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Abstract

Proto-planetary discs, the birth environment of planets, are an example of a structure commonly found in
astrophysics, accretion discs. Identifying the mechanism responsible for accretion is a long-standing prob-
lem, dating back several decades. The common picture is that accretion is a consequence of turbulence, with
several instabilities proposed for its origin. While traditionally this field used to be a purely theoretical en-
deavour, the landscape is now changing thanks mainly to new observational facilities such as the ALMA radio
interferometer. Thanks to large improvements in spatial and spectral resolution and sensitivity (which have
enabled the study of disc substructure, kinematics and surveys of large disc populations), multiple techniques
have been devised to observationally measure the amount of turbulence in discs. This review summarises
these techniques, ranging from attempts at direct detection of turbulence from line broadening, to more indi-
rect approaches that rely on properties of the dust or consider the evolution of global disc properties (such as
masses, radii and accretion rates) for large samples, and what their findings are. Multiple lines of evidence
suggest that discs are in fact not as turbulent as thought one decade ago. On the other hand, direct detection of
turbulence in some discs and the finite radial extent of dust substructures and in some cases the finite vertical
extent strongly indicate that turbulence must be present at some level in proto-planetary discs. It is still an
open question whether this amount of turbulence is enough to power accretion or if this is instead driven by
other mechanisms, such as MHD winds.
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1. Introduction

Accretion discs are a very common structure in the
universe and explaining how and why accretion takes
place is a classical problem in astrophysics. The pro-
cess of accretion is intimately linked to that of an-
gular momentum transport; since the specific angu-
lar momentum of a particle in Keplerian orbit in-
creases with radius as l ∝

√
r, accretion requires a

mechanism to lose angular momentum and move in-
wards. Much has been written on this subject and
it is not the point of this review to discuss it here;
the interested reader can consult the seminal review
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by Pringle (1981) and the textbook by Frank et al.
(2002).

For the purpose of this review, it is sufficient to
remember that the classical solution to the problem
of accretion is to invoke the presence of turbulence
in the disc. On the macroscopic scale, turbulence
acts as an effective viscosity and redistributes angu-
lar momentum in the disc, leading mass to move in-
wards while the angular momentum is transported
outwards. Because of the strong link between tur-
bulence and viscosity, for convenience in this review
we will mostly use the two terms as synonyms1. The

1Though of course they are not; viscosity, as intended in
accretion disc literature, is the manifestation of turbulence on
scales much larger than those of the turbulent eddies. But we
will ignore this distinction for simplicity’s sake
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origin of turbulence is still an open problem, though
it is believed that the magneto-rotational instability
(MRI) (Balbus and Hawley, 1991) can be in many
astrophysical cases a viable explanation.

This review focuses on a specific astrophysical
case, proto-planetary discs, i.e. accretion discs
around young (a few Myr) stars. Compared to other
accretion discs found in nature, proto-planetary discs
are cold (with typical temperatures in the range of
tens of K) and have weak magnetic fields2 - this is
a very challenging situation for the MRI to operate,
since a minimum degree of ionization is required for
coupling the gas to the magnetic field. For this rea-
son, the theoretical community started doubting rela-
tively early on that the MRI could be effective across
the whole disc. For example, Gammie (1996) pro-
posed that the MRI could operate only in the very
inner region (<0.1 au), where ionisation is provided
by collisions, and at large radii, where the whole ver-
tical column is ionised by cosmic rays. Sandwiched
in between, he identified a so-called dead zone where
the bulk of the disc would be essentially laminar, ex-
cept for a thin layer in the disc atmosphere ionized by
cosmic rays. While the work of Gammie (1996) fo-
cused only on Ohmic resistivity as non-ideal effect
quenching the MRI, subsequent works (see Lesur
et al., 2022) found that the concept of a dead zone
survives and is in fact common to many theoretical
studies studying in which regions of the disc the MRI
can operate. There are therefore reasonable objec-
tions to the idea that the MRI can drive the level of
turbulence required to explain accretion.

Nevertheless, there is another long list of purely
hydrodynamical processes that could give rise to tur-
bulence in discs (see Lesur et al. 2022 for a review)
and it is therefore reasonable to think that, how-
ever our ignorance, the disc must be turbulent to ex-
plain the observational fact that accretion does take
place. In light of this, for many years the field op-
erated essentially hiding our ignorance about the na-
ture of accretion. In practise, most works just as-
sumed some efficiency of angular momentum trans-

2If any - no magnetic field has been detected in proto-
planetary disc at the time of writing (see Vlemmings et al. 2019;
Harrison et al. 2021 for the current upper limits). That being
said, the current upper limits are not stringent enough to ex-
clude that MRI can operate.

port, usually quantified by the αSS parameter pop-
ularised by Shakura and Sunyaev (1973), in most
cases neglecting its possible dependence with radius
and vertical coordinate.

Putting aside for a second the question about the
physical origin of turbulence, it is natural to ask if
observations can provide independent constraints by
assessing the level of turbulence in proto-planetary
discs. Unfortunately, this proves to be a surprisingly
difficult task. It is worth pausing a second to reflect
on why this is the case. After all, the presence of
turbulence in the interstellar medium is widely ac-
cepted and turbulence measurements are done rou-
tinely (e.g. Zuckerman and Evans 1974; Larson
1981, or Chevance et al. 2022 for a modern review).
The fundamental issue is that turbulence in accretion
discs is expected to be sub-sonic. This can be seen
from the fact that the amplitude of velocity fluctu-
ations is roughly

√
αSScs, and in accretion theory

αSS < 1. It follows that the easiest tool in our arsenal,
line broadening, is of difficult application in discs, as
it requires to have a very precise knowledge of the
temperature to disentangle thermal broadening from
turbulent broadening. Nevertheless, attempts at mea-
suring turbulence using line broadening are of clear
scientific value, and we will discuss them in this re-
view - it is worth anticipating that, however difficult,
in a few cases these measurements have been suc-
cessful.

To our rescue, in the last few years the field of
proto-planetary discs has been completely revolu-
tionised from the observational point of view. This
is primarily thanks to the Atacama Large Millime-
ter/submillimeter Array (ALMA), the most expen-
sive ground based telescope ever built, and a vast
improvement over the previous generation of inter-
ferometers (a factor ∼10x in spatial resolution and a
factor ∼100x in sensitivity). In addition to improv-
ing direct measurements of turbulence, ALMA has
also opened many ways in which turbulence can be
measured indirectly. Summarising all the available
constraints is the purpose of this review.

This review is structured as follows. We first
briefly remind the reader about the definitions com-
monly used in the field in section 2 and we then dis-
cuss the direct constraints on turbulence in section 3.
We then move to discuss the numerous indirect con-
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straints, first on individual discs (section 4) and then
on disc populations (section 5). We then discuss the
implications of these measurements in section 6 and
summarise our conclusions in section 7.

2. Definitions

Before discussing the available observational con-
straints, we will briefly remind the reader of com-
mon definitions. On macroscopic scales turbulence
provides an effective viscosity, which can be charac-
terised by a kinematic viscosity coefficient ν. It is
common to parametrise this, following Shakura and
Sunyaev (1973), as:

ν = αSScsH, (1)

where αSS is a dimensionelss parameter quantifying
the magnitude of turbulence, cs is the sound speed,
and H = cs/Ω is the disc scale-height, with Ω being
the disc angular velocity. With this parametrization
the velocity fluctuations induced by turbulence are of
order

√
αSScs, i.e.

√
αSS quantifies their amplitude in

units of the sound speed. In practise in the rest of
the review, when discussing the constraints on turbu-
lence, we intend them as constraints on αSS.

