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Chapter 1

Introduction

In the 1700s, after noting how the planets appeared to dréiSun in one direction and in roughly
the same plane, several European philosophers indepéndestulated that our Solar System must
have formed from a flattened rotating disk ($&edenborg 173&Kant 1755 Laplace 179% Two
centuries later, particularly in the 1960s and 1970s, #t@xal models linking the collapse of inter-
stellar molecular clouds to star birth indicated that anstellar disks, containing the raw materials
for planetary systems, are both a natural and necessargaqueisce of the star formation process
(e.g.Bok 1948 Hayashi 1961Larson 1969Shu 1977. With the development of infrared detec-
tors in the 1980s, the first observational evidence for warcumstellar material was discovered
around several main-sequence stars (Augnann et al. 1984Smith & Terrile 1984 Strom et al.
1989 Beckwith et al. 1990 However, only by the early 1990s had advances in millimiteer-
ferometry provided definitive proof for the existence oftfoplanetary disks around young forming
stars, both in the form of resolved Solar System sized dusksde.g.Simon & Guilloteau 1992
Koerner et al. 1998 as well as large gaseous disks exhibiting rotating Kégulerelocity structures
(e.g.Sargent & Beckwith 198AVeintraub et al. 198Dutrey et al. 1993Kawabe et al. 1993 The
ground-based millimeter measurements complemented-4zsesl optical images taken by the then
newly launched Hubble Space Telescope (HST), which regiéalsilhouette several protoplanetary
disks (or “proplyds”) in the Orion star-forming region (sEmgurel.2, andO’dell et al. 1993; and
just as the ubiquity of protoplanetary disks around youagsstvas established, the first indirect de-
tections of planets orbiting around other main-sequerass bllowed in 1995 (seklayor & Queloz
1995 Marcy & Butler 1996 Butler & Marcy 199§. In the 15 years since then, hundreds of both
confirmed and candidate planetary systems have been iddrftiim radial-velocity measurements
(e.g.Baranne et al. 199®ueloz et al. 2000Santos et al. 20QJdry & Santos 200y, photometric
transits (e.gCharbonneau et al. 200denry et al. 2000Borucki et al. 2007Barge et al. 2008_éger

et al. 2009, gravitational microlensing (e.@ldalski et al. 19922002 Bouchy et al. 200% and most
recently by direct imaging (e.@/arois et al. 2008Kalas et al. 2008Lagrange et al. 20)0Most of
these extra-solar planets (or “exoplanets”) differ ggefttm the planets in our own Solar System,
and even defy traditional theories on planet formation. No&any of the fundamental questions in
modern astronomy—and in this thesis—surround a desirestttify the specific physical and chem-
ical processes that transform circumstellar disks intosélrty of planetary systems that we observe
today; including, why some disks apparently fail to prodplamets at all.
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1.1 Origins

Star and disk formation are intricately entwined, as isrteeolution. Circumstellar disks are an essential
outcome of stellar birth and the central star is respongdslenany important drivers of the disk evolu-
tion. Accordingly, to place the subject of disk evolutiordahe formation of planetary systems into its
proper context, it is necessary to first review the currembity for the formation of a low-massi2 M)
Sun-like star.

1.1.1 The Formation of Sun-like Stars

For much of human history, stars were thought to be permaindntes in the night sky; but rather
they, too, experience a life cycle of birth, ageing, and lile@he earliest stages of star formation occur
hidden from sight, deep within a cold and dark molecular @lothese clouds are distributed throughout
the galaxy and were first described as “holes in the heavenshd British astronomer Sir Frederick
William Herschel (sedHerschel 178p Once believed to be empty regions absent of light, they are
now recognized as some of the densest concentrations ofdoskdand molecular gas (s&ergin &
Tafalla 2007 for a recent reveiw), which aptly block the optical lightrin the stars behind them (see
Figurel.l). These same dense conditions that shield our view into lthedcare also critical to the
success of star formation itself. To form a star, a largerveseof dust and gas is needed. Molecular
clouds spanning many parsecs possess the required ingedas well as an inhomogenous structure
that, under the influence of gravity, becomes concentratexiseparate, more massive, clumps of the
order one parsec in diameter. Each clump is initially supgazbagainst further gravitational collapse by
thermal gas pressure, magnetic pressure, and rotatioesgype, in addition to turbulence. The balance
begins to shift, however, when densities in the clumps sigptoaching 18-10* particles per cm?, or
about a factor 100-1000 times denser than the surroundiegsiallar medium, sometimes with the aid
of shock fronts from nearby dying stars, or supernovae.

A denser concentration of material curtails the cloud-sujppg mechanisms. Higher clump densi-
ties contribute to more effective shielding of the most eduael regions from external radiation sources
and the corresponding heating effects; thereby reduciagntiernal gas pressure. Small micron-sized
dust grains, in particular, form a protective layer agathstinterstellar UV field, which is otherwise an
effective destroyer of all but the largest, or most strortgdyind, molecular compounds. The surviving
molecules, in turn, provide an effective pathway to radeatergy away from the clump. Unlike atomic
matter, molecules can store (angular kinetic) energy tiftaotation about a molecular axis. When this
energy is released via transitions to lower-energy ratatistates, the emitted radiation is characterized
by millimeter wavelengths that more easily escape the desggen; a property that will prove invaluable
for the study of disks as well. Thus, as heat is generated dwlthw condensation of the clump, this
energy is quickly absorbed by the molecules during collisjand then continuously radiated away via
downward rotational transitions; thereby reducing furttiee thermal pressure, also from new internal
heat sources. Other energy input sources, like cosmic ratyrige are not enough to compensate for an
energy balance now skewed toward a net energy loss. The tatupethroughout the clump drops to
as low as 10K £263.15°C). Neutral particles now drift freely past the magneticdikhes in a pro-
cess called ambipolar diffusion, while simultaneously-g-am a role reversal—collisionally corraling
the ions along with them into a denser centralized core.eStime ions are tied to the magnetic field, the
field lines become frozen to the large-scale movements afngemding collapse; thereby limiting any
potential for magnetic braking. The gravitational atti@ctonly intensifies as the clump becomes more
centrally condensed while achieving characteristic dierssof> 10° particles per cm®. Eventually, this
concentration of material reaches a critical density, sones expressed as the Jeans mass, and runaway
gravitational collapse ensues. This is time zéra ) for star formation. From this point forward, the
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Figure 1.1 — A dark molecular cloud. An optical image of Barnard 68, a ptitd star formation site, as observed
with the 8.2-meter VLT Antu at the Paranal Observatory inl€hit a distance of 500 light-years from Earth, the
cloud measures 0.5 light-years across. This image covers d §.8.8 region on the sky.Gredit: ESQ

central object will receive many names to describe its diffie evolutionary stages, but it may always be
referred to as a young stellar object (YSO) while it is stlirhing.

The Four Classes of Young Stellar Objects

The dense structure is now a roughly spherical, gravitatiprbound, isothermal cloud core of about
10,000 AU in size. This represents the Lada Class 0 deepleeédaa phase of star formatiobada &
Wilking 1984 André et al. 1998 All of the necesary ingredients to form a star and a plagetgstem

are presumed preserKrumholz et al. 2005 and this process that begins as an inside-out self-simila
collapse of the core is expected to také #€ars or more to completely form a low-mass, main-sequence
star similar to the Sur§hu 1977.

In the beginning though, only a starless core exists. Asmahtollapses in on itself from ever larger
radii, the core begins to rotate in order to conserve angutanentum Goodman et al. 1993and the in-
falling envelope material slowly flattens along the directof the rotation axislierebey et al. 1988asu
1998. Eventually a protostar forms at the center of the coreigity converting gravitational potential
energy into accretion luminosity in what is sometimes knastthe Kelvin-Helmholtz mechanism. Only
recently have observational studies been able to revehlseiine certainty the velocity field of a col-
lapsing core, while looking to document the early convergiom an infall- to a rotationally-dominated
structure (e.gHogerheijde 2001Brinch et al. 20082009. This velocity field transformation occurs
when the initially inward free-falling material starts tollect in an accretion disk around the protostar,
just outside the centrifugal radius where the rotationakpure dominates over gravity (S8assen &
Moosman 1981 Terebey et al. 1984yorke et al. 1993Visser et al. 2009Visser & Dullemond 2010
This radius moves outward over time as the disk grows andrtitegiar rotates faster.
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The earliest evidence for a very deeply embedded Kepleigknhadis now been detected in the Class
| stage of the protostar development (Kgene & Masson 1990argent & Beckwith 1991Chandler
et al. 1994 Lommen et al. 2008]grgensen et al. 2009n this second stage, the embedded source can
be studied at shorter mid- to far-infrared (or micron) wawgjths due to warmed dust in the innermost
regions close to the protostar. In addition, strong bipf@ss and outflows emerge to help relieve the
build-up of angular momentum, and to aid the protostar iphkega rotation rate below break-up speeds
as material continues to accrete onto it. Within a periocbota 1d—10 years, the star begins converting
deuterium for energy in its interioS¢ahler 1983 strong pre-stellar winds disperse the thick envelope,
the jets weaken as accretion slows, the outflow angles bnoader time, and the circumstellar disk
flattens. When the central pre-main-sequence (PMS) staniesoptically visible, the low-mass source
is called a classical T Tauri star (CTTS) and occupies Clas$ the Lada evolutionary scheme. If a
remnant envelope remains, the excess thermal emissiomaigg primarily from the optically thick
circumstellar disk Mgisk > Meny). This is the stage when we search for clues to planet foomatnd
thus, the main focus of the work presented in this thesis.r Meaend of this stage, the PMS star may
otherwise be known as a weak-line T Tauri star (WTTS) whetopsaccreting materialNalter 1987.

By the final Class Ill stage, the confirmed WTTS star is accangehby a remnant disk, debris disk,
planetary system, or nothing at all.

The final stages of star formation involve igniting nucleasion of hydrogen into helium within the
stellar core, and then achieving hydrostatic equilibriumtfie balance between radiative pressure and
gravitational contraction). When these two conditionsehlagen satisfied, the central object has reached
the zero-age main-sequendéafashi et al. 1962_arson 2003 The star formation process is complete
and a star is born. While the theory summarized here higtsligimgular low-mass star formation, we
note that multiple-star systems also occur in large frastiap to 65% of the stellar population in the
middle of the main-sequenc®@quennoy & Mayor 199)1 and may result from irregular fragmentation
of the original cloud coreobbs et al. 2005Krumholz et al. 201 In addition, about 20% of all
known exoplanets have been found in binary systems posgestsilar separations 100 AU (Raghavan
et al. 2006 Duchéne 2010 Since three of the studies presented in this thesis coriiaary sources
specifically, we will return periodically to their propers as well, including the challenges their stellar
dynamics present to disk evolution. Finally, we remark hdsesvations highlighting disk parameters
around similarly aged PMS stars in the same cluster showfisigmt variation Muzerolle et al. 2000
Sicilia-Aguilar et al. 2006 Kessler-Silacci et al. 20Q@-urlan et al. 2005 suggesting that the initial
disk conditions resulting from this star formation procass neither consistent nor uniforrléxander
2008, or that disk processing mechanisms vary significantlynfobsk to disk, or both.

In conclusion, the formation history of the star, its muditjy, composition, mass, disk-dispersing
winds, radiation field, and many other attributes, as disedihere, will all certainly impact the early
circumstellar disk conditions and presumably the outcofrts @volution. However, for the purpose of
the research presented in this thesis, we will focus ouliesygtimarily on the current star and disk ob-
servables, and assume similar initial or environmentaditmms to identify trends and draw conclusions
about theongoingdisk processing, and what it means for future planets.

1.1.2 The Birth Sites of Planetary Systems

While circumstellar disks are an intrinsic consequencehefdtar formation process, planets are not
necessarily. So when is a circumstellar disk also a protepéay disk? The latter term referring more
specifically to a pre-cursor site for planet formation. Thewers are still unclear, but ultimately, it is
the direct competition between the disk dispersal timescahd the planet formation timescales that will
determine the success rate for planetary systems. In titissgwe discuss the general properties, trends,
and major processes observed during the evolution of arostilar disk, with particular emphasis on
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Figure 1.2 — Four protoplanetary disks in the Orion Nebula, shown incsilsite. At center, the largest disk is
~800 AU in diameter. This image was taken in 1993 with the Widddrand Planetary Camera 2 on board the
Hubble Space Telescope, and measures 0.14 light-yeassa@eedit: C.R. O'Dell of Rice University / NASA

the disk dispersal mechanisms, planet formation theami®s$the consequences both have for planets.

By far, the most stringent constraint on planet formatiotinesdisk lifetime, and yet the relative im-
pact of the main dissipation mechanisms is still not wellemstbod. The primary dispersal mechanisms
include: accretion onto the central star, viscous diskagtirgy, inner and outer disk truncation via stel-
lar encounters, photoevaporation by stellar winds, th&uaes/e stellar (UV and X-ray) radiation field,
and the aggregation of material into orbiting planetaryié®d@Hollenbach et al. 2000 The reservoir
of circumstellar material initially present around a youhgauri star is suspected to dissipate within
10° years on average, according to observations and stellarage Haisch et al. 2001Bizzarro et al.
2005 Pascucci & Tachibana 20),&lthough there are also examples of disks possessirngptitaordial
gas to ages beyond 1gears (sedravata et al. 1998 yet another indication that stellar age is not the
primary determinant of the disk evolutionary state, asflyri@inted at in the last section. In fact, dusty
disks around cooler (K and M type) PMS stars may live up to #n84 longer, meaning that dissipation
mechanisms may not be as efficient in late-type st@tertik et al. 2004Carpenter et al. 2006.ada
et al. 2006, and that stellar properties other than age may still playeahrole in the disk lifetime.

When the envelope around a young forming star has dispetisedevealed dust disk is usually
several hundred AU in radiuAfdrews et al. 2009Isella et al. 2009Ricci et al. 2010h It is also
about 5% of the mass of the central sourdadrews & Williams 2005 Fang et al. 2009Greaves &
Rice 2010, although a two-magnitude scatter in the derived disk B®$s0.1M, to <0.001M:) has
been observed around T Tauri staBe€kwith et al. 1990 The ratio of the mass located in the disk
versus the envelope can be used to distinguish betweenetiffé SO evolutionary stages (séegrgensen
et al. 2009, with this ratio increasing for more evolved systems. This disk masses observed likely
represent the typical range possible from the time the diskvealed until its disappearance. Another
possibility is that some disks are more massive to begin anthas a result might easily survive longer,
allowing more time for planet formation to occukr{drews & Williams 2007. Indeed, some models
show that a larger disk mass can result from a faster intrimgation rate during the early disk accretion
phase (se#/isser & Dullemond 201 And there is yet more evidence to support the idea thatr othe
initial conditions, like the composition of the disk, cowtso play a significant role in planet formation.
For example, a higher disk metallicity to start out with (oughly speaking, more dust to gas) may
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quicken the planet formation process. Exoplanet stagigtidiibit a trend toward higher occurrences of
gas giants around metal-rich staBaftos et al. 2003 Computer simulations are able to show that the
higher concentration of metals in the early disk allow fa Build-up of planetary cores before dispersal
of the gas reservoir is possible, making gas giants moré¢ylitda & Lin 2004, Johansen et al. 2009
Ercolano & Clarke 2010 In contrast, lower metallicities in star-forming reg®im the extreme outer
Galaxy are believed to contribute to the relatively rapispérsal of the circumstellar disks seen there,
possibly caused by lower UV extinction from small dust gsafriasui et al. 2009 For these reasons,
there is a need to compare the evolution of the gas reserlativie to the dust, which is one of the main
motivating factors for part of the research presented mitiesis.

Separate Dust and Gas Dispersal Mechanisms

In general, the disk mass is comprised of one part sub-misicad (carbon and silicate) dust grains
and ninety-nine parts cold gas (primarily Hp,Hand He); a standard ratio that also characterizes the
interstellar medium. However, high-resolution observadi together with modeling of large gaseous
disks have shown that considerably different dust-to-géies may also make for reasonable fits to the
data for some sources (sBaitrey et al. 2003Pant et al. 2008 Thi et al. 2010. In addition, the outer
disk regions can exhibit larger dust depletion with respette inner radii (e.gvan Kempen et al. 2007
Isella et al. 2007Pant et al. 2009. In some cases, modeling the outer disk density profile avttipered
edge can resolve this “observational discrepancy” tseghes et al. 2008 Thus, whether the different
dust-to-gas ratios are a direct result of the initial candg, an evolutionary outcome, or an observational
effect often remains to be disentangled, but the true uyidgriamount of available gas is crucial to the
ability to form gas giant planets like Jupiter, and worthyrvestigation. Unfortunately, far less is known
about the molecular gas reservoir because it is significandre difficult to observe than the dust (see
Sectionl.2.3. As a result, current disk modeling methodologies usuadigume that the gas structure
accurately traces the dust structure, even though one dfithepen questions in protoplanetary disk
research today is whether the separate dust and gas contperelve simultaneously?

Recent progress is being made to identify relevant trendlseiphysical and chemical evolution of
the gas disk (e.gDutrey et al. 1997Qi 2001 Dutrey et al. 2007 Pant & Hogerheijde 2009Bergin
2009 Oberg et al. 2010 The results are revealing disks with markedly differeas gnd dust structures.
Some of these studies confirm separate outer dust and gagrgdian Kempen et al. 200Pant et al.
2009, or find that cleared inner dust gaps can still retain thas gomponent (e.@rown et al. 2008
Boden et al. 2009 or indicate that the gas temperature structure may beugésx from that of the
dust (e.gPant et al. 2008, or even that the gas disk can be flared while the dust disklfiskadowed
(seeFedele et al. 2008 Additional analyses of the gas component—the primargetaof two of the
observational studies presented in this thesis—can sgkddn the processes relevant to both the dust
and gas dispersal, and how they might be coupled. In the inggnive continue reviewing the current
disk evolutionary picture, acknowledging that much of orggent knowledge is still based primarily on
observations of the dust content in disks.

An Overview of Disk Evolution from Dust Observations

Disks come in many shapes and sizes, primarily reflectirfgreiit evolutionary stages. They usually
start out flared as they funnel material from the spheric@tianally-flattened envelope down onto the
central star. With a flared geometry, they intercept morenefstellar light, directly heating (and ion-
izing) the upper disk layers, which then re-radiate theremargy into the deeper layers below, helping
to maintain a warmer internal disk temperature and a largesspre scale height. Over time, all disks
evolve toward increasingly flatter geometries when: thelpe that feeds the disk dissipates and ceases
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to rain down on the disk; viscous spreading expands the datenial outward indefinitely while con-
serving angular momentum; the luminosity generated byltweiisg accretion decreases, thus reducing
the disk temperature and scale height; grain growth leadstmcentration of larger particles in the disk
midplane; and, the disk evolves from a warm optically thigkdo a cold optically thin onel§ullemond

& Dominik 20043b). During this flattening, disk clearing is likely to occupnin the inside-out, initially
forming an inner dust gap before dispersing the rest of tkk diaterial via stellar photoevaporating
winds, X-ray photoionization, UV photodissociation, ammbgibly via the process of planet formation
itself (Strom et al. 1989Skrutskie et al. 199Hollenbach et al. 2000

By 3-8 Myr, only 10% of T Tauri stars still exhibit evidencer fioner accretion disksHillenbrand
2005, a fact that may leave them more vulnerable to the stelliatian field without the added veiling
provided by accretion flows. From this point forward, thesgbation process appears to occur quite
rapidly, within another 18-10° years by some estimateSion & Prato 1995Wolk & Walter 1998,
based on the fact that statistically fewer objects are obsein the transitional stage from CTTS to
WTTS (Strom et al. 198p However, the Spitzer Space Telescope (SST or Spitzenclhaed in 2003, is
quickly altering the field of transitional disks with obsations at near- and mid-infrared wavelengths,
and new analyses report that this transition period couldstong as 1 Myr (se€ieza et al. 2007
Currie & Kenyon 2009 In the meantime, a similar lack of statistical evidencedbjects with an outer
disk-in-transition suggests that the disk could be degl#teoughout relatively simultaneouskrdrews
& Williams 2005 Alexander & Armitage 200;7Alexander 2008 In further support, a recent study of
grain growth signatures tracing both the inner and outék diso revealed a parallel, albeit tentative,
indication that the dust in disks might evolve concurreatiyall radii (sed.ommen et al. 2010 On the
other hand, this initial finding stands in stark contrast twels that predict faster grain growth closer in
to the forming starQullemond & Dominik 2004bNatta et al. 200), and follow-up studies have been
unable to confirm the initial trendR{cci et al. 20103 In addition, several new observational studies are
providing the first indications for a radial variation in tthest properties of individual sources (egglla
et al. 2010 Banzatti et al. 2010 Consequently, a bi-modal interpretation of the obsé&wat data has
been proposed (e.&trom et al. 1989Cieza et al. 200)7 contrasting transitional disks with inner holes
versus those that are depleted homologously (Geea et al. 2007Currie & Kenyon 2009 Ercolano
et al. 2010 Merin et al. 201D Therefore, it is important to determine whether two sefagroups do
exist and whether they might represent different outcoroeslisk evolution or even different routes
toward the same outcome, if we want to correctly place akglisto one evolutionary sequence.

Inner disk clearing, which may be followed by the rapid dispé of the disk, can also be a sign
of successful planet formation. There are currently two ihamt theories for gas giant planet forma-
tion, known as the core accretion and the gravitationahhity models. The core accretion model is
currently the favored theory (s&afronov & Zvjagina 1969Pollack et al. 1998 and the subject of a
separate study in this thesis. The theory explains how sabemsized dust grains in the disk initially
collide and stick together quickly and efficiently due tofaoe adhesion, or specifically by van der Waals
force (sedDominik & Tielens 1997 Poppe et al. 200@lum & Wurm 2008. In agreement with theory,
laboratory studies have successfully reproduced the effiyi of collisional growth up to millimeter-
sizes Colwell & Taylor 1999 Blum et al. 2002 Colwell 2003 Love & Pettit 2004 Langkowski et al.
2008 Colwell et al. 2008 The collisions are caused by non-zero relative velaitiee to turbulence
and the differential coupling of the dust to the large-segae motions\(Veidenschilling & Cuzzi 1993
Beckwith et al. 200 When the growing dust agglomerate is massive enord+{0M.,), a planetary
core has formed and it is able to gravitationally accreteemdhr gas. Runaway growth proceeds as
the protoplanet sweeps up material in its orbital path utnias cleared a wide gap in the disk. At this
point, several big challenges to the model appear duringntieemediate growth stage. While colli-
sional sticking is effective for small grains, and gravaaal attraction works well for large boulders, the
processes governing the growth of intermediate-sizedhgr@iom millimeter sizes on up to kilometer
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sizes), remains an open investigation (8kem 201Q for a recent review). Theory predicts that tur-
bulence in disks and the weak molecular bonds mean thasicoldi of millimeter-sized aggregates are
prone to particle fragmentation and semi-elastic (or reAoling) collisions §chafer et al. 20QPaszun

& Dominik 2009). Now new microgravity experiments confer (ChapteBalter et al. 200Heil3elmann

et al. 201(. Subsequently, collisional growth appears to be an indet@solution thus far for planet
formation Blum 201Q. Recently, streaming instabilities have been invokeddadtee core accretion pro-
cess Johansen et al. 20D9The theory describes how eddies in the rotating Kepler&acity field of
the gaseous component collect dust particles allowing tioemygregate to larger sizes in lower-velocity
collisions more easily. In addition, when collisions douleésn fragmentation, the fragmented material
does not escape the eddy, but rather falls back onto thetmcrire. These spiral streams are able
to explain the spin rates and propensity for prograde miabif the small bodies in the Solar System
(Johansen & Lacerda 20)LOHowever, the instabilites then also inherently stipaldtat sufficient gas
surface densities must be available to overcome desteugtwvth processes, even during the formation
of small rocky Earth-like planets.

In the end, the requirements that must be met for a succedafgtary outcome can be summarized
as: a large reservoir of both dust and gas, a longer gas thtkile than the timescale needed for a planet
to form, effective grain growth mechanisms, and eventuatyble planetary orbits. In this context, this
thesis addresses research including: observations ttifidgas-rich disks toward massive dust disks,
studies to probe destructive gas processes in disks @rbilpiteliminary grain growth, and experiments
probing the effectiveness of collisional growth processtdatermediate grain sizes.

1.2 The Study of Protoplanetary Disks

The majority of the analyses and results presented in tleisighare based on observations combined
with modeling. Because the evolutionary timescales fdtdége very long, on the order of several Myr,
we use statistical surveys of many circumstellar disks (@symably different evolutionary stages) to
piece together the complete evolutionary timeline for adgidisk. Observations are easiest to make of
sources in the nearest low-mass star-forming regions. ifitlisdes the Taurus-Auriga complex (140 pc,
Kenyon et al. 1994 the Orion Nebula (440 pdirota et al. 200y, andp Ophiuchus (135 pdylamajek
2008. In this thesis, our source observation lists are comgramost entirely of low-mass objects in
Taurus. In general, we justify this selection criterium bg intent to establish a uniform sample, located
in a roughly identical environment, and possessing sinmilgial conditions; the caveats of Sectiarl
notwithstanding. This can tell us a great deal about the TiTapulation in Taurus, but may require
some caution when extrapolating the results to the genarahiass stellar population because Taurus
has several distinguishing characteristics that set it dyman other regions, including an unusually high
stellar multiplicity rate £75%), fewer high-mass stars, distributed (versus clud}estar formation, and

a slightly higher disk fraction in generabtiez et al. 1997Luhman et al. 2010 Although some recent
studies report that the dust properties seem to be independiehe star-forming region, suggesting
that a more universal application of the results may alsodssiple (e.gLommen et al. 2010Ricci

et al. 2010a In this section, we discuss our methods for studying tludugion of protoplanetary disks,
including the telescope facilities used, the emission ggses traced with observations, the disk (dust
and gas) modeling, and finally, when we can study disk evaaty processes in the laboratory.

1.2.1 Millimeter-wave Instrumentation

In Taurus, typical disk temperatures can range from 10 Kénntidplane to 300 K in the surface layers.
The importance of millimeter emission to probe such coldk dad dense regions has been noted already,
but making the transition to observations at longer wagtlesirequired new technological developments
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in millimeter-wave instrumentation. For one thing, largelescopes are necessary because the angular
resolution is inversely proportional to the observed wength (-1.2A/D). For example, the IRAM 30-
meter telescope (in Chap®is the second largest millimeter dish in the world, while Qhapte®) the
James Clerk Maxwell Telescope (JCMT), located on Mauna Kddawaii, possesses a 15-meter dish
diameter. At wavelengths of 1-3 mm, where the bulk of the did#t material emits thermal radiation,
the angular resolution (or beam-size) of each telescopgesafiom 8-2% and 17-50, respectively. In
contrast, an average protoplanetary disk of radius 500 Aldinmus has an angular size dfand fills just
72-8% and 17-2% of the respective beams, assuming a facistoorgéntation. Thus, no disk is ever
resolved, and building larger telescope dishes that drenstheuverable, is technologically challenging.
As a result, single-dish millimeter data typically suffeorh low-resolution, beam dilution, pointing
errors, absolute flux calibration errors 20%), and in crowded regions, confusion from nearby sources
that also fall within the beam. The telescopes are, howeadt suited for large surveys of protoplanetary
disks, like those in Chapte®sand 6 of this thesis. In doing so, separate offset observatioashaw
made toward nearby “empty” patches of the star-forming @ltwu quantify the external contribution
from dust and molecules (see Figard) in the surrounding environment and along the line-of-sigh
to each source (e.g-hi et al. 2001 van Kempen et al. 2097 Still, continuum fluxes can provide
only a lower limit to the dust mass wheRyys; (or the amount of beam dilution) is unknown. And
while gas-line observations can help us to search for treamdise disk chemistry (see Chap®rand
constrain some disk parameters including the gas diskRjzeand inclinationi (e.g.Pant et al. 2008,

a lot of the kinematical information is still lost. Ultimdye our goal is to resolve the radial variations
and evolution of the gas, particularly in light of the eviderfor both inside-out and homologous dust
dispersal processes. Thus, having identified suitables d@kfollow-up studies, it is necessary to seek
out solutions to bigger telescopes yet.

To achieve higher angular resolution, millimeter-waverinsientation has borrowed on the principle
of radio interferometry to link together multiple millimertdishes (or antennas) to create a larger col-
lecting area. Modern facilities include the Combined ArfayMillimeter-wave Astronomy (CARMA)
in eastern California, the IRAM Plateau de Bure Interferen€PdBI) in the French Alps, the Sub-
millimeter Array (SMA) on Mauna Kea in Hawaii, and the NobmaMillimeter Array (NMA) in Japan.
The next-generation Atacama Large Millimeter / submilliereArray (ALMA), the only dedicated mil-
limeter interferometer to be located in the southern hehasg is currently in its commissioning phase
(see Figurd..3). In the meantime, the interferometers operating todatufeabaselines of several hun-
dred meters in length and resolutions~00.5" (about 70 AU at the distance to Taurus); ALMA will
extend this down to 0.02(or 3 AU) at the same wavelengths. Several non-trivial peremce enhance-
ments are achieved while using interferometry technigineseased collecting area improves sensitivity
and the ability to detect smaller column densities of mdkcgas, in addition to smaller dust mass
(also at larger radii); longer baselines increase the angasolution allowing us to probe the radial and
vertical structure on smaller scales; and, the interfeterms more sensitive to compact disk emission
because it resolves out (or does not efficiently detect)argelscale extended envelope and cloud con-
tributions that contaminate (and sometimes dominate)ititggesdish data. Interferometric observations
of protoplanetary disks can be very time-consuming to aehalequate signal-to-noise, often lasting
the entire 8-9 hours that a source remains visible over ay.afn entire 8—9 hour track is also recom-
mended for better image fidelity, which is defined by a comtmneof the source brightness distribution
on the sky, the details of thev-coverage (or collecting area) of the antennas, and thenestution al-
gorithm used when re-constructing the image from a spassgtpledu, v-plane (se@aylor et al. 1999
for a detailed introduction to interferometry techniques)

While an interferometer approximates a telescope the dizes dongest baseline, the combined
telescope has many “holes” in it, which results in lost seunformation. Thus, the mone v-coverage,
the fewer the holes. This can be achieved in two ways, thraugigher density of antennas or a longer
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Figure 1.3 — An artist’s drawing of the original vision for the Atacamarga Millimeter / submillimeter Array
(ALMA), now in its commissioning phase. Located at the Claajtor plateau in the Atacama desert in Chile, early
science is slated to begin in late 2011 when the first 16—opthened 66—antennas are onlin€rédit: ESQ

observation. The latter strategy is effective because,trsampling changes as the Earth rotates, filling
in the u,v-plane (see Figurg.4 for an illustration of this effect); in addition, the,v-plane is more
symmetrically sampled (producing a more circular beamj)s Was the guiding principle when defining
our CARMA observing strategy in Chapt&r Rather than observing two sources per night for four
consecutive hours each, we chose to rotate through all ofaunces repeatedly over the course of five
nights. The result was the anticipated, quiescent 5-night turve for all sources, except one! This
serendipitous discovery of atypical millimeter activiopmard a T Tauri source is the subject of Chagter
of the thesis $alter et al. 2008 In the follow-up observations of Chaptgrwe continued to use the
increased sensitivity of the CARMA, IRAM PdBI, and SMA inferometers to detect the small- and
large-scale flux variations in the active millimeter lighiree Salter et al. 2010

1.2.2 The Dust

Although the gas content dominates the disk mass, it is tisé chntent that dominates the observed
emission at millimeter wavelengths. In this section, weetdvow we can derive the large-scale dust
structure from continuum observations, and then we sunzeadhie diagnostics available to “zoom-in”
on the small-scale processes that constitute the first efgganet formation.

Circumstellar dust irradiated by the central source entigscharacteristic wavelength corresponding
to its temperature, size, and emissivity properties. Thersation of this thermal emission from all of
the small dust grains in the disk defines a spectrum of total gler wavelength known as the dust
continuum. This is just one component of the source’s SpkEmergy Distribution (SED), which also
includes the stellar blackbody spectrum. Ranging from #er-nfrared to radio wavelengths, the dust
continuum represents one of the easiest disk diagnostiosetsure. In addition, if the stellamput
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Figure 1.4 — Theu, v-coverage for our CARMA C track on 2008 April 19 (see ChagjeiThe shorter (green) line
segments represent the sampling for our 5-minute 3C 11ldra#dir observations, while the longer (blue) segments
are for each 12-minute DQ Tau on-source observation, andtigest (red) segments are the 3C 84 flux calibrator.
Each grouping of nearly connected segments tracing outveedyrath, represents one of the 120 baselines. For
example, the arc running from-60,—110) to (75;-110) shows that we observed 3C 111 fifteen times and DQ Tau
five times throughout the track. The oval pattern in the cagemap is created by the rotation of the Earth during
the course of a 8-hour track; each baseline will trace outlgrse over the course of 24 hours.

radiation field (defined bg,, L., andT,) is known, we can use dust radiative transfer calculations t
reverse engineer treutputSED and derive the temperature and density distributiohettrcumstellar
dust content (e.doullemond & Turolla 200D. In Figurel.5, we illustrate how four distinct SED shapes
correspond to different circumstellar dust structureggdneral, emission at shorter infrared wavelengths
results from the warm surface layers and material closestestar, whereas emission at longer radio
wavelengths originates in the midplane and cold outer diska result, when one or both of these regions
is depleted of its dust, the corresponding emission is redlualtering the SED shape. This process for
deriving the large-scale dust structure is called SED modebnd one of the biggest conclusions to
be drawn from these analyses is, how the millimeter excegsiticular is an important tracer of the
disk structure informatiorand therefore the total dust mass. With a few assumptions alheutisk
properties (i.e. radial size, mean dust temperalurdust opacityk,, and source distand®), a basic
mass-flux relation§, =2k T v? k, Maust/ D?¢?) can be derived (seBeckwith et al. 1990Dutrey et al.
1996.

SED modeling is not without its challenges, most notable bicl is that the dust solutions are
highly degenerate, meaning that many valid solutions éarsbne SED profile. Additional constraints
on the dust distribution can be made with millimeter intesfeeters when resolved observations detail
the radial variation in the flux, in addition to the total igtated flux (e.gTesti et al. 2001Isella et al.
2009. In this respect, deriving the disk dust structure can berg eomplicated and time-consuming
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Figure 1.5 — A schematic illustrating how the spectral energy distitoui{ SED) of a source relates to the un-
derlying dust structure. For example, disks with more midssthe Flared or Flat disks, possess larger excesses
at longer wavelengths. Whereas disks with inner holes, ®Ghp disks, are characterized by dips at shorter
wavelengths. Finally, we used arrows to indicate the pakrdutes for the evolution of one disk into another.

process involving many free parameters. Since there arg esablished dust models already available
in the literature (e.gDullemond 2002 Dullemond et al. 2007Robitaille et al. 200§ it is not our goal
here to repeat the dust analysis. Instead, our motivatitimasalyze the molecular gas content, and only
then comment on the results within the context of the dududemary state.

The SED profile is influenced most by the large-scale dusttsire, but it can also reveal informa-
tion about the current success of planet formation in thie de of the free parameters in the radiative
transfer equations is the grain size. Larger particlesdefe less radiation per unit volume, and there-
fore maintain colder core temperatures. Their peak theemassion continues to shift toward longer
wavelengths, until they have grown too large to efficientigdiate at millimeter wavelength3gnaka
et al. 200%3. When sufficient grain growth is occurring in the cold outsk regions, the millimeter
spectral slope will become shallowdRddmann et al. 2006Natta 2008 Lommen et al. 2010 Disen-
tangling this effect due to growth from other evolutionarpgesses (e.g. mass loss) is trickier, but radio
interferometry studies are able to confirm growth to at leafsw centimeters in size (e.Wilner et al.
200Q 2005 Testi et al. 20012003 Lommen et al. 2009 and in the case of TW Hya, predict that as
much as 102 M., could be hidden in large particles. At shorter wavelengthes infrared regime allows
us to probe grain growth in the warm surface regions of thie. disrecent years, the IRS instrument on
board Spitzer has enabled astronomers to obtain the firsinfnated spectra toward a large sample of
PMS stars in Taurus (séeessler-Silacci et al. 20Q@-urlan et al. 2006 An analysis of the mid-infrared
spectral slopes indicates again how shallower values amiased with grain growth and particularly
dust settling. Just like in the cold outer disk regions, regrevidence for grain growth to centimeter
sizes in the warm surface regions of the disk is found (éuglan et al. 2006 Finally, one additional
diagnostic for grain growth in disks is the fith silicate emission feature. In those same Spitzer studies,
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strong evolutionary markers have been identified wherebystfength and shape of theird silicate
feature decreases with a depleting population of smallsigoen-sized grains.

In this section, we have identified four main diagnostics e can use to describe the current dust
evolutionary state in our disk samples. They include: miditer flux as an indication of the total available
dust mass; the millimeter spectral slope as a probe of grawth at large radii; the infrared spectral
slope to identify grain growth at smaller radii; and theub® (and 2@um) silicate emission feature as a
tracer of dust settling in the upper disk layers. All thesepgrties will affect the disk structure, opacity,
and surface density, among other disk properties. Our gualsare to analyze the gas content for
changes that are connected to this evolution in the dusengnivhich would suggest that the dust and
gas evolve simultaneously.

1.2.3 Cold Gas

The gas in disks is significantly harder to observe than tls clontinuum, but as already iterated, the
gas represents the bulk of the circumstellar material aischitcritical ingredient in the formation of gas
giants. In this section, we focus on the processes resperfsibthe gas-phase emission lines, the disk
properties that they trace, and our modeling methods teelére underlying chemical abundances.

The most abundant molecule in disks, and in the universepleaular hydrogen (b). Its symmet-
ric structure, however, means that it lacks a permanentreletipole moment and the corresponding
rotational spectra, making it one of the most difficult molles to observe (cfThi et al. 2001 Lahuis
et al. 2007 Bitner et al. 2008 Instead, carbon monoxide (CO) is a logical alternatieedr of the cold
gas. While its most abundant isotof#€O is a roughly constant 16 times less abundant (in number)
than K (Frerking et al. 1982Lacy et al. 1994 Terzieva & Herbst 1998 it is a stable molecule once
formed, easy to excite, and possesses the greatest numbtomyj rotational lines in the millimeter
regime, making it one of the most accessible molecules terghsons. However, in stark contrast to the
dust, molecular line emission is restricted to discretessimn frequencies, and it can only be produced
when the local (H) density is larger than the critical value for a particulansition. The required den-
sity is determined by the collisional pumping needed toetffee spontaneous radiative decay process.
This means that molecular transitions with a high criticahsity can only produce significant emission
in high density regions. These excitation properties, tvhake for fainter lines and more challeng-
ing observations, also provide a clever way to trace diffeteensity regions within the disk by using
a variety of molecular species and rotational transitiofise 2°CO molecule is itself characterized by
relatively low critical values, meaning that it is capabféracing most disk conditions, from densities of
about 162 molecules per crr? in the disk midplane to Tomolecules per cn? at the disk surface. The
unfortunate trade-off is that the brighté€CO lines, with the largest column densities, are then more
likely to be optically thick, and so effectively we only pmlthe upper disk layerDtrey et al. 1996
2003. In addition, processes including freeze-out onto graarsremove CO from the gas-phase in cold
and dense regions, depleting its column density in the rafdpl When possiblé3CO or C0 are often
used in combination, as optically thinner tracers that apeeted to probe the entire diskaf Zadelhoff
et al. 200).

Additional bright molecular lines that we will probe in owgsearch include HCQ HCN, and CN.
These molecules have,Hibundance ratios of 16-102 in molecular clouds (se@erzieva & Herbst
1998, but their ratios are expected to increase in the preserastmong ionizing X-ray source, like near
a magnetically active young stdrdpp & Dalgarno 1996Aikawa & Herbst 2001Glassgold et al. 2004
T Tauri stars also possess relatively intense UV radiatidnich efficiently photodissociates HCN into
its components H and CNLépp & Dalgarno 1996Aikawa et al. 2002van Zadelhoff et al. 2003 X-ray
ionization and UV photodissociation are two of the main eirsvof the gas chemistry and gas dispersal in
disks. Now by choosing comparable transitions (in termsoitation energy) from different molecules,
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Figure 1.6 — Line models show how altering one parameter changes théctedd?CO (3—2) line profile for

an unresolved disk. Shown from left to right, top to bottonitifvdefault values in parentheses) are: the sample
JCMT data and best fit for DG Tau showing contamination froigHircloud emission neaf sg=6.1kms ! and
broad outflow wings (refer to Chapt2y, varying the dust-to-gas ratio (100), varying the C@Athundance ratio

(2 x 10%), adjusting the gas kinetic temperature with respect tddbal dust temperature (1.0), modifying the
density power law (1.5), extending the disk to a differenteowadii (600 AU), varying the disk inclination (6))
including CO freeze-out below different temperatures feefe-out), and altering the kinematical velocity profile
by changing the central stellar mass (PL8).

we can probe the same (or similar) disk region and look foialzée molecular compositions that trace
the level of X-ray ionization and UV photodissociation pessing occurring in a uniform sample of
disks (see Chapt@). It is not our intent here to study the large chemical neksadn disks, but rather,
to apply those results to characterize the relative gasephantent and chemical evolutionary state in
similar disks.

Since several physical parameters of the gas disk may differ the dust-defined disk structure,
we show in Figurd..6 how changing one parameter at a time alters the predictedpliafile for an
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unresolved disk. By far, the largest effects on the linerisity are the disk inclination and the outer
gas radius, which is consistent with the fact that we deteger gas disks in face-on orientations more
often (ChapteR). We can also see how, for example, the disk inclination &edcentral stellar mass
are degenerate parameters, since both line profiles bedomnger and narrower when these parameters
are decreased. Similarly, we can increase the line intemsthout affecting the line width by either
increasing the gas-to-dust ratio or decreasing the depsityer law in the outer disk. These degenerative
effects illustrate why it is challenging in single-dish @#b derive the disk gas structure from the gas-line
information alone. Resolved observations, on the othed hallow us to extract the kinematics of the
disk (M, sini), the outer radiusRya9, and the radial variation in the surface density; whiclo dlappen

to be disk properties that are not accessible via dust oésens. Unfortunately, modern interferometers
can only resolve about 3-5 pixel elements across the facesif disks and only with very long-duration
observations. This is where ALMA will have a dramatic impantprotoplanetary disk studies.

In the meantime, when we cannot directly compare the (ratidl vertical) distribution of the gas
and dust reservoirs, our strategy is to populate the solditiothe dust structure with the canonical gas
abundances, and then compare the resulting line predictothe real data. A match suggests that the
dust and gas structures are well coupled; a mismatch mageitedotherwise.

1.2.4 Relativistic Electrons

The study of synchrotron emission, or the signature ramhatimitted by relativistic electrons spiraling
along a magnetic field line, is usually restricted to theoadgime when studying PMS stars. There the
electron energies involved are consistent with the surfaagnetic field strengths typical of T Tauri stars
(1-6 kG, or about 1000 times stronger than the Sun’s fi@d}(i et al. 1992Johns-Krull et al. 1999
Thus, the discovery of transient high-energy non-thermassion at millimeter wavelengths is of great
interest, especially considering the presumed quiese@ntenof the millimeter emission from disks. In
this section, we review the role and impact of magnetic figldsTauri systems, and then shift our focus
to magnetic interactions between stars in close-separatigh-eccentricity binary systems.

In a single CTTS scenario, the central source truncatesntier icircumstellar disk in two ways.
First, the stellar radiation field photoevaporates dusngrevithin a region where dust temperatures are
> 1500 K, creating a sharp inner dust edge. The second meohanislves the radius at which material
free-falls onto the star, and accretes. This is usually ddflry the boundary where the magnetic field
pressure is equivalent to the rotation pressure of the diskefned by the gas kinematics). Within this
corotation radius (at about 5AU), the stellar magnetic figlds channel material onto the star; and
beyond this boundary, the field lines become frozen to thdefigm disk movements and act to slow
the stellar rotationGhosh & Lamb 1978Shu et al. 1994 These processes are the foundation of the
magnetospheric accretion model, and in Figuiewe illustrate the large-scale topological structure of
the stellar magnetic field lines. As long as there is disk nedtat the co-rotation radius, the CTTS
is expected to accrete at the observed rates of about-10"1°M., per year Hartigan et al. 1995
Gullbring et al. 1998 As the inner disk edge migrates outward over time, howex@aretion may be
halted. This occurs when the disk is photoevaporated frannside-out or when material in the region
iS swept up into a protoplanet. At which point, the disk disps rather rapidly, and the star begins to
spin up Bouvier et al. 19931997). In this scenario, a rotationally generated stellar magrynamo
easily explains why a faster-spinning WTTS is even more raaggily active than a disk-bearing CTTS,
as determined from X-ray surveys that credit the magnetiwigcprimarily to coronal reconnection
events, or stellar flareStassun et al. 200&tdel & Nazé 2009

Stellar flares, like solar flares, release magnetic energgnvdppositely-directed field lines in the
corona are forced together and re-connect to establish a stable field configuratiorHgisch et al.
1991, for a review). Reconnection is often associated with gtradio, optical, UV, and X-ray out-
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Figure 1.7 — At left, an artist's impression of the stellar magnetic fiéttes interacting with the circumstellar
disk. Near the inner disk edge, material accretes onto thealestar via the field lines. At larger radii, the field
lines are tied to the disk motions, effectively slowing tiellar rotation. Credits: NASA / JPL-Caltech / R. Hurt
of SSQ; At right, a topographical view of the magnetic field linegsand the star Scorpii. Open field lines allow
charged particles (and angular momentum) to be ejected thhensystem with the help of stellar winds. Closed
loops indicate where charged particles can become trappsel © the star.Gredits: ESPaDONS / CFHT

bursts. The released magnetic energy is first convertechigikienergy when charged patrticles in the
region are accelerated, sometimes to relativistic speset$ spiral down along the field lines emitting
synchrotron radiation at radio frequencies. Then, wherctiz@ged particles collide with the stellar at-
mosphere at one of the two magnetic footprints, the pastickat and ionize the chromospheric plasma,
resulting in optical, UV, and X-ray emission. In additiontbese single-star magnetic events, other sce-
narios for reconnection include magnetic interactionsvbet a star and its accretion disk, a star and
a planet forming within its circumstellar disk, or a star andtellar companionRhillips et al. 1991

An interesting development from recent long-duration X-sarveys is the once-a-week statistical oc-
currence of giant X-ray flares, which are consistent with GriTaurface field strengths and coronal loop
structures stretching to many stellar radiagata et al. 20Q35etman et al. 2008@a). This presents anin-
teresting scenario for close-separation binaries thairzam star-star magnetic field interactiondgssi

et al. 20022006 2008 Salter et al. 2008010 Chaptergl and5).

Since most stars form in multiple-star systems, there isstablished need to study planet for-
mation in these systems as wadlle{nert et al. 1993Simon & Prato 199% Traditionally, the stellar
dynamics were believed to effectively disrupt the disk arelent stable planetary orbits. On the con-
trary, observational evidence for exoplanets have beemdftua variety systems, including binary and
triple systemsRaghavan et al. 2006around primary host stars with both short- and long-ksiellar
companions Chauvin et al. 2006Eggenberger et al. 20)7and in circumbinary disks around close-
separation € 50 AU) binaries Patience et al. 2002 However, tight binaries like the ones we study
in this thesis, present additional challenges to planeh&ion. Theoretical models derive shorter disk
lifetimes, primarily due to tidal truncation of the innersks Quchéne 201)) and observational stud-
ies show significantly reduced millimeter excess and aicecreates Beckwith et al. 1990Jensen et al.
1994). However, one open question in binary star research todagertns how some binaries can con-
tinue to accrete across large inner gaps when others ceasae Rodels are able to show how the
dynamical motions in a high-eccentricity system can pecalty perturb the outer circumbinary disk,
causing material to flow in pulses towards the inner rim, costing the tidal barrier and accreting across
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the gap Artymowicz & Lubow 199§. We now recall how close binaries, or binaries with smatigse
tron approaches, can experience star-star magneticatiters. Thus, given the star-disk connection via
the magnetospheric accretion model, we must question hdgnédisant re-organization of the stellar
magnetosphere might affect material in the disk where tlem gpellar field lines end. In other words,
is it possible that reconnection events can assist, himderxplain pulsed accretion processes in these
systems?

As it turns out, we can also study high-energy processe®imthimeter spectrum toward PMS stars.
Relativistic electrons accelerated by powerful star+&aonnection events can allow us to sample T Tauri
magnetic field strengths, sizes, and regeneration timescdlhe potential impact for the circumbinary
disk lifetime might include assisting or hindering acasatacross gaps, extending viscous timescales, or
removing more gas from the system through elevated levedssidciated X-ray and UV activity. With
regards to standard SED modeling of (unresolved) dust mamtn fluxes, it should be cautioned that
non-thermal contributions will adversely affect the biging solution.

