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The Polydisperse Settling Instability with Idefix



The Resonant Drag Instability framework 

A family of instabilities identified by Squire & Hopkins 2018

Includes: Streaming, Acoustic, and Settling instabilities 

Settling instability (new) related to streaming, but vertical drift

Faster growth, low dust to gas requirement



Settling Instability: Numerical Investigation 
Krapp et al 2020 (FARGO3D)

Linear analysis: convergence with number of species 
(Though see upcoming Paardekooper & Aly, in prep.)

Nonlinear (multi-monodisperse): no dust enhancement at 
low St. No clumping.
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Figure 3. Dust-density snapshots during the saturated state of local, non-linear DSI simulations of dust settling at H away from the
midplane. Top and bottom rows correspond to dust-to-gas mass ratios of ✏ = 10�1 and ✏ = 10�2, respectively. From left to right the
Stokes number are Ts = 10�3, Ts = 10�2 and Ts = 10�1. The colorbars for the dust density (scaled to the average gas density) vary for
each panel to capture the range of density fluctuations. The maximum density (and other details) are in Table 1 for these runs (the “s2D”
series) and others. Only the top right case (Ts = 10�1 and ✏ = 10�1) produces significant clumping (⇢d & 10⇢g). However the clumping
time is longer than the settling time for this case (see Fig. 4), so the clumping seen in our local simulations would not occur in a real
disc (with vertical structure). The prediction that DSI would produce strong particle clumping is not supported by these simulations,
with very weak clumping for the most interesting case of Solar abundances (✏ ⇠ 0.01 at H) and small solids.

Table 1. Numerical Simulations with FARGO3D

Run (Lx ⇥ Lz)/H
2

Nx ⇥ Nz ⇥ Ny ✏ Ts ↵xy �v
2
gy/c

2
s �v

2
gx/c

2
s �v

2
gz/c

2
s max(⇢d)/⇢

0
g

s2De1T1 0.1 ⇥ 0.5 1024 ⇥ 2560 ⇥ 1 10�1 10�1 4.4 ⇥ 10�4 5.9 ⇥ 10�4 4.9 ⇥ 10�3 5.7 ⇥ 10�3 22.44
s2De1T2 0.1 ⇥ 0.1 1024 ⇥ 1024 ⇥ 1 10�1 10�2 2.6 ⇥ 10�4 5.0 ⇥ 10�4 3.0 ⇥ 10�3 3.5 ⇥ 10�3 1.302
s2De1T3 0.1 ⇥ 0.1 1024 ⇥ 1024 ⇥ 1 10�1 10�3 5.7 ⇥ 10�6 5.0 ⇥ 10�5 1.1 ⇥ 10�4 1.5 ⇥ 10�4 0.14
s2De2T1 0.1 ⇥ 0.5 1024 ⇥ 2560 ⇥ 1 10�2 10�1 1.2 ⇥ 10�5 8.0 ⇥ 10�5 1.9 ⇥ 10�4 3.1 ⇥ 10�4 0.225
s2De2T2 0.1 ⇥ 0.1 1024 ⇥ 1024 ⇥ 1 10�2 10�2 1.1 ⇥ 10�5 7.0 ⇥ 10�5 2.2 ⇥ 10�4 2.6 ⇥ 10�4 0.062
s2De2T3 0.1 ⇥ 0.1 1024 ⇥ 1024 ⇥ 1 10�2 10�3 5.0 ⇥ 10�8 3.0 ⇥ 10�5 3.0 ⇥ 10�5 3.0 ⇥ 10�5 0.011
n2De1T2 0.1 ⇥ 0.1 2048 ⇥ 2048 ⇥ 1 10�1 10�2 1.9 ⇥ 10�4 3.4 ⇥ 10�4 2.2 ⇥ 10�3 2.6 ⇥ 10�3 3.172
n2De1T3 0.01 ⇥ 0.01 1024 ⇥ 1024 ⇥ 1 10�1 10�3 1.1 ⇥ 10�5 4.1 ⇥ 10�5 3.0 ⇥ 10�4 2.5 ⇥ 10�4 0.263

c2D 0.1 ⇥ 0.1 256 ⇥ 256 ⇥ 1 10�1 10�2 1.9 ⇥ 10�4 4.4 ⇥ 10�4 2.0 ⇥ 10�3 1.9 ⇥ 10�3 0.368
c3D 0.1 ⇥ 0.1 ⇥ 0.1H 256 ⇥ 256 ⇥ 256 10�1 10�2 6.2 ⇥ 10�6 6.3 ⇥ 10�5 4.5 ⇥ 10�5 1.0 ⇥ 10�4 0.23
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size of Ly = 0.1H, while for the 2D runs the value of Ly is omitted.
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Figure 4. Analysis of particle clumping for the s2D runs of Fig. 3 and Table 1 (omitting Ts = 10�3 runs due to negligible clumping).
Blue and orange lines correspond to Ts = 10�2 and Ts = 10�1 (respectively), while dashed and solid lines correspond to ✏ = 10�2

and ✏ = 10�1, respectively. (Left) Time evolution of the maximum dust-density. The vertical dashed line shows the settling time for
Ts = 0.1, showing that clumping in these runs takes longer than a settling time. The settling time for Ts = 0.01 is 100/⌦0, and thus
(weak) clumping occurs faster than settling in this case. (Right) The cumulative probability distribution of particle density.

