[image: image1]Unsteady Dungey cycle from the point of view of Stokes’ theorem

		ORIGINAL RESEARCH
published: 10 December 2024
doi: 10.3389/fspas.2024.1494150


[image: image2]
Unsteady Dungey cycle from the point of view of Stokes’ theorem
Vladimir S. Semenov1*, Igor V. Kubyshkin1, Nikolai A. Tsyganenko1, Nikolai V. Erkaev2,3, Marina V. Kubyshkina1 and Xiaogang Wang4
1Earth Physics Department of Faculty of Physics, Saint Petersburg State University, Saint Petersburg, Russia
2Computational Physics Department, Institute of Computational Modelling of the Siberian Branch of the Russian Academy of Sciences, Krasnoyarsk, Russia
3Department of Applied Mechanics, Siberian Federal University, Krasnoyarsk, Russia
4School of Physics, Harbin Institute of Technology, Harbin, China
Edited by:
Katariina Nykyri, Goddard Space Flight Center, United States
Reviewed by:
Martin Archer, Imperial College London, United Kingdom
Lei Dai, Chinese Academy of Sciences (CAS), China
* Correspondence: Vladimir S. Semenov, v.s.semenov@spbu.ru
Received: 10 September 2024
Accepted: 21 November 2024
Published: 10 December 2024
Citation: Semenov VS, Kubyshkin IV, Tsyganenko NA, Erkaev NV, Kubyshkina MV and Wang X (2024) Unsteady Dungey cycle from the point of view of Stokes’ theorem. Front. Astron. Space Sci. 11:1494150. doi: 10.3389/fspas.2024.1494150

The Dungey cycle is considered from the formation of a magnetic barrier and necessary for dayside reconnection conditions till the electric field generation around the Birkeland current loop and magnetic flux circulation balance. Data-based modeling of the magnetosheath magnetic field makes it possible to quantitatively assess the main factors that control formation and destruction of the magnetospheric magnetic barrier, such as the field line draping and the field intensity increase from the bow shock to the magnetopause, as well as their dependence on the orientation of the interplanetary magnetic field (IMF). The Dungey cycle has been revised to take into account the essentially time-dependent effects of magnetic reconnection. It is shown by means of the Stokes’ theorem that a powerful electric field with an effective potential difference of several tens of kV is generated around the developing substorm current system. The emerging Birkeland current loop is an important particle acceleration element in the magnetosphere, contributing to the energization of ring current protons and electrons. The electric field that arises in the dipolarization zone magnifies the already existing ring current, and the closure of its amplified part through the ionosphere generates the Region 2 field-aligned currents. The motion of the expanding partial ring current around the magnetosphere, combined with the particle drift, transfers the magnetic flux from the night side of the magnetosphere to the dayside. At the dayside magnetopause, the reconnection is also responsible for the creation of the Birkeland loop, but now the electric field in the loop area decelerates the ring current particles, and regions of weakened ring current are formed. Closure of these weakened loop currents results in a transfer of the magnetic flux from the dayside to the night side, thus ensuring its overall balance and completing the Dungey cycle.
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1 INTRODUCTION
As time passes, it becomes clearer and clearer that the Dungey model (Dungey, 1961) of the open magnetosphere is not even so much a model, but rather a whole program of studies of the interaction of the solar wind with the Earth’s magnetosphere for many years ahead. It generated such a wide spectrum of problems (Cowley and Lockwood, 1992; Coroniti and Kennel, 1973; Lui, 1996; Pudovkin and Semenov, 1985; Trattner et al., 2021; Samsonov et al., 2024; Dai et al., 2024; Zhu et al., 2024) that it is virtually impossible to mention them all. In the present work, unlike in an encyclopaedic paper by Borovsky and Valdivia, 2018, we focus on only two, but, in our opinion, key problems that are missing in their list.
This is, first of all, the magnetic barrier or Plasma Depletion Layer (PDL) where, as we believe, the conditions necessary for the dayside reconnection are developed. Earlier, the research on the magnetic barrier/PDL gained much attention (Spreiter et al., 1966; Zwan and Wolf, 1976; Pudovkin and Semenov, 1977; Pudovkin and Semenov, 1985; Erkaev, 1986; Song and Russell, 2002). However, after Phan et al., 1994 showed by the superimposed epoch analysis that the PDL is clearly visible for the low shear magnetopause, but completely absent for the high shear magnetopause, the prevailing view became that the flow of the solar wind near the magnetopause is fully controlled by the reconnection at the magnetopause (Borovsky, 2008). Nevertheless, as recent studies (Michotte de Welle et al., 2022; Michotte de Welle et al., 2024; Tsyganenko et al., 2023; Tsyganenko et al., 2024; Han et al., 2024; Dimmock and Nykyri, 2013) have shown, the features of the magnetic barrier, namely, draping, the increase of the magnetic field and the plasma depletion from the bow shock to the magnetopause are observed for all directions of the IMF. These new results prompted us to revisit the somewhat forgotten idea that the formation of a magnetic barrier is an important factor in creating the conditions necessary for reconnection at the dayside magnetopause.
The second issue is the mechanism of magnetic flux transfer, which nowadays is understood completely as a result of magnetospheric plasma convection (Cowley and Lockwood, 1992; Trattner et al., 2021; Samsonov et al., 2024; Dai et al., 2024). Thus, the other purpose of this article is to show that there is another mechanism of the magnetic flux transfer. We show that the generation of the Birkeland substorm current loop gives rise to a strong vortex electric field induced by magnetic field variation. The Birkeland current loop is therefore an important accelerating factor in the magnetosphere, which calls for a significant modification of the Dungey scheme. In particular, one needs to consider regions of amplification or weakening of the ring current, which play an important role in the magnetic flux transfer via the Dungey cycle.
As a tool for analyzing the dynamical phenomena in the magnetosphere, we use Stokes’ theorem and apply it to a specific magnetic contour, a technique first used to assess the electric field at the reconnection line in the magnetospheric tail, based on the observed speed of the near-pole auroral arc (Semenov and Sergeev, 1981).
