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ABSTRACT

We show that the distribution of observed accretion rates is a powerful diagnostic of protoplanetary disc physics. Accretion due
to turbulent (‘viscous’) transport of angular momentum results in a fundamentally different distribution of accretion rates than
accretion driven by magnetized disc winds. We find that a homogeneous sample of 2300 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 (<1072 Mg yr~!). Uniform, 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 accretion
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 plausibly explain many observed
properties of protoplanetary discs (e.g. Williams & Cieza 2011).
The efficiency of turbulent transport is parametrized in terms of the
Shakura & Sunyaev (1973) «a-parameter, with observed accretion
rates requiring o ~ 1073~1072 (e.g. King, Pringle & Livio 2007;
Rafikov 2017). The final dispersal of the disc, at late times, is
inconsistent with viscous accretion, and is usually attributed to pho-
toevaporative winds (Hollenbach et al. 1994; Alexander, Clarke &
Pringle 2006a; Owen et al. 2010). This picture of (gas) disc evolution
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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 recognized 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 magnetized disc wind (e.g. Suzuki & Inutsuka
2009; Bai & Stone 2013a, b; Fromang et al. 2013; 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). Magnetized 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,
Konigl & Wardle 2011). We therefore have two competing pictures
of protoplanetary disc accretion (viscous or wind-driven), which
can both — 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
(0.1 au), where thermal ionization is sufficient to drive the MRI,
observations of both turbulent velocities (Carr, Tokunaga & Najita
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2004) and the bulk properties of the disc (McClure 2019) imply
a 2 1072, 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, @ < 1072 (Dullemond et al. 2018; Flaherty et al.
2018; Teague et al. 2018; Flaherty et al. 2020), and the apparent
lack of viscous spreading implies a similarly low « (Trapman et al.
2020; Long et al. 2022). Magnetized winds with high mass-loss
rates are detected through both molecular (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,
Lada & Lada 2001; Andrews & Williams 2005; Fedele et al. 2010).
However, 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 observed accretion luminosities (e.g. Hartmann, Herczeg &
Calvet 2016). Accretion measurements are still subject to significant
uncertainties, most notably the bolometric corrections (e.g. Pittman
etal. 2022), and the effects of short time-scale variability (e.g. Venuti
et al. 2017). However, with Gaia now providing accurate stellar
distances, accretion rates have become the best-determined of these
demographic indicators (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 distribution.
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 to 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 ‘marginalizing’ 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 magnetized wind. We describe each
of these models in turn below.

2.1 Viscous/photoevaporation model

Our viscous model assumes that the disc evolves subject to turbulent
transport of angular momentum (‘viscosity’), and mass-loss due
to photoevaporation (e.g. Clarke, Gendrin & Sotomayor 2001;
Alexander, Clarke & Pringle 2006b; Owen et al. 2010; Picogna
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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(¢) that is consistent with more sophisticated models.

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

v o RY, )
and results in an accretion rate that evolves as
. Md‘() _52—y
Ms(t) = ————1 7 2)
22—y,

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

. Md’()
My=———, 3)
22 -y
and the dimensionless time 7 is given by
t
T=—+1. “

L,

M (1) therefore follows a power-law form for ¢ > ¢,, and as
long as M, significantly exceeds the highest observed value, the
probability distribution p(My) depends only on the power-law index
y. Observed disc surface density profiles, and demographic studies,
both suggest that plausible values of y range from ~ 0.5-1.5 (e.g.
Andrews et al. 2009, 2010; Lodato et al. 2017; Zhang et al. 2017).

To capture the late-time behaviour (when photoevaporation leads
to the cessation of accretion), we modify the similarity solution
by introducing a polynomial ‘cut-off’ (following Ruden 2004 &
Armitage 2007), so that M(t) — 0 as t — foay:

. ) t 3/2
M(t) = MSS([) |:1 - (t ) :| ) ! =< Imax-. (5)

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

Formally, this model has four free parameters: My o, t,, ¥, and
M.." However, the first two of these effectively just define the initial
accretion rate Mo[= Mqy0/(2(2 — ¥)t,)], and the power-law nature
of the model means that p(M) is independent of M, as long as
My > M. In practice p(M) is therefore only sensitive to two
parameters: the viscous power-law index y and the cut-off accretion
rate MC.

2.2 Wind-driven accretion model

For the case of wind-driven accretion we follow the recent models of
Tabone et al. (2022a, b). This framework allows for hybrid models in

'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.

