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A B S T R A C T 

Supernovae (SNe) explosions are thought to be an important source of dust in galaxies. At the same time strong shocks from 

SNe are known as an efficient mechanism of dust destruction via thermal and kinetic sputtering. A critically important question 

of how these two hypotheses of SNe activity control the dust budget in galaxies is still not quite clearly understood. In this 
paper, we address this question within 3D multifluid hydrodynamical simulations, treating separately the SNe injected dust and 

the dust pre-existed in ambient interstellar gas. We focus primarily on how the injected and the pre-existing dust is destroyed by 

shock waves and hot gas in the SN bubble depending on the density of ambient gas. Within our model, we estimate an upper 
limit of the SN-produced dust mass which can be supplied into interstellar medium. For an SN progenitor mass of 30 M � and 

the ejected dust mass M d = 1 M �, we constrain the dust mass that can be delivered into the ISM as ≥0.13 M �, provided that the 
SN has injected large dust particles with a ≥ 0.1 μm. 

Key words: dust, extinction – ISM: supernova remnants. 
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 I N T RO D U C T I O N  

ust is an important constituent of the interstellar medium (ISM), 
laying key role in physical processes that determine its basic 
roperties: chemical transformations, metal budget in gas phase, 
hermodynamic state, radiation transfer. Dust is known to convert 
tellar light and thermal energy of hot gas in infrared (IR) radiation.
ne of the intriguing questions concerns the dust mass budget in the

SM (see for recent discussion in Mattsson 2021 ; Kirchschlager, 
attsson & Gent 2022 ; P ́eroux, De Cia & Howk 2023 ). The

nterrelation between the destruction and production dust rate in the 
SM is still not quite well understood. Of particular concern is the
rocessing that the dust particles undergo behind the strong shock 
aves, v s > ∼ 150 km s −1 , penetrating the ISM. It is generally thought

hat dust particles experience efficient destruction from such shocks 
nd from the hot gas behind them. The three processes dominate 
he dust destruction: the inertial and thermal sputtering (Barlow 

978 ; Draine & Salpeter 1979a , b ; McKee 1989 ; Jones et al. 1994b ;
ath, Laskar & Shull 2008 ; Slavin, Dwek & Jones 2015 ; Priestley

t al. 2022 , and references therein), and the shattering in grain–
rain collisions at higher densities (Borkowski & Dwek 1995 ; Jones,
ielens & Hollenbach 1996 ; Slavin, Jones & Tielens 2004 ; Guillet,
ones & Pineau Des For ̂ ets 2009 ; Bocchio et al. 2016 ; Kirchschlager
t al. 2019 ). 

Theoretical considerations show that the characteristic dust life- 
ime in the Milky Way (MW) ISM against sputtering is estimated 
o be t sp 

< ∼ 3 × 10 8 yr (McKee 1989 ; Jones et al. 1994b ) to
 sp 

< ∼ 3 × 10 9 yr (Jones & Tielens 1994a ; Slavin, Dwek & Jones
015 ), resulting in the decrease rate Ṁ 

−
d 

< ∼ (0 . 1 –0 . 01)M � yr −1 ; more
ecent discussion can be found in (Bocchio, Jones & Slavin 2014 ;
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inolfi et al. 2018 ; Micelotta, Matsuura & Sarangi 2018 ; Ferrara &
eroux 2021 ). On the other hand, the o v erall production rate from
ed giants winds and supernovae (SNe) explosions is Ṁ 

+ 

d ∼ 10 −3 M �
r −1 , where star formation rate, SFR ∼ 5 M � yr −1 is assumed,
ndicating a severe disbalance between the dust destruction and its 
eplenishment (Draine 2009 ; Bocchio et al. 2016 ). This discrepancy
an be mitigated when dust-to-gas decoupling under the action of 
hock waves and gravity for large particles is accounted for (Hopkins
 Lee 2016 ; Mattsson et al. 2019a ; Mattsson & Hedvall 2022 ).
o we ver, one to two orders of magnitude difference between the

˙
 

−
d and the Ṁ 

+ 

d requires apparently a proportional amount of dust 
o be hidden of destructive SNe shocks, which seems unrealistic. An
dditional and apparently efficient dust mass supply can be connected 
ith growth of grains in the ISM (Draine 1990 ; Chokshi, Tielens &
ollenbach 1993 ; Dwek 1998 ), and more recently (Calura, Pipino &
atteucci 2008 ; Draine 2009 ; Inoue 2011 ; Mattsson 2011 ; Ginolfi

t al. 2018 ; Heck et al. 2020 , and references therein). Moreo v er,
upersonic turbulence is shown to be an efficient mechanism that 
an stimulate formation of dust in the ISM of local galaxies and
ven in the early Universe, and as such can counteract efficient dust
estruction by SNe (Hopkins & Lee 2016 ; Mattsson et al. 2019a , b ,
020a , b ; Li & Mattsson 2020 ; Commer c ¸on et al. 2023 ). 
The discrepancy between the production and destruction rate is 

een in particular in galaxies at high redshifts as first pointed out
y Todini & Ferrara ( 2001 ) and Morgan & Edmunds ( 2003 ). The
etection of dust in quasars at z ∼ 5 (the universe’s age < 1 Gyr)
uggests the SNe II to be the dominant dust source in the early
niverse (Bertoldi et al. 2003 ; Maiolino et al. 2004 ; Beelen et al.
006 ; Valiante et al. 2009 , 2011 ; Dwek & Cherchneff 2011 ; Gall,
jorth & Andersen 2011 ; Riechers et al. 2013 ). Moreo v er, further
bservations at intermediate redshifts z ∼ 1–5 with the Herschel 
pace Observatory revealed a more generic problem – an apparent 
xcess of dust in submillimetre and ultraluminous IR galaxies – the 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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o-called dust budget crisis (Michałowski, Watson & Hjorth 2010 ;
unne et al. 2011 ; Rowlands et al. 2014 ). 
Direct IR observations in the local Universe also show that dust

an be produced at early stages of the ejecta outflows as manifested
n several nearby SN remnants (in particular, in Cas A and Crab,
unne et al. 2003 ; Gomez et al. 2012 ; Arendt et al. 2014 ), in
N1987A (Indebetouw et al. 2014 ; Matsuura et al. 2015 ), and in

he Local Group galaxy NGC 628 (Sugerman et al. 2006 ). More
ecent analysis of IR characteristics from SN1987A (Wesson &
e v an 2021 ) indicates that dust forms in SNe ejecta at latter stages
 1000 d. The latter may reflect the fact that the net dust product

y SNe is environmentally sensitive as demonstrated by Nozawa,
ozasa & Habe ( 2006 ). 
Recent measurements of abundance patterns in supernovae rem-

ants (SNRs) in the MW and Large Magellanic Clouds with strong
on-radiative shocks, v s � 350–2700 km s −1 , have also constrained
he destroyed dust fraction by � 0 . 1 –0 . 6, even in a rather dense
nvironment (see tables 1 and 3 in Zhu et al. 2019 ). It is therefore
oncei v able that older SNRs with weaker shock waves are less
estructive than commonly thought. More recent observations of
hree SNRs in the MW do confirm such a conclusion (Priestley et al.
021 ). 
The total dust mass supplied by an SN in the ISM, and the

ust size distribution sensitively depend not only on the progenitor
ass, but on the density of ambient gas as well, because of the

everse shock from the interaction of the ejecta with the ambient
as. 1D simulations by Nozawa, Kozasa & Habe ( 2006 ), Bianchi
 Schneider ( 2007 ), Nozawa et al. ( 2007 ), Nath, Laskar & Shull

