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Abstract
Recent years have seen a surge of interest in the community studying the effect of ultraviolet radiation

environment, predominantly set by OB stars, on protoplanetary disc evolution and planet formation. This is
important because a significant fraction of planetary systems, potentially including our own, formed in close
proximity to OB stars. This is a rapidly developing field, with a broad range of observations across many
regions recently obtained or recently scheduled. In this paper, stimulated by a series of workshops on the
topic, we take stock of the current and upcoming observations. We discuss how the community can build on
this recent success with future observations to make progress in answering the big questions of the field, with
the broad goal of disentangling how external photoevaporation contributes to shaping the observed (exo)planet
population. Both existing and future instruments offer numerous opportunities to make progress towards this
goal.

1. INTRODUCTION
This work follows a series of four meetings stimulated by

multiple large grant awards related to the study of how radia-
tion fields in stellar clusters affect protoplanetary disk evolu-
tion and planet formation in a process called ‘external photo-
evaporation’. These meetings were hosted as follows:

1. University of Milan, Summer 2023, Giovanni Rosotti
and the ERC StG DiscEvol.

2. ESO, Garching, Winter 2023, Carlo Manara and the
ERC StG WANDA.

3. The Royal Society, London, Summer 2024, Thomas
Haworth and the ERC CoG FRIED.

4. The Rice Paris Institute, Paris, Winter 2024, Megan
Reiter and NSF CAREER award.

This document aims to briefly summarise the state of the field
as captured at those meetings, identify outstanding issues and
propose some means via which progress can be made with
existing and future facilities.

2. A BRIEF REVIEW OF THE STUDY OF EXTERNAL
PHOTOEVAPORATION

2.1. Environmental influences on planet formation
External photoevaporation is one of several processes

through which the environment external to protoplanetary

Corresponding author: Thomas Haworth, t.haworth@qmul.ac.uk

disks may influence the process of planet formation, with po-
tential consequences for the resultant exoplanet population.
Planet-forming disks are found around young stars (typically
with ages ≲ 10 Myr). This time scale for planet formation co-
incides with the period over which stars inhabit their nascent,
hierarchically collapsing star forming regions (e.g. Lada &
Lada 2003). In such environments of enhanced local star and
gas density, star-disk systems may be gravitationally perturbed
by stellar encounters (e.g. Cuello et al. 2023), accrete from the
ambient interstellar medium (e.g. Pineda et al. 2020) and, in
the presence of nearby strong UV sources, lose material to
thermal winds from the heated outer disc. The latter process
is known as external photoevaporation (Winter & Haworth
2022).

2.2. Early studies
2.2.1. Discovery of proplyds

The first unambiguous evidence for the external photovapo-
ration of protoplanetary disks came from Hubble Space Tele-
scope (HST) observations of young stars in the Orion Nebular
Cluster (ONC). While some stars showed clear disks in silhou-
ette, many also had an associated teardrop morphology with
a bright “cusp” pointed towards the UV sources in the region,
which were the first identified external photoevaporative winds
(O’Dell et al. 1993; O’Dell & Wen 1994; O’Dell 1998; Bally
et al. 2000). The term “proplyd” was used to describe all PRO-
toPlanetarY Disks, but this terminology has evolved to now
refer to the teardrop shaped externally irradiated disks/winds.
Figure 1 shows a multi-wavelength, multi-instrument view of
the ONC proplyd 177-341 over a 4 × 4′′ field. It includes
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images from VLT/MUSE, JWST, ALMA and the VLA, which
combined provide a deep insight into the properties of im-
portant different parts of the proplyd. We are now in an
era where we have a comprehensive multi-wavelength view
of many of these objects, particularly those in the relatively
nearby (∼400 pc) Orion molecular cloud complex.

The early HST observations were followed by observations
with facilities such as Keck (Henney & O’Dell 1999; Bally
et al. 2000) and stimulated theoretical work trying to under-
stand the mass flux and observational characteristics (John-
stone et al. 1998; Henney & Arthur 1998; Störzer & Hollen-
bach 1998; Richling & Yorke 2000). Theory and observations
agreed that the rate of mass loss ¤𝑀wind from many proplyds is
sufficiently high that the depletion time scale 𝜏dep = 𝑀d/ ¤𝑀wind
for a typical disc mass 𝑀d is very short (≪ 105 yr in some
cases), giving rise to the “proplyd lifetime problem”: why
are objects that are predicted to be so short-lived observed in
regions that are > 1 Myr in age (e.g. Henney & O’Dell 1999)?

2.2.2. Evolutionary context

Not long after the discovery of proplyds, pioneering work
interpreting photometry of young stars by Hillenbrand et al.
(1998) revealed the fraction of stars with NIR excess or inner
disk across the ONC decreased with distance from the centre
of the cluster (decreasing external UV flux). While this trend
is probably a consequence of the presence of younger stars
towards the central regions (Hillenbrand 1997), this suggested
that external photoevaporation is not the dominant factor in
dispersing this inner disc material in the ONC. Indeed 80 per-
cent of disks in the central ∼ 0.15 pc survive, a fact that
seemed to require that these disk-hosting stars have only re-
cently migrated into the highly irradiated region (Störzer &
Hollenbach 1999). This turned out to be a solution difficult
to reconcile with the nominal age of the ONC (typically es-
timated at ∼ 1 − 3 Myr) unless discs remained very compact
and/or implausibly massive (Scally & Clarke 2001). On the
other hand, compact disks would have much lower mass loss
rates than apparent among the proplyds.

Interest in the topic waned somewhat in the early 2000s,
possibly reflecting the apparent inefficiency of external pho-
toevaporation in influencing the inner disk material probed by
the photometric constraints of the time. From a theoretical
perspective it was clear that external photoevaporation should
preferentially drive mass loss in the outer disk, where the grav-
itational potential is shallowest, perhaps leaving the inner disk
untouched. However, Adams et al. (2004) showed that winds
can be launched even when the disk is entirely contained within
the gravitational radius (the radius where gravitational poten-
tial balances thermal energy). Then Clarke (2007) applied
the first viscous disk evolutionary models including external
photoevaporation to show that the process truncates the disk
down to the point where the wind loss and viscous spreading
rates match, at which point the disk is depleted over a viscous
time scale. Broadly, if the inner material is replenished from
the outer disk, even the inner disk life time should at least
somewhat depend on external UV field.

Evidence for a gradient in disk life-times with increasing
external UV field was only finally revealed when disk frac-
tions across more distant star forming regions with several O
stars were observed (Stolte et al. 2004; Fang et al. 2012; Guar-
cello et al. 2016, 2023). These studies found fractionally fewer
disk-hosting stars at high far ultraviolet (FUV) fields, indicat-
ing that an FUV flux ≳ 103 G0 could indeed shorten the inner

disk lifetime. Fatuzzo & Adams (2008) estimated, based on
the demographics of star forming regions, that the majority
of stars (and planetary systems) form in such environments,
suggesting that the external UV field influences the formation
of the majority of the local exoplanet population. However,
despite inducing mass-loss and shortening disk lifetimes, ex-
ternal photoevaporation does not necessarily suppress planet
formation. Throop & Bally (2005) suggested that preferential
removal of gas from the outer disk may, in fact, be conducive to
the growth of solid particles by concentrating dust. This idea
was supported by evidence from the multi-wavelength opac-
ity measurements of an edge-on silhouette disk in the ONC,
114-426 (Throop et al. 2001). Nonetheless, the nature of the
influence that external photoevaporation has on forming plan-
ets in different disk regions broadly remained (and remains)
unclear.

2.2.3. Anatomy of externally photoevaporating discs

Equally as important as the evolutionary implications of ex-
ternal photoevaporation are the (micro)physics and observable
signatures of the wind itself. Ground-based mid-infrared ob-
servations of the Orion Nebula (Robberto et al. 2005; Smith
et al. 2005) revealed that the proplyd disks, ionization fronts,
and wind-interaction arcs all emit brightly in the 10 to 30 mi-
cron range, with silicate dust features seen in emission (Shup-
ing et al. 2006). Ricci et al. (2008) published a catalogue of
all proplyds (and non-proplyd YSOs) across the ONC, giving
a final number of 178 proplyds.

At this time, a lot of work focused on proplyd models to di-
agnose the conditions and abundances in proplyds from optical
line emission (Henney et al. 2005; Mesa-Delgado et al. 2012;
Tsamis et al. 2013). Vicente et al. (2013a) combined HST,
VLT/NACO and VLT/VISIR observations to make the first
estimate of polycyclic aromatic hydrocarbons (PAHs) abun-
dance in the proplyd HST 10, finding that they appear to be
less abundant than in the ISM. Finally, ahead of its time,
Walsh et al. (2013) made the first consideration of the impact
of external irradiation on disk chemistry, predicting that some
line fluxes can be significantly enhanced by external irradia-
tion, something that is now being studied, a decade later, with
ALMA and JWST as we will discuss below.

Over the years, candidate proplyds were also suggested
in different regions. Some of these were identified spec-
troscopically, for example, Rigliaco et al. (2009) suggested
the existence of external photoevaporation in 𝜎 Ori based
on VLT/FLAMES spectroscopy (but these are still yet to be
directly imaged/resolved, see also Maucó et al. 2023). Oth-
ers have been detected in the infrared, such as the strongly
illuminated proplyd 𝜎 Ori IRS 1B, initially discovered via
mid-infrared silicate emission (van Loon & Oliveira 2003)
and confirmed via near-infrared H and He recombination line
observations (Hodapp et al. 2009).

At longer wavelengths, an intriguing class of proplyd-like
objects has been discovered in Spitzer/MIPS 24 𝜇m images by
Balog et al. (2006), consisting of three dusty tails - in NGC
2244, IC 1396 and NGC 2264 - that seem to be severely gas-
depleted (Balog et al. 2008), possibly representing a later stage
of disk evolution. So far, these seem to represent a rare class of
proplyd with no more than 19 known candidates (Balog et al.
2006; Koenig et al. 2008; Kim et al. 2016; Thévenot et al.
2019; Thévenot 2020), mostly in more distant star-forming
regions. The closest examples are KCFF-1 in NGC 1977
(Kim et al. 2016), though this does show free-free emission
from the ionisation front (Boyden & Eisner 2024) indicating
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Fig. 1.— A gallery of images of the proplyd 177-341 in the ONC from different facilities. The field of view is 4 × 4′′. The upper 4 panels are from VLT/MUSE
(Aru et al. 2024a), which from left to right are the [O i] 6300Å line (tracing the disk, PDR and ionisation front), H 𝛼 (predominantly tracing the ionisation
front), [Fe ii] 8617Å (tracing jets) and the [C i] 8727Å which traces the base of the wind. The left two lower panels are F187n and F335m from JWST NIRCam
(McCaughrean & Pearson 2023). The lower right panels are ALMA (Ballering et al. 2023) (tracing dust in the disk and free-free emission from ionisation front)
and VLA (Sheehan et al. 2016) (tracing the ionisation front) observations respectively. Note that ELT/HARMONI will offer around an order of magnitude higher
spatial resolution over MUSE/NFM and JWST. SKA will also provide around an order of magnitude enhancement in spatial resolution compared to the VLA
image here at similar wavelengths.

gas is present, and two candidates surrounding LOri043 and
LOri065 in the 𝜆 Orionis region (Thévenot et al. 2019), which
is the oldest region (∼ 6 Myr) where proplyds have been
suggested.

