
1. Introduction
Discrete auroral arcs in the ionosphere usually display as geomagnetically east-west aligned narrow structures, 
and are associated with an upward field-aligned current (FAC) carried mainly by the downward-accelerated 
electrons originating from the magnetosphere (Borovsky et al., 2020; Paschmann et al., 2002). A stable arc can 
often be distorted and evolve into more complex shapes, such as spirals, folds, and curls (Hallinan, 1976). Auro-
ral spiral is one of the representative auroral vortex structures, which appears either as an isolated vortex or as 
a vortex array. The diameter of a spiral ranges from 15 to 1,300 km, and the typical value is around 25–75 km. 
Importantly, the spirals rotate clockwise (anti-clockwise) in the sky-view at the northern (southern) hemisphere. 
The rotational sense is always clockwise when viewed in the direction anti-parallel to the geomagnetic field, but 
the reason remains poorly understood (Davis & Hallinan, 1976; Partamies, Kauristie, et al., 2001).

Two types of theories had been developed to explain how the auroral spirals form. One links the spirals to 
instabilities in the FAC sheet (Hallinan, 1976; Lysak & Song, 1996; Otto & Birk, 1992; Partamies, Freeman, & 
Kauristie, 2001). Hallinan (1976) attributed the formation of auroral spirals to current sheet instability where the 
geomagnetic field lines twist due to the high altitude perturbation in the FAC sheet. Lysak and Song (1996) explored 
the coupling of Kelvin-Helmholtz instability at a high altitude and the current sheet instability as a function of 
height-integrated ionospheric conductivity, showing that the ionospheric feedback can alter the rotational pattern 
in their model. Otto and Birk (1992) proposed that auroral spirals may relate to the small-scale filamentation of 
auroral arcs caused by resistive tearing instability in the FAC sheet. The other type of theory considers magne-

Abstract Auroral spiral is one of the auroral vortex structures. Here, we propose a model to explain the 
formation of auroral spiral structure based on three-dimensional particle-in-cell simulations. In our model, 
an auroral arc develops through precipitations of electrons accelerated during magnetic reconnection in the 
auroral acceleration region. The arc morphology at low altitudes can be modified by electron-scale magnetic 
flux ropes, which are generated through secondary oblique tearing modes in the intensified current sheet along 
one particular branch of the primary reconnection separatrices. The resulting vortex structures agree well with 
high-resolution observations of auroral spirals. We find that the rotational sense of these spirals is determined 
by electron kinetic processes and controlled by the guide field direction. Our study further suggests that when 
the field-aligned length of the auroral acceleration region is shorter than a critical length, these auroral spiral 
structures will not form.

Plain Language Summary Discrete aurorae, usually displayed as auroral arcs, are universal 
phenomena in the ionosphere of the Earth and other planets, and are generated by precipitations of electrons 
from the magnetosphere, ionosphere, and solar wind. Spirals, as frequently observed vortex structures 
in arcs, have drawn great attention. The formation of auroral spirals is considered to be related to the 
magnetosphere-ionosphere coupling process during both magnetically active and quiet times. However, how 
the auroral spirals develop is still an open question. It is suggested that magnetic reconnection occurs in the 
auroral acceleration region, typically above ∼4,000 km altitude in the field-aligned current sheet. Using kinetic 
simulations, we study the role of magnetic reconnection in the formation of auroral spirals.
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tospheric dynamics as the driver of spirals, such as the Kelvin-Helmholtz 
instability at the magnetopause (Hu et al., 2013; Johnson et al., 2014; Lui 
et  al.,  1989) and magnetotail dynamics (Elphinstone et  al.,  1995; Keiling, 
Angelopoulos, Runov, et  al.,  2009; Keiling, Angelopoulos, Weygand, 
et al., 2009; Murphree & Elphinstone, 1988). However, to date, there is no 
consensus on the formation mechanism of auroral spirals, and a satisfactory 
explanation of their rotational sense remains elusive.

