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A B S T R A C T 

Protoplanetary disc mass is one of the most fundamental properties of a planet-forming system, as it sets the total mass 
budget available for planet formation. How ev er, obtaining disc mass measurements remain challenging, since it is not 
possible to directly detect H 2 , and CO abundance ratios are poorly constrained. Dynamical measurements of the disc 
mass are now possible, but they are not suited to all discs since the measurements typically require w ell-behav ed emission 

surfaces. A long-standing method is to obtain continuum flux measurements from the dust emission, and convert to a total 
disc mass by assumption of the dust-to - gas mass ratio, ε. This quantity is poorly constrained in protoplanetary discs. We 
inv estigat e the impact of ε on the morphology of planet-containing hydrodynamical simulations of dusty protoplanetary 

accretion discs, and suggest that if a planet mass estimate can be obtained, then disc morphology could be used to constrain 

ε in observed systems relative to each other, improving the total disc mass estimates of protoplanetary discs. 

Key wor ds: Pr otoplanetary Discs – Planet-Disc Interactions – Hydrodynamics. 
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 INTRODUCTION  

her e ar e now over 5000 confirmed e x oplanet detections, r eveal-
ng huge diversity in the e x oplanet ar chitectur e. Arguably the

ost fundamental e x oplanet pr operties ar e semi-major axis and
ass, which vary over four to five orders of magnitude in the

nown population (W. Zhu & S. Dong 2021 ). A planet’s semi-
ajor axis may be heavily influenced by planet-disc interactions 

hat lead to migration early in the disc’s life (W. Kley & R. P.
elson 2012 ), but may also continue to evolve under secular inter- 

ctions well after disc dispersal (S. Ida et al. 2000 ). Similarly, the
 x oplanet mass is determined by disc pr operties, as mor e massive
iscs generally have more material available for planet formation, 
nd may contain a higher density of solid material, particularly in
he disc innermost regions. Obtaining an accurate measurement 
f protoplanetary disc (PPD) mass is ther efor e crucial to under-
tanding the diversity of e x oplanets. 

Disc mass is also one of the most difficult characteristics to
onstrain through observations. PPDs are mostly made of molec- 
lar hydrogen (H 2 ), which emits v ery w eakly at typical disc tem-
eratures (A. Carmona 2010 ). As a result, total mass estimates
re challenging to obtain directly, and are typically inferred indi- 
ectly. 

One of the most common methods of determining PPD mass 
nv olv es using a tracer molecule such as CO, which is ∼ 10 million
imes more emissive than H 2 at typical disc temperatures (E. 
. Bergin & J. P. Williams 2017 ). How ev er, this is not without
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omplications. The lines of some CO isotopologues may be op- 
ically thick, ther efor e only tracing the upper layers of the disc
nd masking emission from deeper layers. This scenario gives 
ncomplete account of the total emission from that tracer. Addi- 
ionally, ther e ar e uncertainties in the assumed abundance ratios
hich may be affected and altered by chemical reactions and 

hot odissociation. An alt ernativ e that has emerged recently is the
easurement or constraint of disc mass through dynamical (B. 

eronesi et al. 2021 ; G. Lodato et al. 2023 ; B. Veronesi et al. 2024 )
r kinematic means (C. Hall et al. 2020 ; C. Longarini et al. 2021 ;
. P. Terry et al. 2022 ; C. Pinte et al. 2023 ; J. Speedie et al. 2024 ),
lthough this r equir es that the disc be sufficiently massive to be
elf-gravitating. 

Historically, one of the most common methods to obtain disc 
ass has been to use the continuum emission to obtain the total

ust mass (S. M. Andrews et al. 2012 ), and then infer both the
as and total disc mass based on an assumed dust-to - gas ratio,
. How ev er, ther e ar e significant sour ces of uncertainty. For e x-
mple, dust mass is inferred based on assumptions about dust 
pacity, an unknown quantity that can vary widely depending 
n temperature, composition, size, and porosity. This can lead 

o incorrect inference about whether the emission is optically 
hin or optically thick at the observed wavelengths.(Z. Xin et al.
023 ). 

Perhaps the strongest source of uncertainty is the assumed ε. 
est estimates for ε in the interstellar medium (ISM) are ε ∼
 . 01 (P. C. Frisch & J. D. Slavin 2003 ; P. C. Frisch, S. Redfield &
 . D . Slavin 2011 ; H. Nguyen et al. 2018 ), and as a result this is
 commonly assumed value for PPDs. How ev er, this is likely an
versimplification. For example, observations of CO have found 
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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hat the average disc ε values can be substantially higher, reach-
ng around 0.2 (M. Ansdell et al. 2016 ). Similarly, simulations,
uch as those by U. Lebr euilly, B . Commer çon & G. Laibe ( 2020 ),
ave shown that discs can form with significant dust enrich-
ent. Compounding this is the large discrepancy between the

bserved radial extent of the gas and dust disc components, with
he latter typically appearing far more compact (S. M. Andrews
t al. 2012 ; L. M. Pérez et al. 2012 , 2015 ) due to radial drift of 
he dust grains (S. J. Weidenschilling 1977 ). In the most e xtr eme
ases, such as IM Lup (L. I. Cleeves et al. 2016 ), the dust disc
an be 10 times more compact than its gas component, and since
= εISM 

[ R gas disc / R dust disc ] 2 (J . D . Ilee et al. 2020 ), this could po-
entially result in ε values as high as ε = 1 . 0 in the inner ∼ 120
u of the disc. 

At the other end of the scale, the e x oALMA sample has demon-
trated that the dust-to - gas ratio may be as extreme as 1:400 in
ome systems (Longarini et al 2024 ), suggesting depletion relative
o the ISM. 

