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ABSTRACT

Context. The evolution of protoplanetary discs is a function of their internal processes and of the environment in which the discs are
located. It is unclear if angular momentum is mainly removed viscously or by magnetic winds or by a combination of the two. While
external photoevaporation is expected to severely influence disc evolution and eventually dispersal, there are observational limitations
towards highly irradiated discs. Consequently, the interplay between these ingredients and their combined effects on the gas and dust
distributions within the disc are poorly understood.

Aims. We investigate, for the first time, the evolution of both the gaseous and solid components of viscous, MHD-wind, or hybrid
discs, in combination with external far-ultraviolet (FUV) driven mass loss. We tested which combinations of parameters may protect
discs from the external irradiation, allowing the solid component to live long enough to allow planet formation to succeed.

Methods. We ran a suite of 1D simulations of smooth discs with varying initial sizes, different levels of viscous and MHD-wind
stresses (modelled via an « parametrisation), and strengths of the external FUV environment. We then tracked disc properties such as
their radii, various lifetime diagnostics, and the amount of dust removed by the photoevaporative wind, as a function of the underlying
parameters.

Results. We find that the biggest role in determining the fate of discs is played by a combination of a disc’s ability to spread radially
outwards and the strength of FUV-driven erosion. While MHD wind-driven discs experience less FUV erosion due to the lack of
spread, they do not live for longer amounts of time compared to viscously evolving discs, especially at low-to-moderate FUV fluxes,
while higher fluxes (2100 Gy) yield disc lifetimes that are rather insensitive to the disc’s angular momentum transport mechanism.
Specifically, for the solid component, the biggest role is played by a combination of inward drift and removal by FUV winds. This
points to the importance of other physical ingredients, such as disc substructures, even in highly irradiated disc regions, to retain

solids.
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1. Introduction

Protoplanetary discs are regulated by the interplay of a num-
ber of internal and external physical processes that ultimately
brought about the thousands of planets we observe today. Despite
their fundamental role, many questions remain unanswered as
to how these processes operate together. One question relates
to the identification and quantification of the driving angular
momentum transport mechanisms that are active within the disc
(Manara et al. 2023). A second question concerns the role of
the external environment in affecting the evolution of discs, as
it possibly replenishes them with material (Winter et al. 2024),
but ultimately drives their evaporation and dispersal (Winter &
Haworth 2022). A third question relates to the response of the
solid component, which eventually builds planetary cores, to
these internal and external processes (Drazkowska et al. 2023).
Concerning internal stresses, angular momentum transport
in accretion discs was classically attributed to an effective tur-
bulent viscosity. Given our ignorance on many of the physical
details, a convenient way to model this process is via a dimen-
sionless parameter, ass (Shakura & Sunyaev 1973), that simply

* Corresponding author: gabriele.pichierri@unimi.it

represents the ratio of radial stresses to pressure. A relatively
large ass =~ 1073-1072 is needed to match observed accretion
rates (Hartmann et al. 1998, 2016; Calvet et al. 2000; King et al.
2007; Manara et al. 2019). Observationally, the turbulent ass can
be constrained between 107 and a few 10~2 (Pinte et al. 2016;
Rafikov 2017; Dullemond et al. 2018; Flaherty et al. 2017, 2018;
Villenave et al. 2022; see Rosotti 2023 for a review). Theoretical
results show that asg can be maintained above ~10~* by vari-
ous hydrodynamical or gravitational instabilities (e.g. Urpin &
Brandenburg 1998; Lovelace et al. 1999; Gammie 2001; Stoll &
Kley 2014; Rafikov 2015; Kratter & Lodato 2016; Latter 2016;
Pfeil & Klahr 2021; Flock et al. 2020; see Lesur et al. 2023 for a
recent review), while magneto-hydrodynamical (MHD) effects,
such as the magneto-rotational instability (MRI; Velikhov 1959;
Balbus & Hawley 1991) can drive ass up to 1072 in magneti-
cally active regions of the disc. Additionally, MHD disc winds
(Blandford & Payne 1982; Wardle & Koenigl 1993; Ferreira
1997; Suzuki & Inutsuka 2009) have been invoked as a mech-
anism for angular momentum transport, and this alternative has
recently been gaining traction (Turner et al. 2014; Suzuki et al.
2016; Bai 2016; Tabone et al. 2022a, 2022b; Pascucci et al.
2023). Whether discs are mainly viscously or MHD-wind driven
is a topic of active research and observationally unresolved (e.g.
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Zagaria et al. 2022; Alexander et al. 2023; Somigliana et al.
2023; Zallio et al. 2024; Tabone et al. 2025; Weber et al. 2025,
and recent review by Manara et al. 2023).

In fact, Coleman et al. (2024) recently showed that external
processes can obfuscate the distinction between viscously driven
and MHD-disc-wind-driven angular momentum transport inside
the disc, highlighting the importance of the interplay between
internal stresses and the environment. The dominant environ-
mental influence is the irradiation from external EUV or FUV
(extreme and far ultraviolet) photons (e.g. Johnstone et al. 1998;
Adams et al. 2004; see review by Winter & Haworth 2022).
When a disc is subject to intense external radiation from other
nearby massive stars, the heat produced in the outer layers can
drive a thermal wind that allows material to escape the central
star’s potential well. This process removes mass (typically, FUV
irradiation dictates the mass loss rate), truncates the disc, and
thereby strongly affects disc evolution.

Despite its importance, external photoevaporation of proto-
planetary discs is a poorly constrained process. The count of
star-forming regions (SFRs) with few stars (less than a few hun-
dred) is high, so these SFRs are commonly found close to Earth,
are easily observed, and have been thoroughly covered by sur-
veys (e.g. Andrews et al. 2013, 2018; Ansdell et al. 2016, 2018;
Tazzari et al. 2021; Pascucci et al. 2016; Barenfeld et al. 2016;
Long et al. 2018; Cieza et al. 2019; Garufi et al. 2021; Zhang
et al. 2025). These regions have initial mass functions (IMFs)
skewed towards low-mass K and M dwarfs, where more massive
stars (O and B types) are less frequent. This makes them espe-
cially suitable for high-resolution campaigns, such as with the
Atacama Large Millimeter Array (ALMA), since their proxim-
ity (<300 pc) and relative isolation minimises contamination and
extinction and requires shorter observation times. On the other
hand, they paint a rather biased picture of the environments in
which protoplanetary discs evolve. As these close-in SFRs host
few massive stars, they are not subject to high external FUV
fluxes, which are thus limited to ~10G, (Winter et al. 2018;
Anania et al. 2025a, 2025b; here, Gy is the Habing unit com-
monly used to measure FUV fluxes, Habing 1968). However,
SFRs with a high number of stars (e.g. Orion, Carina, or Cygnus
OB2) host within them such a large number that any given star
taken at random across all SFRs is more likely to have been born
with a massive star nearby (e.g. Fatuzzo & Adams 2008). In other
words, the typical protoplanetary disc observed in surveys so far
is not representative of the planet-hosting star in the galaxy in
terms of its neighbouring environment, where the FUV flux may
exceed 100-1000 Gy.

On the theoretical side, previous works have modelled the
response of the gas to FUV fields (Clarke 2007), including its
dependence on the internal stresses (Coleman et al. 2024), and
others have investigated what happens to dust under external irra-
diation (e.g. Sellek et al. 2020) or how theoretical predictions for
purely viscous dusty discs within mild FUV environments relate
to observations (Anania et al. 2025a). However, no study has sys-
tematically described the evolution of both the gas and the dust
in viscously versus MHD-driven discs that are subject to exter-
nal irradiation. This is the main aim of this paper. The specific
question we tackle is what are conditions the dust component
can survive long enough so that there is enough time for planet
formation to occur. To answer this question, we performed 1D
simulations of the dust and gas components of discs with various
internal stresses and different external FUV fluxes and extracted
disc lifetimes that relate to both the gas and the dust.

