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ABSTRACT
High resolution spectra of typical wind diagnostics ([OI] 6300 Å and other forbid-
den emission lines) can often be decomposed into multiple components: high-velocity
components with blueshifts up to several 100 km/s are usually attributed to fast jets,
while narrow (NLVC) and broad (BLVC) low-velocity components are believed to
trace slower disc winds. Under the assumption that the line-broadening is dominated
by Keplerian rotation, several studies have found that the BLVCs should trace gas
launched between 0.05 and 0.5 au and correlations between the properties of BLVCs
and NLVCs have been interpreted as evidence for the emission tracing an extended
MHD wind and not a photoevaporative wind. We calculated synthetic line profiles ob-
tained from detailed photoionisation calculations of an X-ray photoevaporation model
and a simple MHD wind model and analyzed the emission regions of different diagnos-
tic lines and the resulting spectral profiles. The photoevaporation model reproduces
most of the observed NLVCs but not the BLVCs or HVCs. The MHD model is able
to reproduce all components but produces Keplerian double peaks at average inclina-
tions that are rarely observed. The combination of MHD and photoevaporative winds
could solve this problem. Our results suggest that the Gaussian decomposition does
not allow for a clear distinction of flux from different wind regions and that the line
broadening is often dominated by the velocity gradient in the outflow rather than by
Keplerian rotation. We show that observed correlations between BLVC and NLVC do
not necessarily imply a common origin in an extended MHD wind.
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1 INTRODUCTION

The evolution and dispersal of protoplanetary discs is a cru-
cial aspect for our understanding of planet formation. Ob-
servations have shown that discs typically disperse within a
few Myr (Haisch et al. 2001; Mamajek et al. 2009; Fedele
et al. 2010; Ribas et al. 2014) and various mechanisms have
been proposed to be driving or contributing to this disper-
sal: viscous accretion (Hartmann et al. 1998), planet forma-
tion and outflows in the form of jets and winds (e.g. reviews
by Armitage 2011; Clarke 2011; Alexander et al. 2014; Er-
colano & Pascucci 2017). Such outflows can be launched over
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a large range of disc radii and by different processes: Radia-
tion from the central star is able to heat disc material until
it becomes unbound and escapes in a slow-moving thermal
”photoevaporative” wind beyond as close as ∼1 au out to
tens of au from the star, depending on the type of radiation
(EUV, FUV, X-ray) (e.g. reviews by Armitage 2011; Alexan-
der et al. 2014; Ercolano & Pascucci 2017). Fast-moving
winds and jets are usually attributed to MHD processes,
which are also capable of launching winds very close to the
star, where escape velocities are too high for a thermal wind
to be driven by the central star. Recent theoretical simula-
tions show that MHD winds can be launched over a large
range of disc radii where they can remove disc material and
angular momentum and thus drive accretion (Gressel et al.
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2015; Bai et al. 2016; Rodenkirch et al. 2019). However, these
MHD models depend strongly on parameters that cannot be
at present observationally constrained. The relative impor-
tance of photoevaporative winds and MHD driven winds is
thus currently uncertain (e.g. Rodenkirch et al. 2019; Kunit-
omo et al. 2020; Ercolano & Pascucci 2017). Disc winds have
been detected by observing small (order 1 km/s) blueshifts
in emission lines from T-Tauri stars (e.g. Hartigan et al.
1995; Pascucci & Sterzik 2009). Determining the nature of
these winds, whether thermally or MHD driven, is crucial
to understand angular momentum transport in discs. Ther-
mal winds do not transport angular momentum, while MHD
winds do. Thus the mass-loss rates of putative MHD-driven
winds can inform on whether they can account for the ob-
served accretion rates in T-Tauri stars. To this aim it is im-
portant to compare theoretically predicted wind structures
and kinematics with observations.

Optical forbidden emission lines from oxygen and other
atomic and lowly ionized elements such as sulfur can be
used to trace outflows at least partially and their line ra-
tios can provide information about the physical properties
of the emitting region. The [OI] 6300 Å line in particular
has been subject to many studies and was often found to
be blueshifted by a few km/s relative to the stellar veloc-
ity, indicating an origin in an outflow that is approaching
the observer, while the emission from the receding outflow
in the other half of the disc is obstructed by the dust disc
(Edwards et al. 1987). The low resolution line profile can
often be decomposed into a high-velocity component (HVC)
with a blueshift of ∼30 up to a few hundred km/s and a
low-velocity component (LVC) with lower blueshifts of a
few km/s (Hamann 1994; Hartigan et al. 1995). The HVC
is usually attributed to collimated jets, evidence for which
has been found in many observations (e.g. Ray et al. 2006;
Dougados et al. 2000). One of the best studied objects for
which a jet has been observed is DGTau (e.g. Güdel et al.
2008; Guedel et al. 2011).

Ercolano & Owen (2010) simulated forbidden emission
line profiles from a thermal wind that is driven by X-ray
photoevaporation and found line luminosities that are in
good agreement with observed LVCs. However, observa-
tional studies of high-resolution line profiles by Rigliaco et al.
(2013) and Simon et al. (2016) showed that the LVC can of-
ten be decomposed further into a broad component (BLVC)
with FWHM of at least ∼40 km/s and a narrower component
(NLVC). Banzatti et al. (2019) further distinguish between
low-velocity components that are composed of two compo-
nents (BLVC and NLVC) and low-velocity components that
are best fitted with a single component (SC). If the sin-
gle component is accompanied by a high-velocity compo-
nent they classify it as SCJ. While the typical width of the
narrow component is reasonably well reproduced by X-ray
photoevaporation models, the BLVC is too broad to have
an origin in a photoevaporative outflow, if the broadening is
dominantly due to Keplerian rotation. Instead, Simon et al.
(2016) suggested that the origin of the broad component
could lie in an MHD-driven wind that is launched at radii
of . 0.5 au (vs. ∼0.5 - ∼5 au for the NLVC), thus closer
than the launching radius of a photoevaporative wind and
therefore much more subject to Keplerian broadening. In-
deed they find the correlation between the FWHM of the
BLVC and NLVC that is expected from Kepler-broadening,

but McGinnis et al. (2018) point out a significant spread
around that correlation as an indicator that other mecha-
nisms contribute to the broadening as well. More evidence
for physically distinct emission regions between the broad
and narrow components is the [OI] 5577/6300 line ratio that
is typically higher in the BLVC than the NLVC, as well as an
observed correlation between the blueshift of the BLVC and
the accretion luminosity that is absent in the NLVC (Simon
et al. 2016). Another correlation found in numerous studies
is between the forbidden line luminosity and the accretion
luminosity (Rigliaco et al. 2013; Natta et al. 2014; Simon
et al. 2016; McGinnis et al. 2018; Fang et al. 2018; Banzatti
et al. 2019), which is well reproduced by Ercolano & Owen
(2016).

Recently, Fang et al. (2018) analysed a large sample of
high-resolution (∼6 km/s) line profiles in order to extend
the previous detailed studies of the [OI] 6300 line to the
[OI] 5577 and [SII] 4068 lines and their line ratios. For the
HVC, they found line ratios that are consistent with common
shock models and based on the similarity of the [OI] 6300
and [SII] 4068 lines, which have similar critical densities and
excitation temperatures, they rule out photodissociation as
the dominating origin of [OI] emission, in favor of a ther-
mal origin in gas with T ∼5000 - 10000 K and ne ∼ 107 -
108 cm−3, in agreement with previous findings by Natta et al.
(2014). Most of their observed line ratios of the narrow com-
ponents are compatible with a photoevaporative wind, but
the FWHM of the broadest narrow components are larger
than those predicted from the models of Ercolano & Owen
(2016). In a parallel work, Banzatti et al. (2019) studied the
kinematic behaviour of the individual [OI] components using
profiles from a large sample of 65 T-Tauri stars. Contrary
to Simon et al. (2016) they do find a positive correlation
between the centroid velocities of the NLVCs and the ac-
cretion luminosity. They also find a correlation between the
infrared-index and the SC properties, suggesting that the in-
ner wind evolves together with the inner disc. Moreover they
suggest that both, the broad and narrow low-velocity com-
ponents, arise in the same MHD-driven wind based on tight
correlations between BLVC and NLVC kinematics. A similar
argument has been made by Nisini et al. (2018), based on
correlations of HVC and LVC properties with the accretion
luminosity.

In this paper we calculate synthetic profiles of four for-
bidden emission lines using the improved X-ray driven pho-
toevaporative wind model by Picogna et al. (2019) and the
magnetocentrifugally driven wind model by Milliner et al.
(2019). We show that the observed correlations between
NLVCs and BLVCs can indeed be reproduced, even when
they have their origin in different wind types and that the
commonly applied Gaussian decomposition of the line pro-
files is not necessarily suitable to analyze distinct physical
regions of an outflow. Further, we show that hot shock re-
gions in a collimated jet that illuminate and heat high layers
of the winds in a ”lamppost”-like fashion can affect the line
profiles. In section 2 we present the methods used in our
study and discuss their limitations, in section 3 we present
the main results, followed by a brief discussion in section
4 and in section 5 we draw our main conclusions from this
work.
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Interpretation of disc wind diagnostics 3

2 METHODS

2.1 X-ray photoevaporative wind model

A photoevaporative wind is launched when radiation heats
up the gas in the disc and deposits enough energy to leave
the gas gravitationally unbound. In the planet-forming re-
gion of a disc the heating process is generally dominated
by irradiation from the central star. We use the velocity and
density structure of the gas in a photoevaporating wind from
the radiation-hydrodynamical calculations of Picogna et al.
(2019). We rerun the hydrodynamical calculation in order to
extend the simulation domain to 1000 au above the disc mid-
plane. This was necessary to account for lamppost illumina-
tion from a jet source. The inner and outer radius remained
at 0.35 and 200 au as in Picogna et al. (2019). In this model
a primordial disc of mass 0.07 M� is irradiated by its 0.7 M�
host star with the X-ray + EUV spectrum presented by Er-
colano et al. (2008b, 2009) with a luminosity of LX = 2 ·1030

erg/s. Solar abundances from Asplund et al. (2005), depleted
according to Savage & Sembach (1996) were assumed. The
gas and dust radiative transfer code MOCASSIN (Ercolano
et al. 2003, 2005, 2008a) was used to obtain a parametrisa-
tion for the gas temperature as a function of ionisation pa-
rameter and gas column density. This parametrisation was
then used in the hydro-code PLUTO to calculate the hydro-
dynamic structure of the wind. More details are given by
Picogna et al. (2019).

