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Abstract

I review studies of core collapse supernovae (CCSNe) and similar transient events that attribute major roles to jets
in powering most CCSNe and in shaping their ejecta. I start with reviewing the jittering jets explosion mechanism
that I take to power most CCSN explosions. Neutrino heating does play a role in boosting the jets. I compare the
morphologies of some CCSN remnants to planetary nebulae to conclude that jets and instabilities are behind the
shaping of their ejecta. I then discuss CCSNe that are descendants of rapidly rotating collapsing cores that result in
fixed-axis jets (with small jittering) that shape bipolar ejecta. A large fraction of the bipolar CCSNe are super-
luminous supernovae (SLSNe). I conclude that modeling of SLSN light curves and bumps in the light curves must
include jets, even when considering energetic magnetars and/or ejecta interaction with the circumstellar matter
(CSM). I connect the properties of bipolar CCSNe to common envelope jets supernovae (CEJSNe) where an old
neutron star or a black hole spirals-in inside the envelope and then inside the core of a red supergiant. I discuss how
jets can shape the pre-explosion CSM, as in Supernova 1987A, and can power pre-explosion outbursts (precursors)
in binary system progenitors of CCSNe and CEJSNe. Binary interaction also facilitates the launching of post-
explosion jets.
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1. Introduction

In this review I summarize many, but not all, of the studies in
the last decade that attribute major roles to jets in core collapse
supernovae (CCSNe) and related energetic stellar transients, in
particular common envelope jets supernovae (CEJSNe). I
concentrate on studies that adopt the view that jets explode
most, or even all, CCSNe.

CEJSNe are defined as jet-powered energetic transient events
where an old neutron star (NS) or an old black hole (BH) accrete
mass from the envelope and then from the core of a red super-
giant (RSG) star and launch energetic jets (Section 4). I consider
the role of jets in powering and in shaping events that are true
CCSNe (Sections 2 and 3), CEJSNe, which during the first weeks
of the event might be classified as CCSNe (Section 4), pre-
explosion shaping of the circumstellar matter (CSM) in CCSNe
and type Ia supernovae (SNe Ia; Section 5), pre-explosion out-
bursts (Section 6) and post-explosion powering (Section 7).

The different sections reveal the very large parameter space
that jets introduce. The parameter space includes regular
CCSNe, as well as rare combinations of parameters that can
explain peculiar transients.

In this review I do not discuss high-energy processes inside
the jets (gamma-rays, cosmic ray acceleration, neutrino pro-
duction, r-process nucleosynthesis) as each one of these

processes requires a separate review. These processes might
definitely take place in many of the systems with energetic jets
that I review.

Because the different sections review different scenarios and
different processes, although in all of them jets play the major
roles, this review has no summary of the results, but rather a
summary of some open questions (Section 8). Instead, each
section has its own short summary that together with Table 1
serves as the summary of the review.

In Table 1 I list the main jet-activity phases (first column)
and transient types (next to last column). The table does not
cover all possibilities. In the second column I list the compact
object that accretes mass and launches the jets, a main sequence
(MS) star, an NS or a BH. In the third column I indicate
whether the system might be a single star (S), a binary system
(B) or a triple system (T). In the fourth and fifth columns I
indicate the main mass and angular momentum sources of the
accreted mass, respectively. In the sixth column I list my crude
estimate of the fraction of these events and phases. I elaborate
on each of these in the respective section that I list in the last
column. The rich spectrum of processes and properties of jets
explains not only regular CCSNe but also peculiar CCSNe and
similar transients.

*Summary of Section 1. There is a rich spectrum of pro-
cesses by which jets can influence the properties of CCSNe and
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Table 1
The Main Type of Jet-driven Events (seventh column) and the Phase of the Jet Activity (first column) that I Review in the Different Sections (last column)
Compact
Phase Object System  Source of Mass Source of A.M. Fraction Event Section
Pre-Explosion MS Binary  RSG/WR Orbital Small ILOT (LRN) 5,6
Pre-Explosion NS/BH Binary RSG/WR Orbital Small CEJSN-impostor 5,6
Pre-Explosion 2(NS/ Triple RSG/WR Orbital: triple +inner binary Very Small CEJSN-impostor (or ILOT 5,6
BH/MS) for MSs)
Explosion New NS S/B/T  core Core Convection (jittering jets) ~ Most CCSNe ~ CCSN 2
Explosion New NS B/T core Core rotation Small CCSN: SNe/SLSNe 3,73
Explosion New BH S/B/T  Core + envelope  Envelope Convection (jitter- Small CCSN: SLSNe -+peculiar 2
ing jets) CCSNe
Explosion New BH B/T Core + Envelope  Core + Envelope rotation Medium CCSN: SLSNe + peculiar 3,7.3
CCSNe
Explosion Old NS/BH B/T Core in a CEE Orbital Small CEJSN (including FBOTSs) 4
Post-Explosion ~ New NS/BH S/B/T  Fallback Ejecta Pre- Explosion rotation Small Extended light curve and/or 7
bumps
Post-Explosion ~ New NS/BH Binary ~ MS Companion Orbital Very small Extended light curve and/or 7
bumps
Post-Explosion ~ Old NS/BH Binary  Ejecta Orbital Very small Small extra energy 4,7

Note. In the second column I list the compact object that accretes mass. In the third column I list the required type of interacting system. Note that single-star (S)
processes can take place also in binary (B) systems and in triple (T) systems, and that binary processes might take place in triple-star systems as well. The fourth and
fifth columns list the source of the accreted mass and its angular momentum with respect to the accreting object, respectively. The sixth column lists the fraction of
such systems relative to the total number of CCSNe. Abbreviation. A.M.: angular momentum; BH: black hole; CCSNe: core collapse supernovae; CEE: common
envelope evolution; CEJSN: common envelope jets supernova; FBOT: Fast blue optical transient; ILOT: intermediate luminosity optical transient (other names
include red nova and luminous red nova, LRN); MS: main sequence; NS: neutron star; RSG: red supergiant; S/B/T: single/binary /triple; SLSNe: superluminous

supernovae; WR: Wolf-Rayet.

CEJSNe, including their pre-explosion, explosion and post
explosion shaping and light curves, e.g., bumps in the light
curve (Table 1).

2. The Jittering Jets Explosion Mechanism
2.1. The Definition of the Mechanism

In the jittering jets explosion mechanism jets that the newly
born NS (or BH) launches in varying directions in a stochastic
manner explode the star (Soker 2010; Papish & Soker 2011; for
some later studies see, e.g., Papish & Soker 2014b; Gilkis &
Soker 2015; Soker 2019a; Quataert et al. 2019; Soker 2020b,
2022a, 2022d; Antoni & Quataert 2022; Shishkin & Soker
2022). The NS launches these jets as it accretes mass via an
accretion disk (or belt) with stochastic angular momentum
variations. The source of these angular momentum variations is
the pre-collapse stochastic convection motion in the core. The
perturbations are amplified by instabilities above the newly
born NS. I schematically present the mechanism in Figure 1

(from Gilkis & Soker 2015) and turn now to further discuss its
properties (Section 2.2).

2.2. The Stochastic Angular Momentum Source

The jittering jets explosion mechanism is an alternative to
the much older delayed neutrino explosion mechanism that
Bethe & Wilson (1985) suggested four decades ago to explain
CCSNe. Hundreds of papers studied the neutrino-driven
mechanism over the years (e.g., Heger et al. 2003; Janka 2012;
Nordhaus et al. 2012; Couch & Ott 2013; Bruenn et al. 2016;
Janka et al. 2016; O’Connor & Couch 2018; Miiller et al. 2019;
Burrows & Vartanyan 2021; Fujibayashi et al. 2021; Boccioli
et al. 2022; Nakamura et al. 2022). Despite the very sophisti-
cated three-dimensional (3D) hydrodynamical simulations of
the delayed neutrino mechanism, it still encounters some pro-
blems (which I will not elaborate on in this study; see, e.g.,
Kushnir 2015; Papish et al. 2015). One of the main limitations
of the delayed neutrino mechanism is that even when the
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Figure 1. A schematic presentation of the jittering jets explosion mechanism
(from Gilkis & Soker 2015). The two-sided arrow on the upper left of each
panel represents a length of ~500 km. The four panels span an evolution time
of several seconds. (a) The pre-collapse inner core just before collapse. The
convective vortices in the silicon-burning shell (shown) and/or the oxygen-
burning shell (not shown) of the pre-collapse core are the seeds of stochastic
angular momentum fluctuations. (b) In-falling gas onto the newly born NS
passes through the stalled shock and the spiral modes of the standing accretion
shock instability (SASI) amplify the seed angular momentum perturbations. (c)
The stochastic angular momentum variations of the accreted mass lead to the
formation of an intermittent accretion disk/belt around the NS that launches
jittering jets. (d) The jittering jets are shocked and inflate hot bubbles that
explode the core and then star. The entire jet-activity phase lasts for one to a
few seconds, and there might ~few — 30 jet-launching episodes.

explosion energy is scaled to observed CCSNe, this mechanism
is limited to explosion energies (mainly the kinetic energy of
the ejecta) of Eep < 3 % 10°! erg (e.g., Fryer 2006; Fryer
et al. 2012; Papish et al. 2015; Ertl et al. 2016; Sukhbold et al.
2016; Gogilashvili et al. 2021).

The fundamental ingredients and outcomes of the jittering
jets explosion mechanism are as follows.

1. Source of angular momentum. The source of angular
momentum is the stochastic convective motion in the
precollapse core (e.g., Gilkis & Soker 2014, 2016;
Shishkin & Soker 2021) or envelope (e.g., Quataert et al.
2019). These seed perturbations are amplified by
instabilities behind the stalled shock inside a radius of
r~ 100 km (Soker 2019a, 2019c), mainly by the spiral
standing accretion shock instability (spiral SASI, e.g.,
Andresen et al. 2019; Walk et al. 2020; Nagakura et al.
2021; Shibagaki et al. 2021, for some simulations of
spiral SASI). The large stochastic angular momentum
fluctuations of the mass that the newly born NS accretes

allow the formation of intermittent accretion disks that
launch the jittering jets (e.g., Papish & Soker 2011; Gilkis
& Soker 2014, 2015; Quataert et al. 2019; accretion belts
are also possible, Schreier & Soker 2016).

. The crucial role of magnetic fields. Magnetic fields are

essential ingredients in the launching of the jets, and must
be included in future numerical simulations of the jitter-
ing jets explosion mechanism (e.g., Soker 2018b, 2019a,
2020b).

. Coupling to neutrino heating. Although neutrino heating

does not play the main role in powering CCSNe
according to the jittering jets explosion mechanism,
neutrino heating boosts the energy of the jittering jets
(Soker 2022d).

. No failed CCSNe. As core and envelope convection zones

exist in all CCSN progenitors (e.g., Shishkin & Soker
2021; Antoni & Quataert 2022; Shishkin & Soker 2022),
according to the jittering jets explosion mechanism there
are no failed CCSNe (e.g., Soker 2017b). The observa-
tional finding by Byrne & Fraser (2022) of no failed
CCSNe indirectly supports the jittering jets explosion
mechanism.

