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A B S T R A C T 

We carry out three-dimensional smoothed particle hydrodynamics simulations to study the role of gravitational and drag forces 
on the concentration of large dust grains (St > 1) in the spiral arms of gravitationally unstable protoplanetary discs, and the 
resulting implications for planet formation. We find that both drag and gravity play an important role in the evolution of large 
dust grains. If we include both, grains that would otherwise be partially decoupled will become well coupled and trace the spirals. 
For the dust grains most influenced by drag (with Stokes numbers near unity), the dust disc quickly becomes gravitationally 

unstable and rapidly forms clumps with masses between 0.15–6 M ⊕. A large fraction of clumps are below the threshold where 
runaway gas accretion can occur. Ho we ver, if dust self-gravity is neglected, the dust is unable to form clumps, despite still 
becoming trapped in the gas spirals. When large dust grains are unable to feel either gas gravity or drag, the dust is unable to 

trace the gas spirals. Hence, full physics is needed to properly simulate dust in gravitationally unstable discs. Dust trapping of 
large grains in spiral arms of discs stable to gas fragmentation could explain planet formation in very young discs by a population 

of planetesimals formed due to the combined roles of drag and gravity in the earliest stages of a disc’s evolution. Furthermore, it 
highlights that gravitationally unstable discs are not just important for forming gas giants quickly, it can also rapidly form Earth 

mass bodies. 

Key words: hydrodynamics – protoplanetary discs. 
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 I N T RO D U C T I O N  

n recent years, the Atacama Large Millimeter/submillimeter Array
ALMA) has revealed that many of the brightest, and presumably the
ost massive, protoplanetary discs are highly structured. The most

ommon of these substructures are rings & gaps (ALMA Partnership
t al. 2015 ; Andrews et al. 2016 , 2018 ; Dipierro et al. 2018 ; Fedele
t al. 2018 ; Long et al. 2018 ; Huang et al. 2018a ; Booth & Ilee
020 ). A natural explanation for the origin of ring & gap structures
s through planet-disc interaction (see re vie ws by Kley & Nelson
012 ; Paardekooper et al. 2022 ). The evidence of planets being the
ause has been strengthened through studies of the gas kinematics
Perez et al. 2015 ; Pinte et al. 2018 , 2019 , 2020 ; Calcino et al. 2022 ;
inte et al. 2023a ). 
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The discs with observed ring & gap structures are young, with
ome being less than 1 Myr old (ALMA Partnership et al. 2015 ;
ipierro et al. 2018 ; Fedele et al. 2018 ; Sheehan & Eisner 2018 ;
egura-Cox et al. 2020 ). Forming massive planets at these locations

s challenging at such young ages. Many of the potential planets
nferred from the rings & gaps and kinematics are massive (0.1–
0 M Jup ) and far from the central star at tens or even hundreds of au
Lodato et al. 2019 ; Pinte et al. 2023b ). Traditional planet formation
odels, such as core accretion, struggle to form massive planets at
ide orbital separations so quickly. Hence, a natural question to ask

s how these putative planets could have formed so quickly. 
An alternate planet formation mechanism is through gravitational

nstability. In the earliest stages of a disc’s evolution, it is expected
o be massive enough to develop gravitational instabilities in the
orm of spiral structures. Although this phase is short-lived, there is
bserv ational e vidence of such discs (P ́erez et al. 2016 ; Huang et al.
018b ; Paneque-Carre ̃ no et al. 2021 ), which is also supported by
heoretical predictions (Meru et al. 2017 ; Hall et al. 2020 ; Longarini
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t al. 2021 ). In this scenario, if the disc is massive enough, it can
ragment and form giant planets (Boss 1997 ) on dynamical time- 
cales (Gammie 2001 ). An issue is that although the initial mass of
hese fragments is in the planetary re gime, the y quickly accrete a
ot of mass and become brown dwarfs ( > 13 M Jup ) as they migrate
Stamatellos & Inutsuka 2018 ). Ho we ver, there is another path to
orming planets if the disc is stable to fragmentation, but still massive
nough to form spirals. The spirals are regions of high pressure,
here dust can become trapped and grow to form planetesimals, 
hich become the seeds of planet formation (Rice et al. 2004 ,
006 ; Gibbons, Rice & Mamatsashvili 2012 ; Booth & Clarke 2016 ;
lbakyan et al. 2020 ; Baehr & Zhu 2021 ; Baehr, Zhu & Yang 2022 ;
ongarini et al. 2023a , b ). On the other hand, it has also been shown

hat gravitational instability can inhibit the concentration of dust 
Walmswell, Clarke & Cossins 2013 ; Riols et al. 2020 ). The differing
onclusions could be due to the widely different methodologies, 
hich range from 2D local shearing boxes to 3D global simulations,

nd from using dust particles in the test particle regime to feeling
ravitational acceleration from both gas and itself. Thus, the aims of
his study (using 3D global simulations) are to determine what drives 
he dynamics of large dust grains in these spirals; the drag force, or
ravity? 
In this study, we perform three-dimensional global numerical 

imulations to investigate the role of drag and gravity on the dust
ynamics in a gravitationally unstable protoplanetary disc. In Section 
, we describe the simulations presented in this study. In Section 3 ,
e present the results of dust concentration in the spiral arms, and

oles of drag and gravity. The limitations and implications of our 
ork are discussed in Section 4 . 

