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ABSTRACT

Protoplanetary discs are thought to evolve either through angular momentum transport driven by viscous processes
or through angular momentum removal induced by magnetohydrodynamic (MHD) winds. One proposed method to
distinguish between these two evolutionary pathways is by comparing mass accretion rates and disc sizes, but observational
constraints complicate this distinction. In this study, we investigate how extreme ultraviolet external photoevaporation
affects the evolution of protoplanetary discs, particularly in environments such as the Orion Nebula Cluster. Using a
combination of analytical derivations and 1D numerical simulations, we explore the impact of externally induced mass-
loss on disc structure and accretion dynamics. We demonstrate that, in the viscous scenario, there exists a clear, near
one-to-one correlation between the mass-loss rate due to external photoevaporative outflows and the mass accretion rate
onto the central star. In contrast, MHD wind-driven discs do not exhibit such trend, leading to a distinct evolutionary path.
External photoevaporative mass-loss rates and mass accretion rates can both be accurately measured for a population of
discs, without a strong model dependence. Thus, our findings provide a robust observational test to distinguish between
viscous and MHD wind-driven disc evolution, offering a new approach to constraining angular momentum transport
mechanisms in protoplanetary discs. Applying this diagnostic observationally requires joint measurements of M,.. and
M, for the same objects, which are currently scarce in bright H I1 regions due to contamination and sensitivity limitations.

Key words: radiative transfer - planets and satellites: physical evolution - planets and satellites: atmospheres.

1 INTRODUCTION

Planets form and evolve within protoplanetary discs of gas and
dust (e.g. P. J. Armitage 2018; M. Keppler et al. 2018; C. Pinte
et al. 2018; R. Teague, J. Bae & E. A. Bergin 2019). Over a pe-
riod of approximately 1-10 million years, these discs disperse,
driven by processes such as accretion onto the central (proto-
)star and mass-loss driven by thermal or magnetic forces (e.g. B.
Ercolano & I. Pascucci 2017; G. Lesur et al. 2023; C. F. Manara
et al. 2023). However, key aspects of planet formation during the
disc phase remain poorly understood, particularly because we do
not have a complete understanding of how angular momentum
is transported within these discs. This transport plays a critical
role in both the growth and migration of planets (e.g. C. Baruteau
et al. 2014; G. Lesur et al. 2023), as well as dust evolution (e.g.
L. Testi et al. 2014). However, it is currently unclear whether
angular momentum is redistributed through viscous transport or
removed by magnetohydrodynamic (MHD) winds. The widely
used «-viscosity models (N. I. Shakura & R. A. Sunyaev 1973;
D. Lynden-Bell & J. E. Pringle 1974) are often used to describe
the evolution of the disc, but their appropriateness and intensity
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of turbulence within the discs remain undetermined (e.g. A.
Miotello et al. 2023; G. P. Rosotti 2023).

In theory, measuring disc radii should be an ideal method to
differentiate between viscously driven and MHD wind-driven
disc evolution (J. R. Najita & E. A. Bergin 2018; L. Trapman
et al. 2020, 2022; F. Zagaria et al. 2022). However, a significant
challenge is the combined effect radial drift of dust grains and
their opacity has on the measured radii of the dust disc (G.
P. Rosotti et al. 2019a, b). Comparative studies of viscous and
MHD models (F. Zagaria et al. 2022) confirm that dust radii
are expected to expand only in the case of a viscous scenario,
but observing this expansion requires very deep and costly
observations. Consequently, the focus has shifted to the use of
gas tracers to determine disc radii (e.g. A. Miotello et al. 2023).
This approach presents its own challenges because the gas is
much harder to detect and, therefore, this approach is limited by
the number of resolved CO detections. Therefore, it has proved
difficult to perform these analyses on a large enough population
of discs to yield conclusive answers.

Alternatively, distinguishing between viscous evolution
and magnetohydrodynamic wind-driven evolution can be
approached by measuring mass accretion rates and global
disc masses. In the viscous framework, a tight correlation is
expected between the mass of the disc and the mass accretion
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rate, as both quantities decrease over time in a similar way (L.
Hartmann et al. 1998; C. Dullemond, A. Natta & L. Testi 2006).
In contrast, no clear correlation between these quantities is
predicted in the MHD wind-driven case, since the removal of
angular momentum by MHD winds alters the mass distribution
and accretion process. Observationally testing these scenarios
requires accurate measurements of both parameters, with disc
masses being particularly challenging to determine (e.g. A.
Miotello et al. 2023). They are typically inferred from dust
continuum emission, but uncertainties in dust opacity and
gas-to-dust ratio complicate these estimates. Mass accretion rates
are derived from ultraviolet and optical emission lines tracing
accretion shocks as these measurements are typically much
more robust, but variability and extinction introduce additional
uncertainties (e.g. C. F. Manara et al. 2023).

The key physics behind many of these tests is that in the viscous
scenario the accretion rate onto the star must be linked to angular
momentum transport at large radii. Hence, in a viscous disc, the
accretion rate should correlate with the properties of the outer
disc. In the MHD wind scenario, no such causal link between
the accretion close to the star and the properties of the outer
disc is required. Therefore, these distinguishing methods can be
thought of as null hypothesis tests demonstrating the existence
of a correlation between the accretion rate and properties linked
to the outer disc conditions. Although the accretion rate can be
measured fairly robustly, all previous proposed properties related
to the outer disc (size — both in gas and dust - and mass) are
uncertain, often by orders of magnitude. In this work, we propose
an alternative property linked to the outer disc properties: the
external photoevaporation rate. Under typical conditions in many
star-forming regions the external photoevaporation rate can also
be accurately measured. Therefore, in this work, we explore the
expected correlations between accretion rates and external pho-
toevaporation rates in both viscous and MHD wind-driven discs.

