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understand not only how disks disperse but also how they
evolve.

Low-excitation optical forbidden lines, especially from the
[O I] � 6300 transition, have long been used to study jets/
out� ows from T�Tauri stars(e.g., Edwards et al.1987; Hartigan
et al. 1995). Their line pro� les typically present two distinct
components: a high-velocity component(HVC), blueshifted by
30–200 km sŠ1 from the stellar velocity, and a low-velocity
component(LVC), typically blueshifted by� 5 km sŠ1. Spa-
tially resolved observations have demonstrated that HVCs are
formed in extended collimated jets(e.g., Bacciotti et al.2000;
Lavalley-Fouquet et al.2000; Woitas et al.2002), most likely
linked to MHD winds(e.g., Ferreira et al.2006).

Employing much higher spectral resolution than in previous
studies(� v�� �4 km sŠ1), Rigliaco et al.(2013) found that the
[O I]�LVC itself can be described by the combination of a
narrow component(NC) and a broad component(BC). More
recently, Simon et al.(2016) con� rmed this� nding on a much
larger sample of 33 T�Tauri stars observed with Keck/ HIRES
(� v�� �7 km sŠ1). Using the line pro� les and inclinations from
resolved disk images, they inferred that most of the LVC-BC
arises within� 0.5 au while most of the LVC-NC arises outside
this radius. By combining measured velocities with line widths
and disk inclinations, they also found that the LVC-BC tends to
be narrower and more blueshifted for closer to face-on disks,
as shown in some disk wind models(e.g., Alexander2008).
Finally, since the emitting region is within the photoevaporat-
ing radius even for 10,000 K gas, they could conclude that the
LVC-BC traces an MHD disk wind. The origin of the LVC-NC
remains unclear, as the inferred radial extent is consistent with
a thermally driven photoevaporative wind but no trend between
blueshifts and disk inclinations was seen(Simon et al.2016).

An important step in computing wind mass-loss rates is to
constrain the properties of theemitting gas associated with the
wind. Ratios of lines tracing the same kinematic component can
be employed for this task(e.g., Dougados et al.2010). However,
so far the only lines analyzed at similarly high spectral resolution
to distinguish BC and NC are the[OI] � 6300 and[OI] � 5577.
Assuming that the lines are thermally excited, their ratios
constrain the range of temperature–electron densities for the
emitting gas and imply higher electron density in the region traced
by the LVC-BC for gas at similar temperatures(Simon
et al.2016). However, far-UV photodissociation of OH molecules
can produce a similar range of[O I] ratios in much cooler
(� 1000 K) gas(see, e.g., Harich et al.2000and Gorti et al.2011
for an application to disks). In this scenario of nonthermal
emission, line ratios do not constrain the temperature and density
of the gas. In order to estimate wind mass-loss rates, it is therefore
necessary to� rst establish that the[OI] � 6300 and[OI] � 5577
emission is thermal. As� rst pointed out in Natta et al.(2014), the
[SII] � 4068 has a critical density very similar to the[OI] � 6300
line and is likely to be thermally excited; hence, the[SII] and[OI]
line pro� les, as well as their line ratio, can be used to distinguish
between thermal and nonthermal excitation.

In this work, we expand on previous high-resolution studies
by analyzing the[SII] � 4068, [O I] � 5577, and[O I] � 6300
from a sample of 48 T�Tauri stars with the main goal of
determining whether the[O I] emission is thermal or non-
thermal. In a parallel work, we focus on the kinematic behavior
of individual [O I] components to clarify the link between jets
and winds(Banzatti et al.2018). First, we describe our sample,
observations, and data reduction(Section2). Then, we present

our analysis(Section3), which includes line decomposition in
HVC, LVC-BC, and LVC-NC following Simon et al.(2016).
In Section4 we show that the[SII] � 4068, [O I] � 5577, and
[O I] � 6300 line pro� les are very similar within each kinematic
component, strongly suggesting that the[O I] emission is
thermally produced, and not the result of photodisocciation of
OH in a cool gas. We use line ratios to constrain the properties
of the emitting gas and compute wind mass-loss rates in
Section5. We also calculate mass accretion rates from several
permitted lines and compare accretion versus mass-loss rates
(Section 5). We discuss the implications of our results in
Section6 and summarize our� ndings in Section7.

2. Sample and Data Reduction

2.1. Sample

Our sample comprises 48 young stars with disks; see Table1.
Most of them belong to the following� ve star-forming regions
and associations: Taurus, Lupus�I, Lupus�III, � �Oph, and Corona
Australis. The TW�Hya and Upper�Sco associations have an
average age of 5–10 Myr (Fang et al.2013b; Donaldson et al.
2016; Fang et al.2017), while all other regions are younger, with
ages 1–3 Myr (Luhman & Rieke1999; Luhman et al.2009;
Sicilia-Aguilar et al.2011; Frasca et al.2017). We retrieveGaia
Data Release 2 parallactic distances for 47 of them from the
geometric distance table provided by Bailer-Jones et al.(2018).
No parallax is reported for DP�Tau; hence, we adopt the median
distance of nearby Taurus members, which is� 130�pc. With
these new distances, SZ�102 is two times farther away than other
Lupus members, while V853�Oph is � 50�pc closer than the
� �Oph star-forming region. However, we note that both sources
have high astrometric excess noise inGaia�DR2(2.881 and 5.944
for SZ 102 and V853 Oph, respectively), indicating that their
astrometric solution is unreliable(Lindegren et al.2018). There-
fore, for these two sources we take the mean distance to Lupus�III
and � �Oph. Using stellar members collected by Alcalá et al.
(2017) for Lupus and by Manara et al.(2015) for � �Oph, we� nd
160�pc for SZ�102 and 138�pc for V853�Oph.

