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ABSTRACT

Itis often argued that gravitational instability of realistic protoplanetary discs is only possible at distances larger than ~50 au from
the central star, requiring high disc masses and accretion rates, and that therefore disc fragmentation results in the production
of brown dwarfs rather than gas giant planets. However, the effects of dust growth on opacity can be very significant but have
not been taken into account systematically in the models of fragmenting discs. We employ dust opacity that depends on both
temperature and maximum grain size to evaluate analytically the properties of a critically fragmenting protoplanetary disc. We
find that dust growth may promote disc fragmentation at disc radii as small as ~30au. As a result, the critical disc masses and
accretion rates are smaller, and the initial fragment masses are in the gas giant planet mass regime. While this suggests that
formation of gas giant planets by disc fragmentation may be more likely than usually believed, we caution that numerical models
of the process are needed to evaluate the effects not taken into account here, e.g. dust grain mobility and fragment evolution after

disc fragmentation.
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1 INTRODUCTION

Planet formation by Gravitational Instability (GI; see reviews by
Helled et al. 2014; Kratter & Lodato 2016) posits that young mas-
sive protoplanetary discs fragment gravitationally into clumps (e.g.
Kuiper 1951; Boss 1998), which then evolve further to form planets
(Nayakshin 2017a) or brown dwarfs (Stamatellos & Whitworth
2009).

It is universally accepted that to fragment, discs must be massive
and cool (Toomre 1964), and also be able to cool rapidly (Gammie
2001; Meru & Bate 2010; Deng, Mayer & Meru 2017); otherwise, a
self-regulated gravitoturbulent state develops in which disc density
perturbations in the disc constantly appear and dissolve away
(Rice, Lodato & Armitage 2005; Cossins, Lodato & Clarke 2009;
Paardekooper 2012). The disc fragmentation conditions are believed
to be satisfied only at large distances, i.e. R 2 50 au (Rafikov 2005;
Clarke & Lodato 2009). Giant planets discovered orbiting their stars
on wide orbits (e.g. Marois et al. 2008, 2010; Vigan et al. 2021; Blunt
et al. 2023) may have formed via GI.

However, the potential of GI to make planets rather than brown
dwarfs is frequently questioned since both analytical estimates (Krat-
ter, Murray-Clay & Youdin 2010; Forgan & Rice 2011) and most
numerical simulations (Stamatellos & Whitworth 2008; Zhu et al.
2012; Xu et al. 2025) indicate initial fragment masses Mg > 10My,
although note that some numerical studies do suggest that sub-Jovian
mass gaseous objects can be formed by GI (e.g. Boley et al. 2010;
Kubli, Mayer & Deng 2023).

* E-mail: sergei.nayakshin@le.ac.uk

Turbulence in protoplanetary discs may result in very rapid
grain growth (Weidenschilling 1984; Dullemond & Dominik 2005).
A number of authors (e.g. Rice et al. 2004; Boley & Durisen
2010; Booth & Clarke 2016; Vorobyov & Elbakyan 2018, 2019)
pointed out that dust in self-gravitating discs can grow to significant
sizes, dmax ~ 1-100 cm in the first ~0.1 Myr (e.g. Molyarova et al.
2021). Furthermore, focused in spiral density arms (Rice et al.
2004), large grains can become self-gravitating and collapse into
massive solid cores (Gibbons, Rice & Mamatsashvili 2012; Gibbons,
Mamatsashvili & Rice 2014; Baehr 2023; Longarini et al. 2023a, b;
Rowther et al. 2024), which could later turn into gas giant planets via
gas accretion as in the core accretion scenario (Helled et al. 2014) or
the pebble accretion scenario (Baehr 2023).

In this Letter, we draw attention to the complementary and
potentially stronger effects of dust growth on planet formation by
GI due to opacity effects. Although dust makes up approximately
1 per cent of the mass of protoplanetary discs, it contributes 299.9
per cent of the total opacity (e.g. cf. fig. 5 in Malygin et al. 2014).

Dust opacity depends significantly on the distribution of particle
sizes (e.g. Draine & Lee 1984; Woitke et al. 2016). For a collection of
spherical dust particles with uniform size a and fixed total mass, its
total geometric cross-sectional area scales as oca™!, and therefore,
the Rosseland mean opacity usually decreases with grain growth
(although the behaviour of frequency-dependent opacity is more
nuanced, e.g. see the ‘opacity cliff’ in fig. 1 in Rosotti et al. 2019).