We post-processed the density and velocity grids of the
model by mapping it to a 2-dimensional Cartesian grid with
120 logarithmically spaced grid points in disc radius and
2000 linearly spaced points in height. The remapped grid
extends from the disc radius R = 0 to 66 au and the height
z = 0 to 200 au, however the inner radius of the hydrody-
namical model is 0.35 au, below which all cells are set to 0.
We have verified that the choice of 0.35 au for the inner ra-
dius is sufficient to accurately calculate profiles by running
an additional hydrodynamical model with an inner radius
of 0.05 au and comparing the resulting profiles. The emis-
sion from inside 0.35 au does not contribute significantly to
the total flux, because the volume of this region is small.
We choose the extent and resolution in z that high in order
to be able to properly resolve the high regions of the wind
when investigating the effect of lamppost illumination from
a jet. The final grid results from averaging the last 25 orbits
of the simulation in order to increase the smoothness.

2.2 Magnetocentrifugal MHD wind model

A number of magneto-hydrodynamical calculations of discs
have shown that under given assumptions for magnetic flux
and ionisation level in the disc a wind is launched, which can
be as vigorous as a photoevaporative wind and which could,
in theory, extend to radii well within the gravitational radius
for photoevaporation. Indeed Banzatti et al. (2019) (B19)
suggest that an MHD wind might be responsible for the
observed broad component of [OI] forbidden line emission.
Unfortunately a post-processing of currently available MHD
calculations is not suitable for this purpose, since the grids
of the available calculations do not extend to small enough
radii where the emission would have to originate to give the
observed FWHM of the BLVC of the [OI] 6300 line.

We have indeed experimented by post-processing the
recent calculation of Rodenkirch et al. (2019) which include
a MHD wind and a photoevaporative wind for a range of
the plasma parameter β, i.e. the ratio of thermal pressure
over magnetic pressure. Unfortunately similar to other cal-
culations (e.g. Wang et al. 2019) their grid only extends to
1 au in inner radius, while the observed FWHM suggest
emission regions < 0.5 au. Furthermore a limitation of these
calculations is the need to impose a floor density for the
inner regions, which produces numerical artefacts that sig-
nificantly affect the line profiles. The floor density is needed
because with decreasing density the Alfvén velocity, which
has to be resolved in every dynamical time-step, increases,
imposing a severe limit to the time-step which leads to an
unfeasible increase of the computational time.

These are serious limitations for the calculations of line
intensities and profiles originating from the inner regions of
the computational domain, which preclude the use of these
numerical calculations at present.

In this work we thus rely on an analytical description
of a magnetocentrifugal MHD wind. For a description of the
density and velocity structure of the MHD wind we use the
model by Milliner et al. (2019) that is based on the Blandford
& Payne (1982) (BP82) axisymmetric self-similar solutions
for a magnetocentrifugally driven wind for thin discs. It was
originally applied to FU Ori type objects, but is not specific
to such. The model uses cylindrical coordinates [R, Φ, z] =
[Rf ξ, Φ, Rf χ] with non-dimensional functions [ξ ′, Φ, χ] and
the footpoint Rf to describe self-similar streamlines of the
form

χ = aξ2 + bξ − (a + b). (1)

Milliner et al. (2019) follow BP82 by using the velocity com-
ponents

[vR, vΦ, vz ] = [ξ ′ f (χ), g(χ), f (χ)]
√

GM∗/Rf , (2)

to solve the structure of the flow along the streamlines and
to finally derive the mass density

ρvz = (ρvz )(z = 0)
(Rin/Rf )2

ξ(ξ − χξ ′) (3)

with

(ρvz )(z = 0) =
ÛMw

4πR2
in

ln(Rout/Rin)
. (4)

where ÛMw is the wind mass-loss rate and Rin and Rout are
the inner and outer disc radii, respectively. More details can
be found in Milliner et al. (2019) and BP82.

We use this model to construct 2-dimensional cartesian
grids of the velocity and density structure with 100 grid
points in disc radius and 600 points in height, which we
found to be sufficient to properly resolve the emission. The
grid points are spaced evenly in square root space. The grid
extends from R = 0 to 10 au and z = 0 to 60 au. The pa-
rameters for the wind solution are a = 0.0936, b = 0.612,
κ = 0.03, λ = 30, Rin = 20 R�, Rout = 10 au and M∗ = 0.7
M�. Since the parameters for MHD wind models are poorly
constrained, we have chosen values that yield a poloidally-
collimated flow similar to that seen in many numerical sim-
ulations. Based on the assumption that MHD winds drive
accretion, we increase the mass-loss rates for models with a
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higher accretion luminosity to a rate comparable to the ac-
cretion rate (Wang et al. 2019; Fang et al. 2018). We choose
ÛMw = 10−8.6 M�/yr for models with an accretion luminosity

of 2.6 ·10−2 L�, ÛMw = 10−7.5 M�/yr for models with 0.31 L�
and , ÛMw = 10−6.9 M�/yr for 1 L�. A summary of the in-
put parameters for the different models is shown in table
1. To calculate the hydrogen number density from the mass
density we use the mean molecular weight µ = 1.3. We as-
sume the same abundances as in the X-ray photoevaporative
model.

2.3 Photoionisation calculations

We follow the approach of Ercolano & Owen (2010) (EO10)
and Ercolano & Owen (2016) (EO16) to perform photoion-
isation calculations of the wind structures with the goal
of predicting line luminosities and spectral profiles of the
[OI] 6300, [OI] 5577, [SII] 4068 and [SII] 6730 lines. We use
the previously mentioned MOCASSIN code with the same
settings and input spectrum as in EO16 and Picogna et al.
(2019): A soft X-ray spectrum with a luminosity of 2 · 1030

erg/s and an additional blackbody spectrum at a tempera-
ture of 12000 K that is loosely representative of an accre-
tion component. We express the luminosity of the accretion
component Lacc as the bolometric luminosity of the black-
body and perform our calculations for three different values:
2.6 · 10−2 L�, 0.31 L� and 1 L�, corresponding to ioniz-
ing EUV luminosities (hν > 13.6 eV) of 8.56 · 1028 erg/s,
1.39 · 1030 erg/s and 3.29 · 1030 erg/s, respectively. Since the
wind in our photoevaporative model is driven by the X-ray,
the accretion component has no effect on the dynamics of
this wind. For models where we investigate the effect of a
”lamppost” illumination from a radiation source in the jet we
add a third component, an EUV source modelled as a black-
body of temperature 25000 K. The bolometric luminosity of
the component is chosen as a fraction of the accretion lu-
minosity, where we calculate models with 10 % and 32 %.
These parameters are observationally unconstrained and we
use them because they work well to show the effect that a jet
could have on the wind. The jet source is then placed on the
z-axis at a height of 50 au. At that height, the wind velocity
and density are approximately constant and a source higher
in the jet would behave similarly.

2.4 Line profile calculations and fits

We have used the two-dimensional grids of emissivities from
our photoionisation calculations and our grids of the wind
structure to construct a three-dimensional axisymmetric
cylindric volume and calculated the spectral profiles of our
lines when viewed along different lines of sight. To con-
struct the cylinder we used 256 evenly spaced azimuthal grid
points. Based on the assumption that the disc midplane is
optically thick to our lines we do not model the other half of
the disc. This does have implications for our profiles at very
high inclinations: Contribution from high regions in the re-
ceding side of the disc wind where the line of sight does not
cross the midplane within the grid is lost in our calculation.
However, we assume that this contribution is absorbed in
the bound disc, because the line of sight does have a very
long path through it, at the inclinations where this is rele-
vant. We do account for line attenuation by dust absorption

by calculating the column number density NH from each
grid cell in the 3D-grid to the point where the line of sight
leaves the grid. To calculate the absorption cross-section
Cabs
λ

(5.49·10−23, 6.83·10−23, 1.52·10−22 and 4.92·10−23 cm2

for [OI] 6300, [OI] 5577, [SII] 4068 and [SII] 6730, respec-
tively), we assume a fixed dust-to-gas mass ratio of 10−2

for the entire grid and a standard MRN type distribution
(Mathis et al. 1977). Scattering is neglected. Recent work
(Franz et al. 2020) has shown that only grains smaller than
approximately 10 µm can be entrained in a photoevapora-
tive flow (see also Owen et al. 2011; Hutchison et al. 2016).
However we use the MRN distribution here as we are inter-
ested in an upper limit on the effect of dust absorption of
these lines. As expected the effect is small.

Since our MHD model does not include a thick disc,
we use the grids of the column number densities that we
calculated for the photoevaporative model and remap them
to be compatible with the MHD model.

To calculate the spectral profile we follow EO10 and
EO16. For each cell in our 3D-grid we calculate the line-of-
sight velocity of the gas vlos, the thermal rms velocity of
the emitting atom vth and the optical depth τ = Cabs

λ
NH .

We then create bins of velocity u with a resolution of 0.25
km/s and numerically integrate the luminosity in each bin
by summing the contribution of the volume-averaged power
l(®r) emitted in each cell of the 3D-grid:

L(u) =
∫

d®r l(®r)√
2πvth(®r)

exp
(
− [u − vlos]

2

2vth(®r)2
− τ(®r)

)
, (5)

where ®r is the vector pointing to the grid cell. We convolve
our profiles with a Gaussian of width σ = c/R, where we
choose the spectral resolution R = 50000, a resolution sim-
ilar to the observations that we compare our profiles to.
The observational sample is comprised of the high resolu-
tion (∼7 km/s) observations analyzed by Fang et al. (2018)
and B+19. To facilitate the comparison we include observed
profile components only if they are classified as either NLVC,
BLVC or HVC.

