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ABSTRACT

We analyze the far-ultraviolet (FUV) spectra of 33 classical T Tauri stars (CTTS), including 20 new spectra
obtained with the Advanced Camera for Surveys Solar Blind Channel (ACS/ SBC) on theHubble Space Telescope.
Of the sources, 28 are in the� 1 Myr old Taurus–Auriga complex or Orion Molecular Cloud, 4 in the 8–
� 3 × 10

Š6 g cmŠ2, 9 orders of magnitude below the surface density of the minimum mass solar nebula at 1 AU.
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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 speci�c questions remain unanswered, mainly because
the gas is dif�cult 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� 5–20 Myr. In particular, Pascucci
et al. (2006) looked for H

2 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 with 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 H2 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, H06,
and references therein). At the same time, the stellar high-
energy radiation �elds eject electrons from heavy metals, and the
resulting free electrons produce additional electrons by ionizing
H and He atoms; these secondary electrons then excite H2
to upper levels, resulting in a characteristic spectrum of lines
and continuum in the UV (Spitzer & Tomasko1968; Bergin
et al. 2004, B04). For electron excitation to work ef�ciently,
temperatures need to be high enough for neutral H to be present.
The relatively high-temperature requirements mean that the H2
detected by these means must either be close to the star or
be excited by shocks. UV H2 emission has been found to be
extended in objects surrounded by substantial natal material, in
the regions where the stellar out�ow shocks this material, or
in fast accretors, where the H2 may arise in the high density
out�ow itself (H06). However, without remnant envelopes such
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Table 1
Sources

Object Spectral Type L AV Age Lacc H2 Feature Σ
(L�) (mag) (Myr) (L�) 10−5 L� 10−6 g cm−2

ACS CTTS
AA Tau M0 1.1 1.4 1 0.13±.15

.03 79.9±0
67 > 49.3

CI Tau K6 1.3 2.1 1 0.47±.34
.11 3.3±2.0

0 > 9.9

DE Tau M1 1.2 1.1 1 0.16±.16
.05 2.9±6.9

1.4 > 36.3

DL Tau K7 1.0 1.6 1 0.32±.26
.08 3.3±4.1

2.1 > 22.5

DN Tau M0 1.2 0.8 1 0.04±.07
.01 0.49±4.5

.13 > 18.4

DO Tau M0 1.4 2.4 1 0.29±.24
.08 46.1±13

8.6 > 84.6

DP Tau M0 0.2 0.5 1 0.01±.02
.003 4.2±1.9

1.4 > 17.6

DR Tau K7 1.7 1.0 1 1.03±.53
.22 14.1±4.3

3.7 > 43.2

FM Tau M0 0.5 1.9 1 0.30±.26
.07 16.0±6.8

13 > 61.7

FP Tau M3 0.4 0.1 1 0.001±.004
.0004 0.021±.10

.004 > 4.9

GK Tau M0 1.4 1.1 1 0.06±.08
.02 0.98±1.7

.58 > 18.1

HN Tau Aa K5 0.2 1.2 1 0.07±.10
.02 16.6±9.2

1.8 > 38.8

HN Tau Ba M4 0.03 0.9 1 . . . 0.15±.53
.04 > 5.8

IP Tau M0 0.7 0.9 1 0.02±.05
.004 0.61±2.8

0.4 > 15.0

UZ Tau Aa M1 0.3 0.5 1 0.02±.07
.02 0.80±2.8

0 > 14.3

UZ Tau Ba M2 0.3 1.0 1 0.02±.07
.02 1.5±2.9

.91 > 8.5

CVSO 206 K6 0.2 0.2 9 . . . 1.2±.17
.51 > 13.9

CVSO 35 K7 0.7 0.7 9 0.02±.01
.01 3.2±2.3

2.7 > 16.6
CVSO 224b M3 0.1 0.5 9 . . . . . . . . .

