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ABSTRACT

High energy (X-ray and ultraviolet) emission traces hot gas produced by energetic
phenomena in T Tauri stars. These phenomena include magnetic heating of the stellar
atmosphere and magnetospheric accretion of disk gas onto the stellar surface. High
energy emission irradiates the planet-forming disk during a key time for the origin
of planets, so an understanding of these energetic processes and their evolution is
crucial for theories of disk evolution and planet formation

In this thesis, I analyze X-ray and ultraviolet observations of young stars to study
high energy events and follow their evolution. I confirm that X-ray emission is sat-
urated during the T Tauri phase and suggest that far ultraviolet emission is also
saturated at this age, possibly because the same mechanism heats both the chromo-
sphere and corona.

I compare accretion diagnostics for a large sample of T Tauri stars to character-
ize the properties of magnetospheric accretion. For the first time, I use models of
the accretion emission which have contributions from multiple accretion hot spots,
characterized by varying energy fluxes in the accretion columns. Models of T Tauri
magnetospheres and the magnetic footprints on the star physically motivate this
multi-component description of accretion.

For RECX-11, a source near the final stage of disk depletion, I show that it has a
very low mass accretion rate. If theories that predict the circumstellar disk is losing
mass at very high rates are correct, the disk of RECX-11 would have a gap or hole
in it, which it does not.

I also present observations of hot Hy gas in the inner circumstellar disk. I find
that the strength of the Hy emission is correlated with the accretion luminosity of

the T Tauri star and show that for young stars in which accretion has ceased, there

pal



is no Hy left in the inner disk. I show this is true even for non-accreting young stars
at 1-3 Myr, indicating rapid disk removal.

Observations of circumstellar gas, combined with knowledge of the radiation fields,
are crucial for studying disk evolution. Here, I provide timescales for gas depletion

and constraints to disk dissipation models.
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CHAPTER 1

Introduction

The study of young stars and the disks which surround them is important for
understanding the timescales and environments in which planets may form. Theories
of star formation agree on a general picture which starts with a large molecular
cloud, in which there is a region with a density enhancement (Shu et al., 1987; Evans,
1999). The enhancement grows to form a cloud core which then collapses under its
own gravity until a central object exists surrounded by an envelope of gas and dust.
Because the molecular cloud core has some initial angular momentum which must
be conserved during the infall process, most of the material generally is not accreted
directly onto the star, but arrives first on a disk and then flows through the disk
toward the star. The structure of the innermost regions of the disk are complicated
by the presence of strong stellar magnetic fields in young stars (Johns-Krull et al.,
2000). The field lines truncate the inner disk; at this point gas is lifted from the disk
and channeled onto the star along the magnetic field lines (Uchida & Shibata, 1984),
a process referred to as magnetospheric accretion (see Figure 1.1). At the stellar
surface, the free-falling material, moving at 200-300 km/s, forms an accretion shock
which irradiates the infalling material and the star below. As a result, the accretion
shock emits high energy radiation, which peaks in the ultraviolet or UV (Calvet &
Gullbring, 1998).

Young stars are classified based on their evolutionary status in two main ways,
either by the properties of the circumstellar matter, or by the state of accretion onto
the star. First, sources are split into Class I - Class I1I, based on their infrared (IR)
spectral energy distributions (SED). Figure 1.2, based on work by Adams et al. (1987),
indicates what the IR SED looks like for each stage of star formation. Class I objects



are heavily obscured by the dusty, infalling envelope material and, therefore, have a
spectrum peaked at far-IR wavelengths (~100-200 pm) understood if the infalling
~10K envelope is heated by the accretion luminosity of the protostar (Adams &
Shu, 1985). As the envelope is either accreted or dissipated due to radiation from
the protostar, the star becomes visible and the source becomes a Class II object,
where the spectrum is a composite of the stellar photosphere and the emission from
a dusty circumstellar disk, observed as a near to mid-IR excess, between 10 and 100
pm (Calvet et al., 1994). Class III objects have little to no IR excess; IR fluxes are
photospheric, indicating that any initial disk material has been accreted onto the star,
into planets, or dispersed. Quantitatively, the Class of an object is defined by the
slope, a = dlog(AF))/0log()), of the IR spectrum between two wavelengths, initially
2.2 and 25 pum, with -2< o <0 for Class II objects and a <-2 for Class III objects
(Kenyon & Hartmann, 1995).

In the second classification, based on the status of accretion onto the star, pre-main
sequence objects are separated into accreting, or Classical T Tauri stars (CTTS), and
non-accreting, or weak T Tauri stars (WTTS). Conventionally, a source is identified
as a CTTS or a WTTS based on the strength of its Ha emission. In absence of
accretion from the disk, Ha emission from the chromosphere is often detected. The
emission is relatively weak and narrow in velocity (see LkCa 7 in Figure 1.3). When
accretion is actively occurring the Ha emission can be strongly enhanced and have a
large velocity width of order of free-fall speeds (Muzerolle et al., 1998b). Classically,
CTTS and WTTS were distinguished based on an Ha equivalent width, EW(Ha),
cutoff at 10 A, with the higher EW(Ha) indicating accretion. It was later shown
that this cutoff is spectral type dependent and larger EW(Ha) are needed to indicate
accretion in later type stars (White & Basri, 2003). Alternatively, the width of Ha
at 10% of the maximum flux may act as a discriminator between CTTS and WTTS
(White & Basri, 2003). The large, free-fall velocities of the accreting material result
in widths in the Ha wings of hundreds of km/s for CTTS. The boundary between
CTTS and WTTS differs between studies, with values from 200 — 270 km/s (Natta
et al., 2004; White & Basri, 2003), so there is still some ambiguity where the transition



occurs. Almost always, a CTTS is also a Class II object and a WTTS is a Class III
object, even though the definitions were derived independently. WTTS may have an
IR excess at long wavelengths, past the wavelengths in the IR SED which are used
to identify Class II from Class III sources, produced by remaining cool dust in the

outer disk (Padgett et al., 2006; Furlan et al., 2006, 2009).

1.1 Origin of High Energy Emission in T Tauri Stars

Constraining the types and strengths of high energy emission is key for the under-
standing of young stars because it traces hot gas, produced in energetic phenomena
like magnetospheric accretion (Uchida & Shibata, 1984; Calvet & Gullbring, 1998).
High energy emission is important for understanding disk physics, as it impacts disk
chemistry and circumstellar gas evolution. The disk chemistry involved in the forma-
tion and longevity of water in protoplanetary disks is of great interest to those looking
for the presence of life in other planetary systems. The characteristics of the far UV
(FUV) spectrum between 912 and 2000 A, most importantly Ly« line emission, de-
termine whether or not water can survive in the disk, with both dissociation rates
and the probability of shielding dependent on the FUV luminosities (Bergin et al.,
2003; Bethell & Bergin, 2009). X-rays are also an important driver of disk chemistry
because they are a strong source of ionization and play a role in destroying molecules
(Najita et al., 2011). Furthermore, high energy radiation affects the disk because, as
will be discussed in Section 1.3.2, it is likely responsible for mass loss from the disk

through photoevaporation, important for the final evolution of the circumstellar disk.

1.1.1 X-rays from T Tauri stars

X-ray emission is commonly divided into two energy regimes, the hard and soft X-
rays, separated at about 10 keV. For T Tauri stars, we typically study the soft X-
rays, which have contributions from both the stellar corona and the accretion shock
(Giinther et al., 2007; Dupree et al., 2012). Fast rotating T Tauri stars have strong
magnetic fields, produced by the dynamo mechanism, which heat the coronal plasma

to temperatures >10-20 MK (Preibisch & Feigelson, 2005). The accretion related



X-rays are produced in the shock itself; the shocked gas is heated to ~1 MK and
emits soft X-rays into the post and pre-shock regions (Calvet & Gullbring, 1998;
Argiroffi et al., 2011; Brickhouse et al., 2010). It is typically assumed that they
are completely absorbed in the pre-shock material (see Figure 1.4); however, lower
density accretion columns may allow some of the soft X-rays to escape. Figure 1.5
shows the XMM-Newton X-ray spectrum of the nearest, well studied CTTS, TW
Hya. Giinther et al. (2007) modeled the X-ray spectrum with both coronal and
accretion shock components and found that the corona dominates at higher energies
than the shock, >1 keV. Robrade & Schmitt (2006) compared the shape of the X-ray
spectrum for four young stars and found that TW Hya was the only source with X-ray
emission dominated by accretion while the others were dominated by coronal X-ray
production (Figure 1.6). However, even the sources which are dominated by coronal
X-ray emission have evidence for accretion related X-rays observed as an enhanced
O VII/O VIII ratio, with O VII produced in the post-shock plasma, compared to
WTTS and main sequence stars (Giidel & Telleschi, 2007; Brickhouse et al., 2010).

1.1.2 Ultraviolet Emission from T Tauri stars

The UV spectrum of pre-main sequence stars has contributions from the accretion
shock, the stellar chromosphere and gas in the inner circumstellar disk. It is often
difficult to disentangle these three components; however, recent high spectral reso-
lution UV instruments have allowed for significant advances. The UV spectrum can
be divided into three spectral regions, the extreme UV (EUV) at wavelengths <1200
A, the far UV (FUV) between 1200 and 2000 A and the near UV (NUV) at wave-
lengths from 2000 to 4000 A. Each spectral region reveals interesting properties of
the T Tauri star and disk system; however, the EUV is nearly impossible to observe
because it is easily absorbed by interstellar hydrogen. Even though it is not well
constrained, theories predict that EUV emission may be a significant contributor to
the mechanism driving disk dispersal through photoevaporation (Clarke et al., 2001;
Alexander et al., 2006).

NUV emission has several contributions, mainly the active stellar chromosphere



and the accretion shock. Similar to the corona which produces X-rays, the chromo-
sphere of a young star is heated by the strong magnetic fields and short rotation
periods characteristic of pre-main sequence objects. Typical rotation periods are on
the order of a few days, compared to ~25 days for the Sun’s equator, and magnetic
field strengths are a few kG (Johns-Krull et al., 2000). The increased activity of the
chromosphere is observed as an NUV excess over a dwarf star photosphere (Houde-
bine et al., 1996) as well as through lines in emission which are typically in absorption
for main sequence stars (e.g. Ha and the Ca II infrared triplet). The peak of the
accretion shock emission is in the UV, specifically the NUV; decreasing quickly to-
ward shorter wavelengths (Calvet & Gullbring, 1998). Therefore, the NUV is the
easiest spectral region to observe the shock continuum excess for late type stars, after
the excess from the active chromosphere has been accounted for, because the stellar
photospheric emission is not strong (Figure 1.7), except when extinction along the
line of sight to the star is very high, making the UV emission hard to detect.
Contributions to the FUV spectrum include Hs emission along with hot lines
and continuum emission produced in the accretion shock and chromosphere. Figure
1.8 shows the rich spectrum of Hy in the FUV, contributing to both the lines and
adding emission through Hy dissociation to the FUV continuum (Bergin et al., 2004).
Ly« is responsible for much of the Hy emission, producing a fluorescent Hy spectrum
(Herczeg et al., 2002). From the observed Hj line ratios in TW Hya, it was found that
the Hy is hot, ~2500 K and because it is spatially unresolved, it must be close to the
star, within a few AU (Herczeg et al., 2004). Bergin et al. (2004) also showed that
H; may be excited by free electrons in the disk, producing a unique FUV spectrum.
FUV emission lines like C IV and He II have contributions from the accretion shock,
evidenced from broad line wings, tracing fast moving material in the accretion flows

(Ardila et al., 2002, Figure 1.9).

1.2 Evolution of High Energy Emission

The early phases of pre-main sequence evolution are characterized by high energy

phenomena like magnetospheric accretion and strong magnetic fields; exceeding the



activity levels of older dwarf stars. Compared to the Sun and other main sequence
stars, it is clear that as young stars evolve, the high energy radiation decays, with the
highest energy fields decreasing the fastest (Ribas et al., 2005, Figure 1.10). Based on
the contributors to the high energy emission discussed above, we can understand that
some of the decline comes from the spin down of pre-main sequence stars. The mag-
netic activity-rotation relation shows that as the rotation period of the star lengthens,
indicators of magnetic activity (like coronal and chromospheric emission) decline, af-
ter an initial saturation period (Wright et al., 2011). As activity diminishes, the
heating of the chromosphere and corona will become less important and we observe
this as a decay in the X-ray luminosity with age (Preibisch & Feigelson, 2005; Mercer
et al., 2009). Although ongoing energetic flares may temporarily increase a source’s
X-ray luminosity during the X-ray luminosity decay period, these flares occur only a
few percentage of the time (Stelzer et al., 2000). Whether or not the observed lumi-
nosity decay for the X-rays is the case for the chromospheric UV emission is unclear,
as UV observations of WTTS are significantly rarer than X-ray.

Also, accretion is expected to decrease as the star ages and the reservoir of cir-
cumstellar disk material available to accrete declines. Figure 1.11 shows that older
sources have lower mass accretion rates (Calvet et al., 2005), with typical values
around 1078 Mg yr=t at 1 Myr and 1071° Mg yr=! by 10 Myr. Furthermore, Fedele
et al. (2010) showed that the fraction of accreting sources in a cluster ebbs with age
(Figure 1.12). As the accretion rate drops, the contribution to the NUV excess will
recede; however, there may be a short time period where soft X-ray emission actually
increases due to the ability to escape the lower density accretion columns. Likewise,
EUV photons require mass accretion rates < 1078 My, yr~! before they may penetrate
the accretion columns (Gorti et al., 2009) so there may be a period of enhanced EUV

irradiation of the disk.

1.3 Evolution of Circumstellar Disks

As the fraction of accreting sources in a cluster is observed to decline with age,

so does the fraction of sources with circumstellar disks, as seen in Figure 1.12 and



Hernéndez et al. (2007b). The evolution of circumstellar disks has been well studied
by following the properties of the dust in the disk (Weidenschilling, 1997; Dullemond
& Dominik, 2004). The dust is traced using the shape of the IR SED; the IR fluxes
probe dust at different temperatures, corresponding to different radii and heights in
the disk. A possible sequence of disk evolution starts with a full disk of gas and
dust. As the dust in the disk settles, the scale height of the disk decreases resulting
in less IR dust emission (Lada et al., 2006). Models which best fit the IR SEDs
include some flaring, where the disk height increases with radius because the internal
temperature distribution in the disk falls off as T; o< R~'/2. In flared disks, the outer
disk intercepts more stellar radiation and increases the IR excess when compared to
a flat disk (Kenyon & Hartmann, 1987).

After the dust settles in the disk, it may form a pre-transitional disk, which has
an SED characterized by IR fluxes which are below the median fluxes for full disks
in Taurus in the mid-IR wavelengths (5-20 um) yet fluxes which are in excess of
the photosphere at near-IR (2-5 pm) and at long wavelengths > 20um (Espaillat
et al., 2010). The characteristics of the pre-transitional SED are understood if there
is optically thick material in the inner region of the disk, followed by a gap in the
disk which is typically tens of AU in size for the sources which have been detected
so far, and finally an outer disk of dust. After further evolution, the optically thick
material in the inner disk of the pre-transitional disk is removed, forming a transi-
tional disk, which is seen in the SED as photospheric IR fluxes both in the near and
mid-IR, interpreted as an inner disk hole, and dust in the outer disk (Calvet et al.,
2002; Espaillat et al., 2008). An example of a transitional disk is shown in Figure
1.13. However, while the dust has provided invaluable insight into disk evolution, it
comprises only 1% of the total disk mass. The rest of the disk mass is in the gas,
primarily in Hy; therefore, the mechanism which dissipates gas is key to the evolution
of circumstellar disks. Several mechanisms have been suggested for dissipating the
disk, including planet formation and photoevaporation by high energy emission from

the central star.



1.3.1 Planet Formation

There are several processes in the disk which have been used to explain the switch
from full to pre-transitional disks, and one possible mechanism is planet formation.
After the disk forms and the dust settles, a planet may form in the disk. Once there,
the planet will accrete material in its vicinity, clearing a gap (Artymowicz & Lubow,
1994; Paardekooper & Mellema, 2004) and forming a pre-transitional disk. Espaillat
et al. (2010) showed that other types of disk dissipation mechanisms proceed in an
inside - out direction instead of forming a gap, making planet formation the most
likely way to form a pre-transitional disk. Though a gap is formed in the dust, gas
is still able to flow through the gap, though at a diminished rate (Zhu et al., 2011),
indicating that the planet is not efficiently clearing disk gas. Observations show
that pre-transitional disks have large gaps and accretion rates similar to full disks.
According to Zhu et al. (2011), it is possible to open the large gaps using multiple
planets, but the mass accretion rate would drop well below the observed values, so

these sources are still difficult to describe with planets.

1.3.2 Photoevaporation

Photoevaporation is the most promising mechanism for dispersing the gas in the
outer circumstellar disk. While external irradiation of the disk by massive nearby
stars in clusters may contribute to the gas dispersal (Adams et al., 2004), here we
focus on the irradiation of the disk by the central star which dominates in distributed
populations of young stars like the Taurus Molecular Cloud. The theory assumes that
high energy radiation from the star and accretion shock irradiate the disk, heating
the gas until it has enough energy to escape the potential well and leaves the system
in an outflow (Shu et al., 1993). As the source evolves and the accretion rate through
the disk decreases, eventually the mass loss rate due to photoevaporation exceeds
the mass accretion rate and material can no longer flow toward the star, forming a
gap in the disk (Clarke et al., 2001). After the gap is formed, the inner disk is no
longer replenished and accretes quickly onto the star leaving an inner cleared disk

(Alexander et al., 2006). Owen et al. (2012a) showed that, for low mass stars, once



the inner disk is accreted, the outer disk is exposed to more direct radiation from the
star and is eroded in short timescales.

The details of photoevaporation depend on the type of emission which is respon-
sible for the mass loss and possibilities include EUV only, X-ray + EUV or FUV
emission (Clarke et al., 2001; Font et al., 2004; Alexander et al., 2006; Owen et al.,
2010, 2012a; Gorti et al., 2009; Gorti & Hollenbach, 2009). Figure 1.14 shows the
region in the disk where the mass loss peaks, assuming each type of photoevaporation
is more efficient at different disk radii. As indicated in Figure 1.14 the photoevap-
orative flow has velocities of tens of km/s and evidence for this flow has been seen
in blue-shifted forbidden line emission (Pascucci et al., 2011), so while it is accepted
that photoevaporation is occurring, there are controversies over the actual mecha-
nisms at play. Early models of EUV photoevaporation predicted low mass loss rates
of ~ 1071 Mg yr~! (Clarke et al., 2001; Alexander et al., 2006) but recent models
including X-ray and FUV emission find mass loss rates up to 100x higher than for
the EUV photoevaporation models (Gorti & Hollenbach, 2009; Owen et al., 2010).

The actual values of mass loss rates will have important implications for not only
disk dispersal but also for planet formation. If extremely high mass loss rates are
ongoing during circumstellar disk evolution, a larger initial disk mass may be needed
to explain the survival of disks. For example, by 1 Myr, a disk which has been
exposed to photoevaporation at rates of 1078 Mg yr~! will have already lost ~0.01
Mg, representing 10 to 100% of initial disk masses (Eisner, 2012). If circumstellar
gas is dispersed too quickly, it is not available to complete its role in circularizing
planetary orbits (Kominami & Ida, 2002); however, Matsuyama et al. (2003) showed
that removing the gas may be necessary to stop planetary migration into the star, so
there may be an ideal time period for the gas to be completely removed. To constrain
the evolution of the circumstellar disk and its planets, better understanding of the

gas properties and the mechanisms involved in gas dissipation is needed.



1.4 Summary of Thesis

In this thesis, we expand upon the wealth of knowledge regarding high energy emission
in T Tauri stars, described in previous sections. We approach these topics primarily
by assembling large samples of objects to study the general properties of high energy
processes in T Tauri stars, but in some cases we focus on interesting individual sources
to test an idea or concept. The types of sources included are those from well studied
star forming regions, like the Taurus Molecular Cloud and the Chamaeleon I star
forming region, in addition to those from the large population of sources in the Orion
OB association (Briceno et al., 2001, Figure 1.15). In general, the regions we focus
on contain a distributed population of low mass stars and have little extinction,
necessary for observing the UV.

In Chapter 2, we observe the evolution of high energy radiation fields, specifically
X-ray and FUV, for a large sample of young stars in the 1-2 Myr Taurus, 2-3 Myr
Chamaeleon I, 7-10 Myr 25 Ori aggregate and ~ 10 Myr TW Hydra star forming
regions, including a population of older pre-main sequence objects between 10 and 100
Myr. The time period of 1-100 Myr, in particular the first 10 Myr, is an important era
for circumstellar disk evolution because during this time period planets are formed,
disks are dispersed and accretion ends. Observations include new X-ray data of the
7-10 Myr stellar aggregate, 25 Ori, inside the Orion OBla region, which increases the
number of young stellar populations nearing 10 Myr with well characterized X-ray
luminosities. Other 8-10 Myr star forming regions, including n Chamaeleon and the
TW Hydra association, have small numbers of sources, whereas we observed ~ 40
sources in 25 Ori. The 10 Myr age is interesting for young stars; not only does the X-
ray luminosity become un-saturated sometime between 10 and 30 Myr, but it is also
the age past when we rarely see sources which are accreting or are surrounded by full
disks (Fedele et al., 2010; Herndndez et al., 2007b). We show, for the first time, the
evolution of FUV radiation between 1 and 100 Myr and compare our observations
with the assumptions of FUV photoevaporation models of Gorti et al. (2009) and
Gorti & Hollenbach (2009). The decay of FUV radiation can be understood in terms

10



of accretion; as the mass accretion rate (M) drops, the shock emission in the FUV
does as well. Also, as M decreases, there is less gas in the inner disk and less Ly«
radiation to illuminate it, so the Hy contribution to the FUV also declines. This
explains why FUV luminosities of non-accretors are ~2 orders of magnitude lower
than accretors at the same age. We use a small sample of 10-100 Myr pre-main
sequence stars with spectral types similar to the Sun to compare the rate of decay of
high energy emission to the rate found for older solar type stars in Ribas et al. (2005)
and show that the same decay rate can describe both the sources >1 Gyr and our
10-100 Myr sample.

In Chapter 3 we use the FUV sample discussed in Chapter 2 (comprised of 1-10
Myr CTTS and > 10 Myr WTTS and debris disks) but focus on detecting Hy in
the spectra. Using low resolution spectra obtained with the Advanced Camera for
Surveys/ Solar Blind Channel (ACS/SBC) PR130L prism, we identify a continuum
feature produced when Hy excited by free electrons dissociates. The strength of this
feature is correlated with the accretion luminosity and is absent when the source is
no longer accreting. The X-rays needed to produce free electrons with the energies
required to excite Hy are present even in the non-accretors, so we would see the Hy if
present in the disks of WT'TS and debris disks. We place very low upper limits on the
amount of Hy that may remain in the inner disks of non-accreting pre-main sequence
objects, < 1077 earth masses. Therefore, we show that the inner disk dissipates on
timescales consistent with the end of accretion onto the star.

In Chapter 4 we expand upon the results of Chapter 3 where we showed that
WTTS and debris disks at > 10 Myr lack gas in the inner circumstellar disk. In
order to determine if the same is true for younger WTTS, we obtained ACS/SBC
PR130L spectra for WTTS in the 1-2 Myr Taurus and the 2-3 Myr Chamaeleon
I star forming regions. We found no evidence for remaining Hs, confirming that
the presence of inner disk gas is tied to the accretion properties of the source. IR
and sub-mm observations show that in addition to the gas, the dust is gone from
the disks of these WTTS. While there are several possible explanations for rapid

disk dispersal, we explore the possibility of WTTS forming from molecular cloud
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cores with very low angular momenta. With initial low angular momentum, envelope
material falls onto the disk very close to the star, accreting onto the star in short
timescales (Hartmann, 2009). Finally, we show that the FUV luminosity of young
stars may saturate at ages similar to the observed saturation of X-ray emission, at a
level of Lpyv /Ly = —4.1 £0.1.

In Chapter 5 we analyze the final stages of accretion and the inner disk by focusing
on one source which has a very low mass accretion rate and evidence for evolution
of dust in the disk, RECX-11. RECX-11 is in the 5-9 Myr region, n Chamaeleon
and was identified as a low accretor from its small EW(Ha) (Jayawardhana et al.,
2006). Closer analysis revealed that it has little to no NUV excess when compared
to a WT'TS of the same spectral type and age, yet FUV spectra showed the presence
of Hy in the disk and, therefore, ongoing accretion. High resolution observations of
Ho and near IR He I A10830 A are characterized by complex and variable red-shifted
absorption features, providing additional evidence for accretion. Assuming that the
remaining accretion emission is dwarfed by the active chromosphere, we estimate an
upper limit of M < 3x107'° M, yr~!. The IR SED of RECX-11 shows evidence that
dust has settled, but there is no sign that the disk has a gap or hole in it. If mass loss
rates are as high as predicted in recent models of X-ray and FUV photoevaporation,
up to 1078 Mg yr=! (Gorti & Hollenbach, 2009; Owen et al., 2010), RECX-11 would
have a gap in the disk and likely the inner disk would have drained onto the star
for the 5-9 Myr source. Since we do not see this, photoevaporation at such high
rates cannot be occurring; however, photoevaporation at the rates predicted in EUV
models, 1071 Mg yr=! (Clarke et al., 2001; Alexander et al., 2006), cannot be ruled
out.

In Chapter 6 we analyze the accretion properties of a large sample of young
stars, observed as a part of the large HST program (PI: G. Herczeg), the Disks,
Accretion and Outflows of T Tau stars (the DAO). The DAO obtained simultaneous
HST spectra from the FUV to the optical in order to observe the excess emission
produced in the accretion shock. WTTS were also observed to use as templates,

which is vital for obtaining accurate accretion rates for low accretors. New to this
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work, multiple components of the accretion shock described in Calvet & Gullbring
(1998) are used to fit the observed spectra, combining hot accretion columns with
emission which peaks in the UV and cool columns whose emission peaks in the optical.
Two important consequences of these multi-component models are; 1) a better fit to
observed red excesses (Edwards et al., 2006; Fischer et al., 2011) and 2) large expected
filling factors. Recent models of the magnetospheric region find that accretion shocks
should cover a large portion of the stellar surface (Gregory & Donati, 2011; Donati
et al., 2008), so these multi-component accretion models are in better agreement with
the physical geometry. Using nearly simultaneous estimates of M and observations
of Ha, it is clear that the EW(Ha) is not an accurate tracer of the accretion rate,
although the luminosity of Ha is. Likewise emission lines of HS and the Ca II K line
are correlated with the accretion properties of the sources, showing that they are good
proxies for accretion and may be used when UV excess observations are unavailable.
Finally, NUV lines of C II] and Mg II strongly correlate with L,.., indicating an
accretion origin, and indeed, C II] is only observed in CTTS.

In Chapter 7 we discuss the main conclusions of this thesis and some steps for
future research on this topic.

The material in Chapters 2, 3, 4 and 5 has been published in Ingleby et al. (2011a),
Ingleby et al. (2009), Ingleby et al. (2012) and Ingleby et al. (2011b), respectively,

and the material Chapter 6 is in preparation for submission to ApJ.
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Figure 1.1. Magnetospheric accretion on T Tauri stars. In the current picture of star formation
the circumstellar disk is truncated by the stellar magnetic field. The disk gas is accreted along the
magnetic field lines, impacting the stellar surface and creating an accretion shock. Figure taken
from Hartmann (2001).
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Figure 1.2. Spectral energy distributions for Class I — Class III objects. The panels of the left
show the IR SED of young stars during the star formation process. The evolutionary sequence goes
from top to bottom with the nature of the object pictured on the right. The evolution between
the final two stages (Class II and Class I1I) is interesting because it represents the dispersal of the

circumstellar disk (seen in the SED as a lack of an IR excess in Class III sources). Figure taken
from Wilking (1989).
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Figure 1.3. Ha profiles of CTTS. The Ha emission from a variety of T Tauri stars is shown.
Sources with no accretion have narrow profiles (LkCa 7), whereas strong accretors are characterized
by wide, complex line profiles (DR Tau). Figure taken from Muzerolle et al. (1998b).
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Figure 1.4. Accretion shock geometry. In the simple geometry assumed for the Calvet & Gullbring
(1998) accretion shock models, the shock region is assumed to be plane parallel to the star and
covering a very small percentage of the stellar surface so that the curvature of the star is not
important. The free-falling material forms a shock which emits soft X-rays into the pre- and post-
shock regions where they are completely absorbed and re-emitted at UV and optical wavelengths.
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Figure 1.5. XMM Newton X-ray spectrum of TW Hya. The black crosses show the observed XMM-
Newton spectrum. The red lines represent shock and coronal X-ray emission. Both components are
needed to fit the X-ray spectrum. Figure taken from Giinther et al. (2007).
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Figure 1.6. XMM Newton X-ray spectra of four CTTS. The X-ray spectra of TW Hya (red), SU
Aur (blue), CR Cha (green) and BP Tau (black) exhibit different properties based on whether the
emission is dominated by the shock or corona. TW Hya has a soft X-ray excess produced in the

shock, whereas SU Aur has a harder X-ray spectrum, typical of coronal emission. Figure taken from
Robrade & Schmitt (2006).
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Figure 1.7. Spectrum of the shock excess observed for BP Tau. The IUE spectrum of BP Tau
reveals that there is a significant excess over the photosphere in the UV region. The spectrum of the
accretion shock accurately describes this excess, providing evidence for magnetospheric accretion.
Figure taken from Gullbring et al. (2000).
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Figure 1.8. FUV spectrum of TW Hya. The top panel shows the full FUV spectrum, with lines of
H, identified by dash marks. In the bottom panel, the Hy lines have been removed, demonstrating
the prevalence of Ho emission in the FUV. Figure taken from Herczeg et al. (2002).
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Figure 1.9. FUV emission lines of T Tauri stars. C IV (thick line) and Si IV (thin line) are
compared for four T Tauri stars. The broad wings of the lines, extending to several hundred km/s
indicate an origin in the accretion flows. Figure taken from Ardila et al. (2002).
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Figure 1.10. Evolution of solar radiation fields. High energy emission for young Sun-like stars,
broken into several energy bins, is observed to decay as the source ages. The higher the energy (or
shorter the wavelength) of emission, the faster it decays. Figure taken from Ribas et al. (2005).
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Figure 1.11. Evolution of the mass accretion rate. When comparing accretion rates of sources in
star forming regions of different ages, it is observed that the accretion rate decreases with the age
of the source. Figure taken from Calvet et al. (2005).