In addition to source distance and association, Table1 also lists
stellar spectral type, visual extinction(AV), luminosity, radius, and
mass(Lå, Rå, Må), disk type and inclination(i), and corresponding
references. Note that stellar luminosities from the literature
have been scaled to the new distances in our table. Stellar radii
are calculated from the Stefan–Boltzmann equation, where the
effective temperature is derived from the source spectral type
according to the spectral type–effective temperature relation in
Herczeg & Hillenbrand(2014). Stellar masses are calculated from
the luminosity and effective temperature using the nonmagnetic
pre-main-sequence evolutionary tracks of Feiden(2016). Our
sample covers a large range in spectral type(F7 to M4) and hence
in stellar mass(� 2.8 to � 0.2Me ). Note that the two sources in
Cygnus (V1057 Cyg and V1515 Cyg) are well-known FU�Ori
objects, young stars showing strong episodic accretion bursts(e.g.,
Audard et al.2014).

On the disk type, we distinguish“full disks” from “transitional
disks” (TDs). TDs are known to have reduced near- and mid-
infrared excess emission with respect to the median of T Tauri
stars pointing to a dust-depleted inner region(e.g., Espaillat
et al. 2014). Hence, we classify our sources by comparing the
source spectral energy distribution(SED) to the median SEDs of
classical T Tauri stars(CTTSs) of similar spectral type; see
Appendix A for details. With our approach we identify 28 full
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Table 1
A List of the Sources in This Work, as well as Their Stellar and Disk Properties and the Used Photospheric Templates

ID Name Region Dist Spt log�Lå AV Rå Må Disk i Reference RV(Helio) Correction Photospheric Template

(pc) Type (Le ) (mag) (Re ) (Me ) (deg) (km sŠ1) (km sŠ1) [S II] � 4068 [O I] � 5577,[O I] � 6300

1 DP�Tau Taurus 130 M0.8 Š1.24 0.80 0.56 0.55 Full 1 16.55�± �0.89 Š0.64 no correction TWA�13
2 CX�Tau Taurus 126.8 M2.5 Š0.61 0.25 1.36 0.35 TD 61 1, 9 19.15�± �1.31 Š0.40 L TWA�8A
3 FP�Tau Taurus 127.2 M2.6 Š0.81 0.60 1.10 0.35 TD 66 1, 9 16.90�± �2.11 Š0.75 TWA�8A TWA�8A
4 FN�Tau Taurus 129.7 M3.5 Š0.29 1.15 2.22 0.24 Full 1 16.29�± �1.23 Š0.09 TWA�8A TWA�8A
5 V409�Tau Taurus 130.2 M0.6 Š0.19 1.00 1.87 0.47 Full 1 17.78�± �0.73 Š0.49 TWA�13 TWA�13
6 BP�Tau Taurus 127.7 M0.5 Š0.40 0.45 1.45 0.54 Full 39 1, 10 16.76�± �0.54 Š0.43 TWA�13 V819�Tau
7 DK�Tau�A Taurus 127.1 K8.5 Š0.35 0.70 1.41 0.66 Full 26 1, 11 16.60�± �0.42 Š0.71 TWA�13 V819�Tau
8 HN�Tau�A Taurus 133.3 K3 Š0.81 1.15 0.63 0.69 Full 75 1, 9 18.91�± �1.96 Š0.46 no correction 2MASS�J15584772-

1757595
9 UX�Tau A Taurus 137.5 K0 0.18 0.65 1.74 1.40 TDa 39 1, 11 18.80�± �0.64 Š0.44 EPIC�212021375b EPIC�203476597
10 GK�Tau A Taurus 128.1 K6.5 Š0.11 1.50 1.78 0.67 Full 71 1, 9 18.52�± �0.64 Š0.49 HD�201092b V819�Tau
11 GI�Tau Taurus 129.2 M0.4 Š0.32 2.05 1.58 0.53 Full 1 19.02�± �0.55 Š0.40 TWA�13 V819�Tau
12 DM�Tau Taurus 143.5 M3.0 Š0.87 0.10 1.05 0.31 TDa 34 1, 11 19.64�± �1.50 Š1.36 TWA�8A TWA�8A
13 LkCa�15 Taurus 156.9 K5.5 Š0.11 0.30 1.69 0.76 TDa 51 1, 11 18.71�± �0.46 Š0.55 HD 36003b V819�Tau
14 DS�Tau Taurus 157.2 M0.4 Š0.62 0.25 1.12 0.62 Full 71 1, 9 16.51�± �0.97 Š0.28 TWA�13 TWA�13
15 SZ�65 Lupus 153.4 K6 Š0.03 0.80 1.90 0.68 TD 61 1, 19 Š2.85�± �0.90 Š0.60 HD�36003b V819�Tau
16 SZ�68A Lupus 152.1 K2 0.75 1.00 3.57 1.27 Full 33 1, 19 Š1.41�± �1.28 Š0.74 EPIC�212021375b 2MASS�J15584772-

