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Abstract

We present a comprehensive analysis of extended H, emission from 34 protoplanetary disks observed with the
JWST Disk Infrared Spectroscopic Chemistry Survey, supplemented by archival data. We investigated the
morphology, kinematics, excitation conditions, and mass dynamics of H,. Extended emission from pure rotational
H, lines is found to be common, with 16 sources exhibiting clear signatures of disk winds. These include monopolar
and bipolar structures in inclined disks and ring-like or bubble-like morphologies in face-on system features,
indicative of wide-angle disk winds. Our analysis shows that the H, is consistent with slow (4.27${ km s ")
magnetohydrodynamical driven winds. For 10 disks, we model the wind morphology and find a median half-
opening angle of 45°%° and a characteristic power-law index of a ~ 1.6. Excitation analysis yields a median gas
temperature of 624 4+ 130 K and a column density of log(N,o[cm™2]) = 18.6 £ 0.6. The median wind mass-loss
rate, log; (M, vtvol;d) = —9708 M., yr~!, implies that if molecular winds are the dominant mechanism responsible for
disk dispersal, a typical dlSk w1th a mass of 2-3 My,, would dissipate on a ~2-3 Myr timescale, consistent with
observed disk lifetimes. The Mwmd span a relatively narrow range (~2 dex) and do not correlate strongly with
accretion rates onto the star, suggesting that the mass-loss rate and the accretion rates are probing different
timescales. Our findings demonstrate that spatially extended warm H, emission is a widespread and reliable tracer of
molecular disk winds in protoplanetary systems.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Stellar winds (1636); Stellar jets (1607);

Circumstellar disks (235)

Materials only available in the online version of record: figure sets

1. Introduction

The dissipation of protoplanetary disks dictates the timescale
available for the formation of planetesimals, planetary migra-
tion, and the accretion of giant planet atmospheres, thereby
playing a crucial role in shaping planetary system architectures
(e.g., K. E. Haisch et al. 2001; R. Alexander et al. 2014;
D. Carrera et al. 2017; B. Ercolano & 1. Pascucci 2017;
C. N. Kimmig et al. 2020; T. Taki et al. 2021; B. Ercolano &
G. Picogna 2022; B. Liu et al. 2022). Understanding the
physical mechanisms that drive disk dispersal is thus funda-
mental to advancing our knowledge of planet formation.
Disk evolution is governed by both internal and external
processes that act to remove gas and dust (e.g., D. J. Hollenbach
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et al. 2000; R. D. Alexander et al. 2006; U. Gorti et al. 2016;
B. Ercolano & 1. Pascucci 2017; 1. Pascucci et al. 2023),
ultimately determining how much matter remains available for
planet building at any given time.

Once the protostellar envelope is depleted, there are four
major sinks for the gas available for further planet formation:
(i) accretion onto the star from the innermost disk (e.g.,
C. F. Gammie 1996; L. Ingleby et al. 2013; L. Hartmann
et al. 2016), (ii) launched as a high-velocity jet formed as a
consequence of the interaction of the rotating stellar magnetic
field and the stellar accretion flow (e.g., F. Bacciotti et al. 2002;
D. Coffey et al. 2007; B. Nisini et al. 2018), (iii) accretion onto
giant planets (e.g., B. A. Ayliffe & M. R. Bate 2009), and
(iv) gas launched as low-velocity wind (either photoevaporative,
PE, or magnetohydrodynamical, MHD, in origin) from the
disk surface (e.g, R. D. Blandford & D. G. Payne 1982;
A. Konigl & R. E. Pudritz 2000; I. Pascucci & M. Sterzik 2009;
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X.-N. Bai 2013; E. Rigliaco et al. 2013; M. N. Simon et al. 2016;
A. Banzatti et al. 2019).

Among these mechanisms, low-velocity disk winds have
been particularly challenging to characterize observationally
(C.J. Davis et al. 2001; L. Podio et al. 2011). They are typically
inferred from the presence of a low-velocity component (LVC)
in forbidden atomic and ionic emission lines (e.g., I. Jankovics
et al. 1983; 1. Appenzeller et al. 1984; E. Rigliaco et al. 2013;
M. N. Simon et al. 2016; A. Banzatti et al. 2019; T. Giannini
et al. 2019). Only the blueshifted emission is detected due to the
obscuration of the redshifted emission by the disk (I. Jankovics
et al. 1983; 1. Appenzeller et al. 1984; S. Edwards et al. 1987).
There are also hints of the influence of disk winds on molecular
emission lines from CO and, sometimes, H,O (J. E. Bast et al.
2011; K. M. Pontoppidan et al. 2011; J. M. Brown et al. 2013;
A. Banzatti et al. 2022).

Theoretical models propose two dominant mechanisms
for launching winds from protoplanetary disks: PE (e.g.,
D. Hollenbach et al. 1994; C. J. Clarke et al. 2001; B. Ercolano
et al. 2009; U. Gorti & D. Hollenbach 2009; R. Nakatani et al.
2025), in which high-energy radiation (from the central star or
an external source) ionizes the disk surface and drives thermal
outflows through electron heating, and MHD winds
(M. Wardle & A. Koenigl 1993; J. Ferreira 1997; N. J. Turner
et al. 2014; O. Gressel et al. 2015; G. R. J. Lesur 2021), in
which rotating magnetic fields extract angular momentum and
accelerate gas outward. By removing angular momentum, the
latter also drives accretion onto the star, while the former does
not. In younger, embedded sources, X-winds can also be
launched (e.g., F. H. Shu et al. 2000; M. J. Cai et al. 2008;
H. Shang et al. 2020), which also remove angular momentum
from the disk. In the X-wind model, material is launched from
a narrow inner-disk region, close to the corotation radius, with
the help of the open stellar magnetic field lines that thread the
inner disk.

However, significant tension remains between these models,
as they predict different mass-loss rates, wind kinematics, and
dependence on disk properties. Disentangling the relative
contributions of PE and MHD processes is crucial for refining
our understanding of disk dispersal and its implications for
planet formation.

Recent JWST observations have uncovered large, extended
(2100 au) molecular disk winds in isolated protoplanetary
disks. (N. Arulanantham et al. 2024; 1. Pascucci et al. 2025;
K. R. Schwarz et al. 2025a; M. J. Colmenares et al. 2026).
Most of these detections are of edge-on disks, where the
central system's light is suppressed, allowing the extended
wind emission to be more readily detected. For three edge-on
disks that have dispersed their natal envelope, 1. Pascucci et al.
(2025) found that the launch radius (determined via the H,
S(9) emission) is smaller that what is predicted by PE winds
(which can only launch winds from outside the gravitational
radius), leaving MHD winds as the likely launching mech-
anism. Further, R. Nakatani et al. (2025) recently showed that
PE-wind models can reproduce several key features of
observed H, winds, including their nested morphology and
overall fluxes, although their models tend to underpredict the
higher-J emission from more extended H, features. These
models also predict relatively high molecular fractions in disk
winds.

A key remaining question is whether typical protoplanetary
disks harbor observable molecular disk winds, and how the

Narang et al.

wind properties are linked to observables more commonly
detected in moderate-inclination disks, such as mass accretion
onto the central star.

We present an analysis of data from the JWST Disk Infrared
Spectroscopic Chemistry Survey (JDISCS; K. M. Pontoppidan
et al. 2024b; N. Arulanantham et al. 2025) augmented by
archival data from the Mid INfrared Disk Survey (MINDS;
T. Henning et al. 2024), focusing on extended emission
structures traced by pure rotational lines of H,. These
structures are observed using the Medium Resolution Spectro-
meter (MRS; M. Wells et al. 2015) on the Mid-infrared
Instrument (MIRI; G. H. Rieke et al. 2015; G. S. Wright et al.
2023) aboard the James Webb Space Telescope (JWST;
J. P. Gardner et al. 2023).

Our observations reveal that extended emission from
rotational H, lines is widespread and not isolated to a few
extreme cases. We carry out a uniform analysis of the
excitation conditions, the kinematics, and the morphology of
these wide-angled H, flows. In Section 2, we describe the
sample selection and methods for extracting line maps from
the three-dimensional cubes. Section 3 discusses the morph-
ology and physical parameters of the molecular winds, while
Section 4 discusses the implications for our results. Finally, we
summarize our findings in Section 5.

2. Observations
2.1. Sample

We use observations of 30 protoplanetary disks from the
JDISCS Cycle 1 sample (N. Arulanantham et al. 2025). The
data were obtained from four observation programs, namely:
PID 1549 (PI Pontoppidan), PID 1584 (PI Salyk), PID 1640
(PI Banzatti), and PID 2025 (PI Oberg). To expand our study,
we incorporate previously published archival data of four
additional protoplanetary disks from the MINDS program
(PID 1282, PI Henning; S. L. Grant et al. 2023; T. Henning
et al. 2024; K. R. Schwarz et al. 2024; M. Temmink et al.
2024). By incorporating this archival dataset, we aim to
determine whether the observed prevalence of extended winds
is a characteristic feature specific to the JDISCS sample, or if it
represents a more widespread phenomenon among protopla-
netary disks, allowing for a more comprehensive assessment of
disk wind properties across different disk populations. In total,
we analyzed 34 protoplanetary disks. The details of the full
sample are provided in Table 1.

2.2. Observations and Data Reduction

For all disks analyzed in this work, observations were
obtained with the four MIRI MRS channels, each comprising
short, medium, and long sub-bands, covering a wavelength
range of 4.90-27.9 um. The spectral resolving power varies
across the MRS bands, from R = A/AX ~ 3500 at 5 um to
~1500 at 27.9 um (K. M. Pontoppidan et al. 2024b)."
The spatial resolution of MIRI MRS also depends on
wavelength, ranging from 0767 for the H, S(1) line at
17.035 pm to 0”33 for the H, S(5) line at 6.910 pm (D. R. Law
et al. 2023).

