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ABSTRACT

Observational surveys of entire star-forming regions have provided evidence of power-law correlations between the disc integrated
properties and the stellar mass, especially the disc mass (Md ∝ M⋆

λm ) and the accretion rate (Ṁ ∝ M⋆
λacc ). Whether the secular disc

evolution affects said correlations is still a matter of debate: while the purely viscous scenario has been investigated, other evolutionary
mechanisms could have a different impact. In this paper, we study the time evolution of the slopes λm and λacc in the wind-driven
and viscous-wind hybrid case and compare it to the purely viscous prediction. We use a combination of analytical calculations, where
possible, and numerical simulations performed with the 1D population synthesis code Diskpop, that we also present and release
to the community. Assuming Md(0) ∝ M⋆

λm,0 and Ṁ(0) ∝ M⋆
λacc,0 as initial conditions, we find that viscous and hybrid accretion

preserve the power-law shape of the correlations, while evolving their slope; on the other hand, MHD winds change the shape of
the correlations, bending them in the higher or lower end of the stellar mass spectrum depending on the scaling of the accretion
timescale with the stellar mass. However, we show how a spread in the initial conditions conceals this behaviour, leading to power-
law correlations with evolving slopes like in the viscous and hybrid case. We analyse the impact of disc dispersal, intrinsic in the
wind model and due to internal photoevaporation in the viscous case: we find that the currently available sample sizes (∼ 30 discs
at 5 Myr) introduce stochastic oscillations in the slopes evolution, which dominate over the physical signatures. We show that we
could mitigate this issue by increasing the sample size: with ∼ 140 discs at 5 Myr, corresponding to the complete Upper Sco sample,
we would obtain small enough error bars to use the evolution of the slopes as a proxy for the driving mechanism of disc evolution.
Finally, from our theoretical arguments we discuss how the observational claim of steepening slopes necessarily leads to an initially
steeper Md − M⋆ correlation with respect to Ṁ − M⋆.

Key words. protoplanetary discs – accretion, accretion discs – planets and satellites: formation

1. Introduction

The secular evolution of protoplanetary discs is deeply inter-
twined with both the planet formation process (Morbidelli et al.
2012) and the accretion onto the central protostar (Hartmann
et al. 1998). Planetesimals, the building blocks of planets, form
and evolve within the disc following the dynamics of either the
gaseous or solid component, depending on their relative size and
their coupling (or lack thereof) with the gas particles; on the
other hand, the protostar is fed by the disc itself, through the
accretion of material that loses angular momentum and drifts in-
wards. The ideal ground to explore the connection between pro-
toplanetary discs and their host stars is provided by large surveys
of entire star-forming regions, targeting the properties of both

⋆ email: alice.somigliana@eso.org

discs and protostars; the last decade has seen a significant obser-
vational effort in the direction of these population-level studies,
also thanks to the advent of facilities like the Atacama Large
Millimeter Array (ALMA) (see the PPVII reviews by Manara
et al. 2023; Miotello et al. 2023).

Disc masses and accretion rates are arguably the most stud-
ied integrated disc properties. Accretion rates are inferred from
the spectra of the central stars, which show an excess emission
(especially prominent in the UV) when accretion is taking place;
surveys performed across different star-forming regions (Muze-
rolle et al. 2003; Natta et al. 2004; Mohanty et al. 2005; Dulle-
mond et al. 2006; Herczeg & Hillenbrand 2008; Rigliaco et al.
2011; Manara et al. 2012; Alcalá et al. 2014; Manara et al. 2016;
Alcalá et al. 2017; Manara et al. 2017; Venuti et al. 2019; Man-
ara et al. 2020) agree on the presence of a power-law correlation
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between the accretion rate and the stellar mass, Ṁ ∝ M⋆
λacc,obs

(following the notation of Somigliana et al. 2022). On the other
hand, disc masses have traditionally been determined from ob-
servations of the sub-mm continuum emission of the solid com-
ponent of discs; due to the large number of assumptions involved
in converting sub-mm fluxes into total disc masses (see Miotello
et al. 2023), one of the current main goals of the protoplane-
tary disc community is the accurate determination of total disc
masses - both from dynamical constraints (Veronesi et al. 2021;
Lodato et al. 2023) and direct measurements of the total gas
content (e.g., Bergin et al. 2013; Anderson et al. 2022; Trap-
man et al. 2022). Despite the systematic uncertainties involved
in their determination, dust-based disc masses also seem to show
a power-law correlation with the stellar mass, Md ∝ M⋆

λm,obs ,
across different star-forming regions (Ansdell et al. 2016, 2017;
Barenfeld et al. 2016; Pascucci et al. 2016; Testi et al. 2016,
2022; Sanchis et al. 2020).

The existence of the disc mass-stellar mass and accretion
rate-stellar mass correlations is now generally accepted; how-
ever, there is no consensus on the physical reason behind their
establishment and their evolution with time. While the Ṁ − M⋆

correlation appears to have a roughly constant slope1 of λacc,obs ≈

1.8 ± 0.2 (as first suggested by Muzerolle et al. 2003 and sup-
ported by many of the following works mentioned above), the
Md−M⋆ correlations is claimed to be steepening with time (Ans-
dell et al. 2017), from the lowest λm,obs(t ∼ 1 Myr) = 1.7 ± 0.2
(Taurus) to the highest λm,obs(t ∼ 5 Myr) = 2.4 ± 0.4 (Upper
Sco). Whether these correlations reflect the initial conditions of
disc populations, or are rather a product of the secular evolution,
is still under debate. Both possibilities have been discussed for
the Ṁ − M⋆ correlation: Alexander & Armitage (2006) have as-
sumed it to hold as initial condition, favouring the correlation
to be present in young populations, whereas Dullemond et al.
(2006) have derived it from a simple model of disc formation
from a rotating collapsing core, which provided an explanation
for evolved disc populations. At the same time, the claimed in-
crease in the slope of Md − M⋆ does suggest an evolutionary
trend; Somigliana et al. (2022) have found that, assuming power-
law correlations between both Md and Ṁ and the stellar mass as
initial conditions, secular evolution can indeed alter the slopes
of the correlations themselves (see Section 3 for details). How-
ever, their analysis was limited to the standard viscous evolu-
tion paradigm, whereas the driving mechanism of accretion is
far from being constrained (see Manara et al. 2023 for a review).

The traditional viscous accretion model prescribes a macro-
scopic viscosity as the cause of redistribution of angular mo-
mentum within the disc (Lynden-Bell & Pringle 1974; Pringle
1981). In this scenario, while part of the material loses angular
momentum and moves radially closer to the star, some other ma-
terial gains the same amount of angular momentum and moves
further away, effectively increasing the disc size. The viscous
paradigm can explain many key features of disc evolution, but
it cannot account for disc dispersal - as determined from the ob-
servational evidence of exponentially decreasing fraction of both
disc-bearing (Hernández et al. 2007) and accreting (Fedele et al.
2010) sources in star-forming regions with time; furthermore,
the low levels of turbulence detected in discs (Pinte et al. 2016;
Flaherty et al. 2018; Rosotti 2023) appear incompatible with the
observed evolution. While the discrepancy in the disc and accre-
tion fraction can be mended considering mechanisms such as in-
ternal or external photoevaporation (Alexander et al. 2014; Win-

1 Throughout this work, we use ’slope’ as a synonym of power-law
index, referring to the correlations in the logarithmic plane.

ter et al. 2018), that effectively clear discs on timescales com-
parable with the observed decline, the tension between the ex-
pected and observed amount of turbulence does not appear to be
solved yet. On the other hand, the MHD disc winds scenario
offers a promising alternative. Pioneering work (Blandford &
Payne 1982; Ferreira 1997) supported by recent numerical simu-
lations (e.g., Béthune et al. 2017) demonstrated that MHD winds
launched from the disc surface have the net effect of removing
angular momentum as a consequence of the extraction of mate-
rial; SMHD wind-driven accretion can even lead to disc dispersal
(Armitage et al. 2013; Tabone et al. 2022b). Following disc evo-
lution at population level in numerical simulations remains out
of reach; however, three-dimensional core-collapse simulations
have shown how non-ideal magnetohydrodynamics and ambipo-
lar diffusion play a fundamental role in shaping the resulting
population of early-type young stellar objects (Lebreuilly et al.
2021, 2024). While some 3D studies of isolated disc formation
have attempted to bridge the gap between Class 0/I and Class II
stages (Machida & Hosokawa 2013; Hennebelle et al. 2020; Xu
& Kunz 2021a,b; Machida & Basu 2024; Mauxion et al. 2024),
the high numerical cost of the simulations for 3D population syn-
thesis does not allow to follow the evolution of the discs up to
very evolved stages where they can be considered isolated from
the surrounding environment. MHD wind-driven disc popula-
tions can however be modelled in 1D using simple prescriptions
as proposed by Suzuki et al. (2016) or Tabone et al. (2022a). De-
tecting characteristic signatures of either of the two evolutionary
prescriptions is a compelling issue (Long et al. 2022; Alexander
et al. 2023; Somigliana et al. 2023; Trapman et al. 2023; Cole-
man et al. 2024).

