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Abstract

I build a toy model in the frame of the jittering jets explosion mechanism (JJEM) of core collapse supernovae that
incorporates both the stochastically varying angular momentum component of the material that the newly born
neutron star (NS) accretes and the constant angular momentum component, and show that the JJEM can account
for the ;2.5–5Me mass gap between NSs and black holes (BHs). The random component of the angular
momentum results from pre-collapse core convection fluctuations that are amplified by post-collapse instabilities.
The fixed angular momentum component results from pre-collapse core rotation. For slowly rotating pre-collapse
cores the stochastic angular momentum fluctuations form intermittent accretion disks (or belts) around the NS with
varying angular momentum axes in all directions. The intermittent accretion disk/belt launches jets in all directions
that expel the core material in all directions early on, hence leaving an NS remnant. Rapidly rotating pre-collapse
cores form an accretion disk with angular momentum axis that is about the same as the pre-collapse core rotation.
The NS launches jets along this axis and hence the jets avoid the equatorial plane region. Inflowing core material
continues to feed the central object from the equatorial plane increasing the NS mass to form a BH. The narrow
transition from slow to rapid pre-collapse core rotation, i.e., from an efficient to inefficient jet feedback mechanism,
accounts for the sparsely populated mass gap.
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1. Introduction

Observations indicate that there is a sparsely populated gap
between the typical mass of neutron stars (NSs) and the masses
of stellar-mass black holes (BHs), MBH 5Me (e.g., Bailyn
et al. 1998; Özel et al. 2010; Farr et al. 2011; Kreidberg et al.
2012; Abbott et al. 2023). This ;2.5–5Me gap is not
completely empty (e.g., Mroz et al. 2021; The LIGO Scientific
Collaboration et al. 2021; Lam et al. 2022; Abbott et al. 2023),
and it is not clear yet how sparse the population is in the
mass gap.

If real, this gap in the mass distribution of core collapse
supernova (CCSN) remnants is most likely related to the
explosion mechanism of CCSNe. Recent theoretical studies
consider two explosion mechanisms that utilize the gravita-
tional energy that the collapsing core releases to explode the
star. These are the delayed neutrino explosion mechanism
(Bethe & Wilson 1985, with hundreds of studies since then,
e.g., Heger et al. 2003; Janka 2012; Nordhaus et al. 2012;
Müller et al. 2019; Burrows & Vartanyan 2021; Fujibayashi
et al. 2021; Boccioli et al. 2022; Nakamura et al. 2022), and the
jittering jets explosion mechanism (JJEM; Soker 2010,
2020, 2022a; Papish & Soker 2011; Gilkis & Soker 2015;
Quataert et al. 2019; Shishkin & Soker 2021; Antoni &
Quataert 2022, 2023). There are studies to account for the mass

gap in the frame of the delayed neutrino explosion mechanism,
e.g., Fryer et al. (2022) and Olejak et al. (2022). In the present
study I suggest an explanation in the frame of the JJEM that I
base on the efficiency of the jet feedback mechanism.
In the JJEM the newly born NS (or BH) launches jets as it

accretes mass with stochastically varying specific angular
momentum from the core (e.g., Soker 2010, 2019a, 2022a,
2022b; Papish & Soker 2014b; Gilkis & Soker 2015; Shishkin
& Soker 2022) or from the envelope (e.g., Quataert et al. 2019;
Antoni & Quataert 2022, 2023). The source of these angular
momentum variations that lead to the formation of intermittent
accretion disks or belts is the pre-collapse stochastic convection
motion in the core or envelope that is amplified by instabilities
between the newly born NS and the stalled shock at ;100 km
from the NS. The intermittent accretion disks or belts launch
jets with stochastically varying directions, i.e., jittering jets.
Even when the specific angular momentum is somewhat

below the limit to form an accretion disk, i.e., the accretion is
through an accretion belt, the NS might launch jets (Schreier &
Soker 2016). A support of this view comes from three-
dimensional magneto-hydrodynamical simulations by Kaaz
et al. (2023) of a BH moving through a uniform magnetized
medium. Kaaz et al. (2023) find that even though the initial
angular momentum of the accreted gas is zero the BH launches
strong jets. The necessary condition in their simulations is that
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the magnetic fields are sufficiently strong. Since the jittering
jets last for only a few seconds and are generally not relativistic
jets, the neutrino emission in the JJEM is as that in the
neutrino-driven explosion mechanism and not as expected in
the case of choked relativistic jets (e.g., Guetta et al. 2023). In
case of BH formation, in the JJEM the jets might become
relativistic and then have neutrino emission as in choked
gamma-ray bursts (as calculated by, e.g., He et al. 2018; Fasano
et al. 2021).

