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ABSTRACT

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. However, obtaining disc mass measurements remain challenging, since it is not
possible to directly detect H,, 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 well-behaved 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, €. This quantity is poorly constrained in protoplanetary discs. We
investigate the impact of € 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
€ in observed systems relative to each other, improving the total disc mass estimates of protoplanetary discs.

Key words: Protoplanetary Discs — Planet-Disc Interactions - Hydrodynamics.

1 INTRODUCTION

There are now over 5000 confirmed exoplanet detections, reveal-
ing huge diversity in the exoplanet architecture. Arguably the
most fundamental exoplanet properties are semi-major axis and
mass, which vary over four to five orders of magnitude in the
known population (W. Zhu & S. Dong 2021). A planet’s semi-
major axis may be heavily influenced by planet-disc interactions
that lead to migration early in the disc’s life (W. Kley & R. P.
Nelson 2012), but may also continue to evolve under secular inter-
actions well after disc dispersal (S. Ida et al. 2000). Similarly, the
exoplanet mass is determined by disc properties, as more massive
discs generally have more material available for planet formation,
and may contain a higher density of solid material, particularly in
the disc innermost regions. Obtaining an accurate measurement
of protoplanetary disc (PPD) mass is therefore crucial to under-
standing the diversity of exoplanets.

Disc mass is also one of the most difficult characteristics to
constrain through observations. PPDs are mostly made of molec-
ular hydrogen (H,), which emits very weakly at typical disc tem-
peratures (A. Carmona 2010). As a result, total mass estimates
are challenging to obtain directly, and are typically inferred indi-
rectly.

One of the most common methods of determining PPD mass
involves using a tracer molecule such as CO, which is ~ 10 million
times more emissive than H, at typical disc temperatures (E.
A. Bergin & J. P. Williams 2017). However, this is not without
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complications. The lines of some CO isotopologues may be op-
tically thick, therefore only tracing the upper layers of the disc
and masking emission from deeper layers. This scenario gives
incomplete account of the total emission from that tracer. Addi-
tionally, there are uncertainties in the assumed abundance ratios
which may be affected and altered by chemical reactions and
photodissociation. An alternative that has emerged recently is the
measurement or constraint of disc mass through dynamical (B.
Veronesi et al. 2021; G. Lodato et al. 2023; B. Veronesi et al. 2024)
or kinematic means (C. Hall et al. 2020; C. Longarini et al. 2021;
J. P. Terry et al. 2022; C. Pinte et al. 2023; J. Speedie et al. 2024),
although this requires that the disc be sufficiently massive to be
self-gravitating.

Historically, one of the most common methods to obtain disc
mass has been to use the continuum emission to obtain the total
dust mass (S. M. Andrews et al. 2012), and then infer both the
gas and total disc mass based on an assumed dust-to-gas ratio,
€. However, there are significant sources of uncertainty. For ex-
ample, dust mass is inferred based on assumptions about dust
opacity, an unknown quantity that can vary widely depending
on temperature, composition, size, and porosity. This can lead
to incorrect inference about whether the emission is optically
thin or optically thick at the observed wavelengths.(Z. Xin et al.
2023).

Perhaps the strongest source of uncertainty is the assumed e.
Best estimates for € in the interstellar medium (ISM) are € ~
0.01(P. C. Frisch & J. D. Slavin 2003; P. C. Frisch, S. Redfield &
J. D. Slavin 2011; H. Nguyen et al. 2018), and as a result this is
a commonly assumed value for PPDs. However, this is likely an
oversimplification. For example, observations of CO have found
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that the average disc € values can be substantially higher, reach-
ing around 0.2 (M. Ansdell et al. 2016). Similarly, simulations,
such as those by U. Lebreuilly, B. Commercon & G. Laibe (2020),
have shown that discs can form with significant dust enrich-
ment. Compounding this is the large discrepancy between the
observed radial extent of the gas and dust disc components, with
the latter typically appearing far more compact (S. M. Andrews
et al. 2012; L. M. Pérez et al. 2012, 2015) due to radial drift of
the dust grains (S. J. Weidenschilling 1977). In the most extreme
cases, such as IM Lup (L. I. Cleeves et al. 2016), the dust disc
can be 10 times more compact than its gas component, and since
€ = ersm[Rgas dise/Raust disc 1> (J. D. Ilee et al. 2020), this could po-
tentially result in € values as high as € = 1.0 in the inner ~ 120
au of the disc.

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

Observations  with the Atacama Large Millime-
ter/submillimeter Array (ALMA) over the last decade have
identified a plethora of substructure within PPDs, such as rings
or gaps (ALMA Partnership et al. 2015; S. M. Andrews et al.
2018) and spirals (L. M. Pérez et al. 2016; J. Huang et al. 2018).
Thanks to the discovery of velocity perturbations in CO line
emission (C. Pinte et al. 2018; R. Teague et al. 2018; T. Paneque-
Carrerfio et al. 2021; J. Speedie et al. 2024), the origin of these
substructures is now becoming clear. In the case of continuum
rings and gaps, the presence of localised velocity perturbations
is leading to a growing consensus that the gaps are caused by
forming protoplanets. While there are other plausible origins
(e.g. snow lines), it has been shown that in general the radial
distance of the gaps from the central star are inconsistent with
snow lines of common molecules (N. van der Marel et al. 2019),
and furthermore the snow lines cannot explain the numerous
kinematic features now known (e.g. C. Pinte et al. 2019, 2020; J.
Bae et al. 2022; J. P. Terry et al. 2023)

