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Larson Core Formation

Marx, Bhandare, & Kuiper (in prep.)

Frederike Marx, Asmita Bhandare , and Rolf Kuiper : Effects of mass distribution and gas temperature on Larson cores

Fig. 3. Radial profiles of second cores density (column 1), radial velocity (column 2) and temperature (column 3) for the Bonnor-Ebert sphere-
like density simulations (row 1), the uniform density simulations (row 2) and the power-law density simulations (row 3). The snapshots shown
correspond to the final timestep of each simulation run with t = 0 being the onset of the collapse.

Fig. 4. Evolution of the first core radii for all simulations forming a first
core.

BE_10 and pl_1_10 as well as uni_30 and pl_1_13 follow
near identical evolutions with only small deviations in the mea-

Fig. 5. Evolution of the first core mass for all simulations forming a first
core.

sured parameters. As described in Sect. 4.2, the cases following
a power law with q > 0 undergo a relaxation process where the
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• First and Second Larson Core Properties  (see also Bhandare et al. 2018, 2020)

• All classical initial conditions: Bonnor-Ebert, uniform density, power-law profiles

‣ Derivation of Formation Conditions based on initial properties of the star-
forming gas (not the whole mass reservoir)A&A proofs: manuscript no. output

Simulation tff [yrs] Rff [au] Mff [M→] Eth/Egrav

BE_10 47205 940 0.0993 1.18
uni_10 29797 2922 0.901 0.323
uni_30 29797 3000 1 0.89
pl_05_10 32572 1259 0.1119 1.076
pl_1_10 36339 908 0.0903 0.902

Table 3. Listed above are (a) the simulation name, (b) the free-fall time
tff , (c) the free-fall radius Rff , (d) the free-fall mass Mff and (e) the
reevaluated Eth/Egrav.

material in the inner region is pushed outwards by the thermal
pressure during the initial infall, leading to the density distri-
bution approaching a BE-sphere-like profile. For the simulation
with q = 1 this leads to them following very similar evolutions
to FC’s formed by BE-spheres with low temperatures and FC’s
by uniform clouds with higher temperatures. This is further dis-
cussed in Sect. 5.

4.5. Analytical Derivation of the Cloud Conditions for First
Core Formation

Vaytet & Haugbølle (2017) have shown that there is no FC
formed for a uniform density distribution at T = 5 K, while
Bhandare et al. (2018) have shown the same behavior for T =
10 K. To understand the conditions for FC formation and why
uni_10 does not form one, we first have to consider the free-fall
time

tff =

√
3ω

32Gεc
, (16)

and compare it to the duration of the first collapse t1 (see Ta-
ble 2(a)) to see what fraction of the gas parcels in the domain
have had time to fall in until FC formation. From this we ob-
tain the free-fall radius Rff . At Rff we evaluate Eth/Egrav for
the initial enclosed mass Mff , and therefore able to contribute
to the FC. The resulting values are given in Table 3. Since for
uni_30 the free-fall time is much shorter than t1 all mass is con-
sidered and Eth/Egrav does not change. Unlike in the values for
Eth/Egrav in Table 1 we are now able to draw a clear correla-
tion. The simulations that form an FC all have values ↑ 1 with
deviations of ±17%, while uni_10 has a much lower value of
Eth/Egrav = 0.323. This implies that Eth is so small that the
thermal pressure is not able to balance the ram pressure of the
infalling material and through that form an FC, but instead the
collapse continues and directly forms an SC. This shows that
whether an FC forms or not can be inferred from the initial con-
ditions without the need for running simulations.

4.6. Second Core

All second cores show similar density profiles (see Fig. 3) in
their final evolutionary stage except for uni_10, which will
be discussed at the end of this section. The highest densities
of ↑ 10↓2 g/cm3 are reached in the center of the SC. Moving
outwards the density decreases until the outer edge of the SC,
marked by a steep density jump. Its radial position corresponds
to the position of the jump seen in the velocities. The veloci-
ties have a similar profile as for the FC’s, but the SC infall ve-
locities are larger as the gas has more time to accelerate due
to the smaller core size. The mass of the SC is larger than the

Fig. 6. Evolution of the second core radii for all simulations forming a
second core.