The paper is organized as follows. Section 2 contains the necessary information about the Stokes’ theorem and equations describing the magnetic contour method. The Section 3 addresses the magnetic barrier and discusses the conditions for reconnection. In Section 4, the main points of the method are discussed on the example of applying the magnetic contour method to the simplest case of reconnection in a planar current layer. Section 5 studies in detail the modeling of the Substorm Current Wedge (SCW) (Sergeev et al., 2014; Nikolaev et al., 2015) and shows that a vortex electric field appears in the dipolarization area. In Section 6, it is shown that the resulting vortex electric field results in amplification of the ring current and formation of a partial ring current associated with Region 2 field-aligned currents. Section 7 considers the dayside reconnection and in Section 8 we show that the night side inner magnetosphere can operate as a charged particle accelerator. The final section 9 summarizes the main conclusions of the paper.
2 STOKES’ THEOREM
Stokes’ theorem for a contour moving with velocity u relates the circulation of the electric field E′ along the contour l to the change in the magnetic flux permeating the surface stretched on this contour
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Here [image: image] is the electric field in the stationary (laboratory) frame of reference, [image: image] is the electric field in the contour frame of reference, Bn is the magnetic field component normal to the surface. The derivation (see Landau and Lifshitz, 1984; Bittencourt, 2004) takes into account that the contour may suffer deformation with time. A well-known theorem of MagnetoHydroDynamics (MHD) states that in an ideal medium the magnetic flux does not change through a contour moving with plasma velocity v (u = v), see left panel in Figure 1 (Baumjohann and Treumann, 1996). This is a direct consequence of Stokes’ theorem (Equation 1), since in an ideal plasma the electric field E′ in the plasma associated frame of reference vanishes (Landau and Lifshitz, 1984; Bittencourt, 2004), then the circulation in Equation 1 is identically zero and the magnetic flux is conserved.
[image: Figure 1]FIGURE 1 | On the left: Magnetic flux conservation through a surface, confined by the contour moving with plasma velocity. On the right: Stretching of moving magnetic flux tubes.
Using this result it is useful to derive the equation of motion of the magnetic flux tube. Let us consider a small segment of the magnetic flux tube of length δl (Figure 1, right panel). As a consequence of conservation of magnetic flux, we have
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Plasma mass is also conserved under frozen-in conditions:
[image: image]
It follows from Equations 2, 3 that the ratio of magnetic field strength to plasma density is proportional to the stretching of the magnetic flux tube (Landau and Lifshitz, 1984):
[image: image]
In the future, we will need a special kind of contour, the so-called magnetic contour. Let us choose a segment perpendicular to the magnetic field lines in the equatorial plane of the magnetosphere and from each of its points let out a field line to the intersection with the ionosphere first at time t and then at time (t + dt). Stokes’ theorem (Equation 1) is applied to the moving contour thus constructed (Figure 2).
[image: Figure 2]FIGURE 2 | Scheme of magnetic contour.
Since the surface stretched on the magnetic contour is woven of magnetic lines of force, the magnetic flux through such a surface is identically zero, hence the circulation of the electric field in the reference frame of the contour is also zero and we obtain, neglecting the field-aligned electric fields:
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Here [image: image] and [image: image] are the electric and magnetic fields in the ionosphere, [image: image] is the velocity of the segment projection in the ionosphere, [image: image] is the length of the segment projection in the ionosphere, [image: image] is the electric field in the magnetosphere, and [image: image] is the length of the original segment. The same expression can be rewritten in the following form:
[image: image]
Where [image: image] is the electromotive force along the projection of the segment in the ionosphere, Fi is the magnetic flux in the ionosphere drawn by the moving projection of the segment, [image: image] electromotive force along the projection of the segment in the magnetosphere. That is, the electromotive force (EMF) in the magnetosphere differs from EMF in the ionosphere by the magnitude of the magnetic flux drawn by the moving projection of the segment in the ionosphere.
In the stationary case, the shape of the field lines does not change with time, the contour becomes stationary, the velocity u = 0, and the EMF coincides with the electric field potential difference, which, as it follows from Equation 6, can be carried along the magnetic field lines. Therefore, the change in the magnetic flux drawn by the moving projection of the segment in the ionosphere can be considered as a measure of the emerging vortex electric field (induced by magnetic field variation), which can significantly change the coupling of the magnetospheric and ionospheric electric fields. We will refer the velocity of the segment projection motion in the ionosphere u (associated with magnetic flux change) as the projection velocity. If the projection velocity is less (better much less) than the velocity of electro-drift (u << VE), the magnetic field configuration may be considered as quasi-stationary and the magnetic fields lines may be considered equipotential. In the opposite case, u >> VE, the arising vortex electric fields must be taken into account when projecting the electric field along magnetic field lines.
It is interesting to note that the two kinds of contours considered above (the one moving with the ideal plasma and the magnetic contour) are peculiar antipodes: in the first case in Stokes’ theorem (Equation 1) the circulation is identically zero since E’ = 0, and then the magnetic flux is conserved. In the second case the magnetic flux is identically zero by construction, then the circulation is also zero and we arrive at Equations 5, 6. Knowing the behavior of the magnetospheric segment projection in the ionosphere, which often appears as a moving arc of the aurora borealis, we can obtain the distribution of the electric field in the magnetosphere. The magnetic contour was first used in Semenov and Sergeev (1981) to estimate the electric field at the reconnection line in the tail of the magnetosphere from the velocity of the near-pole auroral arc.
3 SOLAR WIND FLOW AROUND THE MAGNETOSPHERE
When building a model of the interaction between the solar wind and the Earth’s magnetosphere, the following difficulty immediately arises (Pudovkin and Semenov, 1985; Pulkkinen et al., 2007). The main energy comes to the magnetosphere in the form of solar wind kinetic energy, while the magnetospheric disturbance is controlled by the southern Bz component of the IMF (Paschmann, 2008; Borovsky and Valdivia, 2018). In the solar wind, the typical value of the Mach-Alfvén numbers MA = VSW/VA lies within 8–10, i.e., the magnetic energy density of the IMF is 1.5-2 orders of magnitude less than the kinetic energy density. It turns out that the low-energy factor (Bz component of the IMF), carrying only 1%–2% of the solar wind energy, is the key interaction factor. At first sight, this fact seems counterintuitive; to clarify it, it is necessary to trace the sequence of transformations of different types of energy in the magnetosheath and find out, what physical phenomenon is responsible for creating conditions necessary for starting reconnection in the vicinity of the magnetopause.