When discussing gaps induced by planetary action, morphol-
ogy is determined by a combination of disc and planet properties,
with prescriptions that have been determined both analytically
and empirically from numerical simulations (see, e.g. A. Crida,
A. Morbidelli & F. Masset 2006; K. D. Kanagawa et al. 2015b,
a, 2016; Y. A. Tanaka et al. 2022). Of particular interest here is
the morphology of the dust gap, which can be observed at ~mm
wavelengths with the ALMA telescope. The width of the dust gap
can be described purely analytically in terms of disc parameters
and dust properties such as the dust-to-gas ratio € (G. Dipierro &
G. Laibe 2017), but there is currently no analytical prescription for
dust gap depth. Additionally, the modification of the gas surface
density due to the dust back reaction can result in a feedback loop
between dust and gas that further alters dust surface density and
morphology. The effects of the back reaction are non-linear, so
they are best addressed numerically using simulations.

In this work, we demonstrate how changing the global dust-to-
gasratio, €, affects the dust gap depth of a PPD with an embedded
planet. We show that this could potentially be used to constrain
the € values in observed systems, in particular in systems where
protoplanet mass is already constrained by disc kinematics or
other means. Additionally, we show that the current analytical
prescription for gap depth fails to accurately predict how both the
gas gap depth and the dust gap depth change with respect to €.
We take this as further indication of the importance of the back
reaction when simulating PPDs.
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The paper is organized as follows: in Section 2, we describe
our numerical simulations, and discuss our choice of parame-
ter space and measurement of morphological properties. In Sec-
tion 3, we describe our results, and discuss the different scenarios
arising from our choice of initial conditions and the physics we
include. In Section 4, we present our conclusions and discuss the
limitations of our work, as well as opportunities for future work
and potential questions raised by this study.

2 METHOD

2.1 Smoothed particle hydrodynamics

We perform nineteen three-dimensional hydrodynamical simu-
lations of dusty, gaseous protoplanetary discs containing a sin-
gle planet using PHANTOM (D. J. Price et al. 2018), a smoothed
particle hydrodynamics (SPH) code that solves the equations of
hydrodynamics in Lagrangian form (L. B. Lucy 1977; R. A. Gin-
gold & J. J. Monaghan 1977) by discretising the fluid onto a set
of particles. Full algorithm details are given in D. J. Price et al.
(2018) and references therein, but in summary the equations of
compressible hydrodynamics are solved in the form:

dv vp

a = - 7 + l_[shock + Qext (r, [) + Qsink-gas + Qselfgrav (1)

du P Acool

? = —*(V ' V) + Ashock — = s (2)
t o )

where P is the pressure, u is the specific internal energy,
Qext , Asink-gas AN Ageiferay Tefer to external, sink and self-gravity
forces present in the system. ITghocx and Agnock are dissipative
terms required to calculate entropy correctly at a shock front, and
Acool is @ cooling term.

Fluid elements are discretized when calculating field terms and
density, p(r), is obtained from discrete fluid elements using a
smoothing kernel (R. A. Gingold & J. J. Monaghan 1977):

pr) = [ W= ar 3)
‘Where W satisfies:
/ Wr)dr=1 4)

The choice of the smoothing kernel and smoothing length, 4, may
vary with respect to the given problem. The default smoothing
kernel in PHANTOM is an M, cubic spline, the SPH standard,
and h is calculated on each step to preserve local density (J. J.
Monaghan & J. C. Lattanzio 1985; D. J. Price et al. 2018)

We use the one-fluid dust method for its ability to handle small
grains and low Stokes numbers (G. Laibe & D. J. Price 2014a, b,
c; M. Hutchison, D. J. Price & G. Laibe 2018; G. Ballabio et al.
2018), which follows the dust fraction on each particle. Under this
prescription there is a single SPH ‘fluid’ moving with respect to
the centre of mass. The barycentric velocity is then:
v= PgVg + pdvd. (5)

Pg + pd
Where Av = v — vq.

This produces a Lagrangian frame that is co-moving with the
center of mass of the system(G. Laibe & D. J. Price 2014c). Lever-
aging the dust fraction, € = pgp~}, it is also possible to remove
singularities that may arise from especially small p,, while also
providing direct leverage on a quantity of interest.
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Table 1. Table of simulated disc masses for the constant grain size sce-
narios where the back reaction is on. Total dust mass is held constant and
€ determines gas mass.