1.2.5 Inthe Laboratory

One additional way to study planet formation processes thénaboratory. This requires re-creating
the circumstellar disk conditions of a high vacuuzi{0~? mbar), cold temperatures (10-300 K), and a
reduced-gravity£0g) environment. One additional caveat is that the physicatgss to be studied must
be smaller than one’s laboratory. In Chaptgthis concerned a cylindrical vacuum chamber 110 mm high
and 180 mm in diameteB@lter et al. 2000 The subject of the experiment is the collisional graingio
mechanism that currently forms the basis of the core accretiodel for planet formation. In Sec-
tion1.1.2 we discussed the theoretical challenges to grain growtbrizecentimeter sizes (e.gominik

& Tielens 1997 Paszun & Dominik 200P In Chaptef7 we present the construction and early results of
an experiment performed during a parabolic flight campaigamized by the European Space Agency
(ESA). The flight maneuver simulates weightlessness forrmg®f 22 seconds (see Figute), thus
achieving the longest duration reduced-gravity expegemithout going into space. Within this period,
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Figure 1.8 — A schematic of the flight profile during a parabolic flight caangm organized by the European Space
Agency. A parabolic flight maneuver is just one way to appreate the zero-gravity conditions in a protoplanetary
disk when performing experiments to test small-scale meeein disks in 22-second segments.
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our goal was to execute several collisions of millimeteedi protoplanetary dust analogs, and record
with unobstructed views the outcome of each collision. Tas best accomplished with single collision
events, with the turnover time between events determinetidoyime needed to slowly accelerate each
dust analog to the collisional velocity regime being inigeged while preserving their porous structure.
With the experiment setup defined in the last chapter, a braage of particle sizes (from millimeter
to centimeter), compositions (dust, ice, and dust-iceay®| temperatures (80-300 K), and velocities
(from 1.0-0.1 ms?) are capable of being studied. In this way, we can test in aur laboratories the
small-scale planet formation processes occurring in disksy hundreds of parsecs away, and the same
processes thought to be responsible for the formation obourSolar System.

1.3 This Thesis

This thesis is split into three parts. Rart | of the thesis, we pursue observational clues from thermal
emission processes to address what happens to the gastdordesks as the dust evolves. For exam-
ple, in Chapter 2 we examine specifically the effects that grain growth and datling have on the
photoprocessing of the molecular gas (HC®ICN, and CN) content. I€hapter 3 we investigate the
observational relationship between the CO gas-line measemts and the dust diagnostics. The studies
in Part | are helping to identify the most (or least) influahprocesses driving the disk evolution, and
to determine which of our current observational diagneséite the most robusPart Il of the thesis
emerged in the midst of observations for Part I, and it castiagainst the long-standing notion that the
millimeter flux observed toward young PMS stars is alwaysidated by the quiescent thermal emission
from passively heated dust located in a circumstellar diskChapter 4 we report the serendipitous dis-
covery of a transient millimeter flare toward the young spstiopic binary DQ Tau; the first millimeter
outburst to be documented toward a CTTSClmapter 5 we confirm the recurring nature of the DQ Tau
phenomenon. Then, i@hapter 6, we consider the proliferation of millimeter flares in a lteasample

of young binaries targeted because their orbital paraetere similar to DQ Tau, and thus, presumably
susceptible to the same phenomenon. As it turns out in PafttHis thesis, the monitoring of young
pre-main-sequence binaries at millimeter wavelengthegiges an interesting window into star-star mag-
netospheric interactions in binary systems. Finally, githee observational challenges present in the first
two parts of the thesi?art Il documents a laboratory approach to investigate direcyctiagulation
theory of grain growth in protoplanetary disks. DescribedChapter 7 are the technical details and
initial scientific results of a parabolic flight experimentgtudy the low-velocity collisional properties
of millimeter-sized dust particles. What follows now is dalled overview of each chapter, concluding
with the main results that can be drawn from each study.

1.3.1 Ouitline of Chapters

In Chapter 2 we use HCO, HCN, and CN gas-line observations and modeling to searciméoeased
photoprocessing effects when the small-grain populatiotiné upper disk layers has been reduced via
grain growth and dust settling. This study represents ontheffew observational analyses of rarer
molecular species toward a large, uniform sample of disksingJthe JCMT, combined with the line
data already in the literature, we found no significant teebetween the observed gas-line diagnostics
(i.e. line strengths, ratios, and integrated fluxes) anteeithe dust diagnostics (i.e. silicate emission
features, mid-infrared slopes, or 1.3 mm fluxes) or sevéebs properties (i.eM,, Ly, Lx, or Ho EW).

In other words, the expected molecular enhancements deeawot ® correlate with the total dust mass or
the presence of small grains in the inner and upper disk$dyased on the observed line emission, which
is most sensitive to the bulk of molecular gas in the outek (fsgures2.5-2.7). To derive the underlying
(disk-averaged) molecular abundances, we used two diffdrest model prescriptions from the literature



Section 1.3. This Thesis 19

to approximate the temperature and density structure ofjiseous component. The models struggle
to reproduce the gas lines, mostly due to system paraméigraite not well constrained by the SED
(i.e. M,, i, Rgas andTyin) and instead represent just one combination of many saiféblto the profile
(Figures2.8-2.9). We proceeded to model the source DG Tau in greater deistlpwering a reasonable
fit to the gas-line data wheM.,, i, Ryas andTyin were modified (Figure2.10-2.11). The modeling of
DG Tau illustrates the potential discrepancies betweelinkeratios as abundance tracers and the true
underlying abundances, with the measured CN/HCN line rati@2) a factor 13 less than the fitted
underlying abundance ratio-(160). Instead, resolved observations of both the dust asdlje are
necessary in order to contrast their evolution more coralylet

We present, irChapter 3, interferometric observations 6fCO (J = 1-0) toward five bright CTTSs
in Taurus that are presumed gas-rich (from their dust coatm emission); as well as supplementary
12CO (3= 2-1) observations toward one of these sources. Thesevalieas complete the interferomet-
ric sampling of a CO rotational line toward Taurus disks véth.3 mm flux> 75 mJy. We report CO
emission from three sources, where all integrated speotrataracterized by narrow emission peaks
with multiple components spread over a wide velocity rangéZ km s1). We find no significant trends
in the CO line intensity or detection statistics with anylod turrent diagnostics for the dust evolutionary
state; both in our subsample and in the current literature civiclude for four of the sources that the CO
line profile is obscured by large amounts of optically thicR @long the line-of-sight, which appears as
a common trend in most spatially resolved CO analyses. Asudtyeve caution that observations of the
lowest rotational lines of CO are an incomplete tracer ofttital gas content, and therefore not a good
probe of the gas evolution. We recommend that future ob8engfocus on higher rotational transitions
of CO, particularly with ALMA when improved sensitivity capilities will allow for the detection of
these higher frequency transitions.

In Chapter 4 we report the discovery of a millimeter flare toward the spesttopic binary DQ Tau in
the Taurus star-forming region. The 2008 April 19 detecisahefirst millimeter outburst to be observed
toward a classical T Tauri star. The activity was recordethdua 5-day survey of the quiescent thermal
emission toward several protoplanetary disks in Taurusguisie CARMA array (see Chapt8y. While
the other four sources maintained a quiescent flux througtheusurvey, DQ Tau brightened on the
third night to reach a maximum detected flux of 468 mJy, alr2@stimes its quiescent value, within a
2-hour period (Figurd.l). We attributed the emission to synchrotron radiation. Wie stars have a
minimum separation of B, at their closest approach, whereby their magnetosphetr#ise@retical size
5R,) are predicted to overlagMathieu et al. 1997Basri et al. 199). Since the peak of our observed
flare occurred just 7.6 hours before periastron, we makeefoasolliding magnetospheres and predict
that the flare mechanism is linked to the binary orbit andetfuee likely to repeat. We also remark that
the millimeter activity of DQ Tau could be linked (strictly itiming or via magnetospheric accretion
theory) to the variable accretion bursts that explain thess optical variability. In a broader context,
these findings present a significant cautionary tale forimméiter flux points in the SEDs used for disk
modeling that could include non-thermal emission contrdms if measured only once.

Chapter 5is a natural follow-up to the initial DQ Tau flare analysis @sdmplications for millimeter-
wave studies of protoplanetary disks. There we presentdigives covering a period of 8—-16 hours near
three additional periastron encounters where we agaictgetexcess flux at 3 mm (Figusel). An anal-
ysis of the similar exponential decay profiles allows us tovegte an average flare duration of 30 hours
(Figure5.3). The consistent timing of the flares within a 22-hour windogar periastron, correspond-
ing to stellar separations of 8—R3, supports the periodic nature expected from a scenaricofbdiog
magnetospheres (Figused). We are also able to constrain the main synchrotron enmgsigion to a
stellar height of 3.7-6.B,, or about half the stellar separation distance at the tina@@vent. Assuming
a well-ordered dipole topology for each magnetospherembpaadius of 3.R,, we determine that the
magnetospheres must be misaligned at a significant anglelém for the observed reconnection events
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to occur (Figuré.8). We also speculate on an interesting scenario for on-#needods of flaring if the
magnetic axis of one of the stars was to flip, as occurs in tinee8ery 11 years. Otherwise, assuming one
30-hour flare per orbit, DQ Tau could spend as much as 8% obi&-day orbital period in an elevated
flux state. In combination with these millimeter observasiowe coordinated simulataneous optical (as
well as X-ray, seésetman et al. 2010, submitfechonitoring of DQ Tau, which shows that accretion
activity can occur coincident in both time and duration wile synchrotron fallout of a magnetic re-
connection event (Figui7). Whether a causal or co-dependent relationship betweerettonnection
and accretion processes is in effect remains undetermiméd. potential for bi-weekly flares, on the
other hand, exposes the disk to highly elevated levels @ys-(perhaps up to 100 times brighter in peak
luminosity Getman et al. 2008and UV radiation; levels that are more likely to destroy HC&hd CN
rather than enhance their fractional abundantepi§ & Dalgarno 1996 This probably contributes to
the non-detection of both molecules in the JCMT spectra tdvzeQ Tau (Chapte?). In this way, we
highlight the unknown effects of the stellar magnetosphactivity on disk lifetimes and the destruction
processes affecting the gas reservoir.

Chapter 6 considers the proliferation of millimeter flares toward gigistars. Stars possess stronger
magnetic fields and exhibit their highest levels of magrestitvity during the PMS stage, as documented
by recent X-ray surveys (e@udel et al. 2007Getman et al. 20088). Given the current evidence for
colliding magnetospheres in the DQ Tau PMS binary systemwgdlsas the favorable statistics for close-
separation binaries, we conducted a targeted monitoriagram of the millimeter emission toward a
sample of young spectroscopic binaries using the IRAM 3@enmielescope; the first dedicated survey
to search for millimeter variability toward PMS stars. Tlarple includes six binaries of high orbital
eccentricity €> 0.1) and six binaries with roughly circular orbits= 0). The second group serves as a
control sample, since the magnetospheres are not expecpediodically re-organize if the separation
distance between the stars is constant throughout the @hithe other hand, a statistically significant
occurrence of flares in these systems, would suggest anatiter flare mechanism is responsible, or
more prevalent. Over five consecutive nights, during whiabheof the six high-eccentricity binaries
completed periastron, only one source displayed millimeteability. The source, UZ Tau E, is the one
that most resembles DQ Tau in terms of orbital parameteroptidal accretion activity. We observed
a flux range for the combined hierachical quadruple systemralZof 107-199 mJy (see Figwel).
The sparsely-sampled light curve, which does not resolwd=tand W components of this hierarchichal
quadruple system but does cover a broad period around fperiasxhibits behaviors that were predicted
in Chaptei5, such as a double brightening and a faster flux decay timegsrlatellar separations. The
component UZ Tau E appears to be highly variable based on prawjous millimeter interferometric
observations at different wavelengths, perhaps stailbtimdicative of activity at many different orbital
phases. Therefore, we are unable to confirm definitivelytth@multiple brightenings observed in this
system near one periastron are uniquely explained by gallichagnetospheres. Still, UZ Tau E does
present a strong case for multi-wavelength follow-up oke@rns similar to those of DQ Tau. It also
suggests that millimeter activity may be more common amadvi§ Btars.

In the final chapterChapter 7, we use a laboratory experiment to probe grain growth pessem
disks. We specifically test the core accretion model forglidmrmation by colliding protoplanetary dust
analogs together in a simulated disk environment. The @xgait consisted of two scenarios. In the
first, we began by firing individual aggregates at a largeetacg similar, but denser, dust structure to
represent a collision with a larger particle. We then fokolwith collisions between similarly-sized
aggregates. We recorded over 100 separate impacts at Hd&sffger second during 33 minutes of com-
bined weightlessness. The results of this warm dust exe@tiprobing collisions of particles measuring
0.2—-6 mm across and traveling at speeds of 16—18¢rinsambient temperatures (300 K), showed that
the majority of collisions (roughly 80-90%) resulted in sextastic re-bounding events. On average,
only 15% of the translational energy is conserved duringtraesnts, probably due to aggregate com-
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paction. Sticking was observed in only 10% of the partielert collisions, and fragmentation occurred
in roughly 10% of the aggregate-aggregate collisions. &mnesults seem to indicate a critical transition
regime for the collision velocities of dust aggregates wimtaractions start to become more destruc-
tive than constructive. Follow-up experiments with icytmdes, expected to possess stronger molecular
bonds, indicate similar “transition-zone” results ($¢ei3elmann et al. 2030 Our laboratory results
confirm the predicted challenges for the core accretion ieken it comes to collisonal growth beyond
millimeter-sized aggregates.

1.3.2 Main Results

This thesis covers three major topics in the field of protoplary research: 1. The evolution of the

dust and gas content with respect to one another, as dedum®adobservational studies of thermal

emission diagnostics; 2. The nature and proliferation ahgient non-thermal millimeter flares; and

3. The collisional grain growth processes in protoplanethsks. The main results of these studies can
be summarized in the following bullet points:

e Observations of 21 disks in Taurus show no correlations eéetvtheir HCO, HCN, and CN line
fluxes or ratios (which trace ionization and photodissommprocesses) and their mid-infrared
slopes or 10m silicate emission features (which trace successful ggaiwth and dust set-
tling). Therefore, the properties and evolution of the oagithat dominate the gas-line emission
(R> 100 AU) appear unrelated to thB £ 30—100 AU) regions probed by common tracers of the
dust properties and evolution. (Chapgr

e Modeling of unresolved gas-line observations is unabled¢althe degeneracies in the dust model
fits. We show for the gas-rich disk around DG Tau how two veffedént disk temperature and
density profiles can produce very similar lines for the saraetional abundances. However, this
does not, in turn, necessitate that the abundance estimatblst. Therefore, gas-line measure-
ments and resolved observations of the dust and gas alikeeated to arrive at the full picture.
(Chapter2)

e Observations of low} rotational lines of CO toward the brightest; 6mm > 75 mJy) objects in
Taurus reveal very different CO line intensities for duskdiwith similar mass, grain growth, and
dust settling properties. In addition, two sources thateapeally bright in one CO transition line
do not necessarily possess similar brightnesses in anttreition. Almost all sources exhibit
at least some level of obscuration from optically thick COngl the line-of-sight, accounting
for some of these observational differences. We cautiohlthiaJ transition lines of the main
CO isotopologue are often an incomplete tracer of the taal@pntent and disk dynamics, and
therefore not a robust probe of the gas evolution. (Ch&pter

e Millimeter flares in the DQ Tau PMS binary system(,=8.1R,, e=0.56, andP=15.8 days)
are recurring and can be explained by synchrotron emisgitiated by a magnetic reconnection
event when the two stellar magnetospheres collide duringgieon passage. The derived coronal
loop sizes 0~3-5R, and surface field strengths ef3kG are consistent with T Tauri magneto-
spheric values and a reconnection site located halfwaydsgivthe two stars. Consistent activity
during 4 separate periastron encounters indicates th@@@i€au magnetospheres are capable of
regenerating their fields on a bi-weekly basis. (Chaptensd5)

e We report that another PMS binary, UZ Tau E, shares similbitadrproperties @min=11.6R,,
e=0.33, and®=19.1 days) and tentatively exhibits comparable actibtyghtens by a factor 2 on
two separate occassions). Short-period, close-sepayatia high-eccentricity binaries are most
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likely to experience the same phenomenon, properties Hatcterize a large humber of young
stellar systems. (Chaptéy

e Our flare statistics caution against the long-held notioa ptirely quiescent millimeter spectrum
and emphasize the need for better characterization of thHeneter variability towards young
stars, particularly when relying on one-time millimetexflmeasurements to derive the dust (spec-
tral slope) properties and the underlying disk structurdil®\jpeak values like those seen toward
DQ Tau (~0.5Jy) are rarer—but more easily recognized—smaller asge of a factor 2-3 like
those observed toward UZ Tau E may remain unnoticed and be coonmon. (ChapeBsand6)

e The collisional growth mechanism for dust (and ice) paggdin disks becomes less effective as
particles approach centimeter-sizes and I fvglocities with~90% of our dusty aggregate col-
lisions resulting in re-bounding events during our initidicrogravity experiment. Our laboratory
results, together with recent follow-up experiments anchglementary theoretical models, sug-
gest that an alternative growth mechanism must be invokédeantermediate growth stages in
order to achieve meter-sized boulders and runaway growtkeli-gravity. (Chapter)

1.3.3 Outlook

One of the most exciting developments soon to hit the fieldotigplanetary disks research at millimeter
wavelengths is the newest revolution in astronomical imséntation, and one of the most ambitious
astronomy projects ever undertaken, and that is ALMA. Therfarometric telescope will consist of no
fewer than 66 individual antennas, defining 2016 separagelipas ranging 15-16,000 meters in length.
The antenna receivers will operate at wavelengths of 063w#n, corresponding to 10 frequency bands
spanning the 31-950 GHz range. ALMA is currently being caséd at the Chajnantor plateau in the
Atacama desert in Chile, one of the driest regions on Eardm aftitude of 5000 m, which puts it above
50% of the Earth’s atmosphere, drastically reducing thelslgkground noise levels. Early science is
slated for late 2011 when the first 16 antennas are in place.afiay, when complete, will possess an
unprecendented combination of sensitivity, angular rgsmi, spectral resolution, and imaging fidelity
(Kurz & Shaver 1999

In the future, it is our goal to compare the radial gas varetiand chemical abundances, which will
help us derive better, more complete disk models; and exdandiork in Chapter@-3 (Part I). ALMA
will help by drastically reducing the time required for largnulti-epoch surveys, and subsequently al-
lowing us to better characterize any time-dependent nellénvariability toward young stars, as we have
initiated in Chapterd—6 (Part Il) of this thesis. As far as identifying the first stagd# planet formation,
many simulations to date predict that ALMA has the potertbatletect the tidal effects of embedded
protoplanets in disks using continuum studi®go(f & D’Angelo 2005), or use high-lying molecular
transitions of HCO (or any other dense tracer) to detect disk instabilitiesl@mpiness Narayanan
et al. 200¢. Whereas we show in Chapté(Part Ill) how the collisional growth mechanism for planet
formation faces challenges in both the@nyd experiment, ALMA may provide more definitive, obser-
vational evidence to test the current planet formation rileso These are just a few highlights of the
possibilities with ALMA, as related to the subjects presenn this thesis.
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Chapter 2

A Single-dish Survey of the HCQ HCN,
and CN Emission Toward the T Tauri Disk
Population in Taurus

The gas and dust content of protoplanetary disks evolvestbeecourse of a few Myr. As the
stellar X-ray and UV light penetration of the disk dependss#é/ely on the dust properties, trace
molecular species like HCQ HCN, and CN are expected to show marked differences froniopho
processing effects as the dust content in the disk evolvesnVéstigate specifically the evolution of
the UV irradiation of the molecular gas in protoplanetaigkdiaround a sample of classical T Tauri
stars in Taurus that exhibit a wide range in grain growth amst dettling properties. We obtained
HCO' (J=3-2), HCN §=3-2), and CNJ=2-1) observations of 13 sources with the James Clerk
Maxwell Telescope. Our sample has 1.3 mm fluxes in excess wiJysindicating the presence of
significant dust reservoirs; a range of dust settling asttahrough their spectral slopes between
6, 13, and 2fum; varying degrees of grain growth as extrapolated from thength of their 10-
um silicate emission feature; and complements data fromitim@ture, essentially completing the
molecular line coverage for the 21 brightest millimetegéds in the Taurus star-forming region. We
compare the emission line strengths with the sources’ eouain flux and infrared features, and use
detailed modeling based on two different model prescniygito compare typical disk abundances
for HCO™, HCN, and CN with the gas-line observations for our sample. datected HCO(3-2)
from 6 disks, HCN (3-2) from 0 disks, and CN (2—1) from 4 diskgh typical 3o upper limits of
150-300 mK Tmp) in 0.2km st channels. For the complete sample, there is no correlatitween
the gas-line strengths or their ratios and either the ssurest continuum flux or infrared slope.
Modeling shows that fractional abundances of @101 can explain the line intensities observed,
although significant modeling uncertainties remain. ForTa@, which we model in great detail, we
find that two very different temperature and density diskctires produce very similar lines for the
same underlying abundances. Whereas, it is the gas prepartd kinematics (determined by,

i, Tin, andRyag that have the largest impact on line appearance; and tlyssans parameters are
not well-constrained by current dust models, but will beb@ directly with ALMA. Unresolved
observations of the dust continuum provide neither a unigue complete picture of protoplanetary
disks. Instead, gas-line measurements and resolved altieeiy of dust and gas alike are needed to
arrive at a full picture.

D. M. Salter, M. R. Hogerheijde, R. F. J. van der Burg, L. E.dtghsen, and C. Brinch
Astronomy & Astrophysi¢submitted (2010)
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2.1 Introduction

Many young pre-main-sequence (PMS) stars of a few solar@easdess (T Tauri stars) are surrounded
by disks of gas and dust in the midst of forming planetaryesyst Beckwith 1996 Dutrey et al. 200Y.
Observations with new instruments in the sub-millimetet erfrared wavelength regimes have provided
a wealth of information about the dust content in these diBkysical models are now fitted successfully
to the observed spectral energy distributions (SEDs),alege details on their large-scale radial and
vertical structure (e.gCalvet et al. 2002 Meanwhile, the millimeter spectral slope and the siécat
emission features at 10 and 26n indicate the amount of small-scale dust processing, dinatugrain
growth (e.g.Natta et al. 200,7and references therein). These dust properties detertmineverall
opacity of the disk. A broad range in properties, in turn, liegdifferent self-shielding abilities from
the strong X-ray and ultra-violet (UV) radiation fields etad by the central star. As this high-energy
radiation penetrates the disk more or less efficiently, ipbssradiating deeper disk layers or a greater
proportion of the available gas reservoir, then any mokacgés content that is left unprotected by the
dust is subject to increased photoionization and photodigBon processes.

One key development in the evolution of disks is the growtdust particles from sub-micron sizes
first to larger sizes, and ultimately planets. The SEDs ofynuisks exhibit clear evidence of this growth
to micron and even centimeter sizes (eBgckwith & Sargent 1991Testi et al. 2008 This process
inherently depletes the small-grain population, whichhies dominant source of UV opacity in the disk.
In addition, as the dust particles grow, they are expectedetmuple from the gas and settle to the
disk midplane Yeidenschilling 1997Dullemond & Dominik 2004, once again leaving the gas more
exposed to both X-ray and UV irradiation in the upper dislelay In a recent analysis of Spitzer IRS
data for a large sample of T Tauri staFsjrlan et al.(2006 find evidence of this sedimentation of dust
particles to the midplane. They conclude from the infragettra that the small dust content has already
decreased by 2—3 orders of magnitude in the surface layersany disks in the Taurus star-forming
region. Since the processes of grain growth and dust renferatettling) both correspond to a lower
disk opacity, we can now test the link between the dust ptiseand the photoprocessing effects on the
molecular gas composition.

Observations of molecular lines are required to probe thematal content and evolution of the
molecular gas. To date, only about three dozen disks havedmsected successfully in rotational lines
of CO (Koerner & Sargent 1999annings & Sargent 199200Q Dutrey et al. 1997Guilloteau et al.
1999 Simon et al. 2000Thi et al. 2001 van Kempen et al. 200Piétu et al. 2007Chapillon et al. 2008
Schreyer et al. 20085chaefer et al. 2009and only a handful of disks have been searched for rarer
species like HCO, HCN, and CN (e.dputrey et al. 1997Kessler-Silacci 2004Thi et al. 2004 Kastner
et al. 19972008ab). The latter three molecules are indicative of the rateshathvX-ray ionization and
UV photodissociation is occurring in the intermediate layef the disk.

In many observational studies, HC@nd CN represent two of the strongest emission lines detecte
towards disks around PMS stars. Models predict that thedemees of HCO, HCN, and CN should in-
crease similarly as the X-ray ionization rate is increasegpp & Dalgarno 1996Glassgold et al. 2004
However, the UV field then further enhances CN, a photodiation product, at the expense of HCN,
its predecessolLépp & Dalgarno 1996Aikawa et al. 2002 In this way, we can use measurements of
HCO" as a normalization factor for the total ionization (or oVleiraadiation) effect on the disk, while
the ratio of CN to HCN probes the UV photodissociation precesich is most sensitive to grain growth
and dust settling.

Young forming stars are the main contributors to the UV sitdtar radiation fieldlerbig & Goodrich
1986. In star-forming regions permeated by moderate UV raalidiields from newly forming stars, the
ratio of CN to HCN is observed to be very strongly enhancedh waspect to typical molecular cloud
values Fuente et al. 1993Hogerheijde et al. 19985reaves & Church 199@erzieva & Herbst 1998
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The same shift is predicted by chemical disk models wheresitie of CN over HCN changes radically
in favor of CN as the stellar UV flux increasega( Zadelhoff et al. 2003 Young stars also possess
strong X-ray activity levels@udel 2008. Therefore, the brightest HCOines and largest CN to HCN
ratios are expected from luminous sources and opticaltydrsks.

Previously,Kastner et al(2008F) summarized the HCQ HCN, and CN line observations avail-
able in the literature for disks around PMS stars, showing tiee chemical impact of the X-ray and
UV fields is significant in the general disk population and tha line ratios do exhibit tentative trends
that correlate with the expected photoprocessing effédtsvever, also evident is the small number of
widely-differingsystems that have been studied in any detail at all. This sniakificult to distinguish
evolutionary differences from source-to-source vari&gion mass, luminosity, environment, and orien-
tation. Naturally, larger homogeneous surveys are neapess identify gas-rich disks and to provide
observational tests of the processes driving their phiyarmé chemical evolution.

Here we present a study of HCOHCN, and CN line emission towaedl the classical T Tauri stars in
Taurus with a compact 1.3 mm continuum flee5 mJy, or equivalently a disk mas$.014M.,, using
the standard flux relation and adopting the same mean disknaters aPutrey et al.(1996. These
parameters include a disk temperature of 15 K, a dust atisompefficientK; 3mm of 0.02 cnf g1, and
a distance to Taurus of 140 pc. Consequently, our selectitarion favors warmer and more massive
disks in the star-forming region.

The line data were obtained from new single-dish obsemsji@s well as taken from the litera-
ture, where available. In Secti@®? we describe the details of the observations and in Se2tbwe
report the line intensities and detection limits obtainexhf our measurements and from the literature.
Section2.4 investigates observational trends between the dust emigsbperties of the disk sample,
such as millimeter flux and infrared slope, and the gas-lirengths or upper limits. Because none of
these tracers spatially resolve the disks, and becaussthieiegths depend both on the total amount of
molecules and on the excitation conditions, Sec@d@employs a modeling approach to constrain the
HCO", HCN, and CN abundances. This is done using two generic md¢8ektior2.5.2 and, for one
source, DG Tau, in particular, a more detailed approach akent(Sectio.5.3. Sectior2.6 discusses
our results and the limitations of our methods and Se@&i@summarizes the main findings.

2.2 Observations

2.2.1 The Taurus Disk Sample

The sample consists of the classical T Tauri stars in thetiBastar-forming region that were included in
the Spitzer IRS classification work Wyurlan et al.(2009 and possess a 1.3 mm continuum flux larger
than 75 mJy Beckwith et al. 199 The sources cover a broad range in spectral indices bet@eE3,
and 25um, and the shape and strength of their i-silicate emission features. The difference in the
mid-infrared spectral indices (defined &8 = n;3 25 — Ng_13) serves as an indicator of dust settling in
the inner disk £1 AU, with smallerAn suggesting more settling) and the strength of thgriGilicate
feature decreases with a depleting population of smalhgrarhis characterization of the current dust
properties in the upper surface layers of the disk allowsousxplicitly contrast the presence of small
grains—the main source of UV opacity—uwith the line stresgtind ratios of the molecular species that
trace UV photodissociation.

For better odds of a high signal-to-noise gas-line detactie imposed the 75 mJy continuum flux
minimum cutoff. This criterion results from the millimet8ux being related to the dust mass, and the
idea that a larger dust mass is indicative of a potentiattyd@as reservoir. Our source list includes some
of the brightest young stellar objects (YSOs) in Taurus #tmeter wavelengths, many of which already
possess HCO, HCN, and CN rotational line detections. Consequently,cilteff value was chosen to



Table 2.1 — Taurus Disk Sample.
) 2 3 4) 5) (6) () (8 ) (10) (11)

Source RA DEC Fi3mm An 10um M,  Spectral HrEW Lol Lx
Name (J2000) (J2000) [mJy] StrengthMJ]  Type [A] [Lo]  [10%Pergs?
Our subsample with new molecular line observations presehere
CWTau 04:14:17.00 4+28:10:57.8 96:t8 0.96 0.16 1.06 K3 135 1.35 2.844
CY Tau 04:17:33.72 +28:20:46.8 133+ 11 0.50 0.12 0.55 M1.5 70 0.47 0.163
FT Tau 04:23:39.18 +24:56:14.3 1314 0.31 0.43 - M3 - >0.38 0.799
DG Tau 04:27:04.70 +26:06:16.2 44320 0.44 0.00 0.67 K6 113 090 <0.766
IQ Tau 04:29:51.56 +26:06:44.8 8#11 0.40 0.35 0.68 MO0.5 8 0.65 0.416
V806 Tau 04:32:15.41 +24:28:60.0 12413 1.46 0.35 - MO 88 1.30 -
UZTau 04:32:42.96 +25:52.31.1 17215 0.58 0.45 0.18 M1-2 82 1.06 0.890
Cl Tau 04:33:52.01 +22:50:30.1 1917 0.93 0.54 0.77 K7 102 0.87 0.195
DN Tau 04:35:27.37 +24:14:59.6 84-13 0.33 0.22 0.70 MO 12 0.91 1.155
DO Tau 04:38:28.58 +26:10:49.9 136:11 0.64 0.18 0.70 MO 100 120 <0.270
GO Tau 04:43:03.08 +25:20:18.6 8312 0.97 0.40 0.71 MO 81 0.27 0.249
DQ Tau 04:46:53.06 +17:00:00.2 9%9 0.19 0.14 0.43 MO 113 0.91 -
DR Tau 04:47:06.22 +16:58:42.9 15%11 0.61 0.27 0.38 K5 87 3.00 -
Sources with molecular line data already in the literatused Table.4)
V892 Tau 04:18:40.62 +28:19:15.5 28%*13 -1.22 0.65 - B9 13 20.90 8.576
RY Tau 04:21:57.41 +28:26:35.6 22%*17 0.46 1.36 1.63 KO 20 7.60 5.520
T Tau 04:21:59.43 +19:32:06.4 289 1.19 -0.10 - K7 60 15.50 8.048
GG Tau 04:32:30.41 +17:31:40.2 593-53 0.74 0.64 1.55 K7 54 1.55 0.160
DL Tau 04:33:39.06 +25:20:38.2 2314 0.24 0.09 0.70 K7 105 0.70  <1.000
DMTau  04:33:48.73 +18:10:10.0 10913 1.93 0.96 0.25 M1.5 139 0.25 <0.457
AATau 04:34:55.42 +24:28:53.2 889 0.50 0.35 0.78 K7 37 0.74 0.690
GMAur 04:38:21.34 +26:09:13.7 25312 3.19 1.19 1.00 K7 96 1.00 1.241

Notes.(Columns 1-3) Source name and 2MASS coordinates; (Colurhr84hm continuum fluxes frolBeckwith (1996); (Columns 5-6) Dust settling parameters
An and the 1@im silicate strength fronfrurlan et al(2006); (Column 7) Stellar masses frowithite & Ghez(2001) or Hartigan et al(1995; (Column 8) Spectral
types fromLuhman et al(2010 or Rebull et al.(2010; (Column 9) Hx equivalent widthsEW) from Herbig & Bell (1988); (Column 10) Bolometric luminosities
from Palla & Stahler(2002), except for DQ Tau and DR Tau, which come fradanyon & Hartmann(1995; (Column 11) X-ray luminosities fronGudel et al.
(2007 or Damiani et al(1995.
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be representative of the lowest circumstellar dust massdfdni the literature for a disk that had been
detected in at least one of the three molecules. Therefoarestady is not necessarily probing a lower
dust-mass regime, but rather contributes to completingséimeple of sources down to this flux cutoff,
and expanding the subgroup of disks with similar dust mabsgsan be compared.

We restricted the sample to one star-forming region, sodhatesults are relatively insensitive to
the initial cloud conditions. In addition, due to their shérenvironment, we can assume that the local
interstellar radiation field is similar for all disks, and mamportantly, that it plays a less significant role
in irradiating the disk in the UV regime. It is generally asgd that the external contribution to UV
photodissociation of the upper and outer disk layers ismyu8—4 magnitudes lower in intensity than
the stellar excess UV spectrum for T Tauri stars, based oeredtsons of five protostars byerbig &
Goodrich(1986, whereby four were located in Taurus.

The full sample consists of 21 protoplanetary disks, inicigdL3 that had not been observed previ-
ously in any of our molecular tracers. Complementery mdédine observations for those 13 sources
are presented here. Tal#lel lists their 2MASS source coordinates (used for our JCMT nlag®ns),
1.3mm continuum fluxesBeckwith et al. 199)) mid-infrared dust settling parametefsuglan et al.
2006, as well as several stellar properties that are closelyttighe radiation field.

2.2.2 JCMT Single-dish Millimeter Observations

Using the RXA receiver and the ACSIS backend on the Jame& ®laxkwell Telescope (JCMT) on
Mauna Kea, we observed the HCQI=3-2) at 267.558 GHz, HCNIE 3-2) at 265.886 GHz, and
CN (J=2-1) hyperfine line centered at 226.800 GHz emission towsrdubsample of 13 sources. The
observations were made between September 2007 and Dec2@t®er The HCO observations were
carried out in position-switched mode with a reference tpmsiat a 900 offset. Although with a 900
position switch the reference position is unlikely to betb& Taurus molecular clouds, the observed lines
trace relatively dense gas and little emission is expectey drom the source. For the less abundant
HCN and CN species, we used the more time-efficient beaneisiwg mode with a reference position
at a throw of 180.

All observations had a bandwidth of 250 MHz, giving a chamesblution of 30.5 kHz (or0.034
km s for HCO' and HCN, and~0.040 km s* for CN), and oversampling the instrumental resolution
by a factor 6. The atmospheric opacity was between 0.05 diduring the observations, with typical
on-source integration times of 20 minutes (aside from ot@eadeep 60-min observation of HCN toward
the brightest source, DG Tau, to establish a deeper uppgifdinthe subsample).

The JCMT beam is 19at 265 GHz and 22at 226 GHz, much larger than any protoplanetary disk at
the distance of 140 pc to the Taurus star-forming regikengon et al. 199 Since many young stars are
still situated near their parental cloud, any line detectieeds to be checked for possible contamination
from the extended cloud. Following the strategylof et al.(2001) andvan Kempen et a(2007), every
strong detection of HCOwas followed up with observations 3@ast and 30north of the object.

2.2.3 Data Reduction

The data were calibrated by the RxA pipeline and reducedtvétstarlink KAPPA software. The edges

of each spectrum were removed and a low-orger 2) polynomial baseline was subtracted. Multi-

ple integrations on individual lines were averaged at thage. The resulting spectrum was smoothed
using a moving square ‘averaging’ box of width 3 channels. tiiém binned the smoothed data by 5
channels. The final data resolution is 152.5 kHz (or 0.17khfer HCO" and HCN, and 0.20 kns

for CN). Finally, the reduced spectra were converted ffirto main beam temperatur@g,, using a
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Figure 2.1 — HCO" (J =3-2) observations of our 13-disk subsample in Taurus. Aczline above the spectrum
indicates the central radial velocity sgr, as determined from a Gaussian fit to the emission line. Ircése of
DR Tau, we indicat®) sg from a fit to its CN emission (see Figu2ed).

beam efficiency factor ofy =0.651 The final spectra are shown in Figu&4-2.3, and the resulting
rms noise levels are reported in Tab®& and2.3. The analysis of the reduced data was performed
using the GILDAS CLASS software to take advantage of thelali hyperfine line-fitting algorithms
for blended lines. Results of the Gaussian fits to the datdding the peak temperatur@.f,), line
widths (FWHM), and the integrated line intensitigsT, dv), are also reported for HCOand HCN in
Table2.2and for the CN hyperfine lines in Tab?e3.

2.3 Results

In Figure2.1 we see that only 7 of our 13 sources show detected emissiea ihHCO (J=3-2):

Cl Tau, CW Tau, DG Tau, DN Tau, DO Tau, GO Tau, and V806 Tau. Tétedaed lines have intensities
of Tmp=122-491 mK and are well fit by single Gaussian profiles withtag of ~1kms 1 FWHM.
Remarkably, no double-peaked line profiles characteridtinclined disks are found. Only DG Tau and
GO Tau show wider lines of 1.44 and 1.93 kit srespectively. These sources also represent two of the
strongest lines, with respective peaks, of 491 and 251 mK. GO Tau is the only source for which the
line profile is not well described by a single Gaussian. kudtét consists of a superposition of three,
narrow (~0.5 km s 1) componentsGreaveg2004 andThi et al. (2004 also comment on the complex

Ihttp://docs.jach.hawaii.edu/JCMT/HET/GUIDE/het_giid
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Figure 2.2 — HCN (J =3-2) observations of our subsample in Taurus. A vertioaldibove the spectrum indicates
the central velocity found from the HCOemission (see Figu1). We note that HCN emission is not detected
toward any of the sources, including the most massive disK&t

line profiles of GO Tau, attributing some to surrounding donaterial. Sectio.5.4further discusses
these sources further.

Figure2.4 shows the HCO spectra at 30east and 30north of the four sources with the brightest
detected HCO lines: CW Tau, DG Tau, GO Tau, and V806 Tau. In all four casésstof extended
cloud emission are seen. However, only toward CW Tau are dthe@pmparable strength as the on-
source emission, and we no longer consider this a detecfi@masion from the disk. This brings
our totaldisk detections in HCO down to 6. For the other sources, the off-source emissien38%
of the on-source line strength, which we determine is seffity small to be inconsequential to our
trends analysis (Sectidh4); while our more detailed modeling of DG Tau considers thetidoutions
that remnant envelopes and other circumstellar matenahease to the line emission (Sectidrb).

No HCN (3-2) emission was detected toward any of our targeten to 3 upper limits of 41—
110 mK in 0.17 kms? bins (see Tabl@.2). Following the recipe ofigrgensen et a(2004), this corre-
sponds to upper limits on the integrated intensities raméiom 61 to 163 mK km st. Clearly, toward
the sources in our Taurus subsample, the HCN lines are atléastor of 3 weaker than the HCQines
(and a factor of 12 weaker toward DG Tau where a much deepsgration resulted in a lower noise
level).

Two sources, DG Tau and GO Tau, show clear detections of th&€N triplet at frequencies of



38 Chapter 2. Single-dish HCQ HCN, and CN Emission Toward the Disk Population in Taurus

| DR Tau ] | V806 Tau

0.3 0.3 ‘ ‘ ‘ .

Tmb <K>

0.0

-1
U g (km s77)

Figure 2.3 — CN (J =2-1) hyperfine line observations of each of our 13 disks urdis. The three vertical lines
above the spectrum indicate the expected positions of tiee gtrongest hyperfine lines, located at 226874.1660,
226874.7450, and 226875.8970 GHz. The spectra have thedityeaxis defined such that the strongest hyperfine
component, at 226.8747450GHz, should appear at the soelmety (U_sgr). In cases where the source velocity
is unknown, the Taurus cloud velocity of 6.0 km'ss indicated instead, as a reference.

226.8741660, 226.8747450, and 226.8758970 &Mwo additional sources, Cl Tau and DR Tau, show
tentative detections. No emission was detected from ther ééingets where the typical rms noise level
was 57 mK in 0.20 kms' bins. Two suggestive peaks in the DO Tau spectrum at theatguosition for
the CN hyperfine components are likely noise.

2.4 Trends

The previous section shows 6 detections of HC@nission, no detections of HCN emission, and 4
detections of CN emission from our subsample of 13 observartss. Looking at the complete sample
of 21 sources yields the following statistics for detectiai HCO" (14/21), HCN (5/21), and CN (8/21)
toward the T Tauri disk population thus far in Taurus. Halftleé reported detections are taken from
the literature (listed here in TabR4) and these often include rotational transitions other thanones
observed by us. However, in the present section we focus pergetrends in the detected emission
strengths, and we assume that the different transitioregmond to line strength differences of no more
than a factor of-2.

2The JPL Molecular Spectroscopy Catalog http://specgghmgov
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Figure 2.4 — From left to right, the HCO (J=3-2) on-source and 3®ffset observations for CW Tau, DG Tau,
GO Tau, and V806 Tau. These 4 sources show the strongest H@ssion profiles in our subsample. A dotted
line marks the central radial velocity sg in kms! for a Gaussian fit to the HCOon-source emission. In all
cases, HCO emission is detected at the off positions. However, withekeeption of CW Tau, it is always at a
separate velocity or a weaker intensity, which is why walaite the emission toward CW Tau to the surrounding
cloud andnotthe disk.

Our goal is to investigate whether the line strengths (aeduttper limits) from the Taurus sample
show any correlation with disk or stellar properties. Fas fpurpose, we convert the line strengths to
integrated line fluxes (in Jy knT$) in order to remove the dependences on beam size. The agskinkl
fluxes for the entire sample are provided in Tablé To trace the disk properties we use the millimeter
continuum fluxFy 3mm, the difference in the mid-infrared sloge as defined byrurlan et al.(2006,
and the 10um silicate feature strength, also froRurlan et al.(2006. Respectively, these trace the
disk (dust) mass, dust settling, and small-dust contemilaBiproperties are probed by stellar madks
Ha equivalent width, bolometric luminositly,, and X-ray luminosityLyx. We stress that all quantities
are observedquantities, and that a relation (or lack thereof) betweenHICO" line strength and the
1.3 mm continuum flux, for example, does not immediately ynrgtonnection (or lack thereof) between
HCO™" abundance and disk (dust) mass. To draw the latter conolus@tailed modeling of the emission
mechanisms is required, which is the topic of Secfidn

One of the guiding questions in our research was, wheth&s dvith a lower dust content or with
more dust settling have larger gas volumes subject to UMiateon, and therefore show comparatively
stronger lines of HCO (more ionization) and CN (more photodissociation). In tokofving figures,
we will explicitely investigate these relations. Figaé plots the observed HCQ HCN, CN, and3CO
line fluxes againsFy zmm, AN, 10um silicate feature strength, addéCoO line flux. The latter quantity
serves as a tracer of the total molecular gas content. Wesehtoglot the logarithm of these quantities
because we are primarily interested in large-scale trendbacause we want to suppress differences of
a factor of~2 due to variations in source distance, inclination, lursityp and plotted line transitions.
No immediate trends are present in the panels of Figiielnstead, we find that: (1) the millimeter
continuum flux alone is not a clear predictor of line strengjtice both lower- and higher-mass disks
exhibit detections and non-detections alike in all specf@y disks with and without significant dust
settling exhibit equally strong line strengths all arouad (3) a larget3CO reservoir is not necessarily
accompanied with stronger HCOHCN, and CN lines. These results hold for*&0 line flux spanning



Table 2.2 —HCO" and HCN Line Measurements.

Source HCO" (3-2) HCN (3-2)
ULSR Oms MaxTymy S/IN  peakT,, FWHM > Tp AV JTmp oV Orms [ Tmp oV
[kms1] [mK] [mK]2 [mK]P  [kms 1] [mKkms ¢ [mKkms?19|[mK] [mKkms1]e
ClTau 6.56 57 181 3.2 161 0.68 105 13732 76 <112
CW Tau 6.83f 55 241 4.4 259 0.39 92 10822 76 <112
off 30" N 6.95 61 279 4.5 270 0.38 95 18927
off 30" E 6.93 61 248 4.1 251 0.38 88 18124
CY Tau - 62 - - - 1.00 - <92 110 <163
DG Tau 6.47 100 491 4.9 424 1.44 695 65272 41 <61
off 30" N 6.07 58 203 3.5 174 0.43 89 7923
off 30" E 6.13 65 251 3.9 247 0.47 107 1249
DN Tau 8.00 48 122 2.6 128 0.44 56 6018 85 <126
DO Tau 6.16 48 182 3.8 127 0.86 115 11626 67 <99
DQ Tau - 59 - - - 1.00 - < 88 81 <120
DR Tau - 65 - - - 1.00 - <97 93 <138
FT Tau - 54 - - - 1.00 - <80 87 <129
GO Tau 5.05 47 251 5.3 18% 1.93 327 383t 39 71 <105
off 30" N 7.37 68 148 2.2 279 0.17 46 5119
off 30" E 7.30 71 126 1.8 155 1.03 172 1704
IQ Tau - 80 - - - 1.00 - <119 91 <135
UZ Tau - 66 - - - 1.00 - <98 80 <119
V806 Tau 5.40 77 345 4.2 271 0.97 297 2FA5 100 < 148
off 30" N 5.80 61 162 2.6 201 0.25 82 5220
off 30" E 5.59 68 164 2.4 149 0.39 76 6228
GOTaul 4.40 47 268 5.7 237 0.54 100 13628
GO Tau 2 5.40 47 251 5.3 232 0.75 179 18328
GOTau 3 6.34 47 143 3.0 125 0.35 50 4619

Footnotes. (a) The maximum temperature value in the binned data; (b)rmaeimum determined by a Gaussian fit to the line using the CEA&Rwuss fitting
routine; (¢) A sum of the individual channels from the binreda to be compared to the integrated fit; (d) For non-detestive report a 8 upper limit where
0=1.20:msVAV v and we assume a line widtkv of 1.0kms1; (e) Upper limits are reported in the same way as for HC@) We have determined that the
emission detected here is not associated with the circliarstiésk; (g) Statistics are reported for a single Gaus$itamhich may not be realistic for this source;
(h) Statistics for the individual peaks toward GO Tau, meadas they appear from left to right.
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Table 2.3 — CN Line Measurements.

Source | CN (23/2.3/215/25/2) CN (23/25/215/2,7/2) | CN (23/2,1/2~15/23/2) | Average Stats
ULSR Peak  [Tmpov ULSR Peak  [Tmpov ULsR Peak  [Tmpov FWHM  Oimns

[kms™] [mK] [mKkms™ | [kms™] [mK] [mKkms™] |[kms™?] [mK] [mKkms™1] |[kms™] [mK]

ClTau 7.33 230 52+ 19 6.51 76 1619 5.28 65 58+ 35 0.42 63
CW Tau - - <94 - - <94 - - <94 1.00 58
CY Tau - - <97 - - <97 - - <97 1.00 60
DG Tau 7.63 198 17194 6.45 279 414+ 124 5.03 294 76+ 30 0.82 63
DN Tau - - <104 - - <104 - - <104 1.00 64
DO Tau - - <90 - - <90 - - <90 1.00 56
DQ Tau - - <98 - - <98 - - <98 1.00 61
DR Tau 9.65 119 56t 26 11.06 297 8420 11.93 110 2416 0.31 55
FT Tau - - < 88 - - <88 - - <88 1.00 55
GO Tau 2.56 55 1041 4.07 103 3H19 5.24 116 129+ 32 1.03 42
IQ Tau - - <91 - - <91 - - <91 1.00 57
UZ Tau - - <79 - - <79 - - <79 1.00 49
V806 Tau - - <102 - - <102 - - <102 1.00 63

Spuall ‘f'Z uoNndas

Notes.The velocities reported here are fovgsg = 0 centered at the theoretical frequency for the stronggstitine component, at 226.8747450 GHz. All reported
peaks were determined from a Gaussian fit. All upper limiésgiven by 3x 1.20/ms VAV dv following Jargensen et a2004 whereAV is set to 1.0 kmst.

144



Table 2.4 — Molecular line fluxes used to make the plots in Secf#atof this work.