MNRAS 524, 3948-3957 (2023)

€20z 1snBny gz U0 1s9nB Aq 69G81.Z./8Y6E/E/YZS/I0IIE/SEBIUL/WOY dNO"0IWSPED.//:SAYY WO} PAPEOjUMOQ



3950 R. Alexander et al.

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. (2022a), where the accretion
rate evolves as

M —-1+1
d.0 (1 -2 r) . ©6)
2l‘acc,O(l + fM) 2tacc,O

Here ... is the initial accretion time-scale (analogous to the viscous
time-scale above), and fy is the mass ejection-to-accretion ratio in the
magnetized wind. w is a dimensionless parameter between 0 and 1,
which parametrizes the (unknown) dissipation of the disc’s magnetic
field with time (w = 1 corresponds to a constant magnetic field
strength). The first term in equation (6) defines the initial accretion
rate My, as in the viscous model, while the form of the second term
sets the disc lifetime (i.e. the time at which M(z) drops to zero) to be
2tacc,0/a).

This model therefore also has four free parameters: Mgy, facc, 0,
fm, and w. fiy serves only to change the conversion between 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 primarily determined by just two
parameters: the initial accretion rate Mo[= M/ Qtyce0(1 + )],
and the dissipation parameter .

M(t) =

2.3 Comparison of the analytic models

Our first step is to compare the analytic forms of these models.
We normalize both models to have the same initial disc mass
M, = 0.05Mg, and matching disc lifetimes of fp.x = 2tycc0/w =
4 Myr. For this initial comparison we adopt canonical parameters of
y =1land M. = 1 x 107 Mg yr~'in the viscous model.?, and fy; =
0.6 and w = 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(¢) 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 M. 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 M. 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 M., with power-law declines to higher and lower values; while the
distribution for the wind-driven model peaks at the limiting initial
accretion rate M, and declines as a power-law to lower values. The
form of p(M ) in the viscous model is insensitive to #,, as long as #,ax
> 1, (or, equivalently, My > M,), and is only weakly sensitive to the
viscous power-law index y (which changes the slope of the decline
to high M). For any plausible choice of y 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 depends primarily on t,),
while the width of the distribution (or alternatively the slope of the
decline to low M) is determined by w (indeed, for v = 1, p(M) is
a §-function). Low values of w (0.2) can give a comparably broad
distribution to the viscous model, but p(M) in the wind-driven model

For this comparison we have used the disc lifetime, fiyax, as an input
parameter instead of the viscous time-scale. In this model this sets #, =
9.53 x 10*yr, and therefore My = Mg,0/2t, = 2.64 x 10~7 Mg yr~!.
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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
M_, 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 M. The
dashed and dotted lines show the effect of varying different model parameters
(while keeping Mg o and the disc lifetime fixed). The dashed black line shows a
viscous model with a lower cut-off accretion rate (M, = 3 x 10710 Mg yr=1),
while the dotted black line shows a model with power-law index y = 3/2.
The dashed red line denotes a wind-driven model with w = 0.2 (which for a
fixed disc lifetime also increases the initial accretion rate M).
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Figure 2. Accretion rate probability distributions p(M) for the two disc
models, assuming uniform sampling of M (¢). 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 M., and
is approximately symmetric around this peak. By contrast, the distribution for
the wind-driven model always peaks at the initial (maximum) accretion rate
My, and declines to smaller values. As in Fig. 1, the dashed and dotted curves
show the effect of changing the model parameters. In the viscous model,
lowering the cut-off rate M, shifts the peak of the distribution to lower M
by the same factor, while changing the power-law index y has only a minor
impact. In the wind-driven model, a lower value of the dissipation parameter
o results in a broader distribution, and also shifts the peak to higher M (as

for a fixed disc lifetime, Mo tzgé 0 o).
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is always asymmetric, and peaks at the maximum value M,.> 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 follows.
We first define a model M(z), valid over a range [0, fax]. We then
randomly sample N values of #; € [0, ty.x], and compute a set of
N values M;(t,). To simulate a realistic set of observations, we then
modify the sample M, 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 are computed as
log,o(M{) = log,o(M:) + dw )

where the (log-)scatter in the individual points, Sy, is drawn
randomly from a zero-mean Gaussian distribution with standard
deviation Ap. Following Manara et al. (2022), we adopt Ay =
0.35dex as the magnitude of this ‘observational’ scatter. We then
designate values as either detections or upper limits according to a
simple exponential selection function:

" 1 if M > M, o
Pa(M) exp ([loglO(M) — logIO(Mt)] /UM) iftM < M,. ©)
Here pge 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
logm(Mt) = —9.25, and o = 0.5. Individual data points are then
designated as either detections or upper limits, by sampling randomly
from the distribution pae(M]). If a data point is designated as an upper
limit, it is then assigned a final value MJ by sampling randomly (in
log-space) from the range [M], M,] (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