€ Dust Mass [Mg] Gas Mass [Mg] Total Mass [Mg ]
0.005 1.00 x 1074 2.00 x 1072 2.010 x 1072
0.01 1.00 x 10™* 1.00 x 1072 1.010 x 1072
0.05 1.00 x 1074 2.00 x 1073 2.10 x 1073
0.1 1.00 x 10™* 1.00 x 1073 1.10 x 1073
0.5 1.00 x 1074 2.00 x 107* 3.0 x 107

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

€ Dust Mass [Mg] Gas Mass [Mg] Total Mass [Mg ]
0.005 5.00 x 1076 1.00 x 1073 1.005 x 1073
0.01 1.00 x 1073 1.00 x 1073 1.010 x 1073
0.05 1.00 x 1073 1.00 x 1073 1.050 x 1073
0.1 1.00 x 1074 1.00 x 1073 1.100 x 1073
0.5 1.00 x 10~* 1.00 x 1073 1.500 x 1073

Table 3. Table of simulated disc masses for the constant St numbers
scenarios with the back reaction. Total gas mass is held constant with €
determining the dust mass budget. The € = 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.

€ Dust Mass [Mg] Gas Mass [Mg] Total Mass [Mg ]
0.005 5.000 x 10~° 1.005 x 1073 1.010 x 1073
0.01 1.000 x 1073 1.000 x 1073 1.010 x 1073
0.05 5.000 x 1073 9.500 x 10~* 1.010 x 1073
0.1 1.000 x 10~ 9.100 x 10™* 1.010 x 1073
0.5 5.000 x 10~* 5.100 x 10~* 1.010 x 1073

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

€ Dust Mass [Mg] Gas Mass [Mg] Total Mass [Mg]
0.005 5.050 x 1076 1.00 x 1073 1.010 x 1073
0.01 1.010 x 10~° 1.00 x 1073 1.010 x 1073
0.05 5.050 x 1073 1.00 x 1073 1.010 x 1073
0.1 1.010 x 10~ 1.00 x 1073 1.010 x 1073
0.5 5.050 x 10™* 1.00 x 1073 1.010 x 1073

‘We used 1 million SPH particles, and simulated the central star
as a sink particle (M. R. Bate, I. A. Bonnell & N. M. Price 1995) of
1M, and accretion radius of 0.8 au. The embedded planet is also
modelled as a sink particle, with a mass of 2M; and an accretion
radius is set to 0.25 of the Hill radius for the planet (G. W. Hill
1878). The planet’s initial orbital radius is set to 60 au, and is not
held on a fixed orbit. All discs are initialized with an inner radius
of 1 au and an outer radius of 120 au. Surface density and sound
speed profiles follow ¥ o« R~! and ¢; o« R=%% respectively. X is
set by the disc masses described in Tables 1, 2, 3, and 4. Discs
are evolved for 80 orbits at the location of the planet, which is
comparable to existing work and benchmarks for timescales on
which gaps in dusty discs are able to form (G. Dipierro et al. 2016;
C. Pinte et al. 2023; J. Bae et al. 2025).

The aspy value is set in each disc such that the Shakura-
Sunyaev artificial viscosity parameter, ass, is ass &~ 0.005 (N. L.
Shakura & R. A. Sunyaev 1973). This is consistent with values
obtained from observations, which typically obey 107* < a <
1072(G. D. Mulders & C. Dominik 2012; C. Pinte et al. 2016;
S. Zhang et al. 2018). For all discs, we set Sspy = 2.00. This is
the quadratic Von Neumann-Richtmyer artificial viscosity term
(?)(Gingold/Monaghan 1983), controlling shock dissipation, par-
ticle overlap, and particle oscillations that cross the disc’s mid-
plane.

We investigate two scenarios: The first is dust of a constant
grain size, a = 0.1 mm, with the size chosen as the typical grain
size that is probed through ~mm observations with the ALMA
telescope (hereafter ‘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
stopping (or response) time and the dynamical time (or charac-
teristic timescale of the system) such that St = &;/fgyn. For St « 1,
particles are perfectly coupled to the gas since the response time
is small. For St > 1, particles are decoupled, and do not respond
(or respond slowly) to changes in the fluid flow. At St~1, both
the dust and the fluid have similar reaction times to changes
in the local conditions, which results in the dust both feeling
the gas drag and having independent motion. As a consequence,
St = 1 particles feel the largest headwind, and therefore have
the most rapid inward motion (S. J. Weidenschilling 1977; F. L.
Whipple 1972). In a PPD, St can be expressed as (T. Birnstiel, C.
P. Dullemond & F. Brauer 2010):

maps
2%,

St = (6)
where pg is grain density and X, is the two-dimensional gas
surface density. We perform simulations with a constant value
of St to keep the aerodynamic behaviour of the grains constant
throughout the simulation. A value of St = 0.1 is chosen as it
is close enough to St = 1.0 to capture the most interesting grain
behaviour while being computationally efficient enough to allow
the simulation to proceed without encountering timestepping
problems.

We implement a constant St in PHANTOM through the stopping
time according to:

St
=g )
where Qy is the Keplerian angular frequency and is equal to
1/ Ldyn.

In both scenarios, we vary € as well as the back reaction of the
dust onto the gas, turning it on and off the to explore its effect on
disc morphology.

