h?2 2ti2°M H T?QiQ2p TQ  iBQM Q7 TH M2ic¢
M/ 2r CX gBMi2 - h?2QK b CX > rQ i?

hQ +Bi2 i?Bb p2 ' bBQM,

M/ 2r CX gqBMi2 - h?QK b CX > rQ i?X h?2 2ti2M HT?QiQ2p TQ  iBQM
1m QT2 M S?vbB+ HCQm M H SHmb- kykk- Rjd- RyXRROyf2TDTfbRjje

> G A/, BMbm@yj3eykd3
2iiTb,ffBMbmX? HXb+B2M+2fBMbm@yj3eykd

am#KBii2/ QM R3 LQp kykk

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X

.Bbi'B#mi2/ mM/2  * 2 iBpR *EMOKIBRM% 9Xy AMi2 M iBQM H GB+2M



Eur. Phys. J. Plus (2022) 137:1132
https://doi.org/10.1140/epjp/s13360-022-03314-1

Review

™

Check for
updates

The external photoevaporation of planet-forming discs

Andrew J. Winter 2232, Thomas J. Haworth*P

1 Zentrum fur Astronomie, Heidelberg University, Albert Ueberle Str. 2, 69120 Heidelberg, Germany

2 Université Cote d’Azur, Observatoire de la Céte d’Azur, CNRS, Laboratoire Lagrange, 06300 Nice, France
3 Université Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France

4 Astronomy Unit, School of Physics and Astronomy, Queen Mary University of London, London E1 4NS, UK

Received: 24 June 2022 / Accepted: 22 September 2022
© The Author(s) 2022

Abstract Planet-forming disc evolution is not independent of the star formation and feedback process in giant molecular clouds.
In particular, OB stars emit UV radiation that heats and disperses discs in a process called ‘external photoevaporation’. This process
is understood to be the dominant environmental in uence acting on planet-forming discs in typical star-forming regions. Our best
studied discs are nearby, in sparse stellar groups where external photoevaporation is less effective. However, the majority of discs are
expected to reside in much stronger UV environments. Understanding external photoevaporation is therefore key to understanding
how most discs evolve, and hence, how most planets form. Here, we review our theoretical and observational understanding of
external photoevaporation. We also lay out key developments for the future to address existing unknowns and establish the full role
of external photoevaporation in the disc evolution and planet formation process.

1 Introduction

Planets form in the discs of dust and gas known as ‘planet-forming’ or ‘protoplanetary’ discs. These discs are found around
most young stellar objects (YSOSs) in star-forming regions up to ages 8610 Myr (e.g. [L, 2]). Since 2015Atacama Large
Millimetre/sub-Millimetre Array(ALMA) has instigated a revolution in our understanding of these objects. In particular, the high-
resolution sub-mm continuum images, tracing the dust content of protoplanetary discs, not only offer an insight into the dust masses
and radii (e.g. 3-7]), but also a wealth of internal substructures which serve as a window into planet formation processes (e.g.
[8-10Q]). The nearby (distancB 150 pc) discs in the low-mass star-forming regions such as Taurus and Lupus can be suf ciently
resolved to expose rings, gaps and spirals in dust, as well as kinematic signatured ir-§&s fvhich may either be signatures of
planets or the processes that govern their formation.

Prior to ALMA, some of the rstimages of discs were obtained around stars in the Orion Nebula cluster (ONC) at a distance of
D 400 pc away, much further than the famous HL TauLf]. These discs exhibit non-thermal emission in the ratlie-20], with
resolved ionisation fronts and disc silhouettes seen at optical wavele@@t2<]. Identi ed as ‘solar-system sized condensations’
by Churchwell et al. 17], they were estimated to be undergoing mass loss at a ralté of 1056 M yrS1. O'dell et al. R3]
con rmed them to be irradiated protoplanetary discs, dubbing them with the contraction ‘proplyds’. While this term has now been
dropped for the broader class of protoplanetary disc, it is still used in relation to discs with a bright, resolved ionisation front owing
to the external UV radiation eld. These objects are of great importance in unravelling what now appears to be an important process
in understanding planet formatioexternal photoevaporation

The process of external photoevaporation is distinguished from the internal photoevaporation (or more commonly just ‘photo-
evaporation’) of protoplanetary discs via the source that is responsible for driving the out ows. Both processes involve heating of
the gas by photons, leading to thermal winds that deplete the discs. However, internal photoevaporation is driven by some combi-
nation of FUV (far-ultraviolet), EUV (extreme-ultraviolet) and X-ray photons originating from the central host sta2fe-2j]J,
depleting the disc from inside-out (e.@8-32]). Externalphotoevaporation, by contrast, is driven by an OB star external to the host
star-disc system. The high FUV and EUV luminosities of OB stars, combined with the heating of outer disc material that experiences
weaker gravity, can result in extremely vigorous outside-in deple8igh [ndeed, as inferred by Churchwell et al7], the brightest
proplyds in the ONC exhibit wind-driven mass loss rates of upltgr  10°6 M yr°1 (see also, e.g3f, 35)).

At present, external photoevaporation remains an under-studied component of the planet formation puzzle. It has long been
thought that the majority of star formation occurs in clusters or associations, which include OB6&}aaadl that mass loss due to
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external photoevaporation can be more rapid tharMBgy int 1058 M yrSl typical of stellar accretion (e.g3}]) and internal
photoevaporation (e.g3g]). Thus, it is reasonable to ask why external photoevaporation has, until now, not featured heavily in
models for planet formation. While there is no one answer to this question, two important historical considerations are compelling
in this context:

— The rstis a selection bias. Low mass star-forming regions (SFRs) are more numerous, so they are also the closest to us (although
nearby star formation is probably also affected by the expansion of a local supernova buBBJe St[rveys with, for example,
ALMA, have rightly prioritised bright and nearby protoplanetary discs in these low mass SFRs. However, when accounting for the
relative number of stars, these regions are not typical birth environments for stars and their planetary systems{s®eTPext.
has motivated recent studies of more typical birthplaces that experience strong external irradiation from neighbouring massive
stars (e.g.4, 6, 39)).

— The second is the well-known ‘proplyd lifetime problem’ in the ONC (ed§)))i The presence or absence of a near-infrared
(NIR) excess, indicating inner material, was one of the earliest available probes for studying disc physics. The high fr&ion (
percent) of stars with a NIR excess in the ONK][was an apparent paradox that appeared to undermine the ef cacy of external
photoevaporation in in uencing disc populations. We discuss this problem in dct.

Given the apparently high fraction of planet-forming discs that undergo at least some degree of external photoevaporation, this
process has particular relevance for modern efforts to connect observed disc populations to exoplardy. (dmw[is therefore
an opportune time to take stock of the ndings from the past three decades.

In this review, we rst summarise the theory of external photoevaporation in 3gaicluding both analytic estimates that
provide an intuition for the problem and state-of-the-art simulations and microphysics. We address the observational signatures of
disc winds in Sect3, including inferences of individual mass loss rates. We consider the role of external photoevaporation for disc
evolution and planet formation in Sedt.including evidence from disc surveys. In Séxive contextualise these studies in terms of
the physics and demographics of star-forming environments. Finally, we summarise the current understandings and open questions
in Sect.6.

2 Theory of externally driven disc winds
2.1 The most basic picture

We begin by reviewing our theoretical understanding of external photoevaporation. At the very basic level, one can determine
whether material will be unbound from a potential by comparing the mean thermal velocity of particles (i.e. the sound speed) in the
gas with the local escape velocity. In an isothermal system, equating the sound speed and escape velocity yields the gravitational
radius, beyond which material is unbound
GM
R 2 (1)
whereM is the point source potential mass, aids the sound speed. Therefore, if an isothermal disc were to extend b&pnd
then material would be lost in a wind. Consider now an isothermal disc that is entirely interior to the gravitational radius and is
hence fully bound (upper panel of Fit). If this disc is then externally irradiated, the temperature and hence sound speed increase,
driving down the gravitational radius to smaller values, potentially moving interior to the edge of the disc and unbinding its outer
parts (lower panel of Fidl).

The details of external photoevaporation do get substantially more complicated than the above picture, for example with pressure
gradients helping to launch winds interioifeg. However, this picture provides a neat basic insightinto how external photoevaporation
can instigate mass loss in otherwise bound circumstellar planet-forming discs.

2.2 EUV- and FUV-driven ows
2.2.1 Flux units

Before considering the physics of EUV- and FUV-driven winds, a note on the units canonically used to measure UV uxes is
necessary. While the ionising ux is usually measured in photon counts per square centimetre per second, FUV ux is normally
expressed in terms of the Habing unit, writt®g [43]. This is the ux integral over 915 24004, normalised to the value in the

solar neighbourhood, i.e.

Fruv 2400A F d

1Gq o127 1.6x 10°3erg $lcms2’

Another measure of the FUV eld strength is the Draine udi][ which is a factor 1.71 larger than the Habing unit. Hence,
10°Gy 585 Draines. We highlight both because two similar units that vary by a factor of order unity can and does lead to

)

123



Eur. Phys. J. Plus (2022) 137:1132 Page 30f 41 1132

Fig. 1 A schematic of the basic picture of external photoevaporation in terms of the gravitational radius. The gravitational radius is that beyondrwhich mea
thermal motions (propagating at the sound speed) exceed the escape velocity and are unbound. In this basic picture, a disc smaller thamtieaplaistatio

will hence not lose mass. External UV irradiation heats the disc, leading to faster mean thermal motions (a higher sound speed), driving tmalgravitati
radius to smaller radii and unbinding material in the disc

confusion. For reference, the UV environments that discs are exposed to in star-forming regions rangeslf{osn embedded
discs) to  10’Gy (discussed further in Sedh). For the sake of clarity, we will hereafter consider low FUV environments to be
those withFeyy 100Gy, intermediate environments greater than this upggy  5000Gg and high FUV environments for
any FUV uxes Fryy  5000Go.

2.2.2 Flow geometry

The basic physical picture of an externally photoevaporating protoplanetary disc was laid out by Johnstor&Sjetiradl lhas
remained largely the same since. We summarise that picture here because it is useful for what follows, but refer interested readers
to the more detailed discussion in that original work as well as that of Storzer and HollediBach [
The heating mechanism that launches the thermal wind may be driven by ionising EUV photons (énergiek3.6 eV),
heating gas to temperaturds  10* K, or photodissociation FUV photons (6e¥ h < 13.6 eV), yielding temperatures of
T 10051000 K [45, 46]. The EUV photons penetrate down to the ionisation front, at raBigs (1 + x)Rq from the disc-
hosting star, with disc outer radil®. The atomic gas outside & is optically thin for the FUV photons, which penetrate down
to Ry producing a neutral PDR of thicknes®y. Whichever photons drive the photoevaporative wind, the ow geometry far from
the disc surface is approximately spherically symmetric, since it is accelerated by the radial pressure gradient (cf. the Parker wind).
We will start with this approximation of spherical geometry, which guides the following analytic intuition.

2.2.3 EUV-driven winds

For an EUV-driven wind, the gravitational radiusRy 10 aufor a solar mass star (and scales linearly with stellar mass)
such that we are generally in a regime in the outer disc wRgre Ry, and a wind can be launched. If the EUV ux is suf ciently
strong, the ionisation front (IF) sits close to the disc surface making the PDRxthinl(5; see Sec®2.2.4. In this case, the basic
geometry of the system is shown in F&a. The thermal pressure at the disk surface is determined by the ionisation rate, with the
ow proceeding subsonically through the PDR. If we assume isothermal conditions in the PDR, then the mjeissitynstant:
n no Np/XRy, whereNp is the column density of the PDR, which is the column density required to produce an optical depth
ruv 1. This column density is dominated by the base of the Wilsd ngRy, but is dependent on the microphysics and dust
content (see Sec2.3). For our purposes, we will simply adoplp ~ 10°! cm®2 (although see the direct calculations 46], for
example). 3
Since density in the PDR is constant, the velocity in the @ww r>2 to maintain a constant mass ux. In order to conserve
mass and momentum ux, the velocity at the ionisation front mustibe ¢Z,/2cs; 0.5 km °%, wherecs; 3 km 1 is the
sound speed in the PDR angl; 10 km £ beyond the IF. We can write the mass loss rate:
2

c
M 4 F(1+x)°2R2nm —, 3
EUV ( )-Ran |ch” (3

123



1132 Page 4 of 41 Eur. Phys. J. Plus (2022) 137:1132

EUV dominated wind FUV dominated wind
EUV/FUV EUV/FUV
Thin PDR photons PDR photons
— — -2
Ry ny = ng, my < 2, Ry o . ny o r2,
v r = v Vit Vi =V ixr o= Ve vy
Circumstellar disc Circumstellar disc
(Optically thick) Neutral, subsonic (Optically thick)
flow
lonised Neutral, Neutral, subsonic lonised,
supersonic flow supersonic flow flow supersonic flow
xRy
RIF Rshock RIF
@ (b)

Fig. 2 Schematic diagrams of the ow structure in EUV (FRp) and FUV (Fig.2b) externally driven winds, adapted from Johnstone et3d. [n the
EUV-driven wind, the ow from the disc edge at radi& travels at a subsonic velocity through the thin photodissociation region (PDR) of thickRgss

with x 1.5 before reaching the ionisation front (IF). Mass loss is therefore determined by the thermal pressure at the IFLEothe wind is launched

from the disc edge at a supersonic velocity, producing a shock front that is reached before the IF. In this case, the mass loss rate is determémetaby the th
conditions in the PDR

whereF is a geometric factor anah is the mean molecular mass in the PDR, and as beftg¢he relative thickness of the PDR
with respect to the disc radil®y. Sincen, 1/ x this mass loss rate appears to diverge in the limit of a thin PDR. Howerarst
satisfy the recombination condition such that:

fr
4 d?