Observations with the Atacama Large Millime-
 er/submillimet er Array (ALMA) over the last decade have
dentified a plethora of substructure within PPDs, such as rings
r gaps (ALMA Partnership et al. 2015 ; S. M. Andrews et al.
018 ) and spirals (L. M. Pérez et al. 2016 ; J. Huang et al. 2018 ).
hanks to the discovery of velocity perturbations in CO line
mission (C. Pinte et al. 2018 ; R. Teague et al. 2018 ; T. Paneque-

Carreño et al. 2021 ; J. Speedie et al. 2024 ), the origin of these
ubstructures is now becoming clear. In the case of continuum
ings and gaps, the presence of localised velocity perturbations
s leading to a growing consensus that the gaps are caused by
orming protoplanets. While there are other plausible origins
e.g. snow lines), it has been shown that in general the radial
istance of the gaps from the central star are inconsistent with
now lines of common molecules (N. van der Marel et al. 2019 ),
nd furthermore the snow lines cannot explain the numerous
inematic features now known (e.g. C. Pinte et al. 2019 , 2020 ; J.
ae et al. 2022 ; J. P. Terry et al. 2023 ) 
When discussing gaps induced by planetary action, morphol-

gy is determined by a combination of disc and planet properties,
ith prescriptions that have been determined both analytically

nd empirically from numerical simulations (see, e.g. A. Crida,
. Morbidelli & F. Masset 2006 ; K. D. Kanagawa et al. 2015b ,
 , 2016 ; Y. A. Tanaka et al. 2022 ). Of particular inter est her e is
he morphology of the dust gap, which can be observed at ∼mm
avelengths with the ALMA telescope. The width of the dust gap

an be described purely analytically in terms of disc parameters
nd dust properties such as the dust-to - g as ratio ε (G. Dipierr o &
. Laibe 2017 ), but there is currently no analytical prescription for
ust gap depth . Additionally, the modification of the gas surface
ensity due to the dust back reaction can result in a feedback loop
etween dust and gas that further alters dust surface density and
orphology. The effects of the back reaction are non-linear, so

hey are best addressed numerically using simulations. 
In this w ork, w e demonstrat e how changing the global dust-to-

as ratio, ε, affects the dust gap depth of a PPD with an embedded
lanet. We show that this could potentially be used to constrain
he ε values in observed systems, in particular in systems where
rotoplanet mass is already constrained by disc kinematics or
ther means. Additionally, we show that the current analytical
r escription for g ap depth fails t o accurat ely predict how both the
as gap depth and the dust gap depth change with respect to ε.
e take this as further indication of the importance of the back

eaction when simulating PPDs. 
NRAS 547, 1–14 (2026) 
The paper is organized as follows: in Section 2 , we describe
ur numerical simulations, and discuss our choice of parame-
er space and measurement of morphological properties. In Sec-
ion 3 , we describe our results, and discuss the different scenarios
rising from our choice of initial conditions and the physics we
nclude. In Section 4 , we present our conclusions and discuss the
imitations of our work, as well as opportunities for future work
nd potential questions raised by this study. 

 METHOD  

.1 Smoothed particle hydrodynamics 

e perform nineteen three-dimensional hydrodynamical simu-
ations of dusty, gaseous protoplanetary discs containing a sin-
le planet using PHANTOM (D. J. Price et al. 2018 ), a smoothed
article hydrodynamics (SPH) code that solves the equations of 
ydrodynamics in Lagrangian form (L. B. Lucy 1977 ; R. A. Gin-
old & J. J. Monaghan 1977 ) by discretising the fluid onto a set
f particles. Full algorithm details are given in D . J . Price et al.
 2018 ) and r efer ences ther ein, but in summary the equations of 
ompr essible hydr odynamics ar e solved in the form: 

d v 
d t 

= − ∇P 
ρ

+ �shock + a ext ( r , t ) + a sink-gas + a selfgrav (1) 

d u 

d t 
= − P 

ρ
(∇ · v ) + �shock − �cool 

ρ
, (2) 

here P is the pressure, u is the specific internal energy,
 ext , a sink-gas and a selfgrav refer to external, sink and self-gravity

or ces pr esent in the system. �shock and �shock ar e dissipative
erms r equir ed to calculate entr opy corr ectly at a shock fr ont, and

cool is a cooling term. 
Fluid elements are discretized when calculating field terms and

ensity, ρ( r ) , is obtained from discrete fluid elements using a
moothing kernel (R. A. Gingold & J. J. Monaghan 1977 ): 

s ( r ) = 

∫ 
W ( r − r ′ ) ρ( r ′ ) d r ′ (3) 

here W satisfies: ∫ 
W ( r ) d r = 1 (4) 

he choice of the smoothing kernel and smoothing length, h , may
ary with respect to the given problem. The default smoothing
ernel in PHANTOM is an M 4 cubic spline, the SPH standard,
nd h is calculated on each step to preserve local density (J. J.
onaghan & J. C. Lattanzio 1985 ; D. J. Price et al. 2018 ) 
We use the one-fluid dust method for its ability to handle small

rains and low Stokes numbers (G. Laibe & D . J . Price 2014a , b ,
 ; M. Hutchison, D . J . Price & G . Laibe 2018 ; G . Ballabio et al.
018 ), which follows the dust fraction on each particle. Under this
r escription ther e is a single SPH ‘fluid’ moving with r espect to
he centre of mass. The barycentric velocity is then: 

 = 

ρg v g + ρd v d 
ρg + ρd 

. (5) 

here �v = v g − v d . 
This produces a Lagrangian frame that is co-moving with the

enter of mass of the system(G. Laibe & D . J . Price 2014c ). Lever-
ging the dust fraction, ε ≡ ρd ρ

−1 , it is also possible to remove
ingularities that may arise from especially small ρg , while also
r oviding dir ect lev erage on a quantity of int erest. 
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T able 1. T able of simulated disc masses for the constant grain size sce- 
narios where the back reaction is on. Total dust mass is held constant and 
ε determines gas mass. 

