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Magnetospheric substorms often occur when a significant amount of energy from the solar wind is deposited and stored in the magnetotail during the growth phase and release explosively in the expansion phase, which accelerates charged particles causing the rapid auroral intensification. A physical mechanism is needed to release the energy explosively. The formation of double layers is a likely mechanism for the energy release and the acceleration of particles and triggers the onset of the expansion phase. We suggest that the localized parallel electric field that forms the double layer results from the displacement current complying with Ampere’s law for the dynamic case. The double layers are embedded in low density cavities surrounded by enhanced magnetic stresses. Positive feedback in the electric field generation may cause rapid release of the accumulated energy. The Poynting flux carried by Alfven waves continuously supplies the energy to maintain strong electric fields during the rapid development of auroral substorms.
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1 INTRODUCTION
A magnetospheric substorm is a transient process initiated on the nightside of the Earth in which a significant amount of energy derived from the solar wind-magnetosphere interaction is deposited in the auroral ionosphere and in the magnetosphere (Rostoker et al., 1980). Based-on observations of auroras from All-Sky camera data Akasofu (1964) introduced a concept of the auroral substorm which is the manifestation of the magnetospheric substorm process and is one of the spectacular displays of the explosive energy release and charged particle acceleration phenomena that frequently occur in cosmic plasmas. The substorm onset is defined by the onset of initial brightening of the breakup arc. Understanding the formation of substorm aurorae and their evolution is very important in understanding the mechanism of the substorm process.
The substorm process consists of the growth phase, the expansion phase and the recovery phase. The basic physical processes that lead to substorm onset include the following:
The growth phase is a period of enhanced magnetic energy storage in the plasma sheet. During the growth phase (e.g., McPherron, 1972), energy and momentum transfer from the solar wind into the magnetosphere through the interaction between the solar wind and magnetosphere, which occurs throughout the magnetopause current sheet, stretches the magnetotail and accumulates energy in the tail. Accumulation energy is a necessary condition to drive the substorm process. Also, changes of tail configuration (thinning of the plasma sheet) will drive the magnetosphere toward an unstable state (Hsu and McPherron, 2012).
Before the expansion onset, a decrease in the momentum input from the solar wind and other interactions may break the force balance on the stressed magnetotail producing a strong earthward body force acting in the whole magnetotail in a short time (Lin et al., 2009). As a consequence, the whole magnetotail tends to return to a more dipolar configuration releasing the previously stored free magnetic energy and initiating fast mode waves and shear plasma flows. This process provides favorable conditions for the excitation and intensification of magnetotail disturbances, which may develop into magnetospheric substorms. The braking of the earthward flows that leads to the pileup of northward magnetic flux carried by the flow in the near-Earth region (Shiokawa et al., 1998) may enhance the accumulation of magnetic energy in this region. The energy required for the auroral substorm before the onset is mainly stored in the magnetotail within XGSM ∼ −10RE (Akasofu, 2015; 2017).
The expansion phase is a period of large-scale energy release in the magnetosphere-ionosphere coupling system, which accelerates auroral particles causing the substorm auroral intensification and poleward expansion. In the process the stored electromagnetic energy is converted into the kinetic energy of charged particles in the acceleration region.
The onset mechanism of magnetospheric substorms has been explored extensively. Several substorm onset models have been proposed, which include the near-Earth neutral line (NENL) or reconnection model (e.g., Hones, 1984; Baker et al., 1996), the cross-field current disruption model (Lui, 1996, 2004), the ballooning mode instability model (Roux et al., 1991; Cheng, 2004), the convection reduction model (e.g., Lyons, 1995), and magnetosphere-ionosphere coupling models (e.g., Haerendel, 1992; Kan and Sun, 1996; Haerendel, 2015). In a review Lui (2004) classified the various substorm onset mechanism into two categories: one category with near Earth initiation of substorm process, in which the expansion onset is related to the plasma instabilities, such as the cross-field current instability and kinetic ballooning instability (Cheng, 2004), initiated on magnetic field lines linked typically to the most equatorward auroral arc (from near the geosynchronous orbit to ∼10 RE). The second category, represented by NENL model, with mid-tail initiation of substorm onset, link the mid-tail activity to near Earth disturbances through fast plasma flows resulting from magnetic reconnection at ∼ 20–30 RE down the tail. In this model (see e.g., Baker et al., 1996) reconnection (presumably due to the growth of a tearing instability) initiates during the late growth phase in the region of thinned plasma sheet. The strong earthward flows caused by the reconnection drive the field aligned current and disturbances on the field lines that related to the auroral sudden brightening and power the substorm onset. A comparison between the two categories of substorm onset mechanisms was discussed in Lui (2004); Cheng (2004), as well as Baker et al. (1996).
