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A New View of Comets and their Formation

While Dawn changed our view of large 
planetesimals, Rosetta revolutionized our 

understanding of small icy 
planetesimals, in terms of their structure, 

of their formation and of the kind of 
environment in which they evolved.

Rosetta also brought to a huge 
step ahead in our understanding 
of the behaviour of dust and ice
during cometary activity, including 
physical processes relevant to the 

study of impacts.

HD163296: A Case Study for Late Disks

Dust gaps in the circumstellar disc of HD163296 imaged 
with ALMA (Isella et al. 2016)

5 Myr old circumstellar disk around
a star of 2.3 solar masses.

Three identified gaps in the dust,
two in the gas (Isella et al. 2016).

Proposed cause: 3 giant planets of 0.1, 0.3,
0.3 Jovian masses (with large uncertainties)
at 60, 100 and 160 au (Isella et al. 2016).
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HD163296: Current State?

Dynamical excitation of
the planetesimal disk of
HD 163296 caused by the
formation of its three giant
planets and enhancement
of the planetesimal impact
velocities, resulting in
collisional regeneration of
the dust population
(Turrini et al., in prep.) .

Courtesy: D. Turrini
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Dynamical Excitation and Planetary Masses

Possible qualitative match between the position and size of the 
region of peak dust production due to the excited impact 
velocities and a estimated overabundance of dust in HD163296

Reconstructed gas-to-dust ratio in HD163296 
and comparison with theoretical expectations 

(Isella et al. 2016)

Courtesy: D. Turrini



Dust evolu*on in protoplanetary disks
Armitage, P., Lect. Notes, 2017

SUBSONIC FLOW:

ü Epstein Regime of drag: drag due to molecular collisions
when the size of the particle is less compared to the mean free path of molecules in the 
gas (i.e. motion in rarefied gas field)

ü Stokes Regime of drag: fluid drag via molecular viscosity
for particles larger than about the mean free path of the gas molecules, a flow structure
develops around the dust particle and the drag is governed by continium flow physics. 

SUPERSONIC FLOW: Stokes Regime of drag

Dust
μm to cm size

Pebbles
~m size

Planetesimals
~km size and above

Earth mass planets
~103 km

Planetary cores
~105 km
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Aerodynamics of dust particles in protoplanetary disks: spherical (review)
Armitage, P., Lect. Notes, 2017

Epstein Regime (a<< λmnfp):
Stokes Regime (a>> λmnfp):

Bai, X., Lect. Notes, 2014

Key point message: The stopping(friction) time depends not only on the size but also of 
the dust grain shape and composition in Epstein regime.  
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Vertical dust settlement 
Armitage, P., Lect. Notes, 2017

gravity

gravity ver0cal gravity

vertical gravity

Active forces: stellar gravity and gas drag , no gas pressure 

Large grains [m]: ver0cal damped oscilla0ons se<ling 0mescale τs

Small grains [μm to cm]: terminal velocity vse<le se<ling 0mescale ~1/τs

τs ≣Ωk tfric

Spherical grain timescale Spheroid(NON SPHERICAL) grain timescale

τs k.τs

k=a/b  is the aspect ratio of the spheroid

Key point message:
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Gravity in vertical dust settlement  
From the equa+on of ver+cal hydrosta+c equilibrium and Keplerian angular velocity

!"#$% = '()*'$++_-./0
/2 !"#$%_/2*3 = '

()*4$#
#3 d d = z = tanΘ r

Gravity

Armitage, P., Lect. Notes, 2017
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Note: The effects of turbulence are ignored and the disk is assumed to be entirely quiescent.



