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

Low-excitation optical forbidden lines, especially from the
[O1] 6300 transition, have long been used to study/ jets
out ows from T Tauri starge.g., Edwards et al.987 Hartigan
et al. 1995. Their line proles typically present two distinct
components: a high-velocity compon@dy/C), blueshifted by
30200 km $* from the stellar velocity, and a low-velocity
component(LVC), typically blueshifted by 5kmst. Spa-

Fang et al.

our analysigSection3), which includes line decomposition in
HVC, LVC-BC, and LVC-NC following Simon et a(2016.

In Section4 we show that thgSin] 4068,[0O1] 5577, and
[O1] 6300 line proles are very similar within each kinematic
component, strongly suggesting that tf@1] 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

tially resolved observations have demonstrated that HVCs ardermitted lines and compare accretion versus mass-loss rates

formed in extended collimated jdis.g., Bacciotti et a200Q
Lavalley-Fouquet et aR00Q Woitas et al2002), most likely
linked to MHD winds(e.g., Ferreira et aR006.

Employing much higher spectral resolution than in previous
studies( v 4kmsY), Rigliaco et al(2013 found that the
[O1] LVC itself can be described by the combination of a
narrow componenfNC) and a broad compone(BC). More
recently, Simon et a{(2016 con rmed this nding on a much
larger sample of 33 Tauri stars observed with K&dRIRES
( v 7kmsY). Using the line proles 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 modédks.g., Alexande2008.
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 wit
a thermally driven photoevaporative wind but no trend between
blueshifts and disk inclinations was s€&mon et al2016).

An important step in computing wind mass-loss rates is to
constrain the properties of tlenitting gas associated with the
wind. Ratios of lines tracindh¢ same kinematic component can
be employed for this tagle.g., Dougados et &010. However,
so far the only lines analyzed at similarly high spectral resolution
to distinguish BC and NC are tH®1] 6300 and[O1] 5577.
Assuming that the lines are thermally excited, their ratios
constrain the range of temperatalectron densities for the
emitting gas and imply higher elemtrdensity in the region traced
by the LVC-BC for gas at similar temperaturg¢Simon
et al.2016§. However, far-UV photodissociation of OH molecules
can produce a similar range @DI] ratios in much cooler
( 1000 K) gas(see, e.g., Harich et &000and Gorti et al2011
for an application to disks In this scenario of nonthermal

(Section 5). We discuss the implications of our results in
Section6 and summarize ourndings in SectiorY.

2. Sample and Data Reduction
2.1. Sample

Our sample comprises 48 young stars with disks; see Table
Most of them belong to the followingve star-forming regions
and associations: Taurus, Lupgugupuslil, Oph, and Corona
Australis. The TWHya and UppefSco associations have an
average age of-80 Myr (Fang et al.2013h Donaldson et al.
2016 Fang et al2017, while all other regions are younger, with
ages 3 Myr (Luhman & Rieke1999 Luhman et al.2009
Sicilia-Aguilar et al.2011; Frasca et aR017. We retrieveGaia
Data Release 2 parallacticst@dinces for 47 of them from the
geometric distance table provided by Bailer-Jones €2@L8.

No parallax is reported for DPau; hence, we adopt the median

distance of nearby Taurus members, which 80pc. With
hese new distances, 882 is two times farther away than other
upus members, while V853ph is 50pc closer than the

Oph star-forming region. However, we note that both sources
have high astrometric excess nois&aia DR2 (2.881 and 5.944
for SZ102 and V853 Oph, respectivglyndicating that their
astrometric solution is unreliableindegren et al2018. There-
fore, for these two sources we take the mean distance to Lupus
and Oph. Using stellar members collected by Alcaléa et al.
(2017 for Lupus and by Manara et 2015 for Oph, we nd
160 pc for S2102 and 13&c for V8530ph.

In addition to source distance and association, Tagleo lists
stellar spectral type, visual extinctih,), luminosity, radius, and
masgLg, Re, Mg), disk type and inclinatioi), and corresponding
references. Note that stellanmiinosities from the literature
have been scaled to the new aigtes in our table. Stellar radii
are calculated from the Stef@doltzmann equation, where the
effective temperature is derivdrom the source spectral type
according to the spectral typfective temperature relation in

emission, Iine I’atiOS dO not Constrain the temperature and densit}qerczeg & Hi||enbran(a2014' Ste”ar masses are Ca|cu|ated from

of the gas. In order to estimate winéss-loss rates, it is therefore
necessary torst establish that thgd1] 6300 and[O1] 5577
emission is thermal. Asrst pointed out in Natta et 2014, the
[Sn] 4068 has a critical density very similar to fl@] 6300

line and is likely to be theratly excited; hence, tH&11] and[O1]

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[SN] 4068, [O1] 5577, and[O1] 6300
from a sample of 48 Tauri stars with the main goal of
determining whether th§O1] emission is thermal or non-
thermal. In a parallel work, we focus on the kinematic behavior
of individual [O 1] components to clarify the link between jets
and winds(Banzatti et al2018. First, we describe our sample,
observations, and data reducti@ection2). Then, we present

2

the luminosity and effective tgrarature using the nonmagnetic
pre-main-sequence evolutionary tracks of Fei@01g. Our
sample covers a large range in spectral (ifgeo M4 and hence
in stellar masg 2.8 to 0.2M). Note that the two sources in
Cygnus (V1057 Cyg and V1515 Cygare well-known FUWOri
objects, young stars showing strong episodic accretion eugts
Audard et al2014.

