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Abstract

I find that the dust morphologies in some core-collapse supernova (CCSN) rem-
nants (CCSNRs) possess jet-shaped morphologies, and propose that the prop-
erties of the jets that explode the CCSNe and their interaction with the core and
envelope (if it exists) are among the factors that determine the amount of dust
formed and its morphology. I find that some of the dust-rich structures in the
CCSNRs Cassiopeia A and the Crab Nebula are distributed in point-symmetric
morphologies, and that the dust in SN 1987 A follows the bipolar morphology of
the inner ejecta. Earlier studies attributed these morphologies in CCSNRs to jet
shaping within the jittering jets explosion mechanism (JJEM). These dust mor-
phologies suggest, within the framework of the JJEM, that exploding jets en-
hance dust formation in CCSNRs. This study contributes to the diversity of pro-
cesses in which CCSN exploding jets are involved and to establishing the JJEM
as the primary explosion mechanism of CCSNe.
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1. Introduction

One of the largest open questions concerning core-collapse supernovae (CCSNe)
is their explosion mechanism. Recent years saw two intensively studied theoretical
explosion mechanisms, the delayed neutrino mechanism (e.g., [1]-[19]) [20]", and

the jittering jets explosion mechanism (JJEM; e.g.,[21]-[27]) [28]2 The magneto-

'For recent talks on the neutrino-driven mechanism see, e.g., Janka 2025b,

https://www.memsait.it/videomemorie/volume-2-2025/VIDEOMEM 2 2025.46.mp4, and
https://www.youtube.com/watch?v=nRfDPPSmnzI&t=100s.
%For a talk on the JJEM see Soker 2025b:

https://www.memsait.it/videomemorie/volume-2-2025/VIDEOMEM 2 2025.47.mp4.
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rotational explosion mechanism, which involves fixed-axis jets (e.g., [29]) and ap-
plies to rare cases of rapidly rotating pre-collapse cores, attributes most CCSNe to
the neutrino-driven mechanism. Therefore, it is not an alternative explosion
mechanism for most CCSNe.

In the JJEM, several to about twenty pairs of opposite jets along different axes
that an intermittent accretion disk around the newly born neutron star launches
within several seconds, explode the star. The source of the stochastic angular mo-
mentum of the intermittent accretion disks is the motion in the convective zones
of the pre-collapse core. The convective motion seeds instabilities around the neu-
tron star that amplify the angular momentum fluctuations. The large angular mo-
mentum fluctuations of the accreted mass onto the newly born neutron star lead
to the formation of the short-lived accretion disks with varying axes. These inter-
mittent accretion disks launch the jittering jets that explode the star.

The JJEM has several successes in accounting for observations, such as energetic
CCSNe (for recent summaries, see [25] [30]). According to the JJEM, the transi-
tion from neutron star to black hole masses is continuous and sparsely populated
[31], which explains the mass distribution inferred from merging compact objects
(e.g., [32]).

The observable property that best distinguishes the two alternative explosion
mechanisms is the morphology of CCSN remnants (CCSNRs; e.g., [25] [30]). The
JJEM predicts that many, but not all, CCSNRs possess point-symmetric morphol-
ogies, whereas the neutrino-driven mechanism does not account for point-sym-
metric morphologies. Point- symmetric morphologies are those where there are
two or more pairs of opposite structural features that do not share the same axis.
The two structural features in a pair are opposite with respect to the center of the
CCSNR, although they do not need to be of the same size and shape, nor at the
same distance from the center. Opposite structural features include (e.g., [33])
dense clumps, filaments, low-density bubbles, open bubbles (termed lobes), pro-
trusions (termed ears; see [34]), and rings. Many earlier studies have explored
point-symmetric CCSNR morphologies of gas radiating in the radio, optical, and
X-ray regimes (e.g., [21] [24] [35]-[37]). In this Letter, I concentrate on the mor-
phology of dust as revealed by IR radiation of CCSNRs. CCSNRs and other super-
nova remnants reveal much information about supernovae ejecta and their inter-
actions, such as ejecta structure (e.g., [38]), ejecta interaction with the ambient gas
(e.g., [39]-[41]), including jets (e.g., [42]), different emission properties (e.g., [43]-
[49]), magnetohydrodynamics (e.g., [50] [51]), and the neutron star remnant (e.g.,
[52] [53]). Relevant to this study is that many supernova remnants have been stud-
ied over the years for their dust (e.g., [54]-[56]). Here, I only focus on morpholo-
gies that I attribute to pairs of jets (Section 2). I argue that these suggest that com-
pression by the jets enhances dust formation in CCSN ejecta (Section 2). In Sec-
tion 3, I summarize this study that further enriches the JJEM.