For a given annulus, the relative azimuthal velocity of the gas
and the dust imparts a drag torque, Ag_.q, from the gas to the dust
of the form (G. Dipierro & G. Laibe 2017):

K
Agoqg=—1—q9 — Vg0), ©)
Pd

and the back reaction is an opposite torque, with magnitude
scaled by e:

Ad—>g = _EAg—>d~ (9)

The constant K is the drag coefficient (G. Laibe & D. Price 2012),
and is a function of the stopping time, t;, and the dust-to-gas mass
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Figurel. Dustsurface density of simulated discs with a = 0.1mm. The left column is simulated with the back reaction, and the right column is simulated
without the back reaction. Each row is a different ¢, increasing down the page and into Fig. 2. At every simulated value of €, 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.
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Figure 2. Dustsurface density of simulated discs with a = 0.1mm. The left column is simulated with the back reaction, and the right column is simulated
without the back reaction. The top row is € = 0.10 and the bottom row is € = 0.50. The disc that includes the back reaction and with e = 0.50 has the
least prominent gap of any of the discs simulated and also has smoothest overall distribution. Additionally, in these high € simulation, the role of € and
the back reaction in gap closing is readily apparent. Simulations with the back reaction have gaps spanning a smaller azimuthal angle over all.

ratio, €:

K="
ts+ €

(10)

In PHANTOM, when the back reaction is ‘on’, Ag_.q is calculated
following equation (8) and Ag4_,, is found based on local gas and
dust densities (equations 239 and 240 in D. J. Price et al. (2018)).
This allows the back reaction to vary as € changes throughout a
disk. When the back reaction is ‘off, PHANTOM skips calculating
A4 entirely, and applies no drag to the gas phase.

When considering the back reaction, net torque on a given
annulus of the disc decreases linearly with e:

Anet = Ag»d + Adag

= Ag»d - eAng

= Agad(l - 6)- (11)
To explore how this changes the disc morphology, we perform

simulations at five different values of €: 0.005, 0.01, 0.05, 0.1 and
0.5. For the constant grain size scenario that includes the back

reaction, we hold total dust mass (M) constantat 1 x 107* Mg
and vary Mg,s.

The reason we do this is that mass estimates from continuum
fluxes actually probe the amount of dust in a system, Mgy not
total disc mass, Mr. Instead, total disc mass is inferred from
an assumed € - an unknown quantity that may be depleted or
enhanced in the disc relative to the local ISM (J. D. Ilee et al.
2020; Longarini et al 2024). With this parameter space we are
posing the question: for a given dust mass, how would the dust
morphology observed at ~mm wavelengths change for a varying
€ and gas mass? The natural question that follows this is: can this
change in disc morphology be used to constrain €, and therefore
the total disc mass? If multiple systems have similar observed
Mayus: but different morphologies, this framework could give us
a qualitative stepping stone to obtaining Mr.

Simulation gas masses, dust masses, total masses and € are
given in Tables 1 and 2 for the constant grain size scenarios,
and Tables 3 and 4 for the constant St scenarios. In simulations
of constant grain size without the back reaction, total gas mass
(Mygys) is held constant at 1 x 1073 Mg, and vary Mgyg. For the

MNRAS 547, 1-14 (2026)
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constant St = 0.1 scenario, the total disc mass is held constant
between simulations to explore similar physical regimes.

2.2 Measurement of planet induced dust gap depth

Planet-induced gap morphology is a joint function of planet and
disc properties that requires consideration of multiple parameters
(see, e.g. A. Crida et al. 2006; P. C. Duffell & A. 1. MacFadyen 2013;
J. Fung, J.-M. Shi & E. Chiang 2014; K. D. Kanagawa et al. 2015a).
In this work, we measure planet-induced dust gap depth by adapt-
ingY. A. Tanaka et al. (2022), where the minimum surface density
(deepest gap) in the gas phase of a disc is given by:

Teap 1

= (12)
o 1+0.04K'

Here K’ is defined as

2 -5
()
* p

where h;, is the disc scale height at the radial location of the
planet, ;.

This analytical method for estimating gas gap depth and de-
scribing shape is widely used and accepted, however, it is likely
not directly translatable to dust gap depth. Interplay between the
back reaction of the dust onto the gas and vice-versa significantly
complicates the dust dynamics with the gas. We use this gas gap
depth method as an approximation, under the assumption that
a well coupled dust disc will have a similar shape and profile to
it’s host gas disc. Additionally at the time of writing there is no
widely accepted/used analytical method to capture the behaviour
of specifically the dusty components of discs.

To allow for consistent and direct comparison in simulations
that allow € to very over orders of magnitude, we reduce the
azimuthally averaged disc profile following the method of A.
Crida & A. Morbidelli (2007). A logarithmic surface density is
taken to be the background surface density, and is subtracted
from the azimuthally averaged surface density profile. We assume
that an unperturbed disc has a settled dust surface density that
follows the general form of a decaying exponential, given by:

2:background,dust = Edust|R=ZOauR_{7 (14)

where Zpackground,dust 1S the fitted surface density profile that
captures behaviour agnostic to the planet, R is radius in au,
dust|R=20au 1S the reference surface density at 20 au, and ¢ is the
fitting parameter. For a full report of ¢ parameters found for each
disc, see Appendix A.

Once a background surface density profile, Zyackground is deter-
mined, we subtract that from the dust surface density profile of
the given scenario:

Az:dust = Esimulated,dust - Ebackground,dust- (15)

Negative values of A X4, indicate gaps induced by planets, with
the magnitude being the gap depth. We take two measurements
for each simulated disc: the max gap depth over the whole profile,
and the gap depth at the final planetary radius from the central
star. We take two measurements because some of the azimuthally
averaged dust profiles have a soft ‘w’ shape, with the central peak
of the ‘W’ located at r, (G. Dipierro et al. 2018a; F. Meru et al.
2018). As a result, the deepest portion of the gap is not necessarily
co-located with the planet.