On the disk type, we distinguisifull disks’ from “transitional
disks (TDs). TDs are known to have reduced near- and mid-
infrared excess emission witespect to the median of T Tauri
stars pointing to a dust-depleted inner regiery., Espaillat
et al. 2019. Hence, we classify our sources by comparing the
source spectral energy distribut&ED) to the median SEDs of
classical T Tauri star¢CTTS9 of similar spectral type; see
Appendix A for details. With our approach we identify 28 full



Table 1
A List of the Sources in This Work, as well as Their Stellar and Disk Properties and the Used Photospheric Templates

Photospheric Template

ID Name Region Dist  Spt lobs Ay Ra Ma Disk i Reference RYHelio) Correction
P9 Type (L) (mag (R) (Me) (deg (km s°Y) (km s°Y [Sn] 4068 [O1] 5577,[01] 6300
1 DPTau Taurus 130 M0.8 $1.24 0.80 056 055 Full 1 16.55 0.89 $50.64 no correction TWA3
2 CX Tau Taurus 126.8 M25 S061 025 136 035 TD 61 1,9 19.451.31 $0.40 L TWA 8A
3 FPTau Taurus 127.2 M2.6 $081 060 110 0.35 TD 66 1,9 16.902.11 $0.75 TWASA TWA 8A
4 FN Tau Taurus 129.7 M35 $029 115 222 024 Full 1 16.20 1.23 $0.09 TWA 8A TWA 8A
5 V409 Tau Taurus 130.2 M0.6 $0.19 1.00 1.87 0.47  Full 1 17.78 0.73 $0.49 TWA13 TWA 13
6 BP Tau Taurus 127.7 M05 $0.40 045 145 054  Full 39 1,10 16.#60.54 $0.43 TWA 13 V819Tau
7 DK TauA Taurus 127.1 K85 S$035 070 141 0.66 Full 26 1,11 16.600.42 S0.71 TWA13 V819Tau
8 HN TauA Taurus 133.3 K3 §0.81 115 063 0.69 Full 75 1,9 18.911.96 $0.46 no correction 2MAS315584772-
1757595
9 UX Tau A Taurus 1375 KO 018 065 174 140 D 39 1,11 18.8¢- 0.64 $0.44 EPIC212021375 EPIC 203476597
10 GK Tau A Taurus 128.1 K65 S0.11 150 1.78 0.67  Full 71 1,9 18.520.64 $0.49 HD 201092 V819 Tau
11 Gl Tau Taurus 129.2 M0.4 S$032 205 158 053 Full 1 19.62 0.55 $0.40 TWA 13 V819Tau
12 DM Tau Taurus 1435 M3.0 $0.87 010 105 031 TD 34 1,11 19.64+ 1.50 S$1.36 TWASA TWA 8A
13 LkCal5 Taurus 1569 K55 $011 030 169 076 TD 51 1,11 18.7% 0.46 $0.55 HD 36003 V819 Tau
14 DSTau Taurus 157.2 M0.4 $062 025 112 0.62 Full 71 1,9 16.%10.97 $0.28 TWA13 TWA 13
15 SZ65 Lupus 153.4 K6 $0.03 080 190 068 TD 61 1,19 $2.85+ 0.90 $0.60 HD 36003 V819 Tau
16 SZ68A Lupus 152.1 K2 075 1.00 357 127 Ful 33 1,19 S1.41+ 1.28 50.74 EPIC212021378 2MASS J15584772-
1757595
17 Sz73 Lupus 1548 K85 $074 275 090 075 Full 50 1,12 $3.56+ 1.59 $1.10 HD 201092 V819 Tau
18 HM Lup Lupus 1541 M29 S0.78 060 1.16 0.32 Full 53 1,12 S1.62+ 1.82 $0.90 TWASA TWA 8A
19 GW Lup Lupus 1539 M23 S0.61 055 1.34 0.37 Ful 40 1,12 $1.17+ 1.12 $0.77 TWASBA TWA 8A
20 GQLup Lupus 150.1 K5.0 S$0.04 160 1.80 0.78 Full 60 1,13 $2.13+ 0.29 $1.00 HD 36002 V819 Tau
21 SZ76 Lupus 1575 M3.2 $069 090 133 028 TD 1 S$1.14+ 2.16 $1.01 TWASBA TWA 8A
22 RU Lup Lupus 157.2 K7.0 0.16  0.00 248 0.55 Full 3 2,19 $0.8+ 2 $0.98 no correction V819%au
23 IM Lup Lupus 156.4 K6.0 001 040 198 067 TD 48 1,19 S0.64% 0.58 S1.18 HD 36003 V819 Tau
24 RY Lup Lupus 156.6 K2 026 040 2.02 127 Ful 68 3,22 $50.43+ 1.09 $0.90 EPIC212021378 EPIC 203476597
25 S7102 Lupus 160 K2 §2.02 0.70 015 L Full 73 3,20 12+ 2 $1.82 no correction no correction
26 Sz111 Lupus 156.9 M1.2 $0.69 085 111 050 TO 53 1,22 $0.16+ 0.74 $1.32 HD20929¢ V819 Tau
27 S798 Lupus 1543 M0.4 $049 125 130 058  Full 47 1,19 $0.32+ 0.70 $50.86 TWA 13 TWA 13
28 EX Lup Lupus 157.0 MO §0.12 1.1 204 044 Full 38 3,28 21 $0.88 no correction V819au
29 As 205A Oph 1259 K5 0.89 175 526 0.68 Full 25 1,4,14 $5.31+ 0.55 S$1.78 HD 36002 V819 Tau
30 DoAr 21 Oph 1326 G1 132 710 450 279 9D 1 $1.63+ 2.44 S$1.46 L EPIC 203476597
31 DoAr 24E Oph 135.7 KO 020 432 176 141 Ful 20 530 $5.77+ 0.60 $1.66 L EPIC 203476597
32 DoAr 44 Oph 1443 K2 5003 17 145 122 TD 16 6, 11 $4.50+ 0.53 $1.50 EPIC212021378 2MASS J15584772-
1757595
33 EM SR21A Oph 136.8 F7 098 6.2 262 179 ¥D 18 1,11,15,16 S5.66* 3.65 S1.41 HIP42108 HIP 42106
34 V8530ph Oph 138 M25 S0.30 014 195 0.32 Ful 54 5,11 $5.8+ 1.10 S$1.96 TWABA TWA 8A
35 RNO90 Oph 1157 G8 042 4.3 201 168 Full 37 17,30 $9.11+ 1.09 $1.70 Kw2?F EPIC 203476597
36 V25080ph Oph 122.7 K7 $013 1.7 1.78 0.63 Full 41 17,11 $7.62+ 0.79 $1.94 HD 201092 V819 Tau
37 V11210ph Oph 119.7 K4 3006 1.08 162 096 Full 31 5,11 $6.27+ 0.32 $1.78 HD 36003 TWA 9A
38 RX J1842.9 Corona 152.2 K3 S0.23 06 124 107 TD 54 1,18 $0.92+ 0.53 S$1.31 HD 36003 2MASS J15584772-
$3532 Australis 1757595
39 RX J1852.3 Corona 1441 K4 $040 025 110 096 TDO 16 1,18 0.64+ 0.53 S1.16 HD 36002 2MASS J15584772-
$3700 Australis 1757595
40 VV CrA Corona 146.6 K7 0.32 3.95 2.99 0.53 Full 49 1,21 S1.0+ 1 $1.39 no correction V81Jau
Australis
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Figure 6. SI140/ O163 vs. O15%63 line ratios for LVC-NQblue) and LVC-BC(red) in panel(a) and HVC(green) in panel(b). In each panel, thelled circles mark
sources with detections in all three forbidden lines, thick-line open circles are for those with detections in two forbidden lines, and thioklabesogre for sources

