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ABSTRACT

We present new X-ray and far-ultraviolet (FUV) observations of T Tauri stars covering the age range 1-10 Myr.
Our goals are to observationally constrain the intensity of radiation fields responsible for evaporating gas from
the circumstellar disk and to assess the feasibility of current photoevaporation models, focusing on X-ray and
UV radiation. We greatly increase the number of 7-10 Myr old T Tauri stars observed in X-rays by including
observations of the well-populated 25 Ori aggregate in the Orion OB 1a subassociation. With these new 7—-10 Myr
objects, we confirm that X-ray emission remains constant from 1 to 10 Myr. We also show, for the first time,
observational evidence for the evolution of FUV radiation fields with a sample of 56 accreting and non-accreting
young stars spanning 1 Myr to 1 Gyr. We find that the FUV emission decreases on timescales consistent with the
decline of accretion in classical T Tauri stars until reaching the chromospheric level in weak T Tauri stars and
debris disks. Overall, we find that the observed strength of high-energy radiation is consistent with that required
by photoevaporation models to dissipate the disks in timescales of approximately 10 Myr. Finally, we find that the
high-energy fields that affect gas evolution are not similarly affecting dust evolution; in particular, we find that disks
with inner clearings, transitional disks, have similar levels of FUV emission as full disks.
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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
circumstellar gas from the initial minimum mass solar nebula
(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 & Hollenbach 2009b; Gorti et al. 2009a;
Owen et al. 2010). Models for the evolution of dust (Dullemond
& Dominik 2005; D’ Alessio et al. 2006; Robitaille et al. 2007)
have been successfully utilized in the interpretation of a variety
of infrared (IR) spectral shapes (Sargent et al. 2006; Hernandez
etal. 2007a; 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 et al. 2009a). 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 related
radiation fields will decay as the mass accretion rate (M)
decreases. Alternatively, X-ray emission may increase as the

* This paper includes data gathered with the 6.5 meter Magellan Telescopes
located at Las Campanas Observatory, Chile.
4 NSF Astronomy and Astrophysics Postdoctoral Fellow.

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 to 100 Myr in the
Chandra Orion Ultradeep Project (COUP) survey of young stars
(Preibisch & Feigelson 2005). The changing environment may
play arole, as FUV and X-rays dominate photoevaporation early
at M < 107% M, yr~!, while EUV photons are absorbed in the
accretion streams and do not become a significant contributor
until M drops to <1078 Mg yr~! (Gorti & Hollenbach 2009b).

With the large number of factors to consider in gas disk evo-
lution, 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 also observations of the frequency of cir-
cumstellar disks place constraints on disk evolution theory, with
only 10% of sources retaining disks at 10 Myr (Hernandez et al.
2007b). Full (or primordial) disks and debris disks are observed
at both 5 and 10 Myr (Herndndez et al. 2006, 2009), indicat-
ing 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 in-
terpreted 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; Hernandez et al. 2010; Muzerolle et al.
2010). Alternatively, 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 paper, 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
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include previous observations of a larger sample of observations
extending to young stars at 1 Gyr.

While EUV emission is almost impossible to observe due to
interstellar hydrogen absorption, X-ray observations are numer-
ous. 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 reconnec-
tion events the likely cause of the observed short-period flar-
ing 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, ob-
servations of a soft X-ray component which dominates over
the coronal emission are unique to the star TW Hya, al-
though 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 re-
gions have shown no evidence of a decline in the X-ray emis-
sion 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 11 sources
in the TW Hydra Association (TWA; Webb et al. 1999). Previ-
ously, the cluster nearest in age to TWA with well-characterized
X-ray properties was the 6-8 Myr n Chamaeleon cluster
(Lopez-Santiago et al. 2010), with 14 sources. In this paper,
we analyze X-ray observations from another older cluster, the
25 Ori aggregate in the Orion OBla subassociation (Bricefio
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 because, until recent instruments like the Cos-
mic Origins Spectrograph on the Hubble Space Telescope (HST),
most FUV detectors lacked the sensitivity to observe dim
sources. Large FUV samples have been obtained with the In-
ternational Ultraviolet 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 con-
tinuum 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 ob-
serve a large population (Calvet et al. 2004; Herczeg et al. 2002,
2006). Even though IUE 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 to 1800 A
(Ingleby et al. 2009).

