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X-Ray Jets – Anemone Configuration

Fillipov, et al. Sol Phys, 254 259269 (2009).
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Shibata et al Astrophys. J. 431, L51–53 (1994)

https://www.britannica.com
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Plasma jets with X ray emissions are observed
when an inner dome configuration is tilted with respect to outer open field lines

Wyper, et al. Nature, 544
452-455 (2017)

Spheromak tilt is proposed as an eruption
mechanism

A model was proposed in 2019 for “spheromak
formation and tilt”
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Basic Concept

A storage and release mechanism for solar flare eruption
• We consider a dome-shaped magnetic configuration: spheromak
• How does a spheromak which emerges slowly from the sun’s surface
suddenly become unstable against an MHD instability?
• The effects of line-tying on an elongated spheromak stability are presented
• We conclude that magnetic reconnection occurs near the top of a halfsphere configuration to generate plasma jets with X-rays
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Spheromak tilt: Line-Tying Improves Stability
Spheromak tilt: Oblate v. Prolate

Line-tying should help stabilize tilt mode

Oblate
Prolate
Tilt unstable
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Modeling of spheromak line-tied to the sun surface
Calculation by HYM code (E. Belova)
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Summary
• We have verified that a spheromak can exist in a stable form with
line-tied state to a single conducting surface
• Marginal amount of line-tying will stabilize spheromak
(more line-tying needed for elongated spheromak)
• Magnetic reconnection on bottom of spheromak is necessary to
detach flux for spheromak formation and for the tilt.
• In the final stage, magnetic reconnection
occurs at the top of inner dome and ejects
a plasma jet to the open field.
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Coronal jets parameters: L~104-105km,
V~ VA~ 300 km/s, life-time ~10-100 tA

B. Reconnection
generated Alfvén waves
- Flux emergence
and reconnection,
- Plasma footprint motion.

Alfvén waves can be generated by
reconnection.8,12–14 In case of anemone2 jet, the A
(more exactly kink wave) propagating along the j

Flux emergence/reconnection scenario
Solar Coronal X-Ray
Jets
No. 2]
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Solar Coronal X-Ray Jets
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Table 3. Models for the oblique-coronal-field case.
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Fig. 8. Schematic picture of the initial conditions in t h e
oblique-coronal-field case. T h e angle 6COT is t h e inclination of t h e initial coronal field. T h e other notation is t h e same as in figure 2a.
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Fig. 12. Simulation results for the case where t h e inclination angle is 6cor = TT/2, i.e. vertical for t h e oblique-coronal field
case (model 13). T h e displayed quantities are t h e t e m p e r a t u r e T distribution (gray-scale plot), the magnetic field (solid
lines), and t h e velocity field (arrows). T h e intensity levels are shown by a gray-scale color bar. T h e spacing between the
field lines is 0.25 of the magnetic flux. T h e scale of t h e velocity vectors is indicated by t h e arrow at the top-right corner
of each panel for a velocity of V = 5.0.
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Foot-print circular motion mechanism

Meyer et al. ApJ 2019 (0.6 and 4 full rotations at the base)

•

Simulations start with ‘flux emergence’ –like 2D
configuration.

•

Due to circular motion at the base, magnetic
field lines twist leading to kinking and the
reconnection.

•

This mechanism does produce magnetic
configuration similar to the dome-shaped
(anemone) configuration, but several full
rotations are needed to drive the reconnection
– not very realistic.
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Can anemone magnetic structure be a spheromak?
The Astrophysical Journal, 875:10 (17pp), 2019 April 10

Nayak et al.

• Confined plasma can relax into Taylor-state spheromak
with ∇×B = 𝜆B – is that relevant for astrophysics/solar
physics?
• Unconfined spheromak will expand indefinitely in the
absence of external field.
• In the ambient magnetic field, spheromak will be unstable
to tilt instability. It will tilt (on few tA time scale) and
reconnect.
- Tilt instability occurs because the magnetic moment of
a spheromak is anti-aligned with an external magnetic
field.
• Tilt instability can be reduced by line-tying [Finn, Reiman,
PF1982; Hooper, Phys. Plasma 2009]. Can it be stabilized
by line-tying alone?

[Nayak et al. ApJ 2019] (3D data constrained

Figure 8. Left column shows close ups of the magnetic nulls (in pink) with corresponding MFLs and the MFLs f
simulation)
the
corresponding top-down view where the bottom boundary is superimposed with ln Q contours having ln Q
have large values, signify a sharp change in MFL connectivity. A region with QSL is characterized by its larg
yellow at the left panel, white at the right panel—which may constitute a ﬂux rope, 5
is important.

Tilt stabilization by line-tying
Initial configuration

• 3D MHD simulations used to study the n=1 tilt
mode for a spheromak line-tied to a conducting
surface.