In terms of the disc secular evolution (see espe-
cially section 5), it is useful also to remember the def-
inition of the viscous time, which gives the timescale
for disc evolution:

tν =
R2

ν
' 5 × 104

(
αSS

10−2

)
yr, (2)

where R is the relevant length scale (typically the
disc outer radius), which we have set to 10 au for
the purpose of giving a numerical value; in addi-
tion, we have assumed a disc aspect ratio of 0.033
at 1 au and assumed a stellar mass of 1 solar mass.
This timescale can be found through simple dimen-
sional arguments, but analytical solutions of the
disc evolution equation with viscosity (Lynden-Bell
and Pringle, 1974) show this is indeed the correct
timescale on which discs evolve.

Although we will not use it directly in this review,
we also briefly remind the reader that the accretion
radial velocity induced by viscosity is of order

vr ' αSS

(H
R

)2

vK = αSS
H
R

cs (3)

Figure 1: CO overtone (ν = 2 − 0) spectrum of SVS13 (Carr
et al., 2004). Visible in the right part of the plot are individual
lines, corresponding to different rotational levels. The levels
pile up on the left so that individual lines are no longer recog-
nizable, determining the big jump at 22940 Angstroms called
bandhead. The presence of multiple lines and the morphology
of the bandhead allow one to at least partially disentangle tem-
perature from turbulent broadening.

where vK is the Keplerian velocity. Remembering
that both αSS and H/R are (much) smaller than 1,
the accretion velocity is thus expected to be signifi-
cantly smaller than the Keplerian velocity, and even
much smaller than the sound speed. For this reason
attempting to measure radial velocity is not viable
from the observational point, and we will not discuss
it further.

3. Direct detection

3.1. Infrared lines

As stated in the introduction, the fundamental is-
sue in detecting turbulence via line broadening is that
one needs to have an accurate estimate of the tem-
perature given the small amplitude expected. For-
tunately in some situations the temperature can be
estimated independently. This is the case for the
ν = 2 − 0 CO overtone emission at ∼ 2.3µm, where
one gets multiple rovibrational transitions which pile
up at a specific J level (see Figure 1). In this case
the temperature affects the relative intensity of the
individual rotational transitions because of the vari-
ation in excitation conditions, while turbulence af-
fects the width of each single transition. It follows
that in this case measurements of the line turbulent
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width are possible. This has been pioneered first by
Najita et al. (1996) who showed that thermal broad-
ening alone could not account for the observed line
profiles, and subsequently by Carr et al. (2004) who
reported supersonic turbulence in the source SVS
13. Other studies (e.g., Hartmann et al., 2004; Na-
jita et al., 2009; Ilee et al., 2014) have found simi-
lar evidence for turbulence at least comparable to the
sound speed. While this review focuses on the case
of solar mass stars, we note that similar results have
been obtained also for the case of discs around mas-
sive stars (e.g., Blum et al., 2004; Wheelwright et al.,
2010; Ilee et al., 2013).

Supersonic turbulence may be sound surprising
given what we stated in the introduction. It should
be kept in mind, however, that these lines come from
a specific region of the disc, namely at small radii
(∼ 0.1 au, e.g. Carr et al. 2004) and from relatively
high up in the disc atmosphere. In these locations the
disc is very warm (thousands of K) and these upper
layers are also ionized by cosmic rays (see discus-
sion of the dead zone in the introduction), making it
plausible that the MRI can operate efficiently. MHD
simulations (e.g., Fromang and Nelson 2006; Simon
et al. 2015) show that indeed one should expect to
reach high values of the αSS parameter, possibly even
higher than unity (i.e. supersonic turbulence), in the
disc upper layers.

Caveats to keep in mind are that these observations
are based on pure spectroscopy and so spatially un-
resolved. In addition, the vast majority of the studies
that have reported such high values of the turbulent
linewidth focus on the CO overtone emission, while
neither the fundamental CO transition nor transitions
from other molecules (e.g. water) show a similar ev-
idence of high turbulence. Considering that these
lines are optically thick and therefore trace only a
thin layer of disc material, a possible explanation
could be that at the deeper and colder layers of the
disc, where the other lines/transitions originate, tur-
bulence is less vigorous. Finally, the last caveat to
keep in mind for these studies is that the sample is
highly biased, and a large survey that can account for
the entirety of the disc population is lacking. Look-
ing at the future, it is expected that the upgraded
capabilities of the instrument CRIRES+ at the Very
Large Telescope (VLT) should significantly improve

the size of the observational sample. The combina-
tion of CRIRES+ with optical interferometry with
the instrument GRAVITY (e.g. GRAVITY Collab-
oration et al. 2021) should also help to alleviate the
problem of lack of spatial resolution.

3.2. Sub-mm

This topic has been recently reviewed also by
Pinte et al. (2022), but for the sake of complete-
ness on the existing constraints on turbulence we will
briefly review here once more the existing studies, as
well as updating them with the paper of Flaherty (in
prep).

The sub-mm is arguably the best wavelength at
which to study discs due to the possibility of getting
good spatial and spectral resolution, as well as trac-
ing the cold material (tens of K) that comprises the
bulk of the disc at tens or hundreds of au from the
star. Considering the high scientific importance of
this topic, direct detection of turbulence has been at-
tempted already in the pre-ALMA era (e.g., Qi et al.,
2004; Piétu et al., 2007; Hughes et al., 2011; Chapil-
lon et al., 2012), but these attempts were marred by
the low sensitivity and/or spectral resolution avail-
able. Already at this stage however it was clear that
turbulence in the cold outer disc must be subsonic.
Only in DM Tau (Guilloteau and Dutrey, 1998; Dar-
tois et al., 2003; Guilloteau et al., 2012) there were
hints of turbulence, which became stronger with
time, with an amplitude of 0.07-0.15 km/s. As we
shall see, these early results were then vindicated by
the later studies with ALMA.

Although the fundamental problem of disentan-
gling thermal and turbulent line broadening will al-
ways remain, it is worth highlighting that the degen-
eracy can at least partially be reduced. If the chosen
emission line is optically thick, its brightness temper-
ature gives an accurate measurement of the physical
temperature; ultimately the limiting factor is the cali-
bration uncertainty. Other ways to reduce the degen-
eracy is having good spatial resolution since the line
width affects the peak-to-through ratio of a spatially
integrated spectrum (Flaherty et al., 2015) and the
spatial extent of channel maps. We show in Figure 2
an example in DM Tau of spatially extended chan-
nel maps, which are suggestive of high turbulence as
confirmed by model fitting.
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Figure 2: Comparison between the channel maps of the data and those of the best fitting model in DM Tau (Flaherty et al., 2020).
In this disc the channel maps are particularly spatially extended; as confirmed by the model, this is a signature of turbulence that
can help disentanglign it from thermal effects.

Object Tracer δvturb/cs αSS Reference

HD163296 CO and DCO+ <0.05 < 2.5 × 10−3 (1,2)
TW Hya CO and CS <0.08 < 6 × 10−3 (3,4)

MWC480 CO <0.12 <0.01 (5)
V4046 Sgr CO <0.15 <0.02 (5)

DM Tau CO 0.25 0.0625 (5)
IM Lup CO 0.18-0.30 0.03-0.09 (6)

Table 1: Existing constraints on direct detection of turbulence from sub-mm lines. We have converted the measurements into a
constraint on αSS using δvturb =

√
αSScs. References: (1) Flaherty et al. (2015) (2) Flaherty et al. (2017) (3) Flaherty et al. (2018)

(4) Teague et al. (2018b) (5) Flaherty et al. (2020) (6) Flaherty (in prep)
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In the literature there are two different ways in
which these studies have been conducted. One is the
method introduced by Flaherty et al. (2015), which
uses a parametric model for the disc physical and
thermal structure. The turbulence is one of the pa-
rameters of the model. The main limitation of this
model is that one needs to make assumptions on
the disc structure; notably, the method currently as-
sumes a smooth disc neglecting gaps and rings. The
method of Teague et al. (2016) uses a different, non-
parametric method, which requires high spatial res-
olution to measure well the emission profile of the
chosen tracers. The method uses multiple transitions
to disentangle temperature from turbulent broaden-
ing, but it needs to assume that they come from
the same layer. Reassuringly, for TW Hya the two
methods yield similar results (Flaherty et al., 2018;
Teague et al., 2018b).

