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A B S T R A C T 

Whether the angular momentum of protoplanetary discs is redistributed by viscosity or extracted by magnetized winds is a 
long-standing question. Demographic indicators, such as gas disc sizes and stellar accretion rates, have been proposed as ways 
of distinguishing between these two mechanisms. In this paper, we implement one-dimensional gas simulations to study the 
evolution of ‘hybrid’ protoplanetary discs simultaneously driven by viscosity and magnetized winds, with dead zones present. 
We explore how the variations of disc properties, including initial disc sizes, dead zone sizes, and angular momentum transport 
ef ficiency, af fect stellar accretion rates, disc surface density profiles, disc sizes, disc lifetimes, and cumulative mass-loss by 

different processes. Our models show that the expansion of the gas disc size can be sustained when the majority of angular 
momentum is remo v ed by the magnetized wind for individual protoplanetary discs. However, when we can only observe discs 
via demographic screenshots, the variation of disc sizes with time is possibly diminished by the disc ‘personalities’, by which 

we mean the variations of initial disc properties among different discs. Our ‘hybrid’ models re-assess association of the two 

demographic indicators with mechanisms responsible for angular momentum transport and suggest that additional diagnostics 
are required to assist the differentiation. 

Key words: accretion, accretion discs – protoplanetary discs – stars: pre-main-sequence. 
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 I N T RO D U C T I O N  

rotoplanetary discs are by-products of star formation due to the 
onservation of angular momentum. These discs of dust and gas fuel 
aterials to the central star and provide the necessary components 

or planet formation. Therefore, understanding protoplanetary discs 
nd how the y evolv e is fundamental to the study of planetary
ystems. 

Material in the disc must lose angular momentum in order to be
ccreted from the protoplanetary disc to the central star. Two sce- 
arios have been suggested to address where the angular momentum 

as gone: redistribution of the angular momentum by turbulence, 
nd extraction of the angular momentum by magnetohydrodynamic 
MHD) winds. Turbulence can arise from gravitational instabilities 
Lin & Pringle 1987 ; Kratter & Lodato 2016 ), hydrodynamical 
nstabilities, such as vertical shear instabilities (Urpin & Branden- 
urg 1998 ; Urpin 2003 ; Nelson, Gressel & Umurhan 2013 ), and
agnetohydrodynamical instabilities, such as the magnetorotational 

nstability (MRI; Balbus & Ha wle y 1991 ; Ha wle y, Gammie & Balbus
995 ), which has long been thought to be the main driver of disc
urbulence. When MRI-induced ‘viscous’ turbulence redistributes 
he angular momentum in the disc, the small fraction of the outer disc
arrying a large quantity of the angular momentum mo v es outwards
nd gives rise to an increasing gas disc size over time (Lynden-Bell
 Pringle 1974 ; Hartmann et al. 1998 ). 
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The MRI is sensitive to the degree of ionization. It can be sustained
hen the disc is sufficiently ionized by the thermal and non-thermal
rocesses (Umebayashi & Nakano 1981 , 2009 ; Cleeves, Adams &
ergin 2013 ) to couple with magnetic fields. These conditions are
sually fulfilled in the very inner and possibly outer discs, indicating
 large fraction of the disc remains MRI-quenched. These regions 
re called ‘dead zones’ (Gammie 1996 ). MHD winds also rely on
harged particles and the magnetic field. When charged particles 
n protoplanetary discs are coupled to the magnetic field and are
ifted from the disc to launch the magnetized wind, the tail of
he ionized gas e x erts torques on the disc and tak es aw ay angular

omentum from discs (Ferreira 1997 ). Several studies utilizing 
ifferent methods have shown that this wind is capable of driving
he observed stellar accretion rate (e.g. Bai & Stone 2013 ; Weder,

ordasini & Emsenhuber 2023 ) and inducing gas disc size shrinking
hile the characteristic radius remains unchanged (Trapman et al. 
022 ; Tabone et al. 2022b ), making it a viable alternative mechanism
o viscous accretion. 

Advances in observational techniques in the last decade have now 

nabled us to characterize protoplanetary disc properties, such as disc 
izes and stellar accretion rates, systematically and statistically. The 
tacama Large Millimeter/submillimeter Array (ALMA) reveals 

ubstructures in the dust and gas discs (e.g. van der Marel et al.
013 ; ALMA Partnership et al. 2015 ; Andrews et al. 2018 ; Dipierro
t al. 2018a ; Bi et al. 2020 ; Öberg et al. 2021b ), and provides
adial intensity profiles of dust (e.g. Zhang et al. 2016 ; Huang et al.
018 ) and molecular emission (e.g. Huang, Öberg & Andrews 2016 ;
aw et al. 2021 ; Öberg et al. 2021a ) from discs in the nearby star-
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h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0001-5229-2402
http://orcid.org/0000-0001-6410-2899
http://orcid.org/0000-0003-4853-5736
mailto:st547@leicester.ac.uk
mailto:astro.stong@gmail.com
https://creativecommons.org/licenses/by/4.0/


1212 S. Tong, R. Alexander and G. Rosotti 

M

f  

s  

2  

t  

a  

t  

h  

(  

2  

a  

2
 

t  

d
 

c  

d  

d  

L  

(  

(  

a  

u
 

m  

i  

i  

o  

d  

t  

i  

T  

o  

p  

t  

o  

s  

q
 

m  

B  

S  

(  

a  

f  

t  

p
 

w  

d  

C  

o  

b  

d  

s
 

c  

w  

a  

d  

C  

r  

s  

e  

m  

e  

i  

2  

t  

p  

t  

(  

t  

i  

a  

w  

s  

t  

i  

a  

d  

p  

o
 

t  

h  

e  

c  

d  

d  

T  

p  

p  

S  

o

2

2

I  

r  

t  

d  

P

w
(  

m  

t  

W  

(  

t  

c  

b  

f  

e  

m

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/2/1211/7716706 by U
ni M

Ilano user on 04 Septem
ber 2024
orming regions. These observations, along with surveys dedicated to
pecific star-forming regions (e.g. Barenfeld et al. 2017 ; Ansdell et al.
018 ; Cieza et al. 2019 ), help us to quantify the disc sizes subject
o some observational limitations, such as sensitivity, resolution,
nd sample selection biases. The X-shooter instrument mounted on
he Very Large Telescope (VLT) has measured accretion rates for
undreds of discs in nearby star-forming regions, including Lupus
Alcal ́a et al. 2014 , 2017 ), Chamaeleon I (Manara et al. 2016 ,
017 ), η-Chamaeleon (Rugel, Fedele & Herczeg 2018 ), TW Hydrae
ssociation (Venuti et al. 2019 ), and Upper Scorpius (Manara et al.
020 ). 
Recent studies built on the established theories and ample observa-

ions have attempted to discern whether viscosity or the MHD wind
rives disc evolution. 
Najita & Bergin ( 2018 ) collated gas sizes of Class I and II discs

haracterized by different tracers. They found that the Class I gas
iscs are typically smaller than those of Class II, implying that gas
iscs spread in the T Tauri phase and supporting the viscous picture.
ong et al. ( 2022 ) adopted a similar approach but with larger samples

44 discs) that were consistently traced by spatially resolved 12 CO
 J = 2 − 1). They found no correlations between 12 CO disc sizes
nd stellar ages (see their fig. 5f), and attributed this to the large
ncertainties in the stellar ages. 
Tabone et al. ( 2022b ) presented an analytical solution of the
agnetized wind, whose efficiency in removing angular momentum

s parametrized by an αDW 

, equi v alent to the αSS for viscosity
n Shakura & Sunyaev ( 1973 ). This solution facilitates the study
f disc evolution by incorporating the wind component into one-
imensional (1D) evolution models. Tabone et al. ( 2022a ) reproduced
he correlation between disc masses and accretion rates observed
n Lupus by generating a population of inviscid wind-driven discs.
his indicates that a wind-only model can possibly explain some
bservations. Alexander et al. ( 2023 ) generated populations of
urely wind-driven and viscous discs, respectively, and discussed
he possibility of distinguishing two scenarios by the distribution
f stellar accretion rates. They suggested that a slightly larger
ample size than we currently have is required to answer the
uestion. 
Trapman et al. ( 2022 ) integrated the αDW 

-prescribed pure wind
odel into the thermochemical model DALI (Bruderer et al. 2012 ;
ruderer 2013 ) and showed that the gas disc sizes in Lupus and Upper
co are reproducible without the inclusion of viscosity. Trapman et al.
 2023 ) expanded applications of thermochemical models to viscosity
nd/or wind discs. The inferred disc characteristic radii decreasing
rom younger to older clusters are inconsistent with either of the
wo scenarios, hinting other physical mechanisms (such as external
hotoe v aporation) could also play a role. 
One-dimensional gas + dust evolution incorporating viscosity and

inds was investigated in Zagaria et al. ( 2022 ). Their model repro-
uced the observed dust sizes (in 0.89-mm observations) in Lupus,
hamaeleon I, and Upper Sco, irrespective of the relative strength
f the two mechanisms, implying that current dust sizes limited
y observ ational sensiti vity (Rosotti et al. 2019 ) are not reliable
ifferentiators of wind and viscosity scenarios, and alternative tracers
hould be considered (Zagaria et al. 2023 ). 

Ho we ver, all of these prior studies presume αDW 

and αSS are
onstant at all disc radii, and o v erlook the presence of dead zones,
hich can alter the spatial distribution of αSS . Likewise, αDW 

should
lso be treated as a radial variable in addition to its time variations
ue to changes in the configuration of magnetic fields with time.
omparison of disc sizes and stellar accretion rates in previous

esearch is also based on the implicit assumption that all the discs
NRAS 533, 1211–1232 (2024) 
hare the same αSS and/or αDW 

. But discs formed in different
nvironments might possess very different properties. Those around
assive stars tend to have a larger dead zone inner edges (Flock

t al. 2016 ). The ambient thermal and non-thermal radiation can also
mpact the outer edge of dead zones. External radiation (Eisner et al.
018 ; Winter et al. 2018 ; Coleman & Haworth 2022 ), along with
he local stellar density (Vincke & Pfalzner 2016 ; Otter et al. 2021 ),
otentially truncates the outer disc, leading to smaller disc sizes
han their counterparts growing in a more ‘friendly’ environment
Trapman et al. 2020 ; Anania et al. in preparation). Therefore, in
his work, we propose to explore how these various parameters
nfluence the evolution of more realistic discs driven by viscosity
nd winds prescribed by radially varying α, and attempt to determine
hether the two main observable diagnostics, gas disc sizes and

tellar accretion rates, are still valid discriminators between the
wo mechanisms when the ‘personalities’ of discs – fundamental
nitial disc properties, such as disc masses and disc sizes, varying
mong individuals – are considered. We limit our models to isolated
iscs, so effects directly caused by environments, such as external
hotoe v aporation and dynamical encounters, are beyond the scope
f this study. 
This paper is structured as follows. In Section 2 , we introduce

he disc evolution and the dead zone models. Section 3 shows
ow the disc evolution is altered with the dead zone present. We
xplore the effect of parameters, including αSS ( R), αDW 

( R), initial
haracteristic radii R c , 0 , and dead zone outer edges R dz , out , on the
isc evolution from perspectives of stellar accretion rates, surface
ensities, disc sizes, lifetimes, and cumulative mass-loss in Section 4 .
he discussion of our models and selection of some parameters are
resented in Section 5 . Based on the aforementioned studies, we
erform two small-scale population syntheses and show the results in
ection 6 . Then we discuss observational implications and limitations
f this work in Section 7 , and summarize our results in Section 8 . 

 M E T H O D  

.1 Disc evolution model 

n our model, we consider geometrically thin protoplanetary discs
egulated by viscosity, MHD winds and internal photoe v aporation
o assist the rapid clearing at the end of evolution. The gas surface
ensity ( � g ) of a viscous disc can be expressed as (Lynden-Bell &
ringle 1974 ) 

∂ � g 

∂ t 
= 

3 

R 

∂ 

∂ R 

[ 
R 

1 / 2 ∂ 

∂ R 

( ν� g R 

1 / 2 ) 
] 
, (1) 

here ν is the viscosity and can be quantified by ν = αSS c s H 

Shakura & Sunyaev 1973 ). Here, αSS is a dimensionless parameter,
easuring the efficiency of angular momentum redistribution by

urbulence, c s is the sound speed, and H is the disc scale height.
e adopt the prescription for MHD winds developed in Tabone et al.