24



wof

80
60
40

20

Accreting stars vs IRAC excess [%]
NGC 7160

O

Age [Myr]

Figure 1.12. Fraction of accreting sources versus age. In addition to the accretion rate declining
with age, the number of sources which are accreting in a given region decreases with the age of the
stellar association. Figure taken from Fedele et al. (2010).
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Figure 1.13. SED of a 10 Myr transitional disk. This source was identified as a transitional
disk based on IR fluxes from Spitzer (cyan points and blue spectrum), which have a deficit when
compared to typical fluxes of full disks in taurus (green dashed line). In fact, they are fit by a
photospheric spectrum (pink dotted line) at short wavelengths indicating an inner disk hole. Figure
taken from Espaillat et al. (2008).
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Figure 1.14. Picture of mass loss by photoevaporation. Comparing EUV, EUV + X-ray and FUV
photoevaporation models, the region of the disk with the highest mass loss for each model is shown
in the top panel. A pictorial description of the process is in the bottom panel, showing an inner
bound region to the disk with photoevaporative flows occurring at larger radii in the disk. Figure
taken from Armitage (2011).
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Figure 1.15. A region of the Orion OB1 association. The Orion OB region covers a large area
on the sky and is composed of several kinematically distinct sub-associations. The dashed lines
distinguish the 10 Myr Orion OBla, which includes the 25 Ori stellar aggregate and Orion OB1b,
a ~5 Myr sub-association. Figure taken from Briceno et al. (2001).
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CHAPTER 2

Evolution of X-ray and FUV Disk-Dispersing
Radiation Fields

2.1 Introduction

Circumstellar disks, formed as a consequence of the star formation process, evolve
from an initially gas rich phase to a system composed of small, planetary sized bodies,
with little remaining gas. The physical processes responsible for depleting circumstel-
lar gas from the initial minimum mass solar nebula (Weidenschilling, 1997, MMSN)
to the low quantities remaining in debris disks, those with significant dust evolution
and gas depletion, have been the focus of gas dispersal models (Clarke et al., 2001;
Alexander et al., 2006; Gorti et al., 2009; Gorti & Hollenbach, 2009; Owen et al.,
2010). Models for the evolution of the dust (Dullemond & Dominik, 2005; D’Alessio
et al., 2006; Robitaille et al., 2007) have been successfully utilized in the interpre-
tation of a variety of Infrared (IR) spectral shapes (Sargent et al., 2006; Hernédndez
et al., 2007b; Espaillat et al., 2007; Currie, 2008; Furlan et al., 2009; Najita et al.,
2010). These models indicate that while some of the material is locked into planets
and still more is accreted onto the star through viscous evolution, it is likely that
photoevaporation is the most significant process playing a role in the dispersal of the
gas disk. There are several contributors to photoevaporation, including X-rays or
Extreme Ultraviolet (EUV) photons from the central star and Far Ultraviolet (FUV)
emission produced in an accretion shock at the stellar surface of classical T Tauri
stars, or CTTS (Owen et al., 2010; Gorti & Hollenbach, 2009). At any given time,
contributions from several different photoevaporation mechanisms will occur, but the

overall timescales when each contribution is greatest may vary. For example, accretion
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related radiation fields will decay as the mass accretion rate (M) decreases. Alterna-
tively, X-ray emission may increase as the accretion related radiation fields drop due
to increased magnetic activity in non-accreting T Tauri stars (WTTS), observed as a
possible increase in X-ray luminosity from 1-100 Myr in the Chandra Orion Ultradeep
Project (COUP) survey of young stars (Preibisch & Feigelson, 2005). The changing
environment may play a role, as FUV and X-rays dominate photoevaporation early
at M < 1076 Mg yr—', while EUV photons are absorbed in the accretion streams
and do not become a significant contributor until M drops to < 1078 M yr—* (Gorti
et al., 2009).

With the large number of factors to consider in gas disk evolution, the intensity
of UV and X-ray radiation fields and the timescales relevant to their evolution are
essential parameters in the theory of photoevaporation. Not only observations of
the radiation fields, but observations of the frequency of circumstellar disks place
constraints on disk evolution theory, with only 10% of sources retaining disks at 10
Myr (Hernandez et al., 2007a). Full (or primordial) disks and debris disks are ob-
served at both 5 and 10 Myr (Herndndez et al., 2006, 2009), indicating that disk
dispersal mechanisms must occur on a number of timescales in a single star forming
region. Transitional and pre-transitional disks, which due to the presence of a gap
are interpreted as an intermediary stage between full and debris disks (Strom et al.,
1989; Calvet et al., 2002; Espaillat et al., 2008), are observed to have a low frequency
indicating that when disk dissipation begins it occurs quickly, taking as little as 0.5
Myr (Luhman et al., 2010; Herndndez et al., 2010; Muzerolle et al., 2010). Alterna-
tively, disk evolution may proceed along another path in which a similar decline in
IR fluxes from all disk radii indicates that no gap or hole is formed (Sicilia-Aguilar
et al., 2010; Manoj, 2010; Hernandez et al., 2010). With the diversity observed in
disk evolution, different dispersal mechanisms may be necessary. In this chapter we
investigate the relevant timescales for the evolution of disk dispersing emission from
T Tauri stars with new X-ray and FUV observations spanning 1-10 Myr, and include
previous observations of a larger sample of observations extending to young stars at

1 Gyr.
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While EUV emission is almost impossible to observe due to interstellar hydrogen
absorption, X-ray observations are numerous. X-ray emission in T Tauri stars is
significantly stronger, up to 1000 times, than the X-ray emission from main sequence
stars, and comes from hot plasma with temperatures up to 60 MK or energies up to 5
keV (Feigelson et al., 2002). The current paradigm is that this hot plasma is produced
through enhanced magnetic activity, with stronger magnetic reconnection events the
likely cause of observed short period flaring activity (Feigelson et al., 1993). There
is some evidence that strong soft X-ray emission is produced in an accretion shock
on the stellar surface (Giinther et al., 2007). Currently observations of a soft X-ray
component which dominates over the coronal emission are unique to the star TW Hya,
although other sources have exhibited accretion produced X-ray emission, though at a
significantly lower level (Robrade & Schmitt, 2006). Surveys of young, <10 Myr star
forming regions have shown no evidence of a decline in the X-ray emission between
0.2 and 10 keV as M decreases, indicating that accretion related X-ray emission is not
a significant contributor to the total X-ray flux in most circumstances (Preibisch &
Feigelson, 2005; Mercer et al., 2009). While roughly constant between 1 and 10 Myr,
eventually the X-ray emission does decrease. When this decline begins has not been
well characterized so far because the only 10 Myr old X-ray sources studied were the
eleven sources in the TW Hydra Association (Webb et al., 1999, TWA). Previously,
the cluster nearest in age to TWA with well characterized X-ray properties was the
6-8 Myr n Chamaeleon cluster (Lépez-Santiago et al., 2010), with fourteen sources.
In this chapter we analyze X-ray observations from another older cluster, the 25 Ori
aggregate in the Orion OBla subassociation (Briceno et al., 2007). At 7-10 Myr, 25
Ori still has 4-5 remaining CTTS and a large number of WTTS, making it the most
populous ~10 Myr old star forming region known. Extinction in this off-cloud area
is low, making it an ideal region for studying X-rays from T Tauri stars in older,
evolved populations.

Less is known about FUV emission from T Tauri stars than X-ray emission be-
cause, until recent instruments like the Cosmic Origins Spectrograph (COS) on the

Hubble Space Telescope (HST), most FUV detectors lacked the sensitivity to observe
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dim sources. Large FUV samples have been obtained with the International Ultra-
violet Explorer (IUE) through which FUV line emission has been well characterized
(Valenti et al., 2000; Johns-Krull et al., 2000), but little to no signal was achieved in
the continuum at A < 1750 A for the WTTS. Space Telescope Imaging Spectrograph
(STIS) observations of T Tauri stars have also been analyzed; however, long exposure
times were required for all but the brightest sources, limiting the ability of STIS to
observe a large population (Calvet et al., 2004; Herczeg et al., 2002, 2006). Even
though TUE and STIS observations are limited, the T Tauri properties observed in
these high resolution spectra were used to interpret low resolution spectra obtained
in a large sample of CTTS, WTTS, and debris disks using the Advanced Camera for
Surveys Solar Blind Channel (ACS/SBC) prism on HST. While low in resolution,
with its excellent sensitivity ACS/SBC obtained some of the first observations of
WTTS in the FUV with the continuum detected from 1230 — 1800 A (Chapter 3).

The origin of FUV emission in T Tauri stars has contributions from several sources.
In addition to an accretion shock component (Calvet et al., 2004), Hy in the inner
region of CTTS disks contributes to the FUV line and continuum emission (Abgrall
et al., 1997; Bergin et al., 2004; Herczeg et al., 2004, 2002; France et al., 2010). The
evolution of FUV emission has not been well studied, as FUV spectra of T Tauri
stars greater than 1-3 Myr are rare, and previously included only four T Tauri stars
in the TWA region and older debris disks (Herczeg et al., 2004, Chapter 3).

In this chapter, we discuss the evolution of high energy radiation fields by ana-
lyzing the X-ray and FUV luminosities of a large sample of sources (the largest FUV
sample to date) with ages between 1 Myr and 10 Myr, including a small sample of
post T Tauri objects with ages up to 1 Gyr. In § 2.2 we discuss the new X-ray, FUV,
and optical observations used in our analysis. In § 2.3.1 we present new X-ray selected
T Tauri stars in 25 Ori and Chamaeleon 1. In § 2.3.2 we present results of spectral
analysis performed on high count rate X-ray sources and we discuss the calculation
of X-ray and FUV luminosities in § 2.3.3 and § 2.3.4. Finally, in § 2.4 we analyze the
high energy radiation fields and discuss whether the observed evolution is consistent

with current disk evolution theories.
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2.2 Source Sample and Observations

2.2.1 X-ray Data

Chandra observations of four fields in the 7-10 Myr 25 Ori star forming association
were obtained in 2008 January with ACIS-I and S chips. Observations were done in
FAINT mode with 10 ks exposures in GO Program 09200907 (PI: Hartmann). Addi-
tionally, observations of two fields in the 2.5 Myr Chamaeleon I star forming region
were obtained in 2009 February with ACIS-I and S chips. Again, the observations
were taken in FAINT mode in GO Program 09200909 (PI: Calvet) with 25 ks expo-
sure times. We analyzed the evt2 files provided from the Chandra version 7.6.11.4
processing pipeline. X-ray detections were identified using the Chandra Interactive
Analysis of Observations software (Fruscione et al., 2006, CIAO) script WAVDE-
TECT with the default significance threshold set to 1075, We cross-correlated the
X-ray detections with the Luhman (2004), Luhman et al. (2008), and the CIDA Vari-
ability Survey of Orion (Bricefio et al., 2005, CVSO) optical catalogs and identified
previously studied T Tauri sources.

In Chamaeleon I, the selected fields focused on two CTTS with disks showing
evidence for inner clearing, SZ Cha (T6) and T35 (Kim et al., 2009). We detected
15 known T Tauri stars in the two fields (out of ~60 X-ray sources identified by
WAVDETECT), five of which are accretors (Luhman, 2004). The sources are listed
in Table 2.1 and their positions in the H-R diagram are shown in Figure 2.1 based
on spectral types and luminosities from the literature (see references in Table 2.1).
Using the evolutionary tracks of Siess et al. (2000), we determine that the sample
covers a large range of T Tauri masses from a 1-1.5 M, upper limit down to almost
substellar masses, with a lower limit of 0.1-0.2 M. This mass range is similar to
that used in Preibisch & Feigelson (2005), in which the evolution of X-ray emission
in the low mass population of the COUP sources was analyzed.

Each of the four fields in the 25 Ori aggregate was centered on a known CTTS,
specifically CVSO 35, CVSO 206, OBla 1630 (Briceno et al., 2005; Hernandez et al.,
2007b), and the transitional disk CVSO 224 (Espaillat et al., 2008). Of ~150 X-
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ray sources located by WAVDETECT, we identified 36 previously known T Tauri
stars, in addition to the 4 targeted sources, from the catalogs of Briceno et al. (2005,
2007), Briceno et al. (2010), and Hernandez et al. (2007b) for a total of 40 7-10 Myr
classical and weak T Tauri stars. Of the remaining unidentified X-ray detections,
six are possible newly detected T Tauri stars (see §2.2.3 for further discussion). The
locations of the 25 Ori sources in the H-R diagram are shown in Figure 2.2. Sources
published in Calvet et al. (2005) had known spectral types and luminosities but
sources published in Briceno et al. (2007), Hernédndez et al. (2007b), and Briceno et
al. (2010) had only spectral types and optical colors. To get luminosities for those
sources, we first used V' — I colors to get the reddening (Ay ) assuming photospheric
colors from Kenyon & Hartmann (1995). With Ay, we corrected Two Micron All Sky
Survey (Skrutskie et al., 2006, 2MASS) J magnitudes for reddening using the Mathis
extinction law with Ry = 3.1 (Mathis, 1990) and calculated the bolometric fluxes
(Kenyon & Hartmann, 1995). Our sample of 25 Ori sources is similar to the CTTS
masses of Taurus, from ~0.2-1.0 M,. Table 2.1 lists the complete set of sources
detected in the Chamaeleon I and 25 Ori fields which are discussed in this chapter,
along with published spectral types and disk classifications.

After matching X-ray detections to previously identified T Tauri stars, we used
the CTAO script DMEXTRACT to obtain the counts within the extraction regions
determined by WAVDETECT for each known T Tauri source. We included a back-
ground region defined as a 5”7 annulus around each extraction region, allowing us to
determine the net counts and calculate the poisson errors which we used to estimate
uncertainties in the X-ray luminosities (§ 2.3.3). Of the 15 Chamaeleon sources, 5
had greater than 250 counts and the spectra of these sources were extracted using the
CIAO script PSEXTRACT, using the 30 detection regions determined in WAVDE-
TECT, and the 5”7 background annuli. Each extracted spectrum was re-binned to 20
counts per bin using the GRPPHA task in FTOOLS. The re-binned spectra were then
analyzed in the X-ray spectral fitting package, XSPEC (Arnaud, 1996). Only three
of the 25 Ori sources had counts in excess of 250, likely due to the shorter exposure

times and greater distance to the sources, and were analyzed with PSEXTRACT and
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XSPEC.

2.2.2 UV Data

We present new FUV observations of ten sources in the 2.5 Myr Chamaeleon I and
two in the 4 Myr Chamaeleon II star forming regions obtained with the PR130L
grating on the Advanced Camera for Surveys (ACS) Solar Blind Channel (SBC).
These observations were completed between 2008 December and 2009 February in
GO Program 11145 (PI: Calvet). The FUV coverage extends from 1230-1800 A with
R~300 at 1230 A and ~50 at 1700 A. The Chandra and ACS/SBC Chamaeleon I
samples have some overlap but there are sources unique to each sample. We show all
the Chamaeleon I and II sources in Figure 2.1, identifying the X-ray and FUV sources
and those included in both samples. With ACS/SBC we observed sources from 0.3—
2.0 Mg in Chamaeleon I and approximately solar mass sources in Chamaeleon II.
We combine these new observations with previously observed ACS/SBC and STIS
samples of T Tauri stars analyzed in Chapter 3, Calvet et al. (2004), and Herczeg
et al. (2002, 2004). The total sample of sources with FUV spectra consists of 56
sources, eleven of which are WT'TS or debris disks, and these are listed in Table 2.1,

with sources observed by STIS distinguished in bold font.

2.2.3 Optical Data

A large number of X-ray detections corresponded to unidentified counterparts in IR
and optical catalogs. Using 2MASS and CVSO photometry (Briceno et al., 2005), we
produced color-magnitude diagrams in V' and V — J to select sources which fell above
the main sequence. In Chamaeleon I, one such object met the color requirements (K.
Luhman, personal communication) and in 25 Ori there were six possible new T Tauri
stars detected.

For three of the six T Tauri candidates in 25 Ori, we followed up the X-ray
observations by obtaining optical spectra with the Magellan Echellete (MagE) on
the Magellan- Clay telescope at Las Campanas Observatory (Marshall et al., 2008).
MagE provides R~4100 spectra from 3200-9800 A, including the Li 6707 line, for
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confirmation that the sources are young, and Ha necessary to classify them as T
Tauri stars. In addition to the MagE spectra of new T Tauri stars, we obtained R~
35,000 MIKE (The Magellan Inamori Kyocera Echelle) observations of 16 sources in
our sample, primarily of accretors in the 25 Ori and Chamaeleon I and II regions.
The optical data were reduced using the Image Reduction and Analysis Facility
(Tody, 1993, IRAF) tasks “ccdproc”, “apflatten” and “doecslit”. Bias corrections
were completed with “ccdproc”. Flats were created using “apflatten”, in which the
orders were traced using observations of a quartz lamp for the MIKE flat frames and
the 10 reddest orders of MagE. For the five bluest orders of MagE, we observed a Xe
lamp with a wide slit (5” as opposed to the science slit at 1”) and out of focus for
the trace. The task “doecslit” was used to extract the science spectrum, extinction
correct for airmass, subtract the background, and dispersion correct the spectra using
a ThAr comparison lamp. The blaze function was fit using a bright O or B standard

star and used to correct for the blaze in the science exposures.

2.3 Analysis of Observations

2.3.1 Results from Optical Observations

MIKE optical spectra were used to confirm status of WTTS or CTTS and obtain
accretion rates for the CTTS using the relation between M and Ha 10% width of
Natta et al. (2004). We show Ha line profiles in Figure 2.3 for the accreting sample
of MIKE sources. The relation between Ha width and M is more appropriate for low
values of the mass accretion rate.

The three candidate members of 25 Ori with MagE optical spectra, discussed in
§ 2.2.3, showed Li absorption and but only two (2MASS J0524349040154207 and
2MASS J05270173+0139157) had weak Ha emission, indicating that they are newly
identified WTTS. The third source (2MASS J05244265+0154116) has Ha in absorp-
tion but may be a young member of 25 Ori still, due to its early spectral type;
additional analysis is needed for confirmation. This final source is not included in

any further analysis of the 25 Ori X-ray observations. The Li and Ha equivalent
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widths, along with the derived spectral types are listed in Table 2.2 for those sources
which have optical spectra. All of the candidate X-ray selected T Tauri stars, in both
Chamaeleon I and 25 Ori, are listed in Table 2.2. MagE spectra will be obtained for

the remaining sources in need of optical spectra.

2.3.2 X-ray Spectral Analysis

Eight sources in our Chamaeleon I and 25 Ori samples had strong X-ray fluxes allow-
ing for spectral analysis to determine temperatures for the emitting plasmas. Three
of these sources are accreting (CR Cha, SZ Cha, and TW Cha) and the remaining five
sources are not (Luhman, 2004; Calvet et al., 2005). With this sample of high count
sources, we looked for any observable distinction between the CTTS and WTTS. In
XSPEC, each source spectrum was fit using either one or two APEC (Astrophysical
Plasma Emission Code) models characterized by different temperatures; the choice
of models was motivated by the two-temperature plasma observed in X-ray emission
from Pleiades sources (Briggs & Pye, 2003). Assuming a model which includes mul-
tiple temperatures also allows for the distinction of a soft accretion related emission
component, if present, similar to that observed in TW Hya (Giinther et al., 2007). We
included an absorption component using the XSPEC model, PHABS, with the equiv-
alent neutral hydrogen column density! obtained from the HEASARC (High Energy
Astrophysics Science Archive Research Center) Ny calculator (Kalberla et al., 2005;
Dickey & Lockman, 1990).

The models with the best statistical fit to the observations (or lowest x2,) are
given in Table 2.3. The best fit models for CR Cha, SY Cha, SZ Cha, and TW
Cha produced good x2,’s, but the remaining sources had either poor fits or model
properties discrepant from the larger sample. For CHXR 30A, when the absorption
model was forced to have a column density of Ny = 8 x 10?*° cm™2 (Kalberla et al.,

2005; Dickey & Lockman, 1990), a 64 keV plasma was necessary to fit the spectrum,

!The equivalent neutral hydrogen column density (defined as Ng) is the column density of
hydrogen required to give the same opacity as that resulting from the true composition of the
absorbing gas, which has contributions from He, C, N, O, and Ne in addition to less abundant
gasses.

37



greater than ten times higher than the highest expected plasma temperatures (Feigel-
son et al., 2002). Allowing the column density to vary, we found a best fit model with
Ny = 12.2 x 10?! cm™2, fifteen times higher than Ny in the four Chamaeleon sources
with good fits. While high, a greater value for Ny is consistent with CHXR 30A
being extincted by A; ~ 3 magnitudes while the other sources have A; = 0.0 — 0.5
(Luhman, 2007). The APEC model fits to CVSO 38 resulted in a large temperature
for the hot component, a temperature typical of flares in T Tauri stars (Getman et al.,
2008), indicating that the observations may have caught it while flaring. The APEC
components and best model fit to the highest count rate X-ray source (CR Cha) are
shown in Figure 2.4. For CR Cha we find that a two-temperature model improves
the x2., by a factor of 3 compared to a single temperature model. Like CR Cha, the
models of the four sources with the best x2, fits are each comprised of a cool, 0.3-0.9
keV, component and a hotter 2-5 keV component. We note that the hottest emission
(excluding the possible flare component from CVSO 38) comes from SZ Cha which,
as a G2, is the source with the earliest spectral type.

Previous analyses of X-ray spectra from CTTS have shown that the presence of
accretion alters the X-ray spectrum by producing emission lines formed in the high
densities of the accretion shock (Robrade & Schmitt, 2006; Brickhouse et al., 2010).
Also, cool X-ray components with kT ~0.2-0.3 have been attributed to accretion
(Giinther et al., 2007; Robrade & Schmitt, 2006). We see no clear evidence of ac-
cretion related soft X-ray emission in CR Cha, SZ Cha, and TW Cha, the known
accretors in our sample. The cool APEC components are ~2-10 times hotter than
the temperatures expected of plasmas heated in an accretion shock, even when con-
sidering material falling faster than the free fall velocity which is necessary to produce
the soft X-ray shock emission in TW Hya (Giinther et al., 2007). Brickhouse et al.
(2010) obtained high resolution Chandra spectra of TW Hya and identified line emis-
sion which is attributed to accretion. Additional observations obtained with XMM-
Newton of a sample of four CTTS, including both TW Hya and CR Cha (which we
analyze in Figure 2.4), showed that shock formed line emission may be needed to

confirm accretion for sources unlike TW Hya, where the soft accretion component
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does not strongly exceed the coronal emission. The resolution of our ACIS spectra
prohibited accretion line analysis, which would be informative, particularly for TW
Cha, the accretor with a cool component most similar to that in TW Hya. Interest-
ingly, the sources with the coolest components (SY Cha, 2MASS J05244498+0159465
and RX J0526+0143) are WT'TS and have been identified as such by observations of
Hea, indicating that a detection of a cool component alone cannot confirm accretion
and likely line detections are needed as well (Robrade & Schmitt, 2006).

Instead, our results are consistent with the two-temperature coronal emission
observed in Pleiades sources (Briggs & Pye, 2003); however, for Chamaeleon, the
temperatures of the hot component are approximately 2 times higher than the hot
components in the Pleiades sources. This may be indicative of theorized cooling
coronal gas, producing a softer spectrum as X-ray sources evolve (Kastner et al.,
2003). The results of our spectral analysis show that we can use the same treatment
to find X-ray luminosities for both the WTTS and CTTS since we see no evidence

for an accretion related component.

2.3.3 X-ray Luminosities

The majority of the X-ray sources had <250 counts, so instead of attempting detailed
spectral analysis on dim sources we assume typical X-ray temperatures as determined
for the sources discussed in § 2.3.2. We assume there is no discernible difference
between the X-ray properties of the CTTS and WTTS in the spectral region observed
by ACIS, as indicated by the results shown in Table 2.3. Using WebPIMMS on the
HEASARC website we calculated unabsorbed fluxes between 0.2 and 10 keV for
the entire sample, correcting for Ny = 0.8 x 10?! and Ny = 1.1 x 10*! ecm~2 for
Chamaeleon I and 25 Ori, respectively (Kalberla et al., 2005; Dickey & Lockman,
1990). We assumed a single temperature APEC model with kT=2.2 keV and solar
abundance. From the unabsorbed fluxes, X-ray luminosities were calculated assuming
distances of 160 and 330 pc for Chamaeleon I and 25 Ori, respectively; the results
are listed in Table 2.1. For the sources in Table 2.3, which were fit with XSPEC, we
find that the when using WebPIMMS to find fluxes, the discrepancy is a factor of
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2-3. The distribution of unabsorbed X-ray luminosities is shown in Figure 2.5, which
indicates that our Chamaeleon I sample is not complete. To increase the sample, we
include X-ray observations of this region from Feigelson et al. (1993) in our analysis.
The ROSAT count rates from Feigelson et al. (1993) were converted to ACIS-S count
rates using WebPIMMS before luminosities were calculated.

In addition to the X-ray luminosities calculated here, we include X-ray luminosi-
ties from the literature for sources with FUV spectra which were not observed with
Chandra, primarily in Taurus, TWA, and nearby debris disks (shown in italics in
Table 2.1). X-ray fluxes of Taurus sources were calculated as part of the XMM New-
ton Extended Survey of Taurus (XEST) project (Giidel et al., 2007). Giidel et al.
(2007) gives count rates for the PN camera with the medium filter and these were
converted into Chandra ACIS-S count rates using WebPIMMS, assuming an input
XMM-Newton energy range of 0.4-10 keV and output Chandra energy range of 0.2-
10 keV, and using the same model parameters as were used to calculate the fluxes
from our Chandra observations. X-ray fluxes for sources in Taurus not provided by
Gidel et al. (2007), along with sources in Chamaeleon I and IT, TWA, and field debris
disks were converted from ROSAT PSPC count rates (Feigelson et al., 1993; Voges
et al., 1999, 2000) into Chandra ACIS-S count rates, again using WebPIMMS but
using the softer input energy of ROSAT (0.1-2 keV). Once converted to ACIS-S count
rates, the unabsorbed X-ray fluxes were calculated as discussed for our new Chandra
observations and the luminosities are given in Table 2.1. We also include X-ray lumi-
nosities from other young clusters in our analysis of X-ray evolution; those from the
~ 4 Myr cluster, Trumpler 37 (Mercer et al., 2009), and the 6-8 Myr n Cha region
(Lopez-Santiago et al., 2010).

2.3.4 FUYV Luminosities

Our FUV sample contains sources in Taurus, the Chamaeleon I and II clouds, 25
Ori, TWA, objects in the outskirts of the Orion Nebular Cluster (ONC), and nearby
WTTS or debris disks. We calculated FUV luminosities for these sources between
1230 and 1800 A after degrading the resolution of the STIS spectra to that of
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ACS/SBC for comparison. Spectra were corrected for reddening using Ay ’s provided
in Chapter 3 and Calvet et al. (2004) for Taurus, ONC, 25 Ori, and the nearby WTTS
and debris disks. For the Chamaeleon I and II sources, Ay’s were calculated from
published photometry (Gauvin & Strom, 1992). For sources in Taurus, the ONC, and
Chamaeleon I and II we corrected for reddening using the extinction curve observed
along the line of sight towards HD 29647 with Ry = 3.6, appropriate for regions with
associated molecular clouds (Whittet et al., 2004). For sources in the dispersed 25
Ori association, we used the Mathis extinction law with Ry = 3.1 (Mathis, 1990).
We note that UV extinction laws, especially in the FUV, are very uncertain and
introduce the largest error in our FUV luminosity calculations. We assume a +0.2
magnitude error in Ay, which dominates other sources of error. For four Chamaeleon
sources, we failed to detect the FUV emission and upper limits are provided for these
sources. We calculated the flux in the detector noise and de-reddened the noise by
the calculated Ay ’s. In this manner, we are accounting for any FUV emission washed
out by extinction. Calculated FUV luminosities are given in Table 2.1, with upper

limits on the luminosities provided when appropriate.

2.4 Implications of Observations

2.4.1 Evolution of X-ray and UV Emission

The intensity of high energy emission from T Tauri stars has important implications
for the dispersion of circumstellar disks and the planets which may be forming within
them. Over a time period of 1-10 Myr, during which these processes are expected
to occur, we investigate the evolution of the X-ray and FUV radiation fields. Figure
2.6 shows the median and full range of X-ray luminosities for the sources in each star
forming region with spectral type K5 or later. The sample of Tr37 may include sources
with earlier spectral types (early K); however, spectral types are not well established
for this sample. In addition, it was confirmed that several of the Tr37 sources were
flaring during the observations (Mercer et al., 2009), contributing to the high X-ray

luminosities. Figure 2.6 reveals that there is no decrease with age in either total
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X-ray luminosity or the X-ray luminosity normalized by the stellar luminosity, up to
10 Myr. Most importantly, our addition of the 7-10 Myr 25 Ori X-ray observations
supports previous claims that X-ray radiation from the central star remains strong
throughout the disk dispersal phase (Mercer et al., 2009; Preibisch & Feigelson, 2005).
While there does appear to be a slight increase in the normalized X-ray luminosity
with age, the trend is statistically insignificant, with a Pearson correlation coefficient
of only 0.2.

Figure 2.7 shows the evolution of FUV luminosities from 1 Myr T Tauri stars to
1 Gyr young stars and debris disks. While there is an observed decrease in FUV
luminosity out to 1 Gyr, a decrease with age can also be seen among the 1-10 Myr
sources, with the WTTS characterized by the lowest FUV luminosities. By the
WTTS phase, FUV luminosities are expected to be entirely chromospheric. With
no additional accretion, FUV emission is no longer produced in an accretion shock
and because the end of accretion indicates the depletion of inner disk gas, FUV
emission from hot molecular gas no longer contributes to the FUV flux (Pascucci
et al., 2006, see also Chapter 3). In addition to the decline with age, a correlation
between FUV luminosity and L. is observed, with a Pearson correlation coefficient of
0.78 (calculated with the exclusion of sources with only upper limits), indicating that
FUV emission is strongly correlated with L,... Values of L,.. were obtained from the
literature (see references in Table 2.1) or calculated from Ha 10% line widths (Natta
et al., 2004, § 2.3.1).

This correlation between FUV luminosity and L,.. is not surprising, given results
that FUV emission is produced in the hot gas of the accretion shock (Calvet et al.,
2004; Calvet & Gullbring, 1998; Herczeg et al., 2002). Therefore, the decrease in
FUV luminosity between 1 and 10 Myr can be understood in terms of the decrease
of M in this time period (Hartmann et al., 1998; Calvet et al., 2005; Sicilia-Aguilar
et al., 2006; Fedele et al., 2010). We use the model of Calvet & Gullbring (1998) to
predict the amount of FUV emission produced in the accretion column. This model
assumes that the circumstellar disk is truncated at a few stellar radii by the stellar

magnetic field. At the truncation radius, gas is channeled along the magnetic fields
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lines from the disk to the star, impacting the stellar surface at approximately the free
fall velocity. Such fast moving material produces an accretion shock on the surface
of the star which heats the gas to ~1 MK. Emission from this hot gas heats both
the photosphere below the shock and the pre-shock material, producing an accretion
column spectrum with a significant excess over the photospheric emission in the UV
(Calvet & Gullbring, 1998).

