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Abstract

Context. Small (400 to 4000 km) and short-lived (10 to 200 s) extreme ultraviolet (EUV) brightenings, detected by the High Resolution Imager EUV (HRIEUV), have been found to be ubiquitous in the quiet Sun. Their contribution to coronal heating as well as their physical origin are currently being investigated.

Aims. We wish to determine whether models of short loops and impulsive heating are compatible with the results from observations. In particular, we used two models of loops with distinct thermal properties: cool (T < 1 × 105 K) and hot loops (T > 1 × 105 K).

Methods. We simulated the evolution of impulsively heated short loops, using the 1D hydrodynamics (HD) code HYDRAD. We computed the synthetic light curves of HRIEUV, four EUV channels of the Atmospheric Imaging Assembly (AIA), and five emission lines measured by the SPectral Imaging of the Coronal Environment (SPICE). We then compared the results from the synthetic light curves with observations. The aim was to reproduce the short delays observed between the intensity peaks of the light curves.

Results. Cool loops subjected to impulsive heating are good candidates to explain the physical origin of the EUV brightenings. On the other hand, hot loops are not consistent with observations, except when they are subjected to especially strong impulsive heating.
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1. Introduction
The outer layer of the Sun’s atmosphere, the corona, reaches temperatures above 1 MK. Magnetic reconnection and Magnetohydrodynamics (MHD) waves likely play a role in energy transfer and release from the photosphere to the corona. However, the exact processes that explain coronal heating are not yet clearly understood (Viall et al. 2021; Van Doorsselaere et al. 2020; Moriyasu et al. 2004). In active regions (ARs), observations in UV-EUV and X-ray showed signatures of impulsive heating (e.g., Ugarte-Urra et al. 2019; Viall & Klimchuk 2017; Team et al. 2019), occurring especially at small scales (e.g., Hudson 1991; Crosby et al. 1993; Hannah et al. 2008; Aschwanden & Parnell 2002). As such, one of the main theories to explain coronal formation suggests that it is maintained by a large number of small-scale impulsive heating events called “nanoflares” (Parker 1988). Despite being historically associated with magnetic reconnection, the term can now refer to any small-scale (< 1024 erg) and impulsive energy releases, regardless of its physical origin (Klimchuk 2006, 2015). The latter can be magnetic reconnection, MHD waves, or a combination of both, such as wave-induced reconnection (Sukarmadji & Antolin 2024).
One approach to test the nanoflare theory is to detect the plasma response to nanoflares and to estimate its energy budget. As such, studies aimed to measure the impulsive emission associated with flares at the smallest possible energy scales, such as AR “microflares” (∼1028 erg) in X-ray (Hannah et al. 2019; Battaglia et al. 2021). Extreme ultraviolet imaging at high spatial and temporal resolution could reach even lower energy scales, down to ∼1024 erg in ARs (Berghmans et al. 1998) and in the quiet Sun (QS, Berghmans et al. 1998; Joulin et al. 2016). Hydrodynamic (HD) simulations of impulsively heated loops have also helped identify the properties of the heating (e.g., frequency, amplitude) and their observational signatures in the ARs (Barnes et al. 2016a,b; Cargill 2014; Viall & Klimchuk 2015) and the QS (Upendran & Tripathi 2021).
The Solar Orbiter mission (Müller et al. 2020; Zouganelis et al. 2020), launched in 2020, carries, among others, remote sensing instruments and has the particularity of regularly approaching the Sun up to 0.28 AU. As such, one of the mission objectives is to investigate the signatures of microflares at the smallest scales over a long period (Müller et al. 2020). On May 30, 2020, the High Resolution Imager EUV (HRIEUV) of the Extreme Ultraviolet Imager (EUI, Rochus & Auchère 2020), on board Solar Orbiter, made one of its first high-cadence (5 s) observations of the QS. During this 4 min sequence, Berghmans et al. (2021) reported the automatic detection of small (400–4000 km) and short-lived (10–200 s) EUV brightenings. They are low-lying in the atmosphere (1000 to 5000 km above the photosphere, Zhukov et al. 2021), suggesting that they might originate from small magnetic structures. Similar events were also detected in later QS observations with HRIEUV, for instance in 2023 (Nelson et al. 2024). In fact, the regular Solar Orbiter observing plan (SOOP) (i.e., “R_BOTH_HRES_HCAD_Nanoflares”) showed that these events are present in large numbers and at all times in the QS. It implies that they are ubiquitous in the QS.
The question remains as to whether these events are signatures of nanoflare heating. The first step in answering this question requires determining if they reach coronal temperatures (T > 1 MK), a necessary condition for them to contribute to coronal emission.
Several approaches have been proposed to perform temperature diagnostics on the events: either relying on the statistics of a large number of events; or focusing on precise spectroscopic measurements on a few selected events. Dolliou et al. (2023) chose the first approach, by analyzing the thermal behavior of the May 2020 event dataset using the EUV channels of the Atmospheric Imaging Assembly (AIA, Lemen et al. 2012) on board the Solar Dynamics Observatory (SDO, Pesnell et al. 2012). Using the time lag analysis, they found that the events were characterized by short delays (< 12 s) between the intensity peaks of pairs of AIA channels. Their main conclusion was that the event population was dominated by a TR component (∼105 K), provided that the cooling time was long enough to be detected by AIA with 12 s of cadence. In parallel, Huang et al. (2023) identify three events with the SPectral Imaging of the Coronal Environment (SPICE, Anderson et al. 2020), on board Solar Orbiter. These events show strong emission in the TR lines, while only a few are identified in the Ne VIII (log T = 5.8) and none in the Mg IX (log T = 6.0). These results are confirmed by Dolliou et al. (2024), who identify nine other QS events with SPICE and AIA. Furthermore, they report short delays between the intensity peaks of the HRIEUV, AIA, and SPICE light curves for most events. These delays are below 6 s for AIA and 25 s for SPICE. The authors also identify a single event with the EUV Imaging Spectrometer (EIS, Culhane et al. 2007), on board the Hinode spacecraft (Kosugi et al. 2007). Due to its wide coverage of coronal temperatures, working with EIS data provided evidence that most of the event’s emission came from plasma at TR temperatures, suggesting that it does not significantly contribute to coronal heating. Lastly, Nelson et al. (2023) identify Doppler velocities (≈23 km s−1) with chromospheric and lower TR lines measured by the Interface Region Imaging Spectrograph (IRIS, De Pontieu et al. 2014). They conclude that some of the observed events share properties similar to those from Explosive Events (EEs, Teriaca et al. 2004) already identified in the TR lines. In addition, the light curves of the chromospheric lines do not show typical behavior, suggesting different physical origins. This has also been thoroughly investigated, as we discuss below.