 2008 ), and Bocchio et al. ( 2016 , for more recent discussion) have
hown that increase of the ambient gas density from 0.1 to 10 cm 

−3 

an result in a drop of dust yield by one to two orders, particularly
or higher progenitor masses. Equally important is the conclusion
hat destruction of small size dust by the reverse shock considerably
attens the size spectrum. More recently, theoretical analysis of dust
estruction in the process of interaction of the ejecta with ambient
SM leads Slavin et al. ( 2020 ) to conclude that when relative motion
f dust particles with respect to the gas is accounted, the heavier
ust particles can penetrate the region affected by the reverse shock
nd can escape relatively intact into the ambient ISM gas. Ho we ver,
ventually a fraction of them is becoming destroyed in situ in the
urrounding ambient gas. This result suggests that SNe inject mainly
arge dust particles into the ISM. This in turn can contribute to
ariations of the extinction law on smaller scales, unless dust particles
re well mixed with dust in ambient gas. 

In this paper, we present results of 3D multifluid hydrody-
amical simulations of how SN ejecta with dust particles having
ormed in the initial stages of its evolution propagates through
he dusty interstellar gas. We concentrate on the question of how
ust particles injected by the SN and those present in the sur-
ounding ISM are destroyed by strong shock waves. The injected
ust particles and the interstellar dust are treated as two differ-
nt particle populations experiencing distinct evolutionary paths.
ormation and growth of dust particles in dense cool regions
f the shell surrounding the remnant are not included in our
onsideration. Section 2 sets up our model. Section 3 describes
he obtained results, including dynamical aspects related to dust
estruction and o v erall mass budget of the injected dust and the
ust belonging to ambient ISM (referred as the interstellar or pre-
xisting dust). Section 4 contains a general discussion and the
ummary. 
NRAS 527, 8755–8767 (2024) 
 M O D E L  DESCRI PTI ON  

e consider the dynamics and destruction of dust particles in an
N remnant during its 300 kyr long interaction with a slightly

nhomogeneous clumpy ISM. We use our gasdynamic code (Vasiliev,
ath & Shchekinov 2015 ; Vasiliev, Shchekinov & Nath 2017 ) based
n the unsplit total variation diminishing approach that provides high-
esolution capturing of shocks and prevents unphysical oscillations,
nd the monotonic upstream-centered scheme for conservation laws-
ancock scheme with the Haarten–Lax–van Leer–Contact method

see e.g. Toro 2009 ) as approximate Riemann solver. This code has
uccessfully passed the whole set of tests proposed in Klingenberg,
chmidt & Waagan ( 2007 ). In order to follow the dynamics of dust
articles, we have implemented the method similar to that proposed
y Youdin & Johansen ( 2007 ), Mignone, Flock & Vaidya ( 2019 ),
nd Mosele y, Te yssier & Draine ( 2023 ). A description and tests are
iven in the appendix. In this paper, we only take destruction of dust
articles by both thermal (in a hot gas) and kinetic (due to a relative
otion between gas and grains) sputtering (Draine & Salpeter 1979b )

nto account. In order to separate different mechanisms that can
ontribute to dust processing, we do not consider here additional
ffects from possible growth of dust particles in denser regions of the
emnant, and their fragmentation from shattering collisions. These
rocesses operate on time-scales of a few Myr (see e.g. Hirashita
 Kuo 2011 ; Mattsson 2020a ), even in much denser environments

molecular clouds) n > ∼ 10 2 cm 

−3 (Mart ́ınez-Gonz ́alez et al. 2022 ).
his is much longer than the ages of SNe remnants in a diffuse

SM with the shocks sufficiently strong ( v s > ∼ 150 km s −1 ) for dust
estruction: t < ∼ 100 kyr. 
The backward reaction of dust on to gas due to momentum transfer

rom dust particles is also accounted in order to ensure dynamical
elf-consistency. Generally dynamical effects from dust are minor,
o we ver in the post-shock domain, such as the post-shock shell, the
ollisional coupling is weak, and dust particles mo v e inertially with
elocities v d ≥ 3 v s /4, v s is the shock velocity. As a result, their
ontribution to ram pressure ρd v 

2 
d cannot be negligible until the dust

 elocity relax es to the gas one | v g − v d | � c s , c s being the sound
peed (for further discussion, see Section 3.4 ). In addition, the effects
f backward reaction can be of importance in correct estimates of
he kinetic sputtering for particles inertially entering the ambient gas
t the interface between the bubble interior and the surrounding gas.

The effects of magnetic field are apparently of critical importance
or dynamics of dust particles in SN remnants, particularly in terms of
heir destruction. It is known, that in presence of betatron acceleration
f charged dust can enhance the efficacy of sputtering at radiative
tages on an expanding SN remnant, ho we ver, only when dust
articles are decoupled of gas (Shull 1977 ; Draine & Salpeter 1979b ;
eab & Shull 1983 ; Slavin, Jones & Tielens 2004 ). As we show below
Section 3.4 ), even massive particles, a ≥ 0.1 μm, lose collisional
oupling only behind the shock front in outer regions of the hot bubble
here radiation cooling is insignificant, whereas smaller ones remain

ollisionally linked to gas. In addition, as shown by Slavin, Jones &
ielens ( 2004 ), individual trajectories of dust grains are very sensitive

o grains’ sizes and charges, their chemical composition and shock
elocity with gyration radii of 0.03–0.3 pc. Adequate numerical
escription on scales of SNe remnants requires an unprecedented
esolution, and is worth separate consideration. 

