The main magnetic lines of the pre-flare arcade, on the surface of which the current density is increased 
А.I. Podgorny1, I.M. Podgorny2 

1Lebedev Physical Institute RAS, Moscow, Russia, podgorny@lebedev.ru

2Institute of Astronomy RAS, Moscow, Russia
Abstract. The study of magnetic field configurations in the corona above the active region in which a solar flare occurs has continued. This study has the aim of determining the positions of solar flares. Solar flares occur in magnetic field configurations near singular X-type lines in the solar corona that provide conditions for the accumulation of solar flare magnetic energy and its subsequent rapid release. The difficulty in finding the location of flares appears due to the complex tangled magnetic fields in the corona: an X-type field may be superimposed by a divergent magnetic field, and the maximum current density may not be reached at the location where the magnetic field configuration promotes to produce a flare. 
Introduction: A mechanism of solar flare that can explain physical processes in the corona 
The study of the magnetic field configuration at the site of the primordial release of energy of solar flare in the corona [1] has continued. The research is necessary for a more detailed study of the physical processes during a solar flare and for the development of method for determining the position of flare from results of MHD simulation. 
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Figure 1. Superposition of X-type magnetic field and a divergent magnetic field in the vicinity of singular line. 
According to numerous observations, the primordial release of solar flare energy occurs in the solar corona at altitude of 15,000 km to 70,000 km [2]. At present, a mechanism is known in principle that can explain the gradual accumulation of energy in the magnetic field in stable configuration, and then the transition of the configuration to an unstable state, which is necessary for the appearance of flare in the region of unlimited space with plasma in a magnetic field. This mechanism is release of energy stored in the magnetic field of current sheet, which is formed in vicinity of a singular X-type line of magnetic field [3, 4] due to the appearance of magnetic forces of the corresponding directions. As a result of quasi-stationary evolution, the current sheet transforms into unstable state. The instability causes explosive release of magnetic energy of the sheet with the observed flare manifestations, which are explained by the electrodynamic model of a solar flare proposed by I. M. Podgorny [5]. According to the electrodynamic model, beam hard X-ray emission with energies of 100 keV and higher, occurring on the solar surface during flares, is explained by the deceleration in the dense layers of the solar atmosphere of electrons accelerated in field-aligned currents, which are caused by the Hall electric field in the current sheet. The electrodynamic model also explains other observed manifestations of flare. The electrodynamic model of solar flare uses analogies with the electrodynamic model of substorm, previously proposed by its author based on measurements on the Intercosmos-Bulgaria-1300 spacecraft [6]. 
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Figure 2. Configurations of magnetic field near points of magnetic line passing through current density maximum. 
"Flat" magnetic field configurations in the corona. Developed system for searching for flare locations: appearing opportunities and difficulties 
The given general idea of the solar flare mechanism creates the impression that the problem of determining the flare location can be solved by searching for an X-type configuration. In reality, such a search is difficult due to the complexity of the magnetic field configuration in the corona. Moreover, a divergent magnetic field can be superimposed on the X-type magnetic field configuration, which further complicates the situation (Figure 1, see also [7]). Examples of superpositions of a divergent magnetic field and an X-type field above an active region obtained by MHD simulation are shown in Figures 1a–f. This figure also illustrates configurations of the fields involved in superposition (Fig. 1g). In Figures 1a-f, in the planes perpendicular to the magnetic field vector at the point of current density maximum, it is not the actual magnetic field lines that are depicted, but the so-called "flat magnetic field lines," i.e. lines tangent to the projections of the magnetic field onto the plane. It is the projection of the magnetic field onto the plane that determines the magnetic forces responsible for the creation of the plasma flow, causing to the formation of the current sheet. In Figures 1a, b the X-type field dominates in the magnetic field superposition (Fig. 1g), which creates promotable conditions for the occurrence of a flare (Fig. 1h). Also, in the superposition divergent magnetic field can dominate (Fig. 1e, f), which creates a rotational motion around a singular line (Fig. 1i), inhibiting the formation of a current sheet. Influence of the X-type field and the divergent magnetic field can be almost equal (Figures 1c, d). The dominance of the X-type field or divergent magnetic field is determined by the signs of the eigenvalues of the matrix (B (Fig. 1j). 
In many cases, it is impossible to determine the position of a singular line even with the direct use of the developed graphical system for searching of flare positions [8], although such a system helps in analyzing the magnetic field configuration, during which it is possible to find the flare position. The search system is based on the assumption that the maximum current density is achieved in the middle of the current sheet; however, in a real situation this assumption may not be fulfilled. To directly search for the positions of flares, the system must be modernized taking into account the analysis carried out. 
It should be noted that since it is impossible to obtain the magnetic field configuration in the corona from observations, it is necessary to carry out MHD simulation in the solar corona to study the flare situation. For this purpose, a technique for numerical solution of MHD equations has been developed, which is constantly being improved [9-14]. When setting the problem, no assumptions were made about the mechanism of the solar flare. 
Properties of the magnetic field configuration in which the flare release of energy in the corona occurs 
The basic idea of explaining where a solar flare occurs is illustrated in Figure 2. The current density reaches its maximum value at the point marked by the green square. This maximum is numbered 147 in the selected numbering system: the graphical search system numbers all maximums in descending order. The magnetic line passing through this current density maximum, having the shape of a loop, is depicted in the computational domain of corona and in the form of projections on the planes. In all images, the part of the magnetic line in front of the central plane of the computational domain is shown in red and behind the central plane of the computational domain in light blue. The projection of the magnetic line onto the solar surface, together with the intensity distribution of microwave radio emission at a frequency of 17 GHz, obtained with the Nobeyama Radioheliograph (NoRH)(https://solar.nro.nao.ac.jp/norh/index.html), shows that the selected current density maximum is located far from the center of the bright region of flare emission. This is explained by the fact that the flat configuration of the field shown in Figure 2 in the vicinity of the selected maximum is poorly promote to appearance of the flare due to the predominance of the diverging magnetic field over the X-type field. The X-type field dominates over the divergent field in the vicinity of the point at the top of the loop, indicated by the blue square, and in the vicinity of the yellow point in the middle of the bright region of the flare emission, so that at these points the field configuration promotes to appearance of flare. 
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Figure 3. Magnetic lines surface of arcade of size ~50 Mm with increased current density (extended current sheet).