The physical origin of these events may be diverse, but reconnection is believed to play a role in at least some of them. Indeed, Kahil et al. (2022) and Panesar et al. (2021) find evidence of photospheric flux emergence and cancelation associated with some events. Furthermore, Chen et al. (2021) performed simulations of the QS evolution using the 3D MHD code MURAM (Vögler et al. 2005; Rempel 2017). The authors show that reconnection between magnetic flux tubes could induce impulsive EUV emissions similar to the events. Kuniyoshi et al. (2024) propose an alternative mechanism to explain the origin of the events: impulsively generated Alfven waves, called “magnetic tornadoes”. The latter have been observed for two decades in the chromosphere with ground-based telescopes (Bonet et al. 2008; Wedemeyer-Böhm et al. 2012). While propagating upward along the field lines, the tornadoes can induce a plasma response in the upper atmosphere, which can be observed with EUV imaging (Zhang & Liu 2011). Thus, very different physical processes can produce the impulsive emissions observed in HRIEUV.
The aim of our work is to use the radiation properties as a means to understand the formation of the events detected in HRIEUV. In particular, we wish to reproduce the short time delays observed between the HRIEUV, AIA, and SPICE intensity peaks (Dolliou et al. 2023, 2024) using a 1D HD model. For these, we assume that the emission comes from short loops with lengths (400 to 4000 km) and heights (1000 to 5000 km) similar to those derived from observations (Berghmans et al. 2021; Zhukov et al. 2021). Short loops, with apex temperatures from 105 K to a few MK, have already been observed in the TR and in the corona (Peter 2001; Winebarger et al. 2013; Hansteen et al. 2014; Barczynski et al. 2017; Feldman et al. 1999). Three-dimensional MHD simulations of the solar atmosphere evolution indicate that short loops can be locally heated to coronal temperatures through small-scale recurrent processes (Skan et al. 2023). Because they are believed to be ubiquitous in the solar atmosphere, short loops, with their local and small-scale heating, can play a large role in maintaining the temperature of the low-altitude corona (below 5000 km) above 1 MK. This is especially likely in the QS, where only a few other large-scale structures can be found. While an impulsively heated short loop is a reasonable model for some events, we highlight that this assumption does not apply to events that appear on large-scale structures visible in HRIEUV (e.g., Fig. B.1.b, Dolliou et al. 2024).
We use two different types of loop models to describe short loops, with distinct thermal properties: the so-called “hot” (Tapex > 1 × 105 K) and “cool” loops (Tapex < 1 × 105 K). Our goal is to understand how the choice of the loop model can impact its reaction to impulsive heating. Indeed, both models are dictated by different cooling terms: radiation and thermal conduction for hot loops, and radiation only for cool loops. We expect this difference to have an impact on the light curves’ behavior. Thus, we want to understand which loop model can better reproduce the observational properties of the QS events detected by HRIEUV. In the following two paragraphs, we describe each model of loop in further detail.
Hot loops refer to the standard model used to describe a wide variety of loops above 105 K, from AR to the QS. Reale (2014) proposed a review on the subject (see also Section 2.3). Thermal conduction and radiative losses both play a role in the hot loop equilibrium state, but their relative magnitudes vary depending on the loop properties (length, temperature, and density at the apex, Cargill & Klimchuk 1997). For our models, the conductive cooling timescale (∼102 s to 103 s) is lower or comparable to the radiative cooling timescale (∼103 s).
Cool loops were first theorized by Antiochos & Noci (1986), in order to explain the observed increase of the differential emission measure (DEM) at temperatures below 105 K (for instance, see Fig. 2 from Parenti & Vial 2007). For cool loops, thermal conduction is negligible, and radiation is in equilibrium with atmospheric heating throughout the loop (see Section 2.3). Their equilibrium conditions depend on the choice of the radiative loss function, as discussed in Cally & Robb (1991) and in Appendix B. In our case, cool loops can only exist in equilibrium with apex temperatures below 1 × 105 K. Sasso et al. (2012) proposed different types of cool loop models that exist for a wide range of radiative loss functions. In this work, we focus on the model originally described by Antiochos & Noci (1986).
We now discuss our motivations for choosing loops in equilibrium in a cool and a hot state as starting models for our simulations. A basic property of EUV brightenings is that they suddenly become bright with short delays between different observing channels. The impulsive heating of an equilibrium cool loop is a natural explanation. The initial state is much denser than that of an equilibrium hot loop (T ∼ 1 MK), and the emission measure difference is even greater because EM ∝ n2. During a nanoflare, the temperature increases quickly with a timescale similar to that of the heating (e.g., 10 s). Density remains approximately unchanged during this short interval. Consequently, bright emission becomes visible in rapid succession in different observing channels as the plasma heats into their respective ranges of temperature sensitivity. The behavior of an impulsively heated hot loop is much different. It is initially faint because of the lower densities, even though the coronal temperature is within the range of sensitivity. The emission measure becomes substantial only after material evaporates into the loop. The brightest emission generally occurs when the heated plasma cools back down through the sensitivity range. This cooling is relatively slow and the delay between successive channels is correspondingly long.
Section 2 presents the code and the models used to simulate the evolution of impulsively heated short loops. Section 3 discusses the results obtained from the simulations, including the plasma parameters and the HRIEUV, AIA, and SPICE synthetic light curves (see Appendix C). In Section 4, we compare the results with observations and discuss them in three main points. Finally, Section 5 provides an overview and concludes this work.
2. Hydrodynamic code and models
In Section 2.1, we introduce the semicircular geometry chosen for the loops. In Section 2.2, we present the 1D HD code used to simulate the evolution of the impulsively heated short loops. In Section 2.3, we describe the properties of the cool and hot loops in equilibrium. Finally, in Section 2.4, we list the parameters chosen for each model of loop and impulsive heating.
2.1. Loop geometry
Figure 1 is a diagram showing the geometry of the semicircular loops used in our models. They are made up of a central semicircular part of length L (0.5 to 5.5 Mm) and two fixed length vertical legs Lc = 10 Mm. R is the radius of the loop, and s is the coordinate that follows the magnetic axis. s increases from 0 at the left footpoint to 2Lc + L at the right footpoint. We also define an orthogonal coordinate system in the 2D plane (x, z), with x the axis between the two footpoints, and z the altitude.
	[image: thumbnail]	Fig. 1. Geometry of a loop composed of a semicircular central part of length L and apparent radius R (in blue), with two vertical legs of length Lc (in black). Vector s follows the magnetic axis of the loop, from left to right by convention. The electron temperature, density, and pressure are respectively indicated at the apex (s = Lc + L/2) as Tapex, napex, and Papex, and at the top of the vertical legs (s = Lc and s = Lc + L) as T0, n0, and P0.