ε Dust Mass [ M �] Gas Mass [ M �] Total Mass [ M �] 

0.005 1 . 00 × 10 −4 2 . 00 × 10 −2 2 . 010 × 10 −2 

0.01 1 . 00 × 10 −4 1 . 00 × 10 −2 1 . 010 × 10 −2 

0.05 1 . 00 × 10 −4 2 . 00 × 10 −3 2 . 10 × 10 −3 

0.1 1 . 00 × 10 −4 1 . 00 × 10 −3 1 . 10 × 10 −3 

0.5 1 . 00 × 10 −4 2 . 00 × 10 −4 3 . 0 × 10 −4 

T able 2. T able of simulated disc masses for the constant grain size sce- 
narios where the back reaction is off. Total gas mass is held constant and 
ε determines dust mass. 

ε Dust Mass [ M �] Gas Mass [ M �] Total Mass [ M �] 

0.005 5 . 00 × 10 −6 1 . 00 × 10 −3 1 . 005 × 10 −3 

0.01 1 . 00 × 10 −5 1 . 00 × 10 −3 1 . 010 × 10 −3 

0.05 1 . 00 × 10 −5 1 . 00 × 10 −3 1 . 050 × 10 −3 

0.1 1 . 00 × 10 −4 1 . 00 × 10 −3 1 . 100 × 10 −3 

0.5 1 . 00 × 10 −4 1 . 00 × 10 −3 1 . 500 × 10 −3 

T able 3. T able of simulated disc masses for the constant St numbers 
scenarios with the back reaction. Total gas mass is held constant with ε
determining the dust mass budget. The ε = 0 . 5 simulation is included 
even though it is not used in our analysis due to being unable to run to 
the desired 80 orbits of the embedded planet. 

ε Dust Mass [ M �] Gas Mass [ M �] Total Mass [ M �] 

0.005 5 . 000 × 10 −6 1 . 005 × 10 −3 1 . 010 × 10 −3 

0.01 1 . 000 × 10 −5 1 . 000 × 10 −3 1 . 010 × 10 −3 

0.05 5 . 000 × 10 −5 9 . 500 × 10 −4 1 . 010 × 10 −3 

0.1 1 . 000 × 10 −4 9 . 100 × 10 −4 1 . 010 × 10 −3 

0.5 5 . 000 × 10 −4 5 . 100 × 10 −4 1 . 010 × 10 −3 

T able 4. T able of simulated disc masses for the constant St numbers 
scenarios without the back reaction. Total gas mass is held constant with 
ε determining the dust mass budget. 

ε Dust Mass [ M �] Gas Mass [ M �] Total Mass [ M �] 

0.005 5 . 050 × 10 −6 1 . 00 × 10 −3 1 . 010 × 10 −3 

0.01 1 . 010 × 10 −6 1 . 00 × 10 −3 1 . 010 × 10 −3 

0.05 5 . 050 × 10 −5 1 . 00 × 10 −3 1 . 010 × 10 −3 

0.1 1 . 010 × 10 −4 1 . 00 × 10 −3 1 . 010 × 10 −3 

0.5 5 . 050 × 10 −4 1 . 00 × 10 −3 1 . 010 × 10 −3 
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We used 1 million SPH particles, and simulated the central star
s a sink particle (M. R. Bate, I. A. Bonnell & N. M. Price 1995 ) of 
 M � and accretion radius of 0.8 au. The embedded planet is also
odelled as a sink particle, with a mass of 2 M J and an accretion

adius is set to 0.25 of the Hill radius for the planet (G. W. Hill
878 ). The planet’s initial orbital radius is set to 60 au, and is not
eld on a fixed orbit. All discs are initialized with an inner radius
f 1 au and an outer radius of 120 au. Surface density and sound
peed profiles follow � ∝ R 

−1 and c s ∝ R 

−0 . 25 respectively. �0 is
et by the disc masses described in Tables 1 , 2 , 3 , and 4 . Discs
re ev olv ed for 80 orbits at the location of the planet, which is
omparable to existing work and benchmarks for timescales on 

hich gaps in dusty discs are able to form (G. Dipierro et al. 2016 ;
. Pinte et al. 2023 ; J. Bae et al. 2025 ). 
The αSPH 

value is set in each disc such that the Shakura-
unyaev artificial viscosity parameter, αSS , is αSS ≈ 0 . 005 (N. I.
hakura & R. A. Sunyaev 1973 ). This is consistent with values
btained from observations, which typically obey 10 −4 � α � 

0 −2 (G. D. Mulders & C. Dominik 2012 ; C. Pinte et al. 2016 ;
. Zhang et al. 2018 ). For all discs, we set βSPH 

= 2 . 00 . This is
he quadratic Von Neumann-Richtmyer artificial viscosity term 

?)(Gingold/Monaghan 1983), controlling shock dissipation, par- 
icle overlap, and particle oscillations that cross the disc’s mid- 
lane. 
We inv estigat e tw o scenarios: The first is dust of a constant

rain size, a = 0 . 1 mm, with the size chosen as the typical grain
ize that is pr obed thr ough ∼mm observations with the ALMA
 elescope (hereaft er ‘constant grain size’). 

The second scenario is dust of a constant Stokes number, St
hereafter ‘constant St’), which is defined as the ratio between the
topping (or response) time and the dynamical time (or charac- 
eristic timescale of the system) such that St = t s /t dyn . For St 	 1 ,
articles are perfectly coupled to the gas since the response time

s small. For St 
 1 , particles are decoupled, and do not respond
or respond slowly) to changes in the fluid flow. At St ∼1, both
he dust and the fluid have similar reaction times to changes
n the local conditions, which results in the dust both feeling
he gas drag and having independent motion. As a consequence, 
t = 1 particles feel the largest headwind, and ther efor e have
he most rapid inward motion (S. J. Weidenschilling 1977 ; F. L.

hipple 1972 ). In a PPD, St can be e xpr essed as (T. Birnstiel, C.
. Dullemond & F. Brauer 2010 ): 

t = 

πaρs 

2�g 
(6) 

here ρs is grain density and �g is the two - dimensional gas
urface density. We perform simulations with a constant value 
f St to keep the aerodynamic behaviour of the grains constant
hroughout the simulation. A value of St = 0.1 is chosen as it
s close enough to St = 1.0 to capture the most interesting grain
ehaviour while being computationally efficient enough to allow 

he simulation to proceed without encountering timestepping 
roblems. 
We implement a constant St in PHANTOM through the stopping 

ime according to: 

 s = 

St 
�k 

, (7) 

here �k is the Keplerian angular frequency and is equal to 
 /t dyn . 