Fig. 7. Evolution of the second core mass for all simulations forming a
second core.

FC’s mass. The temperatures reach a maximum between 3 ↔ 104

and 6 ↔ 104 K inside the SC depending on the initial temperature.
They decrease with increasing radius until a steep jump can be
seen at the outer edge of the SC.

As seen in Fig. 6 most the SC’s radii undergo a similar
evolution, except for uni_10 and pl_05_10. Just after forma-
tion, the BE-sphere cases and the simulations with uniform den-
sity start with an initial radius Rsc,0 between 0.01 and 0.02 au,
while the runs using a power-law profile with q > 0 show
Rsc,0 = 0.06 au. The variations in the BE and uniform cases can
be mostly attributed to the second collapse happening on very
short timescales making it impossible to accurately synchronize
the snapshots. The SC’s then expand to ↑ 0.25 au and start to
steadily grow in size while also undergoing small oscillations as
the SC infalling material gets shocked on the SC’s surface af-
ter which it is heated up, dissociates and contributes to the cores
growth. This expansion accelerates and peaks at Rsc,max, after
which the SC has heated up so much that the whole material ac-
creted in the outer layers is dissociated and undergoes rapid con-
traction, which eventually steadies. Rsc,max is larger for the sim-
ulations with a lower Tcloud as the cooler material takes longer to
be fully dissociated, resulting in more time for the shock front to
travel outwards. The resulting Rsc,end are between 14 and 20 R→
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NEIPA:  Numerical Equivalent to „Investigating Protostellar Accretion“ 
(see talk by Tom Megeath today)

Early Jet Evolution

Frederike Marx
(PhD)
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Early Disk Evolution

Marx et al. (in prep.); see also Tomida et al. (2017)

Frederike Marx
(PhD)

All processes (cores, disks, jets) studied as function of stellar mass!
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Emilio Schmidt
(Master → PhD)

Star-forming Filaments

Rigorous Testing of Numerical Framework
• Radial Equilibrium
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Rigorous Testing of Numerical Framework
• Radial Equilibrium
• Radial Dynamics:  Onset + Collapse

Onset timescale    ~ 0.5% within theoretical value.
Collapse timescale ~ 2.5% within theoretical value.

Emilio Schmidt
(Master)

Star-forming Filaments
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Rigorous Testing of Numerical Framework
• Radial Equilibrium
• Radial Dynamics:  Onset + Collapse
• Vertical Dynamics:  Fragmentation

Star-forming Filaments

Emilio Schmidt
(Master)
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Rigorous Testing of Numerical Framework
• Radial Equilibrium
• Radial Dynamics:  Onset + Collapse
• Vertical Dynamics:  Fragmentation
• MHD Equilibrium of Fiege & Pudritz (2000) … in progress

Star-forming Filaments

Emilio Schmidt
(Master)
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Outlook (in collaboration with Eric Keto):

‣ Timescales for Core Formation and Filament Twisting

‣ [Feedback from Environment]

‣ …

 3 

 
The sausage instability is slower than the kink instability and could lead to fragmentation 
and star formation after the flux tube is kinked. Fragmentation occurs as the gas is forced 
out of the region with the strong magnetic field and overloads the weak region to increase 
the mass/length ratio. At the same time the mass/flux ratio is increased in the weak region. 
I think the gas evades the flux-freezing by sliding longitudinally along the helical toroidal 
field lines in a spiral-patterned flow. 
 