OB1a 1630 M2 1.0 0.0 9 . . . 1.3±1.3
1.0 > 13.3

STIS CTTS
BP Tau K7 1.3 1.0 1 0.23±.29

.20 14.1±23
7.4 > 41.6

DM Tau M1 0.3 0.6 1 0.08±.10
.07 15.4±15

5.5 > 39.5

GM Aur K3 1.2 1.1 1 0.18±.21
.16 19.7±48

4.9 > 48.7

LkCa 15 K5 1.0 1.0 1 0.03±.06
.02 8.6±6.8

2.5 > 26.4

RY Tau G1 9.6 2.2 1 1.6±2.4
.80 338.0±400

120 > 148.4

SU Aur G1 7.8 0.9 1 0.10±.20
.01 6.8±14

1.5 > 30.0

T Tau G6 7.8 1.8 1 0.90±1.2
.60 104.5±37

18 > 103.9

CO Ori G0 22.3 2.0 1 1.7±2.5
.90 303.5±550

110 > 149.0

EZ Ori G3 5.9 0.6 1 0.10±0
0 20.0±8.5

7.9 > 41.1

GW Ori G0 61.8 1.3 1 4.7±6.9
2.5 188.2±250

49 > 178.8

P2441 F9 11.5 0.4 1 0.4±.60
.20 3.4±3.9

1.8 > 29.0

V1044 Ori G2 6.7 0.4 1 0.6±.90
.30 4.6±.30

3.0 > 37.6

TW Hya K7 0.3 0 10 0.03±.04
.02 2.6±3.1

.92 > 43.9

ACS WTTS
HD 12039 G4 0.3 0 31.6 0 <.021 < 2.2
HD 202917 G5 0.7 0 31.6 0 <.016 < 2.8
HD 61005 G8 0.6 0 125.9 0 <.013 < 1.3
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 0.4 0.1 15.8 0 <.015 < 2.4
MML 36 K5 1.1 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 < 1.5
TWA 13B M1 0.17 0 10.0 0 <.002 < 1.5

Notes.
a 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 & Ghez2001) but is unresolved by ACS/SBC.
b CVSO 224 is a CTTS surrounded by a transitional disk (Espaillat et al.2008) and has a very lowṀ. The ACS/SBC
spectrum of this target is noisy and while we cannot con�dently quantify the H2 emission, we do see the rise in the
spectrum at 1600 Å which indicates its presence.

is unclear how strong the emission from additional sources is
at 1600 Å, we calculated the continuum in three ways: �rst,
by joining the troughs in the spectrum on either side of the

1600 Å feature; second, by �tting a �fth-order polynomial to the
entire far-ultraviolet (FUV) spectrum; and third, by adopting a
continuum which assumes that the rise in the spectrum at 1600 Å
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Figure 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 H2 feature.

Figure 3. H2 measurements for ACS sources. The �rst 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 Heii and Civ emission lines as the
thick solid line. The �nal panel compares accreting and non-accreting sources
with the same luminosity. An excess in FP Tau is observed at 1600 Å, which is
due to electron impact H2 emission, and also between the Siv and Civ lines,
which is likely due to blended electron impact and Lyα �uorescent lines.

is due entirely to electron impact H2 emission. Figure2 shows
the location of the subtracted continuum for each method in
TW Hya, and Figure3 shows examples of the measurements for
three ACS targets. These three methods for measuring the H2
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 �ux 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 Å feature in both the ACS spectra and the STIS spectra
smoothed to the resolution of ACS; the feature luminosities are
given in Table1. For the WTTS/DD, we �nd that the H2 feature
is not observable and the values presented in Table1 are upper
limits based on the rms �uctuations from 1575 Å to 1625 Å. We
thus �nd that the H2 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 (the left panel of Figure4) but only
the accreting sources show the H2 feature. Moreover, we �nd a
clear correlation of the strength of the feature withLacc in the
CTTS (the right panel of Figure4), with a Pearson correlation

Figure 4. Left: luminosity of the H2 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 H2. Right: H2 luminosity vs.Lacc. The H2 luminosity is
observed to increase withLacc. Errors onLacc are calculated using the scatter
in the correlation withLU presented in Gullbring et al. (1998).

coef�cient of 0.68, indicating that the H2 emission depends on
the accretion properties of the source and not on the age. A
similar result was found in Carmona et al. (2007), where the
probability of detecting near-IR H2 lines was greater in sources
with higher accretion rates.

4. DISCUSSION

Free electrons are required for the process of electron exci-
tation to be effective (Section1). Since, in turn, high-energy
radiation �elds are necessary to produce fast electrons, the ab-
sence of H2 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 (Günther et al.2007, and
references therein), it does not signi�cantly increase the X-ray
production in most young stars (Telleschi et al.2007). Simi-
larly, 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 signi�cantly
over the �rst 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 �eld, including emission from approxi-
mately 100 Å to 1000 Å, is also responsible for the ionization
of heavy atoms, contributing to the population of free electrons
available to excite an H2 molecule. The EUV is dif�cult to inves-
tigate because the radiation is extremely extincted by interstellar
hydrogen. Alexander et al. (2005) �nd that the EUV �ux level
does not change in the �rst∼10 Myr, from studies of the ratio
He ii 1640/C iv 1550 Å. If we assume that the FUV level is
an indicator of the strength of the EUV emission, we come to
similar conclusions. Figure3 shows one CTTS and one DD that
have the same FUV luminosity, so one would expect a strong
enough EUV radiation �eld in both sources to create the free
electrons needed to excite H2 if it were present. However, the
excess emission at 1600 Å is clearly seen in the CTTS (FP Tau)
and absent in the DD (MML 36).

Since the high-energy radiation �elds in both CTTS and
WTTS/DD are comparable in strength, the most likely ex-
planation for the lack of H2 emission in WTTS/DD is that
there is essentially no gas in their inner disks. Given the close
relationship between the H2 feature strength andLacc shown in