3This also implies that significant scatter in My is required for wind-driven
accretion to reproduce the full range of observed accretion rates, which extend
up to ~107% Mg, yr~—!(see Fig. 6.)
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Figure 3. Simulated data generated for a model with y = 1, M, =
107" Mg yr~!, and Ay = 0.35. The solid curve shows the analytic form
of M(t), and the points show the N = 50 simulated ‘observations” generated
from this curve, using the procedure described in Section 2.4. Black circles
represent detections; red triangles represent upper limits.
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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 and 2,
with ‘observational’ scatter of Ay = 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 distributionis 1.1 x 107>,

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 finite sampling, and the introduction of the ‘observational’
scatter. The distribution of accretion rates from the viscous model
has a mean (in logIO(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 (M. for the viscous model, and M,
for the wind-driven model), and in both cases the intrinsic width
of the distribution significantly exceeds the observational scatter
(0.35dex). Given the highly inhomogeneous nature of the upper

MNRAS 524, 3948-3957 (2023)
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Figure 5. Probability that samples of accretion rates from the two different
disc models 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,
the Kolmogorov—Smirnov (KS) test was repeated for 1000 different random
realizations of the models; 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 per cent. For the basic
model N 2 100 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.

limits on M in real observations, we consider only the detections
when comparing our samples quantitatively.* 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 x 1073, so we are able to distinguish between the models at
high confidence.

We generalize 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 KS probabilities is plotted
in Fig. 5: the median value (as a function of N) 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 remains
a highly idealized 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 parameters span
broad ranges, as suggested by demographic studies (Somigliana
et al. 2020; Tabone et al. 2022a). We adopt a pessimistic set of
assumptions here, maximising the plausible spread in the model

4With 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.

MNRAS 524, 3948-3957 (2023)

parameters to make a stringent test. We therefore apply scatter to our
model parameters as follows:’

(1) M4 — the initial disc mass (in both models) is drawn from
a log-normal distribution with a mean of 0.03 My and a standard
deviation of 0.5 dex.

(ii) M. — the cut-off accretion rate in the viscous model is also
drawn from a log-normal distribution, with a mean of 107° Mg yr~!,
and a standard deviation of 1.0 dex.

(iii) y — the viscous power-law index is drawn from a uniform
distribution spanning the range [0.5,1.5].

(iv) @ — the magnetic dissipation parameter is drawn from a
Gaussian distribution with a mean of 0.4, and a standard deviation
of 0.2. We additionally impose a minimum value of w = 0.1, as very
small values of w lead to unphysical results.

(V) taeco — following Tabone et al. (2022a), the accretion time-
scale is drawn from an exponential distribution exp (— #/7), with T =
2.5 Myr. This sets the characteristic initial accretion rate Myo/t =
1.2 x 1078 Mg yr'.

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 2 300 is still sufficient to distinguish between the two
models at high confidence. The fact that a relatively 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 encouraging. 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.

3 COMPARISONS WITH OBSERVED
ACCRETION RATES

3.1 The sample

‘We now seek to test our method using real accretion rate observations,
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 oc M? trend (e.g. Mohanty, Jayawardhana &
Basri 2005; Muzerolle 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 >~ 0.5-1 Mg. We

5This procedure results in a slight inconsistency between how the two models
are treated: in the wind-driven model the range of lifetimes is prescribed, while
no limit on ¢, is imposed on the viscous model. This makes no difference
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.
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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 0.3-1.2 Mg, 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, M,,
applied to our simulated data (as described in Section 2.4.).

therefore limit our analysis stellar masses in the range 0.3-1.2 Mg
(i.e. 0.6 Mg, 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 0.2 Mg, 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 four upper limits) below
3 x 107'Mg yr~'. 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 Hel) 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 homogeneous.
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.
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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 viscous model
(equation (5)), as a function of the cut-off accretion rate M. As in Fig. 5,
the line represents the median from 1000 random realizations 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 per cent. We see that
values of M. >5 x 1072 Mg yr~! are strongly ruled out by our analysis: if
photoevaporation terminates disc accretion, then the photoevaporative mass-
loss rates must be low.