The gas distribution in the ambient (background) medium is set to
e a slightly inhomogeneous with averaged number density n b and
mall-size low-amplitude density fluctuations δr ∼ 2–3 pc, δn / n b ∼
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.1. The fluctuations are constructed by using the module pyFC 

1 by 
ewis & Austin ( 2002 ), which generates lognormal ‘fractal cubes’ 

or gas density field. The averaged ambient density is equal to n b 
 1 cm 

−3 as a fiducial value, we calculate also models with 0.1,
.3, 3, and 10 cm 

−3 , the temperature in all models is 10 4 K. Initially
he gas pressure is assumed uniform o v er the whole computational
omain. The metallicity of the background gas is usually set to be
olar [Z/H] = 0. We assume a dust-to-gas (DtG) mass ratio equal to
b = 10 −2 − [Z/H] . 
We inject the mass and energy of an SN in a region of radius

 0 = 3 pc, assuming commonly used values of mass and energy
0 M � and 10 51 erg. The energy is injected in thermal form. The
njected masses of metals and dust are 10 and 1 M �, correspondingly.
ust particles are thought to start growing during the free expansion 
hase of an SN evolution on much earlier times, when the ejecta
emperature drops to several thousand Kelvins (e.g. Dwek & Scalo 
980 ; Todini & Ferrara 2001 ), typically after � 300 d when the
jecta radius is of ∼0.03 pc. At this age the characteristic time of
ust–gas collisional coupling (the stopping time, see Section A2 ) for
he parameters within the ejecta is τ s ∼ 10 6 n −1 a 0.1 s, with a 0.1 being
he dust grain radius in 0.1 μm. For M 0 = 30 M � and r 0 = 3 pc,
he ejecta gas density n ∼ 10 3 cm 

−3 , resulting in τ s ∼ 10 3 a 0.1 s at
as temperatures typical for dust growth. The dust grains nucleate 
nd grow in situ in the ejecta as first described by Dwek & Scalo
 1980 ), and have developed further on in Todini & Ferrara ( 2001 ).
his would suggest that the formed dust particles get mixed into the
jecta on a short time-scale. At such conditions in the process of
cceleration the relative velocity of dust grains and gas is small, and
nly a small fraction of dust particles experiences kinetic sputtering 
Slavin et al. 2020 , see also estimates in Section A4 ). The thermal
puttering remains apparently weak because of a low temperature 
n ejecta T < 6000 K. Ho we ver, a firm estimate of the surviving
ust fraction requires more detailed consideration. In this sense, the 
stimates of the contribution of dust supply into the ISM from SNe
xplosions presented in our model can be regarded as upper limits.

hen the ejecta meets the reverse shock and becomes thermalized at 
 ∼ 300 yr, thermal sputtering increases and comes into play (Nozawa 
t al. 2007 ; Nath, Laskar & Shull 2008 ; Slavin et al. 2020 ). Overall,
t t ≥ 300–400 yr the destroyed dust mass fraction can vary from 0.3
o 0.8 depending on dynamics in the surrounding gas (Slavin et al.
020 ). 
The mass of dust is redistributed between many dust ‘superpar- 

icles’. For instance, in case the number of dust ‘superparticles’ is
 

20 ∼ 10 6 , the mass of each dust ‘superparticle’ is ∼1 M �/10 6 ∼
0 −6 M � for the monodisperse dust of total mass equal to M i =
 M �. In the equation of motion of dust, we attribute to a single
rain the mass and the size of physical dust particles, while in the
omentum equation for the gas component the momentum from 

ust is treated as a sum of momenta from all individual dust grains
hat constitute the mass of the superparticle ∼10 −6 M � allocated in 
 cell. 

In this paper, we assume dust grains to have equal sizes ( monodis-
erse dust model) at t = 0. We perform a set of independent runs for
onodisperse dust populations with initial sizes equal to a 0 = 0.03, 

.05, 0.1, 0.3, 0.5 μm; a 0 = 0.1 μm is the fiducial value. During
he evolution, dust grains are destroyed and their sizes decrease 
epending on physical conditions in ambient gas; the minimum size 
s set to 0.01 μm. We adopt the same initial distribution of sizes
oth for the dust pre-existed in ambient gas (referred hereinafter as
 The code is available at https:// bitbucket.org/ pandante/ pyfc/ src/ master/ . 

2

3

he interstellar dust) and for the injected dust as well. We assume
hat the mass of metals produced due to sputtering is returned to
he gaseous phase. Evolution of polydisperse dust will be described 
lsewhere. 

In our models the spatial resolution is set to 0.5 pc, that is sufficient
or adequate treatment of dynamics of an SN bubble in a medium
ith density n b ∼ 0.1–10 cm 

−3 . In particular, in a medium with n b =
 cm 

−3 we follow the SN bubble evolution until late radiative phase:
 end ∼ 10 t cool ∼ 300 kyr, when its radius reaches around � 40 pc.
herefore, we set the size of the computational domain (96 pc) 3 ,
ith the number of cells 192 3 . We set one dust ‘superparticle’ per a

omputational cell resulting in the total number of interstellar dust 
articles in the domain 192 3 ∼ 7 millions. The fiducial number of
njected ‘superparticles’ per SN is 2 23 ∼ 8 millions. Our choice of
oth grid resolution and number of the injected particles is justified
y our tests presented in Appendix B . Note that dust particles can
scape their initial ‘mother’ cells and mo v e into neighbouring ones.
s a result, depending on gas density the o v erall distribution of dust
articles can be rather patchy and can lead to local deficiency of
ust particles, also seen in averaged radial profiles, see in Section
.2 . 
Simulations are run with tabulated non-equilibrium cooling rates 

tting the calculated ones for a gas that cools isochorically from 10 8 

own to 10 K (Vasiliev 2011 , 2013 ). The heating rate is assumed
o be constant, with a value chosen such as to stabilize the radiative
ooling of the ambient gas at T = 10 4 K. 

 DY NA MIC S  

.1 Dust radial distribution 

nside an SN bubble dust is efficiently destroyed by both the thermal
nd kinetic sputtering (Draine & Salpeter 1979b ). The effect of
he latter on interstellar dust particles in a unmagnetized case is
round 15 per cent, while for the injected ones it is even smaller
ecause of a lower drift between the gas and dust. 2 Fig. 1 presents
ngle-averaged radial profiles for gas density and temperature, and 
ensities of both sorts of dust particles – the SN injected and the
nterstellar dust, for the fiducial grain size at 50 and 300 kyr after
he SN has exploded. Because of initially introduced clumpy density 
istribution and partly because of growing Rayleigh–Taylor (RT) 
nstabilities the averaged shock layers in n ( r ) and T ( r ) are wider than
ypical. At t = 50 kyr, the injected dust remains ∼7 pc deeper behind
he shock and about 10 per cent survive within the central ∼10 pc
nterior. The interstellar dust is swept by the shock and penetrates
ehind it by ∼5 pc inwards, but only in an ∼2–3 pc thick layer it
urvives within a factor of 2, as seen from comparison of the magenta
with sputtering accounted) and the light magenta (no sputtering is 
ncluded) lines in upper panel of Fig. 1 . At 300 kyr, only a small
raction of injected dust survives within the bubble interior, around 
0 per cent if it penetrates ahead of the forward shock as shown by
he line representing interstellar dust which has already crossed the 
hock, n d , e ,SN , and partly experienced sputtering. They apparently 
xperience acceleration episodes from the RT ‘tongues’ that advance 
he shock front and penetrate outward. 3 Behind the front their density
rops within a thin layer of δr < ∼ 5 pc, as can be observed in lower
anel of Fig. 1 . 
MNRAS 527, 8755–8767 (2024) 

