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A B S T R A C T 

Granular-mechanics simulations are used to study collisions between granular aggregates. We compare the collision outcomes 
for three different types of aggregate: (i) aggregates constructed by a ballistic particle–cluster aggregation (BPCA) process, and 

two homogeneous spherical aggregates which differ by their grain coordination. All aggregates contain the same number of 
grains and (central) filling factor. We find that BPCA aggregates have a slightly decreased growth velocity for central impacts. 
After scaling the collision velocities to the growth velocity for central impact and the impact parameter to the gyration radius, 
our collision results show a remarkable degree of agreement for the aggregates studied. Also, the collision-induced compaction 

as well as the size of fluctuations during the collision process are identical for all aggregate types. Even at glancing collisions, 
the larger extension and rough surface of BPCA aggregates do not cause major changes as compared to homogeneous aggregates 
with a well-defined and smooth surface. Ho we ver, monomer ejection during the collision is enhanced for BPCA aggregates. 
This study thus shows that details of the internal aggregate structure are of little importance in collisions of granular aggregates, 
except for grain ejection. 

Key words: methods: numerical – planets and satellites: formation – protoplanetary discs. 
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 I N T RO D U C T I O N  

ust aggregates are ubiquitous in space; they are found in proto-
lanetary discs (Armitage 2011 ), in debris discs (G ́asp ́ar, Rieke &
alog 2013 ), in planetary rings (Burns, Hamilton & Showalter 2001 ),
nd in the interplanetary space (Gr ̈un 2007 ). Collisions between 
ust aggregates shape the evolution of these dust ensembles and 
ust clouds (Ormel et al. 2009 ; Birnstiel, Fang & Johansen 2016 ;
ill ́an et al. 2023 ). Such collisions also form the first steps of

ust agglomeration, which eventually leads to the formation of 
lanetesimals and planets (Weidenschilling 1977 ; Weidenschilling & 

uzzi 1993 ; Armitage 2010 ; Blum 2018 ). 
Collisions between dust aggre gates hav e, therefore, been studied 

sing both experimental (Wurm & Blum 1998 ; Blum 2010 ; Wurm &
eiser 2021 ) and simulational (Paszun & Dominik 2009 ; Wada 
t al. 2009 ; Ringl et al. 2012 ; Hase ga wa et al. 2023 ) methods. In
iew of the applications mentioned abo v e, often the question of
hether the collisions lead to aggregate growth or erosion was in 

he centre of attention. F or fix ed properties of the grain material,
his issue primarily depends on the aggregate masses and the relative 
elocity of the collision partners (Birnstiel et al. 2016 ; Blum 2018 ).
esides that, aggregate porosity (Gunkelmann, Ringl & Urbassek 
016 ; Planes et al. 2021 ; Bandyopadhyay, Umst ̈atter & Urbassek
023 ) and shape (Bandyopadhyay & Urbassek 2023 ) influence the 

ollision outcomes. 
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In addition, it has been found (Wada et al. 2008 , 2009 ) that aggre-
ates with fractal dimension D considerably below 3 – such as those
onstructed using a ballistic cluster–cluster aggregation algorithm, 
 = 2 – have a strongly changed collision dynamics as compared

o space-filling aggregates with D = 3. Low-dimensional fractal 
ggregates are more easily destructed in collisions because grains 
issociated by the aggregates during the collision find sufficient space 
o escape and are no longer integrated in the surviving aggregate or
 fragment. 

The question as to what extent the internal aggregate structure 
nfluences the collision dynamics has hitherto been only little investi- 
ated. Wada et al. ( 2011 ) studied the influence of grain coordination
n collisions and found that high coordination fa v ours aggregate
ouncing. Ho we ver, in this study higher-coordinated aggregates also 
ave a higher filling factor such that the influence of coordination
lone could not be clarified. 

Aggregates with different grain coordination distributions may 
riginate from different production processes. Ballistic particle–
luster aggregation (BPCA) mimics a growth process where a dust 
ucleus grows by the addition of monomer grains; such aggregates 
ave therefore been widely investigated in previous simulations 
Paszun & Dominik 2009 ; Wada et al. 2009 ; Hase ga wa et al.
021 ). Ho we v er, BPCA aggre gates hav e an intrinsically non-uniform
tructure; besides a rough surface, their density decreases from the 
entre to the periphery. On the other hand, aggregates may form
rom (collision-induced) fragmentation processes of larger bodies –
esides dust particles, also comets or asteroids (Jutzi et al. 2015 )
and possess, therefore, a more homogeneous structure. For this 
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Table 1. Overview of aggregates used. R gyr : gyration radius. R equ : equiv- 
alent radius. 〈 Z 〉 : average coordination number. 	 Z : standard deviation of 
coordination number. 

RPCA LPCA BPCA1 BPCA2 BPCA3 

R gyr ( r g ) 33.03 33.43 36.09 35.92 35.79 
R equ ( r g ) 42.64 43.16 46.60 46.37 46.20 

〈 Z 〉 2.001 2.002 2.000 2.000 2.000 
	 Z 0.384 1.474 0.945 0.948 0.948 
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eason, homogeneous aggregates also have been investigated in the
ast (Ringl et al. 2012 ; Gunkelmann et al. 2016 ; Bandyopadhyay
t al. 2023 ). 