It is suggested that magnetic reconnection can occur in the auroral accel-
eration region, which is typically above ∼4,000  km altitude in the FAC 
sheet (Chaston, 2015; Lanchester, 2017; Seyler, 1990). These upward FAC 
sheets are driven by large scale processes from the magnetosphere, such as a 
convection flow above the auroral zone and flow channels from the magne-
totail (Borovsky et al., 2020). In this paper, by performing three-dimensional 
(3-D) particle-in-cell (PIC) simulations of magnetic reconnection designed to 

model the auroral acceleration region, we provide a promising explanation for auroral spiral structure formation 
along an arc.

2. Simulation Setup
Our simulations are performed using the 3-D PIC code VPIC (Bowers et al., 2008). To study magnetic recon-
nection in the auroral acceleration region, x, y, and z represents the longitude, (field-aligned) altitude, and lati-
tude of Earth's geographic coordinate. The initial condition is a force-free current sheet with magnetic field 

𝐴𝐴 𝐁𝐁 = 𝐵𝐵0tanh (𝑧𝑧∕𝛿𝛿0) 𝐞𝐞𝑥𝑥 − 𝐵𝐵0

√

sech
2 (𝑧𝑧∕𝛿𝛿0) + 𝐵𝐵2

𝑔𝑔∕𝐵𝐵
2
0
𝐞𝐞𝑦𝑦 , where δ0 is the half-thickness of the initial current sheet 

and Bg is the amplitude of the guide field. The initial density n0 is uniform. Here, we use δ0 = 0.5di and Bg = B0 
where 𝐴𝐴 𝐴𝐴𝑖𝑖 = 𝑐𝑐

(
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)1∕2 is the ion inertial length. The plasma beta is 𝐴𝐴 𝐴𝐴 = 2𝜇𝜇0𝑛𝑛0𝑘𝑘 (𝑇𝑇𝑖𝑖0 + 𝑇𝑇𝑒𝑒0) ∕
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0
+ 𝐵𝐵2
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)

= 0.1 , 
where the initial ion and electron temperature Ti0 = Te0 = T0. We use the Alfvén speed 𝐴𝐴 𝐴𝐴𝐴𝐴 ≡ 𝐵𝐵0∕(𝜇𝜇0𝑚𝑚𝑖𝑖𝑛𝑛0)

1∕2 and 
ion gyro-frequency Ωi ≡ eB0/mi for the normalization. The ion to electron mass ratio mi/me = 25, and the speed 
of light c = 10VA. An initial perturbation δBz = 0.05B0 is used to induce reconnection. Simulations are performed 
within boxes of size Lx × Ly × Lz = 32di × 32di × 16di and 640 × 640 × 320 cells. Over 1.3 × 10 10 particles for 
each species are used. The boundary conditions are periodic in the x-direction, while in the z-direction they are 
conducting for fields and reflecting for particles. To mimic the conditions in the auroral acceleration region, in the 
y-direction, we use open boundary condition for particles. On the −y boundary, line-tied boundary are employed 
for electromagnetic field, while in the +y boundary, open boundary are used (Daughton et al., 2006; Sauppe & 
Daughton, 2018).

Table 1 lists some estimated parameters in the auroral acceleration region (Ergun, Carlson, McFadden, Delory, 
et al., 2000; Ergun, Carlson, McFadden, Mozer, & Strangeway, 2000). Based on these parameters, the length of 
our simulation domain is around 7,000 km in the y-direction, with the −y boundary corresponding to the bottom 
of the auroral acceleration region (∼4,000 km altitude). We use a small Bg/B0 value because the expensive compu-
tation for realistic 3-D PIC simulations cannot yet be accommodated in modern supercomputers, but the key 
conclusion derived from reconnection properties is expected to carry over to the large Bg/B0 limit.

3. Results
Figure 1 shows the evolution of the FAC density J‖ and electron energy flux Γ on the y = 1di plane. Here, By < 0, 
therefore the x − z plane represents the sky-view at northern latitudes. J‖ is mainly carried by electrons moving 
to the − y direction along B. The electron energy flux Γ = −∫vyɛdn is calculated using electrons with velocity 
vy < 0 and energy ɛ > 10T0. The electron energy flux mimics the morphology of the visible aurora arc. Initially 
(Figure 1a), the thickness of the current sheet is on the ion inertial scale. The flux of energetic electrons Γ is very 
low, and no visible arc can be observed. As reconnection proceeds, a thin electron scale current sheet forms near 
the reconnection x-line and extends to the lower-left and upper-right quadrants of the x − z plane. In the electron 
scale current sheet, the energy flux of precipitating electrons is enhanced by an order of magnitude, resembling 
the formation of an auroral arc. Then, both the thin current sheet and the auroral arc extend along the x direction. 
The arc gradually rolls up (Movie S1), and nine spirals (in the red circles) are generated along the arc at Ωit = 30. 