Fig. 1 shows several commonly used Rosseland mean opacities
for dusty discs. Except for opacities of Zhu et al. (2021), all of these
consider only relatively small dust grains, with maximum grain sizes
amax S 10 um. Zhu et al. (2021), focusing on the physics of planetary
atmospheres, calculated dust opacities with grain sizes up to 10 cm.
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Figure 1. Comparison between dust opacities of Bell & Lin (1994), Semenov
et al. (2003), Zhu et al. (2012) at p = 10~'% gcm ™3, and Zhu et al. (2021) at
amax = 10 um and amax = 1 cm, respectively.

Fig. 1 shows clearly that while dust opacity depends significantly on
grain physics, it is most sensitive to amy.x, and can drop by one-two
orders of magnitude in an important range of disc temperatures if
grains can grow to sizes larger than ~1 cm.

Below we present an analytic dust opacity fit for dust opacity
computed for a wider range of dust sizes than in Zhu et al. (2021),
and use it to re-evaluate disc fragmentation conditions and initial
fragment masses.

2 DUST OPACITY

2.1 An analytic fit to opacity curves

We use the DIANA standard opacities described in Woitke et al.
(2016), utilizing the OpacityTool FORTRAN package (Toon & Acker-
man 1981; Dorschner et al. 1995; Zubko et al. 1996; Min, Hovenier &
de Koter 2005) to produce tables of dust absorption coefficient « for
a range of wavelengths and a,,, values. We assume that the number
density of dust grains follows a power law: n(a)da o a™", where
p = 3.5, from the minimum ap; = 0.05 um up to the maximum
dust size am,,. These opacity tables are calculated for the wave-
length range 0.05 um < A < 9000 pm, which covers the blackbody
spectrum for the temperature range we are interested in sufficiently
well.

We produce 17 of these opacity tables, for values of @y, evenly
spaced on the logarithmic scale from 1 pm to 100 m. Since our focus
is on the total cooling rate via radiation in optically thick discs, we
calculate the Rosseland mean opacity kpjana(7) for each opacity
table, which are functions of temperature.

For a given ay,.x, we then fit the DIANA opacity curves to the
following piecewise power-law function:

T
Ko(m)m T <155K

K(amax, T) = § Ko 155K < T <353K (1)
( r )ph T > 353K
(353K = ’

where ko, p;, and p;, vary with ap,,. The transition temperatures
are chosen empirically according to the shape of the opacity curves,
and are not of particular physical significance.

The values of these parameters for each an are listed in Table 1.
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Table 1. Fit parameters ko, p;, and py, for the range of amax values computed.
For amax > 10° um, p1 and pj, are constant. Note that this function gives the
opacity for dust only (z = 1), and should be multiplied by the metallicity of
the system.

@max (Hm) Ko 2l Dh
1.0 1680 1.55 1.05
3.16 2160 1.64 0.867
10.0 2490 1.64 0.516
31.6 2040 1.40 0.311
1.0 x 102 1090 0.905 0.369
3.16 x 102 564 0.640 0.432
1.0 x 103 297 0.515 0.442
3.16 x 103 173 - -
1.0 x 10* 98.5 - -
3.16 x 10* 55.8 - -
1.0 x 10° 314 - -
3.16 x 10° 17.7 - -
1.0 x 10° 9.92 - -
3.16 x 10° 5.56 - -
1.0 x 107 3.12 - -
3.16 x 107 1.75 - -
1.0 x 108 0.982 - -
10° 0.3
10° [
,g 0.1
3 10°
X +0.0
£
[1v] 102 F—0.1
10t
=0.3
10°
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Figure 2. Logarithm of the opacity ratio between the analytic function and
the DIANA opacity curves.

Using this, one can obtain intermediate values by interpolating py,
Pn, and log k¢ linearly with respect to 10g @max.

For ayax > 1 mm, the shape of the curve is unchanged on a log—log
plot, therefore p; and p,, are fixed. When an.x increases by a factor
of 10, ko increases by a factor of ~3.

We characterize the goodness of fit by calculating the ratio between
our function «(ko, p;, pn) and the DIANA opacities kpiana by
K (Ko, Pi> Pn)

calculating log;, (
KDIANA

) , a function of T and ay,,, which is

shown in Fig. 2.

The deviation reaches up to a factor of 109385 = 2.43 at @y ~
100pum and T ~ 3K, and 10%%? = 1.83 at ama ~ 30 um and
T ~ 25 K. However, Fig. 1 demonstrates that there exists a range of
reasonable assumptions about dust composition and physics which
results in yet larger uncertainties than the errors of the semi-analytic
opacity fit. Therefore, we consider equation (1) to be a sufficiently
good fit to the DIANA an,x-dependent opacity curves.
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Figure 3. Comparison between Rosseland mean opacities in Zhu et al. (2021)
(at p = 10719 gcm™3) and this paper.