In this study, we explore to what extent the internal structure of an
ggre gate influences aggre gate collisions. We focus on space-filling
ggregates with a fractal dimension close to 3. By keeping the total
ggregate mass and the filling factor – at least close to the aggregate
entre – at identical values, the study identifies the influence of grain
oordination on the collision dynamics and outcomes. Even though
n the aggregates considered here the average coordination is 2 – due
o the construction process – the distributions of the coordination
umber vary strongly. This study also allows us to understand the
eviations of collision outcomes between spherical homogenous and
PCA aggregates. 

 M E T H O D S  

.1 Granular mechanics 

ranular aggregates are composed of a number N of identical
pherical grains of radius r g . For specificity, we consider a model of
ilica grains where r g = 0 . 76 μm. The material constants rele v ant for
escribing the interaction of the grains are given by the mass density
= 2000 kg m 

−3 , the specific surface energy γ = 0.025 J m 

−3 ,
oung’s modulus Y = 54 GPa, and the Poisson ratio ν = 0.17

Chokshi, Tielens & Hollenbach 1993 ; Blum & Schr ̈apler 2004 ;
ingl & Urbassek 2012 ). 
The forces and torques acting when grains are in contact are

escribed by a model of Chokshi et al. ( 1993 ) and Dominik &
ielens ( 1995 , 1996 , 1997 ) who define the normal and tangential
orces as well as rolling and twisting torques that originate in grain–
rain contacts. Details on these quantities are presented by Ringl &
rbassek ( 2012 ). 
Let us denote the position of grain i in an aggregate by x i , where

he origin of the coordinate system has been put in the centre of
ass of the aggre gate. F orces and torques between two grains i

nd j only act if the grain touch, i.e. if the grains o v erlap, δ =
 R − | x i − x j | is positive. The equilibrium overlap δequ between two
rains is determined by the cancellation of the attractive and repulsive
orces between the two grains. Following Dominik & Tielens ( 1997 ),
he repulsive normal force is modelled by a Hertzian law, F r = [2 Y /3(1

ν2 )]( r g /2) 1/2 δ3/2 , while attraction is given by F a = −2 πγ r g . The
wo forces cancel at an equilibrium o v erlap of δequ = 3.01 Å. We
ote that in a dynamic situation, a dissipative (velocity-proportional)
orce also acts in normal direction, which does, ho we ver, not af fect
he static equilibrium o v erlap. 

For the collision simulations, the motion of the grains, as well
s the dynamics of the forces and torques are followed using the
oftware LIGGGHTS (Kloss et al. 2012 ; Gunkelmann et al. 2016 ).
n order to resolve grain–grain collisions, a time-step of 50 ps is
dequate (Ringl & Urbassek 2012 ). 

.2 Aggregate construction 

ll aggregates considered consist of a number of N = 20 000 grains
nd have identical filling factor � = 0.24. The filling factor is defined
s the ratio of the volume filled by grain material, V g = N (4 π/ 3) r 3 g ,
nd the aggregate volume, V . For a spherical aggregate of radius R ,
t is hence 

 = N 

( r g 

R 

)3 
. (1) 
NRAS 526, 523–533 (2023) 

c  
e use three types of aggregates: two homogeneous spherical
ggregates denoted by local particle-cluster attachment (LPCA)
nd random particle–cluster attachment (RPCA), which differ in
heir internal structure, and an aggregate constructed using a BPCA
lgorithm. These will be described in the following. 

Spherical aggregates are constructed by placing the N grains
uccessively in a spherical volume with the radius of the aggregate
efined by equation ( 1 ). For the values chosen for N and � , this gives
 radius of R = 43.68 r g . 

The simplest algorithm is the one used for building RPCA
ggregates: We place the first grain at the origin of the sphere. Then
e iterate the following algorithm until N grains are placed: we

ttach a new grain to a randomly chosen grain in random direction.
his attachment occurs at a distance of 2 r g − δequ , where δequ is the
quilibrium o v erlap of two grains. If the newly added grain i is not
ntirely within the prescribed aggregate shape, i.e. | x i | ≤ R − r , or
f its distance to another grain is smaller than 2 r g − δequ , it is deleted,
therwise it is kept. This procedure is repeated until the total number
f grains reaches N . 
The algorithm for constructing LPCA aggregates uses a modifi-

ation based on the notion of a local filling factor � i around grain i
Ringl & Urbassek 2012 , 2013 ; Ringl et al. 2012 ). It is defined via
he volume filled by grain material in a sphere of radius r c around
rain i in analogy to equation ( 1 ). In this study, we use r c = 5 r g . The
onstruction of this type of aggregates modifies the abo v e procedure
n the selection of the grain to which the next grain is attached: rather
han selecting a random grain, it chooses the grain with the smallest
ocal filling factor. In addition, if grain i is attached outside the outer
ggregate boundary, | x i | > R, it is not discarded but marked as a
ghost grain’ (Planes et al. 2021 ); such ghost grains are taken into
ccount when calculating the local filling factor but are not included
n the aggregate. 