The rest of the paper is organised as follows. In Section 2,
we describe the disc model and the parameter space investigated
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in this work. In Section 3 we present the main results for the
evolution of gaseous and solid components. In Section 4, we dis-
cuss their relevance in the context of our current understanding
of disc evolution, disc observations, and the assembly of plan-
etary systems, and we discuss the limitations of our modelling.
Finally, we conclude in Section 5.

2. Disc model

We begin by describing the underlying disc evolution model
for both the gas and the dust. We envision a protoplanetary
disc around a central star of mass M, while assuming axial
symmetry and ignoring the vertical component for simplicity,
making our model 1D in radius r. We treat the three main pro-
cesses mentioned above, namely, angular momentum transport
mechanisms, external environment (specifically, external FUV
irradiation), and dust evolution, in Sections 2.1, 2.2, and 2.3
respectively. The numerical setup and parameter space explored
in this paper are described in Section 2.4.

2.1. Surface density evolution and angular momentum
transport

To describe the surface density and angular momentum evolu-
tion of the disc, we used the hybrid viscous and MHD-disc-wind
model of Tabone et al. (2022a), with the addition of a mass-
removal term due to external photoevaporative winds (described
in more detail in the next subsection). We briefly present the
main equations here and refer to the original paper for a more
in-depth presentation. The driving equation is the continuity
equation for the gas surface density, X,, with sinks due to both
MHD-wind-driven mass loss and external photoevaporation,

0 30[ 1 0 .,
T 5
ot ror [rQK or [afsscs d g]
3011 2 3 Q’chgzg (1)
R P 5 o OWrsTe
2 or [QK“DWCS g] T ia-Dok”

+ Zg,evap(r) =0.

The orbital frequency is Qx = VGM./r? (where G is the gravi-
tational constant and M, is the star mass) such that the reference
unperturbed azimuthal velocity is vg g0 = vk = r€; the radial
velocity of the gas is v, (in other words, its perturbation from
the reference unperturbed value of 0). The isothermal sound
speed ¢, is linked to surface density X, and (vertically inte-
grated) pressure P by P = chf, to the aspect ratio, h = H/r,
by h = ¢/vk (Where H is the disc’s vertical scale-height), and to
the temperature T by ¢? = ﬁf—;; (where k, is the Boltzmann con-
stant and p is the mean molecular weight of the gas in units of
the proton mass m,).

We now turn to the parameters ass and apw that appear in
Eq. (1). Following the approach of Shakura & Sunyaev (1973),
these quantities conveniently parametrise the (time-averaged)
radial stress tensor (describing the radial transport of angu-
lar momentum) and the vertical stress tensor (describing the
extraction of angular momentum by the MHD wind), respec-
tively, including both Reynolds and Maxwell stresses!. Follow-
ing Tabone et al. (2022a), we assume constant ass and apw for

! These a parameters effectively measure stress-to-pressure ratios,
with the explicit definitions (Tabone et al. 2022a)

+Hpw +Hpw
_Hpw Ty dz 47 [TZ"LHDW
ass = - ————>——, Qapw ‘= T ———> —,
3 X2 3 X2
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simplicity throughout. We then define a total @ parameter,
Qor 1= @ss + Apw- @)

Although convenient (Tabone et al. 2022a, see also e.g. Zagaria
et al. 2022), we note that no actual physical meaning should be
attached to this quantity, as it sums @ parameters arising from
two processes of fundamentally different nature (diffusion and
advection). Finally, we introduce the relative strength between
the @ parameters associated to the radial transport and vertical
extraction of angular momentum (Tabone et al. 2022a),

bow = 2, (3)
ass

Thus, Ypw = 0 represents a purely viscous disc, while ypw > 1

represents a purely MHD-disc-wind evolution model.

As in Shakura & Sunyaev (1973), one can parametrise
vssQk = assc? and vpwQxk = apwc?. Thus, vss plays the usual
role of the effective momentum diffusivity arising from radial
stresses. We make use of the locally isothermal approximation,
and write ¢2 oc T oc ¥ with a constant Br. We follow Sellek
et al. (2020) and use a fiducial value of Bt = 1/2, so that
vss o r7vie with yyie = 3/2 — Bp = 1. This profile is appro-
priate for the standard passive irradiated disc regime, where
stellar irradiation dominates the dust temperature (Kenyon &
Hartmann 1987; Chiang & Goldreich 1997), and consistent with
observational considerations (Hartmann et al. 1998; Andrews &
Williams 2005; Hartmann et al. 2016).

The last parameter in Eq. (1) is the magnetic lever arm

parameter A = Ir’fﬁg, where hpw(r) is the (specific) angu-
lar momentum carried away along the MHD-wind streamline
anchored at r. One can show from energy conservation argu-
ments that 2 > 3/2 and typical values from observations are
consistent with values between 1.6 and 5 (Tabone et al. 2022a).
We take a reference fiducial value of 3. The second-to-last
term in Eq. (1) represents an MHD wind-driven mass-loss term
(a sink),

2
3 CL'DWcSZg

Sopw = -, 4

eV T 4 (- 1)k X
Introducing the MHD disc wind velocity,

31 CL/DwC%

=== -, 5

oW = 5T )

we have Eg,DW = ;&Lj)r The total (radial) local mass flux reads

3 0 22
ngg,r = __rZQK E [CL/SScS}’ Eg] - ZgUDWs (6)

with the first term being the local mass flux driven by turbulence
and the second being the local mass flux driven by the MHD
wind.

For the initial conditions, as in Sellek et al. (2020) (see also
e.g. Zagaria et al. 2022; Anania et al. 2025a), we used the self-
similar solution of Lynden-Bell & Pringle (1974) for the surface
density:

r —Yvise r 2=Yvise
Zg(rit=0)=2g0 (R_c) exp (—R—) . @)

C

The reference cut-off radius R. sets the initial disc size, and
Yvise = 3/2 — Br, which equals 1 with our fiducial Br = 1/2.

where T, and T4 are the components of the (time-averaged) stress ten-
sor associated to the radial and vertical transport of angular momentum,
and Hpy is the vertical scale height where the MHD wind is launched.

2.2. External photoevaporation

Our treatment of external photoevaporation closely follows that
of Sellek et al. (2020) and Anania et al. (2025a). We prescribe a
photoevaporative mass-loss rate Zg,evap(r) in Eq. (1) as follows.
We used the updated FRIEDv?2 grid of Haworth et al. (2023) with
a fiducial ratio between the polycyclic aromatic hydrocarbon
(PAH) abundance and the dust abundance of 1 (see Appendix A
for a quantitative comparison with the original FRIED grid from
Haworth et al. 2018, used e.g. in Sellek et al. 2020). Given a fixed

M, and an FUV flux, we obtain a local mass-loss rate Mg,evap,i at
each radius r; (where r; are the radial cell centres used in the
code as described in Subsect. 2.4), using a bilinear interpolation
of the FRIEDv2 grid over r; and Z,(r;). This Mgevap; is, how-
ever, not the actual local mass-loss rate that should be used. This
is because, as shown by Sellek et al. (2020), the photoevapora-
tion rate first increases with r; in the weakly bound regions that
are optically thick in the FUV and then decrease with 7; in the
optically thin region. However, the flow in the outermost, opti-
cally thin disc region is actually set by the larger rates from the
closer-in, optically thick disc regions. Thus, simply applying the
local mass-loss rate from the FRIEDv?2 grid at r;, taken at face
value, would be unphysical. This is because the local mass-loss
rate in the optically thin region assumes that the region interior
to it does not flow in the wind, which is in reality not the case.
Sellek et al. (2020) showed that the actual mass-loss rate is set
at (and slightly outside of) the radius located at the transition
between the optically thick and optically thin regimes. This so-
called truncation radius R, (see also Anania et al. 2025a) is the
radial location that maximises the mass-loss rate Mg,evap,,- (the
one obtained from the FRIED grid assuming the radial cell cen-
tre r; to be the outer radius of the disc, Sellek et al. 2020). Mass
removal by external FUV can thus be implemented inside-out, at
radii r > Ry (i.e., over the radial grid, at radii r; with i > i). First,
we obtain a total mass-loss rate given by

. . My,
Mg,lot,evap = Z Mg,evap,in;R[)- (®)
g

>

Then, this mass-loss rate is distributed at larger radii in propor-
tion to the local mass. The effective local mass-loss rate is thus

. M,
g

€))

M evap,i =

This yields the sink term in the surface density evolution equa-
tion (Eq. (1)) with My evap(r) = 277 Ar Zg evap(1).

