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ABSTRACT
We show that the distribution of observed accretion rates is a powerful diagnostic of proto-
planetary disc physics. Accretion due to turbulent (“viscous”) transport of angular momentum
results in a fundamentally different distribution of accretion rates than accretion driven by
magnetised disc winds. We find that a homogeneous sample of &300 observed accretion rates
would be sufficient to distinguish between these two mechanisms of disc accretion at high
confidence, even for pessimistic assumptions. Current samples of T Tauri star accretion rates
are not this large, and also suffer from significant inhomogeneity, so both viscous and wind-
driven models are broadly consistent with the existing observations. If accretion is viscous,
the observed accretion rates require low rates of disc photoevaporation (. 10−9M�yr−1). Uni-
form, homogeneous surveys of stellar accretion rates can therefore provide a clear answer to
the long-standing question of how protoplanetary discs accrete.

Key words: accretion, accretion discs – planets and satellites: formation – protoplanetary
discs – stars: pre-main-sequence

1 INTRODUCTION

Planets form in cold discs of dust and gas around newly-formed
stars. These discs dominate the mass and angular momentum of
forming planetary systems, as well as providing the raw material for
planets. Understanding protoplanetary disc evolution is therefore a
critical ingredient of any predictive theory of planet formation.

The long-standing paradigm is that protoplanetary disc accre-
tion is due to turbulent transport of angular momentum, driven by
the magnetorotational instability (MRI) (Balbus & Hawley 1991;
Balbus 2011). The picture of protoplanetary discs as “viscous”
accretion discs is well-established (e.g., Lynden-Bell & Pringle
1974; Hartmann et al. 1998), and accretion disc theory can plau-
sibly explain many observed properties of protoplanetary discs
(e.g., Williams & Cieza 2011). The efficiency of turbulent trans-
port is parametrized in terms of the Shakura & Sunyaev (1973)
𝛼-parameter, with observed accretion rates requiring 𝛼 ∼ 10−3–
10−2 (e.g. King et al. 2007; Rafikov 2017). The final dispersal of
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the disc, at late times, is inconsistent with viscous accretion, and
is usually attributed to photoevaporative winds (Hollenbach et al.
1994; Alexander et al. 2006a; Owen et al. 2010). This picture of
(gas) disc evolution has been explored through a large body of both
observational and theoretical work (see Alexander et al. 2014 and
Ercolano & Pascucci 2017, and references therein).

However, it has also long been recognised that large regions
of protoplanetary discs are insufficiently ionized to couple well to
magnetic fields (Gammie 1996). In this regime non-ideal magne-
tohydrodynamic (MHD) effects dominate, and act to suppress the
MRI (e.g., Armitage 2011). The resulting non-zero magnetic flux
invariably drives a magnetised disc wind (e.g., Suzuki & Inutsuka
2009; Fromang et al. 2013; Bai & Stone 2013a,b; Gressel et al.
2015), whose properties are primarily determined by the magnetic
field rather than the local disc conditions (e.g., Lesur 2021, see also
the review by Lesur et al. 2022). Magnetised winds carry both mass
and angular momentum away from the disc, leading to a scenario
where disc accretion is instead driven by the wind (e.g., Salmeron
et al. 2011). We therefore have two competing pictures of proto-
planetary disc accretion (viscous or wind-driven), which can both –
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at least in broad terms – successfully reproduce the demographics
of observed disc populations (e.g., Lodato et al. 2017; Somigliana
et al. 2020; Tabone et al. 2022a,b).

Observations do not currently give a clear picture of whether
turbulent or wind-driven accretion is dominant. Close to the star
(.0.1AU), where thermal ionization is sufficient to drive the MRI,
observations of both turbulent velocities (Carr et al. 2004) and the
bulk properties of the disc (McClure 2019) imply 𝛼 & 10−2, easily
large enough to account for the observed stellar accretion rates.
At larger radii (>10AU), by contrast, observations of turbulent
velocities and dust settling both typically yield much lower values,
𝛼 . 10−3 (Flaherty et al. 2018, 2020; Teague et al. 2018;Dullemond
et al. 2018), and the apparent lack of viscous spreading implies a
similarly low 𝛼 (Trapman et al. 2020; Long et al. 2022). Magnetised
windswith highmass-loss rates are detected through bothmolecular
(e.g., de Valon et al. 2020; Booth et al. 2021) and atomic (e.g.,
Banzatti et al. 2019; Whelan et al. 2021) tracers, while in other
systems we see clear evidence of photoevaporative mass-loss (e.g.,
Pascucci et al. 2011), especially from more evolved discs (Pascucci
et al. 2020). However, how the mass-loss in these winds varies with
both radius and time remains highly uncertain (Pascucci et al. 2022).
The dominant driver of disc accretion therefore remains unknown.

Demographic studies have traditionally been our primary tool
for understanding disc evolution on ∼Myr time-scales (e.g., Haisch
et al. 2001; Andrews & Williams 2005; Fedele et al. 2010). How-
ever, the global disc properties used in these studies – disc masses
and stellar ages in particular – are still plagued by large systematic
uncertainties (Soderblom et al. 2014; Miotello et al. 2022). The
disc accretion rate on to the star can be measured directly from ob-
served accretion luminosities (e.g., Hartmann et al. 2016). Accretion
measurements are still subject to significant uncertainties, most no-
tably the bolometric corrections (e.g., Pittman et al. 2022), and the
effects of short time-scale variability (e.g., Venuti et al. 2017). How-
ever, with Gaia now providing accurate stellar distances, accretion
rates have become the best-determined of these demographic indi-
cators (Manara et al. 2022). Here we propose that the distribution
of observed accretion rates can be used as a stand-alone diagnostic
of protoplanetary disc evolution, and show that it can distinguish
clearly between viscous and wind-driven accretion.