2 2
MV n
By dr (4)
my vy R r

gnidr Ri

RF
where is the EUV counts of the jonising source at distadcé; is the fraction of photons unattenuated by the interstellar medium
(ISM),and g 2.6x 10°13cm? s°Lis the recombination coef cient for hydrogen with temperaturéK@e.g. 47]). Substituting
Rr (1 +x)Ryinto Eg.4 and adopting typical values, we can write a de ning equationxftinat can be solved numerically.
However, in the limitofx 1 we can also simply estimate:

d S1 f, U2 Ry 32
0.1pc 104951 100 au

which is the solution for an ionised globule with no PDR physé&.[Here, eyy ~ 1is acorrection factor that absorbs uncertainties
in the PDR physics. We notice that the EUV-driven wind is super-linearly dependd®y, diut only scales with the square root of
the EUV photon count.

Mguvy 5.8 10§8 euvF yrél, (5)

2.2.4 FUV-driven winds

We will here proceed under the assumption that the outer radius and FUV ux are suf cient to produce a supersonic, FUV-heated
wind. Thismeanstha®y Ry, whereRy is the gravitational radius in the PDR. In this case, where the wind mass loss is determined
by FUV heating, the neutral wind must launch at (constant) supersonic velpcityo  Cs|, wherevy is the launching velocity
from the disc surface with number density, while v; is the wind velocity in the PDR as before. To conserve mass, the density in
the PDR drops as;  r>2. The wind travels faster than at the Nag cé,/ 2cs,11, as before) and therefore must eventually meet
a shock front at radiu&shock. Assuming this shock is isothermal, the densityincreases by a factor M2, whereM Vol Cs|
is the Mach number. If the region between the shock and ionisation fronts is isothermal, {eehen constant and rS2to
conserve mass. This geometry is shown in Blg.

Solving mass and momentum conservation requirements for the ow, we have:

Rshock % RiF, (6)
which immediately puts a minimum distance below which EUV mass loss dominates over RIN,df < Rq then the shock front
is inside the disc, thg ow is subsonic at the base, and we are back in the EUV-driven wind regime. Givevyitat; | 0.450.6
(withvg 356 km $°1), then we requirRg ~ 2.5Ry for an FUV-driven wind to be launched. Coupled with Bgthis gives the
minimum distance required for the launching of FUV-driven winds. Conversely, a maximum distance exists from the requirement
that the gas can be suf ciently heated to escape the host star, meaning that FUV-driven winds only occur at intermediate separations
from a UV source.
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Under the assumption that the FUV ux is suf cient to launch a wind &g 2.5Ry, then the overall mass loss in the ow
does not care about what is going outside of the base of the FUV-launched wind. The mass loss rate in the FUV-dominated case is
simply:

Mrov 4 FRZnovom  1.9x 1057 guyF yrSt, @

Ry
100 au
whereF is the geometric correction amg| is the mean molecular mass in the PDR as before. All of the dif cult physics is contained
within a convenient correction factogyy. In reality, this expression is only helpful in the limit of a very extended disc, and
computing the mass loss rate in general requires a more detailed treatment that we will discus®if. Sect.

Nonetheless, we gain some insight from the estimate fronvVEirst, we see that the mass loss rate is not dependent on the
FUV ux Fryy. In reality, there is some dependence due to the increased temperature in the PDR with in€ieasitgt this
dependence is weak féiryy ~ 10* Gg [46]. From Eq.5, we also see that the mass loss fdig)v scales less steeply wifRy than
Meuv does. This means that once a disc has been suf ciently truncated by these external winds, the FUV dictates the mass loss rate.
Since the time-scale for this depletion can be short (see &djtwe expect FUV ux to dominate mass loss over the disc lifetime
for reasonable EUV uxes.

While this picture is useful to gain some insight into the physics of external photoevaporation, accurately computing the mass
loss rate in the wind requires more detailed numerical modelling of the PDR physics. We consider efforts in this direction to date
as follows.

2.3 Microphysics of external photoevaporation

One ofthe biggest challenges surrounding external photoevaporationis that it depends upon awide array of complicated microphysics.
The wind is launched primarily by the FUV radiation eld, and determining the temperature in this launching region, which is critical,
requires solving photodissociation region (PDR) microphysics, which in itself can consist of many hundreds of species and reactions
and complicated thermal processes (e4§, #6]). In particular, as we will discuss below, the line cooling is dif cult to estimate in

3D, meaning most PDR codes are limited to 1D (e4§])[ The dust and PAH abundance in externally driven wind also play key

roles in determining the mass loss rate, but may differ substantially from the abundances in the ISB0(81).[In addition to

the complicated PDR-dynamics, EUV photons establish an ionisation front downstream in the wind, which affects the observational
characteristics. Here we introduce some of the key aspects of the microphysics of external photoevaporation in more detail.

2.3.1 The theory of dust grain entrainment in external photoevaporative winds

We begin by considering the dust microphysics of external photoevaporation. First it is necessary to provide some context by
discussing brie y how dust evolves in the disc itself. Canonically, in the ISM the dust-to-gas mass rattd entlgrains typically
follow a size distribution of the form

dn(aS) éq

o (®)
[52] with grain sizes spannings 10°3S 1um[53 andq  3.5. In protoplanetary discs, the dust grains grow to larger sizes,
which eventually (when the Stokes number is of order unity) dynamically decouples them from the gas, leading to radial drift
inwards to the inner disc. This growth proceeds more quickly in the inner disc %]y ahd so there is a growth/drift front that
proceeds from the inner disc outwards. It is not yet clear how satisfactory our basic models of this process are, particularly in terms
of the timescale on which it operates, since if left unhindered by pressure bumps in the disc it quickly results in most of the larger
drifting dust being deposited onto the central star (see 84g5p]). However, for our purposes the key point is that the abundance
of smaller ( pm) grains in the disc ends up depleted relative to the ISM due to grain growth.

The nature of dust in the external photoevaporative wind is important for three key reasons

L

The dust in the wind sets the extinction in the wind and hence has a signi cant impact on the mass loss rate.

2. The extraction of dust in the wind could have implications for the mass reservoir in solids for terrestrial planet formation and/or
the cores of gas giants.

3. The entrainment of dust in winds could provide observational diagnostics of the external photoevaporation process (we will

discuss this further in Se@).

and so the key questions are what size, and how much, dust is entrained in an external photoevaporative wind. This problem was
addressed in the semi-analytic work 60]. They solved the ow structure semi-analytically (we discuss semi-analytic modelling

of external photoevaporative winds further in Séct)) and calculated the maximum entrained grain size. The ef ciency of dust
entrainment in the wind is dependent on the balance of the Ep&déirdfag exerted on the dust grain with densityby the
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Fig. 3 A summary of the key heating and cooling mechanisms in a medium irradiated byGy30V radiation eld. PAH-driven photoelectric heating
dominates until highAy/, where cosmic rays take over. The key cooling mechanism in the wind is the escape of line photon80From [

out owing gas of velocityvy, versus the gravity from the host star. Thus, the condition for a dust grain to be lost to external
photoevaporation is50]:

1 vihMext
4 FGM ¢

8s < 8ent 9)
where 4 F is the solid angle subtended by the wind (s&§)]

The main outcome of the above is that only small grains are entrained in the wind and the mean cross section is reduced. Therefore,
when grain growth proceeds to the disc outer edge, the dust-to-gas mass ratio, mean cross section, and hence, extinction in the wind
drops substantially. This makes external photoevaporation more effective than previously considered when the dust in the wind was
treated as ISM-like. This lower cross section in the wind is now accounted for in numerical models of external photoevaporation,
assuming some constant low value (e.g. the FRIED grid of mass loss58teticussed more iR.5). However, what is still missed
in models is that the cross section in the wind is actually a function of the mass losS0jladed so needs to be solved iteratively
with the dynamics.

[6Q] also recently introduced dynamically decoupled dust into 1D isothermal models of externally irradiated discs (discussed
more in Sect2.5.7), nding that it does indeed lead to a radial decrease in the maximum grain size, which could be searched for
observationally. This gradient in grain sizes has been observed by Throop6df an§l Miotello et al. $2], who studied the large
proplyd 114-426 on the near side of the ONC, calculating the attenuation of the background radiation through translucent parts
of the disc. They found a maximum grain size decreasing fronu@n7o 0.2 m, moving away from the disc outer edge over a
distance of around 250 au, consistent wiB][

2.3.2 Photodissociation region physics for external photoevaporation

The FUV-excited photodissociation region (PDR) microphysics determines the composition, temperature and therefore the dynamics
of the inner parts of external photoevaporative winds. As discussed above, this FUV/PDR part of the inner wind can determine
the mass loss rate from the disc. This is not a review on PDR physics (for further information, set5, 6. 63]) but given its
importance for setting the temperature, and therefore, the dynamics, we provide a brief overview of some relevant processes.

We focus primarily on the main heating and cooling contributions. These are summarised as a function of extinction for an
external FUV eld of 300 G in Fig. 3, which is taken from5$0]. Note that, as we will discuss below, the exact form of these plots
depends on the FUV eld strength and the assumed composition, e.g. the metallicity, dust grain properties and polycyclic aromatic
hydrocarbon (PAH) abundance.

The heating mechanism that is anticipated to be most important for external photoevaporation is photoelectric heating (see the
left-hand panel of Fig3) that occurs when PAHSs lose electrons following photon absorption, increasing the gas kinetic 88ergy [

The impact this can have on the mass loss rate is illustrated idRichich shows the results of numerical models of an externally
photoevaporating 100 au disc around a 1 Btar in a 100@o FUV environment as a function of metallicity. Each coloured set of

points connected by a line represents a different PAH-to-dust ratio. Reducing the PAH-to-dust ratio has a much larger impact on the
mass loss rate than changing the overall metallicity. These models are previously unpublished extensions of the 1D PDR-dynamical
calculations of 9], which are discussed further 5. When the metallicity is reduced, the PAH abundance and heating are also
lowered, but so is the line cooling. Changes in metallicity therefore only lead to relatively small changes to the mass loss rate as
the heating and cooling changes compensate. Conversely, changing only the PAH-to-dust ratio can lead to dramatic changes in the
mass loss rate.

A key issue for the study of external photoevaporation is that the PAH abundance in the outer parts of discs and in winds is very
poorly constrained. For the proplyd HST 10 in the ON&I][inferred a PAH abundance relative to gas around a factor 50 lower
than the ISM and a factor 90 lower than NGC 7083]|[ Note that the models in Figh use a dust-to-gas mass ratio of 30°4 so
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Fig. 4 External photoevaporative
mass loss rate as a function of
metallicity (Z/ Z ) fora 100 au 107
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an fp AH of 0.1 in Fig.4 corresponds to a PAH-to-dust ratio of 1/330. PAH detections around T Tauri stars are generally relatively
rare [65, 66], which leads us to expect that the PAH abundance is depleted in discs irrespective of external photoevaporation. This
lower PAH abundance would mean less heating due to external photoevaporation, resulting in lower external photoevaporative mass
loss rates. Conversely6T] demonstrated that PAldmissionfrom the inner disc could be suppressed when PAHs aggregate into
clumps, which also crucially would not suppress the heating contribution from PAHs (Lange, priv. comm.). However, it is unclear

if that same model for PAH clustering applies at larger radii in the disc, let alone in the wind itself and so this is to be addressed in
future work (Lange, priv. comm.).

Givenits potential role as the dominant heating mechanism, determining the PAH abundance in the outer regions of discs is vital for
understanding the magnitude of mass loss rates and so should be considered a top priority in the study of external photoevaporation.
The James Webb Space Telesc@p&/ST) should be able to constrain abundances by searching for features such as thpari5-20
emission lines (e.g6B-73)). [ 74] also demonstrated with synthetic observations that the upcomiirkle[ 75] and Ariel [76, 77]
missions should be able to detect the PAH |83 feature towards discs, at least out to 140 pc. Even if detectiongwittklgAriel
would not succeed in high UV environments because of the larger distances to those targets, containing PAH abundances of the outer
disc regions in lower UV nearby regions would also provide valuable constraints. These will be an important step for calibrating
models, re ning the mass loss rate estimates and hence our understanding of external photoevaporation.