In both scenarios, we vary ε as well as the back reaction of the
ust onto the gas, turning it on and off the to e xplor e its effect on
isc morphology. 
For a given annulus, the relative azimuthal velocity of the gas

nd the dust imparts a drag tor que, �g → d , fr om the g as to the dust
f the form (G. Dipierro & G. Laibe 2017 ): 

g → d = −r 
K 

ρd 
(v d ,θ − v g ,θ ) , (8) 

nd the back reaction is an opposite torque, with magnitude 
caled by ε: 

d → g = −ε�g → d . (9) 

he constant K is the drag coefficient (G. Laibe & D. Price 2012 ),
nd is a function of the stopping time, t s , and the dust-to - gas mass
MNRAS 547, 1–14 (2026) 
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M

Figure 1. Dust surface density of simulated discs with a = 0 . 1 mm. The left column is simulated with the back reaction, and the right column is simulated 
without the back r eaction. Each r ow is a different ε, increasing down the page and into Fig. 2 . At every simulated value of ε, we see a remarkably different 
dust distribution. Discs without the back reaction have well defined outer edges at ∼100 au, and larger, higher density inner discs. Additionally, discs 
with and without the back reaction display different symmetries. 
NRAS 547, 1–14 (2026) 
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Figure 2. Dust surface density of simulated discs with a = 0 . 1 mm. The left column is simulated with the back reaction, and the right column is simulated 
without the back reaction. The top row is ε = 0 . 10 and the bottom row is ε = 0 . 50 . The disc that includes the back reaction and with ε = 0 . 50 has the 
least prominent gap of any of the discs simulated and also has smoothest overall distribution. Additionally, in these high ε simulation, the role of ε and 
the back reaction in gap closing is readily apparent. Simulations with the back reaction have gaps spanning a smaller azimuthal angle over all. 
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atio, ε: 

 = 

ρd 

t s + ε
. (10) 

n PHANTOM , when the back reaction is ‘on’, �g → d is calculated 

ollowing equation ( 8 ) and �d → g is found based on local gas and
ust densities (equations 239 and 240 in D. J. Price et al. ( 2018 )).
his allows the back reaction to vary as ε changes throughout a 
isk. When the back reaction is ‘off’, PHANTOM skips calculating 
d → g entirely, and applies no drag to the gas phase. 
When considering the back reaction, net torque on a given 

nnulus of the disc decreases linearly with ε: 

net = �g → d + �d → g 

= �g → d − ε�g → d 

= �g → d (1 − ε) . (11) 

o e xplor e how this changes the disc morphology, we perform
imulations at five different values of ε: 0.005, 0.01, 0.05, 0.1 and
.5. For the constant grain size scenario that includes the back 
eaction, we hold total dust mass ( M dust ) constant at 1 × 10 −4 M �
nd vary M gas . 

The reason we do this is that mass estimates from continuum
uxes actually probe the amount of dust in a system, M dust not
 otal disc mass, M T . Inst ead, t otal disc mass is inferr ed fr om
n assumed ε - an unknown quantity that may be depleted or
nhanced in the disc relative to the local ISM (J. D. Ilee et al.
020 ; Longarini et al 2024 ). With this parameter space we are
osing the question: for a given dust mass, how would the dust
orphology observed at ∼mm wavelengths change for a varying 
and gas mass? The natural question that follows this is: can this

hange in disc morphology be used to constrain ε, and ther efor e
he total disc mass? If multiple systems have similar observed 

 dust but different morphologies, this framework could give us 
 qualitative stepping stone to obtaining M T . 

Simulation gas masses, dust masses, total masses and ε are 
iven in Tables 1 and 2 for the constant grain size scenarios,
nd Tables 3 and 4 for the constant St scenarios. In simulations
f constant grain size without the back reaction, total gas mass
 M gas ) is held constant at 1 × 10 −3 M �, and vary M dust . For the
MNRAS 547, 1–14 (2026) 
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onstant St = 0 . 1 scenario, the total disc mass is held constant
etween simulations to e xplor e similar physical regimes. 

.2 Measurement of planet induced dust gap depth 

lanet-induced gap morphology is a joint function of planet and
isc properties that requires consideration of multiple parameters
see, e.g. A. Crida et al. 2006 ; P. C. Duffell & A. I. MacFadyen 2013 ;
 . Fung, J .-M. Shi & E. Chiang 2014 ; K. D. Kanagawa et al. 2015a ).
n this w ork, w e measure planet-induced dust gap depth by adapt-
ng Y. A. Tanaka et al. ( 2022 ), where the minimum surface density
deepest gap) in the gas phase of a disc is given by: 

�gap 

�0 
= 

1 
1 + 0 . 04 K 

′ . (12) 

ere K 

′ is defined as 

 