(1) 2) k) @ 5) (6) (7) (8) 9 (10 (11) (12) (13)
Source Fisco BCO Ref. Fycor HCO" Ref. Fren HCN Ref. Fen CN Ref.
Name [Jykms?!] Trans. [Jykms1] Trans. [Jykmsi] Trans. [Jykms?1] Trans.
AATau 12.4 2-1 2 1.9 1-0 8 1.8 1-0 8 3.8 1-0 8
ClTau - - - 2.4+0.7 3-2 1 <1.6 3-2 1 2.6:1.5 2-1 1
CW Tau 8.3 2-1 2 <1.8 3-2 1 <1.6 3-2 1 <1.9 2-1 1
CY Tau - - - <1.9 3-2 1 <2.3 3-2 1 <2.0 2-1 1
DG Tau 40.0 1-0 3 13515 3-2 1 <0.8 3-2 1 13.£5.1 2-1 1
DL Tau <21 3-2 2 - - - - - - - - -
DM Tau 6.5 2-1 4 4.1+05 3-2 5 2.0:0.3 1-0 6 8404 2-1 6
DN Tau 14.5 2-1 2 1.204 3-2 1 <1.8 3-2 1 <2.2 2-1 1
DO Tau 31.0 2-1 2 2405 3-2 1 <14 3-2 1 <19 2-1 1
DQ Tau - - - <1.8 3-2 1 <1.7 3-2 1 <2.0 2-1 1
DR Tau 4.3+-1.2 3-2 5 3404 4-3 9 <19 3-2 1 3.51.3 2-1 1
FT Tau - - - <17 3-2 1 <1.8 3-2 1 <1.8 2-1 1
GG Tau 5.8-0.2 2-1 6 6.40.9 3-2 6 2.8:0.7 3-2 6 8.4-04 2-1 6
GM Aur 9.3+2.7 3-2 5 9.9+-1.2 4-3 9 - - - - - -
GO Tau 4.1%+1.2 3-2 5 7.9-0.8 3-2 1 <15 3-2 1 5519 2-1 1
IQ Tau - - - <25 3-2 1 <19 3-2 1 <19 2-1 1
RY Tau 4.3+1.2 3-2 5 1.40.7 4-3 9 1.6 1-0 8 0.8 1-0 8
T Tau 3.0+£0.2 2-1 7 3.10.1 1-0 7 1.9:-0.8 2-1 10 - - -
UZ Tau - - - <2.0 3-2 1 <1.7 3-2 1 <1.6 2-1 1
V806 Tau - - - 5.8:0.9 3-2 1 <21 3-2 1 <21 2-1 1
V892 Tau - - - - - - - - - - - -

References.1. This work; 2.Greaveg2005; 3. Kitamura et al.(19961; 4. Pant et al.(2008); 5. Thi et al.(200)); 6. Dutrey et al.(1997); 7. Hogerheijde et al.
(1998; 8. Kessler-Silacc{2004); 9. Greaveg2004); and 10.Yun et al.(1999.
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Figure 2.5 — A log plot of the integrated line intensities in Jy kmisversus several disk parameters that probe
the total dust mass$-( 3mm), the mid-infrared spectral slopArf), the 1Qum silicate emission feature strength (Si-
strength), and the total gas mass (inferred from@0 line flux). Blue squares represent our JCMT observations,
red circles represent data from the literature, and blackar are used to indicate all upper limits. A green star
symbol represents T Tau, whose line emission is contandrimata large remnant envelope in the single-dish data
plotted. The upper-right panel illustrates the dynamigeaof the available gas reservoirs.

a factor>10 in dynamic range.

We then considered the same HCM®CN, and CN line strengths versBszmm, An, 10um silicate
feature strength, an#CO line flux, but this time only after normalizing the line fescto the'*CO line
flux (not shown). This relation represents the line flux pet gas mass, if we assume that tH€O
line fluxes are reliable tracers of the total amount of mdecgas in each disk. No obvious trends
were visible there either. Finally, we explored the eq@wmélplots of line flux, but then normalizing to
F1.3mm, OF the line flux per unit dust emission. Again, no trends e@eér Together, the results show that
there is no clear correlation between the observed line$lok¢iCO", HCN, or CN, and the disk dust
mass, the degree of settling, the amount of small partioléisa disk, or the disk gas mass. Echoing our
earlier remarks, we emphasize that only detailed modelingeoemission lines can prove the presence
or absence of such a correlation; but judging from the figtinas plot general trends only, no strong
correlation is expected from this sample.

If the molecular line flux does not depend strongly on the progs of the disk, perhaps it depends
on the properties of the star. In Fig@t&we plot the line fluxes and upper limits against stellar miss,
equivalent width, bolometric luminosity, and X-ray lumsity. Similarly, we also explored the results
of normalizing the line fluxes with respect to thRt€0 line flux andFy3mm. While the UV flux could be
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Figure 2.6 — A plot of the integrated line intensities in Jy km'sversus several stellar parameters from the
literature, including: the stellar maddy), the Ha equivalent width (an accretion tracer), the bolometricihmsity
(Lpor), and the X-ray luminosityl(x). See Figur@.5for an explanation of the symbols.

expected to depend strongly on the mass accretion rate, modemneous set of mass accretion rates is
available in the literature for this sample, and these caexipected to be variable as well. Instead, we
use the Hr equivalent width as a tracer and find no correlation. Indeedrends are apparent in any of
the plots, suggesting that also such a simple connectiomeleet the stellar radiation and the emergent
HCO™, HCN, or CN line flux is absent.

In Figure2.7 we plot the specific relations that served as the primaryvatin for this study: the
ratio of CN over HCN line fluxes and the HG@3CO flux, respectively tracing the degree of photodis-
sociation and the degree of ionization, versus the gasiso-ctio (represented bYCO/Fy 3my) and
the changing mid-infrared slopn, representing dust settling. As was the case for our otlwgs,pho
significant correlations are apparent. We note that theedsarg line strength with a larger gas-to-dust
ratio in the upper-left panel of Figug?7, is the likely effect of the incorporation of tHé€CO factor into
each ratio.

In summary, we fincho correlation between the HCQ HCN, and CN line fluxes (or their ratios)
and any tracer of the disk properties or those of the stedldiation field. The line flux does not seem
to be affected by any of the investigated parameters. Welada¢hatthe details of the input radiation
field, such as UV and Ly strengths Bergin et al. 2008 may be the deciding factor in the resulting line
fluxes. Other contributing factors include the inner versuter disk contributions and the temperature
and density structure in the line-emitting region, both diah are discussed in Secti@rb.
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2.5 Modeling the Molecular Emission

2.5.1 Disk Models

The previous section investigates the observational ledioa between the measured HEGHCN, and
CN line intensities and upper limits, and the disk dust olaggles, such as millimeter continuum flux and
infrared slope. While the emergent line intensity depemdthe underlying molecular abundance, other
factors including the disk density and temperature streciifect the emerging lines through molecular
excitation and line radiative transfer. This section adses how the modeled abundances of HCO
HCN, and CN (that can explain the observed emission) ar¢erkla the disk dust properties. Rather
than developing aab initio description of the disk structure and associated moleailamistry, this
section employs two independent models obtained from theature Robitaille et al. 2006Isella et al.
2009 as starting points, and calculates the molecular aburedaf@assumed constant throughout the disk
except in regions of freeze-out) that are consistent witHioa observations.

In the first modeling approach, we make use of the online SEBditooF of Robitaille et al (2006,
the best-fit parameters &obitaille et al.(2007), and the visual extinction values froWrhite & Ghez
(2001).* The continuum radiative transfer codeWhitney et al.(2003 produced the two-dimensional
density and temperature structure for the best-fitting rhfmleeach source. In some cases (i.e. Cl Tau,
DO Tau, DR Tau, and FT Tau), the Robitaille models includerrant envelopes; these are not plotted
in the figures but are included in the line calculations. Hesvesince their H number densities are
<10 cm 3, the envelopes are not expected to contribute significaatthe HCO", HCN, or CN line
emission (e.gHogerheijde & Sandell 20Q0 This first method relies entirely on spatialliywresolved
continuum data, keeping all other stellar and disk pararsadtee, even in cases where these properties

30nline SED fitting tool, http://caravan.astro.wisc.edatpstars
4No visual extinction was included iRobitaille et al.(2007) and therefore our best-fit model may differ slightly froneth
one listed there.



Table 2.5 — Summary of the stellar and disk properties for the bestjttust models for our 13 disks.

Source Robitaille Model Isella Model
Av M* IVld Rd [ Fl.3 mm M* Md Rd [ I:1.3 mm

[mag] Me] [1072Mg] [AU] [°] [mdy] | [Mo] [1072Mg] [AU] [°]  [mJy]
ClTau 1.80(1.80) 0.4 1.9 91 57 105 - - - - -
CW Tau - - - - - - - - - - -
CY Tau 0.05(0.03) 0.9 1.4 97 32 23| 04 6.92 197 51 11%20
DGTau |1.60(1.41) 15 3.9 158 50 254 0.3 41.7 89 18 31%28
DNTau | 0.49(0.49) 0.6 1.0 92 32 39| 04 1.86 125 30 938
DOTau | 4.88(2.23) 0.8 3.2 104 57 103 - - - - -
DQ Tau - - - - - - - - - - -
DRTau | 0.51(0.51) 0.8 3.2 104 18 103 0.4 6.31 86 37 10911
FT Tau 0.00 (-) 0.2 0.8 62 50 36 - - - - -
GO Tau - - - - - - 0.6 7.10 670 25 5%8
IQ Tau 144 (1.44) 1.0 3.0 101 63 74 - - - - -
UZ Tau - - - - - - 0.3 4.79 260 43 12612
V806 Tau - - - - - - - - - -

Notes. For the Robitaille models, the visual interstellar extiontA, magnitudes are for the best model fit, only using the meastakes fromWhite & Ghez
(2001 as an input parameter to the SED fitting tool (in parenthedike M, values listed for both models are the derived values for eaethod. For the Isella
models, the outer dust radiRg is from Table 5 inlsella et al (2009, defined as where the disk becomes optically thin to théasteldiation. For UZ Tau, the Isella
model in fact concerns only the spectroscopic binary corapbdZ Tau E. The 1.3 mm continuum fluxés g nm) listed for our best-fitting Robitaille model are the
SED values of the fit; and for the Isella models we list the Inesb(interferometric) dust continuum measurement.
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may be well known.

Our second approach uses a modeldsila et al.(2009, which explicitely takes into account the
spatial distribution of the millimeter continuum emissiohserved with the CARMA interferometer.
These authors approximate the vertical temperature gteuof the disk with the two-layer description by
Chiang & Goldreich(1997), and fit the grain size and opacity to resolved 1.3 mm dataufradaptation
of their models, we omit the hot surface layer because itansinsignificant amounts of molecular gas,
and we extract the disk’s interior temperature from Figuoé [Bella et al.(2009. The surface density is
obtained from their Equation 9 and Table 5. We then calcuketdocal hydrodynamic equilibrium scale
height following Equations 3 and 4 froiughes et al(2008. We truncate the models at the transition
radius, defined bysella et al.(2009 as the location where the disk becomes optically thin tcstb#ar
radiation (Sectio.5.3discusses the effect of extending the disk further).

Figures2.8 and2.9 show the resulting temperature and density structuresuiosaurces. For some
sources, only one type of model is shown because of the bil@yjlaof models inRobitaille et al.(2007)
andlsella et al(2009. Table2.5summarizes the parameter fits for both models. As can be inateéd
seen for the four sources for which both a Robitaille and a&ldsnodel are available (i.e. CY Tau,
DG Tau, DN Tau, and DR Tau), widely different disk descripapparently provide equally good fits to
the continuum data.

The vertical height of the Robitaille models is often 4—6d8smallerthan the Isella models. The
radial extents of the disks are comparable for both appesath within a factor ok 2. The resulting
masses differ by factors of 2—-10, with the Isella models gévaroducing more massive disks. The
temperature profiles of the Robtaille models are more a@etglby definition) while the Isella models at
large radii are close to isothermal. In general, the temperdoetween the two models differs by a factor
of 3-5 in the midplane. In addition to these parameters,rddwtors that will affect the emergent lines
are the disk inclinations and stellar masses, both of whithence the widths of the lines.

To calculate the resulting molecular line emission, we feeueach model disk with gas using the
standard 100:1 gas-to-dust ratio, a mean molecular wefgh008x 10-2*g, and constant pirelative
abundances of £ 10~° for HCO*, 2 x 10~ for HCN, and 1x 10~° for CN, based on the fractional
values in the warm molecular layer for the theoretical medéAikawa et al.(2002 andvan Zadelhoff
et al.(2003. In regions where the dust temperature (assumed equa gathtemperature) drops below
the CO ice evaporation temperature of 20 K, these abundameesduced by a factor 4@ account for
CO freeze-out. When thedhumber density drops below 1®cm3, the molecular abundances are set
to zero, effectively defining the disk edge.

The gas kinematics follow a cylindrical Keplerian velodigid with stellar masses corresponding to
each model fit, as indicated in Tal®e5. A Doppler broadening factor of 0.15 kmsis also factored
into the line calculations. The statistical equilibrium leular excitation and line radiative transfer was
solved using the RATRAN codédpgerheijde & van der Tak 2000and the emerging line emission was
convolved with the appropriate Gaussian beams. The neguitie profiles are plotted alongside the disk
models in Figure2.8and2.9.

2.5.2 Comparison of Fixed-abundance Models

As is immediately obvious from Figur@s8and?2.9, the models have difficulty reproducing the detected
emission lines. In four cases (Cl Tau, DG Tau, DN Tau, and D@) Tee models predict lines that are
weaker than observed; in two cases (GO Tau and UZ Tau), thelmpredict lines that are stronger than
the detected line (for GO Tau) or the obtained upper limits (#3Z Tau). In the remaining four cases
(CY Tau, DR Tau, FT Tau, and IQ Tau), the predicted lines arsistent with the achieved upper limits,
although for CY Tau the Isella model produces an HQiDe that violates the upper limit.
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Figure 2.8 — See caption at the top of pagé.
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Figure 2.8 Caption. Results of the general analysis. From left to right: the Rolé disk structure; the line
predictions for HCG, HCN, and CN (in red for the Robitaille model, green for thelles model); and the Isella
disk structure. The sources shown from top to bottom area@G) TY Tau, DG Tau, DN Tau, and DO Tau. For the
disk structures, filled contours correspond to the tempegdin K) profile. The temperature levels are identical for
all disks, designated at: 10, 15, 20, 25, 30, 35, 40, 45, 5066575, 100, 150, and 250 K. A color bar is provided
in Figure2.9. The contour lines indicate the logumber density (in cr?), indicated at whole number integrals
from 3 (disk surface/edge) to 12 (typical midplane density)

Figure 2.9 Caption. Continued from Figur@.8. The sources shown (top to bottom) are: DR Tau, GO Tau, FT Tau,
GO Tau, and IQ Tau. A color bar is provided here for the filladperature contours and applies to all disks.

Where both a Robitaille model and an Isella model are availdbe Isella model always produces
lines that are stronger and narrower than those of the Ritdbitaodels. The larger stellar masses, by
factors 2-5, of the latter, and the larger disk masses ofdiedr, by factors 2—10, contribute to this
difference. Inclination also plays a significant role, witlore face-on orientations leading to stronger
lines (cf. DO Tau and DR Tau, which are fit with the same Roltétalisk structure, but have respective
inclinations ofi = 57° andi = 18; DR Tau has predicted lines stronger by a factor8). Interestingly,
of the six sources from our sample modeleddsila et al.(2009, the three withdetectedine emission
havei < 30° (DG Tau, DN Tau, and GO Tau), while the sources with 30° (CY Tau, DR Tau, and
UZ Tau) are undetected (all have simildr). Perhaps the narrower line profiles have helped to make
these sources detectable.

Given the general mismatch between the predicted linesittes and widths, and the observations,
it is not possible to draw conclusions about the HC®ICN, or CN abundances this way. Simply
scaling up or down the abundance will not result in a matchhgdine shape); only for GO Tau do the
abundances appear to lie within a factor of a few above tleeMalues. Furthermore, as illustrated by the
case of DR Tau, twdifferentdisk models (but with more comparabig, Ry, andF; 3mm values) produce
very similar lines. These degeneracies make it difficultedwe reliable conclusions about the HEO
HCN, and CN abundances. Instead, more detailed modelinglafidual sources may be required.

2.5.3 The Specific Case of DG Tau

Of all the sources in our sample, DG Tau offers the best cagbtain a detailed model. Its 1.3 mm
continuum is brighter by a facter 2.5 than any of the other sources and it emits the stronge§t'H@d
CN lines. An extensive literature also exists on DG Tau desag sub-millimeter single-dishSchuster
et al. 1993 Mitchell et al. 1994 and interferometer dat&i{tamura et al. 1996h; Dutrey et al. 1996
Testi et al. 2002Isella et al. 2009 Its millimeter continuum emission is compact witl80% originating
from within 95 AU (sella et al. 2009 The best-fit Robitaille model obtained in the previoudisadsee
Table 2.5 model number 3017659) matches other literature estinuitése DG Tau disk parameters
(Table2.6). Only the disk masa\g =0.042M.,) is significantly larger than the literature values (0.015—
0.025M,,); aside from the 1R greater Isella value of OM.. The Isella model, on the other hand,
overestimates the stellar madd,(=1.5M.), while literature values foM, range from 0.3 to 0.8,
and the Robitaille model yields ON3.,. To model DG Tau we settle on a central stellar mass oMQ,3
which is on the high end of the literature values for this obt provides the best fit to the line profiles,
as discussed below.

Figure 2.10 reproduces thé’CO (6-5),13C0O (1-0), and ¢%0 (2-1) line observations @chuster
et al.(1993 andKitamura et al(19964. The bright CO isotopologues suggest a significant gasvaise
Interferometric imaging of th&CO (1-0) and (2-1) lines in the literature reveal a gasealssiiucture
of 600 AU in extent Kitamura et al. 19968; Testi et al. 200p, about 4-6 times the size inferred from
dust emission. Accordingly, we adopt 600 AU for the outeriuadf the gas disk, extrapolating the
initial Robitaille model outwards. In addition, tA8CO (2—1) emission observed Bgsti et al (2002 is
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Figure 2.10 — Line predictions for our best-fitting model of DG Tau. TH&O (6-5) and &0 (2—1) data are
taken fromSchuster et al(1993 where theirTs scale is equivalent to oy, scale. Thet3CO (1-0) is from
Kitamura et al.(1996g, and since we were unable to establish a conversion froro 8y e compare théine
shapeonly. We have indicated with a thick blue line our fits for a @00disk at an inclination of 24 Indicated in
red is how the{?CO, HCO', and HCN) line profiles are affected by the absorption or sxeenission from a cold,
foreground cloud at a radial velocity of 6.1 km's No differences are visible for thH€CO or G20 lines. The
effect of the foreground cloud on the CN line is not availablé the expected hyperfine line-splitting is calculated.

consistent with Keplerian rotation around a star of 0t87.25M,,, oriented perpendicular (withit15°)

to the highly collimated jet system, which is inclined°38ith respect to the line of sigh&fsloffel &
Mundt 1998. Therefore, we adopt an inclination of 2%vhich also gives the best fit to the %D (2-1)
line profile. We already show in Figugel0—and we will discuss later in this section—the minimal
effect from intervening cloud or remnant envelope matenghis line.

With the stellar massM, =0.8M), inclination §=25"), and outer gas radius§=600 AU) now
fixed, we use a constant fractional CO abundance»flp~* and G20 abundance of 4 107 (except
whenT < 20K, where an abundance *Limes lower is used) to calculate the simulated line profiles
with RATRAN using the extended and modified Robitaille modb fit the lines, particularly €0,
we find that we need to increase the gas temperature by a fa@tosuggesting that the line emission
originates in layers whergyas> Tqust We adopt this same scaling for the gas temperature forediep,
but neglect its effect on the scale height.

For these model parameters, the HClihe can be very well reproduced for a disk-averaged abun-
dance of 2« 1011 with respect to H. This is lower than theoretical predictions for the warm £mi
sion layer in many T Tauri disksAfkawa et al. 2002 van Zadelhoff et al. 2003 but not unlike the
beam-averaged fractional abundanced@ **-101?) inferred from observations of disks around sev-
eral high-mass (Herbig Ae/Be) stars (SEei et al. 2004. A low mean abundace is also especially
surprising given DG Tau’s powerful jets emit significant &¢radiation Gudel et al. 2008 Apparently,
the disk is sufficiently shielded to retain a low ionizatioggdee. An upper limit for the HCN abundance
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of 5x 10 12 is found, while a value of & 101 is obtained for CN. This high CN/HCN ratio of 160
suggests efficient HCN dissociation in the bulk of the diskicl is more consistent with its mid-infrared
characterization indicating fewer small grains and sonst dettling. Here we note the importance of
using abundanceratios rather than linéntensityratios (which contain opacity and excitation effects):
the ratio of integrated intensities of CN/HCN used in Set#@is > 12, a factor of 13 smaller than the
underlying abundance ratio found here.

The disk abundances above have been derived using theydandittemperature structure of the
best-fitting Robitaille model, with noted modifications. €ltesults are summarized in Taldg. Sub-
stituting the description of Isella instead, but applyihg same values fdvl, andi, and the emergent
line intensities are lower by up to a factor #fL6 for HCO' for the same abundances, and by smaller
factors of~5 and~10 for HCN and CN, respectively. The large line intensityfetiénces result also
from the differences ifRgasfor each model. Whereas the Robitaille power-law model liertempera-
ture and density description (and sharp outer dust edgé$ keasily to extrapolation to larger radii, the
Isella model, with its exponentially tapered density dinoe, does not. Thus, to compare the two disk
structures in a uniform way, we plot the temperature anditepsofiles for each model for thener
160 AU onlyin Figure2.11 Then, in Figur&.12we plot the predicted lines. Unlike Figurd8and2.9,
we now assume identical gas kinematic propertMs, (, andRya9. The predicted lines for each model
in Figure2.12are now strikingly similar. The differences in the two emeggline intensities are lower
by up to a factor of 2 for HC® and much closer for HCN and CN. This suggests that the larg&iCN
ratio of > 160 found for the underlying abundances is independentedaktmperature and density details
of the adopted model (for the inner 160 AU); and leaves ongyrttissing details of the input radiation
field uninvestigated.

Table 2.6 — DG Tau star and disk properties from the literature to compath the two disk models.

Property Isella Robitaille Literature References
Model Model Range
Spectral Type MO - K1-K7 2,10,12, 23
M, [Mg] 0.3 1.48 0.3-0.8 4,5,17,20
Age [Myr] 0.1 1.89 0.3-2.0 5,11,13
Terr [K] 3890 4560 3890-4395 5,7,11,17
L. [Lo] 1.70 - 1.07-3.62 1,4,5,18
R, [Ro] 2.87 2.427 2.13-2.8 3,11, 17
M[Moyr 1 41e’ 45e7 1.2-20e’ 11,17,18
Mg[1072M.] 417 3.9 1.5-251 2,6,9,13
Raust [AU] 89 158 80-300 9,16,19
Rgas[AU] 160 600 600 16, 24
i [°] 18 25 18-90 3,9,14,16
Ay [mag] - 1.6 1.41-1.6 10, 22
Dist. [pc] 140 140 128-156 10, 21

References(1) Akeson et al(2009); (2) Andrews & Williams(2005); (3) Appenzeller et al(2005); (4) Basri et al.
(1999); (5) Beckwith et al(1990; (6) Beckwith & Sargen{1991); (7) Bouvier et al(1995; (8) Cieza et al(2005);
(9) Dutrey et al.(1996); (10) Furlan et al(2006); (11) Hartigan et al(1995; (12) Hessman & Guenthdi997);
(13)Honda et al(2008; (14) Isella et al.(2009; (15) Kenyon & Hartmanr(1999; (16) Kitamura et al(19968;
(17) Mohanty et al.(2005); (18) Muzerolle et al(2003; (19) Rodmann et al(2006); (20) Tamura et al(1999;
(21) Vinkovit & Jurki€ (2007); (22) White & Ghez(2002); (23) White & Hillenbrand(2004); and (24)Testi et al.
(2003.
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Table 2.7 — Determined abundances for our best-fit DG Tau model.

Molecule DG Tau Theoretical
Disk Fractional Abundances (w.r.t. 42
12co 2.0x 104 1.0x10°*
13co 3.3x10°6 1.7x10°°
c8o 4.0x 1077 2.0x 1077

HCO" 2.0x 10 1-100x 10711
HCN 5.0x 10712 1-100x 1011

CN 8.0x 1071 1-100x 10°*

Cloud Fractional Abundances (w.r.t. P

2co 2.0x10%  8.0x10°°

Bco 3.3x10° -

cto 4.0x 1077 -

HCO" 8.0x 1079 8.0x107°

HCN 8.0x10°°  4-20x107°

CN¢ - 3-30x10°°
Cloud Column Densities (cm)

2co 6.0x 106

Bco 1.0x 10%°

cto 1.2x 1044

HCO*" 2.4% 1012

HCN 2.4x 10*?

CN -

Notes. (a) The DG Tau abundances are constant throughout the diskstoaveraged), whereas the theoretical
disk abundances frorikawa et al.(2002 andvan Zadelhoff et al(2003 represent the ranges expected in the
warm molecular layers only; (b) The theoretical cloud valaee fromTerzieva & Herbs(1998; (c) The online
RADEX program does not yet include CN (to calculate the clootributions).

Finally, DG Tau is not an isolated source. The environmentrd the star is dominated by an
optical jet Eisloffel & Mundt 1998, a strong molecular outflonMitchell et al. 1994, an expanding
circumstellar envelopeKjtamura et al. 1996f and intervening cloud material (this work). The result
of this confused environment is most clearly evident whemparing the*?CO (3-2) line observations
presented irschuster et al1993 andMitchell et al.(1994, which exhibit equally bright line intensities
and significant wings at the on-source position and threaraép offset positions. We chose to omit the
12CO observations from the fits in FigurelQ since they distract from the disk emission. However, we
do determine that th&CO lines are about:3 stronger than predicted for our disk model, suggesting
contributions from a surrounding cloud with a CO column dignef Nco~ 6 x 1018cm=2 and line
width of 0.3km s for an adopted cloud temperature of 25K angliiimber density of 10cm—2 (or
Nco~ 1 x 10 cm~2 for an H, number density of 10cm~2). For these typical cloud densities, we do not
expect significant HCO(3-2), HCN (3-2), or CN (2-1) emission (or absorption); anthidFigure.4
and2.10confirm this.

To determine those line contributions from the cloud, pldtih Figure2.10 as well as the cloud frac-
tional abundances and column densities listed in Talllewe used the RADEXonline calculator. We

SRADEX is an online, one-dimensional, non-LTE radiative nster code developed byvdn der Tak et al.
2007 to calculate the molecular line intensity, opacity, andcigtion temperature. For more information, see
http://www.sron.rug.nk-vdtak/radex/radex.php
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Figure 2.11 — The radial and vertical structures for tiimer 160 AU of each disk model, for direct comparison.
The panels at left show the Robitaille model (without theeexied gas reservoir), and the panels at right show
the full Isella model (with exponential taper). The uppengla indicate the temperature structures, and the lower
panels compare the density structures for each model.

modeled the cloud as a cold intervening layer moving withdiatavelocity of 6.1 kmst. We note that

in many of the literature observations, strong absorptoseien near a velocity of 5.8—6.2 kntswith
several studies reporting these values as the sourcetyeMé& emphasize here that our observations of
HCO", with a critical density 3 orders of magnitudes larger thae €O observations in the literature,
are a much better tracer of the disk content, establishiagstiurce radial velocity at 6.47 km’s In
addition, we confirm that the emerging HCOne predicted for our intervening cloud fits the detections
observed at both DG Tau offset positions0(25 K peak centered at 6.1 km's see Figur@.4). The
effect of the intervening material on the obserté@0, HCO', and HCN lines is shown in Figug10
while 13CO and G80 exhibit no differences, and the CN cloud predictions areyeo available in the
RADEX program.

2.5.4 Notes on Individual Sources

V806 Tau, also called Haro 6-13, has the second strongest HIZ®@ after DG Tau, but is undetected
in HCN and CN. It is a single MO star. With &y, =11.2, its optical extinction is much larger than our
other sources, which might help explain its unique siliGatgssion feature and positive spectral slope.
Furlan et al.(200§ comment that the silicate features are reminsicent ofitianal disks, although it
also possesses a high mass accretion Yatgté & Hillenbrand 2003 Some extended HCOemission

is apparent in Figur2.4. However, our single-dish radial velocity of 5.40 kmmtds consistent with the
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Figure 2.12 — Similar to Figure2.8 and 2.9, the line predictions for the two models for tivner 160 AU,
assuming identical abundanc@égs, M., andi, in order to uniformly compare the predicted emission. Adblue

line represents the Robitaille solution, whilst a red lipéhie Isella prediction. The corresponding temperature and
density structures are given in Figrd 1 In addition, as a dashed red line, we plot the most extrerhgico

to the Isella model, based on the provided error bars anchtigedt possible fractional abundances predicted for
disks. For both models, the inner 160 AU structure emits angynall fraction of the total emission necessary to
recreate the observed lines, but the two predictions agesiarilar.

value of 5.10 kms! from CO interferometric observationS¢haefer et al. 2009V806 Tau’s low disk
mass of 0.0IM, (Andrews & Williams 2005 Honda et al. 2006and large 400 AU radiusRbitaille
et al. 2006 suggest that much of the disk of V806 Tau should be UV illletéal, in contrast to our
observed upper limit for CN.

GO Tau shows complex line profiles, with peaks atyar of 4.4, 5.1, 5.5, and 6.3 knT$. Thi et al.
(2001 report?CO emission peaks at 5.2, 5.5, 6.2, and 7.1 kh and'3CO emission at 4.3 and 7.0
km s™1. They attribute the 5.5 and 6.2 km'scomponents to surrounding cloud emission. However,
we assign the emission between 4-6 krh® the disk of GO Tau, as suggested by the interferometric
observations oSchaefer et a2009 and Andrews(2007). For GO Tau, the accretion rate is very low
(Hartmann et al. 1998and the amount of dust settling is small if we draw on its4midared spectral
slope, suggesting lower rates of UV photodissociation amization should be occurring. However,
it exhibits one of the brightest HCOlines, in stark contrast to the rest of the sample since itgefia
1.3 mm continuum flux just straddles our cutoff and yet the@®@also appears to be associated with a
large, and dense, gas reservoir.

DR Tau also has a complicated circumstellar environment, W80 emission lines at 6.8, 9.1, 10.0,
and 10.3 km st and*3CO emission at 6.9 km$ and near 11 km's (Thi et al. 200). SMA interfero-
metric observations bjndrews(2007) also show strong emission centered on 10.5 ki suggesting
that this is the correct source velocity. Our CN spectrumasha triple-peaked 5at feature centered
at 11.2 km st (Figure2.3). Our model results suggest that ‘standard’ HC&nhd HCN abundances are
consistent with the non-detections of the lines. The CNaliete in the absence of the other lines, on the
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other hand, indicates a significant CN enhancement.

CW Tau is clearly surrounded by dense cloud material, as witnebgeatie egaully strong HCO
emission on- and off-source. Our HC@bservations (see Figu?ed) illustrate how, in a crowded star-
forming region, measurements at offset positions can bl évant and useful even for molecular
species that preferentially trace much denser material.

CY Tau, DQ Tau, 1Q Tau, andUZ Tau do not show gas emission lines in our data. Interestingly,
they span the full dust classification and morphologicalisege of~urlan et al(2009 with CY Tau and
DQ Tau showing rather flat, decreasing mid-infrared SEDd, l@hTau and UZ Tau showing evidence
for a small grain population. The mass accretion rates —hwbantribute to the stellar UV excess —
range from very low (10° M, yr—1) for CY Tau to average (10 M. yr—1) for DQ Tau and UZ Tau
(Gudel et al. 200y However, both DQ Tau and UZ Tau E are spectroscopic bindhiat exhibit pulsed
accretion events on periods of weeBaéri et al. 199Y, and their higher reported accretion rates may
overestimate the average, quiescent values.

2.6 Discussion

To return to previous workastner et al(2008F showed plots of HCO, HCN, and CN line ratios for
several PMS stars, showing a tentative correlation betwlsehCO", HCN, CN, and3CO line ratios.

In Figure2.13we reproduce their plots and their data points (withoutrdbess), and add our own line
ratios. Overall, we find that the trends persist: CN is tyjpycstronger than HCN, CN is also stronger
than HCO', and the photodissociation rate (as probed by CN/HCN) ighityuconstant regardless of
the HCN relative line strength. Our contributed line ratassist largely of upper and lower limits and
therefore do not specifically challenge or confirm the trelmggrobing different regions in the plots.
While this complete PMS sample in Fig#dl3includes sources covering a range in age, mass, and
radiation field, the line strengths of HCOHCN, and CN relative to one another do reveal the importance
of the ongoing UV photodissociation and X-ray ionizationgesses in these disks. The results, however,
are still limited by small numbers statistics, numerousardpnits, and different rotational transitions
(that may trace different regions of the disk).

The motivation of this study was to determine whether diskb @ higher degree of dust settling, or
with a decreased dust content, have higher abundances ai€N@O" reflecting larger degrees of pho-
todissociation and photoionization. Our data are incagietu In Sectior2.4 we found that the HCO,
HCN, and CN line fluxes (or their ratios) do not depend on amgiotlisk or stellar parameter such as
millimeter flux, infrared slope, silicate feature strenggtellar spectral type, etc. Sectidrb shows that
detailed SED-based models have intrinsic degeneraciéptbelude straight-forward modeling. And
even a detailed model, tailored to the case of DG Tau, doeprogtde unambiguous estimates of the
HCO", HCN, and CN abundances.

This suggests two possible ways forward. In the first, sipatiasolved observations of both the
dust continuum and the line emission can be used to obtaiitu measurements of the molecular abun-
dances. ALMA will be a powerful instrument for an analysikelithis. By addressing localized disk
regions, rather than the emission integrated over theeefatge of the disk, more simplified modeling
approaches can be used (not unlike what is presently stabte-@rt analyses for photon dominated
regions, PDRs). In addition, spatially resolved obseovetiprovide many more constraints on the un-
derlying disk structure, such as the extent and surfaceitgeidis approach addresses the question of
how molecular line emission and underlying disk structueeiaterrelated.

The second approach does not focus on the details of thelyindedisk structure, but rather the de-
tails of the star’s radiation field, which irradiates thekdiccurate determination of the spectral type and
luminosity, the UV and X-ray emission characteristics, trair time dependences should lead to a better
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Figure 2.13 — Integrated intensity line ratios for HCQHCN, CN, and-3CO plotted alongside other disk systems
around PMS stars in the literature. Circles represent daiteapextracted from Figure 3 oKéstner et al. 2008b
squares represent data points from our complete Taurudegzamal black arrows represent upper/lower limits.

understanding of theesponseof the molecular gas reservoir to the incident radiationgh-iesolution,
high signal-to-noise observations are time-consumingibaessary for better stellar characterization of
PMS stars, while veiling and other circumstellar environtaéeffects provide challenges that have been
overcome lerin et al. 2004Herczeg & Hillenbrand 2008 Recent studies have even argued that the
continuum UV spectrum for T Tauri stars must be much weakeg, td the total fraction of the stellar
FUV flux that is emitted in the Lyt line alone. Since this fraction can range from 30% up to 85V
Hya), Lya provides an additional source of photodissociating powat varies from source-to-source
and is extremely difficult to measurBérgin et al. 2008 Which of these two approaches is most fruit-
ful will, of course, depend on which factor dominates the @calar line emission: the underlying disk
structure or the stellar irradiation. Since these may l@iietated, both approaches may prove necessary.

2.7 Summary

We surveyed 13 classical T Tauri stars in I[dwransitions of HCGO, HCN, and CN to compare the gas
structure and chemical abundances within planet-formisgsdthat possess similar dust masses. We
found, conversely, a wide variety of molecular gas propsrtFor this sample in the Taurus star-forming
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region, we report 6 new disk detections of HC(3-2), 0 new detections of HCN (3-2), and 4 new
detections of CNJ=2-1). These data double the pool of previously known detest bringing the
total detection statistics for the 21 brightest (at 1.3 miskslin Taurus to: 14 for HCO, 5 for HCN,
and 8 for CN.

Overall the HCO, HCN, and CN line ratios for our Taurus disk sample are comsisvith the trends
identified toward other disks around PMS stars found in ttezdture, as initially plotted biKastner
et al.(2008ab). In general, CN is more prevalent than HCN, which suggéststhe bulk of the detected
emission originates in a UV photodissociating region. Aiddally, the fractional molecular ionization
ratio, as traced in only slightly denser regions by the HQi@e, is also enhanced. Both trends agree
with the narrow emission lines observed in our sample, wirente the outermost regions where the disk
is optically thin toboththe stellar and interstellar radiation fields.

Despite this disk-to-disk agreement in the line ratios tameie general population of unresolved
disks, the gas-line properties reveal observed chemical photoprocessing effects due to the dojst p
erties or several stellar parameters, which was the maiivation for this research. We do not see CN
and HCO enhancements (via brighter lines) in sources whose midsied spectral slope and silicate
emission features indicate more grain growth and dusirsgitleading to a lack of UV shielding). In
addition, stellar parameters like X-ray luminosity do neéms to influence the observed line intensities
of ionization tracers such as HCO

The next step was to derive the underlying molecular abuetansing two dust models in the liter-
ature that are then populated with theoretical values ®frictional molecular abundances. Models for
the sample as a whole illustrate the importance oMhsini andRyssfactors in gas-line abundance stud-
ies; parameters that are poorly constrained by the dusegdiep, but critical to proper line fits. Along
these lines, we found during detailed modeling of the soldX@eTau that the underlying abundances
were less dependent of the temperature and density detdite iadopted dust models. We conclude
that better characterization of the stellar parametekg,(the radiation field itself (UV and Ly), and
spatially-resolved line observationBygsandi) are necessary to constrain the molecular gas content and
evolution.

Large sample statistics are still a challenge. It remainguaéd task for ALMA, with its the resolution
and sensitivity advancements, to resolve these disksu@iay inner and outer disk differences), their
gaseous surface density profiles, and the chemical siggsatdichanges in the inner dust structure. Only
then will we be able to examine how photodissociation, iatian, and freeze-out processes affect the
surface density of the gas by comparison to resolved dustedisons.
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Chapter 3

Observing Lowd °CO Transitions in
Protoplanetary Disks with Varied Dust
Properties

Observations of the dust content in protoplanetary disksvsi significant spread in the dust prop-
erties of disks with similar mass or age. These changesitesam evolution of the dust that occurs
on relatively short timescales and concerns just 1% of thed ttisk mass. If the molecular gas
component representing the other 99% of the mass evolveisnilarstimescales, then we expect a
comparable evolutionary picture to emerge from the gas-dibservations. We investigate the ob-
servational relationship between the dust evolutionatesand thé2CO emission line properties,
and we consider the robustness'éE0 as a tracer of the gas reservoir. The dust picture and rele-
vant diagnostics have been determined in the literatura frad-infrared Spitzer IRS observations.
Here we presertfCO (J = 1-0) interferometry observations toward 5 classical TriTstars in Taurus
(CW Tau, DQ Tau, 1Q Tau, V806 Tau, and V892 Tau), completirgyititerferometric sampling of a
CO rotational line toward Taurus disks with a known 1.3 mm fluX5mJy. We also present re-
solved?CO (J = 2—-1) supplementary observations acquired independemniyrd DQ Tau only. We
detect 2/5 sources (V806 Tau and V892 Tau) in the 1-0 transitith CARMA. DQ Tau, which is
undetected in 1-0, is very strongly detected1Qo) in 2-1 by the SMA. All three detections are
characterized by narrow emission peaks (FWHNL.5kms?), and the 1-0 detections consist of
multiple peaks covering a wide velocity range 12 kms1). We report no significant trends in the
CO line intensity with any of the current diagnostics for thest evolutionary state, including the
total dust mass, grain growth, or dust settling propertis. conclude for 4/5 sources that the CO
line profile is affected by large amounts of optically thickd@ the circumstellar environment and
along the line-of-sight that obscures the disk emissiorvenly across the full breadth of the line.
We caution that interferometric observations of Iduransition lines of CO are an incomplete tracer
of the total gas content and disk dynamics, and therefora gobd probe of the gas evolution.

D. M. Salter, M. R. Hogerheijde, G. A. Blake, and T. A. van Kamp
Manuscript in preparation
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3.1 Introduction

Modern studies of protoplanetary disks, the birth siteslah@tary systems, are largely dominated by
millimeter continuum observations of thermal (dust) emisgombined with radiative transfer modeling
to reproduce source spectral energy distributions (SED®se analyses provide a wealth of information
on the radial and vertical structure of the disk, includiegiperature and density profiles (eGplvet

et al. 2002 Dullemond et al. 200 However, the models are derived solely from—and are there
limited to describing—our knowledge of the dust contenthiese disks. Meanwhile, fewer studies have
targeted the molecular gas, which is a vital ingredient & fiirmation of gas giant planets and a key
probe of the kinematical, chemical, and physical proceaffesting the disk evolution.

Now recent molecular line studies are revealing disks wigihkadly different gas and dust structures
(e.g.van Kempen et al. 20QFedele et al. 2008 For some of these studies, the fitted mass ratio of
dust to gas can be considerably different from the 1:100ev&fpical of the interstellar medium (e.g.
Pant et al. 2009. It remains unclear whether this altered ratio is moreesgntative of the initial star-
forming conditions, an evolutionary progression, or aneoiational effect. The potential implications
could affect the outcome for planets since theoretical Etans indicate that the first steps of planet
formation in disks occur more quickly above a threshold farfraction of dust to gasda & Lin 2004
Johansen et al. 20D9T herefore, characterizing the gas content in disks (@lsdive to the dust content)
is a crucial step toward understanding the conditions tifiettzboth disk evolution and planet formation
scenarios.

Mid-infrared dust diagnostics already define a progressighe Taurus-Auriga disk population that
places each source into an evolutionary context based dmstsmass, degree of grain growth, amount
of dust settling, and the concentration of small dust grairesent in the warm surface layers of the
disk (Kessler-Silacci et al. 20Q6-urlan et al. 2006 These differences in the dust properties will affect
the disk opacity, the scaleheight, and the irradiation efrtiolecular gas component. Consequently,
we might expect a related evolutionary picture to emergm fiite gas-line observations. Therefore, itis
important to contrast this dust progression with trende@rolecular gas content, which is significantly
more difficult to probe. Only then can we isolate the pringiptocesses driving the disk evolution, as
well as explain the large variation seen in the dust progpefas intrinsic or evolved perhaps) amongst a
relatively uniform disk sample in terms of mass, age, andrenment.

Molecular line studies witlinterferometersare a time-consuming process limited by current instru-
ment sensitivities, such that only a few dozen disks aroawerhass pre-main-sequence stars (or T Tauri
stars) have been detected successfully in rotational bh€O. In one of the first large interferometric
gas-line surveys of*CO (1-0) toward 33 T Tauri stars in Taurus-Auri@@ytrey et al.(1996 reported
only 3 detections, defining a 9% success rate fooal8tection limit corresponding to a minimum gas
massz 2 x 1074 M,,. In the 10 years since then, a handful of bright low- and intaiate-mass stars in
Taurus-Auriga have been studied individually (and in geedetail) with interferometers using several
different molecular species (e.goerner et al. 1993h; Koerner & Sargent 1999utrey et al. 1998
Guilloteau & Dutrey 1998Simon et al. 2000Schreyer et al. 2008berg et al. 2010 More recently,
Schaefer et al2009 probed a (different) large sample of 23 disks around T Tstars in Taurus-Auriga
in the 12CO (1-0) and (2—-1) transitions. They report only 4 sourc@%)ldetected, with all 4 being de-
tected in both linesAndrews(2007) report more success when probing transitions of mads@yo (3-2),
detecting 8/10 sources (or 80%) in their Taurus sample.

We continue the search f&CO (J = 1-0) line emission at 115 GHz toward 5 additional T Taurkslis
in Taurus that are presumed to be gas-rich (from their dugiraoum emission). These disks span arange
in dust properties, which can reveal clues as to why somes @isk detected while others are not. We
also present supplementary observations of one source 1AQI® (J = 2—1) line near 238 GHz. Because
CO is the second most abundant molecule in disks, and it is1tist accessible molecule at millimeter
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wavelengths, it is a logical choice for tracing the gas aoinfand its evolution) in the brightest disks.
Here we contribute 3 additional line detections to theditere statistics, contrast the current CO statistics
with the known dust properties for all detected disks, asdulis the challenges of using Idwetational
lines of CO to probe the gas content in protoplanetary distsral the T Tauri population in Taurus.

3.2 Observations

3.2.1 The Disk Sample

We identified 5 bright classical T Tauri stars (CTTSs) in TsuCW Tau, DQ Tau, 1Q Tau, V806 Tau,
and V892 Tau) that each possess a significant dust disk, asmdeéd from their 1.3 mm continuum
fluxes, and for which interferometric CO observations weyeatready available in the literature. These
sources were selected from the list of CTTSs in the Taurud@taing region that had been included
in either the Spitzer IRS c2d Legacy survey or as part of teksdGTO programKessler-Silacci et al.
2008 Furlan et al. 2006 As a result, all of the disks have been well characterizeteims of their
dust content, based on analyses of their mid-infrared sgdestbpes and their 30m and 2@um silicate
emission features.

Since Taurus is the nearest low-mass star-forming regiametance of 140 pd<nyon et al. 1994
many of its brightest members have already been probedatianal transitions of CO with interferom-
eters that preferentially detect compact structure likeuenstellar disks. The faintest of these literature
sources (at the start of our study) exhibited a continuum dlux 75 mJy at 1.3 mm. Using the stan-
dard mass-flux relation froBeckwith et al.(1990, and adopting the same mean disk parameters as in
Dutrey et al.(1996, namelyTgust= 15 K andky 3mm=0.02 cnmr2 g1, this corresponds to a disk mass of
~0.014M,,. Above this flux threshold, delineating the most massiverangt promising gas-rich candi-
date sources, only the 5 sources listed in T&lldnad not yet been targeted. Therefore, our observations
complete the interferometric sampling of at least one C@tiatal line transition toward the brightest
1.3 mm sources in Taurus.

The five targets span a large range in the dust propertieeg@impthe Spitzer IRS surveys (Tal3ld).
Some sources exhibit more dust settling than others, asaaférom a shallower mid-infrared spectral
slope (defined aAn=n13 25 — nNg_13). A few show evidence for grain growth, or at least a deptgtin
population of small grains, as represented by a weakgnilSilicate emission featur&{p,m). Finally,
our most massive disk is three times our least massive (Binggn [ Mgus). In terms of their disk mass,
our 3 least massive sources are expected to be more re@taszof the broader disk population than
the brightest outliers already available in the literature

Table 3.1 — Taurus disk sample.
Source RA DEC F13mm An Sioum
(J2000) (J2000) [MJy]
CW Tau 4:14:17.00 +28:10:57.8 968 0.96 0.16
DQ Tau 4:46:53.06 +17:00:00.2 919 0.19 0.14
IQ Tau 4:29:51.56 +26:06:44.8 8%11 0.40 0.35
V806 Tau 4:32:15.41 +24:28:60.0 12413 1.46 0.35
V892 Tau 4:18:40.61 +28:19:15.5 28213 -1.22 0.65
Notes The 2MASS infrared source coordinates used for pointing,1t.3 mm continuum fluxes froBeckwith
et al.(1990, and the infrared dust evolution paramet&nsandS;o,m from Furlan et al(2006
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3.2.2 CARMA 2CO (J=1-0) Observations

We observed thé’CO (J=1-0) line emission at 115.271 GHz .7 mm) toward our sample using the
Combined Array for Research in Millimeter-wave AstrononARMA) in both its B and C config-
urations. Located in eastern California (USA), CARMA is ddnegeneous interferometer consisting
(at the time of our 2007/2008 observations) of six 10.4-madebpes from the California Institute of
Technology/Owens Valley Radio Observatory (OVRO) and ririem telescopes from the Berkeley-
lllinois-Maryland Association (BIMA). These 15 antenna®yde 150 baselines of 100-1000m in B
array and 30-350 m in C array. All of the receivers currentlgasure one linear polarization. For all
observations, we positioned one correlator band to re¢mr@®bppler-tracked line emission in the upper
sideband with a bandwidth of 8 MHz, and assigned a second toead® MHz bandwidth. Dual side-
band (500 MHz each) continuum data were also collected samebusly, covering the frequency ranges
110.71-111.18 GHz and 115.04-115.51 GHz.

Each source was observed for one full 8-hour track in B amatheé period from 2007 December
24 to 2008 January 03. In C array, we integrated on each séwreetotal of 3—4 hours, but distributed
the sampling over multiple observations between 2008 AgBiland 2008 April 26 to take advantage
of track-sharing, which would achieve more efficient-coverage per source. During each C track, our
observing script cycled through all 5 sources, scanning &aget for 12 minutes at a time, and obtaining
1-6 scans per source depending on the track length, whigedainom 2—8 hours. In comparison, the
on-source scans for the B array observations were 24 minutesgth. Multiple observing scripts for
the C array tracks allowed for varied rotation of the sountkepto guarantee a differeantv-sampling for
each observation. A 5-minute scan of the gain calibrator BCdr 0536135 was included every 12—
24 minutes for all B and C observations. In addition, we obsgithe planet Uranus for flux calibration
at the start of each track, as well as the radio source 3C 8€ @i73 for passband calibration.