We use a similar approach as B+19 to create fits to our
synthetic profiles: We perform multi-Gaussian fits, begin-
ning with a single Gaussian component and adding another
component only if it improves the χ2 value by at least 20 %,
up to a maximum of 6 components. Since our profiles are
much smoother and thus compare better to Gaussian com-
ponents than real observed spectra, we introduce an addi-
tional exit condition: If χ2 < 2

3 y2
max, where ymax is the flux at

the peak of the profile, the fit is considered to be sufficiently
accurate and no more components will be added. This is
to prevent the algorithm from fitting to a too high level of
detail that cannot be achieved in observations. Figures of
all fits are available as online material. We adopt the cat-
egorization of B+19, where all components with a blue- or
redshift of more than 30 km/s are classified as HVC. Compo-
nents slower than that are either classified as NLVC if their
FWHM does not exceed 40 km/s or as BLVC, otherwise. We
do not adopt the further distinction between BLVC+NLVC
and SC or SCJ components, because correlations with the
n13−31 infrared-index suggest that single components could
trace winds in more evolved discs, such as transition discs
(B+19), whereas in this work we model primordial discs.
We do note, however, that our photoevaporation model can
only produce SC-type components, and that only the MHD

MNRAS 000, 1–20 (2019)
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Model Rin [au] Rout [au] Zmax Lacc [L�] LEUV [erg/s] Ljet log
( ÛMw

M�/yr
)

PE-1 0.35 66 200 2.6 · 10−2 8.56 · 1028 0 -7.8

PE-2 0.35 66 200 0.31 1.39 · 1030 0 -7.8

PE-3 0.35 66 200 1 3.29 · 1030 0 -7.8

MHD-1 0.09 10 60 2.6 · 10−2 8.56 · 1028 0 -8.6

MHD-2 0.09 10 60 0.31 1.39 · 1030 0 -7.5

MHD-3 0.09 10 60 1 3.29 · 1030 0 -6.9

PEJ-1 0.35 66 200 2.6 · 10−2 8.56 · 1028 0.1 Lacc -7.8

PEJ-2 0.35 66 200 0.31 1.39 · 1030 0.1 Lacc -7.8

PEJ-3 0.35 66 200 0.31 1.39 · 1030 0.32 Lacc -7.8

Table 1. Relevant parameters that were used to set up our models. PEJ models are photoevaporation models with an included ”lamppost”
illumination jet source.

model can produce more complex profiles with multiple com-
ponents.

3 RESULTS

On the basis of kinematic connections between the proper-
ties of BLVCs and NLVCs of the [OI] 6300 line, B+19 sug-
gest both components to have their origin in the same MHD
outflow, because a photoevaporative wind is launched at
radii too large to reproduce the observed width of the broad
components (assuming that these are Keplerian broadened).
The existence of the observed connections had to be demon-
strated for the scenario in which the NLVC originates in an
outflow that is launched by a different mechanism, namely
photoevaporation. The connections are in particular (1) a
positive correlation between the quivalent widths of BLVCs
and NLVCs. (2) a positive correlation between the centroid
velocities of BLVCs and NLVCs and (3) a positive correla-
tion between the FWHMs of BLVCs and NLVCs

We can show with a simple correlation analysis (see
appendix A) that these connections can be well explained
by a single common correlation with a third variable, the
accretion luminosity. We will show here that the photoevap-
orative wind model can reproduce the correlations with the
accretion luminosity and disc inclination that are observed
for the NLVCs and consequently that the observed connec-
tions between the [OI] 6300 BLVC and NLVC components
can indeed be reproduced even when the NLVCs and BLVCs
trace different wind types.

For both, the photoevaporative and the MHD wind
models, we calculated the line emission for the three differ-
ent accretion luminosities shown in table 1. We calculated
the resulting line profiles for four different lines, [OI] 6300,
[OI] 5577, [SII] 4068 and [SII] 6730, each when viewed at
an inclination of 0◦, 20◦, 40◦, 60◦ and 80◦. We will show
maps of the wind structures and emission regions to pro-
vide insight into the physical conditions that are required
for the emission of the different lines. We will use the results
from the MHD model to demonstrate how even our very
simple model can reproduce the observed components well
and that the different components do not necessarily provide
clear distinctions between physical regions of the outflow.

We repeated our analysis for a model that includes an
additional illuminating EUV source in a fictional jet and we
will show that such a ”lamppost”-type illumination can in-

duce line emission in higher regions of the photoevaporative
wind, increasing the centroid velocity of the line profile.

3.1 Emission regions

Ercolano & Owen (2016) have shown that their X-ray photo-
evaporative wind model can successfully reproduce the cor-
relation between accretion luminosity and [OI] 6300 line lu-
minosity by comparing their simulations with observations
of Rigliaco et al. (2013) and Natta et al. (2014). They suggest
that this correlation is a consequence of the size of the wind
region that the EUV flux, which is dominated by and pro-
portional to the accretion luminosity, can reach and heat up.
Since the luminosity of collisionally excited lines depends ex-
ponentially on the temperature through the Boltzmann term
exp(−∆E/kBT), a larger heated region leads to increased line
luminosities. Figure 1 shows temperature maps of the dif-
ferent models with the 80% emission regions of all four lines
overlain. Since the MHD model does not have a thick disc,
we masked away the emission that would originate within
the bound disc. The mask was constructed by remapping
the bound disc of the photoevaporative model to the grid
of the MHD model. It is clear from the figure that a higher
accretion luminosity increases the size of the emission re-
gion. Another important factor for the luminosity of colli-
sionally excited lines is the abundance of the emitting species
(e.g. neutral oxygen for [OI] lines) and of the colliding par-
ticles that excite the species, which in our case are electrons
and neutral hydrogen. It is important to note that our pho-
toionisation calculations include neutral hydrogen as collid-
ing particles only for the [OI] 6300 line, due to the lack of
collisional rates with neutral hydrogen for the relevant exci-
tation levels of the other lines. The calculated luminosities
of the [OI] 5577, [SII] 4068 and [SII] 6730 should thus be
regarded as a lower limit. The rate coefficients for [OI] 6300
are taken from Launay & Roueff (1977), who report only the
first four levels, 3P2, 3P1, 3P0 and 1D2, but not the 1S0 level
that is relevant for [OI] 5577. We verified that this only af-
fects the total line luminosity but has no significant effect on
the shape of the line profiles by recalculating the [OI] 6300
profiles with neutral hydrogen collisions turned off and com-
paring them to the original profiles. Figure 2 shows maps of
the electron number density in our models and figure 3 shows
maps of the hydrogen number density and the outflow veloc-
ities in the rz-plane. From these three figures we can read off
the physical properties of the emission regions. The emission
only becomes significant above a critical density, where the
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Figure 1. Temperature of the photoevaporative wind model (top panels) and the MHD wind model (bottom panels). Overlain are the

contours of the 80% emission regions of [OI] 6300 (green), [OI] 5577 (magenta), [SII] 4068 (yellow) and [SII] 6730 (cyan) for an accretion

luminosity of 2.6 · 10−2 L� (left panels), 0.31 L� (middle panels) and 1 L� (right panels).

Line T [103K] ne [cm−3] nH [cm−3]

[OI] 6300 6 – 7 5·104 – 108 2·105 – 5·107

[OI] 5577 7 – 8 5·106 – 108 108 – 1010

[SII] 4068 5 – 12 105 – 108 105 – 5·107

[SII] 6730 4 – 11 103 – 108 104 – 107

Table 2. Temperature, electron number density and hydrogen

number density of the line emission regions.

rate of collisional excitation to the upper level of the relevant
transition matches the rate of radiative de-excitation. If the
density is too low, not enough atoms/molecules are in the
excited state. If it is too high, collisional de-excitation will
dominate and suppress the transition. The temperature and
the electron and hydrogen number densities in the emission
regions are listed in table 2. The [OI] 5577 line is only emit-
ted in a small region close to the star where the density is
comparatively high. As a result the line is very weak, which
makes observations of this line challenging. The [SII] 6730
line is emitted even at very low densities and temperatures
and therefore arises in a much larger region that reaches
deep into the wind. Of our four lines it would be the best
candidate to trace an extended disc wind.

3.2 Line profiles

The line profiles resulting from the X-ray photoevapora-
tive wind models are shown in figure 4, normalized to the
peak flux of the 0◦ inclination profiles. It is clear that the
[OI] 6300 and [SII] 4068 profiles are very similar although
the [SII] 4068 emission is reaching farther into the wind and
along the inner edge of the wind. As can be seen in figure 3
(top panels) the regions have a very similar velocity struc-
ture, which explains the similarity of the line profiles. They
both have blueshifted peaks of a few km/s with the highest
blueshift at 60◦ inclination. The [SII] 6730 profile is emitted
up to higher regions and therefore less affected by dust at-
tenuation at higher inclinations. The broadest profiles, when
observed at an inclination, are those of the [OI] 5577 line.
This is due to the very small emission region that lies very
close to the star and is thus subject to strong Keplerian
broadening. Although the other lines are emitted in that
region, too, the contribution to their line profiles manifests
only weakly in their wings. Unsurprisingly, the [OI] 5577 line
is also the weakest and shows very little blueshift, because a
photoevaporative wind cannot effectively be launched that
close to the star. We fitted the profiles as described in section
2.4 and show the resulting component properties in table B1
in appendix B. Figures of all fits are available as online ma-
terial.
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Figure 2. Electron number density of the photoevaporative wind model (top panels) and the MHD wind model (bottom panels). Overlain

are the contours of the 80% emission regions of [OI] 6300 (green), [OI] 5577 (magenta), [SII] 4068 (yellow) and [SII] 6730 (cyan) for an

accretion luminosity of 2.6 · 10−2 L� (left panels), 0.31 L� (middle panels) and 1 L� (right panels).

NLVC BLVC HVC

Model Line vc [km/s] FWHM [km/s] vc [km/s] FWHM [km/s] vc [km/s] FWHM [km/s]

P
h

o
to

ev
a
p

.

