no evidence for the 10 or

20 µm silicate features (Dahm & Carpenter 2009), suggesting a deficiency of micron sized

grains at ∼1 AU scales. However, there are indications that the inner region is not entirely

devoid of material. Near-infrared spectroscopy from Dahm (2010) reveals excess emission

corresponding to blackbody emission at a temperature of ∼900 K. From Wyatt (2008),

rdust(AU) ≈
(

278.3

T

)2( L

L�

)0.5

, (4.5)

this corresponds to blackbody dust orbiting at approximately 0.08 AU. Dahm & Carpenter

(2009) noted a factor of 4 variation between fluxes measured at 4.5 and 8 µm with Spitzer

IRAC, and measurements at those wavelengths a few weeks later with IRS spectroscopy;

these wavelengths roughly correspond to blackbody temperatures between ∼1100 and 600

K, which could in turn arise from dust at radii from ∼0.05 to 0.17 AU.

The CO imaging presented here does not rule out the presence of gas within the inner

disk region. Indeed, the inverse P-Cygni profile and 10% full-width of 252 km/s seen in

Dahm et al. (2012) suggest the system could be accreting, albeit at a very low rate. Dahm

& Carpenter (2009) and Dahm et al. (2012) report Hα equivalent widths of -0.57Å and

-0.27Å, respectively; this is too low for the system to be clearly identified as accreting by

the spectral type dependent criteria of White & Basri (2003) (3Å for K0 – K5 stars). The

system similarly shows no emission in the K-band Brγ line (Dahm 2010), another accretion

indicator. Using the relations between accretion and Hα luminosity of Dahm (2008), we

estimate an upper limit on the accretion rate of 10−11 M�/yr.

4.5.3 Hole formation mechanism

Several mechanisms could lead to the formation of an inner hole in a circumstellar

disk, summarized in Williams & Cieza (2011). Recent work has provided a step-by-step

classification scheme to identify the dominant mechanism leading to the formation of a
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transition disk. Cieza et al. (2010) studied a large sample of young transition disks and

developed a systematic classification system. Below, we discuss these potential mechanisms

and address their feasibility in explaining the formation of the J1604-2130 transition disk.

Grain growth: The mm slope of αmm=3.17 between 880 µm and 2.6 mm indicates

that substantial grain growth has occurred in the outer disk. In the warm inner regions

of the disk, however, grain growth and dust settling are expected to lead to disks with a

smooth downward slope to their infrared excess (e.g. Cieza et al. 2010), in contrast to the

essentially non-existent excess shown by J1604-2130 at wavelengths up to 16 µm, where the

SED abruptly rises.

In addition, accretion is expected to continue in disks where an opacity hole has formed

due to grain growth. From the empirical model of Hartmann et al. (1998), we would expect

a 3 MJup disk at 5 Myr to have an accretion rate ∼ 3× 10−10M�/yr, though this relation

has large scatter for individual objects. This is more than an order of magnitude higher

than the estimated upper limit of 10−11M�/yr for J1604-2130. While the accretion rate

could be consistent with grain growth, the sharp changes in dust surface density suggest

that while growth has occurred, it is not likely the primary source of the disk cavity seen

in J1604-2130.

Photoevaporation: As a disk depletes its gas content, the accretion rate is expected

to drop as well. When the accretion rate is comparable to the photoevaporation rate

(typically ∼ 10−10M�/yr), photoevaporation is expected to become the dominant evolution

mechanism for the disk, halt accretion, and clear the disk from the inside-out. This

is expected to take place when disks have a total mass of 0.05–0.5 MJup (Alexander

et al. 2006). While this is approximately an order of magnitude less than the mass of

the J1604-2130 disk, the large uncertainty in the disk mass prevents us from ruling out

photoevaporation as the driver of hole formation in this disk. However, it is unclear

that photoevaporation can produce inner regions of depleted but non-zero dust mass.

Such a region is not found in current models of disk structure under the influence of

photoevaporation. Moreover, while the observed Hα equivalent width is too low for the
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system to be formally described as accreting, the inverse P-Cygni profile seen in Hα emission

(Dahm & Carpenter 2009) suggests that accretion is continuing, albeit at too low a level to

be precisely determined.

Binarity: Disks can form holes due to tidal truncation by a binary companion (e.g.

LkCa 4, Ireland & Kraus 2008)). An equal mass companion opens a disk gap with a radius

approximately twice the semi-major axis of the binary system (Artymowicz & Lubow 1994).

However, at 36 AU the presence of a binary companion to J1604-2130 has been ruled out

to an upper limit of ∼20 MJup (Kraus et al. 2008). Combining the imaging and aperture-

masking interferometry surveys of Kraus et al. (2008) and Ireland et al. (2011), a companion

is ruled out at all radii within the disk down to ∼13–20 MJup, except for 2 AU and less

(< 60 MJup), and ∼60–75 AU (< 70 MJup). However, the limit on companion mass in

the ∼60–75 AU range is likely much lower than reported, as J1604-2130 would not have

exhibited closure phases consistent with a point source in Kraus et al. (2008), and would

have triggered further investigation (A. Kraus, personal communication, 2011).

Planet formation: Cieza et al. (2010) use the lack of a near-infrared excess, followed

by a steeply rising excess, as an indicator for dynamical clearing. The SED of J1604-2130,

which rises steeply from 16 to 24 µm, matches this criterion. However, in their study all

systems identified as potentially hosting a planet were still actively accreting. Given that

a Jupiter mass planet can intercept up to 90% of the gas accreting from the outer disk

(Lubow & D’Angelo 2006), a more massive planet, or several planets, could possibly be

reducing the accretion rate onto the star.

A single planet will directly clear only a narrow gap in a disk. However, after gap

formation, inner material will accrete onto the star and leave a large gap. A typical accretion

disk model with an evolution time of 1 Myr at 30 AU experiences significant evolution on

a timescale of ∼ 5 Myr at 70 AU (Hartmann et al. 1998; Armitage 2011), suggesting that

a single giant planet could have opened the hole in the J1604-2130 disk. Disk clearing

efficiency increases with additional giant planets (Dodson-Robinson & Salyk 2011).
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We have ruled out binarity as the mechanism for the formation of the gap in the J1604-

2130 disk, and consider grain growth an unlikely candidate due to the two-region dust

surface density function. The complicated dust distribution, in conjunction with marginal

evidence for accretion, makes photoevaporation an unlikely cause for the inner hole. In our

further discussion, we explore possible scenarios for a nascent planetary system.

We can use the upper limit on accretion to estimate a limit to the size of a single giant

planet in this system. Models explore the possibility of a planet truncating the disk, while

allowing sparse material to move past (e.g. Alexander & Armitage 2007). In such a scenario,

the putative planet would be located close to the disk truncation radius; for illustration, we

examine the case of a planet located just inside Rcav, at an orbital radius of (65 AU). The

final truncation of the disk appears to occur at a smaller orbital radius, Rgap, an issue we

discuss below.

Alexander & Armitage (2007) derived an expression relating the stellar accretion rate

of a protoplanetary system to the disk mass and planetary properties. We solve their

Equation 29 to estimate the mass of a putative planet, assuming the stellar accretion rate

is approximately 1/4 the planetary accretion rate:

MP ' 0.25
Md

Ṁacc

3αaccΩH
2

2R(Rout −Rin)
MJup, (4.6)

with disk mass Md, accretion rate ˙Macc, accretion parameter αacc, orbital frequency Ω, scale

height at the planetary orbit H, planet orbital radius R, and disk inner and outer radii Rin

and Rout. From our disk model, we adopt Rin and Rout of 72 and 200 AU, respectively.

The dimensionless accretion parameter αacc can reasonably have values ranging from 0.001

to 0.01.

From the Hα equivalent width of -0.57 Å, we estimated an upper limit to stellar accretion

of 10−11M�/yr. At an orbital radius of 65 AU around a 1M� star, the orbital frequency

will be about 0.002 yr−1, and assuming the 100:1 gas-to-dust mass ratio of the ISM, the
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disk has a mass Md = 10−2 M�. Our adopted disk model gives an estimated scale height,

H, at 65 AU of less than 3 AU.

Given these assumptions, for an accretion constant αacc = 0.01, a planet at 65 AU with

a mass of 6.4 MJup could allow accretion onto the central star at the upper limit rate of

10−11M�/yr. With an increasing flaring constant, ψ, and hence smaller scale height, the

necessary planet mass decreases, reaching 6 MJup for ψ = 1.30. A lower value of ψ would

lead to a correspondingly higher planet mass, e.g. about 8 MJup for ψ = 1.05.

By comparison, a lower accretion rate could suggest a more massive planet; however, the

observation of Hα emission in a P-Cygni profile suggests that while stellar accretion may

be low, it is unlikely to be significantly lower than this upper limit. This in turn suggests

the mass of such a planet could not be more than a factor of a few larger than 8MJup, else

accretion would be so low as to eliminate even the hint of Hα emission seen in this system.

In addition, the planet mass scales with αacc. For αacc = 0.001, the planet mass could be

an order of magnitude lower.

We have so far ignored the truncation of the sparse inner disk at 20 AU. At this radius,

Kraus et al. (2008) place an upper limit of 13 MJup on the mass of a companion. However,

our disk model suggests a low dust density, which could be diverted by a low mass planet.

This planet would be in addition to the mechanism causing the decreased dust surface

density within 72 AU.

The complex dust structure seen in the J1604-2130 disk — variable dust at a fraction of

an AU, a fully depleted region up to 20 AU, and a partially depleted region from 20 to 72

AU – may be best explained by the presence of multiple planets. Zhu et al. (2011) present

a scenario in which four planets lead to a similar configuration, though they must invoke

an additional dust filtering mechanism. Dodson-Robinson & Salyk (2011) explore similar

multi-planet scenarios, where low infrared opacities are driven by geometric filling effects

as accretion continues through dynamically shaped streamers. In both scenarios, multiple

planets can achieve low continuum opacities across many tens of AU, while also reducing

stellar accretion more efficiently than single planets. If planets are diverting accreting
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material, transition disks such as J1604-2130 may be promising targets for searches for

young planets; the additional accretion luminosity will improve the prospects for detection,

as in the case of the planet recently imaged within the transition disk of LkCa 15 (Kraus

& Ireland 2012).

4.5.4 Comparison to other transition disks

Surveys with the Spitzer Space Telescope have shown that ∼ 10 − 20% of circumstellar

disks in nearby star forming regions have mid-infrared SED decrements indicative of an

inner hole. Most of these objects have low millimeter fluxes and are either debris disks or in

the late stages of uv-photoevaporation (Cieza et al. 2008). About 20% have properties that

are consistent with ongoing giant planet formation (Cieza et al. 2012), as we suspect to be

the case with J1604-2130. Relative to the full protoplanetary disk population, therefore,

such objects are rare.

High resolution millimeter interferometry of these potential planet forming transition

disks has resolved the inner holes in about a dozen cases to date. Their masses range from

0.006 − 0.12M� and inner radii vary between 15 − 73 AU with no apparent correlation

(Andrews et al. 2011; Brown et al. 2009). J1604-2130 lies below the median in terms of

mass but has one of the largest cavities yet found. Further, it is one of a handful that are

known to exhibit strong line emission in the outer disk (e.g., Hughes et al. 2009). In a

future paper, we will present the rich chemistry that we have found here, most likely due

to the release of previously depleted species from grain surfaces at the exposed inner rim

(Cleeves et al. 2011). It also stands out as having negligible stellar accretion, which may

indicate massive and/or multiple giant planets, and which may also maintain the large outer

disk reservoir over the relatively advanced, ∼ 5 Myr, age of the system.
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4.6 Summary

In this paper, we have presented high resolution SMA data of the 880µm continuum and

CO 3–2 line emission of the transition disk around J1604-2130, a solar mass star in the

Upper Scorpius moving group. The images show a nearly face-on ring of dust and gas and

we have determined the dust properties through a least squares fit to the infrared-millimeter

SED and submillimeter visibilities.

We derive a dust mass of 0.1MJup. The millimeter SED slope is a power law out to

the longest observed wavelength of 2.6 mm indicating the power law distribution of grain

sizes extends beyond about 0.8 cm. The combined visibility-SED fitting is consistent with

these values and determines the inner edge of the submillimeter dust ring to be 72 AU

in radius. The stellar photosphere is seen out to about 10µm in wavelength showing

that the inner 20 AU around the star is dust free, although variability at shorter infrared

wavelengths suggests some dust may sporadically pass through this region. Mid-infrared

excesses indicate dust emission from the intermediate zone 20–72 AU although the radially

averaged surface density is about an order of magnitude lower than the outer regions.

The presence of millimeter CO emission shows that the outer disk is more primordial

in nature than debris. The gas-to-dust ratio is at least unity and probably substantially

higher. Both the CO image and radially averaged visibilities suggest that the gas may

extend slightly closer to the star than the millimeter emitting dust.

The relatively high mass of the gas-dust disk, its sharp inner edge, and the lack of

gas accretion onto the star together point to a dynamical origin for the inner hole. No

companions have been found down to brown dwarf masses and we suggest that at least one

and perhaps several giant planets reside within about 40 AU radius.

J1604-2130 is the most massive disk remaining in Upper Scorpius and therefore perhaps

the last holdover from the epoch of giant planet formation. It may well be that the particular

architecture of its planetary system has conspired to trap a substantial reservoir of gas and
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dust at large radii, thereby enabling this case study of the late stages of primordial disk

evolution.
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Table 4.1. Observations

Date Configuration Bandpass[a] tint τ225,zenith median Tsys

2008, July 11 SMA Extended, 345 GHz 4 GHz 2.0 hours 0.05 211 K
2009, August 31 SMA Extended, 345 GHz 8 GHz 2.7 hours 0.09 331 K
2010, March 2 SMA Very Extended, 345 GHz 8 GHz 5.8 hours 0.03 139 K
2011, January 30 PdBI A, 115 GHz 7.2 GHz 4.4 hours 0.17 466 K
2011, March 2 PdBI B, 115 GHz 7.2 GHz 4.9 hours 0.12 418 K

[a]Total continuum bandpass.