Often the dominant cooling in PDRs is the escape of line photons from species such as CO, C, O Ewdl@ting this
is the most challenging component of PDR calculations, since to estimate the degree of line cooling, line radiative transfer in
principle needs to sample all directions (4teradians) from every single point in the calculation. For this reason, most PDR studies
to date (even without dynamics) have been 1D, where it is assumed that exciting UV radiation and cooling radiation can only
propagate along a single path, with all other trajectories in nitely optically thick (&9.78-80]). Most dynamical models of
external photoevaporation with detailed PDR microphysics have also therefore been 1D. For eXa8hpded the 79 1D PDR
code to pre-tabulate PDR temperatures as inputs for 1D semi-analytic dynamical models (we will discuss these in more detail in
Sect.2.4). Note that 2D models of other features of discs have circumvented this issue by assuming a dominant cooling direction, for
example vertically through the disc (e.81]), or radially in the case of internal photoevaporation calculati8@s [This approach
is not applicable in multidimensional simulations of an externally driven wind, where there is no obvious or universally applicable
dominant cooling direction.

The 3d- pdr code developed by8B] and based on thecl- pdr code [78] was the rst code (and to our knowledge remains the
only code) able to treat PDR models in 3D. It utiliseBealpix scheme 84] to estimate the line cooling in 3D without assuming
preferred escape directio@alpix breaks the sky into samples of equal solid angle at various levels of re nement. For applications
to external photoevaporatioBd- pdr was coupled with the Monte Carlo radiative transfer and hydrodynamicstooge [85] in
thetorus- 3dpdr code B6], making 2D and 3D calculations possible in principle, which we will discuss more in&édtlowever,
the computational expense of doing 3D ray tracing from every cell in a simulation iteratively with a hydrodynamics calculation is
prohibitively expensive. Finding ways to emulate the correct temperature without solving the full PDR chemistry may offer a way
to alleviate this problem (e.g87]).

2.4 1D Semi-analytic models of the external photoevaporative wind ow structure

In Sect2.3 we discussed the importance of PDR microphysics for determining the temperature structure and hence the ow structure
of externally irradiated discs. We also noted that PDR calculations are computationally expensive and are usually limited to 1D
geometries. Until recently, calculations of the mass loss rate that utilise full PDR physics have also been con ned to 1D and solved
semi-analytically. Here we brie y review those approaches.
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Fig. 5 A schematic of the 1D
semi-analytic model structure and
how it is used to estimate total
mass loss rate estimates. The ow
solution is solved along the disc
mid-plane with appropriate
boundary conditions, e.g. at the
disc outer edge and at some
critical point in the wind. This
mid-plane ow is then assumed to
apply over the entire solid angle
subtended by the disc outer edge

First we describe the 1D approach to models of external photoevaporation and the justi cation for such a geometry. 1D models
essentially follow the structure radially outwards along the disc mid-plane into the wind, as illustratedbinifig grid is spherical,
but the assumption is that the ow only applies over the solid angle subtended by the disc outer Bdg&tt fraction of 4
steradians is
Fo__Hd (10)
HZ + R3

for a disc scale heightly (again see Figh). The mass loss rate at a point in the owRatvith velocity R and density is then
M 4 RF R (11)

The 1D geometry is justi ed based on the expectation that it is there that material is predominantly lost from the disc outer edge.
That expectation arises because:

1. Material towards the disc outer edge is the least gravitationally bound.
2. The vertical scale height is much smaller than the radial, which results in a higher density at the radial sonic point than the
vertical one 58].

This is demonstrated analytically in the case of compact discs in the appen8B},affio show that the ratio of mass lost from the
disc surface to disc edge is

Msurface & 112. (12)
Medge RQ

whereMsyrface@nd Medge are the mass loss rates from the disc upper layers and mass loss rates from the outer edge, respectively.
As before,Ry and Ry are the disc outer radius and gravitational radius, respectively. That is for larger, more strongly heated discs
there is a more signi cant contribution from the disc surface. This has also been tested and validated in 2D radiation hydrodynamic
simulations by $8] (that we will discuss fully in Sect2.5) who showed that, at least in a%lGq environment, the majority of the
mass loss comes from the disc outer edge and the rest from the outer 20 percent of the disc surface. Mass loss rates in 2D and
analogous 1D models were also determined to be similar to within a factor two, with the 1D mass loss rates being the lower values.
Mass loss rates computed in one dimension are therefore expected to be somewhat conservative but reasonable approximations.

[58] took a semi-analytic approach to solving for the ow structure by using pre-tabulated PDR temperatures from the code of
[79] and using those in the ow equations. They found that the ow structure is analogous8® wihd, but non-isothermal and
with centrifugal effects. At each pointin the ow, the pre-tabulated PDR temperatures are interpolated as a function of local density
incident FUV and extinction. The boundary conditions used were the conditions at the disc outer edge and the sonic point in the
ow. They demonstrated both that FUV-driven winds are dominant for setting the mass loss rate and that winds could be driven
interior to the gravitational radius, down t00.1 S 0.2 Ry (see also, e.g9p, 91)).

[50] took a similar approach to 1D semi-analytic models with pre-tabulated PDR temperature88oms[already discussed
above, their main focus was on dust entrainment and the impact of grain growth in the disc on the dust properties in the wind. They
found that the entrainment of only small grains, coupled with grain growth in the disc, reduces the extinction in the wind and can
enhance the mass loss rate. In addition, they used a different approach to the outer boundary condition, nding a critical point in the
modi ed Parker wind solution and taking into account deviations from isothermality at that point. They then integrated from that
critical point, inwards to the disk. Thanks to this different approdj yvere able to compute solutions over a wider parameter
space than before, particularly down to low FUV eld strengths.

Semi-analytic models have offered a powerful and ef cient tool for estimating mass loss rates in different regimes. However,
there are still regions of parameter space where solutions are not possible and semi-analytic models are still only limited to 1D. To
alleviate those issues, we require radiation hydrodynamic simulations.
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2.5 Radiation hydrodynamic models of external photoevaporation

Above we discussed semi-analytic calculations of the external wind ow structure. Those have the advantage that they are quick to
calculate. However, they are limited by being restricted to 1D solutions and by solutions not always being calculable. This leaves a
demand for radiation hydrodynamic calculations capable of solving the necessary radiative transfer and PDR temperature structure
in conjunction with hydrodynamics. Such calculations can solve for the ow structure in 2D/3D and in any scenario.

The radiation hydrodynamics of external photoevaporation is one of the more challenging problems in numerical astrophysics
because the key heating responsible for launching the wind is described by PDR physics. That is, we are required to iteratively solve
a chemical network that is sensitive to the temperature with a thermal balance that is sensitive to the chemistry. To make matters
worse, the cooling in PDRs is non-local, being dependent on the escape probability of line photons stevatlians from any
point in the simulation (see Se@.3.9. In other scenarios, this does not cause signi cant issues if there is a clear dominant escape
direction. For example, within a protoplanetary disc the main cooling can quite reasonably be assumed to occur vertically through
the disc, since other trajectories have a longer path length (and column) through the disc (“1+1D” mod@&, @2h. Bimilarly,
for internal winds there are models with radiation hydrodynamics and PDR chemistry, where the line cooling is evaluated along
single paths radially on a spherical grig] 93-95]. In the complicated structure of an external photoevaporative wind, however,
this sort of geometric argument cannot be applied and so multiple samplings of the sitgddians) are required from every point
in a simulation.

Although 3D cooling is ideally required, simulations have been performed using approximations to the cooling in high UV
radiation elds in particular, where the PDR is small. For exam8é] fan 2D axisymmetric simulations of discs irradiated face-on.

In their calculations, the optical depth and cooling are estimated using a single ray from the cell to the irradiating UV source (this
same path is used for calculating the exciting UV and cooling radiation). They also employed a more simple PDR microphysics
model compared to work at the time such a3][ which enabled the move from 1D to 2D-axisymmet86][studied the mass loss

of proplyds as well as the observational characteristics using intensity maps derived from their dynamical models, some of which
are illustrated in Fig6. They found, in the rst geometrically realistic EUV+FUV irradiation models, that rapid disc dispersal gives
morphologies in various lines similar to those observed in the ONC.

Thetorus- 3dpdr code B is a key recent development in the direct radiation hydrodynamic modelling of external photoevap-
oration. It was constructed by merging components of the rst fully 3D photodissociation regior3deddr [83] with the torus
Monte Carlo radiative transfer and hydrodynamics c@&% [3d- pdr (and hencdorus- 3dpdr ) address the 3D line cooling issue
using ahealpix scheme, which breaks the sky into regions of equal solid atayies- 3dpdr has been used to run a range of 1D
studies of external photoevaporation. It has been shown to be consistent with semi-analytic calc@igtitnsds used to study
external photoevaporation in the case of very low mass stars, with a focus on Trap@kt-Tlhe approach was to run a grid of
models to provide the mass loss rate as a function of the UV eld strength, disc mass/radius for a 0s&8 Ehd interpolate over
that grid in conjunction with a disc viscous evolutionary code based on that of Ce@kéo[evolve the disc. The usefulness of
such a grid led to the FRIEDFUV Radiationl nducedEvaporation ofDiscs) grid of mass loss rates that has since been employed
in a wide range of disc evolutionary calculations by various groups (20§-102, others). Note, given the discussion on the
importance of PAHs above that the FRIED models use a dust-to-gas ratio a factor 33 lower than the cantfioati®ISM and
a PAH-to-dust mass ratio a further factor of 10 lower than ISM-like. This is conservative (i.e. a PAH-to-gas ratio of 1/330 that in
the ISM) compared to the factor 50 or so PAH depletion measure8Xy$o models predict that the PDR heating is still capable
of driving signi cant mass loss, even when the PAH abundance is heavily depleted compared to the ISM.

These applications were all still 1D though and so there is a growing theoretical framework that is based on that geometric
simpli cation. [88] ran 2D-axisymmetric external photoevaporation calculations (with 3D line cooling, utilising the symmetry of
the problem) and found that 1D calculations are, if anything, conservative since the 2D mass loss rates were slightly higher. True 3D
calculations with 3D line cooling and the disc not irradiated isotropically or face-on, are yet to be performed. Though in principle
torus- 3dpdr is capable of this, in practice the 3D ray tracing of trealpix scheme makes such calculations computationally
expensive.

2.5.1 The disc-wind transition

Most of the models discussed so farimpose a disc as a boundary condition from which a wind solution is derived. In reality, the wind
is not launched from some arbitrarily imposed point in an irradiated dd€f récently implemented a model without an imposed

inner boundary and a smooth transition from disc to wind using a slim disc apprb@ghlp this rst approach, they assume an
isothermal disc, but demonstrate that while the transition from disc to wind is narrow, it is not negligibly thin. They also introduced
dust of different sizes into their model, which predicts a radial gradient in grain size in the outer disc/inner wind. Although the
xed inner boundary models are valid for computing steady state mass loss rates for disc evolutionary models, a worthwhile future
development will be to include detailed microphysics in a slim-disc approach like th@@jof [
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Fig. 6 A gallery of intensity maps (logyerg $1cmS2 strad® 1) resulting from the 2D-axisymmetric radiation hydrodynamic simulations of proplyds by
[96]. The simulations utilised a simpli ed microphysics approach which enabled them to model proplyds in 2D-axisymmetry, with UV radiation incident
from the top. These multi-wavelength synthetic line emission maps were compared and found to be consistent with the properties of ONC proplyds

2.6 Summary and open questions for the theory of externally driven disc winds

1. Numerical models of external photoevaporation require some of the most challenging radiation hydrodynamics models in
astrophysics. This is primarily because it is necessary to include 3D PDR microphysics, including line cooling with no obvious
dominant cooling direction.

2. Limited by the above, 1D models of external photoevaporation are now well established and are used to estimate disc mass loss
rates. But 2D and 3D simulations are still limited.

Some of the many open questions and necessary improvements to current models are

1. What is the PAH abundance in external photoevaporative winds and the outer regions of discs? This is key to setting the wind
temperature and mass loss rate.

Including mass loss rate dependent dust-to-gas mass ratios and maximum grain sizes (and hence extinction) in numerical models
of external photoevaporation. At present a single representative cross section is assumed, irrespective of the mass loss rate.
Can accurate temperatures from PDR microphysics be computed at vastly reduced computational expense (e.g. via emulators)?
What is the interplay between internal and external winds?

3D simulations of external photoevaporation with full PDR-dynamics

Non-isothermal slim-disc models of externally photoevaporating discs.

n

o g w

3 Observational properties of externally photoevaporating discs

Here we discuss observations to date of individual externally photoevaporating discs. We discuss the diversity in their properties
such as UV environment and age, and summarise key diagnostics.

3.1 De ning the term proplyd

The term “proplyd” was originally used to describe any disc directly imaged in Orion with HST in the mid-9022@ 83]) as a
portmanteau of “protoplanetary disc”. Since then, use of the term has adapted to only refer to cometary objects resulting from the
external photoevaporation of compact systems. However, this use of the term is ambiguous, since a cometary morphology can result
from both externally irradiated protoplanetary disesl externally irradiated globules, which may be host no embedded star/disc,

such as many of the compact globulettes as illustrated in7Hib04, 105. We therefore propose to de ne a proplyd as follows

Proplyd:
A circumstellar disc with an externally driven photoevaporative wind composed of a photodissociation region and an exterior
ionisation front with a cometary morphology.

