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A B S T R A C T 

Constraining the strength of gas turbulence in protoplanetary discs is an open problem that has rele v ant implications for the 
ph ysics of g as accretion and planet formation. In this work, we gauge the amount of turbulence in six of the discs observed in 

the DSHARP programme by indirectly measuring the vertical distribution of their dust component. We employ the differences 
in the gap contrasts observed along the major and the minor axes due to projection effects, and build a radiative transfer model 
to reproduce these features for different values of the dust scale heights. We find that (a) the scale heights that yield a better 
agreement with data are generally low ( � 4 AU at a radial distance of 100 AU ), and in almost all cases we are only able to place 
upper limits on their exact values; these conclusions imply (assuming an average Stokes number of ≈10 

−2 ) low turbulence levels 
of αSS � 10 

−3 − 10 

−4 ; (b) for the 9 other systems we considered out of the DSHARP sample, our method yields no significant 
constraints on the disc vertical structure; we conclude that this is because these discs have either a low inclination or gaps that are 
not deep enough. Based on our analysis we provide an empirical criterion to assess whether a given disc is suitable to measure 
the vertical scale height. 

Key words: protoplanetary discs – radiative transfer – planets and satellites: formation – submillimetre: planetary systems. 
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 I N T RO D U C T I O N  

haracterizing the magnitude of turbulence in accretion discs is a
lassical problem in astrophysics. This is because turbulence is often
nvoked (see historical discussion in Pringle 1981 ) as the mechanism
esponsible for powering accretion. Alternatively, therefore, the first
cientific question that any such study seeks to address is whether the
evel of turbulence, commonly quantified through the αSS parameter
Shakura & Sunyaev 1973 ), is high enough to explain the observed
ccretion rates. For the specific case of protoplanetary discs we
tudy in this paper, this is a particularly important question: the cold
onditions of these discs, which are clearly in the non-ideal mag-
etohydrodynamics regime, make it far from obvious to understand
hether the magnetorotational instability (Balbus & Ha wle y 1991 )

an be a mechanism responsible for generating the required level of
urbulence. Addressing this question, and studying in parallel other
rocesses that could generate turbulence in protoplanetary discs, is a
ubject of many studies (see Lesur et al. 2022 for a recent re vie w). 

For protoplanetary discs, the issue runs even deeper than the
uestion about accretion; even if turbulence was ultimately found
ot to be responsible for accretion, it would still affect a wealth of
rocesses and therefore have a strong impact on planet formation. A
on-e xhaustiv e list of processes affected by turbulence includes the
eating and cooling balance in the terrestrial planet-forming region
 E-mail: pizzati@strw .leidenuniv .nl 
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ue to the importance of viscous heating (Min et al. 2011 ), the
iffusion of molecular species radially (Owen 2014 ) and vertically
Semenov & Wiebe 2011 ; Krijt et al. 2020 ), the diffusion of dust,
etting both the dust disc vertical extent (Dubrulle, Morfill & Sterzik
995 ) and the leakiness of dust traps (e.g. Zormpas et al. 2022 ). For
hat concerns planets in particular, turbulence has a profound impact
n disc–planet interaction; its magnitude affects (Paardekooper et al.
022 ) the ability of planets to open gaps in the disc and how fast they
igrate by exchanging angular momentum with the disc. Turbulence

s also a crucial parameter setting how quickly planets accrete gas
Bodenheimer et al. 2013 ) and dust (Johansen & Lambrechts 2017 )
rom the disc, determining the final masses of planetary systems. Last
ut not least, turbulence controls the onset of the streaming instability
Drazkowska et al. 2022 ), one of the best known mechanisms for
reating planetesimals and kick-starting the planet formation process.

It would thus be beneficial to have a method to constrain turbulence
bservationally . Thankfully , in the last few years, the field has
een completely transformed by the Atacama Large Millimeter
rray (ALMA), which provided order-of-magnitude improvements

n sensitivity and angular resolution. First of all, by studying line
roadening of emission lines, ALMA has allowed to directly detect
urbulence in two discs (Flaherty et al. 2020 ; Flaherty in preparation),
nd only yielding upper limits in a limited number of other cases
Pinte et al. 2022 ). In addition, ALMA has opened up many
ther observational routes (recently reviewed in Rosotti 2023 ) for
ndirectly constraining turbulence. These routes include the study of
he disc vertical thickness, the radial extent of dust and gas rings, and
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Figure 1. Sketch of the gap-filling effect . The lines-of-sight intercept the 
disc’s plane with an angle that depends on the disc inclination. In the presence 
of a gap, lines-of-sight piercing through the gap (e.g. the one highlighted in 
green in the sketch) may still intercept sections of the disc that are far from 

the mid-plane due to simple geometrical effects. Therefore, the gap will be 
seen as partially filled by the observer. If the disc is thicker (thinner), this 
filling effect is stronger (weaker); this implies that the gap-filling effect can 
be used to indirectly gauge the vertical extension of the disc. 
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opulation studies that use disc demographics studies (see Manara 
t al. 2022 for a re vie w), that is, catalogues of the fundamental
isc properties (such as mass, radius, and mass accretion rate) for
arge disc samples. In this way, in the last few years the study of
isc turbulence has mo v ed from an almost theoretical subject to an
bservational one. 
In this paper, we constrain turbulence by measuring the disc 

ertical thickness. The vertical equilibrium of dust grains is a 
ompetition between settling, which is determined by the joint action 
f gas drag and gravity, and turbulence, which stirs up the grains in
he vertical direction. In simple terms, then, the more turbulent the 
isc is, the thicker it is, but it should be highlighted that the presence
f drag implies that the aerodynamic coupling between gas and dust
normally parametrized by the Stokes number St) also influences the 
hickness. Indeed, as we will recap in Section 5 , the method is only
ensitive to αSS /St. 

We apply the technique developed by Pinte et al. ( 2016 ) in their
tudy of HL Tau. The technique relies on the fact that many observed
iscs (Bae et al. 2022 ) present an emission pattern characterized 
y bright rings and dark gaps. Pinte et al. ( 2016 ) realized that due
o projection effects in a disc with finite thickness the line of sight
ill intercept sections of the disc that are out of the mid-plane. In
 gap, this has the effect that the adjacent bright regions partially
ontaminate the dark gap, lowering the gap depth. We will refer to
his in the rest of the paper as the gap-filling effect . It is easy to realize
hat the geometry of projection is such that this filling effect is much
arger along the minor axis of the disc than along the major axis.
nce the image is deprojected in polar coordinates, as commonly 
one in the field, the resulting effect is that the gaps are more ‘filled’
i.e. shallower) along the disc minor axis and more ‘empty’ (i.e.
eeper) along the disc major axis. The difference between minor 
nd major axes increases with the disc thickness and therefore it is
 way to probe the vertical structure of the disc. A simple sketch in
ig. 1 shows the simple geometrical argument behind the gap-filling 
ffect . Extracting quantitative measurements from this effect requires 
uilding radiative transfer models of the emission. 

So far, in addition to HL Tau, the method has been applied
o HD 163 296 (Liu et al. 2022 ) and to Oph163131 (Villenave
t al. 2022 ). The goal of this paper is to significantly expand this
bservational sample. For this purpose we selected the sample of the
arge Programme DSHARP (Andrews et al. 2018 ), which consists 
f twenty discs imaged at 0.05’ resolution, since it constitutes the
argest homogeneous high-resolution surv e y of protoplanetary discs. 

e aim to determine in which cases this technique is successful
n gauging the disc thickness, and, whenever possible, to place 
eaningful constraints on the disc scale heights. 
This paper is structured as follows: in Section 2 , we discuss the

asic assumptions of our model and describe the steps of the analysis
e perform to match DSHARP data. A description of the data sample

s presented in Section 3 . Section 4 presents the main results of the
nalysis, while Section 5 contains a discussion on the implications 
f our findings. Conclusions are given in Section 6 . 

 M E T H O D S  

n this section, we describe the basic assumptions of the model
nd provide details on the methodology we employ to compare our
ynthetic images with DSHARP observations. 