Quantity name Estimated value

Geomagnetic field 10 4nT

Reconnecting magnetic field 100 nT

Plasma number density 1 cm −3

Electron temperature 2 keV

Ion inertial length 230 km

Electron inertial length 5 km

Inversed ion gyrofrequency 0.1 s

Table 1 
Estimated Parameters in the Auroral Acceleration Region
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All of the spirals winding clockwise when viewed along the direction anti-parallel to the guide field Bg, consistent 
with the definition of auroral spirals in Davis and Hallinan (1976).

The diameter of our simulated spirals is about several times the thickness of the arc, or tens of de (de ≈ 5 km is 
the electron inertia length if we assume the density is 1 cm −3). Considering the geomagnetic mapping from the 
bottom of auroral acceleration region (∼4,000 km) to the ionosphere, the spatial scale of these structures will be 
compressed (Weimer & Gurnett, 1993) by a factor of 2 ∼ 3. Therefore, our simulation predicts the size of the 
spiral to be tens of kilometers, consistent with the observations in Partamies, Kauristie, et al. (2001). Hereafter, 
we will further discuss the origin of these simulated spiral structures.

Panel (a) in Figure 2 shows the magnetic field Bz/B0 on y/di = 31, 16, and 1 planes at time Ωit = 30. At the lower 
altitude, a chain of small scale bipolar Bz structures forms. These structures are flux ropes and coincide with the 
spirals in Figure 1. To show this, panel (d) plots the 3-D magnetic field lines of five selected flux ropes and the 
contour of Jy on the y = 0 plane. In light of these simulation results we propose that the auroral spirals develop in 
a similar manner due to the electron precipitation along the flux ropes. To confirm the origin of these flux ropes, 
in panel (b), we use fast Fourier transform (FFT) to study the spectrum of the perturbed magnetic field Bz in the 
wave number space. The spectrum is calculated on the x − y plane and averaged between −2di < z < 2di. The two 
circles in panel (b) denote the modes with the maximum growth rate of tearing instability kδ ≈ 0.5, where the 
half-thickness of the current sheet δ = 1 ∼ 2de. We find that between the two circles, the spectrum of Bz has large 
values in the region with oblique angle |θ| = | tan −1 (ky/kx)| < θc = tan −1(B0/Bg) = 45° (labeled by the diagonal 
dashed lines) for Bg = B0, indicating the development of the oblique tearing instability (Daughton et al., 2011; Y. 
H. Liu et al., 2013). Note that for a larger Bg/B0 ratio, θc is smaller. The intense power spectral density in the inner 
circle is from the large scale Bz produced by the primary x-line. Using the tearing theory in Y. H. Liu et al. (2013), 
we obtain the theoretical growth rate of oblique tearing mode with kδ = 0.5 in different oblique angles (red curve 
in panel (c)). The blue curve represents the average power spectral density of Bz as a function of θ from panel 
(b) between the two circles. The modes are unstable only within the predicted cutoff angle θc = 45°, as expected 
for oblique tearing modes in this simulation. From the maximum growth mode kδ ∼ 0.5, we obtain that the 
wavelength satisfies λ/2δ ∼ 6. It can be considered reasonable for explaining the spiral observations (λ/2δ ∼ 20 
in Davis and Hallinan (1976)) since λ/2δ will increase (by a factor of 2 ∼ 3) when mapped to the ionosphere 
(Hallinan, 1976).