that have only afiO 1] 6300 detection. Magenta squares mark TDs. Dotted ellipses encircle the nserdard deviation of the HVCgreen), LVC-BCs (red),

and LVC-NCs(blue) after the rened classication(see Sectior3.4). In panel(a), observed line ratios are compared with those predicted by thermally excited gas.
Gray dashed lines locate gas at temperatures from 4@B6tton) to 10,000 K(top), while dotted lines at different electron densities fromrgtem™3) = 6.5 (left)

to log ne (cm™3) = 10 (right). In panel(b) HVC line ratios are compared with those predicted by shock m@dahigan & Wright2015. Open symbols are for

Xe = 0.6, while lled ones are foK, = 0.1; triangles are favl, = 1.5, diamonds are fdvi, = 4.6, and stars are for a higher Mach number of 10. Different colors
indicate different pre-shock number densities of nucleons withd@gr2) from 5 to 9. Finally, the size of the symbols scales with the shock velatywhich
ranges from 30 to 80 kn?$ in these models.

5.3. Inner Disk Evolution Traced by tfi@ 1] Emission With a larger sample of 65 Tauri stars, Banzatti et dR018

also nd that those surrounded by a TD tend to show only a
single component in theffO1] 6300 line prole (see their
NSection 5.5 for detai)sThe much lower fraction of TDs with
Yan HVC and a B& NC with respect to full disks might indicate

an evolution in disk windésee also Ercolano & Pascu€il?).

The TDs in our sample have lower mass accretion rates than
full disks, and hence lower HVC and LVC luminosities
(Figure 8), and likely a more depleted inner gas disk. As also

The evolutionary stage of a statisk system is often
assessed from its SED. However, optical forbidden lines ca
aid in understanding the evolutionary stage of a system b
probing the evolution of the gas contéste, e.g., Figurb in
Ercolano & Pascuc@017).