 M O D E L  

e use PHANTOM , a smoothed particle hydrodynamics (SPH) code 
eveloped by Price et al. ( 2018 ) to perform the suite of simulations
resented here. SPH codes are fa v ourable for scenarios with high-
ensity contrasts. Thus, PHANTOM is well suited for the problem at 
and and has been previously used for dusty simulations (Laibe & 

rice 2012a , b ; Dipierro et al. 2015 ; Price & Laibe 2020 ) and for
imulations involving self-gravity (Cadman et al. 2020 ; Rowther 
t al. 2020 ; Rowther & Meru 2020 ; Rowther, Nealon & Meru 2022 ,
023 ). For the simulations in this work, the dust and gas are modelled
s two separate fluids (Laibe & Price 2012a , b ). 

.1 Disc set-up 

ll discs are modelled using 2 × 10 6 gas particles and 2.5 × 10 5 dust
articles between R in = 4 au and R out = 100 au, where the fiducial
isc has a mass of 0.2 M � disc around a 1 M � star. A sink particle
Bate, Bonnell & Price 1995 ) is used to model the central star. The
ccretion radius of the central star is set to be equal to the disc’s
nner boundary, R in . Particles within 0.8 times the accretion radius
re accreted immediately without any checks. The surface density 
rofile � is given by 

 = � 0 

(
R 

R in 

)−1 

f s , (1) 

here � 0 = 1.1 × 10 3 g cm 

−2 , and f s = 1 − √ 

R in /R is the factor
sed to smooth the surface density at the inner boundary of the disc.
he initial temperature profile is expressed as a power law 

 = T 0 

(
R 

R 0 

)−0 . 5 

, (2) 
here T 0 is set such that the disc aspect ratio H / R = 0.05 at R =
 0 = R in . The energy equation for the gas particles is 

d u g 

d t 
= −P g 

ρg 
( ∇ · v g ) + � shock − � cool 

ρg 
, (3) 

here we assume an adiabatic equation of state with γ = 5/3, and u
s the specific internal energy, P is the pressure, ρ is the density and
 is the velocity. The subscript ‘g’ refers to gas particles. We do not
nclude drag heating from back-reaction of the dust on the gas. The
rst term on the RHS is the P d V work, and � shock is a heating term

hat is due to the artificial viscosity used to correctly deal with shock
ronts. The final term 

 cool = 

ρg u g 

t cool 
(4) 

ontrols the cooling rate in the disc. Here, the cooling time is
traightforwardly implemented to be proportional to the dynamical 
ime by a factor of β, 

 cool = β�−1 , (5) 

here � is the orbital frequency and β = 15. The Cullen & Dehnen
 2010 ) switch detects any shocks that form and generates the correct
rtificial viscosity response. The linear artificial viscosity parameter 
AV varies depending on the proximity to a shock. Close to the shock,

t takes a maximum of αmax = 1, and a minimum of αmin = 0.1 far
way. The quadratic artificial viscosity coefficient βAV is set to 2 (see
ealon, Price & Nixon 2015 ; Price et al. 2018 ). 

.2 Dust dynamics 

he dust dynamics is go v erned by gravitational and drag forces from
nteractions with the gas. The acceleration of the dust particles is
iven by 

d v d 
d t 

= − K 

ρd 
( v d − v g ) + a dust-gas + a dust-dust + a dust-star , (6) 

here the subscript ‘d’ refers to dust particles. The first term on
he right-hand side is the drag force, which acts to eliminate any
elocity difference between the dust and gas. The second term on the
ight-hand side of equation ( 6 ) is the gravitational acceleration due
o interactions between dust and gas particles; the third term is the
ust self-gravity; and the final term is the gravitational acceleration 
rom the central star. 