1.1 External photoevaporation

Protoplanetary discs in dense star-forming regions are exposed to
extreme ultraviolet (EUV; hv > 13.6eV) and far-ultraviolet (FUV;
6eV < hv <13.6eV) radiation emitted primarily by nearby stars,
such as #'C Ori in the case of Orion (D. Hollenbach et al. 1994;
D. Johnstone, D. Hollenbach & J. Bally 1998; S. Richling & H. W.
Yorke 2000; F. C. Adams et al. 2004; S. Facchini, C. J. Clarke & T.
G. Bisbas 2016; T. J. Haworth et al. 2018b). EUV photons ionize
the gas in the disc and heat it to temperatures around 10000 K,
whereas FUV photons primarily heat neutral gas in the photodis-
sociation region (PDR) to about 100 to a few 1000 K (e.g. D.
Johnstone et al. 1998). EUV photons are absorbed first, at the ion-
ization front, while FUV photons penetrate deeper into the flow,
affecting the neutral gas. When the heated gas gains enough ther-
mal energy to overcome the gravitational energy, it escapes in the
form of a hydrodynamic outflow. This occurs beyond a specific ra-
dius, the so-called gravitational radius, defined as Ry = GM, /cf,
where M, is the mass of the star and c; is the gas sound speed.
The gravitational radius is approximately 9 au for a solar mass
star, for EUV heated gas at 10* K. Although the photoevaporative
outflow can be launched interior to the gravitational radius (e.g.
K. Liffman 2003), the mass loss rates are exponentially suppressed
(e.g. F. C. Adams et al. 2004; J. E. Owen & D. N. C. Lin 2023)
Mass-loss rates strongly depend on whether the flow is dom-
inated by EUV or FUV radiation, with stronger EUV radiation
pushing the ionization front closer to the disc’s surface, while
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strong FUV-driven outflows push the ionization front further
away (D. Johnstone et al. 1998; H. Storzer & D. Hollenbach 1999).
This interplay between EUV and FUV irradiation is crucial to
understand how external radiation influences the long-term evo-
lution and destruction of protoplanetary discs. Recent studies
have shown that external photoevaporation significantly impacts
disc evolution, with mass-loss rates suggesting that many discs
in the solar neighbourhood experience some photoevaporative
depletion (e.g. A. J. Winter & T. J. Haworth 2022; C. F. Manara
et al. 2023; R. Anania et al. 2025). Although extreme mass loss
rates observed in regions like the Orion Nebula Cluster (ONC)
probably represent short-lived phases (e.g. M. J. McCaughrean &
C.R. O’dell 1996; W. J. Henney & C. R. O’Dell 1999; M. G. Guar-
cello et al. 2023; T. J. Haworth et al. 2018a; F. Concha-Ramirez
et al. 2019; A. J. Winter et al. 2019; A. D. Sellek, R. A. Booth &
C. J. Clarke 2020; A. J. Winter et al. 2020a; L. Qiao et al. 2022),
they offer insight into how external photoevaporation truncates
discs, affecting their evolution. The bright proplyds in the ONC
were the first to be observed (C. R. O’Dell & Z. Wen 1994, C.
R. O’dell 1998; W. J. Henney & C. R. O’Dell 1999), but recent
surveys have discovered many more sources that undergo mass
depletion in regions with lower UV fluxes (e.g. J. S. Kim et al.
2016; T. J. Haworth et al. 2021; M. Robberto et al. 2024). The
ONC is still the star-forming region with the highest number
of detected proplyds to date, numbering ~ 150 members (C. R.
O’Dell, Z. Wen & X. Hu 1993; D. Johnstone et al. 1998; L. Ricci,
M. Robberto & D. R. Soderblom 2008). Mass-loss rates from pro-
plyds have traditionally been inferred from observational analysis
of emission lines, associated with ionized gas, such as Ha (W.
Henney & S. Arthur 1998), [O111] and [N 11] (e.g, W. J. Henney
& C. R. O’Dell 1999; M. L. Aru et al. 2024), which trace the
outflowing material. More recently, EUV-driven mass-loss rates
have also been measured using radio free-free emission and hy-
drogen recombination lines (e.g. N. P. Ballering et al. 2023; R.
D. Boyden & J. A. Eisner 2024). Measurements of the surface
brightness and spatial distribution of these lines allow calculation
of the electron density and velocity of the ionized flow, providing
a robust method for deriving mass-loss rates, particularly in the
case of EUV photoevaporation. These observational constraints,
combined with theoretical photoevaporation models, yield mass-
lossrates in the range of M ~ 1077 —10"°Mgyr—* (W. Henney & S.
Arthur 1998; W. J. Henney & C. R. O’Dell 1999; W. J. Henney et al.
2002; N. P. Ballering et al. 2023; R. D. Boyden & J. A. Eisner 2024).

External photoevaporation also largely affects mass accretion
rates. G. P. Rosotti et al. (2017) showed that external photoevap-
oration can drive discs into a late, outside-in clearing phase in
which the remaining disc mass is removed faster than it can be re-
plenished by viscous spreading. In this regime the accretion rate
does not decline in step with the disc mass, so the accretion rate
becomes large compared to the residual disc reservoir, providing
aclear signature that external photoevaporation is impacting disc
evolution.

The idea of comparing mass accretion rates and mass-loss rates
of protoplanetary discs was already first suggested by A. J. Winter
etal. (2020b). In their work, they provided a framework for testing
viscous disc theory by considering stellar accretion and external
photoevaporation. Their work highlighted the crucial role of ex-
ternal photoevaporation, particularly in regions like o Orionis,
in disc dispersal. By comparing the mass accretion rate onto the
star (M) with the mass-loss rate due to photoevaporation (Mpe),
they aimed to probe angular momentum transport in the outer
disc, a key aspect of viscous theory. Their numerical simulations
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predicted that in older regions, a correlation between M, and
M, would support viscous diffusion, while a significant disparity
would suggest otherwise.

In this work, we refer to the ~1-3 Myr old ONC region, where
the majority of the proplyds are, as a case study to explore how
externally photoevaporated discs can inform our understanding
of angular momentum transport. In this work, we explore how
externally photoevaporated discs can inform our understanding
of angular momentum transport. We thus reconsider the direct
comparison between mass accretion rates and mass-loss rates
from externally induced photoevaporative outflows, for both vis-
cously and MHD wind-driven evolution. We give a brief overview
of disc evolution and the different theories of angular momentum
transport in Section 2, with a particular focus on the time-scales
of the problem in Section 2.2. We also extend on the work of A.
J. Winter et al. (2020b) by including an analytical derivation for a
viscously evolving disc in Section 2.3, and present the numerical
model in Section 3.

2 ANALYTICAL MODELLING

2.1 Mechanisms of disc evolution

In the classical picture, angular momentum is redistributed
within the disc and, as a consequence, the disc expands. This has
a clear observational prediction: the disc’s outer radius increases
over time (e.g. J. R. Najita & E. A. Bergin 2018). Additionally, any
standard model of a viscously evolving disc will gradually slow
down with time as material spreads to the outer regions, where
viscous transport occurs more slowly. Consequently, the ratio of
disc mass to mass accretion rate rises as the disc ages (e.g. M. G.
Jones, J. E. Pringle & R. D. Alexander 2012; G. P. Rosotti et al.
2017). To ensure that the disc eventually disperses, outflows must
be invoked to remove material, as viscosity alone would not result
in the disc dispersal (e.g. C. J. Clarke, A. Gendrin & M. Sotomayor
2001; R. Alexander et al. 2014).

Alternatively to the viscous scenario, MHD winds are launched
along the magnetic field lines threading the disc, removing an-
gular (G. Lesur et al. 2023). As a consequence, the disc does not
necessarily expand, and the disc’s outer radius can either remain
constant in time or shrink. Additionally, because MHD winds are
capable of removing mass from the disc, the mass and the mass
accretion rate decrease with time. Also a slowdown in evolution
does not occur in this case, again because the disc does not spread
outwards. Hence, the disc evolutionary time-scale typically re-
mains constant over time, or can even speed up (e.g. B. Tabone
et al. 2022a).

How does external photoevaporation impact disc evolution? In
an MHD wind-driven disc model, the radius of the outer disc is
not a determining factor of its accretion-driven evolution, and the
mass accretion rate depends solely on the local disc properties
(e.g. surface density, magnetic field strength, etc.). When photo-
evaporation rates are high and dominate the evolution, photoe-
vaporation removes material from the outer disc. However, the
MHD wind-driven disc itself remains unaffected by this outer
loss, as it operates independently of the outer regions. As a result,
the surface density in the inner disc decreases only gradually
due to mass-accretion and, hence, the mass accretion rate is not
expected to vary significantly over time.

Conversely, in the viscous picture, external photoevaporative
outflows have a much greater impact. Rather than expanding,
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the disc is eroded at its outer edge by the external photoevapora-
tive outflow (G. P. Rosotti et al. 2017). Since angular momentum
transport connects the inner and outer regions, the disc surface
density and mass accretion rate both decrease significantly. Due
to the nature of viscosity, as the inner material is accreted onto
the central star, the outer disc is depleted, leading to a causal con-
nection between mass accretion rates and mass-loss rates within
the disc.

So far, we have neglected the impact of internal photoevap-
oration, which is driven by radiation from the host star. This
assumption is justified under the premise that the mass-loss rates
due to externally driven photoevaporative outflows considered in
this work are predominantly higher than those resulting from in-
ternal photoevaporation (R. Alexander et al. 2014; B. Ercolano &
I. Pascucci 2017). Additionally, once photoevaporation begins to
affect disc evolution, its remaining lifespan is significantly short-
ened. In environments where external photoevaporation is weak
or negligible, internal photoevaporation can play a dominant role
in the evolution of the disc.