As inputs to the accretion column model, we assume a 0.8M, source evolving
along the Siess et al. (2000) evolutionary tracks, from which we obtain the radius,
effective temperature, and luminosity of the source from 1-10 Myr. We assume
the percentage of the stellar surface covered by accretion columns, the filling factor,
remains constant at 1% and vary the energy flux in the accretion column for a given M
(Calvet & Gullbring, 1998). Using these quantities we calculate the column emission
and integrate the flux from 1230-1800 A for the highest and lowest M’s observed
at each age (Calvet et al., 2005). We also calculated the FUV accretion emission
for the M’s predicted from a viscously evolving disk with an initial mass of 0.1M
(Hartmann et al., 1998). Using this technique, we find we can approximate the range
of observed FUV luminosities well (left panel of Figure 2.7), but for typical CTTS
masses, the predicted FUV fluxes from the viscously evolving disk are too low (right
panel of Figure 2.7).

The missing FUV emission is probably due to several sources which are not in-
cluded in our accretion column models. First, emission from Hy gas was observed in
the FUV spectra of CTTS and was necessary to explain the FUV continuum between
1500 and 1700 A. The contribution of gas emission can be a significant portion (~
30%) of the total FUV emission, although it does not contribute to the disk heating,
since it likely originates in the upper layers of the disk (Bergin et al., 2004; Herczeg
et al., 2002, 2004; France et al., 2010, Chapter 3). In addition, we measure the flux
in the strong FUV atomic lines of existing spectra, which our accretion column mod-
els do not attempt to reproduce and find that ~ 35% of the total FUV flux comes
from hot lines. Another contribution necessary for re-producing the short wavelength

FUV continuum (~ 1300 — 1400 A) could originate in post-shock emission escaping
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absorption by the pre-shock material. The post shock spectrum peaks in the soft
X-rays but extends into the FUV around 1300 A (Calvet & Gullbring, 1998). This
emission would be important for disk photoevaporation models as soft X-rays can
efficiently heat disk gas (Owen et al., 2010), but may only play a role when the M
drops and the accretion columns become less dense (Gorti & Hollenbach, 2009). Ad-
ditional observations are required to determine if this is a viable contribution to the
FUV spectrum.

After accretion has ended and the gas has been dissipated at >10 Myr, FUV
luminosities continue to decline. This is also observed in magnetically active young
stars; all high energy radiation fields decrease as the sources evolve towards and
even along the main sequence (Ribas et al., 2005). Given this fact, we looked for
any relation between the FUV and X-ray emission in the CTTS and non-accretors.
In Figure 2.8 we distinguish non-accretors (diamonds) from CTTS (squares) and
indicate hotter stars by larger symbols. We see no correlation between FUV and
X-ray emission in the CTTS (with Pearson correlation coefficients of 0.3 and -0.2
for total and normalized luminosities, respectively) but we note that the sources
with earlier spectral types tend to have the strongest total FUV and X-ray emission,
as they are observed to occupy the upper right hand corner in the left panel of
Figure 2.8. FUV and X-ray luminosities normalized by the stellar luminosity are
indistinguishable by spectral type (right panel of Figure 2.8). We do observe a weak
correlation between both total and normalized X-ray and FUV luminosities when
considering only the non-accreting sample, with Pearson correlation coefficients of
0.74 and 0.80, respectively.

We compare results from our sample of non-accreting young stars (excluding the
low mass TWA sources) to an analysis of solar analogs between 0.1 and 10 Gyr (Ribas
et al., 2005), which showed that high energy fields between 1 and 1200 A decreased
with age, with emission from hotter plasmas diminishing more quickly. For our sample
of non-accreting solar type sources between 15 Myr and 1 Gyr, classified as young
suns in the Formation and Evolution of Planetary Systems survey (FEPS; Meyer et al.

2006), we compare the observed luminosities to those predicted assuming the power
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law relations between flux in a given energy range and age from Ribas et al. (2005).
The predicted decay of X-ray luminosities is similar to that which we observe for the
youngest of the solar type non-accretors in our sample but fail to re-produce the 1 Gyr
source, HD 53143 (see Figure 2.9). We also compare the slope of the predicted FUV
fluxes between 920-1180 A to the slope of our observations which cover 1230-1800 A.
The total predicted luminosities were scaled, due to the use of different wavelength
bins, but the slope was held constant. Again, the younger sources follow the predicted
slope but the 1 Gyr source has an unexpectedly high FUV luminosity. It is unclear
why HD 53143 is discrepant in both X-rays and FUV fluxes for its age, with several
different age indicators providing consistent values (Song et al., 2000).

Our young solar analogs extend the radiation evolution observed in Ribas et al.
(2005) to younger ages, and agree with their result that the higher energy radiation
fields decline more quickly than the cooler fields. Combining our results with those
of Ribas et al. (2005), we see evidence that even past the 10 Myr time period for
disk dispersal and planet formation, high energy fields strongly in excess of the solar

values persist and may have an effect on evolving disks and planets.

2.4.2 The He IT 21640 and C IV )\1549 lines

Using observations for a limited number of T Tauri stars, Alexander et al. (2005) have
investigated the origin of the He II A1640 and C IV A\1549 lines and their relationship
to the continuum flux, responsible for photoevaporation of the gas disk. In particular,
Alexander et al. (2005) propose that the ratio of the He II to C IV is a probe of the
EUV radiation field. They base their conclusion on the fact that single temperature
and density models of collisionally ionized plasmas cannot reproduce the observed
strengths of the He II line, from which they infer that the line must be produced
by radiative recombination. Since the ionization threshold for He I is 228 A, they
conclude that the line is a probe of the strength of the radiation field around this
wavelength, namely, the EUV.

Here, we revisit these lines using our larger sample of FUV spectra of T Tauri

stars. We measure the He II and C IV fluxes in our ACS/SBC and STIS samples of
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sources with the STIS observations degraded to the low resolution of ACS/SBC. As a
result of the resolution, we are measuring a blend of emission lines in each line feature,
including both components of the C IV doublet and numerous Hs lines present in the
vicinity of C IV and He II. While adding to the scatter in our measurements, the
dominant line in each region is the He IT or the C IV line, with Hy line contributions
< 10%. As discussed in § 2.3.4, the largest source of uncertainty comes from the
reddening correction of the FUV spectra, so to estimate errors on the He II and C
IV line luminosities we assume a range of +0.2 magnitudes in Ay. Figure 2.10 shows
He II and C IV line luminosities and their dependence on age and L,... Both He II
and C IV line luminosities are observed to decrease with age with the lowest values
obtained for non-accretors. We find strong correlations between line luminosities and
L., with Pearson coefficients ~ 0.84 and 0.88 for He II and C IV, respectively. The
strength of both lines is clearly related to accretion, as was previously found by Calvet
et al. (2004) and Johns-Krull et al. (2000).

In the left panel of Figure 2.11 we show the He II to C IV ratio for the CTTS
and non-accretors of our sample as a function of age. The value of the ratio is higher
in non-accretors than in the CTTS, confirming the trend found by Alexander et al.
(2005). These authors suggest that this trend indicates that the ionizing flux is not
powered by accretion, since the ratio would be expected to decrease if that were the
case. We suggest, instead, that the difference between the He II to C IV ratio between
the CTTS and the non-accretors arises from the different formation mechanisms of the
lines in each type of star. The He II A1640 and C IV A1549 lines in non-accretors must
form in the transition region, as they do in the Sun and in magnetically active stars,
indicated by the similarity of the ratio in the two classes of stars (Hartmann et al.,
1979; Byrne & Doyle, 1989). In contrast, the correlations between line luminosity
and L,.. found in CTTS indicate that these lines must form in the accretion flows or
at least in regions powered by accretion energy. However, despite the line luminosity
dependence on L., we find no correlation between the He II to C IV ratio and L.,
as shown in the right panel of Figure 2.11. Studies of the optical and infrared lines

of He I and He II in CTTS indicate that the lines have multiple components arising
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in the accretion shocks, the magnetospheric infall regions, and the winds (Beristain
et al., 2001; Edwards et al., 2006). No comparable analysis of the C IV line has been
done, but it is also likely that this line has contributions from the accretion shock
and from the infall region, given its large velocity width (Ardila et al., 2002). This
diversity may be responsible for the large dispersion of the He II to C IV ratios in
CTTS. We therefore caution against using the He II to C IV ratio as an indicator
of EUV emission without a careful treatment of accretion related emission in these
lines.

Regardless of the effectiveness of the He II to C IV line ratio in tracing the EUV
emission, strong EUV emission is likely present in the high energy spectrum of T
Tauri stars. Ribas et al. (2005) showed that EUV emission decreases with age, or
increases with the spin of the source. They also showed that younger sources have
enhanced EUV line emission, in particular strong He II and Fe lines around 300 -
350 A. Whether the EUV emission continues to increase at <10 Myr like the FUV
emission or flattens and remains constant like the X-ray emission is not clear, but in
either case the EUV emission is expected to be strong. In our model of the accretion
column which contributes emission to the FUV spectrum (§2.4.1), we find that the

EUV luminosity produced in the shock is ~ 103! ergs™!.

In the current model,
only ~2% of this emission escapes the high density material which is still accreting;
however, recent work has shown that varying accretion properties, like the accretion
rate or infall velocity, affects the amount of shock emission which can be observed
(Sacco et al., 2008). Future models of the emission from the accretion column which

take this into account will provide better estimates of the EUV emission which is

available for photoevaporation.

2.4.3 High Energy Radiation Fields and Photoevaporation

In contrast to early photoevaporation models in which the primary mechanism for
dispersing the disk utilized EUV radiation from the star producing winds with mass
loss rates of ~ 107 Mg yr=! (Hollenbach et al., 1994), recent models stress that

either FUV or X-ray radiation fields are significantly more important in dispersing
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the disk with mass loss rates 100 times higher than in the pure EUV case (Owen
et al., 2010, 2012a; Gorti et al., 2009; Gorti & Hollenbach, 2009). While in agreement
on the values of the mass loss rate, Owen et al. (2010) achieve these high rates with
X-ray radiation while Gorti & Hollenbach (2009) find the FUV radiation drives the
photoevaporation. With the large range of ages in our X-ray and FUV samples, we
explore the photoevaporation theories in the context of our observations.

Our results agree with previous findings by Preibisch & Feigelson (2005) and
Mercer et al. (2009) showing that the X-ray luminosity remains roughly constant
during the first 10 Myr. Regarding models of X-ray photoevaporation, Owen et al.
(2010) use Lx = 2 x 103 ergs™! for hv > 0.1 keV as their X-ray luminosity. We
find similar, though consistently lower, X-ray luminosities for the typical CTTS mass
sources in our sample. Owen et al. (2010) note that their input X-ray luminosity is
large and that further analyses will include lower X-ray luminosities.

An important new result in this work is the evolution of the FUV radiation, where
we see that the luminosity between 1230 and 1800 A clearly drops between 1 and 10
Myr. Gorti & Hollenbach (2009) incorporate the evolution of FUV luminosity in their
models for disk dispersal, assuming that M evolves viscously and the FUV luminos-
ity is 0.4 Lge.. In Figure 2.7 we showed the evolution of the FUV luminosity along
with the predicted FUV emission produced in an accretion column from a viscously
evolving disk onto a 0.8M, star. We found that the predicted FUV accretion emis-
sion is lower than the observed FUV fluxes, although, within an order of magnitude
(assuming typical mass CTTS have L, < 0.5 L) and we discussed origins for the
remaining FUV emission in § 2.4.1. The FUV fluxes used by Gorti & Hollenbach
(2009) are similar to those we observe, but we found that ~1/3 of this emission may
be produced by Hs in the circumstellar disk and therefore not directly irradiating the
gas in the disk.

Our observations support the requirements of both the X-ray and the FUV domi-
nated photoevaporation models of Owen et al. (2010) and Gorti et al. (2009); however,
several issues remain unresolved. For example, circumstellar disks of gas and dust

have been observed around much older sources, including the 10 Myr CTTS TW
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Hya which maintains a 0.06 M, disk, albeit a transitional disk (Calvet et al., 2002;
Najita et al., 2010). Full disks of gas and dust are also observed around the 7-10 Myr
CTTS in 25 Ori (Hernandez et al., 2007b, see also Chapter 3). According to Owen
et al. (2010), the continued existence of full disks at late stages could be explained
by the range of X-ray luminosities observed, with lower X-ray luminosities increasing
the disk lifetime and, alternatively, the presence of young WTTS may be due to high
X-ray luminosities in those sources. In our 25 Ori observations in which ~90% are
WTTS, we find that the median X-ray luminosity (log Lx) is 29.7 erg s~! and the
four accreting sources have only marginally lower or, in one case, even higher X-ray
luminosities. With similar X-ray luminosities to the WTTS, these accreting sources
should have cleared their inner gas disks in similar timescales. If we look at the X-
ray luminosities of the WTTS in the 2.5 Myr Chamaeleon region, we find a median
log Lx = 29.0 s7!, lower than all of the 25 Ori accretors, indicating that if these
X-ray luminosities may disperse an inner gas disk in ~2.5 Myr, they would clearly
be gone by 10 Myr. An additional parameter, besides a range of X-ray luminosities,
is necessary to explain the diversity of disks observed at a given age.

When including the time evolution of the FUV radiation fields and their depen-
dence on disk properties, like M, Gorti & Hollenbach (2009) find FUV fields evolving
on a range of timescales related to differences in the accretion properties. Therefore,
photoevaporation dominated by evolving FUV fields may disperse disks in a range of
timescales. With FUV driven photoevaporation and evolving FUV fields, the diver-
sity of disks observed at any age may be expected. This appears to be a plausible
scenario given the large range of observed FUV luminosities and inferred M’s. Again,
the full disks in the 25 Ori association present an obstacle to the theory. The observed
FUV luminosities of the 25 Ori accretors are ~ 2 orders of magnitude higher than
the WTTS in the 10 Myr TWA association, and given our results and those of Ribas
et al. (2005), were likely stronger at 1 Myr. These FUV luminosities should be high
enough to photoevaporate the gas disk, if FUV emission was responsible for the gas
depletion in the TWA WTTS. Possible explanations for the remaining full disks in
25 Ori, in the context of both X-ray and FUV photoevaporation theories, include low
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disk viscosities or high initial disk masses which increase the time for disk dispersal

(Owen et al., 2010).

2.4.4 FUV Radiation and Dust Evolution

So far, we have focused on the gas in circumstellar disks; however, it is unclear
if gas and dust evolution proceed concurrently or independently (Pascucci et al.,
2006). Alexander & Armitage (2007) modeled the affect of photoevaporation on the
gas and dust in the circumstellar disk and found that the removal of gas from the
disk has significant effects on the dust. When photoevaporation creates a gap in
the gas disk, the inner disk dust is also removed. Also, pressure gradients formed
when gas is removed cause the dust to migrate and may enhance grain growth. For
these reasons, we may expect to see dust evolution dependent on the strength of the
photoevaporative fields. With constant X-ray fields throughout disk evolution, we
focus on the accretion related FUV radiation fields.

Fedele et al. (2010) find that dust dissipation and accretion are characterized by
different timescales and to test this further, we compare FUV luminosities to 2MASS
J, H, K (Skrutskie et al., 2006), IRAC (Spitzer InfraRed Array Camera), and MIPS
(Spitzer Multiband Imaging Photometer) colors. IRAC and MIPS photometry, along
with disk classifications for our source sample, were taken from the literature: Taurus
(Luhman et al., 2010), Chamaeleon I (Luhman et al., 2008), Chamaeleon II (Alcala
et al., 2008), 25 Ori (Herndndez et al., 2007b), TWA (Low et al., 2005; Hartmann
et al., 2005), and debris disks (Carpenter et al., 2008; Chen et al., 2005). Figure
2.12 shows the relations between FUV luminosity and inner disk dust tracers. At
A < 24 pm we are tracing the dust in the inner regions of the disk; as shown in
D’Alessio et al. (2006), 60% of the 24 pm emission is coming from inside 10 AU when
the dust has not settled towards the midplane. The percentage of emission coming
from within 10 AU increases when observing at the shorter IRAC wavelengths, or
when observing a disk in which some degree of dust settling has occurred.

Among the CTTS (circles) in Figure 2.12, we find tentative correlations between

FUV luminosity and each of the disk evolution tracers, with the most convincing
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correlation in J — K. However, we are likely observing two quantities which correlate
with Lg... We showed in Figure 2.7 that the sources with highest FUV luminosities
are also the strongest accretors. Disk properties also depend on the accretion rate
through the disk and the IR spectral energy distributions reflect this; models predict
that lower M’s will produce bluer IR colors and that the IR spectrum becomes in-
creasingly flatter as M increases (D’Alessio et al., 2006; Espaillat, 2009). Therefore,
it is likely that these apparent trends are a result of accretion affecting both the FUV
luminosities and the tracers of dust in the disk instead of a consequence of direct
processing of the dust by FUV radiation. This seems to indicate that if it is the FUV
that is responsible for gas dispersal, the gas and dust are evolving independently.
Supporting this conclusion, the transitional (Calvet et al., 2002, 2005; Kim et al.,
2009) and pre-transitional (Espaillat et al., 2008, 2010) disks, the sources likely to
have undergone dust processing and evolution, have the same FUV luminosities as

the full disks, indicating that the FUV is not likely having a strong effect on the dust.

2.5 Summary and Conclusions

We present new observations of T Tauri stars in the Chamaeleon I and II and the
25 Ori star forming regions. Included are Chandra X-ray and ACS/SBC FUV ob-
servations which provide constraints on the photoevaporative fluxes present in young
stars. Combined with previously published X-ray and FUV observations, we explored

the evolution of high energy radiation fields with the following results:

e With the addition of ~40 sources with X-ray observations in the 7-10 Myr
25 Ori star forming association, a significant addition to the ~25 previously
observed 6-10 Myr T Tauri stars (above the substellar limit), we confirm results
that there is no decay in the X-ray luminosity between 1 and 10 Myr. With
consistently strong X-ray radiation fields, disk photoevaporation, if driven by
X-rays, should proceed on short timescales. However, observations of sources
with remaining disk gas emission and strong X-ray luminosities at 7-10 Myr

and previous observations of TW Hya (a source with a transitional disk and
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strong X-ray luminosity) still cannot be explained by X-ray photoevaporation.

We show, for the first time, the observed evolution of the FUV radiation fields in
pre-main sequence stars from 1 Myr to 1 Gyr. We find that the FUV luminosity
decline can be explained, in part, by the decline of the accretion rate onto the
star but note that some FUV emission must come from an additional source
which is likely gas in the inner disk regions. If FUV drives photoevaporation
of the gas disk, the diversity of disks observed at 1 Myr can be understood
by the large range of M’s observed at 1 Myr. However, gas disks at 7-10
Myr require additional explanation, as viscous M evolution predicts that these
sources should have had strong FUV radiation in the past, so disk dispersal by
FUV radiation should have proceeded quickly.

We show that the power law relations for the decay of high energy radiation
fields in solar type active stars described by Ribas et al. (2005) extend to the
significantly younger sample discussed here. With both the X-ray luminosities
and the slope of the FUV relation accurately predicted, we expect that the
difficult to observe EUV radiation fields will similarly obey the power law trends.
This result tells us that strong radiation fields, necessary to remove the gas, are

present throughout the disk dispersal phase.

We find no correlation between FUV luminosities and tracers of dust evolution
in the disk and furthermore, we find that sources with significant dust process-
ing, the transitional disks, have similar FUV luminosities to full disk sources.
Therefore, if FUV radiation is the key emission field in gas evolution, it is not
driving the dust depletion. This would indicate that gas and dust evolution

occur independently, though interestingly on similar timescales.
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Figure 2.1. H-R diagram of X-ray and FUV samples of Chamaeleon sources. We show the locations
on the H-R diagram of Chamaeleon I X-ray and FUV sources and identify those with both X-ray
and FUV observations. All WTTS were observed in X-rays and do not have FUV spectra. We also
show the location of the older Chamaeleon II sources which were observed with ACS/SBC. Solid
lines are evolutionary tracks from Siess et al. (2000) and are labeled in units of solar masses. Dashed
lines are isochrones and correspond to log age = 5.5, 6, 6.5, 7, and 7.5 years.
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Figure 2.2. H-R diagram of 25 Ori association X-ray detections. We show the location of all 25 Ori
X-ray sources on the H-R diagram with evolutionary tracks and isochrones as defined in Figure 2.1.
Sources fall primarily between the 6.5 and 7 Myr isochrones with earlier (hotter) sources appearing
older due to birth line effects (Hartmann, 2003).
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Figure 2.3. Ha line profiles from MIKE. We show the accreting sources in our sample which have
MIKE observations, ordered by log M (listed below each source name) calculated from the 10% line
width relation of Natta et al. (2004). The 7-10 Myr sources, CVSO 206, OBla 1630, and CVSO
35, have remarkably wide and asymmetric Ha profiles, indicating that accretion is strong and gas
remains in the inner circumstellar disk (Chapter 3).
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Figure 2.4. Chandra ACIS spectrum of the accretor CR Cha. We show the extracted spectrum of
CR Cha (the source with the highest counts in our sample) along with our best APEC model fit to
the spectrum.

56



8 L L L L B
- — 25 Ori -
- —-- Cha | — e
6_ —
Zz 4 -
_Ir_l - - | i
F | : Lo : : i
28 0 L N -
F I | 1 | ! I -
oL : - : I - i
: : : : : (I o :
L | i
O|I.I.I.I.I!.:.:..I:.|...I.I...I.
28.5 29.0 29.5 30.0 30.5

log X—ray Luminosity (erg/s)

Figure 2.5. Distributions of X-ray luminosities for 25 Ori and Chamaeleon I samples. The distribu-
tion of X-ray luminosities, corrected for absorption, in each sample does not reproduce the lognormal
shape of the X-ray luminosity function found for COUP sources in Feigelson et al. (2005). This indi-
cates that our samples are likely incomplete in mass. For this reason we supplement our Chamaeleon
I observations with previous X-ray observations; however, no additional X-ray observations exist for
25 Ori.

o7



LN B I B B B N B e B L B N BB N
32F Tr37 1 . Taurus _ n Cha  TWA
] —
< s
g < A
8 31 [Taurus 1 s I
= 7 Cha 2 0B1
= N a
: g 7o R
£
g M :';\_4- ]
2 30f | T 8 . .
8 T € ’
T HE ™wa] 3
>
P
o )
S : | 1 T -5f .
291 u OBla 1 X%
- o>
o
|
1Cha |l Cha |
pJ:) I I T B I T Y3 SR I B S B T
0 2 4 6 8 10 0 2 4 6 8 10
Age (Myr) Age (Myr)

Figure 2.6. X-ray properties of young star forming associations. Left: Median X-ray luminosities
of young star forming associations versus age. For each association, we plot the median and the full
range in X-ray luminosity for sources with spectral types K5 and later. The diamonds represent
X-ray luminosities calculated in this work and the boxes represent those taken from the literature:
Taurus (Giidel et al., 2007), Cha I (Feigelson et al., 1993), Trumpler 37 (Mercer et al., 2009), n Cha
(Lépez-Santiago et al., 2010), TWA (Voges et al., 1999, 2000). We include the sample of Feigelson
et al. (1993) for Cha I (offset in age for clarity) because with only two fields observed here, the
Cha I sample was limited. Our Cha I observations reproduce the range observed by ROSAT well
and actually probe dimmer X-ray sources. Right: Normalized X-ray luminosity versus age. Here
we divide the observed X-ray luminosities by the stellar luminosities to normalize by spectral type.
Both figures show that between 1 and 10 Myr, there is no decline in X-ray luminosity.
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Figure 2.7. FUV luminosities of young star forming associations. X-ray properties of young star
forming associations]Left: FUV luminosity versus age for young low-mass stars from the T Tauri
phase up to 1 Gyr. The FUV luminosity of CTTS, displayed as asterisks when accretion rates are
known and diamonds when they are not, is observed to decrease with age until becoming entirely
chromospheric in WTTS (triangles). Upper limits were calculated for non-detections, primarily
sources with high Ay, and are represented by downward arrows. Solid lines show the predicted
FUV luminosity produced in an accretion shock onto the stellar surface (Calvet & Gullbring, 1998)
as the source evolves and M decreases. The top and bottom lines are calculated for the observed
range in M at each age and the middle line is calculated from M predictions in which a 0.8 Mg
CTTS with an initial disk mass of 0.1 Mg evolves viscously (Hartmann et al., 1998; Calvet et al.,
2005). Right: FUV luminosity versus Lg... The solid line shows the predictions of FUV luminosity
from accretion onto the 0.8 Mg CTTS through the viscously evolving disk. Here, we omit the
predicted FUV luminosities for the upper and lower limits of observed M’s, which were shown on
the left.
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Figure 2.8. X-ray versus FUV luminosities. Left: Comparison of total FUV and X-ray luminosi-
ties. Boxes represent accreting sources and diamonds represent non-accreting sources. The largest
symbols are G stars, medium symbols are K stars and the smallest symbols are M stars. There is
no correlation between FUV and X-ray luminosities among this sample; however, the non-accretors
have the lowest FUV luminosities. The subset of non-accretors has weakly correlated total X-ray
and FUV luminosities. Right: Comparison of fractional X-ray and FUV luminosities. Again, no
correlation is observed but non-accretors have the lowest fractional FUV luminosities. One CTTS,
CR Cha, appears in the region populated by non-accretors (< —3.5). We note that this is the only
Chamaeleon I source with Ay = 0.
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Figure 2.9. The luminosity of young solar analogs compared to power law relations of high energy
radiation fields derived in Ribas et al. (2005). The solid line shows the luminosities predicted for
the summed 1- 20 A and the 20-100 A flux bins as defined by Ribas et al. (2005), approximately
the same wavelength region as our 0.2-10 keV observations. The dashed line shows the slope of the
predicted fluxes from the 920-1180 A wavelength bin but scaled vertically in luminosity to fit the
FUV luminosities of our longer wavelength observations. The slope of the FUV power law relation
provides a good fit to our observed FUV luminosities. The predictions fail to fit the 1 Gyr source
in both the X-ray and FUV regimes.
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Figure 2.10. He II and C IV versus age and accretion properties. Top Left: He IT A1640 A
luminosity versus age. Bottom Left: C IV A\1549 A line luminosity versus age. Symbols are defined
as in Figure 2.7. In both cases the luminosity of the line is observed to decrease with age. Top

Right: He IT A1640 A luminosity versus Lqc.. Bottom Right: C IV A1549 A line luminosity versus
Lyce. Both He IT and C IV are correlated with L.
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Figure 2.11. Ratio of He II to C IV as a function of age and accretion properties. Symbols are
defined as in Figure 2.7. We see that the non-accretors clearly have a higher value of He II/ C

IV, approximately 1, while the CTTS have He II/ C IV < 1; however, we see no clear trend with
accretion luminosity.
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Figure 2.12. FUV radiation and tracers of disk evolution. We compare the FUV luminosities to
several indicators of evolution in the disk. [3.6], [8], and [24] represent IRAC and MIPS photometry
at 3.6, 8, and 24 pm respectively. Open symbols are sources with spectral types earlier than
K5 and closed symbols are spectral types K5 and later. J-[3.6], K-[8], and K-[24] probe regions
progressively further in the disk. We see only tentative correlations between high energy emission
and dust evolution tracers, but this is likely due to both quantities being dependent on accretion
rate. We do see that the full and transitional or pre-transitional disks (boxed symbols) have similar
FUV luminosities, indicating that the FUV radiation is not very significant in dust evolution.
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Table 2.1: Properties of X-ray and FUV Samples

Source SpT Lx Lryv L, Liacc Reference®?
(Lo) (Lo) (Lo) (Lo)
Taurus
AA Tau MO 1.8 x 1074 0.016 1.0 0.13 1,15
BP Tau K7 4.1 x 1074 0.016 1.3 0.23 1,15
CI Tau K6 4.1x10°° 1.6 x 1073 1.3 0.47 1,15
DE Tau M1 - 0.013 1.5 0.16 1
DL Tau K7 - 4.1 x 1073 1.0 0.52 1
DM Tau Ml 1.6x107° 83x1073 0.53 0.08 1,15
DN Tau MO 4.1 x 1074 2.6 x 1073 1.3 0.04 1,15
DO Tau MO - 0.066 1.5 0.29 1
DP Tau MO 6.6 x 107° 2.1x 1073 0.21 0.01 1,15
DR Tau K7 - 8.3 x 1073 1.6 1.08 1
FM Tau MO 1.0 x 10~4 0.026 0.52 0.50 1,15
FP Tau M3 - 1.3 x 1074 0.41 0.001 1
GK Tau MO 2.6 x 104 2.1x 1073 1.3 0.06 1,15
GM Aur K3 - 0.016 1.3 0.18 1
HN Tau A* K5 1.0x10~° 0.010 0.21 0.02 1,15
HN Tau B* M4 - 2.6 x 107* 0.033 - 1
IP Tau MO 1.6 x 104 1.6 x 1073 0.66 0.02 1,17
LkCa 15 K5 - 4.1x 1073 1.0 0.03 1
RY Tau Gl 6.6 x 1074 0.16 10.4 1.6 1,15
SU Aur Gl 1.6x107% 6.6x1073 8.3 0.10 1,15
T Tau G6 1.6x 1077 0.10 8.3 0.90 1,15
UZ Tau A* M1 - 1.3 x 1074 0.53 0.02 1
UZ Tau B* M2 8.8x107° 41x107* 0.53 0.02 1,15
Orion
CO Ori GO - 0.16 20.8 1.7 1
EZ Ori G3 - 0.10 6.7 0.10 1
GW Ori GO 6.6 x 1077 0.26 65.7 4.7 1, 16
P 2441 F9 - 6.6 x 1073 10.4 0.4 1
V1044 Ori G2 - 0.016 6.7 0.6 1

Chamaeleon I

Continued on Next Page. ..
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Table 2.1 — Continued

Source SpT Lx Lryv L, Lacc Reference®?
CHXR 8 K2 21x107° - - - 13
CHXR 30A K8 1.0x10* - 1.3 0 2,3
CHXR 30B Ml  83x10°¢ - 0.21 0 2,3
CR Cha K2 52x107* 21x107* 2.6 0.02 3
CS Cha K6 8.3x 1074 0.026 1.3 0.01 2,3, 18
DI Cha G2 5.2x1074 0.026 13.1 0.15* 3,17
FK Cha K6 - <5.2 2.6 1.2 3
FL Cha K8 33x107° <0.21 0.52 0.04 2,3,8
FO Cha M2  21x107° - 0.41 0.01 2,3,8
HN 7 M5  83x10°¢ - 0.066 0 2,3
HN 12W M6 8.3 x 1076 - 0.066 0 2,3
ISO 86 - 21x107° - - -

ISO 91 M3  6.6x10* - 0.26 - 2,3
ISO 97 Ml  3.3x107° - - - 2
1SO 196 K7 1.0x107° - - -