More recent studies of substorms have suggested various processes of how the energy is accumulated prior to the auroral breakup developed near the equatorward border of the auroral oval. Sergeev et al. (Sergeev et al., 2011; Sergeev et al., 2012) suggested that prior to breakup, the bursty bulk flow activity initiated by magnetotail reconnection approaching the inner magnetosphere may influence parameters in the outer portion of the dipole-like region, causing auroral breakup. It has also been suggested that there is a precursor auroral sequence prior to substorm auroral onset (e.g., Nishimura et al., 2010; Ohtani et al., 2022). The sequence is initiated by a poleward boundary intensification and followed by a north-south arc (auroral streamer) moving equatorward toward the onset latitude. The onset is preceded by enhanced earthward plasma flows, and the Earthward-transport of the new plasma leads to a near-Earth instability and auroral breakup. Akasofu (2015) suggested that much of the Poynting flux produced on the magnetopause is directed toward the dipole-like main body of the magnetosphere (within 10 Re). When the stored energy reaches 2 × 1022 erg in the main body of the magnetosphere, the magnetosphere becomes unstable, and unloads it in the process of stabilizing itself, which is manifested as the expansion phase.
In all of the above scenarios, energy accumulation during the growth phase is a necessary condition to develop substorms. A physical mechanism is needed to release the energy explosively at the onset latitude. Since the auroral sudden brightening at the substorm onset indicates the acceleration of charge particles, the electric field generation is an important element in onset mechanisms. For example, Cheng (2004) applied the kinetic effect in the ballooning instability to show the formation of enhanced perturbed parallel electric field associated with a charge separation due to electrons and ions move differently in the direction perpendicular to the ambient magnetic field. This paper will focus on the mechanism of the expansion onset by emphasizing the generation of field aligned currents in auroral regions in the form of double layers, and show how the explosive energy release occurs and accelerates auroral particles to high energy.
2 THE ACCELERATION OF CHARGED PARTICLES AND THE ROLE OF THE DISPLACEMENT CURRENT
Charged particles can only be accelerated by electric fields. Electrostatic fields parallel to the magnetic field, E||, which are related to the charge-separation are the most powerful means to efficiently accelerate charged particles.
In previous studies [e.g., Song and Lysak, 2001, 2006] we have developed a dynamical theory which explains how the parallel electric field can be generated under certain conditions, especially in low density plasmas with varying fields. We pointed out that the displacement current, ∂E/∂t, in the Ampere’s law, which has often been ignored in the discussion of global magnetospheric dynamics, is the key to the generation of the electric field in low density plasma. It is the parallel displacement current that represents the establishment of the parallel electric field. Maxwell’s addition of the displacement current to the steady state Ampere’s law is of crucial importance under dynamic plasma conditions where rapidly changing fields and explosive energy releases occur. Without the displacement current there would be no electromagnetic radiation, and there would be no electric fields generated. Actually, in the discussion of time-varying fields in electrodynamics (Feynman et al., 1963) it has been pointed out that we must give up the idea that E is zero in conductors: “When the fields are changing, the charges in conductors do not, in general, have time to rearrange themselves to make the field zero. They are set in motion, but never reach equilibrium.” So, in rapidly varying fields, a magnetic field line is not an equipotential. A localized potential drop may form in plasmas that are inhomogeneous in space and vary rapidly in time. Based on the above theoretical considerations, we will describe in the following sections how parallel electric fields and associated potential drops are generated from enhanced displacement currents under certain conditions within plasma structures called “double layers” that accelerate charged particles in the auroral region, which may cause the explosive energy release and trigger the onset of auroral substorms. The generation of the quasistatic electric field by the displacement current provide a possible mechanism for efficiently accelerating charged particles. There are also other mechanisms to generate electric fields without involving the displacement current (e.g., Block, 1978; Fälthammar, 1983; Lysak et al., 2020), which may also play important roles for charged particle acceleration and auroral formation under various conditions.