In Figure 2d, it is evident that most of the flux ropes only develop at the lower altitude (Huang, Liu, et al., 2020; Y. 
H. Liu et al., 2019). We run another case with smaller y-domain Ly = 8di (Figure S1 in Supporting Information S1), 
and found no flux rope developing. This comparison suggests that the length of the auroral acceleration region 

Figure 1. The field-aligned current density J‖ and electron energy flux Γ on the y = 1di plane at Ωit = 0, 10, 20, and 30 
respectively.
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(i.e., the primary reconnection x-line in our model) plays a critical role in determining whether auroral spiral 
structures can develop.  If the auroral acceleration region is too short, no flux rope or spiral will form. The 
formation of flux ropes requires the current sheet being sufficiently long in the electron streaming direction 
so that tearing instability can grow through electron resonance (Drake & Lee, 1977) before electrons escape 
from the acceleration region. The critical length is estimated to be lc ∼ Vs/γ, where Vs = J/en = B0/μ0enδ is the 
electron streaming speed along the anti-current direction and γ is the growth rate of tearing instabilities. We 
estimate γ using the predicted maximal growth rate (Y. H. Liu et al., 2013) with kδ = 0.5 and θ ≃ 0, which gives 

𝐴𝐴 𝐴𝐴𝐴𝐴 ∼ (𝑑𝑑𝑒𝑒∕𝐴𝐴)
2
𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝐵𝐵0∕𝐵𝐵𝑔𝑔 . Here, Bg represents the geomagnetic field, and veth is the electron thermal velocity. We 

then obtain the critical length

𝑙𝑙𝑐𝑐 ∼

(

𝛿𝛿

𝑑𝑑𝑒𝑒

)2
𝐵𝐵𝑔𝑔

𝜇𝜇0𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
. (1)

Using typical values in Table 1 and δ = 2de, then lc ∼ 10 4 km. It is comparable to previous estimations of the 
field-aligned length of the auroral acceleration region (Karlsson et al., 2020). If lc is too short or too long, the 
occurrence rate of spirals would be much higher or lower, explaining the moderate occurrence rate of spirals (30% 
of the DMSP images in Davis and Hallinan (1976)). It was also suggested by Hallinan (1976) and Partamies, 
Freeman, and Kauristie (2001) that the formation of spiral is affected by the field-aligned length of the FAC. In 
their model, a longer FAC and a stronger FAC perturbation are in favor of the increased winding of spirals.

The key idea of the auroral spiral structure formation mechanism through secondary oblique tearing instabilities 
during reconnection is sketched in Figure 3. Panel (a) shows the formation of an auroral arc (solid black curve) 

Figure 2. At time Ωit = 30. Panel (a) shows the magnetic field Bz on y/di = 31, 16, and 1 planes. Panel (b) shows the power 
spectral density of Bz in kx − ky space. Panel (c) shows the average power spectrum density of Bz within 0.25 < kde < 0.5 
versus the oblique angle θ (blue curve), and the theoretical growth rate of oblique tearing modes with kδ = 0.5 (red curve). 
Panel (d) shows the 3-D magnetic field lines of five selected flux ropes and the contours of current density Jy on the y = 0di 
plane.
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during the primary magnetic reconnection. When there is a strong guide 
field, electrons within the primary x-line at the higher altitude are acceler-
ated by E‖ and guided by the shear magnetic fields (B1 and B2 on two sides 
of the FAC sheet) toward the lower-left and upper-right separatrices at the 
lower altitude. Therefore, the current density (J‖) along these separatrices is 
intensified. This is the electron kinetic signature of magnetic reconnection 
commonly observed in kinetic simulations (Eastwood et al., 2018; Huang, 
Lu, et al., 2020; Kleva et al., 1995; Le et al., 2013; Lu et al., 2011; Pritchett 
& Coroniti, 2004), as also seen in Figure 1. This intensified current sheet 
is unstable to secondary oblique tearing modes in 3-D, forming a chain of 
secondary x-lines and flux ropes (o-lines). Similar to panel (a), the current 
density on the lower-left and upper-right separatrices of these secondary 
x-lines are also intensified, depicted as the short solid curves in panel (b). 
As a result, the intensified current sheet in panel (a) is distorted to the shape 
shown in panel (c), and electrons energized during reconnection will be 
funneled into these flux ropes, forming auroral spirals. When the direction 
of the guide field reverses, the intensified current sheet will appear along the 
upper-left to lower-right separatrices instead (Figure S2 in Supporting Infor-
mation S1), and the rotational sense of spirals will also reverse.