Table 2. 7; and f; used to account for sublimation in our

opacity fit.

Material T; (K) £
Water ice 166 0.455
Organics 425 0.472
Troilite 680 0.593

2.2 Sublimation

Since the DIANA standard opacity calculation does not account for
dust sublimation, we estimate how much opacity remains above each
sublimation point using the results from Pollack et al. (1994), scaled
according to the material composition used in DIANA (Min et al.
2011). We first consider the sublimation of three species: water ice,
organics, and troilite. We represent the effects of this by multiplying
T_Ti)) when T > T;
10K

for all species i. T; is the sublimation temperature for each species
considered, and f; is the remaining opacity fraction after sublimation.
The values used are shown in Table 2, and as shown in Fig. 3, there is
a notable sharp decrease in opacity at each sublimation temperature.

For the evaporation of the most refractory grains, we fol-
low Kuiper et al. (2010), multiplying the dust opacity by

1 T — Ty,
05— — arctan(J) , where Tovp = 2000(—F—_ o195 g
T l1gem—3

the opacity function by (f; + (1 — f;)exp(

100K
where p is the gas density.

The resulting opacity function is shown in Fig. 3, alongside the
dust size-dependent opacities from Zhu et al. (2021). The difference
between the curves is mainly due to the assumption we make about
the dust composition. For example, the water ice mass fraction we
use is about two times that of the one in Zhu et al. (2021). This
can be seen in Fig. 3, where our opacity curve has a greater drop at
the water ice sublimation temperature. Since our opacity is larger at
all temperatures and an,x, We opt to use it in the rest of the paper.
This approach is conservative with respect to opacity uncertainties
as it leads to higher disc and fragment masses at disc fragmentation,
which is the main focus of our paper.

3 DISC FRAGMENTATION WITH DUST
GROWTH

In this section, we use the opacity function derived in Section 2 to
calculate the properties of a critically fragmenting disc.

MNRASL 544, 1.18-1.23 (2025)

3.1 Critically fragmenting discs

Pseudo-viscous disc models is a convenient framework to study
the disc fragmentation boundary analytically (e.g. Rafikov 2005;
Levin 2007; Clarke 2009), with their results being consistent with
numerical simulations within a factor of order unity (e.g. fig. 2
in Zhu et al. 2012). In this approach, a marginally stable self-

gravitating protoplanetary disc has the Toomre (1964) parameter
2 b4
0 = ——_ ~ 1, which gives the sound speed ¢, = ———, where

Fid
Q is the orbital angular velocity. The disc mid-plane temperature is
then

r_ 2myel %(HGZ){ @

ks kg Q

Further, in marginally stable discs, heating generated by gravito-
turbulence is balanced by radiative cooling (Gammie 2001). Xu et al.
(2025) show that the disc’s radiative cooling rate is well approximated
in both optically thick and optically thin regimes by

T
(1 + (0.87572)045)1/045°

Feool = 80p(T* — Ti) A3)

where the optical depth of the disc 7 =« X/2, and the disc
0.1L, \1/4

4mrriog )
(Zhu et al. 2012). The constant factor of 0.1 is a simple estimate of
non-local disc irradiation effects, which depend on the disc global
H /R profile and properties of the dust at the height of a few H
above the disc mid-plane (e.g. Chiang & Goldreich 1997). These
effects, including possible disc self-shadowing (e.g. Bell 1999),
cannot be computed in a local disc stability calculation. None the
less, our choice of 0.1 is consistent with the flaring angle in our
calculations within a factor of order unity. Supplementary materials
provide examples of how our results vary depending on the choice
of L., which is equivalent to varying the irradiation angle.

On the other hand, the heating rate due to gravitoturbulence with
the corresponding viscosity parameter « is given by

temperature due to stellar irradiation heating T;,, = (

3 5. 9 2 9 a(rG)* %3
Fheat = SJTQ M = 8anSE =3 ) . 4)
Setting Feool = Fhear for a self-regulating disc, one obtains an
equation consisting only of 7, 2, «, and physical constants. This
equation can be solved numerically to find the critical mid-plane
temperature 7T,y of the disc as a function of Q for a fixed «
(Levin 2007). Since we are interested in disc fragmentation, we set
o = i =~ 0.06, above which the disc fragments (Rice et al. 2005).
Note that, in the language of self-gravitating discs in thermal balance
between turbulent heating and radiative cooling, this choice of a. cor-
responds to the ‘B’ cooling parameter of f = 4/[9y(y — Da.] = 7
(cf. equation 20 in Gammie 2001) for y = 5/3 (as appropriate for

the cold regions of the disc; Boley et al. 2007).
From that, we calculate the corresponding disc scale height, H; =