1757595
17 SZ�73 Lupus 154.8 K8.5 Š0.74 2.75 0.90 0.75 Full 50 1, 12 Š3.56�± �1.59 Š1.10 HD�201092b V819�Tau
18 HM�Lup Lupus 154.1 M2.9 Š0.78 0.60 1.16 0.32 Full 53 1, 12 Š1.62�± �1.82 Š0.90 TWA�8A TWA�8A
19 GW�Lup Lupus 153.9 M2.3 Š0.61 0.55 1.34 0.37 Full 40 1, 12 Š1.17�± �1.12 Š0.77 TWA�8A TWA�8A
20 GQ�Lup Lupus 150.1 K5.0 Š0.04 1.60 1.80 0.78 Full 60 1, 13 Š2.13�± �0.29 Š1.00 HD�36003b V819�Tau
21 SZ�76 Lupus 157.5 M3.2 Š0.69 0.90 1.33 0.28 TDa 1 Š1.14�± �2.16 Š1.01 TWA�8A TWA�8A
22 RU�Lup Lupus 157.2 K7.0 0.16 0.00 2.48 0.55 Full 3 2, 19 Š0.8�± �2 Š0.98 no correction V819�Tau
23 IM�Lup Lupus 156.4 K6.0 0.01 0.40 1.98 0.67 TD 48 1, 19 Š0.64�± �0.58 Š1.18 HD�36003b V819�Tau
24 RY�Lup Lupus 156.6 K2 0.26 0.40 2.02 1.27 Full 68 3, 22 Š0.43�± �1.09 Š0.90 EPIC�212021375b EPIC 203476597
25 SZ�102 Lupus 160 K2 Š2.02 0.70 0.15 L Full 73 3, 20 12�± �2 Š1.82 no correction no correction
26 SZ�111 Lupus 156.9 M1.2 Š0.69 0.85 1.11 0.50 TDa 53 1, 22 Š0.16�± �0.74 Š1.32 HD�209290b V819�Tau
27 SZ�98 Lupus 154.3 M0.4 Š0.49 1.25 1.30 0.58 Full 47 1, 19 Š0.32�± �0.70 Š0.86 TWA�13 TWA�13
28 EX�Lup Lupus 157.0 M0 Š0.12 1.1 2.04 0.44 Full 38 3, 28 2�± �1 Š0.88 no correction V819�Tau
29 As 205A � �Oph 125.9 K5 0.89 1.75 5.26 0.68 Full 25 1, 4, 14 Š5.31�± �0.55 Š1.78 HD�36003b V819�Tau
30 DoAr�21 � �Oph 132.6 G1 1.32 7.10 4.50 2.79 TDa 1 Š1.63�± �2.44 Š1.46 L EPIC�203476597
31 DoAr�24E � �Oph 135.7 K0 0.20 4.32 1.76 1.41 Full 20 5, 30 Š5.77�± �0.60 Š1.66 L EPIC�203476597
32 DoAr�44 � �Oph 144.3 K2 Š0.03 1.7 1.45 1.22 TDa 16 6, 11 Š4.50�± �0.53 Š1.50 EPIC�212021375b 2MASS�J15584772-

1757595
33 EM*�SR�21A � �Oph 136.8 F7 0.98 6.2 2.62 1.79 TDa 18 1, 11, 15, 16 Š5.66�± �3.65 Š1.41 HIP�42106b HIP�42106b

34 V853�Oph � �Oph 138 M2.5 Š0.30 0.14 1.95 0.32 Full 54 5, 11 Š5.8�± �1.10 Š1.96 TWA�8A TWA�8A
35 RNO�90 � �Oph 115.7 G8 0.42 4.3 2.01 1.68 Full 37 17, 30 Š9.11�± �1.09 Š1.70 KW27b EPIC�203476597
36 V2508�Oph � �Oph 122.7 K7 Š0.13 1.7 1.78 0.63 Full 41 17, 11 Š7.62�± �0.79 Š1.94 HD�201092b V819�Tau
37 V1121�Oph � �Oph 119.7 K4 Š0.06 1.08 1.62 0.96 Full 31 5, 11 Š6.27�± �0.32 Š1.78 HD�36003b TWA�9A
38 RX�J1842.9

Š3532
Corona

Australis
152.2 K3 Š0.23 0.6 1.24 1.07 TDa 54 1, 18 Š0.92�± �0.53 Š1.31 HD�36003b 2MASS�J15584772-

1757595
39 RX�J1852.3

Š3700
Corona

Australis
144.1 K4 Š0.40 0.25 1.10 0.96 TDa 16 1, 18 0.64�± �0.53 Š1.16 HD�36003b 2MASS�J15584772-

1757595
40 VV�CrA Corona

Australis
146.6 K7 0.32 3.95 2.99 0.53 Full 49 1, 21 Š1.0�± �1 Š1.39 no correction V819�Tau
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5.3. Inner Disk Evolution Traced by the[O I] Emission

The evolutionary stage of a star+ disk system is often
assessed from its SED. However, optical forbidden lines can
aid in understanding the evolutionary stage of a system by
probing the evolution of the gas content(see, e.g., Figure�5 in
Ercolano & Pascucci2017).

The frequency of different[O I] � 6300 line components
differs for full and TDs; see Table6, where we provide
statistics15 for our sample. Full disks more frequently than TDs
show an HVC in their[O I] � 6300 pro� les,16 as well as a BC
accompanied by an NC. In contrast, TDs more frequently than
full disks present only an LVC-NC or LVC-BC. In addition,
TDs have simpler line pro� les:� 81%(13/ 16) of our TDs only
show one LVC-NC or one LVC-BC without any other LVC or
HVCs components, while this fraction is down to 24%(7/ 29)
for the full disks;17 see also Figures16 and17 in AppendixA.

With a larger sample of 65 T�Tauri stars, Banzatti et al.(2018)
also � nd that those surrounded by a TD tend to show only a
single component in their[O I] � 6300 line pro� le (see their
Section 5.5 for details). The much lower fraction of TDs with
an HVC and a BC+ NC with respect to full disks might indicate
an evolution in disk winds(see also Ercolano & Pascucci2017).
The TDs in our sample have lower mass accretion rates than
full disks, and hence lower HVC and LVC luminosities
(Figure8), and likely a more depleted inner gas disk. As also
suggested in Banzatti et al.(2018), winds in TDs might be
launched from larger radii, have a larger opening angle, and not
recollimate into jets.