The chosen range of L values is consistent with the apparent lengths of the events 400 to 4000 km, (Berghmans et al. 2021). On the other hand, Lc is set artificially larger than the measured height of the events above the photosphere (1 to 5 Mm, Zhukov et al. 2021). This is by design: large chromospheric legs provide a reservoir of plasma during the simulations in case of evaporation. Also, it allows for the perturbations originating from the loop’s central part to be damped while they travel back and forth along the legs. However, we still aim for the amplitude of the gravitational acceleration vector g to be consistent with the estimated altitude of the events. To do so, g is set to photospheric values for z ≤ 9.5 Mm and decreases with height above this limit.
Some of our models include loops with a semielliptical geometry, instead of a semicircular one (Appendix A.2.2). In that case, the parameters described in Fig. 2.1 still stand, with the exception of the apparent radius R. It is replaced by the semimajor axis a and semiminor axis b along the coordinates x and z, respectively.
2.2. 1D hydrodynamic HYDRAD code with a two-fluid approach
We use the 1D HD code HYDRAD with a two-fluid approach (Bradshaw & Mason 2003; Bradshaw & Klimchuk 2011), through its open-source version1. This code computes the evolution with time of the plasma parameters, including the temperature T, density n, and pressure P along the magnetic axis s of the loop. The two-fluid approach implies that the evolution of the plasma parameters is computed separately for the electrons of mass me (Te, ne, Pe) and the ion species of mass mi (Ti, ni, Pi). The mass and momentum equations, along with the electron and ion energy conservation equations, are described in Bradshaw & Klimchuk (2011). The ideal gas equations are used as closure.
The equation of electron energy conservation includes the atmospheric heating H and the power loss due to radiations QR and electron conduction Ce. The physical origin of H is not known, but this term is necessary for the loop to reach an equilibrium. It is composed of a constant and uniform term H0, representing the background heating, and an impulsive heating term with a Gaussian spatial deposition function:
[image: thumbnail](1)
Here, Aev(t) is the heating amplitude that increases and decreases linearly over time in a triangular shape, with Amax being defined as the maximum value. In our case, the increasing and decreasing periods of A(t) are equal to 5 s each for all models. σev is the standard deviation of the spatial deposition function, while sev is its center position. The power loss due to radiation is equal to the following:
[image: thumbnail](2)
We chose to represent the radiative loss function Λ(T) (Eq. (2)) by a simplified piecewise continuous power law function (Klimchuk et al. 2008, 2010), modified at temperatures below 1 × 105 K to take into account the optical thickness of the H I line (McClymont & Canfield 1983):
[image: thumbnail](3)
2.3. Initial loops in equilibrium
In this section, we discuss the differences in thermal properties between the cool and hot loop models used in this work. We expect these differences to have an impact on how loops react to impulsive heating, implying different light curve behaviors. Figure 2 shows two initial cool and initial hot loops in equilibrium. It displays the profiles along s of the electron temperature, density, and terms of the electron energy conservation. These terms include radiations QR, electron conduction Ce, the atmospheric heating H, here equal to H0. Despite sharing the same geometry (semicircular) and length (L = 3 Mm), the hot and cool loops show very distinct thermal properties.
	[image: thumbnail]	Fig. 2. Examples of a cool (left column) and a hot (right column) loop in equilibrium. Top row: Electron temperature (K) and density (10−4 cm−3) profiles along the loop. Bottom row: Profiles of the electron energy conservation terms along the loop: H = 2.3 × 10−3 erg cm−3 s−1 (red lines) is the uniform and constant heating term; QR is the power loss due to radiations; and Ce(+) (dotted light green lines) and Ce(−) (dark green lines) are the electron conduction, respectively, when they are a heating or a cooling term.



For hot loops, the electron temperature and density profiles have a central coronal part surrounded by two transition regions (TR), with steep temperature and density gradients (Fig. 2a). In the coronal part, radiation and electron conduction are cooling terms, while electron conduction becomes a heating term in the transition region (Fig. 2b). In our simulations, hot loops in equilibrium are stable only for apex temperatures above 1 × 105 K (see also Klimchuk et al. 1987).
For cool loops, the electron temperature and density profiles appear smooth and have no corona or TR (Fig. 2c). The electron conduction (∼T5/2∇T) is negligible all along the loop because of the low temperatures and gradients of temperature. Therefore, coronal heating H is compensated for by the power loss due to radiations QR only (Fig. 2d).
The equilibrium conditions for cool loops set strong constraints on their maximal temperature and altitude above thephotosphere. These limits are strongly tied to the shape of the radiative loss functions. Given our choice of radiative loss function following a power law Λ(T)∼Tb, Cook et al. (1989) set the condition b > 2 for cool loop equilibrium (see Appendix B for more details). Therefore, in our simulations, the apex temperature of the cool loops has an upper limit equal to 1 × 105 K (Eq. (3)). This limit was also given by Klimchuk & Mariska (1988) for the cool loops they described. They also provided an upper limit on the loop’s altitude of 2 Mm above thechromosphere.
Lastly, we explain how we obtained a set of cool and hot loops in equilibrium. For the cool loops, we set the initial temperature, density, and pressure profiles described in Antiochos & Noci (1986). The equilibrium was reached after a relaxation time of ∼104 s. Hot loops in equilibrium were directly obtained from cool loops, by imposing a heating that brings the peak temperature above 1 × 105 K. The cool loop then evolves into a hot loop (see Section 3.1 for more details). Again, a relaxation time of up to ∼104 s is sometimes needed to reachequilibrium.
2.4. Description of the model parameters
In this section, we describe the models used and how the simulations were performed. Starting from a loop in an initial cool or hot state in equilibrium, we simulated its response to impulsive heating, from which we extracted the results presented in Section 3. The initial simulation time was set to t= 0 s by convention. At t = 100 s, an impulsive heating was applied to the loop for a period of Δtev = 10 s. We chose to conduct an exploration of five specific parameters. The models are thus classified into five groups:

	
Group I (Table 1): The length L of the loop central part varies from 0.5 to 5.5 Mm. This group covers the range of apparent lengths measured for the events (0.4 to 4 Mm, Berghmans et al. 2021).

Table 1. 
Parameters of the group I models.




	
Group II (Table A.1): The pressure P0 at the top of the vertical legs increases from 0.05 to 0.5 dyn cm−2. The uniform atmospheric heating H0 also varies as a consequence of the energy conservation on top of the vertical legs. This group covers different conditions of uniform heating and pressure in the solar atmosphere.