Surface with increased current density in the shape of arcade. Main magnetic lines of arcade 
Another property that can be used to search for flare positions based on the field configuration found by MHD simulation is the appearance of a surface of magnetic lines in the form of an arcade with increased current density, i.e., a current sheet. The selected loop passing through the 147th maximum of current density belongs to such surface of arcade, which is shown in the upper part of Figure 2 and in detail in Figure 3. The current density distribution at the top of loop, shown in the upper part of Figure 2 on the right as current density level lines and as a surface in three-dimensional space, corresponds to the current sheet. On the surface of arcade, "one-dimensional" maximum of current density is always achieved on straight line intersecting the current sheet. For the magnetic line shown in Figure 2, the "flat" maximum of current density appears at the top of the loop in the plane perpendicular to the magnetic field vector at the point of the loop top, but such a "flat" maximum need not necessarily be achieved. 
Figure 3 illustrates the appearance of the surface of magnetic lines with increased current density in the form of arcade, which is an extended current sheet with a size of ~50 Mm. The main lines of the arcade pass through the maxima of chain with numbers 145, 149, 148, 150, 147 and through the flat maxima of the current density. An idea of the surface of the arcade of magnetic lines is given by Figures 3a-c, which show the main magnetic lines of the arcade in large-sized cubes (80 Mm), and Figures 3d-f, which show the projections of these main magnetic lines onto the central plains of large-sized cubes. The centers of the large cubes in Figures 3a-c, which are also the centers of the squares of the central plains of these cubes in Figures 3d-f, are located, respectively, at the point of the central maximum of the chain with number 148, in the middle of the bright region of the flare emission, and at the top of the loop. Lines of equal current density are plotted on the central plains in Figures 3d-f; the positions of the intersection points of the arcade's magnetic lines with these planes make it possible to conclude that the arcade is surface of increased current density. According to the analysis in [1], in the middle of the bright region of flare emission and at the top of arcade, flat magnetic field configuration promotes the appearance of the flare, since the X-type field dominates here. Significant part of the found arcade, at the points of which the field configuration promotes the appearance of a flare, is located in bright region of flare emission. This result is proposed to be used in the future to search for the positions of flares. 
Conclusions 
1. To find the flare position from MHD simulation results is complicated task because it is difficult to determine the position of the singular X-type line in the rather complex tangled magnetic field in the corona. Further complications arise from the fact that a divergent magnetic field can be superimposed on the X-type field. 
2. At the location of the flare, the current density maximum may not appear, but the magnetic field configuration should promote the appearance of the flare and a “one-dimensional” current density maximum should be achieved. 