0.69% (Kratter & Lodato 2016, equation 11 with Q = 1), surface

density, X (cf. equation 2), and thus arrive at the critical accretion
rate above which the disc should fragment (e.g. Clarke 2009; Zhu
et al. 2012), as well as the initial fragment mass, which we take to
be My, = 5720rilH32m (Xu et al. 2025). While the factor in front of
Seic H2, differs between different studies by an order of magnitude
(see Kratter & Lodato 2016), here we follow the larger value derived
by Xu et al. (2025) in their radiation hydrodynamics simulations,
which leads to a more conservative estimate of the initial fragment
masses.
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Figure 4. Plotted against R: Tcir (upper left), X R? (upper right), M
(lower left), amax (lower right). The cases are amax = 10 pm (dotted), virag =
10ms~! (dashed), Stmax = 0.1 (solid), and amax = 1 cm (dash-dotted). We
choose to rescale the critical surface density plot by 7 R? to better illustrate
the difference between the four cases.

The maximum grain size in a marginally stable disc depends on
many parameters of the problem and is a non-local quantity due
to dust dynamics being a function of grain size (e.g. Rice et al.
2004; Boley & Durisen 2010; Booth & Clarke 2016). Below, we
consider four representative scenarios to evaluate the effects of dust
growth on disc fragmentation. Two of the cases assume a fixed
amax independent of disc radius, R, anax = 10 um and apx = 1 cm,
respectively, roughly indicating the ‘no growth’ and the significant
grain growth limits.

For the third case, we estimate dust growth limited by the grain
fragmentation velocity, which we take to be v, = 10ms~'. We

2
. . 2% vfrag . .
calculate the maximum dust size as dy.x = — (Birnstiel,
Taps C

Dullemond & Brauer 2009), where p; is the material dénsity of solid
dust, which we set 3 gcm ™ here. This model assumes that similarly
sized grain collisions dominate both grain growth and fragmentation,
and occur with relative velocity Av ~ mcs. Other mechanisms
of grain growth such as sweep-up of small grains by larger grains
(Xu & Armitage 2023) may allow for growth significantly beyond
this barrier, but we do not consider these effects here.

Finally, we use St = 0.1 as an optimistic upper limit to the grain
sizes for our fourth case because previous work has shown that self-
gravity produces particle motions that are correlated when St < 1
(e.g. Booth & Clarke 2016). As a result, collisions may occur at
lower velocities than those estimated by the Birnstiel et al. (2009)
formulae, unless the large-scale motions associated with the spirals
can be efficiently converted into small-scale turbulence. While small-
scale motion has been identified in high-resolution 3D simulations
(Riols, Latter & Paardekooper 2017; Booth & Clarke 2019), its effect
on the dust growth has not been quantified. Instead, we estimate the
most optimistic case by assuming that the only source of collisions
between dust grains is due to the differential motion created by the
spiral-induced pressure gradients. Following the arguments laid out
in Booth & Clarke (2016), this produces St < 0.1 for our parameters.
The maximum dust size is then found via an,x = 22 St/ (7w ;).
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Figure 5. My, plotted against R, for amax = 10 pm (dotted), vfrag =
10ms~! (dashed), Stmax = 0.1 (solid), and amax = 1 cm (dash-dotted). 1o
uncertainty is shown around the Stp,x = 0.1 case (Xu et al. 2025).

3.2 Results

Fig. 4 shows various properties of the critically fragmenting disc
as functions of R, demonstrating that dust growth can lead to
fragmentation in colder, less massive, and geometrically thinner
discs. We observe that up to R ~ 40 au, when dust grains are allowed
to grow from ay,x = 10 umto Sty = 0.1, T decreases by a factor
of 5 to 10, and X,; decreases by a factor of ~3.

In the plot of ap,, we see that for the radius range we consider,
Stmax = 0.11is strictly above ay.x = 1 cm, which is then strictly above
U = 10ms™".

Dust growth also decreases the critical accretion rate M.y for
fragmentation. From equation (4), M = 3rac?EQ~!, implying
Mgt X Toit Seriv. Since Tere and Ty decrease when dust growth is
present, My, decreases accordingly. Hydrodynamical simulations of
disc formation from protostellar cloud collapse show that accretion
rates on the order of M ~ 107> Mg, yr~! can be expected (Vorobyov
& Basu 2015). In the ISM-like case, we find that M > My only for
R > 40 au, while this condition is satisfied as close as R ~ 20 au in
the St = 0.1 case.