BPCA aggregates are grown by simulating a random deposition
rocess in which monomers are added to the growing aggregate from
andom directions; the grains fall on linear trajectories until they hit
he aggregate and stick at this point (‘ballistic aggregation’; Mukai
t al. 1992 ). We produce the aggregates by an open software (Bentley
019 ) which is based on a ray-tracing algorithm. In contrast to the
omogeneous aggregates described above, these aggregates have a
ough surface; due to shadowing effects, the internal structure is more
rone to containing voids than the homogeneous aggregates. We con-
tructed aggregates BPCA1, 2, and 3 with properties listed in Table 1 ;
hey differ only by the chosen random directions for deposition. 

After construction, all aggregates are relaxed by running a short
imulation (25 000 time-steps) to reduce any tangential and normal
orces that might have built up during the construction process and
o guarantee that all grain–grain contacts reach equilibrium o v erlap.

.3 Aggregate collisions 

he same code and the same material parameters were used for all
ollisions. To start the collision, two identical aggregates were placed
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uch that their centres are located at a distance d . We used d = 88.68 r g 
or homogeneous aggregates and d = 118.42 r g for BPCA aggregates, 
uch that the two aggregates do not interact initially. In order to
ncrease statistics, both aggregates were rotated by a random angle 
efore starting the collision. For BPCA aggregates, five rotations 
ere considered, and also for central collisions of the homogeneous 

ggregates; for oblique collisions of central aggregates, only one 
otation was used. To start the collision, the aggregates were given 
 relativ e v elocity v, which was varied between 2.5 and 20 m s −1 

n steps of 2.5 m s −1 . All collisions were monitored in the centre-
f-mass system. Simulations are followed for up to 200 μs after the
tart of the collision. 

 RESULTS  A N D  DISCUSSION  

.1 Aggr egate pr operties 

ig. 1 presents the aggregates considered in this study highlighting 
heir internal structure using the coordination number Z . As Table 1
emonstrates, the average coordination number equals 〈 Z 〉 = 2 for
ll aggregates; ho we ver, the standard de viations are considerably 
ifferent. The shapes of the distribution, Fig. 1 , are also widely
ifferent: The RPCA aggregates are mainly two-fold coordinated, 
hat is they form long chains; the numbers of chain branching points
 Z = 3) as well as of chain ends ( Z = 1) are below 10 per cent. As
he snapshots show, both chain ends and branching points are found 
s well on the aggregate surface and in its interior. 

The LPCA aggregates show a strongly changed coordination, in 
hich singly connected grains pre v ail; therefore, chains are short.
s a compensation, many branching points exist, in which grains 

re coordinated with up to eight other grains. Again, the snapshots
emonstrate that not only chain ends but also highly coordinated 
rains are present both on the aggregate surface and in its interior. 
BPCA aggre gates hav e a coordination distribution which is some-

hat in between that of RPCA and LPCA aggregates. The most
robably coordination is Z = 2 and a dominance of chain-like 
tructures is indeed evident in the snapshots, in particular inside 
he aggregate. The chains are longer than for the LPCA aggregates 
nd branching points are less frequent and have a maximum of five
eighbouring grains. 
In Fig. 1 , we also display the radial distribution of the filling factor,
 ( r ). It is calculated by determining the number of grains contained

n spherical shells of width 2 r g around the aggregate centre. Both the
PCA and RPCA aggregates show a flat � ( r ) profile, in line with
 homogeneous internal structure. Close to the centre, � ( r ) shows
arger fluctuations caused by the small number of grains present 
n the innermost shells. Towards the outer boundary of the RPCA
ggregates, the filling factor drops, since grain attachment outside the 
oundary is prohibited. For the LPCA aggregate, a slight increase in 
lling factor close to the boundary is discernible which is caused by

he use of ghost grains in the construction process, see Section 2.2 . 
In contrast, BPCA aggre gates hav e no fix ed outer boundary and

re hence characterized by a smooth drop-off of the � ( r ) profile
xtending to about 60 r g , around 35 per cent beyond the radius R =
3.68 r g of the homogeneous spheres. This is caused by the spatially
nrestricted grain addition process during aggregate construction, see 
ection 2.2 . We note that in the central part of the aggregate – inside
.5 R gyr – the BPCA filling factor amounts to 0.26. When averaging 
he filling factor o v er the conv e x hull of the entire aggregate, it is
nly in the range of 0.14–0.15, slightly depending on the aggregate; 
uch a value is in agreement with previous studies (Kozasa, Blum &

ukai 1992 ; Blum & Schr ̈apler 2004 ; Paszun & Dominik 2009 ). 
In order to put the aggregate analysis on the same footing, we use
he gyration radius R gyr , which is determined from the positions of
he centres, x i , of grains i (calculated with respect to the centre of

ass of the aggregate) as 

 