In the context of the evolution of the correlations between the
disc properties and the stellar mass, while the purely viscous sce-
nario has been extensively studied by Somigliana et al. (2022),
the wind-driven paradigm remains unexplored; with this paper,
we address this deficiency and investigate the impact of MHD
wind-driven evolution on the Md−M⋆ and Ṁ−M⋆ correlations,
with a particular focus on their time evolution and the compari-
son with the purely viscous paradigm. We also extend the work
of Somigliana et al. (2022) by including internal photoevapora-
tion to the viscous framework. We employ numerical simulations
of populations of protoplanetary discs, performed with the pop-
ulation synthesis code Diskpop, which we also introduce and
release to the community.

The paper is structured as follows: in Section 2, we present
Diskpop and describe its main features, set up and solution algo-
rithm; in Section 3, we discuss the time evolution of the Md−M⋆

and Ṁ − M⋆ correlations in three evolutionary scenarios from
the theoretical perspective; in Section 4, we show the impact of
a spread in the initial conditions and dispersal mechanisms on
the evolution of the slopes, and we present the numerical results
obtained from realistic disc population synthesis; in Section 5
we interpret the implications of our findings in the context of the
observational determination of the slopes, and finally in Section
6 we draw the conclusions of this work.

2. Numerical methods: Diskpop

In this Section we present the 1D population synthesis code
Diskpop2. We describe the master equation for the secular evo-
2 Diskpop and the output analysis library popcorn can be installed via
the Python Package Index, pip install diskpop and pip install
popcorn_diskpop. The full documentation and tutorials are available
at https://alicesomigliana.github.io/diskpop-docs/index.html. If you use
Diskpop in your work, please cite this paper (Somigliana et al. 2024).

Article number, page 2 of 17



Somigliana, A. et al.: The Md − M⋆ and Ṁ − M⋆ correlations trace disc dispersal

lution of discs (Section 2.1), the initial conditions to generate a
synthetic population (Section 2.2), the solution algorithm (Sec-
tion 2.3), and the user interface and output (Section 2.4). For a
more detailed description, we refer to the code documentation;
for a validation of the code, see Appendix C.

2.1. Master equation

The master equation of protoplanetary disc evolution,

∂Σ

∂t
=

3
r
∂

∂r

[
1
Ωr

∂

∂r

(
r2αSSΣcs

2
)]
+

3
2r

∂

∂r

[
αDWΣcs

2

Ω

]
−

3αDWΣcs
2

4(λ − 1)r2Ω
− Σ̇photo, (1)

describes the time evolution of the gas surface density in the
most general framework, where Σ is the gas surface density,
Ω the Keplerian orbital frequency, αSS the Shakura & Sunyaev
(1973) α parameter, αDW the MHD equivalent of αSS (Tabone
et al. 2022a), cs the sound speed, and λ the magnetic lever arm
parameter, which quantifies the ratio of extracted to initial spe-
cific angular momentum. The four terms on the right hand side
(RHS) refer to (i) the viscous torque, whose strength is parame-
terised by αSS, (ii) the wind-driven accretion, which corresponds
to an advection term, parameterised by αDW, (iii) mass loss due
to MHD disc winds, parameterised by λ and (iv) mass loss due
to other physical phenomena (in our case, we consider inter-
nal and external photoevaporation). Depending on the values of
the specific parameters, Equation (1) can describe a purely vis-
cous (αDW = 0), purely MHD wind-driven (αSS = 0) or hy-
brid (αSS, αDW , 0) evolution, with (Σ̇photo , 0) or without
(Σ̇photo = 0) the influence of photoevaporation. In the follow-
ing, we briefly describe the various evolutionary scenarios and
the available analytical solutions.
Viscously evolving discs. In the case of purely viscous evo-
lution, the MHD winds parameter αDW is set to zero. If we
also neglect the influence of photoevaporation, Equation (1) re-
duces to the first term on the RHS and its solution depends on
the functional form of the effective viscosity, parameterised as
ν = αSScsH (where H is the vertical height of the disc). A pop-
ular analytical solution for viscous discs is the Lynden-Bell &
Pringle (1974) self-similar solution, which assumes viscosity to
scale as a power-law of the radius (ν ∝ Rγ).
MHD winds-driven evolution. There are two classes of analyt-
ical solutions to Equation (1) in the MHD wind-driven scenario,
associated with a specific prescription of αDW (Tabone et al.
2022a). We briefly describe their key features, and refer to the
original paper for their derivation and an in-depth discussion.

1. The simplest class of solutions (so-called hybrid solutions),
which highlight the main features of wind-driven accre-
tion in comparison to the viscous model, assume a con-
stant αDW with time; these solutions depend on the value of
ψ ≡ αDW/αSS, which quantifies the relative strength of the
radial and vertical torque.

2. Another class of solutions, which describe the unknown evo-
lution of the magnetic field strength, assume a varying αDW
with time. To obtain these, Tabone et al. (2022a) parame-
terised αDW(t) ∝ Σc(t)−ω, with Σc = Md(t)/2πRc

2(t) (where
Rc is a characteristic radius) and ω as a free parameter, and
neglect the radial transport of angular momentum (αSS = 0).

Photoevaporation. The generic Σ̇photo term in Equation (1) al-
lows to account for photoevaporative processes, both internal

and external. The exact form of Σ̇photo depends on the specific
model considered; therefore, the availability (or lack thereof) of
analytical solutions needs to be considered case by case.
Diskpop allows to evolve populations of discs analytically.

In particular, as of this release, it includes implementations of
the Lynden-Bell & Pringle (1974) self-similar solution and all
the analytical solution proposed by Tabone et al. (2022a). In the
cases where Equation (1) cannot be solved analytically, the code
relies on the solution algorithm described in Section 2.3.

2.2. Initial conditions and parameters

Every Diskpop simulation begins with the generation of a syn-
thetic population of Young Stellar Objects (YSOs). Each YSO
constitutes of a star and a disc, whose key initial parameters (stel-
lar mass, disc mass, accretion rate, disc radius, evolutionary pa-
rameters αSS, αDW, λ, ω...) can be set by the user. In the follow-
ing, we describe the standard case where we consider the stellar
masses to be distributed according to an Initial Mass Function
(IMF) and correlating with the disc mass and radius, and briefly
mention the other possible choices; for a deeper discussion, we
refer to the Diskpop documentation.
Diskpop assembles YSOs by determining their parameters

as follows:

1. Stellar mass M⋆: determined following the Kroupa (2001)
IMF. Other possible choices are a constant mass for all the
stars in the population, or a set of custom stellar masses.

2. Initial disc mass Md, accretion rate Ṁ: determined from
log-normal distributions of given width and mean value. In
the standard case, Diskpop considers an initial power-law
correlation between the initial Md and Ṁ and the stellar mass
(see Section 3.1 for a detailed discussion), where the normal-
isation at 1 M⊙, the slope and the scatter around the power-
laws are free parameters. If the correlations with the stellar
mass are neglected, the user sets the mean value and spread
of the distributions.

3. Accretion parameters (αSS, αDW, λ, ω): global properties
of the whole population, given as input from the user. By
setting the parameters controlling accretion, Diskpop deter-
mines the disc radius Rd and accretion timescale tacc - which
are instead disc-specific and linked to the disc mass and ac-
cretion rate.

4. Internal photoevaporation parameters (Ṁwind, LX): the to-
tal photoevaporative mass-loss rate, Ṁwind, can either be set
by the user or computed from the stellar X luminosity LX as
(Owen et al. 2012)

Ṁwind = 6.25 × 10−9 ×

(
M⋆

M⊙

)−0.068 (
LX

1030ergs−1

)1.14

M⊙yr−1.

The surface mass-loss profile Σ̇photo (Equation B2 in Owen
et al. 2012) is then scaled so that

∫
2πRΣ̇photodR is equal

to Ṁwind. Like for Md and Ṁ, Ṁwind (or equivalently LX)
is extracted from a log-normal distribution whose mean is
determined assuming power-law correlations with the stel-
lar mass, while the normalisation at 1 M⊙, the slope and the
width of the distribution are free parameters.

5. External photoevaporation parameters (FUV): FUV flux
experienced by each disc, in units of G0

3. This parameter can
3 G0 stands for the Habing unit (Habing 1968), the flux integral over
the range of wavelengths [912 - 2400] Å weighted by the average value
in the solar neighbourhood (1.6×10−3 erg s−1 cm−2).
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be set to any value accessible in the FRIEDv2 grid of mass
loss rate (Haworth et al. 2023), spanning from 1 to 105 G0.

2.3. Solution algorithm

After generating the initial population of YSOs as described
above, Diskpop proceeds to evolve it by integrating the mas-
ter equation (1). Our solution algorithm employs an operator
splitting method: the original equation is separated into different
parts over a time step, and the solution to each part is computed
separately. Then, all the solutions are combined together to form
a solution to the original equation. We split Equation (1) into five
different pieces, related to viscosity, wind-driven accretion onto
the central star, wind-driven mass loss, internal and external pho-
toevaporation respectively. Furthermore, Diskpop includes the
possibility to trace the dust evolution in the disc, which is split
in radial drift and dust diffusion. In the following, we describe
the solution algorithm for each process.

1. Viscous accretion: the standard viscous solver is based on
the freely available code by Booth et al. (2017). We assume
a radial temperature profile T ∝ R−1/2, which results in cs ∝

R−1/4 and H/R ∝ R1/4. Note that this implies ν ∝ R (i.e.,
γ = 1), which will be the case from now on. We assume
H/R = 1/30 at 1 AU and a mean molecular weight of 2.4.
We refer to the original paper for details on the algorithm.