SY Cha K6 1.0x10°* - 0.52 0.002 2,3
SZ Cha KO 26x107* 1.6x1073 2.1 - 3
T25 M3 - <1.3x107%  0.26 0.01 2,3
T54 G8 2.1x107% 26x1073 4.1 0.58* 3,18
T56 Ml 5.2x 1074 83x107*  0.41 0.003 2,3, 17
TW Cha K8 1.0x10* - 0.52 0.01 2,8
VW Cha K8 6.6 x 1074 0.041 3.3 0.05 2,3, 18
Chamaeleon 11

BF Cha K5 2.6x107% 6.6x107* 2.1 0.07 4,17
BM Cha K5 - <16x107* 1.3 0.64 4

25 Ori

CVSO 24 M2  83x107° - 0.16 0.01 5, 10, 12
CVSO 29 M3 1.0x107* - 0.26 - 5, 10, 12
CVSO 34 MO  4.1x107* - 0.21 0 5,9
CVSO 35 K7 33x107* 21x107®  0.66 0.05 5, 10, 12
CVSO 36 M2  3.3x 1074 - 0.21 0.03 5, 10, 12
CVSO 38 M2 4.1x107* - 0.16 0.02 5, 10, 12
CVSO 39 M2 21x107* - 0.33 0.01 5, 12

Continued on Next Page. ..
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Table 2.1 — Continued

Source SpT Lx Lryv L, Lacc Reference®?
CVSO 43 M2  1.3x107* - 0.26 0.02 5,12
CVSO 200 M3  41x10* - 0.21 - 11, 12
CVSO 206 K7 13x1074 1.6 x 1073 0.26 2.3 10, 11, 12
CVSO 207 K6 4.1x10* - 0.66 - 10, 11, 12
CVSO 211 K4 33x107* - 0.52 - 10, 11, 12
CVSO 214 K2 21x1074 - 0.66 - 10, 11, 12
CVSO 217 Ml  21x107* - >0.26 - 11, 12
CVSO 218 M4 1.3 x107* - 0.13 - 10, 11, 12
CVSO 223 M3 21x107* - 0.21 - 10, 11, 12
CVSO 224 M4 52x107°  26x107*  0.13 7x10~* 6,10, 11, 12
CVSO 225 M4  2.1x107* - 0.26 - 10, 11, 12
CVSO 228 M2  83x107° - 0.16 - 10, 11, 12
CVSO 230 M1l  26x107* - 0.33 - 10, 11, 12
CVSO 233 M3 1.3x107* - 0.052 - 10, 11, 12
CVSO 235 M3 2.1x107* - 0.16 - 10, 11, 12
OBla 532 M3 2.6x107* - 0.26 - 11, 12
OBla 735 M5  3.3x107° — >0.21 - 11, 12
OBla 834 M2  83x107° - 0.16 - 11, 12
OBla 841 M3 2.6 x107* - 0.16 - 11, 12
OBla 849 M5  83x107° - 0.16 - 11, 12
OBla 948 M3  1.0x107* - 0.13 - 11, 12
OBla 981 K3 52x107* - 0.83 - 11, 12
OBla 1088 K6 52x107* - >0.52 - 11, 12
OBla 1253 M4 83x107° - 0.10 - 11, 12
OBla 1586 M5 52x107° - 0.066 - 11, 12
OBla 1626 K8 4.1x10* - >0.83 - 11, 12
OBla 1630 M2 66x107° 1.0x107%  0.16 0.09 11, 12
OBla 1663 M5 41x107° - 0.10 - 11, 12
OBla 1755 M3  1.0x107* - 0.21 - 11, 12
RX J0526.7+0143 KO 1.0x1073 - - - 14
J05244498+0159465 K6 8.3 x 10~* - 0.66 - 11
J05260639+0137116 M2 6.6 x 107° - 0.041 - 11
J05263125+0141492 M4 52 x107° - 0.033 - 11

Continued on Next Page. ..
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Table 2.1 — Continued

Source SpT Lx Lryv L, Lacc Reference®?
TWA

TW Hya K7 6.6 x 104 1.3 x 1073 0.52 0.03 1,16
HD 98800 Ks 1.6x 1077 2.6 x 107° 0.66 0 1,16
TWA 7 M1l 1.0 x 104 1.0 x 1075 0.52 0 1, 16
TWA 13A Ml 2.6 x 104 1.6 x 1075 0.16 0 1, 16
TWA 13B M1l 2.6 x 1074 1.6 x 1075 0.16 0 1,16
Field

HD 12039 G4 1.6x 1074 4.1 x107° 0.33 0 1,16
HD 202917 G5 5.2x 1074 6.6 x 107° 0.66 0 1,16
HD 53143 Kl 2.6x107° 83x10°° 0.66 0 7, 16
HD 61005 G8 4.1x10°° 1.6 x 1075 0.66 0 1,19
HD 92945 K2 2.1x107° 83x107° 0.41 0 1,16
MML 28 K2 5.2x 1074 3.3x107° 0.41 0 1,16
MML 36 K5 8.3x 1074 1.0 x 1074 1.0 0 1, 16

Note: Values in italics were taken from the literature while those in regular font were derived
in this work. Sources in bold were observed with STIS rather than ACS/SBC.

@Spectral type, stellar, and accretion luminosity references. 1) Chapter 3 and references
therein, 2) Luhman (2004), 3) Luhman (2007), 4) Spezzi et al. (2008), 5) Calvet et al.
(2005), 6) Espaillat et al. (2008), 7) Kalas et al. (2006), 8) Nguyen et al. (2009), 9) Bricenio
et al. (2005), 10) Bricefio et al. (2007), 11) Bricefio et a. (2010), 12) Herndndez et al.
(2007b), 13) Huenemoerder et al. (1994), 14) Alcala et al. (1996)

®X-ray luminosity references. 15) Giidel et al. (2007), 16) Voges et al. (1999), 17) Voges
et al. (2000), 18) Feigelson et al. (1993), 19) Wichmann et al. (2003)

*Laee's for T26 and TH54 were calculated from the U band excess, whereas the remaining
Chamaeleon sources have L. calculated using Ha 10% equivalent widths observed here or

taken from the literature.
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Table 2.2: X-ray Detections:

Members

Possible and Confirmed T Tauri

2MASS Source SpT EW Ha EW Li 6706 A log Lx
052434904-0154207 K4-K5 -0.46 0.10 29.0
052442654-0154116  G9-KO 1.54 0.32
05244320+-0200355 - - -
05251394+-0143313 - - -
05265823+-0136078 - - -
052701734-0139157 K6 -0.39 0.17 29.3

10575375-7724495

Note: Spectral types were determined using the Ca I absorption

lines. With the early spectral type, additional membership con-
firmation is needed for 2MASS 0524426540154116 as Li is not a

good indicator.

Table 2.3: X-ray Spectral Analysis

Source Net Counts Ny kTy KTh X2, Flux
(102t em=2)  (keV) (keV) (erg s™! em™?)

CR Cha 1996 0.8 0.84 297 095 1.4x10712
CHXR 30A 324 12.2 2.14 1.01 4.6x10713
SY Cha 283 0.8 0.34 2.94 0.81 2.4x10713
SZ Cha 692 0.8 0.85 4.53 0.74 3.7x10713
TW Cha 313 0.8 0.41 1.95 1.08 1.8x10713
CVSO 38 266 1.1 0.98 6.98 1.42 4.1x10713
J05244498+0159465 285 1.1 0.32 1.59  2.06 2.5x10713
RX J0526+0143 369 1.1 0.31 148  2.29 2.6x10713
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CHAPTER 3

Far-Ultraviolet Hy Emission from Circumstellar Disks

3.1 Introduction

Gas comprises 99% of the mass of primordial disks. As time increases, it is accreted
onto the star, formed into planets, and lost by photoevaporation, leaving behind a
debris disk, in which most of the mass is locked into planets and other solid bodies
traced by secondary dust arising from collisions. Although the general outline of this
process is agreed upon, many specific questions remain unanswered, mainly because
the gas is difficult to observe. As a result, only ~1% of the disk mass, the dust, has
been used as a probe of the disk evolution. However, although interconnected, the
evolution of gas and dust may take different paths (Pascucci et al., 2009), making
observations of the gas itself necessary to understand these processes. Of particular
importance are observations of the gas in the inner disk, because it sets the chemical
and physical conditions for planet formation. The bulk of the gas in these cold disks
is in Hy, which can survive in hot gas up to ~4000 K, given typical disk densities
(Herczeg et al., 2002). H, lacks a permanent dipole moment and has wide energy
spacings, so the pure rotational and rovibrational lines are weak. Nonetheless, ex-
tensive surveys of these lines in primordial disks have been carried out (Bary et al.
2008; Bitner et al. 2008, and references therein), and they have been detected in a
handful of objects. Searches using less abundant molecules have also succeeded and
provided information on the gas in the inner region of gas-rich disks (Carr & Najita,
2008; Salyk et al., 2008; Pascucci et al., 2009; Najita et al., 2008). Gas has also been
searched for in disks of more evolved sources which are no longer accreting, within

the age range when the transition from primordial to debris is supposed to happen,
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~5 - 20 Myr. In particular, Pascucci et al. (2006) looked for Hs in the disks of several
non-accreting sources and found that the amount of gas still present at 5 - 20 Myr is
not large enough to form the gas giant planets at that time. This observation agrees
with results indicating that the amount of hot gas in disks of non-accreting sources
is decreased when compared to accreting sources (Carmona et al., 2007).

UV observations are very promising for detecting the gas. The strong stellar Ly«
radiation bathes the UV thin regions of the circumstellar material and, as long as
the Hy has a temperature of a few thousand degrees, the line excites electrons to
upper electronic states, which produces a plethora of emission lines in the UV when
they de-excite (Herczeg et al., 2006, HO6, and references therein). At the same time,
the stellar high energy radiation fields eject electrons from heavy metals, and the
resulting free electrons produce additional electrons by ionizing H and He atoms;
these secondary electrons then excite Hy to upper levels, resulting in a characteristic
spectrum of lines and continuum in the UV (Spitzer & Tomasko, 1968; Bergin et al.,
2004, B04). For electron excitation to work efficiently, temperatures need to be high
enough for neutral H to be present. The relatively high temperature requirements
mean that the Hy detected by these means must either to be close to the star or
to be excited by shocks. UV H, emission has been found to be extended in objects
surrounded by substantial natal material, in the regions where the stellar outflow
shocks this material, or in fast accretors, where the Hy may arise in the high density
outflow itself (H06). However, without remnant envelopes such as the objects in
this study, the only known exception being T Tau, the most likely place to find the
required high temperatures is in the inner disk. This makes the UV Hy emission ideal
for probing the Hy gas in the innermost regions of disks, regions which are difficult
to access by other means.

We obtained ACS/SBC prism spectra of a fair number of accreting Classical T
Tauri stars (CTTS), non-accreting weak T Tauri stars (WTTS), and more evolved
disks (DD), covering the interesting age range, ~1 - 100 Myr. Our goal was to search
for UV Hs emission and study its evolution. The poor spectral resolution of the ACS

spectra made the identification of Ly« fluorescent lines impossible. However, we
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were able to identify a feature around ~ 1600 A, first proposed by B04 as due mostly
to electron impact excitation of Hy. In this chapter we present and analyze these
spectra. We show that the Hy feature is absent in all non-accreting and evolved stars
while present in all accreting stars, and use UV fluxes to give very rough estimates

of upper limits for the remaining surface density of Hy in the latter.

3.2 Observations

We obtained observations of 20 CTTS and 10 non-accreting and evolved targets using
the Advanced Camera for Surveys Solar Blind Channel (ACS/SBC) on the Hubble
Space Telescope in 2007. The observations were obtained in GO programs 10810
(PI: Bergin), 10840 (PI: Calvet) and 11199 (PI: Hartmann). Each ACS observation
consists of a brief image in the F165LP filter and a longer image obtained with the
PR130L prism. Images appear unresolved. Offsets between the target location in the
filter and prism image, including the wavelength solution, were obtained from Larsen
(2006). The target spectrum was then extracted from a 41-pixel (1.3”) wide extraction

I were calculated from offset

window. Background count rates of 0.05 - 0.1 counts s~
windows and subtracted from the extracted spectrum. The absolute wavelength
solution was then determined by fitting the bright C IV \1549 A doublet. Fluxes
were calibrated from the sensitivity function obtained from white dwarf standard stars
by Bohlin (2007). The spectra range from 1230-1900 A with a 2-pixel resolution of
~ 300 at 1230 A and ~ 80 at 1600 A.

Table 3.1 lists the ACS targets used in this analysis and the properties of these
objects. The CTTS sources include 16 objects in the Taurus-Auriga molecular cloud
and four sources in the 25 Ori aggregate in the Orion OBla subassociation. Spectral
types for the CTTS in Taurus are from Furlan et al. (2006), and ages from Hartmann
(2003). To correct for reddening we used the law towards the star HD 29647 (Whittet
et al., 2004) and estimated Ay by de-reddening the median photometry of Herbst et al.

(1994) to fit the fluxes of a standard star in the region of the spectrum (V to J bands)
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where the emission is mostly photospheric!. We obtained accretion luminosities L.
for the Taurus sources using the U band excesses following Gullbring et al. (1998),
and the median U from photometry in Herbst et al. (1994). The ages, spectral types,
luminosities, Ay’s, and L. for the sources in 25 Ori were taken from Briceno et al.
(2007); Hernandez et al. (2007b) and Calvet et al. (2005).

The non-accreting sources (WTTS/DD) were selected to have no evidence of
accretion and to have excesses in either Spitzer Space Telescope Infrared Spectrograph
(IRS) spectra or 24 and 70 ym Multiband Imaging Photometer (MIPS) photometry,
indicating the presence of debris disks. The sources in the TW Hydrae Association
have been identified as WT'TS by spectral observations which showed Ha in emission
(Webb et al., 1999) and strong Li 6707 in absorption (Kastner et al., 1997). The
WTTS/DD and their properties were discussed in Carpenter et al. (2009, 2008),
Hillenbrand et al. (2008), Verrier & Evans (2008), Chen et al. (2005) and Low et al.
(2005). Examples of the ACS target spectra are shown in Figure 3.1.

We supplemented the ACS data with previously published medium and high reso-
lution STIS data of CTTS (Calvet et al., 2004; Herczeg et al., 2002, 2004, B04). The
source properties, listed in Table 3.1, were taken from Calvet et al. (2004) for the
Orion Molecular Cloud sources, and derived as described for the ACS Taurus sources
for the STIS Taurus sources. We adopt the spectral type and age from Webb et al.
(1999) and Ay from Herczeg et al. (2004) for TW Hya. Accretion luminosities for
the STIS sample were taken from Calvet et al. (2004).

3.3 Results

Following B04, we identified a feature in the STIS spectra at 1600 A which is due
mostly to electron impact Hy emission. Due to the low resolution of the ACS spectra,
we used the high resolution spectrum of TW Hya (Herczeg et al., 2004) to identify

this feature in the ACS spectra; in Figure 3.2 we compare the feature in the observed

ITargets with high mass accretion rate, as DL Tau and DR Tau show significant veiling at J
(Edwards et al., 2006), so the estimated extinction may be in error, although it is consistent with
values from Taurus.
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STIS spectrum of TW Hya and in the STIS spectrum smoothed to the resolution
of the ACS spectra. While the Hy lines are no longer observable in the smoothed
spectrum, the feature at 1600 A is.

In addition to electron impact Hs emission, the flux at 1600 A has contributions
from accretion shock emission and Lya fluorescent lines. Attempting to isolate an
indicator that is due to electron impact Hs emission, we measured the flux between
1575 and 1625 A and subtracted from it the continuum and the contribution from
nearby strong lines (He II 1640 A and C IV 1550 A). Since it is unclear how strong
the emission from additional sources is at 1600 A, we calculated the continuum in
three ways. First, by joining the troughs in the spectrum on either side of the 1600
A feature; second, by fitting a 5th order polynomial to the entire FUV spectrum;
third, by adopting a continuum which assumes that the rise in the spectrum at 1600
A is due entirely to electron impact H, emission. Figure 3.2 shows the location of the
subtracted continuum for each method in TW Hya, and Figure 3.3 shows examples of
the measurements for three ACS targets. These three methods for measuring the Hy
feature luminosity were used to estimate the errors. Comparing the TW Hya spectra
at both resolutions indicates that the feature luminosity decreases by ~2 in the low
resolution spectrum because some of the flux is blended into the continuum. This
error is small compared to the uncertainty in the continuum location.

Using these procedures, we measured the luminosity of the 1600 A feature in
both the ACS spectra and the STIS spectra smoothed to the resolution of ACS; the
feature luminosities are given in Table 3.1. For the WTTS/DD, we find that the
H, feature is not observable and the values presented in Table 3.1 are upper limits
based on the rms fluctuations from 1575 to 1625 A. We thus find that the H, feature
shows only in the accreting sources. This is not an age effect; our sample includes
CTTS and WTTS of similar age at ~10 Myr (left panel of Figure 3.4) but only the
accreting sources show the H, feature. Moreover, we find a clear correlation of the
strength of the feature with L,. in the CTTS (right panel of Figure 3.4), with a
Pearson correlation coefficient of 0.68, indicating that the Hy, emission depends on

the accretion properties of the source and not on the age. A similar result was found
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in Carmona et al. (2007), where the probability of detecting near-IR Hy lines was

greater in sources with higher accretion rates.

3.4 Discussion

Free electrons are required for the process of electron excitation to be effective (§1).
Since, in turn, high energy radiation fields are necessary to produce fast electrons,
the absence of Hy emission in the WTTS/DD could in principle be due to a low level
of X-ray or EUV emission in these objects relative to the CTTS. However, Telleschi
et al. (2007) found that there is little difference between the X-ray luminosities of
CTTS and WTTS in their X-ray survey of pre-main sequence objects in Taurus.
Even though there is a soft X-ray excess created in the accretion shock region of
CTTS (Giinther et al. 2007, and references therein), it does not significantly increase
the X-ray production in most young stars (Telleschi et al., 2007). Similarly, Kastner
et al. (1997) showed that CTTS and WTTS in the 10 Myr TW Hya Association
have similar X-ray luminosities. Moreover, the X-ray luminosity does not decrease
significantly over the first 100 Myr of low mass stars (Briceno et al., 1997; Kastner
et al., 1997), so the CTTS and WTTS/DD in our sample should have comparable
X-ray luminosities.

The EUV radiation field, including emission from approximately 100 to 1000 A, is
also responsible for the ionization of heavy atoms, contributing to the population of
free electrons available to excite an Hy molecule. The EUV is difficult to investigate
because the radiation is extremely extincted by interstellar hydrogen. Alexander et al.
(2005) find that the EUV flux level does not change in the first ~10 Myr, from studies
of the ratio He IT 1640/CIV 1550 A. If we assume that the FUV level is an indicator of
the strength of the EUV emission, we come to similar conclusions. Figure 3.3 shows
one CTTS and one DD that have the same FUV luminosity, so one would expect a
strong enough EUV radiation field in both sources to create the free electrons needed
to excite H, if it were present. However, the excess emission at 1600 A is clearly seen
in the CTTS (FP Tau) and absent in the DD (MML 36).

Since the high energy radiation fields in both CTTS and WTTS/DD are compara-
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ble in strength, the most likely explanation for the lack of Hy emission in WTTS/DD
is that there is essentially no gas in their inner disks. Given the close relationship
between the Hy feature strength and L,.. shown in Figure 3.4, our results suggest
that Hy gas dissipates in timescales consistent with the cessation of accretion; when
the gas is dissipated in the inner disk, there is no material left to accrete.

We use the observations to make a rough estimate of the column density of Hs
being collisionally excited. We assume that the Hs is emitted in an optically thin
region of the disk with area A and thickness z. The emitted luminosity per unit
volume is £, = hya,\vxen%b, where hv is the energy of the emitted photon, o) the Hy
cross section, v the impacting electron velocity, n. the electron number density, .
the electron fraction, and ny, the number density of Hy. The expected flux at 1600

A due to electron impact excitation is then

hV01600UX622R2
16msz2

F1600 = (31)

where X is the surface density of Hy excited by electron impacts, my the mass of
hydrogen, R the radius of the emitting region, and d is the distance. We find that
the electron excitation model that provides the best fit to the 1600 A feature of our
sample of CTTS with STIS spectra is characterized by a temperature T" ~ 5000 K and
an electron energy of ~12 eV. For these values, o0 = 10~ Pcm?A ™ (Abgrall et al.,
1997). According to the thermal models of (Meijerink et al., 2008, M08), gas reaches
T ~ 5000K within 1 AU of the star, which is consistent with the upper limit to the
extension of the Hy emitting region set by the STIS resolution in the case of TW Hya
(Herczeg et al., 2002). We further assume that most electrons are capable of exciting
Hy and adopt y. = 5 x 1073, as well as R ~1 AU and 2z ~0.1 AU (M08). Using
these numbers, and assuming that all the flux at 1600 A is due to electron impact
excitation, we get the estimates of ¥ in Table 3.1, which for CTTS are consistent
with predicted formation in the uppermost levels of the disk (MO08).

A similar estimate can be made for the column density of electron excited Hy in

the WTTS/DD in our sample, which have some dust remaining at larger radii but no

76



detected IR Hs lines (Carpenter et al., 2009, 2008; Hillenbrand et al., 2008; Verrier &
Evans, 2008; Chen et al., 2005; Low et al., 2005). These estimates are given in Table
3.1. We used the flux of MML 36, which is the WTTS/DD with the highest flux at
1600 A in our sample, to estimate the mass of Hy inside ~1 AU; we found that there
must be less than 10~7 earth masses, 107°% of the MMSN, lower than the 0.01% of
the MMSN estimated by Pascucci et al. (2006). This has important implications for
the formation of terrestrial planets, especially if gas is needed to circularize orbits
(Agnor & Ward, 2002). Kominami & Ida (2002) theorize that at least 0.01% of the
MMSN must be present during the formation of proto-planets, which form around
10 Myr according to simulations by Kenyon & Bromley (2006). Our column density
estimates indicate that the amount of Hy gas present in WTTS/DD with ages of 10-
100 Myr is too small to circularize the orbits of the terrestrial planets being formed
at that time. Our results support the conclusion by Pascucci et al. (2006) that there
must be an additional source responsible for damping eccentricities, one possibility
being dynamical friction with remaining planetesimals. Another possibility is that
other species of gas exist after the Hy has been depleted, for example, C and O have
been detected around the 10 Myr debris disk 5 Pic (Ferndndez et al., 2006; Roberge
et al., 2006). C and O do not feel strong radiation pressure due to the low FUV flux
in WT'TS and therefore may remain after the Hy has been depleted (Roberge et al.,
2006).
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Figure 3.1. Sample of ACS CTTS spectra. Spectra have been corrected for reddening using the
values of Ay listed in Table 3.1. Spectra have been scaled vertically for clarity. The bottom spectrum
(dash-dotted line) in each panel is the STIS TW Hya spectrum smoothed to the resolution of the
ACS spectra for comparison and offset by -1.2. The vertical line at 1600 A marks the center of the
feature used to identify the Hy. Left panel, from top to bottom including the offset in parenthesis:
DP Tau (+2.7), DR Tau (+1.5), FM Tau (+0.5), FP Tau (+2.2) and GK Tau (+0.3). Middle panel;
from top to bottom: HN Tau A (+1.9), HN Tau B (+3.0), IP Tau (+1.5), UZ Tau A (+1.2) and
UZ Tau B (40.45). The right panel shows ACS spectra of WTTS/DD; from top to bottom: HD
12039 (4+3.4), HD 202917 (+2.5), HD 61005 (+2.0), HD 92945 (41.7) and HD 98800 (+0.8).
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Figure 3.2. Observed and convolved spectra for TW Hya. The bottom spectrum is the high
resolution STIS FUV spectrum. The top spectrum is the TW Hya spectrum convolved to the ACS
spectral resolution and offset by +1.0. The solid and dashed lines on the smoothed spectrum show
the three subtracted continua. These three continua are also shown plotted on the high resolution
spectrum and indicate that the lowest continuum may provide the best measure of the luminosity.
The strong emission lines are labeled along with the Hy feature.
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Figure 3.3. Hy measurements for ACS sources. The first three panels show ACS sources and the
location of the subtracted continua, shown as the solid, dashed and dot-dashed lines. Also plotted
are the He IT and C IV emission lines as the thick solid line. The final panel compares accreting and
non-accreting sources with the same luminosity. An excess in FP Tau is observed at 1600 A, which
is due to electron impact Hy emission, and also between the S IV and C IV lines, which is likely due
to blended electron impact and Ly« fluorescent lines.
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Figure 3.4. Luminosity of Hy vs age and accretion luminosity. Left: Luminosity of the Hs vs.
age. Filled circles represent WTTS and open circles represent CTTS. For the WTTS we show only
an upper limit on the luminosity of the Hy. Right: Hy luminosity vs. Lgc.. The Ho luminosity is
observed to increase with L,... Errors on L,.. are calculated using the scatter in the correlation
with Ly presented in Gullbring et al. (1998).
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Table 3.1: CTTS and WTTS/ Debris Disks Observed with

ACS/SBC

Object SpT L Ay Age Lgce Hs Feature b))
(Lo) (mag)  (Myr) (Lo 107°Le)  (107° gem™?)

ACS CTTS
AA Tau MO 1.1 1.4 1 0.13+35 79.940, > 49.3
CI Tau K6 1.3 2.1 1 0.47+-31 3.3420 > 9.9
DE Tau Ml 1.2 1.1 1 0.16+ 38 2.94:69 > 36.3
DL Tau K7 1.0 1.6 1 0.32+26 3.3+41 > 225
DN Tau MO 1.2 0.8 1 0.04+97 0.49+%45 > 18.4
DO Tau MO 1.4 24 1 0.29+ 24 461483 > 84.6
DP Tau MO 02 05 1 0.01+92, 4.2419 > 17.6
DR Tau K7 17 1.0 1 1.03+53 14.1443 > 43.2
FM Tau MO 0.5 1.9 1 0.30+:2¢ 16.048 > 61.7
FP Tau M3 04 0.1 1 0.0014:994,  0.021449, > 4.9
CK Tau MO 1.4 1.1 1 0.06+95 0.98+%7 > 18.1
HN Tau A* K5 0.2 1.2 1 0.07+49 16.6+9-2 > 38.8
HN Tau B* M4 003 0.9 1 - 0.15+53 > 5.8
IP Tau MO 0.7 09 1 0.02+%,  0.6143% > 15.0
UZ Tau A* M1 03 05 1 0.02+97 0.80438 > 14.3
UZ Tau B* M2 0.3 1.0 1 0.02+97 1.5+%9 > 8.5
CVSO 206 K6 02 02 9 - 1.24:47 > 13.9
CVSO 35 K7 07 07 9 0.02+91 3.2433 > 16.6
CVSO 2247 M3 0.1 0.5 9 - - -
OB1a 1630 M2 1.0 0.0 9 - 1.3+13 > 13.3
STIS CTTS
BP Tau K7 13 1.0 1 0.23+3 14.142% >41.6
DM Tau Ml 03 0.6 1 0.08+49 15.4415 > 39.5
GM Aur K3 12 1.1 1 0.18+% 19.7438) > 48.7
LkCa 15 K5 1.0 1.0 1 0.03+"93 8.6458 > 26.4
RY Tau Gl 96 22 1 1.6+%3 338.04199 > 148.4
SU Aur Gl 78 09 1 0.10+20 6.84+1% > 30.0
T Tau G6 7.8 1.8 1 0.90+%2 104.5+37 > 103.9
CO Ori GO0 223 20 1 1.7+%5 303.5+559 > 149.0

Continued on Next Page...
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Table 3.1 — Continued

Object SpT L Ay Age Lgce Hs Feature b))
EZ Ori G3 5.9 0.6 1 0.1049 20.0+53 > 41.1
GW Ori GO 618 1.3 1 4.7452 188.2+230 > 178.8
P2441 F9 115 0.4 1 0.4+59 3.4+39 > 29.0
V1044 Ori G2 6.7 0.4 1 0.64-99 46439 > 37.6
TW Hya K7 03 0 10 0.034:93 2.6+%3 > 43.9
ACS WTTS

HD 12039 G4 - 0 31.6 0 <.021 < 2.2
HD 202917 Gb 0.7 0 31.6 0 <.016 <28
HD 61005 G8 0.6 0 125.9 0 <.013 <13
HD 92945 K2 - 0 20 - 150 0 <.006 < 0.93
HD 98800 K5 0.6 0 10.0 0 <.019 < 0.84
MML 28 K2 - 0.1 15.8 0 <.015 <24
MML 36 K5 - 0.3 15.8 0 <.042 < 3.3
TWA 7 M1 0.31 0 10.0 0 <.003 < 1.0
TWA 13A M1 0.18 0 10.0 0 <.016 <15
TWA 13B M1  0.17 0 10.0 0 <.002 <15

* Stellar properties for binaries are from White & Ghez (2001). UZ Tau A and B are

themselves binaries; UZ Tau A is a spectroscopic binary and UZ Tau B is a binary system

(White & Ghez, 2001) but is unresolved by ACS/SBC.

T CVSO 224 is a CTTS surrounded by a transitional disk (Espaillat et al., 2008) and has a
very low M. The ACS /SBC spectrum of this target is noisy and while we cannot confidently

quantify the Hy emission, we do see the rise in the spectrum at 1600 A which indicates its

presence.
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CHAPTER 4

Short (Gas Dissipation Timescales: Diskless Stars
in Taurus and Chamaeleon I

4.1 Introduction

An early stage of pre main-sequence evolution is characterized by the accretion of
gas from the inner disk by magnetospheric accretion. The inner disk is truncated
by the stellar magnetic field and infalling gas is channeled onto the star by the field
lines creating a shock upon impact with the photosphere (Calvet & Gullbring, 1998).
As the source evolves the mass accretion rate decreases, until eventually, accretion
ends when the inner disk gas is depleted (Chapter 3; hereafter 109). Accreting young
stars with gas rich disks are called classical T Tauri stars (CTTS) and non-accreting
T Tauri stars with gas poor disks, weak T Tauri stars (WTTS). Little is known
about how the gas is ultimately depleted from the disk, marking the transition from
CTTS to WTTS. The amount of gas remaining in the disk may affect the eccentricity
and migration of planetary orbits (Kominami & Ida, 2002; Matsuyama et al., 2003)
and therefore the gas dissipation timescale is key for models of planet formation and
evolution.

Circumstellar disk evolution is primarily traced by dust in the disk, emitting at
infrared (IR) wavelengths (Herndndez et al., 2008). Attempts at modeling the IR
excess have resulted in a possible sequence of disk evolutionary stages. Beginning
with a full disk of small dust particles distributed throughout the vertical layers, the
dust coagulates and settles towards the midplane (Weidenschilling, 1997; Dullemond
& Dominik, 2004). There, a planet may form, and if massive enough, open a gap

in the disk (Zhu et al., 2011), observed as a deficit in IR fluxes. A disk gap may
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also form when the mass loss rate due to photoevaporation of disk material by high
radiation from the central star exceeds the mass accretion rate (Clarke et al., 2001).
After the gap is formed the inner disk is drained onto the star by viscous evolution
and /or is removed from the system through continued photoevaporation, creating an
inner disk hole.