All data were processed using the MIRIAD data reductiorveafe program, optimized for CARMA.
We calibrated each track separately before combining theceadata from all B and C tracks into one
calibrated data cube. For the continuum images, which acegasite of the two 500-MHz sidebands,
theu,v data were first averaged across all channels, then a nataightmng was used in the inversion
step, and finally, cleaning was performed down to a cutoff@iuBing themossdipackage where is
defined as the theoretical noise value. The image cell sizalfmaps is 0.1. For the 8 MHz and 2 MHz
data, the calibrated data cube was not averaged, so thateserped the full spectral resolution (63
channels, each of widtkh0.13 MHz or 0.32 km's? for the 8 MHz band and-0.03 MHz or 0.08 kms?!
for the 2 MHz band). As an additional step, we removed theigouain contribution by subtracting a
polynomial fit of order O (a constant) directly from thev amplitudes. Then, the calibratedv spectral
data were immediately inverted and each channel was cleartieel same manner as the continuum data.
We do note that no passband calibration was performed fd8 MElz and 2 MHz data after the rms of
the data was determined to be greater than the signal eeriati

3.2.3 SMACO (J=2-1) Observations

On 2010 January 12, we obtain®€O (J = 2—1) observations at 238.5 GHz (.3 mm) of DQ Tau using
the Submillimeter Array (SMA), an 8-element array locatedtiee summit of Mauna Kea in Hawdii.
The 2—1 data were obtained as a bonus during a follow-up @nogo investigate the nature of the 27-
fold continuum flux increase exhibited by DQ Tau on 2008 Apélduring our third CARMA C track
(see Chapted, Salter et al. 2008 As a result, a time series analysis of the continuum baital fi@m
this SMA track is presented in Chap&(Salter et al. 2010b where we analyze the recurring nature of

1The Submillimeter Array is a joint project between the Siutfian Astrophysical Observatory and the Academia Sinica
Institute of Astronomy and Astrophysics and is funded byShathsonian Institution and the Academia Sinica.
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this flare phenomenon.

The 8-hour track was carried out in the ‘Extended’ configargtproviding 27 baselines spanning
34-225m. The 4 GHz bandwidth was uniformly sampled with 128noels per chunk and a total of
48 chunks. The Doppler-tracked 2-1 line was centered in 3ecBunk of the upper sideband. At the
beginning of the track, the opacity was measured indepelydamd the precipitable water vapor (PWV)
was estimated to be around 1 mm, rising to 1.3 mm by the closkeedfrack. Scans were shortened to
15 seconds to minimize temporal decorrelation effects erdhgest baselines. The source was observed
for 7.5-minute integration loops, while the gain calibrat0423-018, 05306-135, and 0514180 were
observed for 3 minutes each following every on-source loldpe flux scale was checked every 3 hours
with an observation of Uranus or Mars, and the source 3C 283usd to correct for the passband. The
data were reduced using the MIR package for IDL, providedhgySmithsonian Astrophysical Obser-
vatory. The continuum data were reduced in the same manrer e CARMA data, but substituting
the Clark CLEAN algorithm and using a larger image cell siz€.8”. Reduction of the spectral data
preserved the resolution specified in our observing schisiely 0.8 MHz (or 1.06 knTs).

3.3 Results

3.3.1 CARMA 2.7 mm Continuum Data

All 5 sources are strongly detected with a peak integratéehsity > 100. The Fourier-transformed
continuum images are provided in the first column of Figduk and the corresponding image statistics
are reported in Tabl8.2 Integrated flux values range from 12.5mJy (DQ Tau) to 611 (a892 Tau)

at 2.7 mm when we fit a Gaussian model to the visibility data.a&l§e list in Table3.2the fluxes for a
Gaussian fit to the image for comparison. For the most patntimbers are in good agreement; only
CW Tau exhibits a difference larger than 15%.

In the reconstructed images, each source appears to besolatied. Beam sizes arel.0’ x ~0.8’
and 1o sensitivity limits range 0.9-1.2 mJy brh Alongside each continuum map in Figd, we plot
the average flux measurement as a function of the projecsadiba length, where larger baselines probe
smaller, more compact structure. These-amplitude plots show how CW Tau, DQ Tau, and 1Q Tau are
all unresolved objects based on their fairly level amplitude pesfiThe two brightest sources, V806 Tau
and V892 Tau, on the other hand, are clearly resolved. Thethiyodecaying brightness profile of
V806 Tau is indicative of a single extended structure, peshalarge disk or a remnant envelope. The
profile for V892 Tau, however, exhibits evidence for both enpact component, like a disk, as well as
extended structure, such as an envelope.

3.3.2 CARMA 12CO (1-0) Line Data

For the 8 MHz band data, we plot in the first column of FigBr2the CO (1-0) spectra for & 55" box
(or 3'x3" in the case of V892 Tau) centered at the coordinates of théncwm peak emission, which
can be referenced in TabBl We note that we do not report further on the 2 MHz band dateesihe
noise levels were prohibitive to an analysis. In the 8 MHzc§@e we measure bright CO line emission
toward V806 Tau at the expected source velocity, and we tepmntative detection toward V892 Tau.
Both lines are narrow, spanning just 3—4 channels (or 15k#h.s™1). No CO emission stands out above
the noise levels for CW Tau, DQ Tau, or IQ Tagu40-30 mJy bm*- kms™1). The CO statistics for all
spectra are provided in TabB3.

For the CO detections toward V806 Tau and V892 Tau, we providee center column of Figure
3.2 an integrated intensity (moment 0) map comprised only ofps@k emission channels, which are
shaded in the provided spectra. The CO maps indicate pedks at the source position wherés the
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Figure 3.1 — The 2.7 mm dust continuum emission. At left, the combined@Bcontinuum images for our 5
targets (top to bottom): CW Tau, DQ Tau, 1Q Tau, V806 Tau, a®@2/Tau. Images are 24 24" and contours
are drawn at multiples of @ whereo is the sky rms level, indicated in each image and in Té&® Crosses
indicate the 2MASS infrared source position, and the beanisQ’ x ~0.8") are shown in the lower right-hand
corner. On the right, we plot how the vector-averaged Visjamplitudes vary with the projected baseline length.
Error bars are the standard deviation of the mean ampliantta solid line indicates the expected amplitude for
zero signal.
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Figure 3.2— The CO (1-0) line emission. At left, the combined B line spectra for our 5 targets (top to bottom):
CW Tau, DQ Tau, 1Q Tau, V806 Tau, and V892 Tau. The integratéehiity is determined from a5 5” box

(or 3" x 3" for V892 Tau) centered at the continuum peak emission coatds. The shaded velocity bins for
V806 Tau and V892 Tau represent detections at the sourcal rsdocity. For CW Tau, DQ Tau, and I1Q Tau we
analyze tentative peaksi2o) and confirm that these are likely noise peaks and thereforecal features. At
center, the combined CO emission maps for the highlighttmtitg bins in the spectra. Images areé’2424" and
contours are drawn at multiples ob2vherec is the sky rms level indicated at the bottom-left of each magh a
in Table3.3. Crosses indicate the 2.7 mm continuum peak emission posgometimes offset from the 2MASS
position, and the beams are shown in the lower right-handeco©On the right, we show how the source intensity

varies with the projected baseline length for the same vtgloins.
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sky rms level. For the sources with no clear detections (CW D& Tau, and IQ Tau), we analyzed the
individual channel maps to identify any emission origingtirom the source position. In FiguBe2, we
provide similar integrated intensity maps for the most pging features in each spectra, only to confirm
that the sources are undetected, and that any coincidectydd emission is likely noise.

The u,v amplitudes for the CO emission in the relevant spectral méksn(third column in Figure
3.2) support the absence of compact structure toward the widdtsources. V892 Tau presents an
unclear case and requires further analysis (see Se8tid), and the emission toward V806 Tau is
clearly extended (Sectio8.4.4. In both the V806 Tau and V892 Tau systems, the imaged gasein t
peak emission channels appears roughly similar in radiehexas the observed dust extent (down to the
respective 2 sensitivity levels). However, fits to the visibility datatine source analysis sections will
help us to better constrain the true underlying size scales.

3.3.3 SMA 1.3 mm Continuum and*?CO (2-1) Line Data

We also present results from our supplementary SMA datartb&) Tau. The source is detected
very strongly in both the 1.3 mm continuum-1000) and in the CO (2-1) transitionr~60), which
are presented together in Figuse3. From the time-series analysis of the continuum flux present
in Chapter5 (Salter et al. 2010 DQ Tau appears to be quiescent at 1.3 mm for the duratiohi®f t
observation, even though elevated (non-thermal) flux $ewadre detected simultaneously at 2.7 mm.
This recurring activity, which appears isolated to wavgtas longward of 1.3 mm on this date, is not
expected to affect our analysis of the thermal (gas and dlisk) emission. In fact, we suspect that
the thermal contribution at 1.3 mm (for which we measure 16@ly versus 12.5mJy at 2.7 mm) will
be much larger than any transient non-thermal emissionisnsyystem with a flat spectral curve, thus
decreasing the relative impact of any (unknown) superiregdiare emission. For the two millimeter
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Figure 3.3 — DQ Tau at 1.3 mm (238.5 GHz)lop row The dust continuum image at center and thxeampli-
tudes plotted versus the projected baseline length at sghilar to Figure3.1 The source is detected at @and
remains unresolvedottom row The CO (2-1) line data with the spectra, integrated intgmsap, and visibility
amplitudes shown from left to right; similar to Figude2 The CO is detected at b0and appears resolved.
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flux measurements that we report here, however, we determiméimeter spectral slope of 2.8, which
is within the expected range for thermal emission from ayddsk.

In the continuum image the source is well isolated and, froeutv-amplitude plot, unresolved in
a beam of size 1.86x 0.95'. We report a 1.3 mm continuum flux of 100.7 mJy for the combiaed
averaged visibility data from the entire track. In the lirsal the CO (2—1) observations reveal a strong
emission line near 10 knTs that is about 2 kms' wide. The CO integrated intensity map in Fig®:&
shows a strong, isolated detection (in comparison to th&eral-0 map), and the v amplitudes exhibit
signs of resolved structure, which we will discuss furthreSiection3.4.2 The statistics for the SMA
data are reported together with the CARMA data in TaBl@and3.3

3.4 Analysis

3.4.1 CWTauandIQTau

As two of the faintest sources, CW Tau and |Q Tau are both ohred in the continuum and undetected
in CO (1-0). Therefore, we only report upper limits for the @@ intensity in Table3.3. Both sources
have similar dust properties, with 1Q Tau exhibiting sliglihore small-grain depletion and dust settling,
properties consistent with a more evolved dust state. &itsd visibility data for both sources suggest
very small dust disks<{ 85 AU). Our results are consistent (within typical flux cedition errors) with a
recent study byschaefer et a(2009 where 1Q Tau is imaged in the 1-0 and 2—1 transitions of C@ wit
the IRAM PdBI, although they derive a more compact2b AU) disk. There the source is not detected
in the 1-0 or the 2-1 line.

In previous single-dish surveys, both sources remain et in several other molecular gas trac-
ers, including HCO (3-2), which preferentially traces denser material (CéaqtSalter et al. 2010a
However, given the recently derived disk radii, the beafmjlfactor for that study would have been
< 0.1%. These HCO observations do reveal bright (and dense) cloud emissmmrgahe line-of-sight
toward CW Tau at a radial velocity of 6.8 km’s Clumpy, extended cloud material might explain any
excess CO emission in the field of CW Tau, as inferred fromdrger visibility amplitudes on the short-
est (0-20R) baselines. If CW Tais located in the same velocity bin as the dense cloud matenakg
by the HCO observations, then little emissiorc82.1 mJy bmt-kms™1) appears to be transmitted
through the cloud. An alternative possibility is that CW Taand 1Q Tau) are extremely gas-poor disks.

3.4.2 DQTau

DQ Tau is a spectroscopic binary with a circumbinary disk amteared out inner dust regioMéthieu
et al. 1997 Bastri et al. 199Y, but warm gas has been detected close to the ddadef et al. 2009
The detection of cold CO (2—-1) emission toward DQ Tau, howeasénteresting and puzzling. The clear
detection (1@ at our central map pixel) contrasts thendetection of IQ Tau in the 2—1 line (s&ehaefer
et al. 2009, even though the disks have very similar 1.3 mm fluxes. It fa® Tau is comparable to
CW Tau and IQ Tau in most dust diagnostics, except that DQ Xaibis the largest amount of dust
settling in our sample. In addition, this is the first rotatibline transition to be detected toward DQ Tau,
which has been probed previously in single-dish obsematid HCO™ (3—2), HCN (3—2), and CN (2-1)
as well (Chaptep, Salter et al. 2010a

We determine that the CO (2—1) emission is resolved. We parfo Gaussian fit to the visibil-
ity data for baselines of lengtkt 80 kA (where the signal-to-noise is reliable) and retrieve a disk
size 260x 122 AU (listed in Table3.4). This solution extends five times beyond the inferred dizst s
(56 x 52 AU), which is never resolved in the continuum. We do, havederive an inclination of 22
from the aspect ratio of the inferred dust disk size, whichassistent with optical and near-infrared



Table 3.2 — Dust continuum map statistics.

Source UT Date Array On-source Beam Orms? Peak Pixe? S/IN Fmit© Peak Offsef  Fuyit
[hours] [l [mJdybm™*]  [mJybm?] [mJy] ["] [mJy]
CARMA Observations at 2.7 mm
CW Tau 24Dec07 B 5.83 0.470.34 1.3 9.6 74 194 0.09,0.26 13.5
" 13...26Apro8 C 3.40 1.91x 1.10 1.2 12.5 104 179 0.220.18 17.3
" (combined) B+C 9.23 0.92< 0.73 0.9 11.0 12.2 18.3 0.120.25 14.2
DQ Tau 26Dec07 B 5.00 0.430.40 1.3 9.9 7.6 17.3 0.04,0.18 11.1
" 13...26Apr0@ C 3.00 1.97< 1.10 1.6 13.3 8.3 15.7 0.040.16 14.8
" (combined) B+C 8.00 0.91x 0.74 1.0 11.9 119 145 0.050.18 12.5
IQ Tau 27,28Dec07 B 8.67 0.840.54 1.1 8.4 7.6 15.1 -0.02,-0.13 17.7
" 18...26Apr08 C 3.60 2.2%1.09 1.4 10.6 7.6 223 0.10,0.31 18.9
" (combined) B+C 7.93 1.07< 0.75 0.9 9.2 10.2 15.7 0.060.10 15.9
V806 Tau 30Dec07,03Jan08 B 4.67 048.41 1.3 30.5 235 48.2 0.090.56 42.2
" 13...26Apr07 C 3.40 1.941.11 1.5 30.0 20.0 444 0.150.66 40.7
" (combined) B+C 8.07 0.97< 0.74 0.9 325 36.1 375 0.090.57 35.7
V892 Tau 29Dec07 B 6.00 0.640.43 1.6 41.7 26.1 73.7 0.050.16 69.4
" 13...26Apr07 C 3.80 1.9 1.09 2.0 49.5 24.8 66.9 0.000.13 62.0
" (combined) B+C 9.80 1.05< 0.84 1.2 49.7 41.4 66.9 0.050.15 61.1
SMA Observations at 1.3 mm
DQ Tau 12Jan10 Ext. 8.00 1.560.95 1.0 98.1 98.1 100.4 0.640.10 100.7

Notes 2 The median value for five sky rms measuremehitmage cells are 0”1x 0.1” for the CARMA data and 0/2x 0.2” for the SMA data’ Determined by a
Gaussian fit to the image using thefit routine in Miriad. 9 The offset in arcseconds for the fitted continuum peak usiegaskuvfitin Miriad. € The flux value
usinguvfitfor a Gaussian fit to the,v data. In C array, all of the sources were observed in series on 2q08 23, 18, 19, 21, and 26 Data for DQ Tau taken
on 2008 April 19 exhibited unusual activity, which we repseparately in Chaptet (Salter et al. 2008it is therefore not included in the final combined image
presented here, which only contains thermal emission.
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Table 3.3 — CO spectra statistics.

Source CcoO VLSR Orms I max S/N lpeak FWHM J1dv
Trans. [kms?'] [mJybm ] [mJybm Y] [mJybm] [kms™1] [mJybm i kms?]
CW Tau 1-0 - 16.0 - - - 1.0 <315
DQ Tau 1-0 - 114 - - - 1.0 <225
2-1 10.5 6.6 38.3 5.8 38.6 0.5 48.3
IQ Tau 1-0 - 12.1 - - - 1.0 <20.9
V806 Tau 1-0 5.2 11.0 60.5 55 53.9 1.2 67.6
1-0 1.1 11.0 46.7 4.2 45.6 1.0 57.2
1-0 12.2 11.0 23.4 2.1 354 0.4 44.4
V892 Tau 1-0 5.4 26.6 88.2 3.3 82.2 0.9 90.9
1-0 0.5 26.6 89.3 3.4 98.8 0.5 68.2
1-0 12.7 26.6 90.7 3.4 76.6 0.9 91.5

sisAjeuy "'€ UOID9S

Notes For each source, we give the central radio velogityk for each emission line detected, the noise lexgk for the spectrum, the maximum intensltyax
value in the binned data set, the signal-to-noise ratiopéak intensitypeafrom a Gaussian fit to the line, the FWHM of each line, and thegrated line intensity.
For non-detections, we report only a 3ipper limit whereo = 1.20;ms VAV v following Jgrgensen et a(2004).

T.



Table 3.4 — Disk parameters.

DUST GAS

Source | u,vRange Size Size i PA | Line u,vRange Size Size i PA

[KA] ["] [AV]  [°] 7] [kA] ["] AVl [°] [

CWTau | (0,200)0 0.57x0.32 80x45 56 42.4| (1-0)
DQ Tau (0,200) 0.40x0.37 56x52 22 424| (2-1) (0,80) 1.86<0.87 260x 122 62 27.8

IQ Tau (0,200) 0.56x0.55 78x77 11 80.0| (1-0)
V806 Tau| (0,70) 1.22<0.81 171x 113 48 -75.2| (1-0) (0,70) 3.682.37 515x332 50 -77.2
V892 Tau| (0,40) 2.30x 1.22 322x171 58 -62.9| (1-0) (0,40) 490<0.56 686x78 83 28.7
" (40,200) 0.4x 0.3 56x 36 49 48.7| (1-0) (40,200) 0.2%0.21 35x29 33 -84.9

Notes Results of a Gaussian fit to each visibility data set, udiegMiriad uvfit routine. In the leftmost columns, the derived values argHercontinuum (dust)
data, and on the right the results are for the spectral lif@) @&ta. We also indicate thev range used where the signal-to-noise was reliable for a §jbod
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studies of the system that find a value of 1%Boden et al. 2009 The projection of the gas disk on the
sky appears flatter, suggesting a larger inclination vafig&a The CO flux returned by the fitis 0.4 Jy.

We also determine that a similarly bright line at the 1-0 éircy may not have been detected in
our CARMA observations, peaking instead at aboutl Which is not unlike the noise peak seen in the
DQ Tau spectrum at the source radial velocity, determineloetd0.6 km s* from the 2—1 data (Table
3.3). However, as we determined in Secti8r8.2 the noise peak in the 1-0 data does not originate
from the source position. Finally, as a sanity check due ¢éouwhusual flare activity observed in the
3 mm continuum band toward DQ Tau on 2008 April 19, we can corfirat the CO (1-0) line remained
undetected on the flare date as on the quiescent dates. dieered unexpected behavior is likely (or has
been observed) to affect the CO (2—-1) detection despiténglmbserved during a subsequent brightening
(as seen at longer wavelengths).

3.4.3 V806 Tau

V806 Tau (also known as Haro 6-13) is the second brightestedn our sample at 2.7 mm, and it is
one of only two sources to be resolved in the continuum. Caibnity data seems best approximated by
a single structure. We extrapolate from the visibility aityoles that the source becomes resolved near
100 kA, which corresponds to an angular size of’208 the sky. At the distance to Taurus, we estimate
that the emission originates in a dust disk of radius 175 AklsTs consistent with the fit found by the
Miriad uvfit routine, which we provide in Tabl&.4.

In the CO (1-0) spectra toward V806 Tau, two strong peaks etected at radial velocities of 1.1
and 5.2kms! (as listed in Table8.3). The CO emission contributing to both peaks coincides ith
source position, as can be seen in the CO maps in FigdreThere we show the integrated intensity
maps for an~1km s wide velocity bin centered around each of tineee brightest features in the
spectra. The third tentative-Q.90) spectal peak at 12 knt$ is related to emission located away from
the source position and is likely noise. In the other two hihe CO distribution measures just 4bove
the sky levels and appears clumpy. At the source radial itglquresumed to be the central velocity
of the brightest peakvE 5.2 kms1), the emission is concentrated at the dust continuum peakhel
blueshifted velocity bin near 1.1 ks, the emission appears as an arc about one side of the camtinuu
source position. It is therefore interesting to return ® rtbdshifted emission map where the prominent
(and extended) noise peak lies opposite the blueshiftegséoniat roughly an equal radial distance from
the location of the continuum peak. The velocities of the birts are also rather symmetric about the
central source velocity\v~ +5.5 km s1), leading us to ask whether the CO emission presents a much
broader line profile and only these three peaks sit abovedise fevels, since emission at these velocity
offsets Q\v) can be attributed to gas at a radial distance.@® AU from a 1M, central star.

We recall that V806 Tau is the only source to be resolved inGfdg1-0) emission. The visibility
data for the emission at the source velocity, as plotted limneo 3 of Figure3.2, detects structure out to
40kA. Performing a Gaussian fit to the visibility amplitudes foe tentral line only=5.2 kms?), we
derive a gas disk of size 526332 AU. The disk inclination from this fit is identical to thedlination
determined from the dust, providing support for a similag@nd dust) disk structure. The derived gas
extent is consistent with thé @ngular separation between the redshifted “noise” peaktenilueshifted
CO peak, even though these channels were not included inttHei§ still unclear, however, why the
highest shifted velocities would be located at the largést chdii. One explanation might be that a
majority of the CO is obscured by intervening cloud mateaiadl the emission at these radial velocities
and locations are the least affected.

Recently,Schaefer et al2009 also presented 3 mm-band data of V806 Tau using the IRAM PdBI
With a higher spectral resolution and sensitivity, theyalke to document significant cloud contamina-
tion at the central source velocity, confirming obscuratéthe line. In general, the rest of our results



74 Chapter 3. Observing?CO in Protoplanetary Disks with Varied Dust Properties
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VBO6 Tau

Figure 3.4 — The CO moment 0 maps for V806 Tau. Contours are drawn at 2, &, 4anwhere o is
4.7Jybmt.kmstin all panels. The large panel at left is a”1010" composite map overlaying the three
velocity ranges corresponding to the brightest peaks irspleetra in Figur®.2. On the right, the three separate
maps are shown in thé’5 5" integration box used to create the spectra. The centratitgfor each map is given
in the upper right-hand corner and the statistical detadgpeovided in Tabl&.3. Crosses indicate the location of
the dust continuum peak.

are consistent. They report a continuum flux of 28.6.6 mJy at 2.6 mm versus our 35.7 mJy, which
is well within typical flux calibration errors. They cover &lucity range of 1.9-8.7 km$, and find
evidence of extended emission and high-velocity wingsctvithey attribute instead to a possible out-
flow. Their maps do not cover the velocity range of our blugstiipeak. However, in CSO single-dish
observations of thé?CO (3-2) line towards this sourcBoriarty-Schieven et al(1992 report no evi-
dence for outflows (defined in their sample as wing breadths 6 km s™1); but they do find evidence
for extended cloud emission in a velocity range of 7—11 kfp which may explain the lack of redshifted
emission in our own interferometry dat&chaefer et al2009 find an inclination of 40 (compared to
our 50) and an outer gas radius180 AU (consistent with our projected size of 54832 AU) from a
detailed kinematical study of the CO emission that is hiedegreatly by obscuration of the line in the
outer channel data as well, and indicating that the obsour& not limited to a small velocity range.

3.4.4 V892 Tau

The V892 Tau (also known as Haro 6-5) spectrum exhibits twisgion peaks with a wide velocity
separation (at 5.4 and 12.7 km3. We also notice that the blueshifted end of the spectruneasp
“noisier”. However, an inspection of the inidvidual chahneps suggests that these channels contain
low-level (2—-37) emission originating from near the continuum dust positicat may be real. As an
example, we include in Figur®5a moment 0 map for the velocity bin at 0.5 kmtgwidth ~1 kms™?)
when we analyze the spatial distribution of the spectral émission peaks.

In the literature, there is evidence for outflows and inteivg cloud material along the line-of-sight
toward this source.Thi et al. (2001) observed V892 Tau with the JCMT single-dish telescope @ th
CO (3-2) line and report a broad spectrum (spanrirfkm s-1) with bright emission, but that emission
only possesses radial velocities between our CARMA ce(ialkm s1) and redshifted (12.7 knts)
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Figure 3.5— CO moment 0 maps of V892 Tau. Contours are drawn at 2, 3, avahereo is 5.5 Jybmtkms .
Identical to Figure3.4, except that the individual maps are shown irf'a<3®” integration box used for the spectra
in Figure3.2.

peaks (see Figurd.6). In contrast, the complementary (6-5) line observedbyet al. (200]) has a
strong peak centered at 8.8 km'saccompanied by a noisy wing extending bluewards until acitglo
of about 5.5 kms?. Given our CARMA (1-0) results, we might also be tempted &niify an isolated
redshifted peak near 13 kmsin the 6-5 data.

A broader line is to be expected from a more massive cenaa(sM.;) with a B8V spectral type
(Monnier et al. 2008 especially at a high inclination. However, mapping of & 9®0" region around
V892 Tau with the HARP-B receiver on the JCMT reveals a venyilar, broad emission profile at 11
separate off-source positions ($e&nt & Hogerheijde 2009 Likewise, we attribute the fact that we do
not see bright CO (1-0) emission from such a bright sourcéerniriterferometry data to resolved-out,
large-scale, optically thick emission over the same véfaeinge. To better probe the gas content in this
disk, it will be necessary to consider optically thinner ewllar tracers to better contrast the contribution
from the disk versus the surrounding cloud material.

In the continuum, the source is found by dust continuum aeslyn the literature to have an incli-
nation of 60 (Hamidouche 201,0Monnier et al. 2008 which is consistent with a double-peaked line
as seen clearly in the CO (3-2) and (6-5) data (see Figéyeeproduced fronThi et al. 200). We
report a similar inclination (59 based on a simple Gaussian fit to our continuum (dust) litgilolata
and using an analysis of the aspect ratio to derive the ssizee

3.5 Discussion

Our gas-line properties (e.qg. line intensities and spatitdnt) are not always in agreement with predic-
tions made based on the dust properties of each source. &mpé our brightest continuum source
V892 Tau is only detected weakly in CO (1-0), whereas ourrsgboightest source V806 Tau, at half the
flux of V892 Tau, exhibits a strong integrated spectral lind a spatially extended gas reservoir. Along
these same lines, DQ Tau and 1Q Tau are two equally brightseun the continuum, both undetected in
1-0, but DQ Tau appears very bright in 2-1 while IQ Tau remaimdetected (seSchaefer et al. 2009
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V892 Tau
- - - CARMA CO (1-0)
| CARMA CO (1-0)

JCMT CO (3-2)

Amplitude
Amplitude

JCMT HCO* (3-2)

CSO CO (6-5)

Velocity [km s™'] Velocity [km s™']

Figure 3.6 — A comparison of our CARMA CO (1-0) data (top spectra in eachepawith other molecular
tracers, uncluding a JCMT single-dish HC(B-2) observation of V806 Tau, a JCMT CO (3-2) observation of
V892 Tau, and a CSO CO (6-5) observation of V892 Tau (Cha&p®alter et al. 201Qarhi et al. 200).

Clearly, the 1.3 mm continuum fluxes, which probe the cold ceservoir at all radii, are a poor predictor
of the integrated line strengths in this sample.

The other mid-infrared dust diagnostics (e.g. grain graaviti dust settling) also offer few properties
aligned with our detection statistics. Both sources withdaamounts of dust settling (DQ Tau) and small
amounts (V806 Tau) can present similarly bright and resbl2® emission lines~40 mJy bnt1); the
results are identical for an abundance of small grains (Vig6and V892 Tau) versus a more depleted
population (DQ Tau) in the disk surface layers. Therefdne,mid-infrared dust properties probing the
warm inner regions also appear to be poor indicators of tlaéve CO line strength in this sample.

We can also compare the dust diagnostics with the gas-liogepties for the entire literature for
sources in Taurus witk; 3;mm > 75 mJy, to look for larger observational trends. Howevanilgir ex-
amples of contrasting dust and gas observational diagsoste also present in the larger sample. For
example, DN Tau, DM Tau, and GM Aur all exhibit an equally hti§—2 line, as measured Bndrews
(2007, and yet their 1.3 mm continuum fluxes range 84—-253 mJy. tlitiad, DN Tau is not detected
in 1-0 or 2-1 Gchaefer et al. 2009in contrast to the other two sourcdsoerner et al. 1993aDutrey
et al. 1997 Panct et al. 2008Simon et al. 2000Kessler-Silacci 2004 CY Tau, DL Tau, and DO Tau are
all detected (one faintly, another strongly) in the 2—1 dition (Simon et al. 2000Koerner & Sargent
1999; and they all possess a depleted small-grain populaBggp =0.09-0.18). In contrast, DM Tau,
GM Aur, and RY Tau exhibit more small-grain emissidBd,m =0.96-1.36) and are also strongly de-
tected Koerner et al. 1993a

In the Dutrey et al (1996 survey of'3CO, an optically thinner isotope 6#CO, the authors find disk
masses predicted from the dust emission were 20—80 tinges Hran the masses derived from tR€0
of 3 detected sources (DG Tau, Haro 6-5b, and UY Aur), sugggshat the lines toward these sources
may not trace the entire gas reservoir. Many explanationsacaount for this discrepancy, including
CO freeze-out onto dust grains in the cold regions of the, gisiferential dispersal of the gas content in
disks, or optically thick intervening material. In the cadeDG Tau, one of the brightest sources in the
continuum in Taurus, several follow-up interferometriadiés confirm a highly confused circumstellar
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environment that significantly obscures the line emissiita(mura et al. 1996Testi et al. 2002

In fact, confusion by foreground material is a common thrigathe literature (as well as our own
source sample), and particularly apparent in interferoyraidita where the maximum obscuration of the
line typically occurs near the systematic velocity of theud (and the star itself). Other confirmed
examples of strongly afflicted sources include DL Tau and "BZE Simon et al. 2000 and V806 Tau
and GO Tau $chaefer et al. 2009 Fewer examples exist of sources that are well isolatkd,DiM Tau
and GM Aur Dutrey et al. 1998Simon et al. 2000Pant et al. 2008. Identifying moreisolated gas-
rich sources or probing optically thinner molecular spgciehigher transitions is necessary to achieve
a uniform, less contaminated analysis of the observatidia@inostics for the gas reservaorr.

3.6 Summary

We observed 5 classical T Tauri stars (CW Tau, DQ Tau, 1Q T&806Wau, and V892 Tau) in lo@+ran-
sitions of2CO to contrast the observed gas properties in a sample of siskfferent dust evolutionary
stages. These observations complete the interferometmplang of at least one CO rotational line to-
ward the brightest 1.3 mm sourcds ¢mm > 75 mJy) in the Taurus star-forming region. Here we report
2 new detections of a CO (1-0) line and 1 detection of CO (2s-betadded to the growing literature of
molecular line observations of the protoplanetary disksiad T Tauri stars; which are characterized by
a low statistical detection rate overall for IaW€O line observations.

Using the CARMA millimeter array, we measured 2.7 mm contimuluxes for all sources, resolving
just the brightest two sources, V806 Tau and V892 Tau. Thesalso the only two sources to be detected
in CO (1-0). The CO emission around V806 Tau is resolved apéas clumpy in nature; V892 Tau
is unresolved. In both CO integrated spectra, several pagkseen spread out over large velocity
separations (of full breadth 6-12 km'$ and still appear to be associated with the source posilibair
radial location in the map is consistent with the disk extamd the radial velocity offsets for the peaks
are consistent with Keplerian rotational velocities atirad30 AU. The surrounding sky regions in the
maps of all 5 sources are dotted with Z-=8mission peaks, suggesting that a lot of CO may be present in
the region. This conclusion is supported by the visibiligadsets of CW Tau and V892 Tau, in particular,
which show that additional CO emission is detected on thetsstobaselines only, representing larger-
scale structure in the field. When comparing our interfetoyndata to single-dish observations and
other interferometry results in the literature, our CO $@eclearly suffer from obscuration, which is a
common trend in studies of the gas structure and kinematigartl sources in crowded, star-forming
regions.

In supplementary observations of DQ Tau obtained with théASWe report an unresolved 1.3 mm
continuum flux measurement and a strong CO (2—1) emissierthiatis resolved. From a Gaussian fit
to the visibility data, the gas component extends to a ratflitee times larger than the dust and has an
inclination angle (62) that differs from the dust disk (62 It is interesting how DQ Tau, which until
now has remained undetected in rotational lines of seveoitcular tracers, appears as a bright line in
this transition. Sensitivity levels may be partly to blant®wever, the thin, sharp, double-peak nature
of our low spectrally resolved 2-1 line profile is more indiea of absorption effects along the line-of-
sight rather than a purely Keplerian disk velocity patteéfherefore, we suspect that intervening cloud
material could likely play a role in the non-detected linewdrd this source. This result iterates the
unpredictable nature of the observed gas-line intensigsecially if we try to extrapolate directly from
the observed dust measurements.

When considering the entire literature sample, we foundgrafgcant trends in the CO line intensity
or detection statistics with any of the current diagnosficshe dust evolutionary state (e.g. dust mass,
grain growth, and dust settling properties). In additiomp sources that are equally bright in one CO
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transition line do not necessarily possess similar brigggas in another transition. Almost all sources
exhibit some level of obscuration from optically thick Ciady the line-of-sight, accounting for some
of these observational differences.

Our primary conclusion from this study is that enough CO isficmed present along the line-of-
sight toward 4/5 of our targets (CW Tau, DQ Tau, V806 Tau, aB82/Tau) to be optically-thick in the
low-J transitions, prohibiting an accurate study of the gasidistion and disk kinematics based on these
diagnostics alone, even with interferometers and increasasitivity observations. We therefore caution
that low-J CO lines are likely a poor tracer of the total disk gas congemt that they may not be accurate
predictors of the line strengths of midtransitions that offer greater contrast with the cloud make
The low-J data can only provide constraints, and better charactenizaf the environment is necessary
to determine the robustness of these constraints.
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Chapter 4

Captured at Millimeter Wavelengths: a Flare
from the Classical T Tauri Star DQ Tau

For several hours on 2008 April 19, the T Tauri spectroscbipiary DQ Tau was observed to brighten,
reaching a maximum detected flux of 468 mJy and likely makir{priefly) the brightest object at
3mm in the Taurus star-forming region. We present the liginte of a rarely before observed mil-
limeter flare originating in the region around a pre-maiguance star, and the first from a classical
T Tauri star. We discuss the properties and nature of theafjdsehavior in the context of pulsed
accretion flows (the current picture based largely on studfehis object’s optically variable spec-
trum), as well as magnetospheric reconnection models (@atptheory that predicts millimeter
flares for close binaries of high orbital eccentricity). Waibve that the flare mechanism is linked
to the binary orbit, and therefore periodic. DQ Tau makesanstcase for multi-wavelength follow-
up studies, performed in parallel, of future flares to helferdaine whether magnetospheric and
dynamical interactions in a proto-binary system are indepat.

D. M. Salter, M. R. Hogerheijde, and G. A. Blake
Astronomy & Astrophysics Lette#92, L21-1.24 (2008)
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4.1 Introduction

Observations of pre-main-sequence (PMS) stars at midimegavelengths are used to study thermal
emission from gas and dust in their circumstellar disks whmanets may be forming. At these wave-
lengths, the disks are optically thin and the integrated iuelated directly to the total amount of cold,

circumstellar material. But on short timescales, we show tie dominating mechanism for millimeter

emission can shift to high-energy, short-period procesééspresent 3 mm continuum observations of
the low-mass, classical T Tauri star (CTTS) DQ Tau, which wlaserved to brighten for many hours

on 2008 April 19, reaching a maximum detected flux of 468 méyngared to 17 mJy in the days both

before and after the event).

A stellar flare at these typically quiescent wavelengtts, & solar flare in the millimeter, is believed
to be the superposition of a gyro-synchrotron spectrum thi# from synchrotron emission, the latter
peaking in the sub-millimeter to far-infrare&gufmann et al. 1986 The first light curve for a strong
millimeter flare observed toward a young stellar object (YS&EMR-A in Orion, was reported bower
et al. (2003 and attributed to magnetic activity. In protostellar eamiments, scenarios where magnetic
fields can interact, re-connect, and accelerate electmhigh energies are thought to include single-
star stellar flares as we see in the Sun, interactions dueatagels in the magnetic field lines between
a star and its accretion disk, and colliding magnetosphemescoronal flares between components of a
multiple-star system.

While longer-term radio variability is well documented irf8®s, and can also be the result of mag-
netic activity like starspots, few outbursts have been leskeigelson & Montmerle 1999DQ Tau is
only the fourth flare detected toward a PMS object, and thgffos a CTTS. In addition to GMR-A, our
observation follows the re-occurring flares from the weak-IT Tauri star (WTTS) V773 Tau A, studied
in depth byMassi et al(2002 2006 2008, and a single 1.3 cm flare from a second YSO in Orion named
ORBS byForbrich et al(2008.

In Orion, follow-up study of GMR-A confirmed a photospherigégin of gyro-synchrotron emission
around a single magnetically-active WTTBufuya et al. 2008 whereas observations of the deeply
embedded ORBS could only limit the emitting region to a radit2 AU (Forbrich et al. 2008 In
contrast, the periodic flaring from V773 Tau A is the first exsiolar evidence of interacting coronal
flares, attributed in this case to collisions near periasbetween extended helmet streamers from the
binary componentsMassi et al. 2008 a phenomenon closely analogous to the situation for DQ Tau
With a higher orbital eccentricitye=0.556, versus 0.3 for V773 Tau A), the DQ Tau system geometry
predicts an overlap of its two protostellar magnetosphate=ach periastron passage without the need
for extended structuréMathieu et al. 199y

4.2 The DQ Tau System

Mathieu et al.(1997 found DQ Tau @2000=04:46:53.06,0,000=+17:00:00.1) to be a non-eclipsing,
double-lined spectroscopic binary, comprised of two nedlit equal-mass stars-0.65M.,) with spec-
tral types in the range of K7 to M1 and a robust orbital peribd ®8043 days. At closest approach,
the binary separation isR. (= 13R.), roughly four times smaller than the B) (=60R-) separation
for V773 Tau A, and less than twice the expected T Tauri statlagnetosphere size 66 R, (Shu et al.
1994 Hartmann et al. 1994 As a result of the binary geometry and magnetospheric mpaEonnec-
tion events have been predicted for this souMathieu et al. 199) but never tested observationally. We
provide evidence that this effect is occurring and that iy ina repeatable and relevant to many similar
T Tauri systems.

The spectral energy distribution (SED) of DQ Tau is fairlpitbal of a CTTS. It is best fit bjviath-
ieu et al.(1997 using a large circumbinary disk of about 0.08202M.,. They find that an additional
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5x 10 1°M,, of warm (~1000 K) circumstellar material close to the stars is necgssaexplain the
near-infrared excess, but not enough to maintain the obdeaucretion rate of 5 10 8 M. yr—1 (see
Hartigan et al. 1996 DQ Tau must be transporting material into its inner regioBoth a broad bright
10um silicate feature (seleurlan et al. 2005 and the absence of strongly blocked forbidden-line tran-
sitions in the receding stellar flow, support optically tinmaterial in a region up to 0.4 AU around the
binary Basri et al. 1997Najita et al. 2008

At optical wavelengths, the system is known to brighten dyn@ag, coinciding with periastron,
either shortly before or at closest approach. The mecharggmiating the optical activity is variable, as
brightenings have been observed for only 65% of periastnoounters, and in isolated events, multiple
brightenings were seen in a single orbM&thieu et al. 199) All brightenings were recorded within
an orbital phase window of 0.30 (or 5 days) centered on a pfisef 0.9, where periastron defines
®=0.0, 1.0 Mathieu et al. 199y This evidence for accretion presents an additional gyzatleed for
most binaries, since a large inner gap is expected to beeddgrthe resonant and tidal forces generated
by stellar movements, thereby quickly isolating a circumalpy disk from one or two circumstellar disks.
The small binary separation of DQ Tau, however, reducesikieéhood of stable circumstellar disks.
These effects combined should speed up disk dissipatiorhatidaccretion processes. Instead, it is
unclear how easily material can cross the predicted gap agdame binaries show inner cleared regions
and others, like DQ Tau, do nalg€nsen et al. 2007

In this context, DQ Tau was the first system to be studied mgesf pulsed accretion flowsAathieu
et al. 1997. Extensive observations of the system’s optical varighéind photospheric line properties
show increased veiling effects, spectral bluenings, eemexg of outflow signatures in spectral lines, and
the double-line structure in Call suggesting that brighieb$hifted material is being emitted near the
surface of the star during an eveBtasri et al. 199). All these effects at periastron are consistent with
pulsed accretion flows based on the theoretical modeBriyimowicz & Lubow (1996 that describe
how the eccentric binary orbit periodically perturbs theéeoulisk, causing material to collect at stable
points near the inner rim and then to stream across the gapevo, the theory does not require the
peak accretion rate to occur near periastron. Instead ibéeas postulated that the accretion mechanism
is further regulated by strongly variable magnetic fielsihieu et al. 199y

4.3 CARMA Observations

We observed DQ Tau at 115 GH=z 2.7 mm) with the Combined Array for Research in Millimeteawe
Astronomy (CARMA) during 5 tracks in April 2008, totaling otrs on-source. The millimeter array,
located in eastern California (USA), provides 150 basslioé 30-350 meters in its C configuration
and records one linear polarization. Our program cycledutjin 5 Taurus sources during each track,
scanning each object for 12 minutes and obtaining 1-6 scansopirce, depending on the track length.
A 5-minute scan of the gain calibrator 3C 111 was includedye$@-24 minutes. Multiple observing
scripts allowed rotation of the source order in each trackhab we could achieve more efficientv-
coverage per source. In addition to the phase calibratiomg8C 111, we observed the planet Uranus
for flux calibration at the start of each track, as well as @ source 3C 84 for passband calibration.

All data were processed using the MIRIAD data reductiorveafe program, optimized for CARMA.
We calibrated each track separately before combining tteeini® a finalu, v-averaged continuum image.
In the inversion step, a natural weighting for the-coverage was applied and cleaning was performed
down to a cutoff of . The continuum maps are a composite of two 500 MHz bands icayvéne
frequency ranges 110.94-111.41 GHz and 114.80-115.27 Giizsponding to the lower and upper
sidebands, respectively.
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4.4 Results and Analysis

In the combined and calibrated DQ Tau image(hours on-source) we achieved a sky rms noise level of
1.45mJy bm?! and a beam size of 1.9% 0.99' toward the Taurus star-forming region, corresponding
to a spatial resolution 0£140-270 AU at a distance of 140 pc. Since we found that theceowas
considerably brighter on 19 April than during any other obaton date (see Figurel), data for that
track were not included in this final continuum image. Andstkiie quiescent values for the other nights
combined then give a peak intensity of 13.3 mJybrand a flux, determined by a Gaussian fit, of 17 mJy.

Review of the unexpected result from 19 April revealed thatlirightening was a real effect. Many
instrumental and data processing errors could be ruledem#use none of the 4 other sources exhibited
a similar effect, the brightening persisted throughout &ee cycles in an 8-hour period, and, the same
observing script was used for 3 of the 5 tracks. The locatioth® peak emission at the time of the
flare is consistent with the coordinates of the binary onights and therefore no background source is
suspected. Finally, while the linear feeds do rotate wihdleking the source, we expect a flare mimicked
by the presence of strong polarization would not only be garte#n the nearly identical tracks of the
adjacent days, but that the emission profile would be morearsstnic about its peak.

To understand the nature of the DQ Tau brightening, we retiaeeh of the track’s five 12-minute
source scans separately to produce individual continuupsmé/e then plotted the maximum source
intensity (Jy bm! of the peak pixel) as a function of time (Figutd). DQ Tau clearly exhibited a
flaring behavior, rising to a maximum brightness~i—2 hours, coinciding with the start of our track,
and shortly thereafter, decaying (roughly exponentialhypughout the remainder of the observation,
returning to half the observed peak intensity within a 2+hmeriod.

In Figure4.1we show the results of performing the same intensity argatysihe individual scans for
three additional sources (our two brightest Taurus sowitesthe gain calibrator). These sources appear
constant in flux for all observations (distributed over 1§gja The same is not true for DQ Tau, which
remains unresolved throughout its brightening event. Akdarightness, its flux during our third scan
on 19 April (JD =2454576.4534) was 468 mJy, roughly 27 tinesguiescent value (Takdel), likely
making DQ Tau the brightest object at 3 mm in Taurus at the tfreur observation if we consider that
the class-defining source T Tau is just5680 mJy at 3mm®@hashi et al. 1996and the bright, extended
source HL Tau is 100 mJyBeckwith et al. 1988 Finally, the flare is in stark contrast to (single-dish)
measurements of DQ Tau that find 125 mJy at 1 mm and 91 mJy atmi.@eckwith & Sargent 1991
Beckwith et al. 1990 Our quiescent value of 17 mJy, on the other hand, is a bgtterthe expected
millimeter spectral slope.

The true shape of the flare onset and its exact peak are lessearéarger error bars for this date
are a result of significant flagging due to strong de-cotigtabn longer baselines, particularly during

Table 4.1 — DQ Tau flux and intensity data at 2.7 mm (115 GHz)
JD (24545004} Intensity (mJybm?)  Flux (mJy)°

76.3330 37.4-15.0° —
76.3923 345.@-19.8 419
76.4534 355.1+11.4 468
76.5132 216.&9.2 284
76.5789 150.%6.1 194
Quiescent 13.315 17

a|ndicates the start of the 12-minute scafrlux determined by a Gaussian fit to the
continuum image® Data point suffers from severe de-correlation on longeeliaes.
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the first half of the track. The gain calibrator, which has serage flux of 3.7 Jy for each track, has
a larger standard deviatiow) for the maximum intensity of each 5-minute calibrator soarthe flare
date (0.257 Jy bm') than, for example, the longest tracks on 13 April (0.095ryH and 21 April
(0.103 Jy bmY). These effects do not compromise the validity of the flatect®on. For comparison,
the two brightest Taurus sources observed hawgead 0.013 Jy bt and 0.006 Jy bm! for their five
12-minute scans during the flare period.

Our flare occurs within the orbital phase window of the knovptical brightenings, although it is
unknown whether DQ Tau flared simultaneously in the optidaing a J[3 value of 2449 582.54- 0.05
and a period of 15.8048 0.0024 days, as published in Table 2Méthieu et al.(1997), we calculate
the phase of the flare peak to be 0.98~af.6 hours before closest approach. If we consider the error
in the orbital period, propagated over 11 years, the flaraah ¢ould have peaked anywhere between
25.4 hours before periastro® E0.93) to 11.0 hours afted=0.03), still well within the window of
optical variability. Our other observations began at algithases of-0.40, —0.09, 0.11, and 0.42 with
respect to the same periastron encounter (corresponding.82, —1.42, 1.74, and 6.64 days to closest
approach), but only the track nearest periastid= 0.02 on 19 April) exhibits a brightening event.
Therefore, we strongly suspect that the millimeter flareoisnected to the binary motions, as well as to
the optical variability, suggesting that this event is lfke be repeatable and even periodic.

45 Discussion

Of the three previous examples of flaring activity, DQ Tawmdrdhe strongest parallel to V773 Tau A
both in system geometry and flare properties. The sim#aritnclude binarity with a fairly equal mass
distribution, high orbital eccentricity, and now an obgeh8 mm flare that is nearly identical in rise time
(~2hours), decay time~(5 hours, if we extrapolate in the case of DQ Tau), peak intgrsi400 mJy),
incidence at periastron, and rati®Z5) of maximum intensity reached with respect to quiescevels
(seeMassi et al. 2006Figure 2). The most significant difference is the lack of@ng accretion around
V773 Tau A as determined by itsdHequivalent width.

In the other examples, the coronal flare observed toward @GMiReduced millimeter activity for
13 days following its intial outburst. And while it achievadsimilar peak flux after distance correction
(seeFuruya et al. 2003Figure 2), the outburst activity does not appear to be geriflike in the case of
V773 Tau A) since only a single radio flare was detected in these of a 7-month monitoring campaign
(Felli et al. 1993. As for ORBS, the radio flare shares a similar rise time anthies active several hours
later when the track ended (sEerbrich et al. 2008Figure 1). Unfortunately, little more is known about
the deeply embedded YSO or its flare activity. Further comparbetween these scenarios and DQ Tau
is difficult, given that we are unable to constrain the emisgiolarization or its extent.

Instead, from the millimeter perspective, the activity wscwithin the window when overlapping
magnetospheres from the binary components are expectedetadt and produce flares like that ob-
served on 19 April. And, in the case of V773 Tau A, similar stir magnetospheric interactions were
responsible for a nearly identical 3 mm flare profile. Howepetsed accretion flows in the DQ Tau sys-
tem also show a periodicity coinciding with periastron. Amlaile magnetospheric interaction is likely to
explain the millimeter flare, the magnetospheres do notgsssthe energy required to power the optical
brightenings with the frequency and duration observed ttapvavelengthsNlathieu et al. 199y

DQ Tau also possesses an additional component, absent Wf7#&Tau A system, which must be
considered: a circumbinary disk. Increased accretion aagteon inherently requires inclusion of a
star-disk interaction. When stars accrete, material isghoto be swept from the (circumbinary) disk,
along the magnetic field lines, and onto the protostatai(et al. 1994 These field lines can be stretched
or compressed during accretion events, changes that capralduce flares. Furthermore, in accretion
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theory, the balance between gas pressure and magnetiangrefien delineates the inner disk boundary.
But when a stable accretion disk is disrupted (due to themyoa motions of a binary) and not available
to compress the star-disk field lines, radio flaring may oocore easily, and over larger distances, as the
field lines roam more freelyBasri et al. 199Y. Increased outflow signatures during optical brightegsing
are consistent with increased field alignment if magnetldsidrive the outflows, and if pulsed accretion
can organize the lines temporarily to power those outfld@es(i et al. 199).