	
Group III (Table 2): The maximal amplitude of the impulsive heating Amax increases from 0.05 to 0.5 erg s−1 cm−3. The aim of this group is to understand how the loop reacts to a wide range of impulsive heating, which might induce plasma flows.

Table 2. 
Parameters of the group III models.




	
Group IV (Table A.2): The central parts of the loops have a semielliptical shape instead of a semicircular one. The semiaxis a along x increases from 0.96 to 2.5 Mm. Loops in this group can be longer than those in group I, while being consistent with the observational constraints on their maximal height above the photosphere (1 to 5 Mm, Zhukov et al. 2021).



	
Group V (Table A.3): The deposition function of the impulsive heating is narrower (σev = 0.1L) than for other groups (σev = 2L). Furthermore, the center of the deposition function is either located at the loop apex or on its left side. The aim of this group is to determine if the location of the impulsive heating along the loop can have an impact on the induced plasma flows, and thus on the light curve behavior.




Each table provides the models with a name, along with a parameter set for the initial loop in equilibrium and for the impulsive heating. Each parameter set is associated with two models of loops in an initial cool state and in an initial hot state. There are two exceptions to this rule: no hot loop in equilibrium could be obtained for the shortest loops in group I, which are the ones from the models named m1 and m2 (L = 0.5 and 1 Mm, see Table 1). In the figures and tables, the initial cool loop state is marked as “iCL”, and the initial hot loop state as “iHL”.
We wished to keep the impulsive heating similar between models as the loop size increased. To do so, we chose to keep constant the average volumetric energy deposited during the impulsive heating, defined as follows:
[image: thumbnail](4)
For groups I to IV, we chose to subject the loop to an impulsive heating with a wide deposition function (σev = 2L). The case of impulsive heating with a narrow deposition function localized at different positions along the loop is separately studied in group V. The reasons behind this choice are the following: the high temperature and pressure produced by a localized heating (i.e., nanoflare) expand very rapidly to fill the loop. By the end of the nanoflare, or shortly thereafter, the state of the loop is not greatly different from the “uniform” heating case, especially given the small loop lengths (L/2 < 2.25 Mm). We checked this by looking into the evolution with time of the Te and ne profiles of m19 (Fig. D.2), which have a narrow deposition function for the impulsive heating (σ = 0.1L, see Table A.3). In this case, the temperature starts increasing all along the loop 10 s after the start of the impulsive heating. Thermal conduction seems to be very efficient at spreading out the energy, along with a pressure-driven shock that develops at about t = 105 s. We estimate a shock speed of 100 km s−1.
Setting σ = 2L for groups I to IV allows [image: equation] to stay constant for groups I, II, and IV. For group III, Einj increases with Amax, which reaches up to 0.5 erg cm−3 s−1 for m35. We can evaluate whether such impulsive heating is likely to happen in the QS. For m35, the injected energy Einj is equal to 2.4 erg cm−3. If we equate this with the free magnetic energy in a stressed field, the stress component is 7.9 G. Assuming a shear angle of 20°, the stress component can be no more than 35% of the total magnetic energy (Klimchuk 2015). Thus, the total magnetic field must be around 24 G, which is high, but not unreasonable in the QS (e.g., B ≈ 12 G at TR heights, Rodríguez-Gómez et al. 2024).
The final goal was to compare the simulation results with those from observations, in order to constrain the parameters of the models. In that regard, we synthesized the light curves of HRIEUV, four EUV channels of AIA (171 Å, 131 Å, 193 Å, 211 Å), and five emission lines measured by SPICE (C III 977.03 Å, O IV 787.72 Å, O VI 1031.93 Å, Ne VIII 770.42 Å, Mg IX 706.02 Å). The response and contribution functions of all channels and lines are displayed in Fig. C.1. While most EUV channels of AIA have a sensitivity peak at coronal temperatures, most lines measured by SPICE are emitted by plasma at TR temperature. Only the Mg IX 706.02 Åline is emitted by plasma at 1 MK, but this line is weak in the QS. The intensities are integrated over equidistant vertical line of sights (LOS) parallel to the z axis (Fig. C.2). In observations, the light curves are generally obtained by averaging the intensities over a spatial region around the event (Dolliou et al. 2024; Huang et al. 2023). Thus, we assumed the short loop’s emission not to be resolved. This is why we computed the light curves by averaging the intensities over all of the LOS, at each time step. More details on the forward modeling method are given in Appendix C. The light curves computed for the groups I and III models are shown in Section 3.3. For the other groups, the light curves are shown in Appendices A.2.1 to A.2.3.
3. Results
We now discuss the simulation results. In Section 3.1, we discuss the conditions for a cool loop to evolve into hot loops. Section 3.2 shows the electron temperatures and densities reached by the apex of the loops before and after impulsive heating. Section 3.3 displays the synthesized light curves. Finally, Section 3.4 uses two models of interest (m4, and m35) to describe the impact to the light curves of high density effect and plasma flows induced by the impulsive heating. In the following, we focus on the results of the groups I and III models. The results of the groups II, IV, and V models were redundant and are given in Appendix A.
3.1. Conditions for the evolution of a loop from a cool into a hot state
In this section, we show how a loop in an initial cool state can evolve into a hot state, when the apex temperature is increased above log T = 5.0. The latter is the upper limit of the apex temperature for a cool loop in equilibrium (Section 2.3). As an example, we present the results from three group I models, namely m1, m2 and m4, with an increasing length from L = 0.5 to 3 Mm (Table 1).
Figure 3 shows the evolution with time of the electron temperature and density when cool loops of different lengths are subjected to the same impulsive heating. The equilibrium state of cool loops with increasing length reach higher apex temperatures (from log T = 4.4 to 4.8) and lower apex densities (from log n = 10.1 to 9.6). Therefore, the maximal temperature reached after a similar impulsive heating increases with the loop length. We can distinguish three cases where the loop does not reach (m1), barely reaches (m2) and reaches well above (m4) the upper limit temperature for cool loops in equilibrium (log T = 5.0).
	[image: thumbnail]	Fig. 3. Evolution of the electron temperature (top row) and density (bottom row) profiles with time for the simulations with the models (a) m1, (b) m2, and (c) m3 (L= 0.5, 1 and 3 Mm). The starting time of the impulsive heating is set at tev = 100 s. The vertical black lines indicate the basis of the loop’s central part and the horizontal dotted red line shows the values log T = 5.0. tev + 2 s (green) and tev + 4 s (red), which are the closest recorded times when m4 and m2 reach apex temperatures above log T = 5.0.