Table 4.2. Observational Properties

Property Value

F880µm 164±6 mJy
FCO J=3→2 5.2± 0.1 Jy km/s
F2600µm 5.1±0.5 mJy
FCO J=1→0 0.48± 0.04 Jy km/s
central position 16:04:21.645 -21:30:28.83
inclination 6◦±1.5◦

position angle -5◦±10◦

systemic velocity (LSRK) 4.7 km/s ±0.1 km/s

Table 4.3. Dust parameters for USco J1604

Parameter Mean Standard Search
value deviation Lower Upper

log(Σc) [g/cm2] -1.23 0.17 -3 1
RC [AU ] 106 7 90 150
γ -0.40 0.43 -2.0 2.0
Rgap [AU ] 20 3 15 49
Rcav [AU ] 72 3 50 100
log(δcav) -0.86 0.35 -3 0
hC 0.04 0.01 0.010 0.100
Mdust(MJup) 0.13 — – –
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Figure 4.1: A) 880 µm continuum map, with contours indicating 2, 3, 6, 9, and 12 σ
intensity (1σ = 1.3 mJy/beam).
B) Integrated CO J=3→2 map from 4 to 5.5 km/s. Contours indicate 2, 3, 4, 5, 6, and 7σ
emission, in 1σ steps (1σ = 75 mJy km/s /beam ).
C) Peak CO J=3→2 velocity map, limited to regions with 2σ integrated line emission.
In a) and b), the stellar position at 16:04:21.645 -21:30:28.66 is indicated with a cross,
and the solid and dashed lines in c) indicate the directions of the major and minor axes,
respectively. The ∼ 0.′′5× 0.′′3 beam is shown in the bottom left.
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(a) 880 µm continuum visibilities (b) CO J=3-2 visibilities

Figure 4.2: Real flux components of the continuum and CO J=3→2 visibilities. 1σ errors
are shown as vertical bars, and model fits (i.e. integrated zeroth order Bessel functions of
the first kind, following Hughes et al. 2007) shown as dashed red lines. The range of 3σ
values for the imaginary components are shown as the gray region. The position of the first
null strongly constrains the radius of the inner edge of the circumstellar disk (50 – 90 AU,
for varying radial emission functions).

Figure 4.3: We show the millimeter SED as black dots, along with power law fit and
comparisons to αmm = 2 and 4, corresponding to opacity power laws of β = 0 and β = 2 in
the case of optically thin emission. Errors include both formal and calibration uncertainty.
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(a) (b)

(c) (d)

Figure 4.4: 2-dimensional projections of the 7-dimensional χ2 distribution ( δCav appears
twice, to highlight the strong covariance with RC and γ). Gray circles show the results
of the searches for the bestfit parameters and the black circle shows the parameters of the
minimum-χ2 model. The apparent blocky structures in the high ∆χ2 regions are artifacts
of sparse sampling and high χ2 gradients. The projection of the low ∆χ2 region to the
left in Figure b is an artifact of the distance contribution term, as the minimum χ2 model
contributes disproportionately to this nearby high χ2 region, which has a low sampling
density.

104



(a) Spectral energy distribution (b) Continuum visibilities

Figure 4.5: Model fits to SED and continuum visibilities.
A) Spectral energy distribution for J1604-2130. We show our 880 µm and 2.6 mm fluxes
as large black circles, and dereddened optical, 2MASS, Spitzer, and 1.2 mm IRAM 30m
observations as solid black circles. We assume calibration errors of 20% for optical
photometry, 10% for infrared photometry, 15% for 880µm and 1.2mm photometry, and
20% for 2.6mm photometry. Original photometry at short wavelengths is shown with black
squares. The closest match stellar model from Kurucz (1979, 1993) is shown as a gray line.
B) Real flux components of the 880 µm continuum as a function of deprojected uv distance.
1σ errors are shown as vertical bars.

880 !m

(a)

Model

(b)

Residual

(c)

Figure 4.6: A) 880 µm continuum map, with contours indicating 2, 3, 6, 9, and 12σ intensity.
B) 880 µm model image, with contours indicating 2, 3, 6, 9, and 12σ intensity.
C) 880 µm residual map, with solid contours indicating 2σ residuals, and the dashed line
indicating the 2σ contour of the observed continuum map.
In all images, the stellar position at 16:04:21.645 -21:30:28.66 is indicated with a cross, and
1σ = 1.3 mJy/beam.
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Figure 4.7: We show the surface density function for our adopted disk model. The surface
density within the cavity (20 – 72 AU) is reduced by a factor ∼ 10 relative to the disk.

106



Chapter 5

Out of Gas:

A Herschel PACS Survey of Upper Scorpius

To be submitted to the Astrophysical Journal, with C. Pinte, G. Duchêne, J. Williams,

and F. Ménard

Abstract

We present results of far-infrared photometric observations with Herschel PACS of the young

stars of Upper Scorpius, with a detection rate of disk-bearing K and M stars at 70, 100,

and 160 µm of 43%, 56%, and 42%, respectively. We fit one component disk models to

the SEDs of K & M stars with infrared excesses, and have found that while many disks

extend in to the sublimation radius, they appear flatter than younger disks, and have much

reduced dust masses.

We also conducted Herschel PACS observations for far-infrared line emission and JCMT

observations for millimeter CO lines. Among B and A stars, 0 of 5 debris disk hosts exhibit

gas line emission, and among K and M stars, only 2 of 14 stars are detected. The OI

63 µm and CII 157 µm lines are detected towards [PZ99] J160421.7-213028 and [PBB2002]

J161420.3-190648, which were found in millimeter photometry to host the most massive dust

disks remaining in the region. Comparison of the OI line emission and 63 µm continuum

to that of Taurus sources suggests the line emission from [PBB2002] J161420.3-190648 may

originate from a jet, while [PZ99] J160421.7-213028 is consistent with a disk source.
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The low dust masses found by disk modeling and low number of gas line detections

suggest that few stars in Upper Scorpius retain sufficient quantities of material for planet

formation. By the age of Upper Scorpius, giant planet formation is essentially complete.

5.1 Introduction

Circumstellar disks of gas and dust are the sites of planet formation. They are most readily

detected from the thermal continuum emission of cool dust at wavelengths from the (near-

)infrared to millimeter wavelengths. At least initially, the dust only accounts for 1% of

the disk mass, and a more complete understanding of disk structure, chemistry, evolution,

and – not least – the formation of giant planets, requires that we measure and accurately

interpret the line emission from disks. The interpretation of line data requires a complete

understanding of the dust, which establishes the temperature baseline for gas models.

The detection and characterization of disk spectral line emission is far more challenging

than observations of the continuum. Due to atmospheric opacity, ground based observations

have been restricted to (sub-)millimeter molecular rotational lines in the cold outer disk,

where chemical depletion (i.e. freeze-out onto dust grains) is important and in the near-

infrared from the hot, central few AU, regions of disks (van Dishoeck 2006).

The Gas in Protoplanetary Systems Herschel Open Time Key Project (GASPS; Dent

et al., in prep) is carrying out the first large scale sensitive far-infrared spectroscopic study

of gas in protoplanetary disks. Using the Photoconductor Array Camera and Spectrometer

(PACS, Poglitsch et al. 2010) integral field unit spectrometer and bolometer array, we are

surveying nearly 200 young stars in three emission lines, [OI] 63µm, [OI] 145µm, and [CII]

158µm. The GASPS team is modeling the data using a 2 dimensional radiative transfer

code MCFOST (Pinte et al. 2006) and the gas thermal balance and chemistry code ProDiMo

(Woitke et al. 2009; Kamp et al. 2010). They have also built a grid of 300,000 disk models

(DENT, Woitke et al. 2010) exploring a variety of disk parameters which has proven a useful

tool for analysis of observations.
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This survey covers young stars in 6 nearby clusters spanning a range of ages 1-30 Myr.

At a distance of 145 pc (de Zeeuw et al. 1999), Upper Scorpius (Upper Sco) is one of the

closest sites of recent star formation. At an age of 5 Myr (Preibisch & Zinnecker 1999),

it serves as an intermediate age sample for GASPS. However, recent work questions the 5

Myr age of the group. Pecaut et al. (2011) find evidence from examination of B, A, F, and

G stars that the age for Upper Scorpius may be ∼10 Myr. In our discussion below, we

examine the implications either age presents for planet formation.

Whatever the exact age, recent studies have indicated that the disks in Upper Scorpius

are greatly evolved. Few stars are still accreting (e.g. Walter et al. 1994; Dahm & Carpenter

2009), suggesting that most disks have depleted their inner disk gas content. Spitzer

photometry at 4.5 to 70 µm (Carpenter et al. 2006, 2009), as well as spectroscopy (Dahm &

Carpenter 2009), revealed that Upper Sco disks are more evolved than disks in younger star

forming regions, with only ∼ 20% of stars exhibiting an infrared excess at any wavelength.

Moreover, many of these excesses are consistent with debris disks (Ldisk/Lstar < 10−2,

Wyatt 2008) rather than primordial disks. Under the assumption of the primordial 100-to-

1 gas-to-dust ratio, millimeter photometry indicates that less than 2% of Upper Scorpius

disks have sufficient mass to support giant planet formation, and disk masses have become

so low as to end correlation between accretion and near-infrared excess seen in younger

regions (Mathews et al. 2012b).

We have carried out the largest survey to date for far-infrared photometry and gas-line

emission from a group of stars in the late stages of disk evolution, attaining a 3σ gas-mass

sensitivity of ∼ 1 MJup and determining the large scale changes in disk geometry. In §5.2,

we describe our target sample. In §5.3, we describe our observations and data reduction, and

in §5.4, we describe our observational results. In §5.5, we model the disks and discuss the

improved estimates of their dust characteristics enabled by our observations. We conclude

with a discussion of the implications for planet formation and disk evolution in §5.6, and

summarize our findings in §5.7.
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5.2 Sample

The GASPS Upper Scorpius sample emphasizes sources having a NIR excess at 8 or 16

µm in the near-infrared (NIR) continuum survey of 218 Upper Sco members of Carpenter

et al. (2006). We include a small number of non-excess sources to both place limits on

the number of sources with excesses starting at longer wavelengths and to search for disks

with gas line emission but lacking observable dust emission. We observed 8 of the 9 B and

A stars with an 8 or 16 µm excess (excluding two known Be stars), all 7 NIR-excess K

stars, and 17 M stars with a NIR-excess. For our control sample, we included 3 B and

A, 4 G and K, and 6 M stars with no excess at 8 or 16 µm. In Table 5.1 we present an

overview of the previously determined properties of our sample, including the spectral type,

extinction, luminosity, surface temperature, Hα equivalent width, X-ray luminosity, and

disk classification as Class II, III, or debris disk (using the near-IR slope criteria of Greene

et al. 1994), and classification as Classical or Weak-line T Tauri star (using the spectral

type dependent criteria of White & Basri 2003).

The sources for our spectral types, Hα equivalent widths, stellar masses, and disk

classifications are described in Mathews et al. (2012b). Luminosity, temperature, and

extinction estimates are from Preibisch & Zinnecker (1999); Preibisch et al. (2002);

Hernández et al. (2005). We adopt X-ray luminosities based on the flux2 values from

the ROSAT All Sky Catalog (Voges et al. 1999), which uses a stellar chromospheric model

to estimate the total X-ray flux using the two-channel ROSAT observations. As the entire

sample was included in the ROSAT coverage area, we adopt the limiting count-rate of 0.05

s−1 in the 0.1 – 2.4 keV energy band, which, at the distance of Upper Scorpius, corresponds

to an X-ray luminosity of 1.7× 1030 erg/s using the conversion of Voges et al..

5.3 Observations

In the following section, we describe new photometry and spectroscopy of these Upper

Scorpius sources, as well as our data reduction. Observations with the Herschel Space
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Observatory’s PACS instrument (Poglitsch et al. 2010) were carried out as part of the

Herschel Open Time Key Project GASPS (P.I. Dent). Additional observations were carried

out using the Receiver A and HARP instruments on the James Clerk Maxwell Telescope

(JCMT). In Table 5.2, we report the observation identification numbers (obsid) and settings

for Herschel observations, as well as the date, instrument, and integration times for JCMT

observations.

5.3.1 PACS photometry

We carried out a full survey of our sample using the Herschel PACS instrument’s

photometric scan map mode (PacsPhoto). Scans were carried out at the medium scan

speed of 20′′/s, with 10 legs of 3′ length and separations of 4′′. Targets were observed in

both the “blue” passband centered at 70 µm, and the “green” passband centered at 100

µm, with each simultaneously observing in the “red” passband at 160 µm. All but 4 early

observations were carried out in a pair of 276 second scan-map observations at 70◦and 110◦,

so as to provide more even coverage of the field of view and reduce smearing of the PSF in

the scan direction.

The data were reduced with HIPE 4.2 (Ott 2010) using the standard reduction pipeline

for photometric data. For most objects, there are two scans each in the 70 and 100 µm

bands, with a total of 4 accompanying scans in the 160 µm band. For the subset of objects

detected at 70 µm with Spitzer (Carpenter et al. 2009), there are only two scans in the

100 µm band and 2 scans in the 160 µm band. The scans for each object were reduced

separately, with high-pass filtering conducted using a 1σ threshold to mask sources. We

then combined separate scans and projected them at the native PACS pixel scales of 3.′′2,

3.′′2, and 6.′′4 in the 70, 100, and 160 µm bands.

We measured the flux in the stacked images using aperture photometry with aperture

radii of 10.5”. We used outer sky annuli of 20′′–30′′ in the 70 and 100 µm bands, with

aperture corrections of 0.86 and 0.82 based on PACS observations of Vesta 1. For the 160

1http://herschel.esac.esa.int/twiki/pub/Public/PacsCalibrationWeb/PhotMiniScan ReleaseNote 20101112.pdf
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µm photometry, we used a sky annulus of 30′′–40′′, with an aperture correction of 0.63.

We calculated the pixel error, σpx, as the standard deviation of values in the sky annulus,

which we then corrected for a correlated noise factor (0.95, 0.95, and 0.88 at 70, 100, and

160 µm respectively) The source flux error was then calculated as σpxnap, where nap is the

number of pixels within the aperture. We then applied the aperture corrections to our error

measurements. There are additional absolute flux calibration errors of 3, 3, and 5% at 70,

100, and 160 µm, respectively, which we do not include in our reported errors2.

5.3.2 PACS spectroscopy

We used the PACS integrated field unit, which consists of a 5×5 filled array of 9.′′4×9.′′4

spaxels, to carry out spectroscopic observations of 5 B and A stars, 5 K stars, and 9 M stars

with near-infrared excessses. Observations were carried out in chop-nod mode in order to

remove the telescope emission, with the central spaxel centered on the target in both nods.

We carried out PacsLineSpec observations of these 19 spectroscopic targets, which includes

simultaneous observations from 62.94–63.44 and 188.79–190.32 µm.

We also carried out PacsRangeSpec observations of 4 K stars and 3 M stars with

either detected millimeter continuum or strong infrared excess emission. These observations

consisted of simultaneous observations from 71.82–73.31 and 143.62–146.61 µm, followed by

simultaneous observations at 78.38–79.72 and 156.73–159.44 µm.