We have chosen this de nition such that it makes no distinction as to whether EUV or FUV photons drive the wind, but speci cally
de ne that for an object to be a proplyd then the wind must be launched from a circumstellar disc. In the absence of a disc, it is a
globule or globulette (also sometimes referred to as an evaporating gas globules, or EGIRER.dI] further clarify, a globule
or globulette with an embedded YSO (identi ed through a jet for example) with cometary morphology would also not be de ned
as a proplyd since it is the ambient material being stripped rather than the disc.
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Fig. 7 The left-hand panel is a gallery of proplyds in the ONC — evaporating discs around YSQ's (Credit: NASA/ESA and L. Ricci). The right-hand panel
is a gallery of globulettes in Carina frorhi(5. Globulettes have radii from hundreds to thousands of au and can also take on a cometary morphology when
externally irradiated, though in many cases do not contain any YSOs, which by our de nition would mean that they are not proplyds (b@fkribeef

referred to them as such, rather using the term globulette)

3.2 Where and what kind of proplyds have been detected?

Proplyds were originally discovered in the ONC and there are now over 150 known in the regio@3e38, 107, 108)). The ONC
is aroundL-3Myr old with the primary UV source the O6V statC. In general, the surface brightness of proplyds if the local EUV
exposure is lower than proplyds can be harder to detect. For example, the surface brightness[@DH:
H 7x 1011_H_ Eﬁ d 52 S1 S22 ,S1 13
SH ) 51049931 Olpc sPTcmPesr (13)

where €T 12x 10513 cm®3sSland g 2.6 x 10513 cm®3 s51 at temperaturd  10* K are hydrogen recombination
coef cients (e.g. #7]). Nonetheless, in recent years there have been important detections of proplyds in lower EUV environments.
Proplyds can be found in the ONC at separations of up th pc from 1C [20, 110 111]. Meanwhile, 117 found proplyds
in the vicinity of the B1V star 42 Ori in NGC 1977, demonstrating that B stars can drive external photoevaporative 1tigds. [
also presented the discovery of proplyds in NGC 2024. In that region it appears that both an O8V and B star are driving external
photoevaporation. The main signi cance of proplyds there is tf@2 S 0.5 Myr age of a subset of the region where proplyds have
been discovered. This is important since it implies that external photoevaporation can even be in competition with our earliest stage
evidence for planet formatioril4, 115.

Inthese regions, proplyds have been detected with host star masses from around solar down to almost planetarylaa4ges (
[112 116-118). The UV elds incident upon these proplyds ranges freml0° G down to possibly around 108 [62]. Mass
loss rates are estimated to regularly be greater th&A M yrS and sometimes greater than>foM  yrS? (e.g. B4, 35, 113
119). Examples of binary proplyds have also been discovet2@]For suf ciently close separation binaries, the disc winds merge
to form a so-called interproplyd shell, which was studied b®1]. These nearby regions, the ONC, NGC 1977 and NGC 2024,
show the clearest evidence for external photoevaporation.

Due to resolution and sensitivity issues, unambiguous evidence for external photoevaporation is more dif cult to obtain in more
distant star-forming regions than tti2 400 pc of Orion. 127 identi ed candidate proplyds in Trumpler 14, at a distance of
D 2.8kpc, and 106 subsequently detected discs towards those candidates with ALMA. Although many of those candidates
are large evaporating globules (in some cases, with embedded discs detected), some are much smaller and so could be bona de
proplyds.

There are other regions where “proplyd-like” objects have been discovered, including Cygnu$Z3BI2H], W5 [125, NGC
3603 126, NGC 2244, IC 1396 and NGC 226477]. However, our evaluation of those systems so far is that they are all much
larger than ONC proplyds and likely evaporating globules. Given the high UV environments of those regions and the identi cation of
evaporating globules, wdo expect external photoevaporation to be signi cant in the region. However, it remains unclear for many
of these objects whether the winds are launched from an (embedded) star-disc system. Future higher-resolution observations (e.g.
extremely large class telescopes should resolve ONC-like proplyds outto Carina) and/or new diagnostics of external photoevaporation
that do not require spatially resolving the proplyd (for example line ratios, or tracers that show a wind de nitely emanates from a
disc) are required in these regions.

123



1132 Page 12 of 41 Eur. Phys. J. Plus (2022) 137:1132

We provide a further discussion of proplyd demographics and particularly the demographics of discs in irradiated star-forming
regions in Sect4.3.

3.3 Estimating the mass loss rates from proplyds

As discussed above, proplyds have a cometary morphology with a “cusp” pointing towards the UV source responsible for driving
the wind and an elongated tail on the far side, pointing away from the UV source. The leading hemisphere that is directly irradiated
by the UV source is referred to as the cometary cusp. On the far side of the proplyd is a trailing cometary tail.

The extent of the cometary cusp is set by the point beyond which all of the incident ionising ux is required to keep the gas
ionised under ionisation equilibrium. A higher mass loss rate and hence denser ow increase the recombination rate in the wind and
would move the ionisation front to larger radii. Conversely, increasing the ionising ux will reduce the ionisation front to smaller
radii. As a result, the ionisation front radii (i.e. the radius of the cometary cusp) is related to the ionising ux incident upon
the proplyd and the mass loss réiey; [33]. This is independent of the actual wind driving mechanism, being enforced simply by
photoionisation equilibrium downstream of the launching region of the ow. This provides a means to estimate the mass loss rate
from the disc:

Mot L Rt 32 d $1 2
1058 M yrst 1200 au pc 104551

where s the ionising photons per second emitted by the source at disianesponsible for setting the ionisation front. This has

been applied to estimating mass loss rates in NGC 2024 and NGC 1977 117]. Note that this neglects extinction between the

UV source and the proplyd and could underestimate the true separation between the UV source and proplyd. Both of these effects
would reduce the true ionising ux incident upon the proplyd and solBqrovides an upper limit on the mass-loss rate.

Generally, the mass loss rate could alternatively be inferred if one knows the density and velocity through a surface in the wind
enclosing the disc. However, the ionisation front is very sharp, making it an ideal surface through which to estimate the mass loss
rate.

Other more sophisticated model ts to proplyds have been made, sudigsyho use photoionisation, hydrodynamics and
radiative transfer calculations to model the proplyd LV 2, butEtprovides a quick estimate that gives mass loss rates comparable
to those more complex estimates.

(14)

3.4 Multi-wavelength anatomy of proplyds

Here we provide a brief overview of some key observational tracers of proplyds. We also highlight possible alternative tracers that
might prove useful to identify external photoevaporation when proplyds cannot be inferred based on their cometary morphology
(i.e. in weaker UV environments and distant massive clusters). A schematic of the overall anatomy and location of various tracers
of a proplyd are shown in Fi@.

3.4.1 lonised gas tracers in absorption and emission

Proplyds are observed in two ways using ionised gas emission lines. Proplyds are typically fouinmegidhs, which are associated

with widespread ionised emission lines. Proplyds on the side of fhedgionclosest to the observecan therefore manifest in the
absorption of those ionised gas emission lines. In addition, the ionisation front at the rim of the proplyd cusp is an additional source
of ionised emission lines that can be directly detected. lonised gas tracers in emission probe the region close to or outside of the
Hi-H ii ionisation front (e.g.35]). These ionised gas tracers detected in emission are valuable for estimating mass loss rates using the
procedure discussed 813. Prominent ionised gas emission lines include,/Paschen, [Oiii], [Neii] and [Nii]. Combinations of

these photoionised gas tracers have also been used to constrain models of proplyds. For exdrh@lenho[compared simulated

images and observations in H[N ii] (6583A) and [Qiii] (5007A) to model the proplyd LV 2.

3.4.2 Disc tracers

CO Thanks to its brightness, CO is one of the most common line observations towards protoplanetarg@ipostied out that
because the speci ¢ angular momentum in the wind scalé®°&srather than the KepleriaR®¥ 2 that non-Keplerian rotation is

a signature of external photoevaporation. Although this deviation grows with distance into the wind, it does not get a chance to do
so to detectable levels before CO is dissocia@] 12§. CO is therefore not expected to kinematically provide a good probe of
external winds for proplyds (though it may be useful for more extended discs with slow external winds in low UV environments,
as we will discuss irB.5). However, this does not preclude CO line ratios or intensities showing evidence of external heating in
spatially resolved observations.
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Direct UV irradiation

Disc
mm continuum
More compact than the gas disc

Molecules like CO

Dissociated near the base of

Ha
Paschen o

[O IIT], [N ]

Trace the ionisation front radius, which
can be used to estimate the mass loss
rate

PDR
[OI] 6300A
Probes close to the H-H> transition
[OI] 63um

Currently no instruments to observe
this line in proplyds

CI

the wind Possibly a good tracer of the inner part

of the wind with ALMA
CIl

Currently limited instruments to
observe this line in proplyds (SOFIA)

Diffuse UV Small dust
irradiation Radial gradient of grain sizes

Fig. 8 The anatomy of a proplyd, highlighting the observables in different parts of the system. The three main zones are the disc, PDR and ionised gas

Dust continuum External photoevaporation in uences the dust by i) entraining small dust grains in the5@rehid ii) by heating

the dust in the disc. Directly observing evidence for grain entrainment would provide a key test of theoretical models both of external
photoevaporation and dust-gas dynamics. In addition to the prediction that small grains are entrained, Owen &t} gxktaidt

a radial gradient in the grain size distribution.

Evidence for such a radial gradient in grain size was inferred in the ONC 114-426 di§2]uis¢e also §1]). This disc is
the largest in the central ONC, on the near side of thié tégion. Although the UV eld incident upon it is expected to be of
order 14 Gy, it is clearly evaporating, with the wind resulting in an extended diffuse foot-like structure (though no clear cometary
proplyd morphology). They mapped the absorption properties of the translucent outer parts of the disc, nding evidence for a
radially decreasing maximum grain size, which would be consistent with theoretical expectations. Revisiting 114-426 to obtain
further constraints on grain entrainment would be valuable, as well as searching for the phenomenon in other systems. JWST wiill
offer the capability to similarly study the dust in the outer parts of discs in silhouette in the ONC, comparing JWST Paschen
absorption with HST H absorption (as part of PID: GTO 125679).

The dust in discs is also in uenced by the radiative heating from the environment. If a proplyd is suf ciently close to a very
luminous external source the grain heating can be comparable to, or in some parts of the disc exceed, the heating from the disc’s
central star. If this is not accounted for when estimating the dust mass in a proplyd (i.e. if one assumes some constant characteristic
temperature, typicalllf 20 K) the mass ends up increasingly overestimated in closer proximity to the luminous external source
[130 and so may suppress spatial gradients in disc masses at distances within around 0.1 pc of an O Sta(dike b, 131]).

3.4.3 Photodissociation region tracers

Photodissociation region (PDR) tracers are valuable because they trace the inner regions of the ow. In particular, as discussed in

2.3.2 it is the FUV/dissociation region that determines the mass loss rate. PDR tracers in the wind are also valuable because they
are what we will rely on to identify externally photoevaporating discs that are non-proplyds (discussed further 3r5péiDR

tracers of external photoevaporation have received a lot of attention in recent years and so are explored somewhat more thoroughly
than photoionised gas tracers here.

[OI] 6300A [132 modelled the [OI] 6300A emission from proplyds motivated b3J observations of the ONC proplyd 1822-

413. They found that in the case of external photoevaporation the line is emitted following the photodissociation of OH, with the
resulting excited oxygen having a roughly 50 per cent chance of de-exciting through the emission of a [Ol] 6300A photon. For
the density/temperature believed to be representative in the wind, this dissociation is expected to dominate over OH reacting out by
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some other pathway. This model approximately reproduced the ux of 1822-413. Ballabio et al. (in preparation) generalised this,
studying how the [O1] 6300A line strength varies with UV eld strength and star disc parameters. They found that the line is a poor
kinematic tracer of external winds because the velocity is too low to distinguish it from [OI] emission from internal winds (though
spectro-astrometry, e.dl34], and future instrumentation may solve this issue by spatially distinguishing the internal and external
winds). However, the [O1] luminosity increases signi cantly with UV eld strength. The ratio of [O1] 6300A luminosity to accretion
luminosity is therefore expected to be unusually high in strong UV environments. The ratio usually has a spreadtdf abders

of magnitude in low UV environment4d.85, but the models predict the ratio increases by an additional order of magnitude above
the usual upper limit in a £y environment. This could make [Ol] a valuable tool for identifying external photoevaporation at
large distances where proplyds cannot be spatially resolved.

There are some observational challenges associated with utilising this diagnostic though. One is that the targeted YSQO'’s emission
has to be distinguished from emission from the star-forming region. For example, [Ol] emission from a background PDR. Further-
more, estimating the accretion luminosity of proplyds appears to have only been attempted in a handful of cases, with tracers like
H also possibly originating from the proplyd wind.