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 accretion
models. With only 100 detections we therefore do not expect 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,
any statistical conclusions will inevitably be dominated by these
uncertainties. As a result, we do not pursue a more sophisticated
statistical approach (such as Markov chain Monte Carlo MCMC)
to constrain the model parameters. 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 realizations of the model for each value
of the fixed parameter, and study how the probabilities vary.® 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 y is not usefully constrained, but the
large number of observed discs with accretion rates $107° Mg yr~!
is inconsistent with higher values of the cut-off rate M.. We do
not place any lower limit to M., but this is primarily due to the
observational detection limits: there are simply not enough data
points with M < 1071 Mg yr~! to provide useful constraints at
low M.. The variation of the KS probability with M, is shown in
Fig. 7: we see that values of M. > 10~ Mg, yr~'are disfavoured,
and values >5 x 10~ Mg yr~! are strongly excluded. This suggests
that if disc photoevaporation is responsible for the cessation of disc

OThis is effectively a crude way of marginalizing over the multiparameter
space to constrain a single parameter.
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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 and 7, the line represents the median from 1000 random realizations
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 per
cent. Although the probability peaks at a scatter of ~ 0.6 dex, none of the
parameter space for the wind-driven models is ruled out.

accretion, then the mass-loss rates in the photoevaporative winds
must be S107° Mg yr~!. Improved characterization 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
per cent probability (i.e. at the ‘3¢’ level). In order to reproduce
the spread in accretion rates we require w < 1 (as found by Tabone
et al. 2022a), and some scatter in the initial accretion rates is weakly
favoured (see Fig. 8). There is also a weak preference for slightly
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 M, 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 ‘¢ =
0’ is not well-defined, and the early evolution of protoplanetary 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 sample size
(by a factor of 2-3) is needed in order to distinguish between 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 2~ 0.5-1 M, range
to 2 300 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, observations of the ‘non-accreting’ weak-
lined T Tauri stars are much more limited, and this may represent
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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 samples (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.

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)
in Section 2.1 and 2.2 capture the underlying physical behaviour
accurately. Mathematically, the difference in p(M) seen in Fig. 2 can
be understood by inspection of equation (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
instead 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 o X. The accretion rate therefore declines
as the disc accretes, and a power-law decline in M(1) is inevitable
in any viscous model with approximately constant «. 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. (2022a), which corresponds to the ‘¥-dependent apw’ model
in Tabone et al. (2022b). In this model the accretion efficiency apw
increases as ¥ declines. As the accretion rate M ox apw X, physically
this corresponds to a wind-driven accretion rate that has only a weak
dependence on .7

In strict terms our analysis therefore tests how strongly the
accretion efficiency (o) depends on disc surface density, rather
than directly probing the mechanism driving the accretion, with the
viscous « assumed to be independent of X. Simulations of ideal
MHD turbulence in fully-ionized, strongly-magnetized discs find
that @ o« B2, where the dimensionless plasma f parameter is
defined 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 no strong scaling with ¥ is observed (see e.g. discussion in
Lesur et al. 2022). In reality « varies with a number of different
parameters (most notably the poloidal magnetic field strength), but
as long as there is no strong dependence on X, a power-law decline
in M(z) is the natural outcome of viscous accretion in protoplanetary
discs.

On the other hand, the accretion rate M being largely independent
of X is seen in a range of wind-driven disc evolution models (e.g.
Armitage, Simon & Martin 2013; Suzuki et al. 2016). Numerical
simulations find that the rate of wind-driven accretion depends pri-
marily on the magnetic field strength, with only a weak dependence
on ¥ (e.g. Bai & Stone 2013b), though the transport of magnetic
flux remains a significant uncertainty (see Lesur et al. 2022, and
references therein). Therefore, although the difference between the
models formally arises from the assumed scalings of o 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.

