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ABSTRACT

Using Keck/HIRES spectra (Δ v∼7 km s−1) we analyze forbidden lines of [OI] 6300Å, [OI] 5577 Åand [SII]
6731 Åfrom 33 T Tauri stars covering a range of disk evolutionary stages. After removing a high-velocity
component (HVC) associated with microjets, we study the properties of the low-velocity component (LVC). The
LVC can be attributed to slow disk winds that could be magnetically (magnetohydrodynamic) or thermally
(photoevaporative) driven. Both of these winds play an important role in the evolution and dispersal of
protoplanetary material. LVC emission is seen in all 30 stars with detected [OI] but only in two out of eight with
detected [SII], so our analysis is largely based on the properties of the [OI] LVC. The LVC itself is resolved into
broad (BC) and narrow (NC) kinematic components. Both components are found over a wide range of accretion
rates and their luminosity is correlated with the accretion luminosity, but the NC is proportionately stronger than
the BC in transition disks. The full width at half maximum of both the BC and NC correlates with disk inclination,
consistent with Keplerian broadening from radii of 0.05 to 0.5 au and 0.5 to 5 au, respectively. The velocity
centroids of the BC suggest formation in an MHD disk wind, with the largest blueshifts found in sources with
closer to face-on orientations. The velocity centroids of the NC, however, show no dependence on disk inclination.
The origin of this component is less clear and the evidence for photoevaporation is not conclusive.

Key words: accretion, accretion disks – protoplanetary disks – stars: pre-main sequence

1. INTRODUCTION

Low-excitation forbidden lines of [OI] and [SII] are some
of the defining spectroscopic characteristics of the low-mass,
pre-main sequence stars known as T Tauri stars (TTS,
Herbig 1962). Their broad, blueshifted emission profiles were
originally interpreted as arising in winds with receding flows
occulted by the circumstellar disk (Appenzeller et al. 1984;
Edwards et al. 1987), and the correlation between their
luminosity and that of infrared emission from the disk
demonstrated that the forbidden line emission was powered
by accretion (Cabrit et al. 1990). Studies of large samples of
TTS conducted by Hamann (1994), Hartigan et al. 1995
(hereafter HEG), and Hirth et al. (1997) showed that forbidden
lines in these stars are characterized by two distinct
components: a high-velocity component (HVC) and a low-
velocity component (LVC).

The HVC forbidden emission, typically blueshifted by 30 to
150 km s−1, was demonstrated to be formed in microjets,
small-scale analogs to the parsec-long collimated jets emerging
from more embedded Class I young stellar objects (YSOs)
(Hartigan et al. 1994; Ray et al. 2007). A correlation between
mass loss rates, derived from the luminosity of the HVC in the
strongest [OI] 6300 Å forbidden line and the accretion
luminosity and/or disk accretion rate, has been the foundation
of the accretion–outflow connection in young accreting stars
(HEG, Cabrit 2007). The origin of the outflows traced by the
HVC is not yet fully understood, but is likely tied to mass and

angular momentum loss in the accretion disk and/or the
accreting star through magnetized magnetohydrodynamic
(MHD) winds (Ferreira et al. 2006).
The origin of the LVC forbidden emission is even less well

understood. HEG found the LVC to be present in all TTS with
near-infrared (NIR) excess at K-L (Class II sources, e.g., Lada
& Wilking 1984), typically with small blueshifts ∼5 km s−1.
They considered the possibility that the LVC might arise in a
slow wind on the surface of a disk in Keplerian rotation with
the LVC surface brightness decreasing as ∼r−2.2. This
possibility was investigated more thoroughly by Kwan &
Tademaru (1995) who used line luminosities and line ratios to
evaluate the physical conditions in the wind, and estimated disk
wind mass loss rates as ∼10−8Me yr−1. The possibility that
the LVC emission might trace thermally driven disk winds
powered by photoevaporative heating due to extreme ultravio-
let (EUV) radiation from the central accreting star was
investigated by Font et al. (2006). However, the EUV-heated
flows produced very little neutral oxygen and thus could not
account for the LVC observations.
More recently, the growing realization that photoevaporative

flows are likely an important means of disk dispersal during the
era of planet formation has led to renewed interest in additional
sources of heating for photoevaporation, i.e., X-ray and far-
ultraviolet (FUV) radiation. These have the potential of
producing significant amounts of neutral oxygen in the flow
and accounting for the LVC forbidden emission (Hollenbach &
Gorti 2009; Ercolano & Owen 2010, 2016; Gorti et al. 2011).
Another new development is the acquisition of high-

resolution spectra of [NeII] at 12.8 μm. To date, 24 high-
resolution profiles of [NeII] in TTS have been acquired,
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showing, like the optical [OI] profiles, a mixture of HVCs and
LVCs. LVCs of [NeII], blueshifted from −2 to −12km s−1,
are seen in 13/24 of the high-resolution spectra, and have been
interpreted as direct tracers of photoevaporative flows (see the
recent review by Alexander et al. 2014 and references therein).
Although the ionization required to produce substantial [NeII]
emission in a photoevaporative flow could arise either from
EUV or X-ray heating, Pascucci et al. (2014) compared the
measured [NeII] luminosities with upper limits on the EUV
radiation reaching the disk and demonstrated that, at least in
three systems, this emission probes the X-ray rather than the
EUV-ionized surface. Due to the fact that X-rays penetrate
deep in the disk and drive flows that are mostly neutral,
blueshifted [NeII] emission signals mass loss rates that are
considerably higher than if the heating is from EUV, possibly
as high as ∼10−8M☉ yr−1. Such mass loss rates are
comparable to those estimated by Kwan & Tademaru (1995)
from the LVC optical lines. If these mass loss rates are
characteristic of photoevaporative flows, their similarity to TTS
disk accretion rates (e.g., Alcalá et al. 2014) suggests that
photoevaporation may play a major role early in the evolution
and dispersal of protoplanetary material. Photoevaporation can
drastically change the disk surface density by opening gaps in
planet-forming regions that widen with time, thus setting the
timescale over which (giant) planet formation must occur. The
implication this would have on the final architecture of
planetary systems, the chemistry of the disk, planet interactions
(such as the delivery of volatiles to planets located in the inner
solar system), and the final mass and location of giant planets
specifically, would be critical to enhancing our understanding
of planet formation more generally.

A better understanding of the empirical properties of the
forbidden LVC in TTS is needed to assess whether it arises in
photoevaporative flows. Two recent works, Rigliaco et al. 2013
(hereafter R13) and Natta et al. 2014 (hereafter N14), have
begun this process and provide the motivation for the present
study. R13 introduced two changes in interpreting the LVC.
First, they revisited the forbidden line data from HEG with
modern estimates for the accretion luminosity. Gullbring et al.
(1998) demonstrated that the mass accretion rates in HEG were
too large by nearly an order of magnitude due to uncertain
bolometric corrections to the continuum excess measured in the
R band, and from the simplistic assumption that the accretion
luminosity was produced in a boundary layer at the stellar
surface. R13 re-derived the accretion luminosity for 30 of the
HEG stars from Hα emission lines, observed simultaneously
with the forbidden lines, which appeared in Beristain et al.
(2001). They found correlations between the LVC luminosity
from HEG with the improved accretion luminosities as well as
with published values for FUV and stellar luminosities, but not
with literature values for the X-ray luminosity. This led to the
suggestion that if the LVC is from a photoevaporative flow,
FUV heating may be more important than X-ray radiation in
generating [OI] emission, although if [NeII] emission were
also present then X-rays would need to be a contributor as well.
A further implication would be that photoevaporative flows
might be prevalent throughout the T Tauri phase, decreasing in
proportion to the disk accretion rate.

Second, R13 demonstrated, with a small set of new high-
resolution spectra, that the LVC itself may have two kinematic
components. Focusing on only two [OI] LVCs that were well

separated from any HVC emission, the profiles were decom-
posed into a broad and a narrow contribution, with the
suggestion that the broad feature may be formed in bound
material in the disk and rotationally broadened, while the
narrow feature may be associated with material from further out
in the disk, possibly in a photoevaporative flow.
The study of N14 provided further refinement of the

definition of the LVC for 44 TTS in Lupus and σ Ori. In
HEG the LVC was defined very simply, assigning any
emission within 60 km s−1 of line center to the LVC and
outside of that to the HVC, using profiles from echelle spectra
with a velocity resolution of 12 km s−1. N14 improved on this
by applying Gaussian fitting techniques to separate HVC from
LVC emission, although their low spectral resolution of 35
km s−1 meant that a clear separation between these two
components was not always possible, nor could they resolve
the LVC into a broad (BC) and narrow (NC) component as
done in R13. Nevertheless, they found good correlations
between the total LVC luminosity and both the stellar
luminosity and the accretion luminosity, but not the X-ray
luminosity. They interpreted the LVC as arising in a slow wind
(<20 km s−1) that is dense (nH>108 cm−3), warm
(T∼5000–10,000 K), and mostly neutral.
In this paper, we continue the investigation of the empirical

properties of the LVC forbidden lines in TTS in order to
elucidate their origin. While the possibility that they may
provide a direct tracer of photoevaporative flows that are
responsible for protoplanetary disk clearing is intriguing, other
potential contributors are the base of MHD centrifugal winds
and heated, bound gas in the disk itself. Our study differs from
previous ones in two major ways. First, our sample of TTS
spans a larger range of evolutionary stages when compared to
the sample of HEG (Sections 2.1 and 3). Second, using Keck/
HIRES we reach a spectral resolution that is more than five
times higher than that of N14 and about two times higher than
that of HEG(see Section 2.2). This high spectral resolution
enables us to define the kinematic structure of the LVCs, where
about half the detected sources show two kinematic compo-
nents and the remaining LVCs are separated into either broad
or narrow profiles (Sections 4 and 5). We discuss the relation of
these components to MHD and photoevaporative winds in
Section 6.

2. OBSERVATIONS AND DATA REDUCTION

For this project, we focus on the kinematic properties of
several forbidden lines in TTS: [OI] 6300.304 Å, [OI]
5577.339 Å, and [SII] 6730.810 Å. We also searched for [OII]
7329.670 Å but did not detect it in any source. In addition, we
use Hα as a tracer of the accretion luminosity and disk
accretion rate (Alcalá et al. 2014). In the following subsections
we describe our sample (2.1), the observations (2.2), the
methodology to create forbidden line profiles free from telluric
and photospheric absorption (2.3), and the evaluation of line
equivalent widths and upper limits (2.4).

2.1. Sample

All of our science targets, with the exception of TW Hya,
belong to the well-characterized star-forming region of Taurus-
Auriga (age ∼1Myr and average distance 140 pc; Kenyon
et al. 2008). Our sample represents the spread of disk properties
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and disk accretion rates, but not the statistical distribution of
mass, age, or other properties in this star formation region. The
required high signal-to-noise ratio precluded observing late M
dwarfs and brown dwarfs, and disk inclination was not one of the
criteria used to select our targets. Our sample is presented in
Table 1 and consists of 33 mostly single and bright (B�16)
TTS with disk spectral energy distributions encompassing: 26
Class II, full disks with optically thick inner regions; 5 transition
disks (TDs), with absent or lowNIR to mid-infrared (MIR)
excess emission from the inner disk but large far-infrared (FIR)
emission; 2 Class II/III evolved disks with weak NIR to FIR
excess. Additional information on this sample can be found in
Pascucci et al. (2015), who analyzed the Na D and K profiles (at
5889.95 and 7698.96 Å, respectively) from the same spectra as
presented here. The spectral types (SpTy), extinctions (Av), stellar
bolometric luminosities (L*), and stellar masses (M*) in Table 1
are all taken from Herczeg & Hillenbrand (2014) who derived
them in a homogeneous way from spectrophotometric data, while

taking into account excess continuum emission (veiling) and
extinction when deriving the stellar properties.9

Table 1 also gives disk inclinations for 22 stars taken from
the literature based on spatially resolved disk images, shown by
Appenzeller & Bertout (2013) to be the most reliable means of
determining system orientations. For most sources uncertainties
are reported to be ∼10%. However, for one source, DR Tau,
nominally reliable techniques for estimating inclination range
from close to face-on to almost edge-on and suggest that the
inner and outer disk (>10 au) have different orientations
(Banzatti & Pontoppidan 2015). Resolved millimeter con-
tinuum images point to a highly inclined outer disk (∼70°,
Andrews & Williams 2007 and ∼35°, Isella et al. 2009).
However, MIR interferometric visibilities coupled with spectral

Table 1
Source Properties

Source SpTy SED Av log L* M* i References log LX
(Le) (Me) (deg) (i) (Le)