Since the solar wind is both supersonic and super-Alfvénic, a bow shock appears in front of the magnetosphere, on which the first and perhaps the main redistribution of energy takes place. According to the MHD model of the subsolar magnetosheath (Spreiter et al., 1966; Erkaev et al., 1999), at the bow shock the solar wind speed decreases inversely proportional to density, while the density and magnetic field intensity increase approximately in 3 times for typically large solar wind sonic and Alfvén Mach numbers. However just after the shock, the sum of the thermal and kinetic plasma energy still prevails the magnetic energy.
A further redistribution of energies occurs in the magnetosheath, as the solar wind flows around the magnetosphere. The stationary flow implies that at the magnetopause the solar wind velocity remains everywhere tangential to the surface, with a stagnation point at the nose, from which the streamlines envelop the entire boundary (Figure 3). At the stagnation point, the flow velocity v(s) is zero, such that expanding v(s) into a Taylor series over a distance s from the stagnation point and keeping only the first term, one obtains v(s)= − k s. Then the time T required for a magnetic flux tube to travel from some initial point s0 to the stagnation point is equal to:
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[image: Figure 3]FIGURE 3 | Stretching of magnetic flux tubes in a process of solar wind flow around magnetosphere.
That is, the entire magnetopause turns out to be unreachable for the thin flux tubes (Pudovkin and Semenov, 1977; Pudovkin and Semenov, 1985). When flowing by the magnetosphere (and, in general, any blunt body), a part of the magnetic flux tube lying in the neighborhood of the stagnation point is strongly braked, while the rest of it continues to move with the solar wind. As a result, the tube is strongly stretched and, as a consequence of Equation 4, the ratio of magnetic field to plasma density B/ρ increases, and, considering Equation 7, B/ρ tends to infinity at the magnetopause. Since the field B is limited due to a finite limit on the magnetic pressure, the plasma density drops to zero over the entire surface enveloped by streamlines, and the magnetic field value peaks at the braking point. It should be kept in mind, however, that the B/ρ singularity due to the density convergence to zero has a weak logarithmic character (Erkaev, 1986), so it usually disappears in numerical calculations due to the numerical dissipation.
The above noted singularity is a mere consequence of the frozen-in magnetic field and the presence of a stagnation point. One may wonder whether it is possible to organize the flow in such a way that there is no stagnation point at all. The answer to this question is negative, as the famous algebraic topology theorem about the “hairy ball” states that there is no velocity field without singularities on sphere-like surfaces (Renteln, 2014).
Therefore, the only possibility to eliminate the difficulty and thus consistently resolve the problem of interaction of the solar wind with the magnetosphere is to abandon the ideal plasma model and to introduce some dissipation into the model, which would break the frozen-in condition of the magnetic field at least locally.
According to modern concepts, such a mechanism is the magnetic reconnection, in which the frozen-in condition is broken in small diffusion regions near the X lines or separatrices. The magnetic reconnection requires to create special conditions, first of all, a formation of a thin current sheet and accumulation of magnetic energy. As shown below, the solar wind flow with a magnetic field having a transverse component to the streamlines not only creates conditions necessary for the reconnection, but also makes it inevitable.
Since the stagnation point is nevertheless unavoidable, the magnetic flux tubes are strongly stretched when the magnetosphere is flown around by the solar wind. As a consequence, a layer is formed near the magnetopause with reduced plasma density and increased magnetic field intensity. Zwan and Wolf (1976) were among the first to discover that effect and, based on the fact of density decrease, called this layer a “Plasma Depletion Layer” (PDL). Erkaev (1986), on his part, singled out the increase of the magnetic field intensity as the main feature and, based on that, called that layer the “magnetic barrier”. Both these terms are now used interchangeably in the modern literature. Using the Lagrangian formalism, the so-called “frozen-in coordinate system” was introduced by Pudovkin and Semenov (1977), Pudovkin and Semenov (1985), in which the magnetic flux tubes played the main role. On that basis, a method was developed to solve the magnetic barrier problem in the ideal MHD approximation (Erkaev et al., 1994; Erkaev et al., 1998; Erkaev et al., 1999; Erkaev et al., 2003). The main features of the magnetic barrier were also investigated analytically by Nabert et al. (2013) and numerically by Wang et al. (2004). These features are:
1. Draping of the magnetic field lines. Due to their braking in the front part of the magnetosphere, the magnetic field lines envelop the streamlined surface, creating a peculiar cocoon around the magnetopause. This effect is clearly visible both in theoretical calculations (Erkaev et al., 1999) and in experimental data (Michotte de Welle et al., 2022; Michotte de Welle et al., 2024; Tsyganenko et al., 2023; Tsyganenko et al., 2024; Dai et al., 2023; Dimmock and Nykyri, 2013; Han et al., 2024). The magnetic field draping in the magnetosheath for different IMF orientations, derived in data-based modeling from in-situ spacecraft observations (Tsyganenko et al., 2023), is shown in Figure 4.
As demonstrated in the next Figure 5 the magnetic field steadily increases earthward. Due to the stretching of the magnetic flux tubes, the magnetic field increases, while the plasma density and pressure decrease. To preserve the force balance, these changes occur consistently: the gas pressure decrease is compensated by an increase in the magnetic pressure, such that the total pressure remains nearly constant across the magnetosheath, [image: image] (Erkaev et al., 2003; Nabert et al., 2013; Phan et al., 1994).

2. Stagnation line. Due to the stretching of the magnetic flux tubes and their draping around the magnetopause, the Ampere’s force accelerates the plasma across the magnetic field lines, while the weakened gas pressure pushes the plasma along the magnetic field with less and less efficiency. This results in a change of the flow topology: instead of an axisymmetric flow away from the stagnation point (as in Figure 3), a stagnation line begins to form, extending along the magnetic field, as shown in Figure 6, Erkaev et al. (1998).