2 A TALE OF TWO DISC MODELS

Our statistical approach is relatively simple: in order to avoid the
myriad of systematic uncertainties associated with stellar ages, disc
masses, and other inferred observables (e.g. Andrews 2020), we
limit our analysis to considering only the distribution of accretion
rates. To do this we make a single simplifying assumption: that the
observed accretion rates are representative of the underlying distri-
bution. Essentially we assume that the dispersion in the evolutionary
states of the discs is large enough that the full accretion histories are
well-sampled. With this assumption in place we need only consider
the observed distribution of accretion rates, as any model for ¤𝑀 (𝑡)
can be inverted to give a probability distribution function 𝑝( ¤𝑀). By
“marginalising” over time in this manner, we are able to perform a
more detailed statistical analysis than has previously been possible.

In order to test this approach we consider two models for
protoplanetary disc evolution: a viscous model, where accretion is
driven by disc turbulence; and a wind-driven model, where the disc
accretes due to torques from a magnetised wind. We describe each
of these models in turn below.

2.1 Viscous / photoevaporation model

Our viscousmodel assumes that the disc evolves subject to turbulent
transport of angular momentum (“viscosity”), and mass-loss due to
photoevaporation (e.g., Clarke et al. 2001; Alexander et al. 2006b;
Owen et al. 2010; Picogna et al. 2019).We use the similarity solution
of Lynden-Bell & Pringle (1974, see also Hartmann et al. 1998), and
adopt the Green’s function solution of Ruden (2004) for the effects
of photoevaporation. This is a somewhat simplified approach, but
in practice gives a functional form of ¤𝑀 (𝑡) that is consistent with
more sophisticated models.

The similarity solution assumes a time-independent, power-
law form for the disc viscosity a as a function of radius 𝑅,

a ∝ 𝑅𝛾 , (1)

and results in an accretion rate that evolves as

¤𝑀ss (𝑡) =
𝑀d,0

2(2 − 𝛾)𝑡a
𝜏
− 5/2−𝛾2−𝛾 . (2)

Here 𝑀d,0 is the initial disc mass, and 𝑡a is the viscous scaling
time of the similarity solution. The first term therefore represents
the initial accretion rate

¤𝑀0 =
𝑀d,0

2(2 − 𝛾)𝑡a
, (3)

and the dimensionless time 𝜏 is given by

𝜏 =
𝑡

𝑡a
+ 1 . (4)

¤𝑀ss (𝑡) therefore follows a power-law form for 𝑡 � 𝑡a , and as long
as ¤𝑀0 significantly exceeds the highest observed value the proba-
bility distribution 𝑝( ¤𝑀ss) depends only on the power-law index 𝛾.
Observed disc surface density profiles, and demographic studies,
both suggest that plausible values of 𝛾 range from ' 0.5–1.5 (e.g.
Andrews et al. 2009, 2010; Zhang et al. 2017; Lodato et al. 2017).

To capture the late-time behaviour (when photoevaporation
leads to the cessation of accretion) wemodify the similarity solution
by introducing a polynomial “cut-off” (following Ruden 2004 &
Armitage 2007), so that ¤𝑀 (𝑡) → 0 as 𝑡 → 𝑡max:

¤𝑀 (𝑡) = ¤𝑀ss (𝑡)
[
1 −

(
𝑡

𝑡max

)3/2]
, 𝑡 ≤ 𝑡max . (5)

With this prescription 𝑡max is the disc lifetime, but in practice we
do not use 𝑡max as the second free parameter of the model. We
instead define a “cut-off” accretion rate ¤𝑀c = ¤𝑀ss (𝑡max) as the free
parameter: physically, ¤𝑀c corresponds to the mass-loss rate due to
photoevaporation. ¤𝑀 (𝑡) therefore follows the similarity solution at
early times, then drops rapidly to zero once the accretion rate falls
below ¤𝑀c. This reproduces the behaviour of more sophisticated vis-
cous/photoevaporation models (e.g., Alexander & Armitage 2009;
Picogna et al. 2019) well, and with this form it is straightforward to
invert ¤𝑀 (𝑡) to find the probability distribution 𝑝( ¤𝑀).

Formally this model has four free parameters: 𝑀d,0, 𝑡a , 𝛾 and
¤𝑀c1. However, the first two of these effectively just define the initial
accretion rate ¤𝑀0 [= 𝑀d,0/(2(2− 𝛾)𝑡a)], and the power-law nature
of the model means that 𝑝( ¤𝑀) is independent of ¤𝑀0 as long as
¤𝑀0 � ¤𝑀c. In practice 𝑝( ¤𝑀) is therefore only sensitive to two
parameters: the viscous power-law index 𝛾 and the cut-off accretion
rate ¤𝑀c.

1 Note that 𝑝 ( ¤𝑀 ) does not depend strongly on the value of the polynomial
index in Equation 5, so we do not vary it from the chosen value of 3/2.
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2.2 Wind-driven accretion model

For the case of wind-driven accretionwe follow the recent models of
Tabone et al. (2022a,b). This framework allows for hybrid models in
which viscous and wind-driven accretion both play a role, but here
we consider the limiting case of purely wind-driven accretion. We
adopt the solution from Tabone et al. (2022b), where the accretion
rate evolves as

¤𝑀 (𝑡) =
𝑀d,0

2𝑡acc,0 (1 + 𝑓M)

(
1 − 𝜔

2𝑡acc,0
𝑡

)−1+ 1
𝜔

(6)

Here 𝑡acc,0 is the initial accretion time-scale (analogous to the vis-
cous time-scale above), and 𝑓M is the mass ejection-to-accretion
ratio in the magnetised wind. 𝜔 is a dimensionless parameter be-
tween 0 and 1 which parametrizes the (unknown) dissipation of the
disc’s magnetic field with time (𝜔 = 1 corresponds to a constant
magnetic field strength). The first term in Equation 6 defines the
initial accretion rate ¤𝑀0, as in the viscous model, while the form of
the second term sets the disc lifetime (i.e., the time at which ¤𝑀 (𝑡)
drops to zero) to be 2𝑡acc,0/𝜔.