2. Wind-driven accretion: the second term in Equation (1) is
effectively an advection term. The general form of the ad-
vection equation for a quantity q with velocity v is ∂tq(x, t)+
v∂xq(x, t) = 0; in the case of wind-driven accretion, the ad-
vected quantity is RΣ, while the advection (inwards) velocity
is given by vDW = (3αDWHcs)/2R. We solve the advection
equation with an explicit upwind algorithm (used also for
dust radial drift).

3. Wind-driven mass loss: the mass loss term (third in Equa-
tion 1) does not involve any partial derivative, and therefore
is simply integrated in time multiplying by the time step.

4. Internal photoevaporation: effectively, internal photoevap-
oration (implemented through the model of Owen et al.
2012) is another mass loss term - therefore, as above, its
contribution is computed with a simple multiplication by the
time step. Once the accretion rate of the disc drops below
the photoevaporative mass loss rate, a gap opens in the disc
at the radius of influence of photoevaporation: in the model
of Owen et al. (2012), the prescription changes depending
on the radial location in the disc, with respect to the gap it-
self. Later, the gap continues to widen; when it eventually
becomes larger than the disc, we stop the evolution and con-
sider the disc as dispersed.

5. External photoevaporation: for a given stellar mass and
FUV flux experienced by the disc, the mass loss rate aris-
ing from external photoevaporation is obtained, at each ra-
dial position, from a bi-linear interpolation of the FRIEDv2
grid (Haworth et al. 2023) using the disc surface density at
each radial cell. The outside-in depletion of material is im-
plemented following the numerical approach of Sellek et al.
(2020): we define the truncation radius, Rt, as the position
in the disc corresponding to the maximum photoevaporation
rate (which is related to the optically thin/thick transition of
the wind), and we remove material from each grid cell at
R > Rt weighting on the total mass outside this radius. The
mass loss attributed to the cell i can be written as:

Ṁext,i = Ṁtot
Mi

M(R > Rt)
, (2)

where Mi is the mass contained in the cell i, and Ṁtot is the
total mass loss rate outside the truncation radius.

6. Dust evolution4: based on the two populations model by
Birnstiel et al. (2012) and the implementation of Booth et al.
(2017). We consider the dust grain distribution to be de-
scribed by two representative sizes, a constant monomer size
and a time-dependent larger size, which can grow up to the
limit imposed by the fragmentation and radial drift barriers.
We evolve the dust fraction of both sizes following Laibe &
Price (2014), and also include a diffusive term: the diffusion
comes from the coupling with the turbulent gas, which has
the effect of mixing the dust grains, counteracting gradients
in concentration (Birnstiel et al. 2010). The dust-gas relative
velocities are computed following Tanaka et al. (2005) and
include feedback on the gas component. We refer to Booth
et al. (2017) for details on the numerical implementation.
Dust evolution is included in the release of Diskpop, how-
ever the scientific results presented in this work are based on
gas simulations only.

The separate pieces of Equation (1) must be solved over
the same time step to be joined in a coherent solution. We cal-
culate the time step for each process imposing the Courant-
Friedrichs-Lewy (CFL) condition. The CFL condition reads
∆t = Cmin(∆x/v) and ensures that, within one time step ∆t,
the material moving at velocity v does not flow further than one
grid spacing ∆x. The Courant number C must be positive and
smaller than 1, with C = 1 corresponding to the maximum al-
lowed timestep to keep the algorithm stable. In our implementa-
tion, we pick C = 0.5. We use zero gradients boundary condi-
tions, setting the value of the first and last cell in our grid to that
of the second and second to last. We solve the equation on a ra-
dial grid of 103 points with power-law spacing and exponent 1/2,
extending from 3×10−3 au to 104 au. From the physical point of
view, this choice corresponds to assuming boundary layer accre-
tion (see., e.g., Popham et al. 1993; Kley & Lin 1996) - however
the difference from magnetic truncation accretion is negligible
beyond ∼ 10−3 au.

After each process has been solved separately, all the pieces
are put back together to compute the new surface density, from
which the integrated disc quantities are then calculated. As each
disc evolves independently of the others in the population, the
solver can easily be run in parallel.

2.4. User interface and output

The user interface of Diskpop is a .json parameters file which in-
cludes all the user-dependent parameters. Aside from the number
of objects in the population and the evolutionary mechanism, the
user can set the chosen IMF (either Kroupa 2001, single stellar
mass, or custom input file), the distributions to draw the disc pa-
rameters from (single value, flat, normal, log-normal), as well as
the normalisation, slope and spread of the correlations, the times
at which snapshots are generated, and the initial dust-to-gas ra-
tio. Furthermore, the user can determine a limit disc mass: this is
to be intended as a threshold below which the disc would not be
detectable anymore, and is therefore considered dispersed in the
simulation as well. When a disc is dispersed, the corresponding
YSO turns into a Class III object consisting of the central star
only.

4 As the dust evolution module was forked from Richard Booth’s
repository, users of Diskpop who wish to use dust in their work ought
to cite Booth et al. (2017) together with this paper.
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The output of Diskpop is a .hdf5 file containing the proper-
ties of both the disc and the star at all chosen time steps for each
YSO in the population: this includes the stellar mass, luminos-
ity, temperature, disc mass, accretion rate, accretion timescale,
gas and dust surface density, disc radius, dust grain sizes. The
output can be easily read and analysed with the dedicated library
popcorn, released with the code. For a more in-depth descrip-
tion of the parameters, the user interface and the output, we refer
to the Diskpop documentation.

3. The time evolution of the correlations between
disc properties and stellar mass under different
accretion drivers: analytical considerations

Parameter Description

λ Magnetic lever arm parameter
ψ Wind-to-turbulent α ratio
ω Power-law index of αDW with Σc

ξ Mass ejection index
fM,0 Initial mass ejection-to-accretion ratio

λm Power-law index of Md with M⋆ (Eq. 3)
λacc Power-law index of Ṁ with M⋆ (Eq. 3)
ζ Power-law index of Rd with M⋆ (Eq. 3)
β Power-law index of H/R with M⋆

µ Power-law index of tacc with M⋆

δ λm − λacc

Table 1. Summary and description of the parameters used throughout
the paper: the top block refers to the MHD parameters defined in Tabone
et al. (2022a), while the bottom block shows the slopes of the correla-
tions between the disc properties and the stellar mass.

The existence of power-law correlations between the main
integrated disc properties - namely the disc mass and stellar ac-
cretion rate - and the stellar mass is supported by various sur-
veys across a number of different star-forming regions (e.g., on
Md − M⋆: Ansdell et al. 2016; Barenfeld et al. 2016; Pascucci
et al. 2016; Testi et al. 2016; on Ṁ − M⋆: Muzerolle et al. 2003;
Natta et al. 2004; Mohanty et al. 2005; Alcalá et al. 2014; Man-
ara et al. 2016; Alcalá et al. 2017; Manara et al. 2017; Venuti
et al. 2019; Manara et al. 2020; Testi et al. 2022). However,
whether the establishment and subsequent evolution of said cor-
relations is a product of the secular evolution of discs, or rather
an imprint of the initial conditions, remains unclear. Somigliana
et al. (2022) explored a combination of both possibilities, assum-
ing the correlations to hold as initial conditions and investigating
the impact of purely viscous evolution; we briefly recall their
main theoretical results (Section 3.1) and extend their analysis
to the hybrid (Section 3.2) and purely wind-driven (Section 3.3)
models from the theoretical perspective. We note that the results
presented in this work are based on gas simulations.

Following Somigliana et al. (2022), we assume power-law
correlations between the disc properties and the stellar mass to
hold as initial conditions. We focus on the disc mass Md, the stel-
lar accretion rate Ṁ and the disc radius Rd, and label the slopes
of their correlations with the stellar mass λm, λacc, and ζ respec-
tively. The initial correlations are set as follows:


Md(0) ∝ M⋆

λm,0 ,

Ṁ(0) ∝ M⋆
λacc,0 ,

Rd(0) ∝ M⋆
ζ0 .

(3)

To analyse the impact of secular evolution on this set of ini-
tial conditions, we analytically determine the evolved expres-
sions for Md(t), Ṁ(t) and Rd(t) in the three different scenarios.
Table 1 summarises the parameters introduced in this Section.

3.1. Purely viscous model

The full calculations for the purely viscous case can be found
in Somigliana et al. (2022). Here, we briefly remind the main
assumptions and results, and we refer to the original paper for a
detailed discussion.