 2022b ), where they use an αSS -equi v alent parameter αDW 

along with
he magnetic lever arm parameter λ (Blandford & Payne 1982 ) to
haracterize the efficiency of specific angular momentum removal
y winds. We incorporate the analytical model of photoe v aporation
rom Alexander ( 2012 ) to account for the rapid disc clearing at late
volutionary stages. Combinations of abo v e mechanisms give the
aster equation of our model 

∂ � g 

∂ t 
= 

3 

R 

∂ 

∂ R 

[ 
R 

1 / 2 ∂ 

∂ R 

( ν� g R 

1 / 2 ) 
] 

+ 

3 

2 R 

∂ 

∂ R 

(αDW 

� g c 
2 
s 

�

)
− 3 αDW 

� g c 
2 
s 

4( λ − 1) R 

2 �
− �̇ w ( R, t) , (2) 
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Figure 1. Transition profiles of αSS (dark blue lines) and αDW 

(light blue 
lines): three regions for each are defined in our model following observations. 
αSS , in = 10 −2 , αSS , dz = 10 −4 , αDW , in = 10 −5 , and the inner edge of the 
‘dead/wind zone’ R dz , in = 0 . 1 au are fixed (shown in solid lines). αDW , dz , 
αDW , out , αSS , out , and R dz , out are left as variables in our study (shown in dashed 
lines). The yellow shaded region is the ‘dead/wind zone’ in our model. 
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here � = 

√ 

GM ∗/R 

3 is the Keplerian orbital frequency at radius 
 around a central star of 1 M ∗. The first term on the right-
and side is the viscous diffusion term. The second and third
erms are for the advection term and mass extraction term by the
agnetized wind, respectively. The last term is the sink term by 

nternal photoe v aporation, which is prescribed as 

˙
 w ( R ) = 

Ṁ thick 

4 πR 

2 
crit 

( R 

R crit 

)−5 / 2 
, R � R crit , (3) 

hen the disc within R crit � 0 . 2 GM ∗/c 2 s is optically thick. If the
nner disc becomes optically thin, then the mass-loss rate is modelled 
s 

˙
 w ( R ) = 

Ṁ thin 

4 πR 

2 
in 

( R 

R in 

)−5 / 2 ( R 

2 R crit 

)1 / 2 
, R � R in . (4) 

ere, Ṁ thick and Ṁ thin are measurements of the mass-loss rate 
n ‘diffuse radiation field’ and ‘direct radiation field’ defined in 
lexander ( 2012 ). R in is the innermost radius where the surface
ensity is optically thin. 
We replace variables in equation ( 2 ) and then solve the equation us- 

ng an explicit first-order integrator following Bath & Pringle ( 1981 ).
e e v aluate dif fusion and advection terms in two steps and impose

ifferent boundary conditions on each. For the diffusion term, we 
mpose zero-torque boundary conditions for both the inner and outer 
oundaries. For the advection term, a zero-torque is only applied for
he outer boundary and we replace the inner boundary with a constant
ower-law condition. 

.2 Dead/wind zone model 

ollowing Morishima ( 2012 ), G ́arate et al. ( 2019 ), and G ́arate et al.
 2021 ), we adopt a ‘three-zone’ model for both viscosity αSS and the
isc wind αDW 

, with two-step transitions between zones. The disc is
herefore modelled as a dead zone sandwiched between MRI-active 
egions. The radial variation of αSS is specified by 

SS ( R) = 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

αSS , in + ( αSS , dz − αSS , in ) 

·
{ 

1 / 2 exp 
(R−R dz , in 

w in 

)
R < R dz , in [ 

1 − 1 / 2 exp 
(R dz , in −R 

w in 

)] 
R dz , in ≤ R < R m 

αSS , dz + ( αSS , out − αSS , dz ) 

·
{ 

1 / 2 exp 
(R−R dz , out 

w out 

)
R m 

< R ≤ R dz , out [
1 − 1 / 2 exp 

(R dz , out −R 

w dz , out 

)]
R > R dz , out 

, (5) 

here R dz , in and R dz , out delineate the boundary between the inner 
RI-activ e re gion and the dead zone, and the boundary between

he dead zone and the outer MRI-active region, respectively. R m 

s the middle point between R dz , in and R dz , out . w in = R dz , in / 20 and
 out = R dz , out / 20 are adopted to achieve a sharp but continuously
ifferentiable transition between regions. A sharp transition comes 
rom the dead zone model in Pinilla et al. ( 2016 ), where they start
ith a slow transition, which evolves to a sharp one at the late time.
or simplicity, we assume MHD winds take o v er the remo val of
ngular momentum in regions covered by the dead zone and describe 
DW 

in a similar way as equation ( 5 ), i.e. replacing αSS with αDW 

orrespondingly would yield the description of αDW 

( R). We keep 
oundaries transiting to each region and the width of transition the 
ame for αSS ( R) and αDW 

( R). We fix αDW , in = 10 −5 , αSS , in = 10 −2 

nd αSS , dz = 10 −4 , and explore how the variations of αDW , dz , αDW , out ,
nd αSS , out affect the disc evolution and observable disc properties. In 
ur dead zone model, though the dead zone is inactive to the MRI, it
s active to the MHD wind and can be renamed as ‘dead/wind zone’.
n illustration of the ‘dead/wind zone’ model is shown in Fig. 1 .
olid and dashed lines label fixed and free parameters, respectively. 
wo vertical grey lines indicate locations of the ‘dead/wind zone’ 

nner and outer boundaries, respectively. We fix the inner boundary 
 dz , in = 0 . 1 au and vary the outer boundary R dz , out , which is not well

onstrained by observations, to investigate the impact of ‘dead/wind 
one’ sizes on the disc evolution. 

.3 Simulation set-up 

e adopt a time-independent temperature T ( R) ∝ R 

−1 / 2 (Kenyon
 Hartmann 1987 ; Chiang & Goldreich 1997 ), which is a standard

emperature for the ‘flaring disc’ model and results in viscosity 
roportional to the radius. We set the aspect ratio H /R to be 0.05 at
 au, corresponding to a local temperature of ∼ 600 K. We assume
n initial disc mass M d = 0 . 01 M � disc with a characteristic radius
 c , 0 = 60 au surrounding an M ∗ = 1 M � star. The initial gas surface
ensity profile is described by a ‘cutoff’ power-law function 

 g ( R ) = 

M d 

2 πR 

2 
c , 0 

( R 

R c , 0 

)−1 
exp 

(
− R 

R c , 0 

)
, (6) 

istributed among 8000 cells equispaced in R 

1 / 2 between 0 . 0056 
nd 40 000 au, which is sufficiently large to allow discs with a
arge αSS , out to continuously expand during the entire evolution. 
quation ( 6 ) is not a self-similar solution when the wind component

s also taken into account (see equation 7 ), though the impact is
robably small. We assume the magnetic field evolves in a way
ore slowly than that of the gas surface density and conforms

o αDW 

( R, t) ∝ � c ( R, t) −ω , where � c = M d ( t) / 2 πR c ( t) 2 , with ω
etween 0 and 1 (Suzuki et al. 2016 ; Tabone et al. 2022b ). Aside
rom the strength of the magnetic field, αSS is also sensitive to the
egree of ionization (e.g. Simon et al. 2018 ), which is not depicted in
ur simple 1D model. Therefore, we leave it as a constant with time
or a given radius in this work as most work based on 1D models
nd two-dimensional (2D) hydrodynamical simulations. Accurately 
racing R c ( t) in simulations is challenging, as substructures and
isc winds make the disc surface density profile deviate from the
riginal one (see Section 4.3 and Appendix B ). We instead use
DW 

( R, t) ∝ M d ( t) −ω , to a v oid computing R c ( t) ‘on the fly’. The
atter is equi v alent to the former when the disc is purely evolved
MNRAS 533, 1211–1232 (2024) 
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M

Figure 2. Evolution of the gas surface density for the fiducial disc ( R c, 0 = 60 au, R dz , out = 30 au and α as illustrated in Fig. 1 ) compared with two discs without 
dead zone models shown in dashed grey lines in the left and right panels. Time of surface density profiles indicated on the upper right corner of each panel is 
different for two panels. In the left panel, the fiducial model is compared with a viscosity-only model ( αSS = 10 −2 ) considering photoe v aporation. In the right 
panel, the fiducial model is in comparison with a simple ‘hybrid’ disc considering photoe v aporation ( αSS = 5 × 10 −3 and αDW 

= 5 × 10 −3 ). The inclusion of 
magnetized winds can efficiently accelerate the evolution and the inclusion of dead zones can create substructures in gas discs. 
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nder MHD winds, but underestimates αDW 

when R c continuously
ncreases, which is true for models studied here. We adopt ω = 0 . 5
hroughout the paper. As αDW 

is a time-varying parameter, if it is not
therwise specified, the value of αDW 

assigned in this paper refers to
ts initial value at t = 0. We set λ = 3, following previous theoretical
tudies (Trapman et al. 2022 ; Zagaria et al. 2022 ) and observations
f disc winds from Class II objects ( λ = 1 . 6–2.3) (Louvet et al.
018 ; Booth et al. 2021 ). We also discuss the selection of λ in
ection 5.1 . Ṁ thick in equation ( 3 ) and Ṁ thin in equation ( 4 ) are
x ed to representativ e values of 10 −10 and 10 −9 M � yr −1 (e.g.
ont et al. 2004 ; Ercolano et al. 2021 ), respectively, noting that the
tronger photoe v aporati ve wind is only triggered when the surface
ensity in the inner disc becomes optically thin at late times. We
mpose a maximum evolution time of 12 Myr, when simulations are
utomatically terminated regardless of remaining mass in the disc.
t is worth noting that t = 0 in our simulations represents the time
hen the envelope infall rate is smaller than the stellar accretion rate

nstead of the initial time when the disc is formed. The stage studied
n this work is close to the Class II disc defined from the infrared
xcess. 

.4 Code testing 

o test our code against analytical solutions provided in Tabone
t al. ( 2022b ), we implement four simulations with constant α

long the radius by acti v ating (1) only the viscosity component;
2) only the wind component with no magnetic field evolution; (3)
iscosity + MHD wind with no magnetic field evolution; and (4) only
he wind component with magnetic field evolution. When testing
ases involving MHD winds, we modify the slope of the initial
urface density profile by adding ξ

 g ( R ) = 

M d 

2 πR 

2 
c , 0 

( R 

R c , 0 

)−1 + ξ

exp 
(
− R 

R c , 0 

)
(7) 

o ensure they have the same initial surface density profile as
nalytical solutions. ξ is the mass ejection index and can be quantified
NRAS 533, 1211–1232 (2024) 
y ψ = αDW 

/αSS and the lever arm λ as (Tabone et al. 2022b ) 

= 

1 

4 
( ψ + 1) 

[√ 

1 + 

4 ψ 

( λ − 1)( ψ + 1) 2 
− 1 

]
. (8) 

ur numerical method reco v ers the analytical solutions well: the
omparison between the numerical and analytical solutions is shown
n Appendix A . 

 FI DUCI AL  M O D E L  

e initiate our study by building a fiducial model adopting a
otal αtot ( R) = αSS ( R) + αDW 

( R) � 10 −2 , to simulate a disc with
n almost constant total α throughout the whole disc and investigate
he roles that MHD winds and ‘dead/wind zones’ play in comparison
o a fundamental viscous disc with a constant αSS = 10 −2 facilitated
y photoe v aporati ve winds. We assume the ‘dead/wind zone’ (see
ection 2 ) spanning from 0 . 1 to 30 au, within which αDW , dz = 10 −2 .
iscosity dominates o v er the magnetized wind in the outer disc,
here αSS , out = 10 −2 and αDW , out = 10 −4 . Other parameters are fixed

s specified in Section 2.2 . This transition profile is equi v alent to the
ne depicted in Fig. 1 . 
Fig. 2 illustrates how the gas surface density evolves in the fiducial
odel compared concurrently with pure viscosity + photoe v apo-

ation model in the left panel and ‘hybrid’ (viscosity + wind) +
hotoe v aporation model in the right panel. It is evident that winds
atten the slope of � g and accelerate disc evolution by extracting
ass from the disc and subtly aiding the stellar accretion (Fig. 3 ). At
2 . 5 Myr, the viscous disc (in the left panel) still has relatively high

urface densities, while ‘hybrid’ discs have lost a great proportion of
ass before ∼ 2 Myr. 
The inclusion of the ‘dead/wind zone’ can alter the smooth gas

urface density profiles to ones with substructures formed around
he inner and outer edges of the ‘dead/wind zone’. More detailed
iscussion on these substructures can be found in Section 4.2 . In these
dges, Ṁ ( R) for viscosity and for MHD winds change substantially
ue to the sharp transition of αDW 

( R) and αSS ( R), and bring up
dditional mass accumulated or remo v ed locally. The underlying
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Figure 3. Local accretion rates driven by viscosity (blue lines), by MHD 

winds (orange lines) and by both (grey lines) at t = 0 Myr (top panel), 
0.5 Myr (middle panel) and 2 Myr (bottom panel) for a fiducial model. 
Ṁ ( R) > 0 indicates a flow moving towards the host star (accretion, 
solid lines), while Ṁ ( R) < 0 is for flows moving towards the outer disc 
(‘decretion’, blue dashed lines). 
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Table 1. Summary of parameters e xplored (abo v e the dividing line) and 
fixed in our models (below the dividing line). Values shown in bold are those 
adopted in the fiducial model. 