Circumstellar gas evolution has proved harder to probe than the dust, due to
the difficulty of detecting spectroscopic gas signatures. Recently, observations of
molecular gas in the disks of low mass T Tauri stars have increased, including IR
detections of HoO, OH, HCN and CyHy with the Spitzer Infrared Spectrograph (IRS)
(Carr & Najita 2011, and references therein), Herschel (e.g. Mathews et al. 2010)
and Hubble Space Telescope (HST) FUV observations of Hy (France et al., 2011;
Herczeg et al., 2002; Calvet et al., 2004; Yang et al., 2012, see also Chapter 5). In
a study of 43 young stars, 109 used low resolution FUV spectra from the Advanced
Camera for Surveys Solar Blind Channel (ACS/SBC) PR130L prism to study gas
in disks surrounding accreting and non-accreting sources between 1 Myr and 1 Gyr.
109 located a continuum feature in the low resolution spectra near 1600 A produced
when Hj is excited by high energy electrons (Bergin et al., 2004) and found it present
in accreting sources but absent in non-accreting sources. Since the X-ray emission
necessary for producing the high energy electrons is strong during pre-main sequence
evolution (Chapter 2), the lack of Hy emission in the non-accretors indicates that
gas is cleared from the inner disk by the time accretion ends. However, 109 only
observed non-accreting sources at ages >10 Myr and observations of young WTTS
were necessary to confirm that the gas is completely drained, even when accretion
stops early on.

We present FUV observations of 1-3 Myr WT'TS in the Taurus and Chamaeleon
I star forming regions and look for evidence of circumstellar Hy. In Section 4.3 we
present results on the presence or lack of Hy and in Section 4.4 we discuss mechanisms
which may be responsible for disk evolution in these sources, as well as the evolution

of high energy radiation from the star.
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4.2 Sample, Observations and Data Reduction

4.2.1 FUYV Observations

We obtained observations centered on 11 young stars using ACS/SBC on HST in
GO program 12211 (PI: Calvet). Two of the fields contained wide binaries where
the spectrum of each component was extracted separately; however, one of the single
stars was not detected in the FUV, therefore the total sample consists of 12 sources.
Each ACS observation consists of a brief image in the F165LP filter and a longer
image obtained with the PR130L prism. Offsets between the target location in the
filter and prism image, including the wavelength solution, were obtained from Larsen
(2006). The target spectrum was then extracted from a 41-pixel (173) wide extraction
window. Background count rates were calculated from offset windows and subtracted
from the extracted spectrum. The absolute wavelength solution was then determined
by fitting the bright C IV A1549 A doublet. Fluxes were calibrated from the sensitivity
function obtained from white dwarf standard stars by Bohlin (2007). The spectra
cover 12301800 A with a 2-pixel resolution of ~300 at 1230 A and ~80 at 1600 A.

4.2.2 Notes on Sample and Individual Sources

The FUV detections include 7 low mass T Tauri stars in Taurus and 5 in Chamaeleon
I (Figure 4.1 and Table 4.1). WTTS were chosen based on a lack of evidence for
remaining inner disk dust as traced by K — L < 0.4 for Taurus sources (Kenyon &
Hartmann 1995), or by a Spitzer IRS slope < —2.2 between 2 and 24um or 3.6 and
24pm for sources in Chamaeleon I (Luhman et al. 2008), and no ongoing accretion,
defined as Ha equivalent width (EW) < 10 A for the spectral types of this sample
(Kenyon & Hartmann 1995; Luhman 2004). Very low accretion may not register on
the Ha line profile in low resolution spectra (Chapter 5); therefore, small quantities
of gas could remain in the inner disk.

We detect both components of LkCa 3, a binary with separation of 69 AU (Kraus
et al., 2011). We use a spectral type of M1 and assume equal contribution to the
unresolved luminosity from each (Kenyon & Hartmann, 1995). For V827 Tau, the

lines are too broad, indicating a binary aligned along the dispersion direction. Kraus
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et al. (2011) found that V827 Tau is a close binary with mass ratio of ~0.6 and
separation of ~90 mas (13.5 AU). With the close separation we do not separate the
two components. CHXR 68 is a triple system with A and B components separated
by 4”4 and the A component itself a binary with a separation of 0’1 and mass ratio
of 0.6 (Nguyen et al., 2012). We extract A and B individually and identify the two
components of the A binary with a separation of 60 mas, but again due to the close

separation, the prism spectrum of CHXR 68A is a combination of the two sources.

J1-4827 was not detected in the FUV.

4.3 Results

We used a continuum feature at 1600 A, which is formed primarily by the photodisso-
ciation of Hy, as a gauge of the strength of Hy emission (Bergin et al., 2004). We first
de-reddened the spectra using published Ay or A; magnitudes (Kenyon & Hartmann,
1995; Luhman, 2004) and the Whittet et al. (2004) extinction law. The FUV contin-
uum?! has contributions from several sources in CTTS, including the chromosphere
and accretion shock, in addition to the continuum produced by H, dissociation (Chap-
ter 2,5). To approximate the FUV continuum at the PR130L resolution, we used the
median FUV spectrum of the WT'TS and debris disks (DD) in 109. 109 showed that
no Hy emission was present in the spectra of these sources and there is no ongoing
accretion, leaving only the chromospheric contribution. Figure 4.2 compares the me-
dian of the 109 WTTS/DD sample to the median of the Taurus and Chamaeleon I
WTTS samples. After subtracting the 109 WTTS/DD spectrum, scaled to the target
spectra between 1400 and 1500 A, the flux between 1575 and 1625 A was integrated
and represents the flux of the Hy feature.

Figure 4.3 shows the luminosities of the Hy feature in our sample combined with
results from 109. We also include new observations of accretors in Chamaeleon I
(Chapter 2). Many of the 1-3 Myr WTTS have Hy feature luminosities within 3o of

the luminosities of the 109 older population which were shown to be cleared of gas in

'Due to the low resolution of the ACS/SBC prism, the observed continuum includes unresolved
line emission blended with the intrinsic continuum from the source.
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the inner disk. The H, feature luminosities of the WTTS sample are lower than all
but two of the Taurus accretors. For V827 Tau, the luminosity is high (> 107¢ L)
because of contributions from wide C IV and He II emission lines produced by the
binary observed along the dispersion axis. The CTTS HN Tau B has an Hy luminosity
comparable to our WTTS sample; it is a low mass companions with spectral type
M4 and unknown accretion properties (Kraus et al., 2011). Given the large error on
the low resolution spectra and the similarity in Hy feature luminosities with the 109
sample, these results are consistent with the 1-3 Myr sample of WTTS being cleared

of inner disk gas.

4.4 Discussion

4.4.1 Disk Depletion on Short Timescales

As shown in Figure 4.3, circumstellar gas is depleted in short timescales for some
sources, while others retain a gas disk, even at 10 Myr. The diskless sources at 1-3
Myt are interesting because they have lost their disks in timescales much shorter than
the typical disk lifetime, 5-10 Myr (Herndndez et al., 2008; Fedele et al., 2010). The
reason no disks remain for these sources may be due to the initial conditions, e.g. the
initial disk mass or angular momentum of the parent cloud (Shu et al., 1987), or may
stem from the physical processes which are responsible for dispersing disk material.
Close binaries (< 40 AU) may be incapable of retaining a disk; however only three
of our sources are close binaries, V826 Tau, V827 Tau and CHXR 68A (Kraus et al.,
2012; Nguyen et al., 2012). Other possible mechanisms for disk dispersal include
viscous evolution and accretion of gas, planet formation and photoevaporation.

In addition to gas, the dust is gone, based on photospheric IR fluxes observed
in IRS spectra indicating a lack of inner disk dust (Luhman et al., 2008; Wahhaj
et al., 2010). Andrews & Williams (2005) observed five of the Taurus sources in
the sub-mm, tracing the outer disk, and constrained the disk mass to <0.0004 M,
(< 2 Myyp). They also compared sub-mm and IR data for their sample and found

that most sources lacked excesses in both, indicating that inner and outer disks are
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dispersed within 10° years of each other. Therefore, both the gas and dust in both
the inner and outer disks of our sample were likely depleted quickly. While planets
alter the disk structure by forming a gap at their orbital radius, it is unlikely that
they will completely disperse both the inner and outer disks (Zhu et al., 2011).

Blue-shifted forbidden line emission at velocities around 10 km s~ is interpreted as
evidence that gas is undergoing photoevaporation (Pascucci et al., 2011). Theories of
photoevaporation differ regarding the type of high energy emission responsible for the
mass loss and the rates at which the material is dispersed, yet all models eventually
produce a gap in the disk. Initial models of photoevaporation by EUV emission
predicted low mass loss rates of ~ 1071% My yr=! (Font et al., 2004; Alexander et al.,
2006). Alexander et al. (2006) showed that once the initial gap is formed, both the
inner and outer disks disappear quickly, in ~ 0.1 — 0.2 Myr, consistent with the
observations of Andrews & Williams (2005). After the gap is formed, the inner and
outer disk are influenced by continued accretion and photoevaporation, respectively,
at rates of 1071 M, yr=!. At these low rates, the disk mass at the time of gap
opening must be less than 2 x 10™° M in order for the disk to be depleted in 10°
years. Given the early age of the sources in our sample, there is little time for the
disk to be depleted down to the low masses needed for EUV photoevaporation to
disperse the disk.

A larger disk mass is possible if the mass loss rate is higher than that predicted by
EUV photoevaporation, and recent models of photoevaporation which include X-ray
and FUV emission achieve mass loss rates up to 1078 Mg yr=t (Gorti et al., 2009;
Owen et al., 2012b). In Owen et al. (2012b), the mass loss rate scales with the X-ray
luminosity; for the X-ray luminosities of our WT'TS sample (see §4.2), the predicted
mass loss rate would be ~ 1078 Mg yr~!. Therefore both the inner and outer disk
would contain < 1072 Mg yr~! to be completely removed in < 10° years, close to the
range of predicted disk masses. However, objects with very low accretion rates yet
with full disks cannot be undergoing photoevaporation at such high rates, whereas
the low mass loss rates predicted by the EUV photoevaporation models are more

consistent with observations (see Chapter 5).
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Instead, WTTS may form from cloud cores with low initial angular momentum,
J. Assuming stars both with and without disks at 1-3 Myr formed from cloud cores
with the same mass, the cloud angular momentum determines the mass distribution
in the disk. The radius at which the cloud material accretes onto the disk is given by
re, which depends on the core gas temperature ('), angular velocity (€2), and mass

of the central star (M). Assuming 7' = 10 K and M =1 M,
Te~9 AU x Q24 (4.1)

where ©_5 is in units of 107'° rad s (Hartmann, 2009). Assuming uniform rotation,

the specific angular momentum is
J/M ~9.5x 10" ems™2R3, Q_15 (4.2)

where Ry is the initial radius of the cloud in units of 0.1 pc. If matter falls from
a cloud with Ry;=0.1 pc at r. < 1 AU (which would accrete onto the star in only
30,000-40,000 years), then J/M=19.5 cm? s~!. This is a rough approximation of
the angular momentum, as the actual collapse of cloud cores is significantly more
complicated than assumed here and physical properties of the cloud (for example, the
magnetic field strength) may be important (Allen et al., 2003). Up to 20% of cloud
cores have low enough angular momenta to form a disk which would accrete quickly,
according to the models of Dib et al. (2010) which show that angular momenta inferred
from observations are overestimated by assuming a 2D geometry. The observed disk
fractions in the youngest clusters are 90-95% (Hernandez et al., 2008). Given the
distribution of angular momenta predicted by Dib et al. (2010), it is possible that the

5-10% of diskless stars formed from slowly rotating clouds.

4.4.2 Evolution of Chromospheric Emission

Accurate estimates of the high energy emission in young stars are important be-
cause one or a combination of these fields may drive photoevaporation. The active

chromospheres in young stars produce a UV excess with respect to the photosphere
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(Houdebine et al., 1996); however, the total excess is difficult to estimate due to the
small number of UV observations of WT'TS. Here, we analyze the FUV emission of
23 non-accreting young stars (combining our sample with the WTTS/DD sample in
109) to characterize the evolution of chromospheric emission. WT'TS have no emission
contributions from accretion or Hy, so the FUV continuum and hot lines are intrinsic
to the young star and provide a gauge of the chromospheric emission.

We also include published X-ray observations to probe the evolution of coronal
emission (Voges et al., 1999; Feigelson et al., 1993; Giidel et al., 2007). ROSAT
and XMM-Newton X-ray count rates were converted to X-ray luminosities in the
0.2-10 keV range using the HEASARC tool WebPimms for comparison to the X-ray
luminosities of the 109 WTTS/DD sample. In Figure 4.4, we show the evolution of
high energy stellar radiation fields between 1 and 100 Myr 2. Large X-ray samples of
WTTS indicate that the emission saturates around 10 Myr (Preibisch et al., 2005).
The X-ray saturation level of our sample, log Lx /Ly, = —2.9 £ 0.2, is within the
errors of that found previously, log Lx/Lyy = —3.3 £0.4.

The evolution of FUV emission is not as well studied as the X-ray evolution.
Ribas et al. (2005) observed that high energy emission, including FUV, decreases for
solar type stars > 100 Myr. Findeisen et al. (2011) determined the chromospheric
indicator Ry in a sample with GALEX data and observed a decrease in chromo-
spheric activity between 107 and 10° years. Evidence suggests that the same physical
mechanism is heating both the chromosphere and the corona; Maggio et al. (1987)
and more recently Mamajek & Hillenbrand (2008) found that the coronal X-ray lu-
minosity was correlated with indicators of the chromospheric emission (e.g. the Ca
IT H and K lines) and in Chapter 2, we showed that X-ray and FUV luminosities
are correlated for > 10 Myr non-accretors. Given this evidence that the heating
of the chromosphere and corona are linked and should therefore saturate on similar

timescales, we estimate the FUV saturation for sources < 10 Myr (shown in Figure

2In Chapter 2, one source appeared to diverge from the fit to the X-ray decline with age. This
source, HD 53143, has an uncertain age, between 45 Myr to 6 Gyr (Nakajima et al., 2010; Holmberg
et al., 2009). We find that the young age is more consistent with the observed decline in X-ray
emission and therefore assume an age of 45 Myr.

91



4.4.) Total FUV luminosities were integrated between 1230 and 1800 A (Table 4.1).
We find that the FUV luminosity saturates at a level of log Ly /Lyy = —4.1 £0.1.
We also see evidence for the beginning of the expected decline in FUV emission for

the oldest sources in our sample.

4.4.3 Summary

We presented results from an FUV study of the gas (or lack of gas) in the disks

around 1-3 Myr WTTS. Our conclusions are summarized here.

e A new FUV sample of young (1-3 Myr) WTTS in the Taurus and Chamaeleon
I star forming regions confirms previous results that Hy gas in the inner circum-
stellar disk is completely dissipated by the time accretion onto the star ends.

This is true even for the youngest non-accretors.

e Photoevaporation alone cannot explain diskless stars at 1-3 Myr, unless the
initial disk mass is very small. However, up to 20% of T Tauri stars may form
from clouds with low angular momenta, producing disks with small radii which

accrete quickly onto the star.

e If the heating of the corona and chromosphere are related, as observational
evidence indicates, we expect the X-ray and FUV emission to saturate at the
same age. The saturation of the FUV emission for our sample occurs at log

Lpov/ Lyt = —4.1 £0.1.
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Figure 4.1. ACS/SBC observations. The spectra are offset by the value listed. A Space Telescope
Imaging Spectrograph spectrum of the CTTS TW Hya is shown for comparison (Herczeg et al.
2002; dashed line), convolved to the PRI30L resolution. The grey shaded area represents the
spectral region where we would expect to see Ho emission, if gas were present in the disk (I09); in
TW Hya Hs emission is observed. For the Chamaeleon I sources, it is unclear if emission near 1600
A is produced by Hs or noise in the spectrum as the error bars are large in this region; the signal
to noise in the continuum is <3, as opposed to >5 for the Taurus sample.
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Figure 4.2. Taurus and Chamaeleon I ACS spectra. We compare the median of the Taurus (top
panel) and Chamaeleon I (bottom panel) WTTS observations (black line) to the median of the
WTTS/DD sample observed in 109 (dashed purple line). We also show the level of the background
(dOttig blue line). For Chamaeleon I, the background emission is comparable to the source flux at
1600 A.
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Figure 4.3. H, versus age. The luminosity of the Hy feature for accreting sources is shown as
blue crosses and for the non-accretors, red triangles. New WTTS in Taurus and Chamaeleon I are
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luminosity for the I09 non-accreting sample and the dashed lines represent 3o from that median.
Typical errors are shown in the upper left corner.
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Table 4.1: Young WTTS Observed with ACS/SBC

Object SpT Luminosity Ay Lryv Region
(Lo) (x107° Lo)
J1-4872 K7 0.5 0.0 - Taurus
LkCa 3E M1 0.9 0.4 8.0 Taurus
LkCa 3W M1 0.9 04 8.6 Taurus
LkCal4 MO 04 0.0 34 Taurus
V826 Tau K7 0.8 0.3 6.8 Taurus
V827 Tau A/B K7 0.8 0.3 8.0 Taurus
V830 Tau K7 0.6 0.3 8.0 Taurus
V1075 Tau K7 0.5 0.0 2.1 Taurus
CHXR 14N K8 0.4 0.5 2.5 Chal
CHXR 55 K5 0.7 1.1 22.5 Chal
CHXR 68 Aa/Ab K8 0.7 04 3.3 Chal
CHXR 68 B M2 0.2 0.5 1,9 Chal
UV Cha M2 0.4 0.4 2.9 Chal

Note: Spectral type, luminosity and Ay were taken from Kenyon &
Hartmann (1995) and Luhman (2004) for Taurus and Chamaeleon I,

respectively.
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CHAPTER 5

NUYV Excess in Slowly Accreting T Tauri Stars:
Limits Imposed by Chromospheric Emission

5.1 Introduction

It is now accepted that classical T Tauri stars (CTTS') are accreting mass from
their disks via magnetospheric accretion. In this process, the stellar magnetic field
truncates the circumstellar disk and channels gas near the truncation radius onto
the stellar surface, where an accretion shock forms. Gas heated by the shock emits
energetic photons which, after re-processing in the accretion streams, irradiate the
inner disk with ultraviolet (UV) and X-ray photons (Calvet & Gullbring, 1998; Ardila
& Johns-Krull, 2009; Giinther et al., 2007). This energetic emission plays a key role
in driving disk chemistry and may be the most efficient mechanism for dispersing
the disk gas (Najita et al., 2010; Pinte et al., 2010; Bethell & Bergin, 2009; Gorti
et al., 2009). The rate at which material is accreted is an important input in models
of circumstellar disks, affecting the surface density and inner disk heating (D’Alessio
et al., 2006), so accurate accretion rates are essential for describing the evolution of
both gas and dust. Accretion rates decrease with age (Calvet et al., 2005), so objects
with very low accretion rates are particularly interesting for studying the final stages
in the evolution of disks.

The spectrum produced by the accretion shock on the stellar surface peaks in the
UV, so UV flux excesses over the stellar fluxes are the most direct measure of the

accretion luminosity (Lge.) from which the mass accretion rate, M , can be derived

'In this chapter we use the terms classical and weak-line T Tauri stars (CTTS and WTTS) to
indicate accreting and non-accreting T Tauri stars, respectively, following White & Basri (2003).
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(85.4.2). However, CTTS have active chromospheres which produce UV emission
in excess of the main sequence standards (Houdebine et al., 1996; Franchini et al.,
1998). The chromospheric contribution to the measured excess is expected to be
small when compared to the excess due to accretion in CTTS with typical values of
the mass accretion rate, M ~ 1078 Mg yr~! (Gullbring et al., 1998). However, as the
disk evolves, the mass accretion rate and accretion luminosity decrease, and so do
the accretion-powered UV fluxes. In contrast, indicators of chromospheric activity,
e.g. the X-ray luminosity, stay approximately constant in the age range 1 - 10 Myr
during which disks evolve significantly (Chapter 2). Therefore, the chromospheric
contribution is expected to become more important in determining the total UV flux
as the disk evolves and at some point will become the dominant contributor. From
this point on, the UV excess is no longer measuring accretion.

In most determinations of accretion luminosity in CTTS to date, the excess fluxes
in the UV have been measured using main sequence standards as templates for the
intrinsic stellar emission. A better template for the stellar emission of an accreting
T Tauri star is a non-accreting T Tauri star (or WTTS), which is expected to have
a comparable level of chromospheric activity as a CTTS. However, UV observations
of WTTS with enough sensitivity do not exist (Valenti et al., 2003), so it has not
been possible to determine typical levels of chromospheric emission, which in turn are
important to set up realistic limits to the accretion luminosities that can be deter-
mined from UV observations. In this chapter we address these issues by comparing
the UV fluxes of a non-accreting WT'TS, RECX-1, with those of a very low accretor,
RECX-11, and find that the NUV fluxes are dominated by chromospheric emission;
this allows us to place limits on the lowest accretion luminosity detectable in the UV.

Even for chromospheric-dominated UV fluxes, alternative indicators may be used
to identify whether a young star is accreting. A commonly used accretion indicator is
the Ha line profile. Ha is observed in emission in all T Tauri stars but a large velocity
width or line asymmetry indicates accretion, whereas a narrow symmetric line profile
is characteristic of a non-accreting star (Muzerolle et al., 2001; Lima et al., 2010;

White & Basri, 2003). In addition, redshifted absorption components superimposed
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on the emission line profiles are direct indication of infalling material and can be
explained in terms of magnetospheric accretion (Muzerolle et al., 1998a, 2001). The
He I line at 10830 A can also be used to diagnose accretion properties in T Tauri stars.
In CTTS this line shows deep blueshifted and redshifted absorption components in
its profile, which have been interpreted as formed in outflows and accretion streams
(Edwards et al., 2006; Fischer et al., 2008). Other indicators of accretion used in the
literature are the forbidden lines of [OI] 6300 and 6363 A, which are present only in
accreting stars (Hartigan et al., 1995), and the Ca II triplet lines, whose luminosities
correlate with accretion luminosity (Calvet et al., 2004). In this chapter we analyze
these accretion indicators in high resolution spectra of RECX-11 and RECX-1. We
find conclusive evidence for accretion in RECX-11 and not in RECX-1 in our high
resolution observations of Ha and He I A10830, but not in other lines. Our analysis
allows us to assess which accretion indicators are appropriate for detecting accretion
at very low levels.

The indicators discussed above are directly tracing material in the accretion shock
or flows, but another indirect method of determining whether a source is accreting
or not involves gas in the inner circumstellar disk. While in the past circumstellar
gas was difficult to observe, new observations have made gas detections possible
(Bary et al., 2008; Bitner et al., 2008; Carr & Najita, 2008; Pascucci et al., 2009).
Of particular interest are observations of hot gas very close to the star, near the
magnetospheric truncation radius. FUV observations have shown that CO and H, at
temperatures near 2500 K are present in the disk (France et al., 2011, 2010; Herczeg
et al., 2004, 2002). In Chapter 3 we analyzed a sample of FUV spectra of T Tauri stars
and found that Hy was present in the inner 1 AU of all accreting sources but not in
non-accreting sources. FUV gas detections therefore indicate more than the presence
of gas, but actually show whether a source is still accreting or not. These results
were based on ACS low resolution observations; the COS observations presented in
this chapter allow us to confirm this finding using spectrally resolved Hy lines.

This chapter is organized as follows. In §5.2 we present the UV, optical and IR

data discussed in this chapter. In §5.3 we discuss which commonly used accretion
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indicators are valid at low levels of accretion and which are unreliable. In §5.4 we
estimate limits for the minimum M that can be determined from the UV. Finally,
in §5.5 we discuss the limitations of current accretion rate determinations in view of

our results, as well as the implications for disk evolution models.

5.2 Observations

5.2.1 The Targets

Our targets are the young stars RECX-1 and RECX-11 in the n Chamaeleontis group,
the nearest open cluster at only 97 pc with an age of 5-9 Myr (Mamajek et al., 1999,
2000; Luhman & Steeghs, 2004). With Ay ~ 0, this region has little extinction
(Luhman & Steeghs, 2004), making it ideal for UV observations as corrections for
reddening may introduce large uncertainties. The sources have similar spectral types,
and were classified as K4 by Mamajek et al. (1999) and K5-K6 by Luhman & Steeghs
(2004). Sources in this region have also been well characterized in the infrared with
broad band J — L photometry (Lyo et al., 2004), Spitzer IRAC and MIPS photometry
and Infrared Spectrograph (IRS) spectroscopy (Sicilia-Aguilar et al., 2009). The

properties of each source are summarized in Table 5.1.

5.2.2 HST Observations

Observations of RECX-1 and RECX-11 were obtained between 2009 December and
2010 January with COS and STIS on HST in GO Program 11616 (PI: Herczeg).
STIS NUV observations used the MAMA detector and the G230L grating providing
spectral coverage from 1570 to 3180 A with R~500-1000. Optical observations were
completed during the same orbit as the NUV using the G430L grating which covers
2900-5700 A with R~530-1040, resulting in almost simultaneous NUV to optical
coverage with STIS.

The low-resolution STIS spectra were calibrated with custom written IDL routines
following the procedures described in the STIS data handbook. The wavelengths
were calibrated from the location of identified emission lines within the spectrum,

and fluxes were calibrated from spectra of WD 13374705 in the NUV and HIP 45880
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in the optical. The flux calibration also includes a wavelength-dependent aperture
correction.

COS observations of RECX-11 were presented in France et al. (2011), and we dis-
cuss them here together with observations for RECX-1. The COS FUV observations
were taken with the G160M and G130M gratings and were completed within 3-4
hours of the STIS observations. The combination of the two gratings provides FUV
coverage from 1150 — 1775 A with R~16,000 — 18,000. The log of the observations is
given in Table 5.2.

The COS spectra were processed by the standard CALCOS calibration pipeline.
The individual spectral segments, after obtaining different wavelength settings to
minimize instrumental fixed pattern effects and to provide full wavelength sampling,
were combined using the IDL coaddition procedure described by Danforth et al.
(2010). This procedure coaligns the individual exposures and performs an exposure-
weighted interpolation onto a common wavelength grid.

In our COS NUV acquisition image, we resolved RECX-1 into a binary with a
separation of (7141 and a position angle of 21° (taking into account the fact that
MIRRORB creates spurious images), indicating some relative motion between the
April 2004 H-band images of Brandeker et al. (2006) and our January 2010 observa-
tions. Brandeker et al. (2006) found that the semi-major axis of the orbit was (”42.
The two stars are also marginally resolved in our STIS spectra, which were obtained
with a slit position angle of -49.6°. Separate spectral extractions for the components
were obtained by fitting two Gaussians to the cross-dispersed profile at each wave-
length position, subtracting off the emission from one component, and subsequently
extracting the counts in the other component. From the blue spectrum, we estimate
spectral types of K4 for the S component and K6 for the N component, consistent
with the unresolved spectral type of Kh—K6 (Luhman & Steeghs, 2004). The near-UV
spectra of the two stars are similar, except for a ~ 1.5 times stronger Mg IT A2800 flux
from the S component. For our analysis, we use the combined spectra of the N and
S components to increase the signal to noise. With both components having spectral

types close to RECX-11 and very similar STIS spectra, little error is introduced by
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using the combined spectra.

5.2.3 Ground Based Observations

Both sources were observed using MIKE (Magellan Inamori Kyocera Echelle) on the
Magellan-Clay telescope at Las Campanas Observatory in Chile (Bernstein et al.,
2003) on 11 March 2010, with a coverage of 4800-9000 A and resolution, R~35,000.
The data were reduced using the Image Reduction and Analysis Facility (IRAF) tasks
CCDPROC, APFLATTEN, and DOECSLIT (Tody, 1993).

We also obtained 4 low dispersion spectra of RECX-11, covering the Ha line,
between 27 November and 22 December 2009, using the Small and Medium Aper-
ture Research Telescope System SMARTS 1.5m telescope at CTIO. We used the RC
spectrograph, which is a long-slit spectrograph with a Loral CCD detector; the slit
subtends 5 arcmin on the sky and has a 1.5 arcsec slit width. All observations were
made by SMARTS service observers and each night consisted of 3 observations with 5
minute integration time. The three observations are median-filtered to minimize con-
tamination by cosmic rays. The data was reduced with the SMARTS spectroscopic
data reduction pipeline?. We subtracted the bias and trimmed the overscan and flat-
tened the image using dome flats. The spectra were extracted by fitting a Gaussian
plus a linear background at each column. Uncertainties were based on counting statis-
tics, including uncertainties in the fit background level. The wavelength calibration
was based on an arc lamp spectrum obtained before each set of images.

Finally, we obtained R = 100,000 spectra of the He I A\10830 line from RECX-
11 with Phoenix on Gemini South on 12 December 2009 and from both RECX-1
and RECX-11 using CRIRES on VLT-UT1 on 22 May 2011. The observations were
obtained in an ABBA nod pattern. The star  Cha, a B8 pre-main sequence star with
no detectable photospheric features at 10830 A, was observed to provide the telluric
correction. These spectra were reduced with custom-written routines in IDL. The
wavelength solution is accurate to ~ 1 km s~! and was calculated from a linear fit

to telluric absorption lines obtained from spectra generated by ATRAN (Lord 1992)

Zhttp:/ /www.astro.sunysb.edu/fwalter/SMARTS /smarts_15ms ched. html#RCpipeline
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and available online.

5.3 Accretion Analysis

Figure 5.1 shows the STIS NUV spectra of RECX-1 and RECX-11; they are remark-
ably similar, making it difficult to assess if either is accreting based on a UV excess.
Also shown in Figure 5.1 is a STIS spectrum of the inactive K5V star HD 154363
(Martinez-Arndiz et al., 2010, properties in Table 5.1) taken from the HST /STIS Next
Generation Spectral Library (Heap & Lindler, 2007), for comparison. Both 1 Cha
sources have excess NUV emission compared to the main sequence standard (§5.4.1).
Despite the similarity of NUV fluxes, analysis of emission line profiles shows that one
source, RECX-11, is still accreting material from the disk while the other, RECX-1,
is not. In this section we review this evidence. We find that the emission line profiles
of RECX-11 show redshifted absorption components indicative of accreting material,
and consistent with magnetospheric accretion. As mentioned before, accretion shock
emission is then expected from the accreting star, but it must be hidden by intrinsic
chromospheric emission present in both the accreting and the non-accreting stars;
this points to a very low accretion luminosity and mass accretion rate. In §4 we

estimate upper limits for these quantities.

5.3.1 Diagnostics of Low Accretion

—Lines Produced by Accretion and Related Processes

Our spectroscopic observations, from the FUV to the IR, include a number of emis-
sion lines that trace phenomena such as accretion and outflows in T Tauri stars.
Line widths of several hundred kms~! are used to identify accretors, but the most
conspicuous indicators are redshifted and blueshifted absorption components on the
emission line profiles.