Furthermore, the[O I] � 6300 line pro� les can be used to
distinguish the evolutionary stage of systems with similar
SEDs. An example is shown in Figure10 for LkCa�15
and J1842, both classi� ed as TDs. The central stars have
similar spectral types(K5.5 vs. K3) and accretion rates
(1.8× 10Š9 vs. 3.0× 10Š9 Me yrŠ1), and their disks present
very similar SEDs. However, their forbidden-line pro� les are
clearly different: LkCa�15 only presents an LVC-BC(with an
FWHM, 44.6 km sŠ1, near the boundary to separate the LVC-
NCs and LVC-BCs) in the[O I] � 6300, while J1842 shows an
LVC-NC, an LVC-BC, and an HVC in both the[SII] � 4068
and[O I] � 6300 lines and an LVC-NC and an LVC-BC in the
[O I] � 5577 line. Thus, while both sources would appear to
be in the same evolutionary stage based on their SED, the

Figure 6. SII40/ OI63 vs. OI55/ 63 line ratios for LVC-NC(blue) and LVC-BC(red) in panel�(a) and HVC(green) in panel�(b). In each panel, the� lled circles mark
sources with detections in all three forbidden lines, thick-line open circles are for those with detections in two forbidden lines, and thin-line open circles are for sources
that have only an[O I] � 6300 detection. Magenta squares mark TDs. Dotted ellipses encircle the mean�± �standard deviation of the HVCs(green), LVC-BCs (red),
and LVC-NCs(blue) after the re� ned classi� cation(see Section3.4). In panel�(a), observed line ratios are compared with those predicted by thermally excited gas.
Gray dashed lines locate gas at temperatures from 4000 K(bottom) to 10,000 K(top), while dotted lines at different electron densities from log�ne (cmŠ3)�= �6.5(left)
to log�ne (cmŠ3)�= �10 (right). In panel�(b) HVC line ratios are compared with those predicted by shock models(Hartigan & Wright2015). Open symbols are for
Xe�= �0.6, while� lled ones are forXe�= �0.1; triangles are forMA�= �1.5, diamonds are forMA�= �4.6, and stars are for a higher Mach number of 10. Different colors
indicate different pre-shock number densities of nucleons with log�n0(cmŠ3) from 5 to 9. Finally, the size of the symbols scales with the shock velocity(Vs), which
ranges from 30 to 80 km sŠ1 in these models.

15 Only LVC-NC means that the[O I] � 6300 pro� le does not show any LVC-
BC component. Similarly, only LVC-BC means that there is no LVC-NC
component in the[O I] pro� le.
16 Note that our 72% fraction of HVCs in full disks is much higher than the
� 30% quoted in Nisini et al.(2018), perhaps due to a bias toward strong
accretors in our sample.
17 We also note that among the seven full disks, showing only simple
[O I] � 6300 line pro� les, two of them, DS�Tau and RY�Lup, could also be
transition disks based on the submillimeter/ millimeter data(Piétu et al.2014;
Ansdell et al.2016).
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Table 5
Accretion Luminosity and Accretion Rates of the Sources in This Work

log�Lacc

(H� ) (H� ) (H	 ) (H
 ) (H� ) (He I � 4026) (He I � 4471) (He I � 5876) (He I � 6678) (He II � 4686) (Ca II � 3934) (Ca II � 3968) Llog acc Mlog acc�
ID Name (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Me yrŠ1)

