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Abstract 
Questions regarding the mechanisms behind the formation of discrete auroral arcs and their brightening during substorms—as well as the nature of auroral activity itself—have long been the subject of active debate and represent a point of contention between the two primary approaches to describing magnetospheric processes. For quite some time, theories have been developed linking magnetospheric substorms and storms to processes in the Earth's magnetotail, whereby energy is transported from the tail into the inner magnetosphere, giving rise to discrete auroras at ionospheric altitudes. A synthesis of results—which has led to a revision of views in favor of alternative concepts regarding the role of processes within the magnetosphere and the penetration of the interplanetary magnetic field (IMF) into it—highlights the mechanism behind the formation and brightening of discrete auroral arcs as a key factor determining magnetospheric dynamics. Recent research findings that help clarify the nature of discrete auroral arcs are briefly summarized.

1. Introduction
A key feature of the current development of space-physics research is the revision and substantial modification of fundamental concepts that are directly relevant to space weather forecasting. This stems from errors in the interpretation of measurement results, the analysis of highly averaged data, and a number of inadequate theoretical models developed without verifying the validity of the approximations employed. A prime example of such models is ideal magnetohydrodynamics, which employs the frozen-in approximation at speeds much lower than the Alfvén and sound speeds but ignores plasma pressure gradients (Antonova et al., 2023, 2025a, 2026). Certain difficulties in magnetospheric physics have arisen due to the ambiguous modeling of the projections of plasma structures onto the equatorial plane. Only recently has it been demonstrated (Antonova et al., 2025b)—based on an analysis of the structure of large-scale field-aligned currents (Kirpichev et al., 2023)—that auroral structures map to inner-magnetospheric regions and originate from the energy of the solar wind magnetic field penetrating the ring current region.
Studies (Antonova et al., 2025b; Vorobjev et al., 2024, 2025a,b) provide evidence for the intra-magnetospheric localization of substorm breakup and the brightening of the auroral arc closest to the equator; the brightness and energy flux of this arc far exceed the energy flux produced by magnetospheric electrons accelerated within the observed field-aligned potential drops. These results are difficult to reconcile with the widely discussed mechanism of auroral electron acceleration by oblique Alfvén waves and the formation of Alfvénic aurorae. The emerging contradictions can be resolved by employing a model of cold ionospheric electron penetration into the region of the parallel potential drop. In this paper, we discuss the advantages of this model for the analysis of experimental data.

2. Auroral structures and their classification
Nevell et al. (2009) classified all auroral electron spectra recorded by DMSP satellites into "monoenergetic," broadband, and diffuse categories. Spectra with a relatively narrow peak were designated as monoenergetic, while those with low intensity or a peak at low energies were classified as diffuse. A widely held view linked the formation of broadband spectra to electron acceleration via resonant interaction with oblique Alfvén waves, and the term "Alfvénic aurora" became established for intense structures exhibiting such spectra. Observations of sharp electrostatic potential jumps along auroral magnetic field lines in regions characterized by monoenergetic spectra—particularly in association with spatially broad (~100 km) inverted-V and U-shaped arcs—have shown that these phenomena occur in regions of intense upward-directed field-aligned currents (Paschmann et al., 2002) and that longitudinal electron acceleration is driven by quasi-static electric fields. A plasma cavity is observed above the region of field-aligned acceleration, with a particle density of 1 cm⁻³ or less. Therefore, they were generally considered to be directly linked to the plasma sheet. However, the most intense auroral features are narrow discrete arcs characterized by broadband electron spectra with maximum energies comparable to those of electrons in inverted-V and inverted-U structures. Simple estimates (Kornilov et al., 2008) indicated that class III and IV auroras cannot be caused by magnetospheric electrons accelerated within experimentally observed parallel electric fields. In this context, account was taken of the fact that the concentration of cold ionospheric electrons at altitudes where large parallel electric fields were detected exceeds that of hot magnetospheric electrons by more than two orders of magnitude; this led to the conclusion that a different acceleration mechanism is at work—namely, acceleration within the parallel electric field of an Alfvén wave. Existing versions of this theory failed to account for the high level of fluctuations along auroral magnetic field lines across a wide frequency range, as well as the transport of fluxes perpendicular to magnetic field lines by large-scale electric fields. It should also be noted that inverted-V and U-shaped structures are frequently observed simultaneously with bright discrete arcs when the satellite intersects auroral oval. Figure 1 illustrates such a case, observed by the DMSP F17 satellite on December 11, 2015, during a magnetospheric substorm that was analyzed in detail by Yagodkina et al. (in press). The overpass occurred during the recovery phase of an intense substorm. Within the 71.5°–72.5° CGL latitude range inside the auroral oval, an arc approximately 130 km wide was observed, featuring intense electron precipitation at its poleward boundary. The maximum energy flux was 55 erg/(cm²·s) and the mean energy was 9.5 keV at 16:20:29 UT, with an intensity of approximately 47 kR in the 557.7 nm line.
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Fig. 1. Observations from the DMSP F17 satellite on December 11, 2015, during the substorm recovery phase illustrating the action of the electrostatic acceleration mechanism described in the text (a); the AL geomagnetic activity index (the red line indicates the time of the pass) (b); a potential distribution diagram (highlighted in white), ion (red) and electron (bright green) electron beams at the edge of the V/U auroral structure (c)  