Accessible in the optical, the Ha emission line is one of the most commonly
used accretion tracers. Figure 5.2 shows MIKE Ha line profiles for RECX-11 and
RECX-1. The Ha equivalent widths (EW) of RECX-11 and RECX-1 are 4 A and
1.3 A, respectively, which would make RECX-1 a WT'TS and RECX-11 a borderline
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CTTS/WTTS according to the standard criterion for a K5—K6 star (White & Basri,
2003). The Ha profile of RECX-1 in Figure 5.2a agrees with the WTTS classification
because it is symmetric and narrow. With a line width at 10% of the peak intensity
of only ~130 km s!, the line shows no indication of the high velocities that are
characteristic of magnetospheric accretion. In contrast, the Ha profile of RECX-11 is
typical of accreting sources, with a line width at 10% of ~300 km s™' (White & Basri,
2003). The blue emission wing is wide, extending to velocities of several hundred km
s~!, implying that material is accreting at nearly free-fall velocities. Inverse P Cygni
absorption due to infalling material along the accretion streams is also seen (Lima
et al., 2010; Muzerolle et al., 2003; Walter, 1999). The line profile is consistent with
model predictions for a high inclination source (Muzerolle et al., 2001; Kurosawa
et al., 2006), in agreement with the inclination of i ~ 68°, estimated from the values
of the projected rotation velocity vsini (Jayawardhana et al., 2006) and the rotational
period (Lawson et al., 2001). Moreover, Lawson et al. (2004) compared their observed
Ha profile of RECX-11 with magnetospheric accretion models and obtained a good
fit assuming an inclination of i ~ 70°.

In Figure 5.2b, we show our MIKE profile and the four SMARTS low resolution
Ha profiles of RECX-11 obtained within a few days before and after the HST obser-
vations. The Ha profile is highly variable, as already noted by Lawson et al. (2004)
and Jayawardhana et al. (2006). The wide blue emission wing is present in all spectra,
but variability is conspicuous in the red wing, sometimes showing narrow transient
red-shifted absorption components. This variability points to a complex geometry of
the accretion streams very close to the star since red-shifted absorption occurs when
material in the accretion columns absorbs hot radiation produced in the accretion
shock on the stellar surface (Bouvier et al., 2007; Muzerolle et al., 2001). The com-
plex structure revealed by the line profiles of Ha, which in the case of RECX-11 is
conclusive in identifying accretion, would have been missed when only considering
the equivalent width of the line.

In Figure 5.3 we show two He I A10830 profiles for RECX-11 obtained 18 months
apart with Phoenix and CRIRES along with a CRIRES spectrum of RECX-1 for
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comparison. We also show the RECX-11 line profiles after subtraction of the RECX-1
line profile (with the Phoenix observation at the resolution of CRIRES) which removes
any contribution by photospheric absorption lines. The He I A\10830 emission profiles
show absorption components similar to those found by Edwards et al. (2006) and
Fischer et al. (2008) in a large sample of CTTS, which were interpreted as arising in
the wind and in the accretion columns. The earlier Phoenix profile shows a broad red-
shifted absorption component extending to ~ 250 kms~! with several deep, narrow
red and blue-shifted absorption lines at lower velocities, between —50 and 100 km s~*.
The second, CRIRES, profile also shows a complex absorption spectrum with a broad

component extending from 200-400 km s~!.

It also shows a red-shifted emission
wing which was not observed in the Phoenix observation. The broad high velocity
absorption feature in the CRIRES spectrum occurs at velocities typical of material
infalling along accretion streams. According to magnetospheric accretion models,
material falling from 5R, in the disk onto a star with the mass and radius of RECX-

11 will reach velocities of ~ 470 km s~ !

, capable of producing the absorption features
at the observed velocities (Calvet & Gullbring, 1998).

Fischer et al. (2008) found that sources with low accretion rates, observed to
have low veiling at 1 pum (Ry < 0.5), were more likely to have redshifted absorption
in He I than sources with high accretion rates. Fischer et al. (2008) also found
that in order to explain the He I A\10830 profiles, absorption over a large range of
velocities was necessary. They proposed that in low M sources accretion occurs in
low density, narrow accretion “streamlets” with small filling factors, covering a large
velocity range, although none of their sources had low enough accretion rates to test
this scenario. The narrow red-shifted absorption features in the Phoenix spectrum
of our very low accretor, RECX-11 (§5.4), may be observational evidence for these
multiple, narrow accretion streams. Some of these narrow features, like the one at
~ 100kms™!, may be related to the feature at comparable velocity in seen in the
MIKE Ha profile (Figure 5.2), although no definite conclusion can be stated since

the lines were observed at different times. Simultaneous extensive coverage of Ha

and He I A\10830 is necessary to understand the complexity of the accretion flows in
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RECX-11.

In addition to Ha and He I A10830, the C IV doublet in the FUV spectrum can
be used to separate accretors from non-accretors. The C IV A1549 line emission has
been shown to correlate with the mass accretion rate, indicating that its origin is, at
least in part, in the accretion shock and flows (Johns-Krull et al., 2000; Calvet et al.,
2004). In Figure 5.4 we compare the C IV line profiles of the accretor, RECX-11,
to the non-accretor, RECX-1. The C IV line profile is much wider and stronger in
the accreting source than in the WTTS, in which the emission is expected to be
chromospheric. The strength and width of C IV in RECX-11 is consistent with the
accreting nature of RECX-11 (Ardila et al. in preparation).

In the NUV range, the only significant difference between the spectra of RECX-11
and RECX-1 is in the CII] A2325 A line, which is much stronger in RECX-11 (Figure
5.1). This line has been observed in other accreting sources (Gémez de Castro &

Ferro-Fontén, 2005; Calvet et al., 2004), and its likely origin is the accretion shock.

—The H, Lines

The FUV spectrum of RECX-11 contains a wealth of lines due to molecular species,
including Hy (France et al., 2011). Lines from H, in the UV are mainly due to two
mechanisms. Ly« emission excites Hy, producing a fluorescent spectrum in the UV as
the electrons cascade back to the ground electronic state (Herczeg et al., 2002, 2004;
Yang et al., 2011). In addition, fast electrons can collisionally excite Hy, resulting in
UV lines and continua (Bergin et al., 2004, Chapter 3).

Using emission from collisionally excited Hy measured in low resolution FUV
spectra of a large sample of both accreting and non-accreting young stars, Chapter
3 showed that by the time accretion ends, the inner disks are depleted of gas. Our
targets confirm this trend at high resolution. In Figure 5.5 we show the COS FUV
spectrum of RECX-11 compared to RECX-1; the wavelengths at which Hy pumped
by Lyo may emit are labeled. H, emission lines at 1434.1 and 1445.3 A may also
be pumped by the C III A\1174 A multiplet (Herczeg et al., 2002). Figure 5.5 shows
that the COS FUV spectrum of RECX-11 is rich in lines of molecular gas, similar
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to previously observed sources with confirmed accretion (Bergin et al., 2004; Herczeg
et al., 2002, 2004; France et al., 2010). In contrast, molecular lines are not apparent
in the FUV spectra of the WT'TS RECX-1. If present, the flux of the Hy lines in
RECX-1 is <5% of the Hy flux in RECX-11.

Assuming that the molecular lines are formed in the atmosphere of the disk (Her-
czeg et al., 2004), we constructed synthetic models for an optically thin line formed
between radii Ry and Ry in a Keplerian disk. We assumed that the emissivity de-
pended on radius as R and that the intrinsic line profile was a Gaussian with width
corresponding to a temperature of 2500 K. The intensity at each radius was convolved
with the rotational profile corresponding to the Keplerian velocity of the annulus, and
the flux was then calculated by integrating the intensity over the range of radii. Fi-
nally, the resultant profile was convolved with the G130M line spread function.

Figure 5.6 compares the predicted profile to a flux-weighted average of Hs lines,
selected from the spectral region (<1330 A) in which all the lines were observed with
the same grating, G130M. The continuum of the predicted profile has been scaled to
the observed continuum. The shaded region in Figure 5.6 corresponds to predicted
profiles for models with inner radius between Ry = 1 — 20 R, (0.01-0.1 AU), outer
radius Ry = 50 — 500 R, (0.3-3.2 AU), and emissivity power law exponent v = —1.5.
X%, = 3.1 — 3.6 for the range of models shown in Figure 5.6. We find that the
inner radius is well constrained, within the uncertainties of the observations; small
inner radii with high Keplerian velocities are needed to account for the width of the
observed wings. The outer radius Ry, on the other hand, is not well constrained,
since little emission comes from those regions. The power law of the emissivity is
constrained by the width of the line near the peak, and we require it to fall rapidly
with radius. This rapid fall-off is likely due to the combination of a number of factors.
For instance, the excitation will decrease as the flux of Lya decreases with distance;
similarly, the number of electrons in excited states that can absorb Ly« transitions
decreases with radius, as the temperature of the upper disk layers drops (Meijerink
et al., 2008). Our modeling indicates that the region of formation of the Hy lines

can be as close to the star as 0.01-0.1 AU, as was also found for the accreting brown
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dwarf 2M1207 (France et al., 2010). This indicates that gas likely extends closer to

the stellar surface than the inner dust disk, see section 5.2.

5.3.2 Unreliable accretion diagnostics at low M

Additional tracers of accretion present in our dataset, like [O I] at 6300 and 6363 A
and the Ca II infrared triplet, do not provide conclusive indication of accretion in
RECX-11. [O I] emission, which is expected to originate in an outflow, is observed
only in sources undergoing accretion (Hartigan et al., 1995). We show in Figure
5.7a the line profiles of [O I] A6300 of RECX-11 and RECX-1. [O I] A6300 appears
in RECX-11 in excess over the WTTS spectrum of RECX-1, but the detection is
< 30, and therefore not reliable. Similarly, the Ca IT A8542 is often used as an
indicator of accretion, and even used to measure mass accretion rates (Muzerolle
et al., 1998a). However, the profile of this line in RECX-11, shown in Figure 5.7b,
is indistinguishable from the same line in RECX-1, indicating that the flux comes
mostly from the chromosphere.

The Mg II A2800 line luminosity also correlates with accretion luminosity in ac-
creting stars (Calvet et al., 2004) and is seen in our STIS spectra (Figure 5.1). The
line is observed to have the same strength in the weakly accreting star, the WT'TS and
the dwarf star, indicating that it is mainly due to chromospheric activity. Moreover,
its strength does not increase with the NUV emission level of the chromosphere. This
agrees with the results of Cardini & Cassatella (2007), who show that at ages <0.3
Gyr, the Mg IT A2800 fluxes are not observed to change due to saturation effects, and

so the line strength does not reflect the level of chromospheric activity.

5.4 Measuring Small Accretion Rates

5.4.1 The Chromosphere

While dwarf or giant stars have been used to estimate the intrinsic stellar emission
in CTTS when measuring the UV excess, WTTS are the best templates for accretion
analysis because they have similar surface densities and are expected to have compa-

rable levels of chromospheric emission. The presence of a UV excess in non-accreting
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pre-main sequence stars and active stars (when compared to inactive dwarf stars) due
to enhanced chromospheric activity is well established (Houdebine et al., 1996; Fran-
chini et al., 1998). In fact, recent studies with GALEX have relied on this excess to
identify young stars in nearby star forming regions (Rodriguez et al., 2011; Shkolnik
et al., 2011; Findeisen & Hillenbrand, 2010). This UV excess due to chromospheric
emission affects measurements of the excess emission from which accretion luminosi-
ties are derived. Several studies have already taken these effects into account. For
instance, Valenti et al. (2003) used the average spectrum of several WT'TS to estimate
the UV excess in low resolution International Ultraviolet Explorer (IUE) spectra of
accreting stars. Similarly, Herczeg & Hillenbrand (2008) used WTTS templates to
measure flux excesses and estimate accretion rates in very low mass objects. How-
ever, many determinations of accretion luminosities and accretion rates based on UV
fluxes have used dwarf standards as templates (Gullbring et al., 2000; Calvet et al.,
2004). The omission of the chromospheric fluxes makes these determinations, and
calibrations of line luminosities derived from them, uncertain at the low end.

In this work we have presented UV fluxes of RECX-1, which to date, is the only
WTTS spectrum with the signal and resolution needed for use as a chromospheric
template. We compare the spectrum of the inactive K5 main sequence star (HD
154363) with that of RECX-1, shown in Figure 5.1. The flux between 2000-5000
A from RECX-1 is 0.05 L brighter than that from HD 154363. If this luminosity
difference were due to accretion, we would have estimate that RECX-1 is accreting
at log M > —8.5 My yr~!, which is typical of a CTTS. This is a lower limit because
we have not accounted for any excess emission outside of the range of observations.
This clearly demonstrates the effect of an active chromosphere on the UV spectrum
and shows that inactive main sequence standards should not be used to measure
small NUV excesses. It can be argued that the chromospheric level of RECX-1 is
not typical of WT'TS because it is a binary. However, with a binary separation >
15 AU (Kohler & Petr-Gotzens, 2002; Brandeker et al., 2006) it is unlikely that the
stars are interacting. In any event, a survey of NUV spectra of WTTS of different

spectral types and luminosities is needed to determine the characteristic range of
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chromospheric NUV emission in these stars.

5.4.2 Estimate of the mass accretion rate from NUV emission

With evidence that RECX-11 is accreting, we use shock models to estimate upper
limits to the accretion luminosity and mass accretion rate of RECX-11. A full de-
scription of the accretion shock models can be found in Calvet & Gullbring (1998);
here we review the main characteristics. An accretion shock forms at the stellar sur-
face when material from the disk falls onto the star along magnetic field lines (§5.1).
The shock formed at the base of the accretion column slows the material to match
the stationary photosphere, converting the kinetic energy into thermal energy, and
causing the temperature to increase sharply. The shock emits soft X-rays into the
pre-shock and post-shock regions and the photosphere below the shock. The heated
gas emits the observed excess continuum emission which is strongest in the UV (Cal-
vet & Gullbring, 1998). The accretion shock model is used to fit the NUV excess
emission and account for shock emission outside of the range of observations. The
model yields the accretion luminosity, from which the mass accretion rate can be
derived with knowledge of the stellar mass and radius, through L,. = GM M /R.
The accretion shock model assumes that all the excess flux in the UV comes from
accretion, neglecting any contribution from the outflow. Since the luminosity of the
wind is <10% of the accretion luminosity for typical mass loss rates (Cranmer, 2009)
this assumption is justified.

We model the spectrum of RECX-11 as the sum of the WTTS RECX-1, used as
a proxy for the intrinsic stellar emission, and the accretion shock emission; our fit
to the observations is shown in Figure 5.8 and has a x?,; ~ 11.5. Since the NUV
fluxes of RECX-11 are essentially chromospheric, our aim is to determine the amount
of shock emission that may be hidden in the spectrum of RECX-11. We find that
M ~ 3 %107 Mg yr~! is the highest value of the mass accretion rate that RECX-11
could have and still not show an excess over the chromospheric emission or veiling in
the optical absorption lines.

The upper limit on M is consistent with estimates of accretion from the emission
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lines shown in Figures 5.2 and 5.4. From the width of the Ha line at 10% of the
maximum and the relation between 10% width and M of Natta et al. (2004), we find
M =23 x 1071 Mg yr~!. Also, from the flux in the C IV A\1549A line, we find
M = 1.6 x 107" Mg yr—" from the relation between C IV flux and M in Valenti
et al. (2003). Lawson et al. (2004) fit their Ha line profile of RECX-11 with a
magnetospheric accretion model, finding good agreement for a model with a mass

accretion rate of M =4 x 10~1'M yr~, also consistent with our upper limit.

5.5 Discussion

5.5.1 Ly, vs Ly

While it is ideal to measure L,.. from the peak of the excess emission, in the UV, it is
often not possible to obtain these observations. To overcome this difficulty, Gullbring
et al. (1998) calibrated the excess luminosity in the U broad band, Ly, in terms
of the accretion luminosity, L,.., for a sample of stars for which they had medium
resolution spectra from 3200 to 5400 A. Accretion luminosities were measured for
each star in this sample by extracting the excess flux through veiling measurements
and using a slab model to account for energy outside the observed bands. The excess
luminosity in U was measured by subtracting the flux in the U band of a main
sequence standard with the same V' magnitude from the observed U band fluxes.
This correlation was later reproduced using the accretion shock model described in
§5.4.2 (Calvet & Gullbring, 1998). The L, vs Ly relation is commonly utilized
in studies of large populations because it provides a convenient method for finding
Lac. (Rigliaco et al., 2011; Grosso et al., 2007; Robberto et al., 2004; White & Ghez,
2001; Rebull et al., 2000; Hartmann et al., 1998). However, as discussed above, the
calibration was developed using dwarf stars as templates against which the U band
excess was measured, and as we have shown, T Tauri stars have active chromospheres
which contribute to the U excess.

The UV excess observed in the WTTS RECX-1 significantly decreases the es-

timated excess from the accretion shock emission in the NUV. Assuming that the
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chromospheric emission in RECX-1 is typical for ~ K5 stars, then the intrinsic chro-
mospheric NUV flux would be 0.05 L, (§5.4.1.) If this NUV excess were interpreted
as an “accretion luminosity”, using the Gullbring et al. (1998) relation between L.
and U band excess, the excess luminosity in the U band just due to chromospheric
emission would be 0.01 L. This suggests that for the ~ K5 spectral range, U
band excesses and derived accretion luminosities below these limits should be taken
with caution. An extensive survey of the intrinsic chromospheric emission in WTTS
covering a wide spectral range is necessary to quantify the expected chromospheric
emission in CTTS. A re-calibration of the Ly vs. L, relation using characteristic
chromospheric contributions may extend its range of application to low values of L.

and M.

5.5.2 RECX-11 and Disk Evolution

RECX-11 is in the n Chamaeleontis group, with an estimated age of 5-9 Myr. This
age range is interesting because disk frequency studies indicate that ~ 80% of the
original disks have already dissipated by ~ 5 Myr (Herndndez et al., 2008). The disk
around RECX-11 is then one of the few survivors and a study of its properties can
give insight into the mechanisms of disk survival and dissipation.

In the age range of RECX-11, viscous disk evolution would predict a value for
the M between 1071° Mg yr~! and 107® Mg yr~!, extrapolating for the dispersion
observed in other populations (Calvet et al., 2005). The M for RECX-11 is below
this range, so additional disk dispersal mechanisms like photoevaporation may be
at play. According to one type of photoevaporation model, EUV photons would
ionize the disk surface; a wind is established outside a radius r, where the gas escape
velocity becomes higher than the sound speed. The predicted mass loss rates for EUV
photoevaporation is ~ 10719 Mg yr=! (Alexander & Armitage, 2007). After the mass
accretion rate becomes comparable to the mass loss rate, mass does not reach the
inner disk, which drains onto the star in timescales comparable to the local viscous
time, ~ 10° years (Clarke et al., 2001). An inner disk hole is thus created, and EUV

irradiation of its edge is expected to quickly erode the rest of the disk (Alexander
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et al., 2006). For the mass of RECX-11 (Table 5.1), the value of r, (Clarke et al.,
2001) would be ~ 7 AU. With further refinements of the theory, the value of the
critical radius can be decreased to ~ 0.1 — 0.2 r, (Font et al., 2004; Adams et al.,
2004). This implies that if EUV photoevaporation were active with mass loss rates
greater than the low accretion rate of RECX-11, a hole of at least 0.7 AU should have
developed in the RECX-11 disk.

A second type of photoevaporation model includes the effects of stellar X-ray and
FUV emission and predicts higher mass loss rates than the EUV models (Ercolano
et al., 2008; Gorti et al., 2009). According to the predictions of the X-ray driven
photoevaporation models, the wind mass loss rate scales with the X-ray luminosity.
The X-ray luminosity of RECX-11 has been recently measured by XMM Newton to be
3x10% ergs—! (Lépez-Santiago et al., 2010), very similar to the value 1.6 x 103 ergs~1
estimated from ROSAT observations (Mamajek et al., 2000). The disk of RECX-11
must have been subject to this influx of high energy radiation for most of its lifetime,
since the X-ray luminosity stays approximately constant in the 1 - 10 Myr age range
(Chapter 2). With the observed value of the X-ray luminosity, the mass loss rate
predicted by X-ray driven photoevaporation is ~ 107¥Mg yr~!, and the low value of
the accretion rate would imply that the disk was quickly clearing its inner regions,
with timescales < 10° yrs (Owen et al., 2012b). So, for the X-ray photoevaporation
models, the innermost disk regions should be cleared or in the process of being cleared.

To find evidence of the effects of photoevaporation on the disk of RECX-11, we
have constructed the SED shown in Figure 5.9. We plot fluxes at the B, V, R,
Ic bands (Lyo et al., 2004; Lawson et al., 2001) and J, H, and K bands from the
2MASS survey (Skrutskie et al., 2006) along with Spitzer/IRAC [3.6], [4.5], [5.8], and
[8] and MIPS [24] and [70] bands from Sicilia-Aguilar et al. (2009). We also include
the Spitzer IRS spectrum, observed in the SL1 and LL modes; the spectrum was
downloaded from the Spitzer archive and reduced with version S18.7 of the Spitzer
Science Center pipeline using the SMART data reduction package (Higdon et al.,
2004) following the description in McClure et al. (2010). The SED of a K5 star,

scaled at J, is shown for comparison; this SED was constructed with colors taken
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from Kenyon & Hartmann (1995). The median SED of Taurus (D’Alessio et al.,
1999), also scaled at J, is also shown.

The SED shown in Figure 5.9 of RECX-11 shows excess above the photosphere
at all wavelengths > 1.5 ym. Beyond the near infrared, the fluxes are lower than the
median SED of Taurus, a proxy for optically thick disks in which dust is present all
the way into the dust sublimation radius. The slope of the SED between 13 and 31
pm of nyz 31 = —0.8 is steeper than the median value of -0.4 for Taurus, indicating
a significant degree of dust settling in the RECX-11 disk (Furlan et al., 2006, 2009;
McClure et al., 2010). In addition, the profiles of the 10 pm and 20 pm silicate
features in the IRS spectrum are wider than those found in the ISM (Sicilia-Aguilar
et al., 2009) and contain substructure consistent with significant dust evolution, either
in the form of grain growth or crystallization (Watson et al., 2009).

Despite the high degree of evolution of dust in the disk, the SED of RECX-11 does
not show indications of an inner cleared region. In fact, the location of RECX11 in
the K-[8] vs. K-[24] diagram corresponds to that of full disks according to the study of
circumstellar disks at various stages of evolution by Ercolano et al. (2011). Moreover,
the SED of RECX-11 shows a substantial near-IR excess, comparable to the median
SED of Taurus, despite the low fluxes at longer wavelengths. The largest contributor
to the near-IR excess in T Tauri star disks is the optically thick “wall” at the dust
destruction radius, the sharp transition between the dust and gas disk (D’Alessio
et al., 2006; Dullemond & Monnier, 2010). For the parameters of RECX-11, the dust
destruction radius is of the order of ~ 0.06 AU, taking the simple expression for the
equilibrium temperature, with 7" = 1400 K as the dust sublimation temperature, and
T.rp = 4350K for a Kb star (Dullemond & Monnier, 2010).

The evidence then seems to rule out inner clearing in the disk of RECX-11. First,
it is accreting, so mass has to reach the magnetospheric radius, 3-5 stellar radii, ~
0.03 AU. Substantial Hy emission is observed, coming from gas regions as close in
as 0.01-0.1 AU to the central star, typical of all accretors. Moreover, dust extends
inwards to ~ 0.06 AU. These inner radii, where disk material is present, are not

consistent with those predicted for photoevaporation models, according to which the
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innermost < 0.1 AU of the disk should be clear. It could be argued that the disk of
RECX-11 has been caught in the short phase when the inner disk is still accreting its
remaining mass onto the star. However, the recent analysis of the disk of another star
in the 7 Cha group, ET Cha (ECHA J0843.3-7915 = RECX-15) casts some doubt on
this suggestion (Woitke et al., 2011). The disk of ET Cha is also accreting (Lawson
et al., 2004); it is very evolved with very low dust and gas masses, but still has a
very substantial near-IR excess consistent with emission from the dust destruction
radius (Woitke et al., 2011). For a 5-9 Myr population of less than 20 stars (Mamajek
et al., 2000) the probability of finding 2 stars in a phase lasting only ~ 10° years is
low. Overall, the evidence provided by low accretors in evolved populations suggests
that current models of disk dissipation by photoevaporation with high mass loss
rates may need to be re-visited. Our upper limit on M does not, however, rule out
photoevaporation at the low mass loss rates predicted by the EUV photoevaporation

models.

5.6 Summary and Conclusions

We used multi-wavelength observations of the CTTS RECX-11 and the WTTS RECX-

1 to investigate their accretion properties. We found:

e Multi-wavelength observations provide the clearest picture of the accretion
properties of a low M T Tauri star. Observations of molecular gas in the FUV
may be the most sensitive accretion probe, since these lines are only present
in accreting sources (Chapter 3), and their line profiles are consistent with an
origin in the disk, very close to the star. In the optical and near infrared, the
most sensitive indications of accretion come from high resolution observations
of the Ha and He I A10830 emission lines. These show variable and multiple
redshifted absorption components which reveal the complex structure of the
magnetosphere in a low M source. For very low values of M, lines normally
used as accretion indicators such as the Ca II IR triplet lines, arise mostly in

the stellar chromosphere and are not sensitive to accretion.
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e The contribution from the stellar chromosphere to the NUV flux can be sub-
stantial and may result in estimates of the accretion luminosity from U excesses
that are significantly higher than the actual value of L,... For RECX-1, a K5
star that is not accreting, as determined from its narrow Ha line profile and
from the lack of Hy lines in the FUV, its chromospheric NUV excess over the
photosphere of a standard dwarf star would result in incorrect estimates of
Lace ~ 0.05 Ly, and M ~ 3 x 1072 Mg yr~!. For the middle K spectral range,
estimates of accretion less than these limits based on methods calibrated with

standard dwarf stars should be taken with caution.

e When accounting for the active chromospheres of T Tauri stars by using a
WTTS as a template against which to measure the NUV excess, we determine

a very low M for RECX-11, < 3 x 1071 My yr~'.

e Given the low mass accretion rate, the high X-ray luminosity, and the advanced
age of RECX-11, photoevaporation is expected to be driving the final evolution
of its disk; if this was the case, the innermost disk regions, < 0.1 AU should
be clear. However, we find evidence for gas and dust in the innermost disk of
RECX-11, as indicated by ongoing accretion, the detection of Hy lines formed in
the innermost disk, and emission from optically thick dust at the dust destruc-
tion radius at levels consistent with other CTTS. This, together with similar
evidence provided by other slowly accreting, old disks, suggests that models for
photoevaporation-driven disk dissipation resulting in high values of the mass

loss rate should be revisited.
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Figure 5.1. STIS spectra of the WITTS RECX-1, the CTTS RECX-11 and the dwarf standard star,
HD 154363. All have K5-K6 spectral types but RECX-1 is no longer accreting while RECX-11 has
ongoing accretion (Lawson et al., 2004; Sicilia-Aguilar et al., 2009; Jayawardhana et al., 2006). The
spectra of the RECX-1 and RECX-11 are remarkably similar, except for the stronger C II] A2325
line in the CTTS. The Mg II A2800 doublet strength is comparable in the three sources (§ 5.4).
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Figure 5.2. Ha line profiles. (a) MIKE spectra of RECX-11 (solid line) and RECX-1 (red dashed
line). (b) SMARTS spectra of RECX-11 obtained within a few days of the HST observations. The
MIKE spectrum is also shown for comparison as the thick solid line. The wide blue wing and red-
shifted absorption in the Ha profile of RECX-11, characteristic of accretion, are observed in the
MIKE and SMARTS data. Transient narrow red-shifted components are observed in the red wing
of the lines and show the largest variability.
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Figure 5.3. He I A10830 profiles obtained with Phoenix and CRIRES. Top Panel: He I observations
of RECX-11 are shown from two epochs largely separated in time by 18 months. RECX-1 is shown
for comparison and photospheric lines identified by the Infrared Telescope Facility (IRTF) spectral
library are designated (Rayner et al., 2009). RECX-11 shows significant variability between the
two observations, including a variable redshifted emission component and a broad, high velocity
redshifted absorption component characteristic of magnetospheric infall. Bottom Panel: He I A10830
line profiles of RECX-11 after subtraction of the RECX-1 line profile. The Phoenix observation was
degraded to the resolution of the CRIRES observations prior to subtraction of the RECX-1 profile.
The photospheric lines are cleanly subtracted but the complex nature of the profile remains.
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Figure 5.4. COS C IV A1549 and A1551 line profiles for RECX-11 (solid line) and RECX-1 (red
dashed line). In agreement with other accretion indicators, the CTTS RECX-11 has broader lines
than the WTTS RECX-1; the emission is expected to arise in the accretion shock and flows.
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Figure 5.5. COS FUV spectra of the WI'TS RECX-1 and the CTTS RECX-11. The RECX-11
spectrum (upper black line) is offset vertically for clarity. Strong lines of Lya fluoresced Hz and
atomic lines are labeled. The blue dashes show the wavelengths at which additional Hy emission
lines from Ly« pumping may be seen. RECX-1 (lower red line) shows a lack of molecular gas lines
which are apparent in RECX-11; essentially no gas exists in the inner disk region of RECX-1.
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Figure 5.6. Spectrally resolved Hy line profile. The dot-dashed line shows the flux weighted average
of four Hy lines observed with the COS G130M grating. These lines result from the (1-2) R(6) and
(1-2) P(5) Lya pumping transitions and are found in a narrow wavelength region observed with a
single grating. The shaded region shows the predicted line emission originating in a Keplerian disk
with inclination of 68°, inner radius Ry = 1 — 20 R, and outer radius, Ry, = 450 — 500 R,. The
predicted line fluxes are convolved with the COS line spread function to account for instrumental
effects (Kriss, 2011).
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Figure 5.7. Accretion indicators. In each panel the black solid line shows the line profile of the
CTTS, RECX-11, and the red dashed line shows the WT'TS, RECX-1. a) [O I]. The [O I] A6300 A
line probes wind emission in T Tauri stars. Weak [O I] emission appears to be present in RECX-11 in
excess over the WT'TS but the detection is < 30. If [O I] were present it would be additional support
for accretion in RECX-11. b) Ca II. The Ca II A8542 A shows an emission core on the photospheric
absorption line. At low M, this line is dominated by chromospheric emission and cannot be used to
measure accretion rates, as shown by the identical profiles of RECX-1 and RECX-11.
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Figure 5.8. STIS spectrum of RECX-11 compared to predictions of the accretion shock model.
Top Panel: We show the STIS spectrum of RECX-11 (thin solid line) along with the template NUV
and optical emission, the WTTS RECX-1 (red dotted line), and the emission predicted from the
accretion shock model (blue long dashed line), with M < 3 x 10719 Mg yr~'. The thick solid green
spectrum is the accretion shock model added to the WTTS spectrum. Bottom Panel: The model
(green) was subtracted from the observations (black) and the residuals are shown.
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Figure 5.9. IR spectrum of RECX-11. The IRS spectrum (solid line) and Spitzer photometry
(asterisks) show that the IR fluxes are lower than the median IR fluxes of Taurus (dotted line), yet
still in excess over the photosphere (dashed line) even in the near-IR. A near-IR excess is due to
dust in the inner circumstellar disk, extending all the way to the dust sublimation radius.
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Table 5.1: Properties of RECX-1, RECX-11 and HD 154363

Object Class  Spectral Type Luminosity Mass Radius Distance Age
(Lo)  (Ms) (Ro)  (pc)  (Myr)
RECX-1 WTTS K5-K6 1.0 0.9 1.8 97 5-9
RECX-11 CTTS K5-K6 0.6 1.0 1.4 97 5-9
HD 154363 Dwarf K5 0.2 0.6 0.8 11 <1400

Note: Masses for the n Cha sources were calculated from the position in the HR diagram,

assuming the evolutionary tracks of Siess et al. (2000) with solar metallicity. Stellar param-

eters for HD154363 are from Holmberg et al. (2009) and Takeda et al. (2007).