This model therefore also has four free parameters: 𝑀d,0,
𝑡acc,0, 𝑓M and 𝜔. 𝑓M serves only to change the conversion be-
tween disc mass and accretion rate in the initial conditions, which
is at most an order-of-unity effect. However, the polynomial form
of this model behaves differently to the viscous power-law, and
here the probability distribution 𝑝( ¤𝑀) is always sensitive to the
initial accretion rate. The wind-driven model is therefore also pri-
marily determined by just two parameters: the initial accretion rate
¤𝑀0 [= 𝑀d,0/(2𝑡acc,0 (1 + 𝑓M))], and the dissipation parameter 𝜔.

2.3 Comparison of the analytic models

Our first step is to compare the analytic forms of these models. We
normalise both models to have the same initial disc mass 𝑀d,0 =

0.05M� , and matching disc lifetimes of 𝑡max = 2𝑡acc,0/𝜔 = 4Myr.
For this initial comparison we adopt canonical parameters of 𝛾 = 1
and ¤𝑀c = 1 × 10−9M�yr−1in the viscous model2, and 𝑓M = 0.6
and 𝜔 = 0.4 for the wind-driven model.

Fig. 1 shows how ¤𝑀 varies as a function of time in these two
canonical models, as well as the effects of varying the key model
parameters. In the viscous model ¤𝑀 (𝑡) is a power-law truncated at
low accretion rates, so the majority of disc lifetime is spent at low
¤𝑀 , close to the cut-off value ¤𝑀c. By contrast, the geometric decline
in the wind-driven model sees the disc spend most of its lifetime
at high ¤𝑀 , close to the initial accretion rate ¤𝑀0. This behaviour
is reflected in the resulting distribution functions 𝑝( ¤𝑀), shown in
Fig. 2. The distribution of accretion rates for the viscous model is
peaked close to ¤𝑀c, with power-law declines to higher and lower
values; while the distribution for the wind-driven model peaks at
the limiting initial accretion rate ¤𝑀0, and declines as a power-law to
lower values. The form of 𝑝( ¤𝑀) in the viscous model is insensitive
to 𝑡a as long as 𝑡max � 𝑡a (or, equivalently, ¤𝑀0 � ¤𝑀c), and is only
weakly sensitive to the viscous power-law index 𝛾 (which changes
the slope of the decline to high ¤𝑀). For any plausible choice of 𝛾 we
find a broad distribution of accretion rates that is close to symmetric
[in log( ¤𝑀)] around the peak. In the wind-driven model we see that
𝑝( ¤𝑀) has an upper cut-off set by the initial accretion rate (which

2 For this comparison we have used the disc lifetime, 𝑡max, as an input
parameter instead of the viscous time-scale. In this model this sets 𝑡a =

9.53 × 104 yr, and therefore ¤𝑀0 = 𝑀d,0/2𝑡a = 2.64 × 10−7M�yr−1.

Figure 1. Accretion rate as a function of time in the canonical viscous
(black line; Equation 5) and wind-driven (red line; Equation 6) disc models.
The viscous model is essentially a power-law, truncated below the cut-off
rate 𝑀c, so most of the disc lifetime is spent at low accretion rates. By
contrast, in the wind-driven model accretion declines geometrically, so most
of the disc lifetime is spent at high accretion rates, close to the initial
value ¤𝑀0. The dashed and dotted lines show the effect of varying different
model parameters (while keeping 𝑀d,0 and the disc lifetime fixed). The
dashed black line shows a viscous model with a lower cut-off accretion
rate ( ¤𝑀c = 3 × 10−10M�yr−1), while the dotted black line shows a model
with power-law index 𝛾 = 3/2. The dashed red line denotes a wind-driven
model with 𝜔 = 0.2 (which for a fixed disc lifetime also increases the initial
accretion rate ¤𝑀0).

Figure 2. Accretion rate probability distributions 𝑝 ( ¤𝑀 ) for the two disc
models, assuming uniform sampling of ¤𝑀 (𝑡) . As in Fig.1, the solid black
line represents the viscous model and the solid red line the wind-driven
model. For the viscous model the distribution peaks close to the cut-off
rate 𝑀c, and is approximately symmetric around this peak. By contrast, the
distribution for thewind-drivenmodel always peaks at the initial (maximum)
accretion rate ¤𝑀0, and declines to smaller values. As in Fig. 1, the dashed
and dotted curves show the effect of changing the model parameters. In the
viscousmodel, lowering the cut-off rate𝑀c shifts the peak of the distribution
to lower ¤𝑀 by the same factor, while changing the power-law index 𝛾

has only a minor impact. In the wind-driven model, a lower value of the
dissipation parameter 𝜔 results in a broader distribution, and also shifts the
peak to higher ¤𝑀 (as for a fixed disc lifetime, ¤𝑀0 ∝ 𝑡−1acc,0 ∝ 𝜔−1).
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Figure 3. Simulated data generated for a model with 𝛾 = 1, ¤𝑀c =

10−9M�yr−1, and ΔM = 0.35. The solid curve shows the analytic form
of ¤𝑀 (𝑡) , and the points show the 𝑁 = 50 simulated “observations” gen-
erated from this curve, using the procedure described in Section 2.4. Black
circles represent detections; red triangles represent upper limits.

depends primarily on 𝑡acc,0), while the width of the distribution (or
alternatively the slope of the decline to low ¤𝑀) is determined by 𝜔
(indeed, for 𝜔 = 1, 𝑝( ¤𝑀) is a 𝛿-function). Low values of 𝜔 (. 0.2)
can give a comparably broad distribution to the viscous model, but
𝑝( ¤𝑀) in the wind-driven model is always asymmetric, and peaks
at the maximum value ¤𝑀03. These two models therefore predict
qualitatively and quantitatively distinct distributions of accretion
rates. In the next sections we consider how large an observed sample
is required to distinguish between these models, and how this is
affected by scatter in the various model parameters.