Because of this, the success with each orbit of a dynamidaiNsen pulsed accretion mechanism
could inhibit the incidence of millimeter activity (throngcompression of the field lines), resulting in an
anti-correlation between optical and millimeter flarindtenatively, if the reconnection events provide
a necessary pathway for accretion processes, then thezzaghzature of magnetic fields easily could
explain the variability in the optical flarindMathieu et al. 199and the occurrence of millimeter flares
and optical brightenings is correlated. Finally, the agtlarightenings and the millimeter flares may be
independent, only sharing the common periodicity of thetyirorbit.

Simultaneous monitoring of this system at both optical aiitimeter wavelengths is important for
investigating whether magnetospheric and dynamicalastems between the stars around periastron are
strongly related. Ultimately, core fragmentation duritgrgormation may favor multiple-star systems
like DQ Tau. Binaries comprise 65% or more of the stellar pajan in the middle of the main-sequence
(Duquennoy & Mayor 1991 And because planets have been detected around binBgeger{berger
et al. 2004, there is an established need to study these systems aimdghet of magnetospheric inter-
actions and variable accretion processes on disk evolution

4.6 Conclusions

The PMS spectroscopic binary, DQ Tau, has a highly ecceothit that should allow the stellar mag-
netospheres of the two components to interact at each perigzassage. We serendipitously observed
evidence of this activity in a flare at 3mm, the first detectesbad a CTTS. The maximum inten-
sity recorded (355 mJy bnt) was 27 times the quiescent value (13.3 mJyBmn The observed peak
occurred roughly 7.6 18.2) hours before periastron @t=0.98+ 0.05, lasted several hours, and co-
incided with the average orbital phase £ 0.9) of the well-documented, periodic optical brighteysn
Whether a simultaneous optical flare occurred is unknown.

The system’s optical brightenings are consistent with tie®ty for pulsed accretion from the cir-
cumbinary disk onto the protostellar surfaces, regulatedhk binary orbit, and perhaps assisted by
magnetospheric interactions. The role of the magnetosplairing accretion events can now be studied
observationally using methods establishedMgssi et al.(2006 2008 in the analysis of V773 Tau A,
the first example of coronae interactions between pro®staere the authors were able to resolve the
extent of the emitting region and the emission mechanismgugery long baseline interferometry and
polarization measurements. A similar observing programediat DQ Tau offers a unique opportunity
to study star-disk interactions and reconnection evenggtlly, and to test if magnetospheric interactions
are necessary to facilitate periodic accretion.

Our findings also offer a small caution for millimeter flux pts in SEDs that could contain unrecog-
nized flare contributions if measured only once, with thesioonsuming nature of observations at these
wavelengths leading to a paucity of follow-up measurements
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Chapter 5

Recurring Millimeter Flares as Evidence for
Star-Star Magnetic Reconnection Events In
the DQ Tau PMS Binary System

Observations of the T Tauri spectroscopic binary DQ Tau inil/008 captured an unusual flare at
3 mm, which peaked at an observed maximum flux-6f5 Jy (about 27 times the quiescent value).
Here we present follow-up millimeter observations that destrate a periodicity to the phenomenon.
While monitoring 3 new periastron encounters, we have deddtares within 17.5 hours (or 4.6%)
of the orbital phase of the first reported flare and constththe main emitting region to a stellar
height of 3.7—6.&,. The recorded activity is consistent with the proposedupector synchrotron
emission initiated by a magnetic reconnection event whentwo stellar magnetospheres of the
highly eccentric ¢=0.556) binary are believed to collide near periastron assthrs approach a
minimum separation of B, (~13R;). The similar light curve decay profiles allow us to estimate
an average flare duration of 30 hours. Assuming one millinfetee per orbit, DQ Tau could spend
approximately 8% of its 15.8-day orbital period in an eledafiux state. These findings continue to
serve as a small caution for millimeter flux points in spdareergy distributions that could contain
unrecognized flare contributions. Our analysis of the milier emission provides an upper limit of
5% on the linear polarization. We discuss the extent to whigeverely entangled magnetic field
structure and Faraday rotation effects are likely to redne®bserved polarization fraction. We also
predict that, for the current picture, the stellar magngheses must be misaligned at a significant
angle or, alternatively, that the topologies of the outegneiospheres are poorly described by a
well-ordered dipole inside a radius ofR{. Finally, to investigate whether re-organization of the
magnetic field during the interaction affects mass acanetice also present simultaneous optical
(VRI) monitoring of the binary, as an established traceramfration activity in this system. We find
that an accretion event can occur coincident in both timedamdtion with the synchrotron fallout of
a magnetic reconnection event. While the pulsed accretehanism has been attributed previously
to the dynamical motions of the stars alone, the similaritietween the millimeter and optical light
curves evoke the possibility of a causal or co-dependeatioelship between the magnetospheric
and dynamical processes.

D. M. Salter, A. Kspal, K. V. Getman, M. R. Hogerheijde, T.van Kempen, J. M. Carpenter, G. A. Blake,
and D. Wilner
Astronomy & Astrophysi¢$21, 32—49 (2010)
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5.1 Introduction

Pre-main-sequence (PMS) stars are characterized by Nigyiabmost wavebands. At millimeter wave-
lengths, however, the dominant emission process is theaditithin, thermal radiation from the dust
located in a circumstellar disk. The integrated flux is tfemee a measure of the total amount of cold
circumstellar material, which evolves on timescales ofgildy 1 years. Before the discovery of the
first strong millimeter flare toward the young stellar obje¢E0O) GMR-A in Orion Bower et al. 2003
Furuya et al. 2008 pronounced short-term millimeter variability was undoented even though radio
variability is well known toward YSOs (e.&tine et al. 1988White et al. 1992 The lack of millimeter
variability studies in the literature is in large part duethe time-consuming nature of observations at
these wavelengths, leading to few follow-up measuremékgs result, DQ Tau is only the fourth YSO
to be recognized in outburst at millimeter wavelengths. ifit&l serendipitous detection occurred dur-
ing an 8-hour observation on 2008 April 19, when the sour@gghtened at 3mm (115 GHz) in a matter
of hours to reach a maximum detected flux of 468 mJy, in coraparto a quiescent value of 17 mJy
in the adjacent daysS@lter et al. 2008Chapterd). The flare mechanism was attributed to synchrotron
emission from a powerful magnetic reconnection event, gobbdue to the colliding magnetospheres of
the binary components near periastron; and similar in edtuthe interacting coronae evidenced toward
another millimeter-flaring PMS star V773 Tau Méssi et al. 20022006 2008.

DQ Tau @2000=04:46:53.06,00000=+17:00:00.1) is a double-lined spectroscopic binary that co
sists of two relatively equal-mass staxr)65M,) of similar spectral type (in the range of K7 to M1); as
summarized in Tablg.1 Its highly eccentricé= 0.556) orbit means that the two stars approach to within
8R, (~13R:) at periastronathieu et al. 199} This makes the system unique in terms of magnetic
reconnection events because the minimal separation ofrieytis on the order of the theoretical T Tauri
stellar magnetospheric radius bR, (Shu et al. 1994Hartmann et al. 1994 This radius is generally
defined as the range within which the stellar magnetic figlddiremain closed, meaning that the field
lines both begin and end at the stellar surface. As a rekeltgéometry of the system alone predicts an
overlap of the two magnetospheres at each periastron evahgs the stars approach one another it may
become energetically more stable for the fields to brieflygmeéogether. Field lines rooted on one star
break and instantly reconnect with the field lines rootedr@ndompanion, releasing magnetic energy
into the surrounding region in the proce¥agyliunas 1975Hesse & Schindler 1998

Magnetic reconnection events like these are still a poanjeustood phenomenon. They occur most
notably within the solar corona when oppositely-directeddflines are forced together, typically above
magnetically active regions where closed magnetic logpsh@red in sunspots, interact with one another
(Haisch et al. 1991 The associated millimeter emission is explained as tiperpwsition of a gyro-
synchrotron spectrum with synchrotron emissiayfmann et al. 1986 powered by the re-organization
of the field lines as they relax into a lower energy state. $blar analogy helps form the basic principles
for our stellar scenarios, which can also include magneteractions between a star and its accretion
disk or a star and a planet forming within its circumstellakdPhillips et al. 1991 A consistent flare
timing near periastron, however, is a strong indicator twdlh stellar magnetospheres—as the strongest
and most stable magnetic structures in the binary systera-eamtributors to the transient millimeter
activity seen toward DQ Tau.

Here we report on 3 additional flares captured toward thiesyand discuss what these events mean
for the current interpretation of a periodic, star-star n&lg reconnection phenomenon. Our aim is to
constrain the nature and regularity of the millimeter emissnechanism by addressing variations in
the timing of the flare during the orbit, the duration of thedkg their peak strengths, and the degree of
polarization present. For the most recent millimeter flXreay observations were performed in parallel
and these will be discussed separatelsgtman et al(2010, submitted In addition, periastron events
in this system are characterized by variable accretiortgursost likely driven by the dynamical motions
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Table 5.1 — DQ Tau Binary System Parameters

System Parameter Value  Source
Stellar RadiusiR-] 1.6 1
Stellar Mass ] 0.65 1
Rotation Period [days] ~3 2
Orbital Period [days] 15.8043 1
Orbital Eccentricity 0.556 1
Inclination [] 157 3
Periastron SeparatioiR}] 13 1
Apoastron Separationr[;] 56 1

Sources 1. Mathieu et al(1997); 2. Basri et al(1997); 3. Boden et al(2009.

of the binary component®¢tymowicz & Lubow 199§. Therefore, a secondary goal of this work is to
explore the relative timing of the two interactions, dyneahiand magnetospheric, acknowledging that
the two mechanisms may exist independently and only shareaimmon periodicity of the binary orbit.
To probe the accretion mechanism we present and analyzdtairous optical photometry measure-
ments, which have been shown to be excellent tracers of dretamn activity in this system (seasri

et al. 1997 Mathieu et al. 199y

5.2 Observations and Data Reduction

5.2.1 Millimeter Interferometry

In the follow-up millimeter observations presented here chvose to observe at slightly lower frequencies
in the 3mm band (90-95 GHz) than those specified during thialidiscovery (115 GHz). This strategy
takes advantage of greater instrument sensitivities wVeaver frequencies and the higher ratio of non-
thermal to thermal emission expected toward longer wagthsn We also supplement the 3 mm band
data with a simultaneous observation in the 1 mm band (238 Gidarder to probe the spectral slope of
the transient emission. The technical details for eachimelier data set—all scheduled for observation
in the 24-hour period before a periastron event—are sunzetiin the text below and in Talkbe2
While each millimeter facility may respond differently tdegh degree of polarization as its linear feeds
rotate while tracking the source, we show in Seciagh2that the polarization fraction is minimal and
therefore does not affect the measurements presented here.

IRAM PdBI! Located in the French Alps, the IRAM Plateau de Bure Interfegter (PdBI) is a 6-
element millimeter array capable of measuring two linedafmation directions. We observed DQ Tau
at 90 GHz & 3.3 mm) on 3 separate UT dates: 2008 December 28—-29, 200hM@rand 2010 Jan-
uary 11-12. Each observation (or track) was approximatélguds in length and, aside from the array
configuration on each UT date, the observations had idémécaiver setups of 2 1 GHz (V+ H dual-
polarization) in full-bandwidth mode (4 320 MHz overlapping quarters). The same standard calibra-
tion method was applied to all three tracks: we used the rsmimce 3C 84 for both the passband and
flux calibration, and we observed the gain calibrators 030B+a polarized source) and 0446+112 for
2.25 minutes (45 seconds3 scans) each between every 22.5-minute (45 secofsscans) on-source
observation. All data sets were processed using the GILDRAIE @nd MAPPING reduction software,
developed by the Grenoble Astrophysics Group. To extraefltix density, we assumed a model for
a point source and we averaged the weighted visibilitiesafidpaselines in 90-second time steps. The

1IRAM is supported by INSU/CNRS (France), MPG (Germany) a@i (Spain).
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error bars displayed per flux point represent timedeviation from the average value. Finally, maps for
each track were produced using a natural weighting in thergiwn step, and Hogbom cleaning was
performed down to the rms level of the dirty maps.

CARMA? We observed DQ Tau with the Combined Array for Research ififter-wave Astron-
omy (CARMA) on UT 2010 January 12 in the 3mm band. This obs@&meoverlapped for 1.5 hours
with the end of the third IRAM track, providing continuousvesage on this date for an 18-hour pe-
riod during a simultaneou€handraX-ray observing campaign (sé€getman et al. 2010, submitfed
Located in eastern California (USA), CARMA is a heterogarsmterferometer comprised of 23 an-
tennas: six 10.4-meter telescopes from the Californiatinstof Technology/Owens Valley Radio Ob-
servatory (OVRO), nine 6.1-meter telescopes from the Beykidlinois-Maryland Association (BIMA),
and eight 3.5-meter telescopes from the University of GlosaSunyaev-Zel'dovich Array (SZA). Our
program was executed while the antennas were being moveaf tie CARMA B configuration, and
only 10 of the 6-meter and 10-meter antennas were availabjgdvide baselines between 117 and
946 meters. We used the CARMA Paired Antenna Calibratione®ys (C-PACS) to compensate for the
rapid phase fluctuations on the long baselines. In the C-P&638rving mode, the CARMA 6-meter
and 10-meter antennas observe the phase calibrator andes¢agget as for normal interferometric ob-
servations. Simultaneously, the CARMA 3.5-meter anterot®rve a bright source at a frequency of
30 GHz to monitor the atmospheric fluctuations. The obseplexse fluctuations at 30 GHz were then
used to calibrate the observed phases toward DQ Tau, anebtheeduce the flux loss due to atmo-
spheric de-correlation on the longer baselines. A detal&stription of C-PACS and the data reduction
procedures are presentedR@rez et al(2010. For our observations, the observing cycle consisted of
3-minute observations of the gain calibrator 053@5 by both sets of antennas. Then, while the 6-meter
and 10-meter antennas observed DQ Tau for 15 minutes, the&ér antennas observed the calibrator
0440+146. We used 3C 273 for the passband flattening and Uranusufocdlibration. The correlator
for the 6-meter and 10-meter antennas was configured witle 500 MHz bands (or 1.5 GHz) per side-
band that covered the frequencies 89.2—90.7 GHz in the Isideband and 94.2-95.7 GHz in the upper
sideband. The data were processed using the MIRIAD datatiedusoftware program, optimized for
CARMA. In MIRIAD we useduvfit for a point source to determine the flux value and error foetim
intervals of 5minutes. For mapping we again used a naturahting for theu,v-coverage in the in-
version step and cleaning was performed down ta {\Bhereo is the theoretical sensitivity) using the
mossdiZpackage.

SMA?3 The Submillimeter Array (SMA) is an 8-element array locatedthe summit of Mauna Kea
in Hawaii. We observed DQ Tau at the higher frequency of 2834z (~ 1.3 mm), also on 2010 January
12, to achieve an 8-hour overlap with the CARMA track. Theywas in its ‘Extended’ configuration,
providing 27 baselines spanning 34 to 225 meters. The 4 GHdvladth was uniformly sampled with
128 channels per chunk and a total of 48 chunks. At the staineohight, the opacity was measured in-
dependently and the precipitable water vapor (PWV) wasweséid to be around 1 mm, rising to 1.3 mm
at the end of the track. Scans were shortened to 15 seconlisiwttie extended configuration, and the
source was observed for 7.5-minute integration loops. e calibrators 0423018, 0536-135, and
0510+180 were observed for 3 minutes after every on-source lody fllix scale was checked every
3 hours with an observation of Uranus or Mars, and the cabbraC 273 was used to correct for the
passband. The data were reduced using the MIR package fompilided by the Smithsonian Astro-

2Support for CARMA construction was derived from the state€alifornia, Illinois, and Maryland, the James S. McDon-
nell Foundation, the Gordon and Betty Moore Foundation Kibeneth T. and Eileen L. Norris Foundation, the University o
Chicago, the Associates of the California Institute of Testhgy, and the National Science Foundation. Ongoing CARMA
development and operations are supported by the Nationah&c Foundation under a cooperative agreement, and by the
CARMA partner universities.

3The Submillimeter Array is a joint project between the Smithian Astrophysical Observatory and the Academia Sinica
Institute of Astronomy and Astrophysics and is funded byShathsonian Institution and the Academia Sinica.
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physical Observatory, and subsequently analyzed usingwuiitgpackage of the MIRIAD data reduction
software program.

5.2.2 Optical Photometry

Optical monitoring of DQ Tau during the first IRAM track on Z2®ecember 28 was performed si-
multaneously from the Wellesley College 0.6-meter telpsco Wellesley, MA (USA) and the IAC80
0.8-meter telescope of Teide Observatory, located in thefyaslands (Spain). Optical coverage in 2
locations allowed us to monitor DQ Tau throughout the 8-hwillimeter track, and for several hours
thereafter. We also obtained simultaneous optical (Teade) millimeter (IRAM) observations for the
final follow-up observation on 2010 January 11. To compleédptical characterization of DQ Tau, ad-
ditional monitoring was carried out from Wellesley and fréeide Observatory in the one-month period
from December 2008 to January 2009 (covering the weeksdafut after the first millimeter follow-up
observation). For part of the observations at Wellesley,3Was a visiting astronomer, while the ob-
servations at Teide Observatory were executed in servickeras part of the IAC80 EXTRA observing
program for small projects. A complete listing of the opticeeasurements is provided in Tal#\e2.

The detector used during the Teide observations was CAMEB@D48x 2048 back-illuminated
CCD chip with a 0.304 pixel scale, corresponding to a 10:410.4 field of view. The detector on the
Wellesley telescope was a 10241024 CCD chip with a field of view of 15.6«< 15.8 and a pixel scale
of 1.829 (after binning by 4). We used the standard Johnson V, R, arigisfiat both telescopes. All
data were reduced using the IRAF data reduction softwareeiistandard way with flats, biases, and for
the Wellesley data set, darks. Images with each filter wetairmdxd in blocks of 3 frames. The frames
in one block were shifted and co-added. Aperture photonveayperformed in IDL using thentrd and
aper procedures on the co-added images. We used an aperturena8tipiael radius for the Wellesley
data and a 15-pixel radius for the Teide data.

In order to convert instrumental magnitudes to the stanggstem, we observed the equatorial stan-
dard stars HD 65079 and GD 50 at different airmasses on 2008rteer 25 and 28 at Wellesley. Atmo-
spheric extinction coefficients and zero-magnitude offaedre calculated by comparing our instrumental
magnitudes above the atmosphere to the standard values litetiature Menzies et al. 1991Landolt
1992. These corrections were then applied for six comparisars $h the vicinity of DQ Tau, observed
on the same two nights. The comparison stars are identifi@dseimple optical image in Figufel,
and their final absolute magnitudes are provided in TAllle We estimate a photometric uncertainty
of about 0.5 magnitudes. Two of our comparison stars (#4 &dwvére included in th®roege et al.
(2007 study, and they have a very low Welch-Stetson variabilityex, confirming that they are suffi-
ciently constant to be used as comparison stars. The absoagnitudes that we derived for these two
comparison stars agree to within 0.2 magnitudes with the@l@gtvalues Droege et al. 2007 Since all
six comparison stars are bluer than DQ Tau, we did not attéongétermine a color term, but simply
averaged the differential magnitudes obtained with the&simparison stars. Using this method, we esti-
mate that the precision of the repeatability is 0.05 magleis, meaning that we take changes in the light
curve larger than the precision value to be real.

5.3 Results and Analysis

5.3.1 Millimeter Flare Properties

For all millimeter tracks, DQ Tau remains unresolved atialks. Given a distance of 140 pc to the Taurus
star-forming regionKenyon et al. 199% and a maximum instrument resolution of‘0(Table5.3), we
can already constrain the millimeter emission to a regiaghiwil00 AU of the binary. The corresponding



Table 5.2 — Millimeter Observing Log

UT Date Observatory  Array Antennas Baselines v, Bandwidth H.A.Range  Optical X-ray
[track start] Config. [R] [GHZ] [GHZ] [hrs] Coverage Coverage
2008 Dec 28 IRAM B 1,2,4,5,6 26-136 90.0 1.0 -29t05.3 Yes No
2009 Mar 17 IRAM C All 7-53 90.0 1.0 —4.1t04.1 No No
2010 Jan 11 IRAM A All (Ant. 4 fails at 22:30h)  48-228 90.0 1.0 -26t05.9 Yes Yes
2010 Jan 12 CARMA B 1,2,3,4,5,8,9,10,13,14 36-292 92.5 3.0 —3.2t05.2 No Yes
2010 Jan 12 SMA Ext. All 27-179  238.5 40 —-3.7t04.8 No Yes
Table 5.3 — Millimeter Track and Light Curve Statistics
UT Date Track ID Beam Size v Fstart  Fend Oavg Linear Orbital Phase Hours from t=0
[ [GHz] [mJy] [mJy] [mJy] Polariz.  Coveragel] Periastron (0.0) @]
2008 Dec 28  DecO08-IRAM  1.341.02 90.0 43.0 20.2 1.2 <4.65% —0.02to00.00 —6.8t01.5 —0.056
2009 Mar 17  Mar09-IRAM  3.3%2.79 90.0 126 16.9 11 <815% -0.03t0—0.01 -13.7t0o—5.3 —0.007
2010 Jan 11 Jan10-IRAM 1.320.70 90.0 624 29.2 1.1 <7.60% —-0.04t0—0.02 -—-14.4t0—6.5 —0.067
2010Jan 12 Janl0-CARMA 0.8&/0.67 92,5 30.3 124 3.9 - —0.02 t0 0.00 —7.2t01.1 -0.067
2010 Jan 12 Jan10-SMA 1.251.00 2385 956 852 5.6 - —0.01t00.01 —4.7t03.6 —0.067
2008 Apr 19 Apr0O8-CARMA 3.66<1.00 113.1 468 194 - —0.02t0—-0.01 —-8.7t0o—2.7 —0.020
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Figure 5.1 — The millimeter fluxes versus time for DQ Tau, as observed wWithIRAM PdBI, CARMA, and SMA on 2008 December 28-29 (uppé),|2009
March 17 (upper right), and 2010 January 11-12 (lower paidifluxes have been determined from a fit to the visibilitiessng a point source model. Each IRAM
data point represents an on-source time interval of 1.5t@mdhe CARMA and SMA (divided by 2.5) values are for 5-mauitervals. The light curves reveal a
(track-averaged) quiescent flux level of 13 mJy at 90 GHzrdutlie March IRAM observation and 97 mJy at 238.5 GHz for thruday SMA observation. During
the December and January observations, we caught the fleag ghase and fitted an (identical) exponential decay wite-foiding time of 6.55 hours (solid red
line) to both light curves. We note that the fit does not appiye initial decay of the original April 2008 light curve és8ectiorb.3.1). The March observation only
indicates elevated activity near the end of the track, whiettake to be the start of a flare. In the upper right-hand carheach panel, we give the (unresolved)
continuum images for the entire track where the continuuntaars are drawn for@ levels and each is of the order 1 mJy brr.
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light curves and track statistics retrieved from the datiaiction are plotted in Figure 1and summarized
in Table5.3

In the follow-up observing campaigns, we report confirmexvaied millimeter activity showing a
clear decline in brightness with time on 2008 December 28281@ January 11 (hereafter abbreviated
as the ‘Dec08’ and ‘Janl10’ periastron events). The actisitgports a periodic behavior linked to the
binary orbit. However, the variable nature of the magndiesgs, and in particular their tendency to
fluctuate in size, means that the exact timing of a flare is rgtaledably difficult to predict. On 2009
March 17 (hereafter the ‘Mar09’ event) the light curve isaggient until the last hour of the track when it
increases in brightness to 1.5 times its quiescent valughi&\point the source was nearing an elevation
of just 15, but since the gain calibrator remains at a reliable elemative might only expect bpssin
source flux at such a low elevation. Therefore, we concludettie brightening is a real effect and very
likely the start of a flare, occurring a mere 6 hours later tharhad predicted. It is certainly unlikely in a
(magnetospheric) collision scenario that a significanefauld have occurred much earlier in the orbit
when the stars are at a much greater separation. In thisdretfy@rincompletely-observed onset could
raise questions as to whether the millimeter flares share marommon with the optical brightenings,
which have been shown to occur for most but not all periastrmountersNlathieu et al. 199y

To calculate the timing of each periastron event, we usedrbieal parameters determined blath-
ieu et al.(1997), specifically JI3 =2 449582.54- 0.05 andP = 15.8043+ 0.0024 days. We note that a
revised period has since been publishedHoyerta et al(2009, where their more recent data suggests a
shortening ofP to 15.8016+ 302. This new period is within the initial error bars of the origl, con-
firming the overall robustness of the orbital period, butriberer value is itself less precise. In Figar2
we illustrate how the assumed period affects the perceineidd of the flares within the orbit. Along
one orbital path, we highlight the section that would cqueesl to our millimeter observations for each
proposed period. The original period indicates that ouenlel events occur as the stars approach one
another, whereas the revised period consistently plagestiberved activity at or after periastron. Due
to the irregular nature of the magnetic fields, our data cedifferentiate between the correctness of one

DQ Tau

- / P=15.8016 d
2 000

P=15.8043 d
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Figure 5.2 — The effect of the assumed orbital period on the estimateih¢jrof the flares. A cross indicates the
barycenter of the binary system while ellipses trace outéfrgrade motions of the binary components. Along
one ellipse, we highlight the orbital segment covered bydhservations, as determined for each period. On
the other ellipse, we indicate the point in the orbit whenttigger event is presumed to have occurred for each
periastron monitored. We use blue circles for khathieu et al (1997 value of 15.8043 days and red squares for
the 15.8016-day period frotduerta et al(2009. Set at a greater distance from periastron, we indicate &(AT
and DQ Tau B drawn to scal®(=1.6R:) with an accompanying magnetospheré&sf5R,.
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Figure 5.3 — The 3 mm band light curves are shifted along a common exp@heetay curve with an e-folding
time of 6.55 hours. For a zoomed-in version of how well the edditis the decays from Dec08 and Jan10, please
refer back to Figuré.1 Based on this fit, we loosely establish the upper limit on\arage flare duration to be
30hours.

period over the other. And, in fact, flares both before aneraferiastron are possible, as we discuss in
Sectiorb.4.3 Instead, we suspect that the most energetic events inyttisns are more likely to occur
during the initial interaction, upon approach. Therefdhe orbital phases reported in Tabl&—and
throughout this paper—are calculated using the origindbpeof P=15.8043 days.

In none of the follow-up observations do we succeed in cagux single flare in its entirety. The
longest continuous coverage is for 18 hours in January 20 EhWRAM, CARMA, and SMA observed
DQ Tau in succession. The source remains in an elevated #texat 90—95 GHz for the duration of this
joint observation, but appears quiescent (within the nt@sels) at 238 GHz. The Jan10-SMA track-
averaged flux at 238 GHz is 97 mJy versus 13 mJy at 90 GHz dureguiescent portion of the Mar09-
IRAM track. Together, these flux values define a millimetercipal indexa of ~2, which is consistent
with thermal emission from an optically thick disk. DuringetJanl0 flare, however, the starting flux
measurements at SMA (97 mJy) and CARMA (30 mJy) document @fil.2, providing strong evidence
for the presence of non-thermal emission (see Sebtibn).

Since DQ Tau is only above the horizon for 8-10 hours at angrgsite, each observation date
covers an even smaller window of the recurring activity. ldoer, the separate flare events from Dec08
and Jan10 exhibit very similar flux levels and large-scaleagleorofiles. When we independently fit an
exponential curve to the decaying flux intensities from badkes (shown atop the data in Figbré),
we found identical e-folding times of 6.55 hours. (We wiltunn to their sub-structure shortly.) If the
same e-folding time holds for more (or even all) flares, thechendividual observation could loosely
correspond to a different portion of the same decay curvais Ry shifting the separate flare profiles
with respect to one another, as is shown in FiguB2we can attempt to re-construct an “average” flare
profile. We can even place constraints on the duration of #douost if we know the peak flux for each
flare. With only one peak flux for reference, we extrapolagegkponential fit back through the last flux
value from the original Apr08 event. In this way, we estimaféare duration of approximately 30 hours.

This calculation for the flare duration should be regardetth dme caution, and taken as an upper
limit only in most cases. First, the initial decay slope doling the strongest outburst in Apr08 is much
steeper than the long steady decays observed in Dec08 atfdl Jsa result, a disjointed superposition
of two decay profiles, rooted in two separate energy dissipqirocesses, may prove a better model and
ultimately shorten the flare length. (In Sectld.1we discuss these loss mechanisms further.) Secondly,
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the assumption of a similar peak flare intensity from onegsémn to the next is one property where we
lack sufficient millimeter data. To reinforce this idea, sitaneous X-ray observations during the Jan10
event indicate only a relatively weak X-ray flare; one thatasdly powerful enough to expect a radio
counterpart with a peak flux as explosive as the original 8m@@ent Getman et al. 2010, submitied
Finally, it is improbable that the peak fluxes are identidaeg the complicated nature of the magnetic
fields, the dependence on the ionized particle reserveimtagnetic energy released during an event, as
well as the diversity that we can already document in theydpoafiles. However, this method provides
some necessary constraints to characterize the millinaetiévity. In turn, for a 15.8043-day period
assuming one 30-hour flare per orbit, we suspect that DQ Tad spend up to 8% of its time exhibiting
excess flux that is unrelated to the thermal continuum earigsom its circumbinary disk.

If we take this analysis one step further, we can use thewvelaffsets from Figur&.3 (e.g.~13.5
hours for Jan10 ang'17.5 hours for Dec08) to estimate the orbital ph&ser the initial outburst event
(ort=0). These are the orbital points indicated along the seedip$e in Figures.2, and in numerical
form in Table5.3 (Column 10) wherab=0.0,1.0 defines periastron. If we now continue to assurmnte tha
the Mar09 track signals the start of a large flare, then th&Qamd Mar09 flares exhibit the largest
separation in orbital phase, suggesting an outburst eviertlow of ~22 hours (or~6% of the orbital
phase). Physically, this window encompasses a stellara@paof 8—13R, and is equivalent to roughly
one-third the time needed for the stars to swap positionatahe system center .8 days;Basri et al.
1997. In Figure5.4 we plot the millimeter flux versus the orbital phase for aicks, to show how the
elevated activity shifts back and forth in the orbit, yet sistently occurs in the day before periastron
(—0.06< @ < 0.0). Together, the estimated flare duration plus the viariatbital timing for the outburst
event, define a window of breadth 52 hours {@2.2 days) when the millimeter flux may exceed the
thermal quiescent value.

While the similarity in the large-scale decay times for bBi#c08 and Janl0 is quite striking, the
curves show sub-structure that is rather diverse. DuriegAthrO8 and Dec08 events, we captured a
smooth exponential decay, exhibiting only very small vigwizs in the measured flux values. The Jan10
light curve, however, features a sharp break in the genewydprofile one hour into the observation,
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Figure 5.4 — A plot of the 3mm band fluxes versus orbital phase, illustatiow the activity shifts around
slightly in the orbit. An orbital phas& of 0 defines periastron. The shaded region indicates theepia®rage
for the initial Apr08 flare and is equivalent to 8 hours. Dyrithe Dec08 and Jan10 follow-up observations, the
flare occurred earlier in the orbit, while the Mar09 follow-abservation may have occurred later, but not earlier
(at least not within the previous day).
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Figure 5.5 — The VRI photometry values wrapped with the 15.8043-daytaltperiod for DQ Tau, where
@®=40.5 indicates apoastron arel=0 is periastron. The optical brightenings occur within d&y window
near periastron, as was first shownMsthieu et al.(1997). Filled symbols represent data taken with the Teide
IAC-80 telescope and unfilled data points are from the Wel{etelescope. Horizontal lines indicate the quiescent
absolute magnitude per filter.

initially dropping more rapidly before giving rise to a mgidsecondary peak, and then finally resuming
the original decay profile. (We note that the 2-hour gap indha&& during this time was the result of
an antenna error, and that the observations quickly reswmitedut the faulty antenna.) We interpret
the sub-structure from Jan10 to be due to a secondary eirrmg about 15 hours after the estimate
for the initial outburst, and involving a smaller energyesse than the preceding flare. In fact, this
occurrence of successive events suggests that a seriebélgly less powerful) flares can take place,
possibly in lieu of one giant outburst.

Additional small-scale variations in the total flux densiine likely due to atmospheric and instru-
mental effects. Larger systematic changes can help usotestrong linear polarization using the new,
dual linear polarization receivers available at IRAM PdBkcombination with Earth rotation polarime-
try, as described ifirippe et al.(2010. There the authors show how the difference in flux between th
two orthogonal polarization feeds, divided by their sumargifes in a systematic way when a linearly
polarized source transits. Unfortunately, this technigneé the instrumentation available does not allow
us to constrain the presence or amount of circularly padriight. Using this method in the absence of
detecting all 4 Stokes parameters, we determmei@per limits of 4.65% and 7.60% for the linear polar-
ization during the flare decay phases from Dec08 and Jandectvely. During the quiescent Mar09
track, our upper limit is 8.15%. In Secti®¥.2 we discuss the implications of the linear polarization
fractions for the proposed picture and the emission meshani

5.3.2 Coincident Optical Brightenings

DQ Tau is perhaps best known as the first system to be studitatnms of pulsed accretion flows to
explain its optical variability near periastron. The bin&as therefore been characterized extensively
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Figure 5.6 — A plot of the VRI photometry values for the Julian dates frormcBmber 2008 through January
2009, as well as January 2010. The shaded columns indicasstpen events. The source brightens irregularly
prior to all four newly documented periastron encounters.

at optical and near-infrared wavelengths, using both phetdc and spectroscopic observatiokiefbst

et al. 1994 Mathieu et al. 199;/Basri et al. 1997Huerta et al. 2005Boden et al. 2000 In TableA.2, we
provide the photometry results from our own observing cagnsain December 2008, January 2009, and
January 2010. We note here that when we compare the Teiddhanlellesley data obtained on 2008
December 28—the only night for which the two telescope olz&ms overlap in time—we find a slight
offset between the magnitudes obtained with the two tefsssavhich is within the uncertainties stated
in Sectionb.2.2 Consistency can be achieved by subtracting 0.08 mag frellesley V magnitudes
and 0.05 mag from the Wellesley R and | magnitudes. We emghéisat, while the photometry table
does contain the originainshifted magnitudes per telescope, we have shifted theaeadabrdingly for

all plots displayed here for the purpose of our analysis hedliscussion that follows.

In Figure5.5 we plot our photometry values first as a function of the otlptaase® for all three
optical filters. In the optical V band, the source is known tmlten by~ 0.5 mag within an orbital
phase window of breadth 0.30 (e/5 days), centered on a phase-dd.1 (or about 1.6 days before clos-
est approach). The V filter always shows the greatest ardplitlhange, but the variations are mirrored
in all filters. This “bluening” effect caused by increasedliug is just one of the expected results from
the ongoing accretion process&aséri et al. 199Y. We also observe the same 5-day activity window
for the optical brightenings, which is a window 2.3 timesdaer than the millimeter window docu-
mented thus far. Our photometry results are indeed consigtigh previous studies (sédathieu et al.
1997, Figure 4). One unique feature in our data, however, is tipagmt double-peaked nature of these
most recent brightenings, indicating a clustering of ewembund two phases. We caution against over-
interpreting this effect since the data set is sparselypszan covers only 4 periastron encounters, and
is heavily dominated by the DecO8 event in particular (sepifeb.6). Nevertheless, the behavior is
intriguing given the emerging picture for star-star reagtion events, and we will return breifly to this
result in Sectiors.4.4
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Figure 5.7 — A plot showing the simultaneous millimeter (upper panel) aptical (lower panel) coverage for
the Dec08 periastron encounter. A thin gray horizontal Imeach panel represents the quiescent value. The
optical light curve begins to brighten the night beforeureing to quiescence in time with the millimeter decay.
We indicate with a thick vertical line= 0 for the estimated time of the trigger event, assuming anage 30-hour
flare. In this case, the optical activity appears coincidebbth time and duration with the millimeter activity.

In Figure5.6we unwrap the optical data and show the results of continowrstoring from Decem-
ber 2008 to January 2009, as well as several measurememgdamuary 2010. We indicate the absolute
magnitude versus Julian Day, where the bi-weekly periagk@nts are indicated with a shaded column.
The source is found to increase in brightness in the daysngag to each of the 4 periastron encoun-
ters that we monitored, even though optical brighteningeewet seen for all encounters monitored by
Mathieu et al.(1997. Of particular interest are the second and fourth shadearoes in Figures.6 (at
JD =2454829 and 2455 221, respectively), which representdltes for the Dec08 and Jan10 observa-
tions, confirming coincident optical and millimeter adyvon each date. No optical data is available for
Mar09 and Apr08, corresponding to a time of year when thecsoisrbelow the horizon at night.

The Dec08 event offers the most extensive simultaneousadoverage. In Figurg7 we show
how the optical and millimeter outbursts are related in ti@a the night before the millimeter track, the
optical light curve begins to brighten. During the millireetlecay the following night, the optical light
curve decreases in step with the millimeter flare. This heigimg and subsequent decay shows that the
optical activity is not only coincident in time, but also inrétion, with the average millimeter profile.

5.4 Discussion

5.4.1 Signatures of Synchrotron Emission

The millimeter emission is almost certainly non-thermabdiigin given the sudden flare onset and the fast
decay time. In the solar analogy, it is generally acceptatlttiis type of extraneous emission from high-
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energy electrons is synchrotron in origin, and that emisatshorter millimeter wavelengths results from
the most energetic (MeV) electrorSilva et al. 200Y. We eliminate non-relativistic cyclotron radiation
as a primary emission process because the magnetic fiaidttneequired to produce cyclotron emission
(B=2mme/q) at 90 GHz is 30 kG; increasing to 80 kG at 238 GHz. These valtemuch larger than the
1-6 kG surface field strengths expected (or measured) fos @&enther et al. 1999ohns-Krull 2007.
Instead, the electron population probed by our observatioost possess mildly to highly relativistic
properties, representing gyro-synchrotron and synatmatadiation mechanisms, respectively.

In this subsection, we follow closely an analysis similarthat presented iMassi et al.(2006
for synchrotron emission from the interacting coronae o7¥Tau A. We model the outer (large-scale)
structure of the DQ Tau magnetospheres to be well-ordengoledi and we take the magnetic axes to
be aligned parallel to the rotational axes, assumptiorisatigaconsistent with recent 3D extrapolations
of the coronal field topology for several young sta@€gory et al. 2008 We do assume that the
rotational axes are both aligned perpendicular to the phiuttee system, although we acknowledge that,
in rare cases, large misalignments have been documenteddagoshort-period binaryA{brecht et al.
2009. We know that the DQ Tau system is inclined 13@ the line-of-sight Boden et al. 2009 and
we presume that the reconnection events occur in the edplategion between the two stars. For a
synchrotron spectrunGzinzburg & Syrovatski(1965 showed that the maximum spectral frequency (in
Hz) is proportional to the perpendicular component of thgmedic fieldB, (in Gauss) and the Lorentz
factor y squared:

Vmax= 1.2 x 10°B y? (5.1)

Since millimeter brightenings have been consistently otlesenear 90 GHz, we conservatively assume
this value forvhax, Mmeaning that there must be an electron population whoaéwvistic properties in
vacuum satisfy the following relation:

By? = 8.1x 10* (5.2)

Using an average surface field strength of 3 kG, we can cadctha Lorentz factor for several relevant
distances, including: half the minimum binary separatior 4 R,, B=47 G, y=42); the minimum bi-
nary separationd=8R,, B=6 G, y=116); and the distance to the inner rim of the circumbinask d
in the case of a star-disk interaction£54R,, B=0.02 G,y=2012). All scenarios give rise to highly
relativistic (y>> 1) particles, and thus synchrotron emission. For gyro4ssaicon §/~ 5) emission only,
contributions would be restricted to stellar heights of-Q.5R, and most likely indicate single-star mag-
netic activity that is independent of the orbital period.

Due to the nature of synchrotron emission and the local ntamgteenvironment, competition be-
tween radiation and collisional losses represent the $arigepactors on the exponential decays that
characterize our millimeter light curves. We start with fhikowing expression for synchrotron radia-
tion losses (in hours) for a well-ordered fieBlymenthal & Gould 197p

 16x10°

s = Ty (53)

In combination with Eg5.2, we can solve for the two unknowns when we use a synchrotroaydéne

Ts equal to the e-folding time of 6.55 hours. We fiae 19 G andy=65. For the full range of dipolar field
strengths expected for a TTS (1-6 kG), this result localizesnain emitting region to a stellar height of
3.7-6.8R,. We note that the values are centered around the theorsiiealor a T Tauri magnetosphere.
They are also consistent with a site located halfway betwiernwo stars for the separation distances
at the times of outbursi~8—13R, as determined in Secti@3.]). This range compares well with the
coronae loop size infered lfyetman et al(2010, submitteldto explain the X-ray activity, which derives
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from a related process but a separate electron populatitbernately, if significant emission were to be
observed nearwa,ax 0f 238 GHz, then the stellar height range identified wouldease (unless a weaker
stellar magnetic field or a faster decay time at the higheueacy were to compensate).

Next we constrain the maximum density of the electrons Bpgalong the field lines by calculating
what the thermal Coloumb collisional losses (in hours) wiaéed to be in order to shorten the observed
decay time. We usdPetrosian 1989Viassi et al. 2008

L=416x 1Y (5.4)
Ne

to derive a maximum electron density mf< 3.7 x 10° cm~2. A final check of the conditionGinzburg
& Syrovatskii 1969:
Ne
V>V~ 20— (5.5)
B.
confirms that the vacuum approximation used throughouttlcafulations is valid in the case of the
DQ Tau magnetospheres as accelerated electrons spiralfdmwiarge stellar heights.

The fact that synchrotron losses explain the light curvdileowell implies that the relativistic
electron reservoir is sufficiently confined, or trapped himitthe global magnetic structure. One of the
key conclusions from th#lassi et al (200§ model for V773 Tau A was that electrons must leak out at
magnetic mirror points in order to diffuse the synchrotramssion fast enough to achieve their observed
e-folding time of 2.31 hours. While evoking this effect isn@cessary late in our own flare timeline, we
note that a much steeper decay is present in the initial hafutee Apr08 flare (refer to Figu®3). It
is possible that a similar leakage of electrons could alsmwom the DQ Tau system shortly after the
initial outburst, or perhaps as (accreting) charged destiare initially expelled from the system in a
manner similar to a coronal mass ejection in the Sun. Or psrhamore probable scenario is that the
Apr08 decay, like the Jan10 dip, is the result of the Neupgeteand the thick-target mechanism (see
Getman et al. 2010, submitledWe do rule out several geometrical effects, including eipse due
to rotation, because the stellar rotational periods haes loketermined to be-3 days (sedasri et al.
1997, while the maximum deviation from the decay profile lastsraist 5.5 hours. In the end, the
geometry-independent, natural synchrotron decay prdesssparticle loss or leakage) as the primary
loss mechanism agrees much better with the persisteng-$m@e decay profiles observed from one flare
to the next.

5.4.2 De-polarization Effects

Synchrotron emission predicts a high fraction of linearbfapized light, up to 70% in a well-ordered
magnetic field, although it is rarely observed to be maxiynadilarized (e.gSokoloff et al. 1998Trippe

et al. 2010. Our own observations limit the polarization fraction toe DQ Tau to< 5-8%. The mea-
surements sample both a quiescent state as well as two flemgsdend do not rule out the presence of
linear polarization altogether. Instead, we explore desmation effects that can reduce the observed
polarization fraction.

Polarized light originates in regions where the magnetid fines are stable, well-ordered, of a sin-
gle orientation, and of a single magnetic polarity. Sineeplane of polarization is perpendicular to the
magnetic field, a tangled field unresolved by the telescopenldeads to beam averaging of the different
polarization vectors, effectively de-polarizing the lighn Sectiorb.3.1our resolution constrained the
emission to a region 100 AU from the binary, an area that epesses the two independent magneto-
spheres. Within this view, dipolar magnetospheric fieledimn one star begin in its northern magnetic
hemisphere and end in its southern magnetic hemisphesstieéfly doubling back 180in direction
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within the telescope beam. In addition, the field polarityné star may be reversed with respect to the
companion’s. In fact, we show in Sectibrt.3how this is probably the case for DQ Tau. Therefore, the
geometry of the field lines where the accelerated electrensapped has a very important impact on the
net polarization observed, and any positive polarizatietections may favor emitting regions at larger
stellar heights where the magnetic field is simpler and welkered, since higher-order field components
typically fall off more quickly Gregory et al. 2008

Nevertheless, linear polarization has been measureddowéar3 Tau A, the only other known PMS
binary to exhibit evidence of star-star magnetic intemaxdi Phillips et al.(1996 detected a significant
fractional polarization of 2% at centimeter wavelength@wldver, follow-up polarization observations
of V773 Tau A during periods of millimeter activity producedly non-detections at both millimeter and
centimeter wavelengthdviassi et al. 2008 Generally, polarization is considerably weakened towar
the radio end of the spectrum, mainly due to Faraday rotadftects Ginzburg & Syrovatskii 1966
The effect occurs as linearly polarized light passes thicaglense, magnetized medium causing the
polarization anglé to rotate by an angle equal RM A2 whereRM s the rotation measure (in rad )
defined as:

RM=8.1x 105/neBHds (5.6)

Herene is the electron density (in cnd), B is the longitudinal magnetic field strength (in Gauss), and
dsis the line-of-sight path length (in pc) through the magredti medium. When the rotation measure
is larger than~10° rad nT2 at 3.3 mm, Faraday de-polarization is complete in a homagenmedium.
This is equivalent to a rotation angle of®9@lthough rotation angles as small as 5@ RM~ 10%) can
also be sufficiently effective, depending on the methoddaliete threshold and the intrinsic polarization
fraction.

Faraday rotation can occur in any magnetized region alaagrig-of-sight, including the interstellar
medium and the Earth’s ionosphere. However, the synchragrission from DQ Tau predicts large
electron densities (P@m~2) and strong magnetic fields (3 orders of magnitude greager the Sun’s
field), suggesting that the emitting region itself has theeptial for the greatest de-polarization effect. To
test this possibility, we model electrons trapped in the metgspheres with a shell of outer radiuR,5
and a thickness of B,. The electron density is set to the maximum determined frgmstsrotron losses
and taken to be constant throughout the shell. The magnelitdirength is modeled as a dipole with
a surface field strength of 3kG. In this scenario, we deriv&Eiof ~10° rad nT2, which undoubtably
results in complete de-polarization of the synchrotronssion.

Conceding that this initial calculation may represent a&aasmaximized extremes, we can do the
same calculation for an electron density of &t 3 (essentially an upper limit in a molecular cloud
of typically 10° moleculesper cnt?), a shell thickness of OR, (equivalently the size of the stellar
corona), and a reduced dipole field of surface strength 1 k&fikld anRM value of ~10?, which is
below the cutoff for complete de-polarization. To recovdaetor 100 in theRM, we determine that a
minimum density of 18-1° cm 2 is needed to sufficiently de-polarize the millimeter entiesiThese
values are representative of the density in the uppermgstdeof the circumbinary disk, and for a
source experiencing (simultaneous) accretion, shouldasédyeobtained, at least along the accretion
streams. Therefore, we predict that the synchrotron sdarsefficiently self de-polarizing to result in
the complete absence of linear polarization for most geneset

5.4.3 Orientation and Topology of the Magnetospheres

A dipole representation of the magnetospheres remainseguate and consistent model for the anal-
ysis, and is the simplest valid structure. When we illustthie corresponding field lines in Figuses,
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Figure 5.8 — Anillustration of the scenarios for reconnection eventhaDQ Tau binary system during approach
(upper panel) and separation (middle panel). In the loweepave show a variation to the upper panel if the
magnetic axes are tilted with respect to one another. Théalighment can also occur into or out of the page,
causing field lines to cross at intermediate angles that mayay not result in reconnection. Similar variations to
the middle panel are also possible.

there are, in fact, two scenarios for the timing of the reemtion events: during both the approach and
separation phases. During approach, the field lines aresiplyedirected in the equatorial region and
undergo compression as the stars approach periastron afigltts repel one another. At the vertical
boundary layer between the two magnetospheres, wherentieegiing plasma flows and induced electri-
cal currents resist one another, reconnection can occertWidnmagnetospheres join together via shared
field lines that begin on one star and now end on the othernQwweéparation, the global field is split into
two closed magnetospheres through stretching, and thupression of the lines near the orbital plane
of the system. Both scenarios release energy into the sutimmy region, accelerating charged particles
at large stellar heights down along the magnetospheric lfiiedd toward the star, which is when both
scenarios produce (gyro-)synchrotron radiation in aikebt indistinguishable manner.