The apex temperature of m1 (Fig. 3a) stays below log T = 5.0 and the cool loop does not evolve into a hot loop. Instead, the temperature and density profiles return to their original states after a time of about 400 s. On the other hand, the apex temperature of m4 reaches values well above log T = 5.0 (Fig. 3c). Above log T = 5.0, the radiative loss function decreases with temperature (Eq. (3)), which accelerates the increase of the temperature even more. The cool loop then evolves into a hot loop. In our case, the process is irreversible as long as H0 was kept constant. Model m2 is a special case, as the loop apex temperature barely reaches values above log T = 5.0 (Fig. 3b). In that case, the high density still provides important cooling through radiations (Eq. (2)). The latter is then sufficient to decrease the temperature of the loop below log T = 5.0. For both models, m1 and m2, the temperature and density profiles eventually return to their original state. Thus, the loops return to their initial cool loop state in equilibrium.
Also, no hot loop state in equilibrium could be formed for models m1 and m2, regardless of how strong or localized the impulsive heating is. Indeed, these loops appear to be too short to reach a stable hot loop equilibrium. To test this hypothesis, we applied a stronger impulsive heating ([image: equation]) to the initial cool loop of m2, with a wide and a narrow deposition function (σev = 2L and 0.1L). For σev = 0.1L, we separate the cases where the impulsive heating is localized in the center of the loop, or near the left footpoint. Figure D.3 displays the evolution with time of the temperature and density profiles, for all three cases. Despite reaching temperatures above log T = 5.0, the loop eventually returned to its initial cool state for all cases, and could not reach a hot state in equilibrium. This is consistent with Klimchuk et al. (1987), who found that hot loops were unstable below a given height, equal to z= 1 Mm in their model.
One might ask whether a short loop with localized background heating – rather than our uniform background heating – might allow a stable hot equilibrium for the end state. We doubt this would be the case if the localized heating were at the apex. This is because the reasons for instability with uniform heating also apply with apex heating. A cool equilibrium likewise will not be possible if the localized heating is sufficiently strong that the final temperature would exceed 0.1 MK. Thus, the loop will undergo a limit cycle of heating and cooling, never reaching a stable equilibrium. If the localized background heating is instead at low altitudes in both legs (symmetric heating), the loop will be in a state of thermal nonequilibrium, again undergoing an endless cycle of heating and cooling. The only possibility of a stable hot equilibrium is if the heating is asymmetric. In that case steady flows from one footpoint to the other – sometimes referred to as siphon flows – are an important part of the energy balance (Klimchuk & Luna 2019).
3.2. Temperature and density reached after impulsive heating
Figure 4 shows the electron temperature and density in the center of the loop (s = Lc + L/2). The values are given before the impulsive heating (Tini, nini) and at the time of the temperature peak (Tmax, nmax). We focus here on the results of the groups I and III models. Those from the other groups are shown in Fig. A.1. In Section 4, Tmax and nmax are used to estimate the emission of the Mg IX 706.02 Å line, and to compare it with the upper limits set by SPICE observations. Furthermore, measuring Tmax can help determine if the loop is likely to contribute to coronal emission, as it requires that Tmax > 1 MK.
	[image: thumbnail]	Fig. 4. Electron temperature Tmax and density nmax at the loop center (s = Lc + L/2) at the time of the temperature peak after the impulsive heating. Prior to the impulsive heating, the initial values Tini and nini at the loop center are provided for the loops in equilibrium. Results for groups I (left column) and III (right column) are shown for initial cool (upper row) and hot loops (lower row). The X-axis is the changing parameter associated with each group (L or Amax). Model numbers given in Tables 1 and 2 (i.e., m1 to m35) are displayed on top of their respective data points (crosses). The horizontal black line delimits the 1 MK temperature, above which the heating is likely to contribute to coronal heating.



With regard to impulsively heated cool loops, only a fraction of them reaches coronal temperatures, defined as T > 1 MK. This includes those with the larger lengths (L  ≥  4 Mm) or those that are subjected to a sufficiently strong impulsive heating ([image: equation]). On the other hand, all models with impulsively heated initial hot loops reach coronal temperatures. This is because loops in an initial hot state are hotter and less dense than those in an initial cool state. For instance, given a similar length (L= 3 Mm), the loop in an initial cool state of m4 is cooler and denser (log Tini = 4.7, log nini = 9.5) than those of m23 in an initial hot state (log Tini = 5.7, log nini = 9.25). When subjected to similar impulsive heating, the loop in m4 will reach a lower temperature (log Tmax = 5.9) compared to the loop in m23 (log Tmax = 6.4).
For all models, nmax ≈ nini. This is because the increase in temperature is faster (< 20 s after the start of the impulsive heating) than the decrease in density for cool loops (from ∼101 up to 102 s). The latter is due to the evolution of the loop from a cool state into a hot state, after impulsive heating (Section 3.1). For hot loops, density increases from evaporation, and this is slow compared to nanoflare heating and thermal conduction-dominated cooling that follows. The density maximum occurs after the temperature maximum. Also, Tini and nini both increase with length for hot loops (group I), in accordance with equilibrium scaling laws (Tmax ∼ 1.4 ⋅ 103(PL)1/3, Rosner et al. 1978). For cool loops in equilibrium, on the other hand, Tini increases with L while nini decreases with L.
Figure 5 shows in more detail the evolution with time of the electron temperature and density at the loop center, for two models with loops in an initial cool (m4) and hot state (m23) of similar length (L = 3 Mm). In m4, the peak in temperature is reached in about 10 s, followed by a slower decrease of the density (over more than 50 s). The radiative losses decrease with Te for Te > 0.1 MK (Eq. (3)). As density stays almost constant after t = 175 s, the radiative losses become less efficient in cooling the plasma. Thus, the temperature continuously increases after that time in the manner of a thermal instability, until conduction becomes sufficiently strong in the corona to compensate for the constant atmospheric heating. Given enough time (∼104 s), the final temperature and density reach those of the newly formed final hot loop in equilibrium, which is also the initial state of m23. Regarding m23, the peak in temperature is also reached in about 10 s, followed by a slower cooling. The density, however, remains the same overall before t = 120 s. At this point, we can see some oscillations in the profile. The density at t = 300 s is slightly above the one at t = 100 s, because of evaporation following the impulsive heating (from log n = 1.9 to 2.4). Given enough time (∼104 s), the hot loop eventually returns to its initial hot state in equilibrium. These results are important for understanding the light curves behavior in the next section.
	[image: thumbnail]	Fig. 5. Evolution with time of the electron temperature and density at the loop center (s = Lc + L/2) for two models with an initial cool loop (m4) and an initial hot loops (m23) of similar length (L = 3 Mm). The dotted vertical line indicates the starting time of the impulsive heating.