′ = 

(
M p 

M ∗

)2 (h p 

r p 

)−5 

α−1 , (13) 

here h p is the disc scale height at the radial location of the
lanet, r p . 
This analytical method for estimating gas gap depth and de-

cribing shape is widely used and accept ed, how ev er, it is likely
ot directly translatable to dust gap depth. Interplay between the
ack reaction of the dust onto the gas and vice-versa significantly
omplicates the dust dynamics with the gas. We use this gas gap
epth method as an appr o ximation, under the assumption that
 well coupled dust disc will have a similar shape and profile to
t’s host gas disc. Additionally at the time of writing there is no
idely accepted/used analytical method to capture the behaviour

f specifically the dusty components of discs. 
To allow for consistent and direct comparison in simulations

hat allow ε to very over orders of magnitude, we reduce the
zimuthally averaged disc profile following the method of A.
rida & A. Morbidelli ( 2007 ). A logarithmic surface density is

aken to be the back gr ound surface density, and is subtracted
rom the azimuthally averaged surface density profile. We assume
hat an unperturbed disc has a settled dust surface density that
ollows the general form of a decaying exponential, given by: 

back gr ound , dust = �dust | R =20 au R 

−ζ , (14) 

here �back gr ound , dust is the fitted surface density profile that
aptures behaviour agnostic to the planet, R is radius in au,
dust | R =20 au is the r efer ence surface density at 20 au, and ζ is the
t ting par ameter. For a full report of ζ par ameters found for each
isc, see Appendix A . 
Once a back gr ound surface density pr ofile, �back gr ound is deter-
ined, we subtract that from the dust surface density profile of 

he given scenario: 

�dust = �simulated , dust − �back gr ound , dust . (15) 

 eg ativ e values of ��dust indicat e gaps induced by planets, with
he magnitude being the gap depth. We take two measurements
or each simulated disc: the max gap depth over the whole profile,
nd the gap depth at the final planetary radius from the central
tar . W e take two measurements because some of the azimuthally
veraged dust profiles have a soft ‘w’ shape, with the central peak
f the ‘w’ located at r p (G. Dipierro et al. 2018a ; F. Meru et al.
018 ). As a result, the deepest portion of the gap is not necessarily
o-located with the planet. 
NRAS 547, 1–14 (2026) 
 R E S U LT S  

igs 1 and 2 show the surface density plots of the constant grains
imulations, with back reaction included in the left hand column,
nd turned off in the right hand column. ε increases from top to
ottom and fr om Fig . 1 to Fig. 2 . It is clear that simulating the back
eaction substantially alters the observed dust morphology - in
articular, the degree of 2D axisymmetry displayed. We ther efor e
uggest that in modelling the dusty components of discs (such as
or synthetic ALMA observations), that the dust back reaction is
lways included. 

In Fig. 1 to Fig. 2 we also see the back reaction enhancing
r essur e trapping of grains around the co - orbital region of the
lanet at low ε. At high ε the back reaction contributes to gap

nfilling, potentially hindering gap clearing in the first place.
ithout the back r eaction, r elative surface densities of the discs

ndicate that pr essur e trapping ar ound the g ap is minimised as
ust seems to readily move towards the central star; in the inner
 − 10 AU surface densities begin to approach unity. Still there
s a prominent gap in the co - orbital region of the planet, and it
eepens steadily compared to the back gr ound behaviour of the
isc as ε increases. 
Surface density plots for all constant St simulations are pre-

ented in Appendix B . 

.1 Depth vs ε

.1.1 Constant grain size 

ur primary results are shown in Fig. 3 , which demonstrates
hat there is a clear relationship between gap depth and ε in all
cenarios, suggesting that apparent dust morphology in ALMA
bservations could potentially be used as a tool to constrain ε. 

In the a = 0 . 1 mm simulations, when the back reaction is
ncluded, incr easing ε r esults in an incr eased g ap depth fr om
= 0 . 005 to ε = 0 . 01 . As ε increases beyond this, the gap depth
ecreases. This might suggest that there is a sweet spot for ε
here maximum gap depth can be achieved. This also seems to

ndicate a consistent regime from ε = 0 . 05 - 0.50, but that space
s very coarsely sampled. 

When the back reaction is not included, gap depth increases
onotonically with ε for the a = 0 . 1 mm scenario. This result is

onsistent with previous findings (e.g. G. Dipierro et al. 2018b ).
his demonstrates that neglecting the back reaction when using
odels to interpret observations is likely to result in incorrect

onclusions. Gap depth continues to increase with increasing ε. 

.1.2 Constant stokes number 

e simulate discs of a constant St number of 0.1 with all other
arameters described in Section 2.1 . The right column of Fig. 3
resents the two different measures of depth versus ε, with and
ithout the back reaction. 
With the back reaction included, we see a trend of gap depth

ncreasing as ε increases (top right of Fig. 3 ). When the back
eaction is not included, we see a similar trend of gap depths
ncr easing until ε = 0 . 10 , wher e ther e is a decrease in gap depths
t ε = 0 . 50 (bottom right Fig. 3 ). This indicates a potential regime
hange fr om ‘incr easing ε incr eases g ap depth’ to ‘increasing ε
ecr eases g ap depth’ in the range ε = 0 . 10 − 0 . 50 . Due to St = 0 . 1
ith ε = 0 . 50 being computationally prohibitive when the back
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Figur e 3. Measur ed g ap depth at the planet location and gap maximum for all simulations. The top row is ��dust with the back reaction on and the 
bottom row is ��dust with the back reaction off. The left column shows results for constant grain size of a = 0.1mm, and the right column shows results 
for constant St number of 0.1. Data sets for St = 0.1 with the back reaction is missing a point at ε = 0 . 50 . 
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eaction is included, we do not know if this is due to the lack of 
he back reaction specifically or changing ε in general. 