Dust dynamics in cometary environment and how this knowledge can be u7lized 
in protoplanetary disks 

Stavro L. Ivanovski
stavro.ivanovski@iaps.inaf.it



The first non-spherical dust dynamical code in cometary science 

a

Ivanovski + 2017 (Icarus, 282, 333-350)



The model and the radial gas flow approxima4on  
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The model : different veloci1es due to the grain shapeS. Ivanovski et al.: Dynamics of aspherical dust in cometary atmosphere

The motion of the center of mass of a dust grain is given by:

md
d2r
dt2 = md

dVd

dt
= R ⇤ FN + Fa (1)

where r and Vd are the radius-vector and the velocity of the
center of mass in the fixed cometocentic frame, md is the grain’s
mass and R is the sum of the gravity FN and of the aerodynamic
force Fa.

The mass and the principal moments of inertia for an ellip-
soid of revolution are:

md =
4
3
⌥ab2�̃ (2)

Izz =
2
5

mdb2 ; Ixx = Iyy =
1
5

md(a2 + b2) (3)

where �̃ is the dust specific mass [kg/m3] and z is the axis of
revolution of the ellipsoid.

The equations 1, and Euler dynamical and kinematic
equations (See A.1) form a close system of di⇤erential equa-
tions that describes the motion of the grain.

The gravitational and aerodynamic force FN and Fa are
given by:

FN = �
⇤

G mN md
r3 r

Fa = �
⇤

(pn+ ⌦ [(Vr ⇥ n) ⇥ n] /|Vr |) ds,
(4)

and the gravitational and aerodynamic torque MN and Ma are
given by:

MN = �GmN �̃
⇤

l⇥r
r3 d�

Ma = �
⇤

l ⇥ (pn+ ⌦ [(Vr ⇥ n) ⇥ n] /|Vr |) ds
(5)

where p, ⌦ are the gas pressure and the shear stress of the el-
ementary surface element with area ds, n is the outward unit
vector normal to the element, G is the gravitational constant, d�
the elementary volume of the body, l is the radius-vector to the
elements ds or d� from the center of mass.

If the terms of order (l/r)2 and higher are neglected, the com-
ponents of gravitational torque in the main axes of inertia are:

MN,xx =
3GmN

r3 (Izz � Iyy)cos(�)sin(⇤)cos(⇤)

MN,yy =
3GmN

r3 (Ixx � Izz)cos(⇤)sin(�)sin(⇤)

MN,zz =
3GmN

r3 (Iyy � Ixx)sin(�)sin(⇤)cos(�)sin(⇤)

(6)

3.2. Aerodynamic force and torque under free-molecular
conditions

The minimal collisional mean free path ⌅ of the gas molecules
at the surface is, in the hard-sphere approximation:

⌅0 =
4⌥
⌅
⇥kBTs/mR2

N

(
⌥

2Qg T )
(7)

where  T is the total collision cross section (1.515⇥10�18 m2 for
H2O molecule at T= 200 K see Crifo et al. 2002). For the condi-
tions under consideration (see Table 1) ⌅0 is of the order of ten
meters. As we study dust grains with sizes much less than 1 me-
ter, the flow over the grains may be considered as free molecu-
lar. Moreover, as the flow gradient characteristic scales are much

larger than ⌅0 we may consider the flow over the particle as lo-
cally uniform at each time. Since the grain shape is convex, the
molecules reflected from a non rotating grain never strike the
grain again. Rotating grains may sweep up recently reflected
molecule: the condition to avoid it is that reflected molecules
leave the grain’s circumscribed sphere in a time less than the
period of grain’s rotation :

2⌥
↵
> lr
⇧

⌥m
8kBTd

(8)

where lr is the radius of the grain’s circumscribed sphere, ↵ and
Td are the grain’s angular velocity and temperature.