As mentioned in Section 2.1, assuming a power-law scaling
of viscosity with the disc radius (ν ∝ Rγ) allows to solve the
viscous evolution equation analytically, recovering the so-called
self-similar solution (Lynden-Bell & Pringle 1974). In this case,
the disc mass and accretion rate read

Md(t) = Md,0

(
1 +

t
tν

)1−η

, (4)

Ṁ(t) = (η − 1)
Md,0

tν

(
1 +

t
tν

)−η
, (5)

where η = (5/2 − γ)/(2 − γ) and the viscous timescale tν =
Rc

2/[3(2− γ)2ν(R = Rc)] at the characteristic radius Rc. Because
Ṁ0 ∝ Md,0/tν,0, a power-law scaling of Md,0 and Ṁ0 with the stel-
lar mass implies the viscous timescale tν,0 to scale as a power-law
with the stellar mass as well, which we define as tν,0 ∝ M⋆

µ0 ; fur-
thermore, this scaling corresponds to the difference between the
scaling of the disc mass with the stellar mass and of the accre-
tion rate with the stellar mass. Defining δ0 = λm,0 − λacc,0, in this
case µ0 = δ0

5; therefore, the scaling of tν,0 with the stellar mass
is determined by the relative values of λm,0 and λacc,0. The main
results of Somigliana et al. (2022) are that (i) viscous evolution
maintains the power-law shape of the correlations between the
stellar mass and the disc parameters, however (ii) the slope of
said correlations may evolve with time, depending on the ini-
tial conditions. This is because in a purely viscous framework,
the Md − Ṁ correlation is bound to reach a linear correlation
with slope unity (Lodato et al. 2017; Rosotti et al. 2017), which
implies the two quantities to have the same dependence on the
stellar mass, as Md/Ṁ ∝ M⋆

λm−λacc . Therefore, λm and λacc must
eventually reach the same value, determined by the initial condi-
tions as

λm,evo = λacc,evo =
3λm,0 − λacc,0

2
. (6)

Depending on the sign of δ0 = λm,0 − λacc,0, the initial slopes can
either

– steepen, i.e. λm,evo > λm,0, if δ0 > 0 (implying also
λacc,evo > λacc,0);

5 The definition of δ0 might seem redundant at this stage, but it will
become important in the following discussion.
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– flatten, i.e. λm,evo < λm,0, if δ0 < 0 (implying also
λacc,evo < λacc,0);

– remain constant, i.e. λm,evo = λm,0, if δ0 = 0 (implying
also λacc,evo = λacc,0).

Because in the viscous case δ0 = µ0, where we note again that
µ0 is the slope of the correlation between the viscous timescale
and the stellar mass (tν,0 ∝ M⋆

µ0 ), we can also interpret these
scenarios from the viscous timescale perspective. If µ0 > 0,
meaning that the viscous timescale increases with the stellar
mass, discs around less massive stars will have shorter viscous
timescales, which leads to a faster evolution, compared to discs
around more massive stars, which will in turn have longer vis-
cous timescales. This uneven evolution across the stellar mass
spectrum leads to a steepening of the linear correlation, as is vi-
sualised by Somigliana et al. (2022) in Figure 1. The same rea-
soning, but with opposite/constant trend, applies to the other two
scenarios.

3.2. Hybrid model - ω = 0

In the hybrid viscous and MHD winds model, the general ana-
lytical solution by Tabone et al. (2022a) gives

Md(t) = M0

(
1 +

t
(1 + ψ)tacc,0

)−(ψ+2ξ+1)/2

, (7)

Ṁ(t) = Ṁ0

(
1 +

t
(1 + ψ)tacc,0

)−(ψ+4ξ+3)/2

, (8)

where Ṁ0 is defined as

Ṁ0 =
ψ + 1 + 2ξ
ψ + 1

M0

2tacc,0

1
(1 + fM0 )

; (9)

in this notation, ψ = αDW/αSS represents the relative strength of
MHD winds and viscosity,

ξ =
1
4

(ψ + 1)


√

1 +
4ψ

(λ − 1)(ψ + 1)2 − 1


is the mass ejection index quantifying the local mass loss rate to
the local accretion rate, and fM,0 = (Rc,0/Rin)ξ−1 the dimension-
less mass ejection-to-accretion ratio (with Rin initial disc radius).
If we neglect the MHD-driven mass loss (ψ ≪ 1 and ξ ≪ 1,
which correspond to fM,0 ≪ 1 as well), Equations (7) and (8)
reduce to the viscous case; on the other hand, if mass loss is
included, it depends on the radial extent of the disc through
fM,0+1 - which has an impact on the initial accretion rate (Equa-
tion 9). Because the accretion timescale tacc is a generalisation
of tν in the MHD winds framework, the dependence of the two
timescales on the stellar mass is exactly equivalent, and we will
keep the same notation as above: tacc ∝ M⋆

µ. However, as men-
tioned above Ṁ0 depends on the stellar mass not only through
M0 and tacc,0 as in the viscous case, but also through fM,0 + 1.
As fM,0 + 1 ∝ Rc,0

ξ, and Rc,0 ∝ M⋆
ζ0 , the additional dependence

will have a slope of ζ0ξ. Therefore, in the MHD winds scenario
we can link δ0 with µ0 as δ0 = µ0 + ζ0ξ. The practical meaning
of this difference is that, while in the viscous scenario the dif-
ference in slope between the two correlations depends only on
the scaling of the viscous timescale with the stellar mass, in the

hybrid scenario it depends also on the scaling between the disc
radius and the stellar mass. It is important to note that ξ is a small
number, typically of the order of ∼ 0.1, therefore the difference
between the viscous and hybrid case is not particularly promi-
nent. For evolved populations, the disc mass and accretion rate
read (Tabone et al. 2022a)

Md(t ≫ tacc) ∼ M0

(
t

tacc,0

)−(ψ+2ξ+1)/2

, (10)

Ṁ(t ≫ tacc) ∼ Ṁ0

(
t

tacc,0

)−(ψ+4ξ+3)/2

; (11)

this brings the evolved slopes λm,evo and λacc,evo to

λm,evo = λm,0 +
1
2
µ0(ψ + 2ξ + 1),

λacc,evo = λacc,0 +
1
2
µ0(ψ + 4ξ + 3), (12)

which reduces to Equation (6) in the viscous case (ψ ≪ 1,
ξ ≪ 1). Like viscosity, a hybrid secular evolution maintains
the power-law shape of the correlation; moreover, Equation (12)
provides a theoretical prediction for the evolved slopes: they can
steepen, flatten or remain the same as the initial conditions, de-
pending on the involved parameters. As the terms in parenthe-
ses in Equation (12) are sums of positive values, the sign of the
evolved slopes depends on the sign of µ0 like in the viscous case.
However, there is a difference from the viscous case: as in the
hybrid scenario µ0 and δ0 do not coincide anymore, a constraint
on the value of µ0 is translated into a constraint on δ0 − ζ0ξ. In
particular, the slopes will increase if δ0 > ζ0ξ (corresponding
to µ0 > 0), whereas if δ0 < ζ0ξ (corresponding to µ0 < 0), the
slopes will decrease; and finally, if δ0 = ζ0ξ (corresponding to
µ0 = 0) the slopes will remain constant in time. Another differ-
ence from the viscous scenario is that λm,evo and λacc,evo are not
expected to reach the same value anymore. The limit difference
is given by δevo = λm,evo − λacc,evo: substituting the values from
Equation (12) one finds δevo = δ0 − µ0(ξ + 1), which can be fur-
ther reduced to δevo = ξ(2β + 1

2 ) by using the definition of µ0
as the slope of the tacc,0 − M⋆ correlation. In this expression, β
is the slope of the correlation between the disc aspect ratio and
the stellar mass, which comes from definition of the accretion
timescale; with a standard β = −1/2 (a reasonable approxima-
tion of the value derived by radiative transfer simulation, see e.g.,
Sinclair et al. 2020), we obtain δevo = −ξ/2. As ξ is positive by
definition, in the hybrid scenario δevo is always negative, mean-
ing that in an evolved population, the correlation between the ac-
cretion rate and the stellar mass will necessarily be steeper than
that between the disc mass and the stellar mass. However, we
stress once more that ξ is a small number and therefore the pre-
dicted difference is also small. Figure 1 shows the evolution of
the slopes from Diskpop simulations (with no spread in the ini-
tial conditions) for the hybrid model (coloured) compared with
the viscous case (grey), which matches the theoretical expecta-
tions discussed above. The list of parameters used in the simula-
tions is available in Table A.1.

Summarising, both the hybrid and viscous secular evolution
preserve the power-law shape of the correlations between the
disc properties and the stellar mass. The main difference is that
the hybrid model does not predict the slopes of the Md −M⋆ and
Ṁ − M⋆ correlations to reach the same limit value (unlike the
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Fig. 1. Time evolution of the slopes of the Md − M⋆ and Ṁ − M⋆ correlations, λm and λacc (blue and orange solid line respectively) in the hybrid
scenario with αSS = αDW = 10−3 (ψ = 1), λ = 3, β = 0.5, resulting in ξ = 0.11. The dashed lines represent the expected evolved value of both
slopes, as in Equation (12). For comparison, we include the viscous evolution as well, represented by grey solid (actual evolution) and dashed
(expected evolved value) lines (see Somigliana et al. 2022 for a detailed discussion). The three panels show different values of µ0, slope of the
tacc,0 −M⋆ correlation, which is directly linked to the difference between λm,0 and λacc,0 (see text for details): we expect the slopes to (i) decrease if
µ0 < 0 (left panel), (ii) remain constant if µ0 = 0 (central panel), and (iii) increase if µ0 > 0 (right panel). Contrary to the viscous case, the slopes
are not expected to reach the same value anymore, but rather settle to a constant difference of −ξ/2. This difference is always negative, meaning
that the evolved Ṁ − M⋆ correlation is always steeper than that of Md − M⋆ (explaining the lines crossing in the right panel).
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Fig. 2. Time evolution of Md − M⋆ (left) and Ṁ − M⋆ (right) in the pure wind model (ω , 0). This plot is obtained with disc population synthesis
modelling, without any spread in the initial conditions. Each dot represents a disc in the population at different ages as shown in the colour bar.
The initial power-law correlation, shown in light blue, is lost as early as ∼ 1 Myr (corresponding to ∼ 2 < tacc,0 > with these parameters) due
to a downward bending corresponding to lower stellar masses. In this simulation, we have used N = 100 discs, αDW = 10−3, λ = 3, ω = 0.25,
λm,0 = 2.1, λacc,0 = 1.5. The set of MHD parameters is based on Tabone et al. 2022a.

viscous case). The predicted difference in the evolved slopes is
given by δevo = −ξ/2 (of the order of 0.1). The current obser-
vational uncertainties on δevo range from 0.4 to 0.8 (Testi et al.
2022, see Table 3), 4 to 8 times larger than the predicted differ-
ence, making it not observable at this stage.

