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ABSTRACT

We present an Advanced Camera for Surveys/Solar Blind Channel far-ultraviolet (FUV) study of H; gas in 12 weak
T Tauri stars in nearby star-forming regions. The sample consists of sources which have no evidence of inner disk
dust. Our new FUV spectra show that in addition to the dust, the gas is depleted from the inner disk. This sample
is combined with a larger FUV sample of accretors and non-accretors with ages between 1 and 100 Myr, showing
that as early as 1-3 Myr, systems both with and without gas are found. Possible mechanisms for depleting gas
quickly include viscous evolution, planet formation, and photoevaporation by stellar radiation fields. Since these
mechanisms alone cannot account for the lack of gas at 1-3 Myr, it is likely that the initial conditions (e.g., initial
disk mass or core angular momentum) contribute to the variety of disks observed at any age. We estimate the angular
momentum of a cloud needed for most of the mass to fall very close to the central object and compare this to models
of the expected distribution of angular momenta. Up to 20% of cloud cores have low enough angular momenta
to form disks with the mass close to the star, which would then accrete quickly; this percentage is similar to the
fraction of diskless stars in the youngest star-forming regions. With our sample, we characterize the chromospheric

contribution to the FUV luminosity and find that Lgyy/Lpe saturates at ~10~41,
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1. INTRODUCTION

An early stage of pre-main-sequence evolution is character-
ized by the accretion of gas from the inner disk by magne-
tospheric 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 ac-
cretion rate decreases, until eventually, accretion ends when the
inner disk gas is depleted (Ingleby et al. 2009, 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 plan-
etary 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 toward 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 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
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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 with the Spitzer Infrared Spectrograph (IRS; Carr
& Najita 2011 and references therein), Herschel (e.g., Mathews
et al. 2010), and Hubble Space Telescope (HST) far-ultraviolet
(FUV) observations of H, (France et al. 2011; Ingleby et al.
2011a; Herczeg et al. 2002; Calvet et al. 2004; Yang et al.
2012). 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
spectranear 1600 A produced when H;, is excited by high-energy
electrons (Bergin et al. 2004) and found it present in accreting
sources but is absent in non-accreting sources. Since the X-ray
emission necessary for producing the high-energy electrons
is strong during pre-main-sequence evolution (Ingleby et al.
2011Db), the lack of H, 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 WTTS in the
Taurus and ChamaeleonI star-forming regions and look for
evidence of circumstellar H,. In Section 3, we present results
on the presence or lack of H, and in Section 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.


http://dx.doi.org/10.1088/2041-8205/752/2/L20
mailto:lingleby@umich.edu
mailto:ncalvet@umich.edu

THE ASTROPHYSICAL JOURNAL LETTERS, 752:L20 (Spp), 2012 June 20

—13 T LAY T T

CTTS TW Hya - 0.2

\ ’
’l o~

-——

\
-

PNy T

—14Fb

V826 Tau + 0.6

|
—
()]

|
—
(]

V827 Tau — 1.2

log Flux (erg s ecm™ &)
[
2

-19 V830 Tau — 2.5

1300 1400 1500 1600 1700
A (8

INGLEBY ET AL.

CHXR 68B — 1.8

aalia |
1300 1400 1500 1600 1700
A8

Figure 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 PR130L resolution. The gray shaded area represents the spectral region where we would expect to see
H, emission if gas were present in the disk (I09); in TW Hya, H, emission is observed. For the Chamaeleon I sources, it is unclear if emission near 1600 A is produced
by H» 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.

2. SAMPLE, OBSERVATIONS, AND DATA REDUCTION
2.1. FUV 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 FUYV, 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
C1v 11549 doublet. Fluxes were calibrated from the sensitivity
function obtained from white dwarf standard stars by Bohlin
(2007). The spectra cover 1230—1800 A with a 2-pixel resolution
of ~300 at 1230 A and ~80 at 1600 A.

2.2. Notes on Sample and Individual Sources

The FUV detections include seven low-mass T Tauri stars in
Taurus and five in Chamaeleon I (Figure 1 and Table 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 24 pum or 3.6 and 24 um for sources in Chamaeleon I
(Luhman et al. 2008), and no ongoing accretion, defined as
Ha equivalent width <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
(Ingleby et al. 2011a); therefore, small quantities of gas could
remain in the inner disk.

Table 1
Source Properties
Object SpT Luminosity Ay Lruv Region
(Lo) (x1075 Lg)
J1-4872 K7 0.5 0.0 e Taurus
LkCa 3E M1 0.9 0.4 8.0 Taurus
LkCa 3W M1 0.9 0.4 8.6 Taurus
LkCal4 MO 0.4 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 0.4 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.

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 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 474 and the A component itself a
binary with a separation of 01 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.



THE ASTROPHYSICAL JOURNAL LETTERS, 752:L20 (Spp), 2012 June 20

INGLEBY ET AL.

1.0
0.8
0.6
0.4

02
0.0

Scaled Flux

Taurus

1.0
0.8
0.6
0.4

a .. W

Scaled Flux

4 .
\ !

0.2
0.0

1200 1300 1400

1500 1600 1700

A4

Figure 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 (dotted blue line). For Chamaeleon I, the

background emission is comparable to the source flux at 1600 A.
(A color version of this figure is available in the online journal.)