 Details are given in Appendix A . 
 This is also observed in the model by Slavin et al. ( 2020 ). 
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(upper and lo wer panels, respecti vely). The initial grain size of the injected 
and interstellar particles is equal to the fiducial value: a 0 = 0.1 μm. 
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.2 Dust–gas decoupling 

.2.1 Spatial dust distribution pattern around the shell 

ust particles are initially placed on the computational grid as
escribed abo v e in Section 2 and in Section A1 . Dust particles
an escape their original ‘mother’ cells and mo v e into neighbour
nes, in those cases when the stopping time τ s becomes longer than
he crossing time for a grid cell t sound , and the collisional coupling
eakens, see Section 3.4 . As a result, depending on gas density

nd number of particles the o v erall distribution of dust particles can
ecome patchy, with a lack or deficiency of dust particles at certain
egions of the bubble and in the averaged radial profiles. Fig. 2 shows
he distribution of gas and dust density in and around the remnant at
he radiative stage. The middle panel presents the positions of dust
articles in a 2D slice (a single cell in thickness) at a certain time
fter explosion. Initially the interstellar dust particles are deposited
o the computational grid homogeneously with a density of one
article per a cell in its centre, as seen in Fig. 2 in the unperturbed
egion. Evacuation of dust particles due to decoupling are clearly
NRAS 527, 8755–8767 (2024) 
een in sev eral re gions behind the front. Within the hydrodynamical
escription, dust particles along with their physical characteristics
entioned in Section A5 are smeared out o v er the computational cell

esulting in mitigation of this patchiness. This results in reducing the
rea with lacking dust seen in the right panel of Fig. 2 , as compared
ith the pattern shown in the middle panel. The radial profiles shown

n Fig. 1 include this effect, see also discussion in Section 3.4 . In
his regard, it is also worth noting that a relatively small number of
superparticles’ – one per computational cell, may cause numerical
rtefacts in the immediate post-shock domain, where dust and gas
ecouple (see Fig. 8 in Section 3.4 ). The smearing out procedure
artly mitigates possible contaminations from such artefacts. 
In the left panel, we can see a tendency of gas density to vary quasi-

eriodically along the thin shell. Similar signs of quasi-periodicity
an be found also in the distribution of dust ‘superparticles’ in the
iddle panel. These signs indicate development of both the thermal

nstability and the Vishniac–Ostriker o v erstability (Ostriker & Cowie
981 ; Vishniac 1983 ; White & Ostriker 1990 ) at their initial stages.
t is difficult though to tell them apart at early times, whereas at
ater stages the thermal instability results in fragmentation of the
hell and seems to hinder further development of the Vishniac–
striker o v erstability. Ho we v er, the shell e xpansion at t > ∼ 50 k yr

ollows the standard Oort law R s ∝ t 1/4 , in which case the growth rate
f the Vishniac–Ostriker o v erstability s � 0 (see equation 2.17d
n Vishniac 1983 ). More recent on-purpose numerical study of
he Vishniac–Ostriker o v erstability by Mini ̀ere et al. ( 2018 ) shows
hat perturbations from the interior regions cause the instability
o reappear at the radiative phase. In our case during the period
rom 50 to 300 kyr, we do not observe signatures of the Vishniac–
striker o v erstability in the cooled shell while it becomes denser.
he discrepancy can be due to differences in the initial perturbations

ntroduced into the computational domain. Ho we ver, it is worth
oting that effects from possible growth of the Vishniac–Ostriker
 v erstability cannot affect dust destruction. 

.2.2 Pre-existing dust 

he interstellar grains in the swept up gas of the SN shell are
estroyed efficiently during the early expansion t < ∼ 50 kyr. This
an be observed in the upper panel ( t = 50 kyr) of Fig. 1 , where
he dust destruction is lower in the immediate post-shock region,
hereas in the hotter innermost domain it remains considerable. The

eason is that dust particles of radius a > ∼ 0 . 1 μm are destroyed on a
ime-scale of t ∼ 10 2 n −1 a 0.1 kyr comparable to radiative cooling time
 cool ∼ 10 2 n −1 kyr. The remnant enters the radiation-dominated phase
t t ∼ 30 kyr, and as a consequence dust destruction rate decreases
ith decreasing temperature. Solid lines in Fig. 3 depict the mass of

he interstellar dust included in the SN bubble. On longer time-scale,
puttering rate falls below the necessary level, and asymptotically
he swept up dust mass grows proportionally to ∝ R 

3 
s ∼ t 3 / 4 . For

omparison, the dot–dashed red line shows the dust mass density
rofiles for the case without dust destruction. 

.2.3 Injected dust 

ashed lines in Fig. 3 show evolution of the total mass of dust
opulations of various initial sizes a 0 at the time of injection t =
 by the SN. Small injected particles are destroyed quickly with
haracteristic sputtering time ∝ a , such that grains of initial size
.05 ≤ μm are mostly sputtered away within 10 kyr after SN
xplosion. During the subsequent evolution, the shock velocity and
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he gas temperature in the bubble and in the ejecta decrease, and
onsequently the efficiency of dust destruction also decreases, as can 
e judged from dust radial profiles in lower panel of Fig. 1 . The
pparent increase of the interstellar dust mass at later stages, t >
00 kyr, is due to the swept up dust at the Oort expansion phase,
 d ∝ R 

3 
s ∝ t 3 / 4 . As a result, sputtering of injected dust particles of

ll sizes levels out at t ∼ 100 kyr. In the end, the mass of surviving
ust is ∼5 per cent for particles of a 0 = 0.1 μm to ∼40 per cent for
 0 = 0.5 μm. 
Before going into details about dust destruction on smaller scales, 

et us consider first more generic a veraged beha vioural features. 
his gives us an impression of a collective dynamics of the injected
articles depending on their initial radii a 0 . For this, we calculate
he averaged distance 〈 r a 0 ( t) 〉 of dust particles injected by the SN
t t = 0 with radius a 0 . At t > ∼ 100 kyr, the SN remnant reaches
he radiative stage and forms a relatively dense and thin shell. The
njected dust particles, which are initially surrounded by the hot 
as of the ejecta are destroyed mostly by thermal sputtering. The
raction of the remnant volume, that is occupied asymptotically at t

100 kyr, depends on the particles’ initial size. Fig. 4 illustrates the
volution of 〈 r a 0 ( t) 〉 for different a 0 . At early times ( � 10 kyr), during
he free expansion and Sedov–Taylor phases, 〈 r a 0 ( t) 〉 shows a weak
ependence on a 0 . Ho we ver, it changes further on: small particles,
 0 < 0.1 μm, are tightly coupled to the ejecta and the hot bubble
nterior, and remain within the inner 30–36 pc of the bubble. During
he next ∼200 kyr such particles along with the hot ejecta overtake
he dense shell and remain inside it. Heavier dust particles, a 0 ≥
.1 μm, reach either the post-shock layer, or even overcome it, as a 0 
 0.5 μm particles do. 
MNRAS 527, 8755–8767 (2024) 
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.3 Processing of dust 