2.2 Time-scales

Let us now examine the problem in terms of the relevant time-
scales. Viscosity is usually assumed to vary with radius in the
general form of v ~ R”. The typical viscous time-scale at the
outer radius Ry is then given by

Ri _ R

t, = = , 1
Re) ~ R, @

where v, is constant. The viscous time-scale, therefore, scales
with the disc’s size as t, « Ri_”. We now want to compare the
viscous time-scale with the time-scale over which the outer ra-
dius of the disc evolves due to external photoevaporation, fedge.
We begin by considering the rate of change of the disc mass due
to photoevaporation, such that:

de 47TRd E(Rd) de

d ~ (@2-y) at’
where Mj is the total disc mass and X is the disc’s surface den-
sity, taken to follow the steady-state solution (R) = X.(R/R.)7,
with ¥, the normalization constant set by the total disc mass and
R. is a radial scale factor. Rearranging the equation yields:

de _ NIpe(2 - V) Rd 4
At 4Ry (E) '
This is the rate at which the disc’s outer edge is evolving under the
influence of external photoevaporation, and the corresponding
time-scale can be defined as
fuige = —8_

*d& = dRq/dt’

Mpe = (2)

3

“)

The photoevaporative mass-loss rate can be expressed as a func-
tion of disc’s outer radius, Mpe o R}, where a ~ 1 for FUV-
dominated outflows and « ~ 3/2 for EUV-dominated outflows
(D. Johnstone et al. 1998), provided Ry > Rg.1 This yields a scal-
ing for feqge as a function of disc radius of:

fegge 0 B2 )

'In the case Ry < Rg the mass-loss rate scales exponentially with disc
radius, meaning the following argument holds for all y.
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Figure 1. Relevant time-scales as a function of disc size for a viscously
evolving disc. The viscous time-scale (dark navy line) scales as t, « Rg,
while the time-scale for the evolution of the disc’s outer radius due
to EUV-driven external photoevaporation (yellow solid line) scales as
ledge, EUV O R;l/ 2. For an FUV-dominated photoevaporative outflow (or-
ange dashed line), instead, feqge, ruv is independent of Ry.

By assuming that the disc viscosity scales linearly with radius
(y =1, e.g. a constant o disc with T o« R~/2, L. Hartmann et al.
1998), we obtain:

f, & Rd7 1n (6)
fedge EUV X Ry 2, @)

We find, instead, that feqee puv is a constant function of the
disc size. Fig. 1 shows these time-scales as a function of ra-
dius, with the viscous time-scale in dark navy and the time-
scale for the disc’s outer radius evolution, distinguishing be-
tween an EUV- and an FUV-dominated outflows, represented
by the yellow solid and orange dashed lines, respectively. At
large radii, , > feqge, suv, Which means that external photoevap-
oration removes material faster than viscous transport can re-
plenish it. As the size of the disc shrinks due to mass loss,
Ry decreases and feqge puv increases over time. This implies
that the rate at which the disc shrinks slows. Simultaneously,
t, decreases, implying that viscosity becomes relatively more
important. Once Ry becomes small enough, f, < fedge guv and
the viscous evolution is now faster than the shrinking pro-
cess. At this point, the disc is able to reach a pseudo steady-
state where its structure is set by viscous redistribution be-
tween in the inner and outer edges. At some critical radius, the
two time-scales are comparable, marking the transition where
viscous evolution and mass-loss due to external photoevapora-
tion act on similar time-scales. This point also marks a transi-
tion from an external photoevaporative outflow-dominated con-
traction to a viscous-dominated evolution as the disc radius
shrinks over time. These considerations also hold in the case
of mass removal by FUV photoevaporation, although feqge, ruv
is independent of R4 at large radius. More generally, the tran-
sition from a photoevaporation-dominated regime to a viscous-
dominated regime occurs when 2 —y —a <0 and 2 —y > 0.
These conditions allow for an arbitrary choice of viscosity pre-
scription, provided that 2 — o < y < 2 (a condition most stan-
dard viscous disc models satisfy), although this requirement
disappears inside R, where the viscous time-scale will always
eventually become shorter than the disc radius evolution time-
scale.
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2.3 Viscous discs evolve towards an accretion rate that
matches the external photoevaporation rate

The evolution of the time-scales indicates that sufficiently strong
external photoevaporation will always drive the disc towards a
state where the viscous time-scale at the outer edge is shorter
than the time-scale on which the outer edge is evolving due to
photoevaporation. In this case, we can consider the disc to be
evolving as if the outer edge remains fixed. With this general
understanding in mind, we now approach the problem from an
analytical perspective. Following S. P. Ruden (2004), we consider
the specific case of a viscous disc where viscosity scales linearly
with radius, v = vyR.? The dimensionless evolution equation is
oS 30°S

—_Z—"=o. 8
0t 4 0x? ®

This is a standard diffusion equation, where the dimensionless
spatial and temporal variables are x = (R/Ry)"/? and t = t/ty,
with the viscous time-scale defined at R, as tys = R; /vg. S is the
angular momentum flux and it depends on the disc’s surface
density, S = £x3. We can find the general solution via separation
of variables, by assuming that S(x, ) = X(x)T (). This yields:

T(7) = Toe ™7, 9)

X (x) = Asin(kx) + Beos(kx), k* = ik. (10)

3
By adopting the assumption of zero torque at the origin, as in D.
Lynden-Bell & J. E. Pringle (1974), we impose S = 0atR = 0, and
find the trivial solution B = 0, since k # 0. The solution takes the
form

X(x) = Asin(kx). (11)

We now include the effect of external photoevaporation. Which
in the limit where the disc’s outer radius evolves slower than the
viscous time-scale, allows us to approximate the disc’s outer ra-
dius as fixed. This approximation allows us to simplify the model
while correctly capturing the large-scale evolution of the system.
Additionally, while this applies in the case of external photoevap-
oration, it would not apply for internally driven photoevaporative
outflows, as the removal time-scale is different and an additional
term must be included in the evolution equation (equation 8).
Thus, if we consider that external photoevaporative outflows are
acting on the disc at the outer radius, we can safely assume that
the disc surface density drops quickly at R = R4, and set S = 0.
This implies Asin(kxq) = 0, which means kx4 = nn forn =1, 2...
Thus, we expand S(x, 7) as the sum of sine modes, and the general
solution becomes

S(x, 7)) = ZAnsin(knx)e’*”T, (12)

n=1

where k, = nx /x4 and A, = 3/4k%. The method of calculation
of the coefficients A, are shown in Appendix A. Fig. 2 shows
the analytical solution to the problem at different time steps,
illustrating the effects of an external wind at the outer edge of
the disc.

The mass flux through the disc is defined as (see equation 9 in
S. P. Ruden 2004):

, d
M= 6an/2ﬁ (ZgveR'?). (13)

2We note our argument completely generalises to other viscosity laws, we
choose v « R simply for algebraic simplicity.
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Figure 2. Disc surface density as a function of x, at different time steps.
It comes from the analytic solution to equation (8), illustrating the effect
of an external photoevaporative outflow at the outer boundary.