3. RESULTS

We used a continuum feature at 1600 A, which is formed
primarily by the photodissociation of Hj, as a gauge of the
strength of H, emission (Bergin et al. 2004). We first dereddened
the spectra using published Ay or A; magnitudes (Kenyon &
Hartmann 1995; Luhman 2004) and the Whittet et al. (2004)
extinction law. The FUV continuum* has contributions from
several sources in CTTS, including the chromosphere and
accretion shock, in addition to the continuum produced by
H, dissociation (Ingleby et al. 2011a, 2011b). To approximate
the FUV continuum at the PR130L resolution, we used the
median FUV spectrum of the WTTS and debris disks (DD) in
109. 109 showed that no H, emission was present in the spectra
of these sources and there is no ongoing accretion, leaving only
the chromospheric contribution. Figure 2 compares the median
of the 109 WTTS/DD sample to the median of the Taurus
and ChamaeleonI 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 H, feature.

Figure 3 shows the luminosities of the H, feature in our
sample combined with results from 109. We also include new
observations of accretors in Chamaeleon I (Ingleby et al. 201 1b).
Many of the 1-3 Myr WTTS have H;, feature luminosities within
30 of the luminosities of the 109 older population which were
shown to be cleared of gas in 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 C1v and
Heu emission lines produced by the binary observed along
the dispersion axis. The CTTS HN Tau B has an H; 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

4 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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Figure 3. H, vs. age. The luminosity of the H, feature for accreting sources is
shown as blue crosses and for the non-accretors, red triangles. New WTTS in
Taurus and Chamaeleon I are offset from the CTTS in each region by 0.2 Myr
for clarity. The solid line represents the median H, luminosity for the 109 non-
accreting sample and the dashed lines represent 3o from that median. Typical
errors are shown in the upper left corner.

(A color version of this figure is available in the online journal.)

and the similarity in H, 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. DISCUSSION
4.1. Disk Depletion on Short Timescales

As shown in Figure 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 Myr 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
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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
etal. 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 submillimeter, tracing the outer disk, and constrained the
disk mass to <0.0004 My (<2 Mjy,p). They also compared
submillimeter and IR data for their sample and found that most
sources lacked excesses in both, indicating that inner and outer
disks are dispersed within 107 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).

Blueshifted forbidden line emission at velocities around
10 km s! is interpreted as evidence that gas is undergoing
photoevaporation (Pascucci et al. 2011). Theories of photoe-
vaporation differ regarding the type of high-energy emission
responsible for the mass loss and the rates at which the ma-
terial 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" Mg 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 obser-
vations of Andrews & Williams (2005). After the gap is formed,
the inner and outer disks are influenced by continued accretion
and photoevaporation, respectively, at rates of 10710 Mg yr~!.
At these low rates, the disk mass at the time of gap opening must
be less than 2 x 107> My, in order for the disk to be depleted
in 107 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 mod-
els of photoevaporation which include X-ray and FUV emission
achieve mass-loss rates up to 1078 Mg yr~! (Gorti et al. 2009;
Owen et al. 2012). In Owen et al. (2012), the mass-loss rate
scales with the X-ray luminosity; for the X-ray luminosities of
our WTTS sample (see Section 4.2), the predicted mass-loss rate
would be ~10~% M yr~!. Therefore, both the inner and outer
disks would contain <1073 M yr~! to be completely removed
in <10’ years, close to the range of predicted disk masses. How-
ever, objects with very low accretion rates yet with full disks can-
not be undergoing photoevaporation at such high rates, whereas
the low mass-loss rates predicted by the EUV photoevaporation
models are more consistent with observations (Ingleby et al.
2011a).

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 r., which depends on the core gas
temperature (7)), angular velocity (€2), and mass of the central
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star (M). Assuming T = 10 Kand M = 1 Mg,
re ~9 AU x Q2 5, (1

where Q_ ;s is in units of 1071 rad s~! (Hartmann 2009).
Assuming uniform rotation, the specific angular momentum is

J/M ~95x 10" ems™ R;, Q_5, ()

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 yr),
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). 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.

4.2. Evolution of Chromospheric Emission

Accurate estimates of the high-energy emission in young stars
are important because 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
(Houdebine et al. 1996); however, the total excess is difficult
to estimate due to the small number of UV observations of
WTTS. 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.
WTTS have no emission contributions from accretion or H, 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, we show the evolution of high-
energy stellar radiation fields between 1 and 100 Myr.> 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 Ly /Ly = —2.9 £ 0.2, is within the
errors of that found previously, log Lx /Ly, = —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 chromo-
spheric indicator Ry in a sample with Galaxy Evolution
Explorer data and observed a decrease in chromospheric ac-
tivity between 107> and 10° years. Evidence suggests that the

5 In Ingleby et al. (2011b), 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 and 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.
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Figure 4. X-ray (black asterisks) and FUV (blue diamonds) luminosities
normalized by the bolometric luminosity vs. age. The median of the X-ray
and FUV luminosities for sources at <10 Myr are indicated with black solid
and dashed blue lines, respectively. Typical errors are shown in the lower left
corner.

(A color version of this figure is available in the online journal.)

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
luminosity was correlated with indicators of the chromospheric
emission (e.g., the Can H and K lines), and Ingleby et al.
(2011b) showed that X-ray and FUV luminosities are corre-
lated for >10Myr 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
FUYV saturation for sources <10 Myr (as shown in Figure 4). To-
tal FUV luminosities were integrated between 1230 and 1800 A
(Table 1). We find that the FUV luminosity saturates at a level of
log Lryy/Lpe = —4.1 £ 0.1. We also see evidence for the be-
ginning of the expected decline in FUV emission for the oldest
sources in our sample.

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.

1. A new FUVsample of young (1-3 Myr) WTTS in the
Taurus and Chamaeleon! star-forming regions confirms
previous results that H; gas in the inner circumstellar disk
is completely dissipated by the time accretion onto the star
ends. This is true even for the youngest non-accretors.

2. 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.

3. If the heating of the corona and chromosphere are related,
as observational evidence indicates, then 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
Lyuv/Lpo = —4.1 £0.1.
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