.1 Disc structure 

n the following, we are only interested in modelling the dust
omponent of the protoplanetary discs, as the ALMA observations 
e use are only focusing on the dust continuum emission. Therefore,

n this section – whenever not stated otherwise – we refer with the
erm ‘disc’ to the dust component only. In Section 5 , we will discuss
urther how our results can be employed to study the relationship
etween dust and gas in the disc, and ultimately to constrain the
mount of gas turbulence. 

We model the disc as a cylindrically symmetric system with a
inimum radius r in and a maximum radius r out . We assume for the

ertical density distribution a Gaussian profile of the form 

d ( r , z) = 

�( r ) √ 

2 πh d ( r ) 
exp 

(
− z 2 

2 h d ( r ) 2 

)
, (1) 

here �( r ) is the dust surface density and h d ( r ) is the dust scale
eight. 
This profile originates from an analogy to the gas component, 

hich can be assumed to be in hydrostatic equilibrium along the
ertical direction and thus follows a Gaussian profile identical to 
quation ( 1 ). Formally, the dust has a different equilibrium solution,
ut equation ( 1 ) is a close approximation (Dubrulle et al. 1995 ).
urthermore, defining the dust density in this way is convenient as
e can consider the ratio between gas and dust scale-heights, which
ill be important to estimate turbulence. 
In Section 2.2 , we discuss our procedure to determine the disc

urface density �( r ). As for the dust scale height profile, we assume
 simple flaring model: 

 d ( r) = H d 

(
r 

r 0 

)1 . 25 

, (2) 
MNRAS 524, 3184–3200 (2023) 
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Figure 2. Overview of the iteration procedure we employ to extract the disc 
surface density, �( r ). As described in Section 2.2 , we choose the profile for 
the surface density that matches the observed intensity profile along the major 
axis. The various quantities appearing in the sketch are defined in the main 
text. The top part of the sketch refers to the kickstarting of the process (where 
we find a first guess for the surface density profile), while the bottom part 
shows an instance of a single iteration. 
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n what follows, we set the reference radius r 0 to 100 AU and take the
alue of the dust scale height at this radius, H d = h d ( r = 100 AU ),
s the only free parameter of our model. The goal of our work is to
auge the value of H d using the gap-filling effect on the disc minor
xis. 

In order to predict the observed surface brightness of the disc,
e need to determine the dust temperature profile. For this, we

ssume that the dust is passively heated by the central star, and that a
raction φflux of the total flux emitted by the star is intercepted by the
isc. Follo wing radiati ve-transfer models (e.g. Chiang & Goldreich
997 ; D’Alessio et al. 1998 ; Dullemond, Dominik & Natta 2001 ;
ullemond et al. 2018 ), we set φflux = 0.02 and write ( σ is the
tefan–Boltzmann constant): 

 ( r) = 

(
0 . 5 φflux L � 

4 πr 2 σ

)1 / 4 

= T in 

( r in 

r 

)0 . 5 
, (3) 

here we have expressed everything in terms of the temperature
t the inner radius, T in . For the sake of simplicity, we use this
nalytical description of the disc temperature for our model – instead
f self-consistently computing the temperature using a Monte Carlo
pproach (see e.g. Liu et al. 2022 ). In Section 5.4 , we discuss the
easons for such choice and the caveats that come with it. 

The expected surface brightness of the disc can then be determined
ssuming dust thermal emission. In order to create mock images of
ur disc models, we use the code RADMC-3D . 1 We set the extrinsic
arameters (such as the distance, sky coordinates, inclination, and
osition angle) in accordance with observations (see Section 3 ), and
e produce synthetic images of the discs according to the radiative

ransfer computation. Then, we use the CASA package (CASA Team
t al. 2022 ) to produce mock observations with the same beam and
ntennae configuration of the original ALMA data. In order to do
his we have retrieved from the DSHARP Data Release webpage. 2 

he visibility files of the DSHARP observations. In our analysis we
se the same version of CASA used by the DSHARP team (v 5.1.1–
) to ensure that the data and the models have been processed in
he same way 3 We created synthetic visibilities from the radiative
ransfer image at the UV coordinates of the observations using the
ASA task ft. We then apply the CLEAN algorithm to generate a
ynthetic ALMA image to compare with the observed image. We
se the scripts provided by the DSHARP team in order to make
ure that we use the same CLEAN parameters as the observations. To
educe the computational time, it is common in the field to employ the
impler approach of a convolution with a Gaussian beam. While this
s often satisfactory, we noticed in early tests that the detailed shape
f the emission profile in the gap is different from images produced
y the CLEAN algorithm. In addition, some of the DSHARP sources
ave clear CLEAN artefacts such as negative emission that cannot
e reproduced with a simple Gaussian convolution. Therefore, we
dopt here a consistent approach to include the contribution of these
leaning artefacts. 

.2 Inferring the disc surface density 

n order to proceed further with our analysis, we need to infer the
urface density �( r ) of the observed disc. This is not straightforward,
NRAS 524, 3184–3200 (2023) 

 ht tp://www.it a.uni- heidelberg.de/ ∼dullemond/software/radmc- 3d/
 https:// almascience.eso.org/ almadata/lp/ DSHARP/ 
 That being said, for safety we have recomputed the CLEAN images for the 
ata starting from the visibility files, in order to be sure that we use the same 
LEAN parameters in the data as in the models. 

w
 

o  

s  

c  

v  

s  
s simple power-law models are not capable to reproduce the wealth
f substructures (gaps and rings) that are observed in the DSHARP
mages. Given that our goal is to use the gap-filling effect as a
robe of the disc vertical size, modelling these substructures within a
eliable framework is of paramount importance. Therefore, similarly
o what was done in Pinte et al. ( 2016 ), we employ here an iterative
rocedure to find the correct surface density of our discs. We outline
he procedure in the following paragraphs, and provide an overview
f the different steps involved in the iteration cycle in Fig. 2 . 
The fundamental idea we adopt in this procedure is that the

ntensity observed along the major axis is a good proxy for the
eal surface density of the disc. This is because, as already discussed
n Section 1 , the gap-filling effect affects only marginally the major
xis, whereas it has the strongest effect on the minor axis. Therefore,
ur goal is to find via multiple iterations a surface density profile that
s able to match the intensity observed along the major axis. 

The procedure can be summarized as follows. First of all, we need
o extract the intensity along the major axis, I (data) 

maj ( r), from the 2D
mages. In order to do that, for every disc we analyse, deproject the
mage and average two opposite slices of 1/8 (i.e. with a width of
/4) of the disc centred on the major axis. When deprojecting the
isc emission maps, we make sure that the images are aligned with
he discs’ centres by using the offsets in the x and y coordinates
eported by Huang et al. ( 2018 ) (see their Table 2 ). The resulting
 

(data) 
maj ( r) represents our benchmark profile that we aim to reproduce
ith a suitable choice of the disc surface density. 
Then, we use as a first guess for the surface density profile the

utput of the FRANKENSTEIN (Jennings et al. 2020 ) fit of the DSHARP
ources presented in Jennings et al. ( 2022 ). FRANKENSTEIN is a
ode that uses Gaussian processing to fit disc emission profiles in
isibility space, using the assumption that the emission is azimuthally
ymmetric. This gives a good starting point for the initial surface

http://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/
https://almascience.eso.org/almadata/lp/DSHARP/
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Table 1. Properties of the DSHARP systems considered here for the analysis. Observational parameters are taken from Andrews et al. ( 2018 ) and Huang 
et al. ( 2018 ). From left to right: name of the source; mass and luminosity of the central star ( M � , L � ), distance ( D ), inclination angle ( i ), position angle (PA), 
maximum radius ( r out ), and beam size (beam); results from our analysis, that is, the best-fitting value of H d and the associated reduced chi-squared, χ2 

norm 

. 
The final column describes whether it was possible to use our analysis to constrain the scale height in a meaningful range. The units of measurements for 
every parameters are shown on the second row; uncertainties for the disc extensions and the beam size are irrele v ant to our discussion and not shown here. 