1 DP Tau K Š1.74 Š1.73 Š1.69 Š2.17 Š1.74 Š1.55 Š1.91 Š1.95 Š1.87 Š1.35 Š1.46 Š1.69 Š9.07
2 CX Tau K K Š2.44 Š2.32 Š2.62 K Š2.66 Š3.12 n n K K Š2.56 Š9.37
3 FP Tau K Š2.32 Š2.32 Š2.15 Š2.16 K Š2.24 Š2.53 Š2.23 Š2.31 K K Š2.27 Š9.17
4 FN Tau K Š1.50 Š1.47 Š1.48 Š1.87 Š1.58 Š1.44 Š1.33 Š1.12 Š1.92 K K Š1.53 Š7.97
5 V409 Tau K n n n a n n n n n Š1.53 Š1.79 Š1.64 Š8.44
6 BP Tau Š0.99 Š1.16 Š1.19 Š1.16 Š1.24 Š1.25 Š1.24 Š1.22 Š1.18 Š1.14 Š1.13 Š1.02 Š1.17 Š8.14
7 DK Tau A Š0.67 Š0.89 Š0.87 Š0.76 Š1.18 Š0.79 Š0.98 Š0.74 Š0.72 Š0.74 Š0.76 Š0.64 Š0.79 Š7.86
8 HN Tau A K Š1.10 Š1.26 Š1.00 Š1.92 Š0.54 Š0.78 Š1.46 Š0.85 Š1.10 Š0.89 Š0.67 Š0.93 Š8.37
9 UX Tau A K n n n Š1.56 n n n n n Š1.16 Š1.46 Š1.51 Š8.81
10 GK Tau A K Š1.31 Š1.56 Š1.34 Š1.64 Š1.41 Š1.47 Š1.16 n Š1.30 Š0.76 Š0.88 Š1.38 Š8.35
11 GI Tau K Š0.55 Š0.59 Š0.89 Š1.46 Š0.71 Š0.68 Š0.78 Š0.75 Š0.64 K K Š0.69 Š7.61
12 DM Tau K Š1.92 Š1.94 Š1.89 Š1.92 Š2.43 Š1.91 Š1.91 Š2.33 Š1.93 K K Š1.92 Š8.79
13 LkCa 15 K Š1.70 Š1.88 Š1.84 Š1.65 Š1.66 Š1.78 Š1.51 n Š1.22 K K Š1.70 Š8.75
14 DS Tau K Š1.30 Š1.20 Š1.45 Š1.67 Š1.28 Š1.39 Š1.12 Š0.93 Š1.13 Š1.76 Š1.51 Š1.28 Š8.42
15 SZ 65 Š1.92 Š1.87 Š2.21 a K n n Š2.76 K n Š1.66 Š1.88 Š1.94 Š8.90
16 SZ 68A n n n n K n n n K n Š1.16 Š1.20 Š1.18 Š8.13
17 SZ 73 Š1.14 Š1.21 Š1.29 Š1.33 K Š1.22 Š1.30 Š1.41 K Š1.27 Š1.16 Š1.05 Š1.22 Š8.54
18 HM Lup Š1.54 Š1.62 Š1.64 Š1.43 K Š1.69 Š1.66 Š1.52 K Š1.98 Š1.23 Š1.29 Š1.61 Š8.45
19 GW Lup Š1.61 Š1.74 Š1.80 Š1.87 K Š1.84 Š1.99 Š1.91 K Š1.94 Š1.89 Š1.96 Š1.87 Š8.71
20 GQ Lup Š0.32 Š0.49 Š0.66 Š0.40 K Š0.53 Š0.61 Š0.26 K Š0.51 Š0.10 Š0.11 Š0.36 Š7.39
21 SZ 76 Š1.92 Š2.12 Š2.16 Š2.52 K Š2.82 Š2.82 Š3.46 K n Š1.85 Š2.22 Š2.23 Š8.96
22 RU Lup Š0.34 Š0.16 0.03 Š0.01 K b b 0.11 K Š0.32 0.18 0.13 Š0.01 Š6.76
23 IM Lup Š1.68 Š1.92 a a K n n Š2.41 K n Š1.49 Š1.72 Š1.75 Š8.68
24 RY Lup n n n n K n n n K n Š1.39 Š1.40 Š1.40 Š8.59
25 SZ 102 Š2.00 Š1.92 Š1.91 Š1.71 K Š1.81 Š1.55 Š2.26 K Š1.91 Š1.80 Š1.57 Š1.89
26 SZ 111 Š1.49 Š1.65 Š1.70 Š1.86 K Š1.67 Š1.82 Š1.87 K Š1.69 Š1.99 Š1.89 Š1.74 Š8.79
27 SZ 98 Š1.39 Š1.66 Š1.66 Š1.53 K Š1.56 Š1.80 Š1.65 K Š1.50 Š1.42 Š1.36 Š1.53 Š8.58
28 EX Lup 0.39 0.53 0.79 0.62 K b 0.89 0.39 K 0.19 0.99 0.99 0.72 Š6.12
29 As 205A Š0.44 Š0.26 Š0.20 Š0.10 K Š0.05 Š0.39 0.02 K Š0.30 0.23 0.20 Š0.07 Š6.58
30 DoAr 21 K K K n K K n n K n K K
31 DoAr 24E K K K n K K n n K n K K
32 DoAr 44 Š0.64 Š0.87 Š0.91 Š0.66 K Š1.04 Š1.30 Š0.70 K Š1.20 Š0.42 Š0.41 Š0.73 Š8.05
33 SR 21A n n n n K n n n K n n n
34 V853 Oph Š1.21 Š1.43 Š1.50 Š1.48 K Š1.41 Š1.39 Š1.38 K Š1.43 Š1.65 Š1.54 Š1.46 Š8.08
35 RNO 90 Š0.01 0.13 Š0.01 0.02 K 0.32 0.12 0.05 K n K K 0.06 Š7.26
36 V2508 Oph Š0.56 Š0.63 Š0.70 Š0.61 K Š0.76 Š0.89 Š0.74 K Š0.86 Š0.56 Š0.50 Š0.66 Š7.35
37 V1121 Oph Š1.01 Š1.39 Š1.47 Š1.06 K Š1.35 Š1.56 Š1.10 K Š1.00 Š0.90 Š0.95 Š1.12 Š8.30
38 J1842 Š1.09 Š1.34 Š1.42 Š1.11 K Š1.33 Š1.69 Š1.08 K Š1.18 Š0.91 Š1.11 Š1.18 Š8.52
39 J1852 Š1.62 Š1.83 Š1.94 Š1.61 K Š1.82 n Š1.69 K Š1.49 Š1.66 Š1.75 Š1.69 Š9.03
40 VV CrA Š0.22 0.24 0.25 0.12 K b? Š0.12 Š0.65 K n 1.07 0.70 0.21 Š6.43
41 SCrA�A�+ �B a a a a K b Š0.75 0.14 K Š0.59 a a Š0.66 Š7.43
42 TW Hya Š1.43 Š1.48 Š1.42 Š1.25 K Š1.68 Š1.64 Š1.49 K Š1.64 Š1.83 Š1.79 Š1.53 Š8.67
43 TWA 3A Š3.51 Š3.70 Š3.54 Š3.58 K Š3.87 Š3.84 Š3.47 K n Š3.18 Š3.18 Š3.48 Š10.15
44 V1057 Cygc n n n n K n n n K n a n �Š 4.3
45 V1515 Cygc n n n n K n n n K n 1.09 a �Š 4.5
46 HD 143006 n n n Š0.68 K n n n K n Š0.65 b Š0.66 Š7.99
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Table 5
(Continued)

log�Lacc

(H� ) (H� ) (H	 ) (H
 ) (H� ) (He I � 4026) (He I � 4471) (He I � 5876) (He I � 6678) (He II � 4686) (Ca II � 3934) (Ca II � 3968) Llog acc Mlog acc�
ID Name (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Le ) (Me yrŠ1)