2. Point-Symmetry of Dust Morphologies

I present IR images of three CCSNRs for which earlier studies identified point-
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symmetrical morphologies or a prominent bipolar morphology. So, the identifi-
cation of point-symmetric morphologies is not new. The new claim is that dust
features exhibit clear jet-shaped morphologies, suggesting that jets play a signifi-
cant role in dust formation in CCSNe, to the extent that jittering jets determine
the amount of dust formation in some CCSNe. I note that dust morphologies in
some planetary nebulae are bipolar (e.g., [57], their figures 12 and 13; [58], their
figure 14; [59]), morphologies that are attributed to jets in the planetary nebula
community (see [60] for a recent review).

I do not study the classification of the three CCSNRs as jet-driven here, but
accept earlier studies that claimed so. In this Letter, I refer only to the dust mor-
phology in relation to the jet-driven morphologies of the CCSNRs.

To identify structural features, we follow the widely used practice of studying
planetary nebula morphologies and classifying them through careful visual in-
spection and qualitative classification (e.g., [61]-[64]; for another emerging ap-
proach see [65]). Although qualitative, this method enables the identification of
morphological features that jets shaped (e.g., [66]), comparing them with numer-
ical simulations, and by that shedding light on the shaping processes through
qualitative comparisons with simulations (e.g., [67] [68]), as well as comparing
planetary nebulae to CCSNRs (e.g., [69]). The visual inspection used to infer jet
shaping has been applied to other types of systems, such as B[e] supergiants (e.g.,
[70]) and luminous blue variable nebulae (e.g., [71]). This method for identifying

point-symmetric structures has been successfully applied to CCSNRs in the past
(e.g., [72] [73]).

2.1. Point-Symmetry of Dust in Cassiopeia A

In Figure 1 I present a JWST image of Cassiopeia A adapted from [74], and with
additional marks by [75]. Studies have shown that Cassiopeia A contains dust
(e.g., [76]-[79]), but only the high-resolution images by JWST allowed [75] to
identify the point-symmetric structure in the IR clearly. The red and orange colors
indicate the presence of dust. Most of the dust is located in the north and north-
east, which may be related to circumstellar material from pre-explosion evolution,
such as in a binary system (e.g., [80]). However, the clumps OC2b and OC5b also
contain dust. They are part of the rich point-symmetric morphology that [75]
identified in Cassiopeia A. The OC5a filament, the counter feature of OC5b, also
appears to contain dust.

Another possible dusty pair is the two sides of line L10. At the north edge of
line L10, there is an orange clump, likely a dusty clump. At the south edge of line
L10, there is an orange arc. According to the JJEM, the two opposite arcs marked
by [75] with dashed yellow curved lines were compressed by two opposite jets of
a pair. I suggest that the jets compressed the gas, and the high density of the jet-
compressed zones facilitated dust formation. Note that the general dust distribu-
tion in Cassiopeia A has a concentration in the north.

I conclude that some, but not all, of the dusty structures in Cassiopeia A form
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a point-symmetric structure. I attribute this morphology to jets in the framework
of the JJEM.

.— North protrusion

Deflection

Deflection
by -5°

Figure 1. A JWST image of Cassiopeia A that [75] adapted from [74] and added their iden-
tifications of the point-symmetrical morphology (lower panel). I added five red arrows on
the upper panel, pointing to dust-rich structural features that form pairs within the point-
symmetric morphology. [75] mark the arc at the south with a dashed-yellow line and cop-
ied it to the north of the remnant and rotated it around itself by —170° (170° clockwise).
Here, I emphasize that these two opposite arcs are dust-rich.

2.2. Point-Symmetry of Dust in the Crab Nebula

[81] analyzed an image from [82], identified a point symmetric morphology in the
Crab Nebula, and claimed this is a strong indication that jittering jets exploded
the Crab Nebula. I present this image from [82] and with the marks by [81] in
Figure 2, where blue represents synchrotron emission and red represents emis-
sion by dust. I identify four prominent pairs of opposite dust features, whose
names are underlined in red. Clearly, some of the dust filaments in the Crab Neb-

ula build a point-symmetric morphology.
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Figure 2. An image of the Crab Nebula that [81] adapted from Figure 13 of [82]. Blue
represents synchrotron emission, and red represents emission by dust. While [82] identi-
fied nine bays with dust filaments, which they marked with solid white arrows, [81] iden-
tified five additional bays (dashed-white arrows). [81] identified a rich point-symmetric
morphology by connecting the bays identified by [82] (solid white lines) and the bays they
identified (dashed white lines), as well as one pair of dust filaments (dashed red line). The
blue asterisk marks the location of the pulsar (PSR B0531 + 21), and the red asterisk is the
calculated location of the neutron star at the explosion. The underlined red names refer to
the eight dusty filaments that form a dust-rich, point-symmetric morphology. Note that
the arrows point to the bays, while the dust filaments are behind the bays, closer to the
center, in red color. The dust being closer to the center indicates that the enhanced dust
formation is not due to ejecta interaction with an ambient gas. I would rather attribute it
to gas compression by jets.