. Feedback mechanism. The jittering jets explosion

mechanism operates through a negative feedback mech-
anism (see review by Soker 2016b). In the negative jet
feedback mechanism the jets regulate their power by their
effect on the mass accretion rate onto the compact object
that launches the jets. Specifically, if the mass accretion
rate increases so does the power of the jets. However, the
interaction of the jets with the ambient gas, which is the
reservoir of the accreted mass, expels and inflates the
ambient gas. This in turn reduces the mass accretion rate,
and hence the jets’ power, closing the negative feedback
cycle. As long as there is no explosion, falling material
feeds the accretion disk that launches the jets. Because
there is no one-hundred percent conversion efficiency of
jets’ energy to unbind the ejecta, i.e., the ejecta expand at
velocities much above the binding energy, which
explains why typical CCSN explosion energy is about
several times the ejecta binding energy.

. Typical properties of the jittering jets. During an explo-

sion by jittering jets there might be ~few—30 jet-
launching episodes. Some characteristic values for most,
but not all, CCSNe are as follows (Papish & Soker
2014a). Jets are launched with velocities of ~10° km s~
(neutrino observations limit the jets in most cases to be
non-relativistic, e.g., Guetta et al. 2020). In total the jets
carry an energy of ~10°! erg. The explosion time might
be ~1-few s. Each individual jet-launching episode car-
ries a mass of ~10~> M_, and lasts for a time period of
~0.01-0.1s. Each accretion disk of an episode has a
mass of ~10~> M. During the entire jet-driven explo-
sion process the newly born NS accretes a mass of
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~0.1 M, through intermittent accretion disks. From one
episode to the next the jets might change axis direction by
a very large angle. The number of episodes and the
changes in jets’ directions depend on the properties of the
convection motion, the binding energy of the ejecta and
the precollapse core rotation.

7. Smooth connection to superluminous supernovae
(SLSNe). When the precollapse core rotation is fast
enough to allow a stable accretion disk to form there will
be only one axis (with small jittering around this axis)
along which the NS launches jets. The jets will be inef-
ficient in removing core and envelope mass from the
equatorial plane. As a result of the NS accreting more
mass, it might become a BH. Therefore, not only that
according to the jittering jets explosion mechanism (more
generally, according to the jet feedback explosion
mechanism) there are no failed CCSNe, but also the
formation of a BH implies a very energetic CCSN (e.g.,
Gilkis et al. 2016). The outcomes are luminous CCSNe
(LSNe) or superluminous CCSNe (SLSNe) that have
bipolar morphologies. I study these CCSNe in Section 3.
Not only the jet-driven explosion mechanism connects
regular CCSNe to LSNe and SLSNe, but it also connects
the fixed-axis (with small jittering) jets model to CEJSNe
that I discuss in Section 4.

8. Signatures of jets in supernova remnants (SNRs). Many
SNRs possess signatures of jets, as is the expectation in
the jittering jets explosion mechanism. These features
include “ears” that carry a small fraction of the total
explosion energy and SNRs with point-symmetry
morphologies. I devote Section 2.3 to review these
signatures.

9. Natal kick of the neutron star. Bear & Soker (2018a)
adopted the tug-boat mechanism where a massive clump
that the explosion process ejects from the core grav-
itationally pulls and accelerates the NS (e.g., Nordhaus
et al. 2010; Wongwathanarat et al. 2013; Janka 2017;
different explanations to natal kick velocity exist, e.g.,
Yao et al. 2021 and Xu et al. 2022 for recent studies).
Bear & Soker (2018a) list two processes to explain why
in the jittering jets explosion mechanism the natal kick
velocity avoids small angles to the jets’ axis. (i) The jets
prevent the formation of dense clumps along their pro-
pagation direction; (ii) Dense clumps supply the gas to
the accretion disk that launches the jets and therefore
concentrate in a plane perpendicular to the jets. One or
more of the dense clumps are ejected and pull the NS. In
Figure 2 I present the cumulative distribution function
W, of the projected angles between the NS natal kick
direction and the jets’-axis, and compare with the
expectation of random distribution and a distribution of
perpendicular angles only (from Soker 2022a). Clearly
the kick velocity avoids small angles to the jets’ axis.
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Figure 2. The cumulative distribution function W,, of projected angles between
the NS natal kick direction and the jets’-axis for 13 SNRs (from Soker 2022a).
The lower blue line represents the cumulative distribution function where in all

SNRs the 3D NS kick velocity is perpendicular to the jets’ axis. The straight
red line represents the random cumulative distribution function.

The above properties distinguish the jittering jets explosion
mechanism from other jet-driven explosion mechanisms (e.g.,
LeBlanc & Wilson 1970; Khokhlov et al. 1999; Aloy et al.
2000; MacFadyen et al. 2001; Burrows et al. 2007; Barkov &
Komissarov 2008; Wheeler et al. 2008; Maeda et al. 2012;
Lépez-Camara et al. 2013; Bromberg & Tchekhovskoy 2016;
Nishimura et al. 2017; Sobacchi et al. 2017; Grimmett et al.
2021; Gottlieb et al. 2022a, 2022¢; Ghodla et al. 2022; Perley
et al. 2022). In particular, these mechanisms assume a rapidly
rotating precollapse core, something that is not required in the
jittering jets explosion mechanism.

Gottlieb et al. (2022a) conduct magnetohydrodynamic
simulations of a collapsing core onto a central rapidly rotating
BH of 4 M., Their study is relevant to the above points 1-4
and 7. Gottlieb et al. (2022a) find that jet launching requires
both rapid rotation and strong magnetic fields. In cases of too
low angular momentum only weak jets are formed or not at all.
In the jittering jets explosion mechanism most CCSNe have a
central NS and therefore the accretion process is different than
that onto a rapidly rotating BH. In addition, neutrino heating,
which Gottlieb et al. (2022a) do not include in their simula-
tions, boosts the jets (Soker 2022d). Therefore I expect that an
NS can launch jets even in cases of angular momentum that is
somewhat below the minimum to form a thin accretion disk,
i.e., it forms an accretion belt (Schreier & Soker 2016). The
formation of a BH in the jittering jets explosion mechanism
requires a rapidly rotating pre-collapse core (point 7 above),
and therefore it is consistent with the results of Gottlieb et al.
(2022a). I expect strong jets (although not necessarily ones that
break out to give a gamma-ray burst).
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Another possible effect is the formation of double-peak light
curves in cases where strong jets transport some of the newly
synthesized *°Ni to the outer regions of the ejecta (Orellana &
Bersten 2022). Orellana & Bersten (2022) demonstrate how the
jet-delivered “°Ni in the outer regions of the ejecta can power
the first peak, before the inner P5Ni powers the second (regular)
peak in the light curve. It is not clear whether individual jets of
the jittering jets are sufficiently strong to explain this effect, or
whether only stronger jets that also explode bipolar CCSNe can
power this process.

Before closing this subsection I point out that at present the
absence of self-consistent magnetohydrodynamical simulations
which show that the jittering jets explosion mechanism actually
works is still a drawback of the model. Future simulations that
will require huge computer resources are still needed to
establish this explosion mechanism.

*Summary of Section 2.2. The development of the jittering
jets explosion mechanism brought the call to change paradigm
from neutrino-driven explosions to jet-driven explosions of all
CCSNe (e.g., Papish et al. 2015; Bear et al. 2017). (Izzo et al.
2019 and Piran et al. 2019 adopted this earlier call but with a
weaker emphasis on the jets’ major role.) In the present review
I strengthen this call.

2.3. Signatures of Jittering Jets in SNRs
2.3.1. Large Scale Structures

Many CCSN remnants (CCSNRs) possess morphological
features that are imprints of jets (e.g., Bear et al. 2017;
Grichener & Soker 2017; Yu & Fang 2018; Lu et al. 2021;
Soker 2022a). One of the clearest examples is the northeast jet
of Cassiopeia A (e.g., Grefenstette et al. 2017). Some examples
of other claims for signatures of jets in SNRs include the Vela
SNR (e.g., Garcfa et al. 2017; Sapienza et al. 2021) and IC 443
(e.g., Greco et al. 2018). I note that the jets’ axis that Sapienza
et al. (2021) and Garcia et al. (2017) identify in the Vela SNR
is not the one that Grichener & Soker (2017) take to be the jets’
axis. However, according to the jittering jets explosion mech-
anism, there are many more than one jets’ axis, and the ques-
tion is how many of these reveal themselves in the SNR.

I concentrate here on similarities of SNR morphologies with
morphologies of planetary nebulae (PNe; for a review on the
shaping of PNe see, e.g., De Marco 2009). This approach
allows the usage of morphologies of PNe that are thought to
result from jets to argue for jets in CCSNe (e.g., Bear et al.
2017; Bear & Soker 2017, 2018b; Akashi et al. 2018; Soker
2022a). Although other models exist for the formation of ears
that do not include jets, I here adopt the view that ears are
shaped by jets and present arguments to support this. The other
model includes the simulations of Blondin et al. (1996) of
spherical CCSN ejecta that runs into CSM with a density
gradient, and a spherical explosion into CSM with a dense ring
(e.g., Chiotellis et al. 2021; Ustamujic et al. 2021). In the later

model the ears are actually a ring protruding from the main
ejecta, rather than two opposite polar ears.

In Figure 3 I compare some SNRs to some PNe. I present
four SNRs with the marks of the “ears”. Ears are two opposite
protrusions from the main part of the SNR from the PN main
shell that are smaller than the main nebula and with a cross
section that decreases monotonically from the base of an ear at
the shell to its far end (e.g., Akashi & Soker 2021a; small
departures from this definition are possible). The upper two
rows of Figure 3 present three PNe, two of which show jets.
The region where a jet breaks out from the main shell has a
shape that I term “jet opening”, which in most cases obeys the
definition of an ear. Grichener & Soker (2017) argue that the
ears in the four SNRs in the two lower rows, as well as other
SNRs that they study, are actually jet openings. Namely, they
were shaped by jets (see also Bear et al. 2017). They further
estimate that about a third of all CCSNRs have clear ears.

Figure 4 that I take from Bear et al. (2017) emphasizes the
barrel shape, i.e., a hollow cylinder with convex-shaped sur-
face. The three PNe in that figure have clear indications that
jets shaped the barrel-shaped main nebula. Bear et al. (2017)
suggest that this was the case in the SNR RCW 103 as well.
Akashi et al. (2018) simulated this shaping by jets.