We used the standard PACS spectroscopy reduction pipeline within HIPE to reduce the

data, with the addition of flags in intermediate steps to preserve information regarding the

random error within wavelength bins.

For each spaxel, we extracted the A and B nods. For each nod, we then binned the

data in wavelength with non-overlapping bins half the width of the instrumental resolution.

The mean of the two nods restores the observed flux in each spaxel, and we calculate the

error within each bin as the sum in quadrature of the errors on the separate nods. We

note that due to telescope roll, off-center spaxels do not see the exact same location on sky

2http://herschel.esac.esa.int/twiki/pub/Public/PacsCalibrationWeb/pacs bolo fluxcal report v1.pdf
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between nods. At the corners of the IFU, these offsets can be as large as 2′′. Despite these

offsets, the off-center spaxels are useful for checking for extended emission or potentially

contaminating sources.

For point source flux measurements, we use the flux in the central spaxel and apply

wavelength dependent flux and aperture corrections released by the PACS development

team3, and assume a flux calibration uncertainty of 30%. These aperture corrections are

considered valid for well centered sources, and the flux calibration uncertainty includes the

effects of pointing uncertainty. As a check, we compare the reported position on sky of the

central spaxel with the target positions. These offsets are generally smaller than the 2′′

pointing uncertainty.

To extract line fluxes and measure continuum flux from our reduced, nod-combined, flux

corrected spectra, we carried out an inverse-error weighted fit of a gaussian and first-order

polynomial to the spectra, attempting fits to the wavelengths of species listed in Table 5.3.

For each line region, we also list the instrumental FWHM and aperture correction. Using

the polynomial fit to each spectral region, we estimated the continuum emission at the rest

wavelength for each line. To estimate the error on the continuum, we calculated the error

of the mean for the residual of the polynomial fit in a region from 2 to 10 instrumental

FWHM from the line rest wavelength. For emission lines, we calculate the flux of detected

lines as the integrated flux of the gaussian line fit. We calculate 1σ fluxes as the integral of

a gaussian with height equal to the continuum RMS, and width equal to the instrumental

FWHM.

5.3.3 JCMT spectroscopy

We also observed a subset of our sample for (sub)millimeter CO emission with the James

Clerk Maxwell Telescope. These observations were a mix of CO J=3-2 observations using

HARP and observations for CO J=2-1 using Receiver A (RxA).

3PacsSpectroscopyPerformanceAndCalibration v1 1 0.pdf
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HARP is a 4×4 heterodyne array operating in the∼ 350GHz atmospheric window, which

allows for simultaneous sampling of the targets and their large scale environs. Observations

were done in an on-off mode, centering the targets in the 14” FWHM beam of a single

receiver and using a 60′′ offset for background subtraction. HARP observations were carried

out under conditions with a typical τ225 ∼ 0.1− 0.2. Calibration was carried out hourly on

nearby bright line sources known to have low-variability in line strength and line shape.

RxA is a single heterodyne detector with a 21′′ FWHM beam operating in the 230 GHz

atmospheric window. RxA observations were carried out in queue mode under conditions

of τ225 ∼ 0.3, with hourly calibration observations of bright line sources.

The data were reduced using standard routines in the Starlink Kappa and Smurf

packages, the facility data reduction tools. We binned data to a 0.25 km/s resolution.

Fluxes were converted from antenna temperature to Jy using the aperture efficiencies from

JCMT documentation 4 of 0.63 at 230 GHz and 0.56 at 345 GHz.

5.4 Results

5.4.1 Spectroscopy

The spectral resolution at 63 µm is 3400, while longer wavelength observations have a

resolution ∼ 1500. Typical continuum RMS for our LineSpec observations at 63 and 190 µm

are ∼ 0.2–0.4 Jy, and ∼ 0.05–0.1 Jy for our RangeSpec observations. These result in line flux

uncertainties of 1–3×10−18 W/m2. Two sources, [PZ99] J160421.7-213028 and [PBB2002]

J161420.3-190648, are detected in [OI] and [CII] emission, though neither source is resolved

at the 90–200 km/s resolution of the PACS instrument. An additional 6 sources are detected

in the 63 µm continuum. In addition, [PBB2002] J161420.3-190648 is marginally detected

in both the CO J=18-17 and the OH 79.1 µm lines. We list continuum fluxes and RMS,

and line fluxes in Tables 5.4, 5.5, and 5.6. We report non-detections as 3σ upper limits,

and we show our continuum subtracted line detections in Figure 5.1.

4http://docs.jach.hawaii.edu/JCMT/OVERVIEW/tel overview/
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Our IFU observations allow us to check for large scale extended emission over the entire

∼ 45′′×45′′ field of view. Extended emission in the [CII] line is detected towards J160959.4-

180009, which we show in Figure 5.2. As multiple spaxels exhibit emission in the [CII] line

equal to or greater than that in the central spaxel, we cannot conclude that this [CII]

emission is from the star-disk system rather than the background.

For our JCMT observations, typical continuum RMS for both the CO 2-1 and CO 3-

2 regions are ∼1–1.5 Jy in 0.25 km/s wide channels. Only [PZ99] J160421.7-213028 is

detected. Assuming a FWHM of 1 km/s for non-detected sources, we find typical line flux

uncertainties of 1.3×10−20 W/m2. Integrated line strength and 3σ upper limits are included

in Table 5.7.

5.4.2 Photometry

In the PACS blue passband at 70 µm, we detect 4/8 B&A stars, 2/6 G&K stars, and 9/21

M stars. In our later analysis, we merge 70 µm photometry of 3, 5, and 2 stars in each

of these categories which were previously detected in Spitzer MIPS band 2 observations,

thus not observed in the PACS blue passband. At 100 µm, we detect 4/5 B&A stars,

7/11 G&K stars, and 10/17 M stars, and at 160µm, we detect 4/11 B&A stars, 6/11 G&K

stars, and 8/23 M stars. As none of our observations are sensitive enough to detect the

stellar photosphere, all detections represent either primordial or debris disks. We list our

photometry in Table 5.8, along with 3σ upper limits.

5.4.3 Spectral energy distributions

We constructed SEDs using optical, 2MASS, and Spitzer photometry from the literature

and adopt uncertainties as described in Mathews et al. (2012b). We merged 3.4, 4.6, 11.6,

and 22 µm photometry from the WISE Preliminary Data Release (Cutri et al. 2011), using

the zero magnitude fluxes of Wright et al. (2010) to convert from magnitudes to Jansky. We

include the Spitzer IRS spectroscopy of Dahm & Carpenter (2009), covering a wavelength

range from 5 to 35 µm, and bin the spectra as in Furlan et al. (2006). We also include
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reported millimeter fluxes at 1.2 and 1.3 mm from (Mathews et al. 2012b, , and references

therein), and the 880 µm flux for [PZ99] J160421.7-213028 reported in Mathews et al.

(2012a).

We show non-detections as 3σ upper limits. We assume large calibration uncertainty

(40%) for the optical photometry, which is largely drawn from scans of photographic plates.

For 2MASS photometry, we assume 15% calibration uncertainty due to unknown near-IR

variability of the sources. For Spitzer IRAC and IRS peak-up photometry, we assume 10

and 20% errors, respectively. For the binned IRS spectra, we assume 10% uncertainty, as

in Furlan et al. (2006). For WISE bands 1–4 at wavelengths of 3.4, 4.6, 11.6, and 22.1

µm, respectively, Jarrett et al. (2011) report calibration uncertainties of 2.4%, 2.8%, 4.5%,

and 5.7%. However, in order to prevent these points from dominating our model fitting

(discussed below), we adopt a minimum calibration uncertainty of 10%. We use the R=3.1

reddening law of Fitzpatrick (1999) to deredden photometry.

Extinction and luminosity estimates from the literature (Hernández et al. 2005; Preibisch

et al. 1998, 2002) led to poor scaling of the stellar photosphere models. Most extinction

estimates were based on single color measurements. As the stellar luminosity is particularly

crucial to our later modeling, we have carried out new estimates of the stellar luminosity

and extinction.

We simultaneously fit the stellar radius and extinction using broadband photometry from

B to H band. We assume a stellar distance of 145±20 pc, following parallax measurements

of the distribution of high mass members (de Zeeuw et al. 1999; de Bruijne 1999). The

stellar radius and distance are degenerate in the photospheric fitting, requiring that one

parameter be fixed using external information. While the measured effective temperatures

could be used with stellar isochrones to select a stellar radius, the uncertain ages and

large variations between isochrones make that approach far more uncertain. Though many

sources appear to the eye to have photospheric K band emission, we omit this band from

the fitting procedure as it could be potentially contaminated at small levels by dust at the

sublimation radius. Using effective temperatures (Teff ) from the literature, with typical
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uncertainties of 100 K, we select a closest match photospheric model (Kurucz 1993). Then,

we carry out a χ2 minimization of the stellar radius and extinction using the Levenburg-

Marquardt algorithm, as implemented in the IDL code MPFIT (Markwardt 2009). Results

of our fits for the extinction and stellar radius, as well as the luminosity derived using the

radius and effective temperature, are listed in Table 5.9.

We show the SEDs in Figures 5.3 – 5.8, along with best fit models to the disk bearing

K and M stars (discussed below). All of our B&A stars exhibit photometry or line

fluxes consistent with being debris disk hosts or stars with no disk. Therefore, while we

present observational results for these objects, we do not include them in our modeling and

discussion (§5.5 & §5.6), which focuses on potentially planet forming K&M star disks.

5.5 Dust models

In order to better constrain the dust content of the Upper Scorpius disks around K and M

stars, we fit dust models to our SEDs using the radiative transfer code MCFOST (Pinte

et al. 2006). We parameterize the radial surface density profile Σ(R) of each object using

the following simple geometry (e.g. Hartmann et al. 1998):

Σ(R) = Σ100

(
R

100AU

)α
, (5.1)

where Σ100 is the surface density at 100 AU, and α describes the surface density variation

of the disk. Σ100 is calculated by solving the relation:

Mdust =

∫ Rout

Rin

2πRΣ(R) dR. (5.2)

The dust mass (Mdust), disk inner radius (Rin), and surface density profile (α) are free

parameters, and the outer radius (Rout) is set to 100 AU, a typical outer radius for T

Tauri disks (e.g. Andrews & Williams 2007). This truncated disk model is sufficient, as the

far-infrared SED is insensitive to the outer disk radius.
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The vertical dust distribution is modeled as a Gaussian with scale height:

h(R) = h100(R/100AU)β, (5.3)

where h100 is the scale height at 100 AU and β describes the power-law disk flaring. For

the dust properties, we adopt a single dust component and use the silicate grain mineralogy

of Draine (2006), and a minimum grain size of 0.01 µm. Following Draine (2006), we fix

the exponent of the power law grain size distribution at −3.5 and the maximum grain size

at 3.6 mm, three times the longest wavelength at which Upper Scorpius disks have been

detected (with the exception of [PZ99] J160421.7-213028). We must note, however, that

most sources are not detected at this wavelength, and thus the modeling is mostly affected

by correspondingly smaller grains. The modeled dust mass may then be scaled down by a

factor of
√
λL/1200µm to estimate the mass in grains with radii up to approximately the

longest observed wavelength (λL).

We use a genetic algorithm (henceforth GA) to explore these 5 free disk parameters

(Mdust, Rin, α, h100, and β). In Table 5.10, we show the ranges explored for each parameter,

with variations noted below.

The GA carries out an iterative search for the lowest χ2 region of the parameter space.

For each object, we generate 20 generations of models. In the first generation, 100 disk

models are generated using disk parameters uniformly selected from within the ranges

shown in Table 5.10. The χ2 values for each model are then calculated, and the lowest

χ2 model is selected to be the parent model of the next generation of 100 models. The

parameters of these child models are initially set to the same values as the parent, and then

modified by a random amount. The variation follows a normal distribution with σ initially

equal to one-tenth the explored range of the parameter. If the ratio of the median χ2 to

lowest χ2 is greater than 0.5, the parameter variation (“mutation rate”) is increased by a

factor of 1.5 to accelerate the convergence towards a solution. If the ratio is below 0.1,

then the mutation rate is reduced by a factor of 1.5, providing for denser sampling in the
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vicinity of the solution. From each successive generation, the lowest χ2 model is selected as

the parent for the next generation of models. For each object, we carry out this procedure

for 20 generations (for a total of 2000 models per disk).

We use these 2000 models to approximate the one-dimensional probability distribution

of each parameter. We assign each model i a probability Pi ∝ exp[−χ2/2], normalizing such

that the model probabilities sum to 1. We then bin along each dimension, summing the

models within each bin to form a one-dimensional probability distribution. We adopt the

peak from each one-dimensional distribution, and show these values in Table 5.11, along

with the χ2 for the fit and the number of degrees of freedom. For two objects, J1606-1908

and J1608-1949, we reduced the lower range for Mdust to 10−9 M� after initial modeling

failed to produce solutions. We exclude [PZ99] J160421.7-213028 and [PBB2002] J161420.3-

190648 from the modeling as discussed below.

While the models with the lowest χ2 values are expected to contribute the most to

forming the probability distribution, the width is unlikely to accurately reflect the actual

parameter uncertainties. The GA does not evenly sample the parameter space, and samples

more densely in regions of better fit. This leads both to an undersampling of poor fit regions,

and may miss regions that represent good solutions. If the GA converges on a solution too

quickly, then large regions of the parameter space can remain unknown. The variable

mutation rate described above represents an attempt to ameliorate these problems. More

fundamentally, circumstellar disks are complex – a single component model is at best an

approximation, and is unlikely to provide a good fit by the traditional measure of a low

reduced χ2. High χ2 values will artificially narrow the probability distribution.

While we do not propose a solution to the difficulties presented by high χ2 values, we

do address the question of sampling density in the estimation of parameter uncertainties

by the creation of a small grid to uniformly sample the five-dimensional parameter space

in the vicinity of key models. We discuss this approach below in the context of examining

a ”typical” disk as represented by the median SED (§5.6.1).
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5.6 Discussion

5.6.1 Median SED

In order to study the evolution of the typical T-Tauri star disk, we calculate the median SED

for the 24 K&M stars in Upper Scorpius with infrared excesses. 20 of these are classified

as Class II sources by the slope of their SEDs from K band to 24 µm (for λFλ ∝ λn,

−1.6 < n < −0.3, Greene et al. 1994). 4 are classified as class III with weaker but still

clear infrared excess emission. They are included here as our goal is to understand the

median disk among K&M stars in a single star forming region. While we have collected

optical, 2MASS, WISE, and Spitzer photometry, we exclude Spitzer IRS spectroscopy from

our median as the sample was not uniformly observed with IRS; 5 low mass sources were

omitted.