2.4 Generating simulated data

To understand how we can distinguish between these models ob-
servationally, we first generate simulated distributions of accretion
rates. Our method of generating simulated observations is as fol-
lows. We first define a model ¤𝑀 (𝑡), valid over a range [0, 𝑡max]. We
then randomly sample 𝑁 values of 𝑡𝑖 ∈ [0, 𝑡max], and compute a
set of 𝑁 values ¤𝑀𝑖 (𝑡𝑖). To simulate a realistic set of observations
we then modify the sample ¤𝑀𝑖 in two ways, first adding a random
scatter to the data, and then using a selection function to designate a
sub-set of the data points as upper limits (i.e., non-detections). The
scatter accounts for both real effects (such as variability), and also
for observational uncertainties. The scatter is applied in log-space:
the modified values ¤𝑀 ′

𝑖
are computed as

log10 ( ¤𝑀 ′
𝑖 ) = log10 ( ¤𝑀𝑖) + 𝛿M,𝑖 , (7)

where the (log-)scatter in the individual points, 𝛿M,𝑖 , is drawn ran-
domly from a zero-mean Gaussian distribution with standard devi-
ation ΔM. Following Manara et al. (2022), we adopt ΔM = 0.35 dex
as the magnitude of this “observational” scatter. We then designate
values as either detections or upper limits according to a simple

3 This also implies that significant scatter in ¤𝑀0 is required for wind-driven
accretion to reproduce the full range of observed accretion rates, which
extend up to ∼ 10−6M�yr−1(see Fig. 6.)

Figure 4. Histograms of simulated data generated from the canonical disc
models, using 𝑁 = 250 sources. The viscous (black histogram) and wind-
driven (red histogram) models use the same parameters as in Figs. 1 & 2,
with “observational” scatter of ΔM = 0.35 dex. The solid histograms show
only the simulated detections, while the dotted histograms also include the
upper limits. Despite the scatter, the distributions of accretion rates from the
two models are clearly distinguishable. The probability that the two samples
(of detections) are drawn from the same underlying distribution is 1.1×10−5.

exponential selection function:

𝑝det ( ¤𝑀) =
{
1 if ¤𝑀 ≥ ¤𝑀t
exp

( [
log10 ( ¤𝑀) − log10 ( ¤𝑀t)

]
/𝜎M

)
if ¤𝑀 < ¤𝑀t

(8)

Here 𝑝det is the probability of detection. Based on the relative
numbers of detections and upper limits in real data (Ingleby et al.
2011; Manara et al. 2022; see also Fig. 6), we set the threshold
accretion rate (above which all data points are detections) to be
log10 ( ¤𝑀t) = −9.25, and 𝜎M = 0.5. Individual data points are then
designated as either detections or upper limits by sampling randomly
from the distribution 𝑝det ( ¤𝑀 ′

𝑖
). If a data point is designated as

an upper limit, it is then assigned a final value ¤𝑀 𝑗 by sampling
randomly (in log-space) from the range [ ¤𝑀 ′

𝑖
, ¤𝑀t] (i.e., we assign

an “observed” upper limit which lies between the true value and
the detection threshold). An example of this procedure is shown in
Fig. 3. Our procedure is somewhat simplified, and neglects the fact
that in real observations the detection threshold for the accretion
luminosity depends on both the stellar mass and age (e.g., Manara
et al. 2017). However, for a given stellar mass the dependence on
age (which is due to the decreasing stellar luminosity) is not very
strong, so these simplifications are reasonable. The outcome of this
process is a set of 𝑁 accretion rates, with both scatter and detection
limits that are broadly representative of real observations.

2.5 Distinguishing between the models

The simplest question we can now ask is whether or not a sample
of accretion rates can distinguish between these two disc evolution
models and, if so, how large a sample is required. We initially
draw samples of 𝑁 simulated accretion rates from each model,
following the procedure described in Section 2.4; an example is
shown in Fig.4. For this initial comparison the parameters of both
models are fixed to the canonical values given in Section 2.3; the
only differences between this comparison and that in Fig.2 are the
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finite sampling, and the introduction of the “observational” scatter.
The distribution of accretion rates from the viscous model has a
mean (in log10 ( ¤𝑀)) of −8.7 and a standard deviation of 0.83 dex;
the distribution from the wind-driven model has a mean of −8.3
and a standard deviation of 0.67 dex. The wind-driven model also
produces a notably asymmetric distribution, with a long “tail” to low
¤𝑀 . The distributions still peak at the same values as in the analytic
models ( ¤𝑀c for the viscous model, and ¤𝑀0 for the wind-driven
model), and in both cases the intrinsic width of the distribution
significantly exceeds the observational scatter (0.35 dex). Given the
highly inhomogeneous nature of the upper limits on ¤𝑀 in real
observations, we consider only the detections when comparing our
samples quantitatively4. We then perform a Kolmogorov-Smirnov
(KS) test to find the probability that the two sets of ¤𝑀 values
were drawn from the same underlying distribution. For the example
shown in Fig.4, using 𝑁 = 250, the KS probability is 1.1× 10−5, so
we are able to distinguish between the models at high confidence.

We generalise this procedure by repeating this process for a
range of values of 𝑁 . There is significant stochasticity in the results,
especially at small 𝑁 , so for each value 𝑁 we repeat this process
1000 times. The resulting distribution of K-S probabilities is plotted
in Fig.5: themedian value (as a function of𝑁) is denoted by the black
line, while the shaded regions denote the 25th and 75th percentiles
of the distribution. We see for small sample sizes the distributions
of ¤𝑀 from the two models are usually similar, but for 𝑁 & 100 the
accretion rate distribution allows us to distinguish between them at
high confidence.

2.6 A more realistic comparison

Despite the inclusion of “observational” scatter, however, this re-
mains a highly idealised comparison, as the two models have quite
different functional forms and a fixed set of parameters. A more
realistic comparison is to consider models where the input pa-
rameters span broad ranges, as suggested by demographic studies
(Somigliana et al. 2020; Tabone et al. 2022b). We adopt a pes-
simistic set of assumptions here, maximising the plausible spread
in the model parameters to make a stringent test. We therefore apply
scatter to our model parameters as follows5:

• 𝑀d,0 – the initial disc mass (in both models) is drawn from
a log-normal distribution with a mean of 0.03M� and a standard
deviation of 0.5 dex.

• ¤𝑀c – the cut-off accretion rate in the viscous model is also
drawn from a log-normal distribution, with a mean of 10−9M�yr−1
and a standard deviation of 1.0 dex.