3 THE DOUBLE LAYER AS A MECHANISM FOR EXPLOSIVE ENERGY RELEASE AND AURORAL PARTICLE ACCELERATION
The displacement current which represents the generation of the electric field in the parallel direction can be expressed from Ampere’s law as
[image: image]
where the field aligned current J‖ = nev, while n, and v are the electron density and drift velocity, respectively. A magnetic shear, ▽ X B, that is not balanced by the field aligned current (FAC) may establish the parallel electric field before the electrons respond. Song and Lysak [2006] have derived that the ratio between the displacement current and the particle current, Γ = |(1/4π) ∂E‖/∂t/J‖|∝ γ2/n, where the electric field E‖ ≈ ([image: image])(∂J‖/∂t) is assumed, ωpe= (4πne2/me)1/2 is the electron plasma frequency, and γ is used to denote the time derivative. This implies that at low density, for a certain (▽ X B)‖, when the plasma is too tenuous to carry the J‖, ∂E‖/∂t becomes more significant, although it may look relatively small. For example, a displacement current of 10−6 μA/m2, which is much smaller than typical auroral currents of ∼1 μA/m2, may represent the establishment of E‖ = 100 mV/m in 1 s, which is significant in accelerating charged particles.
With the generation of parallel electric fields, localized potential drops along magnetic fields can be formed. For example, in a piece of magnetic flux tube in the auroral acceleration region with radius R and height h, the potential drop [image: image], where [image: image] is the cross section of the flux tube and z is in the direction of the magnetic field. Such a special structure with E‖ and V‖ established in it has been called a double layer (e.g., Block, 1978; Alfvén, 1986). It is within such structures that charge particles are accelerated, and the accumulated magnetic energy is converted to the kinetic energy of charged particles. Note that while the formation process of the double layers involves the inductive contribution due to the energy input from the Poynting flux of Alfvén waves, the parallel acceleration of electrons and ions is primarily electrostatic. This means that the inductive field is important in setting up the E||; if a steady input of energy is provided then the system will settle into an electrostatic state.
We also notice that the displacement current (or more precisely, its divergence) is related to the formation of charge separation, since from Gauss’s law we have dρ/dt = (1/4π) ▽∙(dE/dt), where ρ is the charge density. Thus, the displacement current in the structure may change the distribution of the charge density and play an important role in the formation of charge separation, which causes the quasi-neutrality of the plasma in the structure to be locally violated. Since the plasma tends to be quasi-neutral, the quasi-neutrality condition should hold over most of the field line and quasi-neutrality can be violated only in localized regions. This implies that in the M-I coupling system, the existence of double layers (DLs) is localized in areas which satisfy certain plasma conditions. As summarized in the previous work (e.g., Block, 1978), certain conditions must be fulfilled for the formation of double layers, such as that the electric field is much stronger inside the DL than outside, so the integrated positive and negative charges nearly cancel each other; a minimum current is necessary to form a DL (the Bohm condition). Such conditions can only be satisfied in confined areas.
As we suggested above, the displacement current play a crucial role in the generation of the parallel electric field that is associated with the charge separation in the low density plasma. The displacement current would become significant when the magnetic shear cannot be balanced by the charged particle flow and enhances the parallel electric field, forming the double layer. It implies E|| forms for large B/n, favoring low densities. The above conditions are often met in the auroral density cavity at altitudes of 1 RE or less where the magnetic field is strong and the density is low (Chaston et al., 2006). Space observations of parallel electric fields and potential drops at several thousand km above the ionosphere (e.g., Ergun et al., 2004) and the estimated thickness of the double layer (see for example, Table 1 in Block, 1978, and review by Lysak et al., 2020) have shown that the formation of double layers is localized in regions where certain conditions are met.