We roughly estimate the mean collision rate of a particle with
gas molecules from:

⌃c = n⌥l2r Vr =
Qg

4r2 l2r

�
1 � Vd

Vg

⇥
(9)

where n is the gas molecules number density. To ensure that the
process of gas flow over the particle is not stochastic, the col-
lision frequency should be much greater than the rotational fre-
quency i.e. ⌃c ⇧ ↵/(2⌥) and for numerical integration this con-
dition is even more severe, i.e. ⌃c⇥t ⇧ 1, where ⇥t is the time
step of integration. Finally, evaluating the time step with respect
to both integration accuracy and validity for non-stochastic col-
lision regime, one obtains the computational condition:
1
⌃c
⌅ ⇥t ⌅ 2⌥

↵
(10)

If all above mentioned conditions are valid, free molecular
expressions for gas pressure and shear stress (see Shen 2005) can
be applied to each elementary surface element. For the present
study we assume that molecules are reflected di�usely and
the gas-dust speed ratio is defined by taking into account the
rotation. (See A.2)

3.3. Comparison between the Gravitational and
Aerodynamic torques

In this paper we consider grains in radius-size range between
100 µm and 100 mm. With G = 6.67 ⇥ 10�11 m3 kg�1 s�2 ,
mN = 1013 kg, r > 103 m ( Table 1) and estimated grain moment
of inertia 10�17 < I < 10�2 for �̃ = 103 kg m�3 and one order
less for �̃ = 102 kg m�3, the gravitational torque is in the range
10�24 < MN < 10�9. On the other side, the initial aerodynamical
torque is 10�12 < Ma < 10�3 or more. Thus we can initially ne-
glect the role of the gravitational torque in the dust motion under
considerations.What happens at large distances is less obvious,
as the variation of Ma with distance is not easily predictable. We
here will limit ourselves to cases where Ma is found to be always
dominant.

3.4. Initial boundary conditions

At time t = 0 a grain is placed at the nucleus surface. The X axis
of the cometocentric fixed frame (CFF) goes from the center of
the comet through the point of the ejection of the grain, the Y
axis is perpendicular to the plane defined by z and X axis and the
Z axis completes the right-hand frame. Initially the grain is at
rest. In the assumed gas and gravity field, the rotation of axially
symmetric particles is possible around an axis parallel to the CFF
Y axis. Thus the initial orientation of one grain can be given by
the angle �0 between the axis �X and z i.e. in (X,Z) plane. (See
Fig. 4).
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Fig. 3. Drag coe⇥cient, lift-to-drag ratio and torque coe⇥cient as functions of � for ellipsoids of the same volume with a/b = 2 (left) and a/b = 0.5
(right) with Td/Tg = 1 and 10. Top panels: CD. Middle panels: CL/CD. Bottom panels: CM . Curves with similar appearance on di�erent panels
refer to the parameter values indicated on top of the upper left panel. The big colored dots in the top left panel indicate the (alpha-independent)
values for a sphere of the same volume(a/b = 1): the filled circles for Td/Tg = 1 and the non-filled for Td/Tg = 10.

acting on the grain are in XZ plane and therefore it remains in
it. The motion is not radial, but stays in the plane XZ. This does
not occur for the following reason: to give an orientation of an
axial symmetric grain in 3D space, there are necessary two an-
gles, ⇥ and ⇧, which define the orientation of the axis of sym-
metry of the grain and has e�ect when the drag force is calcu-
lated. However the gas flow is axially symmetric around the axis
parallel to the gas outflow direction, thus the orientation can be
defined as above – only by one angle – between the radial direc-
tion (the gas velocity direction) and the axis of symmetry of the
grain and this is the angle of attack, �. Thus the trajectory is in a
plane. This plane is perpendicular to the vector of rotation owing
to the symmetry of the grain. In addition this plane itself can be
oriented in space absolutely arbitrary due to the spherically sym-
metric flow. In this paper, it means that the grain is always in XZ
plane and � is the angle between �X and axis of revolution of
the grain (axis z of the local frame). The axis x is co-directional
to axis X. The rotation is possible around the axis perpendicular
to the axis of revolution of the grain, i.e. in the paper the axis of
rotation is along y and the axis of revolution (and symmetry) is z
(See Fig. 4).

