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Abstract: I demonstrate the usage of planetary nebulae (PNe) to infer that a pair of jets shaped the 

ejecta of the core-collapse supernova (CCSN) SN 1987A. The main structure of the SN 1987A inner 

ejecta, the `keyhole,’ comprised two low-intensity zones. The northern one has a bright rim on its 

front, while the southern one has an elongated nozzle. Earlier comparison of the SN 1987A ̀ keyhole’ 

with bubbles in the galaxy group NGC 5813 led to its identification as a jet-shaped rim-nozzle struc-

ture. Here, I present rim-nozzle asymmetry in planetary nebulae (PNe), thought to be shaped by 

jets, which solidify the claim that jets powered the ejecta of SN 1987A and other CCSNe. This finding 

for the iconic SN 1987A with its unique properties strengthens the jittering jets explosion mechanism 

(JJEM) of CCSNe. In a few hundred years, the CCSN 1987A will have a complicated structure with 

two main symmetry axes, one along the axis of the three circumstellar rings that two opposite 

20,000-years pre-explosion jets shaped, and the other along the long axis of the `keyhole’ that was 

shaped by the main jet pair of the exploding jets of SN 1987A in the frame of the JJEM.  

Keywords: supernovae: supernova remnants; planetary nebulae; stellar jets 

1. Introduction 

This study uses planetary nebula (PN) morphologies to strengthen the claim that jets 
shaped the main ejecta structure of SN 1987A, the ̀ keyhole.’ I will also mention three other 

core-collapse supernova (CCSN) remnants (CCSNRs). Although I cite 59 papers [1-59], 
this study is not a review paper but presents new results.   

In an earlier study (Soker 2024c), I used the X-ray morphology of the galaxy group 

NGC 5813 to argue that a pair of two opposite jets shaped the `keyhole’ (see Section 2) 
and that this pair is one out of an estimated 10-30 pairs of jets that exploded SN 1987A in 

the frame of the jittering jets explosion mechanism (JJEM). In that paper, I used the X-ray 
morphologies of cooling flows in groups and clusters of galaxies to argue for shaping by 
jets of point-symmetric morphologies of eight CCSNRs. The significant advantage of X-

ray deficient bubbles (cavities) morphologies in cooling flows is that radio observations 
indicate that jets from the central active galactic nucleus inflate them (e.g., Birzan et al. 

2004). The disadvantages are that there is a relatively small number of cooling flows that 
have morphologies that are like those of CCSNRs and that the ambient medium into 
which the jets expand is subsonic and not expanding; CCSN ejecta expands at high super-

sonic velocities.  
Here comes the group of bipolar PNe, i.e., those with one or more pairs of lobes. 

Firstly, as several PN catalogs show (e.g., Balick 1987; Chu et al. 1987; Schwarz et al. 1992; 
Corradi & Schwarz 1995; Manchado et al. 1996; Sahai & Trauger1998; Hajian et al. 2007; 
Sahai et al. 2011; Parker et al. 2016; Parker 2022; Ritter et al. 2023; Tan et al. 2023), there 

are over a hundred of PNe that we can compared with CCSNR morphologies. Secondly, 
although not in all PNe there are direct indications for jets because the jets are long gone, 

there is a majority community support for the understanding that jets shaped all these 
bipolar PNe (e.g., Morris1987; Soker 1990; Sahai & Trauger1998; Sahai et al. 2000; Sahai et 
al. 2011; Boffin et al. 2012; Fang et al. 2015; Guerrero et al. 2021; Moraga Baez et al. 2023).  
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In an earlier paper (Soker 2024c), I identified the `keyhole’ of SN 1987A to be a rim-
nozzle asymmetry, in which the front of one bubble (cavity; lobe) in a pair is closed by a 
rim, which is a dense cap in three dimensions, or a partial shell, projected as an arc on the 

plane of the sky, while the opposite bubble (cavity; lobe) has a nozzle on its front, namely, 
a low-intensity opening. I present the rim-nozzle asymmetry in Section 2. I also show there 

the new high-quality observations by Rosu et al. (2024) that allowed me to identify the 
rim-nozzle asymmetry in the ejecta of SN 1987A; in some places, I will refer to SN 1987A 
as the CCSNR 1987A. In Section 3, I present PNe with the rim-nozzle asymmetry; in Sec-

tion 4, I study three other CCSNRs with the rim-nozzle asymmetry. I postpone all discus-
sions of the rim-nozzle asymmetry to Section 5, where I summarize the main result of this 

study and challenge the supporters of the neutrino-driven explosion mechanism to ex-
plain the point-symmetric CCNRs and the rim-nozzle CCSNRs without exploding jets, in 
particular CCSNR 1987A.     