• 𝛾 – the viscous power-law index is drawn from a uniform
distribution spanning the range [0.5, 1.5].

• 𝜔 – the magnetic dissipation parameter is drawn from a Gaus-
sian distribution with a mean of 0.4 and a standard deviation of 0.2.

4 With these simulated data, including the upper limits in the analysis
substantially increases its statistical power. However, in real data the upper
limits are usually very inhomogeneous (see Section 3.1), and are therefore
of limited use in practice.
5 This procedure results in a slight inconsistency between how the twomod-
els are treated: in the wind-driven model the range of lifetimes is prescribed,
while no limit on 𝑡a is imposed on the viscous model. This makes no differ-
ence here, as we consider only the distribution of ¤𝑀 (effectively integrating
over the disc lifetimes), but we note that the extremes of our parameter space
include some models with unrealistically long or short viscous time-scales.

Figure 5. Probability that samples of accretion rates from the two different
discmodels could have been drawn from the same underlying distribution, as
a function of the sample size 𝑁 . Black/grey represents the “basic” models,
with only observational scatter in ¤𝑀 , while red denotes the results with
significant scatter applied to all the input parameters. For each value of 𝑁
theKS testwas repeated for 1000 different random realisations of themodels;
the lines represent the median KS probability, while the shaded areas span
the 25th to 75th percentiles of the distribution. The dashed horizontal line
marks a probability of 0.5%. For the basic model 𝑁 & 100 is sufficient
to distinguish between viscous and wind-driven accretion, but with scatter
applied to the input parameters the required sample size rises to 𝑁 & 300.

We additionally impose a minimum value of 𝜔 = 0.1, as very small
values of 𝜔 lead to unphysical results.

• 𝑡acc,0 – following Tabone et al. (2022b), the accretion time-
scale is drawn from an exponential distribution exp(−𝑡/𝜏), with 𝜏 =

2.5Myr. This sets the characteristic initial accretion rate 𝑀d,0/𝜏 =

1.2 × 10−8M�yr−1.

To generate simulated data with this scatter we draw a single
accretion rate for each set of model parameters, and repeat this
process 𝑁 times to generate the sample of “observed” accretion
rates for each model. This is analogous to observing 𝑁 different
model discs, with a random set of parameters, at random times in
their evolution, and this “intrinsic” scatter in the model parameters
dominates over the “observational” scatter described in Section 2.4
(though the latter is still applied).

We see from Fig.5 that introducing scatter in the parameters
makes it significantly more difficult to discriminate between the
two models. Nevertheless, 𝑁 & 300 is still sufficient to distinguish
between the two models at high confidence. The fact that a rela-
tively modest sample size can still separate these models clearly
even when we make very pessimistic assumptions about the model
parameters (i.e., 1–2 orders-of-magnitude scatter) is very encour-
aging. We therefore conclude that the distribution of accretion rates
can provide significant insight into protoplanetary disc physics, and
has the potential to discriminate cleanly between viscous and wind-
driven disc accretion.
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3 COMPARISONS WITH OBSERVED ACCRETION
RATES

3.1 The sample

We now seek to test our method using real accretion rate obser-
vations, and for this we use the compilation of data from Manara
et al. (2022). Their complete sample contains 865 discs, of which
288 have measured accretion rates. However, the sample covers a
wide range in stellar mass, so the global distribution of accretion
rates is dominated by the well-known ¤𝑀 ∝ 𝑀2∗ trend (e.g., Muze-
rolle et al. 2005; Mohanty et al. 2005; Manara et al. 2017). To use
the accretion rate distribution as a test of disc evolution we must
therefore consider a restricted range in stellar mass. Formally the
solutions in Section 2 do not depend on the stellar mass, but our
model parameters are based on studies of T Tauri stars with masses
' 0.5–1M� . We therefore limit our analysis stellar masses in the
range 0.3–1.2M� (i.e., 0.6M� , plus or minus a factor of 2). This
leaves a sample of 121 objects with accretion rate measurements, of
which 100 are detections and 21 are upper limits. Modest variations
in this range in stellar mass do not alter our results significantly, but
extending the range to . 0.2M� sees the distribution dominated
by the stellar mass trend.

The resulting distribution of accretion rates, for 121 discs, is
shown in Fig. 6. Several points about the distribution are notable.
First, the gradual decline to high ¤𝑀 is broadly consistent with the
canonical viscous model (see Fig. 2), but inconsistent with the sharp
cut-off predicted by the canonical wind-driven model. Reproducing
the observed data with wind-driven accretion therefore requires
significant scatter in the input parameters.

By contrast, at the low- ¤𝑀 end of the distribution the cut-off
is fairly sharp, with no detections (and only 4 upper limits) below
3 × 10−10M�yr−1. This primarily reflects observational detection
limits, and physically corresponds to the level at which the accretion
luminosity can no longer be readily detected above the (very bright)
chromospheric emission from T Tauri stars (Ingleby et al. 2011;
Manara et al. 2013). New accretion tracers (such as He i) have
pushed the detection threshold significantly lower (Thanathibodee
et al. 2022, 2023), but these have not yet been applied to large
samples.

Finally, the upper limits in the Manara et al. (2022) sample
span more than two orders of magnitude, and are clearly not homo-
geneous. Given this, the relatively small number of upper limits in
the sample, and the fact that these data are compiled from surveys
which generally exclude weak-lined T Tauri stars and low accretors,
the statistical significance of these upper limits is questionable. As
a result we exclude the upper limits from our subsequent analysis,
and from here onwards (for both models and data) consider only the
detected accretion rates.