Observational data Model predictions 
ID log M � log L � D i PA r out beam H d χ2 

norm 

Constraint 
[M �] [L �] [pc] [ deg ] [ deg ] [au] [ ′′ × ′ ] [au] on H d 

GW Lup −0 . 34 + 0 . 10 
−0 . 17 − 0.48 ± 0.20 155 ± 3 38.7 ± 0.3 37.6 ± 0.5 105 0.045 × 0.043 � 4 0.27 Upper limit 

DoAr 25 −0 . 02 + 0 . 04 
−0 . 19 − 0.02 ± 0.20 138 ± 3 67.4 ± 0.2 110.6 ± 0.2 165 0.041 × 0.022 � 2 4.5 Upper limit 

Elias 24 a −0 . 11 + 0 . 16 
−0 . 08 0.78 ± 0.20 136 ± 3 29.0 ± 0.3 45.7 ± 0.7 160 0.037 × 0.034 � 2 4.9 Upper limit 

HD 142 666 0 . 20 + 0 . 04 
−0 . 01 0.96 ± 0.21 148 ± 2 62.22 ± 0.14 162.11 ± 0.15 80 0.032 × 0.022 − − No constraint 

AS 209 c −0 . 08 + 0 . 11 
−0 . 14 0.15 ± 0.20 121 ± 2 34.97 ± 0.13 85.76 ± 0.16 160 0.038 × 0.036 � 2 0.79 Upper limit 

Elias 20 −0 . 32 + 0 . 12 
−0 . 07 0.35 ± 0.20 138 ± 5 49 ± 1 153.2 ± 1.3 85 0.032 × 0.023 − − No constraint 

Sz 129 −0 . 08 + 0 . 03 
−0 . 15 − 0.36 ± 0.20 161 ± 3 34.1 ± 1.3 151 ± 2 95 0.044 × 0.031 − − No constraint 

HD 163 296 b 0 . 31 + 0 . 05 
−0 . 03 1.23 ± 0.30 101 ± 2 46.7 ± 0.1 133.33 ± 0.15 170 0.048 × 0.038 ≈4 25 Upper/lower limit 

HD 143 006 0 . 25 + 0 . 05 
−0 . 08 0.58 ± 0.15 165 ± 5 18.6 ± 0.8 169 ± 2 105 0.046 × 0.045 − − No constraint 

SR 4 a −0 . 17 + 0 . 11 
−0 . 14 0.07 ± 0.20 134 ± 2 22 ± 2 18 ± 5 85 0.034 × 0.034 − − No constraint 

RU Lup −0 . 20 + 0 . 12 
−0 . 11 0.16 ± 0.20 159 ± 3 18.8 ± 1.6 121 ± 5 80 0.025 × 0.024 − − No constraint 

MY Lup 0 . 09 + 0 . 03 
−0 . 13 − 0.06 ± 0.20 156 ± 3 73.2 ± 0.1 58.8 ± 0.1 115 0.044 × 0.043 � 4 0.58 Upper limit 

Sz 114 −0 . 76 + 0 . 08 
−0 . 07 − 0.69 ± 0.20 162 ± 3 21.3 ± 1.3 165 ± 4 65 0.067 × 0.028 − − No constraint 

WSB 52 −0 . 32 + 0 . 13 
−0 . 17 − 0.15 ± 0.20 136 ± 3 54.4 ± 0.3 138.4 ± 0.3 39 0.033 × 0.027 − − No constraint 

DoAr 33 0 . 04 + 0 . 05 
−0 . 17 − 0.18 ± 0.20 139 ± 2 41.8 ± 0.8 81.1 ± 1.2 27 0.037 × 0.024 − − No constraint 

Notes. Convergence (described in Section 2.2 ) cannot be reached. The (maximum) relative difference between the model and the data does not go below 

the threshold value of 5 per cent; instead, it sits between 5 per cent and 10 per cent. 
When determining the intensity along the major axis, we use only one side of the major axis since the other one presents a feature that disrupts azimuthal 
symmetry. 
For this system, in order to determine the surface density via our convergence procedure, we do not consider the intensity along the major axis but the 
average. This is because the former presents some negative values in the gaps and this creates an issue with the convergence procedure described in Section 
2.2 . 

Table 2. Summary of the constraints on the vertical scale-height and 
turbulence. Note that, as described in the main te xt, we hav e assumed St = 

10 −2 to break the de generac y between αSS and St. 

ID H d [au] H d / r 
 αSS /St αSS 

GW Lup � 4 � 0.04 � 0.44 � 0 .24 � 2.4 × 10 −3 

DoAr 25 � 2 � 0.02 � 0.27 � 0 .079 � 7.9 × 10 −4 

Elias 24 � 2 � 0.02 � 0.20 � 0 .042 � 4.2 × 10 −4 

AS 209 � 2 � 0.02 � 0.25 � 0 .065 � 6.5 × 10 −4 

HD 163 296 ≈4 ≈0.04 ≈0.56 ≈0 .45 ≈4.5 × 10 −3 

MY Lup � 4 � 0.04 � 0.48 � 0 .29 � 2.9 × 10 −3 
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4 In the same way as for the normalization, this is only a first order correction; 
the iterative procedure will better refine this radial scaling. 
5 With the exception of AS 209, where the procedure described here uses the 
azimuthally averaged intensity profile rather than the major axis (see also 
Table 1 ). 
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ensity since FRANKENSTEIN can achieve a spatial resolution higher 
han the CLEAN ed images we analyse in this paper. While this
ives us the shape of the surface density, note that we also need
 normalization constant: Frankestein fits for the emission profile 
giving a profile I (FRANK) 

ν ( r) as an output), while we need a surface
ensity to give as input to RADMC-3D . In order to convert the intensity
rofile into a surface density, we use as a constraint the formula often
mployed (Beckwith et al. 1990 ) to estimate the disc mass M dust from
ub-mm observations: 

 dust = 

F νd 
2 

κνB ν( T dust ) 
, (4) 

here F ν is the flux in the image, d the distance to the source; for
 dust we take a temperature of 20 K and κν is the opacity of the
ust we employ. Since we consider a single grain population, the 
hysical quantity we are constraining is the dust optical depth (given 
he prescribed temperature profile), and not the dust surface density. 
his implies that the value of the opacity only acts as a normalization

or the dust surface density and does not have any influence on our
onclusions – with a different dust opacity we would simply need to
hange the dust surface density accordingly in order to have the same
ptical depth. Notice also that the formula is only an approximation
the emission is not guaranteed to be optically thin and 20 K may
ot be the correct v alue); ho we ver the value reported earlier is only
eeded to kickstart the iteration and the iterative procedure will take
are of reaching the correct values, both for the normalization and
or the shape of the surface density . Finally , because we fitted for
he emission profile but need the surface density, we multiply the
esulting profile by r 1/2 to take into account the variation in disc
emperature with radius. 4 Let us call � 

(guess) 
0 ( r) the surface density

e have obtained in this way. We use this guess to define our disc
tructure (setting also the dust scale height parameter H d to a fixed
alue) and produce synthetic observations using RADMC3D + CASA 

see Section 2.1 ). 
Subsequently, we apply the same procedure as described earlier 

o deproject these mock observations and to extract a mock intensity
rofile along the major axis. 5 , I (guess) 

maj , 0 ( r). This profile can be directly

ompared to the observational one, I 
(data) 
maj ( r). This comparison 
MNRAS 524, 3184–3200 (2023) 
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utputs a ratio, ξ0 ( r) = I 
(data) 
maj /I 

(guess) 
maj , 0 that parametrizes how well the

nitial guess for the surface density is able to reproduce observations.
e can impro v e this match simply by multiplying the initial guess

or the surface density profile, � 

(guess) 
0 ( r), for the ratio ξ 0 ( r ), finding

 new guess for the disc surface density � 

(guess) 
1 ( r). To prevent large

ariations of the surface density from one iteration to the next, we
o not allow variations larger than a factor 4 in a single iteration. We
hen iterate this procedure by using this new surface density profile
o produce mock observations I (guess) 

maj , 1 and update the surface density
sing the sequence 

 

(guess) 
n + 1 ( r) = ξn ( r) � 

(guess) 
n ( r) = 

I 
(data) 
maj 

I 
(guess) 
maj , n 

� 

(guess) 
n ( r) (5) 

We stop the iteration when a value of | ξ ( r ) − 1 | < 0.05 is reached
or every radius r . On average, this takes around 10 − 15 cycles.
s expected, the convergence is very easily achieved where the

ntensity profile is smooth, whereas it takes more iterations in the
egions where gaps and rings are present, especially when they are
arrow and deep. For a few systems, this implies that convergence
s not reached at the bottom of the deepest gaps even after 15
terations, with the difference between the model and data being
n the range 5 − 10 per cent . We empirically find that increasing
he number of iterations does not giv e an y significant advantage for
hese peculiar systems, with only minimal gains in terms of model-
ata accordance despite the large number of iterations employed.
herefore, we decide to set a maximum iteration number n = 15 and

nsert a caveat for the systems that are not converged inside the gaps
ccording to our criteria (Section 3 ). 

