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It has been well observed that the horizontal component of the magnetic field at photosphere changes rapidly and irreversibly after solar eruptions. Specifically, the horizontal magnetic field near the polarity inversion line increases substantially, while that near the center of the magnetic polarity decreases. Such a phenomenon is considered as the dynamic feedback from the corona to the photosphere, but the underlying mechanism remains in debate. Here based on a recent magnetohydrodynamics (MHD) simulation of homologous eruptions initiated by magnetic reconnection, we analyzed the rapid changes of the horizontal magnetic field, the magnetic inclination angle, the Lorentz force and as well as the derivative variation of the horizontal magnetic field. The simulation reproduces a pattern of rapid evolution of the horizontal field during the eruptions in agreement with typical observations. Our analysis suggests the physical reasons for this phenomenon: 1) The magnetic field near the polarity inversion line becomes more horizontal after flares due to the compression of the downward outflow of flare reconnection, and accordingly the magnetic inclination angle decreases and the downward Lorentz force increases; 2) The magnetic field near the center of the magnetic polarities become more vertical mainly due to the expansion effect of the velocity divergence term, and as a result the magnetic inclination angle and the upward Lorentz force increase.
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1 INTRODUCTION
Solar eruptions, such as flares, filament eruptions and coronal mass ejections (CME), are essentially the result of rapid release of free magnetic energy in the Sun’s corona (Antiochos et al., 1999; Pontin and Priest, 2022). With magnetic flux emergence and photospheric surface motions, the magnetic energy and magnetic helicity are transported from below the photosphere into the corona at a time scale of days (Berger, 1984; Wiegelmann et al., 2012), and during eruptions parts of the energy and helicity are impulsively converted into plasma heating and acceleration at time scale of a few minutes (Hirayama, 1974), mainly through magnetic reconnection that occurs when a current sheet is formed in the corona and becomes thin enough. Since the plasma density and pressure on the photosphere are far greater than those in the corona, the footpoints of the coronal magnetic field lines are assumed to be anchored on the photosphere and passively dragged by the photospheric surface motions. Therefore, in principle the variation of the photospheric magnetic field during eruptions, for which the time scale is much shorter than that of typical motions at the photosphere, should be very small. However, observations show unambiguously that through major eruptions, the horizontal magnetic field of the photosphere undergoes a fast, step-wise like irreversible change (Sudol and Harvey, 2005; Wang, 2006; Sun and Norton, 2017; Inoue et al., 2018). Such a counterintuitive phenomenon is dubbed by Aulanier (2016) as a “tail wags the dog” problem and has attracted a lot of attentions in the solar physics community.
This phenomenon was first discovered in the early 1990s, as Caltech solar group processed BBSO data (Wang, 1992; Wang et al., 1994) and concluded that the change of the horizontal magnetic field is dominant in the change of the vector of magnetic field relative to the radial magnetic field. More and more observations show that the horizontal magnetic field of the photosphere changes rapidly after the flare and CME (Pevtsov et al., 1995; Cameron and Sammis, 1999; Petrie and Sudol, 2010). In general, the line-of-sight magnetic flux on the disk-ward side of the AR decreases, while the limb-ward flux increases (Spirock et al., 2002; Wang et al., 2002; Wang and Liu, 2010; Li et al., 2011), indicating a more horizontal magnetic configuration near the polarity inversion line (PIL). The pattern is consistent with the observed darkening of the inner penumbrae and weakening of the outer penumbrae in δ-sunspots (Liu et al., 2005). Besides, the step-wise change of the horizontal component of the magnetic field often occurs before the soft X-ray (SXR) peak (Kosovichev, 2011; Cliver et al., 2012; Johnstone et al., 2012; Burtseva et al., 2015; Petrie, 2019).