MNRAS 547, 1-14 (2026)

3 RESULTS

Figs 1 and 2 show the surface density plots of the constant grains
simulations, with back reaction included in the left hand column,
and turned off in the right hand column. € increases from top to
bottom and from Fig. 1 to Fig. 2. Itis clear that simulating the back
reaction substantially alters the observed dust morphology - in
particular, the degree of 2D axisymmetry displayed. We therefore
suggest that in modelling the dusty components of discs (such as
for synthetic ALMA observations), that the dust back reaction is
always included.

In Fig. 1 to Fig. 2 we also see the back reaction enhancing
pressure trapping of grains around the co-orbital region of the
planet at low €. At high € the back reaction contributes to gap
infilling, potentially hindering gap clearing in the first place.
‘Without the back reaction, relative surface densities of the discs
indicate that pressure trapping around the gap is minimised as
dust seems to readily move towards the central star; in the inner
5 — 10AU surface densities begin to approach unity. Still there
is a prominent gap in the co-orbital region of the planet, and it
deepens steadily compared to the background behaviour of the
disc as € increases.

Surface density plots for all constant St simulations are pre-
sented in Appendix B.

3.1 Depthvse
3.1.1 Constant grain size

Our primary results are shown in Fig. 3, which demonstrates
that there is a clear relationship between gap depth and € in all
scenarios, suggesting that apparent dust morphology in ALMA
observations could potentially be used as a tool to constrain €.

In the a = 0.1 mm simulations, when the back reaction is
included, increasing € results in an increased gap depth from
€ = 0.005 to € = 0.01. As € increases beyond this, the gap depth
decreases. This might suggest that there is a sweet spot for €
where maximum gap depth can be achieved. This also seems to
indicate a consistent regime from € = 0.05 - 0.50, but that space
is very coarsely sampled.

When the back reaction is not included, gap depth increases
monotonically with € for the a = 0.1 mm scenario. This result is
consistent with previous findings (e.g. G. Dipierro et al. 2018b).
This demonstrates that neglecting the back reaction when using
models to interpret observations is likely to result in incorrect
conclusions. Gap depth continues to increase with increasing e.

3.1.2 Constant stokes number

We simulate discs of a constant St number of 0.1 with all other
parameters described in Section 2.1. The right column of Fig. 3
presents the two different measures of depth versus €, with and
without the back reaction.

With the back reaction included, we see a trend of gap depth
increasing as € increases (top right of Fig. 3). When the back
reaction is not included, we see a similar trend of gap depths
increasing until € = 0.10, where there is a decrease in gap depths
ate = 0.50 (bottom right Fig. 3). This indicates a potential regime
change from ‘increasing € increases gap depth’ to ‘increasing e
decreases gap depth’ in the rangee = 0.10 — 0.50. Due to St = 0.1
with € = 0.50 being computationally prohibitive when the back
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Figure 3. Measured gap depth at the planet location and gap maximum for all simulations. The top row is A X4, With the back reaction on and the
bottom row is A Xq,s 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 € = 0.50.

reaction is included, we do not know if this is due to the lack of
the back reaction specifically or changing € in general.

3.2 Reduced profiles

3.2.1 Constant grain size

We present the reduced surface density profiles used for the
‘Depth vs. €’ plots in Section 3.1.1 (top left of Fig. 4). Notable here
is the exterior/interior pressure trapping (G. Dipierro et al. 2015)
of dust at ¢ = 0.005 and € = 0.010 respectively. Additionally the
depth regime transition after ¢ = 0.010 is easily identified. At low
€ we also see the soft ‘w’ shape initially described in Section 2.2,
indicating there is some dust co-orbiting with the planet. This
shape appears in the profile as pronounced inner and outer edges
relative to the gap depth, and a small increase of surface density
co-located with the planet that appears as a small bump. The
lowest € has the most co-orbital dust and exterior pressure trap-
ping, suggesting the back reaction is insufficient in overcoming
radial drift barriers. In the case with the back reaction, we see
planetary migration on the order of 15AU at the same low ¢ that
produces the soft ‘w’ shape. This amount of planetary migration
over 80 orbits is consistent with migration rates and timescales
seen in previous SPH investigations of protoplanetary discs (C.
Schifer et al. 2004; P. Benitez-Llambay et al. 2016; S. Rowther &
F. Meru 2020). What is notable is that we only see migration in our
simulations when the back reaction is accounted for, and at low
€. The behaviour at low ¢ is likely due to our keeping dust mass
constant. As € increases, gas mass must necessarily decrease, and
reaches a point where mass interior to the planet is insufficient

in driving migration (A. C. Quillen et al. 2004; A. Crida & A.
Morbidelli 2007).

In the high € regime when the back reaction is present, gaps
almost entirely lose that soft ‘w’ shape, being able to be differen-
tiated only by slight changes in depth. This behaviour is different
from the bottom left of Fig. 4, constant grain size without the back
reaction, where surface density in the gap decreases dramatically
with increasing e. This is an indication of the role of the back
reaction in gap formation.