According to the jittering jets feedback mechanism, the jets
collide with the core, explode the core and by that explode the
entire star. The explosion from that time on is actually similar
to that expected in the delayed neutrino mechanism. The
negative feedback cycle implies that when the entire core is
ejected the high-mass-accretion rate onto the newly born NS
ceases, although late fallback with low-mass-accretion rate
might continue (see Section 7). However, at the time of core
explosion there is mass that already flows toward the newly
born NS. As a result of that, one or two jet-launching episodes
might occur after core explosion. These jets expand to large
distances before they encounter the already diluted ejecta.
Therefore, these last jets might penetrate into the ejecta and
even go out from the main ejecta. As such, these jets might
leave imprints on the ejecta, such as ears and a hollowed barrel-
shaped SNR.

From an energetic point of view, the two jets associated with
each jet-launching episode carry only a few percent to a few
tens of percent of the explosion energy (point 6 in Section 2.2).
Therefore, the energy that inflates the ears has that typical
value. Grichener & Soker (2017) built a simple geometrical
scheme (for that purpose there are marks on the lower panels in
Figure 3) to estimate the energy of the two jets (combined) that
inflated the ears relative to that of the CCSN explosion, €gqys.
Bear et al. (2017) present these fractional energies against the
explosion energy. They also added to that graph the relative
jets’ energy in six SLSNe that Piran et al. (2019) study. I
present their graph in Figure 5. Bear et al. (2017)’s finding that
the energy of the jets that inflated the ears is only a small
fraction of the explosion energy is compatible with the
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Figure 3. Comparing some signatures of jets in PNe and CCSNe with emphasis on “ears”, which in some cases can be identified as jet openings as I mark in the upper
rows. Upper row: Images of the PN Fleming 1 from Boffin et al. (2012). Second row: Left two panels are images of PN NGC 3918 from Corradi et al. (1999), and the
third panel from the left is an HST image of NGC 3918 (ESA /Hubble and NASA; not to scale with the left images). Right panel is a JWST MIRI image in the mid-
infrared (NASA, ESA, CSA, and STScI). The two lower rows are SNRs with marks from Grichener & Soker (2017) that define and emphasize the ears. These marks
were used to estimate the energy of the jets that inflated the ears. Third row left: An X-ray image taken from the Chandra gallery (based on Hwang et al. 2004). Red,
blue and green represent Si Hea (1.78-2.0 keV), Fe K (6.52-6.95 keV) and 4.2-6.4 keV continuum, respectively. Third row right: ACIS/Chandra image of SNR
3C58 in the energy bands 0.5-1.0 keV (red), 1.0-1.5 keV (green) and 1.5-10 keV (blue), based on Slane & Helfand (2004); Lower row left: An Ha image of the SNR
Semeis 147 taken from Gvaramadze (2006) who reproduced an image from Drew et al. (2005). Lower row right: Composite image of the SNR W44 taken from the
Chandra gallery. The cyan represents X-ray (based on Shelton et al. 2004), while the red, blue and green signify infrared (IR) (based on NASA /JPL-Caltech). The
three beige thick lines schematically define the S-shape of this SNR that hints at jet precession.
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Figure 4. Comparing some signatures of jets in the CCSNR RCW 103 and three PNe emphasizing two opposite arcs that are the projection of an axially-symmetric
barrel-shaped nebula. This figure is from Bear et al. (2017). The composite image of SNR RCW 103 is of X-ray (colors according to energy bands: low = red,
medium = green, highest = blue) together with an optical image from the Digitized Sky Survey (image from the Chandra website; based on Rea et al. 2016). The
proposed original directions of the, already dead, jets in the CCSNR RCW 103 are marked by yellow thick arrows. The three PNe are A 63 (image from Mitchell
et al. 2007), NGC 40 (images from Meaburn et al. 1996) and NGC 3918 (images from Corradi et al. 1999; images are rotated).
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Figure 5. The energy to inflate the ears in 11 CCSNRs and the jets’ energy in 6
SLSNe relative to the explosion energy, €car (blue dots) and egn, jers (red
crosses), respectively, as a function of the explosion energy Esn. The black
horizontal lines connect dots for the same SNR of the minimum and maximum
values of the explosion energy. The vertical dotted pink line connects the two
options for the western ear of N49B. The red crosses are for the ratio
€sN,jets = EsN,jets/Esn, Where the values of Egnjes and Esn are taken from
Table 1 of Piran et al. (2019). The graph is from Bear et al. (2017) who give all
details.

expectation of the jittering jets explosion mechanism. In
Section 3 I discuss jets that have a constant axis and therefore
shape the ejecta to become bipolar, namely with two very large
inflated bubbles rather than ears.

* Summary of Section 2.3.1. About a third of all CCSNRs
have ears. Comparison to PNe (Figures 3 and 4) suggests that
the ears were shaped by jets. These jets most likely played a
significant role in the explosion process. The energy to inflate
the ears is ~1%-10% of the explosion energy (Figure 5),
compatible with the expectation of the jittering jets explosion
mechanism.

2.3.2. Clumps and Filaments

CCSNR structures are inhomogeneous, e.g., in terms of
having filaments, arcs, clumps and, as discussed above, some
have ears. In many cases different elements are concentrated in
different zones. Examples of CCSNRs with filaments and
clumps include Cassiopeia A (e.g., images by Grefenstette et al.
2017; Lee et al. 2017) SNR G292.0+1.8 (e.g., Park et al. 2002,
2007), Vela (e.g., Aschenbach et al. 1995; Garcia et al. 2017)
and SNR W49B (e.g., Lopez et al. 2013; Sano et al. 2021). The
case of SNR W49B is interesting. Gonzalez-Casanova et al.
(2014) performed hydrodynamical simulations and argued that
a jet-driven CCSN explosion can explain the distribution of
metals, like silicon and iron, in SNR W49B. The jets’ axis they
propose (also Miceli et al. 2008; Lopez et al. 2011, 2013) and
the jets’ axis that Bear & Soker (2017) suggest to explain the
morphology of SNR W49B are perpendicular to each other.
Future studies should settle this disagreement.

According to the delayed neutrino explosion mechanism,
instabilities that develop during the explosion process alone form
clumps and filaments in the inner ejecta (e.g., Janka et al. 2017;

Wongwathanarat et al. 2017; Gabler et al. 2021; Larsson et al.
2021; Sandoval et al. 2021). According to the jittering jets
explosion mechanism the shaping is due both to instabilities and
to jets (e.g., Soker 2022a).

This dispute between supporters of the two explosion
mechanisms is best demonstrated in Supernova (SN) 1987A
that has clumpy and filamentary ejecta as recent observations
show (e.g., Fransson et al. 2015, 2016; Larsson et al. 2016;
Abellan et al. 2017; Matsuura et al. 2017). Kjer et al. (2010)
argued for shaping by instabilities alone. However, Soker
(2017b) and later Abellan et al. (2017) found that neutrino
driven explosion simulations (e.g., Wongwathanarat et al.
2015) do not fit all observations of SN 1987A. Bear & Soker
(2018b) studied some morphological features of SN 1987A
(Abellan et al. 2017) alongside morphologies of some other
CCSNRs and of PNe. They strengthened earlier claims that
jittering jets likely played a crucial role in the explosion and
shaping of SN 1987A. Bear & Soker (2018b) noted that the
structure of the ejecta of SN 1987A from Abellan et al. (2017)
rules out the old claim of Wang et al. (2002) for two opposite
non-jittering jets that exploded SN 1987a. More recently, Ono
et al. (2020) and Orlando et al. (2020) performed 3D hydro-
dynamical simulations of the evolution of SN 1987A and
concluded that jet-driven explosion with the jets’ axis in the
plane of the inner CSM ring best reproduces the explosion
morphology and element distribution. Bear & Soker (2018b)
took the jets’ axis to be at an angle to the plane of the inner
ring. This disagreement on the jets’ axis should be settled by
further exploration of SN 1987A.

The dispute exists also in the analysis of SNR Cassiopeia A,
for which Wongwathanarat et al. (2015); Orlando et al. (2021)
and Orlando et al. (2022) argued that the neutrino-driven
explosion mechanism can account for the distribution of some
metals, while in Soker (2017b) I argued that jets seem to have
played a crucial role is the shaping of Cassiopeia A during its
explosion. Orlando et al. (2016) already argued that instabilities
alone cannot account for all morphological features of Cas-
siopeia A.

Most recently I (Soker 2022a) analyzed the structure of SNR
0540-69.3 from the observations of Park et al. (2010) and
Larsson et al. (2021). Although Larsson et al. (2021) argued
that instabilities alone can account for the ejecta structure, I
argued for jittering jets (in addition to instabilities). I identified
a point-symmetric morphology in the VLT/MUSE velocity
map in a plane along the line of sight (perpendicular to the
plane of the sky), as I show in the upper two rows of Figure 6
that are based on the results of Larsson et al. (2021). Com-
paring the four pairs of two opposite clumps that the images in
Figure 6 feature to point-symmetric PNe, three of which I
present in the lower row of Figure 6, brought me to propose
that two or four pairs of jittering jets shaped the inner ejecta of
SNR 0540-69.3. In Soker (2022a) I further argued that both jets
and instabilities mix elements in the ejecta of CCSNe.
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Figure 6. Upper two rows: 2D velocity maps of SNR 0540-69.3 taken from Figure 4 of Larsson et al. (2021). v, is the velocity along the line of sight, while vy, is the
velocity along the slit (see their paper for details). In Soker (2022a) I added the same four lines, P1 to P4, on all panels to mark four pairs of opposite clumps that
together form a point-symmetric morphology (A-D; B-E; C-F; Gn-Gs). In the lower-left panel I added the marks to clumps Gn and Gs, while clumps A to F are from
Larsson et al. (2021). The pulsar is at vg; = 0 in these panels. Lower row: Three PNe, PN He2-138 (PN G320.1-09.6), PN M1-37 (PN G002.6-03.4) and IC 4846 (PN
G027.6-09.6), that have point-symmetric morphologies that Sahai & Trauger (1998); Sahai (2000) and Sahai et al. (2011), respectively, attribute to jets. The three lines
on the M1-37 image are from the original image of Sahai (2000). For more details see Soker (2022a).
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Figures 3 and 6 affirm that jets change directions in PNe.
Here I concentrate on the jittering of jets in CCSNe that is
caused by the convective motion of the precollapse core. There
are other effects than can change the jets’ axis not only in
CCSNe, but also in a variety of systems from binary systems,
like progenitors of PNe, and up to jets of active galactic nuclei.
In binary systems the gravitational force of the companion can
cause the disk to precess. However, I would like to comment on
an effect where the jets have feedback on the angular
momentum. If the interaction of the jets with the ambient
medium causes matter to fall toward the accretion disk and this
material will have a velocity with a small angle with respect to
the original jets’ axis, as a result, the angular momentum of this
gas is at a large angle to the angular momentum of the accretion
disk that launches the jets. As this falling gas feeds the
accretion disk, it changes its angular momentum axis, and
hence the jets’ axis. In cooling flow clusters of galaxies, active
galactic nucleus jets might cause dense clumps to feed the
accretion disk around the supermassive BH (Soker 2018a). I
termed this jittering jets by negative angular momentum feed-
back (Soker 2021b). Gottlieb et al. (2022c) conduct a 3D
magnetohydrodynamical simulation of a CCSN and find that
bound gas from the two jet-inflated cocoons feeds the accretion
disk and tilts it somewhat. This leads to jets with relatively
small jittering that they term wobbling jets.