.3.1 Dust survival versus gas ambient density 

he surviving fraction of the injected dust with a growing ambient
ensity is shown by dashed lines in Fig. 5 . As the ambient density
ncreases the expansion velocity of the forward SN shock decreases,
nd as a consequence so does the expansion velocity of the ejecta,
hus prolonging the exposure of the injected dust to the hostile en-
ironment. Even though the SN shell enters the radiation-dominated
hase in a shorter time, it is sufficient to boost destruction of dust
ithin the ejecta. 
The interstellar dust is much less sensitive to the ambient density

s shown in Fig. 5 by solid lines. This is connected with the fact that
t gas temperature T > 10 6 K for a ∼ 0.1 μm the sputtering time τ sp 

10 5 n −1 a 0.1 s, is nearly equal to the gas cooling time, t cool ∼ 10 5 n −1 s
t T ∼ 3 × 10 6 K, with Z ∼ Z �. For dust particles of a ≥ 0.03 μm, the
puttering time is only ≤3 times shorter than cooling time. Below T <

0 6 K the sputtering rate decreases as ∼T 

3 , resulting in simultaneous
eduction of dust destruction. As the gas cooling rate decreases later,
t T < ∼ 10 5 K, it is possible that the sputtering rate levels out before
as cools considerably. As the SN remnant becomes radiative at t ≥
0 n −1 kyr, the independence of the survi v al yield of the pre-existing
ust shown in Fig. 5 is consistent with this scenario. Moreo v er, an
pparent increase of the surviving fraction of the interstellar dust can
v en be observ ed at ambient density n > 0.2 cm 

−3 . This is related to
he higher efficiency of radiative cooling at higher densities and faster
ransition of the shock velocity to the Oort law v s ∝ t −3/4 . Similar
esults have been recently described by Kirchschlager, Mattsson &
ent ( 2022 ). In this regard, it is worth noting that the survi v al yield

hown here is already established within the intermediate asymptotic
t t > ∼ 50 n −1 kyr. 

.3.2 Time variation of dust sizes 

ig. 6 shows the evolution of the grain size distributions by mass
nside the SN bubble for the injected and interstellar particles of
ifferent initial sizes: a 0 = 0.3, 0.1, and 0.05 μm. The distribution
unction is defined as the mass fraction of grains in a given size bin
NRAS 527, 8755–8767 (2024) 
 = a j / a j − 1 as 

 M d ( a j ) = 

M d ( a j ) r<R s 

� i M d ( a j ) r<R s 

, (1) 

here R s is the bubble radius, i.e. the radius of the forward shock,
og � = 0.165 with the number of bins being N = 15 within 0.01–
.3 μm. Large grains are destroyed slower than the small ones
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roportionally to their radius t sp ∝ a . Consequently, within the first
0 kyr the injected particles with a 0 = 0.3 μm decrease in size by
ess than a factor of 2 and stay unchanged beyond t = 100 kyr. This is
onsistent with the total mass of surviving particles shown in Fig. 3 .

The interstellar particles that crossed the front are destroyed less 
fficiently, because they spend in the post-shock hostile region a 
horter time, and only a negligible fraction pervade into the hot 
ubble and the ejecta. This is connected with the fact that at t >
0 kyr the post-shock gas becomes radiative, gas temperature falls 
elow T < ∼ 10 6 K, and its density increases correspondingly. As 
entioned abo v e, the sputtering rate | ̇a | /a ∝ T 3 decreases faster

han the cooling rate | ̇T | /T ∝ T −1 , which leads to a decrease in
he dust destruction rate in the shell. The dust particles in their turn
emain collisionally coupled to the gas, τ s / t sound � 1, and after passing
 few cells behind the front they remain in the denser and cooler
hell gas. After ∼50 kyr, only a minor fraction of the interstellar dust
xperiences sputtering. This explaines a slow growth of the surviving 
raction of the interstellar dust. 

The injected dust grains of smaller initial sizes 0.1 and 0.05 μm
re destroyed on a shorter time-scale τ sp ∝ a . The destruction is
ore efficient during the very initial phase t < ∼ 50 kyr when the

jecta is denser and hotter. Within ∼50–100 kyr, the maximum of
 M d 

( a i ) shifts by a factor of 2 towards smaller radii. On longer time-
cales between 100 and 300 kyr, the sputtering rate decreases slightly
ecause of a lower temperature in the ejecta. 
Increase of the ambient gas density enhances dust sputtering. The 

esultant net effect can be qualitatively described as a shift of the
ize distribution function f M d 

( a) ∼ f M d 
( a/n ) at a given time, as can

e found from comparison of the distributions in Fig. 7 with the
orresponding curves in Fig. 6 . 

.4 Purity of the interstellar and injected dust 

he o v erall dynamics of dust destruction in either cases – the
nterstellar and the injected particles, is predominantly determined 
y the interrelation between the collisional coupling (stopping) time 
s , the sputtering time τ sp , and the local sound-crossing time t sound 

 � x / c s . The stopping time is roughly τ s ∼ ρm a / ρg σ t (Section A2 ),
he thermal sputtering time at T > ∼ 10 6 K is τ sp ∼ ρm a / n g m T σ t , m T is
he mass of a target particle (Draine 1995 ). As can be inferred from
ig. 1 , the ratio τsp /τs ∼ m H /m T 

< ∼ 0 . 1 for m T 
> ∼ 10. 

At early times t ≤ 50 kyr, the interstellar pre-existing particles 
ecouple from the gas shell and escape, since τs /t sound 

> ∼ 1. This
atio decreases as dust passes through the shell τs /t sound 

< ∼ 1 (Fig. 8 ).
hus, inside the shell, the dust connects to the post-shock gas flow and
re then destroyed. Only negligible fraction of them penetrate deeper 
nto the hot bubble and ejecta. This can be seen from dust density
adial profiles in Fig. 1 , where the amount of surviving interstellar
ust beneath the shell at t > ∼ 50 kyr falls below 7 per cent. 
During the evolution the injected and interstellar dust remain 

ractically isolated: the former being locked in the ejecta and the 
ot bubble, the latter is swept up into the shell. Only a minor fraction
f the interstellar dust can reach deep in the bubble interior under
onditions of weak collisional coupling τ s / t sound � 1. Mild signs of
ntermixing can be seen only in a thin layer deeply behind the shock
ront, as can be seen in the radial distributions of dust density in Fig. 1 .