Parameter Values 

αDW , dz 10 −2 , 10 −3 , 5 × 10 −4 

αDW , out 10 −3 , 10 −4 , 10 −5 

αSS , out 10 −2 , 10 −3 , 3 × 10 −4 

Characteristic radius R c, 0 (au) 60 , 120 
Dead zone outer edge R dz , out (au) 30 , 75, 135 

Disc mass M d ( M �) 0.01 
Stellar mass M ∗ ( M �) 1 
Aspect ratio H /R| R = 1 au 0.05 
Dead zone inner edge R dz , in (au) 0.1 
Lever arm λ 3 
Evolution of magnetic field ω 0.5 
Ṁ PE , thick ( M � yr −1 ) 10 −10 

Ṁ PE , thin ( M � yr −1 ) 10 −9 

t  

r  

3  

p  

o

‘  

s  

t  

T  

R  

c  

e
2

4

F
(  

(
a
d
p
t
R

‘
o
e  

m  

(  

1  

t  

s  

w  

s
i  

b  

2
 

2  

w  

1
W  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/2/1211/7716706 by U
ni M

Ilano user on 04 Septem
ber 2024
hysics is well illustrated by Fig. 3 , and the analytical solutions of
ass accretion rates by viscosity and winds are given in equations 

 9 ) and ( 10 ). 

˙
 SS ( R ) = 

6 π

R �

∂ 

∂ R 

(
� g c 

2 
s αSS R 

2 
)
, (9) 

nd by MHD winds 

˙
 DW 

( R) = 

3 π� g c 
2 
s αDW 

�
. (10) 

The wind responds to the change of α in a distinct way from
iscosity. Accretion rates driven by winds change proportionally 
o αDW 

as Ṁ DW 

( R) ∝ αDW 

c s H � g , while Ṁ SS ( R) varies with the
radient of the product in parentheses in equation ( 9 ). When αDW 

ecreases abruptly, Ṁ DW 

( R) drops significantly, leaving sufficient 
as piled up in the ‘dead/wind zone’. In contrast, the decrease in
SS results in a positive velocity. Therefore, gas flows outwards to 
mooth out the gas accumulation. This is clearly shown by the dashed
lue lines at ∼ 0 . 1 au in Fig. 3 . This mass outflow persists for a
ajority of the disc lifetime. Similar behaviour of Ṁ SS has also been 

ound by other studies that incorporate the dead zone model, such 
s Morishima ( 2012 , their fig. 3) and G ́arate et al. ( 2021 , their fig.
). Although significant changes exist in both Ṁ SS and Ṁ DW 

when 
he ‘dead/wind zone’ is taken into account, the total mass accretion
ate Ṁ tot remains smooth in the fiducial case (solid grey lines in Fig.
 ), where αtot is nearly constant along the radius, as expected from a
urely viscous disc with constant αSS , until rapid clearing is switched
n at late stages (the bottom panel of Fig. 3 ). 
In addition to substructures created by the incorporation of 

dead/wind zones’, the strong photoe v aporation triggered at a later
tage when � g ( R � R crit ) becomes optically thin tak es aw ay gas and
hen opens a gap around the critical radius R crit (see Section 2.1 ).
he gap further becomes an inner cavity when the disc interior to
 crit is fully accreted on to the star and the gas from the outer disc

annot fuel the inner disc, due to the photoe v aporati ve mass-loss rate
xceeding the local accretion rate (Clarke, Gendrin & Sotomayor 
001 ). 

 PARAMETER  E X P L O R AT I O N  

ollowing the fiducial model, we expand the three free parameters 
 αDW , dz , αDW , out and αSS , out , see Fig. 1 ) to broader parameter space
see Table 1 for specific values) to study how variations of αSS 

nd αDW 

affect stellar accretion rates, surface density profiles, gas 
isc sizes, lifetimes, and cumulative mass loss by different physical 
rocesses. We then further extend our investigation to impacts of 
he ‘dead/wind zone’ size and the initial disc characteristic radius 
 c, 0 on disc evolution. Accompanying these ‘hybrid’ models are two 

naive’ models designed to compare and illustrate how the inclusion 
f ‘dead/wind zones’ makes disc behaviours differ from what we 
xpect for a commonly assumed constant- α disc. One of the ‘naive’
odels is a viscous disc ( αSS = 10 −3 ) with internal photoe v aporation

as introduced in Section 2.1 ); the other is a wind-only disc ( αDW 

=
0 −3 ) incorporating a magnetic field evolved in the same way as
hat in ‘hybrid’ models. Parameters that we examine in the following
ections are listed in Table 1 abo v e the di viding line, belo w which
e also provide parameters that are fixed in simulations. We adopt a

mall αDW , out as non-ideal MHD simulations show the accretion rate 
n the outer disc is dominated by the MRI-driven accretion caused
y FUV-induced ionization in upper layers (Bai 2013 ; Simon et al.
013 ; Bai 2015 ). 
We conduct 92 simulations in two separate groups. First, we run

7 simulations with all combinations of varying α in Table 1 for discs
ith fixed R c, 0 = 60 au and R dz , out = 30 au. Among them, we select
3 representative combinations of α to study the disc size problem. 
e stretch the initial characteristic radius R c, 0 from 60 to 120 au to
MNRAS 533, 1211–1232 (2024) 
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Figure 4. Evolution of all the 92 discs in the Ṁ ∗–M d plane. The three panels are for discs with αDW , dz = 10 −2 (left panel), αDW , dz = 10 −3 (middle panel), and 
αDW , dz = 5 × 10 −4 (right panel), respectively. Each panel includes models with R c , 0 = 60 (light blue lines) and 120 au (dark blue lines), and observations from 

Manara et al. ( 2022 ) for stars in the range of 0 . 3 –1 . 2 M � (grey dots). No upper limits for either stellar accretion rates or disc masses are included. Evolutionary 
tracks for two ‘naive’ models – pure viscosity + photoe v aporation model ( αSS = 10 −3 , dash–dotted orange line) and pure wind model ( αDW 

= 10 −3 , dashed 
orange line) – are o v erlaid in the middle panel. An arrow in the third panel indicates the evolutionary pathway is from the upper right to the lower left. 
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xamine how the disc size affects disc evolution. As the ‘dead/wind
one’ outer edge R dz , out , fixed in the first group of simulations, is
lso not well determined by observations and simulations, we vary it
rom 30 to 75 au, and to 135 au. These 13 × (6 − 1) = 65 simulations
onstitute the second group of simulations. Results for two groups
f simulations can be found in Table E1 , which is also visualized in
ig. 9 and Fig. F1 to assist reading. 

.1 Stellar accretion rate 

he stellar accretion rate is one of observables for which we have
 statistically large sample and that can be used to constrain the
isc evolution model. We plot stellar accretion rates versus disc
as masses of all the 92 models in Fig. 4 , with comparison to
bserved stellar accretion rates and disc masses around stars with
asses of 0 . 3 –1 . 2 M � (from the compilation in Manara et al.

022 ). Discs with upper limits (non-detections) on either stellar
ccretion rates or disc masses are excluded. Models are classified
n three panels by their αDW , dz , which determines initial stellar
ccretion rates together with the disc initial characteristic radius
hen αSS , in , αDW , in , and αSS , dz are fixed. Our models can explain

ntermediate mass discs (3 × 10 −4 − 10 −2 M �) with intermediate
tellar accretion rates ( < 2 × 10 −8 M � yr −1 ) in the Ṁ ∗–M d plane.
 or a giv en initial disc mass, the upper limit of the stellar accretion
ate can be ele v ated if a smaller R c , 0 or a larger lever arm λ is
ssumed. 

The stellar accretion rates of ‘hybrid’ models behave similarly to
hat of a purely viscous disc except the latter has a much longer
volutionary timescale ( > 12 Myr). On the contrary, the wind-only
odel follows a distinct evolutionary pathway. Its accretion rate can

ustain a relatively high value when the disc mass is low, extending
he evolutionary pathway to a region where no observational data has
een obtained (the lower left corner in the Ṁ ∗–M d plane). However,
f a larger lever arm is adopted for the pure wind model, it is able to
xplain low-mass discs ( ∼ 10 −4 M �) observed with relatively high
ccretion rates ( ∼ 10 −9 M � yr −1 ). 

As M d ( t) should be a monotonically decreasing variable with
ime, small bumps exhibited in evolution tracks in the Ṁ ∗–M d plane
ndicate that Ṁ ∗ is not consistently declining with time for some

odels. This means some discs even after entering Class II still
ndergo small accretion ‘outbursts’ due to the mass accumulation in
NRAS 533, 1211–1232 (2024) 
he inner disc when the presence of ‘dead/wind zones’ is taken into
ccount. 

.2 Categorization of the surface density 

s shown in Section 3 , the relative change in αDW 

and αSS along the
adius al w ays leads to the creation of gas substructures. By visually
nspecting substructures in the surface density profiles from group
 simulations ( R c , 0 = 60 au and R dz , out = 30 au), we can roughly
lassify them into three categories (Fig. 5 ). 

When αDW , dz < 10 −2 (Category A), accretion driven by winds in
he ‘dead/wind zone’ is inefficient in transferring mass fed by the
uter disc to the inner disc, and gas continually accumulates around
he inner transition radius R dz , in , maintaining an o v erall surface
ensity relatively higher than those of the other two categories.
he fixed large αSS , in (10 −2 ) in the inner disc, set by default,
fficiently fuels the central star, enabling quick consumption of
he local gas. The contrast of the accretion rate on the two sides
f the ‘dead/wind zone’ inner edge forms a bump in the surface
ensity. When αDW , dz = 10 −2 (Category B and C), the accretion
ates in the inner disc ( R ≤ R dz , in ) and within the ‘dead/wind
one’ ( R dz , in < R ≤ R dz , out ) are comparable o v er the majority of the
volution and no substantial mass accumulates at the inner transition
adii ( R dz , in ). The less significant change in the total α around R dz , in 

n Category B and C renders a narrower spike in the surface density,
nstead of a wider bump. 

The morphology of the gas accumulation depends on the α

ssumed on the two sides of the ‘dead/wind zone’ inner boundary,
hich, though not well constrained, are assigned reasonable values in
ur models. The width of the gas accumulation and the α-transition
tself both are several times wider than the local scale-height, making
he excitation of Rossby wave instability less likely (Lyra et al. 2009 ;
eg ́aly et al. 2012 ). But whether such a feature is stable or not should
e studied in 2D or 3D simulations, which are beyond the scope of
his study. 

The morphology in the outer disc – whether the gas is concentrated
o a bump or not – can further classify discs into Category B and
. When the outer disc is dominated by efficient expansion (large
SS , out ), mass is primarily moving further out and no significant mass

s piled up (Category C). When the expansion is less efficient (small
SS , out ), the wind-driven accretion can ‘compensate’ the spreading
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Figure 5. Classification of surface density profiles and examples of each classification. 
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riven by viscosity to some extent, leading to more mass participating 
n the accretion and stocked up in the ‘dead/wind zone’ outer edge
Category B). This process is also reflected in the smaller gas disc
izes in the middle panel of Fig. 5 (b) compared to those in the right
anel. Regardless of the dominant mechanisms in the outer disc, 
 ‘dip’ feature can be observed around the outer boundary of the
dead/wind zone’ in all categories (see three panels of Fig. 5 b). This
rises from the transition of αDW 

from larger to smaller values (see 
lso equation 10 ). 

For the 27 simulations in the first group, 18 cases belonging to
ategory A share the common feature that αtot = αDW 

+ αSS in the 
dead/wind zone’ is not significantly larger or even smaller than αtot in 
he outer disc. Category B contains 6 simulations and the y hav e αtot in
he ‘dead/wind zone’ considerably greater than that in the outer disc 
 αtot, dz /αtot, out > 10). Three simulations are classified as Category C, 
here we require the ‘dead/wind zone’ to be strongly influenced by 

he efficient wind αDW , dz = 10 −2 and the outer disc to be dominated
y viscosity ( αSS , out = 10 −2 ) initially. Similar classification is also 
pplied to discs when their R c , 0 and R dz , out are extended to larger
alues for simulations in the second group. 

.3 Disc spreading 

hree different radii are typically used to characterize the disc 
izes: the characteristic radius R c , beyond which the disc surface 
ensity drops exponentially; the outer radius R o , a disc radius set
y a certain surface density threshold; and the transition radius 
 t (Hartmann et al. 1998 ; Isella, Carpenter & Sargent 2009 ),
elimiting the accreting disc ( Ṁ ( R ≤ R t ) ≥ 0) and the spreading
isc ( Ṁ ( R > R t ) < 0). In this section, we explore the evolution of
hese radii in various combinations of α and discuss how they can be
pplied to understand observations. 