We summarise the existing measurements in Ta-
ble 1. It should be highlighted that the current sam-
ple is very limited in size. Currently turbulence has
been detected in two discs out of a total of six, with
only upper limits on the other four discs. The limit-
ing factor to conduct these studies on a larger sample
is that even for ALMA there are stringent require-
ments on the data quality requested, since both high
spatial and spectral resolution are needed, pushing
the integration time to long values. Future observa-
tions such as the large programme exoALMA, which
will survey 15 discs at high spatial and spectral res-
olutions, should significantly expand the sample size
in the next years.

3.3. Summary

The direct searches for turbulence paint a rather
mixed picture. On one side, it is reassuring that tur-
bulence is detected in the disc upper layers. On the
other side, the midplane seems to be a much qui-
eter environment; if present, turbulence must be sub-
sonic, and in many cases turbulence is not detected
at all. The most straightforward interpretation is that
turbulence must exhibit a strong gradient with the
vertical coordinate. In addition, at the time of writing
turbulence is detected in the midplane in 2 discs out
of 6. For the non detections the upper limits are much
lower than the values of the detections, suggesting
that there could be significant variation from disc to

disc rather than an universal value of αSS. That be-
ing said, the current sample size is obviously limited
and it is difficult to gauge how representative the con-
straints we discussed are for the disc population as a
whole. This motivates us to discuss other tracers of
turbulence in the next sections.

4. Indirect methods - individual discs

Considering the small sample discussed in the pre-
vious section, we wish here to review methods that
rely on more indirect tracers of turbulence, i.e. meth-
ods that rely on phenomenological consequences of
turbulence. As we shall see the field has been quite
creative and devised multiple ways to constrain tur-
bulence. The degree of indirectness varies across the
methods, since the measurements involve the interac-
tion with other physical processes, which are not al-
ways well understood. For this reason we tentatively
list the methods below in decreasing order of direct-
ness, though we note that this classification is some-
what subjective. Since almost every work in the area
of planet formation needs to make assumptions about
the magnitude of turbulence, at times it has been dif-
ficult to decide if some works should be included
in this discussion. We draw the (admittedly subjec-
tive) line at including only works that have some con-
straining power on viscosity, rather than including all
works whose results depend on the magnitude of vis-
cosity. We review in this section methods that study
individual discs and in the next section methods that
measure turbulence averaged over a disc population.

4.1. Disc vertical extent
The vertical equilibrium of dust grains is a compe-

tition between settling, i.e. gravity which makes the
grains fall towards the midplane, though at a speed
reduced by gas drag, and turbulence, which stirs up
the grains in the vertical direction. The more tur-
bulent the disc is, therefore, the thicker it will be-
come, and this provides an indirect way to assess
turbulence. The indirectness here is hidden in the
way dust couples to the gas, which is parametrised
by the Stokes number St, and to turbulence, which is
parametrised by the Schmidt number Sc. The former
is given by the following relation:

St =
π

2
ρsa
Σ
, (4)
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where ρs is the bulk density of the dust, a the dust
grain size and Σ the gas surface density. Since a and
Σ are typically unknown the Stokes number is also
unknown. The latter coefficient, the Schmidt num-
ber, is instead not a limitation for these studies. The
Schmidt number is defined as the ratio between the
gas and dust diffusivities: Sc = Dgas/Ddust, where
Dgas = ν = αSScsH is simply the kinematical vis-
cosity. At the typical conditions of proto-planetary
discs turbulence acts as an effective diffusion with the
same coefficient of diffusion of the gas (e.g., Youdin
and Lithwick, 2007): Sc = 1 + St2, and typically
St � 1 so that Sc = 1.

With these definitions, it can be shown (Dubrulle
et al., 1995) that the scale height of the dust is ap-
proximately given by

Hdust = Hgas

(
1 +

St
αSS

)−1/2

. (5)

This provides a quantitative way to measure αSS pro-
vided one can measure or estimate the scale-heights
of gas and dust. Since the Stokes number is usually
unknown, studies relying on dust tracers can only
measure the ratioαSS/S t. In this section and the next
we will report the existing constraints in terms of this
parameter to make the comparison between different
works and objects uniform, since the existing works
have assumed different values of St when quoting
their results. When quoting αSS, we have assumed
a typical value St = 10−2, but we stress this is not a
measurement and should be considered uncertain.

It is worth noting that the difference between
gas and dust scale-heights is maximised for large
grains. Therefore, observationally these studies are
best done comparing a tracer of large grains (e.g.
the mm emission) with a tracer of the gas (e.g. the
small grains; otherwise the gas scale-height can be
estimated if one has an estimate of the temperature).
Natural candidates where to measure the disc verti-
cal extent are discs at high inclination, where pro-
jection gives a direct view of the disc vertical extent.
Hints that the mm is thinner came already in the pre-
ALMA era (e.g., Duchêne et al., 2003; Pinte et al.,
2007; Gräfe et al., 2013), but this kind of studies need
high spatial resolution to be done properly (Boehler
et al. 2013 showed through radiative transfer that a
resolution of at least 0.1” is desirable; ideally, one

Figure 3: Comparison between HST (colour-scale) and ALMA
image (contours) for one of the discs in the Villenave et al.
(2020) sample, showing that the vertical extent at ALMA wave-
lengths is much smaller than in scattered light. Considering the
very different optical depths, however, only radiative transfer
modelling can confirm that mm scale-height is truly smaller.

would like a resolution comparable to the vertical
thickness) and so are really best suited for ALMA.
Other indications come also from SED modelling,
but this is degenerate with many other parameters
(e.g., Mulders and Dominik, 2012; Boneberg et al.,
2016), and so attempts at measuring αSS from SEDs
(e.g., Ribas et al., 2020) should be taken with care.

The most complete study of edge-on discs has
been presented in Villenave et al. (2020), a small sur-
vey of 12 discs with high-resolution ALMA imaging
(∼0.1”) and complementary HST imaging in scat-
tered light. A visual comparison between images
show that the disc at optical wavelengths is thicker
than in the sub-mm, see Figure 3. Here however it
is important to make a strong caveat: since the op-
tical depth for µm grains is much higher than in the
sub-mm, we expect the emitting surface in scattered
light to be at much higher heights than in the sub-mm
even in absence of settling. The visual comparison
is therefore not enough to confirm settling and only
through radiative transfer modelling one can confirm
it. The problem is also made complex by the fact
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that the vertical extent in the images, for the same
scale-height, depends sensitively on the disc mass
and inclination, making the inverse problem (mea-
suring scale heights from images) highly degenerate.
Indeed, Villenave et al. (2020) also present radia-
tive transfer modelling and from this they conclude
that only for three discs in the sample there is clear
evidence of settling. In these cases, the dust scale
height looks more compatible with value of ∼au at
100 au rather than 10 au. A more precise measure-
ment of the vertical scale-height is however not pos-
sible given the quality of the data. Assuming that
the gas scale-height is roughly 10au at this distance,
this corresponds to value of αSS/St ∼ 10−2, yielding
αSS ∼ 10−4.