2 
gyr = 

1 

N 

∑ 

i 

x 2 i . (2) 

s for a homogeneous sphere of radius R , it is R gyr = 

√ 

3 / 5 R, we
efine an equi v alent radius, R equ , as 

 equ = 

√ 

5 / 3 R gyr . (3) 

able 1 shows that the equivalent radius of the homogeneous spheres
s indeed close to the nominal radius R = 43.68 r g . R equ underestimates
 due to the construction process, in which grains are only inserted if

hey are fully inside R , that is if | x | ≤ R − r g . The small deviations
etween the LPCA and RPCA aggregates are caused by the details
f the respective construction algorithms. 
Note that the equi v alent radii of BPCA aggregates are systemat-

cally larger than those of homogeneous spheres, due to the more
xtended � ( r ) profile; the dif ference is, ho we ver, small and amounts
o less than 10 per cent. Since for our collision study three different
PCA aggregates were constructed, we present their characteristics 

ndividually in Table 1 . Differences in coordination are below 3 per
ille and differences in the equivalent radius below 9 per mille. 
Finally, we calculated the fractal dimension of the aggregates from 

he radial dependence of the number of grains within the aggregate
Meakin 1985 ). All aggregates have values close to 3, as expected
rom the space-filling construction process. For BCPA clusters, it 
s indeed expected on theoretical grounds – and demonstrated by 
imulations – that for large grain numbers N , the fractal dimension
ill approach 3 (Meakin 1999 ). 
According to recent models and simulations, aggregate strength 

s a function of fractal dimension and filling factor (Tatsuuma, 
ataoka & Tanaka 2019 ). Recent studies show that aggregate 

trength depends on the rolling energy parameter (Tatsuuma et al. 
023 ). Therefore, it is expected that all aggregates used in this study
ould have similar strength, despite their different topologies. 

.2 Central collisions 

e first focus on central collisions. Fig. 2 a analyses the growth ratio,
hich is defined as the size of the largest post-collision aggregate,
 1 , relative to the initial aggregate size, N , 

 gr = N 1 /N. (4) 

vidently, n gr > 1, means growth of one of the collision partners,
hile n gr < 1 means that both colliding aggregates lost mass during

he collision. Data shown are averages over five simulations for the
omogeneous aggregates and over 15 simulations for the BPCA 

ggregates. 
At small velocities, the two colliding aggregates merge to a single

ggregate, which is denoted as the fused aggregate. With increasing 
elocity, the size of the fused aggregate decreases due to grain losses
nd – for larger velocity – the onset of fragmentation processes. 
 value of n gr = 1.5 (Bandyopadhyay et al. 2023 ) can be used

o separate the low-velocity fusion regime, which is governed by a
lateau in n gr , from a steeper decline of the growth ratio. The velocity
here n gr = 1 is denoted as the growth velocity for central impacts

nd will be denoted by v 0 gr . 
Fig. 2 a shows only small differences between the velocity de-

endence of n gr for the aggregates used. In particular, the two
MNRAS 526, 523–533 (2023) 
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M

(a) (b) (c)

Figure 1. Structural properties of the aggregates used in this study: (a) RPCA, (b) LPCA, and (c) BPCA 1. Top ro w: Perspecti ve vie w. Grain colouring by 
coordination number Z ; red colour denotes Z ≥ 5. Second row: central cross section, slice of thickness 4 r g . Grain colouring by coordination number Z . Third 
row: distribution of coordination number Z . Fourth row: radial distribution of filling factor � . The equivalent radius, see Table 1 , is marked by a vertical line. 
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omogeneous aggregates, LPCA and RPCA, show almost identi-
al results. Ho we ver, the gro wth ratio for the BPCA aggregates
re somewhat below that of the homogeneous aggregates for all
elocities. This appears to be a systematic effect, outside of the error
ars of the simulations. It is caused by the higher probability with
hich boundary grains – or groups of grains – may be emitted in

he collision from the rough aggregate surface of BPCA aggregates.
he reduction in n gr also leads to a decrease of the growth velocity
f BPCA aggregates. We determined v 0 gr = 12.8 (15.1, 14.1) m s −1 
NRAS 526, 523–533 (2023) 
r the BPCA (RPCA, LPCA) aggregates. The difference between
he results for the RPCA and LPCA aggregates seems to be caused
y the large statistical error in this case, such that we accept a value
f 14.6 m s −1 as the av erage o v er the homogeneous aggre gates. The
alue for the BPCA aggregates is reduced by 12 per cent relative to
he average value of homogeneous aggregates; this result appears to
e outside the error bars and hence statistically reliable. 
Fig. 2 b shows the standard deviation of the distribution of the

argest-fragment size, N 1 , as obtained from our simulations. Note
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(a) (b)

Figure 2. Dependence of the growth ratio, n gr , on collision velocity v for central collisions. Error bars show the mean error of the average. The values of n gr = 

1 and 1.5 are marked by dashed horizontal lines. (b) Standard deviation of the size of the largest fragment, N 1 . 

(a) (b)

Figure 3. Series of snapshots (time difference 10 μs) showing the time evolution of BPCA aggregates at velocity v = 15 m s −1 for central impacts. (a) shows 
the event with largest ( N 1 = 20331) and (b) with the smallest ( N 1 = 6383) fragment, while the average over all simulated cases is 〈 N 1 〉 = 11580. Grains are 
coloured according to their initial aggregate affiliation. 
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hat this is not the error of the average value plotted in Fig. 2 a,
ut an indicator of the width of the distribution. It shows that
ariations are particularly large near the growth velocity. At smaller 
elocities, collisions systematically lead to aggregate fusion with 
ittle variations; at larger velocities, erosion processes are strong 
nd reduce the size of the largest fragment systematically, thereby 
lso shrinking fluctuations. Around the growth v elocity, howev er, 
uctuations are large, since in some events the influence of aggregate 
usion is larger, and in others the fragmentation processes. The small
ifferences of local grain position and coordination are responsible 
or such differences. 