The fact that parallel electric fields that associated with field aligned currents form double layers rather than extended parallel electric fields has been shown in numerical simulations (e.g., Borovsky and Joyce, 1983; Génot et al., 2001; Newman et al., 2001). Considering that in the auroral region it is likely that the plasma initially carries a current due to larger-scale processes, and that this current drives the formation of a DL at the site of some inhomogeneity, Newman et al. (2001) did simulations by imposing a current, and showed that the parallel electric field develops as a double layer. What that simulation did not show is how the current is formed. We show that the current is required by the twisting of the magnetic field that is discussed in the following section 4.
4 THE REQUIRED LARGE MAGNETIC STRESS (TWISTED FLUX TUBE) AND ITS RELATION WITH THE VORTICITY IN THE PLASMA FLOW
The required large ▽ X B represents a localized magnetic stress concentration. From Ampere’s law in cylindrical coordinates (▽XB)‖ = (1/r)∂(rBφ)/∂r = (4π/c) [image: image], where [image: image], we know that the total current in the system, including the displacement current as well as the particle current, is closely related to the azimuthal component of the magnetic field Bφ, i.e., the twist of the magnetic flux tube. The relationship can be expressed as (Song and Lysak, 2001; 2006) the volume integration of [image: image] over the flux tube
[image: image]
where [image: image] is the azimuthal magnetic flux through the vertical area hR of the flux tube. Eq. 2 can be rewritten as [image: image], where [image: image] is the average of the potential drop over the cross section of the flux tube [image: image], which shows that the localized azimuthal magnetic flux is needed to support the voltage drop in the flux tube.
We have further pointed out that the magnetic shear that leads to large ▽ X B can be formed by the vorticity in the plasma flow: [image: image], where
[image: image]
is the volume integration of the vorticity [image: image], and Φu is the azimuthal velocity flux. For auroral flux tubes, the vorticity that causes the azimuthal magnetic flux can be produced by shear flows at the equatorial region, together with the drag force at the ionosphere in the magnetosphere-ionosphere coupling system. Thus, the storage and release of the free magnetic energy and the kinetic energy of plasma bulk flow are closely related to the local generation of E‖ and V‖.
5 THE MAIN PHYSICAL PROCESSES AND CONDITIONS IN GENERATING ELECTRIC FIELD AND POTENTIAL DROP IN THE ACCELERATION REGION
We have shown that the space plasma under certain conditions can generate and maintain localized electric fields and potential drops along magnetic field lines, which will accelerate charged particles. The main physical processes in such special plasma regions and their occurrence conditions can be summarized as the following:
(1) Shear flows in the plasma produce vorticity and thus enhance the azimuthal magnetic flux (magnetic shear) as expressed in Eq. 3. In the Earth’s magnetosphere-ionosphere coupling system, the shear flows can be caused by earthward flows accumulating magnetic energy in the near-Earth region before the expansion onset as described in Introduction section. The enhanced azimuthal magnetic flux and the drag force at the ionosphere cause a twist of the auroral magnetic flux tube and generate a localized magnetic shear (▽ × B) associated with the propagation of Alfvén waves. (2) The generation of parallel electric fields as well as the associated FACs, which comply with the Ampere’s law in dynamically varying magnetized plasmas, and the formation of the associated charge separation and potential drop along magnetic field lines as described in Section 3. In a flux tube with a field-aligned current, if there is a spot in the flux tube where the plasma particles have difficulty carrying that current a charge separation will occur. This also means that if the current carriers go above the Bohm criterion (the drift velocity greater than the thermal speed) (Block, 1978) there is an instability that will give rise to a charge separation forming double layers. (3) Subsequent acceleration of charged particles due to the rapid establishment of electric fields and potential drops, which can be explosive. The formation of density cavities due to the acceleration of particles away from the acceleration region may produce positive feedback causing rapid development of the electric field.