3.2 Statistical analysis

We saw in Section 2.6 that a sample size of 𝑁 & 300 is required
to distinguish strongly between the viscous and wind-driven ac-
cretion models. With only 100 detections we therefore do not ex-
pect the sample of accretion rates from Manara et al. (2022) to be
large enough for this purpose, and this is indeed what we find. The
“tail” of the observed distribution at high ¤𝑀 means that the viscous
model is weakly favoured, but in both cases the canonical models
are broadly consistent with the data (a KS test fails to exclude either
model). Moreover, given the inhomogeneous nature of the sample,
and in particular the lack of a homogeneous set of upper limits,

Figure 6. Distribution of observed accretion rates from the compilation of
data in Manara et al. (2022): the solid line shows only detections, while
the dashed histogram shows both detections and upper limits. We restrict
our analysis to the traditional “T Tauri star” range in stellar mass, defined
here as 0.3–1.2M� , which results in a sample of 121 sources. However,
modest changes in the range of stellar masses we consider do not change
the distribution significantly. The red arrow denotes the detection threshold,
¤𝑀t, applied to our simulated data (as described in Section 2.4.)

any statistical conclusions will inevitably be dominated by these
uncertainties. As a result we do not pursue a more sophisticated
statistical approach (such as MCMC) to constrain the model pa-
rameters. However, a simpler analysis still yields some interesting
results.

In order to place (weak) constraints on the model parameters
using the framework described in Section 2.6, we repeat the analysis
(with 𝑁 = 100) while holding a single parameter fixed. We repeat
the KS test for 1000 random realisations of the model for each value
of the fixed parameter, and study how the probabilities vary6. In
most cases we do not place any meaningful constraints on the model
parameters, but we do recover two notable results. In the viscous
model the power-law index 𝛾 is not usefully constrained, but the
large number of observed discswith accretion rates . 10−9M�yr−1
is inconsistent with higher values of the cut-off rate ¤𝑀c. We do
not place any lower limit to ¤𝑀c, but this is primarily due to the
observational detection limits: there are simply not enough data
points with ¤𝑀 . 10−10M�yr−1 to provide useful constraints at
low ¤𝑀c. The variation of the KS probability with ¤𝑀c is shown in
Fig. 7: we see that values of ¤𝑀c & 10−9M�yr−1are disfavoured,
and values > 5×10−9M�yr−1 are strongly excluded. This suggests
that if disc photoevaporation is responsible for the cessation of disc
accretion, then the mass-loss rates in the photoevaporative winds
must be . 10−9M�yr−1. Improved characterisation of the low end
of the ¤𝑀 distribution will provide a better measurement of this
cut-off, and determine the photoevaporation rate accurately.

For the wind-driven model the constraints are much weaker,
and in fact none of our tests rule out any of the parameter space at
< 0.5% probability (i.e., at the “3-𝜎” level). In order to reproduce
the spread in accretion rates we require 𝜔 < 1 (as found by Tabone
et al. 2022b), and some scatter in the initial accretion rates is weakly
favoured (see Fig. 8). There is also a weak preference for slightly

6 This is effectively a crude way of marginalising over the multi-parameter
space to constrain a single parameter.
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Figure 7. Probability that the observed accretion rates from Manara et al.
(2022) are drawn from the same underlying distribution as our viscousmodel
(Equation 5), as a function of the cut-off accretion rate ¤𝑀c. As in Fig. 5, the
line represents the median from 1000 random realisations of the KS test,
while the shared area spans the 25th to 75th percentiles of the distribution.
The dashed horizontal line again marks a probability of 0.5%. We see that
values of ¤𝑀c > 5 × 10−9M�yr−1 are strongly ruled out by our analysis:
if photoevaporation terminates disc accretion, then the photoevaporative
mass-loss rates must be low.

lower initial accretion rates than in our canonical model, but given
the inhomogeneity of the sample, and the degeneracies between the
model parameters, we do not attach any statistical significance to
this result. The wind-driven model is most strongly constrained by
the upper end of the accretion rate distribution, and lowering the
median value of ¤𝑀0 requires increasingly large scatter to reproduce
the highest observed accretion rates. However, this sensitivity to
the initial conditions is hard to interpret, as at very early times the
physical significance of these solutions is unclear. In real systems
“𝑡 = 0” is not well-defined, and the early evolution of protoplane-
tary discs is dominated by infall. Nevertheless, we are now able to
measure samples of accretion rates during the Class I phase (e.g.,
Fiorellino et al. 2023), and the behaviour of the wind-driven models
suggests that additional observations of high- ¤𝑀 discs may provide
a useful test of wind-driven accretion.

We therefore conclude that the compilation of accretion rates
by Manara et al. (2022) is broadly consistent with models of both
viscous and wind-driven accretion. A modest expansion of the sam-
ple size (by a factor of 2–3) is needed in order to distinguish be-
tween these models clearly, and a homogeneous sample of upper
limits would also increase the power of this method significantly.
Expanding the sample of observed accretion rates for stars in the
' 0.5–1M� range to & 300 objects requires significant effort, and
would represent most of the T Tauri stars in nearby (. 150 pc)
star-forming regions. Indeed, it seems unlikely that the sample of
detections can easily by extended by this much. However, observa-
tions of the “non-accreting” weak-lined T Tauri stars are muchmore
limited, and this may represent the most fruitful way to increase the
sample size in the near future. New observations of low accretors are
already yielding interesting results even from relatively small sam-
ples (e.g., Thanathibodee et al. 2023); a large, homogenous sample
of accretion rates across both Class II and Class III discs would be
a powerful statistical tool for understanding disc accretion.

Figure 8. Probability that the observed accretion rates from Manara et al.
(2022) are drawn from the same underlying distribution as our wind-driven
model (Equation 6), as a function of the scatter in the initial accretion rate. As
in Figs. 5 & 7, the line represents the median from 1000 random realisations
of the KS test, while the shared area spans the 25th to 75th percentiles of
the distribution. The dashed horizontal line again marks a probability of
0.5%. Although the probability peaks at a scatter of ' 0.6 dex, none of the
parameter space for the wind-driven models is ruled out.