The article, sakurai-1976-kinks.pdf, calculates the evolution of the kink instability in 
coronal flux tubes. The method of calculation is interesting. What he did was integrate the 
Euler-Lagrange equations (26,27) in a two-step procedure similar to the method-of-
characteristics. You break up the PDEs into coupled ODEs and numerically integrate first 
along x (and in this case x-dot), and second, along t. Once you have the solution for x, the 
density, pressure, and magnetic field can be found from the initial conditions and the 
Jacobian of the position matrix, x (equations 12,14).  I considered duplicating this method. 
However, we don’t do this type of calculation today because we have general purpose 
codes such as Pluto.  
 
His figure 8 shows some examples of the resulting configurations that can be achieved 
depending on how tightly the toroidal component is wrapped. The right-angle kinks 
bounding the four-core segment can be seen in the examples of figure 8. The data from 
li_andre_2022.pdf shows another interesting shape in loop at the top of the filament in their 
figure 2. They describe the loop as a C-shape and suggest that it is the result of colliding 
filaments. I think it could be a big loop as in figure 8a or 8b of sakurai_1976_kinks.pdf. 

Hood (1992): „Instabilities in the Solar Corona“; Sakurai (1976)

Star-forming Filaments

Emilio Schmidt
(Master)
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Gaches, Tan, Rosen, & Kuiper (2024): on Accretion

• MHD

• Axial symmetry

• Stellar B-Field + Disk Field

• Low-Mass Star Formation

HADES Project on Accreting Protostars

Gaches et al. (in prep.): on Outflows

Brandt Gaches
 (Emmy Noether 

Research Group Leader)
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→ stronger stellar magnetic field

→ bloated star

Fynn Wawrzyniak
 (Master)

Here: High-Mass SF
✴ Irradiation
✴ Photoionization
✴ [Radiation Forces]

HADES Project on Accreting Protostars
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More on Disks …

Tidal Disruption Events
Vardan Elbakyan 

(Postdoc)

Thermally unstable Disks Disk Fragmentation

Luke Conmy
(PhD)
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More, more, more

Dennis Wehner 
(PhD)

Formation of Circumplanetary Disks

Martini et al. (2026)

Trapped HII Regions

Martini, L., et al.: A&A, 706, A181 (2026)

Fig. 5. H II region extent with (magenta) and without (blue) radiation pressure switched on in the Mcore = 250 M→ (runs #0, #5; left panel), 500 M→
(runs #2, #6; middle panel), and 1000 M→ (runs #4, #7; right panel) cases.

Fig. 6. Comparison of the H II region radius on the central axis rHII,z (solid lines) with the maximum H II region radius away from the central star
rHII (dotted lines) for the three initial mass cases and with radiation pressure on and off (same numbers as ran in Fig. 5).

momentum to apply ram pressure compared to the higher mass
cases.

The simulation run 500-1.5-RAD demonstrated the most dis-
tinct trapped phase, remaining stalled with rHII ↑ 717 au from
154 kyr (M↓ ↑ 18 M→) to 225 kyr (M↓ ↑ 35 M→). Note that dur-
ing the same time frame, rbinding ↑ 73 au, so the influence of the
(proto)stellar gravity on the H II region had been well surpassed,
leaving ram pressure to dominate.

The simulation runs 500-1.5-NORAD and 1000-1.5-
NORAD also exhibited ram pressure trapping despite simulta-
neous gravitational trapping, which constrained the H II region
within rbinding. In 500-1.5-NORAD, after the onset of photoion-
ization expansion, the H II region rapidly expanded to rbinding.

At the H II region’s maximum extent on the central axis, it
remained at rbinding for the duration of the simulation. On the
central axis, however, the H II region expanded to rbinding but
then experienced an oscillatory phase when the (proto)star was
approximately 25 M→.