2. The rim-nozzle asymmetry 

The high-quality HST observations that Rosu et al. (2024) published recently led me to iden-

tify the `keyhole’ structure of the SN 1987A ejecta as having rim-nozzle asymmetry (Soker 2024c). 

In Figure 1, I present images that Rosu et al. (2024) took 12,980 days after the explosion in nine 
filters. My marks on the figure identify the rim-nozzle asymmetry.  

 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 
Figure 1. HST/WFC3 images of SN 1987A in nine filters and at 35.5 years post-explosion adapted from Rosu et al. (2024), with the 
marks identifying the bubbles, nozzle, and rim, from Soker (2024c). The bright structure with the low-intensity inner zones inside 
the purple line in the lower-right panel is the `keyhole.’ The north bubble with its front rim (red arrow) and the south bubble with 
its nozzle (dashed-light-blue arrow) form the rim-nozzle asymmetry.  
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In an earlier paper (Soker 2024b) with a later update (Soker 2024c), I tentatively iden-

tified the inner ejecta of SN 1987A to have a point-symmetric structure composed of the 

`keyhole’ and three pairs of opposite clumps. Identifying several point-symmetric 
CCSNRs in 2023-2024 is a significant breakthrough in establishing the JJEM as the pri-

mary, and probably the sole, explosion mechanism of CCSNe. In a recent paper, Matsuura 
et al. (2024) emphasize other morphological features in their high-quality JWST images of 
SN 1987A. In particular, the two `crescents’ they identify, which are two opposite arcs 

outside the `keyhole’ and sharing the same symmetry axis, strengthen the claim for shap-
ing by jets. The crescents (arcs) are another indication of shaping by jets. Essentially, the 

two crescents are the projection on the sky of a barrel-shaped structure. Earlier studies 
supported the JJEM of CCSNe by comparing several barrel-shaped PNe, known to be 
shaped by jets, to barrel-shaped CCSNRs (e.g., CCSNR G292.0+1.8 and SNR G309.2-00.6 

studied by Soker 2023; RCW 103 studied by Bear et al. 2017). In section 4, I present SNR 
G309.2-00.6, which, like SN 1987A, has both the rim-nozzle asymmetry and two crescents 

(arcs).                                    
Figure 2 shows that the galaxy group NGC 2813 has several bubbles. I refer to the 

inner pair of bubbles, which possesses a rim-nozzle asymmetry, as the marks in Figure 2 

indicate. Radio emission fills the bubbles of the galaxy group NGC 2813 (Randall et al. 
2011), implying that pairs of jets inflated them. The galaxy group HCG 62 also possesses 

a rim-nozzle asymmetry; the radio image of HCG 62 shows leakage from the nozzle (im-
ages from, e.g., Gitti et al. 2010). These groups of galaxies imply without doubt that pairs 
of jets shaped the rim-nozzle asymmetry. The jet-shaped rim-nozzle asymmetry in cooling 

flows strongly suggests that a pair (or more) of jets also shaped the `keyhole’ of SN 1987A 
(Soker 2024c). In Section 3, I present PNe with rim-nozzle asymmetry to solidify this claim 

further.         
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 

 

 

 
Figure 2. (a) Chandra 80 kpc by 80 kpc X-ray smoothed 0.3–3 keV image of the cooling flow galaxy group NGC 5813 (adapted from 
the Chandra site and based on Randall et al. 2015; credit: NASA/CXC/SAO/S, Randall). (b): The inner 27 kpc by 27 kpc of the left 
panel. Marks on both panels are from Soker (2024c). Note the rim-nozzle asymmetry of the bright inner structure: the northern bubble 

has rim 1E on its front, while the southern bubble has a nozzle (low-intensity zone) on its front.  
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3. Rim-nozzle asymmetry in planetary nebulae 

