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The coronal heating problem remains one of the most challenging questions in solar physics. The energy driving coronal heating is widely understood to be associated with convective motions below the photosphere. Recent high-resolution observations reveal that photospheric magnetic fields in the quiet Sun undergo complex and rapid evolution. These photospheric dynamics are expected to be reflected in the coronal magnetic field. Motivated by these insights, our research aims to explore the relationship between magnetic energy and coronal heating. By combining observations from Solar Orbiter and SDO with a magnetic field extrapolation technique, we estimate the magnetic free energy of multi-scale energy release events in the quiet Sun. Interestingly, our results reveal a strong correlation between the evolution of free energy and the integrated intensity of extreme ultraviolet emission at 171 Å in these events. We quantitatively assess the potential energy flux budget of these events to evaluate their contribution to coronal heating. Our study implies a link between photospheric magnetic field evolution and coronal temperature variations, paving the way for further research into similar phenomena.
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1 INTRODUCTION
The coronal heating problem remains one of the most fundamental unsolved mysteries in solar physics and space physics in the 21st century (Klimchuk, 2006; Parnell and De Moortel, 2012; Priest, 2014; Klimchuk, 2015). A fundamental paradox arises from the remarkable temperature disparity between the solar corona and its underlying photosphere. Namely, the photosphere maintains a temperature of approximately 6000 K, while the outer corona reaches temperatures of 1–2 MK, separated only by a thin transition region of a few hundred kilometers (Yang et al., 2009; Priest, 2014; De Moortel and Browning, 2015). This extraordinary temperature gradient challenges fundamental physical principles. It is well established that the energy source originates from convective motions below the photosphere. Then how is the energy transferred through the cooler photosphere to the hotter corona, as the apparent upward heat flow from cooler to hotter regions seems to contradict the Second Law of Thermodynamics. The precise physical process behind this dramatic temperature increase remains elusive. The challenge extends beyond merely explaining the high temperatures. Although the corona’s low density (typically [image: image]-[image: image] [image: image]) results in smaller energy flux, which helps maintain its high temperature, the continuous radiative and conductive losses ([image: image] [image: image]5 erg [image: image] [image: image] in quiet Sun and [image: image] erg [image: image] [image: image] in active regions) to the surrounding cooler atmosphere require a persistent energy supply (Withbroe and Noyes, 1977; Aschwanden, 2004; Reale, 2014). Observations from various space-based instruments show that coronal temperatures remain remarkably stable over various temporal and spatial scales (Reale, 2014; Del Zanna and Mason, 2018), indicating continuous heating is necessary to prevent the rapid cooling. Therefore, solving the coronal heating problem requires not only explaining the extremely high temperatures but also identifying the specific physical mechanisms that sustain this high-temperature state.
In simple terms, the coronal heating mechanisms are generally categorized into two main types: wave-based heating and nanoflare-driven heating. Wave-based heating, primarily through Alfv[image: image]n and magnetoacoustic waves, offers an explanation for continuous heating with efficient energy transport (Ionson, 1978; Heyvaerts and Priest, 1983). However, this mechanism faces challenges including chromospheric damping, mode conversion processes, and the identification of precise dissipation mechanisms in the corona such as phase mixing and resonant absorption (Van Doorsselaere et al., 2020). The nanoflare-driven heating mechanism, proposed by Parker (1988), attributes coronal heating to magnetic braiding and subsequent reconnection events triggered by photospheric convective motions. While this model effectively explains impulsive heating and observations of high-temperature plasma (Klimchuk, 2006), questions remain regarding the frequency of nanoflares, their spatial-temporal distribution, and whether their total energy budget is sufficient for sustained coronal heating Priest et al. (2018). Contemporary theoretical frameworks suggest that these mechanisms likely coexist and interact (De Moortel and Browning, 2015), with wave-based heating potentially providing background heating while nanoflares contribute to intermittent strong heating events. Different mechanisms may dominate in different coronal regions, and their coupling effects could be crucial for maintaining the corona’s high temperature state (Klimchuk, 2015). The relative importance and interaction of these mechanisms remain active areas of research in solar physics.