Perhaps surprisingly, the study of the disc vertical
extent is not however limited to edge-on discs. Pinte
et al. (2016) proposed a new method that can be used
in discs with gaps and rings. Most discs probably fall
in this category (Andrews et al., 2018a; Long et al.,
2018) so that this makes the method widely appli-
cable, although so far only 3 discs have published
results. The method relies on the fact that due to
projection effects gaps get “filled” by adjacent rings
along the disc minor axis, while the “filling” effect is
much smaller along the disc major axis. The thicker
the disc, the bigger the filling effect and the differ-
ence between major and minor axis, as illustrated in
Figure 4. Through radiative transfer modelling one
can therefore estimate the disc vertical extent at the
emitting wavelength. Pinte et al. (2016) applied this
method to the first high-resolution ALMA image of
HL Tau, finding that the disc must be extremely thin:
H/R' 0.01 at 100au (similar to the constraint of Vil-
lenave et al. 2022). More recently Liu et al. (2022)
applied this method also to HD163296, finding sim-
ilarly small values for two of the three gaps in the
source, but a significantly larger value for the second
gap, where the gas and dust scale-heights are com-
parable and thus point to αSS/St ∼ 1. An ongoing
analysis on the DSHARP sample (Pizzati et al., in
prep) is less constraining than on these two discs,
but when the disc is sufficiently inclined and gaps
are sufficiently deep for the method to be applicable
finds that we can exclude that the dust scale height
is thicker than H/R ∼ 0.04. Doi and Kataoka (2021)
devised a similar method to that of Pinte et al. (2016),

which uses instead the azimuthal variation in rings
rather than in gaps. The method works only if the
emission in the ring is optically thin. They note that
the emission from a geometrically thick (thin) ring is
azimuthally asymmetric (symmetric). Using this fact
and detail radiative transfer modelling of HD163296,
the same source studied by Liu et al. (2022), they
come to similar conclusions regarding the vertical
scale-height.

Villenave et al. (2022) presented very high resolu-
tion (∼0.02”) observations of Oph 163131. This case
somehow combines both the study of edge-on discs,
since it is very inclined (∼ 84 deg), with the method
developed by Pinte et al. (2016) since it shows gaps
and rings. The source had already been studied in
lower-resolution data by Wolff et al. (2021), who
through combined Bayesian modelling of sub-mm
and scattered light imaging found evidence for set-
tling, but could not clearly measure the extent of the
sub-mm dust due to the degeneracies in lower resolu-
tion data. Thankfully, these degeneracies disappear
with enough spatial resolution and confirm that the
dust scale-height in the sub-mm must be < 1au at 100
au distance from the star, yielding αSS/St . 6×10−3,
or αSS . 6 × 10−5.

So far we have considered only class II discs ( Myr
old), which are the focus of this review. It is worth
highlighting there is a potential tension with younger
evolutionary phases such as class 0 and I discs, which
either lack evidence of dust settling (e.g., Lin et al.,
2021; Michel et al., 2022; Sheehan et al., 2022) or
appear to be less settled than class II discs (Villenave
et al., submitted) - notably the latter work studies a
class I object, suggesting that the disc vertical extent
may be decreasing with evolutionary stage. It is pos-
sible this means turbulence in the early phases of disc
formation is much higher than in evolved discs, but
on the other hand it is unclear how much the ongoing
infall from the envelope may resupply the disc with
grains far from the midplane.

4.2. Radial width of gas structures

In the previous section we have focused on the ver-
tical extent of the dust. It turns out that, if the gas is
radially concentrated, the dust will also tend to ra-
dially concentrate on a smaller spatial scale. This is
the dust trapping scenario first envisaged by Whip-
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Figure 4: Radiative transfer models from Pinte et al. (2016) in comparison with the data. The thicker the disc is, the more the gaps
along the minor axis (see green dashed line) get filled and the image becomes blurry. This points to a rather small (H/R. 0.01) disc
dust scale height.

Object αSS/St αSS Reference

AS 209 B74 3.1e-2 - 5.7e-1 3.1e-4 - 5.7e-3 (1)
AS 209 B120 4.6e-2 - 1.9e-1 4.6e-4 - 1.9 e-3 (1)

Elias 24 7.7e-2 - 6.6e-1 7.7e-4 - 6.6e-3 (1)
HD163296 B67 3.3e-1 - ... 3.3e-3 - ... (1)

HD163296 B100 1.3e-1 - 7.7e-1 1.3e-3 - 7.7e-3 (1)
GW Lup 3.1e-1 - 6.8e-1 3.1e-3 - 6.8e-3 (1)

HD143006 B41 1.8e-1 - ... 1.8e-3 - ... (1)
HD143006 B65 1.1 - ... 1.1e-3 - ... (1)

J1610 15.3 - ... 1.5e-2 - ... (2)
LkCa15 ... - 0.29 ... - 2.9e-3 (2)

HD163296 B67 0.23 2.3e-3 (3)
HD163296 B100 0.04 4e-4 (3)
HD163296 B155 0.04 4e-4 (3)

AS 209 B74 0.18 1.8e-3 (3)
AS 209 B120 0.13 1.3e-3 (3)

HD169142 1.35 1.35e-2 (4)

Table 2: Existing constraints from the radial width of gas substructures, as discussed in section 4.2. When sources have multiple
rings to which the method can be applied, we use the Bxx nomenclature to distinguish between them, where xx is the distance in
au from the star of the ring. Note that AS 209 and HD163296 appear twice because they were studied both by Dullemond et al.
(2018) and Rosotti et al. (2020). We provide ranges rather than values when the gas width is not available (ellipsis denote when
the constraint is only a lower/upper limit). In order to convert to αSS, we have assumed a typical value of St = 10−2 so that the
constraints coming from different works in the literature (which often assumed different values of St) can be made uniform. We
caution however that these values should be taken with much care since St is in general unknown. The only exception is HD169142,
where Sierra et al. (2019) were able to break the degeneracy because they also had measurements of the dust spectral index. In
this case we converted their measured value of αSS to αSS/St for the sake of comparison with the other works. References: (1)
Dullemond et al. (2018) (2) Facchini et al. (2020) (3) Rosotti et al. (2020) (4) Sierra et al. (2019)
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ple (1972), where the concentration is operated by
the gas pressure gradient affecting the dust radial ve-
locity through drag. In this case drag tends to con-
centrate the dust, while the effective dust diffusion
operated by turbulence opposes the concentration. It
can be shown that the relation between the two ra-
dial length scales follows exactly the same relation
we illustrated for the vertical scale-heights:

wd = w
(
1 +

St
αSS

)−1/2

, (6)

where wd and w are the dust and gas radial widths.
As before, measurements of the two length scales can
therefore provide a measurement of αSS/St, and in-
directly a constraint on αSS. This method relies on
the presence of radial concentrations of gas and dust,
and implicitly assumes that the dust structures are
pressure traps. As already discussed before, radial
concentrations of dust are observed in the majority
of discs as bright rings. There is less evidence that
the gas is similarly radially concentrated and that the
observed rings are created by pressure confinement;
for example sub-structures in line emission do not
appear to be correlated with those in the dust (Law
et al., 2021; Jiang et al., 2022). Alternative explana-
tions for the presence of bright rings in protoplan-
etary discs such as snow lines effects however do
not appear to pass simple tests regarding their ex-
pected radial locations (Long et al., 2018; Huang
et al., 2018; van der Marel et al., 2019; Bae et al.,
2022) and in a limited number of cases the analysis
of rotation curves provides evidence that rings are in-
deed pressure traps (Teague et al., 2018a; Izquierdo
et al., submitted), making this explanation the pre-
ferred one at the moment of writing3.