*Summary of Section 2.3.2. Both jets and instabilities
shape clumps and filaments in the ejecta of CCSNe. Instabil-
ities alone cannot account for some properties, like point-
symmetric morphologies and some element distributions. In
most cases, jets jitter by moderate to large angles between
different jet-launching episodes.

3. Bipolar Core Collapse Supernovae
3.1. Superluminous Supernovae (SLSNe)

Two sources feed angular momentum to the mass that the
NS accretes, the precollapse core rotation (point 7 in Section
2.2) and the angular momentum fluctuations of the precollapse
core convection that are amplified by instabilities (point 1 of
Section 2.2). When the precollapse specific angular momentum
is large enough to allow the formation of a stable accretion disk
around the newly born NS, the jittering is relatively small and
occurs around a fixed axis along the precollapse angular
momentum of the core. This is the fixed-axis jets explosion
process. Because all jets share more or less the same axis, they
very efficiently expel gas from surroundings of the polar
directions, but not from surroundings of the equatorial plane.
The outcome is a bipolar explosion, i.e., the morphology
exhibits two opposite large bubbles (rather than ears) with a
waist between them.

Because of the low efficiency in mass ejection, the total
energy that the jets carry is much larger than the binding energy
of the ejected gas. Therefore, the fixed-axis jets explosion
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process leads to a super-energetic CCSN. If even a small
fraction of the kinetic energy is channeled to radiation, the
outcome is an LSN or an SLSN. The prediction of the jittering
jets explosion mechanism, or more generally the jet-feedback
explosion mechanism, is that most SLSNe and a large fraction
of LSNe are bipolar. I adopt here the definition (e.g., Gomez
et al. 2022) that SLSNe have peak r-band magnitude of
M, < —20, and LSNe have peak r-band magnitude of
M,=—19 to —20.

The accretion of equatorial mass can lead to the formation of
a BH. Therefore, according to the jittering jets explosion
mechanism the formation of BHs in CCSNe comes along with
super-energetic CCSNe, rather than with failed CCSNe (e.g.,
Gilkis et al. 2016; Soker 2017b).

Chugai et al. (2005) suggested bipolar nickel ejecta, i.e., two
opposite jets of °Ni, inside a spherical hydrogen-rich envelope
for the type IIP SN 2004dj. They estimated the nickel mass to
be ~0.02 M. Utrobin & Chugai (2019) suggested a similar
model for the type IIP SN 2016X but with a nickel mass of
~0.03 M. They took the explosion to be bipolar, but not to the
degree of shaping the spherical hydrogen shell. These CCSNe
are not LSNe/SLSNe. Because of the spherical envelope such
a scenario might also take place with large jittering and pre-
collapse core with moderate rotation velocity. Namely, the
nickel bipolar structure is the last jet-launching episode, but a
relatively massive one, in the jittering jets explosion
mechanism.

Hungerford et al. (2003) conducted a 3D hydrodynamical
simulation of jet-driven explosion and studied the effects of
such asymmetrical explosions on mixing and gamma-ray line
emission. Hungerford et al. (2005) studied these effects in case
of a “single-lobe” CCSN explosion as the delayed neutrino
mechanism predicts in some cases, and Wollaeger et al. (2017)
examined the influence of single-lobe explosion on the emis-
sion from ultraviolet (UV) to IR. In that respect I note that two
opposite jets must not always be equal, and even jittering jets
can be unequal. The two opposite lobes of the SNR W50 that
the jets from SS 433 inflate are highly unequal (e.g., Dubner
et al. 1998), and so are the two unequal opposite lobes of the
proto-PN OH 231.8+44.2 that were most likely shaped by jets
(e.g., Bujarrabal et al. 2002).

As with some other (but not all) issues, the jittering jets
explosion mechanism and the delayed neutrino explosion
mechanism depart also in terms of their explanation of SLSNe.
The jittering jets explosion mechanism attributes most of the
energy of SLSNe to powering by jets, even when there are
other processes, like ejecta-CSM collision (Section 7) and a
magnetar, which I discuss next.

Most fittings of SLSNe light curves that assume the delayed
neutrino explosion mechanism require extra energy sources
because this mechanism cannot explain CCSN explosion ener-
gies of Esy = 2 x 107! erg — 3 x 107! erg (e.g., Gogilashvili
et al. 2021; Section 2.2). The most popular extra energy source in
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these modelings is a rapidly rotating magnetized NS, i.e., a
magnetar (e.g., Maeda et al. 2007; Greiner et al. 2015; Metzger
etal. 2015; Yu et al. 2017; Margutti et al. 2018; Suzuki & Maeda
2021; for possible SLSN energy sources see, e.g., Wang
et al. 2019).

The formation of a magnetar is also the expectation in the
jittering jets explosion mechanism when the precollapse core is
rapidly rotating. However, in the jittering jets explosion
mechanism whenever there is an energetic magnetar there are
also energetic jets that are likely to deposit more energy to the
ejecta than the magnetar does (Soker 2016a, 2017a; Soker &
Gilkis 2017a). Following these studies, Shankar et al. (2021)
discuss accretion and jets’ launching by a magnetar in broad-
lined Type Ic CCSNe.

Indeed, studies that do not include jets encounter problems in
a large fraction of the SLSNe they try to fit. Nicholl et al.
(2017) fit light curves of 38 SLSNe with magnetars. Soker &
Gilkis (2017a) find that in about half of these fittings the CCSN
explosion energy, before any magnetar powering, must be
Esn > 2 x 10°! erg. Because this is a larger energy than what
the delayed neutrino mechanism can account for, Soker &
Gilkis (2017a) conclude that jets exploded these SLSNe. The
recent magnetohydrodynamic simulations by Reichert et al.
(2022) further support the claim of Soker & Gilkis (2017a) that
jets explode SLSNe.

In yet another study (Soker 2022¢) I examine the modeling
of the light curves of 40 LSNe by Gomez et al. (2022). For their
fitting Gomez et al. (2022) consider in addition to the explosion
energy itself the contribution by a magnetar and by helium
burning. I find that in 10 LSNe that Gomez et al. (2022) fit, the
total energy of these two extra energy sources is larger than the
ejecta kinetic energy that they fit. In eight LSNe the total
energy of the delayed neutrino explosion mechanism and these
two extra sources combined is smaller than the fitted kinetic
energy. Instead, I propose in that paper that jets play an
important role in powering the explosion and light curve of
LSNe, as I claim for SLSNe, and actually for most CCSNe.

In a recent paper Kangas et al. (2022) analyze 14 hydrogen-
rich SLSNe and try to fit their light curves with either a mag-
netar or with an ejecta-CSM collision. In half of the SLSNe that
they fit by magnetar powering the initial energy of the magnetar
is very large (spin period Ppae < 0.002s) such that the final
mass accretion onto the NS was most likely through an
accretion disk that launched even more energetic jets (Soker
2017a). In half of the cases that they fit with ejecta-CSM col-
lision, the kinetic energy and radiation combined carry more
energy than what the delayed neutrino explosion mechanism
can supply (Section 2.2), again requiring jets to explode these
SLSNe. I claim that jets played a dominant role in the explo-
sion of all these hydrogen-rich SLSNe.

The same arguments hold for the fitting by Chen et al. (2022)
of the light curves of 70 hydrogen-poor SLSNe. They fit by
either a magnetar model or an ejecta-CSM interaction + “°Ni. I
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find that about 33% of their magnetar fittings have
Prag £ 0.002s. As I argued above (Soker 2017a) such rapidly
rotating magnetars are likely to be spun-up during the last
phase of their formation by an accretion disk/belt that launches
jets. I argue that even the slower magnetars in their fitting most
likely launched jets at explosion. From the 70 light curves that
Chen et al. (2022) fit, 14 do much better with ejecta-CSM
powering of the light curve than with magnetars. In 7 out of
these 14 SLSNe the kinetic energy of the ejecta is much larger
than what the delayed neutrino explosion mechanism can
supply, e.g., Egn > 2.5 x 10°% erg and Ey;, ~2 x 10°% erg for
ZTF18aaisyyp and ZTF18aajqcue, respectively. Clearly if
these models are correct jets exploded these SLSNe. Again, I
argue that jets exploded all these SLSNe.

In a recent study Eiger et al. (2021) find no correlations
between the properties of CCSN SNRs and the magnetar and
pulsar they host. I argue that their findings are compatible with
my claim that jets supply most of the explosion energy and the
kinetic energy of the ejecta rather than the magnetars they host.

Most CCSNe are not bipolar. Lazzati et al. (2012) showed in
their two-dimensional (2D) hydrodynamical simulations of
relativistic jets that only in cases of weak bipolar jets the out-
come is dynamically indistinguishable from regular CCSNe. I
expect in those cases to have jittering jets rather than fixed-axis
jets. Barnes et al. (2018) conduct 2D relativistic hydrodynamics
simulations and argue that relativistic jets can explain broad-
lined SNe Ic. Shankar et al. (2021) reach similar conclusions
with 2D relativistic hydrodynamics simulations. However, in a
recent study Eisenberg et al. (2022) find that collimated jets do
not produce outflows that are consistent with observations of
CCSNe. Instead, they argue, in gamma-ray bursts there are
narrow jets that produce the gamma emission, and a much
wider outflow that explodes the star, including a wide cocoon
(e.g., Pais et al. 2022). Wang et al. (2022) continue this idea
and discuss jets with large opening angles of about tens of
degrees to power the CCSN that accompanied the gamma-ray
burst GRB 171205A. Indeed, the general jet feedback mech-
anism (in CCSNe, in clusters of galaxies and in binary stars)
operates most efficiently with wide jets or with precessing/
jittering jets (for a review see Soker 2016b). I expect that in
most bipolar CCSNe the exploding jets are not relativistic.

For comparison, I comment on the NS activity at birth of
most CCSNe, which are not bipolar. Beniamini et al. (2019)
estimate that a fraction of 0.4 of NSs are born as magnetars.
Most of these have long spin periods, P; ~ 0.01-0.1 s, and their
energy neither dominates the explosion nor the light curve.
Gofman & Soker (2020) estimate the spin period of the NS
remnants of CCSNe with explosion energies of 10°°-10°" erg,
which are the majority of CCSNe, to be in the range of
P, ~0.01-0.1s. We expect many of them to have medium to
strong magnetic fields as magnetic fields are required for jet-
launching. Namely, the NSs with strong magnetic fields are
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born as magnetars, but with low energy because of their rela-
tively slow rotation. In this regard the jittering jets explosion
mechanism is compatible with the finding of Beniamini
et al. (2019).