3.3. Pure wind - ω , 0

The solution to the pure wind model (i.e., time-dependent αDW
through αDW(t) ∝ Σc(t)−ω) by Tabone et al. (2022a) gives

Md(t) = M0

(
1 −

ω

2tacc,0
t
)1/ω

, (13)

Ṁ(t) =
M0

2tacc,0(1 + fM,0)

(
1 −

ω

2tacc,0
t
)−1+1/ω

; (14)

in this case, the functional form of Equation (13) and (14)
does not allow us to derive a simple analytical expression for
Md(t ≫ tacc) and Ṁ(t ≫ tacc). Therefore, to explore the evo-
lution of the correlations in the pure wind case, we fully rely
on Diskpop simulations. In order to account for the impact of
secular evolution only, we input perfect correlations between the
disc properties and the stellar mass - that is, we do not include
any spread in the initial conditions. Figure 2 shows the time evo-
lution of Md (left panel) and Ṁ (right panel) as a function of
the stellar mass, from younger (darker) to older (lighter) popula-
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tions. The input power-law correlation (light blue) corresponds
to a line in the logarithmic plane; however, as early as ∼ 1 Myr
(corresponding to ∼ 2 < tacc,0 > for this simulation), the in-
put correlation starts to bend downwards at lower stellar masses.
This behaviour reveals a significantly different trend from the
viscous and hybrid model: in the pure wind scenario, the initial
power-law shape of the correlations is not preserved by the secu-
lar evolution, but rather broken. In Figure 2, the faster evolution
of discs around lower mass stars is the consequence of a posi-
tive µ0, implying a positive correlation between the stellar mass
and the accretion timescale; a negative correlation between M⋆

and tacc,0 (i.e., a negative µ0) would lead to faster evolution of
discs around higher mass stars, causing the correlation to bend
towards the other end of the stellar mass spectrum (see Figure
B.1). Another parameter that might impact the evolution of the
correlation is the dispersal timescale, tdisp; in the wind-driven
case, tdisp ∝ tacc, therefore tdisp does not introduce any further
dependence on the stellar mass.

4. Population synthesis

In Section 3 we have discussed analytical trends, and presented
simulations with no spread to analyse the effect of secular disc
evolution alone on the evolution of the slopes. In order to test
our theoretical predictions against observational data, we need
to account for both a spread in the initial conditions and disc
dispersal mechanisms. In this Section, we discuss the impact of
both factors on the Md − M⋆ and Ṁ − M⋆ slopes and run real-
istic population synthesis simulations, to determine whether the
model-dependent evolutionary features described in Section 3
would be observable with the currently available data.

4.1. Effects of a spread in the initial conditions

The introduction of an observationally-motivated spread in the
initial conditions is crucial to produce realistic population syn-
thesis model. In the purely viscous case, Somigliana et al. (2022)
have shown how the spread does not significantly impact the evo-
lution of either the Md − M⋆ or Ṁ − M⋆ correlations; the shape
of the curves (grey in Figure 1) is unaffected, except for their
starting point, and the statistical fluctuation - determined as the
interval between the 25th and 75th percentile out of 100 realisa-
tions of numerical simulations with the same initial conditions
- is of the order ∼ 0.1 for both slopes. This is a factor two less
than the smallest observational uncertainty, and therefore does
not produce a detectable difference in the predicted results.

Following Somigliana et al. (2022), we set σMd (0) = 0.65
dex and σR(0) = 0.52 dex (determined from Ansdell et al. 2017
and Testi et al. 2022) for the log-normal distributions of Md(0)
and Rd(0) in the hybrid scenario (with αSS = αDW = 10−3 hence
ψ = 1, λ = 3, ω = 0). We find that, just like in the purely viscous
case, a spread in the initial conditions only shifts the starting
point of the curves (coloured in Figure 1) and does not have any
significant effect on the shape of the evolution of the slopes (see
Figure 5-6-7 in Somigliana et al. 2022). The statistical fluctua-
tion for both slopes is again of the order of 0.1, and therefore
below the observational error and not impacting our predictions.

On the other hand, wind-driven models with increasing αDW
in time and a spread in the initial conditions (Figure 3) behave
quite differently from the theoretical expectation discussed in
Section 3.3. As the spread introduces a stochastic component,
the discs will have higher or lower masses and accretion rates
with equal probability; the practical result for the initial correla-
tions is that the bending towards lower stellar masses (approxi-

mately log10(M⋆/M⊙) < 0.5 in Figure 2) is lost to the stochastic
displacement of the discs in the Md − M⋆ and Ṁ − M⋆ planes.
Actually, the resulting distribution of discs both in the Md − M⋆

and Ṁ − M⋆ log-log plane does simulate a linear correlation;
this implies that, while the stellar mass and the disc properties
should not exhibit a linear correlation already after a few tacc,
the presence of a spread mimics such correlation, making the
wind-driven scenario indistinguishable from the viscous and hy-
brid ones. The one feature that remains observable, despite the
presence of a spread, is the removal of discs around more or
less massive stars - depending on the value of µ0, as discussed
in Section 3.3; in the simulation shown in Figure 3 we have set
µ0 > 0, implying that discs around less massive stars evolve
more rapidly and are therefore more readily dispersed, as is vi-
sualised by the lack of sources around lower stellar masses at
evolved ages.

Summarising, an initial power-law correlation between the
disc properties and the stellar mass would keep its power-law
shape under wind-driven evolution, like in the viscous or hybrid
case; however, the interpretation of the observed correlations is
different depending on the theoretical framework. While the vis-
cous and hybrid models preserve an initially established corre-
lation, making the characteristic evolution of the slopes λm and
λacc a tracer of disc evolution itself, the apparent correlation ob-
served in wind-driven populations is merely a signature of the
initial spread, rather than the evolutionary mechanism at play.

4.2. Accounting for disc dispersal: internal photoevaporation

Out of the three theoretical scenarios discussed so far, wind-
driven evolution is the only one that manages to reproduce the
disc and accretion fraction (as measured by Hernández et al.
2007 and Fedele et al. 2010 respectively) - and therefore, the
only one whose predictions can reasonably be compared with
observations. Traditionally, the problem of disc dispersal in vis-
cous populations is addressed by including internal photoevap-
oration (see e.g., Hollenbach et al. 1994; Clarke et al. 2001;
Alexander et al. 2006a,b): in this Section, we discuss the impact
of internal photoevaporation on the previously described expec-
tations for the evolution of the slopes in the purely viscous sce-
nario. As the lack of analytical solutions to the general equation
(1) does not allow for analytical arguments, we base the follow-
ing discussion on physical considerations.

Internal photoevaporation is a threshold process, that kicks in
after the accretion rate drops below the photoevaporative mass-
loss rate (Clarke et al. 2001). The moment where the effect of
photoevaporation becomes non-negligible depends therefore on
the initial accretion rate: assuming for simplicity a fixed photo-
evaporation rate for the whole population, as the accretion rate
scales positively with the stellar mass we can expect discs around
lower mass stars to show the effects of photoevaporation ear-
lier. Moreover, given that the disc mass also scales positively
with the stellar mass, said sources correspond to the less mas-
sive ones in the population. From these considerations, we can
expect discs with lower initial mass to be the first ones to be af-
fected by photoevaporation, causing a steepening of the Md−M⋆

and Ṁ − M⋆ correlations. However, photoevaporation also dis-
perses discs: removing sources from the population may alter the
expected behaviour, hence the need to perform numerical simu-
lations to understand the evolution of the correlations for a pop-
ulation of discs undergoing internal photoevaporation. Our sim-
ulations remove discs either because the photoevaporative gap
becomes too large, or because the disc mass or accretion rate fall
below a certain detectability threshold. As we mentioned above,

Article number, page 8 of 17



Somigliana, A. et al.: The Md − M⋆ and Ṁ − M⋆ correlations trace disc dispersal
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Fig. 3. Same as Figure 2 with the addition of a spread in the initial correlations between the disc properties and the stellar mass (σMd (0) = 0.65
dex, σRd (0) = 0.52 dex). Despite the linear correlation being readily broken in theory (see Section 3.3), the scatter introduced by the spread in
the initial conditions simulates the correlation also at more evolved ages. As an example, we show the fitted line at 5 Myr (the age of the oldest
observed population) in both panels (log10(Md/M⊙) = 3.1 log10(M⋆/M⊙) − 3.3, log10(Ṁ/M⊙yr−1) = 2.5 log10(M⋆/M⊙) − 10.4).

the dispersal timescale tdisp might also play a role, if it has a dif-
ferent scaling with the stellar mass with respect to the accretion
timescale (tν in the viscous case). Our numerical implementation
of internal photoevaporation follows Owen et al. (2010), and we
assume a mass-loss rate of 4 × 10−10 M⊙ yr−1 - which allows us
to reproduce the observed disc fraction for the set of parameters
of our simulation - for all discs in the population; therefore, no
further M⋆ dependence is introduced, and the tν − M⋆ scaling is
the only one that matters. We stress that a stellar mass-dependent
photoevaporative rate is expected (Picogna et al. 2021): we ex-
plore the influence of such dependence on disc observables in an
upcoming work (Malanga et al. in prep.). We discuss the results
of our Diskpop simulations in the following Section.