AATau M0.6 II 0.40 −0.35 0.57 71 C13 −3.49
BPTau M0.5 II 0.45 −0.38 0.62 39 G11 −3.45
CITau K5.5 II 1.90 −0.20 0.90 44 G11 −4.30
CoKuTau 4 M1.1 T 1.75 −0.50 0.54 46† L L
CWTau K3 II 1.80 −0.35 1.01 65 P14 −3.13
CYTau M2.3 II 0.35 −0.58 0.41 34 G11 −4.37
DFTau M2.7 II 0.10 −0.04 0.32 52† L L
DGTau K7 II 1.60 −0.29 0.76 38 G11 −4.18*

DHTau M2.3 II 0.65 −0.66 0.41 ∼90† L −2.66
DKTau K8.5 II 0.70 −0.27 0.68 41 AJ14 −3.62
DLTau K5.5 II 1.80 −0.30 0.92 38 G11 L
DMTau M3 T 0.10 −0.89 0.35 35 AN11 −4.33*

DNTau M0.3 II 0.55 −0.08 0.55 39 I09 −3.52
DOTau M0.3 II 0.75 −0.64 0.70 37† L L
DRTau K6 II 0.45 −0.49 0.90 20 S09 L
DSTau M0.4 II 0.25 −0.72 0.69 65 AJ14 L
FMTau M4.5 II 0.35 −1.15 0.15 ∼70 P14 −3.86
FZTau M0.5 II 3.5 −0.48 0.63 69† L −3.78
GHTau M2.3 II 0.40 −0.19 0.36 80† L −4.55
GITau M0.4 II 2.55 −0.25 0.58 83† L −3.66
GKTau K6.5 II 1.50 −0.03 0.69 73 AJ14 −3.42
GMAur K6 T 0.30 −0.31 0.88 50 G11 L
GOTau M2.3 II 1.5 −0.70 0.42 66 AW07 −4.19
HNTau K3 II 1.15 −0.77 0.70 52 AJ14 −4.40*

HQTau K2 II 2.6 0.65 1.53 20† L −2.86
IPTau M0.6 II 0.75 −0.41 0.59 33† L L
ITTau K6 II 3.1 −0.01 0.76 42 AJ14 −2.77
TWHya M0.5 T 0.00 −0.72 0.69 6 R12 −3.85
UXTau A K0 T 0.65 0.22 1.51 35 AN11 L
VYTau M1.5 II/III 0.6 −0.41 0.47 L L L
V710Tau M3.3 II 0.8 −0.43 0.30 44 AJ14 −3.45
V773Tau K4 II/III 0.95 0.48 0.98 34† L −2.61
V836Tau M0.8 II 0.6 −0.52 0.58 48 P14 L

Note. Spectral energy distribution (SED) entries are taken from Pascucci et al. (2015). SpT, Av, L*, and M* values were taken from Herczeg & Hillenbrand (2014).
A † indicates sources where inclinations were derived in this work as described in Section 5.5. LX values were taken from Gúdel et al. (2007) who used DEM fits. If the
LX value is marked with an * then it was derived using 1-T, 2-T fits instead. The one exception is TW Hya, in this case the LX value was taken from Stelzer & Schmitt
(2004).
References. Akeson & Jensen (2014) (AJ14), Andrews et al. (2011) (AN11), Andrews & Williams (2007) (AW07), Cox et al. (2013) (C13), Gúdel et al. (2007),
Guilloteau et al. (2011) (G11), Herczeg & Hillenbrand (2014), Isella et al. (2009) (I09), Keane et al. (2014), Piétu et al. (2014) (P14), Rosenfeld et al. (2012) (R12),
Schegerer et al. (2009) (S09).

9 The only source that did not have a stellar mass reported in Herczeg &
Hillenbrand (2014) is HN Tau. The mass reported in Table 1 is taken from
Keane et al. (2014).
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energy distribution (SED) fitting, as well as modeling of the
spectroastrometic signal in the CO ro-vibrational line, suggest a
much smaller inclination for the inner disk (∼20°, Schegerer
et al. 2009 and ∼9°, Pontoppidan et al. 2011). Additional
evidence for a small inclination to the inner disk comes from
exceptionally deep and broad sub-continuum blueshifted
absorption at both He I 10830 Å and Hα (Edwards
et al. 2003), requiring absorption along a line of sight through
a wind that emerges radially from the stellar poles. From these
considerations, we adopt a disk inclination of 20° for DR Tau
since, as will be shown in Section 5.5, the LVC forbidden line
emission is likely to arise within just ∼5 au of the star. For an
additional 10 targets with no reliable inclination reported in the
literature, we calculate potential disk inclinations based on
forbidden line widths, as described in Section 5.5 and noted in
Table 1 with a dagger.

2.2. Observations

We observed all targets using the Keck/HIRES
spectrograph (Vogt et al. 1994) with the C5 decker and
a 1.1″×7″ slit, which covers a wavelength range of
4800–9000 Åat a nominal resolution of 37,500. Pascucci

et al. (2015) independently calculated the spectral resolution
achieved by HIRES in this setting and found a slightly better
resolution of ∼45,000 corresponding to 6.6 km s−1. The targets
were observed in two campaigns with the same instrumental
setting, one in 2006 and another in 2012. Two of the targets,
UX Tau A and IP Tau, were observed in both campaigns. In
addition to the science targets, we observed five late-type stars
which are used as photospheric standards and a set of O/B type
stars which are used as telluric standards. Spectra were
acquired in the standard mode which places the slit along the
parallactic angle to minimize slit losses. Slit position angles
with respect to disk position angles are discussed in
Appendix A and the table therein.
The data reduction was carried out using the highly

automated Mauna Kea Echelle Extraction (MAKEE) pipeline
written by Tom Barlow. In addition to bias-subtraction, flat-
fielding, spectral extraction, and wavelength calibration, the
pipeline automatically subtracts the sky. An example of a
spectrum before and after sky subtraction is discussed in
Appendix A and the figure therein. Further details about the
data reduction and source exposure times are given in Pascucci
et al. (2015).

Table 2
Forbidden Line Equivalent Widths

Source Photospheric Standard r6300 EW ([OI] 6300) EW ([OI] 5577) EW ([SII] 6731)
(Å) (Å) (Å)

AATau V819 Tau 0 0.74±0.03 0.21±0.03 <0.005
BPTau V819 Tau 0.6 0.35±0.05 0.20±0.04 <0.005
CITau HBC 427 0.6 0.16±0.06 <0.016 <0.130
CoKuTau 4 V1321Tau 0 0.13±0.02 <0.006 <0.004
CWTau HBC 427 1.5 1.70±0.02 0.35±0.05 0.18±0.07
CYTau GL 15a 0.6 0.42±0.06 0.18±0.07 <0.006
DFTau V819 Tau 1.6 1.51±0.12 0.15±0.03 <0.004
DGTau V819 Tau 1.0 9.83±0.19 0.62±0.04 1.62±0.04
DHTau V1321Tau 0.5 0.75±0.04 0.22±0.02 <0.007
DKTau V819 Tau 0.4 1.33±0.09 0.31±0.05 0.10±0.06
DLTau HBC 427 1.0 1.11±0.06 <0.018 0.16±0.06
DMTau V1321Tau 0.1 0.56±0.09 <0.017 <0.026
DNTau V819 Tau 0 <0.007 <0.007 <0.007
DOTau V819 Tau 1.5 5.24±0.06 0.49±0.02 0.49±0.04
DRTau V819 Tau, No Correction 5.6 0.22±0.05 <0.009 <0.008
DSTau V819 Tau 0.6 0.20±0.05 0.11±0.02 <0.005
FMTau V1321 Tau, No Correction 3.5 0.70±0.04 0.28±0.04 <0.005
FZTau V1321Tau 1.6 0.78±0.04 0.12±0.03 0.15±0.02
GHTau V1321Tau 0.1 0.33±0.03 <0.004 <0.004
GITau V819 Tau 0.5 1.30±0.07 0.36±0.07 0.19±0.03
GKTau V819 Tau 0.1 0.28±0.02 <0.004 <0.005
GMAur HBC 427 0.6 0.35±0.03 <0.009 <0.011
GOTau V1321 Tau 0.3 0.16±0.02 0.11±0.04 <0.005
HNTau V819 Tau, No Correction 1.3 5.77±0.08 <0.025 1.28±0.30
HQTau HBC 427 0.7 0.37±0.05 <0.007 <0.006
IPTau V819 Tau 0.4, 0.3 0.69±0.07, 0.52±0.03 <0.008, <0.005 <0.010, <0.009
ITTau HBC 427 0 0.30±0.06 <0.004 <0.004
TWHya V819 Tau 0.5 0.50±0.04 0.09±0.02 <0.012
UXTau A HR 8832, HBC 427 0.2, 0.2 0.22±0.02, 0.09±0.02 <0.006, <0.006 <0.003, <0.003
VYTau V1321 Tau 0 <0.010 <0.008 <0.008
V710Tau V1321Tau 0.1 <0.008 <0.007 <0.011
V773Tau HBC 427 0.1 0.54±0.03 <0.003 <0.003
V836Tau V819 Tau 0.2 0.58±0.06 0.22±0.09 <0.007

Note.* The 3σ upper limits were computed assuming an unresolved line of FWHM 6.6 km s−1.
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2.3. Corrected Forbidden Line Profiles

In order to identify weak intrinsic emission in the forbidden
lines we first remove any telluric and/or photospheric
absorption contaminating the spectral order of interest. Telluric
absorption is prevalent in the orders containing [OI] 6300 Å
and [OII] 7330 Å, but minimal for [OI] 5577 Å and [SII]
6731Å. We remove the atmospheric features by matching the
telluric lines in an O/B standard star to those in the target
spectrum and then dividing the target spectrum by the telluric
standard. In order to remove photospheric lines, we follow a
procedure motivated by the approach of Hartigan et al. (1989).
First, we select a photospheric standard with a spectral type that
closely matches the spectral type of the target star. If need be,
we broaden the absorption lines of the photospheric standard to
match the width of the lines present in the target spectrum. We
then apply a cross-correlation technique to shift the photo-
spheric standard to align with the photospheric lines in the
target spectrum and, if necessary, we add a flat continuum to
the photospheric standard to match veiled photospheric lines in
the young accreting stars. The veiling (rλ) is defined as the ratio
of the excess to the photospheric flux, and r6300 is included in
Table 2, with values ranging from 5.6 (DR Tau) to 0 (five

sources). The final corrected profile is created by dividing the
target spectrum by the veiled photospheric spectrum of the
standard. This method for correcting the line profiles is
illustrated in Figure 1 for the [OI] emission features at 6300
and 5577 Å for two sources. One of them, DS Tau, has
moderate veiling, while the other, AA Tau, has zero veiling. No
corrections are made for Hα, which has no telluric absorption
and is a strong emission feature in all sources.
Four of the five photospheric standards are luminosity class

V and one is the weak lined T Tauri star (WTTS) V819 Tau,
with no infrared excess from a disk. As discussed elsewhere
(see Herczeg & Hillenbrand 2014), WTTS are ideal candidates
for matching photospheric features in TTS, and V819 Tau was
used whenever it was a good match to the spectral type of the
target. The five photospheric standards and their spectral types
are: HR8832 (K3), HBC427 (K6), V819Tau (K8), GL15a
(M2), V1321Tau (M2). The standard applied to each target
and line of interest is included in Table 2.
Final corrected line profiles are presented in Figures 2 and 3 for

[OI] 6300Å for all 30 stars, including the three non-detections
(see next section). Final corrected profiles for the other two
forbidden lines are shown only for the detections, in Figure 4 for
[OI] 5577Å and in Figure 5 for [SII] 6731Å. They are plotted as

Figure 1. An example of the technique used to correct [OI] line profiles for two sources: AA Tau and DS Tau. The original spectrum (in black) includes the emission
feature plus telluric and photospheric absorption lines that have not yet been subtracted. Once the telluric lines are removed the spectrum in red is produced. The
spectrum in blue depicts the final corrected line profile after the telluric and photospheric lines have been removed. For the [OI] 5577 Å feature, no telluric correction
is required.
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Figure 2. Corrected [OI] 6300 Å profiles with the stellar continuum subtracted for half of the sample.

Figure 3. Continuation of Figure 2: corrected [OI] 6300 Å profiles with the stellar continuum subtracted for the second half of the sample. For IP and UX Tau A, the
profiles from both observing campaigns are plotted. The solid line corresponds to the spectrum we analyzed in the paper (2006 for IP Tau and 2012 for UX Tau A).
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corrected flux above the continuum versus radial velocity. The
velocity is relative to the stellocentric frame, as determined from
photospheric line centroids. The stellar radial velocities of our
sources are given in Tables5 and6 of Pascucci et al. (2015) and
have a 1σ uncertainty of ∼1 km s−1.