The characteristic radius R c is commonly used to define the initial
isc size. It keeps growing in the conventional viscous disc and
emains unchanged in the magnetized wind disc (Tabone et al. 
022b ). The outer radius R o increases in viscous discs and shrinks
n wind-only discs (see the o v erlaid circles and triangles in the
pper middle panel of Fig. 7 ). The transition radius R t maintains
ts meaning only when the viscosity is considered as a purely
ind-driven disc contracts at any radii at all times. Although the
easurements of R o and R t are still straightforward when integrating 

he ‘dead/wind zone’ into a ‘hybrid’ disc, which entangles effects 
f winds and viscosity together, it can be challenging to trace the
otion of R c . The wind modifies the slope of the surface density

rofile and the presence of ‘dead/wind zones’ creates substructures 
see Section 3 ), jointly hindering the estimation of R c from simply
tting the surface density profile with a tapered power-law function. 
herefore, we characterize R c for ‘hybrid’ discs statistically. Detailed 
xplanation of the method can be found in Appendix B . 

For all models with R c , 0 = 60 au and R dz , out = 30 au, we measure
hese three radii every 0 . 5 Myr. We deliberately choose a very small
urface density threshold of 10 −10 g cm 

−2 for R o to accurately trace 
he outer disc motion. We defer the discussion of the selection of the
urface density threshold to Section 5.3 . We fit the variation of radii
MNRAS 533, 1211–1232 (2024) 
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Figure 6. Expansion rates of three radii: R c (the radius beyond which the surface density drops exponentially), R o (the radius defined by a selected surface 
density threshold, here � thres = 10 −10 g cm 

−2 ), and R t (the radius delimiting accreting disc and expanding disc) for discs in group 1 simulations. Panels from 

the left to the right are for d R c / d t , d R o / d t and d R t / d t , respectively. Colours on each panel show the values of αDW , dz (light brown for αDW , dz = 5 × 10 −4 , 
light green for αDW , dz = 10 −3 and dark green for αDW , dz = 10 −2 ). The expansion rate is linearly encoded in the dot area, which is normalized to the maximum 

value in each panel. Irrespective of the radius used for characterization, the expansion rate is dominated by αSS , out , and moderately affected by αDW , out in 
some cases. 
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ith time using a linear function, as suggested by visual inspection
nd analytical solutions (Hartmann et al. 1998 ). The slopes of the
tting functions denoted as d R c / d t , d R o / d t , and d R t / d t , are applied

o characterize the expansion rates of R c , R o , and R t , separately. 
Fig. 6 shows clearly that the expansion rate increases with αSS , out ,

nd that αDW , dz has an almost negligible effect on the disc expansion
ate regardless of which measurements we use. αDW , out also plays a
inor role unless for d R t / d t . When discs possess a large αDW , out ,

t typically comes with a large d R t / d t . This is because the efficient
ccretion driven by winds can partly offset the spreading caused by
SS , out in the outer disc and enlarge the re gion co v ered by an o v erall

nflow ( Ṁ tot ( R) > 0), leaving the outermost part of the disc with less
ass to spread more rapidly. 
The linear fitting function cannot al w ays depict the evolution of

isc sizes. When the gas disc size exhibits a trajectory with time
nalogous to a parabola, characterized by an initial increase followed
y a subsequent decrease, the fitting still yields a positive expansion
ate provided that the o v erall trend indicates growth. This is the
ase for discs with a wind-dominated outer part, displayed by the
hree dots on the top left of each panel, where αDW , out = 10 −3 and
SS , out = 3 × 10 −4 (Simulations 7, 16, and 25 in Table E1 ). R o of

hese discs does not start contracting until αDW , out /αSS , out � 10 due to
he enhanced magnetic field induced by its o wn e volution. Contrary
o R o , both R c and R t keep increasing at all times (i.e. d R c / d t > 0,
 R t / d t > 0). 
Unlike R c and R t , which are more meaningful from the theoretical

erspective, R o is an observable quantity, which can be traced via
olecular line emission. 12 CO , the most abundant gas species after
 2 in ISM, is accessible at millimetre wavelengths from the ground

nd is a suitable tracer for characterizing the gas disc radius. The self-
hielding from photodissociation by 12 CO yields a nearly constant
imit on the observable surface density of ∼ 10 −4 g cm 

−2 (van
ishoeck & Black 1988 ; Rosotti et al. 2019 ; Toci et al. 2023 ) when

ssuming an abundance of 10 −4 relative to H 2 (e.g. Dickman 1978 ;
rerking, Langer & Wilson 1982 ; Lacy et al. 1994 ). We apply this

hreshold to mimic very high-sensitivity observations, which reach
he fundamental sensitivity limit imposed by physical processes. In
NRAS 533, 1211–1232 (2024) 
omparison, a higher threshold of 10 −2 g cm 

−2 is adopted to represent
o wer sensiti vity observ ations. 

We measure the 12 CO disc sizes for all models listed in Table E1 at
 specific evolutionary stages (0.5, 1, 2, 5, and 10 Myr) by adopting
w o surf ace density thresholds discussed abo v e, and show the results
n Fig. 7 . We classify disc sizes by their values of R c , 0 and αSS , out . The
omination o v er the disc e xpansion by the latter is illustrated in Fig.
 . In Fig. 7 , discs characterized by a lower surface density threshold
re more radially extended than those measured by a higher threshold
hen compared at the same age. Their sizes increase with time for
iven αSS , out and R c , 0 . Exceptions exist for discs with αSS , out = 10 −2 ,
hose sizes drop from 2 to 5 Myr, tracing the switch-on of efficient
hotoe v aporation at the end of evolution. Disc sizes traced with a
igher threshold (10 −2 g cm 

−2 ) decrease with time instead. This trend
s particularly prominent for discs with large αSS , out (10 −2 ) and can be
asily understood as they tend to be more radially extended and have
 larger R t (a larger and positive d R t / d t in Fig. 6 ). If the threshold
urface density is higher than the surface density corresponding to
 t , it will trace a shrinking disc within R t . This is mitigated for discs
ith smaller αSS , out , whose R t at a given time corresponds to a higher

urface density. They are more tolerant to the threshold we adopt for
 o . Interestingly, this tolerance may explain the smaller variations

n disc sizes when αSS , out is smaller, and can also make discs with
maller αSS , out look larger than their counterparts with larger αSS , out ,
ringing up confusion for disc size comparison when observations
re not integrated for a sufficiently long time. 

The disc size measurements taken here assume an ISM abundance
f 12 CO . Ho we ver, mounting e vidences from observ ations sho w
hat CO is depleted in protoplanetary discs (e.g. Favre et al. 2013 ;
chwarz et al. 2016 ; Long et al. 2017 ; Miotello et al. 2017 ). Lockup of
O into ices or large solid bodies is required to explain this depletion

n addition to freeze-out and photodissociation (e.g. Miotello et al.
017 ), inducing carbon depletion compared to the ISM value. The
atter in the outer disc of Class II stars can also vary substantially
mong individuals (e.g. Kama et al. 2016 ; Sturm et al. 2022 ). These
ndoubtedly complex the disc gas size problem further. 
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Figure 7. Disc sizes R o measured at 5 epochs (0.5, 1, 2, 5, and 10 Myr) via two surface density thresholds mimicking higher sensitivity observations (green 
patches, � thres = 10 −4 g cm 

−2 ) limited by photodissociation of 12 CO , and lower sensitivity ones (blue patches, � thres = 10 −2 g cm 

−2 ) for all models listed in 
Table E1 . The violin plot only shows the distribution of sizes. The number of discs remained in different stages, relative to the number of discs at 0 . 5 Myr in 
each panel, is shown in the transparency. Higher transparency indicates more discs are dispersed at that time. The horizontal orange bar o v erplotted in each 
patch shows the median disc sizes. The long tail in the upper middle panel at 1 Myr is due to one disc possessing a radius of � 10 au. The models are classified 
into 6 panels by their αSS , out and R c , 0 . The disc sizes of two ‘naive’ models are plotted in the upper middle panel in open circles (viscous discs) and triangles 
(wind-only discs). Viscous discs (open circles) retain sizes similar to the median sizes inferred from ‘hybrid’ models for both thresholds throughout the entire 
evolution. 

4

V
i  

i  

t  

t  

c
 

i  

t  

c
 

f
m
i
i  

r
a  

l
a

 

α

1

s
b
L
M

Figure 8. Disc lifetimes for discs in group 1 simulations (fixed R c , 0 = 60 au 
and R dz , out = 30 au). αDW , dz is coded in colours with darker blue indicating 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/2/1211/7716706 by U
ni M

Ilano user on 04 Septem
ber 2024
.4 Disc lifetime 

arious definitions of disc lifetimes exist in literature. 1 The lifetime 
n this work is from the start of the simulation until either the disc
s fully dispersed or the simulation is terminated due to reaching the
ime limit (12 Myr), which is shorter. We take t = 0 in our models as
he beginning of the Class II phase, so time used here is not directly
omparable to observed ages for objects � 0 . 5 Myr. 

The lifetimes of 27 discs in the first group of simulations are shown
n Fig. 8 , where we employ a similar illustration as Fig. 6 . We encode
he lifetime in a way that is linearly proportional to the dot area and
ompress the dimension of αDW , dz into colours in the 2D dot map. 

In Fig. 8 , discs with larger αSS , out tend to have a shorter lifetime
or a given combination of αDW , dz and αDW , out . This is highlighted by 
uch smaller dots in the third column than those with smaller αSS , out 

n the first two columns. This trend is underpinned when the αDW , dz 

s also large (darkest dots). This can be explained by the increasing
adially average α when we increase the α in the ‘dead/wind zone’ 
nd in the outer disc. The minor responsibility of αDW , out on the disc
ifetime is partially due to its relatively smaller value than αSS , out 

ssumed in this study. 
Ho we v er, re gardless of the adopted combinations of αDW 

and
SS , the disc lifetime is noticeably shortened after incorporating the 
 Tabone et al. ( 2022b ) defines the lifetime as the ratio of the disc mass to the 
tellar accretion rate; in observations, the lifetime for a cluster is estimated 
y extrapolation of the disc fraction against the disc/stellar age (e.g. Haisch, 
ada & Lada 2001 ; Hillenbrand 2005 ; Fedele et al. 2010 ; Ribas, Bouy & 

er ́ın 2015 ; Richert et al. 2018 ; Michel, van der Marel & Matthews 2021 ). 

a larger αDW , dz . The disc lifetime is linear to the dot area, with larger dots 
denoting longer lifetimes. 

m  

m  

a
t

agnetized wind (see Fig. 9 ), implying the lifetimes of our ‘hybrid’
odels are generally akin to that of a purely wind-driven disc. This

lso means that equi v alent angular momentum can be more efficiently 
ransported away from discs by magnetized winds. 
MNRAS 533, 1211–1232 (2024) 
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Figure 9. Disc lifetimes and cumulative mass-loss fractions due to three 
mechanisms: wind extraction (dark blue), stellar accretion driven by viscosity 
and MHD winds (light blue), and internal photoe v aporation (orange) for group 
1 simulations (see specific values in Table E1 ). Simulations are classified into 
three groups by their values of αDW , dz . The first 9 simulations (in grey) below 

the two ‘naive’ models have αDW , dz = 5 × 10 −4 , followed by 9 simulations 
(in blue) with αDW , dz = 10 −3 . The 9 simulations shown in the bottom (in 
orange) have αDW , dz = 10 −2 . The length of the bar serves as an indicator of 
the disc lifetime, whose value is also annotated at the end of each bar. The 
length of each segment for a specific model is proportional to the fraction 
of mass lost to the corresponding process. The short vertical white lines 
denote the time when the disc loses 60 per cent of the total mass lost within 
12 Myr. The percentage of this duration relative to the disc lifetime is also 
noted in blue beneath the corresponding bar. When the disc lifetime exceeds 
the limit of 12 Myr, we only consider gas that has been cleared from the 
disc. 
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The lifetime increases for discs with larger R c , 0 as both the stellar
ccretion rate and the wind extraction rate decrease due to the
ore radially extended mass distribution. On the contrary, when

he radially averaged αDW 

increases with the enlarged ‘dead/wind
one’, the lifetime does not decrease monotonically. For several
imulations, discs with other parameters the same except R dz , out 

ave their shortest lifetimes when the ‘dead/wind zone’ size is
ntermediate (75 au, Simulations 28, 31, 33, 36, 58, and 61 in
able E1 ). This is caused by the weak wind ( αDW , dz < 10 −2 ) in the
dead/wind zone’. In this case, the locally accumulated gas can drive
 minor accretion ‘outburst’ – a minor positive deviation from the
riginal power-law accretion rate. If the surface density in the inner
isc, after the outburst, abruptly becomes optically thin to the stellar
adiation, an earlier turn-on of the rapid late-stage photoe v aporation
an reduce the disc lifetime. Discs with only intermediate-sized
dead/wind zones’ fulfilling this condition therefore have the shortest
ifetimes. 