The tendency of the injected and the interstellar dust to stay in
he remnant rather unmixed can also be seen in Fig. 9 , where the
adial profiles of their abundances are given at different times. Both
he interstellar and the injected dust-to-gas ratios D are normalized 
o the initial value D 0 = 10 −2 + [Z/H] of the interstellar dust. As the
ust-to-gas ratio of injected dust is set ζ ej = 1/30 (see in Section 2 ),
ts normalized dust-to-gas ratio in the lower panel of Fig. 9 for [Z/H]
 −1 is higher than in the upper panel for [Z/H] = 0. At t = 50

yr, a considerable fraction of the injected dust in the thermalized
ubble is already destroyed, ∼0.8. During the following expansion 
 v er the next 150 kyr, dust destruction becomes less efficient: at t >
00 kyr around 8–9 per cent of the injected dust particles survive,
t t > ∼ 300 kyr the injected dust practically merges to the shell and
he surviving dust fraction falls below ∼5 per cent; no injected dust
articles penetrate beyond the forward shock. The interstellar dust is 
fficiently destroyed behind the shock only at early stages t < ∼ 100
yr, while at later stages the post-shock gas cools radiatively and
emperature falls below the sputtering threshold, as discussed abo v e,
ection 3.3.2 . In both high and low metallicity gas: [Z/H] = 0 and
Z/H] = −1, intermixing between the injected and the interstellar 
articles is seen in the rather narrow region inside the bubble. While
he injected particles tend to occupy practically the entire bubble, the
nterstellar dust penetrate inwards until being mixed into expanding 
emnant gas, since | v p − v gas | � σ t . As τsp /τs 

< ∼ 0 . 3 only a negligible
mount of interstellar dust can penetrate deep into the hot bubble
nterior, resulting in a sharp drop of their abundance seen in Fig. 9 . 

 DI SCUSSI ON  A N D  C O N C L U S I O N  

he dust properties in the ISM can be spatially inhomogeneous due to
ontributions from the two dust populations: the population injected 
MNRAS 527, 8755–8767 (2024) 
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y SNe and the shock processed pre-existing one. Both depend on
he local gas density and the local SN rate. For the ambient gas
ensity n ≥ 0.1 cm 

−3 , only � 13 per cent of injected dust particles
ith radii a 0 ∼ 0.1 μm do survive; at higher n this fraction decreases

s n −1.2 . Larger particles are less sensitive to the ambient density: the
urviving fraction of dust grains with a 0 ∼ 0.3 μm is more than 30
er cent and weakly depends on ambient density ∝ n −0.15 . 

Destruction of the pre-existing dust particles in ambient gas is
ess severe. Estimates of the dust budget for an SN remnant at its
adiativ e stage, t > ∼ 30 n −1 / 3 k yr, show that up to ∼80 per cent of
he swept up interstellar dust survives. Therefore, after t ≥ 30 n −1/3 

yr, the remnant shell contains the mass of the surviving swept up
ust up to ≥0 . 8 M 

swept 
d,e ∼ 32 n 2 / 5 M �. On the other hand, the mass of

he surviving injected dust in the remnant is only ≤0.13 M d , i , which
esults in a ratio of injected-to-interstellar dust in the remnant at
ts later stages of M d , i / M d , e ≥ 0.004. This impurity is too low to
e detected in the swept up shell. Possible observational signatures
f differences between optical properties of the pre-existing and
he shock processed dust can be recognized in the interface region
eparating the dense SN shell and its rarefied bubble. Spatial
ariations of the e xinction la w described by Fitzpatrick & Massa
 1990 ) may be connected with contributions from such interfaces.
uite recently signatures of the two populations of dust with rather
istinct spectral features are recognized in the Planck emission bands
t high Galactic latitudes (Shiu et al. 2023 , their figs 3, 4, and
). 
Dust supply from SN explosions in galaxies at z < 5 plays appar-

ntly a minor role, particularly when the small dust particles with
 < 0.1 μm are concerned. The survi v al percentage of a > ∼ 0 . 1 μm
ust in high-density environment n > 1 cm 

−3 is less than 10 per cent.
his estimate is qualitatively consistent with early consideration by
NRAS 527, 8755–8767 (2024) 
ozawa, Kozasa & Habe ( 2006 ) and Nozawa et al. ( 2007 ). The
ercentage of particles of small sizes is much lower than 1 per cent
n a n > ∼ 1 cm 

−3 environment. Our results show that the survival
raction of dust particles of a ∼ 0.1 μm is f d,s ∼ 10 −2 M̄ d,i n 

−β , n is
he ambient density in cm 

−3 , β > 1, M̄ d,i is the dust mass injected
y a single SN. This results in an estimate of dust supply rate due to
N 

˙
 

+ 

d ∼ 10 −4 M̄ d,i n 
−βSFR M �yr −1 , (2) 

here M̄ d,i is in 1 M �, SFR is the star formation rate in 1 M � yr −1 ,
or the specific SN rate ν̄sn ∼ 10 −2 M �. For comparison, the typical
N dust destruction rate in the MW is (see e.g. in Draine 2009 ) 

˙
 

−
d ∼ 0 . 5 SFR 5 M �yr −1 . (3) 

his estimate seems to be applied particularly for dust production
t the ‘cosmic noon’ epoch, where the SNe injected dust is to be
fficiently destroyed in the ejecta themselves at a higher density
nvironment. 
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SN explosions as the primary dust formation channel in galaxies 
an be important only for z > 5 galaxies. Moreo v er, in most
istant galaxies at z > 10 only large (grey) dust can survive the
 xtensiv e sputtering in SN shocks, because of their on average
igher density environment ∝ (1 + z) 3 . Estimates of the global dust
udget in the ISM of high-redshift galaxies have to take into account
ighly sensitive sputtering yields on the shock velocity and ambient 
as density, particularly when small dust particles are considered. 
t such conditions, a general view that SN explosions in high- z 
alaxies are exceptionally selective with respect to a preferential 
estruction of small size dust particles. At such circumstances 
ossible growth of dust particles is in situ in the ISM, as recently
iscussed (Hirashita & Kuo 2011 ; Mattsson 2020a ; Hirashita & Chen
023 ). 
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PPENDIX  A :  DY NA MIC S  O F  DUST  

A RTICLES  

ere, we describe an implementation of the particle dynamics in
ur gasdynamic code (Vasiliev, Nath & Shchekinov 2015 ; Vasiliev,
hchekinov & Nath 2017 , 2019 ). This code has successfully passed

he whole set of tests proposed in Klingenberg, Schmidt & Waagan
 2007 ). Several additional tests have been given in the appendix of
asiliev, Shchekinov & Nath ( 2017 ). 
Our description of dust dynamics basically follows to the method

roposed by Youdin & Johansen ( 2007 ), several parts are similar to
ignone, Flock & Vaidya ( 2019 ) and Mosele y, Te yssier & Draine

 2023 ). We add several points that allow to discriminate sorts of
articles, to follow the evolution of dust (macroscopic) mass. We
nclude destruction processes due to thermal and kinetic sputtering.
ince we are going to study gas-dominated (by mass) flows in the
SM, we use explicit methods for solving the equations of dust
ynamics. 