Fig. 3 illustrates the fluctuations for events near the growth velocity 
or the case of BPCA aggregates by displaying snapshots for the event
ith the largest and the smallest N 1 . While the evolution during the
rst (roughly) 40 μs of the collision is very similar, the break-up of

he merged aggregate into smaller fragments is distinctly different 
uring the later stages of the collision. In Fig. 3 a, a larger fragment is
ccompanied by several small aggregates, while in Fig. 3 b, a smaller
umber of roughly equal-sized fragments are generated. 
One might have expected that fluctuations in the BPCA aggregates 

ere substantially larger than in the homogeneous aggregates. How- 
v er, all aggre gates show comparable standard deviations. Note that 
he relative error of the standard deviation σ is given by σ/ 

√ 

2( n − 1)
here n is the number of simulations used (Berendsen 2011 ); thus
he differences between the standard deviations shown in Fig. 2 b are
tatistically not rele v ant. 

.3 Compaction 

ollisions modify the granular material of the aggregates; in partic- 
lar, the collision zone is compacted. Compaction may be discussed 
sing the local coordination numbers Z . We show the events leading
o compaction in Fig. 4 for the three aggregates considered in a
eries of snapshots. Central collisions with a velocity of 7.5 m s −1 

ave been selected. The snapshots for the BPCA aggregates have 
een selected at larger times, since due to their rougher surface, the
tart of aggregate compaction occurs later than for the homogeneous 
ggregates. 

Fig. 4 colours the grains based on their local coordination in order
o indicate changes caused by the collision (Planes et al. 2020 ).

e discuss the time evolution of the collision for the example of
he LPCA aggregates. At the earliest time when the two aggregates
ave just started colliding, at 0.5 μs, grains are dissociated from the
ggregate; the 0-coordinated grains show up in blue in Fig. 4 . This
issociation front mo v es towards the aggregate interior and forms a
ens-like structure at 2.5 μs. Inside this structure, grains have again
ound contact to other grains such that the coordination has increased, 
MNRAS 526, 523–533 (2023) 
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M

Figure 4. Time evolution of a central collision at v = 7.5 m s −1 for the (a) 
LPCA, (b) RPCA, and (c) BPCA1 aggregates. Grains are coloured according 
to their coordination number. Red colours denote a coordination of Z ≥ 4, 
while blue denotes dissociated grains, Z = 0. 

Figure 5. Distribution of the coordination number Z in the collision zone in 
the final panel of Fig. 4 . 
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Figure 6. Dependence of the growth ratio, n gr , on the scaled impact 
parameter b for various velocities v (in units of m s −1 ). Data are for the 
BPCA1 aggregate. 
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 ≥ 1. At later times, 6 μs, when the dissociation front has further
xpanded, the collision zone has acquired a high coordination, Z ≥ 4.

Interestingly, the sequence of events is very similar for the other
ggre gates studied, ev en for the BPCA aggre gate. In the latter, due
o its rougher surface, the collision does not start along the axis
oining the centres of the two aggregates, but slightly shifted, at
 μs. Ho we ver, already at 4 μs, the dissociation front has assumed
 symmetric shape, and at 10 μs, the lens-shaped front shows great
imilarities with that in the homogeneous aggregates. In particular,
he material within the collision zone inside the dissociation front
as reached high values of coordination. 

In Fig. 5 , we compare the distribution of coordination numbers
 in the centre of the collision zone for the last frame of the three
ggregate collisions illustrated in Fig. 4 . Data have been obtained in
 sphere around the centre of mass of the two colliding aggregates; its
adius is 13.2 r g such that the sphere is entirely contained within the
ompacted region inside the dissociation front. Note that the collision
one includes a slightly different number of atoms for each aggregate.
NRAS 526, 523–533 (2023) 
he filling factor in this sphere has increased to a value of 0.54
0.54, 0.52) for RPCA (LPCA, BPCA) aggregates demonstrating
he collision-induced compaction occurring. Fig. 5 shows that the
oordination in the compacted zone has considerably increased and
ho ws no w a broad distribution around the average value of 4. The
ean value of Z amounts to 3.67 (3.60, 3.63) for RPCA (LPCA,
PCA) aggregates with a standard deviation of 1.17 (1.15, 1.12). 
These data as well as the Fig. 5 show that the coordination

istribution for the three aggregates considered closely coincide.
his is reasonable since the collision itself first dissociated all
rains in this volume, thus dissolving the original structure. When
ubsequently the grains find new neighbours and organize themselves
n a compacted structure, they thus start from the same disordered
nd uncoordinated state such that it is plausible that they organize
hemselves in similar structures. 

.4 Oblique collisions 

ata for oblique collisions have been obtained as average over five
imulations for the BPCA aggregates; here, rotated initial configura-
ions of the BPCA1 aggre gate hav e been used. For the homogeneous
ggregates, only a single simulation has been performed for each
elocity and impact parameter studied. 