3.3. Light curves
In this section, we present the synthetic light curves of HRIEUV, four EUV channels of AIA, and five lines measured by SPICE. They are computed from the simulation results of the groups I (Section 3.3.1) and III models (Section 3.3.2). The response and contribution functions of all channels and lines (Fig. C.1) are computed with CHIANTI (Dere et al. 1997), version 10.1 (Del Zanna et al. 2021; Dere et al. 2023). We assumed the coronal abundance estimated by Asplund et al. (2021) and the ionization equilibrium recommended by CHIANTI.
3.3.1. Light curves computed from group I models
We present here the light curves results for the group I models (Table 1). As a reminder, loops in this group have an increasing length L from 0.5 to 5.5 Mm. Apart from m1 and m2, all cool loops evolve into a hot loop after impulsive heating.
Figure 6 shows the results for models with loops in an initial cool state. For the models m1 to m4, all light curves reach their intensity peak less than 10 s after the start of the impulsive heating. The peak is almost co-temporal among most light curves, with less than a 5 s delay. This delay does not vary much with the loop length. Bright emission depends on both temperature and density. The temperature must be well matched with the spectral line or observing channel, and the density must be high to have a large emission measure. As shown in Figure 5, density is highest in the initial equilibrium state and for the first 25 s after the start of the nanoflare. Temperature increases quickly during the nanoflare, and the different emissions turn on in rapid succession. Thus, the rise phases of the light curves are nearly co-temporal. After 25 s, the density decreases as material flows down the legs and the loop transitions to a hot equilibrium. The light curves decay in a similar manner from a combination of the decreasing density and decreasing temperature. This is further discussed in Section 3.4.1. Regarding m7, we notice two successive intensity peaks in the C III, O IV, and O VI lines. This is also caused by density fluctuations due to flows.
	[image: thumbnail]	Fig. 6. Light curves for the simulations of four group I models, with loops in an initial cool state (Table 1). In this case, the length L of the loop’s central part increases from 0.5 Mm to 5.5 Mm. The intensities correspond to four AIA channels (left column), five SPICE lines (right column), and HRIEUV (on the right axis of all subfigures). For better visibility, the intensity of the C III line is divided by 10. Results are presented between t = 90 and 200 s, with the start (t = 100 s) and the end times (t = 110 s) of the impulsive heating indicated by two vertical dotted lines.



Figure 7 shows the results for models with loops in an initial hot state. The light curves of hot loops are complex and dramatically different from those of cool loops. They have two components – an initial impulsive component followed by a gradual component. The relative strength of the components varies with the temperature of the channel or line. The gradual component is generally stronger, but the impulsive component has comparable brightness in cooler emissions. For instance, the impulsive peak of m22 at t= 105 s is strong in the SPICE light curves, but almost nonexistent in the HRIEUV and AIA light curves. The impulsive component is a response of the lower atmosphere to a sudden and intense downward thermal conduction flux brought on by the nanoflare (Qiu et al. 2013). The gradual component is a combination of two distinct effects of varying importance: the cooling through conduction and radiation of the coronal part of the loop, and density variations as the loop is filled with evaporating material and subsequently drained. Note that, in contrast to cool loops, the emission is faint along most of the loop during the heating phase because equilibrium hot loops have lower density than equilibrium cool loops (Section 3.2).
	[image: thumbnail]	Fig. 7. Light curves for the simulations of two group I models, with loops in an initial hot state (Table 1). This figure is similar to Fig. 6.



Regarding m22 and m26, the gradual component mainly reflects the slow cooling of the coronal part of the loop from log T > 6.3, through conduction and radiation. As the corona is relatively isothermal, we observe significant delays between the intensity peaks of the AIA and HRIEUV light curves, as the temperature of the corona passes through the maximum of the response function for the hotter (AIA 211, 193) to the cooler channels (HRIEUV, AIA 171). For example, the AIA 193 and 171 intensity peaks are separated by 30 s for m22 (L = 2 Mm) and 50 s for m26 (L = 5.5 Mm). With regards to SPICE (Fig. 7, right column), the behaviors of the light curves are complex, with multiple peaks and oscillations. This behavior can be explained by a combination of temperature variation and the fluctuation of density along the loop because of plasma flows. These flows are further described in Section 3.4.2. Because the flows originate mainly from plasma at TR temperatures, they have more impact on the behavior of the SPICE light curves (mostly sensitive to TR emission) compared to those of AIA and HRIEUV (mostly sensitive to high TR to coronal emission).
As a reminder, the initial hot loops in Fig. 7 are obtained from the final states of the simulations shown in Fig. 6. For instance, the initial hot state of m23 is given by the final hot state of m4 (Table 1). However, it takes more than 600 s for the hot loops to reach equilibrium, to which we add ∼104 s of relaxation time (Section 2.3). This is why the light curves at t = 200 s in Fig. 6 tend to (but are not equal to) those at t = 0 s inFig. 7.
For nine of the events, Dolliou et al. (2024) measured the light curves of all of the channels and lines displayed in Figs. 6 and 7. Fig. 6 from their paper, which shows the light curves for three events, is reproduced in Fig. D.1. For most events they studied, the intensity peaks between all channels and lines had short delays below their respective cadence (6 s for AIA and 25 s for SPICE). In our work, the delays observed for models with loops in an initial cool state (Fig. 6) are below these limits, so the results are consistent with observations. On the other hand, for models with loops in an initial hot state (Fig. 7), the delays are too large to be consistent with observations.
We also focus on the relative maximal intensity reached by each EUV channel and line. For all models, HRIEUV reaches higher intensity values than other EUV channels, followed by AIA 171, 193, 211, and 131. As for SPICE, the intensity peak of the C III line is higher than those of O VI, O IV, and Ne VIII. The Mg IX intensity is negligible compared to those of the other lines. This is consistent with observational studies, in which no emission in Mg IX was ever reported (Dolliou et al. 2024; Huang et al. 2023).
Lastly, we notice that the HRIEUV intensity can reach values of the same magnitude for models with cool loops (up to 150 DN s−1, m4) and hot loops (up to 300 DN s−1, m23), despite some of them not reaching coronal temperatures. This is due to the broad response function of HRIEUV, which covers temperatures from the TR to the corona (Fig. C.1). This highlights the fact that events detected by HRIEUV do not necessarily reach coronal temperatures (see also Tiwari et al. 2022).
3.3.2. Light curves computed from group III models
Here, we present the light curves computed from the group III models, with impulsive heating increasingly stronger (Table 2). Figure 8 shows the light curves computed from the simulations with loops in an initial cool state. The results are similar to those obtained in Fig. 6. Indeed, in both cases, we observe co-temporal intensity peaks between all light curves, less than 10 s after the start of the impulsive heating. Furthermore, the intensity of HRIEUV increases above the background for less than 30 s after impulsive heating in model m14 (as in model m3), and for more than 100 s in m16 (as in m7). The relative maximal intensities reached by all channels and lines are also similar to those from group I models.
	[image: thumbnail]	Fig. 8. Light curves for the simulations of two group III models, with loops in an initial cool state (Table 2). This figure is similar to Fig. 6.