2.3. Dust component

Equation (1) describes the evolution of the gas. When dealing
with dust, we use the two-population model of Birnstiel et al.
(2012) (see also Booth et al. 2017; Sellek et al. 2020), which
we briefly describe here. The dust component can either be in a
small grain population (with fixed monomer size ap = 0.1 um,
which is also the initial size of the dust; see Sellek et al. 2020)
or in a large grain population with size a;, set by growth and
limited by fragmentation and radial drift (which are the dominant
factors in limiting growth in the inner and outer portions of the
disc, respectively, Birnstiel et al. 2010). The two species have
surface densities X4y, Kk = 0, 1, and the dust mass fractions are
denoted by €3 = Zgx/Zior, Where Zyy = Zg + Zgp + Zq1 is the
total gas and dust surface density. The total dust mass fraction is
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€ 1= €40 + €1 and is initialised completely in the small grains
population as (¢t = 0) = g0(t = 0) = 102 (Bohlin et al. 1978).

Dust evolution is driven by advection following the motion
of the gas, radial drift due to drag from the gas, diffusion, and
removal from external photoevaporation due to FUV irradiation.
For each dust species the evolution is thus governed by (e.g.
Birnstiel et al. 2010)

ax 10 8 [Zax
Kt~ [ Saxvars — Dag— | =22 |2, )| = sax.
o | ror [r( dkbakr = Hdkg, [ 3, | 8)| T

10)

The dust radial velocity vqx, has a drag component and radial
drift component (e.g. Weidenschilling 1977; Testi et al. 2014)

1 2St;

Trse®  Trse”
k

11
1 + St b

Udk,r =

where v, is the radial velocity of the gas (see Eq. (6)), vp =

2
—nu, and n = —1 (g) gll(;gg P Moreover, gy, strongly depends

on the Stokes number St;, which in the Epstein drag regime can
be written as (Birnstiel et al. 2012)

_ Taps

St = =28
T2,

(12)

assuming spherical particles with radius a; and material den-
sity ps, which we take to be 1 gcm™. The diffusion coefficient
Dy = SD—Cgk, where the Schmidt number Sc, = 1 + St,f (Youdin
& Lithwick 2007), and we take D, = v, = vss, simply the gas
turbulent viscosity. Dust feedback onto the gas is included as in
Booth et al. (2017) and Sellek et al. (2020), although it makes
little difference due to small dust mass fractions.

For the sink term sq in Eq. (10), we assumed that dust is only
removed by external photoevaporation (but not by the MHD disc
wind, see below). To model this process, we followed Facchini
et al. (2016) and assumed that dust particles smaller than a size

1 vnMgevap

Aent =

are entrained in the photoevaporative wind, as the drag force
produced by the wind on a grain smaller than this size over-
comes the gravitational force on the grain due to the central
star. In the formula above, ¥ = \/rﬁW is a geometric factor
so that 477 is the fraction of the solid angle subtended by the
disc outer edge, and vy, is the thermal velocity of the gas. With
this, the entrained mass fraction f.,; can be worked out for a size
distribution n(a) da o< a™” da as (Sellek et al. 2020)

4-p
font = minll,(aem) }
a

and the dust mass removed (locally) by the photoevaporative
wind is thus Md,evap = ﬁant%:Mg,evap (all quantities evaluated at
each grid cell).

We note that we assumed that the MHD disc wind does not
remove any dust, that is, there is no Z'ld,k,Dw contribution to sq .
The main reason for this is that the amount of dust removed by
these winds represents only a small fraction of the total dust mass
and including this effect would not significantly modify the pic-
ture (see also Appendix B, and the discussion in Sect. 6.2 of
Zagaria et al. 2022).

(14)
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Table 1. Parameters of our simulations.

Parameter Value(s) Description

M, (M) 1 Stellar mass

R. (Ro) 2.5 Stellar radius

Tesr . (K) 4000 Stellar effective temperature
Misco (Myp) 100 Initial disc mass

ho 0.033 Disc aspect ratio at 1 AU

B 1/4 Flaring index

Qo {107%,107,107%}  ass + apw (Eq. (2))

Yow {0,0.1, 1,10, 10'%}
R. (AU) {10, 30, 100}
G (Go) {0, 10, 100, 1000}

apw/ass (Eq. (3))
Initial disc cut-off radius
External FUV flux

2.4. Numerical scheme and parameter space

We solved the gas and dust evolution using a version of the
DiscEvolution code originally described in Booth et al. 2017
(see also Appendix C) while the external photoevaporation rou-
tines follow Sellek et al. (2020) (see also Anania et al. 2025a).
We used a radial grid from Ry, = 0.1 AU to a fiducial Ryax =
500 AU, with a resolution of N, = 500 and a natural spacing
oc 7172 (similar to Anania et al. 2025a, with a slightly higher
radial resolution). When asg is above 0.5 x 10~ and the disc
is already initially large (R, > 100 AU), we extended the disc up
to Rmax = 1000 AU and modified N, = 700 accordingly. This is
to avoid the outer edge of the disc from reaching too close to
the grid outer boundary. This also allows us to safely use a zero-
torque boundary condition at the outer edge, while we use an
inner boundary condition that keeps a constant flux, appropriate
for power law profiles (note that the inner disc quickly reaches a
steady state, Tabone et al. 2022a). We experimented with differ-
ent radial extents, resolutions and spacings and found consistent
results.

Our fiducial setup consists of a disc around a M, = 1 M,
star (with a reference R, = 2.5Ry and T, = 4000K) with
initial disc mass Mgisco = 100 My, (€., Mgisco = 1071 M,),
which sets X, in equation (7). We also fix a reference aspect
ratio g = 0.033 at 1 AU, while, given our locally isothermal
assumption, A(r) o /" with 8; = (=81 + 1)/2. Thus, h(r) o r'/*
for our fiducial Br = 1/2. This gives a reference temperature
of ~ 280K at 1 AU for a solar-mass star. We explore a grid of
parameters @, € {107%,1073, 1072}, ypw € {0,0.1,1,10, 10'°}
(where ypw = 10'° represents the purely MHD-wind disc), a
reference magnetic lever arm parameter A = 3, external FUV
fluxes G/Gy € {0, 10, 100, 1000} (with a nominal PAH fraction
fean = 1), and initial disc cut-off radii R./AU € {10, 30, 100}.
Table 1 presents the full set of parameters. In a companion paper,
we explore the dependence of our results on underlying model
parameters such as the initial disc mass, the stellar mass, the
PAH fraction and the magnetic lever arm parameter (Pichierri
et al., in prep.).