Such medians have been determined before using Spitzer IRAC, IRS, and MIPS

observations in numerous young regions (e.g. Furlan et al. 2006). These have typically

adjusted for the varying stellar luminosity of the stars by normalizing individual SEDs

to the same H band flux and then determining the medians of the resulting photometric

points. This approach may lead to an underestimation of variation within the population

(i.e. the upper and lower quartiles) by suppressing excesses at the shortest wavelengths.

This is unlikely to be an important issue for the stars of Upper Scorpius, but it may be a

significant issues for the youngest, most massive disks which can exhibit excesses at H and

K bands. Therefore, we adopt a new approach which more directly compensates for the

variation in stellar luminosity.

For each source, we carry out the following procedure:

1. Deredden the SED using the values found in fits to the stellar photospheres.

2. Subtract the stellar photosphere, as determined in our previous fitting (§5.4.3).

3. Scale each set of excesses to the luminosity of a typical Upper Scorpius M2 star,

J1603-1942 (0.09 L�).
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4. Add the excesses to the stellar SED of this M2 star.

At wavelengths up to 160 µm, we determine the median flux, as well as upper and lower

quartiles. We omit (sub)millimeter photometry from this analysis as it is determined almost

entirely from the disk dust mass, and provides little insight to the disk geometry.

Since all of these sources are detected at wavelengths up to 24 µm, the determination

of median and quartile fluxes are straightforward at short wavelengths. However, at the

PACS wavelengths of 70, 100, and 160 µm, from 6 to 10 sources have fluxes falling below our

three sigma detection limits. Therefore, we adopt a new procedure for the determination

of median and upper and lower quartile fluxes. We use the Kaplan-Meier Product Limit

estimator – designed for work with censored data sets – to construct the scaled cumulative

flux distribution at each wavelength (e.g. Feigelson & Nelson 1985). As we did not carry

out PACS 70 µm observations for objects detected in Spitzer MIPS band 2 observations,

we merge those detections with our 70 µm observations. We show the distributions for 70,

100, and 160 µm emission in Figure 5.9. From these distributions, we then estimate the

median and quartile fluxes for inclusion in the median SED, which we show as the vertical

red lines. For comparison, we show the median and quartiles which would be determined

using a traditional median, treating non-detections as having values of zero. While the

median values determined using the two approaches are similar, the lower quartile is quite

different in all three cases, as expected for having large numbers of non-detections.

For comparison, we determine the median SED for a sample of Taurus stars in the

same fashion, using the Class II sources of spectral types K2 to M5 observed with PACS

photometry in C. Howard, et al. (in prep). For these sources, we have collected B and I

band photometry from SDSS, J, H, and K band photometry from 2MASS, and 3.4, 4.6,

11.6, and 22.1 µm photometry from WISE.

We present the median SEDs for Upper Scorpius and Taurus in Tables 5.12 and 5.13,

respectively, and show the median SEDs in Figure 5.10. We note that our determination of

the median SED exhibits a much larger range between upper and lower quartiles at short

wavelengths than was found in previous determinations. This highlights the need to directly
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scale excesses by the stellar luminosity, rather than by a proxy. The common practice of

scaling all fluxes to a common H band value artificially reduces the contribution of sources

with short wavelength excesses.

For these median SEDs, we make initial parameter estimates by carrying out model fits

to the SEDs using the genetic algorithm as described above. We show these best fit models

overlain on the SEDs in Figure 5.11. Furthermore, in order to estimate the parameter

uncertainties, we have generated an evenly sampled grid around the best fit GA model.

From the 5-dimensional grid of models, we have generated the one-dimensional probability

distributions as described above for the GA (Figure 5.12). We list the model parameters for

the two median SEDs at the end of Table 5.11, along with the range of values encompassing

68% of the probability function.

To check whether the Upper Scorpius median SED corresponds to a disk that is typical

of the disk population, we compare its properties to those derived for the sample as a whole.

We show the cumulative distribution for each property as determined by the GA search in

Figure 5.13, and we indicate the properties of the median disk as the vertical red line in

each figure. For Rin, Mdust, h100, and β, the median disk lies within the central 68% of

the distribution, suggesting it may serve as a reasonable proxy for discussion of the whole

population. The median SED value for α lies just outside of the center of the distribution.

The typical Upper Scorpius disk has both a smaller scale height and greater flaring than

the typical Taurus disk, with h100 of 6.5 vs. 9.5 AU, and flaring of 1.125 vs. 1.07. This

shows dust that is more settled than Taurus disks at all radii, and the degree of settling is

greater at smaller radii. This is to be expected if timescales for dust settling are faster at

small radii.

The radial distribution of material, however, is not so different. The median Upper

Scorpius SED corresponds to a disk with an inner disk edge at 0.04 AU, compared to that

of the Taurus with an inner disk edge at 0.05 AU. In both cases, these inner disk radii are

close to the sublimation radius, suggesting that the typical observed disk has not yet begun
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inside out clearing. This is not surprising given the short lifetime of disks once clearing has

begun.

The amount of material seen in these disks, however, has shown a dramatic decrease,

with the dust mass of the Upper Scorpius median disk being a factor of 10 – 100 lower than

that of the median Taurus disk. Our previous comparison of millimeter emission in Upper

Scorpius and Taurus (Mathews et al. 2012b) showed that the high end threshold of dust

masses had decreased by a factor of 20. Our modeling here suggests a similar trend across

all disk masses.

Overall, these results suggest that from the age of Taurus to that of Upper Scorpius,

not only do the vast majority of disks dissipate, but the few that remain are highly evolved.

The combination of parameters suggesting a high degree of dust settling, low observable

dust mass, yet an inner radius consistent with the sublimation radius may reinforce the idea

that most disks experience homologous evolution through most of their lifetimes.

5.6.2 The nature of [OI] 63 µm emission

In cases where line emission is detected, it is important to clearly establish the nature of

the emission source. Upper Scorpius is old enough that background CO emission is largely

dissipated, and the IFU observations allowed us to identify background contamination in

[CII] emission. But in addition to disks, jets are a prominent source of [OI] line emission from

young stars (Liseau et al. 2006). In an earlier study (Mathews et al. 2010), we compared the

[OI]63
[OI]145 and [OI]63

[CII]157 emission line ratios of four GASPS sources to the locus of jet sources

observed by Liseau et al., and determined that these sources were unlikely to overlap.

However, comparisons to this locus are useful only in cases where one or several lines are

detected. Among our sample only 2 sources are detected in line emission.

To classify sources as potential jet or disk sources, we make use of a recently developed

diagnostic using the [OI]63µm line emission and continuum. C. Howard, et al. (in prep)

have identified the ratio of the [OI] 63.184 µm line flux and the 63 µm continuum flux as

a powerful diagnostic of the nature of the [OI] emission, finding that known jet sources lie
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along a locus an order of magnitude higher than non-jet sources. In Fig. 5.14, we show our

Upper Scorpius sample in comparison to Taurus objects. Two of our sources are detected in

[OI] 63 µm line emission. One of these, [PBB2002] J161420.3-190648, lies on the boundary

between the two locii, and may potentially host a jet. The other detected source, [PZ99]

J160421.7-213028, as well as the rest of the sample (undetected in [OI] line emission), lies

in the non-jet regime.

5.6.3 Gas mass

We may use recently developed gas mass diagnostics to make initial estimates of disk gas

mass in the Upper Scorpius sample. Kamp et al. (2011) outline the use of the [OI] 63 µm

emission line and millimeter CO line emission to constrain the disk gas mass. In short, the

[OI] 63 / CO 2-1 ratio constrains the mean gas temperature, which then allows the direct

conversion of the observed [OI] emission (to which the disk is expected to be optically thin)

to the gas mass. With the detection of both lines, the gas mass can be estimated within

an order of magnitude, based on comparison of estimated gas masses to input model gas

masses from the DENT grid.

In the case of Upper Scorpius, however, where few stars are detected in either CO or

[OI] emission, the DENT grid still allows for limits to be placed on the disk gas mass. We

calculate the contours of mean gas mass as a function of [OI] 63 µm and CO J=2-1 flux for

stars with masses of of 0.5 and 1.0 solar mass. In selecting models from the DENT grid,

we applied the additional constraints of including stars older than 3 Myr, with dust masses

≤ 0.1MJup, and observed at inclinations ≤ 80◦, in order to avoid edge on disk models. All

fluxes were scaled to a distance of 145 pc. For each of our stars, we then compare their flux

or 3σ upper limits to the grid of gas masses (Figure 5.15), using bilinear interpolation to

determine the values. The grid of mean gas masses has a typical uncertainty of at least 0.5

dex, suggesting a factor of at least ∼ 3 uncertainty in the estimated gas masses and mass

limits. Of the 8 K&M stars observed for both [OI] 63 µm and CO J=2-1 emission, only

[PZ99] J160421.7-213028 is detected in both lines. It has an estimated gas mass of 2MJup.
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The other 7 sources have upper limits to the gas mass of 0.4 to 1.8 MJup, with a median

upper limit of 1.1 MJup. We report gas mass estimates and upper limits in Table 5.14.

Examination of the mean gas mass contours in Figure 5.15 indicates that the gas mass

estimates are limited in this regime by our CO line sensitivity. The large collection area

of new telescopes, such as ALMA, will make it possible to probe deeper at millimeter

wavelengths. With another order of magnitude of sensitivity, the upper limits on [OI]

emission from these sources will still allow for a factor of ten improvement in gas mass

estimates.

5.6.4 Gas-to-dust ratio

To attempt to place a limit on the gas to dust ratio of the typical Upper Scorpius disk, we

use the thermochemical modeling code ProDiMo (Woitke et al. 2009; Kamp et al. 2010) to

predict [OI], [CII], and CO line emission for the median SED disk for gas-to-dust ratios of

100, 10, and 1. These values represent ratios ranging from that of ISM material and the

presumed ratio in the youngest disks, down to the regime where disks may be considered

to be transitioning to debris disks. We assume the disks have well mixed gas and dust, and

adopt the disk geometry found by SED fitting (§5.6.1).

High energy UV photons play an important role in heating gas in the disk atmosphere,

but the ultraviolet environment around these stars remains unknown. To compensate, we

explored two UV emission scenarios, with a fractional luminosity of 0.05 and 0.1. In neither

case, however, was line emission strong enough to be detected at the sensitivity of our

observations. Hence, the gas-to-dust ratio of the typical Upper Scorpius disk is not directly

constrained by our observations.

For comparison, we carried out similar modeling for the Taurus median SED, finding

that only in the case of a 100:1 gas to dust ratio and a high UV luminosity did the typical

disk have [OI] 63 µm emission bright enough to be detected. All other lines remain below

our detection limits. We present the results of the gas line models in Tables 5.15 and 5.16.

A high fraction of Class II sources in Taurus exhibit [OI] 63 µm line emission (C. Howard
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et al., in prep), suggesting that many young disks do have a gas-to-dust ratio near 100 or

host jets.

Two sources in Upper Scorpius have gas mass upper limit estimates and millimeter

determinations of the dust mass ([PBB2002] J160823.2-193001 and [PBB2002] J161420.3-

190648). In both cases, the low gas mass estimates of ∼< 0.5 MJupindicate gas-to-dust ratios

much less than the primordial value of 100. With mm-dust masses of 0.041 and 0.014

MJup(Mathews et al. 2012b), respectively, these disks have gas-to-dust ratios of ∼< 10 and

∼< 30.

The one source detected in both [OI] 63µm and CO emission, [PZ99] J160421.7-213028,

has an estimated gas mass of 2.1 MJup. In previous work we found this disk has a dust

mass of 0.1 MJup (Mathews et al. 2012b,a), suggesting a gas to dust ratio of ∼ 20. This

disk is an unusual one in the Upper Scorpius sample, and likely represents the tail end of

the disk survival function. However, as this is the sole source for which we can determine a

gas-to-dust ratio, it may be reasonable to treat it as an indicator of the upper limit to the

gas-to-dust ratio in Upper Scorpius.

Combined with our previous finding that the highest dust masses have decreased by

a factor ∼20 from the age of Taurus to that of Upper Scorpius and the extension of

that conclusion to the general disk population via our modeling here, this suggests an

additional factor of ∼5 decrease in gas masses. Several mechanisms could play a role in

preferentially preserving dust compared to gas. As dust grows beyond micron sizes or

settles to the midplane, it becomes decoupled from the gas. There is a net transfer of

material from the gas phase to solids by freeze-out in the disk interior, though some of this

material may return to the gas phase through later heating. In addition, detectable dust

is likely replenished by collisions among larger objects which are undetectable due to low

opacity. Future observations with instruments offering high sensitivity and resolution at

cm wavelengths, such as the proposed Square-Kilometer Array, will provide a crucial test

of replenishment models, by directly probing the population of pebbles.
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Our finding of a low gas to dust ratio, in combination with the typically flat disk

structure, suggests the importance of dust settling for allowing gas depletion to proceed

more rapidly than depletion of dust.

5.6.5 Planet formation

Recent decades have seen the discovery of hundreds of gas giant extrasolar planets, and the

Kepler mission is leading to an explosion in the number of candidates. Borucki et al. (2011)

estimate approximately 20% of stars host giant planets, and recent observations have nearly

doubled the number of candidates, allowing for further refinement of this estimate (Batalha

et al. 2012). However, far less than 20% of stars in Upper Scorpius have sufficient disk gas

mass to form a giant planet if that process were to begin today. In Mathews et al. (2012b),

we argued that if disks retained the 100 to 1 gas to dust ratio, the 4 stars with dust masses

of 0.01 MJup or greater could have at least 1 MJup of gas. Assuming a 10–20% planet

formation efficiency for a Jupiter composition planet, based on the disk mass required to

form Jupiter in the Minimum Mass Solar Nebula (Weidenschilling 1977; Desch 2007), such

a disk may be sufficient to form a gas giant planet with a mass ranging from 2 Neptune

masses to approximately a Saturn mass.