In principle, measuring dust radial widths is fairly
straightforward as it is can be done directly on the
ALMA images, provided one has enough spatial res-
olution. Nevertheless, we classify this method as
more indirect than that discussed in the previous sec-
tion, because measuring the gas radial width is a
hard problem: in most cases we do not even have

3Note this does not imply that these structures are due to
planets. Any mechanism, for example due to the interaction
with the magnetic field, radially concentrating gas will have the
same effect on the dust

evidence of radial concentration. Dullemond et al.
(2018) side-stepped this problem assuming the gas is
radially concentrated, and imposing reasonable up-
per and lower limits on the gas radial width using
simple arguments. In this way they were able to de-
rive a range of αSS/St for the sources in the high-
resolution DSHARP survey (Andrews et al., 2018a)
with the most prominent dust rings. Facchini et al.
(2020) followed the same procedure to get limits in
J1610 and LkCa15. Rosotti et al. (2020) improved
on this method by measuring the gas radial width for
two discs, HD163296 and AS209, using the kinemat-
ics of line emission. They show that the gas width
can be inferred from the slope of the deviation from
Keplerian rotation, and in this way they were able to
derive measurements for αSS/St. Currently the qual-
ity of kinematics data is not enough to conduct this
analysis for a larger disc samples, but in the near fu-
ture the large programme exoALMA should signifi-
cantly expand the sample.

While the methods discussed so far only look at
prominent rings, there is value in trying to use the
full radial information coming from line and contin-
uum observations. This is what Sierra et al. (2019)
attempted to do in HD169142, solving the dust radial
transport equation in steady state, i.e. looking for
the equilibrium between turbulence and radial drift
imposed by gas drag. They assumed it is possible
to “invert” the dust and gas emission profiles in or-
der to reconstruct the underlying surface densities.
Critical steps of this inversion are knowledge of the
dust optical depth, which they constrain using multi
wavelength continuum data, and dealing with the in-
tricacies of gas emission - namely optical depth and
the unknown abundance of chosen tracer. To min-
imise the former, they select the 13CO isotopologue,
assuming it is optically thin, and for the latter they
simply assume a constant CO abundance. Consider-
ing 13CO may still be optically thick and the results
of the chemical survey MAPS regarding radial vari-
ations of CO abundance (Alarcón et al., 2021), their
results are worth revisiting in the future. The addi-
tional benefit of having multiwavelength continuum
data is that they are able to break the degeneracy be-
tween αSS and St. We will discuss this in more detail
in section 6.1.

We summarise the existing constraints in Table 2.
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There is certainly a range of values in the results ob-
tained - however, we note that in most cases αSS/St <
1 (sometimes significantly so), yielding values of
αSS < 10−2 assuming St = 10−2. These constraints
are similar to those listed in the previous section
about the vertical extent.

4.3. Polarization

This method ultimately measures the vertical ex-
tent of the disc and so in principle it could have been
discussed in section 4.1. However, we list it in a
separate section because polarization introduces an-
other layer of indirection with respect to the other
methods measuring the vertical extent, which rely
on simpler radiative transfer and geometrical con-
siderations. Proto-planetary disc dust emission at
mm wavelengths is polarized because the dust grains
have a significant scattering opacity, and therefore
self-scatter their own thermal emission. Ohashi and
Kataoka (2019), analysing ALMA polarization ob-
servations of HD163296, noted that the height of the
dust layer affects the polarization pattern: thin dust
layers tend to produce a polarization pattern aligned
with the disc minor axis while thick dust layers have
an azimuthal polarization pattern. By performing ra-
diative transfer modelling, in comparison with the
observations, they conclude that they can only ex-
plain the morphology in the observations if they as-
sume that the inner part of the disc is thin (1/3 of
the gas scale-height) while outside 70 au the disc
must be thicker (at least 2/3 of the gas scale-height).
These constraints are complementary to the other
constraints on the same source discussed in section
4.1 and section 4.2 since those concern the rings,
while this method can best be applied in the gaps.

Ueda et al. (2021) uses instead the fraction of po-
larized intensity to constrain the turbulence in HL
Tau. This is a complex and degenerate problem be-
cause the polarization fraction depends sensitively on
the maximum grain size and the emission in HL Tau
is most likely optically thick. This implies that one
cannot see emission from all the dust grains, but only
from those above the τ = 1 surface; because of dif-
ferential settling, these are in general smaller than
those in the midplane. The emission at longer wave-
lengths, such as ALMA band 3, is however domi-
nated by these larger grains. Disentangling the rela-

tion between the polarization fraction and how this
changes with wavelengths is therefore complex, but
nevertheless the authors estimate that the grain size
must be ∼ mm, with low values of turbulence im-
plied (αSS < 10−5), in line with the results of Pinte
et al. (2016).

4.4. Disc-planet interaction

This is arguably the most indirect of the meth-
ods we discuss in this section since it needs to go
through another layer of uncertainty, our understand-
ing of disc-planet interaction (see Paardekooper et al.
2022 for a recent review). Even more fundamentally,
this method needs to assume that planets are present
in proto-planetary discs and creating the structures
(gaps, rings, etc) we observe, which is far from es-
tablished.

Liu et al. (2018) applied disc-planet interaction
models to the disc around HD163296, finding that
they need a radially varying profile of αSS to fit
the observations. Their analysis has not been re-
peated however for the higher resolution data of the
DSHARP survey.

Zhang et al. (2018) discusses how the morphol-
ogy of structures created by planets depend on tur-
bulence. With low viscosity (αSS = 10−4), the struc-
tures tend to become asymmetrical, showing for ex-
ample vortices triggered by Rossby Wave instabil-
ity (see e.g. Godon and Livio 1999; Ataiee et al.
2013; Regály et al. 2017; Rometsch et al. 2021 for
dedicated studies) and long-lived dust accumulations
at the Lagrangian points (Montesinos et al., 2020).
Since most of the discs in the DSHARP survey do not
show asymmetries, overall this disfavours low vis-
cosities of 10−4 and points towards values of αSS &
10−3.

This conclusion excluding low viscosities however
does not apply to all discs - after all, asymmetries are
observed, although less frequently than azimuthally
symmetric discs. Additionally, from the theoretical
side, asymmetries are not expected to last forever
but eventually dissipate, as vortices decay and dust
eventually diffuses out of the Lagrangian points. The
lifetime depends on viscosity and so the statistical
incidence of discs with asymmetries in an observed
population can be used to place constraints on turbu-
lence, though one should bear in mind that the life-
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time depends also on other parameters (most impor-
tantly here, the mass of the planet creating the struc-
ture). Hammer et al. (2021) performed this experi-
ment using the fraction of detected discs with asym-
metries, in comparison with the Taurus survey by
Long et al. (2018). They conclude that in this case
αSS ≥ 10−4, but this estimate is highly uncertain since
it based on low number statistics.

In addition to asymmetries, in a few cases obser-
vations show multiple, narrow gaps close together:
e.g. two of the gaps in HL Tau (ALMA Partnership
et al., 2015), the gaps in AS 209 (Zhang et al., 2018),
HD169142 (Pérez et al., 2019) and LkCa 15 (Fac-
chini et al., 2020). Rather than requiring a planet per
gap, it has been noted in the simulations that a sin-
gle planet can create multiple gaps (Bae et al., 2017;
Dong et al., 2017, 2018) provided that the viscosity
is low enough (αSS ≤ 10−4). Many recent develop-
ments in the theory are making however difficult to
understand the exact implications of multiple gaps;
they can also be opened by migrating planets (Meru
et al., 2019; Nazari et al., 2019; Weber et al., 2019)
and the value of the viscosity at which the gap goes
from single to multiple is degenerate with the cool-
ing timescale and planet mass (Miranda and Rafikov,
2019; Facchini et al., 2020; Zhang and Zhu, 2020);
it is even possible that in discs with realistic cooling
planets do not open multiple gaps (Ziampras et al.,
2020). At the moment, multiple, narrow gaps remain
suggestive of low viscosity, but it is hard to be quan-
titative on the exact value implied.