C | Aswe discussed above, the most commonly used disc gas tracer, CO, is dissociated in the wind. This means that it is ineffective
for detecting deviations from Keplerian rotation that are expected in external photoevaporative winds. C | primarily resides in a
layer outside of the CO abundant zone until it is ionised at larger distances in the wind, so could therefore trace the deviation from
Keplerian rotation. Haworth and Owebd8g proposed that C | offers a means of probing the inner wind kinematically. A key utility

of this would be its possible use as an identi er of winds in systems where there is no obvious proplyd morphology. Haworth et al.
[117 used APEX to try and identify the C | 1-0 line in NGC 1977 proplyds, which are known evaporating discs in an intermediate
(FFuv ~ 3000Gp) UV environment. However, they obtained no detections, which they explain in terms of those proplyd discs
being heavily depleted of mass. However, an alternative explanation would be if the disc were just depleted in carbon. Distinguishing
these requires independent constraints on the mass in those discs. Overall, the utility of C | remains to be proven and should be
tested on higher mass evaporating discs. Based on the expected ux levels (s&8@)sd feems unlikely though that C | will be

suitable for mass surveys searching for the more subtle externally driven winds when there is no ionisation front. Though it could
be used for targeted studies of extended systems that are suspected to be intermediate UV environments.

Far-infrared lines: C Il 158 um and [Ol] 63um The [C II] 158 um and [Oi] 63 pm lines are both bright tracers of the PDR.

They have both been observed witlerschel[137] towards a small number of proplyds b$3g, who compared the line uxes

with uniform density 1D PDR models with thdeudon code BQ] to constrain parameters such as the mean ow density, which is
supported by ALMA observations. They suggested that the proplyd PDR self-regulates to maintain ttiahision close to the

disc surface and maintain a ow at 1000 K in the supercritical regiméf > Rg). Their models also pointed towards a number of
heating contributions being comparably (or more) important than PAH heating. However, those calculations also assumed uniform
density and ISM-like dust, whereas we now know it is depleted in the wind. Overall, this highlights the need for further detail in
PDR-dynamical models.

Clearly these PDR tracers do have enormous utility for understanding the conditions in the inner part of external photoevaporative
winds. The main limitation to using these far-infrared lines now is the lack of facilities to observe thenHevitbhelout of
commission and SOFIA (e.glB39) due to end soon. We are unaware of any short-term concepts to alleviate this, but in the longer
term there are at least two relevant far-infrared probe class mission concepts being prepared, FIRSST and PRIMA, which would
address this shortfall. However, these missions would not launch until the 2040s.

3.5 External photoevaporation of discs without an observed ionisation front

Proplyds are most easily identi ed because of their cometary morphology. However in weaker UV elds it is still possible to drive

a signi cant wind that is essentially all launched only from close to the disc outer edge (where material is most weakly bound).

Recent years have seen the discovery of possible external winds from very extended discs in very weak UV environments, down to

Fruv  10Gg. The rst example of this was the extremely large disc IM Lup, which has CO emission outl@0 au. IM Lup

had previously been demonstrated to have an unusual break in the surface density pro le at around 400 au in submillimetre array

(SMA) observations byl[4(. [14]] then observed IM Lup in the continuum and CO isotopologues with ALMA, similarly nding

that the CO intensity pro le could not be simultaneously reproduced at all radii by sophisticated chemical models, inferring a diffuse

outer halo of CO. Usingdipparcosto map the 3D locations of the main UV sources within 150 pc of IM Lup and geometrically

diluting their UV with various assumptions on the extinctia4 ] had determined that the UV eld incident upon IM Lup is only

Fruv  4Go, so not expected to be suf cient to drive an external wirldtg demonstrated using 1D radiation hydrodynamic

models that the CO surface density pro le as a disc/halo could be explained by a slow external photoevaporative wind launched

from around 400 au by an extremely low FUV environmdfdyy 4 Go. This is possible because the disc is so extended that the

outer parts are only weakly gravitationally bound, so even modest heating can drive a slow molecular wind. However, 2D models

are required to give a more robust geometric comparison between simulations and observations to verify an outer wind in IM Lup.
Another candidate external wind inFryy < 10Ggo UV environment was identi ed in HD 163296 by {] and [L43. They

developed a framework in which the 3D CO emitting surface of the disc is traced, which can then be translated into a map of the
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Fig. 9 The azimuthally averaged velocity (vectors) at the height of CO emission as a function of radius in HD 163288 by [addition to meridional
ows, there is detection of a possible outer wind aB20S 400 au, highlighted by the blue dashed box on the right

velocity as a function of radius and height in the disc as illustrated ingigheir main focus was the meridional ows identi ed
at smaller radii in the disc, but they serendipitously discovered evidence for an outer wind launched3&0% 400 au (see the
right-hand blue box of Fig.9). This is yet to be interpreted with any numerical models or synthetic observations, which will be
necessary to support the interpretation that it is external photoevaporation that is responsible.

[143 also carried out a similar analysis of the disc MCW 480 but found no evidence of an outer wind despite having a similar
radial extent and environment. Whether this is a consequence of the face-on orienta@®ncpompared to 45 for HD 163296)
or because there is no outer wind remains to be determined. Indeed, the HD 163296 kinematic feature that appears to be an out ow
may also be due to some other mechanism. Furthermore, a similar approach is yet to be applied to IM Lup to search for kinematic
traces of an outer wind.

Looking ahead, determining whether external irradiation can really launch winds from discs down to FU\Faxes 10Gg
is important for understanding just how pervasive external photoevaporation is.

3.6 Summary and open questions for observational properties of externally photoevaporating discs

1. External photoevaporation has been directly observed (e.g. proplyds) for almost 30 years. The vast majority of proplyd obser-
vations are in the ONC.

2. Inrecentyears direct evidence for external photoevaporation is being identi ed in more regions, and B stars are now also known
to facilitate it. However, the range of environments in which it has been observed is still very limited.

Some of the many open questions are:

1. What are robust diagnostics and signposts of external winds in weak UV environments?

2. What are diagnostics of external photoevaporation in distant clusters where a cometary proplyd morphology is spatially unre-
solved?

3. How widespread and signibcant are external winds from discs in weak UV environments?

4 Impact on disc evolution and planet formation

In this section, we consider how a protoplanetary disc evolves when exposed to strong external UV elds, and the consequences
for planet formation. We will only brie y describe some relevant processes for planet formation in isolated star-disc systems. This
is a vast topic with several existing review articles on both protoplanetary discslé4g1#7]) and the consequences for forming

planets (e.g.148-151)) to which we refer the reader. AdanE5Z] reviewed general in uences on planet formation (see a&d),

with a focus on the Solar System. Here we focus on a detailed look on how external photoevaporation affects the formation of
planetary systems.

4.1 Gas evolution
4.1.1 Governing equations

The gas dominates over dust by mass in the interstellar medium (ISM) by a faéter 100 [154, 15§. This ratio is usually

assumed to be similar in (young) protoplanetary discs, although CO emission suggests that the gas may be somewhat depleted with
respect to the dusb]. Nonetheless, gas is a necessary ingredient in instigating the growth of planetesimals by streaming instability
[156] and represents the mass budget for assembling the giant plab&t4$8g. Thus, how the gas evolves in the protoplanetary

disc is one of the rst considerations in planet formation physics.
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Despite its importance, the gas evolution of the disc remains uncertain. The observed accretioMages df0>1°S10°" M
yr>1 onto young stars37, 159, 160, depending on the stellar mask6l, 162, imply radial angular momentum transport. For
several decades, this angular momentum transport has widely been assumed to be driven by an effective viscosity, mediated by
turbulence that may originate from the magnetorotational instabilB#[ In the absence of perturbations, the surface densjty
of the gaseous disc as a function of cylindrical raditisen follows [L64]:

g I’} r vz r grl/2 S intS ext (15)
The loss rates jnt and ey are the surface density change due to the internally and externally driven winds, respectively. The
kinematic viscosity is usually parametrised by anparameter65 such that (r) c2/ , for sound speeds and Keplerian
frequency . In a disc with a mid-plane temperatufe r>Y2 this yields r [164.

In the following discussion, we will assume angular momentum transport is viscous. However, recently several empirical studies
of discs have suggested a low 105431053 [167-169. This is dif cult to reconcile with observed accretion rates. Alternative
candidates, particularly magnetohydrodynamic (MHD) winds, have been suggested to drive angular momentum transport (e.g.
[170). In this case, angular momentum is not conserved but extracted from the gas disc, with consequences for the disc evolution
[171, 172. In the following, we will assume a standard viscouslisc model, with the caveat that future simulations may offer
different predictions by coupling the externally driven photoevaporative wind with MHD-mediated angular momentum removal.

4.1.2 Implementing wind driven mass loss

In order to integrate EdL5, we must de ne the form of iyt and ex. The internal wind may be driven by MHD effects (e.§j7{,
173) or thermally due to a combination of EUV (e.d. 74, 175]), X-ray (e.g. B2, 176, 177]) and FUV (e.g. L78) photons, or
probably a combination of the two (e.d.19-181]). We do not focus on the internally driven wind in this review, but note that the
driving mechanism in uences the radial pro le ofin (see [L82, for a review).

Several authors have included the external wind in models of (viscous) disc evolutior2€29,[101, 183-185). In general,
these studies follow a method similar to that of Clar8][in removing mass from the outer edge, because winds are driven far
more ef ciently where the disc is weakly gravitationally bound to the host star. We discuss the theoretical mass loss rate& in Sect.
in brief, the analytic expressions by Johnstone et3d] &re applied to compute the mass loss rate in the EUV-driven wind, while
early studies applied the expressions by Adams eb8).fpr an FUV-driven wind. The latter has now been improved upon using
more detailed models by Haworth et @9, such that one can interpolate over the FRIED grid to nd an instantaneous mass loss
rate. For typical EUV uxes, once the disc is (rapidly) sheared down to a smaller size, any severe externally driven mass loss is
expected to be driven by FUV rather than EUV photons (see 3e®t.For this reason, the EUV mass loss is often neglected in
studies of disc evolution.

Since the mass loss rate is sensitive to the outer ragliys care must be taken when implementing a numerical scheme that
the value ofRyyt is sensibly chosen. In practice, a sharp outer radius quickly develops for a disc with initial mass loss rate higher
than the rate of viscous mass ux (accretion). For a viscous disc wittr, the surface density  rS1in the steady state, which
is the same pro le as adopted for the numerical models in the FRIED grid. One can then interpolate using the total disc mass and
outer radius. The latter is evolved each time-step by considering the rate of wind-driven depletion versus viscous re-expansion (e.g.
[99, 1864). However, the physically correct way to de ne the outer radius is to nd the optically thin-thick transition, since the ow
in the optically thin region is set by the wind launched from inside this radius. Mass loss scales linearly with surface density in the
optically thin limit [50], such that one can de nByy; to be the value of that gives the maximal mass loss rate for the corresponding

(r) in the disc evolution model (see discussion b97]). Under the assumption of a viscous disc with r both approaches
yield similar outcomes, but the approach of Sellek eti1] should be adopted generally. For example, this prescription would be
particularly important in the case of a disc model incorporating angular momentum removal via MHD Wigis [

4.1.3 Viscous disc evolution with external depletion of gas

In Fig. 10, we show examples for the evolution of the disc radius that contains 90 percent of theRywgsmd corresponding
externally driven mass loss rates (frof®]) due to the numerical integration of Etp (see also Figs8 and 4 of L01], for example).
To illustrate the variation in mass loss and radius, we choose an initial scale Radiu$00 au and mad¥lgisc 0.1 M , truncated
outside of 200 au, and with a viscous 3 x 103, For simplicity, we ignore internal winds (r; O everywhere), in order to
highlight the main consequences of the externally driven photoevaporative wind in isolation.

From such simple models, we gain some insights into how we expect disc evolution to be affected by externally driven mass loss.
Inthe rstinstance, the ef ciency of these winds at langkeads to extremely rapid shrinking of the disc. In a viscous disc evolution
model, this shrinking continues until the outwards mass ux due to angular momentum transport balances the mass loss due to the
wind such that the accretion ral,cc  Mex: [187, 188. This offers a potential discriminant for disc evolution models: while
Macc  Mext for a viscously evolving disc in an irradiated environment, this need not be the case if angular momentum is removed
from the disc via MHD winds or similar. In either case, the initial rapid mass loss ratdg,ef 10’ M yr>1 are only sustained
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Fig. 10 Evolution of the externally driven mass loss rabsyt (black, from the FRIED grid), accretion rat&scc (blue) and radii containing 90 percent

of the disc mass (red) for a disc evolving under E§with a viscous 3x 10°3, no internal photoevaporation and varying the external FUV ux
Fruv  50Gq (dotted), 5005 (dashed) and 5008 (solid). We stop integrating when the mass loss rate or inner surface density reaches the oor in the
FRIED grid Mext  10°10M yrSland g(lau) 0.1 gcnP?, respectively)

for relatively short timescales of a few 19r. Because the mass loss rate is related to the spatial extent of proplydsiBhis
implies easily resolvable proplyds should be short-lived and therefore rare.