An important time-scale for the drag force is the stopping time, t s ,
he time-scale at which the differential velocity between the dust and
as decays. If the stopping time is short, the dust velocities quickly
ecay to the gas velocities resulting in the dust becoming coupled to
he gas. If it’s long, the dust velocities will remain different to the
as velocities, and hence the dust structure will be different from the
as structure. The stopping time is related to the drag coefficient K
Laibe & Price 2012b ), by 

 s = 

ρg ρd 

Kρ
, (7) 

here ρ = ρg + ρd . Ho we ver, to decrease computational expense
hen dust clumps form, we instead approximate ρ to be equal to ρg 

nly when determining the minimum time-step required for evolving 
he particle. The ef fecti veness of the drag force can be described by
he Stokes number St, which is defined by the ratio of the stopping
ime to the orbital time-scale, 

t = t s �. (8) 
MNRAS 528, 2490–2500 (2024) 
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M

Figure 1. Cross section slices of density in the z = 0 plane of gas, i.e. the midplane, (top) and 50 cm sized dust grains (bottom) at t = 4, 4.44, and 4.88 outer 
orbits (from left to right). The dust is initialized at t = 4 orbits after spiral structures have formed in the gas. Dust rapidly concentrates in the spirals becoming 
gravitationally unstable and forming clumps as seen at t = 4.44 and 4.88 outer orbits. At t = 4.88, outer orbits, a few of the dust clumps have become massive 
enough to cause spiral w ak es, which are visible in both the gas and dust. 
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he simulations in this study fall in the Epstein drag regime, where
he stopping time is approximated by 

 s = 

ρgrain s grain 

ρc s f 

√ 

πγ

8 
, (9) 

here γ = 5/3 is the adiabatic index, c s is the sound speed, s grain is
he grain size, ρgrain = 3 g cm 

−3 is the intrinsic grain density, and f is
 correction for supersonic drift velocities given by Kwok ( 1975 ) as 

 = 

√ 

1 + 

9 π

128 


v 2 

c 2 s 

, (10) 

here 
 v ≡ | v d − v g | . For small Stokes numbers ( < 1), the stop-
ing time is suborbital, and the drag force quickly eliminates any
elocity difference between the dust and gas. Ho we ver, for large
tokes numbers ( > 1), it can take multiple orbits before the velocity
ifference decays. Hence, for a dynamic disc where the substructure
ontinuously evolves, as is the case for a gravitationally unstable
isc, it becomes difficult for the dust velocities to decay to the gas
elocities. 

.3 Defining toomre Q for dust 

he Toomre Q parameter (Toomre 1964 ) gives a measure of how
ravitationally unstable a disc is, and is defined as 

 = 

c s �

πG� 

, (11) 

here G is the gravitational constant, c s is the sound speed, and � 

s the surface density. A disc becomes more gravitationally unstable
NRAS 528, 2490–2500 (2024) 
s the surface density increases, or as the sound speed decreases.
lthough the abo v e equation is generally used for the gas, we

alculate the Toomre Q of dust using the ef fecti ve sound speed and
urface density of the dust. The ef fecti ve sound speed of the dust
articles c dust 

s can be obtained by calculating their velocity dispersion
s 

(
c dust 

s 

)2 

i 
= 

N neigh ∑ 

j= 1 

m j 

( v d ,i − v d ,j ) 2 

ρd ,j 
W ij ( h i ) , (12) 

here the calculation is summed o v er all dust particles that are
eighbours of particle i . The mass and density are given by m j and
d, j , and v d, i and v d, j are the magnitudes of the velocity of dust
articles i and j , respectively. The smoothing kernel and length are
iven by W ij and h i , respectively. 

.4 The suite of simulations 

nitially, the disc is modelled as a gas only simulation until spiral
tructures hav e dev eloped. After four outer orbits, the dust is added
niformly as a separate dust disc as if it is t = 0, where no spirals
re present (see bottom left-hand panel of Fig. 1 ). In the fiducial
imulation, 50 cm sized dust grains are used. This corresponds to an
nitial average Stokes number of 4 at R = 50 au. 

The ef fecti veness of the drag force is dependent on t s , and thus
he size of the dust grains, where the larger the dust grain, the less
fficient the drag force becomes. Since the drag force acts to eliminate
n y v elocity difference between the dust and gas, a weakening drag
orce leads to decoupling of the dust. Hence, to determine when
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ust should stop tracing the gas spirals in a gravitationally unstable 
isc, three additional simulations were modelled with dust sizes of 
50, 500, and 5000 cm. This corresponds to initial average Stokes 
umbers of 12, 40, and 400, respectively. 
To investigate the importance of gravitational and drag forces, the 

imulation with 50 cm sized grains at t = 4 outer orbits is used as the
nitial condition for four further simulations. The initial conditions 
an be seen in the left column of Fig. 1 . Except for the reference
imulation, each simulation turns off certain physics to see how the 
ust evolves in its absence. The four simulations are 

Full physics – The reference simulation. The evolution of the 
ducial disc is continued as normal where the dust feels both the
ravity of gas and dust, as well as the drag force. 

No dust self-gravity – The dust no longer feels the gravity of
ther dust particles. It only feels the gas gravity and the drag force.
omputationally, dust self-gravity is turned off by decreasing the 
ust particle mass by eight orders of magnitude. This makes the third
erm in equation ( 6 ), a dust-dust negligible but does not affect the other
erms. 