.5 Cumulati v e mass-loss 

hree sinks of gas mass: stellar accretion (driven by viscosity and
HD winds), mass extraction by MHD winds, and mass loss by

nternal photoe v aporation are considered in this work. Although
he mass lost to each process is not traceable from observations,
dentifying them would help us to understand the dominant mass-
oss mechanisms during evolution. The mass-loss fraction by each
omponent for each simulation is listed in Table E1 and visualized
n Fig. 9 (for group 1 simulations) and Fig. F1 (for group 2
imulations). 

Most ‘hybrid’ discs studied in this work lose a large proportion of
as to magnetized winds ( � 55 per cent) and to stellar accretion ( ∼
0 per cent). They have a time-scale and mass-loss budget analogous
o those of the pure wind model. When the accretion and expansion
n the outer disc are inefficient ( αDW , out = 10 −5 or 10 −4 and αSS , out =
 × 10 −4 , Simulations 1, 4, 10, 13, 19, and 22 in Fig. 9 and Table E1 ),
he low viscosity and small wind torques do not transport the gas in-
ards efficiently, leaving more mass lost to photoe v aporation at later

tages. 
When we further separate the mass-loss process into two stages:

he stage losing the first 60 per cent of total mass (lost within 12 Myr);
nd the stage losing the remaining 40 per cent. Except for the ‘naive’
iscous model, the majority of gas in the first stage is extracted
y winds and very little by photoe v aporation, which has a lo w rate
 � 10 −10 M � yr −1 ) in the early stage of evolution. The remaining
0 per cent of gas is primarily remo v ed either by wind extraction
or shorter-lived discs, due to large αSS and αDW 

(see Section 4.4 ),
r by photoe v aporation for longer li ved discs. When we increase the
dead/wind zone’ size, more mass is taken away by wind extraction
ue to its larger co v ering. This is partly the result of our chosen value
f the lever arm λ. When the lever arm is adjusted to a higher value,
ore mass will be lost to stellar accretion instead of wind extraction

see Section 5.1 ). 
We also notice from Fig. 9 that discs with small αDW , dz (Sim-

lations 1–18) lose mass in a more steady approach than their
ounterparts with larger αDW , dz (Simulations 19–27). The former
ypically take 20 –30 per cent of their lifetimes to lose 60 per cent
f the total mass, while the latter require only � 10 per cent of
heir lifetimes to become comparably depleted. A similar pattern
s also applicable when larger R c , 0 and R dz , out are adopted. This is
etermined by the higher extraction rate and accretion rate driven
y strong winds in the intermediate disc ( αDW , dz = 10 −2 ) when the
nitial surface density is higher. 
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Figure 10. Left panel: Evolution of the surface density from the original fiducial model ( λ = 3, see Section 3 , in dashed grey lines) in comparison to that from 

one modified fiducial model ( λ = 12, in solid blue lines) at the same time. Middle panel: Integrated mass-loss rates due to each component in the original ( λ = 3, 
dashed lines) and modified fiducial models (dotted lines for λ = 7 and solid lines for λ = 12). Contributions from wind-driven accretion (pink), and viscous 
accretion (dark blue), wind extraction (orange lines), photoe v aporation (green) as well as the total of all of them (dark grey) are shown in the lower middle and 
upper middle panels, respectively, for visual convenience. Right panel: disc lifetimes and cumulative mass loss fractions by wind extraction (dark blue), stellar 
accretion (light blue), and photoe v aporation (orange) for (modified) fiducial models with λ = 3, 7, and 12, presented in a way similar to that introduced in Fig. 9 . 
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 DISCUSSION  

.1 Lever arm 

ecent observations and non-ideal MHD simulations consistently 
redict a small lever arm λ and a small mass ejection-to-accretion 
atio f = Ṁ wind / Ṁ acc ∼ 0 . 1 − 1 (Natta et al. 2014 ; Yen et al. 2014 ;
ai et al. 2016 ; de Valon et al. 2020 ; Fang et al. 2018 ; Tabone et al.
020 ). In previous sections, our adopted lever arm ( λ = 3) gives rise
o f > 1. 2 The analytical solution 3 based on a steady-state pure wind
isc extending from R in = 0 . 01 au to R c = 60 au predicts a lever arm
f ∼ 7 to achieve f ∼ 1. Therefore, we replace the lever arm in our
ducial model with 7 and 12. R in here does not necessarily mean

he disc inner edge but can be the inner radius of the wind-launching
egion instead. The fiducial model has a wind region originating 
rom 0 . 1 au (see Section 3 and Fig. 1 ). The comparison between the
riginal and two modified fiducial models is shown in Fig. 10 . 
The first panel of Fig. 10 illustrates when adopting a larger lever

rm, less mass is taken away by winds from the intermediate region
o drive a similar accretion rate (due to the fixed small αDW , in , the
iddle panel), leaving the slope of the surface density closer to that

f the initial profile (the left panel). Less mass-loss in the ‘dead/wind
one’ also means more mass will be accumulated in the inner disc,
nhancing the viscous stellar accretion rate (the middle panel) and 
elaying the rapid clearing by internal photoe v aporation. In contrast, 
he outer disc is go v erned by viscosity here, and the change in the
ever arm does not affect the local mass distribution much. 

In the middle panel of Fig. 10 , the mass lost by wind-driven stellar
ccretion constitutes a negligible fraction of total mass-loss, and this 
raction is stable when varying the lever arm. This can be attributed to
he imposed small αDW , in (10 −5 ), which suppresses the wind-driven 
ccretion to the host star. But this also indicates that winds originating
rom radii larger than the disc inner edge drive local accretion instead
f the stellar accretion, rendering the distribution of stellar accretion 

ates akin to that of viscous discs. 

 See Fig. 9 and Fig. F1 , where the dark blue bar is generally longer than the 
ight blue bar, indicating that Ṁ wind is larger than Ṁ ∗, SS + Ṁ ∗, DW 

averaged 
 v er time. 
 f = Ṁ wind / Ṁ ∗, DW 

= ( R c /R in ) ξ − 1 from Tabone et al. ( 2020 , 2022b ). ξ = 

 / [2( λ − 1)] for the pure wind case (see also equation 8 ). 

T  

e  

e
t  

m
T  

z  

i  
The radially integrated mass-loss rate due to each component 
hown in the middle panel of Fig. 10 is similar to the Fig. 3 presented
n Komaki et al. ( 2023 ), from which, we can infer whether a small
r large lever arm is assumed by comparing the mass-loss rate by
ind extraction with wind-driven stellar accretion rates. Differences 
etween the middle panel of Fig. 10 and their Fig. 3 arise from a
ore massive initial disc with a more compact mass distribution, 

nd stronger photoe v aporation o v er the majority of the disc lifetime
dopted in Komaki et al. ( 2023 ). 

We visualize the cumulative mass-loss due to these three 
omponents: wind extraction, stellar accretion, and photoe v aporation 
n the right panel of Fig. 10 . Contrary to the fiducial model, where
as is mainly lost to wind extraction (see Section 4.5 ), discs with
arger λ lose the majority of mass to stellar accretion due to the
le v ated viscous accretion rates and reduced wind extraction rates
the middle panel). 

In summary, a change of the lever arm λ can alter the slope of
he gas surface density profile in the intermediate discs, modify the
isc lifetime slightly, and change the ratio of mass lost by stellar
ccretion to that by wind extraction substantially. We caution readers 
ere that the mass ejection-to-accretion ratio f is sensitive to the
xtent of the wind-launching region, i.e. variations of either the inner
r the outer wind-launching radius can alter f by a factor of a
e w. Present observ ations constrain the inner launching radius of
agnetized winds to 0.5–3 au for Class II discs (Pascucci et al.

023 , and references therein). For a specific disc, the outer radius
f the wind region is typically determined by R c , beyond which
he surface density drops sharply. Stricter constraints on the wind 
nner launching radius, which might vary from disc to disc, are
ecessary to understand the relative importance of mass loss due to
ind extraction and stellar accretion. 

.2 Surface density-adapti v e ‘dead/wind zone’ 

he ‘dead/wind zone’ size is fixed for all ‘hybrid’ models during the
ntire e volution. Ho we ver, a more realistic treatment should be one
volving with the surface density. A decreasing surface density due 
o e volution alle viates the dif ficulty of ionizing electrons in the disc
id-plane, yielding a progressively smaller MRI-quenched region. 
o test this, we follow Pinilla et al. ( 2016 ) and define the ‘dead/wind
one’ outer edge by radii corresponding to � g = 0 . 5 g cm 

−2 . We
mplement this by tracing the radius ‘on the fly’ in simulations. The
MNRAS 533, 1211–1232 (2024) 
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Figure 11. Upper panel: Surface densities for the fiducial model (blue lines) 
and the � g -dependent model (orange lines), plotted at different times due to 
the large disparity in their disc lifetimes. The time-varying ‘dead/wind zone’ 
outer edges are indicated with dotted vertical lines, coded in the same colour 
as those of their corresponding surface densities, until reaching the lower 
limit of 10 au. Lower panel: The disc lifetime and cumulative mass-loss are 
presented in the same way as described in Fig. 9 . 
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arying R dz , out changes the width of the outer boundary transition
 w out , see Section 2.2 ) slightly but does not alter the o v erall profile.
 lower limit of 10 au is imposed to the ‘dead/wind zone’ outer

dge to sustain low turbulence around tens of au as estimated from
bservations (Rosotti 2023 , and references therein). 
The upper panel of Fig. 11 shows surface density profiles compared

etween the fiducial model and the � g -dependent model. More
omplex time-varying substructures in gas are formed caused by
he inwardly moving ‘dead/wind zone’ outer edge. The disc lifetime
s also significantly shortened for the � g -dependent model due to the
nitially larger wind-dominated ‘dead/wind zone’. The outer edge
apidly drifts from the initial ∼ 94 au to the manually imposed lower
imit of 10 au within 0.2 Myr. This takes 20 per cent of the total disc
ifetime ( ∼ 1 Myr), indicating that the evolution is slowed down by
he shrinking ‘dead/wind zone’. Further comparison with a disc that
as a fixed ‘dead/wind zone’ outer edge at 94 au, but a much shorter
ifetime, also validates this statement. 

Though the lifetime is more than halved after adoption of the
 g -dependent ‘dead/wind zone’, the cumulative mass loss fraction

y winds for it ( ∼ 64 per cent) is marginally lower than for the
ducial model ( ∼ 71 per cent) as the former has a smaller ‘dead/wind
one’ av eraged o v er time. Nev ertheless, this does not alter our
onclusion in Section 4.5 that discs in our ‘hybrid’ models primarily
ose mass in a way akin to a pure wind model. As the inclusion
f a � g -dependent ‘dead/wind zone’ changes the disc lifetime
ubstantially, a better constraint on the ‘dead/wind zone’ sizes can
mpro v e our understanding of the window left for planet formation
n protoplanetary discs. 
NRAS 533, 1211–1232 (2024) 
.3 Sensitivity of the disc size R o to the threshold surface 
ensity 

he outer radius R o is determined by the imposed surface density
hreshold. Incorrect selection of the threshold can lead to mis-
nterpreting how the disc size changes o v er time (see Section 4.3 ).
ence, it is necessary to examine the sensitivity of R o to the surface
ensity threshold. 
We select 6 thresholds � thres , ranging from 10 −12 to 10 −2 g cm 

−2 

n steps of 2 dex, to trace R o for all simulations in this work every
.1 Myr except those with lifetimes shorter than ∼ 1 Myr. 
Fig. 12 shows R o traced by different thresholds for ‘hybrid’ discs

represented by the fiducial model) and two ‘naive’ models. A
hreshold of 10 −2 g cm 

−2 can ef fecti vely trace the disc expansion
r contraction for ‘naive’ models, but will misleadingly trace a
hrinking disc for the fiducial model when the outer disc is in fact
preading. A slightly smaller threshold of 10 −3 g cm 

−2 still fails to
race the motion of more than half of discs that are wrongly traced by
 thres = 10 −2 g cm 

−2 in Table E1 . The outer disc behaviour is only
aptured accurately when a threshold of � 10 −4 g cm 

−2 is adopted.
his value is quite close to the maximum sensitivity limited by
hotodissociation of 12 CO . 
A lower threshold could be achieved by observing neutral atomic

arbon, found in a thin layer sandwiched between the carbon
onization front and the 12 CO region (Tielens & Hollenbach 1985 ).
ecent observations suggest it originates from a more ele v ated layer

han 12 CO and its isotopologues (Law et al. 2023a ). Ho we ver, the
ow signal-to-noise ratio in the outer disc in real observations (Law
t al. 2023a ) may limit its capability to accurately trace the disc at
ven larger radii than 12 CO can. 