Figure 9 shows the light curves of models with loops in an initial hot state. The strength of the impulsive component relative to the gradual component increases with increasing nanoflare energy. This is expected, as higher energies produce higher peak temperatures and therefore a much stronger downward conductive flux to the footpoint (∝T5/2). For the model m35 (Amax= 0.5 erg cm−3 s−1), we observe two co-temporal intensity peaks in HRIEUV, AIA 171, and most SPICE lines. Some aspects of this model are consistent with the observations.
	[image: thumbnail]	Fig. 9. Light curves for the simulations of two group III models, with loops in an initial hot state (Table 2). This figure is similar to Fig. 7.



In observations, successive peaks are frequently observed for events detected in HRIEUV (for instance, Fig. 6a,c in Dolliou et al. 2024, reproduced in Fig. D.1). These successive peaks can have a similar origin to those seen in m35, but it is not the only possible explanation. Indeed, successive peaks can also be the signature of multiple impulsive energy releases. It is also worth noting that light curves in Dolliou et al. (2024) are also obtained by averaging the intensities over a spatial region around the events. Thus, distinct and unresolved magnetic structures can also be responsible for the successive intensity peaks. Furthermore, contrary to observations, not all light curves of m35 are co-temporal with each other. In fact, we still measure delays of about 15 s between the AIA 171 and 193 intensity peaks. Consequently, the observational results are reproduced onlyin part.
3.4. Impact of high density effects and plasma flows on the light curve behavior
We now aim to explain the formation processes of the co-temporal intensity peaks observed between multiple HRIEUV, AIA, and SPICE light curves, which are consistent with observations (Section 3.3). In Section 3.4.1, we use m4 as an example to discuss their origin in models with loops in an initial cool state that evolve into hot loops. Section 3.4.2 presents the only case of a model with a loop in an initial hot state (m35), where two co-temporal intensity peaks appear successively.
3.4.1. Cool loop evolving into a hot loop
Figure 10 (1st row) displays the light curves computed for m4 (Table 1), with a loop in an initial cool state. Specific times (blue vertical lines) are selected for further investigations. The rows 2 to 4 display various parameters at these selected times: the electron temperature, density, and pressure profiles (2nd row); the plasma velocity and the sound speed profiles (3th row); the HRIEUV intensity and the O VI emission profiles (4th row). The temperature and density profiles at t = 95 s (2nd row) are those of the initial cool loop in equilibrium, while the profiles at t = 600 s are those of the final hot loop in equilibrium.
We now explain the physical origin of the co-temporal intensity peaks between most of the light curves at t = 109 s (Fig. 10, 1st row). In the first part, between t = 95 s and t = 109 s, the temperature increases from log Tapex = 4.8 to 5.9, while the density stays constant around log napex = 9.6 (2nd row). Due to the high density along the loop and the sudden increase in temperature to TR values, the intensity of the channels sensitive to the emission of plasma below log T = 6.0 will significantly increase co-temporally during this period (1st row). In particular, both HRIEUV and the O VI lines are sensitive to emission at TR temperatures (Fig. C.1), so their emission increases everywhere along the loop between t = 100 s and t = 109 s (4th row). In the second part, between t = 109 s and t = 140 s, the cool loop evolves into a hot state. As part of this transition, the density decreases in the central part of the loop from log napex = 9.6 to 9.1, while the temperature decreases from log Tapex = 5.9 to 5.5. Because the temperature remains in the TR range, this sharp density decrease is responsible for the co-temporal decrease in the intensity of all channels and lines between t = 109 s and t = 140 s (1st row). Indeed, the intensity of a channel or a line depends on the square of the plasma density (Eq. (C.1)).
	[image: thumbnail]	Fig. 10. Results for model m4, with an initial cool loop. First row from the top: Light curves of HRIEUV, the AIA channels (left), and the SPICE lines (right) between t = 95 s and 200 s. The vertical dotted black lines show the beginning and end of the impulsive heating at 100 s and 110 s. The vertical blue lines indicate the times studied in the panels below. These panels are the same as in Fig. 7. Second row: Electron temperature, density, and pressure profiles around the loop’s central part. Green arrows show the pressure gradients that are responsible for the plasma flows. Third row: Velocity v and sound speed cs profiles. Green arrows indicate the direction of the flows. Fourth row: HRIEUV (in DN cm−1 s−1) and O VI (in mW m−3 s−1) emissivity profiles along the loop. The flows are discussed in detail in Section 3.4.1.



The decrease in density is caused by flows that eject the plasma from the loop center to the chromosphere. They are displayed by the green arrows (3rd row). Their velocity can reach 23 km s−1. These velocities remain subsonic, despite being at some point almost equal to the sound speed, at t = 120 s. These flows are caused by a rupture in the hydrostatic equilibrium due to the impulsive heating. Although the Gaussian spatial profile of the heating is very broad (σev = 2L), the heating amplitude is so large that it produces sizable temperature and pressure gradients directed away from the loop apex. This is clearly seen at t = 109 s in Figure 10 (2nd row). The resulting evacuation of plasma from the loop accommodates the eventual hot equilibrium, which has a much lower density than the original cool equilibrium.
3.4.2. Hot loop submitted to a strong impulsive heating
In this section, we use Fig. 11 to describe the origin of the two successive co-temporal intensity peaks between most of the light curves for m35. These peaks can be seen at t = 107 s and 143 s (Fig. 11, 1st row). We distinguish two types of flows, highlighted by the green and red arrows in the velocity profiles (3rd row). In the following, they will be referred to as the “downflows” (green arrow) and the “upflows” (red arrow).
	[image: thumbnail]	Fig. 11. Same as for Fig. 10, but for the model m35, which consists of an initial hot loop submitted to an impulsive heating with a large maximal amplitude of [image: equation]. Green and red arrows highlight the flows responsible for the density fluctuations indicated by the respective green and red circles. These flows are discussed in detail in Section 3.4.2.