3. Anisotropy of the gas pressure. The stretching of the magnetic flux tubes during the flow around the magnetosphere results in a progressive increase of the transverse plasma pressure, such that it gradually becomes dominant over the parallel pressure on approaching the magnetopause. This can provoke the onset of instabilities: first of the mirror type and then followed by the ion-cyclotron instability. The mirror instability occurs in an anisotropic magnetized plasma when the difference between perpendicular and parallel plasma pressures exceeds a threshold value that depends on the perpendicular plasma beta. This leads to enhanced plasma fluctuations, which in turn results in a relaxation of difference between parallel and perpendicular temperatures (see experimental data in Soucek et al., 2008). Mirror perturbations do not propagate and are carried by the plasma flow along the streamlines. Using an anisotropic stationary MHD flow model allows to calculate the growth of mirror fluctuations from the bow shock to the magnetopause along the Sun-Earth stream line. As shown by Erkaev et al. (1999), the ion-cyclotron instability begins to dominate in the immediate vicinity of the magnetic barrier, where the plasma β parameter is less than unity.
4. Scaling. A natural question that arises is how wide is the layer by the magnetopause, in which the magnetic barrier effects are important? If one defines the outer boundary of the magnetic barrier as a surface on which the gas pressure becomes equal to the magnetic pressure (i.e., β = 1), it appears (Erkaev et al., 1998) that the thickness of the magnetic barrier is δ = L/MA2, where L is the radius of curvature of the streamlined body. Assuming the IMF strength of 5 nT, this corresponds to MA = 8, which gives a magnetic barrier thickness of about 2000 km. It turns out that the layer in which the magnetic barrier effects are important is rather thin, such that the greater part of the magnetosheath remains mostly unaffected. Nevertheless, it is just the magnetic barrier area, where the conditions necessary for the reconnection are created.
[image: Figure 4]FIGURE 4 | Draping of the magnetic field in the magnetosheath (equatorial plane) as obtained in the empirical model of Tsyganenko et al., 2023 with B = 7 nT for four values of the IMF cone angle: θ = 0° (A), θ = 30◦ (B), θ = 60◦ (C), and θ = 90◦ (D).
[image: Figure 5]FIGURE 5 | Increase of the total magnetic field B along the Sun-Earth line for a typical spiral-type IMF orientation, with IMF Bz = + 5.0 (red) and Bz = − 5.0 nT (blue). In both cases, the total IMF magnitude is 8 nT and its cone angle equals 120° (after Tsyganenko et al., 2024)
[image: Figure 6]FIGURE 6 | The structure of the magnetic field (dotted lines) and solar wind plasma flow (solid lines) around the magnetosphere according to numerical simulation (Erkaev et al., 1998).
To address this issue from the data-based modeling viewpoint, let us consider the electric current density at the magnetopause:
[image: image]
The current density j is determined mainly by the magnetic field jump across the magnetopause (Michotte de Welle et al., 2024; Tsyganenko et al., 2024; Han et al., 2024) (Figure 7). For the southern IMF at the dayside magnetopause, it increases about twice, the plasma density decreases, such that the current velocity [image: image] in Equation 8 should increase significantly along with the strengthening of the magnetic barrier. Thus, the conditions necessary for the magnetic reconnection, namely, the formation of a thin current sheet and accumulation of magnetic energy in its vicinity, are created.
[image: Figure 7]FIGURE 7 | Color-coded electric current surface density (in mA/m) at the dayside magnetopause as viewed from the Sun, for four values of the IMF clock angle: ϕ = 0° (A), 60° (B), 120° (C), and 180° (D). The J vector projections on Y–Z plane are also shown with arrows (after the empirical model of Tsyganenko et al., 2024).
An important parameter that determines the characteristic values of plasma density and magnetic field at the current sheet boundary is the dissipative length ddif, at which the frozen-in condition is violated. In plasma, there is a whole hierarchy of scales at which this can happen. At the smallest scale, the inertial length of the electrons de, the electrons are unfrozen. As the PIC-simulation shows, it is the electron inertial length de that determines the thickness of the electron diffusion region (Vasyliunas, 1975; Hesse et al., 2016). At the scale of the proton inertial length di, the proton component is unfrozen, the protons cease to be magnetized and their connection with the magnetic flux tubes is lost (Hesse et al., 2016). In the magnetosheath, another scale associated with turbulence is distinguished, the so-called magnetic correlation length, of the order of ∼10 di, characteristic for reconnection in thin electron current sheets (Stawarz et al., 2022). All these scales differ from each other by 1-2 orders of magnitude, and which one should be used is not completely clear. Fortunately, both in the Petschek type reconnection model and in the magnetic barrier theory, the main parameters that determine the reconnection rate (Petschek, 1964; Erkaev et al., 2000), plasma density, and magnetic field near the magnetopause (Pudovkin and Semenov, 1985, Erkaev, 1986) only weakly (logarithmically) depend on the dissipative length, so its actual value is not much important. What is really important is that taking into account the dissipative length removes the singularity, such that the density does not fall to zero, but remains at a finite level (Song and Russell, 2002; Dimmock and Nykyri, 2013; Han et al., 2024).
Thus, in the absence of reconnection, the magnetic barrier is formed in the same way for all IMF directions (as the magnetopause approaches, the magnetic field increases, the density and gas pressure decrease, and a plasma flow with a field-aligned stagnation line emerges). At the same time, due to the stretching of the flux tubes, for each specific IMF direction, a specific region appears on the magnetopause in which the currents on the magnetopause (and, as a consequence, the probability of reconnection) are maximal (see Figure 7). For Bz < 0, the vicinity of the subsolar point acts as such a region (Figure 7D), for Bz > 0, the region behind the cusps (Figure 7A). After the reconnection has begun, the flow pattern changes dramatically, since the reconnection line (which now plays the role of a stagnation line for the flow) must be located across the magnetic field.