* Summary of Section 3.1. Jets must play an important role
in powering the explosion and light curves of LSNe and
SLSNe, most likely the dominant role. Modeling of SLSN light
curves must include jets, even when they consider an energetic
magnetar. In most cases the jets have a fixed-axis or a small
jittering around a fixed axis. The fixed axis results from a rapid
precollapse core rotation. A close binary companion (an MS
star, an NS or a BH) might spin-up the core to the required
rapid rotation.

3.2. The Role of the Viewing Angle

In CCSNe with bipolar ejecta, i.e., a morphology of two
polar lobes with an equatorial waist between them, the viewing
angle influences the observed light curve.

Kaplan & Soker (2020b) built simple bipolar CCSN ejecta
models and examined the basic structure of the light curve for
an observer in and near the equatorial plane. They built the
ejecta from equatorial ejecta and faster polar jet-inflated ejecta.
At early times the polar lobes are optically thick, and because
of their faster polar velocity the polar photosphere grows faster
than the photosphere near the equatorial plane. The outcome is
a CCSN that is more luminous than a similar spherical
explosion. The jets supply the extra energy to inflate and
accelerate the polar lobes and to the extra radiation. As the
polar ejecta expand faster, their optical depth decreases faster
and at later times the polar photosphere decreases faster than
the equatorial photosphere, and eventually the equatorial ejecta
hide the polar photosphere from an observer near the equatorial
plane. This leads to a rapid luminosity decline, and even an
abrupt decline in the light curve.

Kaplan & Soker (2020b) could fit with their toy model the
abrupt decline in the light curve of SN 2018don. In Figure 7 1
present their fitting to the light curve of SN 2018don. In a
recent study Akashi et al. (2022) show with 3D hydro-
dynamical simulations that bipolar explosions can indeed
explain such light curves. I suggest (Soker 2022¢) that a bipolar
explosion might explain the light curve of the stripped-envel-
ope SLSN SN 2020wnt that has a “knee”, because the bipolar
explosion can account also for that (for observations see
Tinyanont et al. 2021; Gutiérrez et al. 2022; Tinyanont et al.
2022). I will return to LSNe and SLSNe in Section 7 where 1
discuss post-explosion jets.

Consider fast blue optical transients (FBOTSs), and in part-
icular AT2018cow-like FBOTS that are bright transients (e.g.,
Margutti et al. 2019) that have only a few days rise time to peak
emission (e.g., Prentice et al. 2018; Perley et al. 2019). They
display hydrogen lines (e.g., Margutti et al. 2019), and exhibit
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Figure 7. Fitting the light curve of an LSNe with bipolar ejecta (figure from
Kaplan & Soker 2020b). The green and red points are the light curves of
SN 2018don in the g-band and r-band, respectively, from Lunnan et al. (2020).
The blue line is the light curve from a toy model by Kaplan & Soker (2020b)
where more details can be found.

high velocities of 2.1c and a total kinetic energy of ~10°'-
10°% erg (e.g., Coppejans et al. 2020).

Soker et al. (2019) and Soker (2022c) suggest that
AT2018cow-like FBOTSs are classes of CEJSNe and CEJSN-
impostors, respectively (Section 4), for which the viewing
angle plays a crucial role. Metzger (2022) suggests a version of
the CEJSN scenario of Soker et al. (2019) where the core-NS/
BH merger takes place >100 yr post common envelope evol-
ution (CEE). In the CEJSN scenario for FBOTS the fast outflow
is accounted for by a fast polar outflow and an observer away
from the equatorial plane. The same holds for the bipolar
CCSN explosion model that Gottlieb et al. (2022b) propose for
AT2018cow-like FBOTSs. In their model the jets interact with
the stellar envelope. Kashiyama & Quataert (2015) propose a
model where the progenitor collapses to form a BH that
accretes mass via an accretion disk that powers the FBOT by a
disk wind. Similarly, Tsuna et al. (2021) proposed a CCSN
with a bipolar outflow from a BH accretion disk to account for
the fast-rising transient AT2018lgh (Ofek et al. 2021). All these
models, whether CEJSNe or CCSNe, are bipolar (see also
Guarini et al. 2022), and viewing angle is important. FBOTSs
are likely observed away from the equatorial plane.

*Summary of Section 3.2. Viewing angle influences the
light curves of bipolar explosions. Bipolar explosions that we
observe from the equatorial plane might explain some puzzling
features in some CCSN light curves. FBOTs are a class of
bipolar explosions of CCSNe and/or CEJSNe, that are likely
observed along or close to the polar axis.
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Figure 8. A schematic drawing (not to scale) of the main CEJSN evolutionary phases. Abbreviation. MS: main sequence; NS/BH: a neutron star or a black hole;

RSG: red supergiant; SN: supernova.
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4. Common Envelope Jets Supernovae (CEJSNe)

A CEJSN is a transient event with typical timescales like
CCSNe or longer and with energies like those of CCSNe or
larger that is powered by jets that an NS or a BH (NS/BH)
launch as they accrete mass from the envelope and then core of
an RSG (e.g., Grichener & Soker 2019; Soker et al. 2019;
Schrgder et al. 2020; Grichener & Soker 2021; for studies of an
NS/BH merger with the RSG core that do not emphasize jets
see, e.g., Fryer & Woosley 1998 and Chevalier 2012). They
therefore might mimic (peculiar) CCSNe. In cases where the
NS/BH does not enter the core, i.e., it enters and then exits the
RSG envelope or it removes the entire envelope in a CEE and
avoids entering the core, the event is a CEJSN-impostor (e.g.,
Gilkis et al. 2019; Lopez-Camara et al. 2019, 2020; Grichener
et al. 2021). However, in this review I will use CEJSN to refer
to CEJSN impostors as well as CEJSNe. Some CEJSNe
involve triple-star interaction (e.g., Soker 2021a; Akashi &
Soker 2021b; Soker 2021b). I schematically present the main
phases of the CEJSN evolution in Figure 8.

Numerical simulations show that the jets regulate their
power because they remove mass from their vicinity and reduce
the density, hence the accretion rate and the jets’ power (e.g.,
Lopez-Camara et al. 2019; Grichener et al. 2021; Schreier et al.
2021; Hillel et al. 2022). This is the jet feedback mechanism in
a CEE (e.g., Soker 2016b). Even jets from an MS star might
efficiently expel mass from the giant envelope (e.g., Shiber
et al. 2019), and more so the energetic jets that an NS/BH
launches (Schreier et al. 2021; Hillel et al. 2022). This efficient
mass removal might increase the CEE efficiency parameter to
values of aicg > 1 as some scenarios demand (e.g., Fragos et al.
2019; Garcia et al. 2021; Zevin et al. 2021).

Two key processes allow energetic CEJSNe. (1) An efficient
cooling of the mass that the NS/BH accretes by neutrino
emission when the accretion rate is sufficiently high,
Myee > 1073 M, yr~! (Houck & Chevalier 1991; Chevalier
1993, 2012). (2) A density gradient in the RSG envelope and
the RSG core that implies that the accreted mass has a specific
angular momentum that forms an accretion disk around the
NS/BH (e.g., Armitage & Livio 2000; Papish et al. 2015;
Soker & Gilkis 2018).

CEJSNe might account for some enigmatic transients that at
first are classified as CCSNe, e.g., the unusual gamma-ray burst
GRB 101225A for which Thone et al. (2011) suggested the
merger of an NS with a helium star. Soker & Gilkis (2018)
proposed a CEJSN event to explain the puzzling iPTF14hls
transient (Arcavi et al. 2017) and similar transients, e.g., SN
2020faa (Yang et al. 2021). T will return to iPTF14hls in
Section 7.2.2. FBOTs (Section 3.2) and in particular
AT2018cow-like FBOTs might be CEJSNe (Soker et al. 2019;
Metzger 2022) or CEJSN-impostors (Soker 2022c). Schrgder
et al. (2020) proposed that the transients SN 1979c and SN
1998s were CEJSN events. Dong et al. (2021) proposed the
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CEJSN scenario for the luminous radio transient VT J121001
+495647.

CEJSN events and CCSNe share the same main powering
mechanism which is the launching of jets by an NS/BH, an old
NS/BH companion in CEJSN events and a newly born NS/BH
in CCSN. Therefore, it is not surprising that CEJSNe might
mimic CCSNe. Some CEJSNe might be more energetic and/or
have slower declining light curves than typical CCSNe.
Because of the binary interaction, CEJSN events cover a more
extended range of explosion properties (e.g., see Table 1 of
Soker et al. 2019).

Triple-star CEJSNe add to the rich variety of properties, e.g.,
a tight binary system of an NS and an MS star enters the
envelope of an RSG and merge inside the RSG envelope
(Soker 2021a), or a tight binary system of two NS/BHs that
enters the RSG envelope and ends in one of several CEJSN
channels (Table 1 of Soker 2021b), like an NS-NS merger
inside the envelope (Akashi & Soker 2021b).

In their population synthesis study Schrgder et al. (2020)
estimate that the rate of CEJSN events where an NS/BH enters
the core of an RGB star is ~0.5% of the rate of CCSNe. About
half the cases have an NS star companion and about half a BH
companion. The CEJSN-impostor events, where the NS/BH
does not enter the core, amount to ~2% of the rate of CCSNe.

*Summary of Section 4. Jets that an NS/BH launches
power CEJSNe, much as I argue for CCSNe. The main dif-
ferences are that in CEJSNe the NS/BH is old and the source
of the accreted mass is the envelope and then the core inside
which the NS/BH orbits, i.e., a CEE. Because of the similar
powering mechanism CEJSNe mimic CCSNe and in particular
bipolar CCSNe, but have some other properties, like they might
last longer and contain more energy. The rate of CEJSNe is
only a few percent of the CCSN rate. Some CEJSN-impostors
might end as a close NS/BH-NS/BH binary system that much
later suffers merger due to gravitational wave emission. In
other words, many of the gravitational wave sources that
evolved through a CEE have experienced a CEJSN-impostor
event.

5. Shaping the CSM
5.1. Core Collapse Supernovae

I start with the three rings of SN 1987A that I present in
Figure 9. The ejecta of SN 1987A have been strongly colliding
with the inner ring for about 23 yr (e.g., Fransson et al. 2013;
Frank et al. 2016; Larsson et al. 2019; see McCray & Fransson
2016 for a review). The rings were ejected =~20,000 yr
before explosion (e.g., Panagia et al. 1996; McCray &
Fransson 2016).