Similarly, in 1000-1.5-NORAD (the blue line in the right-
most panel of Fig. 5) at the onset of photoionization expansion,
the ionized gas boundary quickly approached rbinding. However,
the boundary at the central axis was just as quickly pushed back
down from 45 au to 3.5 au, nearly the same level as before the
initial burst of expansion. The boundary then slowly climbed
back up to rbinding, from 96 to 158 kyr. This long staggered climb
clearly contrasts against 500-1.5-RAD or 1000-1.5-RAD as well

A181, page 6 of 11

Lauren Martini
(Master)

Shaghayegh Jolehkaran
(PhD)

Lava World Atmospheres

Joshua Alvarado Barquero
(PhD)

Jets and Feedback
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Star - Disk/Planet Interaction

Planetary Atmospheric Escape
Gas-rich Debris Disks

Hiroto Mitani 
(JSPS Postdoc Fellow)

Astronomy
&Astrophysics

A&A, 695, A153 (2025)
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Physically motivated analytic model of energy efficiency

for extreme-ultraviolet-driven atmospheric escape

of close-in exoplanets

H. Mitani1,2,ω , R. Nakatani3 , and R. Kuiper1

1 Faculty of Physics, University of Duisburg-Essen, Lotharstraße 1, 47057 Duisburg, Germany
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ABSTRACT

Extreme-ultraviolet (EUV) driven atmospheric escape is a key process in the atmospheric evolution of close-in exoplanets. In many

evolutionary models, an energy-limited mass-loss rate with a constant efficiency (typically →10%) is assumed for calculating the

mass-loss rate. However, hydrodynamic simulations have demonstrated that this efficiency depends on various stellar and planetary

parameters. Comprehending the underlying physics of the efficiency is essential for understanding planetary atmospheric evolution

and recent observations of the upper atmosphere of close-in exoplanets. We introduce relevant temperatures and timescales derived

from physical principles to elucidate the mass-loss process. Our analytical mass-loss model is based on phenomenology and consistent

across a range of planetary parameters. We compared our mass-loss efficiency with that of radiation hydrodynamic simulations, finding

that our model can predict efficiency in both energy-limited and recombination-limited regimes. We further applied our model to exo-

planets observed with hydrogen absorption (Lyε and Hε). Our findings suggest that Lyε absorption is detectable in planets subjected to

intermediate EUV flux; under these conditions, the escaping outflow is insufficient in low-EUV environments, while the photoioniza-

tion timescale remains short in high EUV ranges. Conversely, Hε absorption is detectable under high-EUV-flux conditions, facilitated

by the intense Lyε flux exciting hydrogen atoms. According to our model, the non-detection of neutral hydrogen can be explained by a

low mass-loss rate and is not necessarily due to stellar wind confinement or the absence of a hydrogen-dominated atmosphere in many

cases. This model can help identify future observational targets and explicates the unusual absorption detection/non-detection patterns

observed in recent studies.

Key words. planets and satellites: atmospheres – planets and satellites: gaseous planets – planets and satellites: general

1. Introduction

Extreme ultraviolet (EUV) radiation, with energy greater than

approximately 13.6 eV, from host stars plays a critical role

in heating the upper atmospheres of close-in exoplanets. This

occurs through the photoionization of hydrogen atoms. Such

heating is a key driver of hydrodynamic escape (Lammer et al.

2003; Yelle 2004; Murray-Clay et al. 2009; Owen & Jackson

2012; Kubyshkina et al. 2018b), which significantly impacts the

evolution of close-in exoplanets and influences various exo-

planetary characteristics, such as the sub-Jovian desert and

mass-radius gap (Kurokawa & Nakamoto 2014; Mazeh et al.

2016; Fulton et al. 2017; Owen & Wu 2017; Gupta & Schlichting

2019). Numerous transit observations have detected escaping

atmospheres around close-in exoplanets, typically through Lyε

absorption due to its large transit depth (Vidal-Madjar et al.