Hudson et al. (2008) proposed the implosion theory to explain this rapid change: the rapid release of magnetic energy (equivalent to a reduction of magnetic pressure) in the flaring core region breaks the local Lorentz force balance, thus the downward Lorentz force will act on the photosphere and ultimately change the horizontal magnetic field of the photosphere. Li et al. (2011) calculated the horizontal magnetic field, magnetic inclination angle, and Lorentz force near PIL during an eruption and found that before the peak of the soft X-ray, the horizontal magnetic field began to increase violently, the downward Lorentz force increased rapidly, and the inclination of the magnetic field decreased sharply. These results show that the magnetic field near the PIL becomes horizontal due to strong compression, which is consistent with Hudson et al. (2008). In addition, Wang et al. (2012) analyzed the magnetic shear angle near the PIL and found that after the flare, the shear effect near the PIL was significantly enhanced. In contrast, the horizontal magnetic field near the center of the magnetic polarity is obviously weakened after the eruption. The upward Lorentz force and the rapid increase of the magnetic inclination angle indicate that the magnetic field near the center of the magnetic polarity becomes more vertical. However, since the computation of the Lorentz force is directly based on the horizontal magnetic field, it is still not clear whether the Lorentz force changes the magnetic field or Lorentz force variation is a consequence of the changes of the magnetic field.
Recently, by analysis of an MHD simulation of an solar eruption initiated by torus instability of a magnetic flux rope, Barczynski et al. (2019) pointed out that the rapid change of the photospheric field is due to the effect of flare reconnection outflow through ideal magnetic induction equation [image: image]: the downward high-speed outflow generated by reconnection is blocked by the flare loop in the process of movement, resulting in large negative [image: image], which makes the horizontal magnetic field increased. In observations, Liu et al. (2022) investigated 35 major flares using HMI high-cadence vector magnetograms and concluded the reconnection-driven contraction of flare loops enhances photospheric Bh. However, in another study, Yadav and Kazachenko (2022) co-aligned vector magnetogram with flare ribbon images and suggested that this change is caused by combination of two scenarios: contraction of flare loops driven by magnetic reconnection and coronal implosion. Therefore there is still debate on the particular mechanism of this phenomenon.
In this paper, we attempt to explain the rapid change of the horizontal magnetic field based on our recent MHD model of homologous eruptions initiated by magnetic reconnection (Bian et al., 2022). Our analysis is developed by using directly the magnetic induction equation at the bottom boundary and by quantifying in details the different terms causing the variations of the magnetic field there. In the following, we will first show the MHD model along with the initial and boundary conditions and the analysis method in Section 2. Then the analysis and results of the regions with significant changes in the horizontal magnetic field are shown in Section 3. Finally, the summary and discussions are given in Section 4.
2 MHD MODEL AND ANALYSIS METHOD
We analyze the rapid change of photospheric magnetic field during the flare in an MHD simulation of homologous eruptions (Bian et al., 2022). The simulation demonstrated that homologous solar eruptions can be efficiently produced by recurring formation and disruption of a coronal current sheet as driven by the continuous shearing of the same PIL within a single bipolar configuration. The initiated mechanism of these homologous solar eruption is referred to as the BASIC mechanism (Jiang et al., 2021), where BASIC is the abbreviation of the keywords, a Bipolar magnetic Arcade as sheared evolves quasi-Statically and forms Internally a Current sheet.
2.1 MHD model and the simulation
The MHD equations of the simulation is solved using DARE–MHD model (Jiang et al., 2016), which uses the conservation element and solution element (CESE) method implemented on an adaptive mesh refinement (AMR) grid (Feng et al., 2010; Jiang et al., 2010). The computational domain spans a large Cartesian box with both x and y extending [−270, 270] and z ∈ [0, 540] Mm. The photosphere is assumed to be a line-tied boundary at the bottom surface, i.e., the z = 0 plane. The full volume is resolved by a block-structured grid with AMR in which the base resolution is Δ = 2.88 Mm, and the highest resolution is Δ = 360 km which is used to capture the formation process of the current sheet and the reconnection. In our code, all the variables are specified on the grid nodes (i.e., corners of cells), and on the boundary surfaces no ghost cell is used. For instance, the photospheric magnetic field is given exactly at the bottom surface, i.e., the z = 0 surface. Since the different blocks have different resolutions, we use different timesteps on different blocks, and the timesteps are directly proportional to the refinement level. Specfically, the timesteps Δt of a block is defined as a monotonic function of the physical scale, [image: image], where vmax is the maximal wave speed in the entire computation domain, ΔLb is resolution of the block, and the CFL number is 0.7.