2.4. Equivalent Widths

A number of our sources have weak or absent forbidden
lines. The procedure used to identify a detection is to calculate
the standard deviation of the residuals (rms) from a linear
continuum fit to a region ∼3 Å outside the line of interest. Any
emission near the wavelength of interest, with a peak higher
than three times the rms and equal or broader in width than the
6.6 km s−1 of an unresolved line, is deemed a detection. Based
on this method we find detections in the [OI] 6300 Å transition
for 30/33 TTS. Non-detections are DN Tau, VY Tau and V710
Tau, all with measured veilings very near or at zero. Both
detections and non-detections are included in Figures 2 and 3
for [OI] 6300 Å. Additionally, we detect [OI] 5577 Å for 16
stars and [SII] 6731 Å for 8 stars. Detections are shown for
these lines in Figures 4 and 5. The [OII] transition at 7330 Å is
never detected.

For detected lines we calculate the line equivalent width
(EW) by integrating over the wavelength range where there is
emission above the continuum. In addition to measuring the
line EW, we compute its uncertainty using a Monte Carlo (MC)
approach (e.g., Pascucci et al. 2008). We do this by adding a
normally distributed noise to each spectrum with the noise
being the rms on the continuum next to the line of interest. We
compute the EWs of 1000 individual spectra generated by the
MC approach and assign as the uncertainty the standard
deviation of the distribution of EWs.

For lines we determine to be non-detections, we compute a
3σ upper limit (UL) on the EW assuming a Gaussian
unresolved profile, s p= ´ ´


´UL 3 rms 2( ) where the

rms is calculated from the standard deviation of the residuals on
a ∼3 Å continuum, s


in Å is defined as l ´ D ´v c 2.355( ) ( )

where λ is the wavelength of the line of interest, Δ v is the full
width at half maximum (FWHM) of an unresolved line (6.6
km s−1) and c is the speed of light in km s−1.
Table 2 presents the EWs for the detected forbidden lines

and the upper limits for the non-detections for our 33 sources.

3. ACCRETION LUMINOSITIES AND
DISK ACCRETION RATES

In accreting TTS, most of the UV and optical excess
continuum emission derives from energy released through
accretion, attributed to magnetospheric accretion shocks on the
stellar surface (Hartmann et al. 1998). Ideally accretion
luminosities are determined from flux-calibrated spectra that
include the Balmer discontinuity, where the spectrum of the
continuum UV excess can be modeled with accretion shocks
(Calvet & Gullbring 1998; Herczeg & Hillenbrand 2008).
Since our echelle spectra are not flux calibrated, accretion
luminosities can be estimated using well calibrated relation-
ships relating line and accretion luminosities first demonstrated
by Muzerolle et al. (1998) and recently summarized in Alcalá
et al. (2014). This approach is superior to the older technique of
using the emission excess (veiling) at one wavelength in the
Paschen continuum, which requires applying an uncertain
bolometric correction. Here we will use the calibration on the
Hα line luminosity from Alcalá et al. (2014) because it is based
on a large sample of low-mass stars and simultaneous UV-
excess measurements of the accretion luminosity.
With our echelle spectra, emission line EWλ can be

converted into a line luminosity using the following relation:

p= +l l lL d f r4 EW 1 1line
2 ( )( ) ( )

Figure 4. Corrected [OI] 5577 Å profiles for the 16 sources with detections.
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where d is the distance to the science target, fλ is the
photospheric continuum flux density near the line of interest,
and the factor (1 + rλ) converts the observed equivalent width
to one that is veiling corrected, i.e., measured in units of the
stellar continuum. For this work, we chose Hα for an accretion
diagnostic since it is detected in all of our targets. We adopt
distances from Herczeg & Hillenbrand (2014), and use their
published extinction corrected continuum flux density at 7510
Å, in conjunction with the ratio of the flux densities at 6600Å
and 7510 Å in the Pickles Atlas for stars matched in spectral
type to each science target (Pickles 1998) to determine the
stellar flux density near Hα. The veiling rλ at 6300 Å listed in
Table 2 is very close to that at Hα and was adopted here. While
this approach assumes the stellar continuum has not varied, it
does account for any variability in veiling between our
observations and those of Herczeg & Hillenbrand (2014) in
setting the continuum flux adjacent to the line.

The Hα line luminosities (LHα), are then converted to
accretion luminosities, Lacc, using the relation derived by

Alcalá et al. (2014):

=  + 
´ a

L L

L L

log 1.50 0.26 1.12 0.07
log 2

acc

H

( ) ( ) ( )
( ) ( )

☉

☉

The calibration based on LHα can be compromised in sources
with large blueshifted and redshifted absorption, masking what
otherwise would be a larger emission EW. However, since it is
observed in all our targets, we preferred it to other indicators
such as He I. Finally, the accretion luminosities are converted
into mass accretion rates using the magnetospheric model
developed by Gullbring et al. (1998) and the following
equation:

*

*
*

=
-

M
L R

GM 1
3

R

R

acc
acc

in
( )

˙ ( )

where R* and M* are the radius and mass of the star, G is
Newtonʼs gravitational constant, and Rin is the inner truncation
radius of the disk. Rin is generally unknown, but it is usually

Figure 5. Corrected [SII] 6731 Å profiles for the 8 sources with detections. The LVC is only detected in two sources (CW Tau and HN Tau), and is shaded in purple.
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assumed to be ≈5R*, the co-rotation radius (e.g., Shu et al.
1994; Gullbring et al. 1998). For all of the sources, we use the
stellar masses and radii from Herczeg & Hillenbrand (2014).

All accretion parameters, including EWHα, LHα, Lacc, and
Macc˙ are listed in Table 3. The table also includes columns for
the line luminosity of [OI] 6300 Å, first for the whole line,
then for the LVC and then for the NC of the LVC, all with fλ
determined from the Pickles Atlas near 6300 Å. The definition
of the latter two will be described in the next section.

We estimate a typical uncertainty for Lacc as follows. Sixteen
of our targets have multi-epoch R-band photometry measure-
ments (Herbst et al. 1994) where the standard deviation of the
photometric points over the mean R-magnitude is at most 0.1,
which indicates that variability in the continuum is probably
not a major source of uncertainty for most stars. The
extinctions derived by Herczeg & Hillenbrand (2014) also
have a small uncertainty, only 0.15 dex. Therefore, the major
uncertainty in Lacc will be the calibration of LHα and Lacc.
Errors in the slope and y intercept of this relation are included
in Equation (2). Adding these uncertainties in quadrature gives
a final uncertainty on Lacc of ∼0.3 dex. Variations in TTS Hα
EW and veiling, attributed to variations in accretion luminosity,
are typically less than a factor of two. Two of our targets, IP
Tau and UX Tau A, were observed in both 2006 and 2012,

with changes in Hα EW by factors 1.5 and 1.2, respectively,
with negligible changes in veiling. This level of variability
corresponds to a variation of ∼0.2 dex in Lacc.
The range in Hα EW for our sample runs from a low of 1.2

Å to a high of 230 Å, translating into a span of more than three
orders of magnitude in Lacc and Macc˙ , with accretion
luminosities from 10−3.7 to 10−0.6Le, and mass accretion
rates from 10−10.7 to 10−7.5Me yr−1. Manara et al. (2013)
demonstrated that for Lacc<10−3.0Le there is a possibility for
chromospheric emission to dominate the line luminosity. Since
the continuum veiling is a diagnostic of accretion, deriving
from excess emission in the accretion shock on the stellar
surface, the relation between r6300 and Lacc, shown graphically
in Figure 6, offers additional insight on whether a star is
accreting. In general these quantities are correlated, in the sense
that there is a well defined lower boundary in Lacc at a given
veiling with considerable scatter above that boundary.10 For

Table 3
Accretion Properties

Source EW (Hα) log LHα log Lacc (Hα) log Macc˙ (Hα) log LO I (total) log LO I (total LVC) log LO I (LVC NC)
(Å) (Le) (Le) (Me yr−1) (Le) (Le) (Le)

AATau 10.5 −3.48 −2.40 −9.34 −4.74 −4.82 −5.33
BPTau 97.0 −2.34 −1.12 −8.17 −4.89 −5.00 −5.83
CITau 84.5 −2.11 −0.87 −8.03 −4.87 −4.90 L
CoKuTau 4 1.16 −4.62 −3.67 −10.7 −5.68 −5.72 −5.72
CWTau 110 −1.91 −0.64 −8.01 −3.74 −3.91 −4.46
CYTau 114 −2.52 −1.33 −8.20 −5.09 −5.09 L
DFTau 46.7 −2.22 −0.98 −7.46 −3.94 −4.30 −5.27
DGTau 63.5 −2.26 −1.03 −8.12 −3.16 −4.05 −4.05
DHTau 34.5 −3.14 −2.02 −8.93 −4.99 −5.01 −5.50
DKTau 33.5 −2.67 −1.50 −8.53 −4.17 −4.28 −5.69
DLTau 92.6 −2.10 −0.85 −8.06 −4.06 −4.64 L
DMTau 104 −3.14 −2.02 −8.94 −5.65 −5.74 −5.74
DNTau 13.5 −3.06 −1.93 −8.76 <−5.87 <−5.87 L
DOTau 136 −2.23 −1.00 −8.21 −3.75 −4.37 L
DRTau 43.9 −2.10 −0.85 −8.10 −4.45 −4.56 −5.01
DSTau 49.4 −2.97 −1.82 −9.03 −5.47 −5.47 −6.17
FMTau 78.3 −3.19 −2.07 −8.66 −5.54 −5.56 −5.92
FZTau 176 −1.95 −0.68 −7.77 −4.41 −4.70 −5.22
GHTau 11.8 −3.28 −2.18 −8.80 −5.02 −5.04 L
GITau 22.2 −2.85 −1.69 −8.62 −4.19 −4.38 −4.87
GKTau 14.9 −2.87 −1.71 −8.58 −4.66 −4.77 −5.15
GMAur 92.9 −2.19 −0.95 −8.15 −4.66 −4.65 −4.88
GOTau 45.9 −3.12 −2.00 −8.92 −5.76 −5.73 L
HNTau 89.2 −2.47 −1.27 −8.69 −3.67 −4.33 L
HQTau 2.22 −2.76 −1.60 −8.68 −3.54 −3.71 L
IPTau 10.4 −3.39 −2.29 −9.30 −4.70 −5.50 L
ITTau 16.9 −2.83 −1.67 −8.63 −4.63 −4.62 L
TWHya 230 −2.32 −1.10 −8.34 −5.09 −5.13 −5.13
UXTau A 10.2 −2.70 −1.52 −8.84 −4.75 −4.70 −4.70
VYTau 4.24 −3.96 −2.93 −9.81 <−6.13 <−6.13 L
V710Tau 1.87 −4.49 −3.52 −10.1 <−6.52 <−6.52 L
V773Tau 3.02 −3.02 −1.88 −8.79 −3.79 −3.86 L
V836Tau 10.4 −3.58 −2.51 −9.56 −4.94 −4.91 L

Note. Values for IP Tau are from 2006, for UX Tau A from 2012 as described in Section 4.1.

10 Note that the two sources with the highest veiling, DG Tau and FM Tau,
with r6300=5.6 and 3.5, respectively, do not fall into the relation between
veiling and Lacc defined by the other stars. Exceptionally high veilings for these
sources were also found by HEG. Either the relation between veiling and
accretion luminosity breaks down at high veilings (Gahm et al. 2008) and/or
the accretion luminosities based on Hα are severely underestimated due to
strong wind absorption features in sources with high disk accretion rates and
high veilings.
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example, the objects with low veiling (r6300 of 0 or 0.1) have
inferred accretion luminosities spanning two orders of
magnitude. We conclude from this that it is not possible to
assign an unambiguous accreting/non-accreting status based
on the level of the Hα EW or absence of veiling, sometimes
used as thresholds for defining classical (accreting) or weak
(non-accreting) TTS. Since all of our targets have disks in
various evolutionary states, we will treat them all identically in
converting Hα into accretion luminosities. We note that three
sources have Hα-based accretion luminosities near or below
the threshold where accretion cannot be distinguished from
chromospheric activity (CoKu Tau 4, VY Tau, and V710 Tau).
Two of these three also have no detection of even the strongest
forbidden line, [OI] 6300Å. The third non-detection at [OI]
6300 Åis DN Tau, with Hα EW=13.5 Å, r6300=0, and an
inferred log Lacc of −1.93. As discussed in Section 5.1, this
appears to the only example of a star that is accreting but does
not show forbidden emission.

4. DECONSTRUCTING FORBIDDEN LINE PROFILES

The aim of this paper is to better understand the LVC of
forbidden line emission in TTS. In this section we describe the
fitting technique used to define and separate HVC and LVC
emission, and then describe the kinematic properties of the
LVC emission.