The filaments of dust are mainly in the regions closer to the center than the
bays. Therefore, they are unlikely to result from the compression of gas by the
collision of the ejecta with an ambient gas.

I attribute some of the dust morphology to jittering jets and suggest that these

jets, which also exploded the star, enhanced dust formation in the Crab Nebula.

2.3. Bipolar Dust Morphology in SN 1987A

Some small clumps of SN 1987A display a possible point-symmetric morphology
[73]. However, the main structure of SN 1987A, now a CCSNR, is a bipolar struc-
ture, the “Keyhole,” similar in some aspects to some other astrophysical jet-shaped
objects, leading to the suggestion of a powerful pair of jets that shaped this struc-
ture (e.g., [83] [84]). ALMA and JWST observations show that some dust in the
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ejecta follows the bipolar morphology of the “Keyhole.”

Images of SN 1987A by ALMA at 315 GHz from [85] and [86] show emission,
mainly from the equatorial ring around SN 1987A that was ejected twenty thou-
sand years before the explosion. I present these images at the same scale in Figure
3. In addition, these images reveal an elongated dust-ejecta structure closer to the
center than the equatorial ring, which is aligned with the bipolar structure known
as the “Keyhole,” seen at many other shorter wavelengths. Already Figure 2 of
[87] showed the alignment of the ALMA 315 GHz dust emission with the Ha
emission of the “Keyhole.” The inner ejecta of SN 1987A, where the dust is, did
not yet collide with any ambient gas, as it is inside the equatorial ring. Therefore,

the dust formation is not due to ejecta collision with a circumstellar material.

@

Figure 3. Two images of ALMA and JWST observations, at the same scale, emphasizing
the dust elongated structure along the main symmetry axis of SN 1987A, i.e., the axis of the
bipolar “Keyhole” structure. (a) An image adapted from [85]. Colors represent the JWST
MIRI F560W image, and the contours show the ALMA 315 GHz image, highlighting cold
dust emission. Axes are right ascension, with ticks on the horizontal axis from 5"35728.1°
to 5"35m27.8°and declination with ticks on the vertical axis from —-69°16'12.0" to -69°16'10.5";
(b) An image adapted from [86] of the F164N image in colors, revealing mainly the equatorial
ring and the “Keyhole,” with ALMA 315 GHz continuum emission in contours. The dou-
ble-sided arrows mark the main symmetry axis of SN 1987A and are located at the same
place in both panels.
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[86] discuss the presence of dust in the plane between the two “Keyhole” lobes
of SN 1987A, what they term the bar (as marked on the lower panel of Figure 3).
It might be that the bar is a region compressed between the two lobes of the bipolar
structure. According to the JJEM, a powerful pair of jets inflated the two lobes,
compressing gas within them and between them, Ze., in the bar.

Overall, I find that the dust in the ejecta of SN 1987A follows the morphology
of the central bipolar structure, which the JJEM attributes to a powerful pair of
jets that participated in the explosion of SN 1987A.

3. Summary

In this Letter, I focus on pointing out the point-symmetric, Figure 1 and Figure
2, and bipolar, Figure 3, morphologies of dust in three CCSNRs. Accepting that
jets shape these morphologies within the framework of the JJEM, this suggests that
exploding jets enhance dust formation in CCSNRs. In this study, I do not address
the entire chain of processes by which the jets enhance dust formation; I only ar-
gue that the jets compress the gas, and the high density facilitates dust formation
in the jet-compressed zones. Future studies should examine relevant processes
(e.g., [88] for a recent study of dust formation in SNRs), such as the compression
of ejecta by jets that inflate bubbles and the interaction between the bubbles. I
limit this study to highlighting the jet-shaped morphology of dust distribution
(not all dust in a given CCSNR, nor in all CCSNRs).

The study of dust formation and survivability in CCSNe is a hot topic, with
numerous new observations using ALMA and JWST (e.g., [89]-[93]), and theo-
retical studies (e.g., [94]-[96]). CCSNe of a given type might differ by one to two
orders of magnitude in the mass of dust they form (e.g., [97]). I propose that the
properties of the exploding jets and their interaction with the core and envelope
(if it exists) are among the factors that determine the amount of dust formed and
the dust morphology.

This study contributes to the diversity of processes in which CCSN exploding
jets are involved and to establishing the JJEM as the primary explosion mechanism
of CCSNe.
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