.2 Reduced profiles 

.2.1 Constant grain size 

e present the reduced surface density profiles used for the 
Depth vs. ε’ plots in Section 3.1.1 (top left of Fig. 4 ). Notable here
s the ext erior/int erior pressure trapping (G. Dipierro et al. 2015 )
f dust at ε = 0 . 005 and ε = 0 . 010 r espectively. A dditionally the
epth regime transition after ε = 0 . 010 is easily identified. At low
we also see the soft ‘w’ shape initially described in Section 2.2 ,

ndicating there is some dust co - orbiting with the planet. This
hape appears in the profile as pronounced inner and outer edges 
elativ e t o the g ap depth, and a small incr ease of surface density
o-located with the planet that appears as a small bump. The
owest ε has the most co - orbital dust and e xterior pr essur e trap-
ing, suggesting the back reaction is insufficient in overcoming 
adial drift barriers. In the case with the back reaction, we see
lanetary migration on the order of 15 AU at the same low ε that
roduces the soft ‘w’ shape. This amount of planetary migration 

ver 80 orbits is consistent with migration rates and timescales 
een in previous SPH investigations of protoplanetary discs (C. 
chäfer et al. 2004 ; P. Benítez-Llambay et al. 2016 ; S. Rowther &
. Meru 2020 ). What is notable is that we only see migration in our
imulations when the back reaction is accounted for, and at low 

. The behaviour at low ε is likely due to our keeping dust mass
onstant. As ε incr eases, g as mass must necessarily decr ease, and
eaches a point where mass int erior t o the planet is insufficient
n driving migration (A. C. Quillen et al. 2004 ; A. Crida & A.
orbidelli 2007 ). 
In the high ε regime when the back reaction is pr esent, g aps

lmost entirely lose that soft ‘w’ shape, being able to be differen-
iated only by slight changes in depth. This behaviour is different
rom the bottom left of Fig. 4 , constant grain size without the back
 eaction, wher e surface density in the gap decreases dramatically
ith increasing ε. This is an indication of the role of the back

eaction in gap formation. 

.2.2 Constant stokes number 

or a constant St number of 0.1, motion is dominated by the gas
hase with dust r esponding accor ding to drag for ces. B y dir ect
omparison between the reduced surface densities with and with-
ut the back reaction, we notice a ‘smoothing’ effect of the back
eaction that seems to be accentuated when drag for ces ar e kept
onstant. Compared to simulations without the back reaction, the 
rofiles in the top right plot of Fig. 4 lack small scale variation in
he surface density with respect to R , being qualitatively smooth.
n the bottom right of Fig. 4 we see that the simulated profiles
ave much more small scale variation in the surface density. 
dditionally, in simulations without the back reaction, there is 
 soft, sloping ‘w’ at high ε, most clearly observable in ε = 0 . 10
ut also marginally visible in ε = 0 . 50 . 

When considering gap depth, it is int eresting t o not e that trends
ith and without the back reaction are inverse for the two scenar-

os. For constant grain sizes, gap depth increases monotonically 
ith ε when the back reaction is absent. The inverse is true

or constant St number: when the back reaction is present, gap
epths increase monotonically with ε. 
MNRAS 547, 1–14 (2026) 
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M

Figure 4. Reduced surface densities of simulations with constant grain size of a = 0 . 1 mm (left column) and constant St number of 0.1 (right column). 
The location of each planet is plotted at its radius in the same color as the associated profile. Vertical displacement is solely to prevent overplotting in the 
case of planets being at appr o ximately the same radius. In the bottom left plot, some behaviour of the ε = 0 . 50 profile is omitt ed t o bett er visual more 
shallow gap profiles. 
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.3 The effect of the back reaction on gap depth 

e demonstrate that including the back reaction distinctly alters
he disc morphology from extant prescriptions (Fig. 5 ). For the
onstant grain size scenario (top left of Fig. 5 ), including the back
 eaction r esults in dust g ap depth decr easing with ε. If we turn
ff the back reaction (bottom left of Fig. 5 ), the dust gap depth
ncreases with ε. We suspect this this is due to the back reaction
ncr easing pr essur e trapping at the edges of the g ap. When includ-
ng the back reaction, �net felt by dust decreases with ε, and this
ffect is especially pronounced in regions of the disc with high
ocal ε. This yields the inner and outer disc edges that appear as a
oft ‘w’ shape at globally low ε. The n 

th parcel of dust swept away
rom the planet via deposition torque experiences marginally less

net compared to the n − 1 th parcel of dust due to a slightly higher
ocal ε, and begins to pile-up at the gap edge. This process repeats
or the n + 1 th par cel of dust e xperiencing a still smaller �net 

ithout the back reaction, all parcels of dust feel the same �net 
nd thus are cleared much more uniformly. 

A slightly differ ent discr epancy is seen in the constant St = 0 . 1
cenario. When the back reaction is simulat ed (t op right of Fig. 5 ),
easur ed g ap depths ar e mor e shallow than the analytical pre-

cription, starting at ��dust ≈ 2 · 10 −3 , before rising above the
nalytical prescription to ��dust ≈ 4 · 10 −2 . The analytical pre-
cription maintains a roughly constant ��dust ≈ 1 · 10 −2 . When
he back reaction is off (bottom right of Fig. 5 ), the analytical
r escription r emains r oughly constant on the order of 10 −2 while
easur ed depths ar e one t o tw o orders of magnitude below that

or all values of ε. This demonstrates that inclusion of the back
eaction, even when simulating PPDs with small values of ε,
NRAS 547, 1–14 (2026) 

b  
ay be necessary to fully understand planet-disc interactions (see
or example O. M. Guilera et al. ( 2023 )). A dditionally, e xplicit
onsideration of the back reaction can be used to constrain ε

r om observations of g ap morphology. As it stands our analysis
f depths can be used t o creat e a syst em of relativ e ranking of ε
y examining gap depth relative to an unperturbed disc. Unfortu-
ately analysis of gap depths depends on many factors including
lanetary mass and ε, so discs with planets of well known or well
onstrained mass are needed for this ranking to be effective. That
eing said, for a number of planets whose masses are similar and
onstrained through kinematics, one could rank the εi of each
f the host discs through observations of the gaps induced by
lanetary action, e.g.: εB ≤ εC << εA , for some selection of discs
ound to be hosting planets of comparable mass. In conjunction
ith continuum observations, this also makes disc mass directly

omparable. 
With these simulations, we have demonstrated that for con-

tant planetary mass, gap depth is dependent on ε and the back
eaction. If a few observed discs have masses that are well con-
trained from other means, it may be possible to str aightforw ardly
erive a ‘mass ladder’ from direct comparison of dust continuum
ux. 