The frequency of differenfO1] 6300 line components
differs for full and TDs; see Tablé, where we provide

statistics® for our sample. Full disks more frequently than TDs suggested in Banzatti et 42018, winds in TDs might be

H : 16
show an HVC in theifO1] 6300 proles,™as well as @ BC |3 nched from larger radii, have a larger opening angle, and not
accompanied by an NC. In contrast, TDs more frequently than.gcgllimate into jets.
full disks present iny an LVC-NC or LVC-BC. In addition, Furthermore, thdO1] 6300 line proles can be used to
TDs have simpler line proes: 81%(13/16) of our TDs only  gjistinguish the evolutionary stage of systems with similar
HVCs components, while this fraction is down to 2629 and J1842, both classid as TDs. The central stars have
for the full disks,’ see also Figurest andl17in AppendIXA. similar spectral typquSS VS, Ka and accretion rates
- (1.8x 10°° vs. 3.0x 10°°M, yr°Y), and their disks present
BCOnly LVC-NtC gee}lnslthat IT[QLI\]/CGSSC():O prole d?ﬁ Tﬁ,t show a”YL'O/g;\I c very similar SEDs. However, their forbidden-line pes are
component. Simraryy, ony LVL-BL means that there Is no LVL- learly different: LkCal5 only presents an LVC-B@with an

component in th¢O 1] pro le. c Yy = yp
18 Note that our 72% fraction of HVCs in full disks is much higher than the FWHM, 44.6 km §1-_ near the boundary t_O separate the LVC-

30% quoted in Nisini et al2018, perhaps due to a bias toward strong NCs and LVC-BC}in the[O1] 6300, while J1842 shows an
accretors in our sample. LVC-NC, an LVC-BC, and an HVC in both thgs1] 4068

17 . . .
We also note that among the seven full disks, showing only simple ; _ _ i
[O1] 6300 line proles, two of them, DS au and RYLup, could also be and[0|] 6300 lines and an LVC-NC and an LVC-BC in the

transition disks based on the submillimétsillimeter data(Piétu et al2014 [O1] 5577 line. Thus, while both sources would appear to
Ansdell et al.2016. be in the same evolutionary stage based on their SED, the

15
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Table 5
Accretion Luminosity and Accretion Rates of the Sources in This Work
|Og Lacc