[OI] 6300 -3.74 ± 1.22 24.30 ± 5.25

[OI] 5577 0.78 ± 11.49 25.65 ± 6.60 -2.84 ± 0.91 43.56 ± 2.66 -30.11 ± 0 19.92 ± 0
[SII] 4068 -3.71 ± 1.14 22.13 ± 3.85

[SII] 6730 -5.51 ± 2.34 19.03 ± 0.41

M
H

D

[OI] 6300 -2.09 ± 17.11 26.15 ± 5.40 -14.30 ± 21.87 58.56 ± 9.78 -100.05 ± 79.90 92.78 ± 53.62

[OI] 5577 -7.70 ± 14.10 28.13 ± 4.08 28.10 ± 0.91 47.54 ± 3.70 -60.81 ± 49.19 93.23 ± 43.81

[SII] 4068 -3.66 ± 16.16 23.81 ± 3.65 -10.94 ± 18.79 52.97 ± 15.28 -89.93 ± 44.01 123.37 ± 59.24
[SII] 6730 -3.13 ± 12.86 22.78 ± 5.35 -17.70 ± 12.31 55.91 ± 22.53 -92.57 ± 52.24 113.71 ± 57.91

Table 3. Mean values of the centroid velocities and FWHM and their standard deviation for all lines and components.

Figure 5 shows the profiles for the MHD wind model. By
far the most notable difference when comparing these pro-
files to the photoevaporative wind model are the very high
blueshifts. At higher accretion luminosities and mass-loss
rates all profiles show significant blueshifts up to velocities
of ∼300 km/s. Despite the simple model, some of the pro-
files are remarkably similar to observed profiles, although the
model generally underestimates the line luminosities. Figure
6 compares the 30◦ inclined [OI] 6300 profile to the profile
of DG Tau, which has a similar inclination. Note that using
the [OI] 6300 luminosity of DGTau from Simon et al. (2016),
we find that the luminosity of our synthetic line is a factor

of ∼25 too low. The profiles have thus been normalized to
account for this factor. We highlight that our work shows
that the observed HVC can be reproduced by our analytical
MHD wind without the need of explicitly including a ’classi-
cal’ collimated jet. Indeed, with blueshifts up to ∼300 km/s,
the high-velocity wings extend to even higher blueshifts than
the wing of the DG Tau profile. In the understanding that
the fastest, innermost edge of the wind model is a jet, this
demonstrates that the jet does not need to be collimated or
exhibit shocks in order to produce the observed HVCs, as
proposed in previous works. At lower blueshifts the emis-
sion of our synthetic profile is too broad and with hints of
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Figure 3. Density structure of the photoevaporative wind model (top panels) and the MHD wind model (bottom panels). The arrows
show the velocity vectors in the RZ-plane. Overlain are the contours of the 80% emission regions of [OI] 6300 (green), [OI] 5577 (magenta),

[SII] 4068 (yellow) and [SII] 6730 (cyan) for an accretion luminosity of 2.6 · 10−2 L�.

Keplerian double peaks compared to that of DG Tau. In
fact, we find pronounced double peaks in all our inclined
profiles, but they are rarely observed. This could indicate
that the Keplerian broadening is too strong in our model,
but this is unlikely considering the inner radius of 20 R�,
which is relatively large for an MHD wind. An alternative
explanation is that the Keplerian throught is filled out by
another narrow low velocity component originating in a dif-
ferent outflow, such as a photoevaporative wind. We explore
this possibility in section 4.3. The reduced high-velocity flux
in the profiles of the model with the lowest accretion rate
can be easily understood with the help of the emission maps
in figures 1 – 3: The density in the fast flowing inner region
of the inner wind is low. As a result the temperature is high,
as is the degree of ionization. With the low density and high
degree of ionization, not enough neutral oxygen is present
for the [OI] lines to be emitted. The singly ionized sulfur
is still abundant enough to produce a significant flux of the
[SII] lines in the high-velocity region. As the accretion lumi-
nosity and with it the density of the wind increases, the fast
moving inner edge is less ionized and the high-velocity flux
increases. The [OI] 5577 line that is only emitted close to
the star has no significant contribution in the high-velocity
region. The MHD profiles are typically best fitted with 3 to

5 components. All fitted components are listed in tables B2
and B3.

Table 3 shows the mean values of the centroid velocity
and FWHM of the NLVCs and where applicable the BLVCs
and HVCs for the photoevaporative and MHD models. Table
4 shows the line luminosities.

3.2.1 Line profile decomposition

It is true for all lines that the line broadening is entirely
dominated by the velocity gradient of the wind, when the
disc is viewed at low inclinations. In that case the profiles
do not allow for a clear distinction between low-velocity flux
originating close to the star in the slow base of a fast wind
or jet and emission originating in a slow extended disc wind
far away from the star. The formation of Keplerian double
peaks at inclinations & 40◦ indicates that Keplerian rota-
tion begins to affect the broadening of the low velocity-flux
around that inclination. However, on the blueshifted side, an
increase of the inclination will result in contamination of the
low-velocity component with emission from high-velocity re-
gions that is projected to the low-velocity regime. This con-
tamination is strengthened by the fact that the high-velocity
wind regions have the smallest outflow-angles with respect
to the z-axis in the rz-plane, resulting in stronger projec-
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Figure 4. Simulated line profiles for the photoevaporative wind models. The profiles were artificially degraded to a spectral resolution
of R = 50000 and normalized to the peak flux of the 0◦ profile.
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Figure 5. Simulated line profiles for the MHD wind models. The profiles were artificially degraded to a spectral resolution of R = 50000

and normalized to the peak flux of the 0◦ profile.
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Model Photoevaporation MHD

Lacc [L�] 2.6 · 10−2 0.31 1 2.6 · 10−2 0.31 1

[O
I]

6
3
0
0 0 ◦ -4.82 -4.32 -3.90 -5.54 -4.54 -3.87

20 ◦ -4.82 -4.32 -3.90 -5.54 -4.55 -3.88

40 ◦ -4.82 -4.32 -3.90 -5.55 -4.55 -3.88

60 ◦ -5.03 -4.49 -4.03 -5.74 -4.74 -4.07
80 ◦ -5.28 -4.66 -4.13 -6.00 -5.03 -4.32

[O
I]

5
5
7
7 0 ◦ -5.87 -5.36 -4.94 -7.07 -5.62 -4.75

20 ◦ -5.88 -5.37 -4.95 -7.09 -5.63 -4.76

40 ◦ -5.89 -5.38 -4.96 -7.10 -5.64 -4.77
60 ◦ -6.31 -5.76 -5.31 -7.49 -6.03 -5.14

80 ◦ -7.62 -6.57 -5.94 -8.46 -7.23 -6.17

[S
II

]
4
0
6
8 0 ◦ -4.48 -3.85 -3.47 -5.39 -4.34 -3.55

20 ◦ -4.48 -3.85 -3.47 -5.39 -4.35 -3.55

40 ◦ -4.49 -3.86 -3.47 -5.40 -4.36 -3.56
60 ◦ -4.97 -4.17 -3.71 -5.83 -4.84 -3.94

80 ◦ -5.04 -4.16 -3.68 -5.89 -4.95 -3.97

[S
II

]
6
7
3
0 0 ◦ -4.70 -4.33 -4.05 -5.95 -5.18 -4.55

20 ◦ -4.70 -4.32 -4.05 -5.95 -5.18 -4.55

40 ◦ -4.70 -4.32 -4.05 -5.95 -5.18 -4.55
60 ◦ -4.74 -4.35 -4.07 -5.99 -5.25 -4.61

80 ◦ -4.74 -4.35 -4.07 -6.01 -5.28 -4.64

Table 4. Logarithm of the line luminosities in units of L�.
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Figure 6. Simulated [OI] 6300 profiles (orange lines) of the MHD

wind model with an accretion luminosity of 0.31 L� at 30◦ inclina-

tion compared to the observed spectrum of DG Tau (black lines).
The dashed lines show the individual components from the Gaus-
sian decomposition. The synthetic profile has been artificially de-

graded to a spectral resolution of R = 50000. The profiles have
been normalized in such a way that they are comparable to each

other. The DG Tau spectrum is taken from B+19.

tion effects for HVCs and stronger broadening for LVCs. To
illustrate this, figure 7 shows the 80 % emission regions of
the [OI] 6300 line in the MHD models for different veloci-
ties in increments of 20 km/s. At 0◦ inclination the regions
are well separated and could be traced using the centroid
velocity of narrow components, if they are no broader than
∼20 km/s. At higher inclinations, starting already at 20◦,
the emission regions from flux observed in the range be-
tween +40 km/s and -40 km/s overlap significantly. At high
inclinations projection effects are strong and a distinction
of emission regions based on the blue- or redshift is diffi-
cult. As a result, a fitted Gaussian component will contain

flux from many different parts of the wind. We therefore ad-
vise against interpreting different fit components as tracing
physically distinct outflow regions. For the wind models with
higher accretion luminosities, it is true that the majority of
the emission traces those parts of the wind that are launched
inside 1 au or even 0.5 au at higher inclinations. In our fits
these models do reproduce NLVCs that are consistent with
observations and typically attributed to being launched at
larger radii (c.f. figure 9). This demonstrates that although
the velocity slices do reflect the onion-like velocity struc-
ture of the wind, the line width of the components is not
a good indicator for the emission region, neither when the
disc is viewed at low inclinations, nor at high inclinations.
Line ratios between components should only be considered
with caution, because the components are likely to contain
flux from multiple regions with different physical properties.
We expect the centroid velocity, as a proxy for the velocity
slice, to hold most of the physical meaning of the Gaus-
sian components. It could be worth considering alternative
measurements (e.g. a spectral slope) for future studies of
correlations between line profiles and physical properties of
the disc.