Since our disc will have reached a pseudo-steady state after a few
local viscous time-scales at the outer edge, the higher order terms
in the series rapidly decay away becoming negligible, and we are
left with:

3R
S(x, T) ~ Aj sin(mrx) exp (—nzr J) (14)
4R,

Therefore, evaluating the mass flux at the origin, we find the
accretion rate onto the star as:

R)? 3R,
y y ~ 22 2
M,y = —M(x = 0) = 3“4, R;/Z exp (—n TTRd) (15)

Now, evaluating at the outer edge, where by mass continuity we
know the mass-flux in the wind must equal the mass-flux through
the disc at R = Ry, we find:

. RY? 3R
_ ~ 22 g 2 g
M(R = Ry) ~ —3m1“vyA; —Rz/z exp ( T T4Rd>
= —Muee = —Mpe (16)

An important consequence of the above approximation is that,
in order to maintain the disc’s outer radius constant over time,
all the mass flux reaching the edge is lost to the photoevaporative
outflow. This implies that the mass-loss rate is equal to the mass
accretion rate Mpe = M. This conclusion emphasizes the role
of viscosity in accretion discs. Viscosity, in fact, is responsible
for redistributing angular momentum within the disc, therefore
connecting the innermost regions with the outer part of the disc.
To accrete, an externally photoevaporating disc must supply the
outflow with the angular momentum flux necessary to accrete
onto the star, and thus must match the accretion rate and outflow
rate on time-scales longer than the viscous time. However, this
result holds only for a disc evolving under viscosity, whereas the
case of an MHD wind-driven disc is more complex. The nature
of an MHD wind means the different radii are not all causally
coupled (the MHD wind term is hyperbolic, rather than parabolic
as in the viscous case). There is no direct causal connection be-
tween the outer disc and inner disc, and as such the accretion rate
onto the star is set by the local conditions in the inner disc, which
are not directly affected by the outer disc’s radius. We also note
that we have made the assumption that viscosity scales linearly
with radius to make the algebra easier, and different viscosity
laws should yield a similar result due to angular momentum
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conservation: the accretion rate and mass-loss rate in an exter-
nal photoevaporative wind should be tightly correlated once the
evolution time-scale for the outer radius is longer than the local
viscous time-scale. A problem where one would allow the outer
disc edge to also evolve is closely related to ‘Stefan Problems’ (e.g.
S. Gupta 2018). Analytical investigations that turn the case of an
externally photoevaporating disc into such a Stefan problem may
yield further insight. In particular, in the case of a fixed outer
edge, the accretion rate always matches the photoevaporation
rate at late times. However, our numerical calculations show that
due to the evolving outer edge the accretion rate is always slightly
lower than the photoevaporation rate at late times, as the disc
always contracts at late times.

3 NUMERICAL MODELLING

We now numerically solve the equation of mass and momentum
conservation for a disc. Thus, we model a protoplanetary disc un-
dergoing viscous evolution by employing the 1D code developed
in R. A. Booth et al. (2017). The MHD wind-driven evolution is
implemented following F. Zagaria et al. (2022) and the original
prescription is described in B. Tabone et al. (2022b). The disc
evolves following the general equation:

030710 o] s
ot _ ROR|roor "V =5 e
30 >c? Sapw Ec?
+ > 9 Opw €y . dpw 2 C ’ (17)
2R OR Q 4(r — 1R2Q

where Q is the Keplerian angular frequency. We assume a lo-
cally isothermal gas, with sound speed cs(R). The first term in
the equation describes the evolution of the disc governed by vis-
cous processes regulated by turbulence. According to the N. I.
Shakura & R. A. Sunyaev (1973) a-prescription, the kinematic
viscosity has the form v = asscsH (e.g. D. Lynden-Bell & J. E.
Pringle 1974), where asg is a dimensionless parameter that scales
with the square of the turbulent velocity (in units of the sound
speed) and H is the disc’s scale height. Under these conditions,
the disc evolves following the analytical self-similar solutions of
D. Lynden-Bell & J. E. Pringle (1974), if the viscosity law is self-
similar. Part of the disc material is accreted onto the central star,
while the angular momentum within the disc is redistributed,
and the net result is a viscous spreading of the whole disc.

The second term in the equation is the rate at which mass is
removed from the outer disc radius due to external photoevapo-
rative outflows (see the next section).

The third and last terms in equation (17) include the contribu-
tion of the MHD wind. The parameter apw quantifies the angular
momentum extracted by the MHD wind, and therefore regulates
the advection of gas. The parameter A, represents the magnetic
lever arm, which ultimately determines the MHD wind’s mass-
loss rate due to the magnetic field and whose precise value is still
unconstrained. In the formulation presented by B. Tabone et al.
(2022b), apw is defined similarly to the original parametrization
of ass. Just as the viscous accretion rate scales with ags, so the
MHD wind-driven accretion rate is proportional to apw, allow-
ing a straightforward comparison between these two coefficients.
Hence, B. Tabone et al. (2022b) introduce the parameter v, which
quantifies the MHD wind’s intensity,

AOpw

= (18)
Qass
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6  G. Ballabio and J. E. Owen

For a disc that evolves purely viscously, ¢ = 0, while MHD winds
dominate the evolution of the disc for v — oo. In this work,
we consider two sets of solutions: the purely viscous evolution,
with a constant ass and ¢ = 0 (hence apw = 0), and the MHD
wind-driven evolution, with constant apw = 1073 and ¥ = 10*
(F. Zagaria et al. 2022; B. Tabone et al. 2022b). We also consider
the specific case of A = 3, as a representative intermediate value
within the claimed observed range of A from 1.6 to 5 (F. Zagaria
et al. 2022; B. Tabone et al. 2022b).

3.1 Including external photoevaporation

The disc is subject to intense UV stellar irradiation, which is
typically coming from massive O or B-type stars. As mentioned
in Section 1, both EUV and FUV photons contribute to driving
a photoevaporative outflow, and the results illustrated in Sec-
tion 2.3 are valid for both FUV- and EUV-dominated cases. How-
ever, this work focuses solely on EUV photoevaporation. This
choice is motivated by the fact that EUV-driven mass-loss rates
are easier to measure through radio emission than the FUV case,
leading to more direct and robust measurements. EUV photons
have sufficient energy to ionize hydrogen-rich gas, which then
produces free-free emission. This emission is directly related to
the density of the outflow (e.g. E. Churchwell et al. 1987), making
it easier to measure using radio observations. This is particularly
true for resolved multi-wavelength observations where the disc
and outflow can be cleanly separated and optical depth effects
can be taken into account (N. P. Ballering et al. 2023).

We therefore include EUV external photoevaporation in our
models by removing material from the disc’s outer edge. We fol-
low the analytic formulation of D. Johnstone et al. (1998) for
EUV-dominated outflows, where the mass-loss rate is given by:

Mpe - d —1 @ 1/2
—_— = 1.78 x 10
Mgyr—! 0.1pc 104 st

& x (£L)¥?, (19)

100 au

Here, d is the distance from the external massive star, ® is the
ionizing flux and Ry is the disc’s outer radius. Notably, the EUV-
driven mass-loss rate scales super-linearly with the disc’s outer
radius. External photoevaporation is implemented in our numer-
ical model following the approach of C. J. Clarke (2007).

4 RESULTS

We initialize all our calculations (viscous or MHD wind) with a
zero-time similarity solution from D. Lynden-Bell & J. E. Pringle
(1974) which has the following form

M, R
(Rt =0)= - 20
(R, ) 2jTROqu)( Ro) (20)

4.1 Evolution of disc properties

To gain insight into the theoretical framework, we initially exam-
ine the evolution of the properties of a sample disc. We evolve a
disc with an initial mass of My = 0.2 My and an initial scaling
radius of Ry = 20 au, hosting a solar-mass star at the centre. We
choose a temperature distribution where the sound speed scales
with the power-law index R~/4.