It is widely accepted that the energy driving coronal or chromospheric heating associated with convective motions below the photosphere. Recent high-resolution observations reveal the quiet-Sun photosphere to be complex and rapidly evolving. Since photospheric magnetic fields extend into the solar corona, these photospheric complexity and dynamics are expected to be reflected in the coronal magnetic field. Meyer et al. (2013) investigated magnetic energy storage and dissipation in the quiet-Sun corona. They concluded that the magnetic free energy stored in the coronal field is sufficiently abundant to explain small-scale phenomena such as X-ray bright points and other impulsive events, providing crucial insights into the underlying mechanisms of solar coronal heating. In this report, we aim to study the characteristics of free energy evolution in multi-scale quiet-Sun eruptions and their relation to coronal heating, by combining extensive temporal coverage observations from the Solar Dynamics Observatory (SDO; Pesnell et al., 2012) with high spatial and temporal resolution observations from the Solar Orbiter (SolO; Müller et al., 2020). Furthermore, we quantitatively assess the potential energy flux of these eruptive events to evaluate their significance in coronal heating. In Section 2, we present the data analysis of the imaging results and magnetic field, and in Section 3, we engage in discussions.
2 DATA ANALYSIS AND RESULTS
For joint observations, we select the SolO observation data from 2022 March 8, when it was positioned almost midway along the Sun-Earth line ([image: image]0.49 au to the Sun). The extreme ultraviolet (EUV) High Resolution Imager ([image: image]) of the Extreme Ultraviolet Imager (EUI; Rochus et al., 2020) on SolO provides continuous observations with a time resolution of 3 s for half an hour starting from 00:00 UT on March 8. The angular pixel size is [image: image].492, corresponding to about 175 km on the solar surface, which is about 2.5 times better than the spatial resolution of the Atmospheric Imaging Assembly (AIA; Lemen et al., 2012) on board SDO ([image: image].6/pixel, [image: image]440 km on the solar surface). The light travel time difference between the Sun and each instrument is about 250 s. We select three representative small-scale flare events (see F1, F2, and F3 of Animation 1) in the quiet Sun near the disk center. These regions exhibit obvious small-scale solar activities. Their sizes range from a few megameters to 20 Mm. Figure 1A shows an eruption of similar spatial scale to the small-scale dimming events catalogued in Table one of Wang et al. (2023) using EUI/[image: image] observations. Combining the animation and Figure 1B, we find that this should be a failed eruption, where the material is ejected outward and then falls back to the solar surface along the black arc shown in Figure 1A. The animation also shows that there are relatively obvious material ejections in the south of the eruption source. These phenomena suggest that: (1) the material and energy from the quiet-Sun eruptions may have difficulty propagating to higher altitudes, and (2) these small-scale eruptions may be composed of or accompanied by even smaller-scale events.
[image: Figure 1]FIGURE 1 | EUI/[image: image] 174 Å observations. (A) A failed small-scale filament eruption. (B) Time-distance plot along the black arc in (A) (right endpoint = 0). (C) A confined eruption with multiple EUV brightenings and mini-jets. (D) Time-distance difference plot along the black line in (C) (right endpoint = 0), with the projected speeds of small jets annotated by red dashed lines. (E) Three smaller-scale flares. (F) Light curve showing the sum of integrated intensities within the three black boxes in (E). All times are in SDO reference frame. F1, F2, and F3 in the animation align with areas shown in panels (A, C, E).
Figure 1C shows a smaller region compared to Figure 1A. F2 does not exhibit obvious filament or flare eruptions, but it does show clear EUV brightenings. Careful examination of the animation reveals jet-like structures along the black line in Figure 1C and its adjacent regions. We believe these jet-like structures are likely associated with outflows related to magnetic reconnection. Figure 1D shows that these jet-like structures have relatively high speeds, and it would have been difficult to identify them without the high temporal resolution of [image: image]. The average speed of 20 small jets within 15 min is 113 km [image: image], with a median of 106 km [image: image], ranging from 55 km [image: image] to 200 km [image: image], which is the typical speed range associated with small-scale jets related to reconnection events (Chitta et al., 2021; Cheng et al., 2023). Note that the measured speeds are projected in the plane of the sky. Figure 1E shows multi-scale eruptions, some of which exhibit jet-like features, while others only show EUV brightenings (see F3 of Animation 1). We aim to investigate whether these small-scale solar activities shown in Figure 1 could potentially serve as an energy source for coronal heating.