Furthermore, as our sample was built using all disk bearing sources from the statistically

complete parent sample of 218 stars from Carpenter et al. (2006), the potential gas giant

planet forming disk fraction (fNep) is approximately 1.8±0.9% (4/218). If fNep decays as a

power law in time, and assuming that all stars form with a potentially giant planet forming

disk of 1 MJup or greater, then Upper Scorpius has experienced 5.8± 0.7 half-lives. The 5

Myr age for Upper Scorpius (Blaauw 1978; Preibisch & Zinnecker 1999) would imply that

giant planet formation must be a rapid process, with a half-life of 0.9 ± 0.1 Myr. That in

turn would imply that giant planet formation must generally begin within ∼ 2.0 Myr of

formation, as that is when approximately 80% of disks would drop below 1 MJup. However,

if Upper Scorpius is 11 Myr old (Pecaut et al. 2012), the half-life of the fNep would be 1.9

Myr, suggesting that giant planet formation could be correspondingly slower.
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This implied 2–4 Myr limit to the time available for giant planet formation lies at the

low to mid-range of ages needed to form giant planets via core accretion models (Pollack

et al. 1996; Alibert et al. 2005). However, if the gas-to-dust ratio of 20 of [PZ99] J160421.7-

213028 represents the upper limit among Upper Scorpius disks, then this is the only star

which could support further giant planet formation. In either case, the fraction of stars

hosting potentially giant planet forming disks is lower than the gas giant fraction in the

field by at least a factor of 10, suggesting that gas giant planet formation is essentially

finished in Upper Scorpius.

Regarding the formation of small, rocky planets, the median dust mass in Upper Sco,

3.5× 10−6 M�, corresponds to ∼1 M⊕. The rocky planets of the solar system only require

about a factor of 3 enrichment from primordial solids (Weidenschilling 1977), suggesting

that a dust mass of ∼ 10−5M�would be the minimum dust mass necessary to form a 1

M⊕planet. Including [PZ99] J160421.7-213028 and [PBB2002] J161420.3-190648, which we

did not model here but which have dust masses determined by millimeter photometry, 10

/ 24 disk bearing K&M stars in Upper Scorpius have this minimum dust mass for the

formation of earth mass planets. These represent 4.6±1.5% of the stars in Upper Scorpius.

In the field, ∼15% of stars host 0.5 – 2 R⊕ planets (Borucki et al. 2011). Assuming these

planets have similar densities to Earth, the fraction of Upper Sco stars which could form an

Earth-mass planet if the formation process was to begin now is ∼0.33 that of the fraction of

Earth-mass planet hosts in the field. This suggests that, much like giant planet formation,

earth-mass planet formation is well underway in Upper Sco, and much of the dust has

already grown to unobservable large sizes.

5.6.6 Notes on selected sources

[PZ99] J160421.7-213028: The outer disk structure of the K2 star [PZ99] J160421.7-

213028 was described in Mathews et al. (2012a). The disk has a dust mass ∼ 0.1 MJupand

exhibits a 70 AU hole in millimeter continuum emission, but rising16 and 24 µm excesses

imply the presence of small amounts of dust as close as 20 AU. Furthermore, the system has
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exhibited a factor of ∼4 variation in emission at shorter wavelengths (Dahm & Carpenter

2009), with near-IR spectroscopy indicating the presence of 900 K dust (corresponding to

∼ 0.1 AU). After merging WISE photometry and Spitzer spectroscopy with the previously

studied SED, we find the presence of an excess at all wavelengths from 3.4 µm to 16 µm

(the wavelength at which an excess was first apparent in previous work). The sharply rising

excess from 16 µm is still apparent and is consistent with the presence of dust at 20 AU,

and does not affect the gap in millimeter emission required by SMA observations.

This complex dust disk structure – a lack of millimeter-sized grains at radii less than

70 AU, yet the presence of dust near the sublimation radius and again at 20 AU – can only

be produced by dynamical interaction. [PZ99] J160421.7-213028 will provide a test bed for

examining interactions between giant planets and disks, as well as for the complex modeling

techniques needed to simultaneously fit these multiple disk regions.

[PBB2002] J161420.3-190648: The second source detected in our line survey also

has the fourth largest dust mass in Upper Sco as determined by millimeter photometry

(Mathews et al. 2012b), ∼ 0.015MJup. However, the sharp rise in the SED and large

extinction suggest the star is being viewed edge on through a disk. In addition, the high

ratio of the [OI] 63 µm line to 63 µ continuum indicates this system may be driving a jet.

This star has the second highest Hα equivalent width in Upper Sco, -52Å, which suggests an

accretion rate ∼ 10−9 M�/yr using the conversion presented in Dahm (2008). In addition,

strong emission has been detected in the [OI] 6300 Åforbidden line (B. Montesinos, in

preparation), a common indicator of jets (e.g. Cabrit et al. 1990). We defer modeling of

this disk to a later paper.

Binaries: ScoPMS 31 and [PZ99] J161411.0-230536 have binary companions at

projected separations of 84 and 32 AU, respectively (Köhler et al. 2000; Metchev &

Hillenbrand 2009). These sources are are also detected in millimeter continuum and exhibit

Class II infrared excesses. Mid-infrared excesses indicate, in both cases, the presence of dust

at radii of ∼ 1 AU or less. The disks will necessarily be truncated at outer radii of a few tens

of AU by dynamical interactions with the companions. While the millimeter emission could
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originate from these disks or from circumbinary material, there are no abrupt changes in

the SED shape indicating gaps in emission, as may be seen in a combination circumstellar /

circumbinary emission system. High sensitivity, high spatial resolution millimeter imaging,

such as may be accomplished with ALMA, will allow for the measurement of the disk outer

radii and determination of the presence of circumbinary disks.

5.7 Summary

We have carried out a survey for far-infrared emission lines and photometry, as well as

millimeter line emission, among the stars of Upper Scorpius. From these observations, we

have found that:

1. 18 / 23 K and M stars with 16 or 24 µm excess exhibit continuum emission at 70,

100, and / or 160 µm.

2. The median of Upper Scorpius emission represents an early M star bearing a flat

(H100 = 6.5 AU), depleted (Mdust ∼ 5 × 10−6 M�) disk with an inner edge near the

sublimation radius. While median and upper quartile fluxes in the far-infrared are

a factor of ∼ 4 lower than that of Taurus sources, the lower quartile is lower by an

order of magnitude, suggesting an accelerating dissipation of far-infrared emission.

3. No B or A stars show evidence for hosting circumstellar gas, and their SEDs are all

consistent with either having no disk or a debris disk.

4. One K star, [PBB2002] J161420.3-190648, has far-infrared line emission consistent

with origin from a jet, and the K star [PZ99] J160421.7-213028 has a disk gas mass

of ∼2 MJup. All 6 other stars with both [OI] and CO observations have line upper

limits consistent with gas masses less than 1 MJup.

In general, the stars of Upper Scorpius lack sufficient material for forming giant or earth-

size planets if this formation process were to begin now. By the age of Upper Scorpius,
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giant planets must have completed formation, as must the precursor bodies of earth-size

planets.
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Voges, W., Aschenbach, B., Boller, T., Bräuninger, H., Briel, U., Burkert, W., Dennerl,

K., Englhauser, J., Gruber, R., Haberl, F., Hartner, G., Hasinger, G., Kürster, M.,

Pfeffermann, E., Pietsch, W., Predehl, P., Rosso, C., Schmitt, J. H. M. M., Trümper, J.,
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– 26 –

Fig. 1.—: Continuum subtracted spectra of detected emission lines in black. We overlay

gaussian fits in red.

Figure 5.1: Continuum subtracted spectra of detected emission lines are shown in black.
Gaussian fits are overlaid in red.
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Figure 5.2: PACS IFU spectra of of J1609-1800 in the 158 µm region. The [CII] 157.7 µm
line is detected in multiple off source spaxels, indicating background contamination.
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– 27 –

Fig. 3.—: Spectral energy distributions for Upper Sco sources. Dereddened photometry

is shown as red circles, while original data is shown as open red squares. PACS photom-

etry is marked with open black circles, and 3σ upper limits are shown as arrows. Stellar

photospheres are shown as gray lines.

Figure 5.3: Dereddened photometry is shown as red circles, while original data is shown as
open red squares. PACS photometry is marked with open black circles, and 3σ upper limits
are shown as arrows. Stellar photospheres are shown as gray lines.
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Fig. 4.—: As in Figure 3, with the addition of black lines to indicate SEDs of best fit models

from the genetic algorithm parameter search with MCFOST.

Figure 5.4: As in Figure 5.3, with the addition of black lines to indicate SEDs of best fit
models from the genetic algorithm parameter search with MCFOST.
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Fig. 5.—: As in Figure 4.
Figure 5.5: As in Figure 5.4.
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Fig. 6.—: As in Figure 4.

Figure 5.6: As in Figure 5.4.
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Fig. 7.—: As in Figure 4.

Figure 5.7: As in Figure 5.4.
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Fig. 8.—: As in Figure 4.
Figure 5.8: As in Figure 5.4.
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(a) (b) (c)

Fig. 9.—: Cumulative distributions of the luminosity scale flux for PACS photometry.

Distributions are built using the Kaplan-Meier estimator, designed for use with censored

datasets. The median and quartile values are shown with the vertical redlines, and the

traditional median and quartiles are shown with the blue lines. The traditional method for

determining lower quartiles fails in the situation where more than ∼25% of observations

result in non-detection.

Figure 5.9: Cumulative distributions of the luminosity scaled flux for PACS photometry.
Distributions are built using the Kaplan-Meier estimator, designed for use with censored
datasets. The median and quartile values are shown with the vertical red lines, and the
traditional median and quartiles are shown with the blue lines. The traditional method for
determining lower quartiles fails in the situation where more than ∼25% of observations
result in non-detection.
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– 35 –

Fig. 10.—: Comparison of the Upper Scorpius and Taurus median SEDs. While the lower

quartile of Taurus fluxes and upper quartile of Upper Scorpius fluxes overlap, the medians

are separated by a factor of ∼ 3, suggesting the typical Upper Scorpius disk is more evolved

(e.g. dust settling, grain growth).

Figure 5.10: Comparison of the Upper Scorpius and Taurus median SEDs. While the lower
quartile of Taurus fluxes and upper quartile of Upper Scorpius fluxes overlap, the medians
are separated by a factor of ∼ 3, suggesting the typical Upper Scorpius disk is more evolved
(e.g. dust settling, grain growth).

– 34 –

Fig. 10.—: Comparison of the Upper Scorpius and Taurus median SEDs. While the lower

quartile of Taurus fluxes and upper quartile of Upper Scorpius fluxes overlap, the medians

are separated by a factor of ∼ 3, suggesting the typical Upper Scorpius disk is more evolved

(e.g. dust settling, grain growth).

Fig. 11.—: Best fit models to the median Upper Scorpius (left) and Taurus (right) SEDs.Figure 5.11: Best fit models to the median Upper Scorpius (left) and Taurus (right) SEDs.
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– 35 –

Fig. 12.—: Comparison of the probability distributions for the Upper Scorpius and Taurus

median disks. While the inner radius and surface density distributions are similar, the

median Upper Scorpius SED represents a disk that has experienced more dust settling than

in Taurus. The low dust mass hints at the potential importance of grain growth in reducing

opacity and hence detectable dust mass.

Figure 5.12: Comparison of the probability distributions for the Upper Scorpius and Taurus
median disks. While the inner radius and surface density distributions are similar, the
median Upper Scorpius SED represents a disk that has experienced more dust settling than
in Taurus. The low dust mass hints at the potential importance of grain growth in reducing
opacity and hence detectable dust mass.
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Fig. 13.—: Comparison of the distribution of disk properties (black line) to those of the

median SED (red vertical line). In most cases, the properties of the Upper Scorpius me-

dian SED disk lie within the central 68% of disk properties determined by the GA search,

suggesting the median SED serves as a reasonable proxy for studying typical disk properties.

Figure 5.13: Comparison of the distribution of disk properties (black line) to those of
the median SED (red vertical line). In most cases, the properties of the Upper Scorpius
median SED disk lie within the central 68% of disk properties determined by the GA search,
suggesting the median SED serves as a reasonable proxy for studying typical disk properties.
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Fig. 14.—: Comparison of [OI]63µm and 63 µm continuum fluxes to those of jet and non-jet

sources in Taurus. The empirical relationship discovered by C. Howard et al. (in prep)

provides a useful diagnostic. From its placement, we tentatively identify [OI] emission from

[PBB2002] J161420.3-190648 as originating in a jet. Similarly, we identify [PZ99] J160421.7-

213028 as showing emission from a disk.

Figure 5.14: Comparison of [OI]63µm and 63 µm continuum fluxes to those of jet and non-
jet sources in Taurus. The empirical relationship discovered by C. Howard et al. (in prep)
provides a useful diagnostic. From its placement, we tentatively identify [OI] emission
from [PBB2002] J161420.3-190648 as originating in a jet. Similarly, we identify [PZ99]
J160421.7-213028 as showing emission from a disk.
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Fig. 15.—: Comparison of [OI] 63µm and CO 2-1 fluxes to mean gas masses from the DENT

grid. Another order of magnitude sensitivity to CO will be necessary to distinguish most

gas masses.