There are some fundamental differences between the JJEM
and many papers that study jet-driven explosions that operate
only for rapidly rotating pre-collapse cores and therefore the
jets that the newly born NS or BH launch have a fixed axis
(e.g., Khokhlov et al. 1999; Aloy et al. 2000; MacFadyen et al.
2001; Maeda et al. 2012; López-Cámara et al. 2013; Bromberg
& Tchekhovskoy 2016; Nishimura et al. 2017; Wang et al.
2019; Grimmett et al. 2021; Perley et al. 2022; Obergaulinger
& Reichert 2023). These differences are as follows (e.g.,
Soker 2022c). (1) The JJEM operates in a jet negative feedback
mechanism. By this the JJEM accounts for explosion energies
that are several times the binding energy of the ejected mass.
(2) The JJEM asserts that jets explode most, and possibly all,
CCSNe and for all pre-explosion rotation rates of the cores. (3)
According to the JJEM there are no failed CCSNe. All massive
stars explode.

Shishkin & Soker (2022) estimate the NS mass in cases of no
pre-collapse core rotation, when the jet feedback mechanism
during CCSN explosions is very efficient. The remnants are
NSs. In the present study I include core rotation within a toy
model (Section 2). I then use this toy model to account for the
mass gap (Sections 3 and 4). I summarize this study in
Section 5.

2. The Assumptions of the Toy Model

In the JJEM of CCSNe that have no pre-collapse core
rotation, the specific angular momentum of the gas that the
newly born NS accretes varies stochastically. The seeds of
these variations come from the convective motion in the pre-
collapse core (e.g., Gilkis & Soker 2014, 2016; Shishkin &
Soker 2021) or envelope (e.g., Quataert et al. 2019). Post-shock
instabilities behind the stalled shock inside a radius of
r; 100 km (Soker 2019a, 2019b) amplify these seeds to much
larger values. Such an instability is likely to be the spiral
standing accretion shock instability (spiral SASI; for simula-
tions of the spiral SASI see, e.g., Andresen et al. 2019; Walk
et al. 2020; Nagakura et al. 2021; Shibagaki et al. 2021). This
phase of accretion that leads to the formation of intermittent
accretion disks starts after the formation of the stalled shock.
The baryonic mass inside the stalled shock at that time is
≈1–1.2Me (e.g., Janka et al. 2007).

There are ;few to ;30 jet-launching episodes during an
explosion with no pre-collapse core rotation, each lasts for a

time period of ;0.01–0.1 s, and the typical terminal velocity of
the jets is ;105 km s−1 (Papish & Soker 2014a; neutrino
observations limit the jets in most cases, excluding gamma-ray
bursts and similar transients, to be non-relativistic; Guetta et al.
2020). Each accretion disk of an episode has a mass of
≈10−2Me and the jets of each episode carry ≈10% of this
mass. Although the asymmetrical accretion process onto the
NS accompanied by rotation can lead to gravitational wave
emission (e.g., Dall’Osso & Stella 2007; Menon et al. 2023),
based on the results of Gottlieb et al. (2023), I expect that in the
JJEM the jittering jets are the major source of gravitational
waves.
In this study I build a very simple version of this complex

explosion mechanism (a toy model). I assume that all specific
angular momentum fluctuations of the gas that the newly born
NS (an NS age of less than a few seconds) accretes after
amplification by post-shock instabilities have the same
magnitude of jf and stochastic direction variations; “f” stands
for fluctuating directions. I include the pre-collapse core
rotation as an additional constant specific angular momentum

j ;p “p” stands for pre-collapse rotation. I take the angle

between

j tf ( ) and the constant direction of


jp to be θ(t), as I

illustrate schematically in Figure 1. Figure 1 is drawn in the

momentary plane of the two angular momenta

j tf ( ) and


jp .

Each new fluctuation of

j tf ( ) defines a different plane.