.3 Analysis of the gaps filling effect on the minor axis 

t the end of the iteration cycle described in Section 2.2 , we obtain,
or a fixed value of dust scale height H d , a fiducial profile for the
isc surface density, � 

(model) ( r; H d ). Note that the dependence of
 

(model) ( r; H d ) on H d is very mild, as the surface density is obtained
y comparing the model with the data along the major axis, where
he vertical structure of the disc has only a small effect on the final
ntensity. This � 

(model) ( r; H d ) corresponds to an intensity profile
long the major axis – I 

(model) 
maj ( r; H d ) – that matches the observed

ne – I 
(data) 
maj ( r) (see also the sketch in Fig. 2 ). 

Our goal is then to extract, both from the observational data and
rom our fiducial model, the intensity profiles along the minor axis –
 

(data) 
min ( r ) and I (model) 

min ( r ; H d ), respectively. Similarly to what described
n Section 2.2 , in order to do this, we take the deprojected 2D images
nd average two opposite slices of 1/8 of the disc centred on the
inor axis. 
Along the minor axis, the predicted intensity can depend quite

trongly on the value of the dust scale height H d , as the vertical
hickness of the disc directly influences the gap filling along the
inor axis. Therefore, a simple comparison between I (data) 

min ( r) and
 

(model) 
min ( r; H d ) offers a way to place constraints on the vertical
tructure of the disc. A quantitative analysis of this comparison and
he implications of the results we find are presented in Section 4
nd 5 . 

 D S H A R P  DATA  SAMPLE  

n this section, we describe the systems we use for our analysis.
SHARP is a very high resolution ( ∼0.035”, or 5 au) observational

ampaign that targeted 20 protoplanetary discs with the goal of
nding and characterizing substructures in the dust continuum
NRAS 524, 3184–3200 (2023) 
mission at 240 GHz. We examined the entire DSHARP catalogue
nd excluded the systems that are not suitable for our study of the
ap-filling effect . These include 3 single systems that show signs of
pirals (i.e. IM Lup, Elias 27, and WaOph 6) and two binary systems
HT Lup and AS 205), where the individual discs either show signs
f spirals or lack clear substructure. Spirals are not compatible with
he assumption of perfect azimuthal symmetry in our disc model and
e therefore discard the discs showing this signature. 
For the remaining 15 systems, we run our model to find the best
atching value(s) of the dust scale height H d . We describe the results

f this analysis in the following section. Here, we provide more
etails on the properties of these systems. In Table 1 , we report the
arameters of the systems as listed by Andrews et al. ( 2018 ): these
nclude the mass and luminosity of the central star, the distance of
he system, the inclination angle, the position angle (PA), the outer
adius of the disc, and the beam size. The inner radius cannot be
etermined easily from observations, and thus we al w ays set it to
 in = 2 AU . This choice has no rele v ant impact on the final results
ince we are only interested here in radial locations with gaps. 

 RESULTS  

n this section, we apply the analysis described in Section 2 to the
ata sample presented in Section 3 . In order to follow in detail the
ifferent steps of our analysis, we first focus on a single instance (i.e.
W Lup), and then we provide an overview of the global results for

he rest of the sample we considered. 

.1 GW Lup as a case study 

W Lup is a disc with an average inclination of i ≈ 40 deg and
 major structure composed by a gap at r ≈ 74 AU and a ring at
 ≈ 85 AU (Huang et al. 2018 ). Because of these properties, it is
ery well suited for an exemplification of our methodology. 

In the first step of our analysis, we take the observational image and
xtract the profiles along the major and the minor axes as described in
ection 2 (i.e. by averaging the deprojected images in slices that are
entred on the axes and have an angular size of π /4). The resulting
rofiles are shown in Fig. 3 (left panel). We also show the profile
btained by averaging the deprojected image in concentric rings (i.e.
he azimuthally averaged profile). All the different profiles clearly
how the characteristic structure of the gap + ring feature. However,
s expected, the intensity contrast along the minor axes is smaller
ue to the gap-filling effect . 
In order to quantify the statistical uncertainty on the three profiles,

e simply compute the standard deviation σ of the data in the depro-
ected images along the slices (or rings) considered, and divide it by
he square root of the number of independent data points considered
 

√ 

N beams ). This latter quantity is simply the azimuthal extent of the
lice/ring �φR , divided by the size of the beam – which we obtain
y averaging the two axes of the beam; along the minor axis, we
ncrease the size of the beam by a factor cos i to take projection
nto account. In formula, we get: σprofile = σ

√ 

beam /�φR . In Fig. 3
left panel), we plot the error bars only every N beams , so that they are
ndependent of each other. Note that these errors are very small, and
herefore hardly visible in the scale of the plot. 

As a second step, we choose a value for the dust scale height
arameter H d . In what follows (where not stated otherwise), we
onsider the following set of values for H d : { 0 . 5 , 1 , 2 , 4 , 6 , 8 } AU . For
ach of these values, then, we apply an iteration procedure to match
he intensity along the major axis, with the goal of finding the best
urface density for the disc (see Section 2 for details on this iteration
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Figure 3. Left: intensity profiles of GW Lup along the minor ( I (data) 
min ; salmon line) and major ( I (data) 

maj ; brick) axes, together with the azimuthally averaged profile 
(grey line). Profiles along the two axes are extracted according to the procedure described in Section 2.2 . Errors are computed according to what outlined in 
Section 4.1 . Right: surface density profiles � 

(model) ( r; H d ) predicted by our model for different disc scale heights H d . The profiles are obtained by using the 
iteration procedure described in Section 2.2 . 
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rocedure). The right panel of Fig. 3 shows the fiducial surface 
ensity output by our iteration cycle for different H d . As expected,
he predicted surface density is almost identical for different H d 

alues (with the notable exception of H d = 0 . 5 AU ). 
Using these fiducial profiles for the surface density, we can produce 
ock observations setting the same observational parameters as in 
able 1 and using the same configuration as the data (see Section
.1 for more details on mock images generation). Fig. 4 shows these
ock images for the two extreme H d values of H d = 0 . 5 AU and
 d = 8 AU , together with the real observations from DSHARP. Even
 quick look at the figures allows us to appreciate how the different
ystems have a similar intensity along the major axis, whereas they 
resent a different gap filling along the minor one, with the image of
he thick disc being significantly more blurred than the one referring
o the thin disc. 

This difference can be quantified by deprojecting the images and 
xtracting the profiles along the major and the minor axes in the
ame way as done with the observational data (i.e. averaging two 
/8-slices of the deprojected images centred along the axes). The 
esulting profiles for the major (minor) axis are shown in the left
right) panel of Fig. 5 , together with the same observational data that
re also shown in Fig. 3 (left panel). Given that we are interested in
he gap-filling effect , in the following, we focus only on the region
here the gap + ring structure resides (i.e. between 70 and 95 au). 
As expected, the intensity along the major axis is almost the same

or any values of the disc scale height H d : all of the different profiles
re perfectly compatible with the data. The azimuthally average 
ntensity from observations is also shown as a reference, in order 
o highlight how the data vary along different azimuthal axes. The 
ntensity along the minor axis (right panel), alternatively, strongly 
aries with H d . In this plot, we can appreciate the predictive power
f our method: the gap-filling effect implies that for large values 
f the disc scale height H d � 6 AU the resulting profile is much
moother (i.e. the gap is much more filled) with respect to the thin
isc cases ( H d � 4 AU ). Given that the gap in the original data image
salmon data points) is considerably empty, we can conclude that the 
atter case is to be preferred by observations. Indeed, only the lines
ith H d � 4 AU are compatible with the intensity profile of the gap
 ring shown by the data. Therefore, we can conclude that the disc
W Lup is thinner than ≈ 4 AU at r = 100 AU . In the last columns
f Table 1 , we report this conclusion by indicating the constraints we
et on the scale height parameter H d . 