However, observations from DMSP satellites allow for the detection of electrons only in the direction toward Earth, using a detector with a narrow aperture and a temporal resolution of 1 second. This complicates the systematization of the mechanisms underlying auroral activity. Significant progress in auroral physics was achieved through the FAST satellite mission (McFadden et al., 1999), which provided measurements of pitch-angle distributions with high temporal resolution between 1997 and 2009. Studies by Dubyagin et al. (2003) and Mende et al. (2003) described the formation of a powerful field-aligned electron beam precisely at the moment of substorm onset at a latitude of approximately 65° CGL. The beam flux was approximately 10¹¹ cm⁻² s⁻¹. Statistical results from the FAST satellite regarding particle spectra and the spatial distribution of aurora types were published only relatively recently (Dombeck et al., 2018), leading to a significant revision of the conclusions drawn by Nevell et al. (2009). This analysis was conducted assuming the potential operation of both electrostatic and Alfvénic acceleration. In cases where clear identification was not possible, the spectra were classified as diffuse, regardless of the nature of the observed event. It has been shown that, for small field-aligned potential drops, it is not possible to distinguish between regions of electrostatic acceleration and Alfvénic acceleration, and that these two mechanisms can operate simultaneously. A complex mixture of spectra is observed in this context. Spectra near the cusps were considered diffuse, although it was acknowledged that these could be regions of intense electrostatic acceleration characterized by strong fluctuations, or very narrow beams. Overall, the conclusion was drawn that "classifications must be interpreted with great care—the correspondence between classification and mechanism is not one-to-one."

3. Advantages of auroral electron acceleration by electrostatic fields compared to Alfvénic acceleration
The mechanism of Alfvénic acceleration was based on an analysis of kinetic effects associated with small transverse-scale Alfvén waves, where an electric field component arises along the magnetic field line. Through resonant interaction, this field can accelerate electrons to speeds comparable to the local Alfvén velocity. Alfvénic acceleration boosts different electrons to varying energies, resulting in the formation of a broadband spectrum (see Chen and Hasegawa (1974) and numerous subsequent studies). Satellite observations of Alfvénic fluctuations occurring simultaneously with electron beams were interpreted as evidence of this mechanism in action.
   The mechanism of electrostatic acceleration—based on observational evidence of nearly monoenergetic spectra—developed almost concurrently with the mechanism of Alfvénic acceleration. In this mechanism, beam formation is a direct consequence of a field-aligned potential drop. It is well known that high-frequency instabilities develop rapidly within a field-aligned beam, causing the distribution function to relax into a plateau-like distribution. Therefore, the formation of a broadband spectrum devoid of distinctive features above the region where beam dissipation begins in the atmosphere is a natural consequence of the mechanism under discussion. Simultaneously, ionospheric electrons are accelerated downward, and ionospheric ions are accelerated upward. This implies the emergence of a strong, thin, field-aligned current—which can, of course, be viewed as a kinetic Alfvén wave—but the source of such a structure is the penetration of cold ionospheric plasma into the region of the field-aligned potential drop. Effectively, this requires addressing the problem of the formation of the boundary between the cold ionospheric plasma and the magnetospheric plasma cavity. In this context, it is also necessary to take into account the development of a high level of turbulence and the diffusive penetration of plasma across the boundary. The flyby shown in Fig. 1 serves to illustrate the operation of this mechanism, which was discussed as early as the beginning of detailed studies (Antonova, 1979). The penetration of plasma across the boundary of the V/U structure, indicated by the red-green arrow, may result either from the motion of the large-scale structure as a whole or from the diffusive penetration of cold plasma across the structure's boundary. This issue requires further investigation.
    Applying the mechanism of Alfvénic acceleration to the formation of powerful beams implies the emergence of a stable wave structure. Despite significant efforts to detect such structures experimentally, no substantial results have been obtained. Indirect confirmation of electrostatic mechanism is the value of the upper limit for the energy of beam electrons which cannot be larger than the field-aligned potential drop in the corresponding inverted V/LSEAE or of small-scale electrostatic structure difficult for observation (for example, near the cusp region).

3. Discussion and Conclusions 
Renewed interest in the formation of auroral structures by electrostatic field-aligned fields stems from a growing body of observations—including those from the MMS mission (Ovchinnikov et al., 2024)—indicating the dominant role of such fields not only in large-scale magnetospheric dynamics but also in the generation of magnetospheric turbulence. Our discussion demonstrates that this issue is of paramount importance in auroral physics and, consequently, in addressing space weather prediction challenges.
     At this stage, the following points can be noted:
• The mechanism of cold plasma penetration into the region of field-aligned potential drop can explain many observed features of auroral region formation.
• It offers significant advantages over the Alfvénic acceleration mechanism, does not rely on unrealistic assumptions, and is supported by experimental observations.
• It is crucial to intensify research aimed at clarifying the specific characteristics of this mechanism's operation.
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Абстракт
Вопросы, касающиеся механизмов формирования дискретных дуг полярных сияний и их усиления во время суббурь, а также самой природы полярных сияний, давно служат предметом оживленных дискуссий и камнем преткновения для двух основных подходов к описанию магнитосферных процессов. На протяжении длительного времени разрабатываются теории, связывающие магнитосферные суббури и бури с процессами в хвосте магнитосферы Земли, в ходе которых энергия переносится из хвоста во внутреннюю область магнитосферы, вызывая возникновение дискретных полярных сияний на ионосферных высотах. Обобщение результатов, приведшее к пересмотру взглядов в пользу альтернативных представлений о роли процессов внутри магнитосферы и проникновении в нее межпланетного магнитного поля (ММП), выделяет механизм формирования и усиления яркости дискретных авроральных дуг как ключевой фактор, определяющий динамику магнитосферы. Кратко изложены результаты недавних исследований, способствующие прояснению природы дискретных авроральных дуг.
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