In Figure 3, I present eight PNe with rim-nozzle asymmetry. I mark the rims with red 

arrows and the nozzle with dashed-light-blue arrows. The PN NGC 6881 (Figure 3i) has 
two nozzles rather than a rim-nozzle asymmetry. I present this PN to show that jets 

shaped the nozzles (thin yellow arrows point at the remnants of the jets in the main image 
and the inset, which shows the low-ionization gas of NGC 6881). NGC 6881 has a compli-
cated nebula beyond the one shown in Figure 3i, as studied by Ramos-Larios et al. (2008), 

who suggest shaping by jets.    
 

 

 
Figure 3. A collection of eight PNe that possess rim-nozzle asymmetry (panels a-h). The solid-red arrows point at the rims and the 

dashed-light-blue arrows at the nozzles. NGC 6881 (panel i) has two nozzles with the remnants of the jets (pointed at with thin yellow 
arrows) that probably shaped the nozzles. The inset is an image from Kwok & Su (2005), in which low-ionization gas better shows 
the remnants of the jets.  
Sources and credits: NGC 2818: NASA, ESA, and the Hubble Heritage Team; M 4-14 + M 3-28: Manchado et al. (1996); NGC 6578: 
Palen et al. (2002); Hubble 5: Bruce Balick, Vincent Icke, Garrelt Mellema and NASA/ESA; MRSL 252: Corradi et al. (1997); K1-10: 
Schwartz et al. (1992); NGC 6790: Hubble site; NGC 6881: HST NASA/ESA, with inset from Kwok & Su (2005).   
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4. Other CCSNRs with rim-nozzle asymmetry 

This section presents three more CCSNRs with rim-nozzle asymmetry, each emphasizing 

another property.  

4.1. A multirim CCSNR 

The left panel of Figure 4 is an image of the newly identified SNR candidate G107.7-5.1 
(Fesen et al. 2024). In an earlier paper, I identified a nozzle, three rims, and a possible 
bubble, as the marks on that panel show. Based on its highly aspherical morphology, I 
assumed it is a CCSNR. The right panel of Figure 4 presents the PN KjPN 8 adapted from 

Lopez et al. (2000), who argued that pairs of jets along the two axes marked by black lines 
shaped the lobes. SNR candidate G107.7-5.1 and PN KjPN 8 have several rims on one side. 

I take the multiple-rim lobe in both the CCSNR and the PN to imply that there were 
several jet-launching episodes along (almost) the same direction. In the case of CCSNe, 
the JJEM allows for some jet-launching episodes to be at only slight angles to each other. 

This comparison further strengthens the case of jet-shaping of SNRs.   

 

Figure 4. (a) An image of a new CCSNR candidate G107.7-5.1 adapted from Fesen et al. (2024). Marks of the nozzle, bubble, and rims 
are as in Soker (2024c). (b) Hα image of the PN KjPn 8 adapted from Lopez et al. (2000). I added the marks of the nozzle (dashed-
light-blue arrow) and the three rims.  

4.2. A point-symmertric CCSNR 
 

In Soker (2023), I argued that the point-symmetric structure of the Vela CCSNR re-

sults from the JJEM, where the last several pairs of jets left their imprints on the Vela 
CCSNR. In Soker (2024c), I examined new observations by Mayer et al. (2023) and identi-

fied another pair of clumps, namely H-H2 (Figure 5), solidifying the JJEM for the CCSN 
that formed Vela. Other models for forming jet-like structures that involve the interaction 
of the CCSN ejecta with an ambient gas, like the one that Velazquez et al. (2023) simulated, 

and instabilities in the interaction of the ejecta with an ambient gas (e.g., Chiotellis et al. 

2024), cannot create such point-symmetric morphologies.   