Nevertheless the Gaussian fits to observed profiles do
reveal some correlations. We can compare our fits with the
observations, in order to see if we can reproduce the gen-
eral trends. Figure 8 shows an overview of the centroid
velocities and FWHM of the [OI] 6300 line. Except for
the narrowest observations and the two observations with
a blueshift around ∼12 km/s, the NLVCs are well repro-
duced by the photoevaporation models. The SCs, while hav-
ing similar blueshifts, are typically much broader than the
NLVCs and cannot be reproduced by our photoevaporation
model. Correlations with infrared-index reported by B+19
suggest that these components could trace winds in more
evolved discs, such as transition discs. As has been shown
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by EO16, transition disc profiles are generally broader, al-
though still not broad enough to match the observed SC line
widths. BLVCs and HVCs are only produced by the MHD
model. The HVCs tend to be too broad around a blueshift
of ∼150 km/s when compared to observations. This discrep-
ancy can be explained by the fitting procedure which prefers
one single broad Gaussian over two narrower Gaussians that
would better match the observations. The one redshifted
HVC comes from a profile at 80◦ and is a fit to the red-
shifted part of the Keplerian double peak. The MHD model
consistently overestimates the blue or redshift of the NLVCs.
With only 4 BLVCs at the narrower end of the spectrum,
the model clearly tends to favour NLVCs and HVCs over
BLVCs. These discrepancies are a consequence of the Kep-
lerian double peaks that are found in the majority of our
profiles. They are better fitted by two narrow components
than a broad component.

3.3 Correlations with inclination

B+19 investigate the correlation between [OI] 6300 centroid
velocities and viewing angle in their sample and find a weak
trend of the LVCs to have their maximum centroid veloc-
ity at an inclination around 35◦. As can be seen in figure 9
none of our models is able to clearly reproduce this trend.
The top left panel shows the inclination against centroid ve-
locities of our photoevaporation model profile components
compared to the observed NLVCs. While the model with the
lowest accretion luminosity has its peak at 60◦ inclination,
the models with higher accretion luminosities show only a
weak trend with a maximum around 20◦. As is clear from the
figure and as has already been pointed out by B+19 the cen-
troid velocities are dominantly influenced by the accretion
luminosity and not by the viewing angle. We will investi-
gate the correlations between the component properties and
accretion luminosity in the next section. We have seen in
the previous section that the photoevaporation model fails
to reproduce the two observed components with the highest
blueshifts. As we will show in section 3.5, a lamppost-type
illumination of the upper layers of the X-ray photoevapo-
rative wind by a UV source in a jet could help close the
gap to these observations. The right panel shows the corre-
lation of the component width with inclination. The widths
are consistent with Keplerian broadening between 0.5 and
5 au, which is also consistent with the emission maps, but
as seen at inclinations < 20◦, Kepler broadening is not the
dominating mechanism.

The MHD model seems to produce NLVCs with decreas-
ing blueshift that transitions into a redshift with increasing
inclination. A visual inspection of the fits in appendix B re-
veals that most profiles are fitted with a NLVC at their right
edge, which explains this behaviour. The model is able to
produce NLVCs that reach up to 30 km/s but similar to the
photoevaporation model it cannot reproduce the narrowest
of the observed NLVCS. At inclinations < 25◦ the observa-
tions show a reduced number of NLVCs and BLVCs with
intermediate blueshifts of ∼10 - 30 km/s. One possible cause
could be the 30 km/s threshold above which components get
classified as HVCs. Outflows in a jet along the z-axis with
velocities slightly above that threshold would have a pro-
jected velocity just below it, resulting in a classification as
BLVC. If that was the case we would expect a reduced num-

ber of HVCs at higher viewing angles but this is difficult to
assess with the given distribution of observational samples.
In fact, it is much more likely that the low number of com-
ponents at low inclinations is a direct consequence of the
non-uniform distribution of samples, as is shown in figure
B1. This could also explain the observed peak at ∼35◦. The
general lack of BLVCs makes it impossible to obtain useful
information about the effect of the inclination on the BLVCs.
The centroid velocities of the HVCs generally decrease with
increasing inclination, matching the observations well. The
figure helps to support two arguments that were made in
the previous section: The redshifted HVC belongs to the
80◦ profile of the 1 Lacc model and the very broad HVCs are
mostly present at low inclinations up to 40◦. At higher incli-
nation the extended blueshifted wing is projected to lower
velocities and the HVCs become somewhat narrower.

3.4 Correlations with accretion luminosity

The more interesting correlations, which we suggest to be
the underlying cause of all three NLVC-BLVC connections
reported by B+19 are those between the component prop-
erties and the accretion luminosity. We have shown in ap-
pendix A that in order to reproduce these observed connec-
tions it is sufficient to reproduce the correlations with Lacc.
Figure 10 shows these correlations for our models and the
comparison to the observations. The first reported connec-
tion is a positive correlation between the equivalent width
of the NLVCs and that of the BLVCs. The NLVCs produced
by our photoevaporative wind model are in good agreement
with the observations, which shows that in a scenario where
the NLVCs are produced by a photoevaporative wind and
the BLVCs by a different wind type, one would still find the
observed connection between the NLVC and BLVC luminosi-
ties. It is worth noticing at this point that the luminosities of
our MHD model components are at or below the lower limit
of the observed luminosities but the slope matches the ob-
servations. Compared to the photoevaporative wind model
the densities in our MHD model are much lower for a wind
with the same mass loss-rate. As a result the collisionally
excited lines are weaker, too.

The second connection reported by B+19 is a positive
correlation between the centroid velocity of the NLVCs and
that of the BLVCs. As is shown in the middle panel of fig-
ure 10, the NLVC centroids of our photoevaporative wind
model increase with increasing accretion luminosities. This
can be explained by the larger emission regions for the mod-
els with higher Lacc, as we will discuss in section 4.1. The
correlation is again consistent with the observed NLVCs,
which shows that the observed connection between NLVC
and BLVC centroids could also be achieved when the two
components trace different wind types. We have seen be-
fore that the MHD model does not reproduce the NLVC
and BLVC centroids very well, but the HVC centroids tend
to be more blueshifted with increasing accretion luminosity,
although there are a number of HVCs with lower blueshifts
than would be expected from the observations. It is likely
that these components are another consequence of our fits
to Keplerian double peaks.

Finally, B+19 reported a positive correlation between
the FWHM of the NLVCs and that of the BLVCs. The ob-
servations show a decreasing FWHM with Lacc for both, the
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Figure 8. Overview of the parameter space of centroid velocities and FWHM of the [OI] 6300 profile components. Components from
the MHD models are marked with a triangle, those from the photoevaporation model with a circle. The plusses mark observations by

B+19. The colors indicate the type of the components: Green: HVC, red: BLVC, blue: NLVC, grey: SC, pink: SCJ.

NLVC and the BLVC. The right panel of figure 10 clearly
demonstrates that the FWHM of the NLVCs in our photoe-
vaporative model matches this correlation. There is no clear
trend in the observed HVCs but the MHD model does not
have any broad HVCs in the model with low Lacc as a direct
consequence of the lack of highly blushifted flux.

By showing that the photoevaporation model can re-
produce the correlations of the NLVCs with Lacc, we have
demonstrated that all three reported NLVC-BLVC connec-
tions are compatible with a scenario in which the NLVC
traces a photoevaporative wind and the BLVCs are produced
in a different wind. The correlation between [OI] 6300 lumi-
nosity and Lacc does not distinguish between different wind
scenarios, because both, photoevaporative and MHD winds
produce such a positive correlation. This argues against
conclusions (e.g. by Nisini et al. 2018) that this correla-
tion alone suggests an MHD origin for the wind traced by
[OI] 6300. What distinguishes different winds is truly the
velocity structure and not necessarily the luminosity.

3.5 Lamppost illumination from a jet

The observations show that a HVC is often present when
both a broad and a narrow component is detected in the
LVC of [OI] 6300. If the HVC is indicative of a jet, as of-
ten assumed in the literature, then it is useful to investigate
how the profiles change when the wind is heated at higher
heights above the midplane. To this aim, we modelled a sce-
nario in which the wind is illuminated in a lamppost-type
fashion from a source placed higher up on the z-axis. This
source could potentially be an EUV or X-ray source created
by shocks in a jet at a height of a few tens of au. We repeated

our calculations for the photoevaporative and MHD models
with an accretion luminosity of 2.6 · 10−2 L� and 0.31 L�,
both with an additional EUV input spectrum at a height of
50 au on the z-axis, which we modelled as a blackbody of
temperature 25000 K and varying luminosity. As is shown
in figure 11, upper wind levels can contribute significantly
to the emission when the photoevaporative wind model is
heated by an illumination source in the jet. Table 5 shows
the total line luminosities for the different lamppost-models
and their ratio to their luminosity in the models without a
jet. The [OI] 5577 line is not significantly affected by the
jet source, as it requires a higher density to be emitted ef-
ficiently. The resulting [OI] 6300 profiles are shown in fig-
ure 12. Compared to the profiles without a lamppost-type
illumination, the centroid velocity of the fitted NLVC can
increase the blueshift from ∼5 km/s to up to 10 km/s. The
individual fits for the [OI] 6300 profiles are listed in table 6.
With increasing luminosity of the jet source or decreasing
accretion luminosity, the emission from the higher wind lay-
ers can dominate over the emission from lower layers, which
will lead to more blueshifted but narrower profiles. This sce-
nario is able to close the gap to the observed NLVCs with
the highest blueshifts of up to ∼12 km/s. While the centroid
velocities increase, the FWHM tend to decrese with increas-
ing luminosity of the jet source. Apart from the [SII] 6730
line, the lamppost illumination has no effect on the emission
in the MHD wind model. In that model, the density of the
upper wind is too low for the other lines to be emitted effi-
ciently. Since the MHD wind is very fast at high heights, the
additional [SII] 6730 flux manifests in an increase in high-
velocity flux. Because the velocity structure is relatively con-
stant that high in the upper wind, the height of the jet source
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Figure 9. Correlations between the disc inclination and the [OI] 6300 line component centroid (left panels) and FWHM normalized with
the square root of the stellar mass (right panel). The grey lines show the values expected from purely Keplerian broadening at different

radii. The plusses mark observations by B+19. The colors indicate the type of the components: Green: HVC, red: BLVC, blue: NLVC,

grey: SC.

has little effect, as long as it is not placed low enough for the
launching region of the wind to be heated by the jet source.
The temperature from the jet source, however, does play
an important role. A higher temperature implies a higher
EUV flux, which is able to heat a larger volume of the wind,
but also increases the degree of ionization, suppressing emis-
sion of neutral or lowly ionized species. X-ray sources, such
as those observed in multiple jets (e.g. Güdel et al. 2007)
have little effect on the line profiles, as X-rays are mainly
absorbed by heavier elements and not by hydrogen, making
them inefficient in heating the wind.