3. Results
3.1. Gas evolution

For the gas component alone, the coupling of purely viscously-
evolving discs (VE discs) with external photoevaporation has
been modelled for the first time by Clarke (2007), who showed
that these discs follow a predictable evolution. As long as the
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FUV = 1000 Gy, agor = 1073 (A = 3)

R, =10 AU R, =30 AU R. =100 AU -
fxlvp.gm filvp.gm th-p.gm — Mec, pure DW
10-6 — ﬂ‘[pmp: pure DW
= —_— ]\‘[L)\\', pure DW
s .
oL M, hybrid
: 10-8 1y )11(‘
= T N N ™ TR | e Meyap, hybrid
= 10-10 4 v 1 \Y | Mpw, hybrid
. . , 1-, . . \ . , . M, pure visc.
10-% 1072 107t 10° 10 107% 1072 107! 10 10' 107® 1072 107! 10° 10! Moyap, pure visc.
t [My] t [My] t [My]
FUV = 1000 Go, Ot = 1074 ()\ = 3)
R, =10 AU R. =30 AU R. =100 AU Myce, pure DW
10-6 | — ;\'[‘.\.z\p. pure DW
= — Mpw, pure DW
< B Mo, hybrid
NS 108_ .(\((, 3
= T NNy | NI | —m/ RS | ee Mevap, hybrid
~ S .
=~ 10-10 4 4 o Mpw, hybrid
Mce, pure visc.

103 102 10-1 10
t [My]

103 102 101 109 10!
t [My]

100 1073 1072 101 10° 10!
t [My]

Meyap, pure visc.

Fig. 1. Mass accretion rates, photoevaporative mass loss rates, and MHD-wind-driven mass loss rates for discs of different initial sizes and with
different values of Ypw, namely ypw = O (purely viscous disc, dotted lines), ¥pw = 1 (hybrid disc, dashed lines), and Ypw > 1 (purely MHD-wind
disc, continuous lines). For explanatory purposes we consider here high irradiation, 1000 Gy, and low-to-moderate total @, = 1071073, The
vertical dashed purple lines represent the gas disc lifetime diagnostic #gep s (se€ Sect. 3.3).

accretion rate onto the star is larger than the mass-loss rate at
the photoevaporative edge, the disc expands outwards and self-
adjusts to a state where the outward viscous flow at the outer
edge matches Mevap. When M, is no longer larger than the
photoevaporative rate, the disc outer edge moves inward on a
timescale comparable to the local viscous timescale. Thus, VE
discs experience a long-lived phase where the accretion rate onto
the star matches the photoevaporative rate; they also lose mem-
ory of the initial disc cutoff radius R. (Sellek et al. 2020). The
evolution is expected to be different in the MHD-wind case (DW
discs for short): these discs do not expand outwards (e.g. review
by Manara et al. 2023), there is no restoring mechanism to reach
a self-adjustment between the inner and outer regions, and the
MHD-disc-wind mass removal mechanism is decoupled from
external photoevaporation. Because there is no natural equilib-
rium state, a pure DW disc is then not independent of initial
radius R, at later times. These trends are shown in Figure 1
for a highly irradiated disc, 1000 Gy, and with moderate total
Qo = 1073 (top row), as a function of different initial disc radii.

Another consequence of the qualitatively different behaviour
in VE versus DW discs is that, for a purely DW disc, the long-
lived phase of disc evolution has Mycc > Meyap. This is because
either Myee > Meyqp from the start (for compact discs), or (for
larger disc) Meyap quickly drops within less than 1 Myr, as mate-
rial is not replenished at larger radial separations. Therefore,
observing discs at random will preferentially reveal them at this
evolutionary stage. Instead, sampling VE discs will typically
reveal @ Mycc—Meyap correlation. This explains the recent results
from Weder et al. (2026), which propose distinguishing between
the two angular momentum transport mechanisms by looking
at accretion and evaporative mass loss rates (they specifically
focused on Cygnus OB2, with FUV fluxes of order 10°-10%;
Fig. 1 uses fluxes of 10% G, for comparison). In particular, in the

viscous case we expect an almost 1:1 relation between the two
rates, while this is not the case for the (pure) MHD wind model.
We note, however, that this distinction is almost completely lost
in the hybrid model (ypw = 1), where the little viscosity ass
is sufficient to recover the viscous spreading effects. To drive
this point further, we perform mock-population synthesis exper-
iments where we sample discs with a fixed Ypw, across (finite)
FUV fluxes, oy, and R, randomly chosen across their respec-
tive ranges, performing ‘observations’ at random times with
a uniform distribution Ujomy,31.6Mmy;- We plot in Figure 2 the
observed Myc versus Mying, defined as either Mying = Meyap OF
Myind = Mevap + Mpw. Although very simplistic, this experiment
shows how the 1\'4;1‘;6—11916%lp correlation disappears with higher
and higher Ypw.

We should keep in mind that this analysis does not include
the role of internal photoevaporative winds. Moreover, Weber
et al. (2025) recently found that it may be difficult distinguish
between thermally driven and magnetically driven mass loss,
which may obfuscate the distinction even further.

3.2. Dust evolution

Dust evolution, in both the VE and DW cases, is driven by
growth, radial drift and removal from external photoevaporation,
and these processes compete with one another in making dust
lifetimes longer or shorter. Dust that is well-coupled to the gas
can follow its outward expansion in the viscous case. Similarly,
dust diffusion is active when ¥pw < 1 (VE discs) but not in the
MHD-wind case (because D4 = vss/Sc, see Sect. 2.3). Since the
photoevaporative mass-loss rate increases with radius in the opti-
cally thick regime (Sellek et al. 2020), external irradiation would
cause DW discs to show longer lifetimes than their purely vis-
cous counterparts. Instead, drift causes dust to move inward and

A74, page 5 of 17



Pichierri, G, et al.: A&A, 707, A74 (2026)

Ypw = 0 Ypw = 107" Ypw = 10" Ypw = 10! Ypw = 10"
Z 107 i g ﬁ“"/ v Sy ,,f ‘:
:‘J j’%"“ > M 3 &
ll()—l() ” . K74 g
: f 7 LAl .
= “ e i . Myind = Moeap
= 107124 o et o Myina = Movap + My
1077 1077 107 1077 1077 107 1077 1070 1070 1007 1070 107 107 1070 1078
AJ‘ViH(l [A[/ yI'] ‘M\Vhl(l [AI/ yl'] J\']\\'iud [A[/ yI'] waiu(l [A[/ yI'] Jw\\'in(l [A[/ yl']

Fig. 2. Mass-accretion rate vs. the mass-loss rate in the wind (either the photoevaporative wind alone — blue dots —, or combined with the MHD
wind — red dots), obtained from mock observations at random times, selected randomly from a uniform distribution in the interval [0 My, 31.6 My].
Each panel shows the outcome of these experiments for different fixed underlying Y pw = apw/a@ss, while the initial disc sizes, total @, and (finite)

FUYV fluxes are drawn randomly (values from Table 1).

accrete onto the star. When ypw > 1 (DW discs), because dust
does not diffuse outward (as it does in the viscous case) it also
has less of a radial displacement to cover; the relative efficiency
of drift and gas drag will depend on the Stokes number. The fact
that DW discs do not diffuse outwards also means that their sur-
face density profiles in the outer disc will be steeper as they are
carved out by external FUV irradiation, so that inward drift can
be more efficient the outer regions depending on the disc’s initial
size. Just as for the gas, an important difference is in the discs’
ability to expand via diffusion, which is fundamentally different
for VE and DW discs (see Zagaria et al. 2022). But, as for the gas
(Coleman et al. 2024), this difference can be strongly suppressed
by high external FUV fluxes, which can obfuscate the distinction
between the different angular momentum transport mechanisms.

The top row of Figure 3 shows the time evolution of Rgg, 4,
defined as the radius that encloses 90% of the dust?, for an under-
lying FUV flux of 1000 Gy, oy = 1073 and for various different
R. values. The total ay is distributed either completely into asg
(Ypw = 0, purely viscous case, dashed transparent lines) or com-
pletely into apw (¥pw > 1, purely DW case, continuous opaque
lines). The biggest difference arises in the R, = 10 AU case,
which, given the high FUV flux, is the only one here where the
purely viscously evolving disc has a chance to expand. Across
the top row of Figure 3, the ability of the dust disc to expand
outwards is marked by an upward triangle, while we use a round
marker for those setup where the radii do not significantly expand
(for purely visual reasons, these symbols are positioned at the
time Zgep,ause When the dust disc is 1/1000 of the initial mass, see
also second row of Fig. 3 and next subsection).