Drag only – The dust is no longer affected by gravity. It only
eels the drag force. The second term in equation ( 6 ), a dust-gas is
et to 0, in addition to the decreased dust particle mass. Ho we ver,
ince the gas still feels its own self-gravity, the velocity of the gas
articles is increased due to the gas disc itself. If the dust has no
nowledge of the gas disc at all, the dust particles will orbit at a
lower velocity relative to the gas, resulting in outward migration. 
hus, the dust velocity includes a correction for the enclosed mass

n the Keplerian velocity. The dust therefore has no local knowledge 
f any gravitational potential, but only the global gas disc. 

Gravity only – The drag force has no effect on the dust. Only gas
nd dust gravity acts on the dust. Here, only the first term (the drag
orce) in equation (6) is set to 0. This is a similar scenario to the
imulations in Walmswell, Clarke & Cossins ( 2013 ). 

In all simulations, the dust al w ays feels the gravitational accelera-
ion from the central star (the final term in equation ( 6 )), and the gas
l w ays feels its own self-gravity. 

.5 Clump finding 

e use the clump finding algorithm introduced in Wurster & Bonnell 
 2023 ). In a clump, the densest particle is considered to be ‘lead’. All
ther particles in the clump are considered to be ‘members’. Briefly,
e first sort dust particles by density. Then, the densest particle with
> ρ lead = 2 × 10 −13 g cm 

−3 becomes the lead member of the first
lump. F or successiv ely less dense particles, we determine if their
moothing length o v erlaps with an existing clump and if the particle
s bound to the clump. If so and if ρ > ρmember = 10 −13 g cm 

−3 ,
hen it is added to the clump and the clump properties are updated to
ccount for the new member. If not and ρ > ρ lead , then it becomes the
ead member of a new clump. When a particle’s smoothing length 
 v erlaps with two clumps, or if two clumps o v erlap, we determine
f they are bound, and if so, we merge the clumps. These values
re chosen to help the clump-finding algorithm distinguish clumps 
rom the spiral arm they reside in. The impact of our choices do not
eaningfully affect the analysis of the clumps. 
Since we are e v aluating clump membership by inspecting particles 

n order of decreasing density rather than spatial proximity to a 
lump, we repeat this process iteratively until the number of clumps 
nd their properties have converged. This is required since each 
teration will find more distant particles whose smoothing length will 
 v erlap with the clump. Only dust particles have been considered for
he clump-finding algorithm. Clumps with less than 58 particles (the 
verage number of neighbours) are considered to be unresolved, and 
re remo v ed. 

 RESULTS  

.1 Dust concentration and clumping in the spiral arms 

ig. 1 shows the density evolution of gas (top) and 50 cm sized dust
rains (bottom) in a gravitationally unstable 0.2 M � disc at three
oments in time. The left column shows the gas and dust at a time
hen the dust is initialized. The gas disc is stable to fragmentation.
he middle and right columns show the simulation 0.44 and 0.88
uter orbits later, respectively. The 50 cm dust grains initially have
n average Stokes number, St ∼ 4. In this regime, dust particles are
xpected to drift efficiently into pressure maxima (Weidenschilling 
977 ). The spiral arms due to gravitational instability are regions of
ressure maxima. They are also regions of gravitational potential 
inima, which also attracts the dust. Hence, dust rapidly drifts 

owards and concentrates in the spiral arms in the middle and right-
and panels of Fig. 1 . The dust spirals are narrower compared to
he gas spirals. Additionally, the dust is able to collapse into small
lumps. Both these results are consistent with simulations in Rice 
t al. ( 2004 , 2006 ); Gibbons, Rice & Mamatsashvili ( 2012 ); Gibbons,
amatsashvili & Rice ( 2014 ); Booth & Clarke ( 2016 ); Shi et al.

 2016 ); Baehr & Zhu ( 2021 ). 
Fig. 2 shows the dust-to-gas mass ratio (top), the sound speed of

he dust relative to the gas (middle), and Toomre Q of the dust disc
bottom). Given that dust is only 1 per cent of the entire disc mass,
t is perhaps surprising that there is enough dust mass to become
ravitationally unstable. Especially since the initial Q 

dust 
min ∼ 90, 

hich is far from the conditions required for gravitational instability 
o occur ( Q < 1.7, Durisen et al. 2007 ). As the disc has evolved,
he local dust-to-gas mass ratio has increased from its initial value
f 0.01. In spiral arms, the dust-to-gas mass ratio has increased by
n order of magnitude o v er the initial value. The sound speed of the
ust is also lower relative to the gas by nearly an order of magnitude.
oth of these factors explain why the dust disc collapses into clumps
espite the initial dust profile being safely in the gravitationally 
table regime. The increased surface density and lower sound speed 
elative to the gas both contribute to the dust disc becoming locally
ravitationally unstable in the spiral arms, with Q 

dust < 1.7, as shown
n the bottom panel of Fig. 2 . 