3.2.2 Constant stokes number

For a constant St number of 0.1, motion is dominated by the gas
phase with dust responding according to drag forces. By direct
comparison between the reduced surface densities with and with-
out the back reaction, we notice a ‘smoothing’ effect of the back
reaction that seems to be accentuated when drag forces are kept
constant. Compared to simulations without the back reaction, the
profiles in the top right plot of Fig. 4 lack small scale variation in
the surface density with respect to R, being qualitatively smooth.
In the bottom right of Fig. 4 we see that the simulated profiles
have much more small scale variation in the surface density.
Additionally, in simulations without the back reaction, there is
a soft, sloping ‘w’ at high €, most clearly observable in € = 0.10
but also marginally visible in € = 0.50.

When considering gap depth, it is interesting to note that trends
with and without the back reaction are inverse for the two scenar-
ios. For constant grain sizes, gap depth increases monotonically
with € when the back reaction is absent. The inverse is true
for constant St number: when the back reaction is present, gap
depths increase monotonically with e.
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Figure 4. Reduced surface densities of simulations with constant grain size of @ = 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 approximately the same radius. In the bottom left plot, some behaviour of the € = 0.50 profile is omitted to better visual more

shallow gap profiles.

3.3 The effect of the back reaction on gap depth

We demonstrate that including the back reaction distinctly alters
the disc morphology from extant prescriptions (Fig. 5). For the
constant grain size scenario (top left of Fig. 5), including the back
reaction results in dust gap depth decreasing with €. If we turn
off the back reaction (bottom left of Fig. 5), the dust gap depth
increases with €. We suspect this this is due to the back reaction
increasing pressure trapping at the edges of the gap. When includ-
ing the back reaction, A felt by dust decreases with €, and this
effect is especially pronounced in regions of the disc with high
local €. This yields the inner and outer disc edges that appear asa
soft ‘w’ shape at globally low €. The n'® parcel of dust swept away
from the planet via deposition torque experiences marginally less
Anet compared to the n — 1" parcel of dust due to a slightly higher
local €, and begins to pile-up at the gap edge. This process repeats
for the n + 1™ parcel of dust experiencing a still smaller Ape
Without the back reaction, all parcels of dust feel the same A
and thus are cleared much more uniformly.

A slightly different discrepancy is seen in the constant St = 0.1
scenario. When the back reaction is simulated (top right of Fig. 5),
measured gap depths are more shallow than the analytical pre-
scription, starting at AXgus &~ 2 - 1073, before rising above the
analytical prescription to AXgus &~ 4 - 1072, The analytical pre-
scription maintains a roughly constant A Xy &~ 1- 1072, When
the back reaction is off (bottom right of Fig. 5), the analytical
prescription remains roughly constant on the order of 10~2 while
measured depths are one to two orders of magnitude below that
for all values of €. This demonstrates that inclusion of the back
reaction, even when simulating PPDs with small values of e,
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may be necessary to fully understand planet-disc interactions (see
for example O. M. Guilera et al. (2023)). Additionally, explicit
consideration of the back reaction can be used to constrain €
from observations of gap morphology. As it stands our analysis
of depths can be used to create a system of relative ranking of €
by examining gap depth relative to an unperturbed disc. Unfortu-
nately analysis of gap depths depends on many factors including
planetary mass and ¢, so discs with planets of well known or well
constrained mass are needed for this ranking to be effective. That
being said, for a number of planets whose masses are similar and
constrained through kinematics, one could rank the ¢; of each
of the host discs through observations of the gaps induced by
planetary action, e.g.: €g < €¢ << €g4, for some selection of discs
found to be hosting planets of comparable mass. In conjunction
with continuum observations, this also makes disc mass directly
comparable.

With these simulations, we have demonstrated that for con-
stant planetary mass, gap depth is dependent on ¢ and the back
reaction. If a few observed discs have masses that are well con-
strained from other means, it may be possible to straightforwardly
derive a ‘mass ladder’ from direct comparison of dust continuum
flux.

3.4 Comparison to an analytical depth criterion

We solved for an analytical gap depth estimation provided by
equation (12) for each disc. We then made a direct comparison
to the gap depth measurement scheme discussed in Section 2.2
by shifting equation (12) into AX space. This is accomplished by



Dust morphology under changing dust mass ratios in protoplanetary discs 9

a=0.1mm St=0.1

c 10° p—————ry p—p————ry p————ry T p—p————ry p————ry
o
c -
o -2 L 5 — = J
810 o~ _ —
g T .~'_"—._

W «
[)
o q 10_4 | —e— Analytical Depth | —e— Analytical Depth i
4 — g70:37 — £0:82
1%
1] Measured Depth Measured Depth
m 1 1 1 1 1 1
- 10° p—————ry p—p————ry r oy r
o

o ——

c . — =
S 1072 } — — X — — ]
R
g o

W
&, < 10_4 | —e— Analytical Depth | -
ﬁ —_— 049 —e— Analytical Depth
[1+] Measured Depth Measured Depth
m 1 1 1 1 1