Figure 5.15: Comparison of [OI] 63µm and CO 2-1 fluxes to mean gas masses from the
DENT grid. Another order of magnitude sensitivity to CO will be necessary to distinguish
most gas masses.
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Table 5.1. Target Properties

Name Sp.Typea Extinction log (L) log (T) Mstar Wλ(Hα)b LX−ray SED Accretion

Mags (AV ) Lsun K Msun [Å] erg/s class state

HIP 76310 A0V 0.1 1.43 3.960 2.2 < −0.1 · · · debris No
HIP 77815 A5V 0.7 1.06 3.914 2.0 · · · · · · none · · ·
HIP 77911 B9V 0.3 1.88 4.050 2.8 < −0.1 · · · debris No
HIP 78099 A0V 0.5 1.43 3.960 2.2 < −0.1 · · · none No
HIP 78996 A9V 0.4 1.10 3.870 1.8 < −0.1 · · · debris No
HIP 79156 A0V 0.5 1.42 3.980 2.2 < −0.1 · · · debris No
HIP 79410 B9V 0.6 1.63 4.020 2.5 < −0.1 · · · debris No
HIP 79439 B9V 0.6 1.65 4.020 2.5 < −0.1 · · · debris No
HIP 79878 A0V 0.0 1.51 3.980 2.3 < −0.1 · · · debris No
HIP 80088 A9V 0.4 0.91 3.880 1.7 < −0.1 · · · debris No
HIP 80130 A9V 0.6 1.20 3.920 1.9 < −0.1 · · · none No
RX J1600.7-2343 M2 0.5 -0.95 3.557 0.5 · · · 2.42E+30 none · · ·
ScoPMS 31 M0.5V 0.9 -0.43 3.570 0.4 -21.06 1.22E+30 II C
[PBB2002] J155624.8-222555 M4 1.7 -1.12 3.516 0.3 -5.4, -5.51 · · · II W
[PBB2002] J155706.4-220606 M4 2.0 -1.31 3.513 0.2 -3.6, -9.92 · · · II W
[PBB2002] J155729.9-225843 M4 1.4 -1.30 3.511 0.2 -7.0, -6.91 · · · II W
[PBB2002] J155829.8-231007 M3 1.3 -1.63 3.532 0.3 -250, -158 · · · II C
[PBB2002] J160210.9-200749 M5 0.8 -1.40 3.501 0.2 -3.5 · · · none W
[PBB2002] J160245.4-193037 M5 1.1 -1.31 3.495 0.2 -1.1 · · · none W
[PBB2002] J160357.9-194210 M2 1.7 -0.87 3.546 0.5 -3.0, -2.70 · · · II W
[PBB2002] J160525.5-203539 M5 0.8 -1.30 3.499 0.2 -6.1, -8.61 · · · III W
[PBB2002] J160532.1-193315 M5 0.6 -1.88 3.499 0.1 -26.0, -152 · · · III C
[PBB2002] J160545.4-202308 M2 2.2 -0.98 3.560 0.6 -35.0, -2.04 · · · II C
[PBB2002] J160600.6-195711 M5 0.6 -0.82 3.505 0.3 -7.5, -4.11 · · · II W
[PBB2002] J160622.8-201124 M5 0.2 -1.47 3.499 0.2 -6.0, -3.12 · · · II W
[PBB2002] J160643.8-190805 K6 1.8 -0.31 3.623 0.8 -2.39 · · · III W
[PBB2002] J160702.1-201938 M5 1.0 -1.37 3.501 0.2 -30.0, -8.3 · · · II C
[PBB2002] J160801.4-202741 K8 1.5 -0.45 3.601 0.7 -2.3 8.49E+29 none W
[PBB2002] J160823.2-193001 K9 1.5 -0.49 3.586 0.7 -6.0, -2.75 · · · II W
[PBB2002] J160827.5-194904 M5 1.1 -1.11 3.495 0.2 -12.3, -14.5 · · · III W
[PBB2002] J160900.0-190836 M5 0.7 -1.45 3.503 0.2 -15.4, -12.8 9.96E+29c II W
[PBB2002] J160900.7-190852 K9 0.8 -0.60 3.592 0.7 -12.7, -20.0 9.96E+29c II C
[PBB2002] J160953.6-175446 M3 1.9 -1.03 3.539 0.4 -22.0, -22.2 · · · II C
[PBB2002] J160959.4-180009 M4 0.7 -1.26 3.518 0.3 -4.0, -4.41 · · · II W
[PBB2002] J161115.3-175721 M1 1.6 -0.42 3.574 0.6 -2.4, -4.47 1.57E+30 II W
[PBB2002] J161420.3-190648 K5 1.8 -0.59 3.630 0.8 -52.0, -43.7 2.02E+29 II C
[PZ99] J153557.8-232405 K3 0.7 -0.12 3.649 0.9 0.0 1.11E+30 none W
[PZ99] J154413.4-252258 M1 0.6 -0.43 3.564 0.4 -3.15 1.08E+30 none W
[PZ99] J160108.0-211318 M0 0.0 -0.36 3.576 0.4 -2.4 2.15E+30 none W
[PZ99] J160357.6-203105 K5 0.9 -0.24 3.630 0.8 -11.57 · · · II C
[PZ99] J160421.7-213028 K2 1.0 -0.12 3.658 1.0 -0.57 2.25E+30 II W
[PZ99] J160654.4-241610 M3 0.0 -0.34 3.538 1.0 -3.62 9.07E+29 none W
[PZ99] J160856.7-203346 K5 1.4 -0.11 3.630 0.7 -0.47 1.15E+30 none W
[PZ99] J161402.1-230101 G4 2.0 0.30 3.724 1.5 0.0 1.49E+30 none No
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Table 5.1—Continued

Name Sp.Typea Extinction log (L) log (T) Mstar Wλ(Hα)b LX−ray SED Accretion

Mags (AV ) Lsun K Msun [Å] erg/s class state

[PZ99] J161411.0-230536 K0 2.4 0.74 3.676 1.0 0.96, 0.8, 0.38 6.37E+30 II W
c

Due to large instrumental resolution, we are unable to disambiguate the X-ray flux between these two sources.

aSpectral types from Hernández et al. (2005); Preibisch et al. (1998, 2002)

bWλ(Hα) from Hernández et al. (2005); Preibisch et al. (1998, 2002); Dahm & Carpenter (2009); Riaz et al. (2006)
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Table 5.2: Observations

Name Date / ObsID Setting / Instrument Time (s)

HIP 76310 1342215621 PacsPhoto, green 276

1342215622 PacsPhoto, green 276

1342191303 PacsLineSpec 1252

2009-10-26 JCMT RxA 1200

2011-02-18 JCMT RxA 1200

2011-06-16 JCMT RxA 1200

HIP77815 1342189658 PacsPhoto 220

1342215474 PacsPhoto, blue 276

1342215475 PacsPhoto, blue 276

2008-02-22 JCMT HARP 600

2011-04-15 JCMT RxA 1200

HIP77911 1342189656 PacsPhoto 220

1342214223 PacsLineSpec 3316

1342215480 PacsPhoto, green 276

1342215481 PacsPhoto, green 276

2008-02-22 JCMT HARP 600

2008-07-09 JCMT HARP 600

HIP 78099 1342215486 PacsPhoto, blue 276

1342215487 PacsPhoto, blue 276

HIP 78996 1342215502 PacsPhoto, blue 558

1342215503 PacsPhoto, blue 558

HIP 79156 1342215414 PacsPhoto, blue 558

1342215415 PacsPhoto, blue 558

HIP 79410 1342215404 PacsPhoto, blue 276

Continued on Next Page. . .
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Table 5.2 – Continued

Name Date / ObsID Setting / Instrument Time (s)

1342215405 PacsPhoto, blue 276

HIP 79439 1342215402 PacsPhoto, blue 558

1342215403 PacsPhoto, blue 558

1342216190 PacsLineSpec 3316

HIP 79878 1342215615 PacsPhoto, green 276

1342215616 PacsPhoto, green 276

1342216170 PacsLineSpec 3316

HIP 80088 1342215514 PacsPhoto, green 276

1342215515 PacsPhoto, green 276

1342216168 PacsLineSpec 3316

HIP 80130 1342215510 PacsPhoto, blue 276

1342215511 PacsPhoto, blue 276

1342215512 PacsPhoto, green 276

1342215513 PacsPhoto, green 276

2011-04-15 JCMT RxA 1200

RX J1600.7-2343 1342215496 PacsPhoto, blue 840

1342215497 PacsPhoto, blue 840

1342213760 PacsLineSpec 1252

ScoPMS 31 1342215638 PacsRangeSpec 8316

1342216196 PacsLineSpec 3316

1342215422 PacsPhoto, green 276

1342215423 PacsPhoto, green 276

2011-02-13 JCMT RxA 1200

[PBB2002] J155624.8-222555 1342189657 PacsPhoto 220

1342215476 PacsPhoto, blue 276

Continued on Next Page. . .
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Table 5.2 – Continued

Name Date / ObsID Setting / Instrument Time (s)

1342215477 PacsPhoto, blue 276

1342215478 PacsPhoto, green 276

1342215479 PacsPhoto, green 276

[PBB2002] J155706.4-220606 1342215466 PacsPhoto, blue 276

1342215467 PacsPhoto, blue 276

1342215468 PacsPhoto, green 276

1342215469 PacsPhoto, green 276

2008-02-22 JCMT HARP 600

[PBB2002] J155729.9-225843 1342214222 PacsLineSpec 3316

1342215488 PacsPhoto, blue 276

1342215489 PacsPhoto, blue 276

1342215490 PacsPhoto, green 276

1342215491 PacsPhoto, green 276

[PBB2002] J155829.8-231007 1342203460 PacsLineSpec 1660

1342215492 PacsPhoto, blue 276

1342215493 PacsPhoto, blue 276

1342215494 PacsPhoto, green 276

1342215495 PacsPhoto, green 276

2011-02-18 JCMT RxA 1200

[PBB2002] J160210.9-200749 1342215434 PacsPhoto, blue 276

1342215435 PacsPhoto, blue 276

[PBB2002] J160245.4-193037 1342214580 PacsPhoto, blue 276

1342214581 PacsPhoto, blue 276

2008-02-22 JCMT HARP 600

[PBB2002] J160357.9-194210 1342214226 PacsLineSpec 3316

Continued on Next Page. . .
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Table 5.2 – Continued

Name Date / ObsID Setting / Instrument Time (s)

1342215432 PacsPhoto, blue 276

1342215433 PacsPhoto, blue 276

2008-07-09 JCMT HARP 600

[PBB2002] J160525.5-203539 1342215458 PacsPhoto, blue 276

1342215459 PacsPhoto, blue 276

1342215460 PacsPhoto, green 276

1342215461 PacsPhoto, green 276

2008-07-09 JCMT HARP 600

[PBB2002] J160532.1-193315 1342215637 PacsLineSpec 1252

1342215424 PacsPhoto, blue 276

1342215425 PacsPhoto, blue 276

1342215426 PacsPhoto, green 276

1342215427 PacsPhoto, green 276

[PBB2002] J160545.4-202308 1342216198 PacsRangeSpec 8316

1342216197 PacsLineSpec 3316

1342215438 PacsPhoto, blue 276

1342215439 PacsPhoto, blue 276

1342215440 PacsPhoto, green 276

1342215441 PacsPhoto, green 276

2011-02-13 JCMT RxA 1200

[PBB2002] J160600.6-195711 1342215736 PacsLineSpec 3316

1342215428 PacsPhoto, blue 276

1342215429 PacsPhoto, blue 276

1342215430 PacsPhoto, green 276

1342215431 PacsPhoto, green 276

Continued on Next Page. . .
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Table 5.2 – Continued

Name Date / ObsID Setting / Instrument Time (s)

[PBB2002] J160622.8-201124 1342215442 PacsPhoto, blue 276

1342215443 PacsPhoto, blue 276

1342215444 PacsPhoto, green 276

1342215445 PacsPhoto, green 276

[PBB2002] J160643.8-190805 1342215410 PacsPhoto, blue 276

1342215411 PacsPhoto, blue 276

1342215412 PacsPhoto, green 276

1342215413 PacsPhoto, green 276

[PBB2002] J160702.1-201938 1342215448 PacsPhoto, green 276

1342215449 PacsPhoto, green 276

1342215446 PacsPhoto, blue 276

1342215447 PacsPhoto, blue 276

[PBB2002] J160801.4-202741 1342215450 PacsPhoto, blue 276

1342215451 PacsPhoto, blue 276

1342215452 PacsPhoto, green 276

1342215453 PacsPhoto, green 276

[PBB2002] J160823.2-193001 1342215416 PacsPhoto, green 276

1342215417 PacsPhoto, green 276

1342216195 PacsRangeSpec 8316

1342216193 PacsLineSpec 3316

1342216194 PacsLineSpec 3316

2011-02-02 JCMT RxA 1200

[PBB2002] J160827.5-194904 1342215420 PacsPhoto 276

1342215418 PacsPhoto, blue 276

1342215419 PacsPhoto, blue 276

Continued on Next Page. . .
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Table 5.2 – Continued

Name Date / ObsID Setting / Instrument Time (s)

1342215421 PacsPhoto, green 276

[PBB2002] J160900.0-190836 1342215406 PacsPhoto, blue 276

& [PBB2002] J160900.7-190852 1342215407 PacsPhoto, blue 276

1342215408 PacsPhoto, green 276

1342215409 PacsPhoto, green 276

[PBB2002] J160900.0-190836 2011-02-25 JCMT RxA 1200

[PBB2002] J160953.6-175446 1342215394 PacsPhoto, blue 276

1342215395 PacsPhoto, blue 276

1342215396 PacsPhoto, green 276

1342215397 PacsPhoto, green 276

[PBB2002] J160959.4-180009 1342215398 PacsPhoto, green 276

1342215399 PacsPhoto, green 276

1342216188 PacsLineSpec 3316

1342216189 PacsRangeSpec 8316

2011-02-25 JCMT RxA 1200

[PBB2002] J161115.3-175721 1342215393 PacsPhoto, green 276

1342215390 PacsPhoto, blue 276

1342215391 PacsPhoto, blue 276

1342215392 PacsPhoto, green 276

[PBB2002] J161420.3-190648 1342215400 PacsPhoto, green 276

1342215401 PacsPhoto, green 276

1342216191 PacsLineSpec 3316

1342216192 PacsRangeSpec 8316

2011-02-02 JCMT RxA 1200

[PZ99] J153557.8-232405 1342189592 PacsPhoto 220

Continued on Next Page. . .
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Table 5.2 – Continued

Name Date / ObsID Setting / Instrument Time (s)

1342215623 PacsPhoto, blue 276

1342215624 PacsPhoto, blue 276

1342215625 PacsPhoto, green 276

1342215626 PacsPhoto, green 276

2008-02-22 JCMT HARP 600

2011-02-13 JCMT RxA 1200

[PZ99] J154413.4-252258 1342189659 PacsPhoto 220

1342215482 PacsPhoto, blue 276

1342215483 PacsPhoto, blue 276

1342215484 PacsPhoto, green 276

1342215485 PacsPhoto, green 276

2008-02-22 JCMT HARP 600

[PZ99] J160108.0-211318 1342215464 PacsPhoto, blue 276

1342215465 PacsPhoto, blue 276

2008-02-22 JCMT HARP 600

[PZ99] J160357.6-203105 1342214227 PacsLineSpec 3316

1342216199 PacsRangeSpec 8316

1342215436 PacsPhoto, green 276

1342215437 PacsPhoto, green 276

2011-02-26 JCMT RxA 1200

[PZ99] J160421.7-213028 1342215462 PacsPhoto, green 276

1342215463 PacsPhoto, green 276

1342215680 PacsRangeSpec 10279

1342215681 PacsLineSpec 3316

2008-03-09 JCMT HARP 600

Continued on Next Page. . .
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Table 5.2 – Continued

Name Date / ObsID Setting / Instrument Time (s)

2010-05-18 JCMT HARP 1200

2010-05-19 JCMT HARP 500

2010-05-20 JCMT HARP 3000

2009-07-27 JCMT RxA 1200

[PZ99] J160654.4-241610 1342215501 PacsPhoto, green 276

1342215498 PacsPhoto, blue 276

1342215499 PacsPhoto, blue 276

1342215500 PacsPhoto, green 276

[PZ99] J160856.7-203346 1342215454 PacsPhoto, blue 276

1342215455 PacsPhoto, blue 276

1342215456 PacsPhoto, green 276

1342215457 PacsPhoto, green 276

[PZ99] J161402.1-230101 1342215506 PacsPhoto, blue 276

1342215507 PacsPhoto, blue 276

1342215508 PacsPhoto, green 276

1342215509 PacsPhoto, green 276

[PZ99] J161411.0-230536 1342215504 PacsPhoto, green 276

1342215505 PacsPhoto, green 276

1342216169 PacsLineSpec 3316

2011-02-03 JCMT RxA 1200

2011-06-27 JCMT RxA 1200
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Table 5.3. Spectroscopic species

Species Transition Wavelength FWHM Aperture
µm µm correction

[OI] 3P1-3P2 63.183705 0.0184 0.70
o-H2O 818-707 63.32355
o-H2O 707-616 71.9460 0.0391 0.70
CH+ 5-4 72.1870
CO 36-35 72.8428544
o-H2O 423-312 78.7414 0.0386 0.70
OH 1/2-3/2a 1/2–3/2+ 1-2 79.117296
OH 1/2-3/2 1/2–3/2+ 0-1 79.118034
OH 1/2-3/2a 1/2+ -3/2- 1-2 79.181726
OH 1/2-3/2 1/2+ -3/2- 0-1 79.180928
CO 33-32 79.3598104
p-H2O 322-211 89.9878 0.0362 0.69
CH+ 4-3 90.0731
CO 29-28 90.1630019
p-H2O 413-322 144.5181 0.125 0.56
CO 18-17 144.7841891
[OI] 3P0-3P1 145.525439
[CII] 2P3/2-2P1/2 157.740900 0.126 0.51
p-H2O 331-404 158.3090
o-H2O 212-101 179.5265 0.122 0.44
CH+ 2-1 179.61
o-H2O 221-212 180.4880
o-H18

2 O 212-101 181.051
DCO+ — 189.57 0.118 0.41

aBlended with nearby line at instrumental resolution.