The simulation starts with a potential field and is continually driven by a constant, rotational flows at each magnetic polarity at the bottom surface. The rotational flow is defined as
[image: image]
with ψ given by [image: image], where Bz,max is the largest value of the Bz on the bottom surface, and v0 is a constant for scaling such that the maximum of the surface velocity is 4.4 km·s−1. This flow creates magnetic shear along the PIL, as shown in Figure 2C. Note that the magnitude of this surface flow is smaller than that of the sound speed by two orders and the local Alfvén speed by three orders, respectively, thus representing a quasi-static stress of the coronal magnetic field. As the rotational flow is incompressible and the streamlines coincide the contour lines of Bz, it does not change the vertical component Bz at the bottom surface, thus we only needed to give boundary conditions for evolution of the horizontal magnetic field. Note that many simulation codes use simply some kind of extrapolation (linear or high orders) of inner grid points to assign values to the bottom boundary, which, however, can lead to incorrect injection of magnetic energy (Jiang et al., 2021) because the magnetic induction equation is not satisfied there. This setting also affects the magnetic field, making the footpoints of the magnetic field lines slip at the bottom surface, which cannot satisfy the line-tied effect of the photosphere. Thus, cautions should be taken when studying the rapid change of the photospheric field during eruption in those simulations.
In our simulation, we directly solve the ideal magnetic induction equation
[image: image]
on the bottom surface, thus minimizing the numerical errors introduced by any inappropriate treatment of the boundary conditions. We solve this equation using second-order difference in space and forward difference in time. On the bottom boundary, we first compute v ×B, and then we compute the convection term ∇ × (v ×B) using central difference in the horizontal direction and one-sided second-order difference in the vertical direction since we used no ghost cell. With this setup, we can self-consistently update the horizontal magnetic field and simulate the line-tied effect on the photosphere, which is the basis for the successful implementation of the BASIC mechanism (Jiang et al., 2021).
Our simulation shows three eruptions, the onset of these eruptions time is t = 78, 123, 175, respectively (the time unit is τ = 105 s), and all eruptions are initiated by the reconnection of the core current sheet, as shown in Figure 1. When the eruption starts, the magnetic energy drops rapidly, despite the continual injection of the Poynting flux through the bottom surface, while the kinetic energy impulsively rises. The reconnection changes the sheared magnetic arcade into a magnetic flux rope from the tip of the current sheet, and makes it expand and rise rapidly, which finally leaves the computational volume. After the onset of each eruption, the current sheet will gradually rise and make the reconnection weaken. As a result, the magnetic energy release rate gradually becomes less than the rate of energy injection from the bottom surface, and the magnetic energy in the system starts to be restored until it is released in the next eruption. Obviously, each eruption does not release all of the free magnetic energy, leaving a large amount in the post-flare arcade below the erupting flux rope. Thus, a new current sheet can be more easily formed by the further shearing of this arcade than by the shearing of a potential field arcade, which is favorable for initiating the next eruption.
[image: Figure 1]FIGURE 1 | The simulation of homologous eruptions. (A), Temporal evolution of magnetic energy (black) and kinetic energy (blue) in the simulation. The red, green, and orange lines denote the onset of three different eruptions, respectively. The dotted curve shows the energy injected into the volume (that is, a time integration of total Poynting flux) from the bottom boundary through the surface flow. The horizontal dashed line denoted the value of the magnetic energy for an open force-free field with the same magnetic flux distribution on the bottom surface. (B), A 3D prospective view of magnetic field lines. The colored thick lines represent magnetic field line and the colors denote the value of a nonlinear force-free factor defined as α = J ⋅ B/B2. (C), Distribution of current density, J, normalized by magnetic field strength, B, on the vertical cross section, that is, the x = 0 slice. (D), Distribution of velocity on the central cross section, i.e., the x = 0 slice. The largest velocity and Alfv[image: image]nic Mach number are also denoted. (E), Enlarged view of the reconnection downward flow regions in (D). The arrows show the velocity.
In this simulation, we used two types of side (and top) boundary conditions according to the evolution phase. Before the onset of the first eruption (that is, t⩽76), we fixed the plasma density, temperature and velocity. The tangential components of the magnetic field are linearly extrapolated from the inner points, and the normal component is modified according to the divergence-free condition. This setting minimizes the influence of these numerical boundaries on the computation. Then in the subsequent process (t > 76), the plasma density, temperature, velocity, and the tangential components of the magnetic field are given by the zero-gradient extrapolation from the inner points, and meanwhile the normal component of the magnetic field is also modified according to the divergence-free condition. This allows the outflowing plasma and magnetic field in the volume to pass freely out of the boundaries without reflection during the eruption. For a detailed description of simulation, the readers are referred to Bian et al. (2022).