"Indeed, the wind-driven accretion rate is completely independent of X, in
the limiting case w = 1.
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The key assumption in our method is that the observed accretion
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 difficult
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 Manara
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. 2022a), 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 requires
either low disc masses or long disc lifetimes), and it also means that
the model fails to reproduce the highest observed accretion 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 approach
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 distributions
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 demographic
indicators. For a given model set the distribution of the accretion rates
can be used as a stand-alone diagnostic, but our approach 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 qualitative
difference between our approach and previous studies (summarized
in Manara et al. 2022) is that we consider only the accretion rates, and
do not draw any inferences from other evolutionary indicators (such
as stellar ages, disc masses, or disc sizes). Our method essentially
marginalizes over time, and as a result it is largely insensitive to the
absolute time-scales (and also therefore the the magnitude of «); the
benefit of our approach lies in its statistical power, and in the much
smaller systematic uncertainties in the observables. Population syn-
thesis modelling has previously shown that viscous/photoevaporation
models are broadly consistent with observed accretion rates and disc
fractions (e.g. Alexander & Armitage 2009; Owen et al. 2010; Jones,
Pringle & Alexander 2012; Mulders et al. 2017; Picogna et al. 2019),
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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 relationship between accretion rate
and disc mass if the viscous time-scale is relatively long (¢, >~ 0.3—
1 x 10 yr). This is a factor 5-10 larger than in our canonical model,
and contradicts our earlier assumption that ¢ 3> ¢#,. A long viscous
time-scale does not invalidate our approach, but would add one extra
parameter to the model (as p(M) is no longer independent of Mj).
However, part of this apparent discrepancy is simply due to the choice
of the viscosity index y,® and Somigliana et al. (2020) showed that
including photoevaporation also weakens the requirement for ¢, to
be long (by adding scatter to the relation; see also Sellek, Booth &
Clarke 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 independent 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 de-
velopment, so are less well-studied than viscous models. Tabone
et al. (2022a) 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 > 1077 Mg yr~!) requires M, to be at least an order of magnitude
larger than in the canonical model of Tabone et al. (2022a). This in
turn requires either that wind-driven accretion is extremely efficient,
or that there is a very large spread of initial conditions in wind-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 M, < 1072 Mg, yr—! (see also Section 3.2). Physically this
represents the mass-loss rate due to photoevaporation. Our results
are agnostic as to the mechanism driving disc photoevaporation, but
place a strict upper limit on the mass-loss rate. This is consistent
with the results of previous demographic studies (e.g. Alexander
2012; Manzo-Martinez et al. 2020; Somigliana 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 previously
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 ~ 1078 Mg yr~! (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~° Mg yr~!, with a large number of observed discs accreting
at lower rates, and any model which shuts off disc accretion above
the median observed M is clearly ruled out.” If accretion at au

8Changing from y = 3/2 (preferred by Lodato et al. 2017) to y = 1 (as in
our canonical model) reduces ¢, by a factor of 4.

9Recently Thanathibodee et al. (2023) found evidence for an even lower
cut-off in the M distribution, at ~ 10~10 Mg yr~!.
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radii is not viscous then this discrepancy could be resolved, but
otherwise the data point unambiguously towards photoevaporation
rates S107° Mg yr~\.

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 efficient at
small radii, accretion being primarily wind-driven elsewhere in the
disc, and photoevaporation driving final disc dispersal (Lesur et al.
2022; Pascucci et al. 2022). Our models are idealized, and future
work should consider how these different processes interact, and
how we can potentially diagnose their effects in ‘hybrid’ models.
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 <107'°Mgyr~—'. A larger sample of higher accretion rates
>10~7 Mg yr~! 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
protoplanetary disc evolution. We have shown that the differing
transport processes in turbulent (‘viscous’) transport of angular
momentum and wind-driven accretion result in fundamentally dif-
ferent distributions of accretion rates. Our Monte Carlo analysis
shows that these distributions 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 distribution, 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 compilation
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 $107° Mg yr~!. Accretion
rates therefore offer a direct observational test of disc evolution,
and uniform, homogeneous surveys of accretion rates can pro-
vide a clear answer to the question of how protoplanetary discs
accrete.

ACKNOWLEDGEMENTS

We thank the anonymous referee for an insightful review. RA and
GR acknowledge funding from the Science & Technology Facilities
Council (STFC) through consolidated grant no. ST/W000857/1.
GR acknowledges support from the Netherlands Organisation for
Scientific Research (NWO, program number 016.Veni.192.233)
and from an STFC Ernest Rutherford Fellowship (grant no.
ST/T003855/1). PJA acknowledges support from NASA TCAN
award 80NSSC19K0639. GJH is supported by general grant no.
12173003 from the National Natural Science Foundation of China.
BT is a Laureate of the Paris Region fellowship program, which is

MNRAS 524, 3948-3957 (2023)

supported by the Ile-de-France Region, and has received funding
under Marie Sklodowska-Curie grant agreement no. 945298. This
project has received funding from the European Research Council
(ERC) under the European Union’s Horizon Europe Research &
Innovation Programme under grant agreements no. 101039651 (Dis-
cEvol) and no. 101039452 (WANDA). Views and opinions ex-
pressed are however those of the author(s) only, and do not
necessarily reflect those of the European Union or the Euro-
pean Research Council Executive Agency. Neither the European
Union nor the granting authority can be held responsible for
them.

DATA AVAILABILITY

The observational data used in this paper are from the compilation of
Manara et al. (2022), and are publicly available at http://ppvii.org/ch
apter/15/. The randomly generated data from our statistical analysis
will be shared on reasonable request to the corresponding author.