47 DI Cep Š0.05 Š0.04 0.19 0.53 K n 0.04 0.27 K Š0.24 0.54 0.45 0.26 Š6.97
48 As 353A n a a a K n 0.08 Š0.22 K n Š0.35 a Š0.13 Š6.81

Note.�In the table,“K ” marks the lines that are not covered or fully covered by the extracted spectra,“a” is for the ones that appear as emission but are strongly affected by the absorption due to the winds,“n” is for
those that do not clearly appear as emission lines, and“b” is for the ones that are seriously contaminated by other nearby emission lines.
c For the two FU�Ori objects, their accretion rates are obtained from Green et al.(2006) by � tting the SEDs, assuming a central stellar mass of 1Me .
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forbidden-line pro� les demonstrate that the inner gaseous disk
of LkCa�15 is in a more evolved stage than that of J1842.

5.4. Mass Out� ow Rates

Previous analysis of[O I] � 6300 high-resolution spectra has
demonstrated that a signi� cant number of LVC-BC and LVC-
NC peak centroids are blueshifted with respect to the stellar
velocity (Simon et al.2016; Banzatti et al.2018; McGinnis
et al. 2018). With the largest blueshifts found in sources
surrounded by lower-inclination disks and an emitting region
within � 0.5 au from the star, Simon et al.(2016) attributed the
LVC-BC to the base of an MHD-driven wind. Although the
focus of our paper is on forbidden-line luminosities and line
ratios, here we show that the kinematics of the LVC-BC and
LVC-NC of our sample are consistent with previous� ndings.

The top panel of Figure11 shows the distribution of the NC
and BC centroids. About 63%(15/ 24) of NCs and 57%(13/ 23)
of BCs have blueshifts larger than 1.5 km sŠ1, while only 8%
(2/ 24) of NCs and 22%(5/ 23) of BCs are redshifted by
more than 1.5 km sŠ1. The larger proportion of blueshifts when
compared to no shift or redshifts is consistent with a wind origin
for both components. The bottom panel of Figure11 shows the
relation between disk inclination and the BC and NC FWHMs,
corrected for instrumental broadening and normalized by
stellar mass.

If we attribute the line width primarily to Keplerian
broadening as in previous studies(Simon et al.2016; McGinnis
et al. 2018), most BCs trace radii within 0.5 au, while NCs

probe gas farther out but mostly within� 5 au. A few sources
appear as outliers in this plot and are worth discussing. First,
the FWHMs from DK�Tau A and RU�Lup are much larger than
those expected from pure Keplerian rotation using the disk
inclinations given in Table1. The disk inclination of DK�Tau A
is not well constrained: the 20° value we adopted here comes
from the analysis of millimeter CO lines, but the continuum
emission points to a much higher inclination of 65° (Simon
et al.2017). In the case of RU�Lup the outer disk inclination of
3° derived from ALMA millimeter imagery may not apply to
the forbidden lines studied here. Indeed, spectroastrometry in
the CO rovibrational band suggests a higher inclination of 35°
for the inner disk(Pontoppidan et al.2011), and an even higher
inclination is implied by MIDI visibilities (see Varga
et al. 2018 and Banzatti et al.2018 for further details). If we
use these alternative/ higher disk inclinations, the BC FWHM
of DK�Tau A falls in the same region as the other BCs, and that
of RU�Lup becomes much closer to that region. Finally, the
BCs from LkCa�15, SZ�73, RNO�90, and VV�CrA fall within
the domain of LVC-NC; they could have been misclassi� ed
using our stringent cut in FWHM that does not take into
account disk inclination.

Having established that our sample supports the scenario in
which LVC-BC and LVC-NC trace a wind and their FWHMs
are consistent with being broadened by Keplerian rotation, we
use the[O I] � 6300 luminosity and our constraints on the gas
temperature, velocity, and emitting radii to compute wind
mass-loss rates. Figure6(a) shows that electron densities
ne�� �3�× �106 cmŠ3 are needed to reproduce the measured
LVC line ratios. As these densities are larger than the
[O I] � 6300 critical density, which is 1.8�× �106 cmŠ3, the
LVC emitting gas is most likely in LTE. In addition, very high
densities are required to make the[O I] � 6300 line optically
thick (see Table�9 in Hollenbach & McKee1989). Hence, we
will use equations for optically thin LTE gas to relate the LVC
[O I] � 6300 luminosity to a gas mass. As a shock origin is more
likely for the HVC emission and this lower-density gas may not
be in LTE (see Section4.2.2 and Figure6(b)), we will use
equations derived for radiative shocks to estimate the mass-loss
rate from this HVC.

5.4.1. Mass-Loss Rates from the LVC

As the [O I] � 6300 line is optically thin, its luminosity
(L6300) can be written as

L N A h , 66300 u �O�� ( )

whereNu is the total number of O atoms in the upperD1 2 level,
A is the transition probability(6.503�× �10Š3 sŠ1), andh� is the
associated energy they emit(Dere et al.1997). In addition, for
gas in LTE the total number of O atoms(N) is related toNu as

N N
g e

Z T
, 7u

h kT

u ��
�O��

( )
( )

where gu is the upper-level statistical weight,k is the
Boltzmann constant,T is the gas temperature, andZ(T) is the
partition function at temperatureT. We calculateZ(T) assuming
a � ve-level oxygen atom. Considering that in disks the
abundance of neutral oxygen is reduced because half of the
cosmic O is in silicate grains(Jenkins2009) and the wind is
launched from outside the dust sublimation radius(Figure11
lower panel), we take� (O)�= �3.2�× �10Š4 to calculate the total