.4 Comparison to an analytical depth criterion 

e solved for an analytical gap depth estimation provided by
quation ( 12 ) for each disc. We then made a direct comparison
o the gap depth measurement scheme discussed in Section 2.2
y shifting equation ( 12 ) into �� space. This is accomplished by
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Figur e 5. Measur ed g ap depth in dust density compared to the analytical pr escription fr om Y. A. Tanaka et al. ( 2022 ) (equation ( 12 )). In the simulations 
with constant grain size, gaps in dust are suppressed by the back reaction as ε increases (top left). Without the back r eaction, g aps incr ease as ε incr eases 
(bottom left). Neither has good agreement with the analytical prescription. In the simulations with constant St number, there is an apparent regime 
transition around ε = 0 . 10 without the back reaction (bott om right). Unfortunat ely, ε = 0 . 50 was computationally prohibitive with the back reaction 
on, so it is unclear if that regime transition would be present there as well (top right). Overplotted in all plots e x cept the bottom right is a fit of εξ to the 
measured data. The value of ξ is presented in the legend of the related scenario and characterizes how measured gap depths change with respect ε for a 
given scenario. 
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� = 1 − �p 

�0 
, (16) 

nd assumes that for a surface density profile with no gap, 
NoGap = �0 . We perform this calculation, and compare it to our
easures for ��dust and ��gas in all scenarios, with and without 

he back reaction. Results are presented in Fig. 5 for the dust
hase, and Fig. 6 for the gas phase. The scale heights of each
imulation, h p , measured at the planetary radius are all relatively 
onstant at ∼ 2 . 6 au, not changing directly as a strong function of 
. Of note, equation ( 12 ) was developed for application to the gas
hase, but in scenarios where dust is well-coupled and gas does
ot experience the back reaction (Y. A. Tanaka et al. 2022 ). We
ompar e the g as g ap depths pr edicted by equation ( 12 ) to ��dust 
o show agreement or contradiction with the overall trends in gap 

epth as a function of ε. 
In a contradiction with equation ( 12 ) and Y. A. Tanaka et al.

 2022 ), we find that the depth of the gas gap affected by changes in
. We also see a noticeable dependence on ε for measured dust gap
epths. For each set of simulations, we examine the dust phase,
nd fit a power law function, εξ where ξ is a fitting constant,
nique and fitted to each scenario. 

�dust ∝ εξ . (17) 

e present a plot of measured gap depths, analytical gap depths,
nd εξ in Fig. 5 . All scenarios are distinct from each other as
unctions of ε, and no simulation set has the same behaviour as
he analytical prescription. 
For the scenario of constant grain size and back reaction, ini-
ially considering only the dust, the analytical estimation from 

quation ( 12 ) and our measured gap depths start with some agree-
ent at ε = 0 . 005 and ε = 0 . 01 , but diverge as ε increases to 0.10

nd beyond. A possible explanation are the length scales of K 

′ 

hanging . The inwar d migr ation seen by planets for low v alues
f ε may be meaningfully changing the analytically determined 

ap depth via the factor of r 5 p in K 

′ (equation ( 13 )). Since h p as a
unction of radius is roughly constant between simulations, the 
lanetary migration that is only seen for ε = 0 . 005 and ε = 0 . 01
esults in length scales that bring our measured gap depths into
greement with the analytical gap depth. The planetary migration 

s happening on time and length scales that are consistent with
revious work (P. Benítez-Llambay et al. 2016 ; C. Schäfer et al.
004 ; S. Rowther & F. Meru 2020 ), but it is unclear if bringing the
nalytical and measured depths into agreement is incidental or 
elat ed t o the mechanisms that are driving migration in the first
lace. For this reason, we do not put much significance in the
rend with respect to ε in these simulations. 

In the simulations with constant St without dust back reaction, 
ap depth of the dust increases with increasing ε, but the largest
alue of epsilon reverses this trend. Due to ε = 0 . 50 being com-
utationally prohibitiv e t o simulat e for constant St with the back
eaction, we cannot say if this trend is something that is or is not
uppressed by the back reaction. 

In a dusty, viscous, pr essur e-supported pr otoplanetary disc, 
or que e x cited in the gas by the presence of a planet will be com-

unicat ed t o the dust via drag interactions, with the drag torque
r om g as ont o dust giv en by equation ( 8 ). At the same time, dust
MNRAS 547, 1–14 (2026) 
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Figur e 6. Measur ed g ap depth in g as density compar ed t o the analytical crit erion from Y. A. Tanaka et al. ( 2022 ) (equation ( 12 )). In the simulations 
with constant grain size, gaps in gas are suppressed by the back reaction as ε increases (top left). In all other scenarios, the gap depth is mostly constant. 
The only scenario to see numerical agreement with the analytical criterion are the simulations with constant St number and without the back reaction. 
This scenario is, to a good appr o ximation, the r egime under which the crit erion was dev eloped: w ell coupled dust that largely follows the gas, without 
the back reaction. 
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 x erts a torque back on the gas via mutual drag (equation ( 9 )).
his is back reaction and is proportional to the dust-to-mass ratio,
. Comparison to the analytical depth criterion of Y. A. Tanaka
t al. ( 2022 ) reveals that there is a dependence on ε between ε0 . 5 

nd ε1 . 0 that is lacking from current theory. 
While not as str aightforw ard as the ranking method described

n Section 3.3 , a related analytical method allows for more precise
stimates of ε from observations. Expanding the work of K. D.
anagawa et al. ( 2015a ) and Y. A. Tanaka et al. ( 2022 ) into a

egime that considers the back reaction due to dust provides
nother analytical t ool t o constrain ε and PPD masses from
bservations. 