H) H) H) H) (H) (Hel 4026 (He! 447) (Hel 5876 (Hel 6679 (Hell 468§ (Cal 39349 (Call 3968 log [c log Magg
ID Name (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Me yr=7)
1 DP Tau K S$1.74 S1.73 $1.69 S$2.17 S1.74 §1.55 S1.91 $1.95 $1.87 $1.35 S$1.46 $1.69 $9.07
2 CX Tau K K $2.44 $232 5262 K $2.66 $3.12 n n K K $§2.56 $9.37
3 FP Tau K $2.32 S2.32 S$215 S2.16 K S§2.24 S$2.53 S$2.23 S$2.31 K K §2.27 $9.17
4 FN Tau K §150 S1.47 S1.48 S51.87 $1.58 $1.44 $1.33 $1.12 $1.92 K K §1.53 §7.97
5 V409 Tau K n n n a n n n n n $1.53 $1.79 S1.64 $8.44
6 BP Tau 5099 S1.16 S$1.19 S1.16 S1.24 $1.25 $1.24 $1.22 §1.18 $1.14 §1.13 $1.02 §1.17 $8.14
7 DK TauA S0.67 S$0.89 $0.87 S0.76 S1.18 $0.79 $50.98 $0.74 $50.72 $50.74 $0.76 $0.64 $0.79 $7.86
8 HN Tau A K §1.10 S1.26 $1.00 $51.92 30.54 $0.78 $1.46 $0.85 $§1.10 $0.89 $50.67 $0.93 $8.37
9 UX Tau A K n n n $1.56 n n n n n S1.16 $1.46 S1.51 $8.81
10 GKTauA K §131 S156 S$1.34 S164 $1.41 $1.47 $1.16 n $1.30 $0.76 $0.88 $1.38 $8.35
11 Gl Tau K 5055 S0.59 $0.89 S1.46 S0.71 $50.68 $0.78 $0.75 $50.64 K K $0.69 $7.61
12 DM Tau K §1.92 S194 S51.89 5192 $2.43 $1.91 $1.091 §2.33 §1.93 K K §1.92 $8.79
13 LkCa 15 K §1.70 S1.88 $51.84 S1.65 $1.66 §1.78 S1.51 n $1.22 K K §1.70 $8.75
14 DS Tau K §130 S1.20 S$145 S1.67 $1.28 $§1.39 S$1.12 $0.93 §1.13 $1.76 $1.51 §1.28 $8.42
15 SZ 65 §1.92 S1.87 S2.21 a K n n $2.76 K n $1.66 $1.88 $1.94 $8.90
16 SZ 68A n n n n K n n n K n $1.16 $1.20 §1.18 $8.13
17 Sz 73 $1.14 S1.21 S1.29 $1.33 K S1.22 $1.30 S1.41 K $1.27 S1.16 $1.05 §1.22 $8.54
18 HM Lup S154 S1.62 S164 S1.43 K $1.69 $1.66 $1.52 K $1.98 §1.23 §1.29 S1.61 $8.45
19 GW Lup S161 S1.74 S1.80 S$1.87 K S1.84 $1.99 S1.091 K $1.94 $1.89 $1.96 §1.87 $8.71
20 GQ Lup $0.32 S0.49 S0.66 $50.40 K $0.53 $50.61 $0.26 K $0.51 $0.10 S0.11 $50.36 $7.39
21 SZ 76 $1.92 S212 S216 $2.52 K $2.82 §2.82 $3.46 K n $1.85 §2.22 §2.23 $8.96
22 RU Lup $0.34 S0.16 0.03 S0.01 K b b 0.11 K $0.32 0.18 0.13 $0.01 $6.76
23 IM Lup §1.68 S$1.92 a a K n n S$2.41 K n S$1.49 S1.72 §1.75 $8.68
24 RY Lup n n n n K n n n K n $1.39 S$1.40 §1.40 $8.59
25 SZ 102 $2.00 S$1.92 8191 S171 K S1.81 §1.55 $2.26 K §1.091 $1.80 8157 §1.89
26 Sz 111 S1.49 S1.65 S$1.70 S51.86 K S$1.67 §1.82 $1.87 K $1.69 $1.99 $1.89 $1.74 $8.79
27 Sz 98 $139 S166 S166 S1.53 K $1.56 $1.80 $1.65 K $1.50 §1.42 $1.36 §1.53 $8.58
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 $6.12
29 As 205A $0.44 $S0.26 S0.20 $0.10 K $0.05 $0.39 0.02 K $0.30 0.23 0.20 $0.07 $6.58
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 5064 $0.87 35091 S0.66 K $1.04 $1.30 $0.70 K $1.20 $0.42 $0.41 $0.73 $8.05
33 SR 21A n n n n K n n n K n n n
34 Vv8530ph S$1.21 S143 S150 S1.48 K S1.41 S$1.39 S$1.38 K $1.43 S$1.65 S1.54 S1.46 $8.08
35 RNO 90 $0.01 0.13 S0.01 002 K 0.32 0.12 0.05 K n K K 0.06 S$7.26
36 V2508 Oph $056 $50.63 S070 $S0.61 K $50.76 $0.89 30.74 K $0.86 $0.56 $0.50 $0.66 §7.35
37 V1121 0ph $1.01 S$1.39 $147 S1.06 K $1.35 $1.56 $1.10 K $1.00 $0.90 $0.95 $1.12 $8.30
38 J1842 S1.09 S1.34 S1.42 S111 K S$1.33 S$1.69 $1.08 K S$1.18 $0.91 S1.11 S$1.18 S$8.52
39 J1852 S162 5183 $194 Si161 K $1.82 n $1.69 K §1.49 $1.66 §1.75 $1.69 $9.03
40 VV CrA $0.22 0.24 0.25 012 K b? $0.12 $0.65 K n 1.07 0.70 0.21 $6.43
41 SCrAA+ B a a a a K b $0.75 0.14 K $0.59 a a $0.66 §7.43
42 TW Hya S1.43 S1.48 S142 S1.25 K S$1.68 S1.64 S$1.49 K S1.64 S$1.83 $1.79 S§1.53 $8.67
43 TWA 3A §351 S$3.70 S$3.54 S3.58 K $3.87 §3.84 $3.47 K n $3.18 $3.18 $3.48 §10.15
44 V1057 Cy§ n n n n K n n n K n a n S 43
45 V1515 Cy§ n n n n K n n n K n 1.09 a S 45
46 HD 143006 n n n $0.68 K n n n K n $0.65 b $50.66 $7.99

‘reusnor reaisAydonsy ayl
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Table 5
(Continued
Iog Lacc
H) H) H) H) H) (He1 40209 (Hel 447) (Hel 5879 (Hel 667§ (Hen 4689 (Call 3939 (Call 3968 log Lae log M%i
ID Name (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Le) (Mg yr=7)
47 DI Cep $0.05 $0.04 0.19 053 K n 0.04 0.27 K $50.24 0.54 0.45 0.26 $6.97
48 As 353A n a a a K n 0.08 $0.22 K n $0.35 a $0.13 $6.81

Note. In the table;'K " marks the lines that are not covered or fully covered by the extracted spactsafor the ones that appear as emission but are strongly affected by the absorption due to tha"vinfis,
those that do not clearly appear as emission lines; laini for the ones that are seriously contaminated by other nearby emission lines.
° For the two FUOTi objects, their accretion rates are obtained from Green @0&6) by tting the SEDs, assuming a central stellar mass\§ 1