1 Properties 

ust particles trace the motion of grains in a gas. They are suffered
y drag force from a gas, and due to it they transfer momentum and
eat to a gas. Also, they may be exposed to other external forces like
ravity, radiation, and so on. 
Each dust particle is described by several features that allow one to

dentify its evolution and physical properties, namely, colour, time of
njection, sort, size, and mass. Two former can be used to identify a
ource of each particle. Dust particles can consist of different material
a sort of particle, e.g. carbon or silicate. They can be of various

izes, which are distributed according to some spectrum or have a
ingle size. In the former case, the dust is initially polydisperse and
ne can choose several sizes distributed by some spectrum. In the
NRAS 527, 8755–8767 (2024) 
atter, it is monodisperse, but due to destruction processes it becomes
olydisperse. These features are microscopic. 
To follow the transport of dust mass (not of an individual grain) in

 gaseous flow, we introduce a macroscopic mass of a ‘superparticle’
r macroparticle. In this approach, a particle is a conglomerate of
icroscopic grains. This value of mass (or supermass) is used to find

he dust-to-gas mass ratio and so on. If it is necessary, any feature of
ust particle can be added. 

2 Dynamics 

he dust component is modelled as an ensemble of macroparticles
o v erned by the system of ordinary differential equations (ODEs): 

d x x x p 
d t 

= v v v p , (A1) 

d v v v p 
d t 

= a a a p − v v v p − v v v g 

τs 
, (A2) 

here x x x p and v v v p are the dust particle position and velocity vectors,
espectively, a a a p is the acceleration vector of external forces (except-
ng gas–grain drag force), the stopping time is written for the Epstein
rag with the supersonic Baines correction (Epstein 1924 ; Baines,
illiams & Asebiomo 1965 ; Draine & Salpeter 1979b ): 

s = 

m p 

πa 2 ρgas ξ | v p − v gas | , (A3) 

here m p , a p , and v p are the mass, size, and velocity of a dust particle,
espectively, ρgas and v gas are the density and velocity of gas, and the
orrection is 

= 

[
1 + 

128 k B T gas 

9 πm H ( v p − v gas ) 2 

]1 / 2 

, (A4) 

here k B is the Boltzmann constant, T gas is the temperature of gas,
nd m H is the mass of the proton. 

Due to the stopping time may be short enough compared to the
asdynamic time-step, the system becomes stiff and then one should
se implicit or semi-implicit schemes for solving it (see e.g. Vaidya
t al. 2018 ; Mosele y, Te yssier & Draine 2023 ). This controls by the
elation between the gasdynamic time (including the cooling time if
ecessary) and the stopping time, in the Epstein regime it is easily
ritten as 

s � 

ρm 

a 

ρg σT 
, (A5) 

here ρm 

is the density of a solid particle’s material, a is the
ize of a particle, ρg is the density of the gas, and σ T is the
ean thermal velocity. So, the transition to the stiff ODEs de-

ends on the physical conditions and aims of simulation. In the
iffuse ISM with number density of 1 cm 

−3 and temperature of
0 4 K, the stopping time of small particles with a < ∼ 10 −6 cm is
round 10 5 yr. In a hot gas of SN interiors, it drops to quite
hort value of ∼10 2 –10 3 yr for n g ∼ 10 −1 –10 −2 cm 

−3 and T ∼
0 8 K at early free expansion phase. This time-scale is around
he Courant time for the cell of 1 pc with the same physical
onditions. Then, one can assume that such small particles are
oupled with gas when its stopping time is shorter than the gas-
ynamic time-step. More exactly, small particles with short enough
topping time follow the gas as Lagrangian trace particles. In this
pproach, the system of ODEs for the particle dynamics can be
olved using the explicit ‘predictor–corrector’ stencil adopted in the
ode. 

For particles, we have implemented periodic, outflow, and reflec-
ive boundary conditions. They are similar to those for gas. 
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3 Back reaction to the gas 

he drag force of a grain is proportional to the relative velocity
etween gas and particles (Weidenschilling 1977 ): 

 

 

 d = −ρd 
v v v g − v v v d 

τs 
, (A6) 

here v v v g , v v v d are the velocities of gas and dust particle, respectively, 
s is the stopping (friction) time, for which we have implemented 
ev eral re gimes: the constant stopping time, the Epstein drag, and the
pstein drag with the supersonic Baines correction (Epstein 1924 ; 
aines, Williams & Asebiomo 1965 ; Draine & Salpeter 1979b ). 
sually we use the latter. 
In the total energy equation, we need to take into account the work

one by the drag force and the frictional heating due to dust: 

 

 

 d f f f d = v v v g f f f d + ρd 
( v v v d − v v v g ) 2 

τs 
. (A7) 

he momentum and energy equations are added by source terms 
esponsible for the back reaction to the gas, see equations ( A6 ) and
 A7 ): 

∂ ( ρgas v v v gas ) 

∂ t 
+ ... = ... + f f f d , (A8) 

nd 

∂ E gas 

∂ t 
+ ... = ... + v v v d f f f d . (A9) 

4 Destruction 

hile moving through a gas dust particles can be destroyed by both
hermal and kinetic sputtering (Draine & Salpeter 1979b ). We use 
he thermal sputtering rate from Draine ( 2011 ) and the kinetic one
rom Nozawa, Kozasa & Habe ( 2006 ). For the latter, we approximate
he rate presented by Nozawa, Kozasa & Habe ( 2006 ) in their fig. 2b,
v eraged o v er the target species: 

˙ = 4 × 10 −4 n gas exp 

(
− 4 × 10 2 

| v p − v gas | 
)

| v p − v gas | −0 . 7 μm yr −1 , 

(A10) 

here the velocities are in km s −1 . 
For rough estimates of non-thermal destructions, one can utilize 

he following equation for supersonic relative dust motion (Draine 
995 ) 

 ρm 

d a 

d t 
= −nm t w Y ( w ) , (A11) 

here m t is the target mass ( m t 
< ∼ 20 –30 m p ), w ≡ v p − v g . Dividing

quation ( A11 ) o v er equation ( A2 ) results in 

d ln a 

d ln w 

= 

m t Y ( w) 

3 m H 
, (A12) 

r approximately 

 ≥ a 0 

(
w 

w 0 

)q 

(A13) 

ith q = m t 〈 Y ( w) 〉 /3 m H , 〈 Y ( w) 〉 � 0.01 being the mean value of the
puttering yield Y ( w) averaged over the target species in Nozawa,
ozasa & Habe ( 2006 ) in the velocity range of interest w = 100–
00 km s −1 . This results in a ≥ 0.88 a 0 , or for mass depletion m ( a )

0.7 m ( a 0 ). 
For injected dust particles, the kinetic sputtering seems to be even 

eaker because they seem to be involved into the ejecta flow at initial
ejecta-dominated’ stages, with low relative velocities of dust and gas 
nd a short τs 

< ∼ 1 kyr in the ejecta, as mentioned in Section 2 . 