𝜑

• Initial conditions: low 𝛽 (~0.02) GS solution with
RB𝜑~ 𝜓𝜎

z

• Stability depends mostly on two parameters:

L/2

- elongation 𝜀 = L/R (changed by changing 𝜎),

R

- fraction of line-tied internal flux 𝜒 = 𝜓tied/𝜓0.

r

•
conducting surface

For stabilization conducting surface needs to be
placed very close to spheromak crossing the
separatrix.

• Stability thresholds are found using linearized
simulations using HYM code.
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v ¼ 1 corresponds to a boundary crossing the spheromak in the middle (through the magnetic axis).
For each elongation, there was a particular amount of tied flux at
which the spheromak transitioned from unstable to stable; this stability threshold, v$ , in Fig. 3, is, in Fig. 2, the point where the growth rate
curve hits csA ¼ 0. The stability threshold v$ increases with the elongation of the spheromak, ranging from 0.14 (e ¼ 1:4) to v$ ¼ 0:78
(for the largest elongation considered e ¼ 2:75). Thus, the linearized

Since a magnetic configuration on the surface of the sun is not
enclosed in a conducting box, the size of the simulation region was
increased to ensure that the results of our simulations converge. The
results of this test are summarized in Table I where the relative simulation box size is represented by Rc =R (Rc is the radius of the simulation
boundary and R is the radius of the separatrix). The ratio of simulation
z axis length to separatrix length L roughly followed Rc =R. The

Larger elongations require stronger line-tying for stability
TABLE I. Convergence of threshold for expanding boundary. e ¼ L=R spheromak
elongation; Rc ¼ radius of conducting boundary; R ¼ radius of spheromak;
zc ¼ distance from the center of spheromak to upper axial boundary; L ¼ axial
length of spheromak; and v$ ¼ critical line-tying fraction for stability.

e

FIG. 2.
Curves of the
growth
the n ¼
1 tiltmode
mode vsvs
theline-tying
line-tying fraction
Growth
rate
of rate
theofn=1
tilt
v # wtied =w0 , for different elongations of spheromak e # L=R.

parameter, 𝜒, for spheromaks with 4 different
elongations [Latham et al. PoP 2021].

Phys. Plasmas 28, 012901 (2021); doi: 10.1063/5.0025136
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Tilt stability – elongation vs line-tying
Physics of Plasmas

to the plasma gun.22 In these simulations, the spheromak shape and
stability properties were determined by the shape of the flux conserver,
which had a small aspect ratio Lc =Rc ! 1:6 (corresponding to a tilt
stable regime) and did not include the external field. Previous laboratory experiments of line-tied spheromaks25 studied the spheromak formation and expansion into a large vacuum chamber. Since the
ambient field was not applied, these spheromaks were tilt stable, in
contrast to the present study.
For a solar case, the spheromak configuration of interest does not
have up–down symmetry—there is only one line-tying boundary, the
solar surface. In addition, this boundary cuts through the separatrix,
creating a dome-like structure in the corona, while tying-up a part of
the spheromak’s internal flux. In the simulations, this was modeled by
placing the bottom of the simulation box very close to the spheromak,
crossing the separatrix, and moving all other boundaries further away
until the converged results were obtained. Two parameters were
changed in a set of linearized 3D MHD simulations: (1) the elongation
of the spheromak and (2) the amount of poloidal flux within the
spheromak separatrix that was line-tied to the solar surface.
Figure 2 shows the calculated linear growth rate of the n ¼ 1 tilt
mode against the line-tying fraction v (defined as wtied =w0 , where wtied
is the poloidal magnetic flux of the spheromak, which pierces the conducting boundary, and w0 is the total poloidal flux of the spheromak,
as in Fig. 1). The growth rate c is normalized by the Alfv!en time
sA # R=vA , where R is the separatrix radius and vA is the Alfv!en
speed. For each elongation of the spheromak (e ¼ 1:43; 1:69; 1:96;
2:75), the growth rate of the n ¼ 1 mode was calculated for an ensemble of line-tying fractions ranging from v ¼ 0 to v ¼ 1, where a case of
v ¼ 1 corresponds to a boundary crossing the spheromak in the mid-

ARTICLE

scitation.org/journal/php

• Spheromak can remain stable due to line tying to
the conducting surface (solar surface) until the
increase of spheromak elongation and/or
reduction of the fraction of its line-tied flux will
make it unstable to the tilt instability.
• Elongation can increase due to flux emergence,
but that would change line-tied fraction.

• Approximate relation between 𝜒 and 𝜀 as
spheromak grows through line-tied flux injection
can be obtained: 𝜒(𝜀) = 1 – a/𝜀 (a=const).
• Another possibility for crossing the stability
threshold is the reduction of line-tying (through
reconnection on the bottom).

FIG. 3. The critical line-tying fraction v$ vs the elongation of the spheromak. Error
threshold,and
𝜒*,
elongation
barsLine-tying
are the marginstability
between zero-crossing-point
the vs
adjacent
data point’s v
value
in
Fig.
2.
Curves
of
vðeÞ
(blue)
show
approximate
relation
between
elonga(red). Relation 𝜒(𝜀) = 1 – a/𝜀 is shown in blue.
tion and line-tying for a flux-emergence scenario.