Finally, de Juan Ovelar et al. (2016) analysed the
observational morphology of structures created by
planets for different values of the viscosity consid-
ering also the effect of grain growth - as such this
result is more indirect than the others in this subsec-
tion. They find that with αSS = 10−2 dust diffusion
results in weak dust trapping outside planetary orbits,
which appears incompatible with the strong trapping
observed in transition discs. This is a similar con-
clusion to that of Zormpas et al. (2022) that we will
discuss in section 5. For αSS = 10−4, dust growth
proceeds very effectively in the traps, depleting the
small grains and producing strong rings in scattered
light which are normally not observed. For this rea-
son they prefer an intermediate value of the viscosity
of αSS = 10−3.

In synthesis, the brief review of this topic high-
lights that, despite the high number of studies, it is
hard to draw definite conclusions using disc-planet
interaction because it is a highly degenerate prob-
lem. The more robust conclusion is probably that
we can exclude the highest values of viscosity (e.g.
de Juan Ovelar et al. 2016) since explaining the ob-
served structures would require very massive planets
to trap dust; on the other hand the scarcity of asym-
metries probably excludes low values of the viscos-
ity for the general population, but individual sources
highly suggestive of low viscosity do exist. Further
progress on this topic may come by coupling these
studies with those using planetary kinematics (Pinte
et al., 2022), since they estimate the unseen planet
mass in a way almost independent of viscosity, re-
moving one of the strongest sources of degeneracy
in these studies.

5. Indirect methods - population level diagnostics

In contrast to the previous section, we describe
here methods that study whole populations. Turbu-
lence controls angular momentum transport in the
disc, which in turn affects the evolution of disc prop-
erties (mass, radius, ...) over time; from the obser-
vational study of these properties one can therefore
constrain the properties of turbulence. Since it is not
possible to study the evolution of a single disc over
time, surveys offer a substitute by providing sam-
ples of discs at different evolutionary stages. From
the observational side, the study of disc populations
has flourished in the last few years, with hundreds
of proto-planetary discs surveyed over multiple star
forming regions. Disc surveys have been recently re-
viewed by Manara et al. (2022); the review also con-
tains an extensive discussion of the theoretical impli-
cations of disc surveys on disc evolution theory, but
in the spirit of this review here we will focus only on
the constraints on turbulence and we will not enter
the debate regarding which process is the main driver
of disc evolution. As before, we list the methods in
tentative decreasing order of directness.

5.1. Radius evolution

We consider this as the most direct method since,
in absence of other mechanisms truncating the disc,
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disc expansion is a natural consequence of the angu-
lar momentum transfer operated by turbulence. Al-
ready in the pre-ALMA era some studies attempted
to establish whether the disc size followed a trend
with stellar age (Isella et al., 2009; Guilloteau et al.,
2011). Unfortunately establishing what is the “disc
size” is surprisingly more nuanced than one might
imagine, since it depends on the observational tracer.
In the pre-ALMA era, in the vast majority of cases
it meant using the dust continuum size. Dust how-
ever is expected to drift inwards in proto-planetary
discs, as a result of aerodynamic drag with the gas;
this does not make it a good tracer of expansion.
Although an analysis with dust evolution models
(Rosotti et al., 2019b) finds that overall viscous ex-
pansion is expected to overcome the shrinking effect
of radial drift, in practise tracing this expansion re-
quires exceptionally high sensitivity even by ALMA
standards. At the typical sensitivity of disc surveys,
we expect shrinking to dominate, in line with what is
observed (see Tobin et al. 2020; Hendler et al. 2020
for the observational data and Zagaria et al. 2022b
for a comparison with evolutionary models).

Since most of the mass is in the gas, it is natural
to employ gas tracers. Najita and Bergin (2018) first
reported a trend of expanding disc size with stellar
age from multiple gas tracers. However, disc sizes
in the sample were measured with different tracers,
complicating the comparison. Observationally, the
gas tracer with the largest available sample is CO
(Barenfeld et al., 2017; Ansdell et al., 2018; San-
chis et al., 2021), although it has the significant draw-
back of being highly optically thick, as well as sub-
ject to abundance variations in the disc due to photo-
dissociation and freeze-out. The observed CO ra-
dius therefore does not coincide with the physical
radius, and only through modelling we can link the
two. Trapman et al. (2020) confirmed through de-
tailed thermo-chemical modelling that, these prob-
lems notwithstanding, the CO radius is a good tracer
of disc expansion. However, the authors did not find
any trend with age in the available data (see Fig-
ure 5), implying that there is no observational ev-
idence of viscous spreading. Long et al. (2022),
with a larger sample, reached a similar conclusion.
However, even with their additions, the sample with
measured gas radii remains of limited size, masking
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Figure 5: Disc size as a function time from models (coloured
lines) and observations (datapoints), from Trapman et al.
(2020). The two panels correspond to different stellar masses.
While no trend is visible with stellar age, if the viscosity was as
high as αSS = 10−2 we should expect to see much larger discs
than observed. We can therefore conclude that the viscosity
must be lower than this value.
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Figure 6: Comparison between models and observations in the
Ṁ − Mdisc plane, from Lodato et al. (2017). The red points are
observations in Lupus, whereas the coloured diamonds are a
synthetic disc population at different times (see legend). The
solid lines represent the theoretical isochrones, that is, the lines
along which the points should lie provided that a time much
longer than the viscous time has passed. Note the significant
scatter in the observations and that the scatter in the models
becomes smaller with time.

any real trend. While waiting for larger samples of
disc radii (such as those that will be provided by the
ALMA large programmes AGE-PRO and DECO),
we can however already draw an interim conclusion.
High values of the viscosity (αSS ∼ 10−2) lead to
discs that are as large as hundreds of au. This conclu-
sion does not depend on the (unknown) initial condi-
tions because for such high values of the viscosity
the initial memory of the initial conditions is quickly
lost. Since such large discs are not observed (see
also Toci et al. 2021), this places an upper limit of
αSS . 10−3 on the viscosity.

5.2. Spread in the Ṁ − Mdisc correlation

Manara et al. (2016) first reported the discovery
of a correlation between the mass accretion rate Ṁ
and the disc mass Mdisc in the Lupus star forming re-
gion. This is expected for viscous evolution (Jones
et al., 2012; Rosotti et al., 2017), though the corre-
lation is not a proof that accretion is driven by tur-
bulence (Mulders et al., 2017; Tabone et al., 2022).
Lodato et al. (2017) showed that there is informa-
tion also in the spread of the correlation. For vis-
cously evolving discs, the spread tends to become

smaller with time (see Figure 6), eventually vanish-
ing after enough time. This is because in viscous
models one expects eventually to reach the condi-
tion Ṁ ' Mdisc/t (Lodato et al. 2017 discusses the
exact analytical expression), regardless of other pa-
rameters; the observed datapoints should therefore
align on a line with negligible spread. The relevant
timescale over which the spread becomes small is,
naturally, the viscous time; the observed spread can
then be used to constrain the viscous time, provided
one has some idea of the spread in the initial con-
ditions. Given the relatively high spread observed
in Lupus (0.32 dex), the problem of the initial con-
ditions is somehow bypassed since one can imme-
diately conclude that the viscous timescale must be
long compared to the age of the region. Making this
analysis quantitative, they conclude that the viscous
time must be of order Myr, implying a relatively low
αSS of ∼ 5 × 10−4 (see Equation 2). A key predic-
tion is that the spread in the correlation should be-
come smaller with time. Observationally, this is not
verified in the older (5-10 Myr vs 1-3 Myr of Lu-
pus) Upper Sco region (Manara et al., 2020), where
the spread is comparable to Lupus. It is unclear
whether this is due to other evolutionary processes,
such as dust evolution, photo-evaporation and unre-
solved binaries (Sellek et al., 2020; Somigliana et al.,
2020; Zagaria et al., 2022a), adding further spread, or
whether this is because disc evolution is not driven
by turbulence. In this latter case, the constraint on
turbulence reported by Lodato et al. (2017) should
be regarded as an upper limit since another process
must be dominating angular momentum transport.