Figure 7. (a) Distribution of accretion rates for full disks(gray-� lled
histogram) and TDs(hatch-� lled histogram). The solid line and the dashed
line mark the median accretion rates of full disks and TDs, respectively.(b)
Distribution of stellar masses for full disks(gray-� lled histogram) and TDs
(hatch-� lled histogram).
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mass of gasM from the total number of O�I atoms. Finally, the
mass-loss rateMwind� can be written as

M M
V
l

, 8wind
wind

wind
��� ( )

where Vwind and lwind are the velocity and wind height,
respectively. We further write the unconstrained wind height as

lwind�= �f�× �rbase, i.e., the wind vertical extent isf times the
emitting radius at the base of the wind. Combining
Equations(6) through(8), we have

M
V
l

m
e Z T

L
g A h

V l L
L
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O

C T
10 km s 1 au

yr , 9

h kT
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H 6300

u
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1
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��
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�

�
�

�
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�

�
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( ) ( )

where� �= �1.34 is the ratio of total gas mass to hydrogen mass.
From this equation it is clear that the estimated mass-loss
rate has a strong dependence on the gas temperatureT and
scales linearly withVwind and lwind. LVC gas temperatures
range from 5000 to 10,000�K (Section4.2.1), and within this
rangeC(T) varies by an order of magnitude: from 2.4�× �10Š4

for T�= �5000 K down to 2.6�× �10Š5 for T�= �10,000 K.
For each source with an[O I] � 6300 detection we calculate

its own Mwind� by taking asVwind the median of projected peak
velocities and asrbasethe Keplerian radius from half of the line
FWHM, corrected for the instrumental broadening and
projected(see Figure11, bottom panel). For the BC these
values correspond toŠ15 km sŠ1 and 0.15 au, while for the NC
they areŠ6 km sŠ1 and 1.7 au.18 We then divideMwind� by each

Figure 8.Line luminosities for the[O I] � 6300 LVC(panel(a)) and for the HVC(panel(b)) vs. accretion luminosities. Magenta squares mark TDs, color-� lled circles
are sources from this work, and gray circles are additional sources from Nisini et al.(2018). Solid lines are the best linear� t to all LVC detections present in panel(a).
The additional dashed line in panel(b) gives the best-� t linear relation to the detected HVCs. The upper limits in panel�(b) for our sample are calculated assuming a
Gaussian pro� le with an FWHM of 70 km sŠ1, a median of the HVC FWHM, and a peak of 3× �rms.

Figure 9.Line luminosities for[O I] � 6300 LVC-NC(blue) and LVC-BC(red)
vs. accretion luminosities. Magenta squares mark TDs. The solid line is the
linear � t to the total LVC(see Figure8(a)), while the dashed line and dotted
line are the best� ts to the LVC-BC and LVC-NC, respectively.

Table 6
Statistics on the Line Pro� les

Only NC Only BC NC+ BC HVC

Full disks 28%(8/ 29) 24% (7/ 29) 24% (7/ 29) 72% (21/ 29)
TDs 44%(7/ 16) 44% (7/ 16) 13% (2/ 16) 13% (2/ 16)

18 Unprojected values for the BC areŠ12 km sŠ1 and 0.33 au, while for the
NC they areŠ4 km sŠ1 and 4.3 au.
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the uncertainty on our absolute� ux calibration is likely better
than 10%.

Appendix C
Comments on Sources without[O I] � 6300 Detection

Our sample includes three sources(SZ 68A, DoAr 21, and
DoAr 24E) with no[O I] � 6300 detection. Neither DoAr�21 nor
DoAr�24E shows emission lines in our spectra that can be used
to derive accretion luminosities; thus, they are inferred to have
weak or absent disk accretion. In the following, we provide
additional information on these sources.

SZ�68A is a a triple system with a close binary(separation
0 126) and a third faint companion(M6) with a separation of
2 808 (Correia et al.2006). Our spectroscopic observation
targeted the close binary. We detect the Ca� II� lines at 3934 and
3968Å but only weak H� emission(EW� Š 2.8Å). This star
has been classi� ed as a weak-line T�Tauri star, a young
nonaccreting star, by Cieza et al.(2007) and Alcalá et al.
(2017). The[O I] � 6300 emission is not detected in our HIRES
spectra, and it is also absent in the X-Shooter spectra by Nisini
et al. (2018). Ansdell et al. (2016) reported cold CO gas
emission around the binary and no gas or dust cavity at a
resolution of 50�× �40 au. The SED of SZ�68A is compatible
with that of a full disk.

DoAr�21 is a close binary with a separation of 1.2–1.8 au
(Loinard et al.2008). The HIRES spectrum of DoAr�21, which
covers from 4420 to 6310Å, does not show any accretion-
related emission lines. Salyk et al.(2013) detected Pf

emission from DoAr�21 and estimated a mass accretion rate of
1.7�× �10Š8 Me yrŠ1. DoAr�21 is detected at far-infrared
wavelengths(Rebollido et al.2015) and has reduced mid-
infrared emission as TDs(see Figure14 from our paper).

However, based on high spatial resolution mid-infrared
imagery, Jensen et al.(2009) � nd very weak, almost absent,
excess emission from this source at 9–18 m and argue that
low-resolution data could be contaminated by an extended
infrared source. Thus, they suggested that either the disk is in
the � nal stage of clearing or there is no disk around DoAr�21.
The recent ALMA imaging of DoAr�21 at 870 m shows no
detection at a spatial resolution of 02 and a sensitivity of
0.02�mJy (Cox et al.2017). Therefore, even if there is a disk
around DoAr�21, its disk mass should be very low.