The origin of FUV emission in T Tauri stars has contributions
from several sources. In L. Ingleby et al. (2011, in preparation),
we show that in addition to an accretion shock component

INGLEBY ET AL.

(Calvet et al. 2004), H, in the inner region of CTTS disks
contributes to the FUV line and continuum emission (Abgrall
et al. 1997; Ingleby et al. 2009; 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
(Ingleby et al. 2009; Herczeg et al. 2004).

In this paper, we discuss the evolution of high-energy radi-
ation fields by analyzing 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 Section 2, we dis-
cuss the new X-ray, FUV, and optical observations used in our
analysis. In Section 3.1, we present new X-ray-selected T Tauri
stars in 25 Ori and Chamaeleon I. In Section 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 lu-
minosities in Sections 3.3 and 3.4. Finally, in Section 4, we
analyze the high-energy radiation fields and discuss whether
the observed evolution is consistent with current disk evolution
theories.

2. SOURCE SAMPLE AND OBSERVATIONS
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 performed in FAINT
mode with 10 ks exposures in GO Program 09200907 (PI:
Hartmann). Additionally, 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 exposure 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 (CIAO; Fruscione
et al. 2006) script WAVDETECT with the default significance
threshold set to 107®. We cross-correlated the X-ray detections
with the Luhman (2004), Luhman et al. (2008), and the CIDA
Variability Survey of Orion (CVSO; Bricefio et al. 2005) 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 1 and their positions in the
H-R diagram are shown in Figure 1 based on spectral types and
luminosities from the literature (see references in Table 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 to
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
(Bricefio et al. 2005; Herndndez et al. 2007a), and the transitional
disk CVSO 224 (Espaillat et al. 2008). Of ~150 X-ray sources
located by WAVDETECT, we identified 36 previously known
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Table 1