An example of the evolution of the disc’s surface density for
the viscous and MHD wind-driven scenarios is illustrated in the
top two panels of Fig. 3. Both discs are located at 0.3 pc from
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Figure 3. Evolution of the disc surface density profiles for the viscous
(ass = 1073) and wind-driven scenarios (top and middle panels, respec-
tively) for an initial disc mass of 0.2 Mg and scaling radius of 20 au. The
discis located at 0.3 pc from the irradiating source. The dashed black lines
in the top and middle panels indicate the evolution of the disc in the
absence of external photoevaporation, for each corresponding scenario.
The bottom panel shows the evolution of the disc radius and disc mass:
squares are used for the viscously evolving discs and circles for the wind-
driven discs. Coloured lines and points correspond to t = 0, 0.1, 0.5, 1.0,
2.0,2.5,3.0,3.2, 3.4, 3.6, 3.8, 4.0, 4.2, 4.4 Myr.

the external irradiating source, with an EUV photon luminosity
of ® = 10% s~!. The adopted ionizing photon luminosity ® =
10% s~ is representative of an O-type massive star in the ONC,
comparable to §1C Ori (spectral type ~06-07, E. D. Feigelson
et al. 2005). In the absence of an external photoevaporative
outflow, a viscous disc would spread outward and the outer
radius of the disc would increase over time, as highlighted by the
dashed black lines in the top panel. Here, in contrast, material
within the disc is removed via photoevaporation and the disc
shrinks instead. The combined effects of an MHD wind and
an external photoevaporative outflow result in a qualitatively
similar evolution in this case, with the disc shrinking over time.
The evolution of the disc’s outer radius at every time step is
illustrated in Fig. 4, with the distinction between the viscous and
MHD wind cases. The red dash-dotted line marks the transition
from a photoevaporation-dominated to a viscous-dominated
evolutionary regime (see Fig. 1 and Section 2.2). Initially, the
outer disc radius decreases gradually at an almost constant
rate, but once the viscous evolution becomes important, its
contraction accelerates significantly, as the viscous time becomes
shorter and shorter as the radius shrinks. Here, we have selected
a disc with typical initial values and the exact evolution of disc
mass and disc’s outer radius in the two scenarios depends on the
choice of such initial conditions. Specifically, we find that the
local surface density drops by almost three orders of magnitude
over ~ 4.5 Myr in the viscous scenario, while it decreases by less
than an order of magnitude over ~ 3 Myr in the MHD wind-
driven case. Nonetheless, we always observe that the evolution
of the disc surface density differs quite significantly between a
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Figure 4. Evolution of the disc’s outer radius for the viscous and MHD
wind-driven discs presented in Fig. 3. The red dash-dotted line marks the
location at which the viscous disc transitions from a photoevaporation-
dominated regime to viscous-dominated evolution (see Fig. 1 and Sec-
tion 2.2).
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Figure 5. Evolution of the mass accretion (blue) and photoevaporative
mass-loss (red) rates with respect to the disc size, for the disc presented
in Fig. 3. Solid and dashed lines represent the results for the viscous
and MHD wind-driven disc, respectively. The blue solid line with lower
opacity indicates the values of mass accretion rates for a disc that is not
undergoing external photoevaporation. The grey dotted line shows the
scaling M Rs/ 2. The black arrow indicates time evolution, with the
coloured dots highlighting the t = 0 point.

viscous and an MHD wind-driven disc. A viscously evolving disc
undergoes a more dramatic decrease in the local surface density
over the disc lifetime, particularly in the innermost regions,
compared to its MHD wind-driven counterpart. In the latter, in
fact, the evolution of the surface density is much slower, with
a minor decrease over a smaller time-scale. This is due to the
intrinsic nature of a viscously evolving disc: the redistribution
of angular momentum within the disc causes the disc surface
density to lose mass faster as it can transport more material
into the photoevaporative outflow, compared to a case in which
external photoevaporation is absent, as illustrated by the top
panel of Fig. 3. The disc needs to replenish the outer regions that
are constantly depleted of material.

The rapid variation in surface density directly impacts the mass
accretion rate of the disc. Fig. 5 illustrates the relationship be-
tween the mass accretion and photoevaporation rate. This plot
reflects the theoretical predictions derived in Section 2.3. Al-
though the photoevaporative mass loss rates of both a viscous
and wind-driven discs must follow the Rj/ ? scaling, marked by
the grey dotted line (see equation 19), the behaviour of the mass
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Figure 6. Same as Fig. 3 but the viscous disc now evolves with a lower
viscosity, ass = 5 x 10~*. The MHD wind-driven evolution is the same as
previously shown.

accretion rates is significantly different. In a viscously evolving
disc, the mass accretion rate initially remains almost unchanged
(consistent with evolution when the age is less than the disc’s
initial viscous time-scale) but then begins to decrease once the
age exceeds the disc’s initial viscous time-scale, following the
same scaling with the radius of the disc (Rz/ 2). Without external
photoevaporation, the disc would maintain this steady behaviour
and the accretion rate would remain almost constant with disc
size, as indicated by the blue solid line with slightly lower opacity.
In contrast, in an MHD wind-dominated disc, the evolution is
entirely independent of the outer regions, and the mass accretion
rate slowly evolves as the disc’s size evolves, as illustrated by the
blue dashed line in Fig. 5. However, this correlation is implicit
and does not result from a physical link between accretion and
disc size. Rather, both naturally decrease with time, indepen-
dently of each other.

4.1.1 The effect of a lower « viscosity

The viscous time-scale sets the time over which the disc surface
density evolves and, more specifically, the viscous time-scale is
inversely proportional to the viscosity within the disc. As a conse-
quence, discs with lower viscosity evolve on a longer time-scale.
The evolution of the two discs is significantly different. This is
shown in Fig. 6, where the viscous disc has a lower turbulent vis-
cosity, ass = 5 x 107#, compared to previous results presented in
the upper panel of Fig. 3. After ~ 5 Myr, the viscous disc still has
an outer radius 2 10 au and the surface density has decreased by
almost two orders of magnitude. The MHD wind-dominated disc
is much smaller in comparison and the gas is depleted relatively
quickly. The main consequence for disc evolution is that a viscous
disc will transition from a photoevaporation-dominated regime to
a viscous-dominated regime slightly later than it would in a case
with higher turbulent viscosity. Thus, the trends shown in Fig.
5 remain valid, with the turnover in the accretion rate occurring
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Figure 7. Same as Fig. 3 but for a disc located at 1 pc from the irradiating
source.

only slightly later. Therefore, our inferences about the differences
in the qualitative evolution of a viscous and MHD wind-driven
disc do not depend on the assumed strength of the viscosity.

4.1.2 The effect of a weaker photoevaporation rate

As one might expect, protoplanetary discs that sit farther away
from the irradiating source are less impacted by external photoe-
vaporation. Fig. 7 shows the evolution of the same disc presented
in Fig. 3, but located at 1.0 pc from the external star. Both discs
evolve much slowly over similar time-scales; hence, they are over-
all larger and more massive, ultimately surviving until 5 Myr. A
weaker photoevaporative outflow has an effect on a viscous disc
similar to that of a lower turbulent viscosity (compare the upper
panel of Fig. 6). The disc’s outer radius evolves on a much longer
time-scale, and, as a consequence, the disc has enough time to
viscously respond to changes to the outer boundary. Unsurpris-
ingly, when the effect of external photoevaporation is reduced,
the evolution is primarily governed by either viscosity or MHD
winds.

As mentioned in Section 2, we neglect internal photoevap-
oration. However, internal photoevaporation will not alter the
scenario presented here as long as the mass loss rate is sufficiently
high for the disc to transition to a region where f, < feqge, before
internal photoevaporation can clear the disc.