The JDISCS observations uses the point-source dither
pattern, providing access to the largest possible field of view

'3 hitps:/ /jwst-docs.stsci.edu /jwst-mid-infrared-instrument /miri-observing-
modes/miri-medium-resolution-spectroscopy
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Table 1
Properties of the Disk Sample
Target Program ID Distance SpT L, M, logy, Myee Tdust [disk PA References
(p) Le) M) M yr (au) (deg) (deg)

AS 205 N 1584 132 K5 1.3 0.87 —-7.4 60 20 114 (1)
AS 209 2025 121 K5 14 0.83 -7.3 139 35 86 (€))
CI Tau 1640 160 K7 0.8 0.65 -7.5 174 50 11 (1)
DoAr 25 1584 138 K5 0.9 0.62 -89 165 67 111 (1)
DoAr 33 1584 142 K4 1.5 0.69 —9.6 27 67 111 (1)
DR Tau 1282 193 K6 0.63 0.93 —6.7 54 5 3 2)
Elias 20 1584 138 MO 2.6 0.88 —6.7 64 49 153 (1)
Elias 24 1584 139 K5 6.8 1.1 —6.3 136 29 46 (1)
Elias 27 1584 110 MO 1.5 0.63 -7.1 254 56 119 (1)
FZ Tau 1549 129 MO 1.0 0.51 —6.5 15 26 30 (@)
GK Tau 1640 129 K7 0.9 0.58 —8.3 13 40 120 (1)
GM Aur 2025 158 K7 1.0 0.69 —-8.0 220 53 57 (1)
GO Tau 1640 142 K5 0.2 0.36 —9.5 144 54 21 (1)
GQ Lup 1640 154 K7 14 0.61 —-7.4 22 61 346 (1)
GW Lup 1282 155 M1.5 0.33 0.46 -9.0 105 39 38 3), @
HD 142666 1584 146 A8 9.1 1.23 -84 59 62 162 (1)
HD 143006 1584 167 G7 3.9 1.48 —-7.7 82 19 169 (1)
HD 163296 2025 101 Al 17.0 2.04 —-7.4 169 47 133 (1)
HP Tau 1640 171 KO 1.1 0.84 —10.3 21 18 57 (1)
HT Lup 1584 153 K2 5.1 1.32 —8.1 33 48 166 (1)
1Q Tau 1640 132 MO.5 1.0 0.42 -7.9 96 62 42 (1)
IRAS 0438542550 1640 160 MO.5 0.5 0.56 —8.1 32 60 162 (1)
MWC 480 1584 156 A2 22.0 3.58 -7.0 105 36 148 (1)
MY Lup 2025 157 KO 0.9 1.2 —-8.0 87 73 59 (1)
RU Lup 1584 158 K7 1.5 0.55 -7.0 63 19 121 (1)
RY Lup 1640 153 K2 1.9 1.27 -8.1 80 67 109 (€))
SR 4 1584 135 K7 1.2 0.61 —6.9 31 22 18 (1)
SY Cha 1282 181 K5 0.6 0.7 -9.2 <180 51 345 (5), (6)
Sz 114 1584 157 M5 0.2 0.16 —9.1 58 21 165 (1)
Sz 129 1584 160 K7 04 0.73 —83 76 34 151 (1)
TW Cha 1549 183 K7 0.4 0.7 —8.6 97 27 121 (1)
TW Hya 1282 60 K6 0.3 0.9 —8.6 96 5 152 ), (8), (9)
VZ Cha 1549 191 K7 0.5 0.5 -7.1 47 19 30 (1)
WSB 52 1584 135 Ml 1.7 0.55 -79 32 54 138 (1)

Note. (1) Stellar properties and accretion rates from the compiled table in C. F. Manara et al. (2023). The distances are based on Gaia DR3. The disk radii are based
on flux at 1.3 mm from J. Huang et al. (2018a), F. Long et al. (2018), and F. Long et al. (2019) as formatted and presented in N. Arulanantham et al. (2025), (2)
F. Long et al. (2019), (3) J. Huang et al. (2018a), (4) S. L. Grant et al. (2023), (5) K. R. Schwarz et al. (2024), (6) R. Orihara et al. (2023), (7) J. Huang et al. (2018b),

(8) G. J. Herczeg et al. (2023), and (9) S. Das et al. (2024).

with a single MRS pointing. Relatively deep exposures of
500 s to several thousand seconds on-source time per sub-band
provide access to faint, extended line emission. The details of
the observations with date, program ID, and exposure time for
the JDISCS sample iare presented in the overview paper by
N. Arulanantham et al. (2025). For the MINDS sample, the
details of the observations are given in the individual papers
(S. L. Grant et al. 2023; T. Henning et al. 2024; K. R. Schwarz
et al. 2024; M. Temmink et al. 2024). All targets in the
JDISCS sample are dominated by a bright point(like) source,
necessitating careful subtraction of the unresolved component
to accurately isolate any extended emission (which we
describe in Section 2.3).

The data were processed using the JWST Calibration
Pipeline (version 1.20.2, CRDS context 1464; H. Bushouse
et al. 2025) only to produce rectified and calibrated data cubes.
We then used the JDISCS methodology (specifically version
9.1) to extract calibrated one-dimensional spectra of the central
point sources and make line images (K. M. Pontoppidan et al.
2024b; N. Arulanantham et al. 2025).

2.3. PSF Correction and Line Maps

Beginning with the level 3 data cubes, we generated
emission-line maps for each disk by extracting both the
integrated line flux and radial velocity per spaxel. For each
spaxel, we integrate the observed emission line to derive the
line fluxes. We also fit a Gaussian profile to the emission line
using the astropy.modeling package, allowing us to
measure both the line flux and the velocity shift. The fits were
used to measure the flow velocity.

To isolate the extended emission from the bright unresolved
central source, we subtracted a model of the point-spread
function (PSF), constructed from wavelength channels imme-
diately adjacent to the line. Specifically, we averaged 10
spectral planes (five on each side of the line) to create a noise-
suppressed model of the PSF. This model was then scaled to
match the peak point-source line emission at the line center
before being subtracted from the line image. For each spaxel,
we estimate the error on the line flux as the rms of the PSF
planes: rms/ JMiine planes » where 7jine planes 15 the number of
wavelength planes over which the line flux is summed.
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Table 2
Observed Rotational H, Lines
Wavelength Name A E,, up
(pm) (G (K)
17.035 H, 0-0 S(1) 48 x 1071 1015 21
12.279 H, 0-0 S(2) 2.8 x 107° 1682 9
9.665 H, 0-0 S(3) 9.8 x 107° 2504 33
8.025 H, 0-0 S4) 2.6 x 1078 3475 13
6.910 H, 0-0 S(5) 59 x 1078 4586 45

Note. The wavelength, Einstein A-coefficient A,,;, upper state energy, and g,,
are from 1. E. Gordon et al. (2022).

Many of the disks in our sample exhibit strong continuum
emission as well as molecular line emission from species such
as H,O, which can blend with the rotational H, lines. These
features contribute to wavelength-dependent scattered light
from the central source, complicating the detection of faint
extended emission. The scaled PSF subtraction mitigates these
effects by removing spatially unresolved line emission
originating from the disk itself. Crucially, this correction
enhances the imaging contrast and allows for the detection of
fainter, spatially extended features that would otherwise be
masked by the central emission.

3. Analysis
3.1. H, Emission from Typical Protoplanetary Disks

We analyzed the PSF-subtracted images of the H, 0-0 S(1)
to S(5) rotational transitions (see Table 2) and the [Ne II] line
at 12.81 pm; higher-lying H, transitions are generally not
detected in an extended component. In Figure 1 we show the
detected H, emission from DoAr 25 as an example. The
complete galleries of the detected H, emission overlaid on
Atacama Large Millimeter/submillimeter Array (ALMA)
continuum images are shown in the figure set accompanying
Figure 1, with detailed notes on individual sources available in
the Appendix.

In many disks, the morphology of the S(3) and S(5) lines
clearly reveals signatures of wide-angle flows and extended
emission. We classify all extended H, emission as evidence of
disk winds (see Section 4.1). Several sources exhibit wide-
angle conical winds, observed in both monopolar (e.g., GM
Aur, SY Cha) and bipolar (e.g., DoAr 25; Figure 1, IRAS
0438542550, IQ Tau, MY Lup) configurations. These
morphologies provide strong evidence for the presence of
disk winds when the system is viewed at high inclinations, but
we find more symmetric emission from less inclined systems,
consistent with wide-angle structures. The morphology gen-
erally matches the known inclinations of the disks. A detailed
analysis of these conical wind structures is presented in
Section 3.4.

Most face-on disks (inclination <30°), show bubble-like
(VZ Cha) or ring-like (e.g., Elias 24, FZ Tau, TW Cha, and TW
Hya) morphologies. For face-on systems, such circular emission
patterns are consistent with predictions from disk wind models
(e.g., A. de Valon et al. 2022). The observed ring-like structures
may trace temporal or spatial variations in the wind mass-loss
rate. In the face-on or close to face-on disks, we only detected
one side of the emission, since the emission from the other
side is obscured by the disk (e.g., I. Jankovics et al. 1983;
I. Appenzeller et al. 1984; S. Edwards et al. 1987).
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In many cases (e.g., DoAr 25, Figure 1; Elias 27; SR 4), the
lower-excitation H, transitions, particularly S(1) and S(2),
show that the MIRI MRS fields of view are often filled by
emission likely originating from foreground or background
photodissociation regions (PDRs) or the exposed surfaces of
nearby molecular clouds. In some systems, we also detect disk
silhouettes of absorption against extended backgrounds H,
emission (DoAr 25, Figure 1; Elias 27). We also detect
extended [Nell] emission in a subset of targets (see
Section 4.4).

3.2. Excitation Analysis of H, Lines in Extended Winds

The winds show varied geometries; e.g., the ring-like
geometry of FZ Tau or the tadpole-like geometry in HP Tau.
We experimented extensively with different methods for
determining the region of interest, and found that anything
more complex than a standard box size tended to add error
(both statistical and systematic). The simplest, and most stable,
solution was a single box size for every source and line.
Therefore, we measured the surface line intensities using a
square aperture with 250 au sides, centered on the bright part
of the wind with high signal-to-noise ratio (S/N). To limit the
influence of PSF residuals, we mask a region within
1.5 x 1.22A/D of the central source. We further mask pixels
with S/N < 3 of the integrated line flux. For bipolar sources,
the apertures were placed along the outflow such that they
encompass the majority of the significant H, emission from
one lobe. This fixed size of the physical aperture size allows
for a uniform comparison of the excitation conditions and
kinematics of the extended H, emission across different
sources. We list the coordinates for the apertures in Table 3. In
most cases, the aperture has a position angle of 0° the
exceptions to this are marked in Table 3, where we used a
position angle of 45°.

In several disks, the H, emission associated with the system
is superimposed on background or foreground contributions.
To account for this, we subtracted the median H, line flux,
computed from all spaxels in the image (after performing PSF
correction and masking the region inside the inner working
angle). The median background line intensities are provided in
Table 3. Figure 2 presents an illustrative example of this
procedure. The uncertainty in the aperture-integrated line flux
is estimated as the quadratic sum over the rms image within
the same aperture. Finally, the aperture-integrated line fluxes
are divided by the aperture solid angle to yield average surface
line intensities. Table 3 lists the average surface line
intensities. To ensure conservative estimates, line intensities
within the aperture yielding S/N < 3¢ are designated as upper
limits.