4.4. Dust rotation

Fig. 6 illustrates how the motion of an axially symmetric
prolate-ellipsoidal grain in spherically symmetric vacuum out-
flow of gas happens. The motion is shown through a sequence of
snapshots of the motion advancing in time. As discussed in the
previous subsection the motion happens always in the plane XZ.
The flow direction is from the left to the right. We used the case
#c03g2d1pr from Table B.6, the grain has an initial orientation

Fig. 4. The representation of a grain in both reference frames used in
the paper. The description is given in Section 3.

of �0 = 45⇥. Therefore initially the grain has positive torque (see
Fig. 3), starts to turn and � increases. After passing � = 90⇥ the
torque changes its sign and becomes opposite to the angular ve-
locity of the grain. The rotation of the grain decelerates to zero
and then restarts in the opposite direction. Such periodic ”swing-
ing” goes with increasing in amplitude with respect to � = 90⇥
and is accompanied with oscillation in the rotation frequency,
⇤⇤ = ⌃/(2⌅). These oscillations can be seen in the profiles of
the angular velocity and the torque in the same figure. When
the grain starts to experience a full rotation the angular veloc-
ity keeps its sign. CM coe⇥cients (see the bottom panels in Fig.
3) show the changing in the torque in dependence on the angle
of attack which clearly indicates rotation of axially symmetric
grains. In Fig. 6 we show also the direction of the angular veloc-
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Ivanovski et al. 2017 (Icarus, 282, 333-350)

For non-spherical grain:

- drag force D (the aerodynamic force component parallel to
the gas velocity relative to the grain) but also
- lift force L (the transverse aerodynamic force component)

- torque

Dimensionless aerodynamic coefficients – the drag CDand lift CL:

For the torque Ma - the dimensionless aerodynamic
torque coefficient CM

where A is a shape-dependent characteristic linear dimension of 
the grain.

where Vr = Vg − Vd is the gas-grain (center of mass) relative
velociity vector, ρ is the gas mass density, ρVr2/2 is the dynamic
pressure, and S is a shape-dependent characteristic cross-section.

Ivanovski et al. 2017 (Icarus, 282, 333-350)

In contrast to a spherical grain, an aspherical grain experiences not only drag
but lift and torque as well. It is usual to represent the aerodynamic force Faas

the sum of its components parallel to the gas velocity relative to the grain, i.e.
the drag force D and of its component transverse to it –the lift force L. Then
it is common to introduce dimensionless aerodynamic coefficients – the drag
CD and lift CL:

Similarly, for the torque Ma one may
define the dimensionless aerodynamic
torque coefficient CM :

where A is a shape-dependent
characteristic linear dimension of the 
grain.

where Vr = Vg− Vd is the gas-grain
(center of mass) relative velociity
vector, ρ is the gas mass density,
ρVr2/2 is the dynamic pressure,
and S is a shape-dependent
characteristic cross-section.

Integrating

with p and τ :

over the surface we have computed the coefficients CD, CM and the ratio CL/CD as a function
of the angle of attack α ( angle between the axis z of the local frame and the vector Vr ) 
for several molecular speed ratios s=Vr √ (m/(2kBTg))and temperature ratios Td/Tg.

Aerodynamics of dust par2cles in protoplanetary disks: non-spherical (review)

Ivanovski + 2017 (Icarus, 282, 333-350)
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Fig. 3. Drag coe⇥cient, lift-to-drag ratio and torque coe⇥cient as functions of � for ellipsoids of the same volume with a/b = 2 (left) and a/b = 0.5
(right) with Td/Tg = 1 and 10. Top panels: CD. Middle panels: CL/CD. Bottom panels: CM . Curves with similar appearance on di�erent panels
refer to the parameter values indicated on top of the upper left panel. The big colored dots in the top left panel indicate the (alpha-independent)
values for a sphere of the same volume(a/b = 1): the filled circles for Td/Tg = 1 and the non-filled for Td/Tg = 10.