5.3. Flux-radius correlation

We classify this method as more indirect than the
previous ones because it relies also on dust growth
and transport models. Surveys have established (Tri-
pathi et al., 2017; Andrews et al., 2018b) that the disc
continuum size correlates strongly with the sub-mm
flux, with an exponent close to a value of 2. There
are many interpretations for the origin of this corre-
lation; a straightforward one would be that the disc
is optically thick, though given the measured sur-
face brightness temperatures the filling factor must
be smaller than one.
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Figure 7: Models (coloured symbols) and observations (grey
points, from Tripathi et al. 2017; Andrews et al. 2018b) on the
sub-mm flux and disc continuum size parameter space, from
Rosotti et al. (2019a). The blue line and shaded region represent
the observed correlation with the associated spread. Models in
the drift limited regime (αSS . 10−3) reproduce well the ob-
served correlation, while models in the turbulent regime over-
predict the observed fluxes for a given radius. Although these
models are smooth, models including substructure (Zormpas
et al., 2022) reach a similar conclusion regarding the values of
αSS that reproduce the observed correlation.

Rosotti et al. (2019a) showed that the correlation
is a natural result of dust evolutionary processes, if
the main processing limiting dust coagulation is ra-
dial drift (i.e., the grains grow as fast as they drift
towards the star). In dust evolutionary model the
other process that can limit grain growth is turbu-
lent fragmentation: dust grains caught in turbulent
eddies collide at relatively high velocities, leading to
their fragmentation. Since this process is driven by
turbulence, it dominates only for high enough val-
ues of αSS (in the outer disc, typically this happens
for αSS & 10−2, though the exact value depends also
on the unknown fragmentation velocity). If the flux-
radius correlation is due to grain growth being in the
drift dominated regime, we can place an upper limit
on αSS . 10−3, since the correlation is not estab-
lished if turbulence dominates grain growth (see Fig-
ure 7). We should however make the caveat that the
models of Rosotti et al. (2019a) assume that the disc
is smooth, i.e. there are no dust traps. This is con-
tradiction with the observational evidence that many
discs show gaps and rings, as well with disc spectral

indices (Tazzari et al., 2021) and the relative gas and
disc sizes (Toci et al., 2021). Zormpas et al. (2022)
revisited the problem considering also non smooth
discs, under the assumption that dust traps are cre-
ated by planets. In this case the flux-radius correla-
tion is established not as a result of dust growth pro-
cesses, but because the dust emission has high opti-
cal depth due to dust accumulation in the rings. The
correlation in this case has a slightly different slope,
suggesting that maintaining the correlation over the
observed range could need a combination of discs
with substructure (those bright and large) and smooth
discs (those small and faint). For the present discus-
sion the most important conclusion is that, similar to
the previous case, they find that significant trapping
still requires similar values of αSS . 10−3; other-
wise, strong diffusion prevents dust trapping and the
models do not reproduce the flux - radius correla-
tion. Note that this conclusion is possible because
the authors include a physical model for forming
traps, namely the presence of a planet; in this case
the amplitude of a trap cannot be increased arbitrar-
ily since it would correspond to large planet masses
that would be easily detectable.

5.4. Combining the three fundamental disc diagnos-
tics

In principle, the instantaneous value of the viscos-
ity αSS can be estimated from measurements of the
disc radius, disc mass Md and mass accretion rate Ṁ
from the following formula:

αSS =
Ṁ
Md

µ

kT
Ωr2

d, (7)

where quantities are evaluated at the disc radius rd.
A few studies (Hartmann et al., 1998; Andrews et al.,
2009, 2010; Rafikov, 2017; Ansdell et al., 2018) have
attempted to apply this relation. However, we should
make a caveat that, as we discussed in section 5.1,
the observed radius is not the physical radius. The
existence of radial drift implies that one should not
use dust radii (Rosotti et al., 2019b), but even for
gas radii one should be careful since the difference
can easily be as large as a factor ten (Trapman et al.,
2020). Inverting the problem to go from to the ob-
served to the physical radius is complex, and, to
the best of our knowledge, no study yet has applied
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Equation 7 to a large sample of physical radii. The
other thing to note is that the formula is at the same
time the most empirical estimate we discuss in this
review, but also the most indirect. This can be under-
stood remembering that αSS was introduced to ex-
plain the observational fact that discs accrete; the
formula above quantifies the values of αSS needed
to explain accretion. On the other hand, the formula
cannot tell us that accretion is indeed driven through
turbulence; the values it returns must be understood
as an effective αSS and any mechanism invoked to
explain angular momentum transport in discs would
need an equivalent efficiency of angular momentum
transport.

Nevertheless, in line with the empirical spirit of
this chapter, it is worth to reflect more on the range
of viscosities allowed by Equation 7. We will con-
sider here the observational sample of Ansdell et al.
(2018) since it is the only one available for gas trac-
ers. In this case, we can make the safe assumption
that the observed radii are always larger than the
physical radius due to the high CO optical depth (see
e.g. the results of Trapman et al. 2020). This im-
plies that values obtained by applying Equation 7 are
overestimates of αSS, assuming that the error com-
ing from the determination of mass accretion rate and
disc mass are smaller than those coming from the ra-
dius4. Ansdell et al. (2018) obtains values ranging
from ∼ 10−4 to ∼ 10−1, with a median of roughly
3 × 10−3. The results of Trapman et al. (2020) imply
that these values may be overestimated of a factor up
to 10. Therefore, a median αSS = 3× 10−4 − 3× 10−3

is the empirical value required to explain accretion.
While this consideration applies to the median, note
that it is harder to interpret the large range of varia-
tion; this may be genuine (i.e., αSS varies from disc
to disc) but could also reflect the observational er-
rors that go into Equation 7, e.g. a variation of the
dust-to-gas ratio from disc to disc. The scatter could
also be due to the fact that the formula makes the as-
sumption that the large scales at the disc outer radius
are linked to the accretion rate onto the star. This
needs to be true on secular timescales since most of

4While this is arguably true for the mass accretion rate,
the determination of disc masses is notoriously complex. We
will not enter this debate and refer the reader to Miotello et al.
(2022) for an extensive discussion.

the mass of the disc is at large radii, but it does not
need to be true at any instant; part of the scatter may
then reflect time variability and localised variations
on αSS.