In Figure  4, we compare simulation results with a coordinated conjunc-
tion between the auroral spiral imaging by the Yellow River Station (Hu 
et al., 2009) and in-situ observations by the DMSP satellite (Hardy, 1984; 
Rich, 1994) above this spiral. In panel (a), the satellite crosses the spiral (A 
to B), and then the spiral arm (C to E). The optical image of this spiral is 
shown at time B (13:49:41 UT), images at A, C-E are shown in Figure S3 
in Supporting Information S1. A comparison between the evolution of the 
observed and simulated spiral can be found in Movie S2. Points A to E in 
panel (f) denote the positions within our simulation that are comparable to 

those in the observations. The spiral is characterized by the precipitation  of energetic electrons and velocity 
shears at positions B and D, corresponding to the spiral and spiral arm. The shear flow pattern induces electric 
fields (E = −V × B) pointing toward the arc, in agreement with previous observations (Marklund et al., 1998). At 
A and C, where the energy flux of precipitating electrons is low on the two flanks of the spiral, the ion velocities 
show two (negative) peaks in the same direction. In general, most of the observational features are captured in 
our simulated spirals.

It should be noted that the DMSP trajectory is at ∼800 km in altitude, below the auroral acceleration region in 
our simulation. The density and temperature observed by DMSP satellite are ionospheric values (ne ≈ 10 4 cm −3, 
Te ≈ 3 × 10 3 K), and are different from those in our simulation. The correlation between our simulation and 
observation can be interpreted as the increase of the ionization and heating of the ionospheric component resulted 
from the enhancement of electron precipitation. The ion horizontal velocity observed by DMSP satellite can be 
assumed to be the advection speed of the magnetic field lines. To explain this data, we use the x component of 
E × B drift velocity in panel (h).

4. Discussion and Conclusions
In this paper, we perform 3-D PIC simulations to study the formation of auroral spiral structures. Our simula-
tion shows that precipitating electrons accelerated during reconnection (within the auroral acceleration region) 
develop a narrow arc-like pattern. Later, the arc morphology is modified by flux ropes generated through second-
ary oblique tearing instability. The simulated process resembles the observed evolution of a real auroral arc, 
providing an explanation to the auroral spiral structure formation. These secondary tearing modes are pronounced 
only in the lower altitude; this altitude dependence is consistent with the 3-D nature of reconnection x-line in Y. 
H. Liu et al. (2019) and Huang, Liu, et al. (2020). Moreover, this study predicts that when the auroral acceleration 
region is too short, the auroral arc will be stable, and no spiral structure can form. The rotational sense of the 
spirals is determined by the electron kinetic physics associated with reconnection and tearing modes. When the 

Figure 3. The schematic of the formation mechanism of auroral spirals. 
Panel (a) illustrates the primary x-line (“X”), where the current density (J‖) is 
intensified along the lower-left/upper-right separatrices (thicker black curve). 
Panel (b) denotes the secondary x-lines (“x”) and o-lines (“o”) associated with 
oblique tearing modes. Panel (c) illustrates the resulting spirals.
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direction of the guide field is reversed, the rotational sense of the spirals also reverses, explaining the observed 
difference at the northern versus southern hemisphere.

Previous 2-D simulations indicated that tearing instability and reconnection do persist with an extremely large 
guide field (Y. H. Liu et al., 2014; TenBarge et al., 2014), which is closer to the condition of auroral acceleration 
region. The thickness of the intensified current layer during reconnection with a more realistic mass ratio and 
larger guide field remains on the de-scale (Goldman et al., 2011; Y. H. Liu et al., 2014). The formation of spirals 
takes about 𝐴𝐴 10Ω−1

𝑖𝑖
 in our simulation, which corresponds to ∼1 s if we assume the magnetic field associated with 

the FAC sheet is B0 = 100 nT. It is too short compared to that in observations (Davis & Hallinan, 1976), but could 
be overcome by the slower growth rate of tearing instability by a factor of 100 because of Bg/B0 ≈ 100. Then the 

