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An explanation for the origin and number of clumps along the equatorial ring of Supernova 1987A has
eluded decades of research. Our linear analysis and hydrodynamic simulations of the expanding ring prior
to the supernova reveal that it is subject to the Crow instability between vortex cores. The dominant wave
number is remarkably consistent with the number of clumps, suggesting that the Crow instability stimulates
clump formation. Although the present analysis focuses on linear fluid flow, future nonlinear analysis and
the incorporation of additional stellar physics may further elucidate the remnant structure and the evolution

of the progenitor and other stars.
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The recency and proximity of Supernova 1987A
(SN1987A) to Earth make it an unparalleled source of
astrophysical data shaping our understanding of stellar
evolution [1-3]. Light from the supernova initially illumi-
nated a complex three-ring structure surrounding the
progenitor consisting of an approximately circular equa-
torial ring (ER) [4], with the progenitor at its center, and
two outer rings roughly coplanar and axisymmetric with
the ER, but with larger radii and offset in the polar
directions. Telescopic observation indicates that the ER
consists of between 30 and 40 clumps of mass nearly
evenly spaced along the ring [5,6]. Approximately 5600 d
after the collapse of the progenitor, the blast wave from
the supernova reached the ER, heating and illuminating
the clumps, commonly referred to as “hot spots,” shown
in Fig. 1(a) [5,7-11].

Several theories describe the origin of the ER. The
expansion velocity and radius, Vgg = 10.3 kms~! [13] and
0.6 ly [14], respectively, of the ER before the blast suggest
it was formed from mass ejected by the progenitor
20000 yr prior to the supernova [3]. Leading theories
explain the mass ejection as the result of a binary star
merger [15-17] and/or the interaction of stellar winds
from different stages of the progenitor evolution [18-20],
while additional theories evoke magnetic fields [21], polar
jets [22], or a pre-existing protostellar disk [23].

Despite the extensive effort to understand the rings, little
is known about the origin of the clumps comprising the ER,
which are imbedded in the innermost region of a surround-
ing interclump annulus [24-28] that the leading shock
from the supernova has recently exited [29-32]. Past
studies assert that the clumping is the result of hydro-
dynamic forces [4,33], but do not identify the specific
mechanism or explain the observed number of clumps.
Other work suggests that the clumps are spikes due to the
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Rayleigh-Taylor fluid instability [34,35] but requires un-
evidenced mechanisms and is still unable to predict the
number of clumps [22,36,37].

We propose that the formation of the clumps is indeed
driven by hydrodynamics but results from the Crow
instability (CI) between vortex cores. Our analysis consid-
ers the stability of perturbations along an annular torus
ejected from the progenitor, a common feature of theories
describing the three-ring nebula, and yields a dominant
unstable wave number consistent with the number of
observed clumps. In this Letter, we first describe the CI
and how it relates to the expanding ER. Next, we present
the stability analysis. We conclude with a discussion of the
relevance of our stability analysis to other star systems
exhibiting ERs.

The CI describes the growth of perturbations along
interacting vortex cores [38—40]. Originally studied in
planar geometries relevant to aircraft wing-tip vortices [41],
the CI was later observed along radially expanding vortex
dipoles [12,42-45]. Perturbations along the interacting
cores grow until they touch, triggering a complex re-
connection process resulting in the pinch-off of isolated
vortex structures, as shown in Fig. 1(b) [12,46—49].

(@

FIG. 1. Hot spots along the equatorial ring of SN1987A [5,11]
(a) and pinch-off of isolated vortex structures from a radially
expanding vortex dipole in water [12] (b). Images are reproduced
with permission.
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The expanding ER in SN1987A likely acquired vorticity
from its interaction with stellar wind from the progenitor
[18-20]. This vorticity, equal and opposite in magnitude on
opposing sides of the equatorial plane given the symmetry
of the ER, would cause the ER to develop into an
expanding vortex dipole [20,50] potentially unstable to
the CI. The subsequent growth of perturbations would then
result in pinch-off into the observed isolated clumps.