.2 Radial drift 

n contrast to the gas, the dust is a pressureless fluid which results
n their velocities being different. In a smooth axisymmetric disc 
he drag force e x erts a torque on the dust particles, resulting in
ust migrating inwards towards the central star. Ho we ver, in these
imulations, the gas structure is not axisymmetric. The spiral arms 
ue to gravitational instabilities are local pressure maxima, and dust 
herefore drifts towards them. This can be seen in Fig. 3 , which shows
he cross-section slice of the radial velocity, v r , of the dust in the z =
 plane. After the initial drift towards the spiral arms, the dust motion
s along the spirals. 

.3 Larger dust sizes 

ven the smallest grain size (50 cm) in this study has Stokes numbers
bo v e unity. In non-self-gravitating discs in this regime, the dust is
artially decoupled from the gas. Ho we ver, as seen from Fig. 1 , in
MNRAS 528, 2490–2500 (2024) 
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Figure 2. The top and middle panels show the cross section slices of the dust- 
to-gas mass ratio and the sound speed of dust relative to the gas, respectively 
in the z = 0 plane. The bottom panel shows Toomre Q of the dust disc. The 
combined effect of the increased dust enhancement in the spirals and lower 
sound speed results in the dust disc becoming locally unstable in the spiral 
arms (red regions). 

a  

T  

t
 

f  

t  

Figure 3. Cross-section slice of the radial velocity v r of the dust in the 
z = 0 plane. The dust drifts towards the gas spirals, which results in dust 
becoming trapped. The presence of gravitational instabilities could slow down 
radial drift of dust towards the central star. The orange and purple regions 
correspond to outward and inward dust motion, respectively. We can clearly 
see drift towards the spiral arms from both directions. 
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 gravitationally unstable disc, the dust still traces the gas structure.
he dust is not perfectly coupled as evident from the enhanced dust-

o-gas mass ratios. 
Fig. 4 shows the cross-sectional slices of the dust density for all

our dust sizes. Spiral structures are visible in all four panels, although
o different extents. As the dust size increases, the dust spiral arms
NRAS 528, 2490–2500 (2024) 
ecomes more diffuse as the dust becomes less coupled. The weaker
ffect of the drag force with increasing dust size results in less dust
ensity enhancement in the spirals as seen by the lack of contrast in
he bottom right-hand panel of Fig. 4 . Additionally, dust clumping is
nly seen for the smallest grain sizes (50 and 150 cm). Fig. 5 shows
he probability density function (PDF) of the sound speed of dust
elative to the gas, c dust 

s /c gas 
s , for all four dust sizes. To compare c dust 

s 

nd c gas 
s with each other, they were first individually interpolated

nto a grid. The c dust 
s increases as grain size increases. Both the more

fficient dust trapping and decreased dust sound speed are why only
he smallest grain sizes are prone to clumping. 

The structure of the 150 cm sized grains is the most similar to the
as structure. This can be observed by the peak of the PDF at c dust 

s ∼
 

gas 
s . Essentially, the dust and gas act similarly since the similar sound
peeds cause the response of both fluids to any perturbations to be
imilar. Thus, the dust structure is closely coupled to the gas. At
arger grain sizes, the drag force becomes less ef fecti ve in damping
elocity variations resulting in c dust 

s > c gas 
s . Hence, the dust structure

ecomes more uncorrelated with the gas with increasing dust size.
or the 5000-cm-sized grains, the spiral structures visible in the
ottom right-hand panel of Fig. 4 disappear after a few outer orbits.
he PDF of the 50 cm sized grains peaks at c dust 

s < c gas 
s . A broad

ail extending to lower c dust 
s /c gas 

s is also visible which allows dust to
ollapse further into clumps. 

.4 The role of self-gravity and drag 

t’s apparent that drag plays an important role in shaping the dust,
s seen by the evolution of different-sized dust grains. The role of
as gravity and dust self-gravity remains less clear. Here we focus
n the 50-cm-sized grains, where the drag force is most efficient
or this simulation, making it easier to study the role of self-gravity
ompared to the drag force. 

Fig. 6 shows the cross-sectional slices of the dust density of 0.88
uter orbits after the simulation is resumed with different combi-
ations of physics turned off. The reference simulation continues
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Figure 4. Cross-section slice of the dust density (left-hand panels) and the dust-to-gas mass ratio (right-hand panels) in the z = 0 plane 1.5 outer obits after the 
dust was added. Each panel represents a different size: 50 (top left), 150 (top right), 500 (bottom left), and 5000 cm (bottom right). The corresponding Stokes 
numbers are roughly 4, 12, 40, and 400, respectively. As the dust size increases, dust trapping becomes less efficient due to the decreasing influence of the drag 
force. Only the smallest two dust sizes become gravitationally unstable and form clumps. 