We scale the impact parameter B with the equi v alent aggregate
iameter, 2 R equ , 

 = B/ (2 R equ ) . (5) 

he influence of the impact parameter on the growth ratio is shown
n an e x emplary way in Fig. 6 for the BPCA aggregates. We can
iscuss it as follows: 

(i) For central collisions, b = 0, the growth ratio decreases
onotonically with velocity, as discussed in detail in Section 3.2 . 
(ii) For large impact parameters, b ≥ 1, the two aggregates would

ass each other without interaction such that n gr = 1. 
(iii) For the smallest velocity, 2.5 m s −1 , aggregates fuse to form

 merged aggregate containing almost 2 N grains for all impact
arameters. Only for almost glancing collisions, b = 0.875, n gr drops.
ig. 7 illustrates the reason why even at such low velocities, the
erged aggregate may break up into two fragments. 
(iv) For larger velocities, v ≥ 7.5 m s −1 , the dependence of the

rowth ratio on b is non-monotonic. n gr shows a minimum at a finite
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Figure 7. Snapshots showing the initial (top) and final (bottom) states (time 200 μs) of BPCA aggregates colliding at velocity v = 2.5 m s −1 with an impact 
parameter of b = 0.875. Snapshots differ by the initial orientation of the two colliding aggregates. Grains are coloured according to their initial aggregate 
affiliation. The width of the boxes in the lower row is twice as that of the boxes on the upper row. Only in the third event, the merged aggregate survives, while 
it is torn apart by the centrifugal forces in all other events. 
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mpact parameter, which we denote by b min . At all velocities v ≥
.5 m s −1 , n gr < 1 at b min ; this means that the collision leads to
ggregate destruction. 

(v) With increasing velocity, b min decreases ( b min = 0.39 for 
 = 7.5 and 10 m s −1 and 0.29 for higher velocities). This appears
lausible from the fact that v · b min can be understood as the angular
omentum necessary for the destruction of the temporarily forming 
erged aggregate. With increasing velocity, even aggregates formed 

t smaller impact parameters are disrupted. 

We plot these data again in Fig. 8 in the form of a contour plot.
ere, the results for all three aggregate classes studied are presented. 

n order to allow for easy comparison, we scale the velocity to the
rowth velocity for central impact, 

˜  = v /v 0 gr . (6) 

n addition, we classify each collision outcome into three classes 
Bandyopadhyay et al. 2023 ) – fusion, sliding, or fragmentation –
s follows: (i) Fusion, if n gr ≥ 1.5. (ii) Sliding (or bouncing), if the
ize of the second-largest post-collision aggregate N 2 fulfils N 2 / N ≥
.75; then the largest post-collision aggregate has N 1 / N ≤ 1.25 and
ence two more or less equal-sized large fragments remain. Note 
hat for large impact parameters, b = 1, sliding is expected, since
he clusters will pass each other apart from surface roughness. (iii)
ragmentation in all other cases. 
Fig. 8 displays a surprising similarity between the aggregate 

ollisions of the various aggregates studied throughout the ( b ,
) space e xplored. F or central collisions, this similarity has been
uaranteed by the velocity scaling. The simulation results show that 
his is also the case for oblique collisions. In particular, the lines
haracterizing the fusion regime, n gr = 1.5, and the ‘growth line’ 
 gr = 1 are similar in all cases. 
The largest deviations occur in the region of ( b ∼ 0.5, ˜ v ∼ 0 . 5);

his is the region where the three collision outcomes (fusion, sliding,
nd fragmentation) meet. For brevity, we denote it as the ‘centre’ 
f the b –v plane. Ho we v er, in this re gion also fluctuations are large.
his is shown in Fig. 9 for BPCA aggregates: fluctuations of the size
f the largest aggregate are largest along the growth line n gr = 1 and
ence where the fragmentation regime sets in, and in particular also 
t the ‘centre’ of the b–v plane. 
The fluctuations near the ‘centre’ of the b–v plane are illustrated
or the case of BPCA aggregates in Fig. 10 . At the impact parameter
hosen, b = 0.3875, the two colliding aggregates form a temporarily
erged aggregate that rotates around its centre of mass. In both
 vents sho wn, it is e ventually disrupted; ho we ver, in Fig. 10 a the
entral part of the merged aggregate remains intact and only the
uter parts are shed off, leading to a large post-collision fragment
‘fusion’ class), while in Fig. 10 b, the merged aggregate breaks apart
long the collision plane separating the original aggregates and leads 
o two large fragments (‘sliding’ class). 

.5 Impact-parameter average 

ince in experiment, impact parameters typically cannot be con- 
rolled, av erages o v er impact parameters must be used. The impact-
arameter -a veraged growth ratio, 〈 n gr 〉 , as a function of collision
elocity v is determined as 

 n gr ( v) 〉 = 

2 π
∫ B max 

0 n gr ( B; v) B d B 

πB 

2 
max 

. (7) 

ere we use B max = 2 R equ , since collisions with larger impact
arameters lead – even for BPCA aggregates – al w ays to n gr =
, see Section 3.4 . 
Fig. 11 shows the velocity dependence of this quantity for the

ggre gates studied. The av erage growth v elocity, 〈 v gr 〉 , is defined as
he velocity where 〈 n gr 〉 = 1; it is astonishingly insensitive to the
ggregate type used. Its value is 〈 v gr 〉 = 7.5 m s −1 and is hence a
actor of around 40–50 per cent below the central growth velocity,
 

0 
gr . The reduction of the impact-parameter -a veraged growth velocity
ith respect to the growth velocity for central impacts is caused by

he slope of the growth line n gr = 1 in the b –v plane, which mo v es
o smaller velocities with increasing impact parameter b , see Fig. 8 . 