Our analysis therefore considers the stability of two
circular vortex cores of opposite circulation, an integrated
measure of vorticity, forming a radially expanding vortex
dipole. Figure 2 shows a schematic of the setup involving
two vortex cores with circular cross sections of thickness c,
separation distance b, radius R, and circulation magnitude
I', with core-displacement perturbations in the azimuthal
direction 6, of integer azimuthal wave number k. While
the expanding torus leading to the formation of the vortex
cores is a common feature among theories describing the
ER of SN1987A, we evoke the binary-merger theory of
Refs. [16,17] to initialize our stability problem.
According to this theory, as the radius of the binary orbit
between a red supergiant and a companion decreased,
mass transfer between the two stars formed a common
envelope that, due to its angular momentum, was elon-
gated in the equatorial plane forming a torus of radius
Ry =3 x 10" m and thickness Dy =2 x 10'2 m. After
the stars merged, wind from the newly formed blue
supergiant (BSG) began to blow over the torus at
approximately Vggg = 550 kms™' [51], forming the
vortex dipole and initializing its radial expansion.

We therefore estimate the circulation available for the
formation of the vortex cores to be I' = Vggg D7 [52,53].
Following Refs. [51,54], we consider a blue supergiant
wind environment formed from a constant stellar mass
ejection rate of riggg=1x10"°Myyr~!, pressure pgsg =
1 x 1076 Pa, and temperature T = 1.5 x 10* K [4].

Following potential theory, the velocity at the center of
each core is governed by the Biot-Savart law,
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FIG. 2. Schematic of the stability analysis parameters. Red
arrows indicate the direction of the dipole expansion.

where n =1 or 2 denotes the top or bottom core,
respectively, L,,, is the displacement vector to a point
on core m from a point on core 1, and dS,, is the differential
tangent vector. Equation (1) holds provided that the flow is
incompressible, inviscid, and continuous, which is sup-
ported by the Mach, Reynolds, and Knudsen numbers,
respectively, relevant to the expanding ring. For an ideal
gas, the Mach number is

V -V
M=-2C_ "R _ (yy;— VER)\/%? (2)

a

where a is the sound speed, p = ritggg/47R* Vs is the
density, and y = 5/3 is the adiabatic index. The Reynolds
number is
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where v is the kinematic viscosity [55,56], A is the atomic
mass of the gas (assumed to be hydrogen for simplicity) in
atomic mass units, A = 10 is the Coulomb logarithm, and
Z is the atomic number of the gas, with all dimensional
quantities expressed in Systeme International units. Finally,
the Knudsen number is related to the Mach and Reynolds
numbers,

i M
Kn=—> = /" (4)
DT Re 2

where 1 is the mean free path.

Figure 3 shows the radial dependence of the Mach,
Reynolds, and Knudsen numbers according to Egs. (2)—(4).
Shortly (~400 yr) after the binary merger, the flow enters
a regime where M <0.3, Re<10? and Kn <1073,
which endures for approximately 18 000 yr, as indicated
by the shaded region in Fig. 3. During this time, the
incompressible, inviscid, and continuous assumptions are
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FIG. 3. Mach (blue dashed), Reynolds (yellow solid), and
Knudsen (orange dotted) numbers versus radius. The teal shaded
region satisfies M < 0.3, Re > 103, and Kn < 1073,
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well supported, such that the expanding torus would be
subject to the formation of vortex cores unstable to the CI.

Recent work [57] examines the cylindrical CI governed
by the Biot-Savart law for the setup in Fig. 2, which we
apply presently. Equation (1) is linearized, a normal-mode
ansatz is assumed for perturbations, and first-order coef-
ficients are organized into a matrix-eigenvalue problem.
The solution yields growth rates, a;, where the subscript
denotes the wave number, for a symmetric mode where
perturbations on one core grow as a mirror image of those
on the other. Because the zero-order motion (i.e., the core
radius, core separation distance, and core thickness) is not
constant, the growth rate is a function of time and therefore
integrated to determine the perturbation spectrum. The
effect of viscosity on the zero-order motion is considered in
Ref. [57] but presently neglected due to the initially large
Reynolds number. Instead, the radial vorticity distribution
within each core is assumed Gaussian such that the
boundary of the core is located at 2 standard deviations
from the maximum vorticity at the core center, consistent
with experimental measurements of vortex boundaries and
vorticity distributions [43,44,58-60]. We refer readers to
Ref. [57] for additional detail.