Finally, other objects suggested to be proplyds are often
teardrop shaped objects on a much larger scale (Brandner
et al. 2000; Smith et al. 2003; Wright et al. 2012; Sahai et al.
2012; Guarcello et al. 2013; Grenman & Gahm 2014; Mesa-
Delgado et al. 2016) and are likely to be evaporating gaseous
globules/globulettes (EGGs). Globules often contain young
stellar objects (YSOs) and are very interesting in their own
right (see the above references and e.g. Reiter et al. 2019,
2020a,b; Goicoechea et al. 2020). However, YSOs embedded
within globules are probably gaining mass from the globule,
and so we typically distinguish them from proplyds, where the
disk itself is losing mass by external photoevaporation.

From the mid 2010s everything changed quite dramatically
in the study of planet formation and protoplanetary disks
thanks to new observational facilities. Prior to this, the opti-
cal view of the silhouette disks in the ONC provided a small
number of spatially resolved examples, which all showed an
unstructured internal morphology (e.g. Bally et al. 2000; Ricci
et al. 2008). However, the unprecedented high resolution and
sensitivity of ALMA at mm-wavelengths, as well as high con-
trast of ground-based near-IR imagers from 8-m telescopes,
revealed that disks are, in fact, highly structured, with rings,
gaps, asymmetries and other features in gas and dust (e.g.
ALMA Partnership et al. 2015; Andrews et al. 2018; Öberg
et al. 2021; Benisty et al. 2023). This has led to massive
advances in our understanding of disk processes and planet
formation, and continues to do so. However, the focus of high
spatial resolution observations in this period was on nearby
(∼ 130–190 pc) low mass and density star forming regions,
such as Taurus/Lupus, where targets are brighter and easier

to resolve. Large mm-sized dust grains probed by ALMA
continuum observations are mostly well-settled into the disk
mid-plane (e.g. Villenave et al. 2020), as well as being radi-
ally compact with respect to the gaseous disc (e.g. Facchini
et al. 2017). In addition, even for molecular line emission,
the high spatial resolution interferometry filters out large scale
structure. These biases have made it easy to consider disks
as isolated systems. Aside from systems with clear gravita-
tional encounters (i.e. multiples), disk properties were not
typically understood to be influenced by a dynamic external
environment.

2.3. A new burst of activity
From 2016 external photoevaporation experienced a surge

of renewed interest. Given the large volume of work produced,
we split progress over this period by theory and observation.
We start with only a very brief summary of theoretical devel-
opments, given that this paper focuses on observations.

2.3.1. Theory

Significant advances were made in understanding the im-
portant microphysics of an FUV driven wind, leading to sub-
stantial revision of the expected mass loss rates. Facchini
et al. (2016) calculated new semi-analytic solutions for far-
ultraviolet radiation (FUV) driven mass loss, accounting for
the fact that only small dust grains are entrained in the wind,
which lowers the extinction to the disk outer edge and promotes
mass loss. This was followed by the development of radiation
hydrodynamic simulations capable of modeling external pho-
toevaporation (Haworth et al. 2016; Haworth & Clarke 2019)
which was significant because they i) enabled more flexible
exploration of the parameter space than semi-analytic models,
ii) extended the dimensionality of the semi-analytic models,
which were restricted to 1D and iii) enabled more realistic
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radiative transfer comparisons with observations (which we
discuss in 2.3.1).

An impactful outcome of the radiation hydrodynamic mod-
els was the public grids of mass loss rates that have made
the study of external photoevaporation more accessible to the
wider community (Haworth et al. 2018b, 2023b). This in
turn has led to many works studying disk evolution, including:
exposure to constant UV fields (e.g. Haworth et al. 2018a;
Sellek et al. 2020; Coleman & Haworth 2022; Weder et al.
2023; Gárate et al. 2024; Coleman et al. 2025), exposure to
time varying UV fields in cluster calculations (e.g. Concha-
Ramírez et al. 2019; Nicholson et al. 2019; Qiao et al. 2022;
Wilhelm et al. 2023; Parker et al. 2021), and coupling of exter-
nal photoevaporation to detailed models of planet formation
and evolution (Winter et al. 2022; Daffern-Powell & Parker
2022; Qiao et al. 2023; Emsenhuber et al. 2023; Huang et al.
2024a). The earliest stages of planet formation also depend on
the rate of drift of dust through the disk due to the ‘headwind’
it experiences (Birnstiel et al. 2012), and Sellek et al. (2020)
showed that the truncation of the disk by external photoevap-
oration results in rapid inward drift of mm-sized grains from
the outer disk. Whether or not this dust survives depends on
whether dust traps (i.e. pressure bumps in the disk mid-plane)
can efficiently stop inward migration before the outer disk is
depleted (Gárate et al. 2024).

Regarding disk demographics in the solar neighbourhood,
Winter et al. (2018) showed that external photoevaporation
is important for disk evolution, and that dominates over ran-
dom star-disk encounters in observed star forming regions.
In the galactic context, other works suggested that external
photoevaporation may dominate over internal disk dispersal
mechanisms for a majority of disks (Winter et al. 2020a; Lee
& Hopkins 2020).

2.3.2. Probing growing dust with mm-continuum interferometry

Continuum surveys in the submillimetre (sub-mm) offer a
powerful window into the demographic evolution of proto-
planetary discs. If we can assume that the disk emission
is optically thin, can be disentangled from free-free emission,
and that the disk temperature is constant (usually∼ 20 K), then
the flux from a given disk is a proxy for the total dust mass. In
this way, SMA observations by Mann & Williams (2010) al-
ready showed evidence for depletion of disk dust masses in the
highly irradiated core ∼ 0.3 pc of the ONC compared to those
at ∼ 1 pc separations, despite the contrary influence of the UV
heating on continuum flux (Haworth 2021). With ALMA, this
became clearer for larger samples of disks in and around the
ONC (Mann et al. 2014; Eisner et al. 2018; van Terwisga et al.
2019). A dust mass gradient as a function of distance from the
main UV source was also observed in 𝜎 Orionis by Ansdell
et al. (2017), and median disk masses also appear to be anti-
correlated with ambient UV broadly across the Orion complex
down to very low FUV radiation fields (G0 of order unity van
Terwisga et al. 2022; van Terwisga & Hacar 2023; Stapper
et al. 2025). van Terwisga et al. (2020) also used ALMA to
identify a subset of disks which appeared to be depleted in the
continuum, despite a high fraction (∼ 80 percent) of surviving
disks based on NIR excess across the region (Haisch et al.
2001). This result appeared to echo the findings in the ONC,
i.e. that cold millimeter dust is more easily depleted than inner
disk material, and motivated follow up searches for proplyds
(see Section 2.3.3).

Information on the spatial distribution of the dust requires
resolved continuum observations, which are more challenging

for the irradiated disks in Orion than the comparatively nearby
early ALMA targets. Even so, the high resolution surveys by
Eisner et al. (2018) and Otter et al. (2021) demonstrated that
mm continuum disk sizes in the core of the ONC are smaller
than those in similarly aged low mass star forming regions. A
possible interpretation for this finding is truncation or inward
dust drift due to external photoevaporation (Sellek et al. 2020).
Huang et al. (2024b) recently presented high resolution ALMA
continuum observations towards disks in 𝜎 Orionis. This
study, along with some remarkable individual case studies,
tentatively showed fewer substructures for the disks in higher
UV parts of the cluster. However, such inferences are made
extremely challenging by the inherent bias in high-resolution
observations which tend to target sources with a substantial
quantity of remaining dust.

2.3.3. Tracing disc winds at optical and mm/cm wavelengths

The presence and morphology of a proplyd ionisation front
is probed either by highly ionised emission lines or free-free
emission at radio wavelengths. Outside of the ONC, Kim
et al. (2016) discovered 7 proplyds in the vicinity of the B1V
star system 42 Ori in NGC 1977 (with an age ∼1–2 Myr) us-
ing HST and Spitzer (note that one other proplyd, Parenago
2042, was discovered in NGC 1977 by Bally et al. 2012). The
discovery of these eight proplyds was significant because it
demonstrated that the reach of external photoevaporation ex-
tends to much weaker UV environments (∼ 103 G0) compared
with close proximity to the O6V star 𝜃1 Ori C in the ONC
(104 − 107G0). Haworth et al. (2021) also discovered a hand-
ful of proplyds with HST in the very young region NGC 2024,
demonstrating that disks can be irradiated at very young ages
(∼0.5–1 Myr), at a time that might even influence planet for-
mation at early stages. Fang et al. (2016) also discovered a
planetary-mass proplyd in the ONC. Identifying proplyds in
this way requires spatially resolved observations. Therefore,
all of these proplyds are observed toward clusters at around
400 pc in the constellation of Orion, as summarised in Figure
2, rather than more distant regions.

VLT/MUSE has also recently proven to be a powerful tool
in the study of proplyds, and has the potential to be invaluable
for identifying much more distant examples. As an integral
field spectrograph, in the narrow field mode it provides low
spectral resolution maps across the optical range at higher spa-
tial resolution than offered by HST or the James Webb Space
Telescope (JWST). At present, VLT/MUSE has been used to
observe around a dozen proplyds (Kirwan et al. 2023; Haworth
et al. 2023a; Aru et al. 2024a; see Fig. 1 for an example), pro-
viding a unique view of their ionisation and photodissociation
structures. These experiments are also valuable in the efforts to
use line diagnostics to identify proplyds at distances at which
they cannot be spatially resolved (e.g. based on predictions
such as those of Ballabio et al. 2023). However, these efforts
are in the early stages (with groundwork being laid by e.g.
Itrich et al. 2024) and so we return to them later in this paper.

At radio wavelengths, the VLA is proving a very useful tool
in the identification and interpretation of proplyds. It enables
us to search for signs of ionisation fronts over large fields
of view, even when there is significant foreground extinction.
Boyden & Eisner (2024) presented a VLA survey towards
NGC 1977, identifying many candidate new proplyds, though
given the low ionising flux of 42 Ori follow up work is required
to confirm that the signal is not due to internal ionisation by
the host star (the star the disk orbits). Ballering et al. (2023)
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combined ALMA and VLA observations to separate the disk
and ionization front contributions to the radio continuum (e.g.
Fig. 1). This meant they could use an emission measure to
estimate the density in the ionisation front and hence provide
a measure of the mass loss rate. This was in reasonable agree-
ment (to within an order of magnitude) of the more commonly
adopted approach of estimating the mass loss rate based on the
assumption of photoionization equilibrium given the expected
incident ionizing flux and ionization front radius (see Winter
& Haworth 2022). There are additional VLA and VLBA sur-
veys of the ONC with underutilised potential for the study of
proplyds (Forbrich et al. 2016; Vargas-González et al. 2021;
Forbrich et al. 2021).