The formation of a magnetic barrier is a necessary element that guarantees the onset of magnetic reconnection on the dayside, as the beginning of the Dungey cycle.
4 MAGNETIC CONTOUR AND RECONNECTION
Though the Dungey cycle is initiated by the dayside reconnection, we find it more convenient for understanding to start the analysis from the night side. Also for the sake of simplicity, we begin with reconnection of antiparallel fields in a planar two-dimensional current sheet (Figure 8), in which the magnetospheric and ionospheric scales in Equation 5 are the same: lm = li. In such a setting, the model ionosphere is a planar surface perpendicular to the current sheet. As shown in Figure 8, the reconnection line (X-line) projection along the separatrix maps the reconnected magnetic flux Frec and, hence, the associated model auroral bulge onto this plane, such that the bulge velocity u is proportional to the electric field E along the reconnection line. These two quantities, electric field at X-line and reconnected magnetic flux, are the most important characteristics of the non-stationary reconnection process (Semenov et al., 1983; Biernat et al., 1987; Semenov et al., 1992).
[image: Figure 8]FIGURE 8 | 2D time-dependent reconnection in a planar current sheet model. The projection of the X-line along the separatrix maps the reconnected magnetic flux Frec on the plane, perpendicular to the current sheet.
It is interesting to discuss in detail the formation of the reconnection region projection. The problem lies in that the causality principle limits the speed of any signal propagation by the speed of light. At the same time, during the reconnection the X-line projection (hence, the model bulge) is formed instantaneously, i.e., with infinite speed. However, it is clear that before the arrival of the first physical agent (kinetic Alfvén wave, ordinary Alfvén wave, energetic particles, see Sergeev, et al., 2021; Duan et al., 2016; Dai, et al., 2017) to the ionosphere, there should be no physical perturbations. This means that, during this entire time period, the following relation must be strictly satisfied:
[image: image]
or, for maximal values:
[image: image]
which sets the maximum projection velocity that guarantees complete absence of perturbations in the ionosphere. In other words, the auroral bulge comes into existence as soon as the reconnection starts in the current sheet, but it remains undisturbed (hence, invisible) until the physical agents (waves, particles, field-aligned currents) arrive. These agents can often be associated with various auroral forms (arcs, rays, brightening spots, filaments). If an auroral arc [e.g., at the near-pole edge of the auroral bulge (Akasofu, 1964)] is traveling at a velocity close to umax (see Equation 10), one will not see anything in the ionosphere, since the above relation disconnects the ionosphere from the reconnection region. The magnetospheric EMF is compensated by the projection term in Stokes’ theorem (9) and does not appear in the ionosphere in any way. This is the direct consequence of the causality principle.
5 STOKES’ THEOREM AND SUBSTORM CURRENT WEDGE (SCW)
Figure 9 shows a scheme of a three-dimensional reconnection with finite X-line length in a planar current sheet following an electric field pulse on the X-line (Semenov et al., 1992; Semenov et al., 2004; Pudovkin and Semenov, 1985). Figure 9 shows the situation when the reconnection at the X line has already ended, the auroral bulge has formed and no longer changes.
[image: Figure 9]FIGURE 9 | Modeling of BBF accelerated plasma flows propagating in both directions from the X-line (red segment in the center). At this time moment, the reconnection is already complete and the electric field at the X-line has disappeared. In this case, the accelerated plasma flows, bounded by slow shock waves (light green), detach from the X-line and propagate as solitary waves. The last reconnected magnetic field lines form a separatrix (red).
If we place the magnetospheric segment on the path of the moving Bursty Bulk Flow (BBF), it is easy to see that its projection to the ionosphere first appears at the equatorial bulge edge and then spreads to the entire bulge, and reaches its pole edge at the moment of the time when the magnetospheric segment exits from the BBF. Moving the magnetospheric segment closer and closer to Earth, this pattern will be repeated: the projection starts at the equator edge and runs to the pole. The main question here is: what will be observed in the ionosphere when the physical agents actually get there.
Before answering it, let us consider the current system arising from a reconnection pulse with finite X-line length in a planar current sheet (Figure 10). In the diffusion region with reduced effective conductivity, the electric current is weakened, which triggers an Alfvén wave propagating on both sides of the X-line. The resulting field-aligned currents are responsible for generating the magnetic field component normal to the current sheet. Over time, the Alfvén wave reaches the ionosphere, forming a SCW, which is the most important element in the whole concept of a magnetospheric substorm. It is important to note that during the reconnection process, not only the magnetic flux, mass, and energy are transferred along the current sheet, but also the electric current (Semenov et al., 1998).
[image: Figure 10]FIGURE 10 | The current system of time dependent reconnection of antiparallel fields with finite X-line (red). Drop of plasma conductivity in diffusion region launched Alfvénic wave, propagating in both directions from X-line and carrying field-aligned currents. Upper panel–initial stage, low panel–final stage, which shows appearance of SWC.
It can be assumed that such a current system is a fundamental feature of the magnetic reconnection not only in a planar current sheet, where analytical results can be obtained, but also in the real current sheets.
The current wedge of a substorm was proposed by Boström (1964), McPherron et al. (1973) based on the analysis and generalization of ground-based and satellite magnetic variation data. Subsequently, this current wedge was comprehensively studied and developed in numerous papers (Vasilyev et al., 1986; Sergeev et al., 2014; Nikolaev et al., 2015; Birn and Hesse, 2013; Birn and Hesse, 2014; Palin et al., 2016), which constituted the basic element of the magnetospheric substorm concept.
A natural bridge between the Stokes’ theorem and the substorm current systems is the modeling of the SCW, calculating the projections and comparing the results obtained with experimental data. In the modeling by Nikolaev et al. (2015), the current loop consisted of two parts (see Figure 11): the high-latitude R1 field-aligned currents flowing into the ionosphere at dawn and out at dusk, with the total current of 1 MA, and the oppositely directed R2 currents located closer to the Earth with a lower intensity of 0.5 MA. A strong increase of the equatorial Bz component inside the loop is clearly seen, indicating the field dipolarization, such that virtually all magnetic perturbations are confined within the SCW sector. The following Figure 12 shows how the field-aligned projections of the equatorial circular segments are deformed at ionospheric altitudes. Analyzing these projections makes it possible to distinguish three characteristic deformation regions, as follows.