6. Discussion

6.1. Breaking the degeneracy between αSS and St

As already discussed in sections 4.1 and 4.2, those
methods measure αSS/St. It would thus be highly
beneficial to have complementary measurements of
St, which implies (see Equation 4) to measure the gas
surface density and the dust grain size, as was done
for example by Sierra et al. (2019). These are both
difficult problems; the former requires having mul-
tiple line transitions (e.g. Zhang et al., 2021) and is
affected by the unknown abundance of chemical trac-
ers, while the latter requires multiwavelength contin-
uum studies and is affected by theoretical uncertain-
ties in the dust opacity (see e.g. the comparison be-
tween Sierra et al. 2021 and Guidi et al. 2022), as
well as observational uncertainties regarding what is
the best way to measure spectral indices from ob-
servations (e.g. visibility vs image plane analysis).
Nevertheless, significant steps forward are expected
since observational studies targeting multiple molec-
ular transitions are now becoming the norm, and for
what concerns grain growth the planned ALMA band
1 upgrade should give a significant boost to those
studies.

6.2. Summary of existing constraints

We summarise the existing constraints on turbu-
lence we have discussed in this review in Table 3. We
stress that there is inevitably some degree of simpli-
fication involved when summarising multiple works
into a single line in a table; we have tried here to
summarise the general trend for the sake of discus-
sion, but we refer the reader back to the individual
sections to have a full overview of the existing con-
straints.

The fist thing we wish to note is appreciating the
variety of methods that the field has devised, espe-
cially considering this is such a complex problem to
tackle directly. We are fortunate to be supported by
instruments that allow us to attack this problem from
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Method Constraints

IR lines Supersonic turbulence

Sub-mm lines High (αSS ∼ 10−2) turbulence in 2 discs out of 6; αSS < 10−2 in
the other cases

Disc vertical extent In general αSS ∼ 10−4

Radial width In most cases αSS . 5 × 10−3

Disc-planet interaction Excludes αSS = 10−2. Weaker evidence for αSS & 10−4 in most
discs

Disc radius evolution αSS . 10−3

Spread in the Ṁ − Mdisc correlation αSS . 10−3

Flux-radius correlation αSS . 10−3

Empirical constraint from accretion αSS = 3 × 10−4 − 3 × 10−3

Table 3: Summary of the existing constraints that have been discussed in this review.

multiple directions. On the other hand, having multi-
ple indicators could be a curse rather than a blessing
if they were to disagree. Fortunately this is not the
case - we will discuss now common trends among
these studies.

One of the common themes is that most tracers
agree in excluding that discs are highly turbulent
(αSS ∼ 10−2). Although individual discs (such as DM
Tau and IM Lup, as well as some of thick discs in the
vertical direction discussed in section 4.1) where tur-
bulence is high do exist, the evidence available up to
date allows us to exclude that this is true at the pop-
ulation level. This also agrees with the most empir-
ical constraints we discussed in section 5.4, which
consist in a median αSS = 3 × 10−4 − 3 × 10−3.
As discussed those should be regarded as constraints
on the mechanism driving accretion rather than con-
straints on turbulence per se; this means that tur-
bulence can be lower than this value if accretion is
driven by another mechanism, but finding a higher
value would be problematic. This conclusion exclud-
ing the case of high turbulence is far from obvious;
a value αSS = 10−2 was regarded until recently (e.g.
Hartmann et al. 1998) as canonical and marks the
progress happened in the last few years. Although
we have not discussed them in this review, this also
relaxes the constrains on the theoretical mechanisms
generating turbulence which do not need to be so ef-
ficient and it is perhaps more in line with the theoret-

ical idea, mentioned in the introduction, that a large
part of the disc should be a dead zone.

The other question we need to ask is whether we
have evidence that discs are indeed turbulent. The
strongest evidence of turbulence comes from direct
detection, but we note that this is available only in
a very small number of cases. It is mildly worry-
ing that none of the constraints we presented at the
population level in section 5 implies that discs are
turbulent, since they only provide upper limits. In
this case, if discs are not turbulent at all, then an-
other mechanism is needed to explain how discs ac-
crete and evolve, with MHD winds currently being
the best alternative (see Lesur et al. 2022 and Ma-
nara et al. 2022). Going to the case of individual
discs, more circumstantial evidence is that the radial
substructures observed in proto-planetary discs (see
section 4.2) in most cases have a small, but finite and
measurable width - this can be said also of the verti-
cal disc extent (see section 4.1 and 4.3), though in a
more limited number of cases because in most cases
the disc height is lower than we can measure with the
current quality of the data. This implies that at least
some finite level of turbulence (however small) must
be present. Interpreting the evidence coming from
planet-disc interaction is more difficult, as we dis-
cussed in section 4.4; the lack of asymmetries seems
to exclude very low turbulence, but this is tentative.
In any case, even if discs are turbulent, it is still
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unknown if the turbulence implied by these obser-
vations is enough to explain the observed accretion
rates; it is also conceivable that we are in a situa-
tion in which accretion is driven by another process
(e.g. MHD winds) but the disc is characterised by
non-negligible turbulence.

If this were the case, we note that the enterprise
of characterising turbulence would still be relevant
for our understanding of planet formation, even if it
would no longer serve the purpose (explaining ac-
cretion) for which it was introduced. This is be-
cause many processes happening in proto-planetary
discs are sensitive to the local value of the turbu-
lence; to make just a few examples, the efficiency
of dust accretion onto forming planets (Johansen and
Lambrechts, 2017), the formation of planetesimals
through the streaming instability (Drazkowska et al.,
2022), the location of the water snow line (Min et al.,
2011) and the vertical mixing of molecular species
(Semenov and Wiebe, 2011; Krijt et al., 2020), af-
fecting the chemical composition of planets.

7. Conclusions

In this review we have summarised the exist-
ing empirical constraints on turbulence in proto-
planetary discs. Turbulence is commonly invoked
to explain the observational evidence that discs ac-
crete. The last few years have seen an explosion in
this sub-field, no doubt mainly (but not only) due
to the advent of the ALMA telescope. The magni-
tude of turbulence is a very long-standing question
which even pre-dates the observational discovery of
proto-planetary discs and it is remarkable to see how
much progress has been made on this topic in the
last few years. There is now direct detection of tur-
bulence both in the IR and in sub-mm lines, though
still in a very limited number of cases, and the field
has been very creative in inventing multiple methods
to constrain turbulence empirically. Aside from ex-
ceptional cases, however, we have not proven yet that
discs are indeed turbulent and we do not know how
the properties of turbulence vary over the disc pop-
ulation. The fact that radial sub-structures in discs
have a finite, measurable radial width is a strong indi-
cation that turbulence is operating in these rings, but
it is not a definite proof. The same argument applies

to the disc vertical extent, though it concerns a more
limited number of cases since in many cases it is only
possible to give upper limits for the disc vertical ex-
tent. For these reasons, it is still an open question
whether the levels of turbulence in proto-planetary
discs are enough to explain accretion, or if another
mechanism is needed. The strongest conclusion to
date, supported by many of the methods we have de-
scribed in this review, is that turbulence is weaker
than what used to be the commonly used value in the
field until a few years ago of αSS = 10−2. In line with
this conclusion, from modern surveys explaining the
observed accretion rates requires an efficiency of an-
gular momentum transport αSS = 3×10−4−3×10−3.

Looking at the future, it is remarkable that, even
if more than 5 years have passed from the start of
ALMA observations, its potential is far from be-
ing exhausted; for example large programmes are
planned in the short term (exoALMA, AGE-PRO and
DECO) which will significantly expand the sample
sizes and the precisions of the methods we have dis-
cussed. At this moment, it looks like the momen-
tum of the field is still increasing, though of course
eventually a successor or an upgrade to the ALMA
capabilities (as already being discussed; see Car-
penter et al. 2022) will be needed to make further
progress. As highlighted in section 3.1, we expect
also CRIRES+ and GRAVITY on the VLT to con-
tribute to direct detection of turbulence in the IR, and
looking on the longer term the Extremely Large Tele-
scope (ELT) will surely revolutionise this aspect as
well.
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