4.2 Evolution of mass accretion rates and
photoevaporative mass-loss rates

As shown in the previous section, external photoevaporation has
an important impact in shaping the evolution of protoplanetary
discs and their properties. As we will explore in this section, it
also has clear and direct implications for the evolution of the
mass accretion rate, which differs for viscous and MHD wind-
driven discs. In Fig. 8 we compare the mass accretion rate and the
photoevaporative mass-loss rate as a function of time, for both the
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Figure 8. Evolution of the mass accretion and photoevaporative mass-
loss rates of the discs shown in Figs 3 (top), 6 (middle), and 7 (bottom).
Squares are used for the viscous evolution, while circles for the MHD
wind-driven evolution. The lighter, slightly larger points in the top panel
indicate the mass accretion rates of a disc unaffected by external photoe-
vaporation, thus emphasizing the impact of the environment on the evo-
lution of the inner disc, especially in the viscous scenario. In contrast, for
a disc evolving through an MHD wind, these points are indistinguishable
from those undergoing external photoevaporation. It is important to note
that, in this case, the mass-loss rates hold no physical significance, as the
disc is not losing material due to photoevaporation. The black diagonal
line in each panel indicates the Mpe = Macc line.

viscous and wind-driven discs presented in Figs 3 (top panel), 6
(middle panel), and 7 (bottom panel). The dots are colour-coded
by the disc’s age, with earlier times shown in green and later times
shown in orange/yellow. A viscously evolving disc experiences a
significant decrease in mass accretion rate, due to external pho-
toevaporation driving faster evolution over its 5+ Myr lifetime.
This is illustrated in the upper panel of Fig. 8, which shows a drop
of almost three orders of magnitude in the mass accretion rate.
However, the mass accretion rate of the MHD wind-dominated
disc is almost constant throughout the evolution, only varying
by roughly an order of magnitude over the disc lifetime. This is
because the local disc surface density, close to the star, driving
accretion, is almost unperturbed, as illustrated by previous results
(see the middle panel of Fig. 3 and Section 4.1). An important
point to emphasize here is also the clear linear correlation be-
tween the photoevaporative mass loss rate and the mass accretion
rate in the viscous case, which would not exist without exter-
nal photoevaporation. The squares align closely with the black
solid line, which represents the Mpe = M, relation. To further
highlight this point, we also plot the values of mass accretion
rates for a disc not exposed to external irradiation. This is rep-
resented by the lighter points in the top panel of Fig. 8: We note
a significant difference for the viscous case and the absence of a
one-to-one correlation, while for the MHD wind case the points
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Figure 9. Distribution of mass accretion and photoevaporative mass-loss rates for a sample of discs (with fixed ass = 107 and d = 0.3 pc), across
different ages (the age is indicated at the top of each panel, in blue). Squares are used for the viscous evolution, while circles for the MHD wind-driven
evolution. The points are colour-coded by the disc size at each corresponding time step. The light grey area in each panel represents the threshold below

which mass accretion rates are hard to measure (e.g. J. Muzerolle et al. 2003).

The black line indicates the Mpe = M, line, while the red star shows the

position of IM Lup on the diagram, with corresponding error bars for the mass accretion rate (J. M. Alcala et al. 2017).

are indistinguishable from a disc with external irradiation. The
photoevaporative mass-loss rates span roughly three orders of
magnitude in intensity, but they remain comparable between the
two scenarios. This reflects the evolution of the disc’s outer radius
observed in Section 4.1 and Fig. 4, being the photoevaporative
mass-loss rate a function of the disc’s size.

A disc with lower viscosity evolves more slowly. As a result,
the disc has overall higher mass accretion rates at fixed time com-
pared to a disc with higher turbulent viscosity, as illustrated in the
middle panel of Fig. 8. This may seem counter-intuitive, however,
the main reason is that a slower viscous evolution (due to low
viscosity) leads to a slower evolution of the disc’s outer edge and
therefore the photoevaporative mass-loss rate remains higher. As
a consequence, the accretion rate also remains higher to balance
the loss at the outer edge, and the same linear correlation between
mass-loss and mass accretion rates is observed for the viscously
evolving disc. The primary distinction between the viscous disc
and the MHD wind-dominated disc lies in their mass-loss rates.
Since the viscous disc tends to be larger overall, its mass-loss rates
are typically higher than those of the MHD wind case.

Even when the impact of external photoevaporation is lower
(for discs at larger distances from the massive star), we find a
similar trend to the other cases. The mass accretion rate does
not vary as much over the disc lifetime, which is particularly evi-
dent for the MHD winds scenario. This is illustrated in the lower
panel of Fig. 8. The photoevaporative mass-loss rates, however,
span roughly a few orders of magnitude by the time the disc has
reached 5 Myr, for the MHD wind case. Although slightly less
apparent in this case, we note once again that, for the viscous disc,
the mass accretion rate linearly correlates with the photoevapo-
rative mass-loss rate after a few Myr. Irrespective of the different
physical properties of the system, a viscously evolving disc will
always evolve towards Mpe ~ Micc.

4.3 A test on viscous evolution

To demonstrate our results from single models carry over to a
generic population, we run a set of models with different initial
disc properties. The initial disc mass is chosen between 0.05 and
0.2 Mg, (in steps of 0.01 M, ), while the initial disc scaling radius is
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chosen between 10 and 60 au (in steps of 1 au). We obtain a grid of
800 models for a disc around a Solar-like star. The disc’s turbulent
viscosity is fixed at ags = 1073 and we also set the disc population
at 0.3 pc from the irradiating source and evolve the discs for up
to 4.5 Myr. Our key results are illustrated in Fig. 9, which shows
the distribution of mass accretion and photoevaporative mass loss
rates for a sample of discs evolving under pure viscosity or MHD
winds, across different ages (1.0, 2.0, 3.0, and 4.0 Myr). Squares
represent viscous evolution, while circles indicate MHD wind-
driven discs, colour-coded by the disc size at each corresponding
age. The black line marks the Mpe = M, relation, while the grey-
shaded region denotes the regime where mass accretion rates
become difficult to measure (e.g. J. Muzerolle et al. 2003; L. In-
gleby et al. 2011; C. F. Manara et al. 2013; R. A. B. Claes et al.
2024). Initially (1.0 Myr), most discs lie below the Mpe = My
line, with larger discs exhibiting higher mass-loss rates. Over
time, the viscous evolving discs exhibit a sharp decrease in Mpe
and consequently in M,.., while also contracting significantly.
We then observe a tight linear correlation between mass-loss and
mass accretion rates. All discs in this population evolve towards
the one-to-one line, irrespective of their initial conditions. In con-
trast, the MHD wind-driven discs maintain higher accretion rates
and similar values of photoevaporative mass-loss rates in compar-
ison to the viscous discs, while presenting overall smaller sizes.
In this case, there is no general expectation that this Mye. ~ Mpe
correlation will hold, which is consistent with the trends found
in our numerical simulations.

4.3.1 The case of IM Lup

Fig. 9 also shows the location in the Mae.-Mpe space of the ex-
ternally photoevaporating disc IM Lup, one of the only sources
for which both quantities have been reliably estimated. Inter-
estingly, IM Lup sits on the one-to-one line within the error
bars. The mass accretion rate was determined by J. M. Alcala
et al. (2017) using X-Shooter data. The photoevaporative mass-
loss rate, instead, has been estimated from numerical models
by T. J. Haworth et al. (2017). They simulate a disc undergoing
external photoevaporation in a weak environment, estimating
the photoevaporative flow based on the incident radiation flux
and the thermal structure of the gas. By comparing their models
to the observed constraints on the disc size and structure (L. I.
Cleeves et al. 2016), they infer a mass-loss rate consistent with the
expected influence of external photoevaporation in a low-density
environment. IM Lup is not a direct analogue of the ONC-like
EUV-irradiated cases explored in this work: it resides in a much
weaker irradiation environment and is likely undergoing FUV-
dominated external photoevaporation. We include IM Lup here
purely as an illustrative example showing that joint constraints
on M, and an externally driven Mpe estimates can be obtained
for a real disc, and we emphasize that the expected one-to-one
correlation is a generic result, rather than specific to a single
photoevaporation scenario.