The energy driving coronal and chromospheric heating is widely understood to be associated with convective motions below the photosphere. The magnetic free energy in the quiet-Sun coronal field, influenced by photospheric magnetic field evolution, reflects energy storage and dissipation dynamics in the quiet-Sun corona. Solar flares and similar energy releases are fundamentally facilitated by magnetic reconnection, which generates observable EUV brightenings. Motivated by these insights, our research aims to quantify the relationship between temporal variations in emission intensity within eruption source regions and concurrent changes in magnetic free energy, seeking to unravel the intricate mechanisms underlying coronal heating. The AIA offers observations in six channels, with a broader temporal coverage than the [image: image] data, which facilitates the study of energy evolution. We use data from 1 hour before and after the period of interest. However, the time resolution of some AIA channels is only 96 s during the period from 23:00 UT on March 7 to 02:00 UT on March 8. Therefore, to align the data across all channels, we uniformly adopte a time interval of 96 s.
Figure 2 shows the EUV image at 171 Å and photospheric magnetogram in the quiet Sun. The white boxes outline the regions selected for intensity integration and magnetic free energy. To calculate the magnetic free energy, we use a nonlinear force-free (NLFFF) magnetic field extrapolation method (Wiegelmann, 2004; Wiegelmann et al., 2012) to obtain the coronal magnetic field. The Helioseismic and Magnetic Imager (HMI; Scherrer et al., 2012; Schou et al., 2012) on board SDO does not provide the direct boundary data for NLFFF extrapolation in the quiet Sun. We adopt the “bvec2cea.pro” routine in SSW packages to convert the disambiguated full-disk vector magnetic field “hmi.B_720s” series from the native CCD coordinates to the cylindrical equal area heliographic coordinates (Hoeksema et al., 2014), which is appropriate for extrapolation. The “bvec2cea.pro” routine uses a radial-acute method (Hoeksema et al., 2014) to resolve the 180[image: image] azimuthal uncertainty in the transverse field direction. This method has been demonstrated effective and reliable by previous studies (Wang et al., 2023). They successfully reconstruct the magnetic flux-rope structures in the quiet Sun, which show good agreement with observations of the filaments.
[image: Figure 2]FIGURE 2 | Distribution of small-scale eruptive events. Top: AIA 171 Å image showing events F1, F2, and F3 (corresponding to microflares in Figures 1A, C, E). White boxes mark the regions for intensity integration in Figure 3. Helioprojective coordinates are shown at the lower-left corner. Bottom: White boxes correspond to those in the top panel overlaid on magnetogram (Bz), which define the free energy calculation regions. Actual extrapolation boundary extends roughly twice the box size.
Figure 3 demonstrates a strong correlation between the integrated intensity in the 171 Å channel (red curve in the second row) and magnetic free energy [image: image] (black curve in the third row), with correlation coefficients ranging from 0.60 to approximately 0.86 across the three regions. The integrated intensity curves for all EUV channels are plotted in the first row to detect potential microflares. Similar to active region flares, we detect distinct impulsive intensity enhancements in high-temperature channels (e.g., 131 Å and 94 Å) in each region. These impulsive peaks largely coincide with the peaks in free energy, suggesting a correlation between energy release and EUV emission intensity. Among all channels, the 171 Å intensity curve shows the strongest correlation with free energy variations. Furthermore, we integrate the intensity from higher-resolution [image: image] images at 174 Å and compare it with the light curve of AIA 171 Å, which displays nearly identical curve patterns (shown in Figure 1F and the dashed box in Figure 3F). This indicates that multiple small-scale eruptions, when integrated, can characterize the intensity variations across the entire region.
[image: Figure 3]FIGURE 3 | Time evolution of AIA EUV intensity and magnetic free energy. (A–C): Normalized intensity curves for six EUV channels. (D–F): Intensity curves at 171 Å. The dashed box in (F) marking the time period shown in Figure 1F. (G–I): Magnetic free energy evolution. (J–L) Scatter plots of the correlation coefficient between the free energy and the corresponding EUV 171 Å intensity above. The linear fit is shown by the red solid line. Columns from left to right correspond to F1, F2, and F3 shown in Figure 2.