2.3.4. Emission originating close to the disc surface

Lower ionisation state and molecular gas emission lines
typically probe the denser regions, often at the base of the wind
or within the bound disc structure itself. Several bright lines
of this kind fall within ALMA wavelengths, and are therefore
detectable and in some cases spatially resolvable at the distance
of Orion. Boyden & Eisner (2020, 2023) performed a HCO+
and CO line survey of disks in the core of the ONC (FUV fluxes
≳ 104 G0), finding that they are likely compact, massive and
CO rich compared to disks in lower mass clusters. By contrast,
at lower UV intensities (∼ 500 G0) Díaz-Berríos et al. (2024)
infer similar molecular abundances to nearby low-mass SFRs.
This hints that overall chemistry may only be influenced at the
fairly extreme UV field strengths found in the central ONC.

Another interesting result of Boyden & Eisner (2023) is that
the gas-to-continuum radius ratio appears smaller in the ONC
compared to lower mass regions, suggestive of truncation (e.g.
Gárate et al. 2024). Adding to the circumstantial evidence,
in the broader Orion region Valegård et al. (2024) find no
resolved discs in their scattered light NIR observations with
VLT/SPHERE in regions exposed to FUV field larger than
300 G0.

There has also been growing interest in probing neutral
atomic carbon via its sub-mm fine-structure lines, which are a
PDR tracer and predicted to be a good kinematic tracer near
to the base of the wind (Haworth & Owen 2020). Yet, a
search with APEX towards the NGC 1977 proplyds resulted
in non detections only (either due to low disk masses, carbon
depletion or beam dilution, Haworth et al. 2022). There have
been a handful of detections of atomic carbon towards disks in
low UV environments (of order 1 − 10G0 Kama et al. 2016),
and there is now a single detection towards the 203-506 FUV
irradiated disk near the Orion Bar (Goicoechea et al. 2024).
In the NIR, VLT/MUSE recently revealed that the forbidden
line at [CI] 8727Å is an excellent tracer of the irradiated disk
surface (Haworth et al. 2023a; Aru et al. 2024b). In general,
NIR lines from electronically excited states of atomic carbon
are excellent tracers of external FUV (Escalante et al. 1991;
Goicoechea et al. 2024). While the NIR lines cannot cur-
rently be spectrally resolved, they do offer potential diagnostic
utility in finding externally irradiated disks when a proplyd
morphology is not resolved.

2.3.5. Infrared constraints on PDR physics and inner disk survival

There has been limited study of proplyds in the mid-to-far
infrared. Spitzer has been valuable in the search for proplyds,
but typically more so at the shorter wavelengths, where there
is more archival data (e.g. with IRAC, Kim et al. 2016).
Champion et al. (2017) studied dense PDR lines with Herschel

towards four cometary objects, including two proplyds in the
ONC. They studied FIR lines such as [OI] 63 𝜇m and high-
J CO lines to determine the conditions in the PDR of the
flow, and independently estimate a mass loss rate for these
proplyds that was consistent with prior estimates. Maucó
et al. (2016) also used Herschel to study YSOs in 𝜎 Ori,
finding [NII] emission associated with one of the larger disks,
but not for the smaller targets, possibly indicative of external
photoevaporation. We will discuss below how future FIR
concept missions may offer new utility in the study of external
photoevaporation.

A NIR excess is also an expected signature of a dusty inner
disk, and is therefore used as a probe of disk dispersal. Many
works have studied the inner disk fractions as a function of
cluster mass and age, as well as a function of location (UV
field) within the cluster (e.g. Stolte et al. 2004; Preibisch et al.
2011; Fang et al. 2012; Stolte et al. 2015; Richert et al. 2015;
Guarcello et al. 2016; Richert et al. 2018; Guarcello et al.
2023). However these can be difficult to interpret for a number
of reasons. For bulk disk fractions, comparisons between
regions can be challenging because both age constraints and
sensitivities (e.g. as a function of stellar mass) are often
inhomogeneous. Even for disk fraction gradients inferred
from single surveys within individual regions, care must be
taken over the fraction of contaminants and age gradients (e.g.
Getman et al. 2014). While anti-correlations between disk
fractions and FUV flux appear to be clear in at least some
regions, this may not be causal, and could plausibly originate
from an alternative (environmental) process.
2.3.6. The terrestrial planet forming zone and PDR chemistry with

JWST

A more recent development is the introduction of JWST,
providing high sensitivity and high resolution spectroscopy
in the near- and mid-infrared. So far there have been two
primary studies of externally irradiated disks with published
results. One is the XUE project, which targeted 12 disks
in NGC 6357 with MIRI/MRS. Their sample contains disks
around stars with spectral types fom late G to early F, making
them borderline cases between intermediate-mass T-Tauri and
Herbig disks (Brittain et al. 2023; Ramírez-Tannus et al. in
prep.). NGC 6357 is a more extreme region than the ONC,
with multiple very massive stars, and containing one of the
most massive stars in our Galaxy (Pis24-1, O4III(f+)+O3.5If*;
Walborn 2003). They have so far published results for a first
target “XUE 1” (Ramírez-Tannus et al. 2023), a T-Tauri disk
around a ∼ 1 M⊙ star. They find an inner disk bearing H2O,
CO, 12CO2, HCN, and C2H2, in a very similar fashion to T-
Tauri disks in nearby regions (e.g. Henning et al. 2024). The
rest of the XUE sample shows a very diverse chemical in-
ventory, with spectra showing a rich molecular content, even
for example in various isotopes of CO2 (Frediani et al., in
prep.), while others seem to be depleted of water and other
gas-phase molecules, in a fashion more similar to high-mass
disks surveyed in nearby regions (Fedele et al. 2011; Ban-
zatti et al. 2020; Banzatti et al. 2022). While the presence of
PAHs is not homogeneous across the sample, all the spectra
have a prominent 10 𝜇m silicate feature, indicating that small,
partially crystalline silicate dust is present at the disk surface
(Ramírez-Tannus et al., in prep.). This is similar to what is
observed in samples of nearby T-Tauri stars, which is surpris-
ing given the very strong background radiation coming from
the massive stars in NGC 6357. The authors hypothesize that
the reason for not having enhanced line emission in the XUE
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Fig. 2.— A summary of the regions across the Orion constellation where proplyds (or candidate proplyds) have been identified. All of these regions are at
distances of around 400 pc.
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sources is that these disks have been truncated due to external
photoevaporation (Portilla-Revelo et al. 2025). These results
suggest that perhaps the inner terrestrial planet forming zones
are similar across a range of external UV environments.

A second large study of irradiated discs is underway with
the PDRs4All ERS collaboration, which obtained NIRCam,
MIRI/Imaging, MIRI/MRS, and NIRSpec observations to-
wards the Orion Bar and ambient parts of the ONC (Berné
et al. 2022a). Multiple papers have analysed the spectroscopic
data on the intriguing FUV-only irradiated disk 203-506, re-
vealing estimates of physical conditions and mass loss rate
(Berné et al. 2024), the first detection of the methyl cation
CH+

3 , a key intermediate molecule in organic photochemistry
(Berné et al. 2023); the formation and destruction of water
(Zannese et al. 2024); and the lack of volatile carbon deple-
tion, along with a nearly solar C/O abundance ratio in the
upper irradiated layers of the disk (Goicoechea et al. 2024).
The study of another proplyd in Orion (d203-504) with the
PDRs4All data allowed the detection of water in the inner disk
and the derivation of a gas-phase C/O abundance ratio of∼ 0.5
(close to Solar, Schroetter et al. submitted). A large sample
of proplyds is observed in photometry in a large number of
narrow and broadband filters in the JWST survey of the inner
Orion Nebula and Trapezium Cluster (McCaughrean & Pear-
son 2023; Ballering et al. 2024; see Fig. 1) which is yet to be
fully utilised.

From the above, we can see that the pace of work on external
photoevaporation and the rate of new observations have accel-
erated dramatically in recent years, helped by the introduction
of new facilities. We now discuss some of the key problems
motivating this interest, before moving on to see what future
observations are required to fully address those problems.

3. ISSUES TO ADDRESS
The primary broader goal is of course to understand the

complex interplay between all of the myriad processes that oc-
cur in protoplanetary disk formation and evolution, and with
that to understand planet formation and exoplanet demograph-
ics. External photoevaporation of disks is just one part of
that picture, but we have evidence that it can severely affect
disk masses, radii and possibly lifetimes, at the very least in
the case of the proplyds. So the main questions surrounding
the impact of external photoevaporation in the context of the
most aspirational goal mentioned above involve understanding
what fraction of the total stellar population actually experience
external photoevaporation, and whether they might do so at
a time or in a manner that would influence planet formation.
Here we explore specific goals or questions that need to be
addressed to do with external photoevaporation.

3.1. What are the timescales and frequency of external
irradiation?

This is one of the most important outstanding problems in
the study of external photoevaporation. We can look at a disk
and see that it is subjected to a dramatic mass loss. We can
run simulations where a disk is exposed to strong UV radiation
and see that it predicts dramatic mass loss. However, from an
observational perspective, what is not well understood is what
fraction of stars are exposed to UV radiation fields of a given
strength, and over what evolutionary period are they exposed
to such a field? In particular, there is growing evidence and
support for the idea that progress towards planet formation
happens quickly (e.g. Sheehan & Eisner 2018; Segura-Cox

et al. 2020; Tychoniec et al. 2020) so how do the timescales
for irradiation and disk dispersal compare to possible planet
formation timescales? This also ties in to the proplyd lifetime
problem discussed above: why do we see proplyds when their
depletion timescales are extremely short?

Addressing these questions really requires a connection to
the processes of star formation and feedback. Stars form from
collapsing clouds/cores, which in turn provide natal shielding
of the star/disk from external irradiation. The point in time
when any given star is stripped of that shielding depends either
on the timescale for it to dynamically leave the surrounding
cloud, or for the surrounding cloud to be dispersed by stellar
feedback. Both of those timescales are non-trivial to deter-
mine, depending on the size of the ambient cloud, the local
stellar number density (which may lead to ejection), the prox-
imity of massive stars and overall timescale that feedback has
been dispersing the molecular gas for in the region.

There has been recent theoretical work trying to address
these questions by studying sink particles (stars) in star for-
mation and feedback simulations. These in particular focus
on the impact of ongoing star formation and natal shielding
(Qiao et al. 2022; Wilhelm et al. 2023; Concha-Ramírez et al.
2023; Gautam et al. 2025).

The outstanding question is how to test this observation-
ally? How can we quantify the impact of shielding? How can
we determine when and to what extent disks were exposed to
external irradiation in the past? There are at least two possibil-
ities for making progress on this. One involves searching for
very young externally irradiated disks, which reduces some of
the complexity by stellar motions in the cluster but where we
are limited in possible targets. NGC 2024 is one such very
young region where this might be applied but others are much
more distant, such as Tr 14 (∼ 2.7 kpc). In very young regions
like these, determining the depleted and currently irradiated
disk fractions directly places constraints on the timescale for
irradiation.