The almost constant R o with decreasing thresholds when � thres <

0 −8 g cm 

−2 shown in the left and right panels of Fig. 12 arises from
he simplified photoe v aporation prescription adopted in our model,
hich efficiently remo v es gas with � g < 10 −8 g cm 

−2 , resulting in
 very sharp outer edge at these low surface densities. 

We further investigate the robustness of the threshold of
0 −4 g cm 

−2 to discs with a few combinations of α discussed
efore, but with smaller R c, 0 and R dz , out ( R c, 0 = 10 / 30 au with
 dz , out being 0.5/1.5 R c, 0 ), and to the initially more compact disc

d log � g / d log R = −3 / 2). All of these results validate the threshold
f 10 −4 g cm 

−2 for accurately tracing the pattern of R o . We therefore
aution that observations with lower sensitivity may not accurately
apture the evolution of the outer edges of real discs (see also
rapman et al. 2022 ). 

 POPULATI ON  SYNTHESIS  

n the previous sections, we discussed discs of a single initial
ass (0 . 01 M �), with two different initial characteristic radii R c , 0 

60 and 120 au) and three different ‘dead/wind zone’ outer edges
 dz , out (30, 75, and 135 au). Ho we ver, star-disc systems which

orm and evolve in distinct environments tend to have different
nitial conditions. The local radiation and magnetic fields also
ossibly influence the values of αSS and αDW 

, and the ‘dead/wind
one’ sizes. We refer to the variations in initial properties among
ndividual discs as ‘personalities’ of discs. Although we do not
ave much knowledge of αDW 

, measurements of αSS inferred from
bservations suggest a relatively large range of values (Rosotti
023 ). Furthermore, we lack observational constraints on the
dead/wind zone’ outer edges. All the undetermined factors abo v e
ffect the disc properties discussed in Section 4 , and hence disc
emographics. 
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Figure 12. The disc outer radius R o measured with six thresholds ranging from 10 −12 to 10 −2 g cm 

−2 for the two ‘naive’ models: viscous accretion with 
internal photoe v aporation ( αSS = 10 −3 , left panel) and wind-dri ven accretion ( αDW 

= 10 −3 , middle panel); and our fiducial model (right panel, see Section 3 ). 
Radii are measured at four epochs for each disc. The first three epochs are at 0 . 5, 1 . 0, and 2 . 0 Myr and the last epoch is customized for each disc to capture the 
disc size ∼ 0 . 5 Myr before its clearance or it reaches the time limit (12 Myr). 
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In the following section, we implement two small-scale pop- 
lation syntheses based on our ‘hybrid’ disc models to address 
hether groups of discs possessing different ‘personalities’ still 

xhibit the observable disc expansion or contraction predicted by 
he ‘naive’ models (e.g. Lynden-Bell & Pringle 1974 ; Tabone et al.
022b ). 

.1 Methods 

e assume discs in the first population have various disc masses,
haracteristic radii, and ‘dead/wind zone’ fractions, but the same 
ransition profile, i.e. identical combinations of αDW 

and αSS . We 
ssume a combination of moderate viscous and wind torques from 

bo v e discussion and adopt αDW , dz = 10 −3 , αDW , out = 10 −4 and
SS , out = 10 −3 . 
We draw 1000 radii from exponentially distributed characteristic 

adii ranging from 20 to 200 au with steps of 5 au, which co v er
he majority of gas disc sizes measured by 12 CO (see Appendix C
or collection of 98 12 CO disc sizes.) The exponential distribution 
s described by p( r i ) = exp ( −3 log ( r i )) / 

∑ 

i exp ( −3 log ( r i )) , where 
( r i ) is the probability of the characteristic radius r i . The exponential
istribution is also an assumption based on Fig. C1 . Although high-
esolution studies of discs from ALMA Large Programs suggest both 
lass 0/I and Class II discs traced by 12 CO can spread to hundreds of
u (e.g. Law et al. 2021 ; v an’t Hof f et al. 2023 ; Yamato et al. 2023 ),
hese samples were selected in various ways, and are generally biased 
owards more extended discs. Roughly 50 per cent of 12 CO discs from
n incomplete collection in Fig. C1 having sizes larger than ∼ 150 au
an partially justify the bias. Considering small and faint discs are 
ess likely to be detected in gas, discs with smaller sizes are likely to
ake an even larger fraction. 

We assume a uniform distribution of the ratio of the ‘dead/wind 
one’ size to the disc characteristic radius, from 10 to 120 per cent
ith steps of 10 per cent, for the poorly constrained ‘dead/wind 

one’ sizes. For example, discs with R c , 0 = 60 au have a ‘dead/wind
one’ from 0.1 to 12 au if it takes 20 per cent of the characteristic
adius. 

We simply assume a binary uniform distribution for the disc mass
0 . 01 M � and 0 . 05 M �), as discs with other parameters the same but
nly the disc mass different exhibit a scaling relation regarding disc 
izes. 

In the second population, we extend the dimensions of disc 
personalities’ by additionally varying α. We uniformly draw 1000 
amples for αDW , dz , αDW , out , and αSS , out from values adopted in 
ection 4 (see also Table 1 ), respectively, and combine them as 1000
ets of α for discs. We then integrate samples of α-combinations into
he initial properties of the first population to constitute the second
ne. The distributions of parameters sampled for the first (only the
pper panels) and the second populations (all the panels) can be
ound in Fig. D1 . 

We characterize disc sizes of two populations by R o and adopt
hresholds of � g = 10 −2 g cm 

−2 and 10 −4 g cm 

−2 to mimic ob- 
ervations taken with low and high sensitivity as in Section 4.3 .
e randomly sample 100 disc sizes from each population at ages

etween 0.1 and 10 Myr, and plot them against the disc age. We
nclude samples having a disc size of 0 au, and samples that are
oincidentally selected multiple times from the same model. The 
ormer represent discs that have dispersed by the time of observations
the disc lifetime is shorter than the specified time) and the latter
epresent discs with the same ‘personalities’. 

.2 Results 

ig. 13 shows gas sizes versus disc ages for a single draw from two
opulations, accompanied by the distributions of disc properties for 
ach draw. We see for both populations that discs measured by higher
ensiti vity observ ations generally have larger sizes. This is consistent
ith our conclusion drawn in Section 4.3 . In Fig. 13 (a), where discs
ave the same combinations of αSS and αDW 

, gas sizes measured by
igh-sensiti vity observ ations (blue dots) increase slightly o v er time,
ligning with expectation from a viscosity-dominated outer disc, 
hich is the case assumed in our models. The increasing gas sizes

an also be partly attributed to the tendency for larger discs to survive
or a longer time (Section 4.4 ). This increasing trend nearly vanishes
hen discs are observed with lower sensitivity (pink dots) due to

he incapability of a higher threshold to accurately trace the outer
isc motion (Section 5.3 and also the right panel of Fig. 12 ). When
e also consider varying combinations of α (Fig. 13 b), discs with

imilar ages have more diverse sizes, represented by more scattered 
ots in the upper left panel of Fig. 13 (b) than in Fig. 13 (a). The
arge scatter in Class II disc sizes has been also been observed in
ajita & Bergin ( 2018 ) and Long et al. ( 2022 ). This scattering due

o disc ‘personalities’ makes the increasing radii o v er time shown in
igher sensiti vity observ ations in Fig. 13 (b) e ven weaker. Therefore,
apturing how disc sizes change with time can be challenging 
ven when we ignore the uncertainties existed in age estimation 
MNRAS 533, 1211–1232 (2024) 
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Figure 13. Disc size versus age diagrams for the first population (Fig. 13 a), where we assume αDW , dz = 10 −3 , αDW , out = 10 −4 , and αSS , out = 10 −3 for all the 
discs, and the second population (Fig. 13 b), where we also vary αDW 

and αSS among individual discs. 100 samples are drawn from each population and their 
sizes are measured by R o with thresholds of 10 −2 g cm 

−2 (pink dots) and 10 −4 g cm 

−2 (blue dots), to mimic observations with lower and higher sensitivity. 
Distributions of initial disc masses, initial characteristic radii, ‘dead/wind zone’ outer edges (and α) for samples shown in the main diagram are also plotted. 
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nd radius measurement, as it requires high-sensitivity observations,
hich approach the limitation imposed by photodissociation of 12 CO

Section 4.3 ), for both populations studied here. 
We repeatedly draw 100 gas disc sizes from the synthesized

opulation for 100 times. We see weak variations in the o v erall
attern in the disc size–age diagram depending on the randomly
elected samples. This may make it difficult to conclude which
NRAS 533, 1211–1232 (2024) 
echanisms drive the motion of outer discs given the selected
amples. 

It is worth noting that the two populations discussed here are based
n different assumptions regarding α. The first assumes universal
ombinations of α, including αSS , out , which dominates the disc
xpansion (see Section 4.3 ), while the second assumes varying α
mong individuals. It is likely that a more realistic case is in between,
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ut measurements of αSS in the outer disc by ALMA observations 
ary by orders of magnitude (Flaherty et al. 2015 , 2017 , 2018 ; Teague
t al. 2018 ; Flaherty et al. 2020 ), and are limited in constraining the
istribution of αSS (Alessi & Pudritz 2022 ). 
A more detailed and larger scale population synthesis (such as 

msenhuber et al. 2023 ), which is out of the scope of our toy
opulation study, has the potential to constrain the preferred disc 
roperties, such as αSS , αDW 

, the lever arm λ and even the dead
one size, based on present theories by comparing with observations 
tatistically. Ho we ver, our limited knowledge on disc fundamental 
roperties, such as distributions of disc masses and sizes, which 
re inputs to population modelling, and biased observations as 
eferences, may limit the usefulness of such comparison. 

 IMP LIC ATIONS  A N D  LIMITATIONS  

.1 Obser v ational implications 

revious research seeking mechanisms responsible for the angular 
omentum transport associates the mechanisms with either gas disc 

izes (e.g. Najita & Bergin 2018 ; Manara et al. 2022 ; Trapman et al.
022 ; Zagaria et al. 2022 ) or the stellar accretion rates (Alexander
t al. 2023 ). When gas discs spread o v er time, transport of angular
omentum is attributed to viscosity; otherwise, magnetized winds 

re considered instead. The distribution of stellar accretion rates 
lso serves as a proxy for the two mechanisms. Ho we ver, these two
bservational diagnostics may only trace local disc physics (in the 
uter and inner disc, respectively) when a more realistic disc model 
ccounting for the ‘dead/wind zone’ is employed. 

The incorporation of MHD winds in the disc alters the disc lifetime
nd the dominant process of mass removal (Section 4.4 and 4.5 ) from
he traditional viscous disc in this study, indicating that winds can 
emo v e angular momentum with higher efficiency. 4 But in some 
hybrid’ models, the inner and outer discs still behave like a viscous
isc, i.e. accreting for the former (Section 4.1 ), and expanding 
Section 4.3 ) for the latter. That is to say, for an individual disc
volving similarly to some ‘hybrid’ models, even if we can observe its 
as size growing, or its accretion rate behaving like that of a viscous
isc o v er an unrealistically long time (a few million years), we can
nly conclude that viscosity dominates the expansion in the outer 
isc or the stellar accretion in the inner disc. The problem becomes
ore complicated when we are limited to observing demographic 

snapshots’ of evolving populations. In such a case, we cannot ignore 
he pitfall presented by disc ‘personalities’, which make statistically 
dentifying how gas disc sizes vary with time challenging (Section 6 ).

Previous studies investigating the dominant mechanisms over disc 
volution simply assume a homogeneous αDW 

or αSS for the entire 
isc and remain ambiguous in the use of ‘disc evolution’. When a
hybrid’ disc with ‘dead/wind zones’ is considered, angular momen- 
um can be transported by different mechanisms in different regions 
f one disc. ‘Disc evolution’ can point to the evolution of stellar
ccretion rates, disc sizes and also mass loss fractions by different 
rocesses, which can be distinct from angular momentum transport. 
evertheless, characterizing disc sizes and stellar accretion rates, 

nd studying them in demographics still remain crucial. Although 
he y hav e limited capability in signifying the major contributor to the
lobal angular momentum transport, i.e. how the angular momentum 
 This is likely a consequence of the well-known fact that the lifetime of a 
ind-driven disc is significantly shorter than that of a viscous disc for the 

ame α. 

m
o  

t  

m
m

s transported at any radii of a specific disc, they do inform the
ominant mechanisms of local angular momentum transport, i.e. 
ow the angular momentum is transported in the very inner disc, in
he intermediate disc, and in the outer disc. 