REFERENCES

Alexander R., 2012, ApJ, 757, L29

Alexander R. D., Armitage P. J., 2009, ApJ, 704, 989

Alexander R. D., Clarke C. J., Pringle J. E., 2006a, MNRAS, 369, 216

Alexander R. D., Clarke C. J., Pringle J. E., 2006b, MNRAS, 369, 229

Alexander R., Pascuccil., Andrews S., Armitage P., Cieza L., 2014, in Beuther
H., Klessen R. S., Dullemond C. P., Henning T.eds, Protostars and Planets
VI. Univ. Arizona Press, Tucson, p. 475

Andrews S. M., 2020, ARA&A, 58, 483

Andrews S. M., Williams J. P., 2005, ApJ, 631, 1134

Andrews S. M., Wilner D. J., Hughes A. M., Qi C., Dullemond C. P., 2009,
ApJ, 700, 1502

Andrews S. M., Wilner D. J., Hughes A. M., Qi C., Dullemond C. P., 2010,
ApJ, 723, 1241

Armitage P. J., 2007, ApJ, 665, 1381

Armitage P. J., 2011, ARA&A, 49, 195

Armitage P. J., Simon J. B., Martin R. G., 2013, ApJ, 778, L14

Bai X.-N., Stone J. M., 2013a, ApJ, 767, 30

Bai X.-N., Stone J. M., 2013b, ApJ, 769, 76

Balbus S. A., 2011, in Garcia P. J. V.eds, Physical Processes in Circumstellar
Disks around Young Stars. Univ. Chicago Press, Chicago, p. 237

Balbus S. A., Hawley J. E,, 1991, ApJ, 376, 214

Banzatti A., Pascucci L., Edwards S., Fang M., Gorti U., Flock M., 2019, Ap]J,
870, 76

Booth A. S. etal., 2021, ApJS, 257, 16

Carr J. S., Tokunaga A. T., Najita J., 2004, ApJ, 603, 213

Clarke C. J., Gendrin A., Sotomayor M., 2001, MNRAS, 328, 485

de Valon A., Dougados C., Cabrit S., Louvet F., Zapata L. A., Mardones D.,
2020, A&A, 634, L12

Dullemond C. P. et al., 2018, ApJ, 869, L46

Ercolano B., Pascucci 1., 2017, R. Soc. Open Sci., 4, 170114

Fedele D., van den Ancker M. E., Henning T., Jayawardhana R., Oliveira J.
M., 2010, A&A, 510, A72

Fiorellino E., Tychoniec L., Cruz-Sdenz de Miera F., Antoniucci S., Kdspal
A., Manara C. F., Nisini B., Rosotti G., 2023, Apl, 944, 135

Flaherty K. M., Hughes A. M., Teague R., Simon J. B., Andrews S. M.,
Wilner D. J., 2018, AplJ, 856, 117

Flaherty K. et al., 2020, ApJ, 895, 109

Fromang S., Latter H., Lesur G., Ogilvie G. I, 2013, A&A, 552, A71

Gammie C. E, 1996, AplJ, 457, 355

Gressel O., Turner N. J., Nelson R. P., McNally C. P,, 2015, ApJ, 801, 84

Haisch K. E., Jr, Lada E. A., Lada C. J., 2001, ApJ, 553, L153

Hartmann L., Calvet N., Gullbring E., D’ Alessio P., 1998, ApJ, 495, 385

Hartmann L., Herczeg G., Calvet N., 2016, ARA&A, 54, 135

Hollenbach D., Johnstone D., Lizano S., Shu F., 1994, ApJ, 428, 654

€20z 1snBny gz U0 1s9nB Aq 69G81.Z./8Y6E/E/YZS/I0IIE/SEBIUL/WOY dNO"0IWSPED.//:SAYY WO} PAPEOjUMOQ