We used rotational analysis to estimate the column density
N(H,) and excitation temperature 7(H,) of the emitting gas
(Figure 3). We construct a rotation diagram by plotting
In(NV,/g,), the natural logarithm of the column density of H,
molecules in the upper rotational state u divided by its
degeneracy g,, against the upper state energy E, (e.g.,
D. A. Neufeld et al. 2006; B. Nisini et al. 2010). The
degeneracy is given by g, =g, X &, where g, =2J, + 1
accounts for rotational degeneracy, and g; = 2/ + 1 is the spin
degeneracy, with I = 1 for ortho-H, (odd J) and 7/ = 0O for
para-H, (even J).
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Figure 1. The H, and [Ne II] emission detected toward DoAr 25 on top of the Atacama Large Millimeter/submillimeter Array (ALMA) 240 GHz continuum
emission (shown in the background as a reddish-yellow image). The white central circle shows the inner working angle from JWST. In this case, the disk itself is
seen in absorption against line emission from the Ophiuchus photodissociation region (PDR) for H, S(1)-S(3) (17.03-9.66 pzm). The complete figure set (30 images)

is available. H2 and [Ne II] line images for our sources.
(The complete figure set (30 images) is available in the online article.)

For optically thin H, emission, the column density of H, in
the (upper) uth rotational state is given by:

_ 47 Iu,[ )\u,l (l)
u h CAM’Z ’

where £, ¢, I,,;, A\, ;, and A,,; are the Planck’s constant, speed of
light in a vacuum, line intensity, wavelength, and Einstein
A-coefficient, in that order, corresponding to the transition
from an upper state u to a lower state /.

Our analysis focuses on weaker, more diffuse emission,
where many sources exhibit significantly fainter and more
spatially patchy structures, particularly after median-flux
subtraction. In our sample, extended H, emission is typically
detected up to the S(5) line; therefore, for consistency, we limit
our analysis to transitions up to H, S(5). Because only three to
five reliable lines are available to constrain the rotational
temperature, the fit has limited degrees of freedom. We thus
model the rotation diagram with a single temperature
component, characterized by a column density N(H,) and
rotational temperature 7T,,(H;). As a result, our analysis may
not be sensitive to the hotter components (1400-2000 K) of the
flow, such as those reported in previous studies (e.g.,
D. A. Neufeld et al. 2024; L. Francis et al. 2025; K. R. Schwarz
et al. 2025a; 1. M. Skretas et al. 2025; H. Tyagi et al. 2025;
M. G. Navarro et al. 2025), which arise from higher-excitation
lines. The line properties are summarized in Table 2.

Our targets are optically visible and not deeply embedded.
Previous studies have reported low extinction values for these
sources, typically Ay < 4 mag (e.g., M. K. McClure et al.
2010; E. Furlan et al. 2011; P. Manoj et al. 2011; G. J. Herczeg
& L. A. Hillenbrand 2014; B. Fuhrmeister et al. 2024).
However, these values were derived using different methods

and are not uniform across the literature. To obtain a consistent
estimate, we used Gaia DR3 data (Gaia Collaboration et al.
2023) to compute color excesses and derive extinction values
uniformly. We did not use the H, emission lines directly to
measure extinction due to the limited number of detected
transitions (degree’s of freedom), which prevents a robust
determination. Instead, we used Gaia observed Ggp — Ggp,
and the intrinsic colors were adopted from the table based on
M. J. Pecaut & E. E. Mamajek (2013).'® This table is regularly
updated to reflect the latest calibrations of photometric filters,
spectral types, and standards. The median differences in Ggp
and Ggrp between Gaia DR2 and DR3 are only 0.02 and 0.01
mag, respectively (M. Narang 2023; B. Banerjee et al. 2024).
Therefore, the intrinsic colors from this table are suitable for
use with Gaia DR3 photometry. We list the derived Ay values
in Table 4. We then used the KP5 extinction law (K. M. Pont-
oppidan et al. 2024a) to derive the extinction and de-redden the
flux. After applying this extinction correction, we find that in
most sources, the H, S(3) line, which is most affected by
extinction due to its location within the 10 pm silicate feature,
now fits well within the rotation diagram, and any remaining
deviation from the linear fit can be attributed to low S/N.

We also adopt a fixed ortho-to-para ratio (OPR) of 3, as
expected under LTE conditions at the typical rotational
temperatures of ~650 K (see Table 4) found for our disks
(R. Timmermann 1998; D. Wilgenbus et al. 2000; D. A. Neufeld
et al. 20006).

We used the MCMC sampler from the python package Imfit
(M. Newville et al. 2023) to fit the rotation diagram and
compute the rotation temperature and the total column density

'® https: / /www.pas.rochester.cdu/~emamajek /EEM_dwarf_UBVITHK _
colors_TefT.txt
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Table 3
Background-subtracted Line Intensities for the H, S(1)-S(5) Transitions, with Their 1o Uncertainties and Median Background Line Intensities Used in the Subtraction
Target Aperture Coordinates Background-subtracted Line Intensity Background Line Intensity Velocities
RA. Decl. S(1) S(2) S3) S() S(5) S(1) S(2) S@3) S@) S(5) Vir, Vigs Viind
(deg) 107° Wm2srh 107° Wm™2srh (km s™")
AS 205 242.8801 —18.6408 7.28 £ 0.90 35.88 £ 1.75 114.77 £ 7.03 39.32 £ 4.21 82.48 + 1.30 8.92 15.29 56.77 30.63 60.36 —991 + 7.16 —6.03 + 3.38 —4.13 £ 7.92
AS 209 252.3141 —14.3693 3.13 £ 044 52.11 £ 0.95 2548 + 1.34 <3.30 11.24 + 0.47 7.85 12.85 41.14 24.93 41.59 —3.32 +5.63 —2324 + 2285 2432 + 2353
CI Tau 68.4664 22.8418 5.82 £ 0.06 7.36 £ 0.20 1421 + 0.29 7.95 £ 0.38 11.87 +£ 0.29 3.17 2.30 8.04 3.61 5.94 13.32 + 3.09 11.48 £1.93 2.86 £+ 3.64
DoAr 25 246.5984 —24.721 1.37 £ 0.05 1.74 £ 0.07 17.13 £ 0.04 5.40 £+ 0.06 12.04 £ 0.05 49.42 56.28 26.78 6.65 8.14 —8.64 +1.78 —7.20 +£ 5.37 —3.69 + 5.66
DoAr 33 246.9128 —23.9718 3.18 £ 0.04 4.96 + 0.17 5.14 £ 0.08 0.33 £ 0.08 1.06 £ 0.06 13.67 6.44 5.49 1.81 3.04 —9.22 £ 1.95 —19.31 £ 7.26 25.83 £7.52
DR Tau 71.7759 16.9782 5.19 £ 0.44 65.70 £+ 0.80 58.49 + 2.48 35.67 £ 1.57 6.20 £+ 1.07 6.43 8.76 35.60 18.86 37.52 22.14 £ 2.41
Elias 20 246.5782 —24.4725 0.98 + 0.07 3.46 £+ 0.39 2042 £+ 0.13 13.15 £ 0.32 41.68 + 0.17 115.11 90.25 88.76 21.61 32.79 —5.68 + 1.80 —1329 +£5.92 11.61 £+ 6.19
Elias 24 246.6007 —24.2702 14.88 £ 0.45 28.01 + 1.11 51.41 £ 0.58 20.76 £+ 0.78 70.13 £ 0.57 36.97 33.79 52.01 21.76 63.29 —4.83 £+ 3.50 —7.82 + 3.39 3.42 +4.87
Elias 27 246.6876 —24.3852 0.81 £ 0.06 495 + 0.14 5.38 £ 0.11 1.83 £ 0.12 3.17 £ 0.10 37.48 32.64 20.34 7.15 10.02 —5.76 + 4.28 —11.88 + 4.01 10.95 + 5.86
FZ Tau 68.1318 24.3334 6.28 £+ 0.02 10.94 £+ 0.03 39.36 £+ 0.18 2440 £ 0.16 7.13 £ 0.07 7.80 10.79 32.27 10.73 19.62 11.92 + 3.88 14.63 £ 3.35 —3.02 £ 5.12
GK Tau 68.3945 24.3515 1.14 + 0.08 791 £ 0.28 5.11 £0.35 225 £0.33 5.86 £ 0.10 7.39 5.46 15.17 522 8.24 16.17 + 5.19 5.52 £ 5.87 13.90 £+ 7.83
GM Aur 73.7961 30.3662 1.02 £ 0.04 1.77 £ 0.04 10.34 £ 0.10 1.89 £ 0.07 3.38 £ 0.03 1.21 0.63 1.68 1.28 1.71 8.79 £ 5.01 2942 + 37.02 —34.27 + 37.36
GO Tau 70.7628 25.3388 0.12 £ 0.02 0.89 £+ 0.03 0.37 £ 0.05 <0.22 0.37 £ 0.05 1.00 0.52 2.08 2.35 247 8.14 + 4.60 17.40 £+ 16.08 —15.75 + 16.73
GQ Lup 237.2998 —35.6515 1.64 + 0.05 1.48 = 0.10 6.92 £+ 0.09 <0.26 4.16 £ 0.10 6.90 293 8.18 2.82 5.00 —3.84 £+ 3.62 —3.86 + 4.07 0.03 £ 545
GW Lup 236.6867 —34.5099 0.63 £ 0.03 1.52 £ 0.08 2.13 £ 0.06 0.41 £+ 0.07 1.15 £ 0.04 2.62 1.64 3.79 2.16 2.80 —2.46 + 3.00 —3.36 £ 5.20 1.15 £ 6.01
HD 142666 239.1667 —22.0275 <3 11.00 £ <3.2 <3.5 <3 <1.5 4.35 9.39 35.51 22.51 3227
HD 143006 239.6538 —22.9547 <1.7 <19 <1 <1 <0.7 1.60 2.26 8.85 6.63 9.93
HD 163296 269.0886 —21.9563 <9 <19 <50 <27 <152 11.23 18.56 99.61 40.25 58.77
HP Tau 68.9702 22.9061 6.44 £+ 0.40 39.36 + 0.49 34.64 +£ 0.24 42.16 += 0.73 7237 £ 0.22 6.12 5.60 19.03 9.13 17.23 13.31 + 8.60 7.85 £ 10.85 5.74 £ 13.85
HT Lup 236.3031 —34.2919 1.72 £ 0.25 8.73 + 0.85 33.59 +£ 044 14.02 £ 0.53 4431 + 0.28 6.81 8.08 27.44 14.37 35.60 —2.31 £ 5.53 —0.56 + 13.22 —2.61 + 14.33
IQ Tau 67.4651 26.1122 2.47 £ 0.06 7.18 £ 0.14 7.75 £ 0.14 10.92 £+ 0.95 21.87 £ 0.21 1.50 1.38 6.33 3.05 5.54 8.11 £ 6.60 13.69 £ 1.05 —11.89 £ 6.68
IRAS 04385 70.4121 25.941 296 £ 0.15 6.37 £0.18 13.06 + 0.10 5.73 £0.13 23.06 £+ 0.09 2.88 2.68 9.83 6.39 12.13 12.76 + 3.41 8.00 = 7.72 9.52 + 8.44
MWC 480 74.6928 29.8431 <32 <9.1 <12 <4 <3 2.70 5.23 27.87 13.13 17.16
MY Lup 240.1855 —41.925 4.30 £+ 0.08 4.53 +£0.22 4.80 £+ 0.09 220 £ 0.18 321 £0.19 3.37 1.14 322 2.13 2.69 —5.51 £+ 4.06 —5.34 + 15.95 —0.59 + 16.46
RU Lup 239.1762 —37.8214 4.67 + 0.90 43.57 + 1.40 21.25 £ 2.03 491 £ 1.21 6.92 £ 0.72 9.83 10.62 36.81 20.47 33.92 —0.12 + 2.54 —5.38 + 4.85 5.56 £ 5.47
RY Lup 239.8688 —40.3644 3.07 £ 0.07 6.35 £ 0.09 10.48 £+ 0.15 1.77 £ 0.11 2.09 £+ 0.11 4.35 2.52 15.38 5.09 8.61 —0.76 £ 3.56 —16.90 £+ 7.49 41.30 + 8.29
SR 4 246.4844 —24.3464 24.36 + 0.20 24.63 £+ 0.15 2234 £ 0.14 5.38 £ 0.10 5.02 £ 0.11 288.79 189.09 219.33 33.77 37.97 —4.88 + 3.46 —13.06 £+ 5.83 8.82 £ 6.78
SY Cha 164.1262 —77.194 2.71 £ 0.05 3.37 £0.19 15.40 £ 0.08 8.05 £ 0.11 27.57 £ 0.05 1.87 1.23 5.82 2.78 6.63 10.20 £ 4.19 12.86 £+ 591 —4.23 +£7.25
Sz 114 242.2573 —39.0868 0.73 £ 0.02 2.00 £ 0.09 2.36 £ 0.09 1.56 £ 0.16 2.39 £+ 0.07 5.32 1.89 3.19 2.09 3.60 047 + 1.44 —3.28 + 3.07 4.02 + 3.40
Sz 129 239.8182 —41.9528 2.07 £ 0.01 1.84 £ 0.10 3.65 £ 0.06 0.48 £+ 0.07 1.23 £ 0.04 2.98 0.93 241 1.44 2.88 1.05 £ 1.93 1.86 + 3.52 —0.98 + 4.02
TW Cha 164.754 —77.3783 1.27 £ 0.05 143 £0.19 3.79 £ 0.36 1.25 £ 0.16 2.67 £ 0.10 1.02 0.70 2.52 1.89 3.45 10.87 £ 8.81 1143 £ 1.72 —0.63 + 8.98
TW Hya 165.4659 —34.7048 8.16 = 0.08 227 £0.14 6.49 £+ 0.07 2.18 £+ 0.06 4.18 £+ 0.06 4.47 2.51 6.86 5.84 7.98 8.57 £4.72 14.88 £ 18.25 —6.34 + 18.85
VZ Cha 167.3473 —76.3892 9.50 £ 0.10 17.32 £ 0.25 56.12 £+ 0.29 13.64 £ 0.25 36.56 + 0.18 2.95 244 8.06 4.05 7.63 23.81 £ 2.64 14.60 £+ 2.56 9.74 + 3.68
WSB 52 246.914 —24.6548 11.09 £ 0.20 2438 £ 0.35 65.16 £+ 0.09 29.64 £+ 0.13 79.72 £ 0.11 14.43 15.12 29.92 11.46 26.35 —2.45 £3.22 —8.28 =+ 1.17 9.92 £ 343