1073 102 1071 10° 1073 102 1071 10°
& &

Figure 5. Measured gap depth in dust density compared to the analytical prescription from Y. A. Tanaka et al. (2022) (equation (12)). In the simulations
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(bottom left). Neither has good agreement with the analytical prescription. In the simulations with constant St number, there is an apparent regime
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measured data. The value of £ is presented in the legend of the related scenario and characterizes how measured gap depths change with respect € for a

given scenario.
taking

AT =1-— E, 16)
P
and assumes that for a surface density profile with no gap,
YNoGap = Xo. We perform this calculation, and compare it to our
measures for A Xqus and A Xg,s in all scenarios, with and without
the back reaction. Results are presented in Fig. 5 for the dust
phase, and Fig. 6 for the gas phase. The scale heights of each
simulation, h,, measured at the planetary radius are all relatively
constant at ~ 2.6 au, not changing directly as a strong function of
€. Of note, equation (12) was developed for application to the gas
phase, but in scenarios where dust is well-coupled and gas does
not experience the back reaction (Y. A. Tanaka et al. 2022). We
compare the gas gap depths predicted by equation (12) to A Zqyst
to show agreement or contradiction with the overall trends in gap
depth as a function of €.

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 € for measured dust gap
depths. For each set of simulations, we examine the dust phase,
and fit a power law function, ¢ where £ is a fitting constant,
unique and fitted to each scenario.

AT gust o< €5, 17)

We present a plot of measured gap depths, analytical gap depths,
and €f in Fig. 5. All scenarios are distinct from each other as
functions of €, and no simulation set has the same behaviour as
the analytical prescription.

For the scenario of constant grain size and back reaction, ini-
tially considering only the dust, the analytical estimation from
equation (12) and our measured gap depths start with some agree-
ment at e = 0.005 and € = 0.01, but diverge as € increases to 0.10
and beyond. A possible explanation are the length scales of K’
changing. The inward migration seen by planets for low values
of € may be meaningfully changing the analytically determined
gap depth via the factor of rg in K’ (equation (13)). Since h;, as a
function of radius is roughly constant between simulations, the
planetary migration that is only seen for ¢ = 0.005 and € = 0.01
results in length scales that bring our measured gap depths into
agreement with the analytical gap depth. The planetary migration
is happening on time and length scales that are consistent with
previous work (P. Benitez-Llambay et al. 2016; C. Schifer et al.
2004; S. Rowther & F. Meru 2020), but it is unclear if bringing the
analytical and measured depths into agreement is incidental or
related to the mechanisms that are driving migration in the first
place. For this reason, we do not put much significance in the
trend with respect to € in these simulations.

In the simulations with constant St without dust back reaction,
gap depth of the dust increases with increasing €, but the largest
value of epsilon reverses this trend. Due to € = 0.50 being com-
putationally prohibitive to simulate for constant St with the back
reaction, we cannot say if this trend is something that is or is not
suppressed by the back reaction.

In a dusty, viscous, pressure-supported protoplanetary disc,
torque excited in the gas by the presence of a planet will be com-
municated to the dust via drag interactions, with the drag torque
from gas onto dust given by equation (8). At the same time, dust
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Figure 6. Measured gap depth in gas density compared to the analytical criterion 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 € 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 approximation, the regime under which the criterion was developed: well coupled dust that largely follows the gas, without

the back reaction.

exerts a torque back on the gas via mutual drag (equation (9)).
This is back reaction and is proportional to the dust-to-mass ratio,
€. Comparison to the analytical depth criterion of Y. A. Tanaka
et al. (2022) reveals that there is a dependence on € between €%
and €' that is lacking from current theory.

While not as straightforward as the ranking method described
in Section 3.3, a related analytical method allows for more precise
estimates of ¢ from observations. Expanding the work of K. D.
Kanagawa et al. (2015a) and Y. A. Tanaka et al. (2022) into a
regime that considers the back reaction due to dust provides
another analytical tool to constrain € and PPD masses from
observations.

4 CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

We ran a series of SPH simulations with and without the back
reaction of dust and varying € to investigate the effects of dust
on disc morphology. We measure gap depths by comparing each
simulated scenario to a fitted logarithmic surface density taken
to be the relaxed scenario without a planet. We find that the
effect of the back reaction on gap formation due to planetary
action is significant in both gas and dust phases, and conventional
prescriptions of gap formation need updating to account for the
effects of the back reaction.

When grain size is kept constant and the back reaction is in-
cluded, gap depths induced in the dust phase tend to decrease
as € increases. This is contrary to what is found in scenarios of
fixed grain size where the back reaction is not included (Left
column in Fig. 5). We propose that not including the back re-
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action in simulations leads to incorrect results. Additionally, an
observational prediction of this result is that as ¢ increases in
observed discs, we expect the measured brightness drop between
the gap region and the rest of the disc to decrease in intensity.
When the Stokes number of the dust is kept constant, we see that
gap depths in the dust phase increase as € increases, with and
without the back reaction. This result does not map directly to
observational predictions, since a constant Stokes number yields
varying grain sizes, and therefore emission intensity, at a given
location in the disc. We also compare the gap depths formed in gas
to the analytical prescription outlined by Y. A. Tanaka et al. (2022)
(equation 12 and Fig. 6), using the same gap depth measuring
scheme described for the dust phase above. Our findings suggest
the overall importance of the back reaction for the gas phase in
addition to the dust. When including the back reaction and fixing
grain size (top left of Fig. 6), gap depths measured in gas follow
the same trend as gap depths measured in dust: decreasing in
depth as € increases. In the scenario where the back reaction is
not included, gaps induced in gas appear to have no or a very
slight trend with e.