4 DISCUSSION

4.1 Origin of the correlations with Lacc

We have shown in section 3.4 that the photoevaporation
model has the same correlations with the accretion luminosi-

ties as observed NLVCs. However BLVCs are not reproduced
in a photoevaporative wind, therefore we have shown that
two different wind types can produce the same correlations.
To explain why these correlations exist we can again use the
emission maps in Figure 3: In the photoevaporation model a
higher accretion luminosity increases the heated wind region
and thus the emission region. This has not only the conse-
quence of higher luminosities, but also more emission from
the upper, faster regions of the wind, increasing the blueshift
of the line. At the same time the line width is reduced, be-
cause the azimuthal velocity is very low in the upper wind
regions and the Kepler broadening is reduced. The top right
panel of figure 10 shows that this effect is strongest for the
highest inclinations. The 0◦ profile shows exactly the oppo-
site behaviour, because Kepler rotation is not at play and
the broadness is entirely dominated by the velocity gradient,
which is greater in a larger emission region.

In the case of an MHD wind the increase in size of the
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Figure 10. Correlations between the accretion luminosity and [OI] 6300 line component luminosities (left panels), centroids (middle

panels) and FWHM (right panels). The plusses mark observations by B+19, the crosses mark observations by Fang et al. (2018). The
colours have the same meaning as in figure 9.

emission region with higher Lacc is less pronounced, because
it is countered by the increase in gas density. As a result,
there is a strong correlation between accretion luminosities
and line luminosity, but the line profiles remain similar. An
exception is the model with the lowest accretion luminos-
ity where the inner edge of the wind is highly ionized such
that no flux with a blueshift > 100 km/s can be observed,
as discussed in detail in section 3.1. With similar profiles,
the correlation between the profile components and Lacc are
not as obvious as in the observations. This could be an indi-
cation that our model overestimates the link between wind
mass-loss and accretion rate. With a weaker correlation we
would expect a bigger increase in the size of the emission re-
gions and consequently correlations that are similar to those
found in the photoevaporation models and the observations.
Alternatively, as proposed by B+19, an MHD wind where
the increase in mass-loss manifests not only in a higher gas
density but also in higher outflow velocities could restore the
correlations.

4.2 Correlations with viewing angle

B+19 interpret the observed correlation between NLVC line
widths and viewing angle and the lack of such a correla-
tion in the BLVC as possible evidence that the NLVCs are
emitted close to the disc surface at larger radii, rotating
close to the Keplerian speed, while the BLVCs are emitted
at higher parts of the wind, where the poloidal velocity is
increased and the toroidal velocity is lower than the Kep-
lerian speed at the footpoint where the flow was launched.
As discussed in section 3.2.1 the Gaussian decomposition
and with it the correlations of their properties should only
be treated with caution, but we can nevertheless investigate
the plausibility of this scenario: In our MHD wind models
with higher accretion luminosities the emission region of the
flux with zero blueshift is indeed located at a height of &
2 au, but this includes the narrow component as well. The
scenario would thus only be plausible if the MHD profile
was supplemented by another narrow low velocity compo-
nent produced by a different wind at larger radii and closer
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nosity. The luminosities in the legend are given in units of L�. All

jet components are modelled as a blackbody with T = 25000 K at
a height of 50 AU on the z-axis. All profiles have been artificially
degraded to a spectral resolution of R = 50000.

to the disc surface. Evidence for such a combination of pro-
files is the overabundance of Keplerian double peaks in our
models. Double peaks are rarely observed, which means that
either our model overestimates azimuthal wind velocities or
in reality the Keplerian throughts are filled in by another
component.

Lacc Ljet Line log
( Lline

L�
) Lwith jet

Lwithout jet[L�] [L�]

2.6 · 10−2 2.6 · 10−3

[OI] 6300 -4.75 1.17
[OI] 5577 -5.86 1.00
[SII] 4068 -4.43 1.12

[SII] 6730 -4.65 1.17

0.31 0.031

[OI] 6300 -4.22 1.26

[OI] 5577 -5.35 1.02
[SII] 4068 -3.70 1.41
[SII] 6730 -4.16 1.48

0.31 0.1

[OI] 6300 -4.09 1.70
[OI] 5577 -5.31 1.12
[SII] 4068 -3.49 2.29

[SII] 6730 -3.96 2.34

Table 5. Total line luminosities from the photoevaporative wind

models with an additional EUV jet source at a height of 50 AU on
the z-axis that is modelled as a blackbody with T = 25000 K with

a luminosity that is given in the table as Ljet. The last column
shows the ratios of the luminosities between a model with and
without the jet source.

4.3 Combination of MHD and photoevaporation
profiles

One possible solution for both problems described in the
previous section is the combination of a higher-density inner
MHD wind and a photoevaporative wind that dominates at
larger radii and fills the Kepler throught of the MHD profile.
If the MHD wind arises from a region that is MRI turbulent
we would expect the wind itself to become turbulent and
introduce asymmetries that allow the X-ray to reach the
disc at high-enough radii. Furthermore, knots/ Herbig-Haro
objects in jets are evidence for a temporal variability of the
outflow velocity. It might be plausible to assume a (possibly
time dependent) filling factor to modulate the amount of
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Lacc Ljet i vc FWHM
log

( Lcomp
L�

)
Type

[L�] [L�] [◦] [km/s] [km/s]

2.
6
·1

0−
2

2.
6
·1

0−
3

0 -3.16 19.64 -4.76 NLVC
20 -4.62 25.33 -4.75 NLVC

40 -5.53 31.43 -4.75 NLVC
60 -5.84 29.63 -4.94 NLVC
80 -2.52 24.32 -5.11 NLVC

0
.3

1

0
.0

3
1

0 -6.59 23.10 -4.21 NLVC
20 -7.35 24.42 -4.21 NLVC
40 -7.55 25.29 -4.23 NLVC

60 -6.62 23.21 -4.35 NLVC
80 -2.60 20.90 -4.45 NLVC

0
.3

1

0
.1

0 -9.88 26.04 -4.09 NLVC
20 -10.26 23.74 -4.09 NLVC
40 -9.75 22.17 -4.11 NLVC

60 -7.49 20.39 -4.20 NLVC
80 -2.74 19.36 -4.26 NLVC

Table 6. Centroid velocities, FWHM, luminosity and type of the

profile components from the photoevaporative wind models with

an additional EUV jet source at a height of 50 AU on the z-
axis that is modelled as a blackbody with T = 25000 K with a

luminosity that is given in the table as Ljet.
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Figure 13. Combination of MHD and photoevaporative wind

profile for the [OI] 6300 line of our models with with Lacc = 0.31 L�
at 40◦ inclination.

radiation finally reaching the disc at radii where it can drive
a photoevaporative wind.

We performed this experiment by combining our MHD
with the photoevaporation profiles to see whether this could
indeed bring the total profiles closer to the observations. For
this purpose, we added a fraction of the flux of the photoe-
vaporative profiles to that of the MHD profile. We chose frac-
tions of 24 %, 12 % and 6 % for the models with the lowest,
intermediate and highest accretion luminosity, respectively.
It is important to note that this choice is chosen only because
it provided acceptable results and has no further justifica-
tion, besides our expectation that a denser inner MHD wind,
which is the case in the models with higher Lacc, will shield
more of the X-ray radiation that drives the photoevapora-
tive wind. Figure 13 shows the combined [OI] 6300 profile
at 40◦ inclination for the model with Lacc = 0.31 L�. The
Keplerian double peaks are indeed filled by the photoevap-
oration profile. Note that the fits do not properly separate
the photoevaporative from the MHD component. Figure 14
shows that combining the profiles does improve the centroid

and FWHM distribution of the modelled profiles. Especially
the number of highly blue- or redshifted NLVCs is greatly
reduced and the number of BLVCs increased from 4 to 7.
The BLVCs with high FHWM & 100 km/s are still not re-
produced, however, it is reassuring that our simple exper-
iment can already significantly improve the distribution of
component properties.

4.4 Model limitations

Our MHD model, while to a good degree consistent with
observations, uses many simplifying assumptions. Most ob-
viously, it lacks a thick disc which will certainly affect the
velocity and density structure of the wind at larger radii.
This could significantly affect the line profiles, especially in
the case of high accretion luminosities, when the emission
regions reach farther into that area. Moreover we have seen
that the model tends to underestimate the line luminosities
and to overestimate the outflow velocities despite the rel-
atively large inner radius. Detailed numerical models with
much lower inner radii and lower floor densities than exist-
ing models would be valuable to accurately calculate syn-
thetic line profiles from MHD winds. Models that combine
MHD with photoevaporation with an adjustable ratio be-
tween them, such as the model by Rodenkirch et al. (2019)
could be particularly useful to determine the relative impor-
tance of MHD and photoevaporative winds.

Our synthetic line profiles have all been calculated from
wind models with fixed parameters, with the luminosity of
the illuminating UV component being the only variable. Al-
though Ercolano & Owen (2010) have shown that the X-ray
luminosity has no effect on the luminosities of the collision-
ally excited lines, it does have an effect on the photoevapo-
rative wind mass-loss rates in the sense that a star with a
higher X-ray luminosity is able to drive more rigorous winds
(Picogna et al. 2019). Similarly, the stellar mass can affect
the mass-loss rates of a photoevaporative wind (Picogna et
al., in preparation). In a more extensive study that includes
multiple wind models calculated with different initial condi-
tions, we would expect the synthetic profile components to
cover an even larger parameter space of observations.