2003; Lecavelier Des Etangs et al. 2010; Kulow et al. 2014;

Ehrenreich et al. 2015). More recent studies have also used

Hε (e.g., Cauley et al. 2017; Yan et al. 2021) and the helium

triplet (e.g., Oklopčić & Hirata 2018; Spake et al. 2018; Allart

et al. 2023) to observe upper atmospheres using ground-based

telescopes. Despite the intense radiation expected to heat these

ω Corresponding author; hiroto
.mitan

i@uni-
due.de

upper atmospheres and drive hydrodynamic escape, some close-

in planets show no helium absorption (Bennett et al. 2023; Allart

et al. 2023). This absence could be explained by several factors:

the planets might have already lost their hydrogen-dominated

atmospheres (e.g., Zhang et al. 2022), strong stellar winds could

be confining the atmospheres and reducing absorption signals

(Carolan et al. 2020; Mitani et al. 2022), or the escaping out-

flow might be insufficient due to low EUV flux. Understanding

the physics behind the atmospheric thermochemical structure is

crucial for interpreting these observational trends.

There are several types of hydrodynamic escape driven by

radiation from the host stars (Murray-Clay et al. 2009; Owen

2019). If the radiation is not intense, the system becomes

energy-limited and the mass-loss rate of the atmosphere is

almost proportional to the flux of EUV radiation. Conversely,

in the presence of intense ultraviolet radiation, radiative cool-

ing regulates the gas temperature and the system becomes

recombination-limited. In this regime, the mass-loss efficiency

decreases, and the mass-loss rate is not proportional to the flux

but is nearly proportional to the square root of the flux. The

energy efficiency varies with the escape regime and shapes the

history of planetary mass loss. In many simulations of plane-

tary evolution, an energy-limited mass-loss rate with a constant

efficiency is assumed (e.g., Lopez & Fortney 2013; Fujita et al.

2022). However, this simplification overlooks the variability in
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Analytical modeling of helium absorption signals of isothermal
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ABSTRACT

Atmospheric escape driven by extreme ultraviolet radiation is a critical process shaping the evolution of close-in exoplanets. Recent

observations have detected helium triplet absorption in numerous close-in exoplanets (>20), highlighting the importance of under-

standing upper atmospheric thermo-chemical structure. While super-solar metallicity has been observed in the atmospheres of some

close-in exoplanets, the impact of metal species on both atmospheric escape dynamics and observed absorption features remains poorly

understood. In this study, we derived a simplified yet accurate formula for calculating the equivalent width of helium absorption in the

limit of an isothermal temperature for the upper atmosphere. Our results demonstrate that planets with lower temperatures (metal-rich

atmospheres) exhibit lower mass-loss rates, though the equivalent width of helium triplet absorption remains largely independent of

atmospheric temperature (metallicity) because the low temperatures in these atmospheres enhance the fraction of helium in its triplet

state. Additionally, we present a hydrodynamic model based on radiation-hydrodynamic simulations that incorporates the effects of

metal cooling. Our analytical model can predict the helium triplet equivalent width of the atmosphere in simulations. The analytical

model provides a comprehensive framework for understanding how metal cooling in the upper atmosphere influences the thermo-

chemical structure and observable helium features of close-in exoplanetary atmospheres, offering valuable insights for interpreting

current and future observational data.
Key words. planets and satellites: atmospheres – planets and satellites: gaseous planets – planets and satellites: general

1. IntroductionAtmospheric escape driven by intense ultraviolet radiation from

host stars is a critical process in the evolution of hot close-

in exoplanets (García Muñoz 2007; Owen & Wu 2017; Owen

2019; Mazeh et al. 2016; Fulton et al. 2017). Observations of

escaping atmospheres have been made through Lyε absorp-

tion (Vidal-Madjar et al. 2003; Ehrenreich et al. 2015; Bourrier

et al. 2018; Rockcliffe et al. 2021), and constructing theoretical

models of escaping atmospheres is essential for interpreting the

observed absorption signals and thus inferring the atmospheric

structure. Detections of helium triplet absorption at 10 830 Å

have provided a powerful tool for studying escaping atmospheres

(Oklopčić & Hirata 2018; Allart et al. 2018; Spake et al. 2018;

Zhang et al. 2023; Alam et al. 2024). Helium triplet absorption

is observable with ground-based telescopes, and the growing

number of exoplanets known to exhibit this feature highlights

the need for a general theoretical model, applicable to a wide

range of systems, that explains the physics that determine the

atmospheric structure.However, there are puzzling non-detections of helium

absorption in some close-in exoplanets (Zhang et al. 2022;

Bennett et al. 2023; Allart et al. 2023; Orell-Miquel et al. 2024).