4.1. Gaussian Fitting

The focus of this paper is the behavior of the LVC of the
forbidden line profiles. Although in some instances the HVC
and LVC are well resolved (e.g., CW Tau, DO Tau) in most
cases they are blended (e.g., DK Tau, HN Tau). In the earlier
HEG study the separation between the HVC and LVC was
made simply by assigning emission further than 60 km s−1

from the stellar velocity to the HVC. With almost a factor of

two higher spectral resolution, we attempt to separate the
blended HVC and LVC using Gaussian fitting. To this end, we
fit the profiles interactively using the Data Analysis and
Visualization Environment (DAVE) that runs as a Graphical
User Interface (GUI) in IDL. This program was developed by
the National Institute of Standards and Technology (NIST)
Center for Neutron Research (Azuah et al. 2009). In order to
find the best-fit parameters for each emission feature, we
identify the minimum number of Gaussians required to
describe each profile, specifying an initial estimate of the
centroid velocity (vc) and FWHM for each component using
the Peak ANalysis (PAN) feature of DAVE. PAN then
performs many iterations to minimize the reduced chi-squared
and outputs the best-fit centroid velocities, the FWHM, and the
areas under the Gaussian fits. Errors in centroid velocities,
measured relative to the stellar photosphere, cannot be less
than±1 km s−1, which is the uncertainty in the stellar radial
velocity (see Pascucci et al. 2015 for more details).
The number of Gaussians required to fit each line profile

depends on the profileʼs shape and an rms estimate of the
goodness of fit. The fitted components, individually and
summed, are superposed on all 30 detected [OI] 6300Å
profiles in Figures 7 and 8. Eleven profiles are well fit with a
single Gaussian component and another ten with two
Gaussians. The remaining nine profiles required three compo-
nents (five stars), four components (three stars) and in one case,
FZ Tau, five components.
The method we adopt to attribute a component to HVC or

LVC emission begins with an examination of the distribution
of centroid velocities for all individual components across all
stars, shown in Figure 9. The component centroid velocities
range from −144 km s−1 (DG Tau) to +130 (FZ Tau), with
blueshifts far more common than redshifts and a high
concentration at low velocities. Based on this distribution, we
adopt a centroid velocity of±30 km s−1 as the threshold
between HVC versus LVC emission. With this method,
although all detected [OI] lines show LVC emission, HVC
emission (highlighted in green in Figures 7 and 8) is seen in
only 13 sources at [OI] 6300 Å and only three sources at [OI]
5577 Å. In contrast all eight [SII] detections show HVC
emission but only two (CW Tau and HN Tau) show weak LVC
emission. The HVC fit parameters of centroid velocity and
FWHM are listed in Table 4 for all three lines, the LVC fit
parameters for the two [OI] lines in Table 5 and the LVC fit
parameters for [SII] in Table 6.
We find this approach to be reinforced when comparing

component fits for the cases when both [OI] lines are present.
We illustrate four examples in Figure 10 including two of the
three stars with HVC emission detected at 5577 Å (CW Tau
and DO Tau), plus two cases where HVC emission is seen at
[OI] 6300 Å but not 5577 Å (AA Tau and DF Tau). In all
cases we find that although the HVC components differ
between [OI] 6300 Å and 5577 Å, their LVC component(s) are
similar. The tendency for the LVC components to be
comparable in the two [OI] lines, once the HVC is accounted
for, gives us confidence that our method to characterize the
LVC emission is generally robust. A close comparison of the
LVC in the two [OI] lines will follow in the next section.
However, one of the two stars with spectra from both

observing epochs, IP Tau, indicates an exception to the finding
that LVC emission is always present. We illustrate the change
in the morphology of the [OI] 6300 Å profile between the two

Figure 6. There is a general trend of increasing Lacc with increasing veiling,
defined by a clear lower boundary for Lacc at a given veiling with considerable
scatter above that boundary. The extreme veiling sources DR Tau and FM Tau,
with r6300=5.6 and 3.5, respectively, exceed the plot boundary. Symbols with
radial spokes denote sources with a high velocity component at [OI] 6300 Å.

10

The Astrophysical Journal, 831:169 (30pp), 2016 November 10 Simon et al.



epochs in Figure 11. In 2006 the profile is asymmetric,
requiring two Gaussians to describe it, but in 2012 it is
symmetric and fit by one component. Using our definition of
HVC and LVC, the single component seen in 2012 is classified
as HVC emission, and it is identical in velocity centroid and
FWHM to one of the two components describing the 2006
profile. In contrast, the second component in 2006 meets the
criteria of LVC emission. Throughout this work we will use the
2006 spectrum for IP Tau so its LVC profile can be compared
with the other stars. We note that the issue of variability of the
LVC will be addressed further in Section 5.1, where we find
that the LVC is typically constant when compared to profiles
found in the literature. Thus cases like IP Tau would be
interesting to monitor for further variability.

4.2. The LVC

In this section we subdivide the LVC into two components,
one BC and one NC, based on examination of residual LVC
profiles generated by subtracting the HVC fits from the
observed profile. The motivation for this further subdivision
is that although [OI] LVC residual profiles from 17 stars are
described by one Gaussian component, 13 have LVC profiles
that require a composite of two Gaussians, with one component
significantly broader than the other. The residual LVC [OI]

6300 Å profiles, with component fits superposed, are presented
in Figure 12 for the 17 single-component fits and in Figure 13
for the 13 two-component fits.
The combination of a BC and NC in the 13 composite LVC

profiles is shown quantitatively by the distribution of their
FWHMs, presented in the upper panel of Figure 14. In the figure,
the LVC with two-component fits are highlighted with a darker
shading than those with one-component fits. Among the
components with the composite profiles, the narrower comp-
onent, with FWHM from 12 to 39 km s−1, a median of
27 km s−1 and a standard deviation 9 km s−1, can be contrasted
with the broader component, with FWHM from 49 to 140
km s−1, a median of 97 km s−1 and a standard deviation of
29 km s−1. Based on this FWHM separation between the two
components, we designate NC LVC as those with FWHM�40
km s−1, and BC LVC as those with FWHM>40 km s−1, and
color-code them in the figure with red for BC and blue for NC.
With this subdivision, we can further classify the single-
component LVC fits (lighter shading in Figure 14), into 12 BC
LVC and 5 NC LVC. In sum, of the 30 TTS with [OI] 6300 Å
LVC emission, 18 have NC and 25 have BC, with 13 stars
showing both components.
The lower panel of Figure 14 presents the distribution of

centroid velocities (all by definition less than 30 km s−1) of the
NC and BC LVC. Their centroid velocities overlap, together

Figure 7. Gaussian component fits for half the stars with a detected [OI] 6300 Å line. Areas shaded in green meet the criterion for HVC emission. The LVC fits may
be comprised of one or both narrow (blue) or broad (red) components. The sum of all fits is a purple dashed line.
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spanning a range from −27 km s−1 to +6 km s−1 with both
groups peaking at blueshifts of a few km s−1. A K-S test between
the NC and the BC centroid velocities gives a ∼9% probability
that they are drawn from the same parent population, in the sense

that the NC and BC velocity distributions are statistically
indistinguishable. However, there are a few considerations that
suggest otherwise. Although they have similar average centroid
velocities, −2.5 km s−1 for the NC and −3.7 km s−1 for the BC,
the standard deviation for the NC is almost a factor of three
smaller than for the BC, 3.6 km s−1 versus 9.7 km s−1. We will
explore possible differences in the centroid velocities of the NC
and BC in the next section.
A comparison of the residual LVC profiles between the two

[OI] lines can be made for the 16 stars with [OI] 5577 Å,
where only three stars (CW Tau, DG Tau, DO Tau) had HVCs
that needed to be subtracted. This is illustrated in Figure 15
where both residual LVCs are normalized to their respective
peaks so the profile structure can be compared. We see that for
most stars the LVC structure is very similar between the two
lines. This similarity is strengthened when their LVC fit
parameters, listed in Table 5, are compared. For example in AA
Tau and BP Tau the centroids and FWHM of both the BC and
NC between the two lines is identical and the difference in the
superposed profiles is due to a different ratio of BC to NC. This
similarity again suggests that the process of subdividing the
LVC into BC and NC is robust.
There are three cases where there are differences in the LVC

components between the two [OI] lines. The most extreme

Figure 8. Continuation of Figure 7. Gaussian component fits for the second half of the stars with a detected [OI] 6300 Å line. Areas shaded in green meet the criterion
for HVC emission. The LVC fits may be comprised of one or both narrow (blue) or broad (red) components. The sum of all fits is a purple dashed line.

Figure 9. Distribution of velocity centroids for Gaussian components used to
describe the [OI] 6300 Å profiles. We adopt±30 km s−1 (dashed lines) as the
threshold between HVC (green) and LVC (black) emission.
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case is DF Tau, where the [OI] 6300 Å BC LVC extends
further to the blue than 5577 Å, with centroids of −26 km s−1

and −14 km s−1, respectively. For this star it is possible that
there is uncorrected HVC emission at 6300 Å that is blended
with the LVC (see Figure 10). Reassuringly, this is the only
case with such an extreme difference. For the other two cases,
CW Tau and DO Tau, the LVC centroid velocities are again
more blueshifted at 6300 Å compared to 5577 Å but by only a
few km s−1. We will discuss these differences further in the
next section. However we reiterate that for the majority of the
stars the centroids and FWHM of the LVC components are
essentially identical, within the errors, for both [OI] lines,
suggesting that this approach is robust.

4.3. Velocity Shifts Among LVCs

Although most stars with both [OI] lines show similar LVC
kinematic properties, four sources, all with significant HVC
emission, show LVC velocity centroids with velocity shifts
among different lines, in the sense that the [OI] 5577 Å is less
blueshifted than the [OI] 6300 Å, which in turn is less
blueshifted than the [SII] 6731 Å. These small velocity offsets
are illustrated in Figure 16, where the forbidden line LVC are
superposed and plotted on an expanded velocity scale.

In the case of CW Tau and DF Tau, the velocity differences
are seen in the NC of the LVC and in DO and HN Tau the
velocity shifts are seen in the BC of the LVC. To best illustrate
the NC shifts for CW Tau and DF Tau, where both [OI] lines
require a two-component fit to their LVC, in Figure 16 the BC
of the LVC has been subtracted, so only the NC is shown. The

velocity centroids for the 3 NC LVC for CW Tau are
−5.5 km s−1 for the [SII], −2.63 km s−1 for the [OI]
6300Å, and 0.92 km s−1 for the [OI] 5577Å. For DF Tau
they are −1.3 km s−1 and 0.9 km s−1 for the 6300 Å and the
5577 Å lines, respectively.
For the two stars with shifts in the BC, there are no NC

contributions to the LVC. For DO Tau, the centroid velocity
for [OI] 6300 Å is −25 km s−1 compared to −17 km s−1 at
5577 Å. Again, for HN Tau, the centroid for [SII] is −9.4
km s−1 and −1.2 km for [OI] 6300 Å, although in this source
the major differences in the two lines is a more extended blue
wing at [SII]. A similar effect of more blueshifted LVC in lines
of lower critical density was also found by HEG, suggesting
that the lower critical density lines reflect acceleration in a slow
wind in a few stars (see also Section 5.7).

5. RESULTS FOR THE LVC

As shown in the previous section, LVC emission, seen in all
30 TTS with detected forbidden lines, can be further
subdivided into NC and BC kinematic features. We do not
find any commonality in the line profiles of the 10 multiple
systems in our sample and see no trend with the companion
separation (see Tables 3 and 4 in Pascucci et al. 2015 for
stellar separations). As such we will not discuss the possible
effect of binaries on the LVC. Instead, we will examine how
the emission relates to accretion luminosities, assess the role of
disk inclination in determining their FWHM, explore disk
surface brightness distributions that can account for the
observed profiles, and look at line ratios among the different

Table 4
HVC Fit Parameters

HVC blue 1 HVC blue 2 HVC red 1 HVC red 2

Source Line vc FWHM vc FWHM vc FWHM vc FWHM
(Å) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

AA Tau [OI] λ 6300 −33 25 L L L L L L
BP Tau [OI] λ 6300 L L L L 124 46 L L
CW Tau [OI] λ 6300 −112 89 L L L L L L

[OI] λ 5577 −112 89 L L L L L L
[SII] λ 6731 −116 38 L L L L L L

DF Tau [OI] λ 6300 −114 56 L L 82 102 L L
DG Tau [OI] λ 6300 −144 118 −38 68 L L L L

[OI] λ 5577 −144 118 −38 68 L L L L
[SII] λ 6731 −103 171 −34 46 L L L L

DK Tau [OI] λ 6300 −126 37 −42 51 L L L L
[SII] λ 6731 −56 38 L L L L L L

DL Tau [OI] λ 6300 −138 115 L L L L L L
[SII] λ 6731 −133 70 L L L L L L

DO Tau [OI] λ 6300 −97 51 −95 19 L L L L
[OI] λ 5577 −85 74 L L L L L L
[SII] λ 6731 −93 27 L L L L L L

FZ Tau [OI]λ 6300 −124 32 L L 76 70 125 29
[SII] λ 6731 L L L L 130 23 L L

GI Tau [OI] λ 6300 −71 49 L L 40 23 L L
[SII] λ 6731 −61 31 L L 39 22 L L

HN Tau [OI] λ 6300 −66 130 L L L L L L
[SII] λ 6731 −84 113 L L L L L L

HQ Tau [OI] λ 6300 −41 27 L L L L L L
IP Tau [OI] λ 6300 −38 124 L L L L L L

Note. Centroid velocities and FWHMs of Gaussian fits for HVCs. These have been separated into blueshifted HVCs and redshifted HVCs, each of which there are
occasionally two.
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forbidden lines. We begin by comparing relevant aspects of our
results to the previous results.