4 DISCUSSION

4.1 Caveats and limitations

We have shown that accretion rate statistics can distinguish clearly
between two parametrized models of disc evolution, but the ob-
vious question is whether or not the functional forms for ¤𝑀 (𝑡) in
Section 2.1 & 2.2 capture the underlying physical behaviour accu-
rately. Mathematically, the difference in 𝑝( ¤𝑀) seen in Fig. 2 can be
understood by inspection of Equations 5 and 6: the power-law form
of the viscous model results in the disc spending most of its lifetime
at low ¤𝑀; while the geometric form of the wind-driven model in-
stead spends most of its lifetime at high ¤𝑀 . The power-law form for
the viscous model arises because the viscosity remains constant as
the disc evolves, so ¤𝑀 ∝ Σ. The accretion rate therefore declines as
the disc accretes, and a power-law decline in ¤𝑀 (𝑡) is inevitable in
any viscous model with approximately constant 𝛼. By contrast, the
geometric decline of ¤𝑀 (𝑡) in the wind-driven model arises from the
choice of disc wind model. We follow the prescription of Tabone
et al. (2022b), which corresponds to the “Σ-dependent 𝛼DW” model
in Tabone et al. (2022a). In this model the accretion efficiency 𝛼DW
increases as Σ declines. As the accretion rate ¤𝑀 ∝ 𝛼DWΣ, physi-
cally this corresponds to a wind-driven accretion rate that has only
a weak dependence on Σ7.

In strict terms our analysis therefore tests how strongly the
accretion efficiency (𝛼) depends on disc surface density, rather
than directly probing the mechanism driving the accretion, with
the viscous 𝛼 assumed to be independent of Σ. Simulations of ideal
MHD turbulence in fully-ionized, strongly-magnetised discs find
that 𝛼 ∝ 𝛽−1/2, where the dimensionless plasma 𝛽 parameter is de-
fined as the ratio of gas to magnetic pressure (Salvesen et al. 2016).
However, this scaling is not reproduced in simulations with zero
net magnetic flux, and in conditions typical of protoplanetary discs

7 Indeed, the wind-driven accretion rate is completely independent of Σ in
the limiting case 𝜔 = 1.
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no strong scaling with Σ is observed (see, e.g., discussion in Lesur
et al. 2022). In reality 𝛼 varies with a number of different parameters
(most notably the poloidal magnetic field strength), but as long as
there is no strong dependence on Σ, a power-law decline in ¤𝑀 (𝑡) is
the natural outcome of viscous accretion in protoplanetary discs.

On the other hand, the accretion rate ¤𝑀 being largely indepen-
dent of Σ is seen in a range of wind-driven disc evolution models
(e.g., Armitage et al. 2013; Suzuki et al. 2016). Numerical simula-
tions find that the rate of wind-driven accretion depends primarily
on the magnetic field strength, with only a weak dependence on Σ
(e.g., Bai & Stone 2013b), though the transport of magnetic flux
remains a significant uncertainty (see Lesur et al. 2022, and ref-
erences therein). Therefore, although the difference between the
models formally arises from the assumed scalings of 𝛼 with surface
density, we conclude that the qualitative difference in the accretion
rate distributions from our two disc evolution models is a robust
physical prediction.

The key assumption in our method is that the observed ac-
cretion rates are representative of the underlying distribution. For
a specific disc model this implies uniform sampling in time (as in
Fig. 3), but in a population of discs with a spread in lifetimes this
does not translate directly to stellar age. Moreover, clusters of young
stars have spreads in ages, so the validity of our assumption is dif-
ficult to quantify. In practice we require that the observed accretion
rates are representative of the population, and that that population is
not observed at a special time in the discs’ evolution. For a sample
drawn from many different star-forming regions (like that of Ma-
nara et al. 2022) this seems reasonable, but this does represent a
potential systematic uncertainty in our approach. The treatment of
“non-accreting” Class III sources is also an issue, as our models
do not consider stars which no longer have discs. At present the
distribution of accretion rates does not change significantly when
the upper limits are included (see Fig. 6), but future analyses may
need to distinguish between low ¤𝑀 discs, and disc-less stars which
are not accreting at all.

An additional concern is how robust our statistical results are
against changes in the model parameters. The comparison in Sec-
tion 2.6 assumes a canonical set of median parameters for both
models. These are motivated by previous demographic modelling
(e.g., Alexander & Armitage 2009; Tabone et al. 2022b), but the
statistical comparison is somewhat sensitive to the choice of median
parameters. In particular, the models become harder to distinguish
(requiring sample sizes 2–3 times larger) if the initial accretion rate
in the wind-driven model is reduced by 0.5–1.0 dex. However, such
a choice of parameters is disfavoured by previous studies (as it re-
quires either low disc masses or long disc lifetimes), and it also
means that the model fails to reproduce the highest observed accre-
tion rates (see Fig. 6). As long we require that our input models are
consistent with other demographic indicators, then a few hundred
sources is sufficient to distinguish between them at high confidence.

Alternatively, we could in principle adopt a data-driven ap-
proach and invert the problem, using the observed accretion rates
to specify the distribution of model input parameters. This is not
possible with the existing data, but a larger sample would yield dis-
tributions of input parameters for both models. The question then
becomes whether or not the derived parameters are consistent with
other observations (such as disc lifetimes and/or disc masses). Our
method is therefore not strictly independent of these other demo-
graphic indicators. For a given model set the distribution of the
accretion rates can be used as a stand-alone diagnostic, but our ap-
proach relies on other observables to define a “reasonable” range of
input parameters for the evolutionary models.