Because of drift, dust evolution happens on a different
timescale than gas evolution, as can be seen comparing the bot-
tom two rows of Fig. 3, specifically the vertical red and purple
lines which represent dust and gas depletion timescales (see also
Appendix B). As we show in greater detail in the next subsec-
tion, dust evolution typically happens faster (although marginally
so) for DW discs compared to VE discs (see e.g. Fig. 3, specif-
ically the vertical red lines which measure the dust depletion
timescales on the top two rows). This result differs slightly
from Coleman & van Terwisga (2025), which use a popula-
tion synthesis approach to conclude that the median dust masses
decrease faster for viscously evolving discs rather than MHD

2 For completeness, we add the radius Rggq, 12co that encloses 90% of
the '2CO emission. This is calculated as the location where column
density is below a critical value, inhibiting self-shielding and causing

. .. - M, \0.3-0.08 log(L+«/Lo) _
photo-dissociation, N ~ 10?!27-0-33lee(l+/Le) x (M—g cm™2

(Trapman et al. 2023; see also Anania et al. 20252{).
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wind discs when exposed to external photoevaporation. This dif-
ference most likely arises from the fact that they do not explicitly
solve for the evolution of the solid component as an additional
species.

As expected, initially larger discs lose increasingly more dust
to the photoevaporative (PE) wind, as shown in Figure 4 as a
function of the dust mass fraction lost to the PE wind fpg wind, and
in accordance with Sellek et al. (2020). However, one difference
of note is that the clear dependence on « for VE discs (see also
Fig. A1, right panel) is less and less measurable for DW discs:
the amount of dust mass lost mostly depends on asg in VE discs
because of viscous spreading, while in the MHD wind case it
mostly depends on initial disc size. Also note that, while larger
discs are subjected to greater dust mass removal from external
photoevaporation, this does not lead to them having shorter dust
lifetimes because more compact discs tend to lose their dust more
quickly onto the star.

3.3. Disc lifetime diagnostics

We use four diagnostics to extract disc lifetimes from our simula-
tions. We define Zgep gas and tgep qust a8, respectively, the times the
gas mass falls below a given fraction f of the initial gas mass (see
purple vertical line of bottom row of Fig. 3), and the same for the
(total) dust mass (see middle row of Fig. 3, red vertical lines). We
take that fraction to be f = 1/1000, as after this point the evo-
lution happens fast enough that a change in f does not lead to
a significant change in fgep gas OF tdep,dust- Then, fucc. is the time
when the accretion rate onto the star falls below a given thresh-
old, which we set to be 10~!! Mg /yr. Finally, firex is the time
when the dust surface density of the small grains at a reference
radius of R = 1 AU is low enough that the disc becomes opti-
cally thin, so no IR excess would be detectable. We estimate the
opacity of small grains to be ky =~ 1000 cm?/g (e.g. Ossenkopf
& Henning 1994), and we thus checked when Z40(R) falls below
1/ko. We additionally track the fraction of dust mass removed by
the photoevaporative wind fpg wina and the fraction of dust mass
that is accreted onto the star fi,.

The results for these diagnostics are shown in Figures 5 and 6
for various R, and FUV fluxes, as a function of Y pw = apw/ass
and oy (see also Figs. D.1, D.2, and D.3). As we would expect,
all timescales are shorter with higher external FUV fluxes, with
a clear monotonic dependence (except for small R. and high
Ypw, see below). The short lifetimes of discs under high FUV
fluxes coupled with high accretion rates is a known problem (so-
called ‘proplyd lifetime problem’ due to the high mass-loss rates
observed, e.g. Henney & O’Dell 1999; Storzer & Hollenbach
1999; O’Dell 2001, and more recently e.g. Winter et al. 2019).
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Fig. 3. Typical evolution of representative dust and gas quantities for either fully MHD-driven discs (continuous lines) or fully viscous discs (dashed
lines), subjected to external photoevaporation, as a function of initial disc size R (different columns). Top row: dust radii Rgy 4 enclosing 90% of
the dust mass and Ry, 12co, the radius that encloses 90% of the '2CO emission, calculated following Trapman et al. (2023). Upward triangles label
the cases where the dust radii initially expand, while circles indicate those that do not, due to external irradiation. Middle row: time evolution of
the total dust mass, mass accreted onto the star, and mass lost to wind. The vertical red lines denote the times when the dust mass reaches fraction
of the initial mass (set to 1/1000). Bottom row: time evolution of the gas mass. Similarly to the dust, the vertical purple lines denote the times when
the gas mass reaches 1/1000 of the initial mass. The underlying total @, = 107> and the FUV flux is set to 1000 G,.
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Fig. 4. Fraction of dust mass lost to wind as a function of the initial disc size, R., for different Ypw = apw/ass and @y = apw + @ss.

This raises the question of whether the angular momentum trans-  via FUV winds (Fig. 3, middle row), this effect is completely
port mechanism within the disc plays a role, and naively one overridden by the overall efficacy of dust radial drift driving
would expect that DW discs, since they do not spread out, would  accretion onto the central star (via the combined effect of the
be less susceptible to the effects of external FUV irradiation and  various processes mentioned at the beginning of Sect. 3): The
thus possibly live longer. dust in non radially expanding discs has less of a radial dis-
In fact, we typically find that the opposite is true. Because tance to cover and is thus removed more quickly. We therefore
the driving factor to dust evolution is radial drift, the main dif- conclude that MHD winds do not protect the dust component of
ference does come from the ability of the disc to spread out due  smooth discs from being eroded by moderate-to-strong external
to diffusion. As in Figure 3, we indicate those discs whose dust FUYV environments, and in fact the opposite is true.
radii are able to initially expand with upward triangles in the first Results for tyep qust- Higher FUV fluxes also muddle the dis-
and fourth columns of Figures 5, 6 while those that do not are  tinction between low and high ., where a difference of this
labelled with circles. Strikingly, however, this implies that dust parameter of two orders of magnitude only leads to a differ-
in viscous discs actually tends to live longer than in purely DW  ence in f4epqust Of a factor of a few. In light of this, initially
disc. Indeed, we find that, although viscosity can replenish the larger discs, which are almost completely eroded from the out-
outer regions, thus making VE discs more prone to losing dust  side in by stronger FUV fluxes, show a flat #4ep qust dependence on
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Fig. 5. Disc diagnostics as a function of Ypw = apw/ass for different total a, = apw + ass (different colours and line styles, see legends in the last
column) and for different FUV fluxes over different rows (see labels on the left along the arrow). In all cases, the disc’s initial size R, = 100 AU.
Upward pointing arrows at t = 31.6 My show that the data points represent lower bounds. First column: time when the total dust mass drops below
1/1000 of the initial dust mass (Zgep,dust)- Second column: time when the gas mass drops below 1/1000 of the initial gas mass (faep,gas)- Third column:
Time at which the accretion rate onto the star drops below 107" My /yr (fuee.). Fourth column: time when the disc would be undetectable due to
lack of IR excess (#ir ex); We estimate this as the time when the surface density of small dust at » = 1 AU drops below 1/, with a reference opacity
of small dust grains ko = 1000 cm?/g. Last column: fraction of dust mass lost to wind (note the somewhat inconsistent vertical axis range due to
values spanning different orders of magnitude across the different setups; see also Fig. 4). As shown in the legend in the first and fourth columns
(which relate to dust timescales), the upward triangles indicate runs where the dust disc radii initially expand due to significant diffusion, while

circles indicate those setups that do not (see top row of Fig. 3).