5 DISCUSSION

Our current study expands on the work of A. J. Winter et al.
(2020a) by introducing an analytical derivation to explicitly link
mass accretion and mass loss rates, as described in Section 2.3.
This analytical approach offers a complementary perspective to
the numerical-based results, and allows for a deeper physical un-
derstanding beyond the observed trends. Additionally, their study
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primarily focused on models driven by classical viscous diffusion
and did not explore the implications for discs dominated by MHD
winds, which we discuss below. Furthermore, we highlight the
fact that this experiment between photoevaporation mass-loss
rates and accretion rates would be cleaner in an EUV-dominated
case, where mass-loss rates are easier to estimate from radio free—
free emission.

Under the effect of external photoevaporation, a viscously
evolving disc experiences a more dramatic change in accretion
rate over time compared to an MHD wind-driven disc, as shown
by the results presented in Fig. 8. This difference can be un-
derstood once again in terms of the intrinsic nature of viscous
evolution. In a viscous disc, material is accreted onto the central
star, while the disc expands outwards due to the redistribution of
angular momentum. However, when material is removed from
the outer regions by photoevaporative outflows, the inner regions
of the disc are inevitably affected. This connection arises because
turbulent viscosity within the disc acts to redistribute angular
momentum to maintain conservation. As material is accreted
from the inner regions of the disc, angular momentum is trans-
ported outward and lost in the photoevaporative outflow. Conse-
quently, there is an almost direct relationship between the mass-
loss rate due to external photoevaporation and the mass accretion
rates onto the host star.

The same connection between different regions within a disc is
notably absent in MHD wind-dominated evolution. In such discs,
in fact, the removal of material from the outer disc edge does not
influence the inner regions. This is because angular momentum
is primarily extracted directly by the coupling between the gas
and the magnetic field, rather than being redistributed internally.
As a result, the dynamics of the inner disc remains largely de-
coupled from the processes occurring at the outer boundary. The
removal of angular momentum through MHD winds bypasses
the need for viscous transport across the disc, allowing the in-
ner regions to evolve independently of the material lost at the
outer edge. This fundamental difference highlights the contrast-
ing mechanisms at play in viscously evolving and MHD wind-
driven discs, underlining why mass redistribution and mass ac-
cretion behave differently in the two scenarios.

Fig. 9 provides a powerful diagnostic for distinguishing be-
tween viscous and MHD wind-driven disc evolution. In the case
of viscous discs, mass accretion and photoevaporative mass-loss
rates maintain a clear near one-to-one correlation. Very young
discs are initially dominated by mass removal by external photo-
evaporation (Mpe > M), because the viscous time-scale is much
longer than the time-scale over which the outer edge of the disc
evolves. Once t, < fedge, the loss of material at the outer edge is
balanced by the accretion onto the central star, and the viscous
discs sit close to the Mpe = My line. In contrast, MHD wind-
driven discs exhibit no such one-to-one correlation. Early in their
evolution, external photoevaporation removes mass at a higher
rate than accretion onto the star. However, as they evolve, they
gradually shift to a region where M. > Mpe, meaning accretion
remains efficient while mass-loss at the outer edge becomes less
significant. Crucially, this transition occurs over a relatively long
time-scale, implying that the clear separation between viscous
and MHD wind evolution only becomes evident in older discs.

Given that most of the observed externally irradiated discs,
such as those in the ONC, are still relatively young (~1-3 Myr),
we could see systems that have not yet reached this late-time
regime. This is particularly evident for the larger MHD wind-
dominated discs, which sit in a region where My < Mpe and
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exhibit strong photoevaporative mass-loss rates. Nonetheless, the
linear correlation observed for viscous discs appears as early as
~ 2 Myr, even earlier in some cases depending on the intensity of
turbulence and the distance from the irradiating source. For ex-
ample, in the upper panel of Fig. 8, the tight correlation between
Mpe and M, develops almost as soon as the disc evolves, around
~ 1 Myr. Subsequently, the viscous discs evolve along the line,
irrespective of their initial conditions. Therefore, this challenge
can be addressed by studying either an older population of discs
or a larger sample spanning a range of ages. In both cases, if the
discs primarily evolve viscously, they should follow the predicted
linear correlation.

The main implication of this result is that it provides a clear ob-
servational test for viscous evolution. With current facilities, it is
possible to obtain accurate measurements of both mass accretion
and photoevaporative mass-loss rates, enabling direct compari-
son with theoretical predictions. However, it is important to note
here that in a young cluster, stars are in constant motion due to
gravitational interactions. As a result, proplyds do not remain at
a fixed distance from massive stars but instead experience time-
dependent UV exposure. This motion was suggested as one of the
solutions to the proplyd’s lifetime problem (A. J. Winter et al.
2019). Because older stars migrate outward and younger stars
inward within a cluster, young stars, which also tend to have a
larger reservoir of mass in their discs, are preferentially exposed
to external irradiation by massive stars at the centre of the cluster.
Consequently, these younger stars contribute more significantly
to the survival fraction of protoplanetary discs. This non-uniform,
time-dependent exposure means that mass-loss rates fluctuate
over time, allowing some discs to survive much longer than pre-
dicted. Thus, the evolving spatial distribution of stars within the
cluster effectively extends the lifetime of many proplyds beyond
the theoretical estimates. This also implies that if stars are on
highly radial orbits, their instantaneous position within the clus-
ter may not accurately reflect their time-averaged UV exposure.
As a result, measurements of mass-loss rates might not be rep-
resentative of their long-term averaged evaporation history, and
the expected correlation between mass-loss and accretion rates
would be erased. Previous studies have also coupled disc evolu-
tion to cluster dynamical histories in order to interpret externally
driven dispersal (e.g. G. P. Rosotti et al. 2014; T. P. G. Wijnen et al.
2017), and extending such approaches would be a natural next
step. Therefore, in the future coupling disc evolution calculations
to dynamical calculations of the cluster for both viscous and
MHD wind-dominated cases would be valuable to explore the
role of this confounding factor.

5.1 Current observations of mass accretion rates and
photoevaporative mass-loss rates

Mass accretion rates are typically derived from spectroscopic ob-
servations of emission lines, such as H «, which trace the accre-
tion shock onto the stellar surface (L. Hartmann 1998; J. Muze-
rolle et al. 2003; J. M. Alcala et al. 2017; E. Fiorellino et al.
2025). These lines are used to estimate the accretion luminosity,
which is then converted into a mass accretion rate using empiri-
cal calibrations (L. Hartmann, G. Herczeg & N. Calvet 2016). C.
F. Manara et al. (2012) conducted a comprehensive study using
the Hubble Space Telescope to observe approximately 700 sources
within the ONC. They employed photometric data to construct
the spectral energy distribution (SED) for each source, enabling
the determination of stellar parameters such as mass and age. The
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Figure 10. Distribution of photoevaporative mass-loss rates in regions of
different ages. Data are taken in order as they appear in the legend from
W. J. Henney & C. R. O’Dell (1999), T. J. Haworth et al. (2021, 2022), N.
P. Ballering et al. (2023), M. L. Aru et al. (2024), and R. D. Boyden & J. A.
Eisner (2024). Ages are taken from A. Megan (2025).

mass accretion rate was estimated by analysing the ultraviolet
excess emission, which indicates ongoing accretion processes.
Their findings revealed that M, increases with stellar mass and
decreases over time. We note explicitly that the UV-excess in
C. F. Manara et al. (2012) is derived from U-band photometry
rather than from a flux-calibrated UV spectrum. More recently,
L. Piscarreta et al. (2025) revisited UV-excess measurements in
the ONC with improved coverage, and found broadly comparable
M, values spanning ~ 1071°-10~7 M, yr~! depending on stellar
mass and extinction assumptions. This range is useful context for
comparison with externally driven M, values reported for ONC
proplyds.