We choose the range of EUV intensity to encompass the source region of the eruption as much as possible, such as the box corresponding to F1. In addition to capturing the sigmoid hot channel structures of the eruption core region, we also need to capture the region where the material falls along the arc trajectory as shown in Figure 1A. For the selection of the region F2, besides enclosing the wizard hat structure, we also try to avoid including another similar eruption structure in the west, so the region cannot be chosen too large. For the region F3, we choose the three neighboring eruption regions. Figure 1F reveals that the overall intensity variation is mainly determined by these three major eruptions occurring at different times. As for the calculation of the magnetic energy, we keep the calculation regions of magnetic energy and EUV intensity as consistent as possible, which encompass the main magnetic poles related to the eruptions.
In fact, the change in region size does not significantly affect the trend of magnetic field or EUV intensity changes, but only their amplitudes. Through our investigations, we find that as long as the core region of the eruption source is included, the overall trend of intensity and magnetic energy changes will not change too much, and the larger the region, the smaller the impact on the amplitude when scaling the region area, because most of the contribution comes from the intensity and magnetic energy of the core region.
Compared to the 171 Å channel, the correlation with other channels is not as strong. We attribute this primarily to the characteristic emission temperatures of different types of solar features. The 171 Å exhibits a better temperature response to the quiet corona, while the 131 Å and 94 Å are more sensitive to the flaring corona (Lemen et al., 2012). We observe that F1, a small-scale filament eruption with flaring characteristics located in a quiet region, contrasts with F2, which shows no sigificant eruption but rather a slow release of energy through tiny jets driven by reconnection. The magnetic energy of F2 may accumulate through quasi-static processes. AIA 171 Å observations are more effective in capturing such features during non-eruptive periods, whereas the 131 Å and 94 Å channels are better suited for detecting high-temperature plasma during impulsive flares. As a result, F2 shows a stronger correlation between magnetic energy and EUV intensity at 171 Å compared to the 131 Å and 94 Å channels, and this difference in correlation is more pronounced than in region F1.
3 DISCUSSION
Our analysis reveals an interesting finding: the integrated EUV intensity shows strong correlation with magnetic free energy within the specified time intervals. The three regions exhibit eruptions of different scales. F1 corresponds to a failed small-scale filament eruption, where we believe the magnetic free energy is partially converted into thermal energy through dissipation, while a significant portion transform into kinetic energy of the upward-moving material, which eventually falls back to the solar surface due to gravitational and magnetic confining force. Figure 4 illustrates the magnetic confining force changes with height above each eruption source region, characterized by the decay index (Kliem and Török, 2006). We use PFSS model to calculate the decay index (Stansby et al., 2020). The critical heights for torus instability in all three regions exceed 150 Mm. Such heights are typically beyond the reach of small-scale filaments, which makes torus instability-driven eruptions and subsequent interplanetary mass and energy transport unlikely. In other words, even if the eruption energy is fully converted to kinetic energy, it ultimately dissipates as thermal energy within the corona.
[image: Figure 4]FIGURE 4 | Decay index [image: image] from PFSS model. (A–C) Decay index profiles above regions F1, F2, and F3, with calculation ranges in Carrington coordinates shown above each panel. Critical height H for torus instability onset ([image: image] = 1.5) is marked. Panel (D) shows the average decay index profile over a larger region encompassing all three events.