The more difficult alternative would require being able to
interpret the dynamical history of the stars in a cluster and get
a handle on the extinction over time. This requires astrometry
and Gaia (Gaia Collaboration et al. 2016) is enabling huge
advances in this regard. However, a significant complication
is that most massive stars are multiples which makes the overall
proper motion vector of the multiple difficult to determine. A
complementary approach here is to use N-body simulations to
constrain the dynamical history of the cluster, for example as
has been attempted in Cygnus OB2 (Winter et al. 2019a), the
ONC (Winter et al. 2019b) and NGC 2264 (Schoettler et al.
2022; Parker & Schoettler 2022).

3.2. How has external irradiation varied over cosmic time
The peak star formation epoch was at “cosmic noon”, at a

redshift of ∼ 2 (Madau & Dickinson 2014). Most of the exo-
planet systems discovered in recent years have ages between 2
– 5 Gyr (Bonfanti et al. 2016; Swastik et al. 2024) and therefore
will have formed in environments more representative of star
formation at such an epoch (Kruĳssen 2012), rather than the
present day, nearby Galactic regions that are often the focus
of demographic studies of planet formation.

Two important factors may have resulted in a different kind
of planet formation at 𝑧 ∼ 2. One is that since the star for-
mation rate was higher, probably the interstellar UV field was
also stronger (Madau & Dickinson 2014; Förster Schreiber &
Wuyts 2020; Winter et al. 2020a; Hallatt & Lee 2024). An-
other is that metallicity was lower. There is some evidence
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that disk fractions are observed to be lower at lower metal-
licity (e.g. Patra et al. 2024). The reason for this is not fully
understood, though it may be that internal photoevaporation is
more effective at lower metallicity (Ercolano & Clarke 2010;
Wölfer et al. 2019). Stellar feedback also disperses molecular
gas more rapidly at lower metallicity (e.g. Ali 2021), which
may decrease the length of time for which disks are shielded by
the ISM. Mass loss from protoplanetary disks due to external
photoevaporation may also depend on metallicity. However,
while this possibility has not been well studied, preliminary
models suggest any such dependence is not a strong one (Ha-
worth et al. 2023b).

Making progress in understanding this observationally re-
quires improving our understanding of disk evolution in rel-
atively nearby regions of low metallicity. For example De
Marchi et al. (2024) find longer lived disks in the low metal-
licity cluster NGC 346 in the Small Magellanic Cloud. More
nearby, there is also a collection of lower metallicity star form-
ing regions in the outer Galaxy such as Dolidze 25 (e.g. Guar-
cello et al. 2021; Ashraf et al. 2023). However, a major ob-
stacle is that even at these distances (e.g. to Dolidze 25 is
4-6 kpc) we cannot resolve the disks. We therefore must inter-
pret how disk evolution proceeds based on spatially unresolved
line emission. This unresolved line emission can be confused
with background nebulosity in massive star forming regions.
This underlines the importance of (and challenges in) develop-
ing new observational techniques for probing unresolved disk
populations (e.g. Rogers et al. 2024c; Itrich et al. 2024).

3.3. The interplay between infall and stellar
feedback/external photoevaporation

This question is not strictly one of external photoevaporation
of disks, however streamers and infall formed a regular part
of the discussion by the final meeting that stimulated this
work. Infall is relevant to understanding the process of external
photoevaporation observationally, because it may result in a
similar environmental dependence of disk properties.

Infall has gained attention in recent years due to the dis-
covery of large scale structures that appear to be signatures of
infall onto disks (Pineda et al. 2020; Gupta et al. 2023). These
accretion flows onto the disk are referred to as “streamers”.
In some cases, it has been determined that the kinematics of
the gas is consistent with infall (Gupta et al. 2024) and that an
observable shock is induced at the interception between disk
and streamer (Garufi et al. 2022). While infall is expected
for very young stars (≲ 0.5−1 Myr) as part of the star for-
mation process, there have been several protoplanetary disks
with large scale structures that are possible signs of infall
(Gupta et al. 2023; Huang et al. 2023; Hanawa et al. 2024).
If they are infalling, the short free-fall time-scale for these
∼ 1000 au structures (≲ 1 percent of the disk lifetime) implies
such events are either much more numerous than observed,
or continuously replenished (or probably some mix of both).
These observations have led to the idea that “late stage” infall
may be a significant driver of disk evolution (Kuffmeier et al.
2023; Winter et al. 2024b). This idea is also circumstantially
supported by prevalent misalignment between inner and outer
disks (Villenave et al. 2024) and correlations between local
ISM density and accretion rate (Winter et al. 2024a; Rogers
et al. 2024b), with the familiar caveats regarding possible age
gradients.

A key point is that streamers/candidate streamers have only
been detected in low mass star forming regions, and are yet
to be detected in more extreme environments. Demographics

of the disks in Taurus, Chamaeleon, and Orion star-forming
regions from SPHERE (Garufi et al. 2024; Ginski et al. 2024;
Valegård et al. 2024) in fact reveal a relatively large fraction of
objects in evident interaction with the environment for Taurus
and Chamaeleon (∼ 15%), whereas no similar features are seen
in Orion. It is unclear if this is genuine or an observational bias,
however there are some physical grounds to expect a possible
difference. In clusters bearing massive stars, feedback from
winds, radiation and eventually supernovae creates hot low
density bubbles and disperses the molecular gas (e.g., Pabst
et al. 2019; Schneider et al. 2020; Pabst et al. 2020). Massive
star feedback hence not only directly operates on disks, but
could reduce the extent and the duration of late stage infall for
many systems. To the authors knowledge, this issue is yet to
be studied in the context of disk evolution.

3.4. How does external irradiation affect disk composition
The disk composition is important both because it can pro-

vide information about the conditions and processes within
disks (e.g. through chemical probes of the density/temperature
and through processes like ice transport on dust), but also be-
cause planets will accrete atmospheres from disk gas and so
atmospheric abundances may be sensitive to the disk chem-
istry.

ALMA has provided a major shift in our ability to study
the composition of the outer regions of disks. There is a wide
array of studies but the impact is most concisely reflected in the
success of ALMA large programs. The MAPS large program
provided a high spatial and spectral resolution view of five
disks in over 50 lines from over 20 different molecular species
(Öberg et al. 2021). The composition of these disks was very
diverse and could also be affected by structure within the disk
(e.g. Law et al. 2021). The ongoing large program DECO (PI:
Cleeves) is gaining a broader view surveying the chemistry (in
particular determining the C/O ratio) of 80 disks across four
regions. Another large program, CHEER, that will provide a
chemical study of Herbig disks was also awarded in Cycle 11
(PI: Pegues). AGEPRO (PI: Zhang) will also provide a large
sample of disk mass and radii for different ages.

More recently, JWST has enabled us to probe the compo-
sition of the inner regions of isolated disks. For example,
the MINDS (Henning et al. 2024) GTO program and JDISCS
collaboration (Pontoppidan et al. 2024) have surveyed large
numbers of disks, and DECO has a JWST counterpart to study
connections between the inner and outer disk chemistry, for
example due to transport of species as ices by radial drift. Pro-
tostars, where the disks are still embedded in their collapsing
envelopes and thus may be shielded from external radiation,
have also been extensively surveyed by e.g. the JOYS GTO
program, which found little evidence for molecular emission
analogous to protoplanetary disks suggesting that their molec-
ular spectra are dominated by the inner "hot core" of the en-
velope (van Gelder et al. 2024). A catalog of proplyd spectra
has also recently been obtained with JWST NIRSpec as part of
cycle 3 (Rogers et al. 2024a) (PI: Rogers), providing 1− 5 𝜇𝑚
spectroscopy for ∼ 30% of the known proplyds in the ONC.
These observations will provide accretion and mass loss rates
for a large sample of externally irradiated disks, as well as
directly probe inner disk chemistry, and how it may be influ-
enced by the external UV environment. For cycle 4, a medium
(≈ 114 hours) JWST program has been approved to observe
77 proplyds in Orion with MIRI/MRS (PI: I. Schroetter, co-
PI: R. Boyden, O. Berné) and will provide the complementary
5−28 𝜇m wavelength coverage, allowing chemical diagnostics
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over a representative sample of externally UV-irradiated disks.
This will provide a direct measurement of the gas kinetic tem-
perature via the pure rotational lines of molecular hydrogen
and will also allow for the detection of UV-processed chem-
istry such as OH, CH+

3 and PAHs. Dust loss and chemistry
will also be studied in detail in MIRI/MRS observations for
three proplyds in the ONC (PI: N. Ballering).

The idea that external irradiation might affect the composi-
tion is certainly not new. Walsh et al. (2013) demonstrated that
external irradiation can substantially alter the chemical com-
position of the outer disk, producing changes in both molec-
ular abundances and integrated line intensities. These line
intensities typically differ by factors of a few compared to
isolated systems - a result of both modified chemical abun-
dances and enhanced molecular excitation in the warmer gas.
Similar effects are seen in models of disks exposed to mod-
erate (1–100 G0) external radiation, where species such as C,
C+, CS, and N2H+ show significant changes in the outer disk
(Gross & Cleeves 2025). However, despite the limited number
of self-consistent chemical modeling studies exploring exter-
nally irradiated disks, there appears to be general agreement
that the inner regions can remain effectively shielded from
external radiation, maintaining compositions similar to iso-
lated systems. While the exact extent of this shielded region
is model-dependent, the qualitative picture is consistent, with
column densities that vary by only factors of a few compared
to isolated disks inside some radius (see also Ndugu et al.
2024).

The observational picture is more complex and requires
careful interpretation. Recent work by Keyte & Haworth
(2025) shows that photoevaporative winds can dominate line
emission compared to UV-driven chemical effects, making
it crucial to account for wind contributions when analyz-
ing marginally-resolved sources. Observational studies have
found varying degrees of external irradiation effects: Boy-
den & Eisner (2023) found reduced CO depletion in ONC
disks compared to those in lower UV environments, while
Díaz-Berríos et al. (2024) and Ramírez-Tannus et al. (2023)
reported relatively normal compositions for disks in the ONC
outskirts and the inner disk of XUE 1 in NGC 6357, respec-
tively. In contrast, the d203-506 and d203-504 disks in the
ONC exhibit distinctive photochemistry and gas processing,
as evidenced by CH+

3 , near-IR CI, and PAH emission (Berné
et al. 2023, 2024; Goicoechea et al. 2024). There hence ap-
pears to be a diversity in how much external irradiation can
affect the chemistry, and it is also unclear which parts of the
disks are (or are not) affected.

Overall, while theoretical models predict that external UV
radiation should affect disk composition, observational evi-
dence presents a mixed picture - some systems show clear
signatures of photochemistry while others appear largely un-
affected. Understanding this diversity will require both a larger
sample of observations spanning different UV environments
and careful selection of molecular diagnostics. Future JWST
and ALMA surveys can address this by targeting specific trac-
ers: line ratios such as CN/HCN and [CI]/N2H+ are sensitive
to external FUV fields (Walsh et al. 2013; Gross & Cleeves
2025), while emission from [OI], [CI], OH, and high-𝐽 CO
lines primarily trace photoevaporative winds (Keyte & Ha-
worth 2025). This combined approach - broader environmen-
tal sampling and selective observational tracers - will help dis-
entangle the effects of external irradiation from wind emission
and clarify how external irradiation shapes disk chemistry.