Although there are scenarios for the formation of the three
rings of SN 1987A that involve no jets (e.g., Soker 1999;
Tanaka & Washimi 2002; Sugerman et al. 2005; Morris &
Podsiadlowski 2009), I attribute their shaping to jets
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Figure 9. Comparing the morphology of the three CSM rings of SN 1987A to the morphologies of two PNe. The right column is zoomed-in images of the left column
images, but they do not have the same orientation. Details of the images that are not of concern to this study can be found in the sources of the images. Credits: SN
1987a: Left: Burrows et al. (1995); Right: X-ray: NASA /CXC/SAO/PSU/K, Frank et al. (2016); Optical: NASA /STScL; Millimeter: ESO/NAOJ/NRAO/ALMA.
MyCn 18: Left: O’Connor et al. (2000); Right: Sahai et al. (1999). The Necklace nebula IPHASX J194359.54170901): Left: Corradi et al. (2011). Right: NASA/
ESA/the Hubble Heritage Team (STScI/AURA).
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(Soker 2002). The supporting argument comes from the mor-
phological similarities to those of some PNe. In Figure 9 I
present these similarities with two PNe. Note that these jets are
likely to be wide, like jets from post-asymptotic giant branch
binary systems (e.g., Bollen et al. 2022; for a review empha-
sizing wide jets see Soker 2016b).

The PN MyCN 18 and SN 1987A share a bipolar structure of
pairs of opposite outer rings, one pair in SN 1987A and several
pairs in MyCn 18. The deep image of MyCn 18 reveals broken
jets at large distances from the bipolar structure and along its
symmetry axis. Most likely several jet-launching episodes
shaped the several rings of MyCn 18 as a result of the inter-
action of the jets with a CSM. This supports a scenario where
pairs of jets shaped the pair of outer rings of SN 1987A, as
Akashi & Soker (2016) demonstrate in their 3D hydro-
dynamical simulations.

The Necklace PN and SN 1987A share the structure of a
clumpy equatorial ring. Again, the Necklace PN was shaped by
jets as the image affirms. This suggests that jets also shaped the
inner ring of SN 1987A, as Akashi et al. (2015) show with 3D
hydrodynamical simulations. I do not argue that only a jet
necessarily compressed the equatorial outflow that formed the
ring. Equatorial mass ejection during a CEE phase might have
added mass to the ring.

The star that launched the jets in the scenario I discuss here
is an MS companion that entered a CEE with the RSG (then)
progenitor of SN 1987A. Before it entered the envelope the
companion accreted mass from the RSG envelope via an
accretion disk that launched the jets. As it spiralled-in toward
the envelope and inside it, the companion spun-up the pro-
genitor of SN 1987a (e.g., Chevalier & Soker 1989) and
diverted its evolution toward a blue giant (e.g., Podsiadlowski
et al. 1990). The companion did not survive the CEE.

There are other CSM morphologies into which CCSN
explosions might occur, e.g., a bipolar CSM around a Wolf-
Rayet (WR) star (e.g., Meyer 2021). Therefore, in principle a
bipolar CCSNR might result from either jets during the
explosion or a bipolar CSM, or both.

*Summary of Section 5.1. I suggest that the three CSM
rings of SN 1987A were ejected by a binary system that entered
a CEE = 20,000 yr before explosion, and that an MS compa-
nion to the progenitor of SN 1987A launched jets that shaped
the rings. The interaction of the jets with the CSM gave rise to a
transient event, an intermediate luminosity optical tran-
sient (ILOT).

5.2. Shaping Ears in Type la Supernovae

This section is the only one in this review where I refer to
SNe Ia. Jets do not power SNe Ia and so I refer only to the
shaping. As well, I will not get into the question of which SN Ia
scenarios allow ears (for that see Table 1 in Soker 2019b).
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Many SNRs of SNe Ia (SNRs Ia) have the structure of two
opposite ears. In Figure 10 I present three SNRs Ia with ears
alongside three PNe with small ears; some PNe with large ears
are in Figures 3 and 4. Tsebrenko & Soker (2015a) and
Chiotellis et al. (2021) give more examples of SNRs Ia
with ears.

I will follow Tsebrenko & Soker (2015a) and take the view
that jets shape ears in SNRs Ia. Tsebrenko & Soker (2013b)
simulated the shaping of ears by either a spherical SN Ia
exploding into a CSM with ears, or by jets in the SN Ia
explosion itself that expand into a spherical CSM. The SN Ia
explosion simulations by Perets et al. (2019), where a CO white
dwarf tidally destroys a HeCO white dwarf, yield faster bipolar
outflow that might shape ears. Their study indicates that some
SN Ia explosion scenarios might shape jets. However, I will
take the view that SNe Ia are more or less spherical (beside
maybe some clumps) and that the ears result from the CSM that
the progenitor of the SN Ia blew hundreds of thousands of
years to thousands of years before the explosion. The CSM is
actually a proto-PN (Cikota et al. 2017), a PN or a remnant of a
PN, and these are SNe Ia inside PNe, which are termed SNIPs
(Tsebrenko & Soker 2015a). I crudely estimated that about half
of SNe Ia are SNIPs (Soker 2022b).

It is important to emphasize that here I argue that the jets
were launched during the formation phase of the PN that pre-
ceded the SN Ia explosion. The SN Ia itself has a large-scale
spherical structure. It explodes into a CSM with ears, a proto-
PN, a PN or an old PN.

In the model I adopt here the ears are along the symmetry
axis of the SNR. Some models for ear formation take them to
be projections of an equatorial ring/torus. Chiotellis et al.
(2021) simulate the formation of ears in SNIPs, but they take
the ears to be in the equatorial plane and do not include jets (see
also Chiotellis et al. 2020). Burkey et al. (2013) also take the
ears of the Kepler SNR to be in the equatorial plane. I note that
Sun & Chen (2019) find that the ears in the Kepler SNR consist
mainly of Si-rich and S-rich ejecta, thus, they argue, favoring
shaping by jets that are related to the explosion, rather than ears
from a preceding PN. This requires further study.

In the Kepler SNR (e.g., Kasuga et al. 2021) and in the SNR
G1.9+0.3 (e.g., Borkowski et al. 2017) the ejecta interact with
a CSM. Tsebrenko & Soker (2015b) simulate the formation of
the complicated ears SNR G1.9+0.3 by adding clumps to the
ears in the PN. In the SNR G299.2-2.9 the ears are less sym-
metric, with a clear elongation only on one side. Post et al.
(2014) consider the possibility that G299.2-2.9 interacts with a
CSM, but also argue that it is unlikely to be a SNIP because of
only a one-sided ear. However, I note that some PNe do have
very unequal ears. A good example is the JWST MIRI image of
NGC 3132 that I present in the right-most panel in the second
row of Figure 3 (for an analysis of this image see De Marco
et al. 2022).
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Figure 10. Comparing “ears” in three SNRs Ia with ears of three PNe. Each yellow arrow points at an ear. See NGC 40 and NGC 3918 in Figure 4 for PNe with larger
ears and NGC 3132 in Figure 3 for asymmetrical ears. (I marked the ears there “jet opening” to indicate that we identify the jets in some of these PNe.) I adopt the
view that these and similar SNRs Ia are SNIPs (for SNe inside PNe). Credits: G1.9+0.3: Borkowski et al. (2014); Kepler: Reynolds et al. (2007); G299.2-2.9: Park
et al. (2007) (for SNR images see also the Chandra homepage); IC 418: NASA/ESA and The Hubble Heritage Team (STScI/AURA); NGC 7139: KPNO/NOIRLab/
NSF/AURA /Gert Gottschalk and Sibylle Froehlich/Adam Block; NGC 2022: ESA /Hubble and NASA, R. Wade.
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*Summary of Section 5.2. Some SNRs Ia have ears that [
take to indicate shaping by jets. Although in principle the jets
might be part of the explosion process, I consider more likely
the explosion of a large-scale spherical SN Ia inside a CSM that
is a PN (SNIP). The ears result from the shaping of the PN
by jets.

6. Jet-driven Pre-explosion Outbursts

This section deals with pre-explosion jets in binary systems
where a companion to the progenitor of the CCSN (or the
CEJSN) launches the jets as it accretes mass from the
progenitor.

Observations show that some CCSNe and some other tran-
sients experience outbursts years to days before explosion.
These are termed precursors (e.g., Tsuna et al. 2022 for recent
light curve calculations). Prominent is the class of SN 2009ip-
like (2009ip-like; e.g., Smith et al. 2010; Fraser et al. 2013;
Mauerhan et al. 2013; Pastorello et al. 2013; Graham et al.
2014; Smith et al. 2014, 2022) transients that have precursors,
fast rising and declining light curves and bumps during the
decline phase. Some other members of this group are SN
2010mc (e.g., Ofek et al. 2013; Smith et al. 2014), LSQ13zm
(Tartaglia et al. 2016), SN 2013gc (Reguitti et al. 2019), SN
2015bh (e.g., Elias-Rosa et al. 2016; Thone et al. 2017),
AT 2016jbu (e.g., Bose et al. 2017; Kilpatrick et al. 2018;
Brennan et al. 2022a), SN 2016bdu (e.g., Pastorello et al. 2018)
and SN 2019zrk (Strotjohann et al. 2021; Fransson et al. 2022).
In their study of SN 2019zrk, Fransson et al. (2022) point out
that 2009ip-like transients might emit a substantial fraction of
the radiation in UV and in X-rays as in SN 2009ip (Margutti
et al. 2014). All these properties are not easy to explain by
CCSNe, unless some other ingredients are added.

It is not clear what fraction of 2009ip-like transients are true
CCSNe (e.g., Smith et al. 2014) and what fraction are CEJSNe
(e.g., Gilkis et al. 2019; Schrgder et al. 2020). My view is that
this group of transients bridges in terms of its properties and
power CCSNe and CEJSNe. In other words, some of them
might be true CCSNe and some might be CEJSNe, but in all of
them jets play major roles before, during and after the explo-
sion, and the ejecta have a highly non-spherical morphology,
most likely bipolar.

The quest for an explanation to the pre-explosion outbursts
encounters some challenges. Quataert & Shiode (2012) and
Shiode & Quataert (2014) suggested that the vigorous con-
vection motion in the core, from the phase of core carbon
burning until core collapse, can excite waves that propagate to
the envelope. Soker & Gilkis (2017b) proposed that the vig-
orous convection can initiate magnetic activity where magnetic
flux tubes that buoy to the envelope deposit energy to the
envelope. The dissipation of the wave energy and/or magnetic
energy in the envelope heats the envelope and inflates it (e.g.,
Fuller 2017; Fuller & Ro 2018; Wu & Fuller 2021).
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However, models that are based on only wave energy (or
magnetic energy) encounter two problems. The first one is that
waves cause mainly envelope inflation rather than mass ejec-
tion (e.g., Mcley & Soker 2014; Ouchi & Maeda 2019; Wu &
Fuller 2022), and cannot explain dense CSM, e.g., as Fransson
et al. (2022) mention for SN 2019zrk. The 3D simulations by
Tsang et al. (2022) yield somewhat more ejected mass, but
cannot solve the problem. The second challenge, as mentioned
for example by Fransson et al. (2022), is that there are obser-
vations of fast, with velocities of ~10*km sfl, outflows in pre-
explosion outbursts, like in SN 2009ip (e.g., Pastorello
et al. 2013).