We initialize the stability analysis 400 yr after the binary-
merger event, when the flow is approximately incompress-
ible, inviscid, and continuous. By this time, the torus would
have expanded to aradius Ry = Ry + Vg x 400 yr. Based
on past studies examining vortex dipole formation from
laterally accelerated cylinders [59,61,62], we estimate the
torus would form a vortex dipole with initial core separa-
tion distance and thickness by = D7/2 and ¢y = by/2,
respectively. Perturbation amplitudes A, where the sub-
script denotes the wave number, are initialized as a uniform
spectrum equal to the smallest continuum length scale, i.e.,
hi(t = 0) = A/ Knpay, where Kng,, = 1073

Figure 4 presents the results of the stability analysis
applied to SN1987A in terms of the growth rate and the
perturbation amplitude of the symmetric mode as a function
of wave number and time, with quantities nondimension-
alized by the initial radius and circulation magnitude.
While the range of excited wave numbers is always
bounded by k = 1, the outward expansion of the dipole
tends to stimulate perturbation growth at higher wave
numbers, widening the range of wave numbers experienc-
ing growth. However, due to the sign of the circulation in
each vortex, the cores separate (i.e., b increases) as they
expand outward, which tends to narrow the range of wave
numbers experiencing perturbation growth and decrease
the growth rate. The influence of the outward expansion on
the wave number range is greater, and the net result of this
competition is therefore a widening range of wave numbers
supporting perturbation growth, but with decreasing growth
rates, as Fig. 4(a) shows.

Symmetric perturbations grow until their amplitude is on
the order of the core separation distance, which first occurs
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FIG. 4. The growth rate (a) and perturbation amplitude (b) of
the symmetric mode versus wave number and time. The red X
denotes the time and wave number when the maximum pertur-
bation equals the core separation distance.

for a wave number of k = 32 at the time indicated by the
red X in Fig. 4, corresponding to a dimensional time of
160 yr, or 560 yr following the binary merger. The
dominant wave number of the CI, which corresponds
to the number of pinched-off secondary vortex structures
(see Fig. 1), is remarkably close to the observed number
of hot spots in SN1987A. In addition, other wave
numbers experiencing significant perturbation growth
would introduce variability in the pinch-off locations,
yielding secondary vortex structures with different sizes,
which accounts for the range of observed hot spot sizes in
the ER of SN1987A, including additional smaller clumps
that may escape detection given current measurement
resolution. Furthermore, the dynamics associated with
perturbation growth occur well within the time frame
during which the governing equations, derived from the
Biot-Savart law, are valid.

The dominant wave number is largely insensitive to the
geometry of the initial torus and subsequent dipole except
for a decrease in the ratio between the separation distance
and radius, b,/ R,. Generally, this insensitivity supports the
claim that the CI is responsible for clumping in S1987A
(i.e., tuning these parameters is not required to match the
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dominant wave number and number of clumps). Moreover,
given that we use the geometry implied by Refs. [16,17] to
initialize our stability problem, the sensitivity to by/R
combined with the agreement between our theory and
observations supports the hypothesis described therein,
though other models, including other interacting wind
theories [18-20], can produce similar structures. Although
in the model of Refs. [16,17] the source of vorticity is wind
from the blue supergiant shearing past the remnant of the
envelope established during the binary phase of the
progenitor, the clumps are immersed in gas interpreted
as the remnant of the red-supergiant wind [25-27]. If,
instead, the red-supergiant wind (e.g., the wind described in
Ref. [51]) drives the flow, perturbation growth commences
earlier, i.e., with greater b,/R,, compared to the scenario
where the dynamics are driven by the blue-supergiant wind.
However, due to the relative insensitivity of the dominant
wave number for large by/R,, the dominant wave number
decreases by only 7 and is therefore still roughly consistent
with observations.