.2 Limitations 

he models presented in this work are relatively simple and are
ot able to precisely reproduce complete ‘personalities’ of proto- 
lanetary discs. One of the major uncertainties is from our lack of
onstraints on the strengths and configurations of magnetic fields, 
nd their evolution. The lever arm λ is assumed to be a time-
ndependent parameter (see also in Kadam et al. in preparation), 
nd the evolution of magnetic fields ( αDW 

∝ � 

−ω 
g ) is treated in an

 v ersimplified way in our study. External radiation and disc −disc
nteraction in dense environments are efficient in modifying the disc 
izes (e.g. Vincke & Pfalzner 2016 ; Winter et al. 2018 ; Coleman
 Haworth 2022 ), but are also not considered here. The outer disc

xpansion due to magnetic fields beyond the radius truncated by 
xternal photoe v aporation (Yang & Bai 2021 ) is not included in our
ind analytical solution. Additionally, we only consider ‘hybrid’ 
iscs as discs simultaneously driven by viscosity and winds, and the
ominant mechanism only varies with locations. A more realistic 
ase might be that the dominant mechanism also varies with time
Long et al. 2022 ), i.e. the majority of angular momentum is probably
ransported by different mechanisms at different times. 

We have also not explored the interaction between gas and dust in
he disc evolution. While small dust is well-coupled to the gas, larger
ust, which suffers radial drift (e.g. Birnstiel, Dullemond & Brauer 
010 ), behaves differently from the g as. The dust/g as dynamics
an be further complicated by the coagulation and fragmentation of 
articles, which can change the size distribution of dust (e.g. Birnstiel
t al. 2010 ), and by the dust back-reaction on the gas when the dust-
o-gas ratio is non-negligible (e.g. Dipierro et al. 2018b ). All of these
esult in significant differences between the radial distributions of 
ust and gas. While ALMA no w allo ws gas observations with higher
esolution and sensitivity, the vast majority of observations still only 
race the dust. Inclusion of dust components in future studies, with
he aid of radiative transfer techniques, would potentially allow us 
o study how dust evolves in ‘hybrid’ discs with ‘dead/wind zone’

odels. Meanwhile, a full scale population synthesis factoring in 
isc ‘personalities’ can provide insight into correlations we inferred 
rom observations (e.g. Zormpas et al. 2022 ; Delussu et al. 2024 ). 

 C O N C L U S I O N  

n this paper, we have run a suite of 1D gas simulations (a total of 92
ndividual models) to study the evolution of ‘hybrid’ protoplanetary 
iscs regulated by radially varying α-parametrized viscosity ( αSS ( r))
nd magneto-hydrodynamic winds ( αDW 

( r)), as well as internal 
hotoe v aporation. Our models are broadly consistent with current 
nderstanding of protoplanetary discs in terms of several properties, 
uch as stellar accretion rates, gas disc sizes and lifetimes. We
ary αSS , αDW 

, the disc initial characteristic radius R c , 0 and the
dead/wind zone’ outer edge R dz , out in the ‘hybrid’ models, and 
ompare the evolution of their properties with those of ‘naive’ 
odels (purely viscous and wind-only discs). This understanding 

f ‘hybrid’ discs is further applied to the population level to examine
he ef fecti veness of gas disc sizes in differentiating the dominant

echanisms transporting angular momentum. We summarize the 
ain results as follows: 
MNRAS 533, 1211–1232 (2024) 
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(i) The radially varying α invariably creates gas substructures
round the inner ( R dz , in ) and outer ( R dz , out ) edges of the ‘dead/wind
one’. The disc surface density profiles from models in this study
an be classified into three categories by their morphologies. How-
ver, we caution that the stability of these substructures requires
nvestigation with 2D and 3D hydrodynamic simulations. 

(ii) Comparison with ‘naive’ models shows that ‘hybrid’ discs
ehave mainly like viscous discs in terms of stellar accretion rates
nd disc expansion, but behave like wind-driven discs in terms of
umulative mass loss and lifetimes. 

(iii) We measure disc sizes in three ways: the characteristic radius
 c , beyond which the surface density drops sharply; the transition

adius R t , delimiting the accreting ( Ṁ ( R) > 0) inner disc from the
preading ( Ṁ ( R) < 0) outer disc; and the outer radius R o , defined
y a threshold surface density. The first two consistently increase for
ll the ‘hybrid’ models explored here, while the third contracts when
agnetized winds dominate the outer disc (when the parametrization

f the magnetic field evolution leads to αDW , out / αSS , out > 10 at late
imes). 

(iv) Winds originating from a radius larger than the disc inner edge
ay only be able to drive local accretion where winds dominate. The

act that viscosity still drives the observed stellar accretion rate for
hybrid’ discs places obstacles in differentiating two mechanisms by
he distribution of stellar accretion rates. 

(v) We conducted two small-scale population syntheses, with the
rst fixing α but varying initial disc masses, initial characteristic
adii and ‘dead/wind zone’ outer edges, and the second additionally
arying α. The gas disc expansion over time vanishes unless discs
re observed at very high-sensitivity ( � thres = 10 −4 g cm 

−2 ), which
pproaches the limitation set by photodissociation of 12 CO . This re-
eals that identifying the dominant mechanism of angular momentum
ransport in the outer disc from measuring disc sizes in ‘snapshot’
emographics can be more challenging than previously thought. 
(vi) Our ‘hybrid’ models show that the inclusion of magnetized

inds substantially changes the disc evolution time-scale, and the
umulative mass loss fractions by different physical processes. This
mplies that winds may transport angular momentum more efficiently
han viscosity does. Ho we ver, the physical processes dominating
ngular momentum transport can differ from those go v erning stellar
ccretion and disc expansion. As a result, stellar accretion rates and
as disc sizes may be less valid proxies of global angular momentum
ransport but good indicators for the local angular momentum
ransport. Other observable diagnostics should be considered jointly
n order to determine the dominant mechanism in transporting the

ajority of angular momentum in the disc. 
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PPENDIX  A :  C O D E  TESTING  

Our numerical results (coloured lines) are plotted o v er the analytical
olutions (indicated by grey shades at the corresponding time),
hich are normalized to the initial accretion time-scale t acc , 0 =
 c, 0 / (3 εc c s , c ̃  α( t = 0)). ˜ α( t = 0) is the summation of αDW 

and αSS at
 = 0. εc and c s , c are the aspect ratio ( H /R) and sound speed at the
nitial characteristic radius R c, 0 , respectively. Here, we fix the initial
DW 

or αSS to be 10 −3 . In cases where both effects are considered,
he same value (10 −3 ) is assigned to each, giving rise to ˜ α( t = 0) =
 × 10 −3 . Fig. A1 shows that numerical results match well with the
NRAS 533, 1211–1232 (2024) 

igure A1. Comparison between the analytical and numerical solutions on 
he gas surface density for different scenarios. Numerical solutions are shown 
n polychromic lines for different times normalized to the initial accretion 
ime-scale and analytical solutions are shown in monochronic lines. 
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nalytical solutions for the pure wind and the hybrid cases, but are a
ittle off for the pure viscosity case and the � c -dependent case in the
ater evolutionary stage. We attribute the deviation in the former to
he zero-torque boundary condition imposed in the inner boundary.
he latter arises from the numerical discretization and is further
omplicated by the dependence of αDW 

on the disc mass computed
rom the surface density ( αDW 

∝ M d ( t) −ω ). The variation of � g 

an result in changes in αDW 

and these quantities jointly determine
ccretion rates driven by viscosity and MHD winds, which in turn
lter the disc mass and hence the surface density profile. Ho we ver,
ven though the relative difference in the surface density between
he numerical and the analytical solution looks large, the absolute
ifference is negligible, as only 10 −5 of the initial gas disc mass
emains at t = 4 t acc , 0 . 

PPENDI X  B:  MEASUREMENTS  O F  T H E  

HARACTERI STI C  R A D I U S  R c 

he two-fold physical meaning of R c : the ‘cut-off’ radius, beyond
hich the surface density drops exponentially; and the radius

nclosing 63 per cent of the total disc mass, inspires us to characterize
t from two approaches. First, we measure d log � g /d log R for every
wo adjacent cells and then compute the distribution of these slopes,
hich is further used to calculate cumulative frequency-weighted

lopes by varying the fraction of slopes included in the calculation.
e use the initial surface density, where the R c, 0 is determined,

o calibrate the threshold fraction. We also make sure R c is always
e yond an y gas substructures present in the profile. The characteristic
adius R c e v aluated in this way is denoted as R c , exp . Secondly, we
easure the radius that encloses 63 per cent of total disc mass and

enote it as R 63 . 
For each model, we measure R c every 0 . 5 Myr by both approaches

nd compare them. The relative differences between two R c are
ithin 30 per cent for more than 70 per cent measured disc sizes. The

emaining ∼ 30 per cent disc sizes are mainly ( ∼ 94 per cent) from
iscs falling in Category A (see Section 4.2 ), especially for those with
 large αSS , out = 10 −2 . The small αDW , dz enhances mass accumulation
n the intermediate disc while the large αSS , out facilitates the disc
xpansion in the outer disc, enhancing the disparity in the surface
ensity around R dz , out and pushing R 63 to a smaller radius than its
nitial location. When the jump in the surface density is smoothed
y the viscosity at later times, R 63 returns to be comparable to R c , exp 

relati ve dif ferences < 30 per cent). Hence, in this study, we use
 c , exp as the characteristic radius R c . 

PPENDI X  C :  DI STRI BU TI ON  O F  MEASURED  

2 CO DISC  SIZE  

e collated gas disc sizes traced by 12 CO from previous studies
Barenfeld et al. 2017 ; Ansdell et al. 2018 ; Facchini et al. 2019 ;
asassus et al. 2021 ; K urto vic et al. 2021 ; Law et al. 2021 ; Pegues
t al. 2021 ; Sanchis et al. 2021 ; Yu et al. 2021 ; Law et al. 2022 ;
ong et al. 2022 ; Antilen et al. 2023 ; Law et al. 2023b ). We ignore

he differences in disc sizes characterized by different rotational
ransitions, 12 CO (2–1) and 12 CO (3–2), as they tend to be less
han 10 per cent (Trapman et al. 2019 ). These sizes are measured
n two approaches. When the measurement is directly performed in
he image plane, a disc size enclosing a certain fraction (commonly
8 or 90 per cent) of the total flux density is either obtained from
n increasing elliptical aperture (e.g. Ansdell et al. 2018 ), or an
zimuthally averaged radial intensity profile of the disc (e.g. K urto vic
t al. 2021 ; Long et al. 2022 ). The other method first requires an
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Figure C1. Histogram of gas disc sizes R CO , 90 traced by 12 CO (2–1) or 
12 CO (3–2) from recent observations. For discs that are measured multiple 
times, maximum measurements (yellow) and minimum measurements (grey) 
are taken, respectively, and presented in two separate distributions. 
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nput for the visibility modelling, and then measures the disc size 
rom the modelled image plane following methods mentioned abo v e. 
ommonly used models for visibilities from previous studies are 
igure D1. Distributions of initial disc masses M d (upper left panel), initial charac
upper right panel), αDW , dz (lower left panel), αDW , out (lower middle panel), and αS
aussian, Nuker and power-law models (e.g. Barenfeld et al. 2017 ;
anchis et al. 2021 ). 
We define the size as a radius enclosing 90 per cent of the total

ux density ( R CO , 90 ). For literature that uses 68 per cent ( R CO , 68 )
nstead, we simply assume discs are Gaussian and convert R CO , 68 to
 CO , 90 by multiplying a factor of 1.42 (Sanchis et al. 2021 ). If discs

re explicitly denoted as non-Gaussian in previous studies, we adopt 
he R CO , 68 directly. For example, some discs in Sanchis et al. ( 2021 )
re modelled with Nuker profiles and only R CO , 68 is provided. Discs
easured in the visibility plane and modelled using a non-Gaussian 

unction, specifically a power-law function in this instance (Barenfeld 
t al. 2017 ), have their sizes as reported in the literature here. The
argest and smallest measurements are taken separately for discs that 
ave been measured multiple times and plotted in two distributions 
n Fig. C1 . 