[image: Figure 11]FIGURE 11 | Modeling the SWC. (A) - a schematic picture of R1 and R2 currents of magnetospheric substorm; (B) - Bz component of magnetic field distribution in equatorial plane after a substorm associated dipolarization occurred (after Nikolaev et al., 2015).
[image: Figure 12]FIGURE 12 | Ionospheric mapping of equatorial geocentric circle arcs. The red lines show neutral sheet mapping using the T89+IGRF model; the green lines show mapping of the same points using the influence of SCW. Ionospheric locations of upward (downward) FACs are indicated by diamond (cross) symbols (after Nikolaev et al., 2015).
The first one is the dipolarization region in the equatorial plane between the R1 and R2 currents. Here the Bz component significantly increases after the onset of the current wedge, such that all ionospheric projections shift poleward by as much as 8 degrees of latitude.
The second region corresponds to the twisting of the force lines around the field-aligned segment of the R1 current, manifested by the spiral-shaped contours in Figure 12. The combination of the type 1 and type 2 deformations creates a large-scale structure resembling the auroral bulge expanding poleward.
The third deformation region is due to the R2 current in the equatorial plane, placed here at a distance of 6Re. Ionospheric projections corresponding to equatorial distances closer than 6Re are shifted equatorward, owing to the field line twisting around the R2 currents. The resulting ionospheric pattern protrudes equatorward and also has a bulge-like shape, but it is smaller in size than the auroral bulge.
The above described modeling of the current wedge shows that the natural boundary separating the essentially different types of deformations is the projection into the ionosphere of the equatorial current R2. North of it is the auroral bulge, in which the projections of circular segments are shifted to the pole. From the Stokes’ theorem it then follows that a westward electric field is set in the dipolarization region in the magnetosphere. South of the projection of the equatorial current R2 there is an equatorial bulge in which the projections of circular segments shift to the equator. It then follows from Stokes’ theorem that an eastward-directed electric field must appear in the corresponding region of the magnetosphere. It is still difficult to say anything about the magnitude of the electric field because the Stokes’ theorem does not include the displacements of the projections themselves, but their velocities, and then the disturbance level depends on how quickly the current wedge appears.
Sergeev et al. (2019), found an event on 28 July 2017, in which it was possible to control the electric field reconnection near the X line in the tail of the magnetosphere on the MMS satellites and the corresponding development of the auroral bulge in the ionosphere. It turned out that the reconnection rate E = 3.3 mV/m (in terms of the effective potential difference of 42 kV/Re) led to the formation of an auroral bulge propagating toward the pole with a velocity of 2 km/s, which apparently corresponds to a near-maximum value. Typical velocities are usually half as fast (1 km/s), giving 21 kV/Re. Nevertheless, the conclusion turns out to be rather important: strong electric fields with an effective potential difference of several tens of kV should appear in the zone of the current loop of a substorm. Such fields have not been taken into account properly in the development of the magnetospheric substorm concept so far, and their consideration should lead to its substantial modernization.
6 SUBSTORM CURRENT WEDGE AND PARTICLE ACCELERATION
As already mentioned, a Bursty Bulk Flow (BBF), i.e., a reconnected magnetic flux tube with an increased Bz component and a decreased plasma density relative to the background, is triggered by a reconnection pulse in the tail of the magnetosphere usually at a distance of 20 Re (Baumjohann et al., 1990). Propagating along magnetic field lines, the BBF carries magnetic flux, energy, mass, and electric current to the Earth (Semenov et al., 1998). The most important question here is how deep the BBF can penetrate into the inner magnetosphere, where its effective interaction with the ring current is possible. According to modern understanding, confirmed by both theory and MHD calculations (Birn et al., 2009; Kepko et al., 2015), as well as by comparison with satellite data (Dubyagin et al., 2010), the BBF moves Earthward until its entropy is equal to the entropy of the surrounding plasma. This usually occurs near the transition between stretched and dipole field lines near the inner edge of the tail current sheet, but can vary depending on geomagnetic activity (Kepko et al., 2015).
Thus, a dipolarization zone in the inner magnetosphere appears, which is blown by the ring current, with protons drifting to the west and electrons to the east (Figure 13). As was shown in the previous section, an electric field with an effective potential difference of the order of several tens of kV (as on the X line) should be generated in this region, which accelerates charged particles as they drift around the Earth. Since protons and electrons are magnetized in the inner magnetosphere, the energy gain occurs due to betatron acceleration: the particles are pushed by the electric field to the inner L shells with a stronger magnetic field, and while the magnetic moment W┴/B = const, the energy of the particle W increases. The energy gain depends on how long the charged particle is in the acceleration zone. As the theory shows (Baumjohann and Treumann, 1996) the average drift period (that is, the time required to perform a complete circuit around the Earth) in hours is simply:
[image: image]
Here W is particle energy in MeV, L-is the L-shell number, [image: image] is the equatorial pitch-angle. To estimate the time when any particle is inside the accelerating region this value must be multiplied by the coefficient (dtMLT/24) where dtMLT is the width of the Birkeland loop in hours. Let us take for estimation dtMLT = 2 h and L = 6, then for a 100 keV particle we get 9 min, and for a 1 keV particle this time increases to 15 h. A powerful electric field arises in the SCW zone for relatively short periods of time of 5–10 min, therefore ring current particles with an energy of 100 keV and higher are able to effectively gain energy, and current sheet particles with keV energy must undergo many acceleration events, before they gain noticeable energy.
[image: Figure 13]FIGURE 13 | Generation of electric field Em in the region of dipolarization inside SCW.
In the early phase of SCW formation, the polar arc of the auroral bulge moves with a maximum speed of the order of km/s (Akasofu, 1964), which, according to Stokes’ theorem, creates a maximum electric field in the dipolarization region. This field accelerates protons and electrons (mainly of the ring current), increases their azimuthal speed and as a result creates a pulse of enhanced ring current, or rather even two pulses - separately protons to the west and electrons to the east. Subsequently, these accelerated particles drift around the Earth and transfer the magnetic flux from the night side to the dayside in the regions of enhanced ring current. This, in fact, is the main our idea about the role of the ring current in the Dungey cycle.