Note. DoAr 25 45° DoAr 33 45°; GM Aur 45°; HP Tau 45°; 1Q Tau 45° MY Lup 45°; Sz 114 45°; Sz 129 45°; WSB 52 45°. Also listed are the observed velocity of the S(1) line in the telescope frame (Viy,), the
systemic velocity of the source (Viy,), and the inclination-corrected wind velocity (Vying). Upper limits are 30. Sources denoted by " correspond to apertures with nonzero position angles (see below).
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Figure 2. The observed and median subtracted H, S(3) line maps toward WSB 52 on top of the ALMA 240 GHz continuum emission (shown in the background as a
reddish-yellow image). The white central circle delineates the inner working angle of the observation. The median subtraction removes the ambient fore /background
H, emission. The orange square represents the 250 x 250 au aperture from which the line intensities are extracted.
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Figure 3. Left: corner plot showing the posterior distributions and best-fit parameters from the Markov Chain Monte Carlo (MCMC) fit to the rotation diagram of
WSB 52, presented as a representative example. Right: rotation diagram with observed data points in green and extinction-corrected points in blue for ortho-H, and
red for para-H,. The black line denotes the best-fit model, and the shaded gray region represents the uncertainty range derived from the MCMC fitting. The complete

figure set (30 images) is available.
(The complete figure set (30 images) is available in the online article.)

along with the associated uncertainties. We have also added a
systematic error of 10% from the relative spectrophotometric
precision of MIRI MRS (I. Argyriou et al. 2023) to the
measured line fluxes. In Figure 3 we show the result from the
MCMC fit as well as the best-fit rotation diagram for WSB 52
as a representative fit. The rest of the rotation diagrams are
shown in the figure set accompanying Figure 3. We use the
partition function from T. M. Herbst et al. (1996) to compute
the total column density of Hj, Ny

0.0247T;ot
1 — exp(—ﬁoﬁ)‘
Tiot
Table 4 lists the derived column density and rotational
temperature for the sample. The median temperature of the
emitting gas is Ty, ~ 624 + 130 K, and the median column
density is log,(No) ~ 18.6 £ 0.6 (cm™?). Figure 3 and the

accompanying figure set demonstrate that most disk winds are
best fit with a single warm temperature component and

Z(Tio) = @

specifically do not require a second hot component. The
excitation conditions of H, for one disk SY Cha have
previously been studied in the literature (K. R. Schwarz
et al. 2025a, 2025b). While compact H, emission from the
central point source has is best fit by two temperature
components, this study also found that the extended comp-
onent (radii >0”5) of H; is best fit by a single component with
T,or = 1061 + 39K and N(H,) = 4.31 + 0.72 x 10"cm >
These values differ from our measurements of 7,, = 851 4 25
K and N(Hy) = (1.9 + 0.1) x 10'® cm ™2 This discrepancy
may arise because K. R. Schwarz et al. (2025a, 2025b) did not
include emission from the warmer S(1) and S(2) transitions,
which can bias the derived rotational temperature and column
densities. Additionally, their analysis does not account for
extinction correction, which can further impact the inferred
column densities and temperatures. We repeated the analysis
allowing the OPR to vary as a free parameter and find a
median OPR of 2.2 £0.3 (10).
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Table 4
Derived Ay, Column Density (N(H,)) and Rotational Temperature ;o (H,) for the Gas within the Aperture as well as the Correction Factor Ciper, and the Total Mass

- tot

of Gas M5ty and the Total Mass-loss Rate M,

wind

Disk Ay 1og;o(N(Hy)) To(Ha) Capert 10g;o (M%) 10g,0(Miyina)

(em™?) (K) (Ms) Mo yr
AS 205 1.7 19.17 £ 0.05 734 + 22 2.60 + 0.16 —5.68 £ 0.05 —8.3470:48
AS 209 1.6 19.33 + 0.05 507 £ 11 3.02 £ 0.06 —5.46 + 0.05 815704
CI Tau 12 18.69 + 0.04 615 + 14 3.35 £ 0.07 —6.05 £ 0.04 —8.771048
DoAr 25 3.2 18.18 + 0.04 815 + 24 3.42 +0.01 —6.86 + 0.04 —9.58%08
DoAr 33 3.7 18.81 + 0.04 442 4+ 8 3.51 £+ 0.05 —5.91 + 0.04 —8.64704¢
DR Tau 0.3 19.28 + 0.04 574 + 16 3.97 £ 0.18 ~5.39 4+ 0.05 —8.14504
Elias 20 6.8 18.31 £ 0.04 1109 =+ 47 3.24 + 0.04 —6.45 £+ 0.04 —9.1610%
Elias 24 7.5 19.43 £+ 0.04 646 + 15 3.01 £ 0.04 —5.36 & 0.04 —-8.05104
Elias 27 2.7 18.31 £ 0.04 590 + 14 2.68 + 0.06 —6.53 £ 0.04 —9.207048
FZ Tau 2.8 19.04 + 0.04 577 + 11 3.57 £ 0.02 —5.68 & 0.04 —8.41108
GK Tau 1.2 18.32 + 0.04 629 + 15 6.46 + 0.45 —6.14 £ 0.05 —9.0075:¢8
GM Aur 0.0 18.03 + 0.04 653 £+ 16 2.76 + 0.03 —6.80 + 0.04 —9.4770%8
GO Tau 3.4 17.73 + 0.06 529 + 16 3.90 + 0.13 —6.95 & 0.06 —9.700:8
GQ Lup 0.1 18.06 £ 0.04 655 + 17 479 £ 0.07 —6.53 + 0.04 —9.32104¢
GW Lup 0.7 17.87 + 0.04 570 + 13 6.18 & 0.19 —6.61 + 0.04 —9.467548
HP Tau 4.4 19.12 £ 0.04 749 + 21 4.58 +0.03 —5.48 £ 0.04 —8.27108
HT Lup 15 18.43 £ 0.05 914 + 36 3.85 + 0.06 —6.25 £ 0.05 —9.00704¢
IQ Tau 1.4 18.34 + 0.03 787 + 22 3.04 + 0.06 —6.74 + 0.04 —9.44108
IRAS 04385-+2550 34 18.51 + 0.04 732 + 19 4.57 £+ 0.05 —6.40 + 0.04 —9.1819%
MY Lup 1.3 18.59 + 0.04 515+ 10 3.92 + 0.08 —6.39 £ 0.04 —9.14703¢
RU Lup 0.0 19.42 + 0.06 454 + 11 3.02 £ 0.12 —5.36 & 0.06 —8.0610:¢8
RY Lup 0.8 18.68 + 0.04 491 4+ 9 6.33 & 0.10 —5.78 + 0.04 —8.64104¢
SR 4 1.1 19.49 + 0.04 43247 4.18 4+ 0.04 —5.15 + 0.04 —7.92%04¢
SY Cha 15 18.27 £ 0.03 851 + 25 3.46 + 0.03 —6.45 £ 0.03 —-9.1810%
Sz 114 0.0 17.83 £ 0.04 647 + 16 5.80 + 0.24 —6.67 & 0.04 —9.50104
Sz 129 0.5 18.27 + 0.04 500 + 10 337 £ 0.07 —6.47 + 0.04 —9.18704¢
TW Cha 0.5 18.00 + 0.05 619 + 15 5.80 & 0.56 —6.51 £ 0.06 —9.3410:39
TW Hya 0.3 18.60 + 0.04 519 + 10 1.09 + 0.01 —6.63 & 0.04 —9.10%04¢
VZ Cha 0.2 18.93 + 0.04 661 £ 15 3.66 & 0.03 —5.77 + 0.04 —8.5010%
WSB 52 4.3 19.18 + 0.04 726 £+ 19 2.67 £ 0.01 ~5.96 + 0.04 —8.637°08

Note. DoAr 25, IRAS 04385+2550, IQ Tau, MY Lup, and WSB 52 are bipolar sources with Copse = 1. For AS 209, GO Tau, and RU Lup, we used the S(2) line to
compute Cyper; for DoAr 33 and MY Lup, we used the S(1) line. " Bipolar Sources.