Under the assumption of fully stochastic variations of the

directions of

jf , the probability for an angle θ(t) is

q q q q=f d dsin . 1( ) ( )

The intermittent accretion disk launches the jets along the new

angular momentum direction
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The corresponding maximum value of asin is
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For the launching of jets I take the condition that the specific
angular momentum of the accreted mass should be larger than a
minimum limit of jL. Namely,


+
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If this equation gives q < -cos 1mL then q = -cos 1mL and this
condition does not limit the maximum angle α. If the value of
θA as defined by Equation (4) does not fulfill condition (8), then
I take the maximum angle α to be the one yielded from

Equation (2) for θmL. The final expression for the maximum

angle of the jets relative to

jp is

a a a q= min , . 9max A mL[ ( )] ( )

I summarize the different variables of the toy model in
Table 1.
The minimum value to form an accretion disk around an NS

of mass MNS= 1.4Me and a radius of RNS= 12 km is
2.1× 1016 cm2 s−1. The radius of the very young NS is
somewhat larger. However, an accretion belt, i.e., with
somewhat sub-Keplerian specific angular momentum, can also
launch jets. For that reason I use for jL the value in
Equation (6). The pre-collapse radius of the accreted gas
during the launching of jittering jets is Rpc; 2000–
5000 km s−1. The maximum allowed specific angular momen-
tum of a test particle at these radii is =jp,max

´ - R j1.9 10 2000 km cm s 1017
pc

1 2 2 1
L( ) . The relevant

range of values for the present study is therefore
0� ( jp/jL) 10. Under the assumption of the JJEM the
fluctuation alone can launch jets even when jp= 0. I also
demand therefore that jL� jf.
The toy model assumes that jets cannot expel mass

perpendicularly to their axis. Gottlieb et al. (2022) conduct
simulations of relativistic jets from an already formed BH of
4Me and find that strong fixed-axis jets might remove some
mass even from the equatorial plane. On the other hand,
simulations that are relevant to the JJEM (Papish &
Soker 2014a, 2014b) show that non-relativistic jets (as
expected here) from an NS do not remove mass from the
equatorial plane.

3. The Steep Transition from Efficient to Inefficient
Jet Feedback

I consider the launching of two opposite jets in each jet-
launching episode along the total angular momentum axis, i.e.,

along


=


+


j t j t jt f p( ) ( ) . The total specific angular momen-

tum

j tt ( ) has an angle α(t) with respect to the pre-collapse

angular momentum

jp that is given by Equation (9). The angle

f(t) around the axis

jp randomly changes between different jet-

launching episodes in the range of 0°–360°. Table 1
summarizes the variables of the toy model.
I present the value of amax as a function of jp/jL and for three

values of the fluctuating specific angular momentum comp-
onent jf. When βp= jp/jf> 1 and condition (8) is fulfilled,
Equation (5) shows that a = -j j j jsin max f L p L

1( )( ) .

The implication of a < 90max is that there are no jets in the
equatorial plane. In that case the jets do not directly expel core
material from the equatorial plane, allowing the equatorial
accretion process to continue. This leads to an inefficient jet
feedback mechanism where the accretion process and jet-

Figure 1. A schematic drawing of the sum of the stochastic component of the

specific angular momentum

j tf ( ), which results from pre-collapse core

convection amplified by instabilities and changes rapidly and stochastically

with time, and of the fixed component

jp that results from the pre-collapse core

rotation (see Table 1). The NS launches two opposite jets for a short time along

the momentary direction of the axis of


=


+


j t j t jt f p( ) ( ) . The equatorial

plane is that of the pre-collapse core rotation.

3

Research in Astronomy and Astrophysics, 23:095020 (6pp), 2023 September Soker



launching last for a long time, up to minutes or even hours or
more. An inefficient jet feedback mechanism might lead to a
very energetic explosion (e.g., Gilkis et al. 2016). This
prolonged accretion turns the NS to a BH of several solar
masses or more.

Each of the three lines in Figure 2 presents the same
qualitative behavior of three regimes. The regimes are
determined by the values of jp/jf= ( jp/jL)/( jf/jL), where the
value of the numerator on the right-hand side is from the
horizontal axis and the value of the denominator is according to
the inset.