Table 5.4. PACS LineSpec

Name Cont63µm [OI] 63 RMS 63 µm Cont190µm DCO+ 190 RMS 190 µm
Jy 10−18W/m2 Jy Jy 10−18W/m2 Jy

HIP 76310 0.449 ± 0.05 < 12.693 0.287 0.296 ± 0.07 < 9.339 0.453
HIP 77911 < 0.075 < 6.183 0.140 < 0.150 < 6.060 0.300
HIP 79439 < 0.084 < 6.915 0.156 < 0.174 < 7.005 0.345
HIP 79878 < 0.072 < 6.126 0.139 < 0.089 < 4.773 0.152
HIP 80088 0.099 ± 0.02 < 6.552 0.148 < 0.199 < 10.645 0.339
RX J1600.7−2343 < 0.135 < 11.253 0.255 < 0.219 < 8.904 0.597
ScoPMS 31 0.130 ± 0.03 < 7.596 0.172 < 0.111 < 4.533 0.338
[PBB2002] J155729.9−225843 < 0.063 < 5.322 0.120 < 0.174 < 7.026 0.423
[PBB2002] J155829.8−231007 < 0.084 < 7.116 0.161 < 0.015 < 0.573 0.225
[PBB2002] J160357.9−194210 < 0.057 < 4.710 0.107 < 0.135 < 5.463 0.526
[PBB2002] J160532.1−193315 < 0.120 < 9.918 0.224 < 0.261 < 10.611 0.472
[PBB2002] J160545.4−202308 < 0.078 < 6.594 0.149 < 0.144 < 5.808 0.266
[PBB2002] J160600.6−195711 < 0.066 < 5.481 0.124 < 0.126 < 5.097 0.255
[PBB2002] J160823.2−193001 < 0.111 < 9.237 0.209 < 0.186 < 7.515 0.886
[PBB2002] J160959.4−180009 0.153 ± 0.02 < 5.493 0.124 < 0.177 < 7.104 0.278
[PBB2002] J161420.3-190648 0.909 ± 0.03 36.99 ± 3.08 0.209 0.44 ± 0.06 < 7.794 0.502
[PZ99] J160357.6−203105 0.169 ± 0.03 < 8.994 0.203 < 0.156 < 6.366 0.716
[PZ99] J160421.7−213028 1.386 ± 0.02 22.21 ± 1.88 0.128 2.56 ± 0.06 < 7.551 0.360
[PZ99] J161411.0−230536 0.084 ± 0.02 < 6.477 0.146 < 0.131 < 7.006 0.223
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Table 5.5. PACS RangeSpec, Blue

Name Cont72µm CO 72 RMS 72 Cont79µm OH 79.1 RMS 79
Jy 10−18W/m2 Jy Jy 10−18W/m2

ScoPMS 31 0.111 ± 0.018 < 7.212 0.102 < 0.072 < 7.572 0.127
[PBB2002] J160545.4−202308 0.054 ± 0.016 < 6.375 0.090 < 0.081 < 8.832 0.148
[PBB2002] J160823.2−193001 0.072 ± 0.014 < 5.478 0.077 0.208 ± 0.023 < 7.365 0.123
[PBB2002] J160959.4−180009 0.170 ± 0.016 < 6.501 0.092 < 0.069 < 7.497 0.126
[PBB2002] J161420.3−190648 0.900 ± 0.016 < 6.444 0.091 0.804 ± 0.026 6.58 ± 2.78 0.140
[PZ99] J160357.6−203105 < 0.051 < 6.909 0.098 0.104 ± 0.018 < 5.772 0.097
[PZ99] J160421.7−213028 1.888 ± 0.022 < 13.258 0.188 2.014 ± 0.027 < 15.622 0.221

Table 5.6. PACS RangeSpec, Red

Name Cont145µm CO J=18-17 RMS 145 Cont158µm CII 158 RMS 158
Jy 10−18W/m2 Jy Jy 10−18W/m2

ScoPMS 31 0.085 ± 0.007 < 2.214 0.039 0.077 ± 0.013 < 3.270 0.068
[PBB2002] J160545.4−202308 0.058 ± 0.010 < 2.961 0.052 0.095 ± 0.013 < 3.267 0.067
[PBB2002] J160823.2−193001 0.177 ± 0.010 < 2.979 0.053 0.241 ± 0.011 < 2.727 0.056
[PBB2002] J160959.4−180009 0.092 ± 0.010 < 3.000 0.053 0.079 ± 0.014 <4.198a 0.071
[PBB2002] J161420.3−190648 0.609 ± 0.012 3.373 ± 1.219 0.065 0.658 ± 0.015 4.626 ± 1.226 0.076
[PZ99] J160357.6−203105 0.041 ± 0.008 < 2.463 0.044 0.055 ± 0.012 < 3.036 0.063
[PZ99] J160421.7−213028 2.664 ± 0.012 < 3.973 0.061 3.123 ± 0.017 4.483 ± 1.433 0.089

aShows extended emission in multiple IFU modules.

Table 5.7. JCMT Observations

Name CO 2-1 CO 3-2
10−20W/m2 10−20W/m2

HIP 76310 < 1.5 · · ·
HIP 77815 < 2.9 < 2.8
HIP 77911 · · · < 3.1
HIP 80130 < 3.6 · · ·
ScoPMS 31 < 3.8 · · ·
[PBB2002] J161420.3−190648 < 2.1 · · ·
[PBB2002] J155706.4−220606 · · · < 3.0
[PBB2002] J155829.8−231007 < 3.0 · · ·
[PBB2002] J160210.9−200749 · · · < 3.1
[PBB2002] J160245.4−193037 · · · < 5.9
[PBB2002] J160525.5−203539 · · · < 5.3
[PBB2002] J160545.4−202308 < 3.3 · · ·
[PBB2002] J160823.2−193001 < 1.8 · · ·
[PBB2002] J160900.0−190836 < 4.4 · · ·
[PBB2002] J160959.4−180009 < 4.2 · · ·
[PZ99] J153557.8−232405 < 4.2 < 3.0
[PZ99] J154413.4−252258 · · · < 3.0
[PZ99] J160108.0−211318 · · · < 3.0
[PZ99] J160357.6−203105 < 3.6 < 4.9
[PZ99] J160421.7−213028 6.5 ± 1.5 25.0 ± 0.9
[PZ99] J161411.0−230536 < 1.6 · · ·
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Table 5.8. PACS Photometry

Name 70 µm 100 µm 160 µm
mJy mJy mJy

HIP 76310 373.1±11.3a 424.6± 3.1 197.1± 7.2
HIP 77815 <7.9 · · · <15.6
HIP 77911 372.8± 5.3 250.5± 3.3 129.7± 4.4
HIP 78099 15.9± 3.0 · · · 39.8± 4.4
HIP 78996 11.0± 2.1 · · · <13.5
HIP 79156 <6.8 · · · <10.0
HIP 79410 16.2± 2.9 · · · <17.5
HIP 79439 < 6.1 · · · < 13.0
HIP 79878 <47.7a 10.0± 3.2 < 25.1
HIP 80088 79.2±13.8a 97.8± 2.9 63.3± 5.2
HIP 80130 < 8.5 < 9.8 < 12.4
RX J1600.7−2343 < 6.2 · · · < 16.1
ScoPMS 31 296.7±11.5a 305.3± 3.7 167.2± 5.7
[PBB2002] J155624.8−222555 12.4± 2.5 < 10.8 < 9.8
[PBB2002] J155706.4−220606 < 8.5 < 8.9 < 11.8
[PBB2002] J155729.9−225843 15.3± 2.9 14.2± 2.8 14.1± 2.9
[PBB2002] J155829.8−231007 22.1± 3.4 28.5± 3.1 28.5± 4.3
[PBB2002] J160210.9−200749 < 8.5 · · · < 18.3
[PBB2002] J160245.4−193037 < 11.1 < 14.7 < 16.0
[PBB2002] J160357.9−194210 76.0± 3.1 · · · 79.7± 6.1
[PBB2002] J160525.5−203539 < 9.9 < 8.7 <15.7
[PBB2002] J160532.1−193315 < 10.5 < 11.2 < 16.1
[PBB2002] J160545.4−202308 63.2± 3.0 83.9± 3.5 78.0± 3.8
[PBB2002] J160600.6−195711 < 9.4 < 10.2 < 13.4
[PBB2002] J160622.8−201124 38.3± 2.9 27.3± 2.8 21.3± 4.7
[PBB2002] J160643.8−190805 17.7± 3.1 14.0± 3.0 < 11.9
[PBB2002] J160702.1−201938 < 9.8 < 10.9 < 9.9
[PBB2002] J160801.4−202741 < 8.0 < 9.6 < 14.9
[PBB2002] J160823.2−193001 99.9±10.7a 186.8± 3.1 216.4± 6.1
[PBB2002] J160827.5−194904 10.6± 3.1 < 8.7 < 9.1
[PBB2002] J160900.0−190836 36.5± 3.0 38.5± 4.2 33.3± 6.6
[PBB2002] J160900.7−190852 295.9± 2.8 426.8± 3.0 404.5± 6.1
[PBB2002] J160953.6−175446 15.5± 2.9 12.6± 2.4 < 14.7
[PBB2002] J160959.4−180009 127.6±15.2a 140.6± 3.2 61.7± 3.8
[PBB2002] J161115.3−175721 < 10.2 < 7.1 < 15.3
[PBB2002] J161420.3−190648 668.3±25.2a 1015.3± 3.9 691.6± 7.9
[PZ99] J153557.8−232405 < 8.2 < 9.0 < 13.4
[PZ99] J154413.4−252258 < 6.7 < 9.5 < 14.0
[PZ99] J160108.0−211318 < 9.2 · · · < 15.5
[PZ99] J160357.6−203105 187.8±12.7a 200.8± 3.1 131.0± 5.8
[PZ99] J160421.7−213028 1917.4±24.8a 3949.3± 4.0 4245.3± 6.8
[PZ99] J160654.4−241610 < 9.3 < 9.6 < 13.0
[PZ99] J160856.7−203346 < 10.6 < 9.5 < 12.5
[PZ99] J161402.1−230101 < 8.6 < 8.9 < 8.6
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Table 5.8—Continued

Name 70 µm 100 µm 160 µm
mJy mJy mJy

[PZ99] J161411.0−230536 91.1±11.7a 116.8± 3.2 54.6± 6.1

a70 µm flux reported in Carpenter et al. (2009).

Table 5.9. Stellar properties

Name AV Rstar Lum. χ2
phot

mags Rsun Lsun

ScoPMS 31 0.2 ± 0.4 1.47 ± 0.20 0.37 1.0
[PBB2002] J155624.8−222555 0.9 ± 0.4 0.76 ± 0.10 0.06 2.2
[PBB2002] J155706.4−220606 1.1 ± 0.4 0.58 ± 0.08 0.03 1.4
[PBB2002] J155729.9−225843 1.1 ± 0.4 0.67 ± 0.09 0.04 0.6
[PBB2002] J155829.8−231007 0.0 ± 0.0 0.53 ± 0.07 0.03 2.1
[PBB2002] J160357.9−194210 0.4 ± 0.4 0.79 ± 0.11 0.09 0.6
[PBB2002] J160525.5−203539 0.8 ± 0.4 0.71 ± 0.10 0.04 7.1
[PBB2002] J160532.1−193315 0.4 ± 0.4 0.54 ± 0.07 0.03 3.0
[PBB2002] J160545.4−202308 0.1 ± 0.4 0.73 ± 0.10 0.08 0.5
[PBB2002] J160600.6−195711 0.4 ± 0.4 0.87 ± 0.12 0.07 3.2
[PBB2002] J160622.8−201124 0.1 ± 0.4 0.69 ± 0.10 0.04 2.1
[PBB2002] J160643.8−190805 0.7 ± 0.4 1.17 ± 0.16 0.38 2.8
[PBB2002] J160702.1−201938 0.4 ± 0.4 0.56 ± 0.08 0.03 6.5
[PBB2002] J160823.2−193001 0.4 ± 0.4 1.01 ± 0.14 0.20 0.1
[PBB2002] J160827.5−194904 0.8 ± 0.4 0.88 ± 0.12 0.07 3.8
[PBB2002] J160900.0−190836 0.7 ± 0.4 0.75 ± 0.10 0.05 1.6
[PBB2002] J160900.7−190852 0.8 a 1.25 ± 0.17 0.33 –
[PBB2002] J160953.6−175446 2.0 ± 0.4 0.58 ± 0.08 0.04 2.0
[PBB2002] J160959.4−180009 1.3 ± 0.4 1.01 ± 0.14 0.11 0.1
[PBB2002] J161115.3−175721 0.0 ± 0.4 1.20 ± 0.17 0.26 1.3
[PBB2002] J161420.3−190648 1.9 ± 0.4 1.15 ± 0.16 0.39 8.4
[PZ99] J160357.6−203105 1.0 ± 0.4 1.43 ± 0.20 0.61 2.5
[PZ99] J160421.7−213028 0.5 ± 0.4 1.10 ± 0.15 0.47 5.3
[PZ99] J161411.0−230536 1.3 ± 0.4 2.24 ± 0.31 2.29 0.4

aSimultaneous fit to AV and Rstar did not converge, therefore we assigned
literature value of extinction and fit Rstar.