In Figure5.8, we point out that the magnetic axes are drawn with an ilvaigement. In an aligned
system, trying to connect the field lines from the magnetitinof one star to the magnetic south of the
other results in crossed lines, which would quickly recamneeverting back to two dipole structures.
Thus, in this arrangement, the global magnetic topologyristly maintained. The magnetic density still
increases upon approach, building up magnetic energysstout the boundary layer between the two
magnetospheres is imperceptable to the local plasma actdedécurrents. There is far less resistance to
the re-arrangement (e.g. compression) of the field linesympared to the reverse case, and reconnection
is not favored as a result.

Assuming parallel rotational axes perpendicular to thetariplane, and that magnetic axes tend
to be aligned with the rotational axis in many astrophyslmadiies (as we justified in Sectiém.J),
the two magnetospheres should be either alignéddinversely aligned (189. Undoubtedly, in this
bimodal interpretation, the DQ Tau magnetospheres therefast be inversely aligned to produce the
flares observed. This does present an interesting conssgjdenthe millimeter flares if one of the
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magnetic fields were to flip, as the Sun’s field is prone to dea@wery 11 years; an effect that has been
observed toward other PMS stars with short rotation periBadmati et al. 2008Fares et al. 20QPetit

et al. 2009. In this case, if the magnetospheres are the principle amesim for the flaring phenomenon,
and if their magnetic axes are indeed more or less aligned, we could expect on-and-off periods of
millimeter activity near periastron.

Finally, there are the oblique cases when the field linesfibtogether are not similary- or oppositely-
directed, but rather cross at an intermediate angle. Thsocaur if the magnetic axes are tilted with
respect to one another. The occurrence of reconnectiondéggends on the orientation angle, the field
strengths, the merging systems of flux, and the resistivitthé topological changes caused by the in-
duced currents. Consequently, one conclusion to make istlieaDQ Tau magnetospheres must be
misaligned by a significant angle to produce reconnecti@misvand their associated millimeter flares.

Another possibility is that the magnetospheres are poodyeted by a dipole between 4Ry (or
6.4-12R.), which is the half-distance separation of the two starsnduthe observed flares. In the
Sun, the dipole component dominates beyondR2.5but in PMS stars the relative strengths of the
field components can vary widelysfegory et al. 2008 For example, toward the TTS V2129 Oph
the octopole component was found to dominate out tdRg.{Donati et al. 200, providing ample
opportunity in a binary system for opposite-polarity rewdo interact and reconnect at large separations.
Other deviations include the winding up of the field lineshesgtars rotate faster in the equatorial region.
This effect is amplified with respect to the Sun given thaséhstars rotate 10 times faster. However,
we expect that the winding effect should act to slow the rtain an aligned system, and encourage
reconnection as usual in an inversely aligned system.

The accretion streams can also produce local changes iretbdifies, including compression and
ordering of the magnetosphere during episodic events. uh&ear what should be expected from a
collision of two streams with equivalent mass accretioagabut it may mirror the complex and unstable
merging of two stellar jets, as modeled Mundt et al.(2010. There the authors predict that, as the
outflows in a binary system combine at large stellar distshoeconnection events should result near
the intersection point. Finally, the trigger might simplg & inter-coronal interaction very similar to the
Massi et al(2006 2008 scenario for V773 Tau A. There the extended magnetic streictvas imaged at
a stellar height of 4&-,. Thus, if similarly extended structure were present on thessn the DQ Tau
system, then flares could result at any time in the orbit. @it currently, all observations outside our
defined outburst event window report quiescent fluxes (GndpSalter et al. 2008; Guilloteau et al., in
prep), suggesting that this is not the most robust deseorigtr the current observations. Of course, we
cannot rule out millimeter contributions from a combinatimf scenarios.

5.4.4 Optical Emission Mechanisms

The coincident timing and duration of the optical and mi#ir brightenings in Figurg 7is intriguing,

but the physical interpretation remains a challenge. Whédnave presented evidence that the millimeter
emission arises from recurring star-star reconnectiomtsyehe origin of the optical emission can be
rooted in both dynamical processes (e.g. accretion pulsesodhe binary motions) and magnetospheric
processes (e.g. reconnection events). In this sectionpn&der whether both processes are required to
explain the optical behavior.

Flare models often include an optical emission componeattduhe heating and ionization of the
chromospheric plasma where the non-thermal electron ptpnol spirals down into the stellar atmo-
sphere, typically at a magnetic field footprikidisch et al. 1991Gudel 2002. In this picture, an optical
brightening is normally expected to accompany the milleneictivity, just like we currently observe.
It is thus tempting to recall the double-peaked nature ofoihical brightenings in Figurg.5, in light
of our scenario for interacting magnetospheres, whichigi®tivo reconnection events associated with
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first the joining and then the separation of the magnetosgherlhe data presented lathieu et al.
(1997 do not preclude optical brightenings clustered around dearate phases, spaced apart in time
by roughly 3days&£® =~ 0.2). In addition Mathieu et al(1997 also determined that enough magnetic
energy is available in the outer magnetospheres to poweavitiege DQ Tau optical brightening, even
though the authors questioned whether the field could regengself on a bi-weekly basis. Although
our millimeter observations do not cover back-to-backastron encounters, our consistent flare detec-
tion rate suggests that reconnection occurs during mosgtiall, orbits. However, it remains unclear
whether this result favors a quick and efficient regenenatibthe field or an alternative mechanism to
drive the optical brightenings.

Instead, other observational results favor optical beghtgs linked to independent accretion pro-
cessesMathieu et al.(1997) noted first that the optical brightenings occur quite fanirperiastron to
be the result of reconnection, as well as the spectral bigsnseem to disagree with the optical flat-
spectrum (or “white-light") continuum enhancements thatertypically accompany flares (eldgudson
et al. 1992 Gudel et al. 2004 Likewise, some of the DQ Tau optical brightenings appedeast con-
tinuously for up to 4 days (Figure 2 dllathieu et al. 199 much longer than an “average" millimeter
flare. In Sectiorb.3.2we determined that the observed millimeter activity windeas 2.3 times smaller
than the optical, but we concede that our phase samplingnestionally restricted to the 24-hour pe-
riod before periastron, and therefore we lack a detailedviswe of the millimeter perspective at larger
separations. This fact, combined with tlassi et al.(2008 evidence for interacting coronae at large
(>30R.) stellar separations, suggest that only a prolonged mualtielength monitoring program over
several cycles, and covering all orbital phases, can bestcterize the relationship between the optical
and millimeter activity, and the relevant dynamical and rmetigspheric contributions.

In summary, it is not straight-forward to assign all of thevalted optical acitivity in this sytem
to dynamically induced pulsed accretion events, partibulaear periastron. Accretion appears to be
ongoing at different levels throughout the orlidiri et al. 199y, with features that fit well the models by
Artymowicz & Lubow (1996. Reconnection events, on the other hand, have only beemdoted near
periastron thus far, but seem to always accompany an optiealt. Thus, in all likelihood, reconnection
and accretion processes are both contributing to the eléwgttical activity, occurring simultaneously at
periastron. To better ascertain the causal or co-depemdduate of the dynamical and magnetospheric
processes, it is necessary to separate out the opticalseffeeach process.

5.5 Conclusions

We confirm periodic, elevated millimeter flux levels towane DQ Tau PMS binary while monitoring 3
recent periastron encounters. The regularity of the flaneng is consistent with the proposed scenario
for colliding magnetospheres within a day of closest apgnpalthough the initiating event appears to
vary within a 22-hour window corresponding to a binary sapan of 8—13,. The flaring mechanism
can be explained by synchrotron emission from highly rélstit electrons accelerated near the recon-
nection site that begin to spiral down along the magnetasghward one or both stars. The main
emission region is localized near a stellar height of 3.8R6, about halfway between the two stars at
the time of an event. Synchrotron losses easily explainithéss (late-time) decay profiles, indicating
both a well-confined electron population and a large statdgmatic structure from one event to the
next. We estimate that the flares can last up to 30 hours pet,es@responding to 8% of the orbital
period. In addition, multiple millimeter flares during a gie periastron event have been observed within
approximately 15 hourdd® ~ 0.04) of one another, with the secondary event being leserfolv The
succession of events may correspond to first the merginglerdthe separation of the two magneto-
spheres, or simply to a trade-off between a slow sequerdigase of stored magnetic energy in lieu of
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one large outburst. A star-star magnetic reconnectionteeemains the simplest, most straight-forward
interpretation in terms of the timing of the activity, theyutarity of the occurrence, the magnetic field
strengths implied, and the field sizes.

We measure an upper limit of 5-8% for the fractional linedapration of the light, but we predict
that both beam dilution and Faraday rotation in the DQ Tatesysare probably sufficient to result in
a net polarization of 0. We determine an upper limit of 8.70° cm~2 for the electron density in the
field lines. However, if a non-zero polarization fractioreigentually detected, suggesting that Faraday
rotation in particular is ineffective, then the upper lirfat the emitting region must be revised 4010°—
10° cm3. Otherwise, another hinderence to the detection of pelfioiz is the preferred orientation and
topologies for the magnetic axes in order for reconnectiaoctur: either the dipoles are misaligned at a
significant angle or else complex, higher-order magneticcsires are present at large stellar heights. In
both cases, and for low-resolution observations spedifja@versed polarity footprints on each stellar
surface will affect the measured polarization fraction.l things considered, the upper limit for the
polarization in no way contradicts a synchrotron emissi@mtess.

The results of the simultaneous millimeter and optical ravimg reveal a particularly striking coin-
cidence between the timing and duration of the multi-wawgile activity, but ultimately unravels little of
the relationship between the dynamical and magnetosppesaesses. We cannot distinguish between
optical brightenings due to accretion events, reconnegocesses, or a combination thereof. The cur-
rent window for elevated millimeter activity is about 2.5né#s smaller than the window for the optical
brightenings. This preliminary statistic suggests thatadgically-induced accretion can occur indepen-
dently; while each reconnection event thus far has beemgeaoied by an optical brightening that may,
or may not, be associated with the accretion process onlghaps the only true test for the possible
dependence of one process on the other, is to study similarybsystems where one effect is absent.
We do suspect that this flaring phenomenon may be relevanaiy isimilar T Tauri binary systems of
high eccentricity, as we expect to see when new millimetgrimentation reduces the time required for
large, multi-epoch surveys.
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Appendix A
A.1 Optical Data

Table A.1 — Comparison Stars
Numbef V[mag] R[mag] |[mag]

1 15.79 14.68 13.81
14.86 13.95 13.18
14.43 13.33 12.27
13.72 12.61 11.66
11.84 11.05 10.43
15.30 14.12 13.19

Notes.? The numbers correspond to the labels in Fighte
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Figure A.1 — The comparison stars used to derive the differential phetonior DQ Tau. The figure shows the
complete 15.6x 15.8 field of view for the Wellesley 0.6-meter telescope. Thisakl image was obtained on
2008 December 25.
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Table A.2 — Optical Observing Log

JD 2450000- Observatory V[mag] | JD 2450008- Observatory R [mag]| JD 2450008- Observatory | [mag]

4803.640 Wellesley 13.64 4803.635 Wellesley 12.34 4803.661 Wellesley 11.12
4809.513 Wellesley 13.70 4809.517 Wellesley 12.34 4809.519 Wellesley 11.07
4809.534 Wellesley 13.59 4809.538 Wellesley 12.31 4809.540 Wellesley 11.07
4813.484 Wellesley 13.59 4813.489 Wellesley 12.13 4813.491 Wellesley 11.03
4813.506 Wellesley 13.77 4813.589 Wellesley 12.26 4813.591 Wellesley 11.06
4813.585 Wellesley 13.49 4817.416 Teide 12.32 4817.418 Teide 11.10
4817.414 Teide 13.66 4817.468 Teide 12.32 4817.469 Teide 11.11
4817.466 Teide 13.67 4817.503 Teide 12.33 4817.504 Teide 11.10
4817.501 Teide 13.67 4817.558 Teide 12.33 4817.560 Teide 11.20
4817.557 Teide 13.68 4817.682 Teide 12.34 4817.683 Teide 11.11
4817.680 Teide 13.67 4826.476 Wellesley 12.19 4826.472 Wellesley 10.99
4826.480 Wellesley 13.37 4826.640 Wellesley 12.18 4826.473 Wellesley 11.02
4826.632 Wellesley 13.51 4826.645 Wellesley 12.19 4826.651 Wellesley 11.06
4826.812 Wellesley 13.57 4826.805 Wellesley 12.29 4826.801 Wellesley 11.12
4828.451 Teide 13.53 4828.454 Teide 12.19 4828.455 Teide 11.00
4828.522 Teide 13.52 4828.523 Teide 12.17 4828.524 Teide 11.00
4828.591 Teide 13.49 4828.592 Teide 12.15 4828.593 Teide 10.98
4829.414 Teide 13.47 4829.415 Teide 12.17 4829.430 Teide 10.99
4829.427 Teide 13.49 4829.429 Teide 12.18 4829.459 Wellesley 11.05
4829.464 Wellesley 13.54 4829.462 Wellesley 12.18 4829.470 Teide 11.01
4829.468 Teide 13.53 4829.469 Teide 12.21 4829.471 Wellesley 11.02
4829.502 Wellesley 13.51 4829.479 Wellesley 12.31 4829.505 Wellesley 11.06
4829.506 Teide 13.55 4829.507 Teide 12.23 4829.508 Teide 11.02
4829.513 Wellesley 13.66 4829.508 Wellesley 12.29 4829.547 Teide 11.03
4829.521 Wellesley 13.64 4829.525 Wellesley 12.23 4829.548 Wellesley 11.06
4829.543 Wellesley 13.69 4829.527 Wellesley 12.28 4829.560 Wellesley 11.09
4829.544 Teide 13.57 4829.546 Wellesley 12.31 4829.591 Wellesley 11.09
4829.555 Wellesley 13.54 4829.546 Teide 12.24 4829.596 Teide 11.00
4829.585 Wellesley 13.67 4829.558 Wellesley 12.29 4829.604 Wellesley 11.08
4829.593 Teide 13.52 4829.589 Wellesley 12.32 4829.613 Wellesley 11.09
4829.599 Wellesley 13.65 4829.595 Teide 12.22 4829.635 Wellesley 11.08
4829.607 Wellesley 13.68 4829.603 Wellesley 12.32 4829.667 Wellesley 11.07
4829.629 Wellesley 13.69 4829.611 Wellesley 12.30 4829.707 Wellesley 11.06
4829.661 Wellesley 13.67 4829.633 Wellesley 12.30 4829.728 Wellesley 11.11
4829.702 Wellesley 13.79 4829.665 Wellesley 12.31 4829.756 Wellesley 11.11
4829.722 Wellesley 13.68 4829.726 Wellesley 12.32 4829.794 Wellesley 11.11
4829.798 Wellesley 13.69 4829.753 Wellesley 12.32 4831.440 Wellesley 11.10
4831.448 Wellesley 13.77 4829.796 Wellesley 12.32 4831.463 Wellesley 11.08
4831.468 Wellesley 13.75 4831.444 Wellesley 12.31 4831.479 Wellesley 11.11
4831.485 Wellesley 13.67 4831.465 Wellesley 12.33 4831.488 Wellesley 11.11
4831.493 Wellesley 13.70 4831.481 Wellesley 12.33 4831.502 Wellesley 11.10
4831.508 Wellesley 13.68 4831.489 Wellesley 12.31 4834.461 Teide 11.07
4834.454 Teide 13.62 4831.504 Wellesley 12.32 4834.536 Teide 11.08
4834.529 Teide 13.62 4834.458 Teide 12.29 4834.603 Teide 11.07
4834.596 Teide 13.67 4834.533 Teide 12.29 4834.661 Teide 11.08
4834.654 Teide 13.61 4834.600 Teide 12.30 4836.390 Teide 11.10
4836.396 Teide 13.69 4834.658 Teide 12.30 4836.398 Teide 11.10
4836.404 Teide 13.68 4836.393 Teide 12.34 4836.407 Teide 11.10
4836.413 Teide 13.69 4836.401 Teide 12.34 4836.519 Teide 11.09
4836.525 Teide 13.67 4836.410 Teide 12.34 4836.528 Teide 11.09
4836.534 Teide 13.66 4836.522 Teide 12.33 4836.536 Teide 11.09
4836.542 Teide 13.67 4836.530 Teide 12.33 4842.375 Teide 11.00
4842.369 Teide 13.49 4836.539 Teide 12.32 4842.387 Teide 11.00
4842.380 Teide 13.46 4842.372 Teide 12.17 4842.517 Teide 10.96
4842.510 Teide 13.34 4842.384 Teide 12.15 4842.527 Teide 10.96
4842.520 Teide 13.34 4842513 Teide 12.08 5208.351 Teide 10.91
5208.360 Teide 13.30 4842.523 Teide 12.08 5208.474 Teide 10.91
5208.482 Teide 13.31 5208.357 Teide 12.04 5208.592 Teide 10.90
5208.597 Teide 13.31 5208.480 Teide 12.05 5210.532 Teide 11.06
5210.540 Teide 13.61 5208.596 Teide 12.07 5210.542 Teide 11.06
5210.550 Teide 13.61 5210.537 Teide 12.32 5210.553 Teide 11.06
5210.560 Teide 13.62 5210.547 Teide 12.31 5210.563 Teide 11.06
5210.571 Teide 13.62 5210.558 Teide 12.31
5210.568 Teide 12.31
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Chapter 6

Hunting for Millimeter Flares from Magnetic
Reconnection in Pre-main-sequence
Spectroscopic Binaries

Recent observations of the low-mass pre-main-sequenc&)Pdtcentric spectroscopic binaries
DQ Tau and V773 Tau A reveal that their millimeter spectrunodsasionally dominated by flares
from non-thermal emission processes. The transient gcts/believed to be synchrotron in nature,
resulting from powerful magnetic reconnection events wiinenseparate magnetic structures of the
binary components are briefly capable of interacting andefdito reorganize, typically near perias-
tron. We conducted the first systematic study of the millengariability toward a sample of 12 PMS
spectroscopic binaries with the aim to characterize théferation of flares amongst sources likely
to experience interbinary reconnection events. The saaogle consists entirely of short-period,
close-separation binaries that possess either a highabguitentricity € > 0.1) or a circular orbit
(e~ 0). Using the MAMBO2 array on the IRAM 30m telescope, we @rout continuous moni-
toring at 1.25 mm (240 GHz) over a 4-night period during whatltof the high-eccentricity binaries
approached periastron. We also obtained simultaneousabplRI measurements, since a strong link
is often observed between stellar reconnection eventseflraia X-rays) and optical brightenings.
UZ Tau E is the only source to be detected at millimeter wanggles, and it exhibited significant
variation 1.25mm=87-179mJy); it is also the only source to undergo strongikaneous optical
variability (AR~ 0.9 mag). The binary possesses the largest orbital eccigntni the current sam-
ple, a predicted factor in star-star magnetic interactianés. With orbital parameters and variable
accretion activity similar to DQ Tau, the millimeter behawbf UZ Tau E draws many parallels to
the DQ Tau model for colliding magnetospheres. Howeverhenbiasis of our observations alone,
we cannot determine whether the variability is repetitorgf it is due to variable free-free emission
in an ionized wind. UZ Tau E brings the number of known millierevarying PMS sources to 3 out
of a total of 14 monitored binaries now in the literature. \&edr a model whereby repeated mag-
netospheric interactions near closest approach are reifp@for the millimeter-wave variability of
UZ Tau E, analogous to the model for DQ Tau. However, giversthall number statistics, we cannot
exclude powerful interbinary reconnection events as g stoehastic phenomenon.

A. Késpal, D. M. Salter, M. R. Hogerheijde, A. Moor, and G. AaRe
Astronomy & Astrophysi¢submitted (2010)
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6.1 Introduction

Recent observations of young stellar objects (YSOs) arbeciging the long-standing notion that the
millimeter continuum emission characterizing these dijecalways dominated by the quiescent thermal
emission from passively-heated circumstellar dust. Phueransient millimeter flares attributed to
synchrotron continua have now been reported toward two dddukprotostars in the Corona Australis
cloud (Choi et al. 2009 one protostar in the Orion BN/KL star-forming regidrofbrich et al. 2008
the embedded YSO GMR-A in Orioower et al. 2003Furuya et al. 2003 the classical T Tauri star
(CTTS) DQ Tau in Taurus (Chaptedsand5, Salter et al. 20082010, and the weak-line T Tauri star
(WTTS) V773 Tau A, also in TaurudMassi et al. 20022006 2008.

These millimeter flares are thought to be more powerful exasnpf the prevalent, lower-energy
radio activity observed toward YSOs, and are not unlike flaecurring on the Surg(ine et al. 1988
White et al. 1992 The emission is attributed to a combination of gyrosyation and synchrotron
radiation powered by magnetic reconnection events in #lastoronae, which occur when oppositely
directed magnetic field lines intera@dstian et al. 1998 The radio flare resulting from this magnetic
activity is also expected to be accompanied by an X-ray flaggra@portional luminosty according to
the Neupert effectNeupert 1968Gudel 2002. In this way, large X-ray surveys are contributing to the
characterization of the magnetic activity during the T Talnase (e.gGetman et al. 20055udel et al.
2007, which represents the period during the formation and eeduence life of a solar-type star when
magnetic activity levels are highest and when reconneetiamd not accretion—is believed to be the
primary X-ray production mechanisn®ieibisch et al. 2005Stassun et al. 200@007 Forbrich et al.
2007 Feigelson et al. 2007 The X-ray data confirm analogous solar-type coronal agtitbut with
luminosities 18-1@ times higher Testa 2019 Uninterrupted, long-duration observing campaigns of
star-forming regions also document a once-a-week statisiccurrence of giant X-ray flares, represent-
ing the most powerful events and an estimated 1% of all fl&@gata et al. 20Q055etman et al. 2008a).

If magnetic activity is indeed the trigger, then these X-exgnts are most likely to be associated with
synchrotron emission processes extending into the milénegime.

It is noteworthy that in the two best-studied millimeter darases, both DQ Tau and V773 Tau A
are close-separation, eccentric, pre-main-sequence X\BM&ries with similar orbital characteristics.
In addition, their flaring was recurring, leading the authior the latest study to conclude that DQ Tau
could display excess millimeter flux as much as 8% of the twith consistency near periastron. One
can thus speculate that in close binaries, in addition tcsihgle-star coronal activity described until
now, two additional magnetic activity scenarios might exién example of the first is V773 TauA,
where interbinary interactions due to chance alignmentsobw extended coronal features, like helmet
streamers, cause the flares. The second binary-specifiomlesion is the current model for DQ Tau
where colliding dipolar magnetospheres represent a siggenetric scenario for periodic events, with
two primary determining factors: a periastron approachliemthan twice the magnetospheric radius
(R~5R,) and a high eccentricity. In this arrangement, the closelbstmagnetospheres must overlap
near periastron, but only temporarily.

Again, X-ray studies can provide constraints on the cor@xént of PMS stars, with the result
that typical inferred loop lengths are 4-R0for the most powerful outbursts. This is much larger than
any coronal structure observed toward more evolved skargafa et al. 2005 and consistent with the
T Tauri stage being the most magnetically active phase of@taation. In the case of the WTTS binary
system V773 Tau A, two separate coronal structures extgridier 15R, each are necessary to bridge
the interbinary gapNassi et al. 2008 Toward DQ Tau the derived loop lengths from both X-ray and
millimeter analyses are R, in height (Getman et al. 2010, submitted; ChapteBalter et al. 2010).

If the X-ray statistics predict correctly a common once-eelw occurrence with consistently large loop
lengths, then more interbinary collisions might be expgdtea number of close-separation binaries, in
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addition to any single-star events that may occur. Binastesys also occur frequently, representing
65% or more of the local field population in the middle of theimsequenceuquennoy & Mayor
1997). The fraction increases to up to 75% for the population exTaurus star-forming regioh.¢inert

et al. 1993Ghez et al. 199/Kohler & Leinert 1998 Luhman et al. 201)) suggesting that more systems
could start out as binaries. Thus, candidate millimeteialze systems are worthy of investigation.

To assess the proliferation of significant millimeter vaility among PMS binaries, we report here
on a targeted millimeter variability survey of 12 PMS spestiopic binaries that are most likely to expe-
rience millimeter flares, based on predictions by the ctiirgerbinary magnetic reconnection models,
either following the V773 Tau A scenario and exhibiting sfydlares at many orbital phases, or exhibit-
ing the DQ Tau phenomena showing flares with more regularityrad periastron. Since in both the
DQ Tau and UZ Tau E cases, optical brightenings are commanpeestron due to periodic accretion
events Jensen et al. 200,7and because the optical light curve of DQ Tau was found tamits mil-
limeter flare activity in both time and duration (Chap&rSalter et al. 201)) we complemented our
millimeter data with simultaneous optical monitoring of eargets.

6.2 Observations

6.2.1 Target Selection

The study of PMS binaries is a relatively young field, due igdgpart to the difficult and time-consuming
nature of spectroscopic observations, while sometimelduimpeded by a complicated circumstellar
environment. To date, orbital parameters have been peloli&ir only a few dozen young spectroscopic
binaries. These parameters include tleeessarselection criteria for the present study: known eccen-
tricity (e), orbital period P), projected semimajor axiséini), and the epoch of periastron passage.
From the available sources in the literature, we selectgectsbthat are observable from the north-
ern hemisphere (located primarily in Taurus and Orion), #wad possess an orbital period of less than
50 days. The latter constraint means that the periastréandiss for these objects are in the range where
magnetospheric or coronal interactions have occurredniilasi systems. In addition, shorter periods
make it easier to observe large numbers of binaries as thaplete periastron passage around the same
time.

The resulting list of targets, along with their most impattarbital parameters, can be found in
Table6.1 Our sample is comprised of two separate groups. In the ficgtpg we specifically target
short-period binaries of high orbital eccentricitg> 0.1) and small periastron separations similar to
DQ Tau and V773 Tau A. In this half of the sample, the binary ponents are suspected to undergo a
change in their large-scale magnetospheric topology asitizey separation distance varies greatly and
rapidly near periastron. This group is most likely to expede a merging of the two magnetospheres
near closest approach with a subsequent detachment atseggrations—much like the current picture
for DQ Tau (Chapteb, Salter et al. 2010 Although we note that none of the targets quite approach
the exceptional combination of large eccentricity and elapproach as DQ Tau (with ies=0.556 and
dmin=13R:). The second group serves as a “control sample” and inclaldsg-separation binaries
with circular orbits €~ 0). Since the binary separation in these systems remairggasanthere is no
variable compression or relaxation of the component magpéeres throughout the orbit, and therefore
the global magnetospheric topology is relatively unchangeconnection is not expected to occur except
sporadically in chance collisions of extended coronaluiest due to the stars’ close proximity—similar
to the current model for V773 Tau AMassi et al. 2008
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6.2.2 Observations and Data Reduction
Millimeter Observations

We obtained millimeter data with the IRAM 30 m telescope onoPVeleta (Spain) between 17-21
November 2009. We used the 117-pixel Max-Planck Millimédetometer array (MAMBO?2) in the
standard ON/OFF mode, using &'3Bobbler throw, and making sure that the target fell on thetrses-
sitive pixel (pixel #20) during each on-source exposuree &can consisted of four (on the first night)
or eight (on the remaining three nights) subscans of 60 ssexpdime. The MAMBO2 bandpass was
centered afA =1.25 mm ¢ =240 GHz). At this wavelength, the half power beamwidth i§ afhd the
pixel spacing is 20.

We monitored our targets for four consecutive nights, dogealso the periastron events for most
of the high-eccentricity binaries. We observed each tatg8ttimes per night depending on weather
conditions. The atmospheric transmission at 1.25 mm waallysgood, with the zenith atmospheric
opacity being monitored with sky dips every 1-2 hours. Oawsas consistently found to be between
0.1-0.4, except for a few peaks on the night of November 1BR@ noise levels were typically very low,
except again for a few hours on the night of November 19/20tsMad Uranus were used for focusing
and gain calibration every 3—4 hours. Pointing was checkedyel—2 hours using Mars, Uranus, or a
nearby quasar. Occasionally, high wind velocities duringabserving run resulted in a lower pointing

Table 6.1 — Orbital parameters for the binaries.

Name D e P asini i dmin Ref.
[pc] [days] [AU] [°] [Re]
High-eccentricity binaries
EKCep 164 0.109 4.43 0.077 893 14.7 1,2
UZTauE 140 0.33 19.13 0.124 54 22.1 3
RX J0530.70434 460 0.32 40.57 0.336 785>49.1 4,5
Parenago 1540 470 0.12 33.73 0.188.-- >35.6 6
Parenago 2494 470 0.257 19.48 0.146-- >23.3 7
GG Ori 438 0.222 6.63 0.116 89.2 194 8
Circular binaries

RXJ0350.5-1355 450* 0 9.28 0.115 --- >24.7 4
V826 Tau 150 0 3.89 0.013 13 12.6 9
RX J0529.4-0041 325 0 3.04 0.053 865 11.5 10
Parenago 1802 420 0.029 4.67 0.050 78.110.7 11
RXJ0541.4-0324 450* 0 499 0.074 --. >15.9 4

NGC 2264 Walk 134 913 0 6.35 0.099<73 >21.3 12,13
Binaries already known to exhibit flares

DQ Tau 140 0.556 15.80 0.053 23 12.9 14
V773 Tau A 1484 0.272 5110 035 66.0 60.0 15

Notes.eis eccentricityP is orbital perioda is semimajor axisi is inclination;dm, is separation during periastron
(or a lower limit for systems with an unknown inclinatiorf)indicates eclipsing binarie$; means the average
distance to Orion was usedReferences.(1) Gimenez & Margravé€1985); (2) Torres et al(2010; (3) Jensen
et al.(2007); (4) Covino et al(2001); (5) Marilli et al. (2007); (6) Marschall & Mathieu1988); (7) Reipurth et al.
(2002; (8) Torres et al(2000; (9) Reipurth et al(1990; (10) (Covino et al. 200% (11) Stassun et al2008;
(12) Padgett & Stapelfeldt1994); (13) Baxter et al(2009; (14) Mathieu et al(1997); (15) Boden et al(2007).
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precision for some of the scans. As a result, we have detedriimat the absolute flux calibration for all
data points is accurate to within20%.

The data were reduced using the MOPSIC pipeline (develogeR.lZylka), and included steps
to remove the atmospheric emission (using the two wobblsebpositions), to correct for extinction
due to atmospheric water vapor (using the skydips), to parfgain calibration (using the calibration
observations of bright sources with known 1.25 mm flux), andaiculate a noise-weighted average of
the subscans. The obtained flux densities usually have aneah square noise of 2-3 mJy bhmand
are listed per source in Tabkel.

Optical Observations

Simultaneous optical monitoring of our targets was corgllidtom two telescopes: the 60/90/180 cm
(aperture diameter/primary mirror diameter/focal lepghhmidt telescope of the Konkoly Observatory
(Hungary), and the 80 cm (primary mirror diameter) IAC-8l@$eope of the Teide Observatory in the
Canary Islands (Spain). The Konkoly Schmidt telescope ispped with a 1536< 1024 pixel Photo-
metrics AT 200 CCD camera (pixel scale: 1'D3and a Bessel UBV(RYfilter set. The Teide IAC-80
telescope is equipped with a 2048048 pixel Spectral Instruments E2V 42-40 back-illumida@CD
camera ‘CAMELOT’ (pixel scale: 0.304, and a Johnson-Bessel UBV(Rf)iter set. Images with the
Schmidt telescope were obtained on 9 nights in the periogdset 13—-26 November 2009, and with the
IAC-80 telescope for 3 nights between 18—-22 November 200&h e IAC-80, only R-band images
were taken, whereas with the Schmidt, R and I, and addilipihad the brighter stars, V, images were
also obtained. One of our targets, UZ Tau E, was observedthéthAC-80 telescope using VRI filters
also between 25 October and 7 November 2009.

The images were reduced in IDL following the standard prsiogssteps of bias subtraction, dark
subtraction (for the Photometrics camera on the Schmiest¢epe only) and flat-fielding. On each night,
for each target, images were obtained in blocks of 3 or 5 feapee filter. Aperture photometry for the
target and other field stars were performed on each imagg Uslds cntrd andaper procedures. For
the Schmidt images, we used a 5-pixel radius aperture, akgt armulus between 10 and 15 pixels.
For the IAC-80 images, the aperture radius was 8 pixels, hadky annulus was between 30 and 40
pixels. In the case of RXJ0529.4+0041, a hierarchicaldrglstem, the spectroscopic binary and the
tertiary component were partially resolved, so we incrégbe Schmidt aperture to 10 pixels and the
IAC-80 aperture to 30 pixels, in order to make sure that tlegtape included the total flux from all three
components. In the case of UZ Tau, a hierarchical quadrysies, we obtained separate photometry
for UZ Tau E and UZ Tau W in the following way. The small pixeb#e and the good seeing at the IAC-
80 telescope made it possible to obtain separate photorfethoth the E and the W components, by
using an aperture radius of 4 pixels. The results indicatet the W component was constant within
0.02 mag. For the Schmidt images, we used an aperture rddiOpixels (encompassing both UZ Tau E
and W), and we subtracted the contribution of the W compo(maitulated as the average magnitude
measured on the IAC-80 images).

For the purpose of differential photometry, we selected mparison star for each of our targets.
Our main selection criterium for the comparison stars wasstamt brightness during our observing
period (compared to other stars in the field). The selectedpeoison stars are listed in Tale2.
We calculated the magnitude difference between our tanggtttee comparison stars for each frame.
Then, these differential magnitudes were averaged for eatt, while their standard deviation was
quadratically added to the formal photometric uncertairiue to the different filter sets on the two
telescopes, the resulting magnitudes were slightly differespecially in cases where the comparison
star was much redder than the target star. In these casesifteel she IAC-80 magnitudes by 0.03—
0.08 mag so that they overlap with the Schmidt magnitudesirdéd on the same nights. The resulting
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(shifted) values can be found in Tale3, and the light curves for the R filter are plotted in the topgian
of Figure6.1 The light curves for the other filters look very similar, lmften have fewer available data
points.

6.3 Results

In Figure6.1 we show the optical and millimeter light curves for all of aargets, as well as the
separation distances between the binary components, astofu of time. The optical light curves
indicate that most of our targets showed variability at aaterlevel throughout our observing cam-
paign. By far the highest amplitude in our sample was digaayy UZ Tau E, (withAR= 0.9 mag),
but NGC 2264 Walk 1344R~ 0.2 mag), and GG Ori;AR~ 0.3 mag) also varied significantly. The rest
of the sample were either constant (EK Cep, RX J0529+004Bhawved slight variations 6f£0.1 mag.
While UZ Tau E and NGC 2266 Walk 134 show variability on a déityescale, the light curve for GG Ori
exhibits only one dip, corresponding to an eclipse shorfipte periastron. The sparsely-sampled opti-
cal light curves do not display any obvious periodicitieshieir own right, even with the broader optical
monitoring period of 12-14 days and covering multiple abijteriods for some sources. However, in
many cases the shapes and amplitudes may be consistenbtaitiomal modulation of the light curve
due to stellar spots (RXJ0530-0434, Parenago 1540, Parenago 2494, RX JO35IB55, V826 Tau,
Parenago 1802, and RX J0544@324). Thus, a brightening of an eccentric source duringagton
may be a chance coincidence. A more detailed analysis offitieabdata on a source-by-source basis
is given in Sectior®.4.3

At millimeter wavelengths, only one of our targets, UZ Tagsndetected. The other sources re-
mained undetected with typicab3upper limits between 4 and 11 mJy. Apparently, UZ Tau is tHg on
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Figure 6.1 — Optical (top) and millimeter (middle) light curves for eashthe spectroscopic binaries, as well as
separation distances for the binary components as a funatittme (bottom).Filled dots: Rc-band observations
from the Konkoly Schmidt telescope in Hunga®pen squaresRj-band observations from the Teide IAC-80
telescope in SpairFilled asterisks:1.25 mm observations with the IRAM 30 m telescope in Spammows: 30
upper limits for the 1.25 mm fluxes. Note that the millimetex#és of UZ Tau E contain av20 mJy contribution
from UZ Tau W. For the high-eccentricity binaries, a vettidae indicates the time of periastron, while for the
circular binaries, thick horizonal lines indicate the léngf the orbit.
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Figure 6.1 — (Continued)

source for which a potentially significant outer circumistetiisk may still be present. The other sources
in our sample are more similar to V773 Tau A, with little to renraining circumstellar material. We
derive upper dust mass limits for the small-grain poputati < 3.0x 10~> M, (0.003M,, for the total
gas plus dust mass) for the sources in Taurus<a@dbx 104 M, (0.025M, for the total gas plus dust
mass) for the sources in Orion, on average. To make theserdisst estimates, we used the basic mil-
limeter flux—mass relation dutrey et al (1996 and takex, = 0.02 g cnT? andTyust= 45 K. These upper
limits are consistent with the optical-near infrared SE@4Hiese sources, which are usually fit well by
a single-temperature stellar photosphere in the availabtature.

The fact that 10 out of 12 of our sources are WTTS is largelylecten effect, due to the orbital
parameters being easier to determine when stellar phatdsgines are not obscured by circumstellar
material. In reality, the multiplicity ratio for CTTSs andWSs in Taurus is essentially identic&dhler
& Leinert 1999. Interestingly, WTTSs tend to dominate the X-ray sky infTsuNeuhaeuser et al. 1995
Gudel et al. 200); suggesting that they are more magnetically active. If \83 Rre also more likely
to experience the most powerful magnetic outbursts, oweguiailed to detect an example of such an
event.

Instead, it is the CTTS UZ Tau that exhibits millimeter vaiidgy. We detected UZ Tau at a level of
38-10% over the course of our monitoring program, with its 1.25 mnx flarying between 107 and
199 mJy in a period of less than 4 days, a clear indication égrifecant contribution of non-thermal
emission processes. The millimeter light curve in Figufeshows two peaks: one at around periastron,
and another one about two days later, with a deep minimuneiwd®en the two maxima. Since UZ Tau
is composed of two binaries, the telescope was always @shtmT the spectroscopic binary UZ Tau E,
but UZTauW, at a distance of 3.8also had a contribution to the measured flux. As discusded la
we can assume that UZ Tau W is not brighter than UZ Tau E, antdttheillimeter flux is constant in
time, thus we attribute the observed variability to UZ Tadl& rule out any instrumental artifacts (due
to severe winds during the observing run), we re-checkegdiaing, which we found to be good to
within 2” during all seven UZ Tau observations. Therefore, the abesdlux calibration for UZ Tau is
precise to within 15%, which is better than the reported evéitwr the entire sample. To produce a factor
of 2 decreasen the flux—since a mispointing can only reduce the measuted-fthe pointing error
would have to be§ which is clearly not the case. Moreover, the highest fluxeohserved are higher
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than values reported elsewhere, which cannot be createddppimting. Thus, we take the flux changes
reported here and in Figuéelto be real.

6.4 Discussion

6.4.1 Event Statistics

Our goal was to understand the proliferation of millimetardlevents and variability within the context
of a model for colliding magnetospheres, a phenomenon thétesurface appears fairly regular, is well
described by a simple geometric model for overlapping fieddsl has a relatively clear combination of
parametersganddnmin) that are predicted to lead to powerful reconnection eveisible at millimeter
wavelengths. The idea is that the two stars at apoastroreg®strong independent magnetospheres,
but near periastron, the fields are more inclined to mergat l@ast stretch or compress in the presence
of one another, leading to reconnection events. This iotieraradius is typically estimated to beR%
based on a dipole magnetic topology and inner disk truncatiodels. However, in a binary system with
a dynamically cleared inner disk and reduced magnetic bgadi the stellar rotation from star-disk field
lines, the fields may become stronger and extend furtheraodsy In our subsample of high-eccentricity
candidate systems, we observed 1/6 sources to be activenilimeter; and 0/6 sources for the circular
orbits. This brings the number of documented millimetenalzle binaries to 3 (or 21%) of the combined
14-source sample, and includes V773 Tau A, DQ Tau, and nowduZET{see Sectior4.9.

We begin our analysis with the high-eccentricity sourcespibceed, we must make use of several
derived quantities from the DQ Tau study to establish sontectien constraints by generalizing all
flares due to interbinary, large-scale magnetosphericsimil events (Chaptes, Salter et al. 2010 The
borrowed properties include: the flare duratien3Q hours), peak brightness (100-500 mJy at 3 mm),
occurrenceA2 events per orbital period), and decay timé(5 hours). All of our sources were observed
approximately twice per night over a 4-day period, with a imaxn average gap in the sampling of
16 hours. For DQ Tau, a typical event is estimated to mairgdinx >2 times quiescence for75% of
a flare (or~23 hours for the largest outbursts), meaning that our twh-bigeentricity sources located in
Taurus (140-160 pc away) were reasonably well sampled. Mewior the four sources located in Orion
(440-470 pc), at a distance 3 times further away where thaigusity falls off a2, our detection limit
is reduced by a factor 9, meaning that a large flare may hayebm@n detectable for about 5-6 hours.
In these systems, flares might have been missed by the spangdirey. This effect might explain the
non-detection toward Parenago 2494, which is remarkalpiylai, in terms of orbital parameters, to
UZTauE.

For the circular binaries, statistics are more difficult tecdrn since the phenomenon is based on
chance collisions of extended coronal structures. Statsaile more magnetically active are likely, in
theory, to exhibit statistically more common events, big tequires a large sample and an uninterrupted,
long-duration monitoring program. If, instead, we consithe once-a-week statistical occurrence of gi-
ant X-ray outbursts (assuming these are magnetically mkivken having monitored the circular sources
for half a week, we might have expected half of (all) the sear have flared; instead, we detected no
flares toward the circular binaries. Again, distance effectd sampling may have affected the five most
distant (> 400 pc) sources.

Our study highlights the challenges of establishing asdtedilly significant sample of well-parameterized
spectroscopic binaries and carrying out sufficient moimigpof the sample. In Sectidh4.3 we discuss
the systems on a source-by-source basis and we are ablaliotattnany system and stellar properties
to our non-detection statistics, including: the senditiaf our observations (which is a combination of a
flare’s flux density, the source distance, and amid@tection threshold), binary separation, orbital eccen-
tricity, duration of the flare, spectral peak wavelengthhaf synchrotron emission, stellar magnetic field
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strength and activity levels (also a function of spectraglely magnetosphere topology, and flare decay
time (a function of field strength and separation distanthgse factors may act to reduce our detection
statistics, but not the actual rate of occurrence.

In the combined 14-source sample, it is the 3 most extremadgreric, close-separation binaries
that seem to experience very powerful magnetic events. efdrey, while a well-defined subclass of
millimeter-flaring binaries may be taking shape, we alsoncaexclude the detected flares as a poten-
tially rare phenomenon amongst high eccentricity binaries

6.4.2 UZTau

UZTau is a hierarchical quadruple system consisting of timardy systems UZTau E and UZ Tau W.
The E component is a spectroscopic binary with an orbitabdesf 19.1 daysathieu et al. 1995 and

at an angular separation of 3.8 the W component, which is itself a 0/3Binary Simon et al. 1995
Prato et al. 2002and references therein). For the primary component of WiZElTdensen et a(2007)
give a spectral type of M1 and a photometric radius ofR,9 The UZ Tau E system is a CTTS system
with ongoing accretion and clear infrared excess, indicgtinat warm material can be found close to the
stars (see e.dgrurlan et al. 2006

The Millimeter Picture

At millimeter wavelengthsSimon & Guilloteau(1992 observed UZ Tau with the IRAM PdBI in con-
tinuum at 2.7 mm and found that the resolved E and W compomactequal fluxes of 181 mJy. Later,
Dutrey et al.(1996 observed the system again with the IRAM PdBI at the same kemagh, only to
report that the E component had a flux of 256156 mJy, this time about 3 times brighter than the W
component, which measured a more consistett @Jy. These contrasting observations suggest that the
E component is highly variable, whereas W is more or lesstaohsWe note that in both papers, data
obtained at different orbital phases of the E component wengbined to obtain one single flux value.

In our own survey, the UZ Tau source flux varied between 1071&89dmnJy, over a period of 4 days,
and between orbital phases ©0.07 and 0.09. Although the IRAM 30 m telescope was centered o
UZ Tau E, we did not completely resolve the system, theretfoed/V component had some contribution
to these values¥ 70% of its flux may be included in the beam). Thus, we conclbdeWZ Tau E varied
between approximately 87 and 179 mJy at 1.25mm. In compariz@vious 1.3 mm resolved fluxes
from Jensen et al1996 andlsella et al.(2009 are respectively: 13%#28 mJy and 12612 mJy for
UZTauE, and 329 mJy and 388 mJy for UZ Tau W. The sum of these are roughly centered betwee
our most extreme values. These 1.3 mm flux values are verjaesigiven the earlier 2.7 mm variability
observed and the 13-year gap in time.

If we quickly compare these multi-wavelength fluxes for UZi Vi, then for an averad® zmm~ 31 mJy
and R 7mm~ 10.5 mJy, we find a millimeter spectral slopeaf: 1.5, which is consistent with an op-
tically thin circumstellar (or circumbinary) disk. Perfoing a similar analysis on UZ Tau E, with
F13mm=131.5mJy and &;7mm~ 20 mJy, we derive am = 2.6, which is steeper but not unreason-
able. We remark that our minimuf »smm of 107 mJy (or~ 87 mJy without the W component) gives
ana ~ 1.9 that is also consistent with an optically thin disk, adlas the apparent dust evolutionary
state of its neighboring W component, which likely formedta same time and in the same local en-
vironment. Of course, due to the different geometry andesygparameters, they might have evolved
differently. In the end, what is most apparent, is how UZ TaaeEms to be characterized more often
than not by excess non-thermal flux. Given the observatmdate, our minimum UZ Tau E observation
of 87 mJy represents our best measurement for the true guietbtermal dust emission at 1.25 mm.

The example of UZ Tau E shows that large variations in milten&rightness do occur, but they may
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have many explanations. UZ Tau E was perhaps the most prapiigary in the initial list because of
its many shared traits with fellow spectroscopic binary BQ.TThis includes of course the highest ec-
centricity in the sample and a close periastron approadhglbo bipolar outflows and episodic accretion
bursts from its own circumbinary disiBésri et al. 1997Jensen et al. 20QHirth et al. 1997. In the
following paragraphs, we shall attempt to analyze the UZHaata within the context of the DQ Tau
model for colliding magnetospheres to see if this scenarghtyplausibly explain the active millimeter
light curve.

In such a scenario, the apparent double-brightening préseéhe UZ Tau E millimeter light curve
must represent two sequential events occurring two days. gpalter et al(201Q Chapters) also cap-
tured a secondary brightening toward DQ Tau within an eg8thd5 hours of the first. In fact, there
the authors predict a minimum of two events per periastrao@nter in a scenario for colliding mag-
netospheres, corresponding to first the joining, and therséparation, of the two magnetospheres; a
phenomenon that their restricted monitoring window washien¢o test fully. In this work, covering a
period of 4 days (or an observing window 6 times broader), meifireasonable that the first break might
occur more suddenly and closer to periastron, while thengynaif the second event is likely to occur at
a much larger separation distance as the magnetosphevdg steetch and pinch off (see Figure 8 in
Chapterb, Salter et al. 2010 This would then result in an asymmetry of events aroundéapgon. The
UZ Tau E data show exactly this, where the first event occuyarat the predicted periastron, and the
second event seems to peak two days after periastron.

The two brightenings toward UZ Tau E possess similar recbndaximum fluxes, unlike the sequen-
tial events captured toward DQ Tau where the secondary ssbieght. However, our sparse sampling
means that in all likelihood we have missed the true maxinrathé second, third, and fourth data
points represent a single, smooth decay, the duration dirgtérightening appears comparable to those
characteristic of DQ Tau~30 hours). The second event is much more abrupt, with theMastlata
points being separated by only 4 hours, during which thecsoflux dropped by 73 mJy. The first peak
observed toward UZ Tau occurs when the E component starepagated by-22R., and the second
peak occurs when they are at a distance-87 R.,. If reconnection occurs halfway between the stars in
both cases, equivalent to stellar heights of.&nd 7.R,, then the synchrotron decay profiles should
possess a factor of 2.5 difference in decay times, with tfuddgag time for the first event approximately
4.3 hours and for the second event about 10.6 hours (seedhesiarofMassi et al. 2006 The sampling
of our data is too coarse to verify this.

The Optical Picture

Jensen et al2007) obtained BVRI photometry of UZ Tau E between 2003 and 2006, @daimed that
its light curve is periodic on timescales equivalent to thigital period. They interpreted these results
as pulsed accretion from a circumbinary disk, accordindgnégomodel byArtymowicz & Lubow (1996);
an accretion model that, incidentally, was first tested olagi®nally on data from DQ Tau (sédathieu
et al. 1997. In this model, the circumbinary disk is periodically pelied by the eccentric binary
components, causing the disk material to cross the gap battfe disk and the stars and fall onto
the stellar surfaces. The model predicts a smoothly vargizgyetion rate which can be more or less
strongly peaked at periastron depending on the orbitalnpatiers of the binary, and fits well the light
curve presented idensen et a(2007). They note, however, that the significant scatter in thiet loyrves
indicate that pulsed accretion does not occur during evier orbit. Based on arguments concerning
the amplitude and timescale of the variabililgnsen et a[2007) discarded the possibility of rotational
modulation due to stellar spots.