5 CONCLUSIONS

We have calculated the photoionization structure of a de-
tailed numerical X-ray photoevaporative disc wind model
and a simple magnetocentrifugally driven wind model and
created 2-dimensional emission maps of the [OI] 6300, [OI]
5577, [SII] 4068 and [SII] 6730 lines. We investigated the lo-
cation and physical properties of their emission regions and
studied the influence of the accretion luminosity as the dom-
inating heating source of the wind. We used the 2D emission
maps to construct 3-dimensional models of the line emission
in axisymmetric disc winds and calculated theoretical spec-
tra of the lines as they would be expected from observations
at different viewing angles. In these line profile calculations
we accounted for Keplerian broadening, thermal broaden-
ing, dust absorption and a limited spectral resolution. We
followed the commonly used approach of decomposing our
synthetic line profiles into multiple Gaussian components
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Figure 14. Overview of the parameter space of centroid velocities and FWHM of the components of the combined [OI] 6300 MHD +
photoevaporation profiles. Components from the MHD+photoevaporation combination models are marked with a triangle, those from

the photoevaporation model with a circle. The plusses mark observations by B+19. The colors indicate the type of the components:

Green: HVC, red: BLVC, blue: NLVC, grey: SC, pink: SCJ

to assess the informative value that is held by the individ-
ual components and to explore the correlations between the
component properties and the disc inclination and accretion
luminosity in comparison to observations. Our main findings
are:

• The X-ray photoevaporative disc wind model can success-
fully reproduce simple, single-Gaussian lines with small blue
shifts (2–5 km/s) and FWHM between 15 and 40 km/s that
overlap well with the observations of NLVCs. The model
cannot reproduce, however, the observed NLVCs with the
smallest and largest blueshift near 0 and 12 km/s and the
narrowest line width near 10 km/s. Neither can it reproduce
any of the observed BLVCs or HVCs and therefore needs to
be coupled to another wind type in order to fully explain
the line profiles observed in full/primordial discs.
• The MHD wind model on its own can reproduce com-
plex line profiles that can be decomposed into all compo-
nent types (NLVC, BLVC and even HVC). The kinematic
properties of the components approximately resemble those
of observations but the profiles often show Keplerian double
peaks that are rarely observed. These double peaks affect the
profile decomposition (NLVCs with blue- and redshifts near
20 km/s are often produced), making it difficult to draw con-
vincing conclusions on the correlations of component prop-
erties. The correlations of the component luminosities with
the accretion luminosity are well reproduced, but not the
correlations of their centroid velocities or FWHMs, except
for the HVCs that vaguely follow the observed trend. The
model cannot produce the narrowest NLVCs with FWHM
< 20 km/s and BLVCs are produced rarely and only with
line widths < 100 km/s.

• A combination of MHD and photoevaporation profiles is
plausible and could alleviate the problems that are caused
by the Keplerian double peaks. Wind asymmetries and time
variability might allow the radiation to reach and heat the
disc at radii where a photoevaporative wind can be launched.
To test this scenario a model combining MHD and photoe-
vaporative winds is required, but well beyond the scope of
this paper. Currently available MHD calculations lack the
required resolution to model forbidden line emission in the
wind.

• An additional EUV heating source located at higher heights
in a jet along the z-axis can significantly increase the lumi-
nosity and blueshifts of the profiles in a photoevaporative
wind. The [OI] 6300 line luminosity was increased by up to
70 % and its blueshift could reach up to 10 km/s, close to
the fastest observed NLVC blueshifts near 12 km/s.

• In reference to recent observational studies, this work shows
that the fitted Gaussian components do not clearly separate
the flux from physically distinct emission regions and that
the line broadening is often determined more by the velocity
gradient in the wind than by Keplerian rotation in the disc,
and as such line widths are not good tracers of the radial
disk region where the wind is launched. This confirms recent
analyses by Banzatti et al. (2019), where cautionary notes
on using line widths to infer emitting radii were proposed,
based on the absence of correlations with the viewing angle
(Sect. 5.1 in B+19). Future observational works should be
cautious as well, and consider the impact of the velocity
gradient in the wind.

• The EUV flux that is dominated by the accretion luminos-
ity has a strong effect on the size of the emission region. A
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higher luminosity can heat a larger region of the wind to the
temperatures required for the collisionally excited lines to be
emitted. This leads to correlations between profile compo-
nent properties and the accretion luminosity that are posi-
tive for the component luminosities and centroid velocities
and is negative for the FWHM. This effect is weaker for
our MHD wind models, because the expected increase in
mass-loss with increasing accretion luminosity counteracts
the growth of the emission region. This could be different in
other MHD models where also the outflow velocities increase
with increasing mass-loss rate.
• The observed connections between NLVC and BLVC prop-
erties could be explained by the correlations with the ac-
cretion luminosity. Our X-ray photoevaporation model can
successfully reproduce these correlations for the NLVCs and
is thus consistent with a scenario where the NLVCs are
launched by a photoevaporative wind, while the BLVCs
trace a wind that is driven by a different mechanism.
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y x a b Ref.

vc,NLVC log Lacc -6.20 ± 1.10 -3.70 ± 0.80 1
vc,BLVC log Lacc -26.10 ± 4.50 -15.90 ± 3.20 1

log FWHMNLVC log Lacc 0.98 ± 0.07 -0.34 ± 0.05 1
log FWHMBLVC log Lacc 1.53 ± 0.08 -0.34 ± 0.06 1

log LNLVC log Lacc -4.53 ± 0.14 0.49 ± 0.10 2
log LBLVC log Lacc -4.22 ± 0.07 0.51 ± 0.05 2

1: Banzatti et al. (2019)
2: Fang et al. (2018)

Table A1. Fit parameters for the correlations of the centroids,
FWHMs and component luminosities with the accretion luminos-

ity and for the correlations between the LVC properties.

Wang L., Bai X.-N., Goodman J., 2019, The Astrophysical Jour-

nal, 874, 90

APPENDIX A: CORRELATION ANALYSIS OF
NLVC AND BLVC COMPONENT PROPERTIES
WITH LACC

As described in section 3, B+19 have found that the centroid
velocities, FWHM and equivalent widths of the NLVCs cor-
relate with those of the BLVCs. They also found that the
centroid velocities and FWHM of both components have
similar correlations with the accretion luminosity and an-
other correlation between component luminosity and accre-
tion luminosity is well known (section 1). We will show here
that the correlations between NLVC properties and Lacc and
between BLVC properties and Lacc are indeed sufficient to
explain the correlation between BLVC and NLVC properties.
If the component property y is correlated with the accretion
luminosity Lacc via

yBLVC = a + b log
(
Lacc

)
(A1)

and

yNLVC = c + d log
(
Lacc

)
(A2)

and if we assume that y is not correlated with another vari-
able, we would expect that

yBLVC = a − b
d

(
c + yNLVC

)
. (A3)

We tested this expectation against the observed cor-
relations using the fit parameters listed in table A1. Since
B+19 do not report fit parameters for the correlation be-
tween component luminosity and accretion luminosity we
use the parameters reported by Fang et al. (2018) and per-
form a fit to the BLVC - NLVC luminosity correlation in
their sample to test the connection between the component
luminosities. The relation we found is

log
(
LBLVC

)
= −6.48 + 4.31log

(
LNLVC

)
. (A4)

Errors are not stated, because we lack the uncertainties of
the underlying data, but for the purpose of this test we can
safely ignore them. The results are shown in figure A1, which
shows that the connections between NLVC and BLVC prop-
erties can indeed be explained by their correlations with the
accretion luminosity.

APPENDIX B: COMPLEMENTARY FIGURES
AND TABLES

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Black dashed lines: correlations between the component properties. Orange solid lines: correlations as we would expect them
if they were solely a result of the correlations with the accretion luminosity. The correlations and observations in the left and middle

panels are those reported by B+19, the observations in the right panel by Fang et al. (2018). The black dashed line in the right panel
was obtained in this work as described in appendix A.

Lacc = 2.6 · 10−2 L� Lacc = 0.31 L� Lacc = 1 L�

Line
i vc FWHM

log
( Lcomp

L�
)

Type
vc FWHM

log
( Lcomp

L�
)

Type
vc FWHM

log
( Lcomp

L�
)

Type
[◦] [km/s] [km/s] [km/s] [km/s] [km/s] [km/s]

[O
I]

6
3
0
0

0 -2.11 16.98 -4.82 NLVC -3.95 17.68 -4.32 NLVC -5.27 17.93 -3.90 NLVC
20 -2.95 23.08 -4.82 NLVC -4.49 20.54 -4.32 NLVC -5.58 19.60 -3.90 NLVC

40 -3.28 32.72 -4.82 NLVC -4.48 25.95 -4.33 NLVC -5.25 23.20 -3.91 NLVC
60 -3.79 35.28 -5.03 NLVC -4.30 27.95 -4.49 NLVC -4.56 24.76 -4.04 NLVC
80 -1.88 29.53 -5.28 NLVC -2.11 25.49 -4.66 NLVC -2.08 23.87 -4.13 NLVC

[O
I]

5
5
7
7

0 -0.45 14.98 -5.87 NLVC -0.64 15.37 -5.36 NLVC -0.92 15.77 -4.94 NLVC
20 -0.97 31.39 -5.88 NLVC -1.09 27.31 -5.36 NLVC -1.56 25.40 -4.94 NLVC

40
14.79 26.97 -6.19 NLVC 13.95 24.55 -5.75 NLVC -1.93 40.90 -4.95 BLVC

-16.92 26.12 -6.18 NLVC -11.96 27.69 -5.60 NLVC

60

26.60 24.14 -6.86 NLVC 20.10 29.79 -6.26 NLVC -3.76 46.22 -5.31 BLVC

-6.92 39.08 -6.61 NLVC -12.49 37.38 -5.91 NLVC
-30.11 19.92 -6.97 HVC

80
8.98 20.32 -7.95 NLVC -2.52 29.43 -6.56 NLVC -2.55 26.87 -5.94 NLVC

-11.44 19.09 -7.90 NLVC

[S
II

]
4
0
6
8

0 -2.34 16.27 -4.48 NLVC -3.83 16.81 -3.85 NLVC -4.89 17.45 -3.47 NLVC

20 -3.09 21.32 -4.48 NLVC -4.24 19.17 -3.85 NLVC -5.13 18.84 -3.47 NLVC
40 -3.38 29.93 -4.49 NLVC -4.11 23.85 -3.86 NLVC -4.77 21.88 -3.48 NLVC