5.1. Comparison to HEG

Since both this study and that of HEG focus on TTS in
Taurus, there are 20 objects in common whose forbidden line
properties can be examined for variability. In Figure 17, we
overlay the [OI] 6300 Å profiles for these 20 sources, with the
older profiles rescaled in peak intensity to match the current
spectra, providing a comparison of the kinematic structure of
the profiles over several decades. Recalling that there is almost
a factor of 2 higher spectral resolution in the HIRES spectra
(6.6 km s−1 versus 12 km s−1), two things are apparent. (1) The
structure of the LVC is identical in most instances. One
dramatic exception is DN Tau, where the LVC has disappeared
between 1995 and 2006. The DG Tau LVC profile is also

different, where in 2006 there is an NC peak at −12 km s−1

that is not seen in HEG. In the earlier spectrum the lowest-
velocity peak is at −50 km s−1 and does not qualify as “low-
velocity” emission. However the red sides of the profiles in
both epochs are very similar, suggesting the more recent LVC
peak may have been present, but much weaker, a few decades
ago. (2) The HVC is quite different in four sources (CW Tau,
DF Tau, DG Tau, and DR Tau), and in the case of DR Tau it
has vanished between 1995 and 2006. Since the HVC arises in
spatially extended microjets that form time variable knots of
shocked gas, such changes are not surprising, especially as
differences in slit length and orientation coupled with
differences in the width of the stellar point-spread functions
(PSFs) between the two studies can also yield different profiles
for extended emission. However, we conclude that the velocity
structure of the LVC is generally stable over a timescale of
decades in most stars.
We can also examine whether the strength of the LVC emission

is comparable between the two studies. We do this in Figure 18 by
comparing the LVC EWs normalized to the photospheric
continuum (EW×( + lr1 )), with the caveats that the HEG
definition of the LVC was any emission within 60 km s−1 of the
stellar velocity, in contrast to our approach of isolating kinematic
components by Gaussian fitting, and the difference in wavelength
for which the veiling is reported, r5700 in HEG versus r6300 here.

Table 5
[OI] LVC Parameters

6300 Å 5577 Å

Source Narrow Component Broad Component Narrow Component Broad Component

FWHM vc EW FWHM vc EW FWHM vc EW FWHM vc EW
(km s−1) (km s−1) (Å) (km s−1) (km s−1) (Å) (km s−1) (km s−1) (Å) (km s−1) (km s−1) (Å)

AA Tau 27 −0.19 0.19 111 4.67 0.42 27 −0.19 0.02 111 4.67 0.18
BP Tau 16 0.11 0.04 87 5.65 0.23 16 0.11 0.01 87 5.65 0.15
CI Tau L L L 66 −8.70 0.15 L L L L L L
CoKu Tau 4 18 −2.90 0.12 L L L L L L L L L
CW Tau 24 −2.63 0.32 76 −2.70 0.83 23 0.92 0.05 73 1.61 0.25
CY Tau L L L 48 −1.02 0.47 L L L 61 −0.98 0.22
DF Tau 14 −1.34 0.07 57 −25.7 0.58 14 0.93 0.03 49 −14.0 0.09
DG Tau 18 −12.3 1.25 L L L 19 −10.6 0.26 L L L
DH Tau 27 −1.75 0.23 119 −1.31 0.48 27 −1.75 0.08 119 −1.31 0.15
DK Tau 12 −1.90 0.04 137 −11.8 0.98 12 −1.90 0 137 −11.8 0.30
DL Tau L L L 44 −11.3 0.29 L L L L L L
DM Tau 23 1.10 0.45 L L L L L L L L L
DO Tau L L L 54 −24.9 1.24 L L L 58 −17.2 0.31
DR Tau 12 −0.11 0.06 49 −11.6 0.11 L L L L L L
DS Tau 39 −13.8 0.04 115 1.10 0.16 39 −13.8 0.02 115 1.10 0.09
FM Tau 30 −1.82 0.29 140 6.15 0.38 30 −1.82 0.12 140 6.15 0.13
FZ Tau 26 −1.28 0.12 95 −14.6 0.28 26 −1.28 0.06 95 −14.6 0.09
GH Tau L L L 84 −0.66 0.31 L L L L L L
GI Tau 33 −2.85 0.27 97 5.61 0.57 33 −2.85 0.09 97 5.61 0.23
GK Tau 39 −3.50 0.09 116 0.40 0.13 L L L L L L
GM Aur 28 −1.26 0.21 73 −4.11 0.15 L L L L L L
GO Tau L L L 106 3.84 0.17 L L L 106 3.84 0.11
HN Tau L L L 48 −1.18 1.27 L L L L L L
HQ Tau L L L 44 −3.47 0.25 L L L L L L
IP Tau L L L 44 −26.9 0.11 L L L L L L
IT Tau L L L 71 −1.54 0.31 L L L L L L
TW Hya 12 −0.78 0.46 L L L 11 0.37 0.07 L L L
UX Tau A 29 1.50 0.10 L L L L L L L L L
V773 Tau L L L 59 3.91 0.46 L L L L L L
V836 Tau L L L 67 −5.23 0.63 L L L 67 −5.23 0.12

Table 6
[SII] 6731 Å LVC Parameters

FWHM vc EW
(km s−1) (km s−1) (Å)

CWTau 24 −5.51 0.10
HNTau 55 −9.43 0.45
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This comparison of veiling-corrected EW shows comparable
emission strength of the LVC for most sources, with the exception
of DN Tau, which, as seen in Figure 17, has disappeared since
1995. In the other sources, the differences in the veiling-corrected
equivalent width between the two epochs could be attributed to
differences in the definition of the LVC, variation in the stellar
continuum and/or variability in the line luminosity itself, or
possibly to extended emission in some LVC observed with
different stellar PSFs or slit orientations, as hinted at in Hirth
et al. (1997).

The complete disappearance of [OI] 6300 Å emission in DN
Tau is surprising, making it the only source known to date that
is accreting but has no [OI] 6300 Å emission. The [OI]
6300 Å EW found by HEG is 0.43 Å while our upper limit
∼0.007 Å, about two orders of magnitude lower than in 1995.
The corresponding decrease in the Hα EW is only ∼30% (see
Beristain et al. 2001), and differences in veiling (r5700 = 0.1

versus r6300 = 0) are small, consistent with the estimated
uncertainty. We checked for variability in the continuum with
the Herbst et al. (1994) catalog. It was rather stable at R mag
∼11.5 between 1980 and 1986, and brightened by ∼0.5 mag
through 1995, the last year of recorded data. The profile for DN
Tau seen in HEG qualifies as solely an LVC which, combined
with our current two epochs for IP Tau (see Figure 11), gives
two examples where the LVC has vanished, although in most
stars it appears stable over timescales of decades. Additional
observations of both DN Tau and IP Tau would be of interest to
see if their LVCs return.
Another interesting comparison is the implication for the

velocity of the LVC, noted to be typically blueshifted by
∼5 km s−1 by HEG. Although the kinematic structure in the
LVC is unchanged in the two studies (Figure 17), in the present
study of LVC emission we find that only 12/25 of the BC and
9/18 of the NC are blueshifted relative to the stellar

Figure 10. Examples showing that when both [OI] lines are present, the LVC components for 6300 Å (left) and 5577 Å (right) are very similar. The NC of the LVC is
shaded in blue, and the BC is outlined in red. Areas shaded in green meet the criteria for HVC and the purple line shows the sum of all fits.
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photosphere (Table 5). The process of defining and separating
full profiles into HVC, NC, and BC and then subtracting a
HVC that is blended with an LVC (e.g., AA Tau) and/or
separating a blueshifted BC LVC from a NC LVC (e.g., FZ
Tau), means the resultant BC or NC may no longer be
identified as blueshifted, although in the full profile the LVC
looks to be predominantly blueward of the stellar velocity.
However, we find roughly half the LVC components are
blueshifted, and as seen in HEG and discussed here in
Section 4.3, in four stars these blueshifts show velocity
gradients among different forbidden lines, with higher blue-
shifts for lines of lower critical density. We note that these four
stars, CW Tau, DFTau, DO Tau and HN Tau, have some of
the highest veiling-corrected [OI] 6300 Å LVC EWs, as shown
in Figure 18.

5.2. Comparison to Recent Studies of Luminosity Relations

The two recent studies of forbidden LVC emission, R13
and N14, found correlations between the accretion luminosity
with both the luminosity of the [OI] 6300 Å LVC and the stellar
luminosity, but not with the X-ray luminosity, for samples
primarily from Taurus and Lupus. Additionally, a relation
between Lacc and L* was found by Mendigutía et al. (2015) for
a large sample of objects in various star-forming regions.

Although the correlation in R13 was based mostly on the
HEG sample, with which we strongly overlap, we look here at
these relations for our data, since R13 used the original 1995
assessment of the LVC luminosity in contrast to our component
fitting and here we have a more consistent and reliable
conversion of EW of both Hα and [OI] to line luminosities.
We use the Astronomy SURVival package (ASURV)

developed by LaValley et al. (1992) because it includes upper
limits in the linear regression and correlation tests.
In the lower panel of Figure 19, we compare LO I for both the

complete LVC and only for the NC of the LVC to Lacc. For the
former, the Kendall τ test lends to a strong correlation, with a
probability of 0.07% that the variables are uncorrelated.11 The
best-fit linear regression is:

=  ´ - L Llog 0.65 0.13 log 3.84 0.23 4O LVC accI ( ) ( ) ( )[ ]

when both luminosities are measured in L☉. This fit is the same as
that in R13 and N14. The reason we have a larger uncertainty on
the slope and intercept of our linear regression is because our
targets cover a narrower range of Lacc ( Llog acc between −3.7 and
−0.6) than the samples of R13 ( Llog acc between −3.2 and 1.8)
and N14 ( Llog acc from −4.8 to −0.3).
The lower panel of Figure 19 also shows the relation between

LO I for the NC of the LVC and Lacc. Again, for the 18/33
sources for which an NC LVC is detected there is only a ∼2%
probability that the NC LVC and accretion luminosity are
uncorrelated. Of note in this figure is the fact that the NC of the
LVC is found over the full range of Lacc, and when present,
increases proportionately with the accretion luminosity. In
contrast to the correlation with LO I, Lacc shows no correlation
with L*. Although such a correlation has been found in other
samples, its absence here is probably because our sample covers a
factor of ∼100 in L* while that of Mendigutía et al. (2015) which
includes brown dwarfs, spans eight orders of magnitude.
For the comparison with the X-ray luminosity, 22 of our

sources have LX values as reported in Table 1. As in the earlier

Figure 11. [OI] 6300 Å profiles for two observing epochs for IP Tau. In 2006 two Gaussian components describe the profile, but in 2012 only one is required. The
area shaded in green is the HVC, identical in both epochs. The red line denotes a broad LVC, seen only in 2006.

11 This test includes three non-detections in LO I (DN Tau, V710 Tau, and
VY Tau).
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studies, we find no correlation with LO I of the LVC, with a
Kendall τ probability not low enough (10.8%) to indicate that
the LX and LO I LVC are correlated.12

5.3. Fractional Contributions of the BC and NC to the LVC

Thirteen out of 30 sources with [OI] 6300 Å emission have
an LVC comprised of a combination of BC and NC emission.
The remaining sources show LVCs that are either entirely BC
(12/30) or entirely NC (5/30). The proportion of the LVC that
is BC (or NC) emission is not strongly dependent on the
accretion luminosity, as shown in Figure 20. For example, the
12/30 sources that show only BC emission cover a wide range
of disk accretion rates. The same is true for the 5/30 sources
that show only NC emission. However, this figure also shows
distinctive behavior for transition disk sources, all five of which

have LVC emission dominated by the NC, and four of those
five have no BC emission.
Combining the relations in Figures 19 and 20 we find that

while NC and BC emission are seen over a wide range of
accretion luminosities, the luminosity of each component
correlates with the accretion, but not the stellar, luminosity.