This rapid shrinking of the disc has consequences for the apparent viscous depletion timescale of the disc, leading Rosotti et al.
[185 to expound the usefulness of the dimensionless accretion parameter:

ageMacc

) 16
Maisc ( )

where age Mgisc are the age and mass of the disc, respectively, Wiilg is the stellar accretion rate. For disc evolution driven by
viscosity, and where the disc can reach a quasi-steady-state, we expdctindeed, 1 for discs in low mass local SFRs when
using the dust mad€qyst (or, more precisely, sub-mm ux) as a proxy for the total disc mdgg: 100- Mgyst While numerous
processes can interrupt accretion and yietd 1, only an outside-in depletion process can yietd 1. Rosotti et al. 185 showed
that this applies to a number of discs in the ONC, hinting that external photoevaporation has sculpted this population.

With the inclusion of internal disc winds, a number of disc evolution scenarios become possible for an externally irradiated disc.
The internal wind drives mass loss outside of some launching rd@liuscn  0.2Rg, which is inside of the gravitational radius
due to hydrodynamic effect®(]. Once (viscous) mass ux through the disc becomes suf ciently smdlct¢  Mint, the mass
loss in the internal wind), the internal wind depletes material at Riaunch faster than it is replenished, leading to gap opening.
Subsequently, the inner disc is rapidly drained and inside-out disc depletion pra28ddf]. Coleman and Hawortt2P] discussed
how the balance of internal and external photoevaporation can alter this evolutionary picture. In the limit of a vigorous externally
driven wind, the outer disc may be depleted dowrRiQinch In this case, the internal wind no longer drives inside-out depletion,
and the disc is dispersed outside-in. In the intermediate FUV ¢asg/( 500Gy), external disc depletion erodes the outer disc
without reachingRaunch In models for disc material where outer disc material is eventually transported inwards, then outer disc
depletion should still shorten the lifetime to some degree. InFigwe see that only the disc exposedRayy  5000G (above
which we consider ‘high FUV environments’ by our de nitions in SezR.]) is sheared down t&yy: < 20 au before the inner
surface density becomes small (lower than the FRIED grid range). Thus, if angular momentum transport is inef cient beyond this
radius, then sustained exposure to high FUV ukegy 5000Gg should be required to shorten the disc lifetime. In this case,
we may expect inside-out depletion for discs exposed to more modgragie although the external depletion still reduces their
overall mass.

4.2 Solid evolution

We now consider how the evolution of solids within the gas disc may be in uenced by externally driven winds. The growth of
ISM-like dust grains to larger aggregates and eventually planets is the result of numerous interrelated physical processes, covering
a huge range of scales. We do not review these processes in detail here, but refer the reader to the recent reviews by Lesur et al.
[146, with a focus on dust-gas dynamics] and Drazkowska efldb, [with a focus on planet formation]. Due to the complexity of

the topic, and the fact that the primary empirical evidence comes from local, low mass SFRs without OB stars, most studies to date
have focused on dust growth in isolated protoplanetary discs. We here consider the results of the few investigations focused on dust
evolution speci cally in irradiated discs.
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Fig. 11 The effect of external FUV irradiation on the dust content of a protoplanetary disc, adapted from SellekOd].dfifure11a shows the maximum
grain size, relative to an isolated disge(;)y  0Gg) as a function of time and radius in an irradiated disc with viscous 10°3, exposed to FUV ux
Fruvy  1000Gg. Figurellb shows the total fraction of dust removed by the wind over the lifetime of a disc as a function of the vismodBryy

4.2.1 Dust evolution

Sellek et al. 107] investigated the drift and depletion of dust in a viscously evolving protoplanetary disc. Dust is subject to radial
drift, wherein dust moves towards pressure maxima (i.e. inwards in the absence of local pressurel®&p)sas|well as grain
growth dependent on the local sticking, bouncing and fragmentation propertieS4faad references therein). The drift velocity
is determined by the Stokes number, which in this context is the ratio of the stopping time of the dust grain to the largest eddy
timescale El. Near the mid-plane and in the Epstein regime, this can be approximated:

sAs

= 17
st an

whereas and s are the grain size and density, respectively. The draining of large dust grains can be understood in terms of the
balance of viscous mass ux and radial dri#4], such that the equilibrium value of St is:

din ¢

S 3 % + dinr 18
teq 7gdh 4 (18)
4 dinr

for the standard disc model with r. For St> Stq, dust drifts inwards regardless of the viscosity. At the outer edge of the
disc|dIn ¢/dInr| becomes large, so thategt 3 . Hence dustin the outer disc that grows above & will migrate rapidly
inwards. External evaporation acts to increfibl@ ¢/ d Inr|in the outer disc, clearing this region of large dust grains. Figdse
adapted from Sellek et al1Q1], shows how the external wind can rapidly evacuate the outer disc of large grains, dependent on the
value of . Given that this occurs on short timescales compared to the disc lifetime, it has consequences for planet formation and
observational properties of discs, possibly explaining why the sub-mm ux-radius relationship seen in low mast8FRsep
not hold in the ONC§].

The clearing of large grains from the outer disc also has consequences for the quantity of solid material that can be lost in the
wind. Sellek et al. 10]] use the entrainment constraints given by Bdo estimate an entrainment fractidi,; for a given grain
size distribution. The fraction of dust removed in their global externally irradiated disc model is shownIilzigvhen viscosity
islarge ( 10°2), this fraction can exceed 50 percent faryy ~ 10° Go. This trend of higher dust depletion with higheiis
both due to the faster replenishment of disc material in the outer regions where the wind is launched, and because inward drift of
large grains is less ef cient (higher &). However, in general depletion of dust is not ef cient, with typically less than half of the
dust mass being lost. However, in the models of Sellek efLal][this does not result in an enhancement of the dust-to-gas ratio
due to the enhanced loss of the large dust grains via rapid inwards drift.

A big caveat of the above discussion is that it does not consider the role of local pressure traps in halting the radial drift (e.g.
[192 193). This local accumulation of solids can also lead to a mutual aerodynamic interaction that leads to a local unstable density
growth that can seed planet formatidibf. If suf cient quantities of dust remain when the gas component is depleted by external
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photoevaporation, then this may serve to initiate planetesimal formation in the outek@#sperhaps leading to low mass or rocky
planets rather than gas giants. Future studies may consider how the ef ciency of dust trapping in the outer disc affects this picture.

4.2.2 Planet formation and evolution

As discussed in the introduction, the in uence of external photoevaporation is still rarely included in models for planet formation,
despite its apparent prevalence. However, Ndugu et @4 gtudied how increases in the disc temperature due to external irradiation

alter the formation process. By increasing the disc scale height (thus decreasing mid-plane density), this heating reduces the ef ciency
of pebble accretion and giant planet formation in the outer disc. In this framework, giant planets that do form at high temperatures
more frequently orbit with short periods (hot/warm Jupiters) because their planet cores need to form early or in the inner disc.
Temperature also has an in uence after the formation of a low mass planet core. Low mass planets that have not opened up a gap
in the gas disc undergo type | migration, which is due to torques associated with a number of local resa8ghddselse torques

are sensitive to thermal diffusion, such that they also depend on local temperature and associated opacity. This may lead to complex
migration behaviour for the low mass planel®7], which would also be in uenced by increasing the disc temperature due to
external irradiation130.

Perhaps more directly, where there is suf cient mass loss from the disc due to an externally driven wind, this also reduces the
time and mass budget available for (giant) planet formation and migration. Internal winds have long been suggested to play an
important role in stopping inward planet migratidkt®f. Armitage et al. 199 and Veras and Armitage2p( investigated a how
type Il migration of giant planets (within a gap) can be severely altered by the loss of the disc material in a photoevaporative wind,
even leading to outwards migration if the outer disc material is removed. Since then, a number of authors have investigated how giant
planet migration can be halted by internally driven disc winds (8@.401, 207)). Planet population synthesis models have now
started to implement prescriptions for mass loss due to an external wind (such as in the Bern synthesis 208glsteever,
this is presently based on a single (typical) estimategl that is constant throughout time and with radiysather than the more
physical outside-in, radially dependent depletion models discussed iMSe®ecently, Winter et al. 704 looked at how growth
and migration are altered by external FUV ux exposure, and we show the outcomes of some of these model$2nTFig.
outside-in mass loss prescription leads to more dramatic consequences than those of EmsenhuBégetattdiling growth
and migration early. As a resulgw FUV uxes Fryy  100Gq produce planets that are massi; ~ 100M  and on short
orbital periods Py~ 10% days), similar to those that are most frequently discovered by radial velocity (RV) survey20&y. [

The typical FUV uxes in the solar neighbourhood afg-yy 1035 10* Gg (see Sect5.2), which yield typical planet masses

and orbital periods closer to those of the massive planets in the Solar System. Such relatively low mass planets fall close to, or
below, typical RV detection limits, and the anti-correlation between planet mass and semi-major axis may therefore contribute to the
inferred dearth of detected planets with periéds, 10° days R06]. Testing the role of external photoevaporation for populations

of planets further requires coupling these prescriptions with population synthesis efforts.

While we can try to identify the role of external photoevaporation via correlations in disc populations, more direct ways to
connect environment with the present-day stellar (and exoplanet) population would be useful. For an example of how this might
work in practice, Roquette et a7 have highlighted that premature disc dispersal may leave an impact on the rotation period
distribution of stars. The rotation of a star is decelerated due to ‘disc-locking’ during the early pre-main-sequence phase accelerates
rotation. Thus, by shortening the inner disc lifetime (see Se8t9, external photoevaporation may leave an imprint on the stellar
population up to several 100 Myr after formation. This may explain, for example, the increased number of fast rotating stars in the
ONC compared to Tauru208. In future, models and rotation rates may be used to interpret the disc dispersal timescales for main
sequence stars, which may complement investigations into planet populations in stellar cluste26%e2¢.1]).

4.3 Disc surveys of local star-forming regions

In this section so far, we focus on the theoretical in uence of external photoevaporation on planet formation. However, the most
important evidence for or against the in uence of external photoevaporation on forming planets must be found statistically in the
surveys of local protoplanetary disc populations. Such surveys and more detailed observations of individual discs offer the most direct
way to probe the physics of planet formation. Here we report the evidence in the literature for the role of external photoevaporation
in sculpting disc populations. We rst consider the observational approaches and the challenges in inferring disc properties in
Sect.4.3.1 We then consider the evidence for variations in (inner) disc survival fractions @8d. and outer disc properties
(Sect.4.3.3 with FUV ux exposure.
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Fig. 12 The nal massesMp and orbital period€ o of giant planets evolving under a growth and evolution model for planetary cores of mdss 10

and formation time oform 1 Myr with disc viscosity 3 - 10°3 (adapted fromZ04)). The circular points, connected by faint dotted green lines for

xed starting semi-major axigy, o, represent the nal location of the planet Ry, ] Mp space. Points are coloured by the external FUV ux experienced

in that model, with the same colour is shown in a Voronoi cell to emphasise trends. Red crosses show the locations of HARPS radial velocity (RV) planet
discoveries presented by Mayor et 20f. The 50 percent detection ef ciency of the HARPS survey is shown by the red contour. We show orbital period at
longer than which Fernandes et &0 infers a dearth of planets (dotted black line) and the limit above which planets may no longer form by core accretion
(black dashed line -2[17)). We also show the planets in the Solar System (green triangles)

4.3.1 Methods and challenges

Inner disc lifetimes Photometric censuses of young stars in varying SFRs can yield insights into the survival time of discs in
regions of similar ages. Young stars exhibit luminous X-ray emission due to the magnetically con ned coronal piEgnsa¢h

that X-ray surveys with telescopes suchCismndraoffer the basis for constructing a catalogue of young members of a SFR. These
can be coupled with photometric surveys to infer the existence or absence of a NIR excess. Comparison of the fractions of discs
with varying FUV ux either within the same SFR, or between different regions with similar ages, allows one to identify regions
where discs have shorter lifetimes than th& Myr typical of low mass SFRs.

While this principle appears simple, in fact several steps required in achieving this comparison bear with them numerous pitfalls.
One issue is reliable membership criteria, which were historically photometric or spectroscop2l(4.815), improved recently
through proper motions (and to a lesser extent, parallax measurement$3&iadR2 [216.

Uncertainty and heterogeneity in age determination for young SFRs also represent a signi cant challenge, particularly in com-
paring across different SFRs (e.g1[]). Michel et al. P18 point out that considering only low-mass, nearby regions, the isolated
disc life-time might be a factor®3 longer than the canonical 3 Myr obtained by aggregating across many star-forming regions with
a ride range of properties. Further, since disc life-times are shorter around high mas3 stare [nust be taken when comparing
across samples of discs that may have different sensitivity limits.

Binning young stars by incident FUV ux also carries complications. The three-dimensional geometry (projection effects) and
dynamical mixing in stellar aggregates may also hide correlations between historic FUV exposure and present-day disc properties
(e.g. R19). Even empirically quantifying the luminosity and spectral type of neighbour OB stars can be challenging. Massive stars
are often found in multiple systems (e.82[}), which can lead to mistaken characterisation (€81]), while these massive stars
are also expected to go through transitions in the Hertzsprung—Russell diagram in combination with rapid mass k2%, (eee [

a review). Statistically, any studies attempting to measure correlations in individual regions must choose binning procedures for
apparent FUV ux with care. For example, the number of stars per bin must be suf cient such that uncertainties are not prohibitively
large and binning should be performed by projected UV ux rather than separation alone (i.e. controlling for the luminosity of the
closest O star).