Fig. 5 shows the initial fragment masses for the two cases. Xu et al.
(2025) showed that clump masses forming in their simulations are
distributed lognormally with the 1o spread of o (log M) = 0.57,
and this spread is shown using the band around our dust growth case.
We observe from the figure that the minimum Mj,, is about a factor
of two lower when dust growth up to St = 0.1 is allowed. While
in itself this is a relatively small effect, the minimum fragment mass
Mpmin = SM; occurs at Ry, ~ 30au, which is much smaller than
for the ISM-like dust, when the minimum is at R, ~ 60 au. Since
protoplanetary discs are observed to extend to 20-30 au on average
(Trapman et al. 2023; Guerra-Alvarado et al. 2025), the possibility
of planet-mass fragments at small R is especially important.’

In the case of am,x = 1 cm, although the minimum is at Ry;, &
40 au, which is larger than the average disc extent stated above, the
formation of planet-mass clumps at R = 20-30 au remains possible.
For vgae = 10ms~!, planet-mass clumps are less likely to form at

! Although note that the epoch of disc fragmentation we are most concerned
here could be limited to much earlier disc ages, 1 S 0.5 Myr, while material
infall from the dusty envelope is ongoing (e.g. Vorobyov & Basu 2006, 2015),
and these discs could be more extended than older ALMA discs.
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that radius range, but not impossible due to the spread in fragment
masses as shown in Fig. 5 for the Sty,.x = 0.1 case.

Since the critical g is directly correlated to our choice of «.,
we have explored the effects of varying o, by a factor of 2 higher
and lower, which correspond to § & 3 and B ~ 15, respectively. It
is found that M increases by a factor of ~2 with higher o, and
vice versa. However, T, X, and ay,.x show basically no change for
R > 50.For R < 50, the quantities vary by no more than 10 per cent,
increasing and decreasing with «.. The profile also shifts radially by a
few au, outwards for higher o and vice versa. The resulting M, also
varies by ~10 per cent with higher o, and vice versa. To summarize,
an increase in the critical B can lower the critical accretion rate,
though it only weakly facilitates fragmentation otherwise.

We have also explored the effects of stellar mass, disc metallicity,
and irradiation on fragmentation conditions and fragment masses
(available as supplementary material). In general, fragmentation is
favoured in low opacity and irradiation environments (e.g. lower mass
stars, irradiation shielding, metal-poor systems), which is consistent
with findings from simulations (Meru & Bate 2010).

4 SUMMARY AND DISCUSSION

We investigated the effects of dust growth on disc fragmentation
conditions. We find that dust growth beyond a,,x ~ 1 mmreduces the
disc opacity sufficiently to allow fragmentation to occur in colder, less
massive, discs, and at smaller radii, i.e. R ~ 30 versus R ~ 60 au (cf.
Fig. 4) for the standard ISM dust opacity. Dust growth also reduces
the initial fragment mass (Fig. 5). As a result, disc fragmentation
on planetary mass clumps, My, < 10 Mj, may be more likely than
usually concluded, but we note that our analytical calculations rely
on a number of assumptions; numerical simulations are needed to
explore the problem further.

We assumed that dust properties depend only on the radial coor-
dinate, and that the metallicity (which encompasses both solids and
vapourized materials) is constant throughout the disc volume. Nu-
merical simulations show large inhomogeneities in the distribution of
both solids (e.g. Boley & Durisen 2010; Forgan & Rice 2011; Booth
& Clarke 2016; Longarini et al. 2023b; Birnstiel 2024) and volatile
materials (Molyarova et al. 2021) in self-gravitating discs. These
effects are multi-faceted and future dedicated numerical studies are
required. For example, vertical dust settling to the disc mid-plane may
reduce disc column-averaged dust opacity even further compared to
our estimations. However, preferential dust accumulation in spiral
density arms may increase the opacity there, making these regions
less likely to fragment on to clumps.

Furthermore, simulations show that after forming, the fragments
evolve significantly within the disc. The fragments gain mass by
merging (Hall, Forgan & Rice 2017) or by accreting material from
the disc (Zhu et al. 2012; Stamatellos & Inutsuka 2018), yet they
can lose mass due to tidal effects (e.g. Nayakshin 2017b; Vorobyov
& Elbakyan 2018). Therefore, simulations are required to establish
the eventual outcome of disc fragmentation. We note in passing that
grain growth will also affect gas accretion on to the fragments since
gas can only accrete on to a planet if the cooling rate is sufficiently
high (Pollack et al. 1996; Ayliffe & Bate 2009).
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