Table 5.10. Model parameters

Parameter Minimum Maximum

Mdust 10−6 Msun 10−3 Msun

Rin 0.03 AU 10 AU
α -2 0
h100 2 20
β 1.05 1.25

164



Table 5.11. Disk models - genetic algorithm

Name Rin α Mdust H100 β χ2 degrees of
AU 10−6 Msun AU freedom

ScoPMS 31 1.269 -0.7 3.300 13.5 1.15 370.8 26
[PBB2002] J155624.8-222555 0.031 -1.6 2.400 7.6 1.06 18.4 13
[PBB2002] J155706.4-220606 0.037 -1.5 13.000 5.6 1.11 9.7 11
[PBB2002] J155729.9-225843 0.030 -1.0 1.800 6.9 1.17 10.7 11
[PBB2002] J155829.8-231007 0.035 -1.9 40.000 10.8 1.08 43.3 22
[PBB2002] J160357.9-194210 0.045 -0.4 8.500 11.1 1.12 53.4 25
[PBB2002] J160525.5-203539 0.036 -1.1 46.000 2.5 1.14 13.7 11
[PBB2002] J160532.1-193315 0.032 -1.7 110.000 5.2 1.06 79.3 25
[PBB2002] J160545.4-202308 0.081 -1.3 12.000 7.8 1.17 10.8 11
[PBB2002] J160600.6-195711 0.030 -2.0 56.000 4.4 1.13 61.1 23
[PBB2002] J160622.8-201124 0.315 -1.1 2.200 5.6 1.22 46.0 24
[PBB2002] J160643.8-190805 0.032 -0.3 0.075 3.4 1.19 48.5 24
[PBB2002] J160702.1-201938 0.031 -1.5 7.400 9.8 1.16 41.5 25
[PBB2002] J160823.2-193001 0.034 -1.5 61.000 7.6 1.14 11.3 25
[PBB2002] J160827.5-194904 0.034 -1.5 0.120 4.2 1.12 26.6 25
[PBB2002] J160900.0-190836 0.032 -1.2 1.000 17.7 1.25 60.4 25
[PBB2002] J160900.7-190852 0.443 -0.0 24.000 7.9 1.08 98.0 27
[PBB2002] J160953.6-175446 0.032 -1.2 1.100 9.5 1.17 19.1 25
[PBB2002] J160959.4-180009 0.413 -0.8 3.700 13.4 1.14 152.0 24
[PBB2002] J161115.3-175721 0.073 -0.7 1.000 5.9 1.05 135.4 26
[PZ99] J160357.6-203105 0.062 -1.2 1.000 16.9 1.25 159.8 27
[PZ99] J161411.0-230536 0.053 -0.7 1.700 2.1 1.09 40.3 25
Upper Scorpius Median 0.044 -1.6 4.600 6.6 1.12 15.6 10
Upper Scorpius Mediana 0.032 – 0.045 -2.0 – -1.7 3 – 7.5 7.0 – 7.5 1.125 – 1.15
Taurus median 0.050 -1.3 1000.000 9.6 1.08 29.1 4
Taurus mediana 0.036 – 0.045 -1.25 – -1.05 50 – 1000 9.4 – 10.0 1.04 – 1.06

a68% confidence ranges from uniform grid in vicinity of genetic algorithm solution.

Table 5.12. Upper Scorpius median SED

Wavelength Lower quartile Median Upper quartile
µm W/m2 W/m2 W/m2

0.44 1.21E-14 1.32E-14 1.56E-14
0.54 1.62E-14 1.90E-14 2.42E-14
0.65 1.88E-14 2.06E-14 2.73E-14
0.79 5.37E-14 6.04E-14 7.13E-14
1.24 1.12E-13 1.14E-13 1.20E-13
1.66 1.00E-13 1.04E-13 1.10E-13
2.16 6.39E-14 7.00E-14 7.28E-14
3.40 2.22E-14 2.75E-14 3.28E-14
4.50 1.24E-14 1.53E-14 2.16E-14
4.60 1.17E-14 1.45E-14 1.99E-14
8.00 4.63E-15 7.09E-15 8.12E-15
11.60 3.58E-15 5.31E-15 6.26E-15
16.00 2.47E-15 4.85E-15 5.80E-15
22.00 2.56E-15 3.82E-15 5.17E-15
24.00 1.59E-15 3.26E-15 4.95E-15
70.00 7.58E-16 1.41E-15 2.85E-15
100.00 4.84E-16 9.24E-16 2.25E-15
160.00 3.37E-16 6.28E-16 1.38E-15
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Table 5.13. Taurus median SED

Wavelength Lower quartile Median Upper quartile
µm W/m2 W/m2 W/m2

0.48 9.49E-15 2.15E-14 1.38E-13
0.77 1.60E-14 6.04E-14 9.97E-14
1.24 1.03E-13 1.15E-13 1.28E-13
1.66 9.36E-14 1.06E-13 1.19E-13
2.16 6.21E-14 8.60E-14 1.11E-13
3.35 2.47E-14 5.02E-14 7.95E-14
4.60 1.76E-14 3.43E-14 5.72E-14
11.56 6.43E-15 1.07E-14 2.04E-14
22.09 4.84E-15 1.19E-14 2.12E-14
70.00 2.37E-15 4.23E-15 7.87E-15
100.00 1.74E-15 2.48E-15 5.13E-15
160.00 7.31E-16 1.36E-15 2.84E-15

Table 5.14. Gas mass estimates

Name Mgas

MJup

ScoPMS 31 < 1.3
[PBB2002] J155829.8-231007 < 0.9
[PBB2002] J160545.4-202308 < 1.1
[PBB2002] J160823.2-193001 < 0.4
[PBB2002] J160959.4-180009 < 1.8
[PBB2002] J161420.3-190648 < 0.5
[PZ99] J160357.6-203105 < 1.1
[PZ99] J160421.7-213028 2.1

Table 5.15. Upper Sco median predicted gas line strength by gas-to-dust ratio

fUV = 0.05, UV slope = 2.2 fUV = 0.1, UV slope = 1.6
Gas-to-dust ratio: 1:1 10:1 100:1 1:1 10:1 100:1

Line Wavelength (W/m2) W/m2 W/m2 W/m2 W/m2 W/m2 W/m2

[O] 63.184 2.55× 10−19 6.96× 10−19 1.83× 10−18 4.84× 10−19 1.52× 10−18 3.76× 10−18

[O] 145.525 7.37× 10−21 1.31× 10−20 4.04× 10−20 1.42× 10−20 3.17× 10−20 9.93× 10−20

[CII] 157.741 4.50× 10−20 9.77× 10−20 2.28× 10−19 6.81× 10−20 1.63× 10−19 3.29× 10−19

CO 2-1 1300.404 1.75× 10−21 3.31× 10−21 4.50× 10−21 1.68× 10−21 3.56× 10−21 4.25× 10−21

CO 3-2 866.963 5.53× 10−21 1.02× 10−20 1.44× 10−20 5.58× 10−21 1.11× 10−20 1.34× 10−20
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Table 5.16. Taurus median predicted gas line strength by gas-to-dust ratio

fUV = 0.05, UV slope = 2.2 fUV = 0.1, UV slope = 1.6
Gas-to-dust ratio: 1:1 10:1 100:1 1:1 10:1 100:1

Line Wavelength (W/m2) W/m2 W/m2 W/m2 W/m2 W/m2 W/m2

[O] 63.184 6.45× 10−19 1.49× 10−18 4.30× 10−18 1.63× 10−18 3.26× 10−18 7.67× 10−18

[O] 145.525 1.17× 10−20 2.01× 10−20 7.23× 10−20 3.65× 10−20 5.13× 10−20 1.33× 10−19

[CII] 157.741 5.14× 10−20 1.26× 10−19 3.10× 10−19 8.17× 10−20 2.14× 10−19 5.35× 10−19

CO 2-1 1300.404 2.23× 10−21 3.86× 10−21 3.68× 10−21 2.29× 10−21 3.40× 10−21 5.55× 10−21

CO 3-2 866.963 6.67× 10−21 1.30× 10−20 1.06× 10−20 6.82× 10−21 1.13× 10−20 1.57× 10−20
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Chapter 6

Summary

Over the course of my dissertation work, I have characterized the gas and dust content

of the remaining circumstellar disks in the 5 Myr old Upper Scorpius region. I have found

that with a single exception, these disks do not retain sufficient gas to form further giant

planets, and at most retain only a few earth masses of dust in mm-sized grains. If these

stars are to host giant planets at the same frequency as field stars, they must have already

formed, and if they are to host rocky planets, they must form from dust that has already

grown beyond sizes detectable with our observations.

I began by carrying out a survey for 1.2mm continuum emission including all K&M

stars known from near-IR excesses to host primordial disks, and all B&A stars known to

host debris disks (Ch. 3). Thanks to the low optical depth of dust at this wavelength, I

have directly measured the dust masses of these disks, and found that only 4 K&M stars

retain at least 0.01 MJup of dust (corresponding to 3 Earth masses). These findings were

reinforced by my far-infrared photometric survey and disk modeling, which confirmed the

low disk masses (Ch. 5). Furthermore, I found that the geometry of these remaining disks

shows signs of extensive evolution in comparison to the typical disk of the 1 Myr Taurus

region - the dust is flatter and more flared, showing that at all radii the dust has settled,

even more so at smaller radii. This is consistent with the expectation that dust evolution

will occur faster at smaller radii.
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Using the Herschel Space Observatory, I have also carried out observations for far-

infrared emission lines. My science demonstration phase observations with the GASPS

team of 4 young stars at various ages (Ch. 2) confirmed expectations that the [OI] 63 µm

line would be the strongest emission line from disks, though we were also surprised at the

non-detection of [CII] emission. This trend was repeated in observations of Upper Scorpius,

in which only two sources were detected, both with strongest emission in the [OI] line,

but also showing the [CII] line (Ch. 5). I used the empirical trend found in examination

of Taurus sources that [OI] 63 µm line emission is approximately an order of magnitude

stronger in jet sources compared to disk sources, as a function of 63 µm continuum emission,

to identify the nature of the line emission in these two detections. One object, J1614-1906,

may be driving a jet, whereas J1604-2130 clearly lies among the locus of disk sources. I then

used a comparison to a grid of disk models and observations for millimeter CO emission

lines to estimate the gas mass of the disk, about 2 MJup. Combined with my determination

of the dust mass, this system has a gas-to-dust ratio ∼ 20. Non-detected sources all have

less than 1 MJup of gas. In combination with low measured dust masses, this points to a

gas-to-dust ratio less than the primordial value of 100.

This most massive disk, J1604-2130, also exhibits a spectral energy distribution showing

lack of excess emission in the near-infrared, indicative of an opacity hole in the inner disk

region. Therefore, I imaged this disk with the Sub-Millimeter Array, finding a larger hole in

mm-emission than is suggested by the SED (Ch. 4). Fitting a two-region disk model to the

SED and mm-visibilities, I found that the disk has a 70 AU hole, within which there is dust

with a surface density depleted by a factor of 10 extending in to 20 AU. Other work has

found a factor of 4 variation in continuum emission in the near-IR. Together, these suggest

a complex inner disk dust structure, which is best explained by dynamical interaction with

one or more giant planets.

In general, only a low fraction of stars (∼ 20% of K&M stars) in Upper Scorpius

retain primordial disks, as identified by the ratio of disk luminosity to stellar luminosity

(Ldisk/Lstar > 10−2), mm measured disk mass, and / or the presence of accretion. Higher
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mass stars only retain debris disks. This reinforces previous findings in the literature of

faster disk dust evolution around higher mass stars. The remaining primordial disks are

well evolved, with low dust and gas masses, and a flat and flared geometry. The low observed

masses imply the loss of material over time by accretion and photoevaporation, and changes

in opacity due to grain growth. However, the remaining primordial disks do tend to extend

to the sublimation radius, consistent with scenarios in which disks experience a sudden

rapid dissipation at all radii — i.e. we tend to either see material present at all radii, or

at none. Only one disk in Upper Scorpius (J1604-2130) has a well determined gas-to-dust

ratio, ∼ 20. If this ratio is typical of the remaining disks in the sample, then all other disks

have gas masses less than 1 MJup. If these systems have not already formed giant planets,

they will not do so.

Much work remains to be done in characterizing the disks of Upper Scorpius, the closest

group of 5 Myr old stars which present our best sample for studying disks at the end stages

of giant planet formation. I have single-dish gas line observations of J1604-2130 indicating

this disk has a rich chemistry. In upcoming work, I will develop a detailed model of the gas

structure, combining these observations of CO isotopologues and other molecules with the

SMA images of CO emission. This better understanding of the current state of the disk will

shed light on the currently active processes, and on the possible evolutionary paths which

led to this state. In addition, I have conducted SMA imaging of J1614-1906, revealing a

nearly edge-on disk. In combination with high resolution optical spectra including the [OI]

6300 Åline (with collaborator Benjamin Montesinos), I will better characterize the disk and

the putative jet from this source.

In the long term, longer wavelength continuum observations will reveal the presence of

larger grains and refine dust mass estimates. I am currently involved with a program to

carry out VLA 7 mm, 1.3 cm, and 6 cm imaging of the J1604-2130 disk. Similar, though

not necessarily spatially resolved, observations of the other disk bearing sources will allow

for refined estimates of the degree of grain growth and the total dust masses in these

objects. The sources detected in my 1.2 mm survey are bright enough to be imaged with
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new interferometers (e.g. ALMA), which will allow for a refinement of the estimation of the

radial distribution of material. Confirmation of a low value for the surface density power

law in these sources will suggest a net shift of detectable dust to small radii over the disk

lifetime, a mechanism which could promote the formation of rocky planets at small orbital

distances.

Over the coming years, the techniques I use here will be applicable to larger datasets

collected with new telescopes such as ALMA. This will enable a rapid improvement in

our understanding of circumstellar disk evolution and planet formation, and we will begin

to probe the formation of earth mass planets. This is well matched to the sensitivity of

planet searches, which are now beginning to probe the rocky planet regime. Together, these

research areas will allow us to approach from two directions questions of our own origins,

and to determine the frequency of sister planets to Earth around other stars.
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