It is tempting to interpret the ‘plateau’ visible in Fig. 11 for
he homogeneous spherical aggregates at v = 5–7.5 m s −1 as a
int of a bouncing regime. Such a bouncing regime is found
n experiments between low-velocity sticking and high-velocity 
ragmentation outcomes (Langkowski, Teiser & Blum 2008 ; Beitz 
t al. 2011 ; Weidling, G ̈uttler & Blum 2012 ). Ho we ver, the statistical
asis for such an interpretation in our simulations appears to be
oo poor to allow such a conclusion. Also, recent simulation work
Arakawa et al. 2023 ) points out that bouncing becomes an important
MNRAS 526, 523–533 (2023) 
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(a)

(b)

(c)

Figure 8. Dependence of the growth ratio on scaled collision velocity ˜ v and 
scaled impact parameter b . (a) RPCA (b) LPCA (c) BPCA1. 

Figure 9. Standard deviation of the size of the largest fragment, N 1 , for the 
BPCA1 aggregate as a function of collision velocity v and scaled impact 
parameter b . The growth line, n gr = 1, has been added for orientation as a 
dotted line. 
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ollision channel only for large aggregates ( N � 10 5 ) and thus is of
o concern for our collision simulations with N = 20 000. 
The average growth ratio of BPCA aggregates shows a slightly

ifferent velocity dependence than the homogeneous aggregates. 

(i) At low velocities, v ≤ 5 m s −1 , the growth ratio of BPCA
ggregates is smaller than for homogeneous aggregates at all impact
arameters, see Figs 2 and 8 ; actually n gr > 1 for BPCA at these
elocities. This is due to the fact that even large-impact parameter
ollisions have a high tendency for growth in BPCA aggregates due
o the larger size and rough surface of these aggregates. 

(ii) At large velocities, v ≥ 10 m s −1 , BPCA aggregates feature
 smaller growth ratio than the homogeneous aggregates, as could
lready be observed for central collisions, Fig. 2 a. 

Around the average growth velocity, 〈 v gr 〉 = 7.5 m s −1 , these two
ffects cancel. This argument helps explaining why the average
rowth velocity is similar for BPCA and homogeneous aggregates. 

.6 Ejecta 

s grains are only loosely bonded to the aggregates, some of them
ill be emitted during the impact, as was already visible in the

napshots displayed in Figs 3 and 10 . The majority of these ejecta
onsist of monomers, even though larger fragments are also ejected,
s discussed abo v e. The relativ e number of emitted monomers was
ermed ‘shattering degree’ by Osinsky & Brilliantov ( 2022 ). We
isplay in Fig. 12 the average number of monomers ejected during the
ollision; this number has been averaged over the impact parameter,
nalogous to equation ( 7 ). A roughly linear increase with velocity is
een for all aggregate types. 

Interestingly, the number of monomers is by more than 40 per cent
arger for BPCA aggregates than for the homogeneous aggregates;
his is a consequence of the more open structure of BPCA aggregates
hat allows dissociated grains to leave the collision zone while they
re re-bonded to other grains in the homogeneous aggregates. The
ractions of monomers ejected from the two classes of homogeneous
ggregates, RPCA and LPCA, ho we ver are almost identical. 

The spatial distribution of monomers ejected for central impacts is
isplayed in Fig. 13 . At the velocity chosen, 5 m s −1 , more than twice
he number of monomers are ejected for BPCA aggregates than from
PCA aggregates. A clear difference between the ejection patterns
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(a) (b)

Figure 10. Series of snapshots (time difference 10 μs) showing the time evolution of BPCA aggregates at velocity v = 5 m s −1 for an impact parameter of b = 

0.3875. (a) shows the event with largest ( N 1 = 34057) and (b) with the smallest ( N 1 = 23277) fragment, while the av erage o v er all simulations is 〈 N 1 〉 = 30606. 
Grains are coloured according to their initial aggregate affiliation. 

Figure 11. Impact-parameter -a veraged growth ratio, 〈 n gr 〉 , as a function of 
collision velocity v. 

Figure 12. Impact-parameter -a veraged fraction of ejected monomers as a 
function of the collision velocity v. 
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f RPCA aggregates, Fig. 13 a, and BPCA aggregates, Fig. 13 b, is
bserved. The emission from the homogeneous RPCA aggregates 
ccurs mainly in a disc perpendicular to the velocity vector; this
ehaviour is typical of the emission patterns for central impact 
or such aggregates and is caused by ejection from the rim of
he collision plane – this is the common tangent plane of the two
ggregates at the point of contact – and in a direction parallel to the
lane (Bandyopadhyay et al. 2023 ). In contrast, the BPCA-aggregate 
ollision shows an additional quasi-isotropic emission distribution, 
hich is caused by a more homogeneous ejection throughout the 
ore porous aggregate surface. 
In order to shed further light on the ejection process, Fig. 14

hows the dependence of monomer emission on both the collision 
elocity v and the scaled impact parameter b . Data are provided for
 homogeneous aggregate (RPCA), Fig. 14 a – the data for LPCA
ggregates look quite similar and are not shown – and for BPCA
ggregates, Fig. 14 b. The maximum ejection occurs for slightly 
blique impacts with an impact parameter around b = 0.25. This
ppears plausible, since at such intermediate impact parameters the 
ollision zone – that is the o v erlap re gion of the two aggregates
rom which ejection may occur – is maximum; its size will decrease
oth for more central impacts, cf. Fig. 4 , and for more glancing
mpacts. The similarity of the ejection data in Fig. 14 shows that the
jection mechanisms for BPCA and homogeneous aggregates are 
imilar. 