4.3. What are the slopes tracing?

Figure 4 shows the time evolution of the Md − M⋆ slope for 15
realisations with the same initial conditions for the viscous plus
photoevaporative (central panel) and wind-driven (right panel)
models, both reproducing the observed disc and accretion frac-
tions, compared to the purely viscous scenario (left panel). The
initial number of discs in the populations was determined to re-
cover a certain number of objects at 5 Myr (increasing from top
to bottom), and varies in the different simulations, as the decline
(or lack thereof) of the disc fraction is model-dependent (see Fig-
ure 6 of Somigliana et al. 2023).

The number of objects in the simulation displayed in the first
row was set to obtain ∼ 30 discs at 5 Myr, corresponding to the
currently available sample size in Upper Sco, the oldest observed
star-forming region. In the left panel, we see how the evolution
of the slope in the purely viscous model is not significantly af-
fected by a spread in the initial conditions: the single realisations
resemble each other remarkably well, the only difference being
the starting point of the curve (as found by Somigliana et al.
2022). On the other hand, the photoevaporative and wind-driven
models have a dissimilar behaviour: each realisation can deviate
substantially from the others, as we can particularly notice by the
location, amplitude and direction of the bumps. The key differ-
ence between these models and the purely viscous case is disc
dispersal: the stochastic nature of the slope evolution suggests
that it does not trace the underlying secular disc evolution, like

in the viscous scenario, but rather carry the signatures of disc
dispersal itself - making it impossible to use the evolution of the
slopes as a proxy for accretion mechanisms. There are two main
factor that play a role in this context:

1. Initial conditions and spread in the correlations. The ex-
act evolution of the slopes will depend on the initial condi-
tions, both of the disc mass-stellar mass correlations them-
selves and of the population-wide parameters. Furthermore,
the removal of discs from the population would not impact
the results of the fitting procedure only if there was per-
fect correlations between the disc parameters and the stellar
mass; with a spread in the initial correlations, on the other
hand, the results may differ depending on which discs in the
population are dispersed;

2. Small number statistics. Depending on the initial number
of objects, disc removal can lead to small samples - so small
that it might lead to low number statistics issues. This is the
case for the top row of Figure 4, where the number of objects
at 10 Myr is of the order of 10 or lower.

In this work, we have used one specific set of parameters
(summarised in Table A.1), determined following Somigliana
et al. (2022) (viscous model) and Tabone et al. (2022a) (hy-
brid and wind-driven), and we leave a deeper exploration of
the parameters space to a future work. While the exact shape
of the slope evolution, and therefore the accretion model sig-
nature, might depend on the initial conditions, the top panel of
Figure 4 shows that with the current sample sizes the noise dom-
inates over the physical evolution. However, the currently avail-
able sample of the oldest star-forming region (Upper Sco) with
both disc masses (derived from the millimetre flux, Barenfeld
et al. 2016) and accretion rate (Manara et al. 2020) estimates
is highly incomplete; it is therefore worth investigating whether
a higher level of completeness would help reducing the entity
of the oscillations, allowing to disentangle between the different
evolutionary models.

The central and bottom rows of Figure 4 show how a larger
sample would impact the oscillations of the slope evolution. The
simulations in the middle row are performed imposing a double
sample size at 5 Myr with respect to the current one (∼ 60 discs),
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Fig. 4. Time evolution of the slope of the Md−M⋆ correlation for 15 statistical realisations in the purely viscous (left, αSS = 10−3), photoevaporative
(centre, Ṁw = 4 × 10−10M⊙/yr, αSS = 10−3) and wind-driven (right, ω = 0.25, λ = 3, αDW = 10−3) model. The dashed lines show the median
evolution, while the shaded area represents the interval between the 25th and the 75th percentiles. The three rows show different sample sizes,
increasing from top to bottom. The initial size of each population was chosen to obtain a certain number of discs at 5 Myr (the age of the oldest
observed population, Upper Sco) with the different disc fractions. In the top row, we match the current size of the Upper Sco sample(∼ 30 objects,
Testi et al. 2022) with both accretion rate and disc mass measurements; the middle row shows double the current sample size (∼ 60 objects),
while the bottom row assumes a complete sample (∼ 140 objects). While the viscous model produces a remarkably similar evolution for all
simulations, the latter two show stochastic oscillations from one realisation to another, suggesting that disc dispersal impacts the observed slope
more than the evolutionary model does - at least with the currently available sample sizes; increasing the number of sources significantly mitigates
the oscillations. The slope of the Ṁ − M⋆ correlation behaves the same way.

while in the bottom row we assume to have the complete Up-
per Sco sample, totalling ∼ 140 discs (Carpenter et al. in prep.).
We remind that we focus on Upper Sco as the oldest observed
star-forming region, which makes it the most affected by disc
dispersal.

As expected, statistical significance increases with a larger
sample, leading to a decreased impact of the oscillations on the
global slope evolution; with the complete sample, in particular,
we can reduce the spread in the evolution by a factor of ∼ 2
compared to the current available data. This argument confirms
the importance of larger sample sizes in discriminating between
the viscous and wind-driven models, as already suggested by
Alexander et al. (2023) in the context of the accretion rates dis-
tribution.

As we mentioned in Section 4.2, our simulations consider
discs as dispersed if their masses or accretion rates fall below
the imposed detectability threshold of 10−12 M⊙ yr−1. We have
also included a threshold in accretion rates in post-processing to

account for non-accreting objects. From the observational point
of view, this latter selection depends on both the instrumental
sensitivity and the definition of disc itself: how Class II objects
are defined, and in turn how Class III sources are removed from
the observed samples, impacts the resulting slope. Summarising,
with the current sample sizes, the evolution of the slopes is sig-
nificantly more affected by disc dispersal than it is by secular
evolution; therefore, at the state of the art, it cannot be used as
a proxy to disentangle between the different evolutionary mod-
els. Increasing the sample size would allow to reduce the effect
of low number statistics, potentially allowing to observe the dif-
ferent evolution of the slopes under the two evolutionary mech-
anisms; we further discuss this possibility in the following Sec-
tion.
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Fig. 5. Comparison of the time evolution of λm (top) and λacc (bottom) between the viscous+photoevaporative and wind-driven case including
measured slopes from four star-forming regions. To account for statistical fluctuations, each simulation combines 100 realisations of the same
initial conditions: the lines show the median evolution, while the shaded area represent the interval between the 25th and 75th percentiles. The
simulations in the three columns differ for the initial number of discs, determined to obtain a specific sample size at 5 Myr - currently available
sample (left), double the currently available sample (centre) and the complete sample (right). Observed slopes from Testi et al. (2022).

5. The observational relevance of the slopes

Observed star-forming regions have both a spread in the initial
conditions in addition to some disc dispersal mechanism (be it
photoevaporation or MHD winds); as we discussed in Section
4.3, with the current sample sizes, the statistical significance of
the observationally-determined slopes is undermined and their
evolution traces disc dispersal, rather than the accretion mech-
anism. In this Section, we perform a statistical analysis of our
simulated slopes and compare them with the currently available
measurements; furthermore, we show the relevance of measur-
ing the slopes despite these limitations and discuss the conditions
under which they allow us to put constraints on disc evolution.

5.1. Comparison of different evolutionary models

Figure 5 shows the comparison of the evolution of the slopes
between the viscous + photoevaporative (solid line) and wind-
driven (dashed line) models for both the Md − M⋆ and Ṁ − M⋆

correlations (top and bottom row, respectively), including the
measured slopes in four star-forming regions from Testi et al.
(2022) as grey dots. As we mentioned above, both models lead
to disc dispersal consistently with the observed disc and accre-
tion fraction (shown in Figure 6 of Somigliana et al. 2023); the
three columns show simulations performed with a different ini-
tial number of discs, increasing from left to right, to obtain a
different sample size at 5 Myr according to the predicted decline
of observed discs. Like in Figure 4, the number of objects at 5
Myr is ∼ 30, ∼ 60 and ∼ 140 from left to right, increasing from

the currently available measurements in Upper Sco to the virtu-
ally complete sample. To estimate the effect of statistical fluctu-
ations, given by the spread in the initial conditions, we ran 100
simulations for each set up: the solid and dashed lines represent
the median evolution, while the intervals between the 25th and
75th percentile are visualised by the shaded areas. The grow-
ing shaded area, particularly visible with smaller sample sizes,
is representative of the decreasing amount of sources on which
the fit is performed: with the current sample size (left column),
which leads to ∼ 30 discs at 5 Myr, we end up with a 1σ devia-
tion from the median value of ∼ 0.5 − 0.6. Larger sample sizes
significantly reduce the scatter, leading to σ ∼ 0.4 with a dou-
ble sample and σ ∼ 0.2 for the complete sample, reducing the
current one by a factor 3. As mentioned in Section 4.2, with the
currently available number of objects the dominant role in the
evolution of the slopes is played by disc dispersal, which makes
it difficult to trace the imprint of the secular evolution. The ex-
pected Upper Sco complete sample (right column) allows for a
better separation between the two models - particularly for the
Md−M⋆ correlation: the expected slope in the two scenarios dif-
fers by ∼ 0.5, while the typical uncertainty of the currently mea-
sured slopes is between 0.2 and 0.3. Larger sample sizes would
further decrease this uncertainty, allowing us to discriminate be-
tween the two models based on the slope evolution.