‘reusnor reaisAydonsy ayl
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: ' T ' ' RN probe gas farther out but mostly withirb au. A few sources
6 5_(0) W 3 appear as outliers in this plot and are worth discussing. First,
0 Full disk the FWHMs from DKTau A and RULup are much larger than
S5F E those expected from pure Keplerian rotation using the disk
E /| inclinations given in Tabl&. The disk inclination of DKTau A
£ is not well constrained: the 2@alue we adopted here comes
3E 3 from the analysis of millimeter CO lines, but the continuum
: emission points to a much higher inclination of §Simon
: 3 et al.2017). In the case of RULup the outer disk inclination of
3° derived from ALMA millimeter imagery may not apply to
3 @ &\ E the forbidden lines studied here. Indeed, spectroastrometry in
NN j L NE the CO rovibrational band suggests a higher inclination df 35
—-11 -10 -9 -8 -7 -6 for the inner disKPontoppidan et aR011), and an even higher
Log Moec(Mo/yr) inclination is implied by MIDI visibilities (see Varga
' ' ] et al. 2018 and Banzatti et aR018for further details If we

(b) Full disk ] use these alternatiMeigher disk inclinations, the BC FWHM

or ] of DK Tau A falls in the same region as the other BCs, and that
I ] of RU Lup becomes much closer to that region. Finally, the
8 BCs from LkCal5, SZ73, RNO90, and VVCrA fall within

63_ E the domain of LVC-NC; they could have been misclaesi
i 1 using our stringent cut in FWHM that does not take into

Numbers

Numbers

account disk inclination.

W ] Having established that our sample supports the scenario in

SF N ] which LVC-BC and LVC-NC trace a wind and their FWHMs

- \\ N ] are consistent with being broadened by Keplerian rotation, we
0.0

S NN NN ] use the[O1] 6300 luminosity and our constraints on the gas
-1.0 -0.5 . 0.5 1.0 temperature, velocity, and emitting radii to compute wind
Log Mass (Mg) mass-loss ratesé.3 Figuré&(@ shows that electron densities
Figure 7. (a) Distribution of accretion rates for full diskéray- lled Ne 3_x 106C_m are needed to_r_epmduce the measured
histograrh and TDs (hatch- lled histograi The solid line and the dashed LVC line ratios. As these densities are larger than the
line mark the median accretion rates of full disks and TDs, respectiggly. ~[O1] 6300 critical density, which is 1.8 10°cm™3, the
Distribution of stellar masses for full diskgray- lled histograrh and TDs LVC emitting gas is most likely in LTE. In addition, very high
(hatch-lled histogram densities are required to make f@1] 6300 line optically
thick (see Tabl@® in Hollenbach & McKeel989. Hence, we

forbidden-line proles demonstrate that the inner gaseous disk Wil use equations for optically thin LTE gas to relate the LVC

of LkCa 15 is in a more evolved stage than that of J1842.  [O1] 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 Sectiort.2.2 and Figure6(b)), we will use

equations derived for radiative shocks to estimate the mass-loss
Previous analysis dfO1] 6300 high-resolution spectra has rate from this HVC.

demonstrated that a sigeant number of LVC-BC and LVC-

NC peak centroids are blueshifted with respect to the stellar 5.4.1. Mass-Loss Rates from the LVC

Gt al. 2019, With the largest blueshifs found i sources | A5 e [O] 6300 line is opically thin, its luminosit

surrounded by lower-inclination disks and an emitting region (Lesod Can be written as

within 0.5 au from the star, Simon et £016 attributed the Lezopo NyAhOQ (6)

LVC-BC to the base of an MHD-driven wind. Although the hereN.. is the total ber of O at in th i level

focus of our paper is on forbidden-line luminosities and line W€ IS the fotal number o aoms'glngle Ubpegievel,

ratios, here we show that the kinematics of the LVC-BC and A IS the transition probabilit{6.503 10°°s™), andh is the

LVC-NC of our sample are consistent with previomglings. ~ associated energy they erfiltere et al1997). In addition, for
The top panel of Figurél shows the distribution of the NC ~ gas in LTE the total number of O atoifid) is related td\, as

5.4. Mass Outow Rates

and BC centroids. About 63%25 24) of NCs and 57%13 23) e hOKT
of BCs have blueshifts larger than 1.5 km,swhile only 8% Ny g“—, (7
(2/24) of NCs and 22%(5/23) of BCs are redshifted by Z(T)

more than 1.5 knT¥-. 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 Figliteshows the
relation between disk inclination and the BC and NC FWHMs,
corrected for instrumental broadening and normalized by

where g, is the upper-level statistical weighk is the
Boltzmann constanfl is the gas temperature, ag() is the
partition function at temperatufe We calculat&(T) assuming
a ve-level oxygen atom. Considering that in disks the

stellar mass. abundance of neutral oxygen is reduced because half of the
If we attribute the line width primarily to Keplerian cosmic O is in silicate graindenkins2009 and the wind is
broadening as in previous stud{&mon et al201§ McGinnis launched from outside the dust sublimation radkrigure 11

et al. 2018, most BCs trace radii within 0.5au, while NCs lower pané), we take (O) = 3.2x 10°“to calculate the total

18
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Figure 8.Line luminosities for thO 1] 6300 LVC(panel(a)) and for the HVQpanel(b)) vs. accretion luminosities. Magenta squares mark TDs, ctiéat-circles
are sources from this work, and gray circles are additional sources from Nisir{281.§. Solid lines are the best linearto all LVC detections present in para).
The additional dashed line in parfb) gives_the bestt linear relation to the detected HVCs. The upper limits in péy)dbr our sample are calculated assuming a
Gaussian prde with an FWHM of 70 km 8%, a median of the HVC FWHM, and a peak of 3ms.