& Lithwick 2007). In this case, we assume that the inverse
of the turnover time of the largest eddy is of the order of
the dynamical frequency, thus DDSI ⇠ �v

2
g⌦0. Note that in

our pressureless fluid approach adopted for the dust-species,
a direct estimation of dust di↵usion by tracing the particle
orbits is prohibited.

In Table 1 we show the time-averaged values of ↵xy,
�v

2
gx, �v

2
gy and �v

2
gz between 60⌦�1

0
and 80⌦�1

0
. Values

for the dust velocity fluctuations are omitted because they
di↵er from those of the gas by an order unity factor. The
saturated regime of the DSI can induce a low-to-moderate
turbulent viscosity for Stokes numbers Ts & 10�2, that is
↵xy ' 10�5

� 10�4, depending on the dust-to-gas mass ra-
tios. Comparable values (within a factor order unity) are
obtained for ↵zy ⌘ hRzyiT , where Rzy is the vertical-
azimuthal component of the Reynolds stress. This is in
agreement with the also similar values obtained for the ra-
dial and vertical gas velocity fluctuations.

Considering the average vertical velocity fluctua-
tions, we estimate turbulent di↵usion coe�cients DDSI ⇠

10�4
c
2
s⌦0 and DDSI ⇠ 10�5

c
2
s⌦0, for Stokes numbers

Ts = 10�2 and Ts = 10�3, respectively. These values are
not large enough to prevent the settling of particles because
the settling timescale is faster than the di↵usion timescale
(across the relevant length H). Comparable values are ob-
tained for the radial di↵usion coe�cient, indicating that the
turbulence triggered by the DSI is isotropic on these scales.

As a consequence of this low – but non-negligible – par-
ticle di↵usion, the DSI may have implications for the coag-
ulation and sticking of mm to µm-sized particles in PPDs,
depending on the particle relative velocity induced by the
turbulence (e.g., Ormel & Cuzzi 2007; Birnstiel et al. 2016).
As we discuss Section 5, this level of turbulence also necessi-

tates a reconsideration of the linear phase of the instability
in the non-laminar case.

4.1.2 Dust Density Power Spectrum

In Fig. 5 we show the power spectra of the dust-density, i.e.
the squared FFT amplitudes, for the simulations with ✏ =
0.1. Though such high dust abundances are unlikely to occur
at z0 = H, they produce larger density fluctuations. To
better capture the linear growth phase, we reduce the initial
white noise perturbations to ⇠ 10�6

cs, much smaller than
the fiducial runs. The non-linear outcome remains the same,
but the smaller perturbations produce cleaner power spectra
in the linear phase.

The left panels of Fig. 5 show the time-averaged power
during the initial growth phase of the DSI. For Ts = 10�1,
Ts = 10�2 and Ts = 10�3 times analyzed are 9⌦�1

0
�

11⌦�1

0
, 14⌦�1

0
� 16⌦�1

0
and 16⌦�1

0
� 18⌦�1

0
, respectively.

For all Stokes numbers, the maximum power is concen-
trated along the resonant condition during the linear phase.
The “resonant width” is indicated by dashed contours where
� = 0.25max(�), with max(�) the fastest growth rate in the
Fourier domain. Power is |F|

2 . 10�4max(|F|
2) outside this

resonant width, with max(|F|
2) the maximum value.

The right panels of Fig. 5 show the time-averaged power
spectra during the saturated phase. For all Stokes numbers
this average covers times 75⌦�1

0
� 80⌦�1

0
. Remarkably, the

power during the saturated phase no longer traces the res-
onant condition of the DSI. This finding complicates e↵orts
to develop a non-linear theory of the DSI and related RDIs.

For Ts = 10�1 and Ts = 10�2, the saturated power is
largest at the smallest wavenumbers, indicative of an inverse
cascade. This trend reflects the large, box-scale features seen
in the corresponding snapshots in the top row of Fig. 3. By
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Polydisperse Settling Instability 
Aly & Pardekooper, in prep. (FARGO3D)

Initial plan: follow up on Krapp et al 2020, but polydisperse 
(still with FARGO3D)
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Polydisperse Settling Instability 
Aly & Pardekooper, in prep. (FARGO3D)

Problems with dust: lower maximum density at higher resolution



Polydisperse Settling Instability 
Aly & Pardekooper, in prep. (Idefix)

Switching to Idefix (only Riemann solver with dust modules 
publicly available)

Dust solver modification: locally switching to flat reconstruction 
when density < 0
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BA test: FARGO3D vs Idefix



Streaming Instability Comparison 

BA test: FARGO3D vs Idefix



Streaming Instability Comparison 

BA test: FARGO3D vs Idefix



Streaming Instability Comparison 

AB test: FARGO3D vs Idefix



Streaming Instability Comparison 

AB test: FARGO3D vs Idefix



Streaming Instability Comparison 

AB test: FARGO3D vs Idefix



Summary 

Idefix solves gas artifacts and dust resolution problems in 
FARGO3D

Settling instability may lead to clumping. Polydisperse 
simulations show structure at very low St

Polydisperse settling instability forms adjacent filaments for 
different St

Early Christmas wishlist: Dust diffusion? Dust particles?