3. The accumulation of magnetic energy for a flare can occur in a complex magnetic field configuration of the type of arcade of magnetic lines, which is a large surface of ~50 Mm with an increased current density (an extended current sheet in the field of which energy for the flare accumulates). 
4. Methods for MHD simulation and analysis of MHD simulation results have been developed: absolutely implicit upwind finite-difference scheme that is conservative with respect to magnetic flux; parallelization of computations on graphic processing units (GPUs) using CUDA technology; methods for stabilizing numerical instabilities near the boundary of the computational domain. The most complex upcoming upgrade consists of a multi-level multiple reduction of time step in places of sharp changes in values, intended to significantly increase the calculation speed. 
5. An analysis of magnetic field configurations showed that the existing graphical system for search of flare positions can be modernized in the following ways: searching for points at which a "one-dimensional" maximum of current density is achieved; searching for a configuration with a dominant X-type field on a magnetic line passing through the maximum of current density; searching for "one-dimensional" current density maxima at tops of loops; searching for surface of magnetic lines of large size (~50 Mm) with increased current density in the form of arcade. 
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Основные магнитные линии предвспышечной аркады, на поверхности которой увеличивается плотность тока 

3) Аннотация

Поскольку солнечная вспышка происходит высоко в корне (на высоте 15 - 70 Мм или 1/40 - 1/10 радиуса Солнца), для понимания физических процессов во время вспышки, необходимо иметь общее представление о механизме вспышки, который может объяснить медленное накопление магнитной энергии в пространстве, так чтобы затем эта энергия могла быстро освободиться. Таким механизмом является освобождение энергии, накопленной в магнитном поле токового слоя, который образуется в окрестности особой линии магнитного поля X-типа. В результате квазистационарной эволюции, токовый слой переходит в неустойчивое состояние. Неустойчивость приводит к взрывному освобождению магнитной энергии слоя с наблюдаемыми проявлениями вспышки, которые объясняются электродинамической моделью солнечной вспышки, предложенной И. М. Подгорным. 
Несмотря на имеющееся общее представление о механизме солнечной вспышки, при поиске положений вспышек возникают трудности из-за сложности конфигурации магнитного поля в короне. Более того, на конфигурацию магнитного поля X-типа может быть наложено расходящееся магнитное поле. Найденные МГД моделированием конфигурации магнитного поля в окрестности особой линии (см. Рисунок 1 - Figure 1 в тексте статьи на английском) показывают, что в наложении поле X-типа может преобладать. В этом случае в результате наложения получается деформированная конфигурация X-типа, и такая конфигурация способствует как накоплению магнитной энергии для вспышки, так и её быстрому освобождению во время взрывной неустойчивости. В окрестности других особых линий в наложении может доминировать расходящееся магнитное поле, так что получается деформированное расходящееся магнитное поле. Также в некоторых особых линиях влияние поля X-типа и влияние расходящегося магнитного поля может оказаться почти одинаковым с небольшим преобладанием одного из них. 
Поскольку в сложных конфигурациях магнитного поля в короне практически невозможно найти положение особой линии, для поиска приведенных примеров особых линий с наложением поля X-типа и расходящегося магнитного поля была использована специально разработанная графическая система поиска положений вспышек, основанная на поиске максимумов плотности тока. Как показали результаты анализа конфигурации, максимум плотности тока не всегда достигается в месте вспышки, однако разработанная система поиска помогает анализу конфигурации магнитного поля, в ходе которого, в дальнейшем удаётся найти положение вспышки. Для непосредственного поиска положений вспышек, система должна быть модернизирована с учетом проведенного анализа конфигураций магнитного поля. 
Основная идея объяснения того, в каком месте происходит солнечная вспышка, на основании анализа предвспышечной конфигурации магнитного поля, состоит в том, что плотность тока достигает максимального значения в точке магнитной петли, находящейся далеко от её вершины. (см. Рисунок 2 - Figure 2 в тексте статьи на английском). В этой точке конфигурация магнитного поля не способствует появлению вспышки, поскольку в её окрестности расходящееся магнитное поле доминирует над полем X-типа. Вспышечное освобождение энергии происходит, прежде всего, в точке вершины петли и точках, находящихся на не очень большом расстоянии от неё, где конфигурация магнитного поля способствует появлению вспышки. При этом, хотя плотность тока в местах вспышечного освобождения энергии не достигает максимума, её величина не на много меньше максимальной. "Одномерный" максимум плотности тока, расположенный на прямой, пересекающей токовый слой, должен достигаться в месте вспышечного освобождения энергии. Кроме того, в месте вспышечного освобождения энергии, может достигаться (но необязательно) "плоский" токовый слой в плоскости, перпендикулярной вектору магнитного поля в этой точке. Поиску положения вспышки должно помочь появление поверхности магнитных линий большого размера (~50 Мм) в форме аркады с повышенной плотностью тока (протяженного токового слоя). Исследуемая петля для поиска положения вспышки является одной из магнитных линий такой аркады. 