Finally, studies of NIR excess probe the presence of inner disc material, which represents the part of the disc expected to be least
affected by external photoevaporation (see discussion at the end oftSe8t. Therefore, inner disc survival fractions should be
interpreted as the most conservative metric by which to measure the role of external disc depletion.
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Outer disc properties

The outer regions of the protoplanetary disc are relatively weakly bound to the host star than the inner disc and are therefore more
easily unbound by externally driven photoevaporative winds. Probing disc mass and radius also offers much more information than

simply the presence or absence of circumstellar material. Outer disc properties are frequently inferred via probing the dust content,
then assuming a canonical dust-to-gas ratio 6f21i® infer a total mass, although this may be signi cantly higher in some cases

[5]. In surveys of protoplanetary discs, the dust mass is usually inferred by making the assumption that the disc is optically thin such

that:

S, dustD2
, dustB (Tdust,

whereD is the distance to the sourde, qustis the ux from the cool dust at frequency Taust 20 K is the dust temperaturg,

is the Planck function and qust 2 cn? g1 is the assumed opacit223. Even for studies of discs in low mass star-forming
regions, the estimate from E4j9 comes with several assumptions, including the xed dust temperature and opacity. In the context

of discs in irradiated environments, this can even be even further complicated by the heating of the dust by neighbouring stars
[130. Even further, in some regions background free—free emission may contribute to the continuum ux and must therefore be
subtracted by extrapolating from cm-wavelength observations ¢e@nd references therein). However, since free—free emission
may be variable, this is another source of uncertainty.

Beyond dust masses, estimates of the outer disc extents can be made using spatially resolved continuum observations by either
tting a surface density pro le or de ning an effective radius enclosing a fraction of the total disc emission (see discusgiéf, by [

224)). This comes with the signi cant caveat that the size-dependent inward drift of dust grains mean that the inferred radii may
not trace the physical disc radius, with long integration times required to trace the small grains that remain well-coupled to the gas
[225.

Probing the gas content of discs cannot be achieved by directly measuring the hydrogen. Molecular hydrogen is a symmetric
rotator and thus has no electric dipole moment. Quadrupole transitions are not excited at the typical temperature for the bulk of the
gas in protoplanetary discs (e.82f]). Instead CO isotopologues, and sometimes B®/ are commonly used to infer disc masses
[228], which requires some assumption for the carbon and oxygen abundances. Outer disc radii might be inferred from spatially
resolved moment 0 maps using a similar approach as discussed for resolved dust observatia@gjeog y assuming Keplerian
rotation and tting a model to the gas kinematics (e28(). All of these methods rely on some assumptions about disc abundances
and chemistry, which should be applied with caution in the case of irradiated discs. In particular the heating, winds/sub-Keplerian
rotation and photodissociation of molecules close to the outer edge of the disc will all in uence the observed molecular line emission
[12§.

Proplyd de nitions Proplyds are discussed in detail in Se3;itand we do not revisit them in detail here. As discussed in that
section, we distinguish between photoevaporating globules and proplyds, the latter of which are typically smaller than a few 100 au
and are synonymous with an ionised star-disc system. For this reason, we here consider the examples in Trur2glePibnjs

24 [231], NGC 3603 [L26] and Cygnus OB2124 as candidate proplyds only. These range in size frorh000 au to several 0

au in size and are generally undetected in X-rays. We therefore consider these large photoevaporating objects as candidate proplyds
or globules, rather than con rmed proplyds. This does not necessarily mean that true proplyds do not exist in these regions, as these
are challenging to resolve at such large distances.

Mgust (19)

4.3.2 Disc survival fractions

Despite the numerous dif culties, many studies have reported correlations between disc lifetimes and local FUV ux. One of the
earliest was Stolte et aR$4], who found an increase from 203 percent in the central 0.6 pc of NGC 3603, increasing t& 30

percent at separations of 1 pc from the centre. Later, Balog et &6/ presented &pitzersurvey of NGC 2244 (of age 2 Myr

—[265, 266) found a marginal drop off in the disc hosting stars for separatibrs0.5 pc from an O star (2% 11 percent) versus

those at greater separations 46 percent). Guarcello et ak$7] obtained similar results for NGC 6611 (of agel Myr), nding

311+ 4 percent survival in their lowest bolometric ux bin, versus#l8 percent in their highest (see al&6f]). Similar evidence

of shortened inner disc lifetimes has been reported in Arc?§ 69, Trumpler 14, 15 and 16248, NGC 6357 (or Pismis 24 —

[231]) and the comparatively low density OB association Cygnus G¥2][ We highlight that correlations between location and
inner disc fraction are not found ubiquitously—for example, Roccatagliata &7} o not recover evidence of depleted discs in

the central 0.6 pc of IC 1795. We return to discuss some of these cases in greater detail below.

Interestingly, the study by Fang et &31] of Pismis 24 revealed not only a correlation of disc fraction with FUV ux, but also a
stellar mass-dependent effect wherein disc fractions are found to be lower for higher mass stars. While this is similar to the case of
non-irradiated disc<?], it is the opposite of what might be expected from the dependenb&gfon the stellar mass; lower mass
stars are more vulnerable to externally driven winds due to weaker gravitational binding of disc materi&P[e.@hfs nding,
if generally true for irradiated disc populations, would therefore put constraints on how other processes in discs scale with stellar
host mass. For example, more rapid (viscous) angular momentum transport for discs around higher mass stars would sustain higher
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Fig. 13 The fraction of surviving inner discs as a function of age of star-forming regions. Yellow points show a compilation of various star-forming regions
using data from Richert et aR88 and Mamajek 289. We further show some speci ¢ SFRs discussed in the text and listed in Tablassive and dense
‘starburst’ clusters are shown as star symbols. Where a local gradient in the disc fraction has been reported in the literature, we show thesoaser regio
a square symbol. We show the fraction of discs followifagscs exp(étage/ iife) for jife 1 and 3 Myr (dotted and dashed lines, respectively). An
important caveat for this gure is that disc fractions in distant SFRs are based on samples that may include fewer low mass stars, which typically exhib
longer disc life-times

mass loss rates for longer, due to the mass ux balance in the outer disc (see discussiondri)Settiwever, although accretion

rates correlate with stellar maskg[l, 162, this does not necessarily imply faster viscous evolution for discs with high mass host
stars R71]; thus, the physical reason for the Fang et 2B] ndings remains unclear. Whether discs around high mass stars are
generally depleted faster than those around low mass stars may be further con rmed by the upcoming JWST GTO program by
Guarcello et al.232), who aim to map out disc fractions and properties in Westerlund 1 for stars down to brown dwarf masses. This
large dataset should allow to control both for stellar mass and location in the starburst cluster.

All of the regions mentioned above, in which evidence of inner disc dispersal has been inferred, share the property that they are
suf ciently massive to host many O stars. A notable example for which shortened disc lifetimes are not observed is in the ONC.
Despite rapid mass loss rate for the central proplyds, Hillenbrand etZlinferred a high disc fraction of 80 percent. This
may be due ta large spread in ages (typically estimated alS 3 Myr — e.g. P42, 243 277), such that the resultant dynamical
evolution R73 274 leads to the central concentration of young stark3[ 272, 275, as discussed in Seé.4. However, as always,
interpreting the luminosity spread as a physical spread in ages is not so simple. Luminosity spreads may result from disc orientation,
accretion, multiplicity and extinction, while the latter two effects may contribute to systematic gradients in the cluster. High survival
rates may also re ect the inef ciency of inner disc clearing of photoevaporative winds in intermdgtigieenvironments, which
would hint at inef cient angular momentum transport at large radii (due to dead zones, for example).

Some other studies have also obtained null results when trying to nd evidence of spatial gradients in the fraction of stars with
NIR excess within SFRs. Studies searching for spatial correlations in NIR excess fraction are useful because they are not subject to
the same large uncertainties in the stellar ages. However, for studies of this kind the question of membership criteria to the region
is of utmost importance, since given a constant number of foreground/background contaminants then the outer regions should be
more affected, presumably suppressing the apparent disc fraction. One example of a search for these correlations is that of Richert
et al. 276, who found an absence of any correlation in the MYStIX catalo@7&][of NIR sources across several O star hosting
SFRs. The methodology of Richert et &7[ differed from other studies in that they adopted the metric of the aggregate density
of disc-hosting or disc-free stars around O stars, rather than distances of these lower mass stars to their nearest O star. Similarly,
Mendigutia et al. 278 usedGaia photometry and astrometry to compare relative disc fractions in a sample of SFRs, nding no
spatial correlations. This study did not use FUV ux/O star proximity, but binned stars into the inner 2 pc versus theSa20gp@
for each region. Both studies have not attempted an absolute measure of disc survival fractions, but relative numbers. They highlight
that environmental depletion of inner discs is not necessarily ubiquitous in high mass SFRs. Physical considerations such as age and
dynamics may also play an important role in determining whether correlations in disc survival fractions can be uncovered.
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In Fig. 13, we show the disc survival fraction versus SFR age for a composite sample, including a number of the massive regions
discussed in this section. This gure is subject to the caveats discussed above, and particularly that observed samples of stars in
massive, distant regions may be biased towards higher stellar masses than close by regions. Setting aside the d3apedfig.
to demonstrate a shortening of disc lifetimes across numerous massive SFRs. Low mass SFRs typically he&@lyr, while
the most massive SFRs may hayg 1 Myr. This shortening of disc lifetimes has so far only been found in regions with a total
FUV luminosity Lryy 1032 erg °2 (see Tablél). In the case of many of these massive regions, the shortening of disc lifetimes
can also be seen in a local gradient, for which stars that are far from an O star have a greater probability of hosting a disc. This is
more dif cult to explain by variations in the stellar masses of surveyed stars, since dynamical mass segregation occurs on much
longer time-scales (e.q279). This suggests that external photoevaporation can shorten inner disc disc lifetimes. If this is the case,
itimplies that if gas giants form in these environments, they must do so early (as suggested by some recent resuitg 280d). [

4.3.3 Outer disc properties

In recent times, ALMA has become the principle instrument for surveying outer disc properties in local star-forming regions.
Nonetheless, prior to this revolution a number of studies had already demonstrated, by degrees, the role of external photoevaporation
in sculpting the outer regions of protoplanetary discs. For example, in the ONC, Henney and Bdtland Henney and O’Dell

[35) used HST images anteckspectroscopy to demonstrate the rapid mass loss rates urh(i)%6 M yrSl of several proplyds in

the core of the ONC, and their concentration around the O st@r, Later, Mann et al.481] used SMA data to show a statistically

signi cant dearth of discs with high dust masses close6 (see also487)). This result has since been con rmed via ALMA
observations towards the cor@] and outskirts 39 of the region. This is a clear demonstration that external photoevaporation
depletes the dust content, although it remains unclear whether this is via instigating rapid radial drift SellekG4] ak. yia
entrainment in the windd2). Boyden and Eisne2B3 also nd the gas component of the disc is more compact than in other SFRs,

and correlated with distance tdC, suggestive of truncation by external photoevaporation.

Dust depletion has also been inferred i@rionis. Here the dominant UV source is th®ri multiple system, for which the most
massive component has a mass$\v17[261]. FromHerschelspectral energy distributions of discs in this region, Maucé eRd0][
found evidence of external depletion in the abundance of compact dRsgs<{ 80 au) consistent with the models of Anderson
et al. [L83. The authors also found evidence of ongoing photoevaporation in one disc exhibiting forbiddehliiNeemission
(see also284). Later, Ansdell et al.4] presented an ALMA survey that uncovered an absence of discs with high dust masses at
distances 0.5 pc from Ori, consistent with models of dynamical evolution and disc deple@85][

In NGC 2024, an early survey of the discs with the SMA presented by Mann &84].revealed a more extended tail of high
mass discs than those of other SFRs. The authors suggested this is indicative of a young population of discs that had not (yet)
been depleted by external photoevaporation. However, van Terwisga Btke$ented an ALMA survey of the region and found
evidence of two distinct disc populations. The eastern population is very youf@8 0.5 Myr old) and still embedded close to a
dense molecular cloud that may shield them from irradiation. The western population is slightly older, exposed to UV photons from
the nearby stars IRS 1 and IRS 2b. The western discs are lower mass than those in the east and those in similar age SFRs, which is
probably due to external depletion. This conclusion is supported by the subsequent discovery of proplyd (candidates) in the region
[113.

We have focused here on regions where evidence of external depletion appears to be present. It is challenging to convincingly
demonstrate the converse by counter example, particularly considering the many potential issues discussed above (e.g. accurate
stellar aging, projection effects and dynamical histories). As an example, in an ALMA survey of dis&riionis, Ansdell et al.