Our optical light curves obtained during the time of the mmiéter observations indicate two peaks:
one at periastron and the other about 3 days later. The peadéak amplitude is 1.19, 0.96, and 0.57 mag
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Figure 6.2 — Phase-folded optical light curves of UZ Tau E, and the sejmaraf the binary components. A peak
at an orbital phase of 0.00 and another one at 0.15 are cheaible in the light curves, but the source was not
completely quiescent even far from periastron.

in the V-, R-, and I-band, respectively indicating an amyolé decreasing with increasing wavelength.
Additional optical observations obtained during the poegi periastron show a very similar double-
peaked light curve shape, suggesting that—at least for tjazant periastrons—the optical light curve
is periodic. Figuré.2 shows the light curves folded with the orbital period of B Hays, clearly
showing the two peaks: one at around 0.00 orbital phase, reottiexr one at around 0.15. Although the
light curves are not very well sampled far from periastrois evident that the source was not quiescent
even when the binary components were far from each other.

Our results indicate that apart from varying accretion,ratgecondary contribution to the brightness
changes can also be considered. The similar shape of thmet#r and the optical light curves suggest
the possibility that optical flux changes may also be fuelgdtbong magnetic activity.

6.4.3 Other Sources

In the following paragraphs, we briefly discuss our resutstifie rest of the binaries within the context
of the available literature data and our current analyste®@proliferation of powerful star-star magnetic
reconnection events.

EKCep is an eclipsing binary consisting of an A1.5V primary and a/@Secondary, with radii of
1.58 and 1.3R., respectively Torres et al. 2010 While the primary is already in the main-sequence
phase, the secondary is still a PMS stdiafques et al. 2004 When referencing published photometry
and the AKARI/IRC mid-IR all-sky surveylghihara et al. 2070 we found no evidence for infrared ex-
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cess emission that is typically associated with ongoingetion or warm inner circumstellar dust. Pho-
tometric observations bfntonyuk & Rostopching2009 indicate that, outside of the eclipse, no trends
are noticeable in the light curves, although the scatteatd doints does exceed their photometric uncer-
tainty (+0.04 mag) Antonyuk & Rostopching2009 detected variable polarization, which they attribute
to surface magnetic activity of the secondary component.optical photometry shows that EK Cep was
constant within our measurement uncertaintie6.02 mag), and the source was not detected during our
millimeter observations. Our millimeter non-detectiofieo$ an upper limit oMgisk < 0.003M,, for the
amount of material in the cold outer disk, if we use the basix-fhass relation obutrey et al.(1996.

EK Cep appears to be a fairly quiescent source from opticatittimeter wavelengths, and absent of
very powerful star-star magnetic interactions througtesuentire orbital period.

RXJ0530.7-0434 is a WTTS binary consisting of two identical, K2-K3 type stavith photometric
radii of 3.40R., (Covino et al. 2001 Marilli et al. 2007. Optical photometry byCovino et al.(2007)
revealed photometric variations with a periodicity of 182ys (cf. the orbital period of 40.57 days). They
interpret these results by supposing that the periodidity@ light curve is the rotation period (which
is assumed to be similar for the two binary components)catdig non-synchronous rotatioMarilli

et al. (2007 give a V-band amplitude of 0.22 mag and a rotational perib@d209 days. We found no
evidence in the literature for infrared excess to indiché&egresence of warm circumstellar material. Our
optical light curve shows slight variations with amplitsdef 0.12, 0.10, and 0.08 mag in V-, R-, and |-
band, respectively, with the observed peaks approximatdlys before and 3 days after periastron. The
source was not detected during our millimeter observatigiving an upper limit ofMgjsk < 0.024M,

on the disk mass.

Parenago 1540 is a WTTS binary consisting of a K3V primary and a K5V secogndaith no evident
infrared excessMarschall & Mathieu 1988 Manset & Bastier(2002 detected photometric variations
with a V-band amplitude ok 0.5mag, as well as periodic variations in the polarizatwhjch they
attribute to the orbital motion and the fact that there i$stiough dust in the environment of the binary
to produce polarization, despite the lack of infrared exc&svata et al(2005 reported the detection
of an X-ray flare from this source observed during the COUResuof the Orion Nebula Cluster. Our
optical light curve shows a gradual brightening before gs#ron, and a fading after periastron. The
amplitude of the variability is very similar in all bands 19.mag in V, 0.18 mag in R, and 0.13 mag in I).
The source was not detected during our millimeter obsematMgisk < 0.025M..).

Parenago 2494 is a WTTS binary, the primary being an KOIV/V st&R€ipurth et al. 2002 (Reipurth

et al. 2002 found that the star shows periodic variability in the V-Bamith an amplitude of 0.10 mag
and a period of 5.77 days (cf. the orbital period of 19.48 flayi$ey interpret these variations as the
result of large stellar spots on the primary component (Wwiscassumed to dominate the optical light
curve). We found no evidence in the literature for infrara@dess. Our optical light curves also show
variability with amplitudes of 0.12, 0.06, and 0.06 mag inR-, and I-bands, respectively. Our coverage
is not enough to do a period analysis, but the shape of thedighies is not inconsistent with a period of
about 6 days. The source was not detected during our miinoétservations. Other than the absence of
a significant circumstellar dust reservdil sk < 0.028M,,), Parenago 2494 possesses extremely similar
orbital parameters to UZ Tau E. Located at a distance 3 tiomtiser away, a similar outburst as the one
observed towards UZ Tau E would appear 9 times weaker, ahd fesv times the noise level.

GG Ori  isaPMS eclipsing binary consisting of two nearly identiBal5-type stars with radii of 1.852
and 1.83(R;, (Torres et al. 2000 B- and V-band light curves bYorres et al(2000 display a scatter that
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is significantly larger than the photometric errors, thusrnsic variability of one or both components is
suspected. We found no evidence in the literature for iattaxcess to indicate warm material close to
the stars. Our optical observations show that GG Ori wastaohwithin the measurement uncertainties
outside of the primary eclipse recorded on the night of 20d@¥ember 2009, shortly before periastron.
The source was not detected at all during our millimeter nlagi®ns Mgisk < 0.023M.,). We do remark
how an eclipse that lasts longer than the flare event itsekaly to completely obscure it, assuming the
trapped electron population lies within the eclipsing plain the case of GG Ori, at a distance 3 times
further than our outbursts in Taurus, the detection wind®wal$o shortened as it is for Parenago 2494.
Moreover, B-type stars are reported to be less magnetiaeliye than later spectral types (their magnetic
fields are below a few hundred G, and their X-ray emission isine to magnetospheric reconnections
but shocks in the stellar win@amiani et al. 1994Hubrig et al. 2009

RXJ0350.5-1355 is a WTTS binary consisting of a KO-K1 primary and a K1-K2 ssdary Covino

et al. 200]). Covino et al.(2001) andMarilli et al. (2007 found modulations in the optical light curve
with a periodicity close to the orbital period. They atttduhe 0.2 mag amplitude photometric variabil-
ity to rotational modulation due to stellar spots, suggesthat the rotational and the orbital period is
synchronized. They also note that the spectral lines of thmgpy indicate faster rotation and strong
magnetic activity. We found no evidence in the literatureifdrared excess. Our optical observations
show variations with amplitudes of 0.08, 0.09, and 0.12 nmay-j R-, and I-band, respectively. Our
coverage is not enough to do a period analysis, but the stidpe light curves are not inconsistent with
a period of about 9 days. The source was not detected duringnidiimeter observations, which cover
an entire orbital periodMgisk < 0.030M.,). If the primary is magnetically active, then the reconiuett
events may not be powerful enough or frequent enough to leeteet in the millimeter.

V826 Tau is a WTTS binary consisting of two very similar K7V-type stawith radii of 1.44R;
(Reipurth et al. 1990 Reipurth et al.(1990 found sinusoidal light variations with an amplitude of
0.06 mag and a period that is slightly smaller than the drpi&&od. They attribute the variability to ro-
tational modulation due to stellar spots. We found no ewden the literature for infrared exce$3jrlan

et al. (2009 classifies it as a Class Il (diskless) source. Using XMMaln observationsGiardino

et al. (2006 detected significant X-ray variability with a factor of 2 plitude on a five-day timescale,
possibly related to coronal magnetic activity. Our lightvas show slight variations with amplitudes
of 0.05, 0.07, and 0.04 mag in V-, R-, and I-band, respegtivEhe source was not detected during our
millimeter observationsMgisk < 0.003M,), which cover 1.5 orbital periods.

RXJ0529.4+0041 is a WTTS triple system, consisting of RX J0528@D41 A, an eclipsing spectro-
scopic binary, and RX J0529:49041 B, a single star at a projected distance of {Cvino et al. 200%
The eclipsing binary consists of a K1V-type primary and aM@-secondary, with radii of 1.44 and
1.35R., respectivelyCovino et al.(2000 reported B- and V-band brightness variations unrelateteo
eclipses, possibly connected to rotational modulationtdstellar spots and other phenomena driven by
magnetic activity.Covino et al.(2004 found that the out-of-eclipse JHK light curves of the seucan

be best fitted if stellar spots are included in their moddrilli et al. (2007) also observed out-of-eclipse
variations with a V-band amplitude of 0.1 mag. Our VRI lighiees show that this source was constant
within 0.03 mag in all three bands. A possible explanatioth& the stars experienced a less active
period and had no spots on their surface during our opticséming campaign. We found no evidence
in the literature for infrared excess, and the source wagtested during our millimeter observations
(Mgisk < 0.011M,,).
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Parenago 1802 is a WTTS eclipsing binary consisting of two very similar Nyge stars with radii of
1.82 and 1.6R, (Stassun et al. 2008Cargile et al (2008 observed 0.05 mag peak-to-peak variations
in the out-of-eclipse I-band light curve, indicating imsic variability. They claim that these variations
have both a periodic and a stochastic component, suggekihgpots and chromospheric activity may
both be present in the system. Our light curves also showabidity with amplitudes 0.06 and 0.05 mag
in R- and I-band, respectivelyptassun et a(2008 found weak evidence for infrared excess-a&bum,
indicating the presence of a circumbinary disk and/or at flind component in the system. However,
the source was not detected during our millimeter obsematMgisk < 0.022M.,).

RXJ0541.4-0324 is a WTTS binary consisting of a G8 primary and a K3 second@gvino et al.
20017, with photometric radii of 2.8 and 1R, respectively.Marilli et al. (2007 observed rotational
modulation in the V-band light curve with an amplitude of thhag and period of 5 days, equal to the
orbital pediod, indicating a synchronous rotation. Our Viglt curves show slight variations with an
amplitude of 0.06 mag in all three bands, not inconsistetth &i5-day period. We found no evidence
in the literature for infrared excess. The source was natated during our millimeter observations
(Maisk < 0.024M,).

NGC 2264 Walk 134 is a PMS binary consisting of two similar G-type stars wittliraf 3.2R., (Pad-
gett & Stapelfeldt 1994 Koch et al.(1999 reported V- and R-band variability with an amplitude of
0.35 mag, but found no periodicity in the light curves. Thispdound that the V brightness of the object
is not correlated with the ¥R color. Using Chandra observatioi®amirez et al(2004) found that the
source is variable in the X-ray, but found no periodicity hie data, and the variability was not flare-like
either. Although its weak emission lines make it a WTTS, & hanear-IR excess that is more typical
of CTTS (Padgett & Stapelfeldt 1994 Archival Spitzer IRS spectra also indicates significaitared
excess up to 3@m. Our optical light curves show peak-to-peak variation8.a2, 0.19, and 0.18 mag in
V-, R-, and I-band, respectively. The source appears reaten fainter. This binary was not detected
during our millimeter observation®/isk < 0.088M..).

6.5 Summary and Conclusions

Using the IRAM 30m telescope, we have conducted a monitgingram covering 4 consecutive nights
to study the millimeter variability toward 12 PMS spectrogic binaries mostly in the Taurus and Orion
star-forming regions. Here we report that one source, th€SCUZ Tau E, experiences significant mil-
limeter flux variations [ 25 mm ranges from 87 to 179 mJy) on daily timescales, a clear itidicaf
non-thermal emission processes near periastron. The fréds¢ @ample, consisting mainly of WTTS
up to three times more distant, remain undetected in thareamh for the duration of the campaign,
defining upper flux limits of 5-10 mJy at 1.25 mm (240 GHz).

The motivation for our survey follows the recent discover@ recurring, bright (up to 27 times
quiescent values or peaking at about 0.5 Jy) millimeteruwstb toward the T Tauri binaries V773 Tau A
(Massi et al. 200Band DQ Tau (Chaptes, Salter et al. 2010 Attributed to synchrotron activity from
interbinary interactions of large magnetic structures, phenomenon toward V773 Tau A is described
as chance collisions between extended coronal featureseasit has been proposed that the geometry
of the DQ Tau system alone (specifically a lag@nd smalldy,) results in global interactions between
the two closed stellar magnetospheres near periadtfath{eu et al. 199;/7/Bastri et al. 199Y. Therefore,
our target list consisted of 6 close-separation binarigh wircular orbits €~ 0) that may experience
activity at any time (but apparently did not do so during observing run), as well as 6 geometrically
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favorable high-eccentricity systems with activity mo&ely to occur near periastron (where we detect
two possible events toward the source UZ Tau E).

In our sample, no system geometry is quite as extreme as D(altwough our detected source
UZ Tau E comes closest. Therefore, a positive detection ail{l-peaked) variability near periastron
toward UZ Tau E lends strong support to a similar global biteary interaction; but does not confirm it.
Instead, this detection brings our total millimeter-vhl&asource statistics to 3 (i.e. V773 Tau A, DQ Tau,
and UZ Tau E) out of 14 observed sources, and means that we esalyta consider that millimeter
flares are not so uncommon. In addition, as we examine the syiséeems in much greater detail, it
becomes clear why we might not have expected to see, or may missed, evidence of flares in
these systems. The most important factor seems to be théifitaace inverse relation, which affects
our detection limits and sampling coverage. The studyfitsak also limited by the number of close-
separation binaries that have been both identified and Wwatbcterized.

UZ Tau E should certainly be considered for follow-up obaéions to help characterize the light
curve profile, also on orbital timescales, and to assesaitecontributions from strongly varying
free-free emission processes. We must also strongly caatiainst the reliability of any disk model
for UZTau E that is based on continuum flux measurements th&iktrue quiescent flux level can be
established. In the future, ALMA will allow better monitog of these systems, leading to a more
complete analysis of the proliferation of strong millinregetivity in low-mass PMS binary systems, as
well as how much energy can be released during a millimetuost and the magnetic field regeneration
timescales possible in systems known to experience reguotitbursts.
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Appendix A

A.1 Millimeter and Optical Data

Table A.1 — Millimeter photometry

JD—2,450,000 F25mm[mJy]  01.25mm[mJy]

EKCep
5152.91 0.04 2.48
5153.96 -6.31 2.30
5154.08 1.14 3.33
5155.13 -0.85 2.20
5155.89 -0.22 1.64
5156.05 -3.61 2.66
RXJ0350.5-1355
5153.02 -1.13 2.78
5154.00 0.47 2.21
5154.12 -0.86 3.47
5155.14 -1.21 1.94
5155.93 -1.82 2.03
5156.09 4.86 2.54
V826 Tau
5152.93 -1.16 251
5153.98 0.46 1.94
5154.15 -2.02 2.12
5155.23 -3.84 1.76
5155.91 191 1.73
5156.06 1.20 1.79
5156.22 -2.82 3.56
UZ Tau
5152.93 174.3 2.7
5153.99 181.9 2.0
5154.15 154.5 2.0
5155.24 107.4 2.0
5155.91 172.7 1.6
5156.07 198.7 2.0
5156.23 1255 3.3
RXJ0529.4-0041
5153.04 -0.66 2.38
5154.02 -2.61 2.00
5154.18 -0.58 2.55
5155.16 -1.00 1.40
5155.93 -2.56 2.03
5156.11 -1.82 1.92
RXJ0530.70434
5153.04 2.74 2.51

5154.02 2.78 2.04
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Table A.1 — continued.

JD—2,450,000 F25mm[mJy]  01.25mm[mMJy]

5154.19 2.23 2.95
5155.17 0.81 1.49
5155.94 0.79 2.25
5156.12 -2.16 1.88
5156.19 3.67 2.92
Parenago 1540
5153.04 -2.35 2.50
5154.03 -0.64 2.17
5154.19 9.87 2.94
5155.18 0.22 1.47
5155.95 1.45 2.20
5156.12 5.12 2.09
5156.20 2.65 2.97
Parenago 1802
5153.05 0.07 2.33
5154.05 4.97 2.05
5154.20 411 3.08
5155.19 4.58 1.60
5155.98 1.06 1.93
5156.13 10.7 2.2
5156.20 11.1 3.0
Parenago 2494
5153.05 3.86 2.30
5154.10 -0.06 2.13
5154.21 2.27 3.51
5155.20 0.71 1.62
5155.99 1.12 191
5156.14 1.42 2.23
5156.21 -5.40 3.26
RXJ0541.4-0324
5153.05 0.14 2.25
5154.11 -1.88 2.06
5154.22 0.84 3.29
5155.21 0.25 1.56
5156.00 1.19 1.98
5156.15 5.00 2.15
GGOri
5153.06 2.11 2.22
5154.11 -2.09 2.06
5154.22 -5.52 3.16
5155.21 -0.81 1.54
5156.00 -3.06 1.89
5156.15 -1.94 2.06
NGC 2264 Walk 134

5153.06 -2.41 2.19
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Table A.1 — continued.

JD-2,450,000 F25mm[mJIy]  01.25mm[mMJy]

5154.14
5154.23
5155.25
5156.02
5156.16

251 2.07
-1.56 2.25
3.18 1.36
-0.99 1.88
-2.00 2.07

Table A.2 — Comparison stars used in the optical photometry

Target Comparison

EKCep 2MASS J214028046940328
RXJ0350.5-1355 2MASS J035018561354489
V826 Tau 2MASS J043203581806038
UZTauE 2MASS J043230232552413
RXJ0529.4-0041 2MASS J052917380042581
RXJ0530.70434 2MASS J053031500434536
Parenago 1540 2MASS J0534398826420
Parenago 1802 2MASS J0535123%36403
Parenago 2494 2MASS J05370943606445
RXJ0541.4-0324 2MASS J054128620326581
GGOri 2MASS J054315530036546

NGC 2264 Walk 134 2MASS J06405788956299

Table A.3 — Optical photometry. The magnitudes are differential mag-
nitudes with respect to the comparison stars in TAlkke S is for the
Konkoly Schmidt Telescope (Hungary) and | is for the Teid&480

telescope (Spain).

JD-2,450,000 AV [mag] AR|[mag] Al[mag] Tel.

EKCep

5149.28 —4.22(4) —3.91(3) S
5151.27 —4.61(6) —4.25(2) —3.89(5) S
5154.24 —4.56(11) —4.23(13) —3.91(13) S
5155.35 —-3.76(5) —3.44(1) -—-3.18(7) S
5155.41 —4.26(4) [

5156.34 —4.22(4) —3.89(2) S
5157.38 —4.62(6) —4.22 —3.89(3) S
5159.24 —4.61(4) —-4.21(2) —-3.90(7) S
5161.26 —4.61(8) —4.28 —3.96(5) S

RXJ0350.5-1355

5149.42 —-3.82(1) -—3.84(10) —4.03(7) S
5151.47 —3.75(11) —3.84(1) -3.88(28) S
5154.37 —-3.77(5) —3.84(1) —-3.98(4) S
5155.44 —-3.81(1) —3.89(2) —4.00(2) S
5155.50 —3.92(2) [

5156.40 —3.80(1) —3.89(1) —3.99(2) S
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Table A.3 — continued.

JD—2,450,000 AV [mag] AR[mag] Al[mag] Tel.

5157.45 -3.82(1) —-3.93(1) -4.01(1) S
5157.52 —3.92(2) I
5159.37 -3.80(5) —3.86(1) —3.98(3) S
5161.44 —-3.76(6) —3.88(1) —3.91(6) S
V826 Tau
5149.40 —3.18(6) —2.65(3) —2.16(3) S
5151.38 -3.21(4) —-2.70(1)) —-2.15(1) S
5154.35 —-3.24(3) —2.70(3) —-2.17(3) S
5154.59 —2.69(1) I
5155.40 —-3.20(1) —2.69(1) -—-2.16(2) S
5155.50 —2.67(2) I
5156.36 -3.17(1) —2.66(1) —2.14(2) S
5157.42 -3.20(1) —-2.68(1) -—2.16(1) S
5159.35 -3.27(4) —-2.70(2) -2.17(1) S
5161.36 —-3.25(8) —2.71(2) -2.16(3) S
UZTauE
5129.62 —-1.57(1) -—-1.51(1) -1.65(1) I
5130.55 —-1.26(1) —1.28(1) -—-1.47(3) I
5133.63 —-1.11(1) -—-1.09(1) -1.37(3) I
5134.48 —-1.71(1) -—-154(3) -1.63(2) I
5135.58 —-1.80(1) -—-1.72(7) -—1.76(2) I
5136.58 —-1.42(4) —-1.34(2) -1.47(4) I
5137.57 —-1.61(1) —-1.49(1) -1.50(3) I
5142.58 —-1.36(1) —1.32(1) -1.47(4) I
5143.57 —1.59(1) —-1.53(1) -1.57(1) I
5149.38 —-1.47(36) —1.37(9) —1.68(2) S
5151.39 —0.90(5) —-0.95(2) -1.21(3) S
5154.36 —-1.65(2) —-1.46(12) -1.47(1) S
5154.60 —1.55(2) I
5155.37 —-1.26(2) —1.28(1) -—-1.42(1) S
5155.50 —1.26(2) I
5156.32 —1.51(1) -—-1.43(1) -1.47(Q) S
5157.40 —2.09(3) —1.85(1) -—-1.78(1) S
5157.54 —1.86(2) I
5159.36 —-1.63(7) —1.51(2) -1.49(1) S
5161.34 —-1.01(7) —-1.11(3) -—-1.23(2) S
UZTauW
5129.62 -1.21(1) -—-1.22(1) -1.60(1) I
5130.55 -1.17(1) -—-1.21(1) -1.56(1) I
5133.63 -1.27(1) -—-1.27(1) -1.66(3) I
5134.48 —-1.27(6) —1.24(2) —-1.59(3) I
5135.58 —1.25(2) —1.34(8) -—1.65(2) I
5136.58 —-1.30(5) —1.32(3) -—-1.70(2) I
5137.57 —-1.27(1) —-1.29(1) -1.62(2) I
I

514258  -1.19(1) -1.22(1) -1.60(3)
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Table A.3 — continued.

JD—2,450,000 AV [mag] AR|[mag] Al[mag] Tel.
5143.57 —-1.22(1) —-1.26(1) —-1.59(1) [
5154.60 —1.16(2) [
5155.50 —1.25(1) [
5157.54 —-1.17(2) [

RXJ0529.4-0041
5149.44 0.64(2) 0.37(2) 0.12(2) S
5151.41 0.65(3) 0.36(2) 0.10(2) S
5154.38 0.62(2) 0.34(2) 0.09(1) S
5154.61 0.33(2) I
5155.42 0.64(2) 0.37(2) 0.10(2) S
5155.51 0.37(2) I
5156.38 0.62(1) 0.35(1) 0.09(1) S
5157.43 0.64(1) 0.36(12) 0.11(2) S
5157.54 0.36(2) I
5159.38 0.61(1) 0.34(1) 0.08(1) S
5161.45 0.63(2) 0.36(5) 0.10(2) S

RXJ0530.70434
5149.45 —1.05(2) —0.53(3) 0.10(2) S
5151.42 —-1.12(1) —-0.56(1) 0.07(2) S
5154.41 —-1.02(1) -0.46(2) 0.12(2) S
5154.62 —0.46(2) [
5155.48 —1.00(1) —0.46(2) 0.15(2) S
5155.51 —0.46(2) [
5156.44 —-1.01(1) -0.46(2) 0.14(2) S
5157.48 —-1.04(1) -0.50(2) 0.11(2) S
5157.54 —0.50(12) [
5159.39 —1.06(1) —0.51(1) 0.10(2) S
5161.46 —1.03(1) —-0.50(1) 0.12(2) S

Parenago 1540
5149.51 -0.92(1) —-1.08(1) —1.19(2) S
5153.49 -1.04(7) —1.13(1) S
5154.44 -1.02(1) —-1.16(1) -1.26(2) S
5155.52 —1.15(2) [
5155.60 -1.02(1) —-1.17(1) —-1.26(3) S
5156.55 -1.06(1) —1.20(1) —1.29(2) S
5157.56 -1.11(1) —-1.25(1) -1.32(2) S
5161.38 -1.08(1) —1.19(1) -1.30(5) S
Parenago 1802

5149.52 0.60(1) —0.26(2) S
5154.43 0.56(1) —0.30(2) S
5154.65 0.61(2) I
5155.52 0.60(2) I
5155.58 0.59(1) -0.27(2) S
5156.52 0.61(1) —0.26(2) S
5157.55 0.57(1) —0.28(2) S
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Table A.3 — continued.

JD—2,450,000 AV [mag] AR[mag] Al[mag] Tel.

5157.55 0.58(2) I
5161.37 0.62(1) —0.25(2) S
Parenago 2494
5149.50 —2.78(1) —2.52(1) -2.36(2) S
5153.47 —2.70(2) —2.49(1) -2.34(2) S
5154.42 —2.73(3) —2.50(1) —2.35(3) S
5154.66 —2.54(1) [
5155.50 —2.78(1) —2.53(1) -2.37(2) S
5155.53 —2.52(1) [
5156.46 —2.82(1) -—2.56(1) -—2.40(2) S
5157.50 —2.77(2) —2.53(2) -2.39(1) S
5157.56 —2.52(2) [
5161.39 —2.79(2) —-2.52(2) —-2.39(4) S

RXJ0541.4-0324
5149.49 —0.60(1) —-0.76(2) —0.90(2) S
5151.44 —0.55(1) -0.70(2) -0.84(2) S
5154.40 —0.59(1) -0.73(4) —0.90(2) S
5154.67 —0.72(2) [
5155.46 —0.58(1) -0.73(1) -0.88(1) S
5155.53 —0.72(2) [
5156.42 —0.54(1) -0.70(1) —-0.85(1) S
5157.47 —-0.57(1) -0.72(1) -—-0.86(1) S
5157.56 —0.71(2) [
5159.47 —0.60(1) -0.76(1) —0.88(1) S
5161.47 —0.55(1) -0.70(1) -0.84(2) S
GGOri
5151.48 —0.10(2) —0.06(3) S
5153.44 —-0.31(1) -0.13(2) -—0.05(2) S
5154.67 —0.10(2) I
5155.54 0.19(2) I
5155.54 —0.03(3) 0.15(3) 0.22(2) S
5156.49 —-0.31(1) -0.12(1) -—0.05(2) S
5157.52 —-0.30(1) -0.11(1) -0.05(2) S
5157.55 —-0.11(2) [
5159.48 —-0.29(1) -0.10(1) -0.01(2) S
5161.42 —0.29(2) -0.10(2) —0.04(2) S
NGC 2264 Walk 134

5149.53 0.10(1) -0.07(1) —0.23(1) S
5151.45 —-0.01(1) -0.15(1) -0.31(2) S
5155.52 0.15(1) -0.01(1) —-0.19(2) S
5155.54 —0.02(2) I
5156.48 0.22(2) 0.04(1) -0.13(2) S
5157.51 0.04(1) -0.12(1) -0.28(1) S
5157.51 —0.12(2) [
5161.40 0.02(1) -0.14(1) -0.29(1) S
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Chapter 7

A Zero-Gravity Instrument to Study Low
Velocity Collisions of Fragile Particles at
Low Temperatures

We discuss the design, operation, and performance of a masatup constructed for use in zero (or
reduced) gravity conditions to initiate collisions of filegmillimeter-sized particles at low velocity
and temperature. Such particles are typically found in mastyonomical settings and in regions
of planet formation. The instrument has participated irr foarabolic flight campaigns to date, op-
erating for a total of 2.4 hours in reduced gravity condii@nd successfully recording over 300
separate collisions of loosely packed dust aggregatescangaimples. The imparted particle ve-
locities achieved range from 0.03-0.28nt &nd a high-speed, high-resolution camera captures the
events at 107 frames per second from two viewing angles agguhby either 488or 60.0. The
particles can be stored inside the experiment vacuum chaahlbemperatures of 80-300K for sev-
eral uninterrupted hours using a built-in thermal accuninrtesystem. The copper structure allows
cooling down to cryogenic temperatures before commenceaid¢ne experiments. Throughout the
parabolic flight campaigns, add-ons and modifications haenbmade, illustrating the instrument
flexibility in the study of small particle collisions.

D. M. Salter, D. Hei3elmann, G. Chaparro, G. van der Wolk,dM3Rus, A. G. Borst, R. W. Dawson,
E. de Kuyper, G. Drinkwater, K. Gebauer, M. Hutcheon, H. lartn, F. J. Molster, B. Stoll,

P. C. van der Tuijn, H. J. Fraser, and J. Blum
Review of Scientific Instrumeng0), 7450174509 (2009)
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7.1 Introduction

The origin of the Solar System and the formation of planeisluding the enticing implications for
the distribution of life in the universe, are key avenuesspad in modern astronomy by observational
astronomers, theoretical physicists, and to a substgnsiaaller extent, experimentalists. Given the un-
resolvable scale size at interstellar distances, the edaokednvironment, and the uncertainty of the
dominating physical processes, it is a challenging taskniderstand planetary origins when apply-
ing observation techniques and theoretical modeling ald¥ew recent progress in laboratory exper-
iments has yielded insight into particle collisions durthginitial planet formation stages (e.g. growth
to millimeter-sizes), complementing observational anebtktical work while providing a repeatable
and consistent recipe to describe individual particleradgons Blum & Wurm 2008. In this chap-
ter, we present a new laboratory instrument to tesiniad stage of coagulation theory (e.g. growth to
centimeter-sizes), which is the leading scenario for gléorenation that describes a collisional growth
mechanism.

The scientific goals specifically target the properties agifie, millimeter-sized ice and dust aggre-
gates during collisions. The aggregates are analogou tprévalent material found in protoplanetary
disks around young stars and therefore are believed to hgdlgenitors for rocky Earth-like planets, as
well as the core beginnings of gas giants like Jupi®eiflenschilling & Cuzzi 1993Natta et al. 200y
But until now the physical processes governing this cruniarmediatestage of collisional growth (from
millimeter- to kilometer-sizes) have remained largelyrweistigated. The most challenging aspects to
these studies involve re-creating the reduced-gravityr@mment for the timescales necessary to observe
particle growth through collisional sticking mechanisnhis.this respect, ground-based drop tower ex-
periments Blum et al. 2002 Langkowski et al. 2008 parabolic flight maneuvre£plwell et al. 2008,
space shuttle payload missior@ojwell & Taylor 1999 Colwell 2003, and the space-based laboratory
on board the International Space Station (I9)ve & Pettit 2004 offer unique ways to counter the
effects of the Earth’s gravitational field by creating a temgpy condition of weightlessness.

The indirect detection of more than 300 extra-solar plaseggests that planet formation might well
be a commonly occuring process, even a fundamental by-pradstar formation. In previous labora-
tory and microgravity experiments, the inital growth pdrior silicate dust particles (up to millimeter-
sizes) has already been shown to occur quickly and effégtidae to van der Waals forces, achieving a
sticking probability of unity during particle collisions tow relative velocities (. < 1 ms1) that result
in larger, fluffy, and porous aggregate structuBkin & Wurm 2009. Observationally, spectroscopic
studies of silicate dust emission features at 10 andrA@manating from a large sample of circumstellar
disks around young forming stars that exhibit convincinglence of the initial grain growth process
from small, sub-micron interstellar particles up to aggteg of several micron¥Késsler-Silacci et al.
2006 Furlan et al. 2006 In addition, probing these disks at longer, millimetenelangths reveals a
slower drop-off in emission than expected for some soumgbg;h can be explained by a population of
particles that have already grown to millimeter-sizesmimen et al. 2007Natta et al. 200y

The conclusions of both observation and experiment areistens with coagulation theory in these
earliest stages, but the dominant physical processes beghange in yet unidentified ways as par-
ticles grow larger and begin to settle within the circumatetlisk midplane. We know that once the
objects reach kilometer-sizes, they possess sufficienitgtianal attraction to capture and retain addi-
tional mass, kicking off a gravitationally-dominated etiof runaway growth leading to planetary status
(Wetherill & Stewart 19891993. But how do millimeter-sized aggregates attain kilomsiges, and
thereafter runaway growth? What are the dominant processesnditions that allow, or prevent, par-
ticles from growing beyond centimeter sizes for which otagonal diagnostics are lacking? It is this
intermediategrowth stage that may be the crux to questions regardingatbe, efficiency, and prolifer-
ation of planets and planetary systems in the universe. alisis here where our physical interpretation
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is insufficient, and thus where we shall focus our curreneerpental efforts and draw comparisons to
recent theoretical models.

At the intermediate growth stage, the particle size and émsitly of particles required to guarantee a
chance collision within a 4-10 second drop tower experigisrgrohibitive to a video analysis capable
of capturing an unobstructed view. Instead, a more diresigdewas developed to initiate and observe
individual collisions. For this, parabolic flight was sekxt to preserve the flexibility and diversity of
the experiments in 22-second intervals. Parabolic fligiks place on board a specially designed Airbus
A300 aircraft and are organized regularly by the Europeac&@\gency (ESA) and the German Space
Agency (DLR), and they are operated by the French companye$pmce. During each flight campaign,
approximately 10—15 experiments are accomodated on 3aepgkghts of 30 parabolic trajectories each.
Between parabolas, regulagjthorizontal flight is maintained for several minutes to gix@erimenters
working alongside their setups a chance to quickly reviegvdhta collected and to make necessary
adjustments or corrections to their setup. In total, onétlagampaign offers a combined weightless (or
microgravity) period of approximately 30 minutes.

To account for the low gas densities of circumstellar digks, instrument uses laboratory pumps
and a vacuum chamber. Previous experimental studies giga igea of the aggregate structure of the
millimeter-sized particles expected in the solar nebuwanfcollisional sticking Blum 2004 Blum et al.
2006. Observations of young disks tell us about the environnaeidt composition, including the tem-
perature range (30—1500 K) and the presence of ices, resggctOur design is able to achieve cold
temperaturesof 250-300 K) to probe dust interactions, as well as cryogemigperatures 80—-250 K)
where ices may play an important role in offering additiormaltes to more efficient sticking processes.
In addition, theoretical work reveals the kinematics inldneers of the disk at these temperaturééei-
denschilling & Cuzzi 1998 For the particle sizes that we wish to study, the aggregatejust beginning
to de-couple from the pressure-supported gas that hasrgaéneir motion up to this point and kept
them suspended higher in the disk atmosphere. This growtesahem to sink toward the dense mid-
plane of the disk, giving the larger particles a non-zeratiet velocity with respect to the other (smaller)
particles still coupled to the turbulent gas. This definesdbllision velocities expected, on the order of
0.10ms?, for the planet-forming regions we are studyinyeidenschilling & Cuzzi 1993Weiden-
schilling 1997. These velocities do, however, present a great challemgeound-based studies where
the Earth’s gravitational field makes relative particleoeities of < 1 ms* very hard to achieve, and
where it may prevent, or favor, sticking processes unitszdisy.

In October 2006, we proved our experimental setup during’€83!" Parabolic Flight Campaign
on the Novespace premises at the Bordeaux-Merignac airp&@ordeaux, France. Additional flight
campaigns followed, including the November 2007 (ESA andrPéampaigns and the April 2008 DLR
campaign, all also held in Bordeaux. This paper reports eniribtrument design. In Secti@r2 we
describe the separate components of the experiment, o8& we report on the instrument perfor-
mance in microgravity, and in Secti@m we offer a short summary of some preliminary results for the
purpose of illustrating the effectiveness of the instrutveith respect to our scientific goals.

7.2 Experiment Design Overview

The science goals driving our experiment design are thésmwikl properties of fragile, millimeter-
sized, protoplanetary dust and ice analogs in young cirteltas disks. To obtain a large statistical
sample of this collision behavior in a simulated early pptdoetary disk environment, a particle storage
and cooling system built from copper (Sectib@.1) was developed to fit inside a cylindrical vacuum
chamber (of diameter 250 mm and height 290 mm), and to opeketiea broad range of cold (250—
300K, for protoplanetarylust analogs) and cryogenic temperatures (80-250 K, for prategpéryice
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Figure 7.1 — A CAD schematic showing a cut through the center of the erpent chamber. The particle storage
device (1) sits on top of the thermal reservoir (2) built opper. The particle storage unit rises up and down with
a cork-screw system (3) to rotate additional particles thefixed line of fire. A copper shield (4) protects the
storage device from thermal irradiation. The two “firingsfmns of the particle acceleration system stretch from
opposite sides beginning outside the side flanges and camgimoward the center of the chamber (5). The whole
system is chilled through contact with a copper tubing (@} ttontains a flow of liquid M The entire instrument

is situated within a vacuum chamber (7). Collisions are rimwad from above with the image acquisition system
via a transparent viewport on the top flange.

analogs). A hydraulically-driven, synchronized partiakzeleration system rapidly initiated collisions
during the initial flight, but was later replaced by two syrartized electrical DC-motors operating in
a master-and-slave configuration (Sectich3. For the purpose of the experiments, the functionality
of these setups are identical in every way, differing onlgha synchronization design. Both acceler-
ation systems specify the velocity and trajectory of twoasafe dust or ice analogs approaching from
opposite directions so that the projectiles either colbtfaultaneously with a removable, dual-sided,
centrally-located dust/ice target (Sectib@.4, or with one another within the field of view of a high-
speed, high-resolution imaging and data recording sys&sutijon7.2.5. Finally, the vacuum chamber
and the support equipment were fit into two separate alumisimat support racks to be placed on board
the parabolic flight aircraft, according to safety guidetin A blueprint of the overall experiment design
is shown in Figur@.1 and the following sections describe the separate compsert capabilities in
greater detalil.

7.2.1 Particle Storage and Cooling

An original design for particle storage was engineered dbasethe requirements that the setup is capa-
ble of operating at low and cryogenic temperatures, possdast and controlled collision reloadability,
obeys physical size restrictions, has maximum sample @gpand is in accordance with safety regu-
lations for parabolic flights. The result is a cylindricabistge device, or particle reservoir, built from
copper (see Figure?). It has a diameter of 180 mm and stands 110 mm high. In therumpeof the
reservoir we drilled 180 identical, cylindrical compartme (each of diameter 8 mm and depth 9 mm)
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situated at regular intervals (separated by a turn of°)2rba double-helix pattern, such that each hole
is aligned exactly opposite a corresponding hole. Whely folhded in this configuration, 90 separate
collisions between fragile particles (or 180 collisionspairticles and central target) can be performed.
During the 2007 and 2008 follow-up flights, an additionakate chamber of the same dimensions was
designed to hold 64 compartments of slightly larger volufoe 2 collision pairs). The 64 holes have a
diameter of 16 mm with a 24turning separation. Built this time of aluminum, the newtjzde storage
device can be easily swapped for the original to probe thiesimsi properties of larger particles, up to
15 mm.

On the lower half of the copper reservoir exterior, belowst@age compartments, vertical grooves
were cut into the copper (see Figutr&). This way a small gear (20 mm in diameter and 10 mm high),
situated to the side of the storage unit, and possessinguthe groove pattern as the storage unit, can be
used to turn the selected reservoir unit (automatically anually) with a hand wheel that passes out of
the chamber through the bottom flange. Later, due to diffesilbperating the small gear at cryogenic
temperatures (80—-250 K), the rotation of the sample reprysivas revised, such that the handwheel now
directly couples to the brass-made cork-screw system (gped”.1, label 3) with a double-Cardanic
joint to prevent canting. For this reason, a similar groosttgsn was no longer necessary on the bottom
half of the aluminum version of the storage unit.

Since cryogenic liquids and pressurized vessels are pretiiuring flight, it was necessary to devise
a thermal accumulation system to achieve, and maintaiwl, @otl cryogenic temperatures for several
uninterrupted hours. A copper construction was deemed Bwtible based on copper’s high heat
capacity per unit volume, high thermal conductivity, andeeaf manufacturing for adjustments and
customization. Thus, the coppearticle reservoir is situated on top of a 45 kg copgieermalreservoir,
or copper block (see label 4 in Figufed). The two reservoirs (particle and thermal) fit togetheravia
custom-made, quintuple thread (essentially a large scfa@iameter 30 mm and length 70 mm), which
is firmly attached to the bottom of the particle reservoir &tgla hollowed out groove in the thermal
block. The thread steadies the particle reservoir as iesaisit of, or lowers into, the thermal block
during rotation (supporting a height change of 5cm). Thigiea movement allows us to increase the
storage capacity, by achieving a continuous, winding roseshples that completes two rotations of the

Figure 7.2 — At top, the original copper par-
ticle storage device with the storage com-
partments on the upper half and the verti-
cal grooves to fit a gear on the lower half.
Below left, individual compartments in one
row are filled with the fragile millimeter-sized
dust aggregates described in the text (see Sec-
tion7.3). At right, the aluminum version with
64 holes for larger particle collisions. The
grooves are no longer necessary with the re-
vised handwheel system (see Secfich]).
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reservoir. In this setup, more samples can be loaded in &bttie fixed firing system during flight,
all the while maintaining thermal contact between the gferdevice and the thermal reservoir for the
duration of the experiment.

Finally, a 10 mm thin, U-shaped copper casing, or cover [lalreFigure7.3), slips over the particle
reservoir on top. This cover shields the storage device featernal radiative warming effects, and
serves to “seal” the fragile samples in their respective gamments, until primed for release. The cover
is fixed to the thermal block during flight, locking the (loajleeservoir inside and fixing the alignment.
In combination with the quintuple support thread, the stiper helps prevent the sample repository from
tilting while still leaving enough vertical space withinb@e and below) so that the reservoir can wind
up and down freely. Together the entire copper construcbown in Figure.3, is then placed within
the vacuum chamber atop insulation “feet” constructed fRuotyetheretherketones (PEEK).

7.2.2 Cryogenic Operation

Once sealed, the vacuum chamber is pumped using the coiohiwéia turbo-molecular pump (TMP)
and a membrane pump in series. When a pressuel®f 2 mbar is achieved, cooling of the internal en-
vironment can commence without any significant heat trarthkfe to the residual gas inside the chamber.
This prevents the vacuum chamber from accumulating coradiensor becoming frosted on the outside.
The best vacuum attainable in this setup is®@bar. Liquid N (LN2) enters the chamber through a
LN2 feedthrough on the bottom flange. It is connected on tkl@nto flexible copper tubing that has
been molded around the thermal reservoir (label 3 in FiguBe The fluid winds upwards, conductively
cooling the copper tubing, the copper block, and finally theiple reservoir and radiation shield. K-type
thermocouples monitor the system temperature at up to 8aep@nd distributed) locations during this
process. The residual nitrogen gas and liquid that reatiee®p of the coiled tube flows back out of the
chamber through the second “exit” port. At no point does LN@/ffreely within the chamber itself.
Cryogenic temperatures ef80 K can be achieved with our setup using approximately dgsliof
LN2, when pumped through the flexible copper tubing for 90utes. Once the flow of LN2 is stopped,
the system heats up at a rate of approximately 5Kif left unto itself under our best vacuum (see
Section/.3for data taken during an experiment). After a completedeseasf experiments, but before the
vacuum seal is broken, the entire system can be brought Imattk300 K by a heat rope wound around

Figure 7.3 — The copper construction affixed atop the bottom
flange of the vacuum chamber and isolated from the external
environment by insulating “feet” constructed from PEEK- La
bel 1 shows a glimpse of the reservoir via the entrance portal
for the firing system (see Secti@2.3; label 2 identifies the
radiation shield; label 3 indicates the copper tubing ferltg-

uid nitrogen (LN2); and label 4 highlights the thermal block
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Figure 7.4 — A close-up view of one of the two pistons in the new design. [Bbels indicate the DC-motor (1),
the gear box (2), the stainless steel lead screw (3) with thatliront and back switches, and finally, the vacuum
feedthrough (4) with a protective cover.

the copper base block, which is triggered via an externatmdal control unit. The heat rope, which is
34 m long, has a cross-section of 3mm and a heat output of 848.Wa

7.2.3 Particle Acceleration System

To study astrophysically important collisions in this ggetwe require: very low impact velocities, con-
stant acceleration with no spiking due to the delicate eatfithe aggregates, clean release of the parti-
cles, and precise alignment and synchronization of thedtajies to intersect within the camera’s field
of view. Although our fluffy and porous dust aggregates agab#e of sustaining accelerations up to
100 m s 2, we limit the maximum acceleration of the particles to 10his order to prevent compaction,
and thus preserve their astrophysical aggregate design.

In the updated design, a versatile piston driving mechamis® implemented using a master-and-
slave DC-motor-system combination to replace a hydrdbjickiven setup (Figur&.4). Two synchro-
nized pistons approach the center of the particle resefaonl chamber) from fixed positions opposite
one another. The piston back-ends extend about 0.5 metisidethe vacuum chamber and each piston
rod must pass through two separate vacuum feedthroughseldefally breaching the internal environ-
ment. Thus, the additional pass-through introduces amni@eéiate vacuum environment by applying
a chamber extension piece. This design reduces the leakgsteiated with the moving parts, as the
extensions can also be pumped in parallel, if necessahgugh pumping proved nonessential in our
construction. Inside the chamber, the stainless-ste&rpi®ds first pass through the outer radiation
shield and then through one of the storage compartmentigctinfy a dust or ice aggregate on each
side with each concave-shaped piston head. The pistontesteethe samples towards the center of
the chamber, and one another, guided along two 80 mm longctaay/-confining tubes, before stop-
ping abruptly (for particle detachment in cases of stickimgce the samples have achieved the intended
velocity.

7.2.4 Removable Target Holder

To simulate impacts of our millimeter-sized particles agamuch larger protoplanetary dust aggregates,
a removable target holder was crafted from copper to fit withie collision space between the two
guiding tubes (see Figureb). The target is 17 mm in diameter and approximately 2 mm délépe
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Figure 7.5 — The dust-filled target (1) is the square piece at the centireofollision space. To the left and right
are the two guiding tubes (2) within which the dust aggregate accelerated. Above center, the solenoid release
mechanism (3) for the target is visible (see SecTidh4).

dual-sided, concave structure allows us to affix loose orpamted dust or ice samples into the mold on
each side and attach the samples with vacuum grease. Theléedsarget sample is representative of a
larger, possibly more rigid, compact, and sturdier pra@optary aggregate or particle. The target holder
itself is attached at its base to the particle storage deVices allows it to turn throughout the experiment
(synchronized with the particle storage unit) and offersdewange of impact angles to be studied, from
0° (head-on) to approximately 7%almost glancing, but before the target is edge-on and begihlock
the exits of the guiding tubes). The largest impact anglesetore place additional limitations on the
total number of collisions that can be executed when thestasgn place. To remove this constraint at
any time during the experiment, a solenoid release meahnealisws the target holder to drop out of the
way of the collision path during normal @l horizontal flight. Using a 24V DC signal, a lifting magnet
is triggered to pull on a small bolt that releases the twdhkesdhat fix the target in place. Once released,
and the target has dropped out of the collision space, ani@ualilatch fixes the target in this lowered
position until the vacuum chamber can be safely re-openddtantarget reset manually. Then, from
this point forward, only particle-particle collisions gressible.

7.2.5 Data Acquisition and Imaging

Capturing the collision events is achieved by a high-speigth-resolution state-of-the-art CMOS camera
and a recorder computer system that is capable of writingt@asied maximum data rate of 133 MB's
directly to the hard disks for an uninterrupted durationlwdi 33 minutes. The latter feature makes the
system indispensable for parabolic flight experiments witly short breaks between the experiments,
which do not provide sufficient time for a read-out of imagsygtems with internal memories (either
camera internal or frame grabber on-board memories).

The camera is operated at 107 frames per second (fps) andeedi280 (hx 1024 (v) pixels with
an 8-bit pixel depth (gray scale), a pixel size of i x 12um, a fill factor of 40%, and a Base/Full
CameraLin®) interface. The digital recording system is a high-perfanoeaPC system that, in this
special configuration, is able to handle and store the gteigata streams of the camera. Its most
prominent features comprise 2 CPUs with 2.66 GHz each, aXPlidsed frame grabber with 2 GB of
internal memory, and 4 SATA-I hard disks totaling 260 GB whendled as a RAID 0 array.

The camera is mounted on top of the chamber and capturesllis®os below through a transparent
viewing port. Two synchronized stroboscopic Xenon flashgarmf 1us flash duration are mounted on
the top flange and provide for shadow-free illumination @f ¢ollision volume. The flash lamps are syn-
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Projectile #1 Projectile #2

Projectile #2

Projectile #1

Figure 7.6 — Image sequences recorded during ESA¥ #rabolic Flight Campaign. The sequence at top are
frames showing aggregate-target dust collisions at aghastelocity of 0.2 ms? and ambient temperature. The
time-series on the bottom shows an aggregate-aggregéitéaroht a relative velocity of 0.4 nrs. All frames
measure approximately 24 mm across and capture the end gliithieg tubes, which are more clearly visible in
the lower sequence. In both cases, the dust aggregates dibickpbut instead rebound after the collision.

chronized with the camera via a small strobe pulse adaptqonidaich reverses and amplifies the control
pulses that are generated by the camera towards the illtiorirgource. To retrieve imaging information
from multiple viewing angles with only one camera, a 3D ap8gstem was recently introduced, which
uses a beam splitter placed above the collision space taredght from two vantage points separated
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by either 48.8 or 60.0. The field of view covers a horizontal grid area of approxiehaf4 mmx 20 mm

at the focal distance. The focal depth limits the (focuseieal range to 5 mm near the collision plane.
This places limitations on ground-based testing of thepsetioen used for the lowest available velocity
settings.