5.4. Velocity Centroids of the BC and NC of the LVC

The histogram of the velocity centroids for the two
components of the [OI] 6300 LVC shows considerable overlap
in velocity distributions (see Figure 14). Here we add another
dimension in the comparison of the centroid velocities, with
Figure 21 showing the relationship between Lacc and vc for the
BC and NC. We conservatively use a±1.5 km s−1 from the
stellar velocity as the area (depicted in gray in Figure 21)
within which velocities cannot be distinguished from being at
rest with respect to the star.

Figure 12. Residual [OI] 6300 Å LVC profiles, after the HVC has been removed, for sources that can be fit with one Gaussian. Areas shaded in blue represent the NC
of the LVC, whereas red lines represent the BC of the LVC as explained in Section 4.2.

12 This test includes two non-detections in LO I (DN Tau and V710 Tau).
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For the BC centroids there is a tendency for the stars with
higher accretion rates to have blueshifted vc. Specifically, 7/12
stars with log Lacc/Le�−1.5 have vc blueshifted from −9 to
−26 km s−1, while with one exception (IP Tau) all the stars
with lower accretion rates have vc within 6 km s−1 of the stellar
velocity. A Kendall τ test gives a probability of only 2% that
the BC centroids and Lacc are uncorrelated. Interestingly, six
sources have BC that are redshifted between +3.8 and
+6.2 km s−1 (AA Tau, BP Tau, FM Tau, GI Tau, GO Tau,
V773 Tau). While blueshifted centroids are readily associated
with winds (12 sources), and unshifted centroids with bound
disk gas (seven sources), the small redshifts seen in six sources
can also be consistent with a wind with certain disk geometries.
For moderate disk inclinations or strong flaring of the surface,
the extended disk height at large radii may obscure (from the
observerʼs perspective) the approaching part of a wind with a
wide opening angle from the inner disk while the receding gas
from the far side of the disk remains unobstructed (U. Gorti
et al. 2016, in preparation).

Among the 18 NC detections, there is no trend between vc
and accretion luminosity and the centroid velocities either have
small blueshifts or are consistent with the stellar velocity. A
Kendall τ test lends to a 65% chance that the NC centroids and
Lacc are uncorrelated. Blueshifted NC centroids (vc from −1.75
to −13.8 km s−1) indicative of slow winds are seen in nine
sources (CoKu Tau 4, CW Tau, DG Tau, DH Tau, DK Tau, DS
Tau, FM Tau, GI Tau, GK Tau) while the remaining nine are
consistent with bound gas (AA Tau, BP Tau, DF Tau, DM Tau,
DR Tau, FZ Tau, GM Aur, UX Tau A and TW Hya). There are
no redshifted NC.

From these comparisons, although the K-S test comparing
the distribution of NC and BC centroids indicated a 9% chance
they were drawn from the same parent population (Section 4.2),
we conclude that there are significant differences in the
behavior of the vc in these two components.

5.5. FWHM of BC and NC of the LVC: Dependence
on Disk Inclination

The two-component nature of the LVC forbidden line
emission in TTS is reminiscent of kinematic behavior found in
a series of papers looking at high-resolution VLT-CRIRES
spectra of the 4.6 μm CO ro-vibrational fundamental lines in
Class I and II sources (Bast et al. 2011; Pontoppidan
et al. 2011; Brown et al. 2013; Banzatti & Pontoppidan 2015).
The CO ν=1–0 line sometimes shows an NC/BC structure,
while the ν=2–1 transition predominantly traces the BC,
which allows it to be isolated when both transitions are
observed. The finding that the FWHM of the broad and narrow
CO features may derive from the system inclination leads us to
explore this possibility for the FWHM of the two components
of the [OI] 6300 Å LVC.
First, we look at the relation between the FWHM of the NC

and BC in those 13 sources where both components are seen at
[OI] 6300 Å LVC. Each of these components shows a range in
line widths (Figure 14), and if both were rotationally broadened
we would expect to see a correlation between them in sources
where both are present. We show this relation in Figure 22,
where the FWHM of the NC, ranging from 12 to 39 km s−1, is
reasonably well correlated with the FWHM of the BC, ranging
from 44 to 140 km s−1, in all but one source (DK Tau). The

Figure 13. Residual [OI] 6300 Å LVC profiles, after the HVC has been removed, for sources that are fit with two Gaussians. Areas shaded in blue represent the NC of
the LVC, whereas red lines represent the BC of the LVC as explained in Section 4.2. Gray lines show the total (narrow+broad component) fits.
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Kendall τ probability that the two quantities are uncorrelated is
indeed only 0.9% if we exclude DKTau, but it increases to
7.5% when DK Tau is included.

We next explore the relationship between the width of the
[OI] 6300 Å LVC NC and BC with the published values for
disk inclination in 22 sources. To directly compare our results
with those already published for the CO ro-vibrational line, we
follow Banzatti & Pontoppidan (2015) and plot the FWHM
divided by the square root of the stellar mass versus the
inclination from spatially resolved disks, rather than the
FWHM versus the sine of disk inclination, which would be a
better description of the relation expected for Keplerian
broadening (left panel of Figure 23). The figure shows that
the two quantities are positively correlated, both for the BC and
the NC components. There are two outliers in the BC relation,
DK Tau and FM Tau. DK Tau is the source that did not show
the expected behavior between NC and BC FWHM in
Figure 22 and here we see that the NC is in line with other
sources at similar inclinations. The very low-mass source FM
Tau (0.1 Me) lies off the scale of the plot, but as we will show
in Section 5.6, this can be explained if the emitting region is
closer in than for stars of higher mass.

Again, following Banzatti & Pontoppidan (2015) we will use
the positive linear correlation to infer disk inclinations for the
remaining sources. In order to include uncertainties in this
process we assume an uncertainty of ∼10% in the disk
inclination, as reported in the references in Table 1. For the
FWHM, we adopt a Monte Carlo approach similar to that
discussed in Section 2.4 in relation to the uncertainties on the
measured EWs. Using the 17 single-component LVC sources,

we find an average uncertainty that is ∼13% of the measured
FWHMs. As for the uncertainties on stellar masses, we assume
10% for stars with masses �1 Me and 30% for stars with
masses <1Me (see Stassun et al. 2014). Finally, in order to
calculate the total uncertainty on the y-axis, we propagate the
error on the stellar mass and FWHM, assuming they are
independent.
Adopting these uncertainties and using a linear relationship

between FWHM/ *M and disk inclination, we find the
following best fits from the 22 sources with measured
inclinations:

* =  ´ + M iFWHM 0.36 0.07 7.87 3.72 5NC ( ) ( ) ( )

* =  ´ + M iFWHM 1.75 0.41 0.09 21.8 6BC ( ) ( ) ( )

where FWHM is measured in km s−1, M* is measured in Me,
and inclination is measured in degrees. These fits demonstrate
that although the NC and BC both correlate with disk
inclination, they have different slopes, suggesting that they
trace different regions. Assuming that the broadening is due
solely to Keplerian rotation, we compute the [OI] disk radii
from the velocity at the HWHM. The black solid lines in
Figure 23 show that the NC probes disk radii between 0.5 and
5 au while the BC traces gas much closer in, between 0.05 and
0.5 au.13

Figure 14. Upper: histogram of FWHM for the components found in the [OI] 6300 Å LVC. The darker shading highlights sources with two-component fits, with
narrower FWHM (blue) clearly separated from broader FWHM (red) components. This leads to the adoption of 40 km s−1 as the boundary between NC and BC LVC
emission. Lighter shading with the same color scheme shows the distribution of the sources with a single kinematic component. Lower: histogram of the peak centroid
values for [OI] 6300 Å for the components found in the [OI] 6300 Å LVC. Again, darker shading is for sources with two-component fits. Bin sizes are 2 km s−1.

13 Note that the dashed lines in Figure3 of Banzatti & Pontoppidan (2015)
provide the CO inner disk radius computed from the FWHM. However, the CO
disk radii used through their paper are calculated from the velocity at
the HWHM.
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We can compare these results to those of Banzatti &
Pontoppidan (2015) for CO, where our linear fits are shown as
red lines in Figure 23 and those for CO are shown in green. We
find similar slopes for the BC of both CO and [OI] but slightly
more extended disk radii for the [OI] than for the CO (the BC
CO disk radii range from 0.04 to 0.3 au). The slopes for the NC
of CO and [OI] are not in agreement, and the inferred
formation region for [OI], from 0.5 to 5 au, is again slightly
further from the star than that inferred for the NC of CO
(0.2–3 au).

We can then use the linear fits presented above to derive disk
inclinations for the sources with no disk-based inclination
values in the literature (right panel of Figure 23). For the
sources where the LVC has only one component, we calculate
the inclination using Equations (5) or (6) depending on whether
it is classified as NC or BC. For the sources where the LVC has
both BC and NC, we calculate the inclination of each
component individually (both are shown in Figure 23) and
take a weighted mean to derive the source inclination.
Inclinations derived from these fits to the BC and NC relations
are reported in Table 1 and are marked with a dagger.

5.6. Radial Surface Brightness of the Narrow LVC

In the previous section, we found that the NC of the LVC has
a line width consistent with Keplerian broadening at a distance
between 0.5 and 5 au from the star. Here we will explore the
range of radii in the disk required to account for the observed
NC profile assuming a simple power-law surface brightness
fall-off. Of the 18 sources with NC in their LVC, nine have
velocity centroids consistent with bound gas, meaning that their
profiles can be modeled with a simple Keplerian disk. Of these

nine sources, four are transition disks (TDs), so we can also test
whether the distribution of the gas in disks with dust cavities
extending from a few to tens of au (Espaillat et al. 2014), is
different from the NC of ClassII sources.
Our modeling uses a power-law distribution for the line

surface brightness of the form µ a-I r rO I ( ) , where r is the
radial distance from the star and α is varied between 0 and 2.5
(see e.g., Fedele et al. 2011). The radial profile is converted into
a velocity profile assuming Keplerian rotation, with the stellar
mass and disk inclination in Table 1 as additional input
parameters. The model line is convolved with a velocity width
= +v v vin

2
th
2 where vin is the instrumental broadening

(6.6 km s−1) and vth is the thermal broadening. We assume a
temperature of 5000 K to compute vth because the [OI]
emission might trace hot collisionally excited gas (Ercolano &
Owen 2010, 2016). We then use the mpfitfun IDL routine14 to
find the best fit to the observed line profiles where an
uncertainty equal to the rms on the continuum is adopted for
each flux measurement. The parameters that are varied in the
fitting procedure are the inner and outer radii of the emitting
gas and α.
Our best fits to the NC [OI] 6300 Å profiles of three

representative sources with very similar inclinations
( ~  i 35 40– ) but different disk types and mass accretion rates
are shown in Figure 24. Our simple model does a good job in
reproducing the observed NC profiles and shows that the radial
extent of the gas emitting the NC LVC is from within 1 au, to
explain the relatively large FWHMs, out to ∼10 au, to explain
the lack of double peaks in the profiles (see Table 7 for a

Figure 15. [OI] residual LVC profiles for 6300 Å (black) and 5577 Å (purple) scaled to a peak of 1 for the 16 sources where both lines are detected.

14 http://cow.physics.wisc.edu/~craigm/idl/idl.html
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summary of inferred parameters). We see a trend between the
inner and outer radii and the stellar mass, with the smallest
[OI]-emitting region located around the lowest-mass star, DM
Tau, and the largest around the most massive ∼1M☉ stars in
our sample DRTau and UXTau A. The power-law index of
the surface brightness ranges from flat α=0 (for DFTau) to
α=2.2 (for UXTau A and TWHya). Using the best-fit
surface brightness we also compute the radius within which
80% of the NC LVC emission arises (R80% in Figure 24 and
Table 7) and find it to be within ∼5 au, in agreement with the
[OI] disk radii estimated from the NC HWHM (see Figure 23).
Our steepest power law indexes of ∼2.2 are very similar to
those inferred for CWTau and DQTau by HEG after re-
centering their blueshifted [OI] profiles in the stellocentric
frame and assuming that the entire line broadening is due to
Keplerian rotation. The extent of the [OI]-emitting region for
these two sources is inferred to be between 0.1 and 20 au,
similar to the ranges we find. This hints that Keplerian
broadening may also dominate the profile of wind sources. We
plan to model wind profiles in a future paper by adding an

unbound component with a prescribed velocity field to the
bound Keplerian disk.
In summary, our modeling of LVC NC profiles consistent

with bound gas shows no difference in the radial distribution of
the gas for TDs and ClassII sources. Given that the sub-mm
dust cavity of UX Tau A and DM Tau are ∼25 au (Andrews
et al. 2011; Kraus et al. 2011; Ingleby et al. 2013; Alcalá
et al. 2014) and ∼19 au (Andrews et al. 2011; Kraus et al. 2011;
Ingleby et al. 2013) respectively, our results also imply that the
[OI] 6300 Å NC traces gas inside the dust cavity. We find
similar results for the other two transition disks with NC
centroids consistent with bound gas,15 see Table 7. Thus, we
conclude that the [OI] 6300 Å NC profiles of TDs can be
explained by radially extended [OI] emission, most of which is
confined within their dust cavities (see Espaillat et al. 2014, pp.
497–520 for the dust cavities of TDs).