To illustrate the dynamics predicted by our stability
analysis, Fig. 5 shows a simulation performed using our
in-house, finite-volume hydrodynamics code solving the
two-fluid Euler equations [63]. The ER is initialized as a
torus geometrically scaled to the ER 400 yr following the
binary merger and immersed within a radial outflow with
M = 0.3, simulating the stellar wind. The torus cross
section has constant radial axis thickness 7 and perturbed
vertical axis thickness, 7[1 + 0.1 sin(276 x 32)]. Because
computational constraints limit the resolvable amplitudes,
the perturbation can only be simulated through a small
portion of its growth from an initial amplitude, on the order
of the smallest continuum length scale, to the core
separation distance. Still, the simulation demonstrates the
key physics. The torus rolls up into an expanding vortex
dipole, identified by an isosurface of the Q criterion [64],
which indicates the intensity of rotational relative to
straining motions. An isosurface of the mass fraction,
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FIG. 5. Isosurfaces of mass fraction (left) and Q criterion (right)
at times fI'/R3€(0,0.1,0.7), which increase with increasing
radius.

which identifies fluid comprising the initial torus, is
also shown.

As the dipole forms, a thin annulus of the original torus
fluid is shed into the wake of the vortex cores, which is seen
in experiments of dipole formation [12,61,62]. This feature
is consistent with the well-documented thin annulus com-
prising the interclump portion of the ER, which starts at
the radial location of the clumps and extends to larger
radii [28,65-68]. The simulation shown in Fig. 5 indicates
that the mass comprising the original torus is split nearly
evenly between the clumps and the annulus, consistent with
modern-day observations [4,68,69]. This agreement sug-
gests that the initial cross-sectional aspect ratio of the ER
was of order unity, which is well supported by research
on the formation of vortex cores [52,53,70], whereas a
relatively more massive and extended interclump region
would be expected for initially thinner ERs. Furthermore,
diffusion and gravity support the observed enhanced
density of the clumps compared to the annulus [68].
Assuming that the clumps and annulus initially have the
same diffusion coefficient and interface-normal density
profile, the initial rate at which the density of the annulus
decreases compared to the clumps is proportional to the
surface area ratio between the annulus and clumps, which
we calculate to be approximately 12 in our simulation,
though it would increase as the annulus continues to stretch
to larger radii. Given that mass in a clump is, on average,
nearer to the center of mass of the clump compared to the
proximity of mass in the annulus to the annulus cross-
sectional center of mass, gravity would further compound
the relative density enhancement of the clumps.

The CI causes the vortex core perturbations to grow to
the point where nonlinear effects initiate the vortex recon-
nection process, leading to the pinch-off of 32 isolated
vortex structures, i.e., clumps. The complete pinch-off of
these structures is not required for the formation of clumps
in astrophysical systems. Once the CI sets the number of
locations where the ER starts to thin, corresponding to the
dominant wave number, other physics, including gravita-
tional and radiative effects, may become relevant to
completing the clump formation [71]. Furthermore, addi-
tional hydrodynamic mechanisms, including the Rayleigh-
Taylor instability, may explain the emergence of fainter
clumps recently observed at higher latitudes [4,10,32,72].
Finally, because vorticity is advected into the wake of the
dipole along with fluid comprising the original torus,
additional vortices may form at larger radii, stimulating
the formation of a ring of smaller clumps consistent with
recent observations [6].

While the focus of the present work is the ER of
SN1987A, the CI could govern clumpy circumstellar
gas surrounding other stars, including Fomalhaut [73],
WeBo 1 [74], SBW1 [75], HR 4796A [76], HD 98800 [77],
and many others [78]. While these systems do not all
exhibit the three-ring structure of SNI1987A, similar
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hypotheses (e.g., binary merger, transition from a red to a
blue supergiant, etc.) explain the formation of many
observed ERs, which would similarly be subject to clump
formation via the CI. Moreover, many of these ERs are
thought to be protoplanetary disks, suggesting the clump-
ing mechanism described in the present work may be a
precursor to the formation of orbital bodies in these and
other systems, possibly including our own solar system.

In this Letter, we propose that clumping in the ER of
SN1987A and other star systems may be caused by the CI.
Our stability analysis shows the dominant unstable wave
number is consistent with the number of observed hot
spots, suggesting that the Cl initiates and sets the number of
clumps. In other systems that do not undergo a supernova
event, this clumping may ultimately lead to the formation
of orbital bodies if the clumps acquire angular momentum
with respect to the star via collisions with other clumps or
other mechanisms.
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