3.5. The fate of dust in external photoevaporative winds
The entrainment of dust in external photoevaporative winds

is an important part of the process both i) because it limits
the solid mass reservoir for planet formation and ii) because
the dust entrained in the wind acts as an opacity source to the
incident UV and can regulate the mass loss rate.

Calculations of entrainment have been carried out in 1D
(Throop & Bally 2005; Facchini et al. 2016; Owen & Altaf
2021; Gárate et al. 2024), finding that only small grains are
entrained in the wind and that there is also expected to be
a radial gradient in maximum grain size near the disc outer
edge. Dust trajectories in 2D simulations of external photoe-
vaporation have now also been computed by Paine et al. (2025)
finding similar behaviour near the mid-plane, but with even
lower dust-to-gas ratios and maximum entrained grain sizes
above the mid-plane, even in the scenario where all grain sizes
could make it to the base of the wind.

These theoretical studies are consistent with the limited ob-
servations we currently have on the dust in the outer disk/inner
wind. Miotello et al. (2012) studied dust in the outer regions
of the 114-426 silhouette disk in the ONC, finding evidence
for a gradient in grain sizes. Other silhouette disks in the ONC
appear to show streaks of higher extinction emanating from
the disk outer edge, but not from the disk surface, as expected
from Paine et al. (2025). Analysis of the mid-infrared emis-
sion from wind-interaction shells associated with proplyds in
the inner Orion Nebula (García-Arredondo et al. 2001) sug-
gests that the grain opacity per hydrogen atom in the proplyd
photoevaporation flow is depleted by as much as a factor of 30
compared with typical ISM values. However, this is based on
observations at a single wavelength and is sensitive to the as-
sumed grain temperature. Detailed modeling of recent JWST
observations (McCaughrean & Pearson 2023) should allow
much tighter constraints on dust in winds to be established.

Dusty proplyds (Balog et al. 2006; Koenig et al. 2008; Kim
et al. 2016; Thévenot et al. 2019) are also evidence that dust
can be efficiently be removed from discs. These have often
been regarded as more likely to be more evolved, gas-poor
debris disks that are being eroded, however, the presence of
an ionization front traced by free-free emission for KCFF-1
(Boyden & Eisner 2024), suggests that there are some objects
with significant mass loss in both dust and gas.

There are still many outstanding issues in the study of this
entrained dust. For example, as it moves outward through the
wind the density, temperature and UV all change. That may
affect the grain structure, perhaps causing fragmentation that
would further influence the attenuation of the UV. Desorbed
gas species in the wind may also provide useful diagnostics of
the grain composition in the outer disk.

Another key component is Polycyclic Aromatic Hydrocar-
bons (PAHs), which are ubiquitous in the interstellar medium
and play a central role in gas heating (Bakes & Tielens 1994;
Berné et al. 2022b) and resulting mass-loss rates (Haworth
et al. 2023b). Rare infrared spectroscopic observations (e.g.
with VLT/VISIR, JWST) have confirmed the presence of PAHs
in two Orion proplyds (Vicente et al. 2013b; Shuping et al.
2014; Berné et al. 2024). However, the extent of their distri-
bution, their precise abundance, and whether their presence
varies with the proplyds’ age or the ambient radiation field
remain uncertain.

3.6. What is the impact on planet formation and
exoplanetary system architectures?
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We mentioned above that some consideration is now being
given to the possible impact of external photoevaporation on
the resulting planets, however, this comes predominantly from
a theoretical perspective (Winter et al. 2022; Qiao et al. 2023;
Huang et al. 2024a), and there is not yet a clear prediction
for a smoking gun signature of external photoevaporation in
the planetary architectures. Really the main question that it
boils down to is whether the planet formation and evolutionary
timescales compare to the timescales on which the outer disk
is destroyed by external photoevaporation, as well as the nature
of the connection between the inner and outer disk.

Winter et al. (2020b) showed that exoplanet properties, and
particularly the fraction of hot Jupiters, depends on the density
of stars in galactocentric position-velocity space. This could
be the result of an environmental influence or age correlations,
since hot Jupiters may inspiral onto the host star over time (e.g.
Miyazaki & Masuda 2023). It is less clear how an age cor-
relation could explain correlations between occurrence rates
of other classes of planets and galactocentric kinematics (e.g.
Dai et al. 2021). Recently Zink et al. (2023) also showed that
metallicity differences are insufficient to explain these varia-
tions. An environmental influence on planet formation is one
possible explanation. For example, Hallatt & Lee (2024) sug-
gest that lower planet fractions at higher galactocentric orbital
amplitude may be the result of harsher UV environments at
cosmic noon, which was when thick disk stars formed.

Convincing observational evidence of a causal relation-
ship between environment and planet properties requires con-
necting planet-hosting stars to their birth environment. One
possibility is to study young (< 100 Myr) exoplanetary sys-
tems. Transit and radial velocity surveys recover fewer planets
around young stars both because such stars are comparatively
rare and more active, while comparatively large uncertainties
in stellar properties also translate to greater uncertainties in
planet properties (e.g. Biller et al. 2007; Newton et al. 2019;
Barragán et al. 2024; Vach et al. 2024). Nevertheless, they
may provide a means to study planetary architectures at a time
where their cluster membership/possible environment is easier
to identify. Furthermore, their planets will have been subject
to less dynamical processing (e.g. due to planet-planet scat-
tering) and atmospheric photoevaporation by the central star
(Owen & Wu 2017) therefore differences between planets in
low and high mass clusters may be more easily identified.

Another aspect of this question is whether we can learn more
through deeper study of disks in the process of undergoing ex-
ternal photoevaporation. For example, inner disk composition
may be altered by external photoevaporation, as can now be
probed by JWST (Section 3.4), and could then leave signa-
tures observed exoplanet atmospheres. This kind of chemical
footprint could also influence the abundance of elements in
primitive bodies of the solar system. Alternatively, dust sub-
structures in disks are often suggested to be associated with
planet formation in disks in the low mass clusters (e.g. Zhang
et al. 2018). Therefore, comparing substructures in disks as a
function of radiation environment may therefore provide an-
other empirical way to study the impact of external radiation
field on planet formation. This is challenging but possible in
Orion star forming regions with ALMA (Huang et al. 2024b).

3.7. Down to how weak a UV radiation field is external
photoevaporation effective?

Spatially resolved proplyds offer unambiguous evidence of
external photoevaporation. However, in order to understand
the true extent of external photoevaporation we also need to

understand if and how it operates in lower UV radiation envi-
ronments, where there may not be an ionisation front. There is
evidence from the SODA survey (van Terwisga & Hacar 2023)
that the median dust disk mass is continuously increasing as
a function of FUV environment even down to ∼ 1G0. This
result is surprising given that we may expect internal dispersal
processes (e.g. planet formation, accretion, winds) to domi-
nate the disk evolution at low external UV fields. It remains an
important goal to identify the externally driven winds in such
systems to verify that the explanation is (or is not) external
photoevaporation. CO is not considered to be the best direct
tracer of the wind itself because it is in a component of the
wind where the kinematics only deviates marginally from that
of the Keplerian disk. Atomic carbon has been suggested as
an alternative which probes further out in the wind (Haworth
& Owen 2020), and the strength of its emission lines seem cor-
related with external irradiation (Goicoechea et al. 2024; Aru
et al. 2024b). Searching for winds with spatially and spectrally
resolved atomic carbon observations with ALMA will provide
a further test. Other diagnostics/identifiers of external winds
in low UV environments should be developed. The recent
work of Anania et al. (2025) will alo be valuable here, which
provides a new and more accurate way of quantifying the FUV
radiation field in stellar clusters, and provides a catalogue for
nearby clusters.

3.8. What is the explanation for anomalously old disks?
In the context of external irradiation there are two main

classes of “anomalously old” disks. One is the well known
issue mentioned above that proplyds have short depletion
timescales (<< 1 Myr) based on current mass loss rate es-
timates yet are observed in regions that are ∼ 1 − 3 Myr in
age (or perhaps even older if the candidate evaporating disks
in 𝜎 Ori or the dusty proplyd candidates in 𝜆 Ori are real).
This “proplyd lifetime problem” now has plausible resolu-
tion through one or more episodes of ongoing star formation,
stellar dynamics in clusters, and the fact that the mass loss
rate is a non-linear function of disk outer radius (e.g. Winter
et al. 2019b). So the proplyd lifetime problem is no longer
really much of a problem. For example, Ginski et al. (2022)
shows a specific example of a disk with a candidate embed-
ded planet, recently emerging into a high UV environment at
around 5 Myr. This is another example where the kinematics
of cluster members will be valuable for obtaining a deeper
understanding of the history and future of external irradiation
in any given region.

What is much less certain is the explanation for extremely
old disks in lower UV environments – the so-called Peter Pan
disks (e.g. Murphy et al. 2018; Flaherty et al. 2019; Silver-
berg et al. 2020). These show signs of accretion even at ages
of many tens of Myr. Recently there was also a suggestion
of ∼ 16 Myr old disk which is so flared and massive that it
appears similar to very young disks (Derkink et al. 2024).
Coleman & Haworth (2020) demonstrated that the existence
of Peter Pan disks could be explained so long as they are
exposed to a weak external UV field, as well as ineffective
internally driven winds, which tends to favour their survival
around lower-mass stars (Wilhelm & Portegies Zwart 2022).
However, Chandra observations from Laos et al. (2022) sug-
gest that Peter Pan disks have neither an exceptionally low
internal X-ray luminosity nor an exceptionally weak (current)
external radiation field. Instead, late stage infall has long been
suggested as a solution to these long-lived disks (Scicluna et al.
2014), and appears to an increasingly plausible scenario (as
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discussed in Section 3.3). However, in this case relatively low
degrees of angular momentum transport, internal wind mass
loss and external UV irradiation are presumably also an im-
portant requirement. The first JWST spectrum of such a disk
also showed its inner disk to have an particularly high C/O∼ 3
(Long et al. 2025) indicating very carbon-rich gas relative to
Solar and the ISM.

3.9. Quantifying the uncertainties on measured parameters
of externally photoevaporating disks

The most obvious example of a key empirical parameter for
externally photoevaporating disks that has poorly constrained
uncertainties is the mass loss rate. In particular, when based
on the ionisation front radius (see Winter & Haworth 2022)
the estimate assumes photoionisation equilibrium, uses the
projected separation on the sky of the proplyd from the UV
source and assumes no extinction. None of those uncertainties
or assumptions are well quantified. Again, a clear improve-
ment here will come from improved understanding of the 3D
positions of stars in clusters. An alternative is to find multi-
ple ways of estimating the mass loss rate and compare them.
Ballering et al. (2023) did so for a small sample of proplyds in
the ONC using both the ionisation front radius and by using
the radio emission measure to get the density at the ionisation
front, finding that the two approaches were in good agreement
(within an order of magnitude for most cases). Importantly,
both mass loss rate estimates for proplyds from Ballering et al.
(2023) would indicate that external photoevaporation signifi-
cantly affects the disk evolution. Additional estimates of the
mass loss rates by other means with different assumptions will
be valuable here to provide a measure of uncertainty, for ex-
ample through radio recombination lines Boyden et al. (2025).