Properties of Sample
Source Alt. Name SpT Lx Lruv L, Lace Reference® ®

(Lo) (Lo) (Lo) (Lo)
Taurus
AA Tau MO 13x 107 0.016 1.0 0.13 1,15
BP Tau K7 4.1 x107* 0.016 1.3 0.23 1,15
CI Tau K6 4.1 %1070 1.6 x 1073 13 047 1,15
DE Tau MI ... 0.013 1.3 0.16 1
DL Tau K7 4.1x1073 1.0 0.32 1
DM Tau MI 1.6 x 10~ 8.3 x 1073 0.33 0.08 1,15
DN Tau MO 4.1 x 1074 2.6 x 1073 13 0.04 1,15
DO Tau MO ... 0.066 1.3 0.29 1
DP Tau MO 6.6 x 107° 2.1 x 1073 0.21 0.01 1,15
DR Tau K7 ... 8.3 x 1073 16 1.03 1
FM Tau MO 1.0x 10~% 0.026 0.52 0.30 1,15
FP Tau M3 ... 1.3x1074 041 0.001 1
GK Tau MO 2.6 x 1074 2.1 x 1073 13 0.06 1,15
GM Aur K3 ... 0.016 1.3 0.18 1
HN Tau A¢ K5 1.0x 10~° 0.010 0.21 0.02 1,15
HN Tau B¢ M4 ... 26x 1074 0.033 ... 1
IP Tau MO 1.6 x 10~ 1.6 x 1073 0.66 0.02 1,17
LkCa 15 K5 4.1x1073 1.0 0.03 1
RY Tau Gl 6.6 x 1074 0.16 10.4 1.6 1,15
SU Aur Gl 1.6 x 10~3 6.6 x 1073 8.3 0.10 1,15
T Tau G6 1.6 x 10~3 0.10 8.3 0.90 1,15
UZ Tau A° Ml ... 1.3x 1074 0.33 0.02 1
UZ Tau B¢ M2 8.3 x107° 41x 1074 0.33 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 1073 0.26 65.7 4.7 1,16
P 2441 F9 ... 6.6 x 1073 104 0.4 1
V1044 Ori G2 ... 0.016 6.7 0.6 1
Chamaeleon I
CHXR 8 K2 2.1 x 1073 13
CHXR 30A K8 1.0x 1074 1.3 0 2,3
CHXR 30B M1 8.3 x 107 ... 0.21 0 2,3
CR Cha T8 K2 52 x 1074 2.1 x 1074 2.6 0.02 3
CS Cha T11 K6 8.3x 107 0.026 1.3 0.01 2,3,18
DI Cha T26 G2 52x 1074 0.026 13.1 0.15¢ 3,17
FK Cha T29 K6 ... <52 2.6 1.2 3
FL Cha T35 K8 3.3 %1073 <0.21 0.52 0.04 2,3,8
FO Cha T47 M2 2.1 x 1073 ... 0.41 0.01 2,3,8
HN 7 M5 8.3 x 107° 0.066 0 2,3
HN 12W M6 8.3 x 107° 0.066 0 2,3
ISO 86 2.1 x 1073
ISO 91 M3 6.6 x 1074 0.26 2,3
ISO 97 Ml 3.3 %1077 2
ISO 196 K7 1.0 x 1073
SY Cha T4 K6 1.0x 1074 ... 0.52 0.002 2,3
SZ Cha T6 KO 2.6x 1074 1.6 x 1073 2.1 3
T25 Sz 18 M3 <13 x 1073 0.26 0.01 2,3
T54 G8 2.1x 1073 2.6 x 1073 4.1 0.58¢ 3,18
T56 SZ 45 M1 52x107* 8.3 x 10~* 0.41 0.003 2,3,17
TW Cha T7 K8 1.0x 1074 0.52 0.01 2,8
VW Cha T31 K8 6.6 x 1074 0.041 3.3 0.05 2,3,18
Chamaeleon II
BF Cha SZ 54 K5 2.6 x 1074 6.6 x 1074 2.1 0.07 4,17
BM Cha Sz 61 K5 ... <1.6 x 1074 1.3 0.64 4
25 Ori
CVSO0 24 OBla 499 M2 8.3 x 1073 ... 0.16 0.01 5,10, 12
CVS0 29 OBla 931 M3 1.0 x 1074 ... 0.26 ... 5,10, 12
CVSO 34 CVSO0 221 MO 4.1x107* ... 0.21 0 5,9
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Table 1