Closing through the ionosphere, the pulse of the enhanced ring current gives rise to field-aligned currents of the R2 (Figure 13), which is a partial ring current expanding to the west with protons and to the east with electrons with a drift speed.
In the ionosphere at the initial phase, as already mentioned, there should be no noticeable disturbances - the magnetospheric source is compensated by the projection term in the Stokes’ theorem (see Equation 9). This seems strange, since the Alfvén wave with a field-aligned current has already reached the ionosphere, so there is a current, but there are no disturbances. The fact is that in the reference frame of the running polar edge of the auroras, the electric field of the wave is equal to zero, which is the condition for its complete reflection. In turn, the reflected Alfvén wave gives rise to a train of Pi2 pulsations, which is an important diagnostic signature of the onset of a substorm. In a certain sense, recalling the reasons for the connection between the magnetospheric electric field and the change in magnetic flux through the auroral bulge (see Equation 9), it turns out that the launch of Pi2 pulsations is associated with the principle of causality.
As time passes, the current system R2 begins to increase, the projection velocity u decreases, and to fulfill Stokes’ theorem the electric field in the ionosphere Ei must increase. This means that the ionosphere is connected to the magnetospheric source, the substorm begins.
Briefly, the chain of events leading to the development of a substorm appears as follows. The initiator of a substorm is a magnetic reconnection in the tail of the magnetosphere, it triggers a BBF moving towards the Earth. The BBF carries energy, magnetic flux, electric field and electric current in the form of an Alfvén wave, which penetrating into the inner magnetosphere creates an R1 current system, a dipolarization region and an electric field in this region. Energetic particles of the ring current are accelerated by this electric field and create an electric current pulse propagating with drifting protons to the west and with electrons to the east, which transfers the magnetic flux from the night side to the day side. This current pulse is an expanding partial ring current that closes into the ionosphere creating the R2 current system. The increasing current in this system decreases the projected velocity and connects the ionosphere to the magnetospheric source, the substorm begins.
7 DAYSIDE RECONNECTION
The reconnection at the magnetopause at the subsolar X-line is similar to the night side reconnection, but has a number of important differences. In contrast to the tail of the magnetosphere, the current sheet at the magnetopause is curvilinear, strongly asymmetric (cold dense moving plasma on the solar wind side and hot rarefied plasma with a strong magnetic field on the magnetosphere side), and the role of the edge of the current sheet is played by the cusp region, more precisely by the boundary of the polar cap.
For IMF Bz < 0, the most probable place of reconnection is the X line in the subsolar region. We again consider a time-limited reconnection pulse that triggers an accelerated plasma flow moving along the magnetopause with reconnected open magnetic flux tubes. This plasma flow carries magnetic flux, electric field, and electric current like any other reconnection-related jet. In the cusp area, it partially branches off to the ionosphere to form the dayside auroral bulge (Cowley and Lockwood, 1992) and the Birkeland current system of the R1 (Figure 14).
[image: Figure 14]FIGURE 14 | Scheme of magnetic reconnection on the day side magnetopause.
The important question is how the zone of interaction between the reconnected flux tube and the ring current looks like. At a first glance it is absent, since the reconnected tube is aligned along the magnetopause and then descends to the boundary of the polar cap, whereas the ring current is mainly concentrated near the equatorial plane. The point is that a strong electric field is present not only inside the reconnected tubes, but also in the inflow region, where it is delivered by a fast magnetosonic wave. For night side events this is not so important, since the X-line is far away (∼20 Re according to Baumjohann et al., 1990) and has little effect on the inner magnetosphere, but for dayside reconnection this is of decisive importance. The ring current is directly adjacent to the subsolar part of the magnetosphere, appearing in the region of the influence of the electric field of the reconnection (Figure 14).
The electric field of the reconnection on the dayside (as well as on the night side) is directed to the west, but now it acts against the ring current, slows down the drifting protons and electrons and pushes them to the outer L-shells with a weaker magnetic field. As a result, two pulses (protons and electrons) of the weakened ring current are formed, propagating at the drift velocity from the dayside to the night side and carrying the magnetic flux. Closing in the ionosphere, this pulse is an expanding partial ring current of the R2 zone.
In the balance, the transfer of magnetic flux from the dayside to the night side and back is compared and we arrive at the classical Dungey cycle with a constant electric field and stationary convection of magnetospheric plasma.
8 INNER MAGNETOSPHERE AS AN ACCELERATOR OF ENERGETIC PARTICLES
In the stationary case in a constant electric field the ring current particles drifting around the Earth, of course, cannot gain energy, the gain of energy on the night side is fully compensated by its loss on the dayside. However, in reality, the reconnection current pulses at the magnetopause and in the tail of the magnetosphere, which are separated by huge distances, can hardly be the same, so some imbalance in activity is quite probable, and the question of energy gain needs more careful consideration.
On the dayside, the region of interaction between the ring current and the reconnection electric field is adjacent to the magnetopause and is located at about distances L = 7–10. Protons and electrons are braked in this area and pushed to higher drift shells. On the night side, the interaction zone is determined by the entropy criterion; it appears to be located somewhat closer at L = 5–9. Charged particles suffer electric drift in the current wedge region towards the Earth and may well appear at L = 3-5, where in the absence of strong electric fields they are able to persist for a long time. Taking into account these considerations, one can conclude that the inner magnetosphere, more precisely its night side, is an accelerator of charged particles.
It is important to note that the energy gain by particles in the SCW zone is even more effective than on the X-line in the tail, although, it would seem, they pass the same potential difference (Emlm). In the tail in the diffusion region the particles gain energy under the action of electric field of reconnection moving along X-line, where B = 0. This motion is unstable, as soon as the particle slightly deflects from the X-line, the magnetic field immediately appears, and then the Lorentz force throws the particle out of the region of acceleration. Therefore, the characteristic velocity that the particles gain in the reconnection process is the Alfvén velocity and the corresponding energy is of the order of first keV.