Figure 5. A probability density function (PDF) of the sound speed of dust relative to the gas, c dust 
s /c 

gas 
s (left-hand panel), for all four dust sizes as described 

in Fig. 4 . The drag force becomes less ef fecti ve with increasing dust size. Hence, the dust motion becomes uncorrelated with the gas as seen by the increasing 
velocity dispersion with increasing dust size. The right-hand panels show the Toomre Q of the dust disc for all four dust sizes. The less efficient dust trapping 
with increasing dust size results in the dust becoming more stable. 
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o evolve as expected. The dust remains trapped in the spiral arms
ith numerous clumps. When the dust cannot feel the gravity of
ther dust particles (the ‘No Dust Self-Gravity’ simulation), clumps 
annot form. The dust evolves similarly to the reference simulation; 
therwise, with dust is still being trapped by the gas spirals. When
ust cannot feel the gas gravity either (the ‘Drag Only’ simulation),
he continued presence of the drag force keeps the dust in thin
laments. Ho we ver, as the dust no longer feels the gravitational
orces due to the gas, it no longer traces the spiral structure (also see
ig. A2 ). Drag alone isn’t sufficient to trap dust and form clumps.
MNRAS 528, 2490–2500 (2024) 
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M

Figure 6. Cross-section slices of dust density in the z = 0 plane 0.88 outer orbit after physics has modified. The four simulations are: the reference simulation 
with physics as normal (Full physics – top left-hand panel), the dust no longer feels the gravitational force of other dust particles (No dust self-gravity – top 
right-hand panel), the dust no longer feels gravitational acceleration from either the gas or dust (Drag only – bottom left-hand panel), and the dust no longer 
feels the drag force (Gravity only – bottom right-hand panel). The dust densities are lower in the top right-hand and bottom left-hand panels because the dust 
particle mass is decreased by eight orders of magnitude to mimic turning off dust self-gravity. The loss of dust self-gravity results in clumps being unable to 
form despite the dust still becoming trapped in the gas spirals. Neither the drag force nor gravity is able to couple the dust to the gas. Both are necessary for the 
dust to trace the gas spirals. See the top right-hand panel in Fig. 1 for the gas distribution. The spiral structures visible in the bottom panels eventually disappear 
in the absence of drag/gravity (see Fig. A2 ). 
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inally, when the dust cannot feel the drag force, the spiral structures
isible initially form due to gravitational interactions between dust
nd gas. Ho we ver, without drag, the spirals are not maintained and
isappear after a couple of outer orbits. The dust behaves similarly
o the largest dust size in Section 3.3 ; the dust cannot form clumps
nd does not trace the gas spirals. 

To illustrate the role gravity and drag have on the dust dynamics,
onsider the plot of the PDF of c dust 

s /c gas 
s in Fig. 7 along with the two

ime-scales described in Section 2.2 : the stopping time and the orbital
ime. For the dust sizes (50 cm, St ≈ 4) in Fig. 6 , the stopping time
s larger than the orbital time. The spiral structures are constantly
oving at the orbital velocity. The longer time-scale of the drag

orce causes the dust to decouple when it only feels the drag force
bottom left-hand panel in Fig. 6 ). The dust velocities are unable to
ecay to the gas velocities within the time they cross the gas spirals.
o we ver, the dust spirals are also regions of gravitational potential
inima. If the dust only feels gravitational forces (bottom right-hand

anel in Fig. 6 ), the dust initially forms spiral structures but quickly
NRAS 528, 2490–2500 (2024) 
ecouples from the gas, as there is no longer any force eliminating any
ifferential velocity between the dust and gas resulting in c dust 

s > c gas 
s .

his is essentially what is seen with larger dust sizes in Section 2.2 .
hile neither drag nor gravity on their own is enough to trap dust,

heir combined influence enables the dust to keep up with the gas
pirals (top right-hand panel in Fig. 6 ). 

Ho we ver, this analysis is specific to the large grain sizes studied
ere (St > 1). Smaller grain sizes with St < 0.1 will still be able to
race the spirals due to the drag force alone: the short stopping time
esults in the dust velocities decaying to the gas velocities before the
as spirals have moved significantly (Baehr & Zhu 2021 ). 