7.3 Performance in Microgravity

The system performance in microgravity proved stablealpéi, and accurate when flown at ambient
(300 K) and cryogenic (130-180 K) temperatures in vacuunme e will focus our performance analy-
sis entirely on the inaugural flight (October 2006), whickswilawn at ambient temperatures. Our fragile
samples were selected to simulate dust grains in the rellativarm parts (300 K) of the protoplanetary
disk. These dust aggregates were assembled fromrit.Bronodispersed monomer Si®pheres using
Random Ballistic DepositiorBlum & Schrapler 200¥f measured 0.2—6 mm in diameter, and were 85%
porous Blum et al. 2009 giving an approximate mass range of 0.01-3.0 g. They pssddranslational
velocities of 0.10-0.28 s (the upper range of the available experiment velocitiesthag entered
the collision space, accelerated by the original hydralijiedriven piston setup. This imparted velocity
range tested during the inaugural flight was slightly lowantexpected from ground tests, but consistent
overall. Synchronization of the particle acceleratiortesysproved flawless and all collisions were easily
observed to occur at the center of the collision volume, aitidimthe camera’s focal plane.

We began this first experiment with aggregate and targesmois of dust. Once we were satisfied
with the resulting number of central target collisions, weppbed the target and proceeded to study dust
aggregate-aggregate collisions. Both scenarios in thtisliexperiment offer important astrophysical
insight into grain growth by probing twepllisional velocity ranges (0.10-0.28 mfor aggregate-target
collisions and 0.20-0.56 n$, or twice theimpartedvelocities, for aggregate-aggregate collisions), as
well as the influence of relative sizes (e.g. small projecigjainst a large target versus similarly-sized
colliding aggregates). Examples of the data for both typesltision events are given in recorded image
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Figure 7.7 — The cumulative number of all particles in the inaugural flighth an exit velocity<vj, using the
hydraulically-driven piston setup. The solid, dotted, aladhed lines represent 3 velocity settings A, B, and C
(intended to serve particles at speeds of 0.17, 0.19, alich®s2!). Black and orange lines differentiate between
the right and left piston. Each line is normalized by theltotamber of observed particles per piston at that velocity
setting. For the right piston, this is 59, 37, and 38 for sgti\, B, and C, respectively. For the left piston, this
is 47, 38, and 15 for each velocity setting. The plot illusisahow switching to a lower velocity setting indeed
results in lower velocities, and that the left-hand pistonsistently delivers particles at a slightly higher speed.
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sequences in Figuig6. In addition, the histograms in Figure7 and7.8show the distribution of the exit
velocities and angles for all particles with this setupstrating the accuracy and consistency of particle
speeds and trajectories, as designed.

We achieved 3—4 collisions per 22-second microgravityqoewith manual rotation of the particle
reservoir and visual verification of the alignment. This weag collision more per parabola than ini-
tially anticipated when designing and testing an automaystem for exit velocities of 0.10-0.28 m's
(e.g. during our first flight in 2006). Of course, for sloweiteselocities (0.03—-0.15 ms) when using
larger particles in the aluminum storage unit during thiefelup campaigns, the number of possible col-
lisions per parabola is reduced to 1-2. Ultimately, the nahnotation system proved far more reliable
and flexible than the autonomous design. This was largelgaltref a hand-operated turning system,
which could rotate the coliseum with larger acceleratiams @brupt stops during alignment.

Finally, the additional cryogenic functionality, as stitalso allows for the experimentation with
interstellar ice analogs, since the abundance of ice iroptabetary disks is high, as supported by the
high abundance of icy bodies in the outer solar system, diveguthe Kuiper-belt objects, icy moons,
and comets. In the 2007 and 2008 follow-up flights, we irétlamore than 64 additional collisions of
(larger) dust aggregates at cold temperatures (250 K) amebsivelocities, whereby 26 clean collisions
could be analyzed, and the rest were contaminated eithdmitolygarty collisions with previously-fired
particles remaining in the collision area, or by other cdogtions. Finally, the experiments at cryogenic
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temperatures (130-180 K) produced more than 113 collissbite particles to be analyzed.

The temperature gradients during ground-based and in-flagiting measured just a few Kelvin
across the entire copper structure, even throughout gte-tiboling of the experiment from 300 K down
to 80K via the LN2 system described in Sectib8.2 However, due to the weak pumping capabilities
available during flight, the system operated more often uaderessure of 1@ mbar. This translated
to a larger warm-up rate during the cold ice experiments,hasvs in Figure/.9 where the warming
rate for a two-hour flight was measured to4&5 K h~1. We note that the change in the initial cooling
temperature of 80K to the 130 K that was measured at the dttre @xperiment (Figur.9), is due to
the time between closing of the aircraft doors and the tinte&ch the approved air space to perform the
flight maneuver.

7.4 Conclusions

Our instrument design to probe the collisions of fragiletipbes at low velocities proved successful
in its inaugural run at ambient temperatures (300 K) in vatuas well as during the follow-up cam-
paigns at cold (250 K) and cryogenic (130—180 K) temperaturer the ambient dust experiments in the
2006 campaign, the 6 mm in diameter and 85% porous §@Qregates possessed translational velocities
from 0.10-0.28 ms!, resulting in particle-particle collisional energies efluJ and particle-target col-
lisional energies of 0.5-2J. The majority of all collisions (roughly 80—90%) resultedsemi-elastic
rebounding events, likely due to aggregate compactiongrizeatation occurred in about 10% of the
aggregate-aggregate collisions, but played a much smmalieduring particle-target impact events. And
finally, sticking was observed only in 10% of the particleg&t collisions. However, the forces respon-
sible remain unclear and warrant additional investigatitill, the sticking and fragmentation statistics
from this inaugural campaign suggest that we are probingtiaadrtransition region for the collision
velocities of dust agglomerates. And eventually it is thempetition between sticking probability, frag-
mentation efficiency, mass exchange, and compaction b@hduriing encounters that helps shape disk
lifetimes and the effectiveness of planet formation viamgagulation. These early results from dust
collisions at ambient temperatures exhibit the flexibibityd power of this instrument in the study of
particle collisions. Planned refinements to the experisérdt have not yet been implemented include:
icy additives of amorphous (in place of hexagonal) crystatphic structure, and the use of cryogenic
temperatures< 130 K) and high vacuum.
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Nederlandse Samenvatting

In de 18e eeuw werd duidelijk dat de planeten in ons zonrsettallemaal in dezelfde richting rond de
zon draaien en in hetzelfde baanvlak. Dit bracht verschei@iropese filosofen ertoe te opperen dat ons
zonnestelsel gevormd moest zijn in een platte, roterenig. dlleer dan 200 jaar later, en met name in
de jaren 60 en 70 van de vorige eeuw, begonnen sterrenkundigeich gespecialiseerd hadden in ster-
vormingstheorieén te beseffen dat het overblijvende naatievan dit proces zich in een schijf rondom
de centrale ster moet bevinden, een zogenaamde circuastalthijf. In de daarop volgende decennia
leidden steeds betere telescopen en instrumenten tot dekaéirig van deze schijven rond jonge, vor-
mende sterren en bleek bovendien dat deze schijven aloegeemoordigd zijn. Het doorslaggevende
en indrukwekkendste bewijs voor het bestaan van circutastekchijven kwam wellicht van de Hubble
Ruimte Telescoop, die in 1993 afbeeldingen maakte van e#alaschijven in silhouet (Figudr). De-

ze circumstellaire schijven van gas en stof, met afmetingggelijkbaar met ons zonnestelsel, worden
proto-planetaire schijven genoemd, omdat ze het matesdathouden waaruit planeten gevormd kunnen
worden. Deze ontdekkingen hebben veelbelovende immgEator het bestaan van andere planeten en
van leven in het heelal.

Vlak nadat zo het veelvuldig voorkomen van proto-planetaichijven was vastgesteld, volgde in
1995 de eerste indirecte ontdekking van een planeet rondexem zonachtige ster. In de 15 jaar die
daarop volgden zijn meer dan 500 mogelijke planeten gevonu zowel directe als indirecte methodes.
Indirecte ontdekkingen komen het vaakst voor, aangeziepladeeten zelf veel te zwak zijn om direct

Figuur 1 — Vier proto-planetaire schijven in de Orion Nevel, hier getd in silhouet. De grootste schijf heeft
een doorsnede van 800 AE, waarbij 1 AE (ongeveer 150 miljdemileter) de afstand is van de aarde tot de zon.
Deze foto is in 1993 genomen door de Hubble Ruimte Telesq@redit: C.R. O’Dell of Rice University / NASA
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Figuur 2 — De eerste directe afbeeldingen van een exoplaneet. Lirkstedt HR 8799 en drie dichtbijstaande
mogelijke planeten, aangegeven gt end. (Credit: Gemini Observatory / NRC / AURA / Marois et al. 2010
Rechts: opnamen met tussenposen van 2 jaar (2004 en 2008¢ tHeibble Ruimte Telescoop van de ster Formal-
haut. Hierop is een mogelijke planeet zichtbaar in zijn ba@grote radiéle afstand. Deze afbeelding is gemaakt
met coronografische technieken, die het licht van de censtar afdekken. Dit leidt tot het ‘gat’ in het midden
van de afbeelding, waar de ster zich zou moeten bevin@ad{t: NASA / ESA / P. Kalas van de Universiteit van
Californié te Berkeley

te kunnen worden waargenomen naast hun felschijnende Ztéke methodes bestaan bijvoorbeeld
uit het ontdekken van een ‘wiebelende’ ster veroorzaakt decomlopende planeet, of een periodieke
dip in de helderheid van een ster als de planeet in zijn onflaap voor de ster langs gaat. De eerste
methode vindt vooral zware planeten, vaak met massa’s rgdaie Jupiter, die erg dicht bij hun ster
staan. De tweede methode kan alleen planeten vinden diez@a gerichtslijn de planeet passeren, en
die groot genoeg zijn om een groot gedeelte van het stetichtokkeren. Geen van beide methodes
is waterdicht en de bevestiging van de mogelijke planeetvidm jaren (of decennia) in beslag nemen,
afhankelijk van de omlooptijd van de planeet en de techmieke gebruikt kunnen worden om de massa
en samenstelling van de planeet te bepalen. Directe waargemvan een planeet daarentegen vangen
licht op van de planeet zelf, en dit werd pas mogelijk in 20BBuur2 laat twee voorbeelden zien van
inventieve waarneemtechnieken, waarbij het licht van dewgbrdt afgedekt om de lichtzwakke planeet
zichtbaar te maken.

De meeste van deze zogenaamde exoplaneten verschillearedgwplaneten in ons eigen zonne-
stelsel, en zijn zelfs in strijd met de traditionele theérniever hoe planeten vormen. Veel van de grote
vragen binnen de sterrenkunde—en in dit proefschrift—bkabibetrekking op het identificeren van de
fysische en chemische processen die proto-planetairg/eaiimvormen tot de grote variéteit in plane-
tenstelsels die we vandaag om ons heen zien, inclusief dg waarom sommige schijven geen enkele
planeet lijken te produceren.

1 De vorming van sterren als de zon

Lang werd gedacht dat sterren eeuwig en onveranderlijk adrechel staan, maar inmiddels weten we
dat ook zij een levenscyclus doorlopen. Ze worden geborerdem ouder en gaan uiteindelijk dood. Het

onderzoek in dit proefschrift richt zich op de processenvdigraf gaan aan de geboorte van een nieuwe
ster, die een tijdsbestek van meer dan 10 miljoen jaar iragdginnen nemen. Omdat niet alle sterren
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een zelfde geboorteproces doormaken, specialiseren svljientot sterren met een massa vergelijkbaar
met de zon. Deze lage-massa sterren variéren in massa Vi 8,8 keer de massa van de 2dn, met

M. =2 x 10°°kg.! Als lage-massa sterren nog in vorming zijn, worden dezelepers van de zon ook
wel T Tauri sterren genoemd.

Voor stervorming is een grote voorraad gas en stof nodigr megedan de massa van de uiteindelijke
ster, omdat veel materiaal verloren gaat tijdens het vagegroces. Gemiddeld bevat de interstellaire
ruimte ongeveer 1 deeltje per énwat de ruimte tussen de sterren tot de dichtst mogelijkedbening
van een perfect vaculim maakt, zelfs al is deze ruimte verrdeeqy. Om een klomp gas en stof gravita-
tioneel instabiel te laten worden zodat hij instort is eechtlieid nodig van 10deeltjes per cth Ter
vergelijking: de atmosfeer op aarde bevat’ldeeltjes per cth Soms, als een ster aan het eind van zijn
leven explodeert in een supernova, kan een nabije gaswolkd#oschokgolf van de explosie samenge-
perst worden, waardoor de dichtheid in het gas toeneemt &ord@ng van een nieuwe generatie van
sterren kan beginnen.

Er is genoeg materiaal beschikbaar om een enkele ster teempats een bolvormige, gravitationeel
gebonden wolk van gas en stof een dichtheid heeft zoalsdverbbeschreven en een omvang van
ongeveer 2 10° Astronomische Eenheden (AE), waarbij 1 AE (ongeveer 15farilkm) gelijk is aan
de afstand van de aarde tot de zon. Om in te kunnen stortenhmbeiateriaal in de wolk extreem koud
zijn, zo’n 10K (—263°C), om de inwendige druk door de aanwezige hitte te overkorHen instorten
zelf begint van binnenuit en materiaal van grotere en geatraal wordt naar het centrum getrokken. De
instortende wolk begint te roteren, en de rotatie neemt&ae mate de wolk kleiner en compacter wordt.
Dit is te vergelijken met een schaatser die tijdens een pttethaar armen en benen intrekt om sneller
rond te kunnen draaien. Deze rotatie heeft twee belangygkelgen, namelijk dat de instortende wolk
afplat en dat de individuele gas- en stofdeeltjes in de welkogg rotatie-energie verzamelen om in een
baan rond de zich vormende ster te blijven draaien in plaat®vop te vallen. Zo is een proto-planetaire
schijf ontstaan als een logisch en natuurlijk gevolg vanstergeboorte.

2 De geboorteplekken van planetaire stelsels

Hoewel proto-planetaire schijven een intrinsiek gevojg zan het stervormings proces hoeft dit niet te
betekenen dat planeten dat ook zijn. Onder welke omstaedahplaneten vormen, of juist niet, blijft
onduidelijk. Uiteindelijk zal dit athangen van een directampetitie tussen de tijd die de schijf nodig
heeft om uit elkaar te vallen (of om al zijn massa kwijt te r@ken de tijd die de planeet nodig heeft om
te vormen.

Schijven komen in vele vormen en afmetingen voor, afhajkketin de verschillende stadia in hun
formatiegeschiedenis. Eerst heeft de schijf een afmetamgeen paar honderd AE en is zijn massa
grofweg gelijk aan 5% van die van de centrale ster. In de laagigi wordt de schijf dunner en neemt
de totale massa af. Dit zorgt voor een levensspan van eennphaen jaar voor de schijf, wat de
belangrijkste beperking aan de vorming van een planeetiigijiEverschillende mogelijkheden voor
een schijff om zijn materiaal te verliezen, maar één ding iddijk: de leeftijd van de ster is niet de
belangrijkste factor voor de snelheid waarmee de schifsipiStoffige schijven rond koele sterren leven
zelfs 2—3 keer langer dan rond hetere sterren, wat beteletrdndiere eigenschappen van de centrale
ster een belangrijke rol kunnen spelen om de levensloop easchijf te verlengen. Aan de andere
kant lijkt ook de snelheid waarmee planeten vormen te \vamiér verschillende schijven. Modellen van
planeetvorming en statistieken van exoplaneten suggel@iele dat schijven met een hogere stof/gas
ratio sneller planeten vormen, wat zou betekenen dat oolahesstelling van de schijf grote invioed

10m grote getallen uit te drukken gebruiken sterrenkundiggronenten zoals $®om aan te geven dat de 10 nog 30 keer
met zichzelf vermenigvuldigd moet worden.
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Figuur 3 — De kraamkamers van de sterren. Links: afbeelding van dea&dshevel, getiteld “Zuilen der Schep-
ping”, door de Hubble Ruimte Telescoop in 1995. In de zuilenifaden zich jonge sterren in wordingCredit:
NASA / ESA Rechts: dezelfde zuilen, maar nu afgebeeld op langedemaier golflengten (en daardoor met
lagere resolutie) door de JCMT schotelantenne op MaunarkKiawai. Credit: Scott et al. 2010

heeft op het proces van planeetvorming. Deze twee voorbedlten mooi het contrast zien tussen
de invloed van de samenstelling van de schijf (omgeving) emdloed van de evolutie van de ster
(ontwikkeling) op de vorming van planeten: hier kunnen wes dpreken van een ‘nature vs nurture’
vraagstuk.

Om onderscheid te kunnen maken tussen deze twee invloedetermwe begrijpen wat de ratio en
de verdeling van het gas en stof in de schijven zijn, en hoe degschien zelfs onafhankelijk van elkaar
veranderen als functie van tijd. Zo vindt bijvoorbeeld hetibinden van de schijf plaats van binnen naar
buiten, waarbij eerst een gat rond de centrale ster wordtrgevdat zich naar buiten toe uitbreidt. Zulke
gaten in schijven zijn inderdaad waargenomen rond verdeheijonge sterren als gekeken wordt naar
het stof. Dit zou dus kunnen duiden op een grotere invioeddesster (‘nurture’), maar het kan ook zijn
dat we de eerste stappen zien voor de vorming van een plavessat)ij het stof is opgeveegd door een
niet zichtbare proto-planeet. Er is dus geen eenduidig@ortivte geven, zeker niet als we niet weten wat
de eigenschappen van de ster zijn die invloed hebben op @k stkwat de belangrijkste mechanismen
zijn om een schijf uit elkaar te laten vallen, waarbij hef sthisschien makkelijker is kwijt te raken dan
het gas. Waarnemingen van het gas in proto-planetaireveohijunnen ons helpen na te gaan welke
processen zich afspelen in de schijf zelf, zeker als we deadimeren met waarnemingen van het stof.
Daarom is het waarnemen van moleculair gas het belangrigat! in twee van de waarneemprojecten
die in dit proefschrift beschreven worden. Grote statisigsstudies naar het stof in proto-planetaire
schijven hebben laten zien dat in sommige schijven het sligktjdig verdwijnt. Hier zijn verschillende
verklaringen voor, waaronder de beginomstandigheden &asclijf (‘nature’), of andere invloeden van
buitenaf die de schijf als geheel beinvloeden en niet zaalsedtrale ster vooral het binnenste gedeelte
van de schijf verhitten.

In de meeste gevallen is het waarnemen van stof onze enigelijkbgid om iets te weten te komen
over het vormen van planeten in de schijf. Maar de schijfdedpisch slechts voor maar 1% uit stof
(koolstof en silicium), terwijl de overige 99% uit koud gassiaat (vooral waterstof en helium). Het is
daarom van groot belang dat we ook het gas in de schijf waa@ngwat een stuk gecompliceerder blijkt
te zijn dan voor het stof (zie Sect&3). Pas vrij recentelijk is het mogelijk geworden om de fykisc
en chemische evolutie van de gasschijf vast te stellen. ézé ctudies blijkt dat schijven opvallende
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verschillende gas en stof structuren hebben. Aanvullena#ies naar het gas, zoals gepresenteerd in
het eerste deel van dit proefschrift, kunnen licht werped@processen die relevant zijn voor zowel de
verspreiding van het stof als het gas, en hoe deze processezikaar verbonden zijn.

3 De studie naar proto-planetaire schijven

Omdat de tijdschalen waarmee we hier te maken hebben ergilan@nkele miljoenen jaren), gebrui-
ken we statistische studies van een groot aantal protefelme schijven die zich in verschillende stadia
van ontwikkeling bevinden. Op deze manier kunnen we de cet@gvolutie van deze schijven in kaart
brengen. We vinden ze in wolken van gas en stof die een hobthdid hebben en waar op grote schaal
stervorming plaats vindt. Hoe dichterbij deze wolken zijoe makkelijker ze in detail zijn waar te ne-
men. Voorbeelden van zulke dichtbijstaande stervormeralken zijn het Taurus-Auriga stervormings-
complex, de Orionnevel ep Ophiuchus. Een wat verderweg staand voorbeeld is de Adelaa! in
het sterrenbeeld Serpens, zie FigBiuAls we de schijven in één stervormende wolk bestudererhdreb
we een uniforme selectie van schijven, die allemaal in eédezemgeving ontstaan zijn, onder dezelfde
omstandigheden. Dit is ideaal voor het bestuderen van gwodire effecten op de planeetvorming. In
dit proefschrift kijken we daarom naar het stervormingspltaxin Taurus.

3.1 Instrumenten voor millimeter golflengtes

Al de waarnemingen gepresenteerd in dit proefschrift komtehet millimeter golflengtegebied. In Fi-
guur4 geven we een overzicht van de verschillende soorten etakfyoetische straling, ook wel ‘licht’
genoemd. Het zichtbare licht is dat gedeelte van het spaaat wij met onze ogen kunnen waarnemen,
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Figuur 4 — Het elektromagnetische spectrum. Zichtbaar licht maakirrean klein deel uit van het hele spectrum
van elektromagnetische straling, ook wel bekend als lidherk op dat langere golflengtes koudere objecten in
kaart brengen, en hoe dit uiteinde van het spectrum geassdavordt met lage-energie processen.
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Figuur 5 — Een kunstenaarsimpressie van de oorspronkelijke visiededtacama Large Millimeter / submil-
limeter Array (ALMA), gelegen op het Chajnator platform ie édtacama woestijn in Chili. ALMA wordt nu
klaar gemaakt voor gebruik en zal eind 2011 haar eerstetagsuilprijs geven, als de eerste 16 van de geplande 66
antennes in gebruik worden genome@rddit: ESQ

terwijl de millimeter golven waar we in dit proefschrift ksjil staan tot de straling behoort met langere
golflengtes. Alle voorwerpen zenden zelf straling uit, afteijk van hun temperatuur. In Taurus varié-
ren de protoplanetaire schijven in temperatuur van 16-RG3°C) in het middenvlak tot 500 K (228&C)
aan het opperviak. Dit houdt in dat het grootste gedeeltedeastraling die de schijf uitzendt in het
millimeter gebied zal zijn.

Om straling met langere golflengtes waar te nemen zijn odleggdelescopen nodig, als we dezelfde
resolutie of mate van detaillering willen halen als mogeilj in het zichtbare licht (zie Figu®). Ter
vergelijking: de grootste optische telescopen zijn ongeBe-10 meter in doorsnee en de Hubble Ruimte
Telescoop heeft een spiegel met een diameter van 2,4 medelCBIT millimeter telescoop op Mauna
Kea in Hawai (zie HoofdstuR) heeft daarentegen een schotel met een doorsnede van I5temtgl
de IRAM telescoop op Pico Veleta in Spanje (Hoofddiuknet zijn 30 meter doorsnee de op een na
grootste millimeter schotelantenne ter wereld is. Nogegetelescopen bouwen die ook nog wendbaar
zijn is een grote technologische uitdaging. In zowel Hotfki2 als 6 zijn de schijven die we met de
genoemde schotels bestuderen niet opgelost, wat inhotidtedgeen spati€éle resolutie hebben en niet
kunnen onderscheiden waar in de schijf precies de stralimglaan komt. Onze waarnemingen laten
dus alleen de totale uitstoot aan straling van de schijf, zender de fijnere details van waar de straling
precies vandaan komt. Deze schotels zijn daarom erg gésaiok grote waarneemprojecten, waarbij
heldere schijven kunnen worden geindentificeerd en ondetrzdoch gaat een hoop informatie verloren
in de data van deze telescopen, die slechts uit één enkalekblestaan. Zo kan niets worden gezegd
over de verdeling van het stof en gas in de schijf, terwijl weSectie? juist hebben laten zien dat dit
juist belangrijk is om te begrijpen welke processen de skhij ondergaan.

Daarom gebruiken we een speciale techniek, interferoeemn een hogere resolutie te bereiken. Bij
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Figuur 6 — Een schematische weergave van de flux (of helderheid) atsiéwan golflengte voor vier verschil-
lende schijven. Vanaf linksboven en met de klok mee zien weug@staande schijf (‘flared’), een afgeplatte schijf
(‘flat’), een schijf bestaande uit puin (‘debris’) en eenigcmet gat in het centrum (‘gap’). De punten in de
grafieken zijn de metingen die we kunnen uitvoeren op eerif@gergolflengte en de zwarte lijn is een fit aan
deze meetpunten. Metingen links van de verticale stigpekbmen van de ster, en rechts (op langere, koelere
golflengtes) van de schijf. Schijven met hogere massa, dealststaande en afgeplatte schijf zijn het helderst op
langere golflengtes, terwijl schijven met een gat in hetreentmeer straling op kortere golflengte uitzenden. Met
pijlen is aangegeven wat mogelijke routes zijn voor de dian de schijf, over de loop van enkele miljoenen
jaren.

deze methode worden meerdere losse telescopen met elkbanden, waardoor een virtuele telescoop
ontstaat met een doorsnede van enkele tientallen metessritt zelfs honderden kilometers! Behalve
hogere resolutie zijn er nog vele andere voordelen, zoalsedbeterde gevoeligheid en de mogelijkheid
om compacte, diepgelegen concentraties van materiaaté¢eteieen. Voorbeelden van zulke interfero-
meters zijn de CARMA array in oost-Californié, IRAM PdBI ire drranse Alpen, de SMA op Mauna
Kea in Hawai en de NMA in Japan. De Atacama Large Millimetenbrsillimeter Array (ALMA) is

de volgende generatie van interferometers, en zal de enigjmeter interferometer op het zuidelijk
halfrond zijn. ALMA is op dit moment in opbouw (zie Figubiivoor een kunstenaarsimpressie) en zal
een tot 25 keer betere resolutie halen dan de huidige inbenfeters, in slechts een fractie van de nu nog
nodige waarneemtijd.

3.2 Stof

Hoewel het gas het grootste gedeelte van de massa van deveohizijn rekening neemt (zie Seciy
levert het stof de belangrijkste bijdrage aan de stralimgddi schijf uitzendt op millimeter golflengtes.
Een stofdeeltje dat straling van de centrale ster opvaegiitzdeze straling weer uit met een karakte-
ristieke golflengte, die bepaald wordt door zijn eigen terapeir, afmeting en emissievermogen. De
totale straling van alle stofdeeltjes vormt een spectrumflix per golflengte, dat we het stof continu-
Um noemen (zie Figud). Dit stof continuiim, dat van het nabije infrarood tot ragtitilengtes loopt,
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is één van de makkelijkst te verkrijgen metingen om een fstehikunnen classificeren. Daar komt bij
dat als we meten hoeveel licht wordt uitgezonden, wat bepaatdt door de centrale ster, dan kunnen
we hieruit opmaken wat de temperatuur en dichtheidsverglelan het stof in de proto-planetaire schijf
zijn. In Figuur6 zien we dat grotere schijven meer straling uitzenden, wathedderder maakt op gro-
tere golflengtes. Dit verband is belangrijk om schijven taren identificeren die grote hoeveelheden
circumstellair gas en stof bevatten. Als we corrigeren wmafstand tot de schijf (objecten die ver weg
staan lijken zwakker), dan moeten de helderste schijvemkeste stof bevatten.

Behalve de structuur van de gehele schijf, kunnen we ookatistof continuim opmaken wat de
afmetingen van de individuele stofdeeltjes zijn. Dit isdmgrijk om te kunnen bepalen in welk sta-
dium van planeetvorming de schijf zich bevindt. Stofdesltbeginnen typisch als microdeeltjes (met
1 micrometer = Jum = 108 meters), die gemiddeld zo’'n 100 keer kleiner zijn dan de stoedle van een
menselijke haar. Door het stof continuim op millimeter guifites te bestuderen zijn sterrenkundigen
tot de ontdekking gekomen dat stofdeeltjes in protoplareetchijven afmetingen hebben van enkele
centimeters. Als stofdeeltjes nog meer groeien wordt Istigler om ze te detecteren, omdat ze minder
straling uitzenden en alleen op steeds langere golflengteseten we dat stofdeeltjes in schijven inder-
daad in grootte toenemen, omdat een deel van de stralingaveechdf zich naar langere golflengtes heeft
verplaatst. Dit kunnen we nauwkeuriger vastleggen door tipmater golflengtes de helling te meten
van het stof continuiim (ofwel, hoe snel valt de zwarte lijiriguur6 af als functie van golflengte).

Behalve het stof continuim kunnen we ook de stralingspieksilcaat (SiO) gebruiken, die veroor-
zaakt wordt door de vibratie van de band die het silicium (B2w@urstof (O) bij elkaar houdt in het SiO
molecuul. De stofdeeltjes die deze piek veroorzaken moagdrit zijn tot een temperatuur van ongeveer
500K (226°C). Deze stofdeeltjes moeten zich dus aan het opperviak @athjf bevinden, dicht bij
de centrale ster. Dit zijn ook de kleinste stofdeeltjesgearen grotere stofdeeltjes niet goed verhit kun-
nen worden en dus eerder straling op langere golflengtesnzuiizenden. De 10m stralingspiek is dus
minder prominent aanwezig als de kleinste stofdeeltjedauiovenste laag van de schijf verdwenen zijn,
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ofwel doordat ze in omvang zijn toegenomen, ofwel doordaezdampt zijn door de straling van de ster
(zie Figuur7). Om te bepalen welke van deze twee processen domineeéi (@reernietiging), meten
we de helling van het mid-infrarode spectrum, net zoals weradar het stof continuiim in het millime-
ter gebied deden. Een kleinere helling geeft aan dat hetzstofin het middenvlak van de schijf heeft
genesteld, als gevolg van de groei van de stofdeeltjes.eldit fot het platter worden van de stofschijf.
Het gas hoeft het stof hier echter niet in te volgen.

Aangezien er verscheidene modellen voor het gedrag vamaschikbaar zijn in de literatuur, heb-
ben we in dit proefschrift ons niet toegelegd op het herhadende studies naar stof waarnemingen. In
plaats daarvan willen we het moleculaire gas in de schijestualeren, en zullen alleen in die context de
resultaten van het onderzoek naar stof bespreken.

3.3 Gas

Het moleculaire gas in proto-planetaire schijven is eek kststiger waar te nemen dan de stof deeltjes.
Maar zoals we hierboven al hebben besproken, maakt het gagdutste deel uit van de schijf en is
het een belangrijk ingrediént voor de vorming van gaspi&metoals Jupiter en Saturnus. Het meest
voorkomende molecuul in de schijven, en in het hele Heedaholeculair waterstof (5. Helaas zorgt
de symmetrische structuur (twee samengebonden watéostefa) van dit molecuul ervoor dat het geen
straling produceert door rotatie-energie die we kunnenképp in het millimeter gebied. In plaats van
H> gebruiken we daarom koolstofmono-oxide (CO) als een idiczoor het koude gas. Dit is het op
€én na meest voorkomende molecuul in het heelal, hoewel@dBeer minder CO moleculen dan H
moleculen zijn. Daar staat tegenover dat het wel een grotabsterke rotatie lijnen heeft op millimeter
golflengtes, wat het één van de geschiktste moleculen maakbad gas in schijven waar te nemen.

In tegenstelling tot stofdeeltjes zendt gas licht uit opctpeke golflengtes, die we emissielijnen
noemen. ledere emissielijn in het millimeter gebied hogréén specifieke rotatie-energie. leder mo-
lecuul heeft een beperkt aantal energieniveaus, en viesata types (of soorten) moleculen hebben
verschillende energieniveaus en dus verschillende keniatieke golflengtes. De energie van een mo-
lecuul neemt toe door botsingen met andere moleculen adestifes in de schijf, waardoor het naar
een hoger energieniveau kan worden gebracht. Deze enekge ze ook snel weer kwijt door terug te
vallen naar een lager energieniveau, waarbij ze stralitagiden op een golflengte die gelijk is aan het
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Figuur 8 — Modellen van spectra die laten zien wat voor invloed de véeaing van één parameter heeft op het
voorspelde lijnprofiel van een onopgeloste schijf. Vandimiaar rechts zien we (met de oorspronkelijk waarde
tussen haakjes): een voorbeeld van een JCMT waarnemingijavetge van een naburige systeem inclusief onze
beste fit aan een theoretisch schijf model; variatie van afégsts ratio (1/100); en variatie van de doorsnede van
de schijf (600 AE).
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energieverschil tussen de twee niveaus. Om een sterkeielijise kunnen produceren moeten de mo-
leculen zich in een omgeving bevinden met een geschikte itatid van dichtheid en temperatuur. Dit
houdt in dat we specifieke gebieden in de schijf kunnen bestnddoor naar verschillende moleculen of
door naar verschillende emissielijnen van eenzelfde maolde kijken. We kunnen ook bepalen hoeveel
gas van een bepaald molecuul aanwezig is, door te kijken éldethde bijbehorende emissielijnen zijn.

Andere eigenschappen van de schijf kunnen echter ook ihWiebben op de helderheid van een lijn.
Daarom hebben we theoretische modellen nodig die vooespabe de lijnprofielen van verschillende
schijven eruit zien. In Figu laten we zien wat de helderheid en de vorm van de emissieignkan
vertellen over het moleculaire gas in de schijf. Deze medetiijn opgesteld voor data van één schotel
waardoor de schijf niet opgelost is, maar we kunnen tochrimétie over de dichtheidsverdeling, de
grootte en de inclinatie van de schijf uit het profiel halenaavials we deze parameters afzonderlijk
in de modellen aanpassen, zien we dat ze eenzelfde effeatdinprofiel kunnen hebben. Hierdoor
kunnen we bijvoorbeeld niet gemakkelijk onderscheid makssen een grotere schijf (grd®g,) met
een lagere stof/gas verhouding en een kleinere schijfn@&kRi,;) met een hogere stof/gas verhouding.
Daarom willen we interferometrie gebruiken om de schijf ejossen, waarmee we in dit voorbeeld de
afmetingen van de schijf direct kunnen bepalen. Opgeloatemingen zijn dus belangrijk, maar zoals
al eerder aangegeven, worden ze nu nog begrensd door ddiglesimevan de instrumenten waarmee we
werken. Daarom richten sterrenkundigen zich vooral op t#ehste objecten die ze vinden door studies
met enkele schotels. Dit proefschrift bevat beide soortearmemingen: grote studies met een enkele
schotel en gedetailleerde waarnemingen van enkele vanldier$ie objecten in Taurus.

3.4 Relativistische elektronen

Eén van de belangrijkste eigenschappen van de millimetgingt rond T Tauri sterren is dat deze vrij-
wel constant is. Dit nemen we aan als we de emissie van hetaitdinuiim gebruiken om de totale
hoeveelheid en de verdeling van het stof rond de ster te &egaie Secti®@.2 en Figuur6), aangezien
veranderingen in de stof eigenschappen miljoenen jareestial nemen. Het kwam daarom als een com-
plete verrassing toen tijdens één van onze 8 uur durendeemmargen één van onze bronnen plotseling
27 keer in helderheid toenam in slechts een paar uur tijd fituk4). Een vergelijkbaar verschijnsel
was pas drie keer eerder waargenomen. Deze plotselingegemwone toename in helderheid kan wor-
den toegeschreven aan synchrotron straling: straling itheaonden wordt door elektronen die langs
magnetische veldlijnen spiraliseren met snelheden vigdgaar met de lichtsnelheid. Vanwege hun zeer
hoge snelheid worden deze elektronen ‘relativistisch'ogemd.

Alle lage-massa sterren, inclusief onze eigen zon, hebbameagnetisch veld met veldlijnen die
van de magnetische noordpool van de ster naar de magnetisiipool lopen (zie Figu®). In ge-
compliceerdere gevallen kunnen de veldlijnen ook van eggnetische noordelijke ankerpunt naar een
magnetische zuidelijke voetstap leiden. Elektronen dievangen worden door deze veldlijnen kunnen
heen en weer spiraliseren van de ene pool naar de anderan(dé\ene voetstap naar de andere), terwijl
ze synchrotron straling uitzenden met een karakteristgek#engte die omgekeerd evenredig is met hun
snelheid. Zo zenden langzamere elektronen straling uiaigdre radio-golflengten dan snellere elek-
tronen. Hierdoor is synchrotron straling een veel voorkatheerschijnsel voor radio, maar zeldzamer
in het millimeter gebied. De verdeling van snelle en langzatektironen is een continuim, wat ervoor
zorgt dat de synchrotron straling in een breed spectrumtwesidrgenomen, vergelijkbaar met het stof
continuiim in Secti8.2 in tegenstelling tot de gas emissielijnen van Se&te

Door de synchrotron straling van de zon te bestuderen kunmede grootte van de magnetische
veldlussen afschatten die de elektronen gevangen houdse IDssen worden in verband gebracht met
zonnevlammen, die optreden als magnetische veldlijnerebppperviakte van de zon elkaar snijden en
gedwongen worden te hergroeperen. Dit kan alleen gebeigele aeldlijnen in tegengestelde richting
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Figuur 9 — Links: kunstenaarsimpressie van stellaire magnetiscliijpen in interactie met de circumstellaire
schijf. (Credits: NASA / JPL-Caltech / R. Hurt van SSRechts: een topografische weergave van de magnetische
veldlijnen rond de ster Scorpio. Open veldlijnen laten toe dat geladen deeltjesiszsiektronen en geioniseerde
moleculen, uit het systeem ontsnappen met behulp van si@ewi Dit is ook een manier om een schijf rond een
ster te laten verdwijnen. Gesloten veldlijnen geven aarr wakden deeltjes vastgehouden kunnen worden viak
bij het oppervlak van de sterC(edits: ESPaDONS / CFHT

lopen, omdat ze elkaar anders afstoten. Als de veldlijnegrbeperen komt een grote hoeveelheid
magnetische energie vrij, die gebruikt wordt om de eleldroin de buurt van de lus te versnellen.
De elektronen verliezen vervolgens snelheid doordat zegenkwijtraken in de vorm van synchrotron
straling, totdat ze geen energie meer over hebben.

Dit proces vindt plaats op de oppervlakken van alle lagesaaterren, inclusief sterren die zich
nog aan het vormen zijn. Grote uitbarstingen van millimstealing zijn echter zeldzaam, en worden
in verband gebracht met reusachtige veldlussen, veelrgdaie de typische lussen die we op de zon
zien. Door deze uitbarstingen te bestuderen kunnen skemdigen meer leren over de magnetische
velden rond andere sterren dan de zon. Voor de studie van-plametaire schijven—het onderwerp van
dit proefschrift—is het interessant te weten hoe vaak Vigkbare uitbarstingen met lagere intensiteit,
zonder dat we het doorhebben, onze millimeter metingenduibeinvioeden en wat voor effect de bij-
behorende hoog-energetische ultraviolette en rontgalingspieken op de chemie van de schijf kunnen
hebben.

3.5 Inhetlab

Een andere manier om planeetvorming te bestuderen is dofaboeatorium in te duiken. Hier moeten
we de eigenschappen en omgeving van een proto-planetijé ssmuleren, waaronder een hoog va-
cuuim, extreem lage temperaturen en een verminderd zwesthdkeld. Daarnaast moeten de fysische
processen die we willen bestuderen kleiner zijn dan hetr&boum zelf. In dit proefschrift bespreken
we de fysische uitdaging om stofdeeltjes groter te laterigrodan enkele centimeters. Tot zover zijn
theoretische studies er nog niet in geslaagd te verklarerstoddeeltjes groter kunnen worden. Met een
parabolische vlucht manoeuvre kunnen we gewichtsloossigidleren voor periodes van 22 seconden
(zie FiguurlQ), wat de langst mogelijke periode is van verminderde zve&eaicht die we kunnen berei-
ken zonder de ruimte in te gaan. In plaats daarvan blijvenpveen vlieghoogte die door commerciéle
vliegtuigen wordt gebruikt. In deze 22 seconden van gewiocbsheid laten we stofdeeltjes met afme-
tingen van enkele millimeters op elkaar botsen en bestndeesshet resultaat van die botsingen. Een
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Figuur 10 — Een schematische voorstelling van het verloop van een plisabe viucht, zoals uitgevoerd door
de Europese Ruimtevaart Organisatie (European Space WgeSA. Een parabolische vliucht is een methode om
de nul-zwaartekracht (‘zero-gravity’) situatie in prgitanetaire schijven na te bootsen, zodat in intervallerdzan
seconden experimenten uitgevoerd kunnen worden om degz@tée testen die stofdeeltjes laten groeien in deze
schijven.

dergelijk experiment op de grond uitvoeren is niet mogeljindat de stofdeeltjes met lage snelheiden
moeten botsen, zoals ze dat ook in de proto-planetairef sid@n. Op aarde zouden ze echter door het
zwaartekrachtsveld al op de grond zijn gevallen voordat atsifiy plaats zou hebben gevonden. Op
deze manier kunnen we in onze eigen laboratoria dezelfdegsen van planeetvorming bestuderen, die
verantwoordelijk kunnen zijn geweest voor de vorming vamadele en de andere planeten in ons eigen
zonnestelsel.

4 Dit proefschrift

Het onderwerp van dit proefschrift is de straling in het iméter gebied die door proto-planetaire schij-
ven rondom jonge vormende sterren wordt uitgezonden. Défpchrift bestaat uit drie delen.

In deel I bestuderen we de thermische straling van het stof en het gasschillende proto-planetaire
schijven in Taurus. We kijken wat er met het gas in de schigebeurt als de stofdeeltjes in grootte
toenemen en zich dieper in de schijven nestelertdonfdstuk 2 bespreken we bijvoorbeeld een groot
waarneemproject met een enkele schotel, waarmee we hetutaite gas via HCO, HCN en CN
bestuderen. Terwijl de stofdeeltjes groeien en zich in hiedenviak van de schijf nestelen, zou het
gas aan de oppervlakte van de schijf meer blootgesteld moetelen aan de hoog-energetische UV en
réntgenstraling die uitgezonden wordt door de centrale Bx@arom verwachten we dat de hoeveelheid
HCO" en CN toeneemt in de schijf ten koste van HCN, omdat HCN zieteoimvioed van UV straling
in een waterstofatoom en een CN molecuul splitst. Onze veaairgen van 21 proto-planetaire schijven
in Taurus laten echter geen verband zien tussen de gas neslesude eigenschappen van het stof. De
eigenschappen en de evolutie van de gebieden in de schijfdeaamissielijnen van het gas vandaan
komen R> 100 AE) lijken dus niet samen te hangen met de gebieden in lug s@ar we het stof
waarnemenR < 30—-100 AE). InHoofdstuk 3 presenteren we interferometrie waarnemingen &0
van vijf stoffige schijven in Taurus. We vinden CO emissie ited/an de vijf schijven, maar onze
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waarnemingen kunnen niet alle straling uit de schijf vasti. CO is namelijk niet alleen het op één na
meest voorkomende molecuul in de schijven, maar ook langs gezichtslijn, ofwel in de ruimte tussen
ons en de schijven. Hierdoor kan het CO langs de gezichtiijstraling van de schijven onderscheppen
en verstrooien. Dit effect is het grootst voor de lagerergireniveaus die het makkelijkst te bezetten
zijn, zelfs in gebieden met lage dichtheid en temperatwalszin interstellaire moleculaire wolken. We
waarschuwen daarom dat de waarnemingen van de lageresrigtegn van CO het gas in de schijven
niet volledig traceren, en dus geen goede indicator zijir deoevolutie van het gas in de schijven. We
raden daarom aan voor toekomstige waarnemingen hogete rmtargangen van CO te bestuderen.

Deel Il van dit proefschrift ontstond terwijl we de waarnemingemrvdeel | aan het verzamelen
waren en legt zich toe op de ondekking van tijdelijke uitbagen in het millimeter gebied, die niet
geassocieerd zijn met het stof of het gas, maar met rel@she elektronen die rondom de magnetische
veldlijnen van de centrale ster spiraliseren. Hoofdstuk 4 bespreken we de ontdekkingen van een
uitzonderlijke uitbarsting bij de dubbelster DQ Tau. Hioofdstuk 5 bevestigen we vervolgens de zich
herhalende eigenschappen van deze uitbarstingen bij D@Taerklaren we deze als de botsing van
de stellaire magnetische velden, wanneer de twee stelkaaraladeren in hun baan. De uitbarstingen
treden op omdat de sterren elkaar erg dicht naderen, maamnodét ze vervolgens weer op grote afstand
van elkaar komen te staan. Dit houdt in dat hun magnetiscliewveecombineerd moeten worden op
het punt van dichtste nadering, maar ook weer gesplitsteano@brden als de twee sterren weer van
elkaar weg bewegen. ledere keer dat de velden zichzelf moeteganiseren, eerst door te combineren
en daarna door te splitsen, treedt een uitbarsting op dik genoeg is om op millimeter golflengtes
te worden waargenomen. lHoofdstuk 6 bestuderen we daarom het optreden van deze millimeter
uitbarstingen voor een groter aantal jonge dubbelsterenvergelijkbare banen als DQ Tau. We vinden
dat een andere dubbelster, UZ Tau E, tekenen laat zien vareegelijkbare activiteit. Onze statistieken
waarschuwen tegen het traditionele idee van een constdlimhetér spectrum en laten zien dat we de
millimeter variéteit van jonge sterren beter moeten vggea, zeker als we afhankelijk zijn van een
enkele fluxmeting in het millimeter gebied om de eigensckapyan het stof en de schijf te bepalen,
zoals vaak het geval is voor proto-planetaire schijven.

In deel 1l van dit proefschrift bespreken we een laboratorium opstetbm de aangroei van stof-
deeltjes in proto-planetaire schijven op een directe mniaaibestuderen. De huidige theorieén voor de
vorming van planeten laten stofdeeltjes groeien door bgési, wat in theoretische modellen en in expe-
rimenten in het lab goed en snel werkt voor de kleinste saifjigs. Wat grotere stofdeeltjes zorgen echter
voor problemen. Om een rotsachtige planeet zoals de aavdenten, of de kern van een gasplaneet zo-
als Jupiter, moet het stof in de schijf aangroeien tot detifoter dan enkele centimeters. We bevestigen
echter met onze experimenten de voorspellingen van thedretmodellen, dat stof- en ijsdeeltjies met
afmetingen van enkele centimeters bij snelheden van 1 ref<fiectief in grootte toenemen door aan
elkaar te plakken na botsingen. We vonden dat bij onze expaten ongeveer 90% van de botsingen
gevolgd werd door het terugstuiteren van de deeltjes, jidnjil0% versplintering optrad. Deze labo-
ratorium resultaten suggereren samen met recentelijlolgaxperimenten en aanvullende theoretische
modellen, dat een alternatieve methode moet worden gélomikkeien van enkele meters doorsnee te
krijgen, die vervolgens kunnen doorgroeien tot grotereegifmyen door de aantrekkende werking van de
zwaartekracht.

In de drie delen van dit proefschrift komen drie belangrijt@erwerpen in de studie naar proto-
planetaire schijven aan bod: 1. De evolutie van stof en gde sthijven en hoe deze met elkaar verband
houden, zoals we kunnen opmaken uit waarnemingen van hunitiohe straling; 2. De eigenschappen
en het voorkomen van tijdelijke niet-thermische uitbaigin op millimeter golflengtes van relativisti-
sche elektronen, en wat deze uitbarstingen ons kunnerllearterer de eigenschappen van de magneti-
sche velden rondom jonge sterren; 3. Het aangroeien vastestties door botsingen in proto-planetaire
schijven. Dit werk is van belang voor toekomstig onderzoek ALMA, de nieuwste revolutie op het
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gebied van astronomische instrumentatie en één van deieunsité projecten ooit ondernomen binnen
de sterrenkunde. Deze nieuwe schotels zullen de variatiesadi€le snelheden van het gas en de chemi-
sche samenstellingen van de schijven beter in kaart bremgemdoor we betere en volledigere modellen
van de schijven zullen kunnen opstellen voor zowel het dtohet gas, voortbordurend op ons werk in
deel | van dit proefschrift. De hogere gevoeligheid van ALM# ons ook in staat stellen hogere rotatie
overgangen in moleculen waar te nemen, die weliswaar mimelder zijn, maar ook betere indicatoren
zijn voor de totale gasinhoud van de schijf. ALMA zal bovesrdide benodigde waarneemtijd vermin-
deren voor grote waarneemstudies over meerdere tijd@sjotaardoor we een beter overzicht zullen
krijgen van de variabiliteit in de millimeter straling vaonge sterren, zoals we in deel 1l hebben bespro-
ken. Tenslotte gaven we in deel Ill van dit proefschrift aaheen model voor planeetvorming waarin
stofdeeltjes door botsingen uitgroeien tot deeltjes vdmlenmeters in doorsnee zowel in theorie als in
de praktijk voor uitdagingen staat. Er is goede hoop dat weAh#A de effecten van getijdenwer-
king door proto-planeten in de schijf kunnen waarnemen onatmeer aanwijzingen zal leveren voor de
huidige theorieén voor planeetvorming.
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