Clumps E and F are significantly larger distances from the center than their counter 
clumps D and J, respectively, and clump B has no counter clump. I tentatively suggest 
that there are nozzles in the places I mark in Figure 5b. Deeper X-ray observations of 

CCSNR Vela will determine where there are indeed nozzles in the places I mark.  
I argue that the possible identification of nozzles further solidifies the jet-driven ex-

plosion for the CCSN that formed Vela. The JJEM is the only theoretical model compatible 
with this claim in a point-symmetric CCSNR.    
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Figure 5. (a) ROSAT X-ray image based on Figure 1 from Sapienza et al. (2021), who marked the clumps and white line; the original 
X-ray image and identification of clumps A-F are from Aschenbach et al. (1995). The thick-yellow DE-line, thick-yellow FJ-line, and 
the two dashed-black lines are additions from Soker (2023). (b) Color-coded (inset) exposure-corrected eROSITA X-ray image adapted 
from Mayer et al. (2023). The new eROSITA X-ray image allowed me (Soker 2024c) to identify clumps H and H2 at equal distances 
from the center (solid-red line), solidifying the classification of a point-symmetric CCSNR. Here, I added the marks of three possible 
rim-nozzle asymmetry pairs.  

4.3. A Crescents (arcs) that are the projection of a barrel-shaped structure 

 
Some planetary nebulae have two opposite arcs (`crescents’), one at each side of the 

symmetry axis, with their common symmetry axis along the long PN axis. These arcs are 
the projections on the sky of the sides of a barrel-shaped structure. Past studies (e.g., Bear 
et al. 2017, Soker 2022) analyzed CCSNRs and PNe with two opposite arcs parallel to the 

symmetry axis of the respective nebula. Simulations (e.g., Akashi et al. 2018) show that 
jets can form barrel-shaped nebulae and remnants. Some CCSNRs have barrel-shaped 

morphology (see section 1 for a partial list) similar to the morphologies of several PNe; as 
jets shape PNe with arcs, this similarity indicates CCSNR shaping by jets (e.g., Soker 2023). 

I here emphasize the two CCSNRs with rim-nozzle asymmetry and arcs (crescents).   
Figure 6 presents the radio morphology of SNR G309.2–00.6 from Gaensler et al. 

(1998). I added my identification of the rim, nozzle, and the two opposite arcs. I also 

marked the symmetry axis with a solid yellow line, the same symmetry axis of the arcs 
and the rim-nozzle structure. Note that Gaensler et al. (1998) mention the existence of a jet 

inside what I identify as a nozzle. I also note that Chiotellis et al. (2021) consider the ears (the 

rim and nozzle) to be in the equatorial plane rather than the polar directions as I take them to be.      
Matsuura et al. (2024) identified two crescents in their JWST observations of SN 

1987A. These are the same structural components as the two opposite arcs that the earlier 

studies mentioned above identified in several other CCSNRs and PNe. I present their 
identification of structural features in SN 1987A in Figure 7. The two opposite arcs (from 

PNe with arcs) and the rim-nozzle asymmetry (from cooling flows and PNe) strongly sug-
gest that energetic jets shape these CCSNRs and that the jets played a crucial role in the 
explosion process, as expected in the JJEM.   
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Since Matsuura et al. (2024) mention the two outer and equatorial rings, I comment 
on the formation of these three rings. In Soker (2022), I compared the three-ring structure 
of SN 1987A to the PN MyCn 18 and the clumpy equatorial ring to the Necklace nebula 

(IPHASX J194359.5+170901); both PNe have remnants of jets. I concluded that jets shaped 
the three circumstellar material (CSM) rings of SN 1987A. I now claim that jets also shaped 

the ejecta of SN 1987A but along a different main axis.   
 

 

 
Figure 6. (a) A radio image of SNR G309.2–00.6 from Gaensler et al. (1998), with marks from the original image. Note that they 
identified a jet inside what I identify as a nozzle! (b) Focusing on the inner area of the left panel with my identification of the rim-
nozzle asymmetry, the two arcs (`crescents’), and the symmetry axis of the arcs and the rim-nozzle structure (yellow line).  
 