1. jp (0.5− 1)jf. For a slowly rotating pre-collapse core
where the specific angular momentum in the core is
significantly smaller than the fluctuating specific angular
momentum component of the accreted gas, the maximum
angle is a = 90max . The jets are launched in all
directions and the jet feedback mechanism is efficient.
The jets explode the star and terminate accretion in a few
seconds or less. As a result of that the remnant is an NS.

2. jp; jf. Within this narrow range of jp the value of amax

drops from 90° to much lower values, i.e., a < 70max . I
further discuss this regime below.

3. jp> jf. For a rapidly rotating pre-collapse core there are
no jets in the equatorial plane, i.e., a  90max . This
limit occurs for a> -j jsinp max

1
f( ) , or jp= 1.15jf for not

too small jL. In this regime the jets are inefficient in
expelling core material from the equatorial plane and the
outcome is a long lasting accretion phase that turns the

newly born NS into a BH with several solar masses
or more.

I consider cases in the middle regime of jp; jf. The accretion
processes via accretion disks or belts start when jp; jf. The
maximum angle might be close to 90°, i.e., a  90max . In this
case the accretion proceeds to make an NS of mass >1.4Me.
This in principle can form objects in the gap, i.e., in the range
of ;2.5–5Me. However, as the mass accretion continues and

Table 1
Summary of Variables of the Toy Model (see also Figure 1)

Variable Source Properties Toy Model

j tf ( ): Fluctuating specific

angular momentum
component.

Pre-collapse core convection
amplified by post-shock
instabilities.

Stochastic magnitude and direction variations; vary
between jet-launching episodes.

Assumes constant magnitude jf and
stochastic direction
(Equation (1)).


jp : Specific angular

momentum with a con-
stant direction.

Pre-collapse core rotation. Increases as accretion proceeds because jp(r) increases with
pre-collapse radius in the core.

Assumes constant

jp in each

CCSN. Different CCSNe have
different jp values.


jt : The specific angular

momentum of the accre-
ted gas.


=


+


j j jt f p Varies between jet-launching episodes. An angle α to

jp

(Figure 1).

The direction of

jt is the axis of the

two opposite jets, if launched.

jL: The minimum specific
angular momentum of the
accreted gas to
launch jets.

Physics of jet’s launching. jL ; 2 × 1016 cm2 s−1 (Equations (6)–(8)). According to the JJEM jL < jf.

amax: Maximum possible

angle of jets relative to

jp

(Figure 1).

The direction of

jt

(Equation (5)) and the
demand jt � jL
(Equation (8)).

For rapid pre-collapse core rotation a < 90max

(Equation (5); Figure 2).
When a < 90max the jet feedback

mechanism is not efficient and
equatorial inflow turns the NS to
a BH.

Figure 2. The maximum possible angle of the jets’ axis with respect to the

direction of the pre-collapse rotation axis of the core (the direction of

jp ) as a

function of jp/jL, where jp is the pre-collapse specific angular momentum in the
core and jL is the minimum specific angular momentum required to launch jets.
The three lines are for different values of the specific angular momentum
amplitude of the fluctuating component jf that results from pre-collapse convection
motion amplified by instabilities. Note that for jp/jf  0.5 (solid-green line) to
jp/jf  0.9 (dotted-red line) no jets are launched in the equatorial plane (α = 90°).
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gas from further out in the core is accreted the specific angular
momentum jp increases because the specific angular momen-
tum in the pre-collapse core increases. For example, for a solid-
body rotation, jp∝ r2. The increase in the value of jp decreases
the value of amax and makes the feedback process even less
efficient.

Overall, not only is the range of pre-collapse core rotation
that allows for remnant mass in the gap to form relatively
narrow ( jp; jf), but in addition as accretion in this regime
starts the value of jp rapidly increases to higher values of jp> jf
that lead to BH formation. Overall, only a very small fraction of
the remnants will be in the mass gap.

4. The Distribution of the Jets’ Angles

I turn to find the distribution function of the angle α between

the jets and the fixed axis along

jp . When jp= 0 the jets are

launched along the momentary direction of

jf . In this case

α= θ (see Figure 1) and the distribution is according to
Equation (1) with F0(α)= f (θ). Namely,

a a a a= =F d d jsin for 0. 100 p( ) ( )

For the general case of jp> 0

a q
q
a

q
b q b

b q
= =

+ +

+
F j f

d

d
, sin

1 2 cos

1 cos
, 11p

p p
2

p
( ) ( ) ( )

where dθ/dα is calculated from Equation (2). For βp> 1 two
angles θ1 and θ2 give the same angle α. Namely, there are two
contributions to F( jp, α).