Since low density favors the generation of the electric field, the structures are often nested in a low-density cavity and surrounded by enhanced magnetic stresses. Such density cavities have been associated with the acceleration of particles by kinetic Alfvén waves (Chaston et al., 2006). During this process, the initially generated localized electric fields deepen the seed low density cavity by accelerating charged particles out of the structure and lowering the density, which can in turn further enhance the generation of electric fields. Such a positive feedback process may rapidly develop a powerful parallel electric field, and the structure will act as an efficient high energy particle accelerator. The process can be explosive, during which a large amount of electromagnetic energy is rapidly converted into the kinetic energy of charged particles. The explosive energy release that accelerates charged particles to high energy is a form of electric discharge associated with the charge separation in the double layer. In the auroral acceleration region, such explosive energy release and associated accelerations of keV electrons may lead to auroral substorms. The energy required for the auroral substorm has accumulated before the onset in the near Earth magnetotail regions. The formation of localized parallel electric fields in the double layer and the subsequent acceleration of charged particles forming substorm auroral arcs trigger a further release of the tail energy in the M-I coupling system.
The special plasma regions characterized by the localized parallel electrostatic field and the associated potential drop have been studied extensively as double layers (see for example, the review by Block, 1978; Carlqvist, 1982; Lysak et al., 2020). Several mechanisms for supporting the parallel electric fields have been proposed (e.g., Fälthammar, 1983). Based on the theoretical considerations described above, we suggest that the parallel electrostatic field which forms the double layer structure and most efficiently accelerates charged particles results from the displacement current that becomes significant under locally enhanced magnetic shears which are not balanced by FACs. The acceleration of the charged particles may also be carried out in multiple double layers in the system. The double layer formation and the associated quasi-electrostatic acceleration mechanism is of a dynamical nature. In rapidly varying plasmas, the existence time of an individual DL may be short compared to the observed explosive energy release phenomena such as the substorm auroral intensification, but the acceleration of charge particles could last much longer time due to a large number of DL potential steps that the particles experience and the continuous formation of DLs in the area. For example, Mozer et al. (2013) reported that huge numbers of double layers carrying electric fields parallel to the local magnetic field line have been observed in connection with relativistic electron acceleration in the Earth’s outer radiation belt. It is very likely that similar multiple DL acceleration also occurs in the auroral region.
While the acceleration of charged particles by double layers plays an important role in the explosive energy release that starts the expansion onset of auroral substorm, the formation of double layers may have occurred for some times before the onset, accelerating electrons down to the ionosphere and causing preexisting auroral arcs. The intensification of preexisting arcs has been observed as a wave-like action with large longitudinal wave number between 100 and 300 (e.g., Donovan et al., 2006; Liang et al., 2008). The expansion onset often manifests itself as a sudden brightening of a preexisting arc. It has been suggested that the intensification of the preexisting arc that leads to the expansion onset is attributed to some plasma instabilities, such as, among others, the kinetic ballooning instability (Cheng, 2004) and cross-field current instability (Lui, 2004) in near Earth region. More recent observations by THEMIS all sky images and the FAST spacecraft (Jiang et al., 2012) have shown that the precipitating electrons are associated with preexisting arcs which are linked to an equatorial region near 8 to 10 RE, and are accelerated by field aligned potential drops. It indicates that there have been double layers existing for many minutes before substorm onset. The wave-like intensification of the preexisting auroral arcs mentioned above may also be caused partly by variations of the conditions for the double layer formation (for example, the strength of the magnetic field and thus the azimuthal component of the field, and the plasma density in the flux tube.) due to the variations of parameters and propagation of the instabilities. This possibility needs further study.
6 CONDITIONS SUSTAINING THE PRESENCE OF PARALLEL ELECTRIC FIELDS IN THE DOUBLE LAYER
6.1 Energy supply by poynting flux
The acceleration of charged particles in double layers converts electromagnetic energy into the kinetic energy of charged particles. An important characteristic of the double layer is that the charged particles that are subject to a strong electric force run away (Fälthammar, 1978). This helps to support a voltage drop, while on the other hand, it carries away the power released in the structure. To replenish the energy and sustain the electric field, a continuous energy supply to the structure supported by the large-scale dynamics is needed. This energy is most easily provided by the Poynting flux associated with the passage of Alfven waves. In the auroral acceleration region, the propagating Poynting flux of Alfvén waves carries both the free magnetic energy and kinetic energy of plasma bulk flow from the generator to the acceleration region and the ionosphere (Song and Lysak, 2001). Alfvén waves have been observed on auroral field lines carrying sufficient Poynting flux to provide the energy to power the aurora (e.g., Wygant et al., 2000; Lysak and Song, 2003).