Mass-loss rates from proplyds, instead, have been determined
from observations by analysing emission lines, particularly those
from ionized gas (e.g. H o, [O 111], [N 11]), which trace the photoe-
vaporative flow. By measuring the surface brightness and spatial
distribution of these lines, the electron density and velocity of the
ionized flow can be estimated. These observational constraints,
when combined with theoretical models, yield photoevapora-
tive mass-loss rate estimates in the range of 1078—10"Mgyr~!.
Fig. 10 shows the distribution of measurements of photoevapo-
rative mass-loss rates in regions of different ages.

W. J. Henney & C. R. O’Dell (1999) utilized high-resolution
imaging and spectroscopy to study proplyds in the ONC. They
measured the ionized gas emission to estimate photoevaporative
mass-loss rates. Their analysis indicates that mass-loss rates due
to external photoevaporation range from 10~7 to 10~*Myyr~, de-
pending on the distance from the irradiating star and the incident
UV flux. More recently, M. L. Aru et al. (2024) used VLT/MUSE
observations of 12 proplyds in the ONC, some of which had
already been studied by W. J. Henney & C. R. O’Dell (1999).
They measured ionization front radii in He, [O1], [O11], and
[O 111] emission lines. Assuming ionization equilibrium, they es-
timated mass-loss rates by correlating ionization front sizes with
incident UV radiation. They found rates broadly consistent with
the previous findings of W. J. Henney & C. R. O’Dell (1999).
Complementary constraints also come from regions spanning a
range of irradiation conditions and ages, including o Orionis
(K. Mauco et al. 2023), NGC 2024 (T. J. Haworth et al. 2021),
and NGC 1977 (T. J. Haworth et al. 2022; R. D. Boyden & J.
A. Eisner 2024). T. J. Haworth et al. (2021) estimated mass-loss
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rates in NGC 2024 using models from the FRIED grid, which
simulates FUV-driven external photoevaporation under varying
UV radiation. By matching observed ionization front sizes and
distances to ionizing sources, they inferred lower mass-loss rates
than in the ONC, reflecting the region’s weaker UV flux. In
NGC 1977, T. J. Haworth et al. (2022) combined ionized gas
measurements with FRIED models to estimate photoevapora-
tive mass-loss, building on earlier work in similar environments
(J. S. Kim et al. 2016).

For EUV-driven external photoevaporation specifically, mass-
loss rates can be primarily inferred through radio free-free emis-
sion and hydrogen recombination lines (e.g. E. Churchwell et al.
1987). The ionized gas in the outflow produces free-free radia-
tion, which can be detected at millimetre to centimetre wave-
lengths using facilities like ALMA (Atacama Large Millimetre
Array) and VLA (Very Large Array). N. P. Ballering et al. (2023)
investigated the proplyds in the ONC, using ALMA Band 3 ob-
servations. In this work, they spatially resolve dust emission from
the discs and free-free emission from the ionization fronts of 12
proplyds. Mass-loss rates were determined using two indepen-
dent methods. The first assumes ionization equilibrium, where
the recombination rate balances the ionization rate from EUV
radiation, allowing for an estimate of the electron density. Mass-
loss rates are then derived by combining this density with mass
continuity equation. The second approach derived the electron
density from the brightness of free-free emission. The two meth-
ods produce results consistent within an order of magnitude,
reinforcing the reliability of these measurements.

The study by R. D. Boyden & J. A. Eisner (2024) investigated
proplyds in the NGC 1977 star-forming region. Using observa-
tions from the Very Large Array (VLA) at multiple radio frequen-
cies (0.3, 6.4 and 15.0 GHz), they identified 34 radio-emitting
cluster members, including 10 new candidate proplyds. Photo-
evaporative mass-loss rates from these proplyds were estimated
by analysing the free-free radio emission from the ionized gas
in the photoevaporative outflow. The flux density at multiple
radio frequencies was measured to identify sources dominated
by optically thin free-free emission. Assuming a characteristic
electron temperature of T, ~ 10* K, they calculated the emission
measure and the electron density. The resulting mass-loss rates of
~107°—10"8Mgyr~! are consistent with theoretical predictions
for discs exposed to intermediate UV radiation fields, like those
in NGC 1977.

Hydrogen recombination-line diagnostics provide a comple-
mentary route to constraining the ionized outflow, and recent
work has begun to explore their potential for externally irradiated
discs beyond the free-free continuum alone (e.g. R. D. Boyden et
al. 2025).

While M, and My can be each be measured in favourable
cases, reliable and simultaneous detections of both mass accre-
tion and mass-loss rates do not exist, with the exception of IM
Lup. The brightest EUV-irradiated proplyds provide the clean-
est Mpe measurements (e.g. from resolved free-free emission),
but in these objects standard accretion tracers can be contam-
inated by emission from the ionization front. Conversely, in
weaker irradiation environments accretion diagnostics are typi-
cally cleaner, but the ionized outflow becomes faint and Mpe is
harder to detect directly. This selection mismatch currently limits
population-level applications and motivates coordinated radio
and spatially resolved spectroscopic surveys. Therefore, our study
motivates the further measurements to advancing our under-
standing of disc evolution. In particular, we strongly advocate for
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mass accretion measurements of proplyds in the ONC and NGC
1977 thought to be undergoing EUV photoevaporation, which
already have photoevaporative mass-loss rates determined from
radio imaging.

6 CONCLUSIONS

This work explores the impact of EUV-driven external photoe-
vaporation on protoplanetary disc evolution, with findings that
also apply to the FUV-dominated case. We show that external
photoevaporation significantly alters the evolution of a viscous
disc, leading to rapid depletion of the disc mass and a shrinking
in size. Conversely, MHD wind-driven discs remain relatively
unaffected by the external mass-loss, maintaining a nearly con-
stant accretion rate over time. This fundamental distinction be-
tween viscous and MHD wind-driven discs leads to significant
differences in the correlation of their mass accretion and external
photoevaporative mass-loss rates.

Our numerical simulations, also supported by analytical es-
timates, confirm that viscous discs show a strong one-to-one
correlation between mass accretion rates and photoevaporative
mass-loss rates, while MHD wind-dominated discs show no such
relationship. Mass accretion rates and photoevaporation rates can
be correlated in the MHD wind scenario, but this is purely an
implicit correlation as both decline with age, but we do not find
one-to-one cases in our models. Hence, by comparing the exter-
nal photoevaporation mass-loss rate with the accretion rate onto
the star, we offer a viable way to observationally test in various
star-forming regions whether protoplanetary discs undergo vis-
cous evolution. Therefore, while our modelling of MHD wind-
driven discs is phenomenological, the predicted evolution should
not be taken as representative. Our suggested approach can be
considered as a null hypothesis test on whether disc evolution is
viscous-driven or not. In the case we can reject the null hypothesis
that discs are viscously evolving, an MHD wind-driven scenario
is then the likely alternative.

These results highlight the importance of external photoevap-
oration as a key factor in shaping disc evolution and provide a
promising avenue for future observational studies. Direct mea-
surements of accretion and photoevaporative mass loss rates in
the same externally irradiated discs will be crucial to testing these
predictions and clarifying our understanding of disc evolution
processes.
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APPENDIX A: CALCULATION OF THE
COEFFICIENTS AND THE FINAL SOLUTION TO
THE DISC EVOLUTION EQUATION

The coefficients A, can be calculated using the normalization
condition for the total disc mass and assuming an initial condition
for the disc surface density (C. J. Clarke et al. 2001),

2

My e™™
¥(x,0) = —. Al
0= 3 (A1)
We thus obtain an initial condition for S(x, 1),
S(x,0) =) Apsin(k,x) = Ma e (A2)
9 - n n ijRé .
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The coefficients A, can now be determined?, yielding

2 (X
A, = — / S(x, 0)sin(k,x)dx
Xd Jo

M *d
= d f xe ™ sin(k,x)dx.
ﬂRéxcl 0

The integral can then be solved numerically.

3Using the formula for the Fourier cosine series.

(A3)
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