3.10. Was the pre-solar nebula an externally irradiated
disk?

Among the most commonly asked of questions when talks
on external photoevaporation are given is “can you say any-
thing about the birth environment of the Solar system”. To
our knowledge most of the discussion on this topic centers
on abundances of short-lived radionuclides (e.g. Gounelle &
Meibom 2008), and whether this requires proximity to and
enrichment by a massive star, perhaps suggesting a strong UV
environment was likely. However, there is a tension between
the timescales required for enrichment from a massive star(s)
and the timescales for the destruction of disks due to external
radiation. Patel et al. (2023) show that significant destruction
of disks may occur before enrichment to Solar System levels.
Adams (2010) provides a detailed review on the topic of birth
environment of the Solar system. More recently, Desch &
Miret-Roig (2024) also provides a review from the perspec-
tive of meteoritics, and Bergin & Drozdovskaya (2024) also
discuss the question of the environment from several perspec-
tives in connection with the formation history of the Solar
System.

Given that we do not yet have unambiguous predictions from
models for imprints of external photoevaporation on planetary
architectures, it is difficult to say much from the perspective
of planet formation models. There are well tailored models
describing the solar system formation, so the better approach
is probably to ask the question of how those would be af-
fected if an external radiation field of given strength were
introduced. There may be chemical imprints introduced in
that case, for example (Okamoto et al. in prep) suggest that

the anomalously high abundance of noble gases in the Jovian
atmosphere might be related to external photoevaporation. Ul-
timately, though, we (or at least this subset of the community)
cannot say with much certainty at this stage which constraints
external photoevaporation puts on the formation environment
of the Solar system. Progress here might be driven by new col-
laboration/discussion with teams specialising in Solar system
formation.

3.11. A comparative study of proplyds
This is less of an outstanding question and more highlighting

a significant gap in the literature. We now know of hundreds
of proplyds, but only a handful have mass loss rate estimates.
It would be beneficial to compare proplyds across regions in
a consistent manner (e.g. similar to the approach of Aru et al.
2024a). To calculate their mass loss rates as a function of
irradiation/disk properties and further to compare against and
test the expectations of theoretical estimates of models such
as the fried grids (Haworth et al. 2023b).

3.12. Determining the conditions in proplyds
Direct measures of the density, temperature and gas kine-

matics in different parts of a proplyd place valuable constraints
on numerical models. Furthermore, estimates of these param-
eters and knowledge of the surface geometry can yield an
estimate of the mass loss rate.

Optical line ratios are used to determine the electron density
and temperature in H ii regions (Osterbrock & Ferland 2006).
Optical line modeling of some proplyds was undertaken by
e.g. Henney & O’Dell (1999); Tsamis et al. (2013). However,
the density in the ionised parts of proplyds is sufficiently
high that collisional de-excitation limits their applicability, at
least in commonly adopted line ratios. It is to be determined
whether there are alternative diagnostics that could be
employed to determine the conditions in the ionisation front.
There has been recent success in constraining the conditions
in the PDR using the meudon code (Berné et al. 2024), but
typically with a single representative value of density. Boyden
et al. (2025) also recently detected radio recombination lines
for proplyds in the ONC, with which they can estimate the
density and temperature near the ionisation front. There is
much more work to do to in finding diagnostics that probe
from the wind base through to the ionisation front.

3.13. The connection to globules
Globules have already been mentioned in our brief review

in Section 2. In high UV environments these often have a
cometary proplyd-like morphology. However we make the
slight distinction from “proplyds” because while YSOs em-
bedded in a globule are still possibly gaining mass, externally
photoevaporating disks are losing it. Yet, since the globule it-
self may disperse, leaving behind the disk, there must be some
connection between the two. For example this may help ex-
plain the unusually large ONC proplyd 244-440 (e.g. Kirwan
et al. 2023). Furthermore, mass loss of the globule itself limits
the mass reservoir for the YSO/disk to draw upon, which may
affect both the properties of the central star(s) as well as their
disks. At present, little work has been done on the connec-
tion between the two, and future multi-wavelength studies of
proplyds and their embedded YSOs to determine their future
evolution (e.g. as Reiter et al. 2019, 2020a,b, 2024; have done
with VLT/MUSE, ALMA and VLT/ERIS) would be very valu-
able. This also fits in with the discussion on late stage infall
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(Section 3.3), since a disk embedded in and co-moving with a
globule may continue to accrete in addition to being shielded
from external photoevaporation.

4. COMMENTS ON FUTURE OBSERVATIONS: WITH
AND BEYOND THE CURRENT STATE OF THE ART

Here we briefly discuss some highlights of what the com-
munity believes is required in the future to make significant
progress in addressing some of the key issues raised in section
3. This will not be exhaustive and the suggestions here are
not written to be at a level suitable for a proposal. Rather,
we hope to motivate the work among the community to flesh
these ideas out into competitive proposals.

4.1. Advances with current facilities

4.1.1. Identifying and quantifying ongoing external
photoevaporation in distant clusters

One of the main issues raised in Section 3 is the need to de-
velop a picture of external photoevaporation in more massive
clusters at a range of ages and metallicities. This is necessary
to understand how widespread is the impact of external pho-
toevaporation. However, these clusters are more distant and
external photoevaporative winds cannot be spatially resolved
within them.

To address this, emission line diagnostics are being devel-
oped to identify ongoing external photoevaporation in distant
clusters. These are developed both from theoretical models
(e.g. Ballabio et al. 2023) and by comparing the emission line
properties of proplyds with disks in low UV environments
(e.g. Aru et al. 2024a). These could be searched for in opti-
cal line surveys of YSOs in distant clusters, for example using
VLT/MUSE. This is being attempted towards Tr 14 (Itrich et al.
2024) and that work is really pioneering the major task of deal-
ing with the nebula contamination that is present throughout
clusters bearing massive stars. That will help facilitate future
more extensive surveys (e.g. the large VLT/MUSE survey PID
112.25LK, PI Reiter) in massive clusters.

The above optical line surveys would allow us to identify
ongoing external photoevaporation by identifying excesses in
optical lines. This might enable the calculation of the instan-
taneous fraction of disks subject to external photoevaporation.

Another valuable approach to studying external photoevap-
oration in distant, high UV, clusters would be surveys of disk
continuum mass estimates with ALMA. This would enable
a comparison of disks throughout the different environments
of a given cluster, but also between clusters (including those
nearby and already subject to study). This would also be
very valuable for targets such as the XUE sample in NGC
6357 (Ramírez-Tannus et al. 2023), where the interpretation
of JWST observations implies compact disks and for which
ALMA continuum mass estimates would confirm that
interpretation.

Suggested observations: External photoevaporation in
distant clusters

• Optical/IR spectroscopic surveys of YSOs in distant
(out to ∼ 2.5 kpc) clusters with the techniques to isolate
the YSO/nebular emission and identify externally
photoevaporating disks. [e.g. VLT/MUSE, NIRSpec]

• ALMA surveys of distant (out to ∼ 2.5 kpc) clusters
to determine disk continuum mass distributions and
compare with nearby low UV environments.

4.1.2. Searching for additional proplyds

Finding additional resolved proplyds is not a stamp collect-
ing exercise. Each new cluster where they are identified tells
us more about the prevalence of external photoevaporation,
the timescales it happens upon, and how it may differ depend-
ing on the UV sources and environment. In particular there
is great value in obtaining a complete census in individual
regions since that places limits on the instantaneous irradiated
disk fraction.

There are still resolvable proplyds out there waiting to be
discovered with existing facilities. NGC 1977 and NGC 2024
are regions with recently discovered proplyds (Kim et al. 2016;
Haworth et al. 2021) but only a small fraction of those regions
has actually been surveyed. We hence require larger scale
surveys at wavelengths sensitive to external photoevaporation
(e.g. to ionisation fronts). We also require observations that
are able to identify proplyds in regions of high extinction
(as in the inner part of NGC 2024 for example). There is
also a complete dearth of high resolution irradiated gas tracer
observations towards 𝜎 Orionis and 𝜆 Orionis, which may
both host resolvable proplyds.

radio observations, for example with the VLA, provide a
way of searching for ionisation fronts over large areas and at
high extinction. New candidates were identified in this manner
in NGC 1977 by Boyden & Eisner (2024). However, follow up
observations are required to confirm their proplyd nature (e.g.
the signal could be due to irradiation by the disk central star
in those cases given that the B star 42 Ori is not a particularly
strong emitter of extreme ultraviolet, EUV, photons).

Ideally we want complete surveys of NGC 2024, NGC 1977,
𝜎 Ori and 𝜆 Ori in ionisation-front tracing lines at high spatial
resolution, e.g. with VLT/MUSE, HST, or JWST (e.g. with
NIRCam in the F187N filter, tracing Paschen 𝛼.).

A key example for further study is the young region NGC
2024, which is so young (< 1 Myr) that any proplyds are likely
being dispersed on a timescale that might influence planet
formation (e.g. Sheehan & Eisner 2018; Qiao et al. 2023).
Knowing the evaporating (or evaporated) disk fraction at that
early time therefore enables us to gauge how widespread the
impact on the resulting planet populations might be. However,
at present we have only patchy observations in paschen 𝛼 and
the foreground extinction is sufficiently high that the optical
is inappropriate for a wider survey. JWST observations (PI:
Meyer) of the very central region appear to reveal new candi-
date proplyds, but the field of view is only a small fraction of
the cluster and there are no F187N observations in that dataset.
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Suggested observations: Finding new proplyds

• Radio surveys to identify candidate proplyds across
NGC 2024, NGC 1977, 𝜎 Ori, 𝜆 Ori [e.g. VLA, VLBI]

• Complete optical and/or infrared imaging surveys of
ionisation-front tracing lines at high spatial resolution
to confirm and constrain mass loss rates for new
proplyds [e.g. HST, VLT/MUSE,Gemini/GMOS,
JWST, ROMAN]

4.1.3. Improving our understanding of known proplyds

Figure 1 shows just part of the multi-wavelength view that
we can now obtain of proplyds, probing from the disk, through
the various stages of the wind. This provides more than one
way of estimating the mass loss rate (Ballering et al. 2023)
and with a large enough sample of objects covered in similar
detail would enable us to directly test theoretical estimates
of the mass loss rate as a function of UV environment, disk
mass/radius and stellar mass (e.g. from Haworth et al. 2023b).

Radio recombination lines have recently been demonstrated
by Boyden et al. (2025) to provide estimates of the den-
sity/temperature near the I-front. This new approach should be
applied to a wider range of systems to determine how diverse
the conditions are close to the ionisation-fronts of proplyds.