Table 5.2: Log of Observations for RECX -1 and RECX-11

Object RA DEC Telescope/ Instrument Date of Obs
(J2000) (J2000)

RECX-1 08 36 56.12 -78 56 45.3 HST/ COS G130M/G160M 2010-01-22

HST/ STIS G230L/G430L 2010-01-22

Magellan/ MIKE 2010-03-10

VLT-UT1/ CRIRES 2011-05-22

RECX-11 0847 01.28 -78 59 34.1 HST/ COS G130M/G160M 2009-12-12

HST/ STIS G230L/G430L 2009-12-12

Magellan/ MIKE 2010-03-10

CTIO/ SMARTS RC Spectrograph ~ 2009-11-26
CTIO/ SMARTS RC Spectrograph ~ 2009-11-27
CTIO/ SMARTS RC Spectrograph ~ 2009-12-15
CTIO/ SMARTS RC Spectrograph ~ 2009-12-19
Gemini South/ Phoenix 2009-12-12
VLT-UT1/ CRIRES 2011-05-22
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CHAPTER 6

A Multiple- Column Model for Accretion in Low
Mass T Tauri Stars

6.1 Introduction

Classical T Tauri stars (CTTS) are pre-main sequence stars which are accreting gas
from their circumstellar disks, as discussed in previous chapters. The currently ac-
cepted paradigm for accretion is magnetospheric accretion, where the circumstellar
disk is truncated at a few stellar radii by the stellar magnetosphere (Hartmann et al.,
1994). At the truncation radius, gas is channeled along the magnetic field lines at
nearly free fall velocities, until it impacts the stationary photosphere, producing an
accretion shock. Accreting sources are identified by broad emission lines (like Ho
and Ca II), tracing material moving near free fall velocities in the accretion streams
(Edwards et al., 1994), or by an ultraviolet (UV) and U band excess over the stellar
photosphere, produced by hot gas in the accretion shock (Calvet & Gullbring, 1998).

The accretion properties of young stars are best characterized by studying a large
sample, including non-accreting T Tauri stars (or weak T Tauri stars, WTTS) to
distinguish effects of accretion from those of enhanced magnetic activity or surface
gravity. Although WTTS are no longer accreting, they retain strong magnetic fields
which produce an active chromosphere. The ramped up activity in the chromosphere
is seen as a UV excess over a dwarf star photosphere (Houdebine et al., 1996) and
emission in lines of hydrogen and calcium, the same diagnostics of magnetospheric
accretion; however, the chromospheric contribution is much weaker. Due to the
similarity in tracers, it is essential to use a WTTS template when estimating the

accretion rate onto the star (M ), especially for low M objects where the accretion
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emission is comparable to that from the active chromosphere. Until now, high signal
UV spectra of WT'TS were not available, so dwarf spectra took their place as stellar
templates, resulting in overestimated UV excesses (Chapter 5). Accurate Ms are
vital for the understanding of disk physics; the accretion rate provides information
about the surface density of the inner circumstellar disk (D’Alessio et al., 1999). For
the lowest accretors, the accretion properties reveal characteristics about the final
stages of the inner disk, shortly before it is dissipated.

Initial attempts to fit the shock excess assumed a single accretion spot on the stel-
lar surface characterized by either a single temperature and density in slab models
(Gullbring et al., 1998; Herczeg et al., 2004), or a single energy flux in the accre-
tion column for accretion shock models (Calvet & Gullbring, 1998, see Section 6.3.3).
These models indicated that the shocks or hot regions cover a small fraction of the
stellar surface, of order ~ tenths to a few percent. Recent models of the magneto-
sphere, calculated to reproduce spectro-polarimetric observations, revealed that the
magnetic field geometry of accreting stars is extremely complex, including high or-
der and tilted fields (Donati et al., 2008; Gregory & Donati, 2011). The accretion
footprints on the stellar surface which result from field lines of varying strengths
and geometries are themselves complex, ranging in size and density of the shocked
material, with filling factors spanning over 10% of the stellar surface. These large
filling factors have yet to be reproduced when fitting the accretion excess without
significantly over-estimating the UV fluxes.

In addition to theorized large filling factors, long wavelength veiling observations
are not explained by current accretion shock models. Veiling occurs when the excess
emission produced in the shock fills in, or “veils”, photospheric absorption lines,
causing them to appear shallow when compared to a WTTS template (Hartigan et al.,
1991). Veiling around 1 pm was reported in Edwards et al. (2006) and more recently in
Fischer et al. (2011) and McClure et al. (2012), who showed that the amount of veiling
becomes nearly constant from 0.8 to 1.4 um. Given an accretion shock spectrum
which peaks in the UV and decreases toward long wavelengths, veiling should be

negligible in the near-IR. White & Hillenbrand (2004) proposed that long wavelength
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veiling originates in a cool accretion component, cooler than that which describes
the UV excess, while Fischer et al. (2011) found that, in some cases, the necessary
filling factors of the cool component are too large for the veiling to be accretion
related and instead suggested that it comes from hot gas in the inner circumstellar
disk. McClure et al. (2012) successfully reproduced the observed long wavelength
veiling and found feasible filling factors for the cool accretion column; the difference
between the Fischer et al. (2011) and (McClure et al. 2012) results stemming from the
temperatures assumed for blackbodies representing disk and accretion components.
While near IR veiling measurements provide convincing evidence for a cool accretion
component, they are limited by the lack of spectral information near the peak of the
shock emission and result in little constraint to the high energy accretion properties.

In this Chapter, we use the accretion shock models described in Calvet & Gull-
bring (1998) to fit UV and optical observations of a large sample of CTTS. The
sample is a part of the large Hubble Space Telescope (HST) program, The Disks,
Accretion and Outflows of T Tau stars (DAO) which compiled a large dataset for
each source covering a long range in wavelength with observations as close to simul-
taneous as possible. Observations included HST far UV (FUV), near UV (NUV) and
optical spectra obtained with the Cosmic Origins Spectrograph (COS) and the Space
Telescope Imaging Spectrograph (STIS). We focus on the NUV and optical observa-
tions which are ideal for measuring accretion excesses, whereas the FUV spectrum is
complicated by molecular emission, both in lines and the continuum (Bergin et al.,
2004; France et al., 2011). Attempts were made to contemporaneously (within a few
nights of HST') obtain additional optical spectra in order to observe He, which was
not included in the STIS spectra; these attempts were successful for over half of the
sample.

Here, we improve upon treatments of the accretion shock as a single spot on the
stellar surface by including multiple accretion components, a scenario more physically
accurate given the geometry of the magnetosphere. With the added components, we
attempt to explain long wavelength veiling by including cooler accretion columns, as

suggested by White & Hillenbrand (2004) and Calvet & Gullbring (1998), from which
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the emission peaks toward redder wavelengths. In Section 6.2 we discuss the data
used in this chapter, both new observations and some previously published. Section
6.3 describes the process we use for calculating accretion rates and our results are
presented in Section 6.4. Finally, in Section 6.5.1 we explore the range of accretion
rates possible, assuming that some accretion luminosity is undetectable above the
star and in Section 6.5.2 we show how our new results affect correlations between
accretion indicators and M, which are commonly used when UV observations are not

feasible.

6.2 Observations

6.2.1 HST Observations

Observations were obtained with STIS on HST for 21 low mass CTTS and 4 WTTS
between 2009 and 2012 in the large HST program GO 11616 (PI: G. Herczeg). The
total DAO sample is larger, but for this chapter we select those sources which are
low mass (spectral types K to M). STIS NUV observations used the MAMA detector
and the G230L grating providing spectral coverage from 1570 to 3180 A with R~500-
1000. Optical observations were completed during the same orbit as the NUV using
the G430L grating which covers 2900-5700 A with R~530-1040, resulting in almost
simultaneous NUV to optical coverage with STIS. The bright source, CV Cha, was
observed with the echelle grating in the NUV (E230M). We also include two CTTS
observed earlier with the STIS G230L NUV grating, BP Tau (GO program 9081; PI.
Calvet) and LkCa 15 (GO program 9374; PI. Bergin).

The low-resolution STIS spectra were calibrated with custom written IDL routines
following the procedures described in the STIS data handbook. The wavelengths
were calibrated from the location of identified emission lines within the spectrum,
and fluxes were calibrated from spectra of WD 1337+705 in the NUV and HIP 45880
in the optical. The flux calibration also includes a wavelength-dependent aperture

correction. Two of the STIS spectra were previously discussed in Chapter 5
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6.2.2 Ground Based Observations

We also obtained low dispersion spectra of much of the sample, covering the Ha
line, using the Small and Medium Aperture Research Telescope System (SMARTS)
1.5m telescope at the Cerro Tololo Inter-American Observatory (CTIO). Sources
were observed with SMARTS for a few days before and after the HST observations
when possible, providing nearly simultaneous observations of Ha. The reduction of
SMARTS spectra was described in Chapter 2.

Due to the low resolution of the SMARTS data, we supplemented the observations
with existing, non-simultaneous high resolution spectra obtained with MIKE (Magel-
lan Inamori Kyocera Echelle) on the Magellan-Clay telescope at Las Campanas Ob-
servatory in Chile, with a coverage of 4800-9000 A and resolution, R~35,000. The
data were reduced using the Image Reduction and Analysis Facility (IRAF) tasks
CCDPROC, APFLATTEN, and DOECSLIT (Tody, 1993). MIKE spectra were used
to calculate the V band veiling, which would not be accurate at the low resolution of
the SMARTS data (Section 6.3.2). A log of all HST and ground based observations
is given in Table 6.1.

6.3 Calculating Accretion Rates
6.3.1 Stellar Template: The Active Chromosphere

It is well known that enhanced chromospheric activity is characteristic of stars which
have not yet reached the main sequence. A higher level of activity is inferred from
lines like Ha and the Ca II infrared triplet which are in emission and also variable in
young stars (Géalvez et al., 2009). Young stars also emit excess UV emission, compared
to dwarf stars (Houdebine et al., 1996). Since Hey, Ca II emission lines and the UV
excess are also the typical tracers of accretion, emission from the active chromosphere
should be taken into account when the accretion luminosity is estimated from the UV
excess over the photosphere. While chromospheric emission is not a large contaminant
for strong accretors, it is extremely significant when M is low. In Chapter 5 we

demonstrated how the emission from an active chromosphere can mask all evidence
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of accretion for the lowest accretors. In these cases, additional tracers of accretion or
material near the magnetospheric truncation radius (like FUV Hj emission lines) are
necessary to confirm that a source is accreting.

Previous estimates of M have mainly relied on dwarf photospheres as templates
against which to measure the U band or UV excess (Romaniello et al., 2004). A
better estimate of the excess could be found using a WTTS template but, until now,
WTTS with good signal in the UV were not available. As part of the DAO sample,
WTTS were included to act as templates, covering the range of spectral types of the
accreting sample (Table 6.2). Figure 6.1 shows the WTTS templates compared to
main sequence dwarf stars with the same spectral type; dwarf spectra were scaled to
the WT'TS at 5500 A. STIS observations of main sequence stars were found in the
HST Next Generation Spectral Library (Heap & Lindler, 2007). We compared the
luminosity in the WTTS to that of the dwarf between 2000 and 3000 A and found
that the WTTS had NUV luminosities ~3x higher than the dwarf stars. In the
following analysis, we use the WTTS with the closest spectral type match to each
CTTS as the stellar template.

6.3.2 Veiling By Shock Emission

The excess emission produced in the shock can contribute significantly to the total
luminosity of the CTTS, making it difficult to determine the luminosity of the star
itself. However, veiled absorption lines provide a diagnostic of the relative contribu-
tions from the star and shock (Gullbring et al., 1998). Veiling occurs when excess
emission is added to the spectrum of the star, filling in the photospheric absorption
lines (Hartigan et al., 1991), so by comparing the depth of absorption lines in the
CTTS to a WTTS, we have an estimate of the veiling continuum. When available,
we used the veiling at V', published in Edwards et al. (2006), which provides a compi-
lation from the literature. For a small sample of the sources with unpublished veiling
(CS Cha, CV Cha, DM Tau, LkCa 15, RECX11, RECX 15 and TWA 3a) we cal-
culated ry from high resolution optical spectra obtained with MIKE. Following the
method of Hartigan et al. (1989), we compared the depths of photospheric absorption
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lines of each CTTS to a WTTS with the same spectral type. A WTTS is a much
better veiling template than a dwarf star because the surface gravity and chromo-
spheric activity of the young stars alter the photospheric absorption lines (McClure
et al. 2012). We show three examples of different degrees of veiling observed in our
MIKE spectra in Figure 6.2.

Based on the veiling measurements near V' band, we scale our WTTS templates

to each CTTS using,
Fxwrrs = Frorrs/(1+ 1)), (6.1)

where F)\ wrrs and F) crrg are the continuum fluxes of the WI'TS and CTTS at
a given wavelength, respectively. ry = Fyeit/Feont, 18 the measured veiling at that
wavelength, where F.; is the excess continuum emission added to the photospheric
spectrum and F,,,; is the continuum flux. It is important to note that none of
our V band veilings are simultaneous to the STIS UV and optical spectra. This
presents an error in our estimated M because CTTS are known to be variable and
as M (and the excess continuum emission) change, the amount of veiling will reflect
this (Alencar et al., 2012). However, the low resolution of the simultaneous SMARTS
optical spectra prohibited accurate ry estimates, so we are left with non-simultaneous
veiling estimates. This will be more important for the high M ob jects than for the low
M sources, where errors are expected to be small because large accretion outbursts

are unlikely.

6.3.3 Accretion Shock Model

A full description of the model used to characterize the accretion shock can be found in
Calvet & Gullbring (1998) but here we review the main points. The current picture
of material accretion in the inner disk of CTTS is magnetospheric accretion. The
material falls onto the star along the magnetic field lines, which creates columns of
accreting material that impact the stellar photosphere. When the material traveling

at the free fall velocity, vs, hits the stationary photosphere a shock is created. The

134



velocity of the material is given by

1/2 1/2
w= () (%) ©62)

where M, and R, are the stellar mass and radius, respectively, and R; (assumed
to be 5 R,) is the radius at which the magnetosphere truncates the disk (Calvet &
Gullbring, 1998).

The model of the accretion column is simplified by assuming that it has a plane
parallel geometry and is perpendicular to the stellar photosphere. The shock formed
at the base of the accretion column effectively reduces the velocity of the infalling
material in order for it to join the star at the photosphere, converting the kinetic
energy into thermal energy, and causing the temperature to increase sharply. In the
strong shock approximation, which is used because the material is traveling at high

velocities, the temperature immediately after the shock is described by

M. R\
T,=86x10°K u - .
s =8.6x10 (0.5M®> (2%) (63)

(Calvet & Gullbring, 1998). At these high temperatures, the shocked material emits
soft X-rays into the pre-shock, post-shock and the photosphere below the shock. This
radiation heats the material in these regions causing it to emit the observed excess
continuum emission.

In this treatment, the emission from the accretion column is characterized by
two parameters, F and f, which are the total energy flux in the accretion column
(F = 1/2pv3) and the filling factor (or fraction of the surface of the star which is
covered by the accretion columns), respectively. Changes in the filling factor, f, cause
the shock spectrum to increase or decrease independent of wavelength, in essence
scaling the luminosity of the emission. F acts to change the peak wavelength of the
accretion shock emission, producing blackbody- like behavior. Figure 6.3 shows how
the shock spectrum changes for different values of F, assuming typical values for M,

and R,. As F increases, more energy is deposited on the stellar surface, increasing
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the temperature of the photosphere below the shock. This region behaves as the
photosphere of a star with an earlier spectral type than that of the undisturbed
photosphere. High F columns have temperatures up to 9000 K, whereas low F
columns are cooler, around 5000-6000 K, producing the wavelength shift between
columns with different Fs. For the lowest value of F, the emission peaks around
6000-7000 A whereas for the model with the highest F, the emission peaks between
2000 and 3000 A.

We use this property of the accretion column emission to explain excesses at both
short and long wavelengths when attempting to fit the DAO observations. In the
following analysis we refer to accretion columns with energy fluxes of F = 101 — 3 x

3 as “low F” columns and those characterized by F = 3 x 10 —

1019 erg s7' em™
10'2 erg s~ em ™2 as “high F” columns. This range allows for blackbody-like spectra
with temperatures ranging between 5000 and 10,000 K (Calvet & Gullbring, 1998),
or, from slightly hotter than star to the high temperatures needed to fit the UV
excess. Note that as F decreases, larger values of f are needed to produce the same

amount of flux as a high F accretion column. M can be calculated for each accretion

column, with F and f known, using

_ 87R?

=T gy (6.4)

(Gullbring et al., 2000). The total M is a sum of the contributions from each column
and from M we may determine L. using,

GM, M R,

L acc —
R,

6.4 Results

In this analysis we include, for the first time, multiple accretion columns with a
range in energy flux; specifically, we add low F accretion columns to fit the red
optical excess and the veiling at 1 ym. 1 pm veilings are known for only a subset

of our sample (10 sources) and of that subset, the veiling is >0.1 for only 7 sources
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(Edwards et al., 2006). For the remaining sources, we fit the NUV and optical excess
without constraining the 1 pym veiling.

The spectra were de-reddened using the Ay values in Table 6.3 and the redden-
ing law of Whittet et al. (2004). UV emission is extremely sensitive to reddening
assumptions, with Ay > 2 x Ay near 2500 A and corrections are complicated by
uncertain UV reddening laws. Calvet et al. (2004) compared UV reddening laws and
found that the extinction law towards a B star behind the Taurus Molecular Cloud
(Whittet et al., 2004) was appropriate for sources in Taurus and similar environem-
nts, where the grain sizes in the cloud are not significantly different from those in
the interstellar medium. We used values of Ay from Furlan et al. (2009) or Furlan
et al. (2006) for the sources in Taurus and Chamaeleon I, which were computed by
comparing observed V' — I, I — J, or J — H colors to expected photospheric colors
in Kenyon & Hartmann (1995). For the remaining sources (TWA 3a, RECX 11 and
RECX15) we assume Ay=0 (Webb et al., 1999; Luhman & Steeghs, 2004).

We calculated the stellar luminosity from the flux in the J band of the photosphere
using the bolometric correction of Kenyon & Hartmann (1995). The photospheric .J
band flux was obtained by scaling de-reddened Two Micron All Sky Survey (Skrutskie
et al., 2006, 2MASS) J magnitudes by the veiling at 1 ym. We then used the Siess
et al. (2000) evolutionary tracks to determine the masses of the sources in the sample.
These stellar properties are listed in Table 6.3.

To find the best fit of the accretion shock models to the STIS and SMARTS
spectra for each source, we calculated the emission from accretion columns spanning
F =10 — 10 erg s7! em™3, using the M, and R, from Table 6.3. We allowed the
filling factor, f, to vary independently for each accretion column and then summed
the flux from each column with that of the WT'TS, scaled to the CTTS by the veiling
at V. The spectrum of the final model is given by;

F\(model) = %;(Fx(column, F;) x f(F;)) + Fx(WTTS), (6.6)

where F)(model) is the flux in the model, F\(WTTS) is the scaled flux of the WTTS,
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F\(column, F;) is the flux from an accretion column with energy flux F; and f(F;) is
the filling factor of a column with energy flux F;, where F;=10%, 3 x 101°, 10!, 3 x
101, 10'% erg s7! em =3,

When determining the best fit model, we isolated continuum regions because the
accretion shock models do not attempt to reproduce line emission produced in the

shock and calculated the x2 ,, as

X2 _ izN (F)\(THOdel) - F)\(CTTS))2
red — N =0 E\(CTTS)?

(6.7)

where N is the number of continuum wavelengths which contribute to the fit, F3(CTTS)
represents the de-reddened CTTS spectrum and E\(CTTS) is the error in the ob-
served fluxes. The best fit models were chosen on the basis of having the lowest x2.,
fit in addition to re-producing veiling estimates at 1 pm from Edwards et al. (2006).
The filling factor of each contributing column in the best fit model is given in Table
6.4; columns with f = 0 do not contribute to the model fluxes. Finally, we calculated
M using Equations 6.2, 6.4 and,

87 R?

2
Us

M =

x Xi(Fi X f(F3)) (6.8)

Basically, M is calculated for each contributing column and then the Ms are summed.
Estimated Ms are listed in Table 6.5. An important result is that, by including the
low F columns to fit the red veiling, we find significantly higher filling factors than
would be needed to fit the UV excess alone (Tables 6.4 and 6.5). Given that models of
the magnetosphere predict large f, multi-component accretion columns are a better
representation of the physical geometry of the system.

The best fit of the accretion shock models to the de-reddened NUV and optical
spectra are shown in Figures 6.4 — 6.7. Overall, we found good fits between the
models and the observed spectra, with a few exceptions. For the later spectral types,
especially the M stars, the models did not reproduce a rise in the observed spectra

between 2000 and 3000 A (Figure 6.7). This spectral region is populated with Fe
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emission lines, which are unresolved at the STIS resolution. The Fe lines may be
produced in accretion related flows (Herczeg et al., 2006); however, they are also
observed in the WT'TS templates, so they appear to have a chromospheric component.
They become more apparent at later spectral types, as the photospheric emission in
the UV decreases. For DK Tau, we were unable to reproduce the 1 pym veiling,
likely because of variability. In Edwards et al. (2006), the veiling at V' is equal to
the veiling at 1 pm, requiring an abnormally red accretion spectrum, which is not
supported by the observations. The two veiling measurements were not simultaneous,
so it is possible that M was higher when the IR observations were obtained. Finally,
we do not attempt to fit the FUV spectrum because the continuum at <1700 A
has contributions from H, in the disk, which are not included in the accretion shock
model.

Figures 6.4 — 6.7 also include non-simultaneous photometry from the literature,
de-reddened using Ay from Table 6.3. When available, we used the range of optical
photometry from Herbst et al. (1994) and this range is shown as the green error
bars. The photometry for the remaining CTTS came from the following sources; CV
Cha (Lawson et al., 1996), GM Aur, IP Tau, LkCa 15 and V836 Tau (Kenyon &
Hartmann, 1995), RECX 11 and RECX 15 (Sicilia-Aguilar et al., 2009) and TWA 3a
(Gregorio-Hetem et al., 1992). The models shown do not attempt to fit the photom-
etry because it is not simultaneous, but we use the photometry to look for evidence
of high amplitude variability. Most of the photometry agrees with the STIS and
SMARTS spectra and is therefore well fit by the models. For a small sample of
sources, the STIS spectra are slightly lower than expected from the photometry, RW
Aur, FM Tau, IP Tau, V836 Tau, RECX 15 and TWA 3A. Except for RW Aur
and FM Tau, the photometry for these sources is single epoch, therefore, the spec-
tra may be representative of typical variability, were there multi-epoch observations.
The NUV and optical spectra of HN Tau are significantly higher than the range of
photometry from Herbst et al. (1994), but this source has been shown to display large
increases in brightness over several years (Grankin et al., 2007).

In Figure 6.8 we compare the Ms calculated here with those from two previous
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studies of young stars in Taurus. The first, Valenti et al. (1993), fit optical spectra
with coverage from 3400 to 5000 A of Taurus CTTS using a hydrogen slab model and
a WTTS template. The slab was characterized by the temperature, number density,
thickness and coverage on the stellar surface. The second study, by Gullbring et al.
(1998), used similar assumptions to those of Valenti et al. (1993) and therefore, their
accretion rates are in good agreement. Gullbring et al. (1998) notes that the major
differences between the two come from choices of Ay and the evolutionary tracks used
to determine M,.

Compared to the Valenti et al. (1993) and Gullbring et al. (1998), our Ms tend
to be higher. Significant differences in our method include: 1) we used accretion
shock models as opposed to slab models, 2) we had estimates of the chromospheric
contribution to the NUV excess and 3) we used estimates of the excess at 1 ym to
constrain emission from a cooler accretion component. These last two tend to cancel
each other out; the reduction in the shock excess due to the active chromosphere is
countered by an increase in the shock excess at long wavelengths as indicated by the
1 pm veilings. Both accretion and slab models have been shown to fit the UV and
blue excesses (Gullbring et al., 2000; Calvet et al., 2004; Herczeg et al., 2004; Herczeg
& Hillenbrand, 2008) so the difference is not likely in the models. The reason for the
discrepancy is different from source to source. In some cases our assumed Ays are
higher, increasing our Ms; in general our Ays are slightly higher than those assumed
in Gullbring et al. (1998). For the sources with the highest veiling, the red excess is
greater than the NUV decrement to the excess from the chromosphere, so the two do

not completely cancel, again resulting in higher M.

6.5 Discussion

6.5.1 Hidden Accretion Emission

Table 6.4 shows that a low F column is not always needed to fit the excess emission
in certain CTTS. For these objects, the lack of a red excess negates the need for a

low F column; however, it does not rule one out. In Chapter 5, we showed that emis-
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sion produced in the accretion shock may be hidden by the intrinsic stellar emission
(specifically the active stellar chromosphere). Here, we estimate how much hidden
flux may be present for sources with no detectable red excess and the implications for
determinations of M. In Figure 6.9 we show two model fits to the spectrum of V836
Tau. In the left panel, the best fit model is produced with only a high F column,
no additional accretion columns are needed because no red excess is observed (Table
6.4). In the right panel, we assume that the low F columns exist, but the emission
from the column is not detectable above the stellar component. For V836 Tau we
find that the contribution to the accretion emission that may be hidden below the
stellar emission is approximately equal to that in the high F column, doubling the
estimated accretion rate. This new model results in limited veiling at 1 pm, with
71 wm=0.1, within the errors of veiling estimates.

We perform this analysis for all sources which had f = 0 for the low F columns in
the initial fit, with the constraints that the NUV and optical fluxes are not overesti-
mated by the new models, and that the veiling at 1 gm remains less than 0.1. Using
this method, we calculate upper limits on M and the filling factor, listed in Table
6.5, where the differences in the two filling factors comes from increasing f(1 x 109)
from its value in Table 6.4. These additional low F accretion columns impact our
understanding of magnetospheric accretion because they increase the expected M
along with the filling factors. For the example shown in Figure 6.9, the accretion rate
is slightly more than doubled when we assume some shock emission is hidden, but
the filling factor may be up to 100 times higher. This increases the filling factor from
<0.1% to a few percent, better in line with the models of the accretion footprints

produced by complex magnetic field geometries (Romanova et al., 2012).

6.5.2 Correlations with Accretion Indicators

Measuring the UV excess is by far the best method for determining M but UV
observations are difficult to obtain. For this reason it is common to use an indicator
of accretion easily accessible in the optical or near-IR which has been calibrated with

Ms calculated for the few sources with UV observations. Both the EW(Ha) and
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the width of Ha at 10% of the maximum flux are often used as accretion proxies
(White & Basri, 2003; Natta et al., 2004). The width of Ha at 10% is favorable
because the wings trace the fast moving material in the accretion flows (Muzerolle
et al., 2001). Also, the EW(Ha) saturates for the highest accretors, or sources with
the largest veiling (Muzerolle et al., 1998a). Correlations between Ha 10% width
have been widely used; however there is considerable scatter because Ha and the UV
excess have not been measured simultaneously. The dataset presented here, with UV
and optical observations separated by less than one to a few days, would be ideal for
this analysis; however, the resolution of the SMARTS optical spectra is too low to
accurately measure the 10% width of He, so we focus on the EW(Ha).