(Continued)
Source Alt. Name SpT Ly Lruv L, Lace Reference® P

(Lo) (Lo) (Lo) (Lo)
CVSO 35 OBla 1192 K7 33 x 1074 2.1 x 1073 0.66 0.05 5,10, 12
CVSO0 36 OBla 1222 M2 3.3 x 1074 0.21 0.03 5,10, 12
CVSO 38 OBla 1317 M2 41x 1074 0.16 0.02 5,10, 12
CVSO0 39 OBla 1418 M2 2.1 x 1074 0.33 0.01 5,12
CVSO0 43 OBla 1716 M2 1.3 x 1074 0.26 0.02 5,12
CVSO0 200 OBla 489 M3 4.1x 1074 0.21 11,12
CVSO0 206 OBla 776 K7 1.3 x 1074 1.6 x 1073 0.26 2.3 10, 11, 12
CVSO0 207 OBla 864 K6 4.1 %1074 0.66 10, 11, 12
CVSO 211 OBla 971 K4 33 x 1074 0.52 10,11, 12
CVS0 214 OBla 1022 K2 2.1 x 1074 0.66 10, 11, 12
CVS0 217 OBla 1121 M1 2.1 x 1074 >0.26 11,12
CVS0 218 OBla 1126 M4 1.3 x 1074 0.13 10, 11, 12
CVSO0 223 OBla 1160 M3 2.1x 1074 0.21 10,11, 12
CVSO 224 OBla 1200 M4 52 %1073 2.6 x 107 0.13 7x10~4 6,10, 11,12
CVSO0 225 OBla 1235 M4 2.1 x 1074 0.26 10, 11, 12
CVSO0 228 OBla 1316 M2 8.3 x 1073 0.16 10, 11, 12
CVSO0 230 OBla 1326 Ml 2.6x 1074 0.33 10,11, 12
CVSO0 233 OBla 1417 M3 1.3 x 1074 0.052 10, 11, 12
CVSO0 235 OBla 1548 M3 2.1 x 1074 0.16 10,11, 12
OBla 532 M3 2.6 x 1074 0.26 11,12
OBla 735 M5 3.3 %1073 >0.21 11,12
OBla 834 M2 8.3 x 1077 0.16 11, 12
OBla 841 M3 2.6 x 1074 0.16 11,12
OBla 849 M5 8.3 x 107 0.16 11, 12
OBla 948 M3 1.0 x 1074 0.13 11,12
OBla 981 K3 52 x 1074 0.83 11, 12
OBla 1088 K6 52 %1074 >0.52 11,12
OBla 1253 M4 8.3 x 107 0.10 11,12
OBla 1586 M5 5.2 x 1073 0.066 11,12
OBla 1626 K8 41x 1074 >0.83 11, 12
OBla 1630 M2 6.6 x 1077 1.0 x 1073 0.16 0.09 11, 12
OBla 1663 M5 4.1x107 0.10 11,12
OBla 1755 M3 1.0 x 1074 0.21 11,12
RX J0526.7 + 0143 KO 1.0 x 1073 .. 14
105244498 + 0159465 K6 8.3 x 1074 0.66 11
105260639 + 0137116 M2 6.6 x 1073 0.041 11
105263125 + 0141492 M4 5.2 x 1073 0.033 11
TWA
TW Hya K7 6.6 x 10~* 1.3 x 1073 0.32 0.03 1,16
HD 98800 K5 1.6 x 10~3 2.6 x 1073 0.66 0 1,16
TWA 7 M1 1.0 x 10~# 1.0 x 107 0.32 0 1,16
TWA 13A Ml 2.6 x 1074 1.6 x 107 0.16 0 1,16
TWA 13B Ml 2.6 x 1074 1.6 x 107 0.16 0 1,16
Field
HD 12039 G4 1.6 x 1074 4.1x 107 0.33 0 1,16
HD 202917 G5 52x 1074 6.6 x 1072 0.66 0 1,16
HD 53143 K1 2.6x 1070 8.3 x107° 0.66 0 7,16
HD 61005 G8 4.1 %107 1.6 x 107 0.66 0 1,19
HD 92945 K2 2.1 %1070 8.3 x 107° 0.41 0 1,16
MML 28 K2 52x 1074 3.3 x 1073 041 0 1,16
MML 36 K5 83x10~* 1.0 x 10~ 1.0 0 1,16

Notes. 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.

2 Spectral type, stellar, and accretion luminosity references. (1) Ingleby et al. 2009 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) Bricefio et al. 2005; (10) Bricefio et al. 2007; (11) Bricefio et al. 2010; (12) Hernandez et al. 2007a; (13) Huenemoerder et al.
1994; (14) Alcala et al. 1996.
b 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.

¢ Lac.’s for T26 and T54 were calculated from the U-band excess, whereas the remaining Chamaeleon sources have L, calculated

using Ho 10% equivalent widths observed here or taken from the literature.
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Figure 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.

T Tauri stars, in addition to the four targeted sources, from
the catalogs of Bricefio et al. (2005, 2007), C. Bricefio et al.
(2011, in preparation), and Hernandez et al. (2007a) 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 Section 2.3 for further discussion).
The locations of the 25 Ori sources in the H-R diagram are shown
in Figure 2. Sources published in Calvet et al. (2005) had known
spectral types and luminosities but sources published in Bricefio
et al. (2007), Hernandez et al. (2007a), and C. Bricefio et al.
(2011, in preparation) had only spectral types and optical colors.
To get luminosities for those sources, we first used V—1 colors
to get the reddening (Ay) assuming photospheric colors from
Kenyon & Hartmann (1995). With Ay, we corrected Two Micron
All Sky Survey (2MASS; Skrutskie et al. 2006) 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 to 1.0 M. Table 1 lists the
complete set of sources detected in the Chamaeleon I and 25 Ori
fields which are discussed in this paper, along with published
spectral types.