The observed slopes (from Testi et al. 2022) are only in-
cluded in the left column of Figure 5 as they refer to the current
sample size. The main source of uncertainty in the current mea-
surements is given by Upper Sco, mainly due to the incomplete
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µ0 = δ0 − ζ0ξ

ξ µ0 tacc,0 − M⋆ ζ0 Rd − M⋆ δ0 Md − M⋆ (a) and Ṁ − M⋆ (b) ⇒

0
< 0 tacc,0 ↓ M⋆ ↑ any < 0 (a) shallower than (b) =
0 tacc,0 ↔ M⋆ ↑ any 0 (a) as steep as (b) =
> 0 tacc,0 ↑ M⋆ ↑ any > 0 (a) steeper than (b) =

≤ 0 Rd ↓↔ M⋆ ↑ ≤ 0 (a) shallower or as steep as (b) =
< 0 tacc,0 ↓ M⋆ ↑ > 0 Rd ↑ M⋆ ↑ (−∞, ζ0ξ) (a) shallower or steeper than (b)a ,

≤ 0 Rd ↓↔ M⋆ ↑ ≤ 0 (a) shallower or as steep as (b) ◦0 tacc,0 ↔ M⋆ ↑ > 0 Rd ↑ M⋆ ↑ ≥ 0 (a) steeper or as steep as (b) =

≤ 0 Rd ↓↔ M⋆ ↑ (ζ0ξ,+∞) (a) shallower or steeper than (b)b ◦

(0, 1)

> 0 tacc,0 ↑ M⋆ ↑ > 0 Rd ↑ M⋆ ↑ (ζ0ξ,+∞) (a) steeper than (b) =

δevo = ξ(ζ0 − µ0), ξ , 0

δevo Md − M⋆ (a) and Ṁ − M⋆ (b)
< 0 (a) shallower than (b)
0 (a) as steep as (b)
> 0 (a) steeper than (b)

a ζ0ξ is positive, therefore δ0 can either be negative (implying (a) shallower than (b)) or positive (implying (a) steeper than (b)).
b ζ0ξ is negative, therefore the same argument as in a holds.

Table 2. Summary of the different possible theoretical scenarios described in Section 3 to visualise the relative signs of the parameters at play. From
left to right in the top table, the columns show (i) ξ, a proxy for the evolutionary model (viscous if ξ = 0, hybrid or wind-driven otherwise); (ii) µ0,
the slope of the tacc,0 − M⋆ correlation and its implication on the correlation itself; (iii) ζ0, the slope of the Rd − M⋆ correlation, and its implication
on the correlation itself; (iv) δ0 = λm,0 −λacc,0, the difference between the initial slopes of the Md −M⋆ and Ṁ−M⋆ correlations and its implication
on their relative steepness. The final column summarises whether the signs of µ0 and δ0 are necessarily the same (=), necessarily opposite (,)
or can be either (◦). When discussing the implications on correlations, up(down)wards arrows represent an in(de)crease of the parameters, while
horizontal arrows describes the lack of correlation. The different cell colours are purely meant to guide the eye. The top table links the initial
conditions, while the bottom table summarises the implications of the evolved difference in the slopes.

sample; moreover, it is worth pointing out that external photoe-
vaporation is likely to play a significant role in this region (Ana-
nia et al. in prep.). This comparison is meant as a first glance of
the parameters space of the observed slopes, and we anticipate a
proper exploration of the initial conditions once the full sample
will be available.

In the following Section, we discuss the other constraints that
we can put on disc evolution, besides identifying the driving ac-
cretion mechanism.

5.2. What are the slopes telling us, then?

Despite not allowing to conclusively discriminate between dif-
ferent evolutionary scenarios with the current sample sizes, the
slopes of the Md−M⋆ and Ṁ−M⋆ correlations can still help with
constraining other properties from the theoretical considerations
presented in Section 3, which we summarise in Table 2. If we as-
sume an evolutionary model to begin with, and we can estimate
(directly or indirectly) either µ0 or δ0, we can constrain the other
parameter. When discussing the observational determination of
what we have so far referred to as initial conditions, it is impor-
tant to clarify the meaning of "initial". Diskpop deals with and
evolves Class II, potentially Class III, objects; hence, the initial
conditions we input refer to the beginning of the Class II phase,
where the protostellar collapse is over and the disc is already
formed. From the observational point of view, this means that
we expect δ0 and µ0 to refer to young Class II objects - around,
or younger than, approximately 1 Myr. Earlier phases like the
Class 0 and I need a dedicated study, as the accretion of the pro-
tostellar envelope is expected to play a prominent role in those
stages.

In the following, we discuss the constraints we can put in
both directions and comment on their feasibility based on the
currently available estimates of µ0 and δ0.

5.2.1. Constraining δ0 from µ0

Ansdell et al. (2017) claimed λm to be increasing with time.
As shown by Somigliana et al. (2022) and discussed in Section
3, increasing slopes imply that discs around less massive stars
evolve faster than those around more massive stars; this can be
interpreted in terms of increasing accretion timescale with stel-
lar mass, which corresponds to µ0 > 0 (with tacc,0 ∝ M⋆

µ0 ). In
this section we discuss the implications of the increasing slope
scenario on the initial conditions, λm,0 and λacc,0.

The top panel of Table 2 shows the relation between µ0 and
δ0 in the different evolutionary models. As µ0 = δ0 − ζ0ξ, in the
viscous case (corresponding to ξ = 0) we have µ0 = δ0 as men-
tioned in Section 3. This means that, to recover the suggested
increasing slopes scenario, δ0 necessarily needs to be positive -
regardless of the value of any other parameters: this translates
to the initial Md − M⋆ correlation being steeper than Ṁ − M⋆.
In the hybrid and wind-driven case, instead, the implication is
less straightforward as a positive µ0 can lead to opposite signs of
δ0: this is determined by the scaling of the disc radius with the
stellar mass, which is suggested to be (weakly) positive from ob-
servational evidences (e.g., Andrews et al. 2018). In principle, as
δ0 ∈ (ζ0ξ,+∞), the sign of ζ0 determines whether negative values
of δ0 are possible; however, as ξ is a small number (0.1 in this
work), only a limited area of the parameters space would lead
to a negative δ0. Summarising, if we assume increasing slopes
(µ0 > 0) we can constrain the sign of δ0 regardless of the evo-

Article number, page 12 of 17



Somigliana, A. et al.: The Md − M⋆ and Ṁ − M⋆ correlations trace disc dispersal

lutionary model assumed: in both cases δ0 needs to be positive,
which leads to an initially steeper Md − M⋆ than Ṁ − M⋆ corre-
lation.

5.2.2. Constraining µ0 from δevo

Instead of assuming increasing slopes, we can start from the
currently measured values of δevo and estimate δ0 in the differ-
ent evolutionary models. In the viscous case, because δevo = 0,
we focus on the value of the single slopes instead: as λm,evo =
λacc,evo = δ0/2+λm,0, the measured final value of the slopes does
not help in constraining δ0 as it also depends on λm,0. In the hy-
brid case, instead, we have δevo = ξ(ζ0 − µ0), meaning that if
we can determine the sign of δevo we can constrain that of µ0 as
well. While in principle the sign of ζ0 influences that of µ0, as
we mentioned above ζ0 is likely a small number: therefore, ef-
fectively, δevo and µ0 have opposite signs for the vast majority of
the parameters space.

Assuming that the observed disc populations can be consid-
ered evolved enough for the above arguments to hold, we can
estimate δevo from the most recent and homogeneous measure-
ments available of λm and λacc (Testi et al. 2022). The resulting
values of δobs (which we label ’observed’ as opposed to the the-
oretical expectation, ’evolved’), summarised in Table 3, are os-
cillating: out of the four regions L1668, Lupus, Chameleon I and
Upper Sco, we find two positive and two negative median values.
Moreover, in three cases out of four the uncertainties are so large
that δobs would be compatible with both a positive and a negative
value. The difficulty in assessing the sign of δobs from the current
measurements of the slopes make constraining µ0 from δevo not
trivial. Larger sample sizes would give a better measurement of
the slopes and reduce the uncertainty, leading to a more solid de-
termination of the sign of δobs - which would possibly allow to
constrain µ0.

Summarising, the (admittedly not robust) observational evi-
dence pointing towards increasing accretion timescale with stel-
lar mass allows us to constrain the initial correlations between
the stellar mass and disc parameters; regardless of the evolution-
ary model considered, the initial slope of the Md − M⋆ corre-
lation needs to be larger than that of Ṁ − M⋆. The other way
around, constraining the slope of the accretion timescale - stellar
mass correlation from the difference between λm and λacc at the
present time, requires sample sizes larger by at least a factor two.

Region Median age [Myr] δobs
L1668 1 −0.3 ± 0.5
Lupus 2 0.1 ± 0.4
Cha I 2.8 −0.7 ± 0.4

Upper Sco 4.3 0.7 ± 0.8
Table 3. Values of δ derived from the currently available measurements
of λm and λacc (Testi et al. 2022).