2.2 The analysis method
We focus on the relevant physical quantities and geometric characteristic related to the evolution of magnetic field at the bottom boundary in the simulation of the three homologous eruptions. In Section 3.1, we analyze the regions with significant changes in the horizontal magnetic field Bh[image: image] and the changes in the magnetic inclination angle ϕ:
[image: image]
where i denotes the grid point, and n is the number of grids in the calculation area. Note that the magnetic inclination angle is negatively correlated with the horizontal magnetic field since Bz is not changed in our simulation and thus [image: image].
Similar to what was conducted by Fisher et al. (2012), we also calculate the inward Lorentz forces Fz, and the horizontal force Fh:
[image: image]
where A denotes the bottom surface. We also discuss the effect of Lorentz forces on the magnetic field lines in these regions and the correlation between Fz, Fh, and Bh.
Finally and most importantly, we use the magnetic induction equation to analyze the derivative variation of the horizontal magnetic field ∂Bh/∂t and pin down the physical reason for the rapid changes of the horizontal magnetic field. By combining the derivative of the horizontal magnetic field with respect to time:
[image: image]
and the magnetic induction equation:
[image: image]
we get
[image: image]
The right side of the formula corresponds to −B(∇ ⋅v), (B ⋅∇)v, and −(v ⋅∇)B from top to bottom. These three terms represent the compression or expansion of the magnetic field lines, the change of magnetic field caused by the shear effect of the rotational flow, and the change of the magnetic field caused by the convection effect of the inhomogeneous distribution of magnetic field, respectively. Then we analyze the contribution of these three terms to the variation of horizontal magnetic field and show directly how the horizontal magnetic field on the photosphere changes.
3 RESULTS
3.1 The change of the horizontal magnetic field Bh and magnetic inclination angle ϕ
First, we focus on the changes of the photosphere magnetic field before and after the homologous eruptions. As an example, Figure 2 shows the distribution of the variation of the strength of horizontal magnetic field before and after the first eruption ΔBh (the first eruption starts at t = 78 and ends at t = 88, where the time unit is τ = 105 s). As can be seen, our simulation clearly reproduces a pattern similar to typical observations; the enhanced region of the horizontal magnetic field is mainly distributed near the PIL, while the decayed region is mainly distributed at the outer parts of two main magnetic polarities. To analyze how the horizontal fields evolve with time, we select three representative areas, A, B, and C, which represent the enhanced region, the decayed region, and the quiescent region, respectively. Then we calculate Bh in different regions with the simulation.
[image: Figure 2]FIGURE 2 | The photospheric magnetic field diagram after the first eruption in the simulation. (A), Distribution of horizontal magnetic field at t = 78. (B), Distribution of horizontal magnetic field at t = 88. (C), Contour of Bz and the rotational flow. (D), Distribution of the difference of horizontal magnetic field before and after the first eruption ΔBh(ΔBh = Bh(t = 88) − Bh(t = 78)). The yellow dotted line indicated the polarity inversion line (PIL). The rectangular boxes with centers A, B, and C denote the enhanced region, decayed region, and quiescent region, respectively.