After matching X-ray detections to previously identified
T Tauri stars, we used the CIAO script DMEXTRACT to
obtain the counts within the extraction regions determined by
WAVDETECT for each known T Tauri source. We included
a background region defined as a 5” 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 (Section 3.3). Of the 15
Chamaeleon sources, five had greater than 250 counts, and the
spectra of these sources were extracted using the CIAO script
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4 3.8
log T,
Figure 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 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).

PSEXTRACT, using the 30 detection regions determined in
WAVDETECT, and the 5” 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 XSPEC.

2.2. UV Data

We present new FUV observations of 10 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 ACS/SBC. These observations were completed between
2008 December and 2009 February in GO Program 11145 (PI:
Calvet). The FUV coverage extends from 1230 to 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 1, identifying the X-ray and FUV
sources and those included in both samples. With ACS/SBC
we observed sources from 0.3 to 2.0 My 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
Ingleby et al. (2009), Calvet et al. (2004), and Herczeg et al.
(2002, 2004). The total sample of sources with FUV spectra
consists of 56 sources, 11 of which are WTTS or debris disks,
and these are listed in Table 1, with sources observed by STIS
distinguished in bold font.

2.3. Optical Data

A large number of X-ray detections corresponded to uniden-
tified counterparts in IR and optical catalogs. Using 2MASS
and CVSO photometry (Bricefio et al. 2005), we produced
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Figure 3. He 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, OB1la 1630, and CVSO 35, have remarkably wide and
asymmetric Ha profiles, indicating that accretion is strong and gas remains in the inner circumstellar disk (Ingleby et al. 2009).

color-magnitude diagrams in Vand V—J to select sources which
fell above the main sequence. In Chamaeleon I, one such object
met the color requirements (K. Luhman 2010, private commu-
nication) 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 to 9800 A, including the
Li 6707 line, for confirmation that the sources are young, and
Hea 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) 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 an 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 air mass, 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.

3. ANALYSIS OF OBSERVATIONS
3.1. Results from Optical Observations

MIKE optical spectra were used to confirm a status of WTTS
or CTTS and obtain accretion rates for the CTTS using the
relation between M and Ho 10% width of Natta et al. (2004).

Table 2

X-ray Detections: Possible and Confirmed T Tauri Members
2MASS Source SpT EWHae  EWLi6707A  logLy
05243490 + 0154207 K4-K5 —0.46 0.10 29.0
05244265 + 0154116 G9-KO 1.54 0.32
05244320 + 0200355
05251394 + 0143313
05265823 + 0136078
05270173 + 0139157 K6 —0.39 0.17 29.3

10575375 — 7724495

Notes. Spectral types were determined using the Ca1 absorption lines. With the
early spectral type, additional membership confirmation is needed for 2MASS
05244265 + 0154116 as Li is not a good indicator.

We show Ha line profiles in Figure 3 for the accreting sample
of MIKE sources. The relation between He width and M is
more appropriate for low values of the mass accretion rate;
more precise values of the accretion rate will be obtained in
a forthcoming analysis of the optical veiling of these sources
(L. Ingleby et al. 2011, in preparation).

The three candidate members of 25 Ori with MagE opti-
cal spectra, discussed in Section 2.3, showed Li absorption
but only two (2ZMASS J05243490 + 0154207 and 2MASS
J05270173 + 0139157) had weak Ho emission, indicating that
they are newly identified WTTS. The third source (2ZMASS
J05244265 + 0154116) has Ho in absorption but may be a
young member of 25 Ori still, due to its early spectral type; ad-
ditional analysis is needed for confirmation. This final source is
not included in any further analysis of the 25 Ori X-ray observa-
tions. The Li and He equivalent widths, along with the derived
spectral types are listed in Table 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. MagE
spectra will be obtained for the remaining sources in need of
optical spectra.
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Table 3
X-ray Spectral Analysis
Source Net Counts Nu kT kT» szed Flux
(10*' cm™2)  (keV) (keV) (erg s~! cm™2)