In order to quantify the agreement between observations and our 
ock profiles along the minor axis, we choose to employ the χ2 

tatistics. Ho we v er, we cav eat that our aim is not to compare models
nd data in a way that sits on solid statistical bases. This is because,
lthough our iterative procedure works quite well, discrepancies at 
he level of few per cent from the observed emission remain (even
long the semimajor axis). These discrepancies are significant given 
he signal to noise of the observations; in other words, the noise in
he data is smaller than our ability to build radiative transfer models
hat reproduce them. This is a systematic source of error that is not
ccounted for in a statistics like the χ2 . This does not entail that
ur method is flawed: in practice, the difference brought upon by
he gap-filling effect is much larger than the residual discrepancy 
etween data and model. Ho we ver, gi ven the issues with a detailed
omparison between our model and data, we note that the absolute
alue of χ2 should not be used to accept or reject models, as it would
e the case in a regular statistic test. Nevertheless, for completeness,
e report the minimum value of the reduced chi-squared ( χ2 

norm 

)
n the second to last column of Table 1 . This is the chi-squared
ivided by the number of degree of freedom (i.e. the number of
ndependent data points + the number of free parameters in the

odel). We stress the fact that this number, ho we v er, does not hav e
tatistical validity and it is not a good parameter to accept/reject our
odel. 
Instead, it is useful to employ the χ2 as a way to test which of

he values of H d considered in the analysis has a better quantitative
greement with the data. In Fig. 7 , we plot the logarithm of the
ikelihood function (i.e. log L ∝ −χ2 / 2) normalized to its peak
 alue, for dif ferent v alues of the parameter H d . GW Lup is sho wn
n blue, whereas all the other systems for which we get meaningful
onstraints on the scale height (see Section 4.2 ) are shown in the
ame plot with different colours. 

From Fig. 7 , we can confirm visually that the best-fitting value
f the disc scale height is H d = 4 AU . Ho we ver, v alues that are
maller than 4 AU are also compatible with data, as the value of the
ikelihood is smaller but still comparable, especially for H d = 1 AU
nd H d = 2 AU . Values of H d greater than 4 AU have significantly
maller likelihoods, and therefore are rejected by our analysis. 
MNRAS 524, 3184–3200 (2023) 
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Figure 4. Original image of GW Lup (top left) from the DSHARP surv e y (Andrews et al. 2018 ), together with our mock images created using two extreme 
values of H d ( H d = 0 . 5 AU and H d = 8 AU ) as well as the surface density profiles shown in Fig. 4 . All images are plotted using an asinh stretch. Mock images 
are obtained using the same CLEAN settings as used for the data in DSHARP (Andrews et al. 2018 ). 

Figure 5. Left: comparison of the intensity profiles for GW Lup predicted by our disc model along the major axis (for different values of the disc scale height 
H d ; see colour bar) and the one extracted from data (firebrick points). For reference, the observed intensity averaged over the whole azimuthal angle is also 
plotted with a transparent grey line. The plot only shows a small section of the disc between r = 70 AU and r = 95 AU , where the major substructures (gap 
+ ring) of GW Lup are present. Predicted intensities align very well with data points, and therefore are almost indistinguishable in the plot. Right : same as the 
left panel, but for the predicted (see colour bar) and observed (salmon data points) intensities along the minor axis. Dif ferent v alues of H d are connected with 
very different predicted intensities, and this allows us to constrain the true value of H d . 
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.2 Ov er view of the other systems 

n this section, we present the results of our analysis for the remaining
ystems considered in Section 3 . In Table 1 (last columns), we show
he constraints we are able to place on the values of the disc scale
eight based on the comparison between our model and the data along
he minor axis. For most of the systems, ho we ver, we find that we are
nable to place any constraints. This is because the gap-filling effect
n those systems is not strong enough to produce significant effects on
he final predicted intensities. Indeed, we find that for those systems
if ferent H d v alues produce very similar profiles e ven along the minor
xis. This implies that our approach is not ef fecti ve in these cases
iven the structure of the emission and the resolution of observations.
e discuss further in Section 5.3 under which conditions our method

s ef fecti v e in determining the discs’ v ertical structure. 
We choose to focus our discussion in this section only on the

ystems that yield rele v ant constraints on H d . The remaining systems
where our method fails to apply – are presented in Appendix A . 
NRAS 524, 3184–3200 (2023) 

i

Fig. 6 shows the model intensities along the minor axes for the
ystems where our method is successful in gauging H d , together with
he observed intensities along the same axis (see also the right panel
f Fig. 5 for the case of GW Lup). In all of these plots (and in the
tting routine), we focus only on the sections of the discs that are
ele v ant for the application of our method and allow us to constrain
he value of H d (e.g. major gaps or rings). 

Analogue plots are shown in Appendix B (Fig. B1 ) for the same
ystems, but focusing on the major axis instead of the minor one
same as the left panel of Fig. 5 , where we focus on the results

f GW Lup only. Intensities along the major axis are generally
ell reco v ered by our model because the aim of the convergence
rocedure described in Section 2.2 is to correctly reproduce the
bserved intensity along this axis. Therefore, this figure serves
s a reference in order to test the validity of our approach. For
ompleteness, we also include mock images of these systems for
 d = 0 . 5 AU and H d = 8 AU and compare them with observations

n Appendix B . 
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Figure 6. Same as the right panel of Fig. 5 , but for the systems discussed in Section 4.2 : DoAr 25 (top left), Elias 24 (top right), AS 209 (middle left), HD 

163 296 (middle right), and MY Lup (bottom left). 
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to investigate whether optical depth effects could be the cause of the offset. 
Ho we ver, we found it to not be the case: results presented here are valid for 
all the models we experimented with. 
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In Fig. 7 , instead, we show the log-likelihood as a function of
he parameter H d (normalized to the peak value) for all the systems
ogether. The log-likelihood is computed according to the models 
nd data profiles that are shown in Fig. 6 (i.e. the intensities along
he minor axis). 

In the following section, we discuss the results of these figures for
ach system individually. 

.2.1 DoAr 25 

ue to its large inclination angle ( i ≈ 67 deg ) and to the presence of
 major gap structure, DoAr 25 is a disc where the gap-filling effect is
uite prominent. Therefore, we expect our method to be ef fecti ve in
iscerning which disc scale height is compatible with the observed 
mission. Indeed, we see (Fig. 6 ) that different scale heights give rise
o very different intensity profiles along the minor axes. Ho we ver,
one of these profiles is perfectly compatible with the observed 
mission. In fact, the observed gap + ring structure presents an offset
ith respect to all of the synthetic ones, making it hard to achieve
 fair comparison between observations and models. The origin of 
his offset is unclear; we remark that all the models are converged
nd can well reproduce the emission profile along the major axis, as
an be seen in Fig. B1 , at least out to 150 AU – beyond which the
bservations became relatively noisy. The offset may be due to an
ntrinsic asymmetry in the disc, whereas in our approach we had to
ssume that the disc is symmetric and any asymmetry is coming from
adiative transfer and projection effects. 6 Nonetheless, we note that 
he presence of an observable gap in the minor axis’ intensity profile
MNRAS 524, 3184–3200 (2023) 
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Figure 7. Logarithm of the likelihood ( log L ∝ −χ2 / 2) normalized to its 
peak value, for the values of the parameter H d considered in our analysis. The 
systems discussed in Section 4 are shown with different colours. 
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s already a significant probe of a very small disc scale height. This
s because, due to the high inclination of the disc, any values of H d 

hat are � 4 AU would result in an almost complete filling of the gap.
herefore, we conclude that only H d � 2 AU values are compatible
ith the observed gap + ring structure along the minor axis. This

onclusion is supported by the χ2 analysis (Fig. 7 ), in which we find
hat the best-fitting value of the disc scale height is H d = 2 AU , with
mall values significantly preferred to larger ones. 