Figure 3 shows the evolution of the average horizontal magnetic field Bh and magnetic inclination angle ϕ in different regions. To some extent, ϕ reflects the expansion or compression of magnetic field lines. In region A (i.e., the enhanced region of Bh during eruption), during the very early time from t = 0 to around 16, Bh shows a mild increase. This is because initially the field on the PIL has only a component By, and the shearing flow produces a Bx compoent (which increases Bh), while still the expansion of the field (which decreases Bh) is very small. Then with growing of expansion of the coronal field, before each eruption the horizontal magnetic field Bh shows a slow decrease from around 45 to 30 (accompanied with increase of the inclination angle ϕ) with time scale in accordance with that of the surface shearing. This is because the field near the PIL is stressed by the shearing flow and expand upward slowly in a quasi-static way (see also Figure 1B). Then, a rapid change occurs through each eruption, in which Bh increases rapidly from around 30 to 45 (and ϕ decreases rapidly) within a time scale of around 6 (corresponding to 10 min). This means the magnetic field lines closely above the PIL are squeezed to become horizontal. In region B (i.e., the decayed region), the evolution is quite opposite to that of region A. Here before each eruption Bh increases and ϕ decreases gradually, since the shearing flow is applied there (see Figure 2C) and thus strengthens the horizontal field continuously. The increase of Bh becomes slower shortly before the onset of each eruption, while through the eruption, Bh decreases rapidly and ϕ increases, which indicates the magnetic field lines rooted there expand upward rapidly during the eruption. As a comparison, the change of Bh in the quiescent region (i.e., the region C) is one order of magnitude lower than that of the enhanced and decayed regions, and such a small change mainly comes from the free outward expansion of the magnetic field lines during the eruption.
[image: Figure 3]FIGURE 3 | The evolution of the horizontal magnetic field and average inclination angel in the enhanced region, (A) decayed region (B) and quiescent region (C), which correspond respectively to the rectangular box of A, B and C shown in Figure 2. The black dotted line indicates the onset of three eruptions.
3.2 The change of Lorentz forces
In order to analyze the influence of reconnection outflow on the photosphere during the eruption process, we calculated the radial (or vertical) Lorentz force Fz and the horizontal Lorentz force Fh. We separately summed the value of Fz and Fh on each grid of the different regions to obtain the evolution of Lorentz force in these different regions, as shown in Figure 4. In region A, the radial Lorentz force Fz is downward overall, and before each eruption its magnitude decreases gradually but through each eruption it increases rapidly. This clearly indicates that the downward outflow generated by reconnection compresses the flare loop above the PIL, and thus the magnetic pressure increases.
[image: Figure 4]FIGURE 4 | The evolution of the radial Lorentz force Fz and the horizonal Lorentz force Fh in the enhanced region (A), decayed region (B) and quiescent region (C) which correspond respectively to the rectangular box of A, B and C shown in Figure 2. The black dotted line indicates the onset of three eruptions.
In region B, the radial Lorentz force is also overall downward, and its magnitude increases gradually before the eruption but decreases rapidly through the eruption, suggesting a upward Lorentz force in action, which indicates that the magnetic field lines rooted there are accelerated to expand outward. In the quiescent region, the value of Fz is smaller than that of regions A and B by an order of magnitude, which means the reconnection core area does not have a significant impact on the outer magnetic field, and the outer magnetic field is approximately in a quasi-static evolution.
The variation of the Lorentz force is directly related to that of the Bh, since due to δBz ≪ δBh, there are approximately: [image: image] on each grid points. In addition, we also notice the influence of the Lorentz force on the magnetic inclination angle. For each magnetic field line: tan(2ϕ) = −2Fh/Fz. In the enhanced region near the PIL, |Fz| ≈ (3 ∼ 5)|Fh|, indicating the change of Fz plays a leading role, making the magnetic inclination angle smaller and the magnetic field line more horizontal. In the decayed region near the center of magnetic polarity, there has: [image: image], the magnetic inclination angle increases and the magnetic field line becomes more vertical.
3.3 The change of the derivative variation of the horizontal magnetic field ∂Bh/∂t
In Section 3.2, we analyzed the evolution of Lorentz force and it is often interpreted that the magnetic field is changed because the effect of the Lorentz force. However, the calculation of Lorentz force is directly related to the horizonal magnetic field, thus it is still unclear why the horizontal magnetic field changes as the simulation and observations show. In this section, we analyze the change rate of horizontal magnetic field in detail by combining the photospheric plasma motion and the corresponding magnetic field line topology. We focus on one point in different regions (A, B, C shown in Figure 2), and calculate the derivative variation of the horizontal magnetic field ∂Bh/∂t according to the magnetic induction equation.
Figure 5 shows the horizontal magnetic field Bh and the derivative variation of the horizontal magnetic field ∂Bh/∂t, and all the three contribution terms in righthand side of the induction equation. As can be seen, for the point in the enhanced region (A), the rapid variation of Bh during eruption is primarily due to the first term, and more specifically, the gradient of vz in the z direction (see also Figure 1E), because the horizontal velocity in this region is negligible. This is clearly a downward compression effect of the downward outflow from the reconnection, which compresses the flare loop and makes the horizontal magnetic field enhanced. The minor contributions from the second and third terms is due to the relatively stable shape of the flare loop, small gradient of horizontal velocity and magnetic field, and no twisting of the upper magnetic field lines.