Ypw. Instead, initially very compact discs may still show signs
of radial expansion even in very high FUV environments, at least
for the highest ayo. This means that some ¥pw dependence in
Idep,dust 18 possible, but only for high oo, with #gep quse being a fac-
tor of a few lower for DW discs than for VE discs. This stronger
dependence of #gep qust ON Ypw (as well as on i) in initially
smaller discs is expected, as they will remain small if they are
DW-driven, but not if they are viscously driven; then, smooth
dusty DW discs will tend to live shorter lives because they
quickly accrete all the dust onto the star. In higher FUV envi-
ronments, ¢ does not matter for Ypw < 1 (VE discs) while it
does for high ¢pw (DW discs). In this latter case (because, again,
DW discs do not spread outwards), external photo-evaporation
actually plays a minor role and the behaviour is similar to what
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we would obtain at 0 Gy. We also remark that, when the external
FUV flux is very low, the aiy-dependence of f4ep qust flips from
correlated to anti-correlated for fixed Ypw: fgep,qust increases with
a when ypw = 0, but decreases with @ when ypw > 1. That
said, we should keep in mind that differences of only a factor of
a few in disc lifetimes may be hard to discern observationally due
to the difficulty of accurately determining YSO ages. This would
be especially cumbersome for high FUV environments, as they
tend to be farther away.

Results for tgepgas- The gas depletion timescale follows a
trend similar to #4ep qust. Discs typically tend to live longer for
lower yYpw, while this distinction is obfuscated by high FUV
environments, especially for initially large discs. A noticeable
difference with the dust is that the dependence on the total @
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Fig. 6. Same as Fig. 5, but for initially compact discs, R. = 10 AU. Note again the somewhat inconsistent vertical axis range for the dust mass

fraction removed by the external photoevaporative wind fpg wind-

remains instead very noticeable across all simulations. More-
over, except for the highest o, gep,gas tends to be much larger
than #gep qust- This is again a consequence of dust radial drift. We
recall again that the evolution of gas radii has been already stud-
ied e.g. in Coleman et al. (2024), which already pointed out how
the evolution of radii can be indistinguishable in the DW and VE
cases under high FUV irradiation (although they did not explic-
itly explore the dependence on R.). f,... shows clear correlation
with fgep gas,» Which is expected, as the local mass flux is propor-
tional to X, (6), wWith #ycc, 2 fgep,gas- FOr purely viscously evolving
discs, using tace. ~ Myise/Mace, the need for high asg to match the
median gas age of ~3-5My is in line with the classic results of
Hartmann et al. (1998); Calvet et al. (2000).

Results for tir ex. Concerning #g ex, We see that trends with
Ypw are similar to fgep qusi: larger Ypw lead to shorter #r ex, with
this difference being especially noticeable for those discs that
are able to spread outward. Because #i ¢x tracks small dust, and
most of the mass is in the large grains, we typically have that
fRex < tdep,dust- We also note that the dependence on a is less
straightforward for #g ex than in fgep qust. While #gep qust shows a
rather clear monotonicity with ay (for a given fixed Ypw), with
higher ay typically leading to a smaller #gep qust (€XCept again for

vanishing Ypw — i.e. VE discs — and small R, as noted above,
again due to disc spreading) this is not so for g x, Which is typ-
ically lowest for intermediate ayo;. The only exception to this is
found for initially small discs and for ypw = 10.

Results for fppwina- Finally, looking at the dust mass frac-
tion removed from the external photoevaporative wind, we find
as expected (see Fig. 4 and Sect. 3.2) that fpg wing is higher for
higher agg but it is insensitive to apw since wind-driven advec-
tion does not replenish the outer regions with dust material (as
one can most easily see from the limiting cases Ypw < 1,1.e. VE
discs, and Ypw > 1, DW discs). For low total ai, this depen-
dence with ypw is less severe, as even pure VE discs with low
levels of turbulence have a hard time feeding dust into the outer
regions. Moreover, at fixed Ypw < 10, the increase of fpg.wind
with agg is somewhat lessened for initially large discs once ass <
1073, since the disc is already large enough and photoevaporation
efficiencies will be rather similar. Indeed we also find that, as
expected, higher FUV fluxes will lead to larger fpg.wing (please
note the different vertical scales in the last columns of Figs. 5
and 6 to accommodate for very different fpg wing ranges across
all setups). For a fixed o, fpE.wind typically decreases with ¥py,
until it becomes almost insensitive to it once Ypw = 10 (except in
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one case, namely R. = 100 AU, FUV = 10 G, where this trend is
reversed, albeit by an extremely small amount). We stress again
that, in this work, fpgwing Only tracks the dust that is removed by
the external FUV wind, and we are not tracking dust that may be
removed by MHD-disc winds (see Appendix B).

4. Discussion

One of the main findings of our work is that, unlike one may
naively expect, the angular momentum transport mechanism
plays a rather limited role in modulating the lifetimes of dusty
discs exposed to higher (3100 G() FUV fluxes, and, if anything,
DW discs tend in fact to live less than VE discs, both in the gas
and in the dust. While the lifetime of the gaseous component
still depends on the total @y = ass + apw, the dust lifetimes
are instead less sensitive to it. In any case, as one would expect,
lower a lead to a slower evolution overall and thus somewhat
longer disc lifetimes. As we showed in the previous section, this
is mostly due to radial drift of dust, which falls onto the star
rather quickly. The role of radial drift was already pointed out by
Sellek et al. (2020) in the purely viscous case, who showed that it
mitigates the external photoevaporation’s role in raising the dust
to gas ratio in the disc. Since higher ypw values do not help, one
may turn to ;. In principle, small @, values do help in keeping
dusty discs around for longer, at least for mild FUV fluxes, but
as we noted above, the difference is rather small for more highly
irradiated discs (FUV flux >100 Gy, bottom rows of Figs. 5, 6).
This points to the role of processes in the disc that can halt the
inward flux of solids, most notable substructures (Whipple 1972;
Pinilla et al. 2012). For purely viscous discs, dust traps can be
able to extend the dust lifetime for FUV fluxes up to <10° Gy as
long as they are located inside the truncation radius (Gdrate et al.
2024). Substructures are often observed in nearby discs in low-
Gy environments (ALMA Partnership 2015; Andrews et al. 2016,
2018; Bae et al. 2023; Vioque et al. 2025). Some discs experienc-
ing moderate-to-high irradiation have also been observed. In o
Orionis (FUV flux ~10?-10° Gy), Huang et al. (2024) used the
highest ALMA resolution possible and recovered substructures
in eight out of eight discs in visibility modelling, with five of
them have substructures unambiguously resolved in the image
plane. Otter et al. (2021) observed 72 spatially resolved sources
in the Orion Nebula, but with lower resolution, with some hints
of the presence of substructures, although the bright large-scale
emission makes it difficult to characterise disc morphology. Our
work suggests that, when demographic surveys are performed for
discs in high-G environments, if we observe old discs with dust,
they should also have substructures.

We stress again that this conclusion is largely independent of
whether the discs’ internal driving stresses are mainly viscous or
MHD-driven. The question of telling the two mechanisms apart,
as pointed out in the introduction, nevertheless remains crucial.
In moderately to highly irradiated discs, it may unfortunately
be challenging to directly disentangle hybrid discs from purely
viscous discs. Indeed, as we showed in Section 3.1, hybrid and
purely viscous discs display a rather similar correlations in the
Mying versus M, space, especially when thermally and mag-
netically driven winds are hard to distinguish themselves (Weber
et al. 2025).