CR Cha 1996 0.8 084 297 095 14x10712
CHXR 30A 324 12.2 214 101 46x10713
SY Cha 283 0.8 034 294 081 24x1071
SZ Cha 692 0.8 0.85 453 074 37x10713
TW Cha 313 0.8 041 195 1.08 18x1071
CVSO0 38 266 1.1 098 698 142 41x10713
105244498 + 0159465 285 1.1 032 159 206 25x1071
RX J0526 + 0143 369 1.1 031 148 229 26x10713

3.2. X-ray Spectral Analysis

Eight sources in our Chamaeleon I and 25 Ori samples had
strong X-ray fluxes allowing 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 remain-
ing five sources are not (Luhman 2004; Calvet et al. 2005).
With this sample of high count sources, we looked for any ob-
servable distinction between the CTTS and WTTS. In XSPEC,
each source spectrum was fit using either one or two Astrophys-
ical Plasma Emission Code (APEC) 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 multiple temperatures also allows for the distinction of
a soft accretion related emission component, if present, sim-
ilar to that observed in TW Hya (Giinther et al. 2007). We
included an absorption component using the XSPEC model,
PHABS, with the equivalent neutral hydrogen column density”
obtained from the HEASARC (High Energy Astrophysics Sci-
ence 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 3. The best-fit models for CR
Cha, SY Cha, SZ Cha, and TW Cha produced good szed’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, greater than
10 times higher than the highest expected plasma temperatures
(Feigelson et al. 2002). Allowing the column density to vary,
we found a best-fit model with Ny = 12.2 x 10 cm™2, 15
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 mag 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 4. For CR
Cha, we find that a two-temperature model improves the x2,
by a factor of three compared to a single temperature model.
Like CR Cha, the models of the four sources with the best szed
fits are each comprised of a cool, 0.3-0.9 keV, component and

5 The equivalent neutral hydrogen column density (defined as Ny) 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 gases.

a hotter 25 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 k7T ~0.2-0.3 have
been attributed to accretion (Giinther et al. 2007; Robrade &
Schmitt 2006). We see no clear evidence of accretion 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 considering 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 emission 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 4), showed that
shock-formed line emission may be needed to confirm accretion
for sources unlike TW Hya, where the soft accretion component
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. Interestingly,
the sources with the coolest components (SY Cha, 2MASS
J05244498 + 0159465, and RX J0526 + 0143) are WTTS and
have been identified as such by observations of He, 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 two 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.

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
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Figure 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.

discussed in Section 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 3. Using WebPIMMS on the HEASARC
Web site, we calculated unabsorbed fluxes between 0.2 and
10 keV for the entire sample, correcting for Ny = 0.8 x 10!
and Ng = 1.1 x 102" ¢cm~2 for Chamaeleon I and 25 Ori,
respectively (Kalberla et al. 2005; Dickey & Lockman 1990).
We assumed a single temperature APEC model with k7 =
2.2 keV and solar abundance. From the unabsorbed fluxes,
X-ray luminosities were calculated assuming distances of 160
and 330 pc for Chamaeleon [ and 25 Ori, respectively; the results
are listed in Table 1. For the sources in Table 3, which were fit
with XSPEC, we find that when using WebPIMMS to find fluxes,
the discrepancy is a factor of 2—3. The distribution of unabsorbed
X-ray luminosities is shown in Figure 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 luminosities from the literature for sources with
FUYV spectra which were not observed with Chandra, primarily
in Taurus, TWA, and nearby debris disks (shown in italics in
Table 1). X-ray fluxes of Taurus sources were calculated as part
of the XMM-Newton Extended Survey of Taurus 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. Those X-ray fluxes for sources in
Taurus which were not provided by Giidel et al. (2007), along
with sources in Chamaeleon I and II, 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
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Figure 5. Distributions of X-ray luminosities for 25 Ori and Chamaeleon I
samples. The distribution 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 indicates
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.

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 1. We also include X-ray luminosities 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 1 Cha region (Lopez-Santiago et al. 2010).