Another condition is that the specific angular momentum of
the accreted gas obeys condition (6), i.e., that the values of θ
obey condition (8). If this condition is violated, I set
F( jp, α)= 0.

In Figure 3 I present the distribution function F( jp, α) from
angle α= 0 to α= 180° for several values of jp/jf and for one
value of jf/jL= 1.6. Note that for the launching of the jets,
angles α and 180°− α give the same jets’ angle α, as each
episode is assumed to launch two opposite jets at angles α

and 180° + α.
Figure 3 shows that as long as jp 0.5jf there is a large

probability for jets in and near the equatorial plane (α; 90°).
However, when jp 0.9jf the probability for jets in and near the
equatorial plane is very low or zero. This further demonstrates
the transition from an efficient jet feedback mechanism to an
inefficient one as pre-collapse core rotation rate (as represented
here by jp) increases within a relatively narrow range.

5. Summary

Jets that explode CCSNe can account for many of their
properties, e.g., can account for the observed (e.g., Fang et al.
2022 for observed stripped envelope CCSNe) common
deviation from spherical symmetry of many types of CCSNe,

large explosion energies (e.g., Shishkin & Soker 2023) and
many more properties (for all these see the review by Soker
(2022c)). In the present study I built (Section 2) and employed
(Sections 3 and 4) a toy model to account for the ;2.5–5Me

mass gap between NSs and BHs in the frame of the JJEM.
I summarized the basic properties of the toy model in

Figure 1 and Table 1. There are basically two sources of
angular momentum of the accreted gas that forms the accretion
disk or belt around the NS that launches the jets. These are the
random component, with a specific angular momentum
amplitude of jf and stochastically varying direction that results
from pre-collapse core convection amplified by post-collapse
instabilities, and the fixed specific angular momentum jp that
results from pre-collapse core rotation.
The basic process is that when jets fully jitter, i.e., the newly

born NS launches jets in all directions, as in the JJEM with zero or
only slow pre-collapse core rotation, the jets expel mass from all
directions during the explosion process. This terminates the
accretion early on and leaves an NS remnant (e.g., Shishkin &
Soker 2022). In Figures 2 and 3 the cases of slow pre-collapse
cores are those with jp/jf 0.4 for the minimum angular
momentum that is required to launch jets of jL= jf/1.1, to
jp/jf 0.9 for jL= jf/2.3. The figures show that in these cases the
newly born NS can launch jets in the equatorial plane (α= 90°)
and its vicinity in addition to all other directions.
When the pre-collapse core is rapidly rotating with jp/jf 1

the NS does not launch jets in the equatorial plane and its
vicinity. Namely, the maximum angle of the jets to the
direction of jp is a < 90max . The jets in these cases might
carry much more energy than in the JJEM without pre-collapse
core rotation because the larger specific angular momentum of

Figure 3. The distribution function according to Equation (11) and for jf/
jL = 1.6 (dashed-blue line in Figure 2). Lines are for different values of jp/jf
according to the inset. In principle at one point the green lines reach infinity
(where q b= -cos 1 p), but the integration over α gives a finite value. If
condition (8) is violated F( jp, α) = 0. For βp = jp/jf > 1 two values of θ give
the same value of α, hence the two contributions that should be added. As far
as jets are concerned, values of α and 180° − α launch the two opposite jets
along the same angle. Note that for jp/jf  0.9 no jets are launched in the
equatorial plane (α = 90°).
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the accreted gas enables a long-lived accretion disk, rather than
an intermittent one. However, the NS launches jets mainly
along and near the polar directions. Accretion proceeds in the
equatorial plane and adds mass to the NS to turn it into a BH.
As accretion proceeds, material from further out in the core that
carries a larger specific angular momentum is accreted. This in
turn increases the value of jp/jf hence further reducing the value
of amax (Figure 2) and as a result of that reducing the efficiency
of the feedback mechanism.

The relatively narrow range of jp/jf (Figure 2) for the change
from an efficient feedback mechanism, which leaves an NS
remnant, to an inefficient one that allows the accretion to form
a BH and the decrease in feedback efficiency as accretion
proceeds to larger value of jp explains the sparsely populated
mass gap in the frame of the JJEM.
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