3.3. Wind Velocities distribution, where the mean Vj,, represents the velocity of the
emitting gas in the barycenter frame (with the associated
telescope wavelength calibration uncertainties). To determine
the absolute (true) flow velocity, we correct for the systemic
velocity of the star, Vs in the barycentric frame (with the
associated telescope wavelength calibration uncertainties). The
systemic velocity is measured by measuring the central
velocity of nearby H,O lines, under the assumption that they
originate from the disk. In Table 3 we have listed the Vg, and
Vys for all targets.

In Figure 4, the dashed vertical line indicates this systemic

The H, velocity is measured for each spaxel by fitting a
Gaussian profile to the emission line and putting on a precise
reference frame by comparing to nearby water emission lines
from the central disk, where available. Although the MIRI
MRS instrument has a spectral resolving power R ~ 100 km
s7! the S /N of the observations allows for precise measure-
ments of the central wavelengths, with uncertainties as low as
a few kilometers per second (K. M. Pontoppidan et al. 2024b).
For aggregate velocities, we use the same 250 au square

apertures previously adopted for line intensity measurements.
We use the H, S(1) line, which typically has high S/N and is
surrounded by numerous strong water lines. The nearby water
lines makes it easy to compute the systemic velocity (see the
following discussion).

As an illustrative example, Figure 4 shows the velocity
distribution of the H, S(1) emission for all spaxels within the
250 au aperture for WSB 52. We visualized the velocity
distribution as a histogram with 30 bins spanning the velo-
city range of £30kms '. We fit a Gaussian to the velocity

velocity. Subtracting it from the mean velocity of the H,
emission yields the intrinsic velocity of the molecular flow.
We then correct for inclination by dividing by the cosine of the
inclination angle to derive the true flow velocity Vy.q (see
Table 3). We also compute the error on the V4 by adding the
error in Vy, and Vi in quadrature.

Using this method, what we have measured is V;inq or the
component of the flow velocity projected along the flow axis
z, V,, under the assumption of axisymmetry (A. de Valon
et al. 2022). The true poloidal velocity of the flow is then
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Figure 4. The velocity distribution for the H, S(1) line in WSB 52 from the
spaxels within the 250 au square aperture used to measure the line fluxes in
Section 3.2. Also shown is the best-fit Gaussian to the velocity distribution.
The systemic velocity of the star as measured using H,O lines is shown as the
dashed vertical line with the error bar showing the uncertainty in determining
the systemic velocity.

obtained as

V,
cosf’

W= (3)
where 0 is the opening angle of the flow. For a typical opening
angle of ~45° (see Table 5), this projection correction
increases the inferred flow velocity by a factor of ~1.4.

There is a spread in the measured velocities of sources due
to large relative errors for some sources, as shown in Table 3.
Therefore, for sources with reliable measurements (o(Vying) <
10kms™" and |Vying| < 25kms™"), we compute the median
velocity of the wind by taking the absolute value of the
velocity. The median wind velocity is 4.275] km s™', which is
comparable to the Skms ' wind velocity adopted by
K. R. Schwarz et al. (2025a). We use this median velocity
(corrected for inclination) to compute the dynamical timescale
(see Section 4.2 and Equation (7)).

3.4. Opening Angle and Wind Launch Radius

The angular resolution of JWST/MIRI enables us to extract
geometrical parameters such as the opening angles and launch
radii of the winds. Since the wind morphology displays
significant curvature, we fit disks with sufficiently high S/N
with a polynomial of the form (also see N. M. Habel et al.
2021):

y(x) = yo + Alx — xol%, 4)

where y(x) denotes the height of the wind at a distance x from
the central axis xo. Since the wind is launched from a finite
radius, extrapolating the flow leads to a virtual origin located
behind the disk, represented by the parameter y, (see
Figure 5(a)).

The S(5) emission provides the best balance between S/N
and angular resolution to determine the morphological
properties of the wind, except for CI Tau and Elias 27, where
we use the S(3) line and 1Q Tau, where the S(1) line was used
due to insufficient S/N of the S(5) image. If both lobes of the
wind are visible, we fit them separately.

Figure 5 shows an example of the fitting procedure using the
SW component of the DoAr 25 SW flow (Figure 5(b)). To fit
the wind morphology, we first then rotate the H, image so that
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the flow axis is aligned along the x—y plane, with the direction
of wind along the y-axis (see Figure 5(c)). A similar approach
is followed in N. M. Habel et al. (2021). We then identify the
edge of the wind by measuring the standard deviation, o, of the
background and applying a threshold for each flow to delineate
the wide-angle wind structure (Figure 5(c)). We limit the
curvature index « to 1-4, the horizontal offset x, to within £1
spaxel from the JWST/MIRI photocenter along the x-axis, and
the vertical offset y, to between —5 and O pixels from the
JWST/MIRI photocenter along the y-axis.

In Figure 5(d), we show the fit to the observed flow. The
launch radius of the wind is assumed to be the half-width of
the flow, x,;, measured at the JWST/MIRI photocenter along
the y-axis (Figure 5(a)). Since we do not fit a straight line to
the wind edges, we cannot directly measure the half-opening
angle, as it depends on the outer radius of the flow (see
N. M. Habel et al. 2021). Instead, we determine the slope of
the fitted power law between 2 pixels (~30 au) and 12 pixels
(~180 au). The effective half-opening angle relative to the
vertical is then calculated as the cotangent inverse of this
slope.

We analyzed in detail the wind morphology of ten sources.
The remaining targets were primarily close to face-on disks,
which exhibited bubble-like or disrupted morphologies, or had
insufficient S/N to reliably isolate the wind structure. From the
10 analyzed sources, we identified clear bipolar winds in five
cases. In the remaining five, we only detect the wind in the
near side of the disk, which is likely due to extinction from the
disk itself. Figure 6 displays the best-fit power-law models for
each wind structure, with the corresponding fit parameters
summarized in Table 5. The wind shapes are well character-
ized by a median power-law index of v = 1.6793. The median
half-opening angle is 45°4°. Similar results have been derived
for other protoplanetary disks as well (N. Arulanantham et al.
2024; 1. Pascucci et al. 2025; K. R. Schwarz et al. 2025a).
These opening angles are significantly wider than the
typical 29° observed in less-evolved Class 0 protostars
(M. M. Dunham et al. 2024) and are comparable to the
43°-45° half-opening angles characteristic of more evolved
Class I or flat-spectrum protostellar sources (M. M. Dunham
et al. 2024). Since protostellar outflows are entrained by
envelope material, the unconstrained wind morphology
observed from protoplanetary disks with little or no residual
envelope may be a closer representation of the true wind
opening angles.

The radii we derive for the wide-angle flows exceed some
values reported for other protoplanetary disks observed with
NIRSpec in the H, 0-0 S(9) line (I. Pascucci et al. 2025).
Several factors may contribute to this discrepancy: (1) The
higher spatial resolution of NIRSpec can trace emission
features nearer the central source, which may influence the
inferred flow geometry and give a tighter bound for the launch
radii; (2) The flows exhibit curvature rather than resembling
idealized straight cones, and our use of a power-law fit tends to
yield larger inferred radii compared to linear fits; (3) Our
fitting routine assumes a finite flow radius at the location of the
disk, resulting in the flow’s geometric origin being placed
behind the disk, which also broadens the inferred launch
region; (4) H, outflows from protostars frequently show a
nested structure, with higher-excitation lines appearing more
collimated (M. Narang et al. 2026; H. Tyagi et al. 2026, in
preparation; V. Pathak 2026, in preparation), and a similar
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Table 5
Best-fit Values for the Power-law Exponent «, Half-opening Angle, and Launch Radius
Target o Half-opening Angle Launch Radius ALMA '>CO Gas Disk Radius References
(deg) (au)* (aw)
CI Tau” 13794 48.3133 61.271%3 518 £ 1 1)
DoAr 25 NE 12402 44.4%3] 3524531 233 4+ 6 %))
DoAr 25 SW 2.145¢ 46.1%%1 95.67%8, 233+ 6 ©))
Elias 20 10439 279414 3.3132
Elias 27° 10409 53.6°19 4.6%%9 >300 3)
GM Aur 20194 44.63¢ 109.5%32 550 @)
IQ Tau® NW 15793 517133 128.0+133 203 + 4 1)
IQ Tau® SE 20194 343742 82.27188 203 + 4 1)
IRAS 0438542550 NE 1.640% 422141 3477188 343 + 11 5)
IRAS 0438542550 SW 2.0%93 447133 88.57108 343 + 11 5)
MY Lup NW 14793 43.91%} 90.57354 192 £7 )
MY Lup SE 12402 487748 732738 192 + 7 %))
SY Cha 2.54%1 43,6703 187.97%] <650 This work (also see 6)
WSB 52 NE 14403 50.3*1¢ 60.8137 <200 This work
WSB 52 SW 16503 40.3+8% 46.211%3 <200 This work
Notes.

? The derived radius corresponds to the outermost streamline of the wind, although the wind may also be launched from smaller radii.

® Used H, S(3) transition for fitting.
€ Used H, S(1) transition for fitting.

References. (1) D. Semenov et al. (2024); (2) F. Long et al. (2022); (3) C. Hall et al. (2018); (4) J. Huang et al. (2021); (5) updated from G. H. Schaefer et al. (2009);

(6) R. Orihara et al. (2023).

stratification may be present in our observations. As expected
for winds, these launch radii are still significantly smaller than
the gas disk radii derived from ALMA observations (see
Table 5).