[image: Figure 5]FIGURE 5 | The horizonal magnetic field and its derivative variation at the center point (A, B and C, shown in Figure 2.) of different regions, which are respectively shown in panel A–C. The red dotted vertical lines on the left and right indicate the onset of three eruptions. In the right column, the black solid line, the red solid line, the blue line, the black dotted line, and the green line represent the total ∂Bh/∂t, −B(∇ ⋅v), (B ⋅∇)v, and −(v ⋅∇)B, and y = 0, respectively. The red solid line and blue line share the left y-axis, while the black solid line and dotted line share the right y-axis.
For the point in the decayed region (B), the variation of Bh is the combination of mainly the first term and the second term. During the eruption, the magnetic flux rope expands rapidly due to the upward outflow of reconnection. At the same time, due to the complex twisting of the magnetic flux rope, the horizontal velocity has a large gradient. On the whole, the effect of the first term is greater than the sum of the other two terms. Therefore, the weakening of the horizontal magnetic field is mainly due to the rapid outward expansion of the magnetic flux rope.
For the point in the quiescent region (C), the variation of Bh through eruption is much smaller than that in the enhanced region and decayed region, and this small decrease is mainly due to the expansion effect, i.e., the first term.
4 SUMMARY
In this paper, we analyzed the rapid changes of the photospheric horizontal magnetic field associated with homologous eruptions in an MHD simulation. All these eruptions are initiated by the same BASIC mechanism in which magnetic reconnection plays the key role. The simulation reproduces a pattern of rapid evolution of the horizontal field as revealed in observed magnetograms before and after eruptive flares; the horizontal magnetic field near the PIL increases rapidly and permanently, while in part of the area of the main polarity it decreases rapidly. We also studied the physical reasons for this phenomenon and concluded that: 1) The magnetic field near the PIL after flares becomes more horizontal due to the compression of the downward reconnection outflow, and accordingly the magnetic inclination angle decreases and the downward Lorentz force increases; 2) The magnetic field lines near the center of the magnetic polarity become more vertical mainly due to the expansion effect of the velocity divergence term, and as a result the magnetic inclination angle and the upward Lorentz force increase.
Our result supports the conclusion of Barczynski et al. (2019) that the compression of the downward outflow of flare reconnection increases the horizontal magnetic field on the flare PIL. However, as compared with their work, there are several key differences. Firstly, the initiation mechanism of eruption in our model, by fast reconnection of the sheared arcade, is distinct from that in Barczynski et al. (2019), which is based on the torus instability of a pre-existing magnetic flux rope. Secondly, our model has a more self-consistent boundary condition that the simulated photospheric magnetic field is exactly specified at the bottom surface (i.e., the z = 0 plane in our model) and evolves strictly according to the magnetic induction equation, which is not fulfilled in Barczynski et al. (2019) (see Section 3 of that paper). Thirdly, based on the simulation of the homologous eruptions, we provide a full picture of how the horizontal magnetic slowly evolves in the quasi-static energizing phase before the eruption, the rapid change through the eruption as well as its restoring before the following eruption.
Due to some factors such as magnetic polarity configuration and the simplified driving flow at the bottom boundary, in our simulation, the magnetic shear angle (the angle between the magnetic field and the potential field) near the PIL reaches a large value before the eruption, and therefore the magnetic shear angle changes little after eruption. Therefore, this parameter is not discussed in detail in this paper. In addition, it is interesting that the temporal evolution evolution of the horizontal magnetic field in the simulation seems to be topologically consistent with some motion characteristics of the flare ribbons. For example, the evolution of δBh near the PIL is similar to the elongation motion of the flare ribbons, and δBh at the end of the flare ribbon is significantly enhanced, which was not noticed in previous studies. We will analyze the spatial distribution and temporal evolution of δBh and their relationship with the topology of the coronal erupting field in future study. Furthermore, a quantitative comparison of the simulation result and the data from observed magnetograms will be performed.
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