[3] reported no correlation between disc dust mass and separation from the OB3siaAs discussed by the authors, a number

of explanations for this are possible. One explanation is that, given the older ag&/fr) of the region, the discs may have all
reached a similar state of depletion, with spatial correlations washed out by dynamical mixing8)gMeanwhile, in a survey

of non-irradiated discs, van Terwisga et 28f] demonstrated that discs in SFRs of similar ages appear to have similar dust masses,
suggesting that any observed depletion in higher mass SFRs is probably the result of an environmental effect.

4.3.4 Summary and omissions

For quick reference, in Tablewe summarise the properties of some local SFRs in which some observational evidence of external
photoevaporation has been uncovered, and note some references for further reading. However, we emphasise that this is not a
complete or representative list; we have chosen SFRs that exhibit strong evidence of external photoevaporation and well-studied
stellar populations. Some notable exclusions include Trumpler 13/IC 1396A (the Elephant Trunk nebula) and IC 1805 (the Heart
nebula). Trumpler 13 contains an 06.5V and O9V central bin28¢][ and the young stellar objects exhibit marginal spatial
gradients in the disc survival fractio@91]. However, given the abundance of class | discs that indicate ongoing star formation, this

may also originate from heterogeneous ag@@d[ Similarly, in the 2S 3.5 Myr old cluster IC 1805, with massl,y  2700M

(Leuy  10%%4 erg 1), any gradient in the surviving disc fraction is margir2®g. A complex dynamical evolution, involving

collapse and ejection of membe29H], may confuse signatures of external disc depletion.
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Table 1 Properties of some notable SFRs that show evidence of external depletion, except Westerlund 1 which we include since it is the subject of an
upcoming JWST campaigr282

Name D [kpc] log Miot [M ] log o[M p(,S3] log Lryv [erg §1] Tage[Myr] Evidence References
NGC 1977 0.4 19 - 37.3 183 P 1,2,28
NGC 2024 0.4 21 - 381 0551 P/DD 3,4,5,6,7,28
Orionis 0.4 2.2 2.7 38.3 355 P/DD 8,9,10,11, 12, 28, 39
ONC 0.4 3.6 4.1 38.7 183 P/DD 13, 14, 15, 16, 28
Pismis 24 1.7 2.8 38 39.8 1815 IDL 17,18, 37
Quintuplet 8.0 4.0 2.7 39.8 3§55 IDL 19, 20, 34
Trumpler 14 2.8 3.6 43 39.9 0553 IDL 21,22, 23,38, 40
Cygnus OB2 1.6 4.2 1.3 40.0 1S3 IDL 24,25, 26,27, 41
NGC 3603 6.7 4.1 4.8 40.3 0.551 IDL 28, 29, 30, 41
Arches 8.0 47 5.3 405 253 IDL 31,32, 33, 34
Westerlund 1 3.8 4.8 5.0 40.6 354 - 35, 36,41

This compilation is not complete, nor necessarily unbiased. We include only SFRs that exhibit strong evidence of external photoevaporatsms,cdshe di
well as well-studied properties in terms of mass and age. Columns from left to right are: name of the SFR, heliocentric distance, total steligrahass, ce
density, total FUV luminosity, age, type of evidence for external disc depletion and references. FUV luminosity is calculated using the luftim®sity o
most massive members at an age of 1 Myr. The evidence for external dispersal in each region is listed as proplyds/winds (P), dust/outer di2@)epletion (
or shortened inner disc lifetime (IDL). References — 1: Peterson and Me@38IPf Kim et al. [112], 3: Skinner et al.234], 4: Bik et al. 235, 5: Levine

etal. 236, 6: van Terwisga et al.7], 7: Haworth et al. 113, 8: Caballero 237, 9: Oliveira et al. 38 10: Oliveira et al. 239, 11: Mauco et al. 240, 12:

Ansdell et al. #i], 13: Hillenbrand and Hartmanr241], 14: Palla and Stahle2§tZ] Beccari et al. 43, 15: Eisner et al.§], 16: van Terwisga et al30],

17: [231], 18: Ramirez-Tannus et alR4{4], 19: Figer et al. 245, 20: Stolte et al. 246, 21: Sana et al.447], 22: Preibisch et al.74§, 23: Preibisch et al.

[249, 24: Hanson 250, 26: Wright et al. P51], 27: Guarcello et al.52, 28: GroR3schedl et al2p3, 29: Stolte et al. 254, 30: Harayama et al2p5,

31: Najarro et al.256], 32: Espinoza et al257], 33: Harfst et al. 25, 34: Stolte et al. 246, 35: Mengel and Tacconi-Garma®q9, 36: Guarcello et al.

[232, 37: Getman et al.Z60, 38: Smith et al. 127], 39: Schaefer et al2p1], 40: Cantat-Gaudin and Ander2gZ, 41: Rate et al.263

4.4 Missing aspects of disc evolution and planet formation in irradiated environments

Notably, we have not discussed chemistry in this section. The chemistry of disc2@96]) and the planets they produce (e.g.
[297-299) is a complex function of the stellar metallicity and local disc temperature. For irradiated discs, temperatures increase
in the outer regions and disc surface layers with respect to isolated discs, altering the chemistry in these regions, although not
necessarily in the disc mid-plane (e.§0D, 301]). However, how this alters planet formation and chemistry may dependent on

disc evolution, and this remains a matter for future investigation. This issue may also soon be addressed empirically via JWST
observations, with the GTO programme by Ramirez-Tannus e24d] fiming to probe the chemistry of discs of similar age but
varying FUV ux histories in NGC 6357.

Apart from chemistry, this section has highlighted the many gaps in the understanding of the role of external photoevaporation
in shaping the evolution of the disc and the formation of planets. From both theory and observations, we understand that gas disc
lifetimes are shortened by external photoevaporation. This shortened lifetime of the gas disc alone should be enough to in uence the
formation and disc-induced migration of giant planets. Meanwhile, how the aggregation of dust produces planets in irradiated discs
has only just started to be addressed (61§1[195]). When coupled with the apparent prevalence of external photoevaporation in
shaping the overall disc population, the role of star formation environment must be considered as a matter of urgency for planet
population synthesis efforts (e.@(3 302-304]). Meanwhile, the connection between stellar rotation periods and premature disc
dispersal via external photoevaporation may in future offer a window into the birth environments of mature exoplanetary systems
up to 1 Gyr after their formationZ07.

4.5 Summary and open questions for irradiated protoplanetary disc evolution

While many aspects of disc evolution in irradiated environments remain uncertain, we can be relatively con dent in the following
conclusions:

1. External photoevaporation depletes (dust) masses and truncate the outer disc radii in regions of high FUV ux, at least for
Fruv  10°Go. .

2. Inner disc lifetimes appear to be shorted for discs in regions where the total FUV lumibpgity 1039 erg &1 while does
not appear to be strongly affected for regions with lowegy.

3. Dust evolution, low mass planet formation and giant planet formation all have the potential to be strongly in uenced by external
photoevaporation through changes in the temperature, mass budget, and time available for planet formation.

Some of the many open questions in this area include:
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1. Do the externally driven mass loss rates in photoevaporating discs balance with accretion rates, as expected from viscous
angular momentum transport?

2. If angular momentum transport is extracted via MHD winds rather than viscously transported, how does this inBuence the

efbciency of external photoevaporation?

Is the lack of correlation shortened disc lifetime with FUV Bux in intermediate mass environments related to a dead-zone or

similar suppression of angular momentum transport?

Is the observed dust depletion in near to O stars due to entrainment in the wind or rapid inward drift?

In relation to this, how do external winds inBuence dust trapping and the onset of the streaming instability?

Conversely, how does the trapping of dust inBuence the dust depletion and dust-to-gas ratio in discs?

How does disc chemistry vary between isolated and externally FUV irradiated discs?

How does the local distribution of FUV environments inuence the planet population as a whole?

w

© NGO

5 Demographics of star-forming regions

In this section, we consider the properties of star-forming regions and the discs they host from an observational and theoretical
perspective. We are interested in understanding: ‘what is the role of external photoevaporation of a typical planet-forming disc in the
host star’s birth environment?’ The degree to which protoplanetary discs are in uenced by external irradiation depends on exposure
to EUV and FUV photons. Hence, the overall prevalence of external photoevaporation for discs (and probably the planets that form
within them) depends critically on the physics of star formation and the demographics of star-forming regions.

5.1 OB star formation

OB stars have spectral types earlier than B3 and are high mass stars with luminogiés and masses 5M . These stars

are responsible for shaping a wide range of physical phenomena, from molecular cloud-scale feedback on Myr tirB@Scales [
306 to galactic nucleosynthesis over cosmic tiB87]. The radiation feedback of these stars on their surroundings already plays a
signi cant role during their formation stage, where stars greater than a fé 1 mass must overcome the UV radiation pressure
problem B0§. Forming OB stars may do this through monolithic turbulent collapse (80§]), early core mergers (e.g310), or
competitive accretion (e.g3L1]) — see Krumholz 312 for a review.

Two questions regarding OB stars are important with respect to local circumstellar disc evolution: ‘when do they form?’ and
‘how many of them are there?’. The former determines when the local discs are rst exposed to strong external irradiation. The
latter determines the strength and, importantly, the spatial uniformity of the UV eld (we discuss this point further B.8ect.

The question of the timescale for formation of massive stars is empirically tied to the frequency of ultra-compact HIl (UCHII)
regions. These regions are the small (diametegsl pc) and dense (HII densities 10* cm®3) precursors to massive stars. During
the main sequence lifetime of the central massive star, the associated HIl region will evolve from the embedded ultra compact state
to a diffuse nebula. In the context of the surrounding circumstellar discs, the lifetime of a UCHII region represents the length of time
for which the surroundings of massive stars are ef ciently shielded from UV photons. These lifetimes can be inferred by comparing
the number of main-sequence stars to the number of observed UCHII regions, yielding timescales ofayfevi3l® 314. The
star-less phase prior to excitation of the UCHII region is shortl(0* yr — [315, 316]), hence the UCHII lifetime represents the
effective formation timescale for massive stars in young clusters and associations. This formation timescale is much shorter than
the typical lifetime for protoplanetary discs evolving in isolationd Myr — e.g. [L, 2]). Therefore, in regions with many OB stars
we expect the local discs to be irradiated throughout this lifetime. However, this need not be the case when the number of OB stars
is 1, in which case the time at which an OB star forms may be statistically determined by the spread of stellar ages in the SFR.
We discuss this point further in Seét4.

The relative contribution of stars of a given mass to the local UV radiation eld depends on the relative numbers of stars with
this mass, or the initial mass function (IMFR/di logm . We can write the mean total luminositispr 0f a star-forming region
(SFR) withN members:

dn

L N L
SFR dlogm

-L(m )dlogm , (20)

whereL is the luminosity of a single star. Hence, to understand the contribution of massive stars to the UV luminosity, we are
interested in the shape of the IMF. The IMF in local SFRs exhibits a peak at stellar masse8.1S1M and a steep power law
dn/dlogm m°  with 1.35 at higher masses (se®l[], for a review). This power-law appears reasonable at least up to
m  100M [257 318§.

We combine the mass-dependent luminosity for young stars, as in the left panellsf, igh the Chabrier319 IMF to produce
the right panel of Figl4. Here we multiply the stellar mass-dependent luminosity by the IMF, as in the integrand on the RHS of
Eq. 20, to yield the average contribution of stars of certain mass to the FUV and EUV luminosity of a SFR. Note that this is only
accurate for a very massive SFR, where the IMF is well sampled. However, the gure demonstrates that for low mass SFRs—which
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Fig. 14 Left panel:stellar FUV 1040
and EUV luminosity as a function

of stellar mass. The total

luminosity is calculated using the )
effective temperature and total 1038 1
luminosity from the model grids

of Schaller et al. 320, with
metallicity Z  0.02 and output
time closestto 1 Myr. We apply
the atmosphere models of Castelli
and Kurucz B21] to give the
wavelength-dependent luminosity.
Right panel:The relative
contribution of stars of a given
mass to the total luminosity
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here means where the IMF is not well sampled for stellar masses 30M —both EUV and FUV luminosities are dominated
by individual massive stars, rather than many low mass stars. In the following, we consider this in the context of the properties of
local star-forming regions.

5.2 Demographics of star-forming regions

We now consider the FUV ux experienced by protoplanetary discs in typical SFRs. We will focus on FUV, since as discussed in

Sect.4.1, the FUV is expected to dominate disc evolution over the lifetime of the disc. The word ‘typical’ in the context of SFRs

is in fact dependent on the local properties within a galaxy, and we here refer exclusively to the solar neighbourhood (at distances
2 kpc from the sun). A number of studies have approached this problem in differing 48&3p2-324]; however, all such

efforts require estimating the statistical distributiamsglz/ dN in the number of membens of SFRs, which dictates how many

OB stars there are and therefore the local UV luminosity. For example, Fatuzzo and A##inssed two different approaches

to this problem. One was to directly take the distribution from the list of nearby SFRs compiled by Lada an@22d#/hile

this is the most direct, it suffers from small number statistics for massive SFRs. The other approach by Fatuzzo and2&ams [

is to assume a log-uniform distribution in the number of stars existing in a SFR with a number of méimtvareated outside of

123
















































	The external photoevaporation of planet-forming discs