 CONCLUSIONS  AND  FUTURE  WORK  

.1 Conclusions 

e ran a series of SPH simulations with and without the back
eaction of dust and varying ε to investigate the effects of dust
n disc morphology. We measure gap depths by comparing each
imulated scenario to a fitted logarithmic surface density taken
o be the r elax ed scenario without a planet. We find that the
ffect of the back reaction on gap formation due to planetary
ction is significant in both gas and dust phases, and conventional
r escriptions of g ap formation need updating to account for the
ffects of the back reaction. 

When grain size is kept constant and the back reaction is in-
luded, gap depths induced in the dust phase t end t o decrease
s ε increases. This is contrary to what is found in scenarios of 
xed grain size where the back reaction is not included (Left
olumn in Fig. 5 ). We propose that not including the back re-
NRAS 547, 1–14 (2026) 
ction in simulations leads to incorr ect r esults. A dditionally, an
bservational prediction of this result is that as ε increases in
bserv ed discs, w e e xpect the measur ed brightness dr op between
he gap region and the rest of the disc to decrease in intensity.

hen the Stokes number of the dust is kept constant, we see that
ap depths in the dust phase increase as ε increases, with and
ithout the back r eaction. This r esult does not map directly to
bservational predictions, since a constant Stokes number yields
 arying gr ain sizes, and ther efor e emission int ensity, at a giv en
ocation in the disc. We also compare the gap depths formed in gas
o the analytical prescription outlined by Y. A. Tanaka et al. ( 2022 )
equation 12 and Fig. 6 ), using the same gap depth measuring
cheme described for the dust phase above. Our findings suggest
he overall importance of the back reaction for the gas phase in
ddition to the dust. When including the back reaction and fixing
rain size (top left of Fig. 6 ), gap depths measured in gas follow
he same trend as gap depths measured in dust: decreasing in
epth as ε increases. In the scenario where the back reaction is
ot included, gaps induced in gas appear to have no or a very
light trend with ε. 

We conclude that considering the back reaction when simu-
ating a dusty, viscous, pr essur e supported protoplanetary disc is
rucial, as the effect on planet induced gap formation is signifi-
ant in both the dust and gas phases. 

.2 Future work 

e hav e demonstrat ed a relationship betw een ε and gap depths
hat is not fully accommodated by equation ( 12 ) and the lineage
f Y. A. Tanaka et al. ( 2022 ), but more work is required to refine
n analytical relationship between ε and the gap depth. Our ε
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ar ameter space w as coarsely sampled to demonstr ate the overall
mpact and importance of the effect, but we lack sufficient data 
 o generat e a robust model. We suggest that future analysis of the
ack reaction focus in the regime of ε ∈ [0 . 005 , 0 . 01 , 0 . 05] as that

s the interval over which the a = 0 . 01 mm scenario transitions
r om incr easing g ap depth to decr easing g ap depth. 

Additionally, holding ε constant and varying planetary mass 
ould demonstrate the effect of the back reaction on gap forma-
ion through direct comparison to depths estimated from equa- 
ion ( 12 ). This also could be used to provide either a corrective
erm or an explicit ε dependence to the analytical depth formula. 
n the presence of planets, w e hav e demonstrat ed that consider-
ng the effects of dust and the back reaction introduces significant
ariation when ε is poorly constrained. Gravitational instability, 
agnetic effects, and/or streaming instability may similarly re- 

pond to changing ε and the back reaction in a way that makes
onstraint or identification more straightforward. 

A secondary or tertiary effect beyond the scope of this study is
he planetary migration seen in the scenario of constant grain size
ith the back reaction on. The simulations in which we see the
ost planetary migration are those with the most mass in gas, 

nd as ε incr eases, total g as mass must necessarily go down to
eep dust mass constant. This is consistent with exploration into 
lanetary migration by A. C. Quillen et al. ( 2004 ) and A. Crida &
. Morbidelli ( 2007 ) where it was discussed that planets could
ot migr ate inw ards if the planet itself was more massive than

he interior gas mass. 
A r ecent study fr om O. M. Guilera et al. ( 2023 ) pr ovides some

dditional cont ext t o planetary migration under changing ε by ex- 
licitly considering torque contributions from dust components. 
hey are able to change the sign and magnitude of net torques in

he regime of low-mass planets ( M p ≤ 10 M ⊕) when considering
ifferent mass ratios and coupling regimes. We suspect that find- 

ngs from O. M. Guilera et al. ( 2023 ) ar e r elat ed t o the variation
e see in migration, slowing as ε increases. Despite our planetary 
asses not being in the same r egime, ther e is a congruent finding:

n increase of ε leading t o slow ed migration. We suspect this is
ue to an increase in positive torques from dust. Extending the
ork of O. M. Guilera et al. ( 2023 ) to 2 M Jup planets will make this
ypothesis testable. We suggest a grid-based code; SPH as an algo- 
ithm has difficulty with the long timescales typically associated 

ith planetary migration. 
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Figure B1. Dust surface density of simulated discs with a constant Stokes Number of St = 0 . 1 . The left column is simulated with the back reaction, and 
the right column is simulated without the back reaction. Each row is a different ε, increasing down the page in Fig. B1 and following the same pattern 
into Fig. B2 . 
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Figure B2. Dust surface density of simulated discs with a = 0 . 1 mm. The left column is simulated with the back reaction, and the right column is 
simulated without the back reaction. The top row is ε = 0 . 10 and the bottom row is ε = 0 . 50 . The simulated disc with St = 0 . 50 and ε = 0 . 50 is not 
included due to simulation not reaching our minimum of 80 orbits before timesteps became prohibitive. 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

© The Author(s) 2026. 
Published by Oxford University Press on behalf of R oy al Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons A t tribution License 

( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 

https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 METHOD
	3 RESULTS
	4 CONCLUSIONS AND FUTURE WORK
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	A FITTING PARAMETERS FOR CONSTANT GRAIN SIZE AND CONSTANT STOKES NUMBER
	B STOKES WITH AND WITHOUT THE BACK REACTION