Figure 4. A comparison between the observation (left) and simulation (right). Panel (a) shows the optical emission intensity 
of the auroral spiral observed at 13:49:40 on 24 December 2003 by Yellow River Station. The magenta curve represents the 
trajectory of DMSP satellite. Both the emission intensity and the DMSP trajectory are mapped to 150 km altitude. Panels 
(b–e) plot the color contour of electron differential energy flux (E flux, eV⋅cm −2 ⋅ s −1 ⋅ str −1 ⋅ eV −1) at different energy ɛ, 
ion horizontal velocity Vh (perpendicular to the satellite trajectory, with eastward direction being positive), electron density 
ne, and electron temperature Te observed by DMSP satellite. Panel (f) shows one simulated spiral. Panels (g–j) plot the color 
contour of electron differential energy flux (d Γ) at different energy ɛ/T0, x component of E × B drift velocity V(E×B)x/VA, 
electron density ne/n0, and electron temperature Te/T0 along the magenta line in panel (f). Quantities at the denominators in 
panels (f–j) show the normalization.
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formation time of spirals would be ∼100 s, comparable to observations. Therefore, the main results of current 
work can be extrapolated to the system with more realistic parameters.

The most cited explanation of auroral spirals is the current sheet instability proposed by Hallinan (1976) and 
further advanced by Partamies, Freeman, and Kauristie  (2001). Lysak and Song  (1996) studied the coupling 
between the flow shear and the resulting magnetic shear and argued that spirals can form through the current 
sheet instability in the case with large height-integrated conductivity on the ionospheric side. In contrast, the key 
physics underlying our simulated spirals is the secondary tearing instability. The ionospheric feedback is not that 
critical in our explanation, and this statement is confirmed by a similar result of a companion simulation (Figure 
S4 in Supporting Information S1) that has an open boundary for both particles and fields on the ionospheric side.

Otto and Birk (1992) suggested the potential role of tearing modes using resistive-MHD simulations. However, 
the electron kinetic physics, that is critical in explaining the rotational sense of spirals in our model, is absent in 
their explanation. The collisionless tearing instability is also argued to be the plausible source of vortex auroral 
structures using a reduced MHD model including the dispersive effect from electron inertia (Chaston, 2015; 
Seyler, 1990; Seyler Jr, 1988). However, the vortex structures in these studies are associated with flow vortices 
that have a rotational sense consistent with curls, instead of spirals. The rotational sense of the flow shear near 
the separatrices in our simulation and DMSP observation (Figure 4) are also consistent with that in Seyler's and 
Chaston's. To resolve this seemly inconsistent rotation between the flow shear and spiral, it is important to note 
that the rotational sense of spirals describes the swirling pattern of a 2-D projection, which does not need to be 
consistent with the local plasma flow shear. Finally, although not appearing in the simulation presented here, 
curl-like structures associated with smaller Debye-length-scale vortices can also develop during reconnection 
with a stronger guide field in PIC simulations (Figure 5b in Y. H. Liu et al. (2014)).

Our mechanism can explain periodic-looking multiple spiral structures which evolve from a narrow arc. Although 
large-scale spirals may be generated between two primary reconnection x-lines or through the growth of flux 
ropes (x ≈ −3di in Movie S1), it is still a challenge to exclusively explain the solitary, large-scale (hundreds of 
kilometers and larger) spiral. We leave this issue as an open question. Even though 3-D PIC simulations, given the 
challenges with realistic parameters, do not encompass the entirety of the problem, the presented simulations do 
show the value of the tearing instability in understanding auroral spiral structures. Direct evidence of reconnec-
tion in the auroral acceleration region could be possible using satellites of higher spatial and temporal resolutions 
in the future.

Data Availability Statement
The simulation data and scripts used to plot the figures are available at National Space Science Data Center, 
National Science and Technology Infrastructure of China (https://dx.doi.org/10.12176/01.99.00714). The data 
of Special Sensor for Particle Flux (SSJ/4) and Special Sensor Ions Electrons and Scintillation (SSIES) aboard 
DMSP satellite are from National Centers for Environmental Information of NOAA (https://www.ngdc.noaa.gov/
stp/satellite/dmsp/).
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