http://ppvii.org/chapter/15/
http://dx.doi.org/10.1088/2041-8205/757/2/L29
http://dx.doi.org/10.1088/0004-637X/704/2/989
http://dx.doi.org/10.1111/j.1365-2966.2006.10293.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10294.x
http://dx.doi.org/10.1146/annurev-astro-031220-010302
http://dx.doi.org/10.1086/432712
http://dx.doi.org/10.1088/0004-637X/700/2/1502
http://dx.doi.org/10.1088/0004-637X/723/2/1241
http://dx.doi.org/10.1086/519921
http://dx.doi.org/10.1146/annurev-astro-081710-102521
http://dx.doi.org/10.1088/2041-8205/778/1/L14
http://dx.doi.org/10.1088/0004-637X/767/1/30
http://dx.doi.org/10.1088/0004-637X/769/1/76
http://dx.doi.org/10.1086/170270
http://dx.doi.org/10.3847/1538-4357/aaf1aa
http://dx.doi.org/10.3847/1538-4365/ac1ad4
http://dx.doi.org/10.1086/381356
http://dx.doi.org/10.1046/j.1365-8711.2001.04891.x
http://dx.doi.org/10.1051/0004-6361/201936950
http://dx.doi.org/10.3847/2041-8213/aaf742
http://dx.doi.org/10.1098/rsos.170114
http://dx.doi.org/10.1051/0004-6361/200912810
http://dx.doi.org/10.3847/1538-4357/aca320
http://dx.doi.org/10.3847/1538-4357/aab615
http://dx.doi.org/10.3847/1538-4357/ab8cc5
http://dx.doi.org/10.1051/0004-6361/201220016
http://dx.doi.org/10.1086/176735
http://dx.doi.org/10.1088/0004-637X/801/2/84
http://dx.doi.org/10.1086/320685
http://dx.doi.org/10.1146/annurev-astro-081915-023347
http://dx.doi.org/10.1086/174276

Ingleby L., Calvet N., Hernandez J., Bricefio C., Espaillat C., Miller J., Bergin
E., Hartmann L., 2011, AJ, 141, 127

Jones M. G., Pringle J. E., Alexander R. D., 2012, MNRAS, 419, 925

King A. R., Pringle J. E., Livio M., 2007, MNRAS, 376, 1740

Lesur G. R. J., 2021, A&A, 650, A35

Lesur G. et al., 2022, in Inutsuka Shu-ichiro, Aikawa Yuri, Muto Takayuki,
Tomida Kengo, Tamura Motohide, eds, Protostars and Planets VII

Lodato G., Scardoni C. E., Manara C. F., Testi L., 2017, MNRAS, 472, 4700

Long F. et al., 2022, ApJ, 931, 6

Lynden-Bell D., Pringle J. E., 1974, MNRAS, 168, 603

Manara C. F. et al., 2013, A&A, 551, A107

Manara C. F. et al., 2017, A&A, 604, A127

Manara C. F., Ansdell M., Rosotti G. P., Hughes A. M., Armitage P. J., Lodato
G., Williams J. P., 2022, preprint (arXiv:2203.09930)

Manzo-Martinez E. et al., 2020, ApJ, 893, 56

McClure M. K., 2019, A&A, 632, A32

Miotello A., Kamp 1., Birnstiel T., Cleeves L. 1., Kataoka A., 2022, preprint
(arXiv:2203.09818)

Mohanty S., Jayawardhana R., Basri G., 2005, ApJ, 626, 498

Mulders G. D., Pascucci 1., Manara C. F,, Testi L., Herczeg G. J., Henning
T., Mohanty S., Lodato G., 2017, ApJ, 847, 31

Muzerolle J., Luhman K. L., Bricefio C., Hartmann L., Calvet N., 2005, ApJ,
625, 906

Owen J. E., Ercolano B., Clarke C. J., Alexander R. D., 2010, MNRAS, 401,
1415

Pascucci I. et al., 2011, AplJ, 736, 13

Pascucci L. et al., 2020, ApJ, 903, 78

Pascucci 1., Cabrit S., Edwards S., Gorti U., Gressel O., Suzuki T., 2022,
preprint (arXiv:2203.10068)

Picogna G., Ercolano B., Owen J. E., Weber M. L., 2019, MNRAS, 487,
691

Pittman C. V. et al., 2022, AJ, 164, 201

Rafikov R. R., 2017, ApJ, 837, 163

Ruden S. P., 2004, ApJ, 605, 880

Salmeron R., Konigl A., Wardle M., 2011, MNRAS, 412, 1162

© 2023 The Author(s)

Protoplanetary disc accretion rates 3957

Salvesen G., Simon J. B., Armitage P. J., Begelman M. C., 2016, MNRAS,
457,857

Sellek A. D., Booth R. A., Clarke C. J., 2020, MNRAS, 498, 2845

Shakura N. L., Sunyaev R. A., 1973, A&A, 24, 337

Soderblom D. R., Hillenbrand L. A., Jeffries R. D., Mamajek E. E., Naylor
T., 2014, in Beuther H., Klessen R. S., Dullemond C. P., Henning T.eds,
Protostars and Planets VI. Univ. Arizona Press, Tucson, p. 219

Somigliana A., Toci C., Lodato G., Rosotti G., Manara C. F., 2020, MNRAS,
492, 1120

Suzuki T. K., Inutsuka S.-i., 2009, ApJ, 691, L49

Suzuki T. K., Ogihara M., Morbidelli A., Crida A., Guillot T., 2016, A&A,
596, A74