Several scenarios have been proposed to explain these non-

detections. For instance, the absence of a primordial hydrogen-

and-helium-dominated atmosphere could account for the lack of

detectable helium absorption for certain planets (Zhang et al.

2022). Additionally, stellar wind interactions play a significant

ω Corresponding author: hiroto.mitani@uni-due.de

role in shaping planetary outflows and influencing observed sig-

nals (Mitani et al. 2022; McCann et al. 2019; Carolan et al. 2020).

The geometry and extent of the escaping atmosphere can be

altered by the interplay between the stellar wind and the plane-

tary outflow. In particular, strong ram pressure from the stellar

wind can confine the escaping atmosphere, thereby reducing

observable absorption signals (Mitani et al. 2022).

While numerous studies have focused on understanding

observed helium absorptions in specific systems (e.g., Kirk

et al. 2022; Zhang et al. 2023), there is a pressing need to

develop a general theoretical framework that explains why no

helium is detected from certain planets despite the predictions

of simple hydrogen-and-helium-dominated atmosphere models.

Recent theoretical work has yielded a general model for Lyε and

helium transit absorption under an energy-limited assumption

(Owen et al. 2023; Schreyer et al. 2024; Ballabio & Owen 2025).

Recent detections of metal line absorptions in the upper

atmospheres of close-in exoplanets (Vidal-Madjar et al. 2013;

Sing et al. 2019; Ben-Jaffel et al. 2022; Boehm et al. 2025)

suggest that metal cooling can significantly impact atmo-

spheric escape and associated observational signals. However,

many existing models of upper atmospheres primarily consider

hydrogen-and-helium-dominated compositions. Several recent

studies have included metal and molecular heating and cooling

processes in models of close-in giants and sub-Neptunes (e.g.,

Koskinen et al. 2014, 2022; Linssen et al. 2022, 2024; García

Muñoz 2023; Kubyshkina et al. 2024; Yoshida & Gaidos 2025).

Nevertheless, the overall impact of metals on the structure and

escape of close-in upper planetary atmospheres is still not fully

understood.
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Thermochemical constraints on a primordial origin of gas-rich

debris disks
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ABSTRACT

Context. Recent observations have revealed gas-rich debris disks around intermediate-mass stars at ages of tens of Myr. Secondary-

origin models can reproduce bright CO emission, but they often predict more neutral carbon than is observed. Recent observations

and disk-evolution models suggest that primordial gas may survive longer than previously assumed, motivating thermochemical tests

of the primordial-remnant scenario for gas-rich debris disks.

Aims. We constrain the parameter space in which a primordial-origin disk around a → 2 M↑ star can reproduce the observed combi-

nation of (i) substantial CO, (ii) low C i/CO ratios, and (iii) weak molecular ions such as HCO +.

Methods. We computed thermochemical profiles using Cloudy for disk structures representative of 20–40 Myr systems from 1D

evolution calculations around a 2M↑ star. We explored (a) radiation source (stellar/internal versus interstellar/external), (b) dust-

to-gas mass ratio, (c) cosmic-ray ionisation rate, and (d) grain size distributions. For each model we calculated radial profiles and

disk-integrated masses of CO, C i, and HCO +.

Results. Even for dust-poor disks (DTG → 10 ↓4), CO can remain abundant in the outer disk. Between 20 and 40 Myr, the molecular

hydrogen gas mass decreases from
M

H2 → 6 ↔ 10 2
M↗ to → 10 2

M↗ , while CO declines more steeply from
M

CO → 1.7 M↗ to

→ 2 ↔ 10 ↓1
M↗ . By contrast, C i stays low and nearly constant at M

C i → 10 ↓3
M↗ . The stringent observational limits on HCO + require

strongly reduced ionisation, favouring a cosmic-ray (ionization??) rate of εCR → 10 ↓19s ↓1 particularly for externally irradiated models

where HCO + is controlled by midplane ion–molecule chemistry.