The use of JWST-NIRSpec in the multi-object spectroscopy
(MOS) mode offers unique opportunities to extend the near
infrared diagnostics discussed above to larger samples (hun-
dreds) of disks. This can provide access to key tracers of the
physics and chemistry for a representative sample of objects.

Proplyds have also been under-studied at very high
spectral resolution. For example CRIRES+ and UVES
with 𝑅 ∼ 100, 000 should be able to kinematically resolve
the wind down to a few km s−1. Multiple slits across key
proplyds in different UV environments would provide new
insight into the physical and velocity structure of the winds.
This also provides key information on where and how the
material is initially driven from the disk. The effective spatial
and spectral resolution and large number of lines could
enable the internal and external photoevaporative winds to be
distinguished observationally.

Suggested observations: Improving understanding of
known proplyds

• Consistent estimates of disk radii (e.g. ALMA), mass
loss rates from (optical/IR, radio continuum) and den-
sity/temperature (e.g. from radio recombination lines)
for a large sample of proplyds to provide the tightest
constraints on models of external photoevaporation.

• High resolution CRIRES+/UVES spectroscopy with
multiple slits over a sample of key proplyds to build a
map of the kinematic structure of proplyd winds down
to ∼few km s−1 velocities.

4.1.4. Studying externally irradiated disk chemistry

As discussed above, ALMA and JWST have both now been
demonstrated as key tools for the study of chemistry of ex-

ternally irradiated disks. However, there is the mystery that
while some targets show clear evidence of photochemistry
and chemistry affected by radiation environment (Boyden &
Eisner 2023; Berné et al. 2023, 2024; Zannese et al. 2024;
Goicoechea et al. 2024), others do not and appear “normal”
(e.g. Ramírez-Tannus et al. 2023; Díaz-Berríos et al. 2024).

To understand why there is an apparent diversity in how
the external radiation field affects disk chemistry we require
a survey targeting a large number of star/disk/radiation field
parameters with JWST and ALMA well beyond the handful
of objects studied thus far. This combination will also en-
able us to determine whether there is a connection between
the inner/outer disk chemistry (e.g. through radial drift) and
whether that is also sensitive to environmental radiation field.

While this is possible with existing ALMA and JWST as
proved by the studies mentioned above, externally irradiated
disks are more distant and hence require higher sensitivity
observations, and are not so easily resolved as for disks in
lower UV environments that have been studied in chemical
surveys like the MAPS/DECO large programs. The future
ALMA Wideband Sensitivity Upgrade (WSU) will massively
improve our ability to survey the outer disk chemistry of disks
in higher UV environments.

These efforts on the observational side should be comple-
mented by further developments in modeling predictions of
promising signatures of environmental effects on disk chem-
istry, when and where they occur, and what the connection
between the inner and outer disk should be. We identify
potential future focuses among the community as including
2D and 3D thermochemical modeling of disk photoevapora-
tive winds, the consideration of non-equilibrium chemistry in
these flows, investigations of isotopic fractionation effects, and
the impact of a time-dependent model for external irradiation.
A key aim in the near future is also to quantify the impact of
an altered outer disk, in terms of its physical, thermal, and
chemical structure, on the transport of molecular species to
the inner disk, and determine the dependencies on e.g. the
properties of the central host stars.

Suggested observations: Chemistry of externally irradi-
ated disks

• A large ALMA+JWST survey of chemistry in exter-
nally irradiated disks to determine in what scenarios
the inner/outer disk chemistry is affected by radiation
environment.

• The planned ALMA wideband sensitivity upgrade will
enable larger scale surveys of disk chemistry in a range
of UV environments.

4.1.5. Irradiation histories and cluster kinematics

A key issue is understanding how the UV field distribution
varies over time. In principle Gaia could help with this for
clusters with parallax and proper motion measurements. How-
ever, it is challenging to use Gaia in massive clusters. They are
typically quite extincted, however GaiaNIR may help with this
(see section 4.2.5). Another challenge is that massive stars
are often in multiples, which can affect the inferred proper
motions of the UV sources. We hence require a combination
of Gaia analysis with detailed dedicated observations of the
OB stars at high resolution to constrain their orbit parameters
and proper motions (or at least the impact on the Gaia proper
motion vector). For example this is being done for the 42 Ori
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multiple in NGC 1977 (PI: Kim) using Magellan MagAO-X
imager and VIS-X spectrograph (Haffert et al. 2024).

The point of determining these irradiation histories is to
understand what fraction of discs are irradiated, and when.
There are two possible alternatives to achieving similar
science outcomes. One would be to target very young clusters
where the dynamical history is less complicated. The other
may be to target runaway OB stars, where the motion of the
UV source dominates over the other cluster dynamics and
is predicted to leave clearer spatially varying imprints of
external photoevaporation upon the disc properties (Coleman
et al. submitted, where 42 Ori is studied as a possible
example).

Suggested observations: Irradiation history/cluster kine-
matics

• Detailed astrometry of massive star multiplicity and
dynamics to isolate that from the overall proper motion
of the multiple that may not be accounted for with
Gaia. For example, with MagAO-X AO imaging and
spectroscopy.

• Search for signatures of external photoevaporation near
runaway/walkaway OB stars using high resolution imag-
ing.

4.1.6. Proplyd accretion rates

Another key aspect of disk evolution is accretion. One of
the key general problems in protoplanetary disk studies is un-
derstanding the processes that facilitate accretion, particularly
the debate on viscous vs MHD wind driven angular momen-
tum transport. Obtaining simultaneous accretion measures
and measures of the winds could help determine the relative
impact of different processes on disk evolution.

A simultaneous strength and weakness of proplyds is that
the mass loss rates we measure for them are those from all
sources. That is an internal photoevaporative or MHD is
counted alongside an external wind when estimating the mass
loss rate based on the radius of the ionisation front. Proplyd
external photoevaporative mass loss rates combined with
accretion rates may therefore provide a new way to determine
how disks are evolving. The proplyd mass loss rates are
straightforward to calculate, however accretion rates are more
difficult. JWST NIRSpec-MIRI spectra can be used to do this
based on the NIR luminosity (Schroetter et al. submitted) or
combinations of Paschen 𝛼 and Bracket 𝛽 following Rogers
et al. (2024c).

Suggested observations: Accretion rates

• NIRSpec/MIRI spectra to provide accretion rates for all
proplyds with resolved ionisation fronts (∼ 50 targets
across the ONC, NGC 1977, NGC 2024)

4.1.7. Dust in external photoevaporative winds

As discussed above, theoretical models can predict what
sizes of dust grain are entrained in external photoevaporative
winds (Facchini et al. 2016; Owen & Altaf 2021) including in
multidimensional radiation hydrodynamic simulations (Paine

et al. 2025). Those latter models can also be used to predict
what density, temperature and radiation field the grains will
reside in as they propagate outwards in the wind. Those can
be used to determine how the dust composition evolves in the
wind.

We can observationally test these predictions with com-
bined JWST and HST observations of the outer disk, e.g. as
in the case of 114-426 both using HST extinction to constrain
grain sizes Miotello et al. (2012) and JWST emission to
study gas/ice composition Ballering et al. (2024). Dusty tails
have also been imaged with Spitzer/MIPS so JWST/MIRI
is the natural successor to follow up these studies at higher
resolution and at multiple wavelengths.

Suggested observations: Dust in winds

• HST and JWST observations of proplyds in silhouette
to study dust in the outer disk/inner wind in absorption

• JWST spectroscopy to study dust/ices in absorp-
tion/emission for proplyds.

4.1.8. The interplay between feedback and infall

Streamers/late infall are subject to increasing attention in
recent years. If they are important processes, as is being
suggested in low mass star forming regions, they will have
to compete with stellar feedback in massive clusters. While
not directly related to external photoevaporation we feel it
sufficiently important to note that searches for infall/streamers
at the periphery of H ii regions will be important to determine
whether late infall/streamers are predominantly restricted to
low mass star forming regions.

Suggested observations: Late infall/streamers

• Measures of the fraction of embedded YSOs as a func-
tion of cluster mass and cluster age.

• Intermediate baseline observations of YSOs that would
reveal large scale structures for a statistically significant
sample of YSOs in Orion, to compare with those already
detected towards Taurus, Lupus, Rho Oph and so on.

• Searching for correlations between stellar accretion rate
and ISM properties in irradiated regions.

4.2. Potential value of future concepts
We now briefly summarise some upcoming facilities and

what they may bring to the study of external photoevaporation.
4.2.1. VLT/blueMUSE and VLT/MAVIS

VLT/MUSE has demonstrated its value for the study of pro-
plyds, offering integral field spectroscopy over 4650-9300Å.
Two new instruments for VLT will build on this scientific
capability.

VLT/blueMUSE is a concept in development that would
offer similar capability over the range 3500-5800Å (Richard
et al. 2019). blueMUSE would provide information on key
lines from He, C, N, O, Si and Mg that will provide tighter
constraints on the physical conditions and abundances in pro-
plyd winds.
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The [OII] doublet at 3726Å and 3728Å can be used to trace
the density in the ionization front, tracing densities between
∼10 - 104 cm−3. In more extreme UV environments blue-
MUSE will also provide probes of high ionisation states. The
parameters and abundances of massive stars and their ambient
ISM is already identified as a key science case for blueMUSE
(Richard et al. 2019) and the same approach will also yield
new insight into proplyds. A key caveat of blueMUSE relative
to MUSE is that it is not expected to have adaptive optics capa-
bility and the spatial resolution will be around a factor 2 worse
than MUSE Narrow Field Mode. However, it will have twice
the spectral resolution of MUSE on average and will have also
twice the field of view (2 arcmin2), allowing for simultaneous
observations of many more protoplanetary disks in the same
sky area. Its higher sensitivity, coupled with the better spectral
resolution, will benefit the detection of emission lines within
those objects.

VLT/MAVIS will extend the existing adaptive optics capa-
bilities of the VLT at visible wavelengths offering both imaging
over a 30”x30” field of view and an integral field spectroscopic
mode with a field of view of 5” x 7.2” with 40x50mas spaxels
– so a similar FOV and around a factor 2 smaller spaxel size
than VLT/MUSE.

4.2.2. Extremely Large Telescope Instrumentation

The instruments offered on the thirty-metre class Extremely
Large Telescopes (ELTs, Skidmore et al. 2022) will offer a
combination of angular resolution and sensitivity that will be
complementary to, and even exceed, that obtained with JWST
and ALMA. The ELTs will provide extremely high spatial
resolution observations of externally photoevaporating disks
and will also provide very high spectral resolving power to
complement that available with JWST at infrared wavelengths.
The ELTs will enable us to resolve the disks for proplyds in
distant clusters, which are at the limit of what ALMA can
currently achieve, given the combined resolution/sensitivity
requirements. ELTs may hence provide our best opportunity
to compare disk radii in massive clusters like Carina with
nearby star forming regions.