Tabone B., Rosotti G. P, Lodato G., Armitage P. J., Cridland A. J., van
Dishoeck E. F.,, 2022a, MNRAS, 512, L74

Tabone B., Rosotti G. P, Cridland A. J., Armitage P. J., Lodato G., 2022b,
MNRAS, 512, 2290

Teague R. et al., 2018, ApJ, 864, 133

Thanathibodee T., Calvet N., Hernandez J., Maucé K., Bricefio C., 2022, AJ,
163,74

Thanathibodee T., Molina B., Serna J., Calvet N., Hernandez J., Muzerolle
J., Franco-Herndndez R., 2023, ApJ, 944, 90

Trapman L., Rosotti G., Bosman A. D., Hogerheijde M. R., van Dishoeck E.
F, 2020, A&A, 640, A5

Trapman L., Tabone B., Rosotti G., Zhang K., 2022, ApJ, 926, 61

Venuti L. et al., 2017, A&A, 599, A23

Whelan E. T., Pascucci I., Gorti U., Edwards S., Alexander R. D., Sterzik M.
E., Melo C., 2021, ApJ, 913, 43

Williams J. P, Cieza L. A., 2011, ARA&A, 49, 67

Zagaria F., Rosotti G. P., Clarke C. J., Tabone B., 2022, MNRAS, 514, 1088

Zhang K., Bergin E. A., Blake G. A., Cleeves L. I., Schwarz K. R., 2017,
Nature Astron., 1, 0130

This paper has been typeset from a TEX/I&TEX file prepared by the author.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 524, 3948-3957 (2023)

€20z 1snBny gz U0 1s9nB Aq 69G81.Z./8Y6E/E/YZS/I0IIE/SEBIUL/WOY dNO"0IWSPED.//:SAYY WO} PAPEOjUMOQ


http://dx.doi.org/10.1088/0004-6256/141/4/127
http://dx.doi.org/10.1111/j.1365-2966.2011.19730.x
http://dx.doi.org/10.1111/j.1365-2966.2007.11556.x
http://dx.doi.org/10.1051/0004-6361/202040109
http://dx.doi.org/10.1093/mnras/stx2273
http://dx.doi.org/10.3847/1538-4357/ac634e
http://dx.doi.org/10.1093/mnras/168.3.603
http://dx.doi.org/10.1051/0004-6361/201220921
http://dx.doi.org/10.1051/0004-6361/201630147
http://arxiv.org/abs/2203.09930
http://dx.doi.org/10.3847/1538-4357/ab7ead
http://dx.doi.org/10.1051/0004-6361/201834361
http://arxiv.org/abs/2203.09818
http://dx.doi.org/10.1086/429794
http://dx.doi.org/10.3847/1538-4357/aa8906
http://dx.doi.org/10.1086/429483
http://dx.doi.org/10.1111/j.1365-2966.2009.15771.x
http://dx.doi.org/10.1088/0004-637X/736/1/13
http://dx.doi.org/10.3847/1538-4357/abba3c
http://arxiv.org/abs/2203.10068
http://dx.doi.org/10.1093/mnras/stz1166
http://dx.doi.org/10.3847/1538-3881/ac898d
http://dx.doi.org/10.3847/1538-4357/aa6249
http://dx.doi.org/10.1086/382524
http://dx.doi.org/10.1111/j.1365-2966.2010.17974.x
http://dx.doi.org/10.1093/mnras/stw029
http://dx.doi.org/10.1093/mnras/staa2519
http://dx.doi.org/10.1093/mnras/stz3481
http://dx.doi.org/10.1088/0004-637X/691/1/L49
http://dx.doi.org/10.1051/0004-6361/201628955
http://dx.doi.org/10.1093/mnrasl/slab124
http://dx.doi.org/10.1093/mnras/stab3442
http://dx.doi.org/10.3847/1538-4357/aad80e
http://dx.doi.org/10.3847/1538-3881/ac3ee6
http://dx.doi.org/10.3847/1538-4357/acac84
http://dx.doi.org/10.1051/0004-6361/202037673
http://dx.doi.org/10.3847/1538-4357/ac3ed5
http://dx.doi.org/10.1051/0004-6361/201629537
http://dx.doi.org/10.3847/1538-4357/abf55e
http://dx.doi.org/10.1146/annurev-astro-081710-102548
http://dx.doi.org/10.1093/mnras/stac1461
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 A TALE OF TWO DISC MODELS
	3 COMPARISONS WITH OBSERVED ACCRETION RATES
	4 DISCUSSION
	5 SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