5.7. Line Ratios

Ratios of forbidden line equivalent widths can provide
insight into the temperature and density of the LVC emitting
line region. For example, the ratio of [OI] 5577/6300 for one
of our sources, the transition disk TW Hya, with a value of
∼1/7 (Pascucci et al. 2011), has been interpreted by Gorti et al.
(2011) as tracing the warm (∼1000 K) and bound molecular
layer where OH molecules are photodissociated by FUV
photons. The LVC [OI] 5577/6300 ratio for the HEG stars
was examined by R13 who found values between ∼1 and 1/8
for all sources except two with microjets that display smaller
ratios (∼0.07). R13 attributed the larger ratios of 1 to 1/8 also
to FUV photodissociation of OH molecules while N14 prefer
the alternative possibility of thermal emission from a very hot
(∼5000–10,000 K) and dense (nH>108cm−3) gas to explain
similar ratios in a different sample of stars with disks.
The mean EW [OI] 5577/6300 ratio for the full LVC for

our sample stars is 0.25, similar to those found previously.
However, with the decomposition of our high-resolution
spectra into BC and NC contributions to the LVC we can
look to see if these two LVC components have the same ratio.
There are only four stars where we have sufficient signal-to-
noise in both of these lines to evaluate the [OI] 5577/6300 for
each component: AATau, BPTau, CWTau, GITau. In each
case the BC ratio is a factor of a few higher than the NC ratio of
[OI] 5577/6300.
Figure 25 compares the observed [OI] 5577/6300 values for

these four stars (BC in red and NC in blue) with those predicted
by a homogeneous and isothermal gas where the excitation is
due solely to electron collisions; see Appendix B for details.
This figure shows that the BC-emitting region is about a factor
of 3 denser than the NC region if these two components arise
from gas at the same temperature. Alternatively, if they trace
similarly dense (ne�107cm−3) gas, the BC gas is ∼25%
hotter than the NC gas. In either scenario, gas needs to be hot
(�5000 K) to explain the observed ratios if the lines are
thermally excited. For gas at 8000 K the observed ratios can be
explained by ne ranging from ∼5×106 to 5×107cm−3,
implying gas densities of a few 107–108 cm−3 for an ionization
fraction of 0.33, close to the value expected in the [OI]-
emitting region in some photoevaporative wind models (see
Figure2 in Owen et al. 2011). By 5000 K electron densities

Figure 16. Superposed residual LVC profiles, after removal of the HVC, for
[OI] 6300 (black), [OI] 5577 (purple), and [SII] 6731 (red) for the four
sources that show different velocity centroids in the LVC components (see
Section 4.3). In the cases of CW and DF Tau (top two) the [OI] LVC had both
a BC and a NC, but in this figure the BC is removed. When detected the [SII]
emission is more blueshifted than the [OI] 6300 Å which, in turn, is more
blueshifted than the [OI] 5577 Å.

15 We did not model the fifth TD, CoKu Tau 4, since its NC is blueshifted by
3 km s−1.
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become very high (�108cm−3) and, as discussed in the context
of TWHya (Gorti et al. 2011), are unlikely to be present in the
hot surface of protoplanetary disks. An alternative interpreta-
tion for those sources with no definite blueshift is that the [OI]
emission is not thermal but results from the photodissociation
of OH molecules in a cooler (∼1000 K), bound, and mostly
neutral layer of the disk (Gorti et al. 2011).
Although the higher ionization [OII] 7330 line is not

detected in any of our sources, we can use the upper limits to
further constrain the gas temperature and density discussed
above. Figure 26 shows the predicted [OII] 7330/ [OI] 6300
ratios versus the [OI] 5577/6300 ratios for the full LVC. As
expected, since the critical electron densities for both the [OII]
and [OI] lines are similar (∼2×106 cm−3), the [OII]/[OI]
ratio is most sensitive to the gas temperature, given an
ionization fraction which again we take to be 0.33. Models with
the same electron density (green lines), but different tempera-
tures, run diagonally in Figure 26. This figure shows that the
gas temperature must be lower than 6,500 K if a single
temperature is to explain all of our [OII] 7330/[OI] 6300
upper limits, which would imply high electron densities
(�107.5 cm−3) based on the [OI] 5577/6300 ratios. Higher
temperatures are possible only in combination with an
ionization fraction lower than 0.33.
As discussed earlier, it is also possible that the [OI] emission

is not thermal but results from the dissociation of OH

Figure 17. Comparison of 20 [OI] 6300 Å profiles in common with this work (black) and HEG (purple), scaled to the peak intensities of our spectra.

Figure 18. Comparison of veiling-corrected EWs of the [OI] 6300 Å LVC in
common with this work and HEG. The definition of the LVC is different in the
two studies, where HEG includes any HVC emission within 60 km s−1 of the
stellar velocity. The dashed line is for a one-to-one correspondence.
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molecules (Gorti et al. 2011). A way to discriminate between
thermal versus non-thermal emission would be to obtain high
spectral resolution observations of the [SII] line at 4068.6 Å
because this line has a critical density of 2.6×106cm−3, very
similar to that of the [OI] line at 6300Å (see e.g., Natta
et al. 2014). Similar line profiles for the [SII] and [OI] lines
would clearly point to thermal emission in a hot dense gas.

6. DISCUSSION

The major contribution of this work is demonstrating that the
low velocity forbidden emission in TTS has kinematic
properties that can be described as coming from a combination

of a broad and a narrow line formation region. Most of our
analysis is based on characterizing the behavior of the BC and
NC as though they are two physically distinct emission regions.
However, based on the current data we cannot assess whether
they both arise from the same phenomenon from different
radial ranges in the disk or whether they arise in two different
formation scenarios. The most likely formation scenarios for
the LVC are mass loss in the outer part of a centrifugally driven
disk wind, mass loss in a photoevaporative flow, and bound gas
in the disk. We first review the highlights of our findings here
and then look at the merits of attributing the LVC to these
scenarios.
The BC of the LVC is very common, seen in 25/30 stars

spanning the full range of disk accretion rates. In contrast, the
NC of the LVC is somewhat less common, detected in only
18/30 stars, but again is found over the full range of disk
accretion rates. Of the five stars which show only NC emission,
four are transition disks and the fifth TD (GM Aur), has the
highest percentage of NC emission in the LVC among the
sources with BC emission. If the BC comes primarily from
within 0.05 to 0.5 au, as suggested by the relation between its
FHWM and disk inclination, then its absence in TDs is likely
due to a paucity of significant disk gas in this region. This
conclusion is in line with what has been proposed for TWHya
from detailed modeling of emission lines covering a large range
of radial distances (Gorti et al. 2011).16 Four of our sources
(BPTau, DFTau, FZTau, and GITau) have a redshifted
HVC that might also hint to depletion in the inner disk, in this
case of the dust component, which is the main source of
opacity. However, their infrared indices, as reported in Furlan
et al.(2011), place them in the full disk portion. Also their
LVC are not reduced with respect to sources with no redshifted

Figure 19. Upper: there is no correlation between the accretion luminosity and
the stellar luminosity. Lower: the accretion luminosity is correlated with the
luminosity of [OI] 6300 Å, both for the full LVC (asterisks) and for the NC of
the LVC (blue circles), when detected.

Figure 20. Proportion of LVC with BC emission plotted as a function of the
accretion luminosity. Transition disk sources are marked with Xs.

16 We note that DG Tau, a high accretion rate object which appears to have a
full disk and strong HVC emission from a microjet, is the fifth object with no
BC emission. It is possible that our method cannot isolate the LVC BC given
the intensity and large velocity range covered by the HVC and/or we are not
directly seeing this region because DGTau is embedded in significant
nebulosity as inferred from dust scattering.
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HVC (compare BPTau to AATau), thus viewing through a
disk hole cannot explain the redshifted HVC emission.

While the range of observed FWHM for the BC and the NC
can be explained as a result of Keplerian broadening from
different radii in the disk (between 0.05 and 0.5 au for the BC
and 0.5 to 5 au for the NC), the different behaviors of their
centroid velocities are the most useful in trying to understand
their connection to disk winds.

6.1. Role of Winds in the LVC

A basic expectation of any wind model is that not only the
FWHM but also the centroid vc of a line formed in the wind
will correlate (oppositely) with disk inclination. In a close to
face-on configuration Keplerian broadening is minimal and the
vertical component of the wind dominates, giving rise to an
asymmetric blueshifted profile. At the opposite extreme, for a
close to edge-on configuration, Keplerian broadening dom-
inates and because the wind is emerging in the plane of the sky,
the resulting profile is symmetric and centered at the stellar
velocity (see e.g., Alexander 2008). We see the expected
relations with FWHM and inclination for both the BC and NC
LVC but the situation is not so clear when their centroid
velocities are also considered. We illustrate the relation
between all three quantities in Figure 27, plotting the observed
[OI] 6300Å FWHM versus vc for the LVC BC (upper panel)
and NC (lower panel) with datapoints color-coded by disk
inclination (see Section 5.5).
In the case of the BC, we see larger FWHMs associated with

larger disk inclination (vertical color gradient) coupled with,
for most of the sources, larger blueshifts for narrower lines and
lower disk inclination (horizontal color gradient). These are the
expected behaviors for a wind. A Kendall τ test gives a
probability of only ∼1% that the BC FWHM and vc are
uncorrelated. Moreover, the sources with small BC redshifts
are mostly in disks seen at high inclination where, as described
in Section 5.4, an extended disk height at large radii may
obscure part of the wind from the inner disk while the receding
gas (from the observerʼs perspective) remains unobstructed (U.
Gorti et al. 2016, in preparation). As the BC has the general
characteristics expected for a simple wind and seems to arise in
the innermost disk with maximum velocities of 10–27 km s−1,
we find it likely that the BC is the base of an MHD disk wind,
since thermal speeds cannot reach the necessary escape speeds

Figure 21. Relationship between Lacc and vc for the 6300 Å NC of the LVC (upper) and BC of the LVC (lower). Sources with HVC removed are marked with spokes.
The gray area around the stellar velocity,±1.5 km s−1, marks the uncertainty in centering the profiles.

Figure 22. Relation between the FWHM for the NC and BC of the [OI] 6300
LVC in the 13 sources where both are present.
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this deep in the stellar gravitational potential field and
photoevaporation cannot occur.

In the case of the NC, plotted over a smaller range of FWHM
and vc than the BC, again we see FWHM associated with larger
disk inclination (vertical color gradient); however there is no
relation between the vc and either the FWHM or the inclination.
A Kendall τ test lends to a probability of ∼21% that FWHM
and vc are uncorrelated. Two sources (DS Tau and DG Tau)
stand out with much higher blueshifts than the rest of the NC,
but one is close to face-on and the other close to edge-on. Thus,
although half of the NC have blueshifted vc, they do not behave
in the manner expected for a simple wind.

Although Figures 23 and 27 show a relation between
FWHM and inclination in the BC and NC there is considerable
scatter and a few outliers. However, we have not taken into
account the fact that there will be an additional source of
broadening in both the BC and NC if they are formed in
outflowing gas. In the Class II sources, comprising most of our
sample, a dusty disk is assumed to occult the receding flow,
and the observed FWHM would come both from Keplerian
rotation and expanding wind streamlines, producing anom-
alously high line widths for certain wind geometries (e.g., BC
of DK Tau and FZ Tau). In the case of the TDs, dominated by
NC LVC emission, the large dust-free cavities appear to have
bound gas, although the gas is not as close in to the star to
produce BC emission (Section 5). However, as there would
presumably be no opacity source to occult a receding flow, the
NC could include a contribution from flowing gas but still be
centered on the stellar velocity and the line width would be
enhanced by both approaching and receding gas (see the case
of TWHya discussed in Pascucci et al. 2011 and modeling by
Ercolano & Owen 2010).