 
 

 
 

 
 
 

  
 

 

 

 

 

 

 

Figure 7. A JWST image of SN 1987a with marks from Matsuura et al. (2024). I added the marks of arcs, as I identified their termed 

`crescents’ with arcs as used in earlier studies of CCSNRs.  
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                            5. Discussion and Summary 

      
     I showed that several PNe (Figure 3) possess rim-nozzle asymmetry and that these 

morphological structures share some properties with the rim-nozzle asymmetry of the 
inner SN 1997A ejecta, i.e., the `keyhole’ (Figure 1). The identification of the `keyhole’ as 

a jet-shaped structure was first made (Soker 2024c) by identifying similarities to the mor-
phology of the X-ray morphology of the cooling flow galaxy group NGC 5813 (Figure 2), 
which is observed to be shaped by jets.  

     SN 1987A is a key CCSN because we know the progenitor; it was a blue supergiant 
rather than a red supergiant. A blue supergiant implies no massive pre-explosion wind. 

We know there was no compact circumstellar material, only the equatorial ring that had 
not yet influenced the `keyhole’ structure. No pulsar wind nebula shaped the ejecta. The 
`keyhole’ is an outcome of the explosion process. My main claim in a previous paper 

(Soker 2024c) that I substantially strengthened here is that the `keyhole’ is a structure of 
rim-nozzle asymmetry. In cooling flows (Soker 2024c) and PNe I presented in this study, 

jets shape rim-nozzle structures. I confidently conclude that jets shaped the `keyhole’ of 
CCSNR 1987A and were energetic enough to be part of many pairs of jets that exploded 
SN 1987A, namely, the JJEM.  

     I further strengthened the case of the JJEM by studying three more CCSNRs with 
rim-nozzle asymmetry. I compared the multi-rim CCSNR candidate G107.7-5.1 with the 

jet-shaped multi-rim PN KjPn 8 (Figure 4). Most likely, three jet-launching episodes, com-
patible with the JJEM, shaped the three rims of CCSNR candidate G107.7-5.1. I tentatively 
identified three rim-nozzle asymmetry pairs in the point-symmetric CCSNR Vela (Figure 

5b). That a fraction of CCSNRs have point-symmetric morphology is a fundamental ex-
pectation of the JJEM. Identifying rim-nozzle pairs, even if tentative, strengthens the claim 

of jet-shaping of the Vela SNR. The SNR G309.2–00.6 possesses a rim-nozzle asymmetry 
and two opposite arcs sharing the same symmetry axis (Figure 6). Both these morpholog-
ical structures support shaping by jets, as I discuss in section 4.3. The two opposite arcs 

are the projection on the plane of the sky of a barrel-shaped structure. In a recent study, 
Matsuura et al. (2024) identified two such arcs, which they termed `crescents,’ in the ejecta 

of SN 1987A. The two arcs further strengthen the case of jet-shaping of CCSNR 1987A, 
adding to the rim-nozzle asymmetry that was studied here following Soker (2024c) and to 
the point-symmetry of SN 1987A (Soker 2024b, 2024c).  

     The morphological indications for shaping CCSNR ejecta by jets, and in many cases 
by multi-jet-pairs as expected in the JJEM, and where the jets are energetic enough to ex-

plode the stat, add to other supporting arguments of the JJEM (for reviews, see Soker 2022, 
2024b). I bring one such argument here. The lightcurves of many CCSNe require extra 
energy in addition to the initial explosion energy and the radioactive decay of nickel. In-

teraction with a circumstellar medium does not always account for that. Therefore, re-
searchers commonly suggest a central magnetar, i.e., a rapidly spinning highly-magnet-

ized neutron star (e.g., Rodriguez et al. 2024 for a very recent study). However, energetic 
jets that explode the star likely accompany the formation of energetic magnetars (e.g., 
Soker 2016,  Soker & Gilkis 2017). Late jets that add to the magnetar power can follow the 

exploding jets (Soker 2022). Namely, the presence of an energetic magnetar also implies 
exploding jets. The JJEM accounts for jets in all CCSNe, not only a subclass of CCSNe.  