PPENDI X  D :  DI STRI BU TI ONS  O F  VA RY IN G  

A R A M E T E R S  IN  T H E  P O P U L AT I O N  

YNTHESIS  

ig. D1 shows the distributions of parameters, including initial disc 
asses M d , initial characteristic radii R c, 0 , ‘dead/wind zone’ outer

dges R dz , out , αDW , dz , αDW , out , and αSS , out for 1000 samples in the first
nd second populations described in Section 6 . 
MNRAS 533, 1211–1232 (2024) 

teristic radii R c , 0 (upper middle panel), ‘dead/wind zone’ outer edges R dz , out 

S , out (lower left panel) drawn for the first and second populations. 
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PPENDIX  E:  LIST  O F  SIMULATIONS  

 full list of 92 models carried out in this study and their results
n disc lifetimes, cumulative mass-loss fractions by wind extraction,
tellar accretion, and photoe v aporation. 
NRAS 533, 1211–1232 (2024) 

able E1. Summary of simulations that we have studied in Section 4 . Columns 2
see Section 4.4 ). Columns 8–10 give the cumulative mass-loss fractions of wind e

No. α

αDW , dz αDW , out αSS , out 

(1) (2) (3) (4) 

visc. 1 × 10 −3 1 × 10 −3 1 × 10 −3 

wind 1 × 10 −3 1 × 10 −3 1 × 10 −3 

1 5 × 10 −4 1 × 10 −5 3 × 10 −4 

2 5 × 10 −4 1 × 10 −5 1 × 10 −3 

3 5 × 10 −4 1 × 10 −5 1 × 10 −2 

4 5 × 10 −4 1 × 10 −4 3 × 10 −4 

5 5 × 10 −4 1 × 10 −4 1 × 10 −3 

6 5 × 10 −4 1 × 10 −4 1 × 10 −2 

7 5 × 10 −4 1 × 10 −3 3 × 10 −4 

8 5 × 10 −4 1 × 10 −3 1 × 10 −3 

9 5 × 10 −4 1 × 10 −3 1 × 10 −2 

10 1 × 10 −3 1 × 10 −5 3 × 10 −4 

11 1 × 10 −3 1 × 10 −5 1 × 10 −3 

12 1 × 10 −3 1 × 10 −5 1 × 10 −2 

13 1 × 10 −3 1 × 10 −4 3 × 10 −4 

14 1 × 10 −3 1 × 10 −4 1 × 10 −3 

15 1 × 10 −3 1 × 10 −4 1 × 10 −2 

16 1 × 10 −3 1 × 10 −3 3 × 10 −4 

17 1 × 10 −3 1 × 10 −3 1 × 10 −3 

18 1 × 10 −3 1 × 10 −3 1 × 10 −2 

19 1 × 10 −2 1 × 10 −5 3 × 10 −4 

20 1 × 10 −2 1 × 10 −5 1 × 10 −3 

21 1 × 10 −2 1 × 10 −5 1 × 10 −2 

22 1 × 10 −2 1 × 10 −4 3 × 10 −4 

23 1 × 10 −2 1 × 10 −4 1 × 10 −3 

24 1 × 10 −2 1 × 10 −4 1 × 10 −2 

25 1 × 10 −2 1 × 10 −3 3 × 10 −4 

26 1 × 10 −2 1 × 10 −3 1 × 10 −3 

27 1 × 10 −2 1 × 10 −3 1 × 10 −2 

28 5 × 10 −4 1 × 10 −5 3 × 10 −4 

29 5 × 10 −4 1 × 10 −5 3 × 10 −4 

30 5 × 10 −4 1 × 10 −5 3 × 10 −4 

31 5 × 10 −4 1 × 10 −5 3 × 10 −4 

32 5 × 10 −4 1 × 10 −5 3 × 10 −4 

33 5 × 10 −4 1 × 10 −5 1 × 10 −3 

34 5 × 10 −4 1 × 10 −5 1 × 10 −3 

35 5 × 10 −4 1 × 10 −5 1 × 10 −3 

36 5 × 10 −4 1 × 10 −5 1 × 10 −3 

37 5 × 10 −4 1 × 10 −5 1 × 10 −3 

38 5 × 10 −4 1 × 10 −5 1 × 10 −2 

39 5 × 10 −4 1 × 10 −5 1 × 10 −2 

40 5 × 10 −4 1 × 10 −5 1 × 10 −2 

41 5 × 10 −4 1 × 10 −5 1 × 10 −2 

42 5 × 10 −4 1 × 10 −5 1 × 10 −2 

43 5 × 10 −4 1 × 10 −4 1 × 10 −2 

44 5 × 10 −4 1 × 10 −4 1 × 10 −2 

45 5 × 10 −4 1 × 10 −4 1 × 10 −2 

46 5 × 10 −4 1 × 10 −4 1 × 10 −2 

47 5 × 10 −4 1 × 10 −4 1 × 10 −2 

48 1 × 10 −3 1 × 10 −5 3 × 10 −4 

49 1 × 10 −3 1 × 10 −5 3 × 10 −4 

50 1 × 10 −3 1 × 10 −5 3 × 10 −4 
–6 list parameters for each simulation. Column 7 provides lifetimes of discs 
xtraction, stellar accretion, and internal photoe v aporation. 

Radius (au) Lifetime Mass loss fraction 
R c , 0 R dz , out (Myr) Wind Acc. PE 

(5) (6) (7) (8) (9) (10) 

60 – > 12 – 0.84 0.16 
60 – ∼ 5 . 1 0.87 0.13 –
60 30 10.37 0.49 0.20 0.31 
60 30 7.79 0.55 0.22 0.23 
60 30 4.13 0.63 0.26 0.11 
60 30 10.36 0.53 0.20 0.27 
60 30 7.68 0.57 0.23 0.21 
60 30 4.11 0.63 0.26 0.11 
60 30 5.87 0.71 0.23 0.06 
60 30 6.06 0.67 0.23 0.10 
60 30 3.88 0.65 0.26 0.09 
60 30 8.93 0.52 0.18 0.30 
60 30 6.72 0.59 0.20 0.21 
60 30 3.52 0.66 0.23 0.11 
60 30 9.00 0.56 0.18 0.26 
60 30 6.64 0.60 0.20 0.20 
60 30 3.49 0.66 0.23 0.11 
60 30 5.03 0.74 0.21 0.05 
60 30 5.22 0.71 0.21 0.08 
60 30 3.28 0.68 0.23 0.09 
60 30 7.27 0.57 0.16 0.27 
60 30 5.51 0.63 0.18 0.19 
60 30 2.82 0.70 0.20 0.10 
60 30 7.41 0.60 0.16 0.24 
60 30 5.44 0.64 0.18 0.18 
60 30 2.79 0.71 0.20 0.09 
60 30 4.11 0.77 0.19 0.04 
60 30 4.24 0.74 0.19 0.07 
60 30 2.57 0.72 0.20 0.08 
60 75 7.89 0.59 0.21 0.20 
60 135 8.02 0.65 0.22 0.13 
120 30 > 12.00 0.59 0.22 0.19 
120 75 11.60 0.48 0.15 0.37 
120 135 11.88 0.56 0.16 0.28 
60 75 6.71 0.63 0.22 0.15 
60 135 7.51 0.67 0.22 0.11 
120 30 11.16 0.47 0.18 0.35 
120 75 9.79 0.55 0.17 0.28 
120 135 10.89 0.61 0.17 0.22 
60 75 4.96 0.68 0.24 0.08 
60 135 6.48 0.70 0.23 0.07 
120 30 5.96 0.59 0.23 0.18 
120 75 6.47 0.66 0.21 0.13 
120 135 8.62 0.69 0.20 0.11 
60 75 4.95 0.68 0.24 0.08 
60 135 6.47 0.70 0.23 0.07 
120 30 5.91 0.60 0.23 0.17 
120 75 6.46 0.66 0.21 0.13 
120 135 8.61 0.69 0.19 0.11 
60 75 5.19 0.64 0.19 0.17 
60 135 4.37 0.71 0.20 0.09 
120 30 > 12.00 0.53 0.17 0.30 
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Table E1 – continued 

No. α Radius (au) Lifetime Mass loss fraction 
αDW , dz αDW , out αSS , out R c , 0 R dz , out (Myr) Wind Acc. PE 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

51 1 × 10 −3 1 × 10 −5 3 × 10 −4 120 75 8.65 0.52 0.14 0.34 
52 1 × 10 −3 1 × 10 −5 3 × 10 −4 120 135 7.34 0.61 0.15 0.24 
53 1 × 10 −3 1 × 10 −5 1 × 10 −3 60 75 4.22 0.67 0.20 0.13 
54 1 × 10 −3 1 × 10 −5 1 × 10 −3 60 135 4.01 0.72 0.21 0.07 
55 1 × 10 −3 1 × 10 −5 1 × 10 −3 120 30 9.94 0.50 0.16 0.34 
56 1 × 10 −3 1 × 10 −5 1 × 10 −3 120 75 7.21 0.59 0.16 0.25 
57 1 × 10 −3 1 × 10 −5 1 × 10 −3 120 135 6.50 0.66 0.16 0.18 
58 1 × 10 −3 1 × 10 −4 1 × 10 −2 60 75 2.77 0.72 0.22 0.06 
59 1 × 10 −3 1 × 10 −4 1 × 10 −2 60 135 3.36 0.74 0.21 0.05 
60 1 × 10 −3 1 × 10 −4 1 × 10 −2 120 30 5.24 0.63 0.21 0.16 
61 1 × 10 −3 1 × 10 −4 1 × 10 −2 120 75 4.19 0.69 0.19 0.12 
62 1 × 10 −3 1 × 10 −4 1 × 10 −2 120 135 4.79 0.73 0.18 0.09 
63 1 × 10 −2 1 × 10 −5 3 × 10 −4 60 75 3.00 0.69 0.18 0.13 
64 1 × 10 −2 1 × 10 −5 3 × 10 −4 60 135 1.18 0.75 0.19 0.06 
65 1 × 10 −2 1 × 10 −5 3 × 10 −4 120 30 10.47 0.44 0.11 0.45 
66 1 × 10 −2 1 × 10 −5 3 × 10 −4 120 75 5.81 0.57 0.13 0.30 
67 1 × 10 −2 1 × 10 −5 3 × 10 −4 120 135 3.24 0.67 0.14 0.19 
68 1 × 10 −2 1 × 10 −5 1 × 10 −2 60 75 1.38 0.76 0.19 0.05 
69 1 × 10 −2 1 × 10 −5 1 × 10 −2 60 135 0.68 0.78 0.19 0.03 
70 1 × 10 −2 1 × 10 −5 1 × 10 −2 120 30 4.47 0.67 0.18 0.15 
71 1 × 10 −2 1 × 10 −5 1 × 10 −2 120 75 2.78 0.73 0.16 0.11 
72 1 × 10 −2 1 × 10 −5 1 × 10 −2 120 135 1.78 0.76 0.16 0.08 
73 1 × 10 −2 1 × 10 −4 1 × 10 −2 60 75 1.38 0.76 0.19 0.05 
74 1 × 10 −2 1 × 10 −4 1 × 10 −2 60 135 0.68 0.78 0.19 0.03 
75 1 × 10 −2 1 × 10 −4 1 × 10 −2 120 30 4.44 0.67 0.18 0.15 
76 1 × 10 −2 1 × 10 −4 1 × 10 −2 120 75 2.77 0.73 0.16 0.11 
77 1 × 10 −2 1 × 10 −4 1 × 10 −2 120 135 1.77 0.77 0.16 0.07 
78 1 × 10 −2 1 × 10 −3 3 × 10 −4 60 75 2.77 0.78 0.19 0.03 
79 1 × 10 −2 1 × 10 −3 3 × 10 −4 60 135 1.58 0.79 0.19 0.02 
80 1 × 10 −2 1 × 10 −3 3 × 10 −4 120 30 7.72 0.75 0.15 0.10 
81 1 × 10 −2 1 × 10 −3 3 × 10 −4 120 75 6.16 0.76 0.15 0.09 
82 1 × 10 −2 1 × 10 −3 3 × 10 −4 120 135 4.36 0.78 0.15 0.07 
83 1 × 10 −2 1 × 10 −3 1 × 10 −3 60 75 2.48 0.77 0.19 0.04 
84 1 × 10 −2 1 × 10 −3 1 × 10 −3 60 135 1.25 0.78 0.19 0.03 
85 1 × 10 −2 1 × 10 −3 1 × 10 −3 120 30 7.00 0.71 0.15 0.14 
86 1 × 10 −2 1 × 10 −3 1 × 10 −3 120 75 4.96 0.74 0.15 0.11 
87 1 × 10 −2 1 × 10 −3 1 × 10 −3 120 135 3.26 0.76 0.15 0.09 
88 1 × 10 −2 1 × 10 −3 1 × 10 −2 60 75 1.35 0.76 0.19 0.05 
89 1 × 10 −2 1 × 10 −3 1 × 10 −2 60 135 0.70 0.78 0.19 0.03 
90 1 × 10 −2 1 × 10 −3 1 × 10 −2 120 30 4.09 0.70 0.18 0.12 
91 1 × 10 −2 1 × 10 −3 1 × 10 −2 120 75 2.68 0.74 0.16 0.10 
92 1 × 10 −2 1 × 10 −3 1 × 10 −2 120 135 1.77 0.77 0.16 0.07 
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ig. F1 is visualization of data below the dividing line in Table E1 . 
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Figure F1. A similar diagram to Fig. 9 fo
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