Table 6
1 Statistics on the Line Prées

Only NC Only BC NG BC HVC
_a Full disks  2896(8/29)  24%(7/29)  24%(7/29)  72%(21/ 29)
TDs 44%(7/16)  44%(7/16)  13%(2/16)  13%(2/ 16)

lwing = f X rpase i.€., the wind vertical extent istimes the
emitting radius at the base of the wind. Combining
Equationg(6) through(8), we have

Viwind 1My ehOKTZ(T) L6300

Iwind (O) g_] AB

(M Muind lwinda  * Le3oo M. yr L (9)
10kms! lau L. ' ’

Log ('—[o |]5300/ Lo)
|
13

Mwind

0 @ LVC-NC
E] :EC'BC where = 1.34 s the ratio of total gas mass to hydrogen mass.
T T TP T TP T TP From this equation it is clear that the estimated mass-loss
4 _3 ) —1 0 1 rate has a strong dependence on the gas tempefaiame
Log (Leee/Lo) scales linearly withVyng and lying. LVC gas temperatures

Figure 9. Line luminosities fofO 1] 6300 LVC-NC(blue) and LVC-BC(red range from 5000 fo 10,0 (Sect|0n4._2.]), and within thLS

vs. accretion luminosities. Magenta squares mark TDs. The solid line is thef@NgeC(T) varies by an order of magnitude: from x410°

linear t to the total LVC(see Figures(a)), while the dashed line and dotted  for T = 5000 K down to 2.6< 10°° for T = 10,000 K.

line are the bestts to the LVC-BC and LVC-NC, respectively. For each source with gi®1] 6300 detection we calculate
its own Mying by taking asvying the median of projected peak

mass of ga#l from the total number of Oatoms. Finally, the  velocities and ag,,scthe Keplerian radius from half of the line

mass-loss rat®l,i,q can be written as FWHM, corrected for the instrumental broadening and
projected(see Figurell, bottom pangl For the BC these
Mhind MM, ®) values correspond 815 km s * and 0.15 au, while for the NC
lwind they areS6 km s°* and 1.7 ad® We then divideéVi,ing by each

where YWiﬂd and lwing are the velocity aqd Wm_d he'_ght’ 18 Unprojected valugs for the BC afe12 km $* and 0.33 au, while for the
respectively. We further write the unconstrained wind height asNC they are54 km $°* and 4.3 au.
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the uncertainty on our absolutex calibration is likely better
than 10%.

Appendix C
Comments on Sources withoufO 1] 6300 Detection

Our sample includes three sour¢&Z 68A, DoAr 21, and
DoAr 24E) with no[O1] 6300 detection. Neither DoAt1 nor

Fang et al.

However, based on high spatial resolution mid-infrared
imagery, Jensen et 2009 nd very weak, almost absent,
excess emission from this source al® 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 DBAr

The recent ALMA imaging of DoAR1 at 870 m shows no
detection at a spatial resolution ofDand a sensitivity of

DoAr 24E shows emission lines in our spectra that can be use®.02mJy (Cox et al.2017). Therefore, even if there is a disk
to derive accretion luminosities; thus, they are inferred to havearound DoAr21, its disk mass should be very low.

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 bingdsgparation
07126) and a third faint companiofM6) with a separation of
2808 (Correia et al.200§. Our spectroscopic observation
targeted the close binary. We detect thelClines at 3934 and
3968A but only weak H emission(EW S 2.8A). This star
has been classtd as a weak-line Tauri star, a young
nonaccreting star, by Cieza et §007 and Alcala et al.
(2017. The[O1] 6300 emission is not detected in our HIRES

DoAr 24E has a faint companion at a separation ‘32
(Ratzka et al.2005. Our HIRES spectrum covering from
4420 to 631A 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
6.2x 10°°M, yr 1. 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
wavelengthgMohanty et al2013 Rebollido et al2015. No
[O1] and 0-BHO emission is detected around 68 (Riviere-

spectra, and it is also absent in the X-Shooter spectra by Nisinf;5richalar et al2018.

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 SB8A is compatible
with that of a full disk.

DoAr 21 is a close binary with a separation of-1L.3 au
(Loinard et al2008. The HIRES spectrum of DoA21, which
covers from 4420 to 6318, does not show any accretion-
related emission lines. Salyk et gR013 detected Pf

Appendix D
Corrected Line Pro les and Kinematic Decomposition

The rationale for decomposing corrected line f@® with
Gaussians is discussed in SectiBr?, while the best-t
parameters are summarized in TaBleFigure 19 provides

emission from DoAR1 and estimated a mass accretion rate of the best-t Gaussian prdes color-coded by kinematic

1.7x 10°8M, yr°. DoAr21 is detected at far-infrared
wavelengths(Rebollido et al.2015 and has reduced mid-
infrared emission as TDgee Figureld from our paper

30

component and superimposed on the corref&d 4068,
[O1] 5577, and[O1] 6300 proles for all the sources in
our sample.