4. Discussion
4.1. Prevalence of Disk Winds in Our Sample

We generally attribute observed extended H, emission
centered on the source to disk winds. Several lines of evidence
support this attribution. First, moderately inclined disks
(i 2 50° exhibit wide-angle conical wind structures
(Section 3.4) predicted by disk wind models (A. de Valon
et al. 2022; 1. Pascucci et al. 2025). We identify 10 such
systems: CI Tau, Elias 20, Elias 27, GM Aur, SY Cha,
WSB 52, DoAr 25 (Figure 1), IRAS 0438542550, 1Q Tau,
and MY Lup. The opening angles are consistent with
those inferred for edge-on disks, where the detection of disk
winds is more straightforward due to the favorable geometry
(e.g., N. Arulanantham et al. 2024; I. Pascucci et al. 2025;
K. R. Schwarz et al. 2025a). The agreement across a range of
inclinations supports the interpretation that the observed wide-
angled emission is indeed driven by disk winds. Many more
sources, e.g., GQ Lup and HT Lup, also provide tentative
evidence for a wide-angle wind.

The next most commonly observed morphology is asso-
ciated with nearly face-on disks (i < 30°), which often exhibit
either bubble-like or ring-like extended emission structures.
Ring-like morphologies are seen in Elias 24, FZ Tau, HP Tau,
TW Cha, and TW Hya, while bubble-like emission is seen in
VZ Cha. These radially symmetric emission patterns are
naturally explained by wide-angle disk-driven winds viewed
close to face-on (e.g., A. de Valon et al. 2022). While A. de
Valon et al. (2022) explicitly presented results for a single
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inclination, their underlying formalism is general and can be
modified for any arbitrary inclination angle.'’

A few systems in our sample, especially AS 205, HT Lup,
and GK Tau, are known components of wide stellar binaries
(separations =>1"), while GQ Lup has a confirmed massive
substellar companion (G. Cugno et al. 2024). This may
naturally influence the observed morphology of the extended
emission. Indeed, the presence of a stellar or substellar
companion can significantly alter the dynamics and structure
of the disk winds. In binaries, tidal interactions may truncate
the disk or introduce asymmetries that distort the otherwise
symmetric wind structure, leading to deviations from the
expected morphologies in both face-on and inclined systems.

Of the 34 sources in our sample, 16 exhibit unambiguous
morphological signatures of disk winds. These include 10
systems with well-defined monopolar or bipolar outflows,
typically associated with inclined disks, and six sources
showing ring-like or bubble-like structures consistent with
face-on geometries. Among the remaining 18 sources, four are
known binaries, which may explain their dispersed or
disrupted emission. Additionally, four targets (HD 142666,
HD 143006, HD 163296, and MWC 480) are Herbig Ae/Be
stars, which do not exhibit any H, emission, even in the central
spectra. This is consistent with previous findings that Herbig
Ae/Be stars generally lack detectable H, emission (e.g.,
C. Martin-Zaidi et al. 2009, 2010; A. Carmona et al. 2011),
and these stars are sufficiently distinct from the rest of the
sample to warrant exclusion from a homogeneous analysis.

Excluding these four Herbig Ae/Be stars, over 50% of our
sample shows clear extended H, emission attributable to
winds. If we further exclude the four known binaries, the
fraction increases to 61%. Thus, even in cases where well-

17 hitps://github.com / Alois-deValon / Axoproj /tree /main
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Figure 5. (a) Schematic illustrating the fitting procedure used to derive the opening angle of the H, wind. (b) The wide-angle H, wind emission as observed for DoAr
25. (c) The image rotated to align the wind axis vertically. The outer contour tracing the edge of the flow is shown in lime green, and the magenta points indicate the
data selected for model fitting. (d) The resulting best-fit power-law model is shown in white, and the shaded gray region is the uncertainty range derived from

MCMC fitting. The red circle marks the inner working angle.

defined morphological structures are absent, the widespread
presence of extended emission supports our working assump-
tion: that all extended H, emission in our sample originates
from disk winds.

The ubiquitous nature of these wide-angle, slow-moving
winds may help to explain a puzzling observation of cool
molecular hydrogen toward older systems, including debris
disks, observed in large apertures by the Infrared Space
Observatory (W. F. Thi et al. 2001). Any momentum-
conserving component of these winds will be centered near
the systemic velocity but present on large scales, and with even
modest amounts of dust in the extended wind, the reformation
of molecular hydrogen should compete with loss via UV
photodissociation.

4.2. Wind Mass-loss Rate versus Mass-accretion Rate

We use the total column density N, derived from the
rotation diagram to compute the mass within the aperture
(M) following:

MES = NHy) x U X p X my, 5)
where W is physical area of the aperture (250 x 250 au),

4 = 2.3 is the mean molecular gas weight, and m,, is the proton

11

mass. By integrating the line emission within a large 250 au
square aperture (about 2” x 2"), we measure a solid-angle
averaged column density. While this aperture typically
accounts for a large fraction of winds, we account for line
emission that falls outside the aperture using a correction
factor, Cper, defined as the ratio of the total background-
subtracted line flux measured over the full MRS field of view,
Fio1, to the line flux measured within the aperture, Fyper.

Due to obscuration from the disk, we often detect only one
side of the wind (blueshifted side), except in a few cases,
where a bipolar structure is clearly seen (i.e., DoAr 25 in
Figure 1; IQ Tau; IRAS 04385+2550; MY Lup, and WSB 52).
To account for obscured emission from the other side of the
disk, we introduce an additional correction factor, Cepgc.

Thus, the total correction factor based on the H, S(3) line is
(C = Capert X Copsc). We used the S(3) line, as it has a high
S/N most often; however, in a few sources, the S(1) or S(2)
lines are used when there is not a clear detection of the S(3)
line. The median Cypere across the sample is 3.5. The values of
Cipere along with the errors are listed in Table 4.

We calculate the total molecular wind mass as
M3ta = Cobse X Capert X M in Table 4, where Copge = 1

for the bipolar sources (i.e., DoAr 25, IRAS 0438542550, 1Q
Tau, MY Lup, and WSB 52) and 2 for the rest of the sample.
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The total wind mass-loss rate is:

tot tot

qot wind

Mwind - ’
tdyn

(6)

where t4y,, is the dynamical timescale of the flow.

Approximating the flow as being approximately isotropic
(spherically symmetric), the dynamical timescale is related to
the characteristic length, L, of the emitting area of the aperture,
A, as:

pt_ Lo VA
e =~ 9

Vwind Vwind

Since Cipere traces the ratio of emitting areas between the

total wind emission and that inside the aperture (assuming
uniform emission), the dynamical timescale for the total wind

scales as
L[O[ RV, Capen x A o C

apert
apert z

dyn °

®)

tdyn =

Vwind Vwind

where Viing is the median wind velocity of 4.27$) km s™'.

Based on the median velocity, the t(f}?]f" is 2847938 we
propagate the error in f4qy, based on the errors in t(f;’;’“ and

Capcrt~

The median wind mass-loss rate from the full sample is
1og10(MJﬁLd) = —9%0%8 M. yr'. Assuming that the observed
molecular winds are the dominant mechanism responsible for
disk dispersal, we can estimate a characteristic dissipation
timescale, or disk lifetime. Assuming a constant wind mass-
loss rate, a disk with a typical mass of ~2-3 My, (K. Zhang
et al. 2025) is depleted in ~2-3 Myr, roughly consistent with
current estimates for disk lifetimes.

Figure 7(a) compares M;?Ld with the mass-accretion rate
onto the central star (M,..) from the literature (see Table 1 and
C. F. Manara et al. 2023). We separate the sources based on
their morphology: 10 sources with wide-angle wind morph-
ology (see Section 4.1 and Figure 6) and six sources with ring-
or bubble-like morphologies (see Section 4.1). The remaining
14 sources do not fit into either of these categories. We find no
strong correlation between Mvtv(;;d and M,... The wind mass-
loss rates remain within ~2 dex, despite spanning ~4 dex in
accretion rate, with the average ratio being consistent with
Mying ~ 0.1 X M,. Further, there is no apparent relation to
wind morphology.

The dominant source of uncertainty in M&f;;d is the
dynamical timescale. Our mass-loss estimates do not include
contributions from any H, component too cold to be traced by
MIRI or a hot component potentially traced by higher S(J)
transitions. A colder component would require observation of
the H, S(0) line at 28.29 pm, which is not currently possible.
However, a significant cold component would imply implau-
sible disk lifetimes shorter than 1 Myr. Based on nondetections
in our sample, the contribution of a hotter component
(>1000 K) must be at least 1-2 orders of magnitude lower
than that of the observed warm component (~650 K),
consistent with previous studies (e.g., D. A. Neufeld et al.
2024; L. Francis et al. 2025; K. R. Schwarz et al. 2025a;
I. M. Skretas et al. 2025). Strictly, the total molecular mass and
the total molecular mass-loss rates derived from H, lines
represent a lower limit of the total mass loss, owing to the
unknown molecular fraction in the wind. For PE winds,
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Figure 7. The measured total wind mass-loss rates (M‘floi;d) compared against
stellar mass-accretion rates obtained from (a) previous literature and (b) H I
lines simultaneously observed by MIRI MRS. Sources are color-coded
according to their morphology: the 10 sources that show clear wide-angle
wind structures are shown as red triangles, the six sources that exhibit ring- or
bubble-like morphologies are shown as green circles, and the remaining
sources are shown as blue squares.

R. Nakatani et al. (2025) showed that the molecular fraction of
the wind is highly dependent on from where the winds are
launched. Nevertheless, the large wind mass and mass-loss
rates suggest that the molecular fraction is likely near unity.
The wind mass-loss rate inferred from H, emission
represents a time-averaged value over the dynamical timescale
of the outflow (typically a few hundred years), whereas mass-
accretion rates are derived from instantaneous tracers such as
UV excess or H I line emission. Some of the dispersion in the
observed accretion—mass-loss rate relation may therefore arise
from the intrinsically stochastic and variable nature of mass
accretion in young stellar objects, which can fluctuate on
timescales ranging from days to years (G. Costigan et al. 2014;
W. Zakri et al. 2022; G. J. Herczeg et al. 2023; B. M. Toffle-
mire et al. 2025). In Figure 7(b), we compare M‘:,(;;d with the
mass-accretion rate onto the central star (M) derived from
JWST MIRI observations of H I lines. For most of our sources,
we used the accretion rates determined by B. Shridharan et al.
(2026). However, for three sources (AS 209, Elias 24, and GW
Lup) absent from the B. Shridharan et al. (2026) sample, we
used the accretion luminosities from B. M. Tofflemire et al.
(2025) and computed the mass-accretion rates following the
methodology of B. Shridharan et al. (2026). Similar to
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Figure 7(a), we do not find a strong correlation between Mwmd
and M., though the average ratio remains consistent with
Mying ~ 0.1 X M,.. Thus, part of the observed dispersion
may reflect differences in the wind launching mechanisms and
the radii from which these winds are launched (see Section 4.5
for details).