4.1. Consequences for planet formation

The removal of dust via external winds (large fpg.wina) implies
that fewer grains are able to drift inward and replenish the inner
regions. This would also have consequences for the chemical
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abundances (e.g. C/O, overall metallicity, etc.). Although highly
irradiated regions are still poorly constrained by observations,
recent JWST observations of the high-mass SFR NGC 6357
(Ramirez-Tannus et al. 2023, 2025) seem to suggest that discs
may be able to retain the ingredients necessary for rocky planet
formation even in high FUV environments. Ndugu et al. (2024)
underlined the role of efficient radial drift, which may imply
that external FUV fluxes even up to 10* Gy do not cause sig-
nificant differences in chemical abundances of the inner regions
compared to non-irradiated discs. However, they did not model
dust entrainment in the external photoevaporative wind. More
recently, Calahan et al. (2025) used thermochemical modelling
(but not including drift) to conclude that inner disc chemistry
may be affected, but the impact would be noticeable only for
highly irradiated discs (210°G). We will extend the current
model to include chemical abundances in gas and dust phases
in a future paper.

Substructures are important locations for planet formation.
As solids accumulate here (Pinilla et al. 2012), the dust-to-gas
ratio locally increases, allowing growth, raising the efficiency of
the streaming instability (Youdin & Goodman 2005), and thus
causing rapid planetesimal formation Johansen et al. (2007). On
the other hand, substructures are also believed to be a signpost
for ongoing planet formation. It is still unclear if the substruc-
tures we see are indeed caused by planets as a general rule (e.g.
Tzouvanou et al. 2023) and whether such planets would repre-
sent the progenitors of the giant population we observe today
(e.g. Lodato et al. 2019; Miiller-Horn et al. 2022). Although
our work suggests that substructures may play a relevant role in
highly irradiated regions regardless of the nature of the driving
internal stresses, we are unable to draw a definite conclusion at
this stage, as we did not explicitly include them in our model.

For smooth discs that are mainly DW-driven, dust may sur-
vive somewhat longer if a,y is low (e.g. in initially large discs,
by a factor of up to ~10 for 10 Gy, or a factor of 4-5 for 100 Gy;
see Fig. 5). Such low ags environments would have implications
for solid growth, with smaller turbulent velocities leading to
larger grains and faster radial drift, as well as stronger mid-plane
concentrations (Birnstiel 2024). A thinner solids layer leads to
higher pebble accretion efficiency (Johansen & Lacerda 2010;
Ormel & Klahr 2010; Lambrechts & Johansen 2014), although
lower @ also leads to a lower pebble isolation mass (Bitsch
et al. 2018), that is, smaller planetary cores. Planet—disc interac-
tions are also affected: the ability to sustain a positive corotation
torques to counterbalance the (typically negative) differential
Lindblad torque is quenched at low diffusivities due to satura-
tion (Paardekooper et al. 2011; Baruteau et al. 2014; Jiménez &
Masset 2017; McNally et al. 2019); eccentricity- and inclination-
damping rates are also affected in low-viscosity discs (Pichierri
et al. 2023, 2024). Orbital migration plays a crucial role in the
assembly of planetary systems, as it often leads to assembly of
resonant chains (e.g. Terquem & Papaloizou 2007; Cresswell &
Nelson 2008; Cossou et al. 2014). Low turbulence also affects
in a measurable way the excitation of these resonant states (e.g.
Hiihn et al. 2021) and thus their stability properties (Pichierri
et al. 2018).

4.2. Limitations and future work

Our model paints an incomplete picture of disc evolution by
making a number of simplifying assumptions. We considered an
axi-symmetric and vanishingly thin disc where quantities are a
function of radius only. We followed Tabone et al. (2022a) and
adopted constant ass and apw in time and radius. A constant
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ass with radius is likely unphysical, as local turbulence levels
strongly depend on the disc’s ability to develop the MRI, itself a
function of the ionisation level in the disc (Gammie 1996; Sano
& Stone 2002; Fromang et al. 2002). A constant apw may also
not be realistic (e.g. Suzuki et al. 2016 showed it can depend on
the local surface density and temperature). We will investigate
non-constant @ models in subsequent work. We are also ignor-
ing some internal processes that can affect disc structure, which
challenge the smooth discs assumption. Substructures may be
caused by MHD winds themselves (Suriano et al. 2017, 2019;
Riols & Lesur 2019; Riols et al. 2020; Hu et al. 2022). Internal
photoevaporation (e.g. Alexander & Armitage 2007; Owen et al.
2011; Ercolano & Pascucci 2017; Picogna et al. 2019) also plays
a role in the evolution, dispersal and delivery of solids to the
inner region of the disc (Coleman & Haworth 2022; Weder et al.
2023, 2026; Lienert et al. 2024, 2025). However, external pho-
toevaporation is expected to influence disc evolution throughout
its whole life, whereas internal photoevaporation mainly drives
final dispersal over a short final phase (Clarke et al. 2001). In
any case, any process that would drive the formation of sub-
structure is likely to have a measurable impact, since it would
impede the efficient radial drift of dust. We also ignore other
external processes that may be important and affect disc struc-
ture, such as ongoing infall (Padoan et al. 2005; Throop & Bally
2008; Klessen & Hennebelle 2010; Winter et al. 2024).

5. Conclusions

In this paper, we presented for the first time the evolution
of both the gaseous and solid components in smooth discs
that are viscously driven, MHD-wind driven, or both (hybrid
discs), including the effect of external photoevaporation. The
disc evolution model followed that of Tabone et al. (2022a), with
the addition of external photoevaporation (Sellek et al. 2020;
Haworth et al. 2018, 2023; Anania et al. 2025a), while the dust
was modelled as a two population of small and large grains fol-
lowing Birnstiel et al. 2012 (see also Booth et al. 2017). We
evolve discs around a solar-mass star with different initial sizes,
and with different strengths of viscous and MHD-wind stresses,
parametrised by two Shakura & Sunyaev (1973)-like parameters
ass and apw. We vary the external FUV flux from 0 to 1000 Gy,
and track various dust and gas lifetimes as well as the fraction of
dust mass removed by the photoevaporative wind fpg wind-

We find that, in more highly irradiated discs, the dust deple-
tion time fgep,qust 18 rather insensitive to the ratio apw/ass, with
discs mostly driven by MHD winds having somewhat shorter
lifetimes. This is because, while viscous discs spread out and are
subjected to higher mass-loss rates from external photoevapora-
tion for longer, inward dust drift onto the star results in faster
dust mass depletion in MHD-wind discs, especially for initially
small discs with high ‘total’ @i, = apw + ass. The dependence
Of Zdep,dust ON the total @ is itself weakened in the highest FUV
environments, with #4ep quse being only slightly longer for lower
ot This shows that, in highly irradiated discs, the total and
relative strengths of viscous and magnetic stresses play a rather
limited role in determining the lifetime of the dust species. While
smooth discs with lower a;; may be able to retain dust for some-
what longer, other physical processes may be more relevant to
shaping the disc lifetimes in high FUV environments, such as
substructures, which can halt the inward drift of solids (Whipple
1972; Pinilla et al. 2012).

The fraction fpg.wing Of dust mass removed by the photoevap-
orative wind depends naturally on the FUV flux and the initial

disc radius. It also shows a dependence on apw/ass across all
FUV fluxes considered here, at least for discs that are initially
small or for higher total @. As a general rule, fpg wing is higher
for viscous discs (low apw/ass), as these spread outwards and
can replenish the outer disc regions. However, this effect is some-
what less prominent for discs that are initially already large, as
they need not rely on diffusion to bring material outwards, and
with total @ ~ 107*. This will have consequences for planet
formation as a higher fpgwing restricts the availability of solids
and the chemical inventory in the inner disc.