In Figure 6.10, M and EW(Ha) are plotted for the sample of our sources which had
nearly simultaneous SMARTS optical and UV observations. There is no clear relation
between EW(Ha) and M. Two sources, DM Tau and RECX 15, have relatively low M
but significant EW(Ha), showing that it is not a good tracer of M. However, we can
measure the flux of the He line in the SMARTS data and Ly, is then calculated with
distances from Table 6.3. In Figure 6.11 we see a correlation between Ha luminosity
and M (or Lge.) with a Pearson correlation coefficient of 0.9. The following equations
describe the trend between Ly, and M or Lae.

log(M) = 1.0(£0.2)log(Lua) — 5.6(£0.6) (6.9)

10g(Lace) = 0.9(£0.2)log(Lya) + 1.3(40.6) (6.10)

Hp is less often used to trace accretion than Ha but has been shown to correlate
with M (Muzerolle et al., 2001). We compare the luminosities in Hf (Lyg) measured
from the simultaneous STIS optical spectra to both M and L. in Figure 6.12.
We find strong correlations between the line luminosity and the accretion rates and
luminosities, both with correlation coefficients ~0.9. The lines shown in Figure 6.12

which describe the trends are given by the following equations;
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log(M) = 1.5(£0.2)log(Lys) — 3.4(=0.6) (6.11)

log(Lace) = 1.5(£0.2)log(Lug) + 3.9(£0.7) (6.12)

Another commonly used tracer of accretion is the Ca II infrared triplet line emis-
sion (Rigliaco et al., 2011). Our SMARTS spectra did not cover the infrared triplet
lines of Ca II, but in our STIS optical data, we observe the Ca II H and K lines. The
H line at A3969 A is blended with the A3970 A He line at the resolution of STIS, so
we only consider the contamination-free K line. Similar to the Ha and HfS line lumi-
nosities, the Ca II K line at A\3934 A appears to have an origin in accretion related
processes, as there is a clear trend between the Ca II K luminosity (Lcan k) and M or
Lgce (with correlation coefficients of 0.8 in each case). We show the trends in Figure
6.13 and give the relations in the following;

log(M) = 0.9(£0.2)log(Lcar k) — 5.2(+0.6) (6.13)

108(Lace) = 0.9(£0.2)log(Lcan k) + 2.2(£0.6) (6.14)

Included in our NUV spectra are two emission lines which have been shown to
correlate with accretion properties. Calvet et al. (2004) analyzed NUV spectra for
a sample of intermediate mass T Tauri stars and found that luminosities of C II]
22325 A and Mg IT A2800 A increased with L,... We expected a similar trend due
to simultaneous observations of the lines and accretion excess and Figure 6.14 shows
a tight correlation. Mg II is also a tracer of chromospheric activity, and is detected
in each of the WTTS templates, but the contribution to the luminosity is likely
saturated at the age of our sample (Cardini & Cassatella, 2007). C II] is not observed
in WTTS; however, is easily identified even in low M objects and correlates with
Lgce. C 1], therefore, appears to be a very sensitive tracer of accretion, observable

even when the NUV continuum excess is not. Relations between line fluxes and L.
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are given by;

10g(Lace) = 1.0(£0.2)log(Lc 1) + 2.6(+0.6) (6.15)

log(Lace) = 1.1(£0.1)log(Lyg 11) + 2.0(£0.4) (6.16)

6.6 Summary and Conclusions

We used a large sample of T Tauri stars with complete spectral coverage in the FUV,
NUV and optical to analyze the accretion properties of young stars. The main results

are summarized here.

e The NUV fluxes of WT'TS are ~3x stronger than dwarf stars of the same spec-
tral type, due to enhanced chromospheric activity in young stars. This excess
can introduce uncertainties in the estimate of the NUV excess produced by ac-
cretion if the correct templates are not used. By using WTTS templates with
good signal to noise in the UV, which first became available in the DAO sample,
we were able to distinguish chromospheric excesses from accretion excess when

calculating accretion rates.

e Accretion shock models which explain the NUV excess cannot describe both
large filling factors predicted by models of the magnetic field distribution and
non-zero long wavelength veiling, observed in 1 um data. Here, we used multi-
column accretion shock models. The shock emission is assumed to be a com-
bination of high energy flux (F) columns which peak in the UV and low F
accretion columns which peak at redder, optical wavelengths. By including a
variety of accretion columns, red veiling may be explained and due to the larger
filling factors of low F accretion columns, expected large filling factors are also

understood.

e Low F accretion columns which can explain 1 pgm veiling in high accretors, may

be present even when no red excess is observed. The intrinsic stellar emission,
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especially the active chromosphere, may hide this accretion component at low
M. We measured the maximum emission of a cool column that can be hidden
by the stellar emission and determined the filling factor of the cool column. We
found large surface coverage, even in sources without veiling at 1 gm. In some

cases the red excess was equal to the excess flux in the NUV, doubling M.

e We used, for the first time, simultaneous measurements of emission line lu-
minosities and accretion luminosities ti search for indicators of accretion. We
found clear trends between the luminosities of Ha, HB, Ca II K, Mg II and
CII]. No correlation is found between EW(Ha) and M, even with simultaneous
observations. C II] may be a sensitive tracer of accretion at low M, as it is
observed in all the CTTS in our sample, even those with no NUV accretion

excess.
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Figure 6.1. Comparison of WTTS and dwarf star templates. In each panel the black line is the
WTTS observed as part of the DAO sample and the magenta line is a dwarf standard of the same
spectral type, taken from the STIS Next Generation Spectral Library. The WTTS excess in the
NUYV is produced by an active chromosphere in young stars.

146



Lo S B LR B LR R B LI INLENL N NN R B

)
]
2
=
o
0
N 0.7¢
s
£
[N
o
z
0.6}
0.5}
RECX 15 CS Cha RECX 11
04 1y 1yl FEFEE BN RN FEFEE B R
5678 5680 5682 5684 5678 5680 5682 5684 5678 5680 5682 5684
A (B

Figure 6.2. Veiling in MIKE spectra. The panels show three CTTS (black) observed with MIKE
which have different degrees of veiling compared to a WTTS of the same spectral type (red). RECX
15 (left panel) has significantly more veiling than RECX11 (right panel), observed as very shallow

absorption lines.
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Figure 6.3. Fluxes of accretion shock models with varying energy flux (F). Each line shows
the normalized emission from an accretion column with a different value of F, listed next to each
spectrum, spanning the range from F = 10'° — 10'? erg s~! em™3. The low F models have shock
emission which peaks at longer wavelengths.
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Figure 6.4. Spectra of late G, early K spectral type CTTS in the DAO sample: CV Cha and RW
Aur. We fit the STIS NUV and optical spectra with emission from accretion columns plus a WTTS
spectrum. In each panel the black spectrum is the CTTS and the blue spectrum is the WTTS, LkCa
19. The broken black lines represent accretion shock models with different F values, defined as in
Figure 6.3. The red line is the best model fit to the data, adding the emission from the different
shock models to the WTTS spectrum. The green error bars indicate non-simultaneous photometry,
representing the range observed in multi-epoch observations when available.
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Figure 6.5. Spectra of mid K CTTS in the DAO sample: CS Cha, DR Tau, HN Tau, LkCa 15 and
RECX 11. Lines are defined as in Figure 6.4, except the blue spectrum is the WT'TS, RECX 1.
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Figure 6.6. Spectra of late K, early M CTTS in the DAO sample: AA Tau, BP Tau, DK Tau, DN
Tau, FM Tau, GM Aur, IP Tau and V836 Tau. Lines are defined as in Figure 6.4, except the blue
spectrum is the WTTS, HBC 427.
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Figure 6.7. Spectra of mid M CTTS in the DAO sample: De Tau, DM Tau, RECX 15 and TWA
3a. Lines are defined as in Figure 6.4, except the blue spectrum is the WTTS, TWA 7.
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Figure 6.8. DAO accretion rates versus accretion rates from the literature. We compare our
estimates of M to those from Valenti et al. (1993) in red and Gullbring et al. (1998) in black. Most

sources fall on the left of the solid line, where the DAO Ms are higher than those found in the
literature.
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Figure 6.9. Range of possible accretion shock models for V836 Tau. In each panel the lines are
defined as in Figure 6.4. The left panel shows the best fit model of the accretion shock to the optical
spectra. The right panel shows the fit if we assume that some accretion flux is hidden by the stellar
photosphere. The luminosity of the second, low F' accretion column (dotted line) is equal to that of
the column which fits the NUV excess (long dashed line), doubling M.
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Figure 6.10. M versus EW(Ha). We compare the range of Ms given in Table 6.5 to the EW(Ha)
measured from the nearly simultaneous SMARTS spectra. We see no correlation between the two.
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Figure 6.11. M and Lq.. versus Ha line luminosity. The luminosity of Hey, measured in the low
resolution SMARTS spectra, is correlated with the accretion properties. The error bars represent
the range of M from Table 6.5. Fits to the data are given in Equations 6.9 and 6.10.
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Figure 6.12. M and L,.. versus HA line luminosity. Accretion rates and luminosities are plotted
as in Figure 6.11. We measured the luminosity of HfS from the simultaneous STIS spectra. HS
clearly traces the accretion properties of the source. Fits to the data are given in Equations 6.11
and 6.12.
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Figure 6.13. M and L. versus the Ca II K line luminosity. Accretion rates and luminosities are
plotted as in Figure 6.11. We measured the luminosity of the Ca II K line from the simultaneous
STIS spectra. Like the infrared triplet lines of Ca II, the K line luminosity correlates with the
accretion properties. Fits to the data are given in Equations 6.13 and 6.14.
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Figure 6.14. Accretion luminosity versus luminosity of NUV emission lines. We compare the
luminosity of C TT) A2325 A (left panel) and Mg IT A\2800 A (right panel) to the range of accretion
luminosities calculated from the Ms in Table 6.5. We find strong correlations between both C I1]
and Mg IT and L,... Fits to the data are given in Equations 6.15 and 6.16.
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Table 6.1: Log of DAO Observations

Object RA DEC Telescope/ Instrument Date of Obs
(J2000) (J2000)

AA Tau 04 34 55.42  +24 28 52.8 HST/ STIS G230L/G430L 2011-01-07
CTIO/ SMARTS RC Spectrograph ~ 2010-12-30

CTIO/ SMARTS RC Spectrograph ~ 2010-12-31

CTIO/ SMARTS RC Spectrograph ~ 2011-01-02

CTIO/ SMARTS RC Spectrograph ~ 2011-01-03

CTIO/ SMARTS RC Spectrograph ~ 2011-01-04

CTIO/ SMARTS RC Spectrograph ~ 2011-01-05

BP Tau 04 19 15.86 +29 06 27.2 HST/ STIS G230L 2002-01-12
CS Cha 11 02 25.20 -77 33 36.3 HST/ STIS G230L/G430L 2011-06-01
CTIO/ SMARTS RC Spectrograph ~ 2011-05-30

CTIO/ SMARTS RC Spectrograph ~ 2011-05-31

CTIO/ SMARTS RC Spectrograph ~ 2011-06-02

Magellan/ MIKE 2012-02-16

CV Cha 1112 27.65 -76 44 22.1 HST/STIS E230M/G430L 2011-04-13
CTIO/ SMARTS RC Spectrograph ~ 2011-04-08

CTIO/ SMARTS RC Spectrograph ~ 2011-04-13

CTIO/ SMARTS RC Spectrograph ~ 2011-04-15

CTIO/ SMARTS RC Spectrograph ~ 2011-04-17

Magellan/ MIKE 2010-03-10

DE Tau 04 21 55.69 +27 55 06.1 HST/ STIS G230L/G430L 2010-08-20
CTIO/ SMARTS RC Spectrograph ~ 2010-08-15

CTIO/ SMARTS RC Spectrograph ~ 2010-08-18

CTIO/ SMARTS RC Spectrograph ~ 2010-08-20

CTIO/ SMARTS RC Spectrograph ~ 2010-08-21

DK Tau 04 30 44.25 426 01 24.5 HST/ STIS G230L/G430L 2010-02-04
DM Tau 04 33 48.74 418 10 09.7 HST/ STIS G230L/G430L 2010-08-22
CTIO/ SMARTS RC Spectrograph ~ 2010-08-15

CTIO/ SMARTS RC Spectrograph ~ 2010-08-18

CTIO/ SMARTS RC Spectrograph ~ 2010-08-20

CTIO/ SMARTS RC Spectrograph ~ 2010-08-21

Magellan/ MIKE 2011-01-04

Continued on Next Page...
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Table 6.1 — Continued

Object RA DEC Telescope/ Instrument Date of Obs
DN Tau 04 352744 424 14 59.1 HST/ STIS G230L/G430L 2011-09-10
CTIO/ SMARTS RC Spectrograph ~ 2011-09-07

CTIO/ SMARTS RC Spectrograph ~ 2011-09-09

CTIO/ SMARTS RC Spectrograph ~ 2011-09-11

DR Tau 04 47 06.22 416 58 42.6 HST/ STIS G230L/G430L 2010-02-15
FM Tau 04 14 13.56 +28 12 48.8 HST/ STIS G230L/G430L 2011-09-21
CTIO/ SMARTS RC Spectrograph ~ 2011-09-21

CTIO/ SMARTS RC Spectrograph ~ 2011-09-27

GM Aur 04 55 10.98 +30 21 59.1 HST/ STIS G230L/G430L 2010-08-19
HBC 427 04 56 02.02 +30 21 03.2 HST/ STIS G230L/G430L 2011-03-30
HN Tau 04 33 39.37 41751 52.1 HST/ STIS G230L/G430L 2010-02-10
IP Tau 04 24 57.14 427 11 56.4 HST/ STIS G230L/G430L 2011-03-21
LkCa 15 04 39 17.73 +22 21 03.8 HST/ STIS G230L 2003-02-13
Magellan/ MIKE 2011-01-04

LkCa 19 04 55 36.97 430 17 55.0 HST/ STIS G230L/G430L 2011-03-31
RECX 1 08 36 56.12  -78 56 45.3 HST/ STIS G230L/G430L 2010-01-22
RECX 11 0847 01.28 -7859 34.1 HST/ STIS G230L/G430L 2009-12-12
CTIO/ SMARTS RC Spectrograph ~ 2009-11-26

CTIO/ SMARTS RC Spectrograph ~ 2009-11-27

CTIO/ SMARTS RC Spectrograph ~ 2009-12-15

CTIO/ SMARTS RC Spectrograph ~ 2009-12-19

CTIO/ SMARTS RC Spectrograph ~ 2009-12-21

Magellan/ MIKE 2010-03-10

RECX 15 08 43 18.43 -7905 17.7 HST/ STIS G230L/G430L 2010-02-05
CTIO/ SMARTS RC Spectrograph ~ 2010-02-01

CTIO/ SMARTS RC Spectrograph ~ 2010-02-04

CTIO/ SMARTS RC Spectrograph ~ 2010-02-06

Magellan/ MIKE 2010-03-11

RW Aur 0507 49.561 430 24 04.8 HST/ STIS G230L/G430L 2011-03-25
TWA 3a 1110 27.80 -37 31 51.2 HST/ STIS G230L/G430L 2011-03-26
CTIO/ SMARTS RC Spectrograph ~ 2011-03-18

CTIO/ SMARTS RC Spectrograph ~ 2011-03-22

CTIO/ SMARTS RC Spectrograph ~ 2011-03-25

Continued on Next Page. ..
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Table 6.1 — Continued

Object RA DEC Telescope/ Instrument Date of Obs
CTIO/ SMARTS RC Spectrograph ~ 2011-03-29

Magellan/ MIKE 2010-03-10

TWA 7 10 42 29.94  -33 40 16.7 HST/ STIS G230L/G430L 2011-05-05
V836 Tau 0503 06.62 425 23 19.6 HST/ STIS G230L/G430L 2011-02-05

CTIO/ SMARTS RC Spectrograph ~ 2011-01-28
CTIO/ SMARTS RC Spectrograph ~ 2011-02-01
CTIO/ SMARTS RC Spectrograph ~ 2011-02-03
CTIO/ SMARTS RC Spectrograph ~ 2011-02-08

Table 6.2: DAO WTTS Properties

Object Ay Luminosity Radius Mass SpT

mag (Lo) (Ro) Mg
HBC 427 0.0 0.8 1.9 08 K7
LkCa 19 1.4 1.7 1.6 1.3 KO
RECX1 0.0 1.0 1.8 09 Kb
TWA 7 0.0 0.5 1.8 0.5 Ml
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Table 6.3: DAO CTTS Properties

Object SpT Ay Luminosity Radius Mass Distance ry ry
(Lo) (Ro) (Mo) (pc)
AA Tau K7 19 1.0 2.1 0.8 140 0.3 0.2
BP Tau K7 1.1 1.0 2.1 0.8 140 0.7 0.3
CS Cha K6 0.3 1.9 2.7 0.9 160 0.2 -
CV Cha G9 15 3.1 2.0 1.5 160 14 -
DE Tau M2 0.9 0.8 24 0.4 140 06 0.2
DK Tau K7 13 1.6 2.6 0.7 140 05 0.5
DM Tau M1 0.7 0.2 1.1 0.5 140 0.7 -
DN Tau MO 0.9 1.5 2.8 0.6 140 0.1 0.0
DR Tau Kb 14 0.4 1.1 0.9 140 81 20
FM Tau MO 0.7 0.1 0.7 0.6 140 - -
GM Aur K7 0.6 1.2 2.3 0.8 140 0.2 0.0
HN Tau K5 1.1 0.7 1.5 1.1 140 0.8 0.5
IP Tau MO 1.7 0.7 1.9 0.6 140 - -
LkCa 15 K5 1.1 0.8 1.6 1.1 140 02 -
RECX 11 K5 0.0 0.6 1.4 1.0 97 0.0 -
RECX 15 M3 0.0 0.1 0.9 0.3 97 0.8 -
RW Aur K3 05 0.5 1.1 0.9 140 20 09
TWA 3a M3 0.0 0.4 1.8 0.3 50 0.0 -
V836 Tau K7 1.5 1.0 2.1 0.8 140 0.0 0.0

Note: Ay and SpT references: AA Tau, BP Tau, DE Tau, DN Tau, DR Tau,
FM Tau, GM Aur, HN Tau, IP Tau, LkCa 15, RW Aur and V836 Tau (Furlan
et al., 2011); DK Tau, DM Tau, CS Cha and CV Cha (Furlan et al., 2009);
RECX 11 and RECX 15 (Luhman & Steeghs, 2004); TWA 3a (Webb et al.,

1999)
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Table 6.4: Filling Factors for Multi-Component Model

Object FO010)  £(3x1010)  F(101) (3 x 10'1)  f(10'2)

AA Tau 0.05 0 0 0 0.001
BP Tau 0.09 0 0 0.008 0.0007
CS Cha 0.008 0 0.003 0 0
CV Cha 0.45 0.20 0 0 0
DE Tau 0 0.04 0 0 0
DK Tau 0 0.009 0.009 0.004 0
DM Tau 0.08 0 0 0.001 0.0002
DN Tau 0 0 0 0.002 0
DR Tau 0 0 0.3 0.07 0.006
FM Tau 0 0 0 0 0.002
GM Aur 0 0 0.001 0.003 0
HN Tau 0 0 0 0.02 0.0005
IP Tau 0 0 0 0 0.0007
LkCa 15 0 0 0.01 0.0007 0.0001
RECX 11 0 0 0.001 0 0
RECX 15 0 0 0.0009 0.0004 5x1075
RW Aur 0 0.2 0.09 0.02 0
TWA 3a 0 0 0 0 8x1076
V836 Tau 0 0 0 0 0.0002
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Table 6.5: Accretion Rates for the DAO Sample

Object WTTS Mo fe MP b

max max

(Mg yr™) (Mg yr™1)

AA Tau HBC 427 1.3x1078 0.05 - -
BP Tau HBC 427 2.9x10°8 0.10 - -
CS Cha RECX 1 5.3x107° 0.01 - -
CV Cha LkCa 19  3.5x1078 0.65 - -
DE Tau TWA 7 2.6x1078 0.04 - -
DK Tau HBC 427 3.5x1078 0.02 - -
DM Tau TWA 7 2.2x107? 0.08 - -

DN Tau  HBC 427 1.0x10~%  0.002 < 1.7x1078 < 0.06
DR Tau RECX1 52x10~%  0.37 - -

FM Tau  HBC 427 54x1071°  0.002 < 6.0x1071° <0.02
GM Aur  HBC 427 9.6x10~°  0.004 < 1.3x1078 < 0.04
HN Tau  RECX1 1.4x10~%  0.02 - -

IP Tau HBC 427 4.8x10~%  0.0007 < 7.0x107° <0.03
LkCa1l5 RECX1 3.1x107°  0.01 < 6.0x107° <0.13
RECX 11 RECX 1 1.7x107' 0001 < 2.6x10710 < 0.006
RECX 15 TWA 7 42x107'° 0.001 < 88x10~10 <0.03
RW Aur  LkCa 19 2.0x10~%  0.33 - -

TWA 32  TWA7 98x107' 8x1076 < 3.4x10710 < 0.002
V836 Tau HBC 427 1.1x107°  0.0002 < 2.6x107° < 0.02

@ Values which give the best x2 , fit of the model to the data which also
reproduces the observed 1 um veiling, when known. The filling factors are the
sum of the contributions from each column in Table 6.4.

® Values calculated when allowing for a low F column which produces emission

not detectable above the intrinsic stellar emission.
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CHAPTER 7
Summary and Conclusions

In this thesis, we studied the evolution of pre-main sequence stars by tracing
the high energy emission produced in energetic phenomena. We focused on X-ray
and UV emission which originate in coronae and chromospheres heated by strong
magnetic fields and fast stellar rotation, accretion shocks onto the stellar surface and
hot gas in the inner circumstellar disk. During pre-main sequence evolution a young
star transitions from a CTTS to a WTTS as accretion ceases and the inner disk
gas is depleted. This transition likely occurs during the first 10 Myr, a timescale
relevant to disk dispersal and planet formation. Both are strongly influenced by
high energy emission which is essential for circumstellar disk evolution, providing
the heating mechanism for photoevaporation of disk material and acting as a source
of ionization, which is important for inducing magneto-rotational instabilities and
driving disk chemistry. After 10 Myr the WTTS spins down as it evolves towards
the main sequence, decreasing the heating of the corona and chromosphere, observed
as a decline in X-ray and UV radiation. In this chapter, we summarize our results
from Chapters 2-6 regarding high energy emission from T Tauri stars and discuss

possibilities for future research in this area in Section 7.4.

7.1 Evolution of X-rays and FUV Emission

With new X-ray and FUV observations of young stars we followed the decline in high
energy emission for the first 1-100 Myr of pre-main sequence evolution. Chandra
X-ray observations of the well populated, 7-10 Myr, 25 Ori stellar aggregate con-

firmed previous results from Mercer et al. (2009) that the X-ray emission remains
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constant for the first 10 Myr (Section 2.3), beginning its decay between 10 and 30
Myr. A new, large sample of FUV spectra of T Tauri stars and debris disks revealed
a similar decline in FUV emission with age. Our sample included both accreting and
non-accreting sources and therefore, many had contributions to the FUV from the
accretion shock and circumstellar Hy. There is a large range in FUV luminosities
for a given age because there is a similarly large scatter in accretion luminosities for
sources of the same age (Calvet et al., 2005), with the FUV luminosity of the accreting
sources always exceeding that of the WTTS and debris disks. In Section 4.4, we in-
creased our FUV sample to include observations of 12 young (1-3 Myr) WTTS, used
to establish the FUV contribution of the chromosphere alone. The FUV emission
appears to saturate around 10 Myr, like the X-ray emission; however, there is a sig-
nificant spread in the measured luminosities for the small number of sources, making
this analysis difficult. If the same mechanism is heating both the chromosphere and
corona, which seems likely based on correlations between tracers of the two (Maggio
et al., 1987; Mamajek & Hillenbrand, 2008), then it would be reasonable to assume
that X-rays and FUV saturate at the same age. It is important to note that although
the X-ray emission for a population is saturated, individual objects will still exhibit
variability due to stellar flares, for an example (Stelzer et al., 2000).

While the reason for X-ray (and FUV) saturation is not completely understood,
the eventual decline occurs as the rotation period of the source increases (Preibisch
et al., 2005). The drop in short wavelength radiation for stars as they evolve towards
and even along the main sequence was shown by Ribas et al. (2005) who found that
the decay for > 1 Gyr solar type stars followed a power law. We compared the
expected emission from their power laws to X-ray and FUV emission for 10-100 Myr
G type debris disks in nearby star forming regions (Section 2.4) and found that the
Ribas et al. (2005) predictions provided a reasonable fit to our observations of much
younger stars. Therefore, the dimming of high energy radiation appears to transition
smoothly from the T Tauri to main sequence phases of stellar evolution, with the rate

of decline described by a constant power law.
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7.2 Dissipation of Circumstellar H,

Due to the difficulty of observing circumstellar gas, dust emission has been used to
study the evolution and removal of disk material thus far (Dullemond & Dominik,
2004; D’Alessio et al., 2006; Dutrey et al., 2008). Although a lot can be learned from
the dust, the gas comprises the majority of the mass of the disk, and much of the
gas is in Hy. In Chapter 3 we showed that FUV spectra of T Tauri stars, even at
low resolution, provide crucial information regarding Hy in the disk, very close to the
star. We compared the Hy emission properties between sources with full disks and
those with no evidence for a disk, as traced by the dust, which also covered a variety
of accretion properties. The data showed that the Hy is dissipated from the inner
disk when sources have reached the debris disk stage of dust evolution. We also found
that Hy is not detected when a source is no longer accreting. As the X-ray emission
necessary to produce an H, feature near 1600 A is present in all young stars this
indicates that it is likely the complete dissipation of the inner disk which eventually
halts magnetospheric accretion.

In Chapter 4 we included young (1-3) Myr WTTS to search for the last traces of
gas in circumstellar disks. The spectra had no evidence for remaining Hs, indicating
that some young stars get rid of their entire disks in very short timescales. This is
important for studies of planet formation, because it shows that some disks (up to
20%) do not last more than 1 Myr, limiting the time available for planets to form
(Hernandez et al., 2008). It is likely that these disks are telling us something about
the initial conditions of star formation, perhaps the angular momentum distribution
of molecular cloud cores, as cores with very low angular momenta may form geomet-
rically small disks (Hartmann, 2009). Disks with small radii will accrete quickly onto

the star, within the 1-3 Myr timescale of the young WTTS.

7.3 Characterization of Accretion at Different Stages

In Chapter 6 we analyzed the accretion properties of a large sample of T Tauri stars,

ranging in M from 107! to 10~7 Mg yr—!. The dataset included simultaneous FUV
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through optical spectra, necessary because T Tauri stars are known to be variable
(Herbst et al., 1994). These accretion rates were derived using appropriate stellar
templates, WT'TS, instead of dwarf stars which have been used in the past because
they are more readily available. We fit the spectra using the Calvet & Gullbring (1998)
treatment of the emission from the accretion columns, which accurately describes
the UV excess, but as a next-order approximation, we allow for multiple accretion
components. Including the emission from accretion columns with different energy
fluxes is motivated both by models which describe the geometry of the magnetosphere
(Donati et al., 2008; Gregory & Donati, 2011) and observations of a red wavelength
excess (Edwards et al., 2006; Fischer et al., 2011). Models predict that the accretion
footprints of complex field geometries will have a variety of filling factors and densities.
We assume columns with different energy fluxes, defined as F = (1/2)pv2, where vy is
approximately the free fall velocity, represent accretion spots with a range of densities
(p). A major impact of this addition to the models is that filling factors are much
larger than in the initial models which fit the UV excess alone. Low F columns which
peak at redder wavelengths have large filling factors, ~10%, similar to those predicted
by the magnetospheric geometry models (Romanova et al., 2012). When calculating
M, two new assumptions in our treatment offset; 1) using the WTTS stellar template
which has a UV excess compared to a dwarf star reduces the UV shock excess, while
2) fitting the observed red excess with low F columns increases the shock emission.

In Chapter 5, we focused on one source from Chapter 6 with a very low M,
RECX-11, to explore accretion at the final stages. Several accretion indicators, like
the Ca II infrared triplet lines, the O I A\6300 A accretion-related wind diagnostic
and even the NUV excess, which reveal ongoing accretion at high M do not work
at low M. High resolution and multi-epoch observations of Ha and He I A10830A
do provide the needed evidence, displaying complex and variable accretion features.
In addition, FUV observations of Hy in the disk are sensitive to remaining inner
disk gas, which we have shown to be linked to ongoing accretion. With confirmed
accretion, we estimate the upper limit on the mass accretion rate as 3x 1071 M yr—!.

RECX-11 has no indication of a gap or hole in the circumstellar disk, so it is unlikely
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that photoevaporation is occurring at rates predicted by X-ray and FUV models, up
to 1078 Mg yr~! (Owen et al., 2010; Gorti et al., 2009; Gorti & Hollenbach, 2009).
Even considering the “photoevaporation- starved accretion” discussed in Owen et al.
(2012b), where the mass accretion rate may drop to an order of magnitude below the
mass loss rate for a brief period of time before the disk gap opens, the upper limit
on the accretion rate of RECX-11 is still well below 107 Mg yr~! and contradicts
predicted high mass losses. Using low accretion rate objects, like RECX-11, we can

provide constraints on mass loss rates that may be eroding the circumstellar disk.

7.4 Directions for Future Observations and Theory

There are still considerable advances to be made in understanding the evolution of
circumstellar disk gas and its relation to high energy processes in pre-main sequence
objects. For one, the evolution of the non-accretion related contributions to the UV
should be better constrained, and is important for understanding the chromosphere
as a source spins down. Cardini & Cassatella (2007) showed that Mg II near 2800
A, a tracer of chromospheric activity, is saturated for sources <300 Myr, but it
appears that the FUV emission drops somewhere after 10 Myr; a bigger sample of
FUV spectra is needed to confirm whether continuum and line tracers saturate at
different ages. Right now this analysis is limited by the dearth of FUV observations
of WTTS, especially high resolution observations. UV photons are easily absorbed
and therefore it is difficult to detect weak UV emission from WTTS; however, the
nearest and brightest are observable with COS.

Perhaps the most important unknown in theories of circumstellar disk chemistry is
the Ly« radiation. Lya may be up to 80% of the total FUV luminosity, but is difficult
to observe. The best attempt to constrain the shape of the Lya emission line uses
H, emission lines produced by Ly« fluorescence of Hy to reconstruct the Lya fluxes
that were seen by the disk. So far, only one Ly« profile has been reconstructed from
H, observations, and that is of TW Hya (Herczeg et al., 2002). However, absorption
at wavelengths corresponding to Hy transitions were observed against the Ly« line

profiles of DF Tau and V4046 Sgr (Yang et al., 2011), so there are good prospects
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for probing the variety of Lya profiles irradiating the disk, especially with the DAO
sample which covers a large variety of accretion properties.

In this thesis, we used low resolution FUV spectra in an attempt to ascertain
properties of hot gas in the inner circumstellar disk, but the ACS/SBC prism spectra
provided very limited information. Ideally the combination of high resolution FUV
spectra and models of the emission from hot molecular gas will provide temperatures
and densities of gas in the inner disk, in addition to masses of the gas with those
parameters. With large samples of FUV spectra from STIS or COS, we will be able
to follow the properties of the gas through disk evolution, similar to what has been
done for the dust. The high resolution FUV spectra of few sources have been modeled
so far (France et al., 2011, 2012), but the number is increasing with the DAO sample.

To understand the different timescales of disk evolution, more young WTTS
should be studied at UV and X-ray wavelengths. As shown by Hernandez et al.
(2007b), IR tracers of circumstellar dust are not observed in all of the stars in the
youngest star forming regions; up to 20% of sources appear to have no disks at <1
Myr (Lada et al., 2000). Currently, we have confirmed that gas is completely gone in
the disks of only twelve 1-3 Myr Taurus and Chamaeleon I WTTS, using sensitive
FUV tracers of Hy. Further studies are needed to confirm that we are not missing
small quantities of remaining gas (or accretion) which is not detectable above the
stellar emission for sources which show some dust clearing but do not have accretion
detected. These observations will provide constraints to models of the early stages
of star formation, including the formation of young WTTS. We suggested one mech-
anism to get rid of a circumstellar disk quickly, by forming young stars from clouds
with low angular momenta, but there are additional possibilities, for example dy-
namical interactions, possibly due to a companion (Bate et al., 2003; Armitage et al.,
2003), photoevaporation from the central star or external radiation by nearby hot
stars (Adams et al., 2004).

With the aging of HST and no solid plans for future UV space missions, it is
important to accumulate as much UV data of young stars as possible now. The

ongoing study of dust and cool molecules is promising given the advent of the Atacama
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Large Millimeter Array (ALMA) and the James Web Space Telescope (JWST) but
the complete picture (dust + hot gas and accretion) cannot be completed without
UV and X-ray observations. An important result that will come from the DAO and
similar samples are correlations between accretion rates or luminosities and accretion
proxies, like Ho, HB and the Ca Il lines. These will be necessary when the space based
UV observations are not possible and studies of young stars are limited to optical or
IR spectra. Perhaps key to our understanding of young stars will be similar proxies for
the coronal and chromospheric contributions, as access to X-ray and FUV instruments
becomes increasingly competitive. Examples of chromospheric proxies include the Ca
IT H and K lines in the optical; calibrating these lines with the observed UV excess
produced in the active chromosphere of WTTS may provide an estimate of that
excess when no UV observations are available. With accurate correlations between
properties of high energy processes and easily accessible tracers, large samples of
young stars with observed accretion and heated chromospheric/ coronal indicators

may be accumulated quickly to advance our understanding of these processes.
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