5 Grid and particle’s quantities 

or depositing a particle quantity q p (e.g. velocity) to the grid and
nterpolating fluid quantity Q ijk at the particle location, we use 

 ijk = 

N p ∑ 

p= 1 

W ( x x x i − x x x p ) q p , q p = 

∑ 

ijk 

W ( x x x ijk − x x x p ) Q ijk , (A14) 

here the kernel W ( x x x i − x x x p ) = W ( x i − x p ) W ( y i − y p ) W ( z i − z p )
s product of three one-dimensional weight functions (see e.g. 
irdsall & Langdon 2005 ), and only neighbour cells give a non-zero
ontribution to the particle in the second sum. We have implemented
raditional shape functions such as the ‘Nearest Neighbour Point’, 
Cloud-In-Cell’, and ‘Triangular Shape Cloud’, we have adopted 
hat each particle can give a non-zero contribution only to the
omputational zone hosting the particle, its left and right neighbours. 

6 Memory allocation 

n our realization particles are held in a computer memory using a
ingly linked list consisting of sequentially linked structures. Each 
ode contains the information about the current particle and the 
ointer to the next node in the sequence. In this list nodes can be
nserted or remo v ed. A particle is described by se veral indi vidual
eatures such as identical number, three coordinates, three velocities, 
ime moment of injection, and so on. 

PPENDI X  B:  TESTS  

1 Particle–gas deceleration test 

e study the dynamical interaction of an ensemble of uniformly 
istributed dust particles with a homogeneous gas flow. Initially 
articles are placed at rest into a flow with a constant velocity v g ,0 .
ssuming fixed stopping time for particles, we get an analytical 

olution for the evolution of particle velocity: v p ( t ) = v g ,0 [1 − exp( −
 / τ s )]. 

In our test runs of the coupled particle–gas dynamics, we set
he gas flow velocity equal to v g ,0 = 10 km c −1 , and investigate the
elocity of particles for different stopping times. Fig. B1 presents the
article velocity for τ s = (1–4) × 10 5 yr for grid with number of cells
long each spatial direction N = 100, 200, and 400 (colour lines).
ne can see a good coincidence between our numerical results and

he abo v e-mentioned analytical solution (depicted by black dashed 
ines). Only for the coarse grid ( N = 100) and the shortest stopping
ime, one can find small deviations from the analytical curve. 

2 SN evolution: a convergence 

e follow the evolution of a single SN remnant with different spatial
esolution for the grid and fixed number of dust particles injected by
N. The number of dust particles in the ambient gas (or pre-existing
ust particles) is proportional to the grid resolution, because we set
ne such particle per grid cell. Fig. B2 presents the one-dimensional
along line of sight crossed the centre of SN bubble) profile of the
ust density depositing to the grid for different spatial resolution 
f the grid: from 1 to 0.1875 pc. The slice is for an SN bubble
ith age of 20 kyr. The number of injected particles remains the

ame and equal to 8 millions. For comparison the gas density profile
MNRAS 527, 8755–8767 (2024) 
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Figure B1. The velocity of dust particles for stopping times τ s = 10 5 , 
2 × 10 5 , 3 × 10 5 , and 4 × 10 5 yr (red solid lines from top to bottom, 
respectively) in a homogeneous gas flow for grid with number of cells along 
each spatial direction N = 200. The green and blue lines show the velocity 
for τ s = 10 5 yr and number of cells N = 200 and 400. The black dashed 
lines represent the analytical solution for stopping times τ s = 10 5 , 2 × 10 5 , 
3 × 10 5 , and 4 × 10 5 yr (from top to bottom). 
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Figure B2. The one-dimensional profile of the dust density depositing to the 
grid for different spatial resolution of the grid: the colour lines correspond to 
the cell size from 1 to 0.1875 pc. The slice is for an SN bubble with age of 20 
kyr. The number of injected particles in all models is equal to 8 millions. The 
thick grey line depicts the gas density profile along the same line of sight and 
for the highest spatial resolution (0.1875 pc). The dust density is multiplied 
by a factor of 100. 
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Figure B3. The one-dimensional slice of dust density for the runs with 
different number of dust particles: the colour lines show the profiles for 8, 
16, and 32 millions of particles. The grid resolution is the same and equal to 
0.5 pc. The thick grey line depicts the gas density profile for this resolution. 
The age of an SN bubble is 20 kyr. The dust density is multiplied by a factor 
of 100. 
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long the same line of sight and for the highest spatial resolution
0.1875 pc) is added. The dust density is multiplied by a factor of 100
or better presentation (the dust-to-gas density ratio in the ambient
as is initially set to 0.01). One can see that the dust distributions
or the cell size lower than 0.5 pc are close. Therefore, we conclude
hat the grid resolution of 0.5 pc is sufficient to follow the dust
NRAS 527, 8755–8767 (2024) 
ynamics during the SN bubble evolution. The gaps in profiles seen
or high resolution are due to a limited number of particles in a
ell. 

Fig. B3 shows the one-dimensional distribution of dust density
or the runs with different number of dust particles: 8, 16, and 32
illions, but the fixed grid resolution equal to 0.5 pc. The slice is

or an SN bubble with age of 20 kyr. It is seen that the dust density
rofiles for the runs with different number of particles are very close.
he number of dust particles decreases within the bubble faster than

he gas density, because of decoupling in the innermost regions of
he bubble. Therefore, for our runs we adopt the spatial resolution
qual to 0.5 pc, and the number of injected dust particles equal to
 millions as fiducial. These values are sufficient to follow the dust
ynamics inside an SN bubble adequately. 

PPENDI X  C :  L AG R A N G I A N  PA RTIC LES  

e have implemented in our code Lagrangian or tracing particles,
hich follow the gaseous flow and mark regions of a gas filled by

njected ‘fluid’ without diffusion. 

1 Properties 

n addition to several general features of particles needed to the
dentification and evolution, each Lagrangian particle is described
y its colour and time of its birth or injection. For instance, a colour
an be used to identify a source of each particle. 

2 Dynamics 

he dynamics of Lagrangian particles is modelled as an ensemble of
articles go v erned by the system of ODEs: 

d x x x p 
d t 

= v v v g , (C1) 
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here v v v g is the gas velocity vector in the cell, where a particle is
ocated. 

We solve this system coupled with the gasdynamic equations using 
he predictor–corrector scheme realized in the gasdynamic code. 
The Author(s) 2023. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
For depositing a particle quantity q p to the grid and interpolating
uid quantity Q ijk at the Lagrangian particle location, we use the
ame description as for dust particles. 
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