acting on the grain are in XZ plane and therefore it remains in
it. The motion is not radial, but stays in the plane XZ. This does
not occur for the following reason: to give an orientation of an
axial symmetric grain in 3D space, there are necessary two an-
gles, ⇥ and ⇧, which define the orientation of the axis of sym-
metry of the grain and has e�ect when the drag force is calcu-
lated. However the gas flow is axially symmetric around the axis
parallel to the gas outflow direction, thus the orientation can be
defined as above – only by one angle – between the radial direc-
tion (the gas velocity direction) and the axis of symmetry of the
grain and this is the angle of attack, �. Thus the trajectory is in a
plane. This plane is perpendicular to the vector of rotation owing
to the symmetry of the grain. In addition this plane itself can be
oriented in space absolutely arbitrary due to the spherically sym-
metric flow. In this paper, it means that the grain is always in XZ
plane and � is the angle between �X and axis of revolution of
the grain (axis z of the local frame). The axis x is co-directional
to axis X. The rotation is possible around the axis perpendicular
to the axis of revolution of the grain, i.e. in the paper the axis of
rotation is along y and the axis of revolution (and symmetry) is z
(See Fig. 4).

4.4. Dust rotation

Fig. 6 illustrates how the motion of an axially symmetric
prolate-ellipsoidal grain in spherically symmetric vacuum out-
flow of gas happens. The motion is shown through a sequence of
snapshots of the motion advancing in time. As discussed in the
previous subsection the motion happens always in the plane XZ.
The flow direction is from the left to the right. We used the case
#c03g2d1pr from Table B.6, the grain has an initial orientation

Fig. 4. The representation of a grain in both reference frames used in
the paper. The description is given in Section 3.

of �0 = 45⇥. Therefore initially the grain has positive torque (see
Fig. 3), starts to turn and � increases. After passing � = 90⇥ the
torque changes its sign and becomes opposite to the angular ve-
locity of the grain. The rotation of the grain decelerates to zero
and then restarts in the opposite direction. Such periodic ”swing-
ing” goes with increasing in amplitude with respect to � = 90⇥
and is accompanied with oscillation in the rotation frequency,
⇤⇤ = ⌃/(2⌅). These oscillations can be seen in the profiles of
the angular velocity and the torque in the same figure. When
the grain starts to experience a full rotation the angular veloc-
ity keeps its sign. CM coe⇥cients (see the bottom panels in Fig.
3) show the changing in the torque in dependence on the angle
of attack which clearly indicates rotation of axially symmetric
grains. In Fig. 6 we show also the direction of the angular veloc-
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Rotational motion in cometary atmosphere
Ivanovski + 2017 Icarus, Ivanovski + 2017 MNRAS



Terminal speeds of spherical and non spherical particles

ü Spheroids with aspect ratio k will change the tfric k times. Therefore the coupling of the mm-
sized particles can occur in timescales strongly dependent of the grain shape.

ü For HD163296: of µm sized ~cm/s, still on-going checks and running simulations for mm –
sized particles.

Ivanovski et al. 2017 (Icarus, 282, 333-350)

Scaling laws -> from comets to protoplanetary disks 



Summary 
ü Revise the timescales of the dimensionless stopping time and the settling timescale in the

vertical settling phenomena in disks in terms of non spherical particles.

ü A non-spherical cometary dust model can be used to simulate the dust motion in
protoplanetary disks.

ü The model is capable to identify particle rotation and to compute the rotational frequencies of
the particles.

ü The model determines the bias that the spherical approximation could introduce in simulations
of protoplanetary disk.

ü Parametric study on the dynamical properties of the second generated dust in HD163296
when assuming the 3 giant planets masses. The influence of different dust sizes and initial dust
speeds.

ü Time of accumulation and fluence of trace-back particles in the gaps of the disk.

Some Future Work 