DoAr�24E has a faint companion at a separation of 203
(Ratzka et al.2005). Our HIRES spectrum covering from
4420 to 6310Å does not show any accretion-related emission
lines. Natta et al.(2006) detected Pa
 emission from its
near-infrared spectrum and estimated a mass accretion rate of
6.2�× �10Š9 Me yrŠ1. The source SED is compatible with that
of full disks. The continuum emission from the disk has
been detected at far-infrared, submillimeter, and millimeter
wavelengths(Mohanty et al.2013; Rebollido et al.2015). No
[O I] and o-H2O emission is detected around 63 m (Riviere-
Marichalar et al.2016).

Appendix D
Corrected Line Pro� les and Kinematic Decomposition

The rationale for decomposing corrected line pro� les with
Gaussians is discussed in Section3.2, while the best-� t
parameters are summarized in Table2. Figure 19 provides
the best-� t Gaussian pro� les color-coded by kinematic
component and superimposed on the corrected[SII] � 4068,
[O I] � 5577, and[O I] � 6300 pro� les for all the sources in
our sample.
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Figure 19. [S II] � 4068,[O I] � 6300, and[O I] � 5577 line pro� les for our sample. In each panel, the green dashed line is for the HVC, the red dashed line is for the
LVC-BC, the blue dashed line is for the LVC-NC, and the dark solid line is the sum of all components. For EX�Lup, Fe lines contaminating the pro� les of the
forbidden lines are marked with vertical dashed light-blue lines.(An extended version of this� gure is available.)
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Appendix E
Line Decontamination

Seven sources present[SII] � 4068 line pro� les that are
highly contaminated by Fe�I emission at 4063.6 and 4071.7Å.
In addition, the [O I] � 5577 line from RU�Lup is also
contaminated by Fe�I emission at 5572.8Å. Figure20 shows
the contaminated line pro� les. We� t the wings of the Fe�I
emission with linear functions and tentatively decontaminate

the pro� les by subtracting the� tted function from the observed
spectra. The corrected[SII] � 4068 and[O I] � 5577 line pro� les
are also shown in Figure20. Due to the strong contamination
from the Fe�I line at 4063.6Å, any [SII] � 4068 � ux more
blueshifted than� 200 km sŠ1 cannot be recovered. A compar-
ison of [SII] � 4068 and[O I] � 6300 pro� les suggests that we
achieve a good correction for less blueshifted emission(see
Figure5 in the main text).

Figure 20. Pro� les that are contaminated by Fe�I lines (left panels). The right panels show our corrected pro� les.
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Appendix F
A Comparison of the Individual Components in[SII ] � 4068

and [O I] � 6300

As discussed in the main text(Section 4.1), individual
kinematic components present similar[SII] � 4068,[O I] � 5577,
and [O I] � 6300 pro� les, indicating that they trace the same

physical region. Here, we provide further evidence to this
� nding by showing a comparison of centroids and FWHMs of
individual [SII] � 4068 and[O I] � 5577 components versus the
[O I] � 6300 components(see Figures21 and 22). Note the
similarity in centroids and FWHMs for individual kinematic
components.

Figure 21. Centroids(left) and FWHMs(right) of individual [S II] � 4068 and[O I] � 6300 components(HVC in green, LVC-BC in red, and LVC-NC in blue). A
dashed line shows the 1:1 relation.

Figure 22. Same as Figure21, but for the[O I] � 5577 and[O I] � 6300 lines.
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Appendix G
Updated Relation between Line and Accretion Luminosity

In view of theGaia DR2 release(Bailer-Jones et al.2018),
we revisit the relations between the luminosity of permitted
lines(Lline) and the accretion luminosity(Lacc). We collectLline

andLacc from Alcalá et al.(2017) and scale them to the new
Gaia DR2 distance of each source.22 We carry out a linear
regression to � t log�Lacc�= �a�× �log�Lline�+ �b. We have
excluded weak(or dubious) accretors and subluminous objects
from the � t. The best-� t a and b coef� cients and their
uncertainties are listed in Table7. Within 1� , most of them are
the same as those reported in Alcalá et al.(2017).
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Table 7
Revised log�Lacc–log�Lline Linear Fit

Lines � (Å) a(± err) b(± err)

H� 6562.80 1.15(± 0.05) 1.81(± 0.20)
H
 4861.33 1.15(± 0.03) 2.64(± 0.16)
H	 4340.46 1.12(± 0.03) 2.75(± 0.17)
H� 4101.73 1.09(± 0.04) 2.74(± 0.19)
H� 3889.05 1.06(± 0.03) 2.76(± 0.18)

Pa
 12818.07 1.08(± 0.07) 2.81(± 0.36)
Pa	 10938.09 1.21(± 0.06) 3.43(± 0.29)
Pa� 10049.37 1.27(± 0.09) 3.93(± 0.44)

Br	 21661.2 1.20(± 0.11) 4.07(± 0.57)

He�I 4026.19 1.05(± 0.04) 3.67(± 0.22)
He�I 4471.48 1.05(± 0.04) 3.48(± 0.23)
He�I 4713.15 0.86(± 0.08) 3.02(± 0.50)
He�I 5015.68 1.01(± 0.04) 3.61(± 0.24)
He�I 5875.62 1.17(± 0.04) 3.78(± 0.22)
He�I 6678.15 1.24(± 0.06) 4.71(± 0.34)
He�I 7065.19 1.20(± 0.05) 4.57(± 0.29)
He�II 4685.80 1.05(± 0.05) 3.90(± 0.33)

Ca�II (K) 3933.66 1.05(± 0.04) 2.60(± 0.18)
Ca�II (H) 3968.47 1.09(± 0.03) 2.78(± 0.16)

22 Note that Alcalá et al.(2017) take 200�pc as the distance of Lupus�III.
However, theGaia DR2 distance of most sources in Lupus�III is � 160�pc.
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