Conclusions. A dust-poor primordial-remnant disk with weak cosmic-ray ionisation can reproduce a subset of the molecular con-

straints of CO-rich debris disks, especially the coexistence of strong CO, weak C i, and weak HCO +. However, the spatial extent of C i

emission and the idealised treatment of the irradiation geometry remain important limitations. Spatially resolved C i observations and

deeper HCO + searches provide direct tests of whether CO-rich debris disks contain a substantial primordial or hybrid gas reservoir.

Key words. protoplanetary disks – astrochemistry – methods: numerical

1. IntroductionProtoplanetary disks (PPDs) supply the material for planet for-

mation and set the initial chemical and dynamical conditions of

planetary systems. In the classical view, the majority of the disks

disperse on timescales of only a few Myr because high-energy ir-

radiation (EUV/FUV/X-rays) drives photoevaporative mass loss

that clears the gas disks (Alexander et al. 2014; Haisch et al.

2001; Nakatani et al. 2018a,b; Ribas et al. 2015). Within this

standard framework, the availability of primordial gas at ages

of tens of Myr is generally not anticipated, and the transition

10

from gas-rich PPDs to gas-poor debris disks is expected to occur

within a few Myr.
Contrary to this standard picture, recent observations have

revealed debris disks that contain not only dust but also

detectable gas. A small but growing set of gas-rich debris

disks around young A-type stars shows bright CO emis-

sion (Di Folco et al. 2020; Hales et al. 2022; Higuchi et al.

2020; Kóspál et al. 2013; Moór et al. 2011, 2017, 2025;

Rebollido et al. 2022; Szewczyk et al. 2026).

These systems probe the poorly understood interface be-

20

tween the end of the planet-forming epoch and the onset of

ω
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collision-dominated debris evolution (Hughes et al. 2018). In the

conventional picture, a debris disk is sustained by collisions of

planetesimals and contains little primordial gas; thus any de-

tected gas is often interpreted as secondary, produced by ongoing

release from solids. Because CO is readily photodissociated by

UV photons, steady secondary CO requires continuous replen-

ishment and/or effective shielding (Hales et al. 2019; Kral et al.

2016). Neutral atomic carbon is particularly informative because

it is a direct photoproduct of CO and is expected to have a
30

high abundance in the secondary origin scenario (Brennan et al.

2024; Cataldi et al. 2018, 2023; Higuchi et al. 2017, 2019a,b;

Kral et al. 2017, 2019).
ALMA searches for commonly observed molecular trac-

ers (e.g., HCO +, CN) in CO-rich debris disks around A stars

have largely resulted in non-detections, even when compara-

ble observations of evolved Herbig Ae protoplanetary disks do

detect such species (Klusmeyer et al. 2021; Matrà et al. 2018;

Smirnov-Pinchukov et al. 2022). These molecular upper limits

can be used to study the origin of gas-rich debris disks.

40

In parallel, recent theoretical work has raised the plausibility

that at least a subset of gas-rich debris disks are long-lived rem-

nants of protoplanetary disks that have become severely depleted

in small dust grains (Nakatani et al. 2023; Ooyama et al. 2025).
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• Very Long Baseline Interferometer (VLBI)
• Water Maser

‣ Δx ~ 0.05 au

• Radiation-Magneto-Hydrodynamics
• Including Ohmic Dissipation

‣ Δx ~ 0.03 au

‣ Direct Comparison of the Gas Dynamics of the Jet Launching Region!
• Mass of the protostar
• Disk size
• Position of bow shock / jet’s front
• Position of collimation points along the jet
• Helical structure and velocity of fast collimated flow
• Structure and velocity of slower molecular flow at large scales
• Magnetic field strength / polarization