As mentioned earlier, all dust sizes here are in the regime, where
ust is expected to be decoupled from the gas (St > 1). So it’s perhaps
 bit surprising that the dust was still able to trace the gas spirals.
he gravity of the gas is usually negligible in most studies of dusty
rotoplanetary discs, which are gravitationally stable. These results
how that in a gravitationally unstable disc, the combined effect of gas
ravity and drag is necessary for large dust grains to be well coupled
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Figure 7. A probability density function (PDF) of the sound speed of dust 
relative to the gas, c dust 

s /c 
gas 
s , for all four simulations with varying physics 

as described in Fig. 6 and in Section 2.4 . When the dust only feels the drag 
force or gravity, it results in an increase in velocity dispersion resulting in 
dust decoupling from the gas. 
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Figure 8. The top panel shows a histogram of the clump mass at t = 4.88 
outer orbits. A majority of the clumps are less than a few Earth masses, 
and hence might not be massive enough to become giant planets through 
runaway gas accretion. The bottom panel shows the time evolution of the 
total mass found in clumps. Within half an outer orbit, 60 per cent of the dust 
disc (400 M ⊕) is found in clumps as shown by the black line (full physics 
simulation). Only resolved clumps are plotted. 
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o the gas and trace the spirals. For the dust to form clumps, dust
elf-gravity is necessary. Although including full physics results in a 
imulation that is at least an order of magnitude slower to compute
without drag), it is important to do so, particularly for studying the
ormation of dust clumps. 

.5 Clump formation 

he top panel of Fig. 8 shows a histogram of all resolved clump
asses at t = 4.88 outer orbits for the reference (full physics)

imulation, where the dust feels the gravity of both the gas and dust,
nd the drag force. Fig. A1 shows the locations of all resolved clumps.
he clumps range from 0.15 M ⊕ (the resolution limit) to ∼6 M ⊕,
ith a high majority of the clumps being less than the critical mass

 ∼5 M ⊕) to undergo runaway gas accretion (Papaloizou & Terquem
999 ; Rice & Armitage 2003 ). The critical mass is dependent on
he disc parameters, and solid accretion rate and composition (see 
e vie w by Drazko wska et al. 2023 ). The lower panel of Fig. 8 shows
he total mass found in gravitationally bound clumps as a function 
f time. Clump formation is rapid, with roughly a Jupiter-sized mass
f dust accumulating in clumps within half an outer orbit. The total
ass in clumps steadies after this initial rapid build-up of clumps, 

nce roughly half the dust is in clumps. 

 DISCUSSION  

.1 Limitations 

he main limitations of this study involve how the dust is modelled.
he dust used in the simulations in this study is a single fixed size.
hile this simplifies the simulations, it is not representative of reality, 
here dust is made up of a mixture of different sizes and can grow.
ssuming all the dust is of the same size (and therefore all the dust
ass is in a single grain size, rather than a power-law distribution)

s the optimal scenario for the dust disc to become gravitationally 
nstable and form clumps. Previous studies have shown the dust 
nly begins to form clumps when St > 0.3 (Gibbons, Rice &
amatsashvili 2012 ; Booth & Clarke 2016 ). Thus, if the mass of dust
as spread across various dust sizes, then there might not be enough
ass for dust of a given size to become gravitationally unstable. With
 range of dust sizes, and hence Stokes numbers, the ef fecti veness of
ust trapping will be varied. Not all dust will be optimally trapped,
hus resulting in reduced dust density enhancements and increasing 
 . 
Ho we ver, including dust gro wth could aid dust clumping. Small

ust grains are well coupled to the gas and collect in the gas spirals
Gibbons, Rice & Mamatsashvili 2012 ; Baehr & Zhu 2021 ). In these
e gions, Elbak yan et al. ( 2020 ) showed that dust can rapidly grow
rom micron-sized grains to a few centimetres with St ∼0.3. If
nough dust can grow to this size, where they are most strongly
nfluenced by the gas spirals, then the dust might still be able to
ecome gravitationally unstable and form clumps. 
Our simulations have not included dust back-reaction onto the 

as. With the enhancement of the dust-to-gas mass ratios as seen in
ig. 2 , this could become rele v ant. Ho we ver, based on shearing box
imulations in Gibbons, Mamatsashvili & Rice ( 2014 ) and Baehr,
hu & Yang ( 2022 ), the qualitative nature of the role of drag
nd gravitational forces as described in this study is likely to be
nchanged if back-reaction was included. Ho we ver, the mass of the
lumps measured would be impacted. Baehr, Zhu & Yang ( 2022 )
MNRAS 528, 2490–2500 (2024) 
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ound clump masses to be smaller, but more numerous when back-
eaction was included. 

These simulations also made use of a simplified approximation to
he stopping time. This simplification allowed for the drag force term
n equation ( 6 ) to be independent of the dust density which enables
he simulations to evolve for a longer time after dust clumps are
ormed. Our results of clump formation still compare well with Rice
t al. ( 2006 ), which is similarly as rapid. While their simulations
topped when 15 per cent of dust was in clumps, the amount of dust
n clumps was still rising. As we could evolve further, we found that
he dust continued to accumulate in clumps until ∼50 per cent of
he dust was in clumps. We find the clump masses ( ∼0.1–5 M ⊕) are
lightly higher than the results in Baehr, Zhu & Yang ( 2022 ), but
imilar to Longarini et al. ( 2023a , b ), although this could be due to
he lower Stokes numbers in the former’s simulations. Additionally,
hey utilized a fixed stopping time, whereas we used a fixed particle
ize, which results in the stopping time varying with the particle
ocation. A fixed particle size has been shown to result in stronger
ust concentrations (Shi et al. 2016 ). 