3.4. FUV Luminosities

Our FUV sample contains sources in Taurus, the
Chamaeleon I and II clouds, 25 Ori, TWA, objects in the out-
skirts 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
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Figure 6. Left panel: median X-ray luminosities of young star-forming associations vs. 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 (Lopez-Santiago et al. 2010), and 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 panel: normalized X-ray luminosity vs.
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.

the STIS spectra to that of ACS/SBC for comparison. Spectra
were corrected for reddening using Ay’s provided in Ingleby
et al. (2009) and Calvet et al. (2004) for Taurus, ONC, 25 Ori,
and the nearby WTTS and debris disks. For the Chamaeleon I
and IT 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 ex-
tinction curve observed along the line of sight toward HD 29647
with Ry = 3.6, appropriate for regions with associated molec-
ular 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, es-
pecially in the FUV, are very uncertain and introduce the largest
error in our FUV luminosity calculations. We assume a 0.2
mag 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 luminosi-
ties are given in Table 1, with upper limits on the luminosities
provided when appropriate.

4, IMPLICATIONS OF OBSERVATIONS
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 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 6 reveals that there is no
decrease with age in either total 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 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 (Ingleby et al. 2009; Pascucci et al. 2006). 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 1) or calculated from Ho 10% line widths
(Natta et al. 2004; Section 3.1).
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Figure 7. Left panel: FUV luminosity vs. 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 M CTTS with an initial disk mass of 0.1 M evolves
viscously (Hartmann et al. 1998; Calvet et al. 2005). Right: FUV luminosity vs. Lycc. The solid line shows the predictions of FUV luminosity from accretion onto the
0.8 M 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.

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 lines from the
disk to the star, impacting the stellar surface at approximately
the free-fall velocity. Such a 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 0.8 Mg
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 to 10 Myr. We assume that the
percentage of the stellar surface covered by accretion columns,
the filling factor, remains constant at 1% and we 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 to 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 7), but for typical CTTS masses, the predicted

10

FUV fluxes from the viscously evolving disk are too low (right
panel of Figure 7).

The missing FUV emission is probably due to several sources
which are not included in our accretion column models. First,
emission from H, gas was observed in the FUV spectra of
CTTS and was necessary to explain the FUV continuum be-
tween 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 (Ingleby et al. 2009;
Bergin et al. 2004; Herczeg et al. 2002, 2004; France et al.
2010). In addition, we measure the flux in the strong FUV
atomic lines of existing spectra, which our accretion column
models do not attempt to reproduce and find that ~ 35% of
the total FUV flux comes from hot lines. Another contribution
necessary for reproducing the short wavelength FUV contin-
uum (~1300-1400 A) could originate in post-shock emission
escaping 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 arole when the M drops and the accretion columns become
less dense (Gorti et al. 2009a). Additional observations are re-
quired 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 toward
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 8, we
distinguish non-accretors (diamonds) from CTTS (squares) and
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Figure 8. Left panel: comparison of total FUV and X-ray luminosities. 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
panel: 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.

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 8. FUV and
X-ray luminosities normalized by the stellar luminosity are
indistinguishable by spectral type (right panel of Figure 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 (Meyer
et al. 2006), we compare the observed luminosities to those
predicted assuming the power-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 reproduce the 1 Gyr source, HD 53143
(see Figure 9). We also compare the slope of the predicted
FUV fluxes between 920 and 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
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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.

4.2. The He 1 1640 and C 1v L1549 Lines

Using observations for a limited number of T Tauri stars,
Alexander et al. (2005) have investigated the origin of the He 1
11640 and C1v 21549 lines and their relationship to the contin-
uum flux, responsible for photoevaporation of the gas disk. In
particular, Alexander et al. (2005) propose that the ratio of the
He1 to C1v 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 11 line, from which they infer that
the line must be produced by radiative recombination. Since the
ionization threshold for Her is 228 10\, 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 1 and C1v fluxes
in our ACS/SBC and STIS samples of 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 C1v
doublet and numerous H, lines present in the vicinity of C1v
and He 1. While adding to the scatter in our measurements, the
dominant line in each region is the He 11 or the C 1v line, with H,
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line contributions <10%. As discussed in Section 3.4, the largest
source of uncertainty comes from the reddening correction of
the FUV spectra, so to estimate errors on the He 11 and C 1v line
luminosities we assume a range of 0.2 mag in Ay. Figure 10,
shows He 11 and C1v line luminosities and their dependence on
age and L,... Both He 11 and C1v 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 11 and
C1v, 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).
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In the left panel of Figure 11, we show the He 11 to C 1v 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 11 to C1v ratio between the
CTTS and the non-accretors arises from the different formation
mechanisms of the lines in each type of star. The He1r 11640
and C1v 11549 lines in non-accretors must form in the transition
region, as they do in the sun and in magnetically active stars,
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Figure 11. Ratio of He11 to C1v as a function of age (left) and accretion luminosity (right). Symbols are defined as in Figure 7. We see that the non-accretors clearly
have a higher value of He11/C 1v, approximately 1, while the CTTS have He11/C1v <1; however, we see no clear trend with accretion luminosity.