[Latham et al. PoP 2021]

simulations demonstrate that the spheromak configuration partially
embedded into the solar surface can remain stable with respect to the
tilt as long as its elongation remains relatively small, and the line-tying
is sufficiently strong, and it will be destabilized if either its elongation
is increased or the fraction of the line-tied flux is reduced below the
8
threshold.

a relatively large angle, when the spheromak plasma and current came
into contact with the conducting surface.
The simulation results that show the earlier stages of tilting are
shown in Figs. 4 and 5(b). Figure 4 shows the contour plot of the toroi26 of the plasma current, with blue/red color indicating
dal component
the direction
26 in/out of the page. The contour plot is drawn in the plane
of the tilt. Black arrows represent flow velocity, with a maximum value

Nonlinear evolution of the tilt leads to top reconnection

HAPTER 2. SIMULATION RESULTS

HAPTER 2. SIMULATION RESULTS

HAPTER 2. SIMULATION RESULTS
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V, Jϕ

B, Jϕ

(a) (t=550.0)
(a) (t=550.0)

(a) (t=550.0)

•

Nonlinear simulations of tilt
unstable spheromak show
formation of current sheet at the
top, where magnetic field of
tilted spheromak opposes the
FIG. 5. Field lines of tilting spheromak. Field lines were chosen to help visualize
background
field.
the
separatrix. An internal fluxmagnetic
surface near the separatrix
is covered by the multi-

color (mostly green) field line. In blue, curving around the spheromak and extending
upwards are the field lines of the ambient magnetic field. Figures drawn with
VisIt program, from simulation data. (a) depicts the field lines at t ¼ 0, while (b)
depicts field lines at the same time as Fig. 4.

• Left half of the spheromak, which
tilts upwards, flows into the
where theand
Alfv!en forces
velocity is defined
ofcurrent
v ¼ 0:039v ,sheet
the in terms of the
magnetic field at the center of the spheromak and the background
reconnection.
density.
The tilting motion is clockwise. The tilting of the spheromak
A

(b) (t=700.0)
(b) (t=700.0)

(b) (t=700.0)

(c) (t=800.0)
(c) (t=800.0)

(c) (t=800.0)

FIG.
4. Contour plot
of plasma
where the
colors indicate
the vector
current direcContour
plots
of current,
toroidal
current
and
tion in or out of the page. Black arrows represent flow velocity. Current sheet formaplots
ofat(a)
field
andSimulation
(b) velocity
tion
is visible
the magnetic
top, close to the
separatrix.
parametersatare
e ¼ 1:67; v ¼ 11%. The close-up on the current sheet by the separatrix shows
different times. Tilting motion is clockwise.
that the left half of the spheromak, which tilts upwards, flows into the current sheet
and forces the reconnection between the spheromak’s magnetic field and the background field. It should be noted that the current sheet appears at the left hand side
(the opposite side of tilting) of the major axis of the inner spheromak.

is also apparent in Fig. 5, where the 3D magnetic field lines of the
spheromak are plotted for two time frames of the same non-linear
simulation as Fig. 4. An internal flux surface is covered by the multi4
color (mostly green) field line. In blue, curving around the spheromak
and extending upwards are the field lines of the ambient magnetic
field.
When the spheromak tilts, the magnetic field lines from the top
Yokoyama PASJ 1996; Sato and
of the tilted spheromak oppose the external field lines, resulting in an
appearance
the reconnection
Hayashiof PF
1979]. layer. The current sheet formation is
visible at the top of the spheromak close to the separatrix in Fig. 4. The
close-up on the current sheet shows that the left half of the spheromak,
9
which tilts upwards, flows into the current sheet. This tilting motion

• Two models of resistivity were
used: 1) uniform with S~10 , and
2) anomalous resistivity model as
in [

Tilting motion pushes spheromak field vs external field
B, Jϕ

V, Jϕ

Contour plots of toroidal current and vector plots of (a) magnetic field and (b) velocity.
Tilting motion is clockwise. Solar surface is modelled as a dense cold plasma with n= 103 ncorona.
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Later stages of instability show outflows with v∼vA

Vector plots of plasma flow; lines are integrated (Bz, BR) streamlines.
Tilting motion is clockwise. Contour plot of velocity normalized to VA show
outflow velocities up to V ≈VA.
0.0

4.4E-01

8.8E-01

1.3E+0
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Summary
• It has been demonstrated that a spheromak can exist in a stable form when
line-tied to a single conducting surface (solar surface).
• Marginal amount of line-tying will stabilize the tilt instability in an oblate
spheromak (more line-tying needed for very elongated spheromak).
• Stable spheromak can be destabilized due to 1) elongation, 2) flux
emergence or 3) reduction of line-tying (flux detachment via reconnection
at the bottom).
• In the tilt unstable spheromak, magnetic reconnection occurs at the top of
dome leading to ejection of a plasma jet.
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