6. Conclusions

In this paper, we have investigated the impact of disc evolu-
tion models on the correlations between the stellar mass and the
disc properties - especially the disc mass and the accretion rate.
We have explored the purely viscous, wind-driven, viscous and
wind hybrid, and photoevaporative models. Assuming power-
law correlations to hold as initial conditions, Md(0) ∝ M⋆

λm,0 ,

Ṁ(0) ∝ M⋆
λacc,0 , we performed analytical calculations (where

possible) and population synthesis simulations for both evolu-
tionary scenarios, and compared them with the purely viscous
case discussed in Somigliana et al. (2022). Our main results are
the following:

1. The viscous and hybrid models change the slope of the ini-
tial correlations as function of the evolutionary time, but pre-
serve their shape. In the wind-driven model, instead, the cor-
relations deviate from the original power-law shape: this is
visualised in the logarithmic plane as a bending of the linear
correlation (see Figure 1). The bending direction is towards
the less or more massive stars depending on the scaling of
the accretion timescale with the stellar mass (positive and
negative correlation respectively).

2. The characteristic behaviour of the slopes in the wind-driven
model is concealed by the presence of a spread in the ini-
tial conditions, which introduces a scatter in the correlations
and makes it no longer possible to detect the bending (Fig-
ure 2). This leads to a considerably similar evolution of the
correlations in the different accretion models.

3. Performing our simulations with evolutionary models that
match the disc dispersal timescales (intrinsic in the wind-
driven model and including internal photoevaporation in the
viscous case), we find that the evolution of the slopes is sig-
nificantly impacted by the removal of discs from the popula-
tion (Figure 3). Different realisations of the same simulation
dramatically differ from one another, and show a stochastic
behaviour with large variations (Figure 4). This has both a
physical (presence of a spread in the initial conditions) and
a statistical (low number of objects left after a few Myr of
evolution) reason.

4. While a proper exploration of the parameters space, outside
of the scope of this work, would be needed to assess the
impact of the initial conditions, with the currently available
sample sizes the noise dominates over the physical evolution.

5. Increasing the sample size can mitigate the effects of disc dis-
persal on the evolution of the slope by removing the stochas-
tic effects. We find that, for our parameters choice, the com-
plete sample of Upper Sco (∼ 140 sources) at 5 Myr would
reduce the oscillations enough to make the slopes a proxy for
the evolutionary model (Figure 5).

6. While the currently available sample sizes do not yet allow
to distinguish between the different evolutionary models, we
can use them to put some constraints on the initial condi-
tions. We find that in all evolutionary scenarios, the observa-
tional claim of increasing slopes leads to an initially steeper
correlation between the disc mass and the stellar mass than
between the accretion rate and the stellar mass. The other
possible way, measuring the current slopes and inferring the
correlation between the accretion timescale and the stellar
mass from them, provides weaker constraints because of the
high uncertainties in the current measurements.

7. We have presented and released the 1D Python disc popula-
tion synthesis code Diskpop and its output analysis library
popcorn.

In this work, we have shown how large enough samples of
protoplanetary discs can provide a way of distinguishing be-
tween the evolutionary models (with a standard set of parame-
ters) through the observation of the time evolution of the corre-
lations between the disc properties and the stellar mass. We have
shown how the stochastic fluctuations seen with the currently
available observations could be significantly reduced if we had
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access to the complete Upper Sco sample, consisting of approx-
imately 140 sources at 5 Myr. We strongly support the observa-
tional effort in the direction of obtaining larger amounts of data
for evolved star-forming regions, and encourage the exploration
of the parameters space beyond the standard case.
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Appendix A: Parameters used throughout the paper

Table A.1 shows the parameters used throughout the paper. The
general simulation parameters refer to the initial correlations
(distribution, slopes and spreads), while the following three ta-
bles are divided by evolutionary model and display the main pa-
rameters for each of them.

General simulation parameters
λm,0 2.1
λacc,0 1.5
σMd 0.65 dex
σRd 0.52 dex

Md, Rd distribution lognormal

Viscous model
αSS 10−3

Photoevaporative model
αSS 10−3

Ṁw 4 × 10−10 M⊙ yr−1

Wind-driven model
αSS 10−3

αDW 10−3

λ 3
ω 0.25

Table A.1. Values of the parameters used throughout the paper, unless
explicitly stated otherwise.

Appendix B: MHD model with µ < 0
As mentioned in Section 3.3, the breaking of the linear corre-
lation between the disc properties and the stellar mass happens
towards higher or lower stellar masses depending on the value
of µ0. Figure 2 shows the a simulation µ0 > 0, while in Figure
B.1 we show the opposite case. As µ0 is linked to δ0 through
µ0 = δ0 − ζ0ξ, if δ0 < ζ0ξ the resulting µ0 will be negative, lead-
ing to a specular bending of the correlation. Given that ζ0ξ is a
small number (∼ 0.1 in our simulation), this generally requires
a negative δ0. The simulation in Figure B.1 has λm,0 = 1.3 and
λacc,0 = 1.7, resulting in δ0 = −0.4.

Appendix C: Validation of Diskpop

Figure C.1 shows the evolution of the gas surface density as a
function of the disc radius in the cases of evolution driven by (i)
viscosity, (ii) viscosity and internal photoevaporation, (iii) MHD
winds, and (iv) viscosity and external photoevaporation for a sin-
gle disc simulated with Diskpop. The top left panel, correspond-
ing to viscous evolution (i), shows the key feature of viscous
spreading: while the global surface density decreases as a conse-
quence of the accretion onto the central star, the radial extent of
the disc increases. This is a consequence of the redistribution of
angular momentum, that causes part of the disc material to move
towards larger radii. The top right panel, where the disc evolves
under the combined effect of viscosity and internal photoevap-
oration (ii), shows the characteristic two-timescales behaviour
(Clarke et al. 2001): the evolution is effectively viscous in the
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Fig. B.1. Same as Figure 2, but with a choice of initial slopes resulting
in a negative µ0 (λm,0 = 1.3, λacc,0 = 1.7). The bending of the linear
correlation happens towards larger disc masses, in agreement with the
prediction.

earliest stages, as long as the accretion rate is larger than the
photoevaporative mass-loss rate; then, photoevaporation opens a
cavity within the disc, which gets divided into an inner and an
outer disc. The inner disc is less extended and therefore has a
shorter viscous timescale, which means it evolves much faster
and is quickly completely accreted onto the protostar; the outer
disc instead keeps on evolving on timescales comparable to the
original one, making photoevaporation a two-timescales process.
The bottom left panel shows a disc evolving due to MHD winds
(iii): the absolute value of the surface density drops faster than in
the viscous model, because of the increase of αDW in time. Fur-
thermore, as angular momentum is removed from the wind (to-
gether with material), the disc does not spread but rather shrinks
in time, as expected from the theoretical prediction (Tabone et al.
2022a). Finally, the bottom right panel shows the evolution of a
disc undergoing external photoevaporation combined with vis-
cosity (iv): the latter dominates at the earliest stages, producing
the characteristic features like viscous spreading, while the effect
of external photoevaporation is visible at later ages as a trunca-
tion of the disc that also halts its spreading. In this case, the disc
truncation and the outside-in depletion of disc material is the
consequence of the photo-dissociation of gas molecules due to
the FUV radiation emitted by massive stars and experienced by
the disc. The efficiency of this process depends primarily on the
stellar mass and the FUV flux experienced: given a fixed FUV
flux, a disc around a lower mass star will lose its material to
external winds more easily compared to a disc around a higher
mass star, because of the higher gravitational bond of the system.
For the same reason, more extended and less massive discs are
more prone to external truncation.

Figure C.2 shows the isochrones in the Ṁ − Md plane at 0.1,
1 and 10 Myr for the three evolutionary models of viscosity,
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Fig. C.1. Gas surface density as a function of radius for a disc generated with Diskpop at different times as the colour bar shows. The four models
are purely viscous (top left, αSS = 10−3), viscous including internal photoevaporation (top right, αSS = 10−3, Ṁw = 4 × 10−10 M⊙yr−1), wind-
driven (bottom left, αDW = 10−3, λ = 3, ω = 0.25) and viscous including external photoevaporation (bottom right, αSS = 10−3, FUV = 100 G0)
respectively.

viscosity and photoevaporation, and MHD winds. Each dot rep-
resents a disc in the population, while the solid lines show the
analytical prediction (when applicable): in the viscous case, the
isochrones read (Lodato et al. 2017)

Ṁ =
Md

2(2 − γ)t

1 − (
Md

M0

)2(2−γ) , (C.1)

while in the MHD wind-driven scenario (Tabone et al. 2022a)

Ṁ =
1

ω(1 + fM,0)t
Md

[(
Md

M0

)−ω
− 1

]
. (C.2)

The left panel shows the viscous model, where the discs tend
more and more towards the theoretical isochrone during their
evolution (Lodato et al. 2017); the central panel includes internal
photoevaporation, which has the effect of bending the isochrones
once the accretion rate becomes comparable to the photoevapo-
rative mass-loss rate (Somigliana et al. 2020); finally, the right
panel shows an MHD wind-driven population, where the scatter
in the Ṁ − Md plane remains significant during the evolution -
contrary to the viscous prediction (Somigliana et al. 2023).
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Fig. C.2. Isochrones at 0.1, 1, and 10 Myr for disc populations undergoing viscous, viscous+internal photoevaporation and wind-driven evolution
(left, centre, and right panel respectively), with the same parameters as Figure C.1. Each dot represents a disc, while the solid lines show the
theoretical isochrones at the corresponding age, where available.
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