The molecular wind mass-loss rates traced by H, emission
have not been previously quantified in a systematic way. In
contrast, ionic and atomic mass-loss rates from jets have been
extensively derived using optical forbidden lines, in particular
the high-velocity component (HVC) of the [O1] 6300 A line
(P. Hartigan et al. 1995). These studies report a strong
correlation between Mjet and M,.., consistent with the

frequently quoted empirical scaling MJet ~ 0.1 M, (B. Nisini
et al. 2018; also see D. M. Watson et al. 2026). However, this
relation is established for a different physical process of highly
collimated jets launched from within <1 au of the central star,
and not from an extended disk wind more likely to drive disk
dispersal.

4.3. Comparison between H, Winds from Protoplanetary Disks
and Protostellar

Extended H, emission has long been known to be a classic
characteristic of protostellar outflows, primarily originating from
outflows driven by accretion (R. E. Pudritz & C. A. Norman 1986;
A. Noriega-Crespo et al. 2004; D. A. Neufeld et al. 2009). More
recently, they have been studied in unprecedented detail using
JWST (e.g., A. Caratti o Garatti et al. 2024; V. Delabrosse et al.
2024; S. A. Federman et al. 2024; M. Narang et al. 2024, 2025;
L. Tychoniec et al. 2024). These outflows exhibit distinct
morphological and kinematic properties, setting them apart from
the H, emission observed in protoplanetary disks. In particular, in
protostars, clear signatures of bipolar outflows with an hourglass-
like morphology, often displaying a nested structure (e.g.,
A. Caratti o Garatti et al. 2024; L. Tychoniec et al. 2024), are
observed. Kinematically, the protostellar outflows show both
blueshifted as well as redshifted emission with typical velocities of
~10-30 km s~ (A. Caratti o Garatti et al. 2024; M. Narang et al.
2026; H. Tyagi et al. 2026, in preparation).

In terms of excitation conditions, simple rotational analysis
of the H, emission from protostars suggests that a two-
component fit, comprising a warm and a hot component, best
describes the rotational diagram (e.g., D. A. Neufeld et al.
2024; M. G. Navarro et al. 2025). The warm component
typically has temperatures ranging from ~400-1000 K, similar
to the temperature derived for protoplanetary disks. While the
warm H, emission from protostars shares a comparable
temperature range with protoplanetary disks, the column
densities in protostars are =>1-2 orders of magnitude higher
than those derived for protoplanetary disks.

In contrast, the hot component exhibits significantly higher
temperatures, around ~1000-3500 K (e.g., D. A. Neufeld
et al. 2024; M. G. Navarro et al. 2025; H. Tyagi et al. 2026, in
preparation). These temperature ranges appear to be consistent
across the entire mass spectrum of protostars, from very-low-
mass to high-mass objects (e.g., C. Gieser et al. 2023;
A. Caratti o Garatti et al. 2024).

4.4. Comparison between [Ne 1] and H, Emission

Among the 34 disks analyzed in this study, we detect clear
extended jet-like [NeII] emission in eight sources: CI Tau,
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Elias 24, Elias 27, HP Tau, SR 4, SY Cha, VZ Cha, and WSB
52. In most of these systems, the [Ne II] emission is spatially
aligned with the wide-angle flow traced by H, emission,
suggesting a common origin. It is important to note, however,
that this list may not be exhaustive. Some sources in our
sample could host weak or marginally extended [Nell]
emission (see the Appendix) that remains undetected due to
limitations in sensitivity, spatial resolution, or image artifacts.
In particular, the process of PSF subtraction can introduce
significant residuals.

The [Nell] at 12.81 pym emission traces ionized gas, and
given the collimated nature of the extended emission, the [Ne II]
is most likely associated with atomic jets launched near the
stellar surface (e.g., A. Caratti o Garatti et al. 2024; M. Narang
et al. 2024; L. Tychoniec et al. 2024; S. A. Federman et al.
2026). We do find not a strong correlation between the presence
of extended [Ne II] emission and either mass-accretion rates or
wind mass-loss rates from H,. This lack of correlation may arise
because [Ne II] emission, H, emission, and accretion rates each
trace different timescales: accretion rates reflect near-instanta-
neous conditions, H, flows represent dynamical timescales of
several hundred years, and [Nell] emission likely traces
intermediate timescales of a few tens of years.

4.5. Wind Launching Mechanism

Our analysis reveals that, in many cases, the H, emission
exhibits wide-angle structures. We clearly detect wind signa-
tures in 16 sources, while several others show tentative evidence
for similarly wide-angled winds. These winds are slow, with
characteristic velocities of 4.27$] km s~', and have large
opening angles of ~45°. They have a median excitation
temperature of 624 + 130 K and a median total column density
of log; o (Niot [cm~2]) ~ 18.6 & 0.6. The inferred mass-loss rate
is also significant, with log,,(Myind o) = —970% M., yr—".

In MHD disk wind theory, the ratio Mying/Mye. is not
universal, but instead depends on the magnetic lever arm
parameter A and on the radial extent of the launching region
(the ratio of outer radius 7, to the inner radius r;; see Equation
(17) of J. Ferreira et al. 2006). For jet-like solutions with
A ~ 10, characteristic of inner-disk streamlines, the expected
ratio of Miying/Mace is naturally of the order of 0.1, thereby
reproducing the empirical jet scaling. In contrast, extended
disk winds launched from larger disk radii can exhibit
substantially lower lever arms (A ~ 2-3; L. Wang et al.
2019; G. R. J. Lesur 2021). Such low-\ solutions are more
heavily mass-loaded and can yield wind mass-loss rates
comparable to the stellar accretion rate (L. Wang et al. 2019;
G. R.J. Lesur 2021; A. de Valon et al. 2022). Thus, part of the
scatter observed in Figure 7 could be indicative of molecular
disk winds that originate at larger disk radii than the atomic jet
component. This is consistent with the wide-angle morphology
we observe for a large fraction of our sample.

The relatively high accretion rates (=10"°M, yr -
measured for some of our targets may challenge a PE origin
of the observed winds, since the strong UV radiation
produced by accretion could efficiently dissociate H, (e.g.,
A. G. G. M. Tielens & D. Hollenbach 1985; H. Nomura et al.
2007). However, recent theoretical work has shown that warm
H, can survive in PE winds (R. Nakatani et al. 2018;
A. D. Sellek et al. 2024). R. Nakatani et al. (2025) showed that
PE-wind models may reproduce several key observational
characteristics of the H, flows, including the low-J line fluxes.



THE ASTROPHYSICAL JOURNAL, 1004:188 (19pp), 2026 June 20

However, these models tend to underpredict the high-J H,
emission associated with the more spatially extended H,
structures. Therefore, a PE disk wind interpretation remains
plausible. However, robust discrimination requires quantitative
comparisons with both PE and MHD wind models. Such
comparisons are currently limited by the lack of detailed H,
modeling in MHD disk winds.

5. Summary

We present the results of our analysis of H, emission from
34 protoplanetary disks, utilizing data from the JDISCS
program (PID: 1549, 1584, 1640) and the GTO program
(PID: 1282). Our study examines the morphology, kinematics,
excitation conditions, and mass dynamics of the H, emission.
Our key findings are as follows:

1. Extended H, emission structures are widespread in
protoplanetary disks, with morphologies consistent with
slow (4.2%$) km s™') MHD driven winds. Of the 34
sources in our sample, 16 show clear morphological
evidence for disk winds. This includes 10 systems with
monopolar or bipolar winds seen in inclined disks and
six sources exhibiting ring-like or bubble-like morphol-
ogies typical of face-on geometries. Accounting for
binary stars and removing the Herbig Ae/Be stars from
our sample, we find that more than 60% of the sources in
our sample show H, morphology consistent with disk
winds.

2. The low-J transitions [S(1)-S(2)] in some sources show
emission consistent with background or foreground
PDRs. In two sources (e.g., DoAr 25, Figure 1; Elias
27), we observe a disk shadow in silhouette against this
bright emission.

3. We model the spatial extent of the wind in 10 disks using
a power-law description of the wind edges. The median
power-law index is a /=~ 1.6, with a median half-opening
angle of 45°%°, suggesting relatively wide-angle flows.

4. Rotational analysis yields a median excitation temper-
ature of ~624 £ 130 K and a median total column
density of logo(Nt [cm™2]) ~ 18.6 £ 0.6, assuming
local thermodynamic equilibrium and an ortho-to-para
ratio of 3.

5. The median mass-loss rate, 10g,,(Mymq) = —979% M., yr',
implies that if molecular winds are the dominant
mechanism responsible for disk dispersal, a typical disk
with a mass of 2-3 M}, would dissipate on a ~2-3 Myr
timescale, consistent with observed disk lifetimes.

6. We do not find a strong correlation between Mvtv(;hd with
the mass-accretion rates of M,., instead finding a small
(~2 dex) scatter in M‘:ﬁ;d for a large range (~4 dex) of
accretion rates.

7. Compared to protostellar (Class 0/T) outflows, traced in
both pure rotational and rovibrational H,, more evolved,
protoplanetary disk winds, primarily detected in pure
rotational H,, exhibit lower velocities (of the order of a
few kilometers per second), wider opening angles, and
lower column densities. In contrast, protostellar outflows
are characterized by highly collimated bipolar morphol-
ogies with velocities reaching up to ~30 km s, along
with additional extended, hotter H, components that are
not detected in most Class II disks.
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8. We interpret the derived wind properties as evidence that
MHD winds are a primary driver of disk dispersal during
the first few Myr of evolution. However, a PE origin
cannot be ruled out. Definitive discrimination requires
quantitative comparisons with both PE and MHD wind
models, presently hindered by the absence of detailed H,
emission modeling in MHD disk winds.

9. Our findings establish that spatially extended warm H,
emission is a widespread and robust tracer of molecular
disk winds in protoplanetary systems. This emission
offers direct observational evidence of slow, wide-angle
winds originating from the disk surface, which play a
critical role in redistributing angular momentum and
regulating mass loss from the disk.
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Appendix
Notes on Individual Sources

This appendix provided details about the H, and [Nell]
morphology for individual sources.

1. AS 205 shows prominent and spatially extended H,
emission, particularly in the strong ortho-H, lines,
consistent with a wide-angle wind. The winds appear
to originate primarily from the northern component, AS
205N. Given the close separation of the two components,
the wind may also interact with the secondary star,
potentially influencing the observed spatial structure of
the emission. In the S(2) image, a potential artifact is
present to the northeast of the primary source.