.2.2 Elias 24 

lias 24 has a very wide and deep gap around r ≈ 57 AU . The gap is
o deep that, even along the minor axis, the intensity profile presents
ome ne gativ e values. These ne gativ es are due to artefacts created
y the CLEAN algorithm; it is notable that they are not present along
he major axis and in the averaged profile (grey transparent line).
o we ver, gi ven the fact that we adopt the same cleaning procedure

s the one used for the data, we can correctly reproduce the profile
ven when it becomes negative. 

Such a deep gap implies, once again, that the disc scale height
s very small: only the profiles for H d � 2 AU show an intensity
hat becomes ne gativ e in the gap centre, whereas larger values of H d 

mply at least a partial gap filling along the minor axis and fail to
eproduce the CLEAN ing artefacts. The best χ2 value, as expected,
its in the range H d = 0 . 5 − 2 AU . 

.2.3 AS 209 

he intensity profile of AS 209 is particularly comple x: man y
ubstructures can be identified both in the inner region of the disc
nd in the outer one (Huang et al. 2018 ). Ho we ver, only three outer
aps are deep enough to be considered for our analysis of the
lling effect. A first major gap is present at r ≈ 61 AU , whereas

wo other gaps r ≈ 90 AU and r ≈ 105 AU form a large, single
tructure that is delimited by two bright rings at r ≈ 74 AU and
 ≈ 120 AU , respectively. Therefore, in our analysis, we use this
egion (40 AU < r < 130 AU ) to study how the predicted intensities
ompare with the data. 

Due to the complexity of the observed intensity profile, ho we ver,
t is hard to tell which profile fits the data better by simply looking
t Fig. 6 . One thing that is particularly easy to observe is that
aps are fairly deep (and rings fairly bright), and thus very large
NRAS 524, 3184–3200 (2023) 
alues of H d – represented by green or yellow lines – are to be
 xcluded. See for e xample how the green line ( H d = 6 AU ) fails
ignificantly to reproduce the depth of the gap along the minor axis
t 105 AU (Fig. 6 ), while being a good fit to the major axis (Fig. B1 ).
he χ2 analysis can quantify this, and it confirms that very small
alues of the disc scale height ( H � 2 AU ) are preferred o v er larger
nes. 

.2.4 HD 163 296 

D 163 296 is another disc whose morphology is very promising for
he application of our method. It has an inclination of i ≈ 47 deg , and
wo major gaps at r ≈ 48 AU and r ≈ 86 AU . The first gap is quite
eculiar, as the emission map shows a sizeable blob in the gap along
he major axis. This blob represents an issue for our disc modelling,
s it is an obvious breaking of azimuthal symmetry. Therefore, we
hoose to exclude the region containing the blob from our analysis. In
rder to do that, whenever computing the intensity along the major
xis (e.g. to find the surface density with the iteration procedure
utlined in Section 2.2 ), we select only the slice on the side where
he blob is not present. We double check that this choice does not
ave an influence on the results we find for the outer gap by running a
odel that includes both sides of the major axis (therefore including

he blob, so that the model is only meaningful for the outer gap) and
onfirming that we obtain very similar emission profiles along the
inor axis for the outer gap region. 
Looking at the intensity profiles along the minor axis (Fig. 6 ),

e note that there is a broad agreement with data for values of the
isc scale height in the range 1 AU < H d < 6 AU , depending on the
xact gap or ring considered. As a rule of thumb, both gaps are well-
tted by relatively large scale heights ( H d ≈ 4 − 6 AU ), whereas

he two rings seem to be compatible with lower values of H d . The
 v erall agreement is captured by our χ2 analysis, which reveals a
ery strong preference for an intermediate value of the disc scale
eight ( H d = 4 AU ). Therefore, this disc is the only one for which
e can place relatively solid constraints on both the upper and the

ower limits of the disc thickness. We caveat the reader, ho we ver,
hat the strength of this constraint should be not o v erestimated. In
act, as also discussed in Section 4.1 , our χ2 analysis does not take
nto account the uncertainty associated with our model and relies
n some arbitrary assumptions such as the fact that H d does not
 ary in dif ferent gaps. Indeed, the v alue of H d ≈ 4 AU seems to
e a compromise between a slightly larger value of H d in gaps
nd a smaller value in rings (see Fig. 6 ). Therefore, we interpret
his result as implying that our results do indeed show that HD
63 296 is characterized by an intermediate value of H d ≈ 2 − 6 AU
and take H d ≈ 4 AU as our final results), but we do not explore
urther the exact range of values that are allowed by our χ2 

tting. 
Quite encouragingly, HD 163 296 was also analysed recently by

iu et al. ( 2022 ). The authors of that study use an analogue method
o constrain the vertical structure of the disc, and try to find the
est-fitting disc scale height both globally and on every disc or gap
eparately. In both cases, we see that the values of H d they find
re in broad agreement with the one found here. In particular, we
an make a quantitative comparison with their former method, since
t is essentially the same as the one used here. Transforming their
arametrization of the disc thickness into values of H d (we do this
y assuming a value for the scale height of the gas component,
ee Section 5.1 ), they find that the best-fitting profile is the one with
 d ≈ 3 AU . This value is very close to the one we find in our analysis.
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.2.5 MY Lup 

Y Lup is a very simple disc that does not show any major
ubstructures. The gap-filling effect here is thus totally absent. 
o we ver, the outer edge of the disc is still subject to the same
rojection effect, and therefore it can be used to determine whether 
ifferent scale heights produce significant differences in the intensity 
rofile. In other terms, even the outer edge of the disc can be
onsidered part of an ‘infinitely wide gap’ that extends out to infinity
tarting from the edge of the disc. 

Thanks to the high inclination of MY Lup ( i ≈ 73 deg ), we indeed
nd that there is a significant difference in the predicted intensity 
rofiles for different values of H d . As shown in Fig. 6 , larger H d 

alues correspond to profiles that are significantly shallower than the 
bserv ed ones. Alternativ ely, small scale height ( H d � 4 AU ) profiles
resent a slope that is generally compatible with data. Therefore, 
espite the absence of gaps, we can still use MY Lup observations
o constrain its disc scale height. 

 DISCUSSION  

n the previous section, we applied the method outlined in Section 
 to gauge the dust scale height of DSHARP discs by using the
ap-filling effect . We have found that: (a) only ∼ 40 per cent of
iscs yield significant constraints on their dust scale height; (b) for
he discs where these constraints are available, we find that the dust
cale height (parametrized by H d ) is generally low ( H d � 4 AU ),
ith almost all systems yielding only upper limits to its value. In this

ection, we discuss the implications of these findings, and we put 
ur results in a broader context by comparing them with previous 
ele v ant work on the subject. We conclude by highlighting a few
aveats that need to be kept in mind when interpreting our results. 

.1 Relati v e dust and gas scale heights 

s mentioned at the start of Section 2 , we have focused so far only
n the dust component of discs because this is the one that can be
robed directly by (sub-)mm observ ations. Ho we ver, in order to get
onstraints on the level of turbulence in the disc, we need to consider
he vertical structure of the gas component too. 

This can be done by assuming that the characteristic value of the
as scale height h g is set by hydrostatic equilibrium ( M � is the mass
f the central star): 

 g = 

√ 

kT r 3 

GM � μm p 

, (6) 

here k is the Boltzmann’s constant, G is the gravitational constant, 
 p is the mass of the proton, and μ = 2.3 is the mean molecular
eight. 
Assuming the gas temperature follows the same relation we 

lready adopted for the dust (equation ( 3 )), then, we can compute
he gas temperature everywhere in the disc. With the choice we have
ade for the radial dependence of the dust scale height (equation 

 2 )), it can be shown that the gas scale height follows the same
ependence, and we can therefore introduce a single parameter 
 , 
efined as the ratio between the two scale-heights: h d ( r ) = 
 h g ( r ).
ereafter, we refer to the parameter 
 as the scale height ratio . 
Given the constraints on H d we have presented in the previous 

ection, we can use the values of M � and L � given in Table 1 and
ompute the value of h g at r = 100 AU , and subsequently, the scale
eight ratio 
 . We list the resulting values of 
 in Table 2 . It is easy
o note how in all cases the dust scale height is smaller than the gas
cale height, as expected from dust settling. 