With first light planned before the end of the decade, the ini-
tial instrument complement of ESO’s ELT will provide adap-
tive optics supported imaging and spectroscopy from 1.0 𝜇m
to 13 𝜇m with MICADO (Sturm et al. 2024) and ELT/METIS
(Brandl et al. 2024). MICADO offers a field of view of
50"x50" with 4mas pixels (18"x18" with 1.5mas pixels). The
imaging modes of METIS provide a 10.5"x10.5" field from 3-
5 𝜇m and 13.5"x13.5" from 8-13 𝜇m with angular resolution at
the diffraction limit of the telescope (∼20mas–70mas over the
3-13 𝜇m range). Not only will this enable the sharpest view
of well studied proplyds in Orion (about 1.5 au resolution) but
more crucially will enable us to spatially resolve them in dis-
tant clusters. For example, we will get an ONC proplyd-like
view out to the distance of the Carina star forming complex
and be able to survey these more distant regions using a few
telescope pointings. MICADO is expected to reach astromet-
ric accuracy of at least 50mas, complementing GAIA for faint,
embedded sources.

This will enable us to go beyond spatially unresolved line
fluxes to try and determine whether external photoevaporation
is happening in distant clusters. Diagnostic spectral lines will
be observable using slit spectroscopy in MICADO and METIS
(spectral resolving power from a few 1000 to 20,000). Inte-
gral field spectroscopy with 𝑅 ∼ 100, 000 is offered by METIS

in the L and M bands with a field of view of just under 1".
The workhorse spectrograph, HARMONI (Thatte et al. 2024)
also offers integral field spectroscopy with fields of view well
matched to the characterisation of individual proplyds. The
smallest field of view matches that of METIS at just under
1"-square with spatial sampling of 4mas. The largest field of
view is 6"x9", for observations without adaptive optics. HAR-
MONI’s spectroscopic modes have spectral resolving power
from 3000 to 17,000 and diagnostic lines, currently expected to
including the visible (0.47 𝜇m - 0.8 𝜇m) and the near-infrared
(0.8-2.45𝜇m).

In addition, two future instruments for ESO’s ELT, in the
early design phases, will complement existing facitilies for
observations of irradiated disks. The MOSAIC instrument
(Multi-Object Spectrograph with Adaptive Image Correction)
and ANDES (the ArmazoNes high Dispersion Echelle Spec-
trograph) are anticipated to become operational in the mid-
2030s. MOSAIC (Pelló et al. 2024) will enable the simulta-
neous observation of over one hundred protoplanetary disks
within a field of view of approximately 32 arcmin2. Its 8
mini-IFUs, each featuring a hexagonal field of view of ≈ 2.5"
in diameter with spaxels of 150 mas on-sky, will allow highly
detailed spectroscopic analyses of those objects. Indeed, MO-
SAIC is designed to operate across a broad wavelength range,
spanning from visible to near-infrared (0.45–1.8 𝜇m). This
wavelength range allows access to tracers morpho-kinematical
properties like jets (e.g. FeII), disk (e.g. [CI]) as well as
UV irradiation (e.g. OI). With options for low (𝑅 ≈ 4, 000)
and high-resolution (𝑅 ≈ 18, 000) spectroscopy, those ob-
servations will give access to kinematic properties down to
≲ 20 km/s. MOSAIC will thus allow for quick follow-up ob-
servations of JWST and VLT/MUSE observed protoplanetary
disks and with the sensitivity of such a large telescope, ac-
cess to fainter spatial properties at the same time. ANDES
(Marconi et al. 2024) is an ultra-stable, high resolving power
spectrograph. The instruments is fibre-fed spectrograph and
consists of four spectrograph modules that are optimised to
different wavelength ranges. Similar to MOSAIC and HAR-
MONI, ANDES will also cover a wide wavelength range (0.4-
1.8 𝜇m, with a goal of extending this to 0.35-2.4 𝜇m). With
R∼ 100, 000, ANDES will add the extra dimension of being
able to do detailed kinematics of disks in the key diagnostic
lines and, thanks to the inclusion of a small integral field unit
coupled to the 1.0-1.8 𝜇m and fed by an adaptive optics system
will add spatial information down to the telescope diffration
limit.

4.2.3. SKA and ngVLA

The SKA and ngVLA will extend our wavelength coverage
at high resolution and sensitivity from the sub-mm regime
offered by ALMA to the cm (ngVLA, SKA) and metre (SKA)
regimes.

The SKA (Dewdney et al. 2009) will provide huge legacy
datasets covering the sky at wavelengths from ∼ 2 cm to
6 m (50 MHz–15.4 GHz). It will enable the detection of cm
sized grains and pebbles in the continuum for the study of
solids in disks (e.g. Ilee et al. 2020). These frequency ranges
are also well-suited for the detection of radio recombination
lines (RRLs), the rotational emission of heavy polyatomic
molecules (as the rotational constant is inversely proportional
to molecular mass), and the low-frequency hyperfine line emis-
sion of key hydride molecules such as OH, CH, and NH3.
The high sensitivity and sub-arcsecond angular resolution of
these interferometers may enable the detection of complex or-
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ganic molecules of prebiotic interest that are difficult to detect
at higher frequencies in protoplanetary disks (e.g., Jiménez-
Serra et al. 2022). The detection of neutral atomic hydrogen
(at 1420 MHz), along with the detection of carbon radio re-
combination lines (RRLs) in proplyds, will allow us to probe
the characteristics of the critical H to H2 transition in the PDR
of photoevaporating disks. In addition, systematic observa-
tions of hydrogen and helium RRLs will reveal the kinematics
of their more extended ionization fronts, providing details on
how these cocoons interact with their interstellar environment.
In general, RRLs are optically thin and can be used to infer
electron densities and temperatures (hence, the gas thermal
pressure) at the ionization and dissociation fronts, which are
generally largely unknown.

The ngVLA (Bolatto et al. 2017; Selina et al. 2018) will
bridge the wavelength gap between the SKA and ALMA at
high resolution and sensitivity, from 0.26-25 cm. It will trace
free-free emission, and also be an effective tracer of hydrogen
radio recombination lines (e.g. Pascucci et al. 2012). Com-
bining data from SKA, ALMA and ngVLA to utilise both
the high spatial resolution and calculate spectral indices we
will be able to clearly distinguish and interpret photoionised
winds and other sources of excitation such as jets (Macías et al.
2016).

4.2.4. ALMA 2030 Roadmap

The ALMA Wideband Sensitivity Upgrade (WSU; Carpen-
ter et al. 2020) will provide a transformative expansion of
the instantaneous correlated bandwidth, reaching at least 16
GHz per polarization across all receivers, along with sub-
stantial improvements in receiver and digital path efficiency
in the 2030s. The WSU will significantly enhance sensitiv-
ity (essential for studying protoplanetary disks in more dis-
tant clusters) and spectral scanning efficiency across all fre-
quencies, with improvements of at least a factor of ten for
high-velocity resolution (0.1 km s−1) scans. This upgrade
will make it possible to perform broad-band, unbiased line
surveys of proplyds—currently unfeasible within reasonable
integration times—using far fewer frequency setups. This
will enable multi-transition line detections (yielding accurate
molecular excitation and column density measurements) and
allow for serendipitous line detections of unexpected chemi-
cal species. Future improvements into the 2040s may include
multibeam and/or on-the-fly interferometric mapping (e.g.,
Pety & Rodríguez-Fernández 2010), which would drastically
enhance spatial mapping efficiency and facilitate more unbi-
ased, large-scale surveys of entire star-forming regions (i.e.,
simultaneously detecting the disk populations and their cloud
environment).

4.2.5. GaiaNIR

Gaia has proved extremely valuable for understanding the
structure, dynamics and evolution of stellar clusters (e.g. Gaia
Collaboration et al. 2016, 2018; Kuhn et al. 2019; Pang et al.
2021; Wright et al. 2024) and has the potential to do so much
more when Gaia data is fully combined with data at other
wavelengths. However, Gaia’s fundamental limitation is that
since it operates in the optical it is significantly limited in re-
gions of higher extinction. GaiaNIR is the successor to Gaia,
and by operating in the infrared (1–2.5 𝜇m) would provide as-
trometry for sources at higher extinctions (Hobbs et al. 2021),
opening up the study of the dynamics of both embedded (and
therefore younger) clusters and more massive (and typically

more distant and more extinguished) clusters, both of which
are environments where understanding external photoevapo-
ration is of interest. In clusters that have been well-studied
by Gaia (e.g., Kuhn et al. 2019; Wright et al. 2024), GaiaNIR
will extend our reach to fainter, cooler and less-massive stars,
which have longer disk lifetimes and where the impact of ex-
ternal photoevaporation can be more pronounced. Finally,
GaiaNIR opens up the possibility of studying the dynamics
of stellar clusters in the unique environment of the Galactic
centre (Hobbs & Høg 2018).

GaiaNIR will achieve a limiting magnitude of 𝐻 = 20 and
𝐾 = 20, detecting an anticipated 10–12 billion stars, 5–6 times
that of Gaia (Hobbs et al. 2021). In addition to detecting
more stars, GaiaNIR observations, anticipated for ∼2050, will
provide a baseline of over 30 years when combined with Gaia
astrometry. This huge increase in baseline for the vast majority
of Gaia detections will lead to an improvement in proper
motion precision of a factor 15 compared to Gaia alone.

4.2.6. PRIMA

PRIMA is a new cooled 1.8 m FIR space telescope Probe
class concept selected for phase A development and provid-
ing several orders of magnitude higher line sensitivity than
SOFIA or Herschel (Glenn & Meixner 2024). There is cur-
rently an absence of FIR facilities. The FIRSS spectrometer
(∼24–235 𝜇m) on board PRIMA will have unique access to
HD, a very good proxy of the disk gas mass (Bergin et al.
2013) and of warmish water vapour (e.g. van Dishoeck et al.
2021). PRIMA will also access the rotational emission of key
PDR tracers and dominant and gas coolants (OH, CH+, CH,
high-𝐽 CO, [OI] 63,145𝜇m, [CII] 158 𝜇m...) as well as the
warm dust SED. PRIMA will provide spatially and spectrally
unresolved lines which is not ideal for the study of proplyds,
but there is no other way to access those key tracers from the
ground and so they would remain valuable.

5. SUMMARY AND CONCLUSIONS
Motivated by a series of meetings on external photoevap-

oration of protoplanetary disks we collate thoughts on the
past, present and future of observations of externally irradi-
ated disks. We provide a brief review of observations, high-
lighting the recent flurry of interest and advances in this topic,
helped along by recent facilies such as ALMA, JWST and
VLT/MUSE.

We provide an overview of some key outstanding problems
in the study of external photoevaporation, which all fall un-
der the key driving questions of how mass is lost in external
photoevaporation, what fraction of disks are subject to exter-
nal photoevaporation at given points in their lifetimes, how
does external UV modifies their chemical composition, and
whether it has any impact on the planets that form.

We finish with some suggestions for future observing pro-
grams with existing facilities, and a brief look at the potential
value of upcoming facilities. Overall there is a lot of work still
to be done, but also tremendous potential for progress with
existing and upcoming facilities.
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