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 He1r to C1v ratio and L., as shown in the right
panel of Figure 11. Studies of the optical and infrared lines of
He1 and Henr in CTTS indicate that the lines have multiple
components arising in the accretion shocks, the magnetospheric
infall regions, and the winds (Beristain et al. 2001; Edwards
et al. 2006). No comparable analysis of the C1v 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 11 to C1v ratios in
CTTS. We therefore caution against using the He 11 to C 1v 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 11 to C 1v 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 1l
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 (Section 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.
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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 ra-
diation from the star producing winds with mass-loss rates of
~1071° Mg yr~! (Hollenbach et al. 1994), recent models stress
that either FUV or X-ray radiation fields are significantly more
important in dispersing the disk with mass-loss rates 100 times
higher than in the pure EUV case. 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 et al. (2009a) 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
etal. (2010)use Ly = 2x10% ergs~! forhv > 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
FUYV radiation, where we see that the luminosity between 1230
and 1800 A clearly drops between 1 and 10 Myr. Gorti et al.
(2009a) incorporate the evolution of FUV luminosity in their
models for disk dispersal, assuming that M evolves viscously
and the FUV luminosity is 0.4 L,... In Figure 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 0.8 M star. We found that the predicted
FUYV accretion emission is lower than the observed FUV fluxes,
although within an order of magnitude (assuming typical mass
CTTS have L, < 0.5 Lg) and we discussed origins for the
remaining FUV emission in Section 4.1. The FUV fluxes used
by Gorti et al. (2009a) are similar to those we observe, but we
found that ~1/3 of this emission may be produced by H, in the
circumstellar disk (L. Ingleby et al. 2011, in preparation) and
therefore not directly irradiating the gas in the disk.
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Our observations support the requirements of both the X-ray
and the FUV-dominated photoevaporation models of Owen et al.
(2010) and Gorti & Hollenbach (2009b); 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 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 (Ingleby et al. 2009; Herndndez et al. 2007a).
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 Ly) 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 Ly = 29.0 s, 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 dependence on disk properties, like M, Gorti et al.
(2009a) find FUYV fields evolving on a range of timescales re-
lated to differences in the accretion properties. Therefore, pho-
toevaporation dominated by evolving FUV fields may disperse
disks in a range of timescales. With FUV-driven photoevapora-
tion and evolving FUYV fields, the diversity 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 photoe-
vaporation theories, include low disk viscosities or high initial
disk masses which increase the time for disk dispersal (Owen
et al. 2010).

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 con-
currently 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.
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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
(Alcald et al. 2008), 25 Ori (Hernandez et al. 2007a), TWA
(Low et al. 2005; Hartmann et al. 2005), and debris disks
(Carpenter et al. 2008; Chen et al. 2005). Figure 12 shows the
relations between FUV luminosity and inner disk dust tracers.
At A < 24 pum, 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 toward 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 12, we find tentative
correlations between FUV luminosity and each of the disk
evolution tracers, with the most convincing correlation in
J—K. However, we are likely observing two quantities which
correlate with L,... We showed in Figure 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 increasingly 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.

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 observa-
tions 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.

1. 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 strong X-ray luminosity) still
cannot be explained by X-ray photoevaporation.
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Figure 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 um, 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.

2. We show, for the first time, the observed evolution of the
FUYV 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 processing, the
transitional disks, have similar FUV luminosities to full disk
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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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