6.2 Input from varying magnetic shear
The Poynting flux of electromagnetic energy flowing into the acceleration region is balanced not only by the energy dissipation which includes plasma heating and the kinetic energy of plasma flows, but also by the increase of the energy of the azimuthal magnetic field, since the magnetic shear may reduce after acceleration of charged particles (energy release) and reduce the displacement current. The input from varying magnetic shear is required for the sustained presence of parallel electric fields, as we can see by taking the time derivative of Ampere’s law together with the electron equation of motion assuming E‖ ≈ ([image: image])(∂J‖/∂t) as in Section 3:
[image: image]
During the process, we note that there is a distinction between the formation phase and the final state of the DL formation. In the formation phase the linear term in the electron equation of motion is most important, but once the double layer is formed, the nonlinear inertial term becomes important. This term just says that the electron kinetic energy is increased as a function of distance by the double layer electric field. In the electron equation of motion which can be written as
[image: image]
the first term is important in the establishment of the E||, but once the double layer is established, the other terms which include the field-aligned pressure gradients just give the acceleration of the electrons as they pass through the double layer.
6.3 Keeping the current density above a critical value
Sustaining a certain level of the magnetic shear and the resulting current density is important in maintaining the double layer, as the Bohm criterion requires the current density in the double layer to exceed a critical value Jc = ne(2kTe/me)1/2 (Block, 1978), i.e., the electron drift velocity must exceed the thermal velocity. This critical current is reduced in regions of low plasma density.
Since the FAC generation is related to the changes of the electric and magnetic fields, and the perturbations of the fields must propagate, the FAC generation is in general not a local process, and an analysis of the whole flux tube and the circuit system is necessary. For example, in the auroral acceleration region the shear Alfvén waves reflected between the generator, the auroral acceleration region and the load will change the generator condition and modify the resultant FAC filaments (e.g., Lysak and Song, 1998). A simplified view of the magnetosphere-ionosphere coupling in auroral regions as an equivalent circuit which includes a magnetospheric generator and the closure of the current in the upper ionospheric layers has been proposed previously (e.g., Marklund et al., 2007; and also see a review by Lysak et al., 2020). Lui (2018) described that the substorm current system consists of two current circuits, with a dynamo for the meridian current circuit and a load for the azimuthal current circuit in the magnetosphere. It is considered that the meridian current circuit is more important in the substorm development (see also, Akasofu, 2013).
Alfvén (1986) has suggested that double layers are elements of a circuit that might include a dynamo region, dissipation regions and double layers. The energy is transferred first into electromagnetic energy and then to the double layers, where the power is released and charged particles are accelerated. This process may cause explosive phenomena in space plasmas. In studying what happens locally in the double layer, we need to take account of all the regions through which the current flows. Figure 1A shows the auroral circuit model by Alfvén (1986) which includes the whole circuit with the generator region (“plasma cloud”), ionosphere and the double layer (“DL”); while Figure 1B schematically illustrates a part of the circuit system including an auroral flux tube, the double layer, the generator region with shear plasma flows in the equatorial plane, in the M-I coupling system. Akasofu (e.g., Akasofu, 2013; 2015; 2017) has adopted the electric current approach to study substorm processes. In explaining how the expansion phase (the energy release) occurs, he suggested that the magnetosphere tended to become unstable when the accumulated energy reached a certain level. In restoring its stability, the current in the current sheet is reduced by developing plasma instabilities that release the accumulated magnetic energy. In this paper we have provided a possible mechanism for the explosive energy release during auroral substorms by the formation of double layers with quasi-static electric fields in aurora regions that accelerate the auroral particles releasing the accumulated magnetic energy.