2. AS 209 is a moderately inclined disk. The observed H,
morphology is consistent with this viewing geometry,
with emission symmetric around the central source.
Residual features associated with PSF subtraction are
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present in the immediate vicinity of the central source,
but the extended emission beyond this region remains
clearly detectable mainly in the S(1), S(2), and S(3) lines.
. CI Tau exhibits a clear wide-angle wind. Only the
blueshifted side of the wind is detected, likely because
the redshifted emission is obscured by the disk. The wind
is detected in the S(1), S(2), S(3), and S(5) lines. The
S(4) line is faint and is dominated by PSF artifacts close
to the center. The monopolar wind has a large opening
angle. Complementing the H, emission, the [NelI]
emission reveals a collimated, jet-like structure that is
aligned with the wide-angle molecular wind, suggesting
a layered outflow system with a fast, ionized core
surrounded by a slower, molecular component.

. DoAr 25 stands out in the sample because its dust disk is
observed in absorption against bright background H,
emission, particularly in the S(1), S(2), and S(3) lines.
The uniform background line emission originates from
the photon-dominated region (PDR) near the Ophiuchus
core. Superimposed on the background emission, the H,
data show clear signatures of a bipolar wind in the S(3),
S(4), and S(5) lines (tentatively in the S(1) and S(2)
lines). The [Ne II] emission provides tentative evidence
for a jet component, indicating the presence of
collimated jet alongside the wide-angle wind.

. DoAr 33 shows strong, uniform background H, emission in
the S(1) and S(2) lines. We detect extended H, emission
associated with the source in the S(1), S(2), and S(3) lines.
The S(4) line shows little to no evidence of wind-like
emission, while the S(5) line is affected by residual
instrumental artifacts and PSF subtraction effects, making
detailed interpretation of this transition less certain.

. DR Tau is a nearly face-on disk, which exhibits faint
extended H, emission, and a symmetric morphology
around the central source. This is consistent with the
face-on orientation of the system. However, the faint
nature of the extended component and limited S/N
prevents further characterization of the spatial structure
of the emission.

. Elias 20 is superimposed on bright background H, line
emission associated with the Ophiuchus core PDR. The
background H, emission exhibits a gradient that
increases toward the northeast, reflecting the structured
nature of the PDR environment. The source displays a
monopolar outflow, particularly prominent in the higher-
J transitions (S(3)-S(5)), where the wind emission
appears more distinct from the background PDR. In
addition, the [NelI] emission appears to be slightly
extended beyond the disk.

. Elias 24 shows a ring-like morphology with a bright knot
to the northeast in all H, lines. The ring is asymmetric,
extending more along the northeast—southwest direction
and less along the east—west direction. The bright
northeastern knot stands out as a localized enhancement
in H, emission, suggesting a region of higher excitation,
density, or possible interaction with a localized outflow
or wind feature. The source displays an [Nell] jet
oriented perpendicular to the plane of the dust disk,
indicating the presence of an ionized outflow component
alongside the extended molecular structure. The ring
morphology may indicate episodic outflow activity.
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Elias 27 is observed in silhouette against strong back-
ground H, line emission from the Ophiuchus PDR in the
S(1) and S(2) lines due to the dust in the disk. In the S(3)
and S(5) lines, a monopolar outflow extending from the
disk along the northeast side is observed. Extended
[Ne I1] emission is observed, indicating the presence of a
collimated, ionized jet in addition to a molecular wind.
The [Ne II] emission exhibits a prominent knot along the
southwest side, suggesting localized regions of enhanced
excitation or density in the ionized jet.

FZ Tau is a moderately inclined system. It represents one
of the clearest examples of ring-like H, emission in our
sample, with an average radius of ~2”4 (310 au) and a
width of about 1”15 (148 au) (K. M. Pontoppidan et al.
2024b). A localized region of enhanced emission is
visible toward the southwest portion of the ring,
suggesting possible asymmetry in the gas distribution
or localized excitation. MIRI’s field of view in the S(4)
and S(5) lines is smaller than the full extent of the ring,
and a significant fraction of the emission falls outside the
observed region in these lines. As a result, the
morphology of the ring is best traced in the lower-
energy transitions. The presence of a ring-like structure
in the H, emission may be indicative of episodic outflow
activity or past ejection events that have created a shell
of shocked molecular gas expanding away from the
central source. The [Nell] appears to be slightly
extended in the source.

GK Tau shows extended H, emission in the S(1), S(2), S(3),
and S(5) lines. The emission is diffuse, without a clear
preferred orientation. There are no obvious morphological
signatures indicative of a collimated wind. The lack of
structure suggests that any molecular wind, if present, is
intrinsically weak with a wide opening angle.

GM Aur exhibits a monopolar outflow oriented perpend-
icular to the dust disk plane detected in all observed H,
lines. The emission traces a blueshifted wide-angle
structure extending away from the central source,
consistent with a molecular wind emerging from the
disk surface, while the redshifted emission is obscured
by the dust disk. GM Aur one of the clearest examples of
a well-structured molecular outflow in this sample.

GO Tau shows weak extended emission in the S(3), S(4),
and S(5) lines. In contrast, the S(1) line reveals more
discernible structure, suggestive of a wide-angle outflow
and a disk silhouette with major axis oriented northeast/
southwest.

GQ Lup shows tentative extended emission with a wide-
angle morphology in the S(1), S(2), and S(3) lines. Some
PSF subtraction artifacts are present, particularly in the
S(5) line, where a bright artifact is visible to the north of
the source.

GW Lup shows bright H, emission surrounding the
central source in the S(1) and S(2) lines. The extended
emission is concentrated around the star. Some of the
bright features seen in the S(2) line near the central
source may be caused by PSF subtraction artifacts.

HD 142666, HD 143006, HD 163296, and MWC 480 are
Herbig Ae stars and show no extended H, emission in
any of the observed lines. The apparent bright emission
surrounding the star is consistent with PSF subtraction
artifacts.
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HP Tau exhibits a striking ring-like H, morphology with
a tail extending toward the west. The tail is prominent
and coherent, suggesting material flowing or being
entrained along this direction. In addition, the [NelI]
emission is also spatially extended along the western tail,
indicating that both warm molecular and ionized gas
trace the same outflow or wind structure. This morph-
ology may reflect a combination of disk winds and jet
activity shaping the surrounding molecular environment.
HT Lup is a triple system with bright continuum
emission. The primary component is associated with
extended H, emission, although not with an classical
wind-like morphology. A tentative wide-angle wind
component becomes more discernible in the S(3), S(4),
and S(5) lines. This suggests that the primary hosts a
molecular wind that is partially disrupted by PSF
artifacts from the companion sources.

IQ Tau is an inclined source that exhibits a clear bipolar
H, outflow oriented perpendicular to the dust disk plane.
The northwestern lobe of the outflow has lower S/N in
lines higher than S(1) and S(2). The [Nell] emission
appears slightly extended along the outflow direction,
suggesting that both warm molecular and ionized gas
trace the outflow structure.

IRAS 0438542550 is moderately inclined (i = 60°) and
presents an unambiguous example of wide-angle bipolar
H, emission, reminiscent of emission seen in protostars,
though with a significantly wider opening angle. The
bipolar structure is well defined across the observed H,
lines. This demonstrates that bipolar winds can be visible
even in sources that are not close to edge-on. The [Ne II]
emission appears slightly extended along the same
outflow direction.

MY Lup exhibits a clear bipolar morphology in the H,
S(1) line, with tentative evidence for the S(2) line. The
higher-J transitions have lower S/N. Weak bipolar
emission is detected in the S(3) line, while the S(4) line
shows little to no detectable emission. The [NelI]
emission is marginally extended.

RU Lup shows bright, but compact, emission close to the
central source in the S(1), S(2), and S(3) transitions,
suggesting that any extended molecular wind is confined
to small spatial scales. The symmetric structure is
consistent with the nearly face-on orientation of this
system.

RY Lup is unique within the sample, exhibiting H,
emission both parallel and perpendicular to the disk
plane. The perpendicular component likely traces a
molecular outflow or wind emerging from the disk
surface, whereas the emission aligned with the disk may
originate from cooler, quiescent disk gas. This dual
morphology provides a rare view of both the disk and
outflow components in a single system, highlighting
complex gas dynamics in the inner regions of the
protoplanetary disk. The [NeII] emission is also
extended perpendicular to the disk, coincident with the
perpendicular H, emission, suggesting that the ionized
and molecular gas trace the same outflowing structure.
SR 4 is dominated by bright background H, emission
originating from a nearby PDR in the Ophiuchus core,
showing a clear spatial gradient increasing from the
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southwestern to the northeastern side. No definitive
signatures of outflows or winds are detected in the H,
emission, except in the S(5) transition. Extended [Ne II]
emission is centered on the source, suggesting a possible
low-level outflow traced by the ionized gas from the
face-on system.

SY Cha exhibits a conical monopolar H, outflow
detected in all observed transitions, oriented toward the
east (K. R. Schwarz et al. 2025a). Emission from the
western side is observed, albeit significantly weaker.
Additionally, SY Cha shows an extended [NeII] jet on
both sides of the disk, aligned along the wide-angle H,
wind, indicating the presence of ionized, collimated jet.
Sz 114 is a nearly face-on source (i = 20°). The extended
emission is concentrated around the central source,
consistent with a face-on disk wind, and is detected in
all observed H, lines.

Sz 129 is a low-inclination source (i = 34°). Extended
emission from the S(1), S(2), and S(3) H, lines is
concentrated around the central source, consistent with a
face-on disk wind. The [Ne II] emission is also margin-
ally extended.

TW Cha displays a centrally concentrated emission from
the S(1), S(2), S(3), and S(5) lines, distributed symme-
trically around the central source, consistent with a face-
on disk wind. The [NelI] emission also appears
extended, albeit more compact.

TW Hya shows a clear, symmetric, extended H,
morphology in all observed lines, consistent with a
nearly face-on disk wind. The emission appears sym-
metric around the central source and likely traces the
wide-angle disk wind. The [Ne II] emission also appears
extended, albeit more compact.

VZ Cha exhibits an unusual H, outflow morphology
characterized by a bubble-like structure on the north-
western side of the source. The bubble has a brighter rim
and in the inner region is less bright. The bubble
component appears offset from the central source,
possibly indicating a past episodic ejection event. The
[Ne I1] emission clearly reveals a jet along the same side
of the outflow, suggesting that the ionized gas traces a
more collimated component embedded within the
broader molecular wind.

WSB 52 exhibits a wide-angle H, outflow. The S(1)
transition is dominated by bright, extended emission,
while the higher-excitation H, lines reveal a weaker but
discernible bipolar morphology. The southwestern side
of the outflow appears brighter than the northeastern
side, indicating asymmetry in the emission or excitation
conditions. The source also shows extended, jet-like
[Ne I1] emission aligned with the direction of the outflow.
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