.2 Planet formation 

he simulations here show that planet formation in gravitationally
nstable discs is not restricted to gas giants. The spiral arms of
ravitationally unstable discs provide conditions that favour dust
oncentration, which rapidly collapses to form numerous Earth mass
lumps. The short time-scale at which the Earth mass clumps form
ould help explain how some of these discs exhibit ring & gap
tructure (often associated with evidence of planet formation) despite
eing less than a million years old (ALMA Partnership et al. 2015 ;
heehan & Eisner 2018 ; Segura-Cox et al. 2020 ). The clumps formed

n gravitationally unstable discs could become the seeds of the planets
hat go on to carve rings & gaps in ALMA observations. This work
dds to the idea that gravitationally unstable discs may form planets
ower in mass than giant planets (Deng, Mayer & Helled 2021 ). 

The simulations in this study highlight that dust trapping in the
piral arms of non-fragmenting gravitationally unstable discs is a
iable mechanism for forming planetesimals and/or planetary cores.
ost discs are expected to go through a gravitationally unstable

hase during their evolution. Thus, planet formation in very young
iscs could be explained by a population of planetesimals formed
n the earliest stages of a disc’s evolution (Nixon, King & Pringle
018 ). Ho we ver, the runtime of these simulations is restricted as the
inimum time-step required for accurate evolution decreases as dust

articles get closer together as it clumps. Future global simulations
ith dust growth are necessary to evolve these simulations further to

nvestigate whether the clumps formed here remain as Earth to Super-
arths or whether the y ev entually become giant planets. Recently,
aehr ( 2023 ) has explored this question, though not with global

imulations. 

 C O N C L U S I O N  

e perform 3D SPH simulations to investigate the role of grav-
tational and drag forces on dust concentration in gravitationally
nstable protoplanetary discs. In the regime studied in this work
large dust grains with Stokes numbers greater than unity), our
imulations show that both drag and gravity are necessary for dust to
e well coupled to the gas and trace the spirals. Neither on their own
s capable. 

If the dust is strongly influenced by the drag force, the density
ncreases while the sound speed of the dust decreases. The combined
NRAS 528, 2490–2500 (2024) 
ffect results in the dust becoming gravitationally unstable and
orming gravitationally bound clumps. The speed at which the dust
orms Earth to Super-Earth mass clumps is rapid. Within half an
uter orbit, roughly half the dust disc is in the form of clumps. After
hich, clump formation ceases (as the disc runs out of material to

orm more). While dust is still trapped in the gas spirals without dust
elf-gravity, it is unable to collapse to form clumps. Neglecting either
as gravity or drag results in the dust being unable to trace the gas
pirals. 

The results presented here show that planet formation through
ravitational instability may not be limited to just giant planets. If
he clumps formed remain under the critical mass for runaway gas
ccretion ( ∼5 M ⊕), then gravitational instability in discs stable to
as fragmentation could form Earth to Super-Earths very quickly
hrough efficient dust trapping in the gas spirals. 
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PPENDI X  A :  C L U M P  FI NDI NG  

ig. A1 plots the locations of the clumps detected (blue ellipses)
sing the clump finding algorithm described in Section 2.5 on top
f the dust density for the simulation with 50 cm sized grains. In
eneral, the clumps are detected within the gas spirals where dust
s trapped. The clumps do not al w ays appear to lie on top of bright
dense) spots due to the clumps being detected in 3D. Whereas the
ensity is a 2D projection. Additionally, clumps that have less than
8 neighbours are considered unresolved and are ignored. 

igure A1. Locations of the clumps detected using the clump finding
lgorithm (Section 2.5 ) plotted on top of a cross section slice of the dust
ensity in the z = 0 plane. 
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M

Figure A2. Cross section slices of dust density in the z = 0 plane showing the evolution of the bottom two panels in Fig. 6 . The two simulations are where 
the dust no longer feels gravitational acceleration from either the gas or dust (drag only – left-hand panel), and the dust no longer feels the drag force (gravity 
only – right-hand panel). The spirals that were present in Fig. 6 eventually disappear if the dust only feels drag or gravity. The combined influence of drag and 
gravity is required for dust to remain trapped in spirals. 
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PPENDIX  B:  L O N G  (ER)  TERM  E VO L U T I O N  

ig. A2 shows the evolution of the Drag Only and Gravity Only
imulations. From Fig. 6 , it initially appears that the dust is able
orm spiral structures solely due to either drag or dust. Ho we ver, as
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een from Fig. A2, the spirals disappear soon after, highlighting that
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