[image: Figure 1]FIGURE 1 | (A) The auroral circuit model adapted from Alfvén (1986) which includes the whole circuit with the generator region (“plasma cloud”), ionosphere and the double layer (“DL”). (B) Schematic illustration of a part of the circuit system including an auroral flux tube, the double layer, generator region with shear plasma flows in the equatorial plane, and the ionosphere with a drag force.
Parallel electric fields or potential drops and double layers have been frequently observed in the auroral region (e.g., review by Carlqvist, 1982; Lysak et al., 2020; Haerendel et al., 1976; Mozer et al., 1977; 2013; Shawhan et al., 1978; Borovsky, 1992; Ergun et al., 1998; 2004; McFadden et al., 1999; Marklund et al., 2012, and many others). They are observed closely related to the acceleration of auroral particles. There has been numerous direct observational evidence for multi-kV electrostatic potential structures in the auroral zone. For example, Mozer et al. (1977) measured DL potential at ∼ 1–10 keV; Gurnett (1972) estimated the field aligned potential drops observed above the ionospheric auroral region as ∼6 kV. References in Borovsky (1992) has listed a number of reports that provide evidence for multi-kV DL potential drops. It is very likely that the double layer plays an important role in the auroral particle acceleration during substorms and causing the explosive energy release at the expansion onset of substorms.
7 SUMMARY AND DISCUSSION
Auroral physics is important in understanding auroral substorm processes. Energy accumulation during the growth phase is a necessary condition to develop substorms. A physical mechanism is needed to release the energy explosively. The formation of double layers is considered to be a likely mechanism for the explosive energy release and the acceleration of charged particles that causes substorm aurorae and triggers the onset of substorm expansion phase.
The localized parallel electric field that forms the double layers results from the displacement current under certain conditions. We have presented theoretically the required conditions and the physical processes that lead to the formation of double layers. Shear flows caused by earthward flows accumulating magnetic energy in the near-Earth region before the expansion onset produce vorticity which enhance the azimuthal magnetic flux (magnetic shear). The enhanced azimuthal magnetic flux and the drag force at the ionosphere cause a twist of the auroral magnetic flux tube and generate a localized magnetic shear (▽ × B). The displacement current would become significant when the magnetic shear cannot be balanced by the charged particle flow and enhances the parallel electric field, forming the double layer where certain conditions are met, for example, in the regions with large B/n, favoring low densities. The displacement current in the structure may change the distribution of the charge density, which leads to the formation of charge separation, causing the quasi-neutrality of the plasma in the structure to be locally violated. Since the plasma tends to be quasi-neutral, the quasi-neutrality condition should hold over most of the field line and quasi-neutrality can be violated only in localized regions. This implies that the existence of double layers (DLs) is localized in areas which satisfy certain plasma conditions. A positive feedback process may generate the parallel electric field rapidly causing explosive energy release. The Poynting flux carried by Alfven waves continuously supplies energy to the acceleration region, supporting the DLs, leading to strong long-lasting electrostatic fields dynamically.
It has been shown that the existence of the parallel electric field in double layers in auroral regions is often associated with observations of oppositely directed transverse electric field pairs at higher altitude and larger region (e.g., Mozer et al., 1977; Gurnett, 1972; Ergun et al., 2004, and others). We interpret these fields as being the fields of a kinetic Alfvén wave that carries the Poynting flux necessary to support the particle acceleration due to the parallel electric field (e.g., Mozer et al., 1980). This interpretation is supported by the Polar observations of Wygant et al. (2000) that show that these waves carry sufficient Poynting flux to power the auroral acceleration.
The magnetospheric substorm is a complicated process occurring in a complicated system which has been studied for decades and still not fully understood and causing a lot of controversy. It is difficult to cover every aspect of the problem. In this paper we have focused only on the mechanism of the expansion onset which occurs after the growth phase and the start of the explosive energy release. We have put forward theoretically a mechanism which may initiate the substorm onset by emphasizing the generation of parallel electric fields in the form of double layers. Although it is a qualitative description, the mechanism may also be applicable to explain other similar phenomena with explosive energy release and charged particle acceleration in cosmic plasmas.
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