4.2 Implications for disc evolution

Our results are broadly consistent with existing demographic mod-
elling, though with some interesting differences. The main qualita-
tive difference between our approach and previous studies (summa-
rized in Manara et al. 2022) is that we consider only the accretion
rates, and do not draw any inferences from other evolutionary indi-
cators (such as stellar ages, disc masses, or disc sizes). Our method
essentially marginalises over time, and as a result it is largely in-
sensitive to the absolute time-scales (and also therefore the the
magnitude of 𝛼); the benefit of our approach lies in its statisti-
cal power, and in the much smaller systematic uncertainties in the
observables. Population synthesis modelling has previously shown
that viscous/photoevaporation models are broadly consistent with
observed accretion rates and disc fractions (e.g., Alexander & Ar-
mitage 2009; Owen et al. 2010; Jones et al. 2012; Mulders et al.
2017; Picogna et al. 2019), and our canonical parameters are based
on the conclusions of these studies. However, Lodato et al. (2017)
found that viscous models can only reproduce the observed relation-
ship between accretion rate and disc mass if the viscous time-scale
is relatively long (𝑡a ' 0.3–1 × 106 yr). This is a factor 5–10 larger
than in our canonical model, and contradicts our earlier assumption
that 𝑡 � 𝑡a . A long viscous time-scale does not invalidate our ap-
proach, but would add one extra parameter to the model (as 𝑝( ¤𝑀)
is no longer independent of ¤𝑀0). However, part of this apparent dis-
crepancy is simply due to the choice of the viscosity index 𝛾8, and
Somigliana et al. (2020) showed that including photoevaporation
also weakens the requirement for 𝑡a to be long (by adding scatter
to the relation; see also Sellek et al. 2020). We therefore do not
consider our results to be in significant disagreement with Lodato
et al. (2017). We also note that these two analyses used indepen-
dent demographic indicators, so somewhat different results are not
unexpected. If the discrepancy is real, then it may reflect systematic
uncertainties in some of the observables (e.g., in the disc masses).

Demographic models of wind-driven accretion are a recent
development, so are less well-studied than viscous models. Tabone
et al. (2022b) showed that wind-driven accretion can reproduce
the observed decline in disc fraction with age, as well as rapid
disc clearing at the end of the disc lifetime, while Trapman et al.
(2022) showed that the evolution of disc sizes is also consistent
with wind-driven accretion. Our canonical model is based on these
studies, and our results are broadly similar. We note, however, that
reproducing the upper end of the observed accretion rate distribution
(at & 10−7M�yr−1) requires ¤𝑀0 to be at least an order ofmagnitude
larger than in the canonical model of Tabone et al. (2022b). This in
turn requires either that wind-driven accretion is extremely efficient,
or that there is a very large spread of initial conditions inwind-driven
discs (spanning two orders of magnitude in the initial accretion
rate). Recently, Long et al. (2022) and Zagaria et al. (2022) both
compared observations of disc sizes with both viscous and wind-
driven models, and both found that wind-driven accretion is weakly
favoured. This suggests that a combined statistical study of both disc
sizes and accretion rates may provide interesting additional insights.

The only parameter which is significantly constrained by our
analysis is the cut-off accretion rate in the viscous model: we see
from Fig. 7 that ¤𝑀c . 10−9M�yr−1 (see also Section 3.2). Phys-
ically this represents the mass-loss rate due to photoevaporation.
Our results are agnostic as to the mechanism driving disc photoe-
vaporation, but place a strict upper limit on the mass-loss rate. This

8 Changing from 𝛾 = 3/2 (preferred by Lodato et al. 2017) to 𝛾 = 1 (as in
our canonical model) reduces 𝑡a by a factor of 4.
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is consistent with the results of previous demographic studies (e.g.,
Alexander 2012; Somigliana et al. 2020; Manzo-Martínez et al.
2020; see also Alexander et al. 2014), but our statistical analysis
provides a much stronger limit on the mass-loss rate than has previ-
ously been possible. However, low rates of photoevaporative mass-
loss are inconsistent with the predictions of X-ray photoevaporation
models, which typically find mass-loss rates ∼ 10−8M�yr−1 (e.g.,
Owen et al. 2010; Picogna et al. 2019). This conclusion is readily
understood: the median accretion rate in the observed population
is ¤𝑀 ∼ 10−9M�yr−1, with a large number of observed discs ac-
creting at lower rates, and any model which shuts off disc accretion
above the median observed ¤𝑀 is clearly ruled out9. If accretion at
AU radii is not viscous then this discrepancy could be resolved, but
otherwise the data point unambiguously towards photoevaporation
rates . 10−9M�yr−1.

In reality it seems likely that all three processes operate at
different locations and times during protoplanetary disc evolution.
Current understanding points towards turbulent transport being effi-
cient at small radii, accretion being primarilywind-driven elsewhere
in the disc, and photoevaporation driving final disc dispersal (Lesur
et al. 2022; Pascucci et al. 2022). Our models are idealised, and
future work should consider how these different processes interact,
and how we can potentially diagnose their effects in “hybrid” mod-
els. Future observations at low ¤𝑀 – in particular a homogeneous
sample of upper limits in “non-accreting” Class III discs – will be
critical to applying our new method more widely, as the statistical
power of our current analysis is limited by the lack of useful data
points at ¤𝑀 . 10−10M�yr−1. A larger sample of higher accretion
rates & 10−7M�yr−1 would also provide useful constraints on the
physics of wind-driven accretion.

5 SUMMARY

In this paper we have proposed that the distribution of observed disc
accretion rates can be used as a stand-alone diagnostic of protoplan-
etary disc evolution.We have shown that the differing transport pro-
cesses in turbulent (“viscous”) transport of angular momentum and
wind-driven accretion result in fundamentally different distributions
of accretion rates. Our Monte Carlo analysis shows that these distri-
butions are distinguishable at high confidence with relatively small
sample sizes (𝑁 & 300), even for pessimistic assumptions about
the scatter in the model parameters. This approach assumes that the
observed accretion rates are representative of the underlying distri-
bution, but relies only on a single, well-measured observable (the
stellar accretion rate). It therefore offers significant advantages over
other demographic methods, which rely on disc properties (notably
stellar ages and disc masses) which are subject to large systematic
uncertainties.

We then applied our method to observations, using the com-
pilation of accretion rates from Manara et al. (2022). We find that
current data do not provide a large enough sample to distinguish
between the models clearly, but a modest increase in the number
of observed accretion rates, as well as a homogeneous sample of
upper limits in non-accreting sources, would increase the statistical
power of this sample significantly. In the case of viscous accretion,
the large number of discs with low observed accretion rates limits
the rate of disc photoevaporation to be . 10−9M�yr−1. Accretion

9 Recently Thanathibodee et al. (2023) found evidence for an even lower
cut-off in the ¤𝑀 distribution, at ' 10−10M�yr−1.

rates therefore offer a direct observational test of disc evolution,
and uniform, homogeneous surveys of accretion rates can provide a
clear answer to the question of how protoplanetary discs accrete.
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