6.2. Comparison with Wind Models

The past decade has seen significant advancements in the
theory of thermal photoevaporative flows, and sophisticated
models, accounting for heating by stellar X-rays, EUV, and
FUV photons, are now available (e.g., Alexander et al. 2014 for
a review). We anticipate that these models will soon be
providing more rigorous tests of whether the LVC might arise
in thermal winds. Theoretical models for magnetically driven
centrifugal disk winds have also grown increasingly sophisti-
cated and recently the relevance of MRI-driven accretion over
much of the disk has been challenged (e.g., Turner et al. 2014)
putting MHD disk winds back in the spotlight for extracting
disk angular momentum to enable accretion onto the star (e.g.,
Bai et al. 2016). Global simulations of these winds have been
recently presented by Gressel et al. (2015) and thermal–
chemical models have been investigated by Panoglou et al.
(2012), but predictables that can be directly compared with
observations of TTS forbidden lines are still lacking.
We began this study to investigate the possibility that the

LVC in TTS might arise in photoevaporative flows. It seems
unlikely this could be the case for the BC of the LVC, which
we attribute to the base of an MHD disk wind. However,
despite the lack of a convincing trend between centroid velocity
and FWHM/disk inclination for the NC of the LVC we note
that the ranges of FWHM and vc for the NC are consistent with
those predicted for photoevaporative flows by Ercolano &
Owen (2010, 2016). Using the radiation–hydrodynamic code of
Owen et al. (2011), which includes X-ray and EUV irradiation,
Ercolano & Owen (2016) find that the [O I] 6300Å line is
produced by collisional excitation and extends to ∼35 au above
the disk, where EUV photons and soft X-rays are absorbed and
the gas is hot. The predicted FWHM range is from 8 to
32 km s−1 while peak centroids go from 0 to −7 km s−1, with

Figure 23. Left: relation between the FWHM normalized by the stellar mass and known inclinations, for both NC and BC LVC. Derived linear fits are shown in red
(BC) and blue (NC), those found by Banzatti & Pontoppidan (2015) from CO are shown in green. Black lines show line widths as a function of inclination at disk radii
of 0.05, 0.5, and 5 au. Right: inclinations derived from the observed FWHM for NC and BC observations for sources with unknown inclinations, using the fits from
the left panel.
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the largest blueshifts occurring for intermediate disk inclina-
tions (i∼40°–60°), contrary to a simple wind geometry. We
do not see this trend either.

Although hydrodynamical models that can predict line
profiles of flows driven by FUV photons have not been
developed, the expectation is that these flows, being cooler
(∼1000K) and mostly neutral, will have smaller velocities than
those driven by X-rays. The sound speed for such cool flows is
only ∼2 km s−1 and the critical radius beyond which the gas
would be unbound is ∼10 au around a solar-mass star. In this
scenario, the [OI] emission will not be thermal and will arise
from the dissociation of OH molecules in mostly bound gas
inside of 10 au (Gorti et al. 2011), which could explain the very
small or absent blueshifts in many NC lines. In summary, at the
present time the connection of the forbidden line NC of the LVC
in TTS to photoevaporative flows remains ambiguous, and we
cannot exclude that the NC is also part of an MHD disk wind.

7. CONCLUSIONS

We have analyzed optical high-resolution (∼7 km s−1)
spectra from a sample of 33 TTS whose disks span a range
of evolutionary stages to clarify the origin of the LVC from

Figure 24. Comparison of computed profiles in bound disk gas to unshifted NC [OI] 6300 Å profiles in three sources with the same inclination. Two (DM Tau and
UX Tau A) are transition disks and one (BP Tau) is a Class II source. Values for the inner and outer disk radii, the radius within which 80% of the emission arises, and
the surface brightness power law are indicated.

Table 7
Results from Modeling the Nine Sources with Bound LVC NC

Source M* Rin Rout R80% α

(Me) (au) (au) (au)

Transition Disks

UX Tau A 1.51 0.50 18.0 1.83 2.22
GM Aur 0.88 0.07 10.9 0.40 1.89
TW Hya 0.69 0.05 11.1 0.18 2.23
DM Tau 0.35 0.02 3.00 0.35 1.47
Full Disks

DR Tau 0.90 0.46 18.2 3.39 1.65
BP Tau 0.62 0.08 9.20 3.90 0.94
FZ Tau 0.63 0.17 19.7 1.50 1.66
AA Tau 0.57 0.22 11.4 2.04 1.56
DF Tau 0.32 0.20 8.61 6.92 0.00
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oxygen and sulfur forbidden emission lines. We detect the [O I]
6300Å line in 30/33 TTS, the [O I] 5577Å line in 16/33, and
the [S II] 6730Å in only 8/33 TTS. After isolating the
forbidden LVC emission by removing any HVC contributions,
if present, we draw the following conclusions about the
residual LVC component:

1. All TTS with [OI] detections show LVC emission.
Thirteen out of 30 sources with [O I] 6300Å emission
have LVC emission that can be described as the
combination of a broad (BC) and a narrow (NC) line

emitting region. The remaining sources show LVC
emission that is either only BC (12/30) or only NC
(5/30).

2. The BC of the LVC is very common, seen in 25/30 TTS.
The NC of the LVC is less common, seen in 18/25 TTS.
Both components are found over the full range of
accretion luminosities/disk accretion rates and their
luminosities, combined or individually, correlate with
the accretion luminosity. LVCs that are solely or
predominantly NC are usually transition disk sources.

Figure 25. Contours of the thermal ratio of [OI] 5577/6300 Å as a function of gas temperature (divided by 10,000 K) and electron density. The line ratios for the four
TTS with two kinematic components and high signal-to-noise profiles are shown in red (BC) and blue (NC). The BC has higher ratios than the NC implying a higher
electron density for gas at the same temperature. Regardless of the kinematic component, if the lines are thermally excited, gas needs to be hot (�5000 K) and dense to
explain the observations.

Figure 26. Oxygen line ratios compared to predicted values assuming collisional excitation by electrons and an ionization fraction of 0.33. The [OII] 7330 Å
transition is never detected so downward-pointing triangles denote upper limits. Sources with no detection at [OI] 6300 show left-pointing arrows for upper limits.
Solid black lines denote ratios for gas at constant temperatures while diagonal green lines are for gas at the same electron density. Temperatures lower than 6500 K are
consistent with all [OII]/[OI] upper limits, the most stringent one coming from DGTau. Higher temperatures are possible only if the ionization fraction is lower
than 0.33.
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3. Comparison with spectra from HEG shows that in most
stars the LVC is stable over timescales of decades.
However, we do find evidence for variations, with the
LVC disappearing entirely in one star and only the NC of
the LVC disappearing in another star.

4. The BC shows a relation between the FWHM and either
observed or derived disk inclination, suggesting it is
broadened by Keplerian rotation at disk radii between
0.05 and 0.5 au. Also, a significant number of BCs have
blueshifts in excess of 5 km s−1. These larger blueshifts
are associated with narrower lines and lower disk
inclinations, as expected if the BC includes emission
from a wind, in addition to Keplerian broadening. The
BCs with larger blueshifts also tend to be found in
sources with higher accretion luminosity and HVC
emission from microjets. Since the emission likely arises
from 0.05 to 0.5 au, where the gravity of the star and the
disk is strong, it is unlikely to trace a photoevaporative
flow but rather the slower moving portion of an MHD
disk wind.

5. The NC also shows a relation between the FWHM and
either observed or derived disk inclination, suggesting it
is broadened by Keplerian rotation at disk radii between
0.5 and 5 au. Half of the NC features are blueshifted
between −2 and −5 km s−1 and the other half have
centroids consistent with the stellar velocity. Although
the expected relation for a simple wind between disk
inclination and centroid velocity is not found, we cannot
exclude the possibility that the NC of the LVC arises in
photoevaporative flows.

6. Regardless of the disk evolutionary stage, NC profiles
consistent with bound gas can be reproduced by gas in
Keplerian motion with a surface brightness decreasing as
a power law between 0.1 au and ∼10 au, but with 80% of
the emission arising within 5 au. The implication for TDs
is that the NC arises from gas inside the dust cavity.

7. If forbidden emission lines are produced by collisional
excitation with electrons, the [OI] 5577/6300 ratios
suggest high temperatures (>5000 K) and large electron
densities (>106cm−3). Without the additional constraints
on density and temperature that would be provided by
high-resolution spectra of the [SII] 4069Å line, the
possibility remains that the excitation of [O I] is not
thermal. Dissociation of OH molecules in a cool
(∼1000 K), bound, mostly neutral disk layer could be
the source of the [O I] emission in objects with very small
and absent shifts in the NC LVC.

Disk winds, both MHD and photoevaporative, deplete
material from several scale heights above the midplane. As
dust grains grow they settle toward the midplane. The
implication is that disk winds mostly deplete the protoplanetary
disk of gas, which consequently increases the dust-to-gas ratio
with time (Gorti et al. 2015; Bai et al. 2016). This increase can
directly impact the formation of planetesimals, terrestrial
planets, and the cores of giant planets. Since disk winds play
a significant role in disk dispersal and planet formation, both
models and expanded observational data sets need to pursue the
origin of the LVC NC, and constrain the rate at which material
is lost via disk winds.

Figure 27. Observed FWHM vs. vc for the LVC BC (upper panel) and NC (lower panel). Colors indicate the observed inclination or, if not observed, the one derived
in Section 5.5. Both BC and NC show a tendency for increasing FWHM with increasing inclination but only the BC has decreasing vc with increasing inclination as
expected in wind models.
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APPENDIX A
SKY SUBTRACTION AND SLIT POSITION ANGLE

As mentioned in Section 2.2 the MAKEE pipeline performs
an automatic sky subtraction. We show in Figure 28 the
spectrum of FMTau before (black) and after sky subtraction
(red) to highlight that even the strong terrestrial [OI] emission
line at 6300Å is well removed by the pipeline.

The Keck spectra presented here were acquired in the
standard mode which places the slit along the parallactic angle
in order to minimize potential slit losses. This approach was
taken because our main interest was to study the LVC, which
was known to be compact, rather than the jet emission which,
most likely, extends beyond the slit width. For completeness,
we provide in Table 8 slit position angles and disk position
angles (which should be close to 90° of the jet position angles).
GO Tau, UX Tau A, and DS Tau have the slit most closely
aligned of a possible jet, within ∼10°, yet none of them shows a
jet signature in the [OI] spectra.

Figure 28. FMTau spectrum around the [OI] 6300 Å before (black) and after (red) sky subtraction. Note that the strong [OI] terrestrial line is well removed by the
MAKEE pipeline.

Table 8
Slit and Disk Position Angles

Source Slit PA Disk PA References
(°) (°) (Disk PA)

AA Tau 105 97 C13
BP Tau 246 107 G11
CI Tau 84.8 285 G11
CoKu Tau 4 223 L L
CW Tau 260 332 P14
CY Tau 251 63 G11
DF Tau 102 L L
DG Tau 102 43 G11
DK Tau 190 15 AJ14
DL Tau 84.1 141 G11
DM Tau 95.6 155 AN11
DN Tau 236 86 I09
DO Tau 270 L L
DR Tau 78.8 108 I09
DS Tau 252 165 AJ14
FM Tau 260 83 P14
FZ Tau 256 L L
GH Tau 91.7 L L
GI Tau 260 L L
GK Tau 263 93 AJ14
GM Aur 92.1 144 G11
GO Tau 99.2 0 AW07
HN Tau 79.5 65 AJ14
HQ Tau 273 L L
IP Tau 112 L L
IT Tau 254 106 AJ14
TW Hya 337 332 PD08
UX Tau A 278 176 AN11
VY Tau 274 L L
V710 Tau 96.4 82 AJ14
V773 Tau 270 L L
V836 Tau 92.5 −122 P14

References. Akeson & Jensen (2014) (AJ14), Andrews et al. (2011) (AN11),
Andrews & Williams (2007) (AW07), Cox et al. (2013) (C13), Guilloteau et al.
(2011) (G11), Isella et al. (2009) (I09), Piétu et al. (2014) (P14), Pontoppidan
et al. (2008) (PD08).
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APPENDIX B
COLLISIONAL EXCITATION MODEL

The collisional excitation model described here is used to
gain physical insight in the temperature and electron density of
the region traced by oxygen forbidden lines. We assume a
homogeneous and isothermal slab of gas, where the excitation
is due solely to electron collisions. We considered a ground
state and four additional excited states (5-level atom) both for
the neutral and ionized oxygen. We computed the relative
populations of the levels as a function of gas temperature and
density by including the processes of collisional excitation,
collisional de-excitation, and spontaneous radiative decay.
Einstein coefficients for radiative decay were taken from the
NIST database17 and electron collision strengths from Draine
(2011). We have not included collisions with neutral hydrogen
because the de-excitation cross section of the level 1S0 is not
known (see, e.g., the discussion in Ercolano & Owen 2010).
However, neutral collisions should be negligible when the
electron abundance is larger than ∼10−3, as suggested by
the same disk models, because the electron rate coefficients
(∼10−9 cm3/s) are much larger than those for H (∼10−12cm3/s).
Because of the very similar ionization potential of H and O we
have taken the ratio of H+/H to be equal to O+/O, equal to 0.5
for an ionization fraction of 0.33, close to the value expected in
the [OI] emitting region in some photoevaporative wind models
(see Figure2 in Owen et al. 2011).
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