.2 Implications for turbulence 

he ultimate goal of this work is to put constraints on the magnitude
f disc turbulence. In order to do this, we follow Dubrulle et al.
 1995 ), who showed that 

 = 

(
1 + 

St 

αSS 

)−1 / 2 

. (7) 

e list the resulting values of αSS /St in Table 2 . Note that turning
hese constraints into a constraint on αSS requires a measurement 
f St, which at the moment is not available for our whole sample.
n the future this may become possible through multiwavelength 
bservations which measure the spectral index, though significant 
ncertainties about the dust opacity still remain (e.g. Sierra et al.
021 ; Guidi et al. 2022 ). For the sake of the discussion, we assume
ere a typical St = 10 −2 , but we stress this is not a measurement and
his is an uncertainty that is carried o v er to the measurement of αSS . 

The first thing to note is that all our measurements are incompatible 
ith a value of αSS = 10 −2 . This is in line with recent findings in

he field that turbulence in protoplanetary discs is relatively weak 
see Rosotti 2023 for a re vie w) and also in line with theoretical
xpectations in the cold conditions of protoplanetary discs, which are 
ot capable to sustain the magnetorotational instability (Balbus & 

a wle y 1991 ). F or 3 discs, namely half of the sample where we
an get constraints, we find e ven lo wer upper limits, namely that
SS < 10 −3 , reinforcing the statement that turbulence is weak in
rotoplanetary discs. Only for one case, HD 163 296, our method
rovides a measurement and not only upper limits, implying that 
urbulence is (indirectly) detected in this disc. As already discussed, 
his is in line with the study of Liu et al. ( 2022 ), who found similar
esults. 

The other aspect we can investigate with our results is whether
urbulence is isotropic. In addition to HD 163 296, which was
lready discussed by Liu et al. ( 2022 ), some of our sources have
lso constraints on turbulence in the radial direction: namely AS209 
Rosotti et al. 2020 ), GW Lup, and Elias 24 (Dullemond et al. 2018 ).
ote that these constraints are also obtained by indirectly measuring 
SS /St. Thus, a comparison between the turbulence level measured 

n the radial direction and in the vertical one is independent of the
ssumed Stokes number, St. It is notable that in all three cases the
pper limit we derive on αSS /St is lower than the v alue deri ved by
osotti et al. ( 2020 ) for AS209 (0.06 with respect to 0.18 and 0.13,
epending on which gap or ring we consider) or the lower limit
or the range derived by Dullemond et al. ( 2018 ) for GW Lup and
lias 24 (0.3 and 0.08, respectively). At face value, this would imply

hat turbulence in the vertical direction is in f act weak er than in the
adial direction. This could have implications regarding the debate 
n the origin of turbulence, since for example mechanisms like the
ertical Shear Instability (VSI, see Lesur et al. 2022 for a re vie w)
redict the opposite behaviour because they are particularly ef fecti ve
t lifting particles (e.g. Stoll & Kley 2016 ; Flock et al. 2017 ; Lin 2019 ;
ullemond et al. 2022 ). Note ho we ver that the opposite behaviour

s found for HD 163 296, although the fact it is the only disc in our
ample for which we are able to measure the vertical scale height
ay mean it is exceptionally thick. Considering the small sample 

ize, we are not currently able to draw any conclusions on turbulence
nisotropy, but this aspect should be revisited in the future with larger
amples. 
MNRAS 524, 3184–3200 (2023) 
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M

Figure 8. Gap depth (as defined in Huang et al. ( 2018 )) as a function of the 
disc inclination angle (as reported in Table 1 ) for all the gaps of the DSHARP 
sample considered in this work for which it is possible to measure a gap depth 
(for more details, see Huang et al. 2018 ). Different colours refer to different 
systems in the sample. Filled (empty) circles stand for the gap that we (did 
not) use to measure the dust scale height ef fecti v ely. The gre y shaded re gion 
is defined by the two conditions inclination > 25 deg and gap depth < 0.65, 
and it marks the region where we find that our method pro v es to be ef fecti ve 
in constraining H d . 
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.3 When does the method yield constraints on the scale height?

s we already discussed, for a significant fraction of our discs we
re not able to get constraints on the dust scale height. It is worth
sking under which conditions the method we use in this paper can
ive constraints. Considering the method relies on projection effects,
e expect it to require discs to have moderate inclinations to be

f fecti ve. Alternati vely, we also expect the method to require deep
aps to work, in order to introduce an appreciable difference between
odels with different scale heights. On the contrary, shallow gaps are

lready filled by definition and there is less room for the gap-filling
ffect to introduce a difference between the models. 

In order to quantify more our expectations, we plot in Fig. 8 the
roperties of gaps in the DSHARP discs listed in Table 1 . For every
ap in these discs, we plot on the x -axis the disc’s inclination, and on
he y-axis the gap depth taken from Huang et al. ( 2018 ). This latter
uantity is defined as the ratio between the (azimuthally averaged)
ntensity in the radial bin containing the centre of the gap and the
ntensity in the bin containing the centre of the adjacent ring (for

ore details, see Huang et al. 2018 ). If the gap depth could not be
easured, we discard the gap from our sample. We use filled (empty)

ircles to highlight gaps that we (did not) use to ef fecti vely constrain
he dust scale height. Different systems are plotted using different
olours. Note that some of the systems (i.e. AS 209, HD 163 296,
nd GW Lup) have gaps belonging to both of these categories. This
s because, in the analysis of these systems (Section 4 ), we have
ocused only on the regions where the major (i.e. deeper and larger)
aps reside. Other secondary gaps that were not considered in Section
 are included in Fig. 8 with empty circles. 
The figure fully confirms our expectations: gaps that can constrain

he dust scale height ef fecti vely are all residing in a (grey-shaded)
NRAS 524, 3184–3200 (2023) 
egion for which i > 25 deg and the gap depth is lower than 0.65.
lternatively, gaps for which our method proves not to be ef fecti ve

re all outside this region, and thus they have either a small inclination
r a large-gap depth. The sole exception to this is a gap in AS 209
red empty circle) which has a gap depth of ∼0.45 and thus fall in
he grey shaded region; ho we ver, this gap is located very close to the
nner radius ( r ∼ 9 AU ), and therefore it is likely affected by limited
patial resolution. 

We stress that the criterion in which the grey shaded was defined
although it works well for our sample – is empirical and should

ot be taken literally. It is concei v able for example that the specific
onditions may vary with the spatial resolution of the observations,
s well as with the emission morphology (whose potential variation
s presumably larger than what the simple gap depth parameter we
ntroduced can catch). 

Here, we have analysed only the DSHARP sample, as the largest
nd most homogeneous sample of high-resolution continuum ob-
ervations. It is unlikely that a single programme will produce a
arger sample of high-resolution observ ations; ho we ver, ALMA is
onducting more high-resolution campaigns from many programs
argeting smaller samples, and combining them one may eventually
ave a comparable or larger sample than the one we analysed here.
he empirical criterion we hav e deriv ed here may be useful for
eciding which ones of those would be worth investigating using the
ap-filling effect . 