Unlike active region flares, where EUV peaks are followed by significant energy drops, the EUV intensity here reveals an unexpected correlation with magnetic free energy. We propose this occurs because, in contrast to large-scale eruptive events, there is no significant mass or energy transfer outside the computation domain. Moreover, these small-scale eruptions may not significantly impact the photospheric magnetic field causing irreversible changes, as observed in the studies of active region eruptions (Wang et al., 1992; Hudson, 2000; Wang et al., 2014). Additionally, the NLFFF extrapolation method cannot adequately capture the nonlinear processes of magnetic reconnection, which prevents the free energy from showing a significant decrease associated with energy release. Nevertheless, we believe that using the continuous increase in free energy to represent magnetic energy deposition is reasonable. In essence, the extrapolated free energy changes primarily reflect the evolution of the photospheric magnetic field, which transfers and deposits energy into coronal magnetic fields. However, this deposited free energy is expected to be actually released through magnetic reconnection to heat the corona. In contrast, EUV integrated intensity depends on real-time emission changes, which typically intensify during flares or magnetic reconnection events through the photospheric motions. The 171 Å emission is particularly sensitive to coronal temperature changes, which corresponds to the background magnetic structure of quiet regions. All these above lead to our hypothesis, i.e., the continuous shuffling and intermixing of field footpoints in the photospheric convection causes coronal magnetic fields to wind and interweave. This process continuously leads to energy dissipation through magnetic reconnection of the braiding coronal magnetic fields, with the dissipated energy manifesting as a deposition of the free energy.
This aligns well with the nanoflare hypothesis proposed by Parker (1988). Therefore, we can expect that continuous smaller-scale magnetic reconnection events, similar in size to the observed quiet-Sun coronal brightenings, may provide a relatively stable, continuous heating source. For instance, the integrated intensity curve of F3 is the result of three smaller-scale eruptive features. The sum of their individual integrated intensity curve (Figure 1F) has almost the same shape with the integrated intensity curve obtained over the entire region (Figure 3F). The intensity curve correlates well with the changes in magnetic free energy, with a correlation coefficient of 0.86. Based on the strong correlation between the free energy and the EUV intensity, we hypothesize that most of the deposited free energy is actually released through magnetic reconnection, which enables us to estimate the energy for heating the corona within these areas by calculating ([image: image] [image: image]).
Considering only the change from the minimum to the maximum free energy during a time interval, and ignoring the fluctuations within the time interval, we can roughly estimate that the three events could provide energy fluxes of [image: image] [image: image]6 erg cm-2 s-1, [image: image] [image: image]5 erg cm-2 [image: image], and [image: image] [image: image]6 erg [image: image] [image: image], respectively. While these values are larger than the average quiet-Sun coronal energy loss rate ([image: image] [image: image]5 erg [image: image] [image: image]; Withbroe and Noyes, 1977; Klimchuk, 2006), we have not excluded the energy from the chromosphere, the loss rate of which can be significantly higher ([image: image] [image: image]6 erg [image: image] [image: image]). Previous similar implementations by Wiegelmann et al. (2013) and Chitta et al. (2014) suggested that the energy was too small to explain coronal heating in the quiet Sun. However, Wiegelmann et al. (2013) used a potential field extrapolation model, which did not take into account the magnetic free energy associated with field tangling and twisting. Chitta et al. (2014) only calculated the energy conducted and radiated below the base of the corona, without considering the energy released through magnetic reconnection in the corona.
On the other hand, our calculations of the energy flux are still relatively crude and could be optimized in several ways, as we do not account for the energy rises and falls within our calculation intervals, which may indicate repeated energy replenishment and release. The relatively coarse temporal resolution (12 min) of HMI vector magnetograms could impact the [image: image] [image: image] measurements. Using quiet-Sun magnetic field for extrapolation may underestimate free energy estimation. A recent study by Beck et al. (2025) revealed an intriguing finding. By comparing magnetic field measurements from HMI with higher-resolution Hinode SP data, they found that HMI magnetic field data may be significantly underestimated. Specifically, the magnetic field strength in quiet regions with B [image: image] 220 G might be underestimated by a factor of 3–10. Furthermore, they suggested that the free energy derived from magnetic field extrapolations across the entire field of view, including both active and quiet regions, could be underestimated by a factor of 2. Given these findings, our estimated free energy of the magnetic field is likely to be substantially lower than the true value. However, considering computational challenges and boundary condition selection that may introduce additional uncertainties, we do not intend to perform the mentioned field correction but may explore it in future research. Nevertheless, the strong correlations between magnetic free energy and EUV 171 Å integrated intensity imply a link between photospheric magnetic evolution and coronal temperature changes. We hope to uncover deeper insights into this relationship by examining more similar events in future work.
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