The similarity of some pre-explosion outbursts to the out-
bursts of ILOTs, e.g., as Smith et al. (2010) and Soker & Kashi
(2013) discussed for SN 2009ip and Brennan et al. (2022b)
discussed for AT 016jbu, suggests that jets power these out-
bursts much as they power ILOTs (other names include gap
objects, luminous red novae and intermediate luminosity red
transients). Namely, the main energy source of mass ejection
during pre-explosion outbursts is accretion onto a compact
companion that launches jets. The companion can be an MS
star, a WR star or an NS/BH. Some ILOTs must be powered
by jets because of their bipolar morphology, e.g., Nova 1670
(CK Vulpeculae; Kaminski et al. 2021), and I take the view that
most ILOTs are powered by jets (e.g., Soker 2020a).

Indeed, jets can solve the two problems that models which
are only based on wave energy encounter (for a more detailed
discussion see Soker 2022f). Mcley & Soker (2014) already
found that the energy that waves are likely to deposit to the
RSG envelope before explosion mainly causes envelope
expansion, but not much mass ejection. Their conclusion was
that a mass-accreting companion powers the outbursts by
launching jets. The waves inflate the envelope that in turn
transfers mass to the more compact companion via an accretion
disk that launches energetic jets. Danieli & Soker (2019) stu-
died this process in cases where the companion is an NS.

Jets can also account for high velocities of a fraction of the
pre-explosion ejecta. Hydrodynamical simulations showed that
even jets from MS or WR companions which expand at velo-
cities of vje; ~ 2000—3000 km s~! can accelerate gas to velo-
cities of 210,000 km s~' when they interact with the CSM.
Tsebrenko & Soker (2013a) described this process with para-
meters that fit the expected pre-explosion of SN 2009ip and
Akashi & Kashi (2020) obtained such high velocities when
they applied parameters that fit the Great Eruption of Eta
Carinae, which was an energetic ILOT event. The observations
of high pre-explosion velocities were not a problem at all for
cases with an NS/BH companion because NS/BHs launch
very fast and energetic jets (e.g., Gilkis et al. 2019).

*Summary of Section 6. Although the energy that core-
excited waves (and possible magnetic flux tubes that buoy out)
carry to the envelope might cause some CCSN progenitors to
expand and lose some mass before explosion, energetic pre-
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explosion outbursts (precursors) require jets for their powering.
A more compact companion that accretes mass from the
inflated envelope of the CCSN progenitor launches these jets.

7. Post-explosion Jet-powering
7.1. Post-explosion Jets

An NS/BH launches post-explosion jets if it accretes mass
through an accretion disk after explosion (I do not consider jets
from a pulsar). Several processes can lead to post-explosion
accretion in CCSNe.

Many studies refer to post-explosion accretion of fallback
gas (e.g., Chevalier 1995; Della Valle et al. 2006; Moriya et al.
2010; Akashi & Soker 2022; Pellegrino et al. 2022), including
in bipolar jet-driven CCSNe (e.g., Tominaga 2009), and in
relation to gamma-ray bursts (e.g., Lin et al. 2020). Dexter &
Kasen (2013) conduct a thorough study of fallback accretion in
CCSNe and discuss up to months-long post-explosion jets that
power SLSNe. The processes that they discuss are relevant to
this review, and I will not review these processes that cause late
fallback mass accretion. I also note that Metzger et al. (2015)
study in detail the powering by a magnetar and briefly mention
that a BH accreting fallback gas has the same effects on the
light curve. As I already mentioned in this review and in earlier
papers, my view is that energetic magnetars must be accom-
panied by jets that most likely supply more energy to the
explosion. Therefore, jets and magnetar powering are not two
alternatives. Rather both jets and magnetar operate or jets
alone, but not an energetic magnetar alone.

There are other processes that might lead to post-explosion
jets in CCSNe, including the accretion of CCSN ejecta gas by a
pre-existing NS/BH (e.g., Fryer et al. 2014; Becerra et al.
2015, 2019; Akashi & Soker 2020) and the feeding of the
newly born NS/BH by a close MS star such that the explosion
causes its envelope to inflate (e.g., Ogata et al. 2021; Hober
et al. 2022), or even a direct collision of the NS with the MS
star (Hirai & Podsiadlowski 2022). In a recent study, Becerra
et al. (2022) find in their simulations of a CCSN with a close
NS that both NSs, the old and the newly-born NS, accrete mass
within several minutes after the explosion. They, however, do
not simulate jets. I expect both NSs to launch jets (e.g., Akashi
& Soker 2020).

In CEJSNe the post-explosion accretion is more likely even
due to the large angular momentum in the system. This leads to
fixed-axis jets that might leave equatorial gas bound after the
explosion, much as in CCSNe that have rapid pre-explosion
rotation and collapse to form a BH (Section 3.1).

*Summary of Section 7.1. There are several ways to feed
an NS/BH through an accretion disk after an explosion. It
might be a newly born NS/BH in CCSNe or an old NS/BH in
CEJSNe and in rare CCSNe. This feeding requires a large value
of specific angular momentum in the system, most likely by a
binary system. Either one star survives or both stars do. The
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same binary system can trigger also pre-explosion jets.
Therefore, many explosions that have late jet-powering might
also have precursors.

7.2. Jet-powered Bumps

In this section I argue that some (but not all) bumps in the
light curves of CCSNe and CEJSNe are powered by jets. As
such, studies cannot ignore the role of jets when building
models for bumps and the powering by jets should be com-
pared with the powering by other energy sources. This is true in
particular for what I term sharp-bumps, which are defined as
relatively luminous and short bumps.

Many studies refer to magnetar (e.g., Chugai & Utrobin
2022) and/or ejecta-CSM interaction powering of bumps (see,
e.g., Hosseinzadeh et al. 2022 for a recent study). Metzger et al.
(2018) do mention fallback accretion by a magnetar that can
change the smooth magnetar power.

7.2.1. The Toy Model

The collision of CCSN ejecta with a close CSM channels
kinetic energy to thermal energy and then radiation, and as a
result of that can delay the light curve decline and/or power
bumps in the light curve (e.g., Li et al. 2020; Fiore et al. 2021;
Sollerman et al. 2021; Chen et al. 2022; Zenati et al. 2022 for
some examples from the last three years). This holds also for
2009ip-like transients (e.g., Brennan et al. 2022a; Fransson
et al. 2022). Gangopadhyay et al. (2020) discuss ejecta-CSM
interaction in the peculiar Type IIn SN 2012ab and mention
that the explosion has a jet-structured outflow. This CCSN
seems to have clear indications for a jet-driven explosion. I will
consider the possibility that some (but definitely not all) bumps
in the light curves of CCSNe and CEJSNe are powered by late
jets. Alternatively to ejecta-CSM interaction, Moriya et al.
(2022) suggest that a magnetar can power bumps. My view
(Section 3.1) is that any energetic magnetar is accompanied by
even more energetic jets.

We do not yet have a model to derive the properties of the
jets for a given bump because of the large volume of the
parameter space and because the jet-ejecta interaction, which
does not have spherical symmetry, is very complicated. Para-
meters include the duration of the jet-activity phase, the velo-
city of the jets, their mass outflow rate, their opening angle and
the morphology of the CSM, which I expect to be non-sphe-
rical. Nonetheless, using simple toy models we have derived
some plausible set of parameters in two specific cases (Sections
7.2.2 and 7.2.3).

Kaplan & Soker (2020a) built a toy model that gives the
timescale and extra luminosity of a jet-driven bump in the light
curve. The toy model cannot give the details of the extra light
curve. The model takes the jet-ejecta interaction to be short and
treats it like a “mini-explosion” inside the ejecta, as Figure 11
schematically shows. There are two opposite mini-explosions
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Figure 11. A schematic illustration (not to scale) of the interaction of the two
opposite jets with the SN ejecta—the “mini-explosions” (from Kaplan &
Soker 2020a).

for the two opposite jets. The interaction of a jet with the ejecta
shocks the jet material and the ejecta. The shocked regions
together make the “cocoon”. The input parameters of the toy
model are the explosion energy and mass of the ejecta, the
energy of the jets, the initial mass in the cocoons, the half
opening angle of the jet, the opacity, the location of the jet-
ejecta interaction relative to the photosphere and the time of the
jet-ejecta interaction.

7.2.2. The Sharp Bump in the Light Curve of iPTF14hls

There are several late peaks in the light curve of iPTF14hls
(Arcavi et al. 2017; Sollerman et al. 2019), which is an enig-
matic transient for its high luminosity, fast outflow, slow decay
and bumps in the light curve. Theoretical scenarios to explain
iPTF14hls include powering by a magnetar (e.g., Arcavi et al.
2017; Dessart 2018; Woosley 2018), a pair instability super-
nova (e.g., Woosley 2018; Vigna-Gémez et al. 2019; Wang
et al. 2022), an interaction of the ejecta with a CSM (e.g.,
Andrews & Smith 2018; Milisavljevic & Margutti 2018),
fallback accretion (e.g., Arcavi et al. 2017; Wang et al. 2018;
Liu et al. 2019), a CEJSN event (e.g., Soker & Gilkis 2018;
Yalinewich & Matzner 2019), models based on late accretion
onto a BH (e.g., Chugai 2018) or an NS (e.g., Liu et al. 2019), a
jittering jets explosion model that forms a BH (Quataert et al.
2019) and wind-driven models (Moriya et al. 2020; Uno &
Maeda 2020). In some of these scenarios jets play the major
powering role (e.g., Chugai 2018; Soker & Gilkis 2018; Liu
et al. 2019; Quataert et al. 2019).

20
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Kaplan & Soker (2020a) focused on one bump in the light
curve of iPTF14hls, the third peak according to the definition of
Wang et al. (2018). Wang et al. (2018) attributed the powering
of the bumps to intermittent accretion of fallback material with
a total mass of ~0.2 M.,. However, they could not fit the third
peak because it is bright and short, i.e., a sharp bump. They
suggested that the third peak is due to magnetic activity of
the NS.

The third peak has a duration of 30 days and a total extra
radiated energy of E;nqp = 10% erg. Kaplan & Soker (2020a)
found that they could fit the properties of the third peak with
their toy model for jets that together have a kinetic energy of
Ejers = 0.016E5y and for an initial mass in the two cocoons of
Meocoons = 0.027Msy, where Egy and Mgy are the explosion
energy and the ejecta mass, respectively. The last number
implies that the initial half-opening angle of the cocoon (see
Figure 11) is «.=13%2. The jet-ejecta interaction time is
f,0=2309d. About a third of the energy of the jets ends in
radiation for these parameters, E,qp, >~ 0.3Ejes. This is a high
efficiency relative to an ejecta-CSM interaction (Section 7.2.3).
Kaplan & Soker (2020a) took the “mini-explosion” location
(the place where the jet deposits the energy in the ejecta) to be
at half the photosphere radius and the half opening angle of the
jets to be a; =5°.

To explain the radiated energy, Kaplan & Soker (2020a)
found that the energy in the two jets combined is
Ejes=3.5 x 10* erg. If the jets carry ~10% of the accretion
energy and have an initial velocity of v;~ 10°kms ™", they
found that the central object should accrete a mass of
M3 22 0.0035 M, in this jet-launching episode.