.4 Caveats 

he strongest caveat to make regarding this work is that we have
mplicitly assumed that the disc is azimuthally symmetric. The
act that strong asymmetries are relatively rare is indeed one of
he main results of DSHARP (Andrews et al. 2021 ; Jennings et al.
022 ), which partially justifies our assumption. We should caveat,
o we ver, that here we are interested in rather subtle differences in
he azimuthal angle. Therefore, we cannot exclude that asymmetries
re indeed present in the discs we observe, but weaker than the
bvious ones such as horseshoes, crescents, and spirals. This caveat
s somehow mitigated by the fact that in the vast majority of cases we
an only put upper limits on the dust scale-height, implying that in
act that emission is much more symmetrical (once the different
patial resolution along the major and minor axis is taken into
ccount) than it would be if the disc were thick. The caveat remains,
o we ver, for the example we highlighted of DoAr 25 – where we are
ot able to reproduce the emission with an azimuthally symmetric
isc – and for HD 163 296 – where we do measure a scale-height.
hough this seems unlikely, we are not able to exclude that the weak
symmetry introduced by the gap-filling effect is instead introduced
y an intrinsic asymmetry, and the disc is actually thinner. 
Another caveat is that we have taken here a greatly simplified disc

emperature structure and we have not set up a realistic grain size
istribution. This is done for the sake of simplicity; doing otherwise
ould introduce many other free parameters regarding the choice
f dust opacity, size distribution, and disc vertical structure. It is
eassuring, though, that for HD 163 296 our method produces similar
esults to Liu et al. ( 2022 ), who did take the more complex route.
his is probably because the method we use here is due to projection
ffects, and as such it should not depend directly on the details of the
ust opacity or temperature. 
Finally, we stress the fact that our method can gauge the value

f the disc scale height (and hence of αSS /St) only locally, where
ubstructures such as gaps and rings reside. Despite the fact that
e can reproduce the observed intensity profiles everywhere, it
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ay be that our assumption of a single, global value for the disc
cale height does not correspond to reality. In principle, the vertical 
tructure of the disc may vary from one gap to the other one; physical
rocesses such as vorte x es at the edge of gaps or meridional flows
ould also amplify the scale height in the proximity of gaps, biasing
he inferred value of the gas turbulence. Therefore, the reader should 
eep in mind that our conclusions are based on a local effect, and
hat the knowledge of the behaviour of the scale height globally is
n assumption of our model. 

 SUMMARY  

n this work, we have used the gap-filling effect to measure the dust
cale height in DSHARP discs, with the goal of constraining the 
mount of turbulence they have. This effect originates from the fact 
hat, in the presence of substructures such as gaps and rings, the
ntensity profile along the major axis differs from the profile along 
he minor one. This is because, if the disc inclination is not too
mall, line-of-sight piercing through the minor axis intercept a larger 
raction of the disc’s external layers – which are far from the mid-
lane – creating a projection effect that ‘fills’ the gaps along that 
xis. 

Since this effect is stronger if the disc vertical size is larger, we can
robe the value of the disc scale height by building a model whose
oal is to reproduce the intensity profiles along the two principal 
x es. F ollo wing pre vious work by Pinte et al. ( 2016 ) and Liu et al.
 2022 ), we use radiative transfer to predict the resulting emission
aps based on our model. The disc surface density is obtained via

n iteration procedure that aims at matching the intensity observed 
long the major axis. This procedure is successful and convergence 
s reached at a satisfactory level in almost all cases (see also Fig. B1 ).

The values of the disc scale height ( H d ; see equation ( 2 ) for the
efinition) we find with our analysis can be related to the level of gas
urbulence, because the vertical structure of dust grains is set by a
ompetition between gravity and turbulence. Assuming hydrostatic 
quilibrium for the gas component, we can turn the value of H d into
n estimate for αSS /St, and finally into an estimate for the turbulence
arameter αSS by assuming a conventional value St = 10 −2 (see 
ection 5.1 for more details). 
We summarize here the main findings of this paper: 

(i) we apply our method to 15 discs from the DSHARP surv e y
Andrews et al. 2018 ). We manage to successfully constrain the 
alue of disc scale height in 6 of these discs: GW Lup, DoAr 25,
lias 24, AS 209, HD 163 296, and MY Lup. 
(ii) The values of H d we find are generally very low ( H d � 4 AU ),

nd most estimates are upper limits only. In the single case of HD
63 296, we can gauge the value of H d to H d ≈ 4 AU (in very good
greement with Liu et al. 2022 ). 

(iii) Turning these values of the disc scale height into constraints 
or the strength of turbulence (see Table 2 ), we find αSS � 5 × 10 −3 .
or 3 discs (i.e. half of our sample) we find e ven lo wer constraints
 αSS < 10 −3 ). These values are in line with recent findings that
uggest a relatively low level of turbulence in protoplanetary discs 
for more details, see Rosotti 2023 ). 

(iv) For the remaining 9 systems in our sample, we find that our
ethod is not ef fecti ve in constraining the value of the disc scale

eight: models with very different values of H d give rise to identical
ntensity profiles along the minor axes (see Fig. A1 ). We find that
ll of these 9 systems ( ≈ 60 per cent of our sample) are either not
ery inclined ( i � 25 deg ) or they host gaps that are not deep enough
that is, the intensity at the bottom of the gap is not much smaller
han the one in the adjacent ring. We provide an empirical criterion
pecifying in which region of the inclination-gap depth plane (see 
ig. 8 ) the method we employ here can be successfully applied. 

Looking at the future, the empirical criterion we derive can be
sed to select from the e ver-gro wing sample (see e.g. the catalogue
ssembled by Bae et al. 2022 ) of high-resolution disc observations
hose where this methodology can be applied, and in this way expand
he disc sample with constraints on the vertical scale-height. 

Future observations should also focus on gauging the value of the
tokes number. As we have shown in this work, the current sensitivity
f observations make it possible to get good constraints on the disc
ertical structure (and hence on αS S /St). Ho we ver, the v alues we
btain for the level of gas turbulence are subject to our lack of
nowledge about the value of the Stokes number, St. Therefore, it is
ssential in the near future to have complementary multiwavelength 
bservations (see e.g. Carrasco-Gonz ́alez et al. 2019 ; Guidi et al.
022 ) that can probe the dust grain size distribution – a sub-field that
hould expand in the next few years thanks to the development of
and 1 on ALMA. 
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PPENDI X  A :  DISCS  WI TH  N O  C O N S T R A I N T S  

e show here the results for the discs for which our method is
ot able to place any constraints on the value of the disc scale
eight. These are (see also Table 1 ): HD 142666, Elias 20, Sz 129,
D 143006, SR 4, RU Lup, Sz 114, WSB 52, and DoAr 33. A
iscussion on why these systems yield no constraints on H d is made in
ection 5.3 . 
In Fig. A1 , we show the intensity profiles along the minor axis

xtracted from data (salmon lines) together with the ones predicted
y our model for different values of the disc scale height H d (coloured
ines). As it is clear from all of the plots, the reason why it is not
ossible to constrain H d using our method is that all models with
if ferent v alues of H d gi v e rise to v ery similar profiles. 
Thus, despite the fact that these profiles are generally in good

greement with data – apart from some specific cases where major
symmetries are present, for example the outer region of HD 143006
we cannot draw any conclusions on the vertical structure of the

iscs. 
A significant exception to this is the outer region of HD 142666.

imilarly to what described in the case of MY Lup (Section 4.2 ),
rofiles with a small (large) value of H d are much (steeper) shallower
ue to the same projection effect that takes place in gaps and/or rings.
o we ver, in the case of HD 142666, the noise is to high to distinguish
hich of the different profiles is in better agreement with the data
oints. 
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Figure A1. Same as Fig. 6 , but for the systems of Table 1 for which no constraints on H d can be placed. 
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PPENDIX  B:  C O N V E R G E N C E  A L O N G  T H E  

A J O R  A X I S  A N D  EMISSION  MAPS  

n this section, we show the results of our model-data comparison for
hat concerns the intensity profiles along the major axis (Fig. B1 )

s well as the full mock images of the discs for the two extreme
NRAS 524, 3184–3200 (2023) 

igure B1. Same as the left panel of Fig. 5 , but for the systems discussed in Sec
63 296 (middle right), and MY Lup (bottom left). The same figure focusing on int
ases H d = 0 . 05 AU and H d = 8 AU (Figs B2 –B3 ). We focus on
he systems that yield significant constraints on the value of the disc
cale height (see also Section 4 for more details), with the exception
f GW Lup which is discussed entirely in the main text (results are
n Fig. 5 ). 
tion 4.2 : DoAr 25 (top left), Elias 24 (top right), AS 209 (middle left), HD 

ensity profiles along the minor axis is in the main text (Fig. 6 ). 
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Figure B2. Same as Fig. 4 , but for the systems discussed in Section 4.2 (from top to bottom): DoAr 25, Elias 24, and AS 209. 
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Figure B3. Same as Figs 4 and B2 , for the remaining systems: HD 163 296 (top), and MY Lup (bottom). 
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