One might have expected that the distribution of coordination 
umbers in the aggregates is responsible for the differences in 
onomer ejection, as grains that have only one neighbour ( Z =

) would be more easily ejected than higher-coordinated grains. This 
s, ho we ver, not the case; as Fig. 1 showed, LPCA aggregates feature
he highest fraction of singly connected grains, but their ejection 
atterns follow closely that of the RPCA aggregates with an order-
f-magnitude less singly coordinated grains. 

 SUMMARY  

e used granular-mechanics simulations to study the influence 
f the internal structure of an aggregate – in particular the grain
oordination – on aggregate collisions when the total aggregate mass 
nd the filling factor (at least in the central region) were kept fixed.
e obtained the following findings. 

(i) Central collisions of BPCA aggregates lead to slightly smaller 
ragments than for homogeneous aggregates. This feature also re- 
uces the growth velocity of BPCA aggregates by around 10 per cent.
MNRAS 526, 523–533 (2023) 
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M

(a) (b)

Figure 13. Final state after the collision of two (a) RPCA and (b) BPCA aggregates colliding centrally ( b = 0) with a velocity of 5 m s −1 . The initial velocity 
was in horizontal direction. Monomers are coloured red, grains in larger fragments blue. 

(a) (b)

Figure 14. Dependence of the fraction of ejected monomers on collision velocity v and scaled impact parameter b for (a) RPCA and (b) BPCA aggregates. 
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(ii) If the collision velocity is scaled to the growth velocity at
entral impact, also for oblique collisions, the outcomes of BPCA
ggregates vary only little from homogeneous aggregates. 

(iii) Compaction in the collision zone is identical for all aggre-
ates. The collision first dissociates the grains; these then aggregate
gain in a highly coordinated structure with a filling factor of around
.52 and an average coordination 〈 Z 〉 ∼ 4. 
(iv) For central collisions, fluctuations between individual colli-

ion events are similarly large for both types of aggregates. This
emonstrates that variations between individual collision events are
aused not so much by the internal aggregate structure but by the
tatistical nature of the aggregate fragmentation process. 

(v) Fluctuations between individual collision events are largest
long the ‘growth line’ n gr = 1 separating fusion events from sliding
r fragmentation outcomes. Along this line, small deviations of grain
ositions may lead to different fragmentation processes even if the
ollision velocity and impact parameter are chosen identically. 
NRAS 526, 523–533 (2023) 

w  
(vi) Even for glancing collisions at low velocities, the larger ex-
ension and rough surface of BPCA aggregates does not cause major
hanges in the collision outcomes as compared to homogeneous
ggregates with a well-defined and smooth surface. 

(vii) The average growth velocity is independent of the aggregate
ype. Here two effects cancel: At high v elocities, BPCA aggre gates
end to erode more than homogeneous aggregates, while at small
 elocities ev en large-impact-parameter collisions lead to growth due
o the large size and rough surface of BPCA aggregates. 

(viii) Monomer ejection during the collision increases approxi-
ately proportional to collision velocity. It is enhanced by more

han 40 per cent for BCPA aggregates relative to the homogeneous
ggregates. 

Comparison of our results to experiments is not readily performed
ince the internal aggregate structure is not so easily controlled
n experiments. In addition, experiments are usually undertaken
ith massiv e aggre gates containing a larger number of grains than
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hat is possible in simulation studies. Controlled laboratory exper- 
ments usually use aggregates with sizes larger than around 0.1 mm 

Langkowski et al. 2008 ; Blum 2010 ; Beitz et al. 2011 ; Weidling
t al. 2012 ; Schr ̈apler, Landeck & Blum 2022 ), even though recently
xperiments on smaller aggregates were performed (Wurm & Teiser 
021 ), while simulations – such as ours – are restricted to smaller 
izes, here of a few tens of μm. In this sense, our results are
ele v ant for simulation studies as we showed that the internal
ggregate structure is of little importance to the collision outcome, 
f appropriately scaled. Future experiments might explore small 
ggregates similar to the ones in this study, representing the early 
tages of aggregate evolution. Experiments might consider different 
ggregation scenarios which could lead to diverse agglomeration 
utcomes, corresponding to distinct astrophysical conditions. 
Future simulations might explore collisional outcomes for much 

arger aggregates, with N > 10 5 , where bouncing might occur 
Arakawa et al. 2023 ) and could be influenced by aggregate topology.

Here we considered the impact between aggregates of the same 
ize. Ho we ver, our results for monomer ejection suggest that granular
ggregate erosion by impacts with much smaller aggregates, or due 
o gas or plasma flows, might exhibit a stronger dependence on 
ggregate internal structure. 
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