The Astrophysical Journal, 868:28(35pp, 2018 November 20 Fang et al.

DPTou : [s 1] 4068 [0 1] 5577 [0 1] 6300

1.0F

0.5

0.0— ) : - " - P
CXTou [S 1) 4068 [0 1] 5577
1.0f T T
051 T T
0.0, . . . ol , .
FPTau © [s 1] 4068 [0 1] 5577
1.0 : T T
05} 1 1
x ; Y
.,—? : _/\
E 0.0% 4 4 4 LM + + . . +
3 FNTau [S 1] 4068 | [0 1] 5577 [0 1] 6300
€ 1.0f T : T 1
o ! .
zZ I .
f 5
[s 1] 4068 [0 1] 5577 [0 1] 6300

[o: 1] 5577

i

P

-200 -100 O 100 200 -200 -100 O 100 200 -200 -100 O 100 200
Velocity (km/s)

Figure 19.[Su] 4068,[O1] 6300, andO1] 5577 line proles 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. Eap,B>e lines contaminating the ptes of the
forbidden lines are marked with vertical dashed light-blue ligfes.extended version of thisgure is availablg.
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Appendix E the pro les by subtracting thetted function from the observed
Line Decontamination spectra. The correct¢811] 4068 andO1] 5577 line proles
Seven sources presefii] 4068 line proles that are  are also shown in Figur20. Due to the strong contamination
highly contaminated by Feemission at 4063.6 and 4077  from the Fet line at 4063.6, any [Si] 4068 ux more
In addition, the [O1] 5577 line from RULup is also blueshifted than 200 km §* cannot be recovered. A compar-
contaminated by Feemission at 5572.&. Figure20 shows  ison of [Sil] 4068 andO1] 6300 pro les suggests that we
the contaminated line prtes. We t the wings of the Fe achieve a good correction for less blueshifted emistgen
emission with linear functions and tentatively decontaminateFigure5 in the main text
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Figure 20. Pro les that are contaminated by Fknes (left panel$. The right panels show our corrected pes.
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Appendix F

A Comparison of the Individual Components in[S11] 4068

and [OI] 6300

As discussed in the main teXSection 4.1), individual
kinematic components present sim[i&rn] 4068,[01] 5577,
and [O1] 6300 proles, indicating that they trace the same components.
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Figure 21. Centroids(left) and FWHMs(right) of individual [S11] 4068 and[O1] 6300 componentéHVC in green, LVC-BC in red, and LVC-NC in blueA

Centroid from [0 1]6300 (km/s)

dashed line shows the 1:1 relation.
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physical region. Here, we provide further evidence to this
nding by showing a comparison of centroids and FWHMSs of
individual [S1I] 4068 and[O1] 5577 components versus the
[O1] 6300 component§see Figure21 and 22). Note the
similarity in centroids and FWHMs for individual kinematic
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Figure 22. Same as Figur2l, but for the[O1] 5577 andO1] 6300 lines.
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Appendix G
Updated Relation between Line and Accretion Luminosity

In view of theGaia DR2 releasd¢Bailer-Jones et aR019,

we revisit the relations between the luminosity of permitted

lines(Lyine) and the accretion luminosifiz,.J. We collectl e
and L, from Alcala et al.(2017 and scale them to the new
Gaia DR2 distance of each sourteWe carry out a linear
regression to t logLac= ax logLje+ b. We have
excluded wealkor dubiou$ accretors and subluminous objects
from the t. The best-t a and b coef cients and their
uncertainties are listed in TableWithin 1 , most of them are
the same as those reported in Alcala e{2017).

Table 7
Revised lod 4109 Ljine Linear Fit

Lines &) a(xer b(x errn)

H 6562.80 1.16£ 0.05 1.81(+ 0.20
H 4861.33 1.16:0.03 2.64+0.16
H 4340.46 1.1p£0.03 2.75+0.17)
H 4101.73 1.0@£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 1.2¢+ 0.0 3.43+£0.29
Pa 10049.37 1.2# 0.09 3.93£0.449
Br 21661.2 1.2¢:0.11) 4.01+ 0.57)
Hel 4026.19 1.06t 0.04 3.671x0.22
Hel 4471.48 1.06£ 0.09 3.48+0.23
Hel 4713.15 0.86: 0.09 3.02+ 0.50
Hel 5015.68 1.0¢0.04 3.61(+ 0.24
Hel 5875.62 1.1 0.09 3.78+0.22
Hel 6678.15 1.26+0.06) 4.71(+0.34
Hel 7065.19 1.2¢:0.095 4,57+ 0.29
Hel 4685.80 1.06: 0.05 3.90+0.33
Call (K) 3933.66 1.06£ 0.04 2.60+0.18
Call (H) 3968.47 1.00:0.03 2.79+0.19
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