60 -4.88 27.03 -4.98 NLVC -4.55 23.66 -4.18 NLVC -4.59 21.72 -3.71 NLVC

80 -2.19 26.57 -5.04 NLVC -1.91 24.74 -4.16 NLVC -1.76 22.75 -3.68 NLVC

[S
II

]
6
7
3
0

0 -7.54 18.26 -4.70 NLVC -7.81 18.84 -4.33 NLVC -8.13 19.59 -4.05 NLVC

20 -7.28 18.47 -4.70 NLVC -7.47 18.88 -4.32 NLVC -7.75 19.45 -4.05 NLVC
40 -6.20 19.17 -4.70 NLVC -6.29 19.09 -4.33 NLVC -6.49 19.23 -4.05 NLVC

60 -4.37 19.54 -4.74 NLVC -4.38 19.03 -4.35 NLVC -4.48 18.77 -4.07 NLVC

80 -1.51 19.62 -4.74 NLVC -1.49 18.97 -4.35 NLVC -1.51 18.49 -4.07 NLVC

Table B1. Centroid velocities, FWHM, luminosity and type of the individual components obtained by fitting the profiles from the

photoevaporative wind models.
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Lacc = 2.6 · 10−2 L� Lacc = 0.31 L� Lacc = 1 L�

Line
i vc FWHM

log
( Lcomp

L�
)

Type
vc FWHM

log
( Lcomp

L�
)

Type
vc FWHM

log
( Lcomp

L�
)

Type
[◦] [km/s] [km/s] [km/s] [km/s] [km/s] [km/s]

[O
I]

6
3
0
0

0

-19.03 19.92 -5.91 NLVC -19.46 20.17 -5.16 NLVC -21.43 21.69 -4.52 NLVC

-33.97 33.16 -5.81 HVC -41.10 43.33 -5.17 HVC -44.89 44.99 -4.51 HVC

-144.63 184.61 -4.90 HVC -140.47 180.04 -4.17 HVC
-277.31 40.99 -5.49 HVC -286.89 24.39 -5.14 HVC

20

-17.09 28.40 -5.80 NLVC -17.57 32.49 -5.08 NLVC -21.96 36.94 -4.37 NLVC
-36.95 42.90 -5.91 HVC -45.06 53.66 -5.21 HVC -59.66 71.97 -4.49 HVC

-129.69 138.55 -5.03 HVC -168.16 187.85 -4.22 HVC

-251.53 75.66 -5.30 HVC

40

2.22 20.68 -6.27 NLVC 5.67 21.10 -5.53 NLVC 4.12 21.95 -4.88 NLVC

-25.83 55.91 -5.65 BLVC -28.51 61.77 -4.94 BLVC -31.40 62.53 -4.29 HVC

-147.60 185.32 -4.84 HVC -127.46 180.09 -4.16 HVC

60

14.59 27.48 -6.23 NLVC 21.35 27.84 -5.67 NLVC 20.47 29.27 -4.91 NLVC

-30.12 56.32 -5.93 HVC -34.92 98.13 -5.00 HVC -31.19 82.48 -4.43 HVC

-145.40 117.85 -5.22 HVC -118.13 143.92 -4.44 HVC

80

20.97 32.05 -6.38 NLVC 23.53 71.80 -5.44 BLVC 36.95 54.87 -4.84 HVC

-26.41 44.77 -6.24 BLVC -63.04 103.46 -5.33 HVC -38.01 103.82 -4.63 HVC

-107.95 41.69 -5.96 HVC -102.76 59.58 -4.97 HVC

[O
I]

5
5
7
7

0
-32.46 34.03 -7.10 HVC -23.80 23.24 -6.04 NLVC -23.98 23.52 -5.20 NLVC

-46.96 45.96 -6.10 HVC -48.35 48.28 -5.23 HVC
-110.03 136.64 -6.18 HVC -118.27 148.64 -5.27 HVC

20
-12.04 26.94 -7.74 NLVC -13.71 30.35 -6.26 NLVC -17.41 34.36 -5.28 NLVC
-40.64 53.19 -7.21 HVC -40.01 52.69 -5.98 HVC -45.07 56.09 -5.17 HVC

-106.49 142.98 -6.16 HVC -118.83 153.12 -5.28 HVC

40
9.38 34.09 -7.64 NLVC 10.85 26.68 -6.38 NLVC 9.07 25.87 -5.53 NLVC

-46.55 77.04 -7.25 HVC -34.86 78.33 -5.89 HVC -34.06 74.00 -5.04 HVC

-116.18 162.23 -6.23 HVC -111.72 157.53 -5.30 HVC

60
28.18 52.77 -7.88 BLVC 32.92 48.76 -6.55 HVC 29.17 44.80 -5.67 BLVC

-53.82 81.58 -7.70 HVC -42.17 89.84 -6.34 HVC -40.38 81.32 -5.51 HVC

-131.76 165.80 -6.72 HVC -110.93 174.87 -5.70 HVC

80
26.95 45.05 -8.84 BLVC 37.52 66.08 -7.73 HVC 44.47 58.26 -6.67 HVC

-40.99 64.09 -8.69 HVC -48.36 117.16 -7.58 HVC -47.17 121.59 -6.46 HVC

-126.93 59.35 -7.84 HVC -124.59 60.91 -6.87 HVC

Table B2. Centroid velocities, FWHM, luminosity and type of the individual components obtained by fitting the [OI] profiles from the

MHD wind models. The fits to the [SII] profiles are listed in table B3.
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Figure B1. Number of objects in the sample of observations with a given inclination.
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Lacc = 2.6 · 10−2 L� Lacc = 0.31 L� Lacc = 1 L�

Line
i vc FWHM

log
( Lcomp

L�
)

Type
vc FWHM

log
( Lcomp

L�
)

Type
vc FWHM

log
( Lcomp

L�
)

Type
[◦] [km/s] [km/s] [km/s] [km/s] [km/s] [km/s]

[S
II

]
4
0
6
8

0

-21.05 21.34 -6.27 NLVC -17.72 19.81 -4.83 NLVC -17.89 20.04 -4.06 NLVC

-48.65 46.80 -5.81 HVC -39.73 43.62 -4.91 HVC -40.29 44.19 -4.12 HVC

-85.44 75.26 -5.94 HVC -155.77 228.03 -4.68 HVC -136.41 197.59 -3.90 HVC
-174.01 161.97 -6.05 HVC

20
-25.86 42.00 -5.95 BLVC -15.84 28.88 -4.78 NLVC -16.27 27.72 -4.01 NLVC
-62.40 71.02 -5.75 HVC -44.62 56.37 -4.91 HVC -43.87 53.76 -4.13 HVC

-143.54 157.39 -5.93 HVC -163.41 212.50 -4.79 HVC -138.43 184.78 -3.95 HVC

40
-4.15 40.76 -6.10 BLVC 3.89 20.35 -5.29 NLVC 2.07 19.57 -4.52 NLVC

-45.81 78.99 -5.75 HVC -23.42 54.52 -4.69 BLVC -23.09 50.07 -3.92 BLVC

-113.74 140.49 -5.86 HVC -119.03 195.38 -4.73 HVC -100.68 164.07 -3.90 HVC

60
11.69 27.99 -6.78 NLVC 13.96 23.38 -5.68 NLVC 12.60 21.48 -4.78 NLVC

-57.01 127.93 -5.89 HVC -24.78 49.94 -5.37 BLVC -24.09 51.21 -4.43 BLVC

-83.54 175.07 -5.10 HVC -75.43 143.54 -4.21 HVC

80
24.21 50.73 -6.32 BLVC 20.11 43.24 -5.48 BLVC 24.70 28.45 -4.83 NLVC

-47.08 83.46 -6.09 HVC -24.12 26.70 -5.89 NLVC -17.40 94.30 -4.08 BLVC

-46.46 132.50 -5.17 HVC -103.08 62.70 -5.02 HVC

[S
II

]
6
7
3
0

0

-16.31 18.52 -6.97 NLVC -16.03 18.25 -5.81 NLVC -16.36 18.39 -5.19 NLVC

-37.82 41.31 -6.57 HVC -36.06 38.71 -5.93 HVC -36.36 38.41 -5.29 HVC

-91.34 96.79 -6.46 HVC -150.07 217.94 -5.39 HVC -138.76 199.67 -4.76 HVC
-204.03 139.76 -6.37 HVC

20

-15.84 24.50 -6.83 NLVC -15.19 24.31 -5.75 NLVC -15.42 24.06 -5.14 NLVC
-38.83 44.38 -6.60 HVC -40.44 48.58 -5.95 HVC -39.53 46.30 -5.31 HVC

-95.78 99.60 -6.41 HVC -147.24 200.40 -5.41 HVC -135.41 186.62 -4.78 HVC

-201.17 120.08 -6.45 HVC

40

-10.52 32.86 -6.70 NLVC -0.17 17.47 -6.27 NLVC -0.69 17.81 -5.63 NLVC

-41.15 59.14 -6.59 HVC -20.63 40.26 -5.69 BLVC -21.20 40.14 -5.07 BLVC

-123.33 146.70 -6.16 HVC -111.94 172.96 -5.38 HVC -104.43 160.95 -4.75 HVC

60

9.67 19.81 -7.03 NLVC 10.39 19.93 -6.14 NLVC 10.25 19.84 -5.50 NLVC

-20.36 51.87 -6.77 BLVC -20.62 40.34 -5.92 BLVC -20.74 41.72 -5.26 BLVC

-73.87 116.27 -6.12 HVC -75.30 127.96 -5.43 HVC -72.33 121.22 -4.80 HVC

80
14.27 44.16 -6.45 BLVC 15.57 32.59 -6.00 NLVC 16.78 30.55 -5.37 NLVC

-41.46 77.86 -6.20 HVC -26.80 95.82 -5.37 BLVC -25.53 92.99 -4.73 BLVC

Table B3. Centroid velocities, FWHM, luminosity and type of the individual components obtained by fitting the [SII] profiles from the

MHD wind models. The fits to the [OI] profiles are listed in table B2.
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