In principle, jets can account for the other peaks in the light
curve of iPTF14hls, but for that we should use longer-lasting
jets with varying mass loss rates, rather than a short jet-
launching episode.

I do not claim that the above set of jets’ parameters is unique,
but rather that it is possible to explain some bumps with jets
much better than with ejecta-CSM interaction. Definitely there
is also the ejecta-CSM interaction that powers the light curve in
iPTF14hls and many other CCSNe and CEJSNe, but jets can
better explain sharp bumps, as I also demonstrate next.

7.2.3. The Sharp Bump in the Light Curve of SN 2019zrk

In a recent study (Soker 2022f), I used the toy model of
Kaplan & Soker (2020a) (Section 7.2.1) to explain the sharp
bump in the light curve of SN 2019zrk. This peak starts at
t~ 95 days (measured from the rise of the main peak), has its
maximum luminosity at #,ump = 110 days, declines in a similar
time to its rise time and has total extra radiation of
Eap>=1.8x 10%8 erg (Fransson et al. 2022).

Fransson et al. (2022) argued that this bump is powered by
ejecta-CSM interaction. However, I argued (Soker 2022f) that
this explanation encounters severe problems. I noted that the
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spectrum during the bump (¢ = 109 days) is very similar to that
before the bump (# = 83 days). This implies that the powering
mechanism of the bump should affect both the ejecta photo-
sphere and the Ha emitting gas. However, the ejecta-CSM
interaction takes place at a much larger radius than the pho-
tosphere radius at these late times. Therefore, only a small
fraction of the energy that the ejecta-CSM collision process
emits will reach the photosphere, f,, > 0.006. It is unlikely that
the ejecta-CSM interaction has sufficient energy to explain this
bump. I would expect the ejecta-CSM collision to change the
spectrum as it should not have the same spectrum as the pho-
tosphere. These arguments of efficiency and spectrum should
be examined in any claim that an ejecta-CSM collision powers
bumps.

In applying the toy model (Soker 2022f) I took the bump’s
timescale to be its rise time, oy, = 15 day, and for its lumin-
08ity Lioy b = Erad, b / fioy,b- 1 toOk the “mini-explosion” to take
place at a radius of 0.1 times the ejecta outer radius because the
photosphere has already moved deep into the ejecta. For the
same reason, I took the fraction of the ejecta mass that the two
jets interact with to be only 0.02, M ocoons = 0.02Msy. The jets-
ejecta interaction time is #jo = 100 days. For the ejecta mass I
took Msy = 10 M, and assumed that the front of the ejecta
moves at a faster velocity than the observed velocity after
ejecta-CSM collision of v, >~ 1.6 X 10* km s~ ! (Fransson et al.
2022), such that the explosion energy itself is Egy =
0.3Mgn(2 x 10* km s™)? = 24 x 102 erg. I took the
other parameters as in Kaplan & Soker (2020a).

I found that I can account for the timescale and luminosity of
the sharp bump of SN 2019ark if the two jets carry a total
energy of Ey; =~ 0.0012Esy = 3 x 10% erg. About 6% of the
this energy ends up in the extra radiation of the bump.

Again, this set of toy model parameters is not unique, but
demonstrates the possibility that jets power some bumps.

*Summary of Section 7.2. The main conclusion from this
entire section is that jets can account for many sharp bumps
(but not all) in the light curves of CCSNe and other transients,
whereas some other powering models encounter problems. Any
modeling of bumps should compare jet-powering with ejecta-
CSM interaction and magnetar powering.

7.3. Long-duration Post-explosion Jets

As I commented in Section 7.1 jets can power the light curve
of CCSNe in combination or not with ejecta-CSM interaction
and/or an energetic magnetar. In Sections 7.2.2 and 7.2.3 I
demonstrated the formation of bumps by short-duration
(impulsive) post-explosion jet-launching episodes. I here con-
sider long-duration jets, i.e., jets that the NS/BH launches
starting at or immediately after explosion to days to months
after explosion. These jets can power LSNe and SLSNe.
For that I open by presenting in Figure 12 a figure from
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Figure 12. A figure from Gomez et al. (2022) of CCSNe-I in the plane of peak
r-band absolute magnitude versus luminosity rise time with additions of
SN 2020wnt and the red line from Soker (2022e). The inset lists the different
CCSN classes.

Gomez et al. (2022). In Soker (2022¢) I added to this figure SN
2020wnt and a red line that I will explain below.

There are six SLSNe to the far right of the distribution on
Figure 12, and one LSN to the far right, SN 2018don. In
Section 3.2 I discussed the possibility that strong jets explo-
ded SN 2018don and shaped its ejecta to a bipolar morpho-
logy (Kaplan & Soker 2020b), and that we observe this
LSN from near its equatorial plane. Lunnan et al. (2020)
consider SN 2018don to be an SLSN and not an LSN
because extinction implies that its true luminosity is much
higher. If this is the case, SN 2018don moves higher in Figure
12 and it becomes an SLSN that is not off to the right. I also
mentioned in Section 3.2 that SN 2020wnt might also be a
bipolar SLSN that we observed from near its equatorial plane
(Soker 2022e).

I now discuss the possibility that long-duration jets power
the LSNe and SLSNe with the longest rise time, as I derived in
a recent study (Soker 2022e, where I give more details). In that
study I used a toy model that is a modification of the toy model
of Kaplan & Soker (2020a) that I mentioned in Section 7.2.1.
To derive the simplest relation between the rise time and
luminosity in this toy model, I made several simple modifica-
tions and adopted simple assumptions as follows. (1) I assumed
that the longest rise time of LSNe and SLSNe for a given
luminosity (peak r-band magnitude) is determined by a long
jet-activity phase. The interaction process starts early and ends
at f;r. (2) I kept the explosion energy and ejecta mass as in the
scaling of Kaplan & Soker (2020a), i.e., Esy = 2 X 102 erg
and Msy = 10 M, respectively. (3) I changed the opacity to
ke=0.1 cm® g, as a typical value that Gomez et al. (2022)
list. (4) I assumed that the jets are active for a long time so that
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the energy the two jets deposit increases with time according to
E5(t) = (#,1/100 d) g oEsn. (5) I assumed that the location of
the mini-explosion, namely the radius where the jets deposit
their energy inside the ejecta, increases linearly with time and is
given by Ryg = (tj,f/ 100 d)BoR.j, where R.; is the radius of the
outer ejecta. (6) I kept, as in the scaled equation of Kaplan &
Soker (2020a), the values of the mass in one cocoon relative to
the ejecta mass ey = M) cocoon/Msn and the half opening angle
of each jet a; =5°.

Using the above modifications and assumptions in the toy
model of Kaplan & Soker (2020a) I obtained (Soker 2022¢) a
relation between the luminosity and rise time of the longest
LSNe and SLSNe

Le~16 x 1044(f_v)“(@_,0)(smaj)
) 0.067 1 0.087
—3/2 3/2
X (ﬁ) Msn / Esn /
0.5 IOMQ 2 X 1051 erg

-1 t: 3
X fre ( i ) erg s~ L.
0.1 cm? g! 100d

I took the rise time to be the end time of the activity phase of
the powerful jets, i.e., tjs =~ fj r, although the rise time might be
somewhat longer than f;  because of photon diffusion time. The
red line in Figure 12 is Equation (1) for L. as expressed in r-
band magnitude M, = 4.64 — 2.5log(L./Lc).

The red line in Figure 12 is not unique. It rather represents a
trend in cases where long-duration jets power the longest LSNe
and SLSNe. This relation is not unique because of the very
large parameter space of jet-ejecta interaction, as I mentioned
already in this review. The toy model reflects this large para-
meter space, but does not include all parameters. For example,
the power of the jets is unlikely to be constant as I assumed
above. The trend that this relation (Equation (1)) demonstrates
is that for massive ejecta of Mgy 2 10 M, the peak luminosity

ey

rapidly increases with the duration of the jet activity, L, tff
with £ ~ 3. The massive ejecta might account also for the long-
duration fallback accretion that feeds the accretion disk that
launches the jets.

Jets might also explain the powering of LSNe and SLSNe
that are to the left of the red line. For example, the jet activity
phase might be shorter. It is also possible that the powering of
these CCSNe is only by jets launched at the explosion time
itself. As well, for a given jet-activity duration the peak
luminosity can be much higher if the ejecta mass is smaller
and/or the jets are more energetic (e is larger). In addition,
the viewing angle plays a significant role in determining the
light curve (e.g., Akashi et al. 2022).

*Summary of Section 7.3. Long lasting jets might account
for the general right boundary of most CCSNe-I (hydrogen
deficient CCSNe) in the plane of the peak r-band magnitude
versus rise time; namely, for the LSNe and SLSNe with the
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longest rise time (beside those to the far right). In some cases
strong jets at explosion form bipolar ejecta that with a correct
viewing angle might account for some peculiar CCSNe. I do
not claim that magnetars and/or ejecta-CSM interaction do not
add to the powering of these LSNe and SLSNe. My claim is
rather that we must include jets when we use magnetar pow-
ering, and should consider jets alongside ejecta-CSM
interaction.

8. Open Questions
I list some of the key open questions.

1. Can the pre-collapse core convection zones supply a
sufficient amount of angular momentum fluctuations to
lead to the formation of an intermittent accretion disk or
belt around the newly born NS? Can such stochastic
intermittent accretion disks/belts launch sufficiently
energetic jittering jets to explode the star? I presented
arguments in this review for positive answers to both
questions, but there is a need for high-resolution mag-
netohydrodynamical simulations to confirm my claim.

2. What is the exact relation and mutual influence of pow-
ering by jets and of neutrino heating?

3. What determines whether the CCSNR is an NS or a BH?
My view is that pre-collapse rapid core rotation implies
an inefficient jet feedback mechanism that in turn leads to
the formation of a BH. Again, this requires confirmation
by high-resolution magnetohydrodynamical simulations.

4. Are there failed CCSNe? My view as I presented here is
that there are no failed supernovae. Even when the rem-
nant is a BH there is a bright explosion driven by ener-
getic jets. Further observational and theoretical studies
are needed.

5. What is the relative role of jets, magnetars and ejecta-
CSM interaction in powering SLSNe? I presented here
arguments for jets that supply most of the energy in most
cases, but in many cases the two other processes also play
roles.

6. What are the roles of jets that a companion launches
before explosion in shaping the CSM, and how does the
binary interaction influence the explosion (like stripping
the envelope of the progenitor and/or spinning-up
its core)?

7. What is the role of jets that a companion launches in
powering pre-explosion outbursts?

8. What is the relation of the triggering mechanism of pre-
explosion outbursts to the explosion mechanism? I
argued that strong convective motion in the pre-collapse
core is behind these two mechanisms.

9. How can we observationally distinguish between peculiar
CCSNe and CEJSNe?
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