Future work will address some limitations of this investi-
gation, including additional effects that can give rise to sub-
structures (e.g. internal photoevaporation or growing planetary
cores). We will also add the tracing of chemical species to track
the volatile delivery in the inner-most regions of discs and make
predictions about important observables such as C/O ratios and
metallicity.
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Appendix A: Comparison of photoevaporative
models

For honest comparison with previous works that used the orig-
inal FRIED grid of Haworth et al. (2018) (FRIEDv1), we show
the outcome of a few setups with the original grid and with the
updated version from Haworth et al. (2023) (FRIEDv2) we have
used throughout the paper. The differences in the mass-loss rates
arise from uncertainties in the wind microphysics, specifically
the PAH-to-gas ratio fpay (more conservative in the original
FRIED grid), the UV cross section of the wind (larger by about a
factor 2 in the FRIEDv2 grid), and the dust-to-gas mass ratio in
the wind (lower by a factor 3 in the updated grid), see Sect. 4 of
Haworth et al. (2023). The left panel of Figure A.l shows the sur-
face density evolution for purely viscous discs with ass = 1073,
R. = 100 AU and an FUV flux of 1000 Gy, using the FRIEDv1
and FRIEDv2 grids. The right panel shows the dust mass frac-
tion removed by the FUV-driven wind for different values of asg
and FUV fluxes (see Figure 8 of Sellek et al. 2020) with the
two different FRIED grids. There are some minor differences in
the surface density evolution, specifically in the disc truncation
radii (see Subsect. 2.2 for the definition), but only by a factor
of about a few. The main difference is in fpgwing, Which can
vary by up to one order of magnitude for the lowest FUV fluxes,
with the updated FRIED grid yielding (for the fiducial fpay = 1
value) consistently lower fpg wing. This shows that the outer disc
microphysics may have some impact on the dust reservoirs in
the inner discs (see also Coleman et al. 2025). While there is no
FRIEDv2 analogue of the original FRIED grid tables, we inves-
tigate different fpay values in a separate paper (Pichierri et al. in

prep.).

Appendix B: Dust entrainment in MHD winds and
role of radial drift

We check that ignoring dust entrainment and removal through
the MHD disc wind does not lead to significant differences to
our results. The efficiency of this mechanism depends both on
the ability of dust to be delivered to the wind and the ability of
the wind to carry away dust of a given size. We follow Booth &
Clarke (2021), which found that the former process is typically
the limiting factor to dust removal, and that delivery of small
grains to the wind base is induced by advection rather than tur-
bulent diffusion. Using the results of Giacalone et al. (2019) on
the maximum size of dust than can be entrained by the MHD
wind gives rather similar results within a factor of a few. Since
the maximum grain size entrained scales with the local gas mass-
loss rate, from Eq. (4) the biggest difference in our case would
occur for small discs with high ¢ pw and high apw; the mass-loss
rate could in principle be higher than in our fiducial A = 3 if one
assumes the extreme value A = 1.5, but the difference would only
be of a factor of 4. Figure B.1 shows a comparison in dust evo-
lution for the representative limit cases of Ypw = apw = 0.01,
R. = 10 AU and A = 3 (top row), spanning different FUV fluxes.
Only up to a few percent of the initial dust mass is removed by
the MHD wind, which lowers the amount of dust accreted onto
the star only slightly, but ultimately makes very little difference
in the amount of mass removed by the external FUV wind, the
evolution of total dust mass in the disc, and therefore the dust
lifetime diagnostic fgep,aust- Even considering the most extreme
A = 1.5 (bottom row), the dust removed by the MHD wind con-
sists at most of ~ 10% of the initial dust mass, which modifies
the amount of dust that reaches the star by a small amount (see

top plot which uses a linear vertical scale for clarity), but does
not impact fpg.wing O the total dust evolution significantly.

We end this appendix by showing in Figure B.2 how dust
radial drift plays a decisive role in determining dust related
diagnostics fdep,dust and fpg.wing. While the evolution of the gas
and the mass-loss rates are indistinguishable, the lack of radial
drift severely impacts the dust lifetime and the amount of dust
removed by the photoevaporative wind.

Appendix C: Single-fluid equations

We report for completeness the exact gas and dust evolution
equations that are actually solved by the code (a version of the
DiscEvolution code described in Booth et al. 2017). Numerically,
we evolve the total surface density Xy = Zg + 33 Zqx solving an
advection-diffusion equation with sink:

0o 30| 1 0 )
R ——— )
ot ror | rQg or [a/ssc d mt]
(C.1)
2r a [—QDWC Emt]
- StOl’
the dust mass fractions €3 = Zqx/Zior €vOlves as
Deg x 1 0 Oeax
Dr S [rztotfd k(Avg g — €aAvg) — rDgpZior—— or
Sd,k Stot
ekl — |-
(zd,k Ztot)
(C2)

In the equations above, sy := S5 + X Sqk represents the com-

bined sink terms for gas and dust species, where in our case
Sg = — (Z'Jg,Dw + Z'Ig,evap), and sqx = —Z')d,k,evap (no dust is removed
by MHD winds in our nominal simulations presented in the main
text for simplicity, although see Appendix B, where a —Xjpw
term is included). Moreover, gz = (% + v -V is the co-moving
derivative with the barycentric velocity v of the different phases,
Avg, is the relative velocity of the dust species k to the gas (which
takes into account the backreaction of dust onto the gas, Tanaka
et al. 2005; Bai & Stone 2010), and €gAvg = >} €xAvg . Follow-
ing Laibe & Price (2014a,b) (see also Booth et al. 2017), this
single-fluid approach is equivalent to a multi-fluid view of the
problem.

Appendix D: Explicit dependence on total and
relative a« parameters

We show here an alternative visualisation of the data making
Figures 5, 6, where the various diagnostics are plotted on the
Ypw versus o plane (Figs. D.1 and D.3). This shows the regions
of parameter space where the different disc lifetimes are above
certain thresholds (1 Myr, 3.16 Myr and 10 Myr). We also show
both fpg wind and fiar ON separate panels.
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Fig. A.1: Comparison of identical setups using the fiducial original FRIED grid (FRIEDv2) vs. the fiducial FRIEDv?2 for the photoevaporative mass
loss, in the case of purely viscous discs. Left panel: Surface density evolution, for given ass and FUV field. Right panel: Fraction of dust mass loss
to the wind for various ass and FUV fields.
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Fig. B.1: Evolution of the dust components in models including (thick dashed lines) or not including (thin continuous lines) dust entrainment and
removal in MHD winds. Top panel: We consider the subset of the disc parameters used in this paper that would be most affected by MHD-wind
dust entrainment, namely ypw > 1 (MHD-wind discs), high @, = apw = 0.01, low R. = 10 AU, our fiducial A = 3, and various FUV fluxes. We
plot the evolution of the total dust mass, and the evolution of the dust mass lost to the photoevaporative wind, to the MHD wind and to the star
(see second row of Fig. 3). A top inset with a linear vertical axis scaling is added to better display the very small differences that would otherwise
be undetectable. Bottom panel: Same disc setups but with 4 = 1.5, where MHD-wind-driven mass removal is most effective. Again, even in this
extreme case, adding MHD-wind dust entrainment modifies only slightly the dust evolution and only affects the amount of dust accreted onto the
star by a marginal amount (only visible in the top inset with linear vertical axis scaling).
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Fig. B.2: Results for a setup including (dashed lines) and not including (continuous lines) dust radial drift. The top three rows plot the same
quantities as in Fig. 3, with different columns corresponding to different Y pw = apw/ass. We add the mass accretion rates as a bottom row (see

Fig. 1).
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Fig. D.1: Similar to Fig. 5, but displaying the dependence on @ in the vertical axes, so each diagnostic is shown via a heat map. The fraction
of dust mass accreted onto the star is also shown as an additional column on the right. Regions of the ypw versus a,, parameter space where
the timescales are above given thresholds (1 Myr, 3.16 Myr and 10 Myr) are marked by dotted, dashed, and solid black lines (same scheme as

Figs. 5, 6)
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Re=30AU (A =3)
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Fig. D.2: Same as Fig. D.1, but for initially less large discs, R. = 30 AU.
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Fig. D.3: Same as Fig. D.1, but for initially compact discs, R. = 10 AU (see also Fig. 6).
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