We conclude that considering the back reaction when simu-
lating a dusty, viscous, pressure supported protoplanetary disc is
crucial, as the effect on planet induced gap formation is signifi-
cant in both the dust and gas phases.

4.2 Future work

We have demonstrated a relationship between € and gap depths
that is not fully accommodated by equation (12) and the lineage
of Y. A. Tanaka et al. (2022), but more work is required to refine
an analytical relationship between € and the gap depth. Our €
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parameter space was coarsely sampled to demonstrate the overall
impact and importance of the effect, but we lack sufficient data
to generate a robust model. We suggest that future analysis of the
back reaction focus in the regime of € € [0.005, 0.01, 0.05] as that
is the interval over which the a = 0.01 mm scenario transitions
from increasing gap depth to decreasing gap depth.

Additionally, holding € constant and varying planetary mass
could demonstrate the effect of the back reaction on gap forma-
tion through direct comparison to depths estimated from equa-
tion (12). This also could be used to provide either a corrective
term or an explicit € dependence to the analytical depth formula.
In the presence of planets, we have demonstrated that consider-
ing the effects of dust and the back reaction introduces significant
variation when e is poorly constrained. Gravitational instability,
magnetic effects, and/or streaming instability may similarly re-
spond to changing € and the back reaction in a way that makes
constraint or identification more straightforward.

A secondary or tertiary effect beyond the scope of this study is
the planetary migration seen in the scenario of constant grain size
with the back reaction on. The simulations in which we see the
most planetary migration are those with the most mass in gas,
and as € increases, total gas mass must necessarily go down to
keep dust mass constant. This is consistent with exploration into
planetary migration by A. C. Quillen et al. (2004) and A. Crida &
A. Morbidelli (2007) where it was discussed that planets could
not migrate inwards if the planet itself was more massive than
the interior gas mass.

A recent study from O. M. Guilera et al. (2023) provides some
additional context to planetary migration under changing € by ex-
plicitly considering torque contributions from dust components.
They are able to change the sign and magnitude of net torques in
the regime of low-mass planets (M, < 10Mg) when considering
different mass ratios and coupling regimes. We suspect that find-
ings from O. M. Guilera et al. (2023) are related to the variation
we see in migration, slowing as € increases. Despite our planetary
masses not being in the same regime, there is a congruent finding:
an increase of € leading to slowed migration. We suspect this is
due to an increase in positive torques from dust. Extending the
work of O. M. Guilera et al. (2023) to 2Mj,, planets will make this
hypothesis testable. We suggest a grid-based code; SPH as an algo-
rithm has difficulty with the long timescales typically associated
with planetary migration.
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APPENDIX A: FITTING PARAMETERS FOR
CONSTANT GRAIN SIZE AND CONSTANT
STOKES NUMBER

A report of the fitting parameter, ¢, from equation 14 for each of
the discs simulated with constant grain size and constant Stokes
number. See Tables Al and A2 for the simulations of constant
grain size with and without the back reaction, respectively. See
Tables A3 and A4 for the simulations of constant Stokes number
with and without the back reaction, respectively.

Table Al. Table of fitted ¢ following equation 14 for simulations of
constant grain size that included the back reaction.

Table A2. Table of fitted ¢ following equation 14 for simulations of

constant grain size that did NOT include the back reaction.

€ Cdust Cgas
0.005 —0.66 -0.44
0.01 —0.72 -0.45
0.05 —0.62 -0.41
0.1 —0.59 -0.40
0.50 —0.50 -0.39

Table A3. Table of fitted ¢ following equation 14 for simulations of
constant Stokes number that included the back reaction. The simulation

for € = 0.50 was not completed and therefore not included.

€ Cdust Caas

0.005 —0.64 -0.45
0.01 —0.63 -0.43
0.05 —0.68 -0/45
0.1 —0.60 -0.41
0.50 N/A N/A

Table A4. Table of fitted ¢ following equation 14 for simulations of

constant Stokes number that did NOT include the back reaction.

€ Cdust Cgas

0.005 —0.35 -0.48
0.01 —0.43 -0.50
0.05 —0.52 -0.54
0.1 —0.55 -0.54
0.50 —0.44 -0.46

APPENDIX B: STOKES WITH AND WITHOUT
THE BACK REACTION

€ Cdust Cgas

0.005 —0.02 -0.48
0.01 —0.48 -0.47
0.05 —0.59 -0.48
0.1 —0.64 -0.48
0.50 —0.60 -0.45
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Figure Bl. 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 ¢, 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 = 0.1mm. The left column is simulated with the back reaction, and the right column is
simulated without the back reaction. The top row is € = 0.10 and the bottom row is € = 0.50. The simulated disc with St = 0.50 and ¢ = 0.50 is not
included due to simulation not reaching our minimum of 80 orbits before timesteps became prohibitive.
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