In the SCW region, the hot (>100 keV) particles undergo a gradient and centrifugal drifts around the Earth and pierce the acceleration zone, gaining additional energy (Emlm). This means that they add a few tens of keV more to the existing 100 keV. In the course of a magnetic storm, several hundred reconnection events can occur, and then some ring current particles can gain energy up to a few MeV. For this purpose, they need to get into randomly appearing small current wedges of substorms, and then energization will require a considerable time - days or even weeks.
In the paper by Hua et al. (2022) the relativistic electron fluxes in the Earth’s outer radiation belts were analyzed using 5-year measurements on Van Allen probes. The fluxes were found to reach a maximum around L ∼ 4.7 near the center of the outer belt, showing much greater variability at higher energy values (>1 MeV) than at the energies of hundreds of keV. Their stronger correlation with the time-integrated substorm indices (AL, AE) confirms the significant cumulative effect of substorms on the electron dynamics. Judging from the maximum correlation coefficient, electrons with energies of 0.3 MeV appear immediately, electrons with energies of 1 MeV after 4–5 days, and electrons with energies of 2.2 MeV after 8–12 days after the onset of the storm. In other words, it takes quite a long time, 1–2 weeks, to accelerate electrons to relativistic energies.
Since the time-integrated AL index serves as some measure of the magnetic flux released by the magnetosphere, the result by Hua et al. (2022) suggests that the more magnetic flux enters the Earth’s magnetosphere, the higher the energies to which the acceleration of charged particles is possible, with the acceleration time being proportional to the reconnected magnetic flux. This is quite consistent with the proposed scenario of the Dungey cycle.
In Tverskaya (1986) an important correlation between the position Lmax of the maximum of the relativistic electron fluxes after the magnetic storm (i.e., a few days after its onset) and the minimum value of the Dst variation during the storm (i.e., a few hours after its onset) was obtained.
[image: image]
Here Dst is measured in nT. At the initial phase of the storm, the main contribution to the minimum value of the Dst variation is determined by the tail currents (Maltsev et al., 1996) and, therefore, this value serves as a measure of the current density in the tail and, as a consequence, is proportional to the magnetic flux accumulated in the tail lobes. In this connection, the Tverskaya (1986) relation can be interpreted in such a way that the larger the reconnected magnetic flux, the deeper the energetic particles are pushed inside the inner magnetosphere by the electric field. This also corresponds to the proposed scheme of the Dungey cycle.
9 RESULTS
An analysis of the entire set of experimental data from the Geotail, Cluster, Themis, and MMS missions shows that the solar wind with a frozen-in magnetic field flows around the magnetosphere. Then, as follows from the well-known theorem of algebraic topology, at least one stagnation point in which the wind velocity is zero should form on the streamlined surface (magnetopause). As shown above, those parts of magnetic flux tubes that pass through the vicinity of the stagnation point experience particularly strong braking, while the rest of their parts continue to move with the solar wind. As a result, the flux tubes experience strong stretching, while the magnetic field strength increases and the density decreases as they approach the magnetopause. That fact became clear from the very beginning when Spreiter et al. (1966) made a gas-dynamic calculation of the flow around the magnetosphere and then tried to find the magnetic field according to the frozen-in approximation (Song and Russell, 2002; Pudovkin and Semenov, 1985). We draw attention to the fact that the flux tube passing through the stagnant point must experience not just strong, but infinite stretching and, therefore, must break and, hence, reconnect with the magnetospheric magnetic field. In other words, the flow around the magnetosphere with the IMF not parallel to the solar wind inevitably leads to the reconnection at the dayside magnetopause. Therefore, the observed signatures of stretching of magnetic flux tubes (draping, the magnetic field increase and the plasma density decrease) create conditions necessary for reconnection at the magnetopause.
Reconnection at the dayside magnetopause triggers a Dungey cycle, one of the main features of which is the transfer of the magnetic flux first from the dayside to the nightside, and then back. Dungey himself (1961) and all later researchers (Cowley and Lockwood, 1992; Trattner et al., 2021; Samsonov et al., 2024; Dai et al., 2024; Zhu et al., 2024) associated the magnetic flux transfer with the convection of magnetospheric plasma. Recently, many important and interesting results have been obtained in numerical 3D MHD modeling of magnetospheric convection (Samsonov et al., 2024; Dai et al., 2024). However, it should be realized that the MHD approximation ignores particle effects, such as their gradient/centrifugal drifts and, therefore, does not directly describe the ring current.
As shown above, a powerful electric field arises around the SCW, capable to accelerate ring current particles, create pulses of amplified current, and carry the magnetic flux. This mechanism of the magnetic flux transfer operates in combination with the convective one, such that the areas of amplification and weakening of the ring current play here a key role. To consistently take into account both mechanisms, methods and approaches developed at Rice University as a RCM model to embed particle effects into the MHD codes (Toffoletto et al., 2003; Cramer et al., 2017) are very useful.
The main results in regard to the ring current mechanism can be summarized as:
1. The Birkeland current loop associated with SCW results in a buildup of powerful electric field, with EMF equal to the potential difference along the X-line in the magnetospheric tail.
2. On the night side in the loop zone, the ring current intensifies, its effective magnetic moment increases, and the magnetic flux is transferred to the dayside.
3. On the dayside in the loop zone, the ring current weakens, the effective magnetic moment decreases, and the magnetic flux is transferred to the night side.
4. SCW related field-aligned currents having the polarity of R1 currents arise as a result of magnetic reconnection in the magnetotail and the transfer of tail currents by the Alfvén wave. Region 2 of field-aligned currents arises as a result of the generation of a partial ring current due to its amplification in the dipolarization region.
5. The inner magnetosphere operates as an accelerator with the SCW as an accelerating element.
6. Acceleration occurs in two stages: to the Alfvén velocity (energy of several keV) during the reconnection process in the magnetospheric tail and then to an energy of several tens of keV due to passing the potential difference along the X-line inside the inner magnetosphere in dipolarisation region.
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