     The cause of a rim-nozzle asymmetry might be that on the side of the nozzle, the jet 
is more energetic than the counter-jet and/or that on that side, the mass of the ambient 

medium is lower than on the opposite side (the side of the rim). In Soker (2024a), I dis-
cussed the rim-nozzle asymmetry in the JJEM. In the JJEM, a typical jet-launching episode 

lasts for
jet 0.01 0.1s − , a timescale that is not much longer, or even shorter, than the 

relaxation time of the accreted material to a thin accretion disk. The accreted material has 

no time to relax to a thin accretion disk; the two opposite sides of the thick accretion disk 



Galaxies 2022, 10, x FOR PEER REVIEW 9 of 11 
 

 

will likely differ in the exact structure and magnetic field properties. Therefore, the disk’s 
sides likely launch two opposite jets that differ in power. In cooling flows, the intracluster 
medium is likely to be non-homogeneous. Thus, the inflated bubbles might differ even if 

the two opposite jets are identical.  
     What is the cause of the rim-nozzle asymmetry in PNe? I speculate that in PNe, one 

reason for unequal opposite jets might be the feeding of the star that launches the jets: a 
main sequence star or a white dwarf. Consider an asymptotic giant branch (AGB) star that 
feeds its jet-launching companion via a Roche lobe overflow (RLOF). This process might 

not be symmetric on both sides of the equatorial plane because of the large and fast con-
vective cells in the AGB envelope. A large convective cell that moves outward on one side 

of the equatorial plane might cause a protrusion of the AGB envelope on that side. The 
protruding side might cause extra mass flow, leading to an accretion disk’s unequal sides 
that launch jets of unequal power. This phase might last for an AGB dynamic timescale of 

about a year or even longer. This timescale might be sufficient to set a pronounced asym-
metry if the jets are very energetic during that time, as in the case of an intermediate lu-

minosity optical transient (ILOT) event. ILOTs might occur as part of the formation pro-
cess of some bipolar PNe (e.g., Soker & Kashi 2012). This speculation of forming rim-noz-
zle asymmetry in PNe requires further study.  

     Although I consider this study to be another step in establishing the JJEM as the 
primary explosion mechanism of CCSNe, it is mandatory to mention another alterna-

tive/competing theoretical explosion mechanism, namely, the delayed neutrino explosion 
mechanism (e.g., Wongwathanarat et al. 2013; Burrows & Vartanyan 2021; Orlando et al. 
2021; Fryer et al. 2022, 2023; Mezzacappa 2023; Andresen et al. 2024; Boccioli & Roberti 

2024; Burrows et al. 2024; Janka & Kresse 2024; Muller et al. 2024; van Baal et al. 2024). The 
delayed neutrino explosion mechanism and the JJEM share some properties, like the re-

quirement of vigorous convection in the pre-collapse core. Also, neutrino heating plays a 
role in the JJEM in boosting the explosion, but not the primary role. The delayed neutrino 
mechanism suffers from some consistency problems, e.g., the different groups do not 

agree on some even qualitative results. For example, various research groups do not agree 
on the stellar models that explode or fail to explode. Note that in the JJEM, there are no 

failed CCSNe (see review by Soker 2024b). In the last year, the most severe challenge to 
the delayed neutrino explosion mechanism has been explaining the formation of point-
symmetric CCSNRs, which studies recently revealed (Soker 2024b, 2024c). The rim-nozzle 

asymmetry I studied in the present work is another morphological feature for which the 
delayed neutrino explosion mechanism should account. I challenge the supporters of the neu-

trino-driven explosion mechanism to explain the point-symmetric CCNRs and the rim-nozzle 
CCSNRs.  
     In section 4.3, I mentioned that the three circumstellar rings of SN 1987A share some 

properties with the PNe MyCn 18 and the Necklace. I took it to imply that jets shaped the 
three rings. The symmetry axis of the three rings is highly inclined to that of the `keyhole.’ 

I predict that in several hundred years (In the year 2525), after most of the ejecta interact 
with the outer rings, there will be two main symmetry axes of CCSNR 1987A, one deter-
mined by the pre-explosion jets that shaped the three rings and one by the main jets that 

shaped the `keyhole.’  
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