Between t = 95 s and 107 s, the temperature in the coronal part of the loop increases from log Tapex = 5.8 to 6.5 after impulsive heating. An intense downward conduction flux forms from the elevated coronal temperatures and heats the top of the chromosphere. The localized high pressure drives evaporating upflows along the loop (3rd row, red arrow) and downflows (green arrow). The downflows evolve into propagating shock fronts at t = 107 s, as their velocity (up to 40 km s−1) exceeds the local speed of sound in the chromosphere (≈30 km s−1). This results in a dense front forming in the lower TR (2nd row, green circle). Consequently, co-temporal intensity peaks form in multiple channels and lines at t = 107 s (1st row). The emissions mainly come from the location of the dense front, as seen in the HRIEUV and OVI profiles (4th row). This highly compressed plasma cools down fast, through radiation and conduction, while propagating into the chromosphere. As a result, the light curves of all channels will decrease in quick succession, appearingco-temporal.
The evaporating upflows are responsible for density fluctuations throughout the loop, for instance, at t = 115 s (2nd row, red circle). Their velocity can reach up to 100 km s−1, which is below the sound speed in the coronal part of the loop. The evaporative upflows rebound when they collide at the top of the loop. When the resulting downflows hit the TR at t = 143 s, we observe co-temporal intensity peaks in HRIEUV, AIA 171, and most of the SPICE lines. Then, some of the energy continues propagating downward, and some of the energy is reflected back into the loop. The reflection is stronger in hot loops than in cool loops because of the steep density gradient. We then observe other intensity peaks in the HRIEUV and in the AIA 171 light curves, as the reflected flows reach the TR again (1st row, at t = 190 s).
4. Discussion
The aim of our work was to propose a physical explanation for the small EUV brightenings detected by HRIEUV. Assuming they originate from unresolved short loops, we simulated the evolution of impulsively heated short loops in agreement with the events’ properties (apparent length, lifetime, height). We used two models for the initial equilibrium conditions of the loops: cool (T < 105 K) and hot loops (T > 105 K). We performed a parametric analysis over the loops (groups I, II, and IV) and impulsive heating properties (groups III and V). The temperature and density outputs of the simulations were used to compute the synthetic light curves for HRIEUV, four EUV channels of AIA, and five lines measured by SPICE. We assumed the short loops not to be resolved during observations. Therefore, the light curves are computed by averaging the intensity of all LOS covering the loop. The parameters of the models are then constrained by comparing the behavior of the synthetic light curves with those obtained from observations. In particular, we wanted to reproduce the co-temporal intensity peaks seen for most events in the HRIEUV, the SPICE, and the AIA light curves (Dolliou et al. 2023, 2024).
In the following sections, we discuss our results in three main points. In Section 4.1, we explain why impulsively heated cool loops are good candidates to explain the origin of events detected in the HRIEUV sequences. In Section 4.2, we also discuss the alternative scenario of a hot loop subjected to a strong impulsive heating. Finally, in Section 4.3, we highlight how high plasma density and flows may affect the light curves behavior.
4.1. Cool loops are good candidates to explain events detected with HRIEUV
The models that use cool loops as the initial equilibrium state have light curve behaviors in agreement with observations (Dolliou et al. 2024; Huang et al. 2023) and the events’ lifetime (10 to 200 s; Berghmans et al. 2021). Indeed, three key observational results are reproduced: (1) the light curves showed a co-temporal peak (Figs. 6 and 8); (2) after the impulsive heating, the HRIEUV light curve peaks and then decreases in less than 100 s; and (3) the Mg IX intensity peak was negligible compared to the other emission lines measured by SPICE.
This compatibility with the observations was found for a wide range of parameters affecting the geometry of the loop (groups I, II, IV) and the heating (group III). Therefore, wesuggest that impulsively heated cool loops are good candidates to explain the origin of events detected by HRIEUV.
There are two exceptions to this claim. First is the m16 model of a cool loop subjected to strong impulsive heating. Due to the high density (log n = 9.5) and the coronal temperature (log T = 6.2) reached at the apex (Fig. 4), we expect this loop to be (barely) detected in the Mg IX 706.02 Å line. The observations analyzed in Dolliou et al. (2024) set the limits of the Mg IX 706.02 Å line detection to log n = 9.36 at log T = 6.0. Therefore, the model m16 might not be compatible with the fact that no Mg IX 706.02 Å emission associated with events has ever been observed.
The second exception is the m20 model of a cool loop subjected to narrow impulsive heating localized on the left leg of the loop’s central part (Appendix A.2.3). In that case, contrary to observations, there are delays up to 30 s between the intensity peaks of the O VI, O IV, and C III light curves (Fig. A.3). Therefore, under the assumption of an unresolved loop, this is an indication that the impulsive heating might be centered near the apex of the loop. We note that similar conclusions were drawn by Zhukov et al. (2021), assuming a semicircular shape for the loops.
We note that the hypothesis of a cool loop evolving into a hot loop can only explain the origin of isolated EUV brightenings, which do not repeat on the same loop. To explain the origin of the latter, one should consider the possibility of an initial hot loop, as discussed in the next section.
4.2. Hot loops are not consistent with observations, except for strong impulsive heating
Impulsively heated hot loops show significant delays of up to more than 30 s between the intensity peaks of the AIA 171 and 193 light curves (Sections 3.3.1 and 3.3.2). As such, most models with loops in an initial hot state are not consistent with observations. There is one exception, when the hot loop is subjected to strong impulsive heating (m35). In that case, the following observational properties are reproduced: (1) the HRIEUV, the AIA 171, and the SPICE light curves have two successive co-temporal intensity peaks with 35 s of delay (Section 3.3.2); (2) we expect the Mg IX 706.02 Å line to remain undetected even if the loop reaches coronal temperature (log T = 6.5), because its density (log n = 9.25, Fig. 4) remains below the confidence level to detect the line (log n = 9.36, Dolliou et al. 2024). However, not all results of m35 are in agreement with observations, as delays up to ≈15 s still exist between the AIA 171 and AIA 193 intensity peaks. Nevertheless, we suggest that hot loops subjected to strong impulsive heating are good candidates to explain the origin of some events, including those showing two successive intensity peaks (Fig. 6a,c, Dolliou et al. 2024) and those that appear in short loops already visible in HRIEUV prior to them (Fig. 5a, Dolliou et al. 2024). Indeed, we can expect the initial hot loop at TR temperature to be visible in HRIEUV, considering the response function of the instrument (Fig. C.1).
The m35 model is an exception among models with loops in an initial hot state. Downward-propagating shock fronts and evaporating upflows (up to 100 km s−1) form at the top of the chromosphere due to strong conductive flux. The latter is thus required to create co-temporal intensity peaks between the light curves that are consistent with observations (Sect. 3.4.2). It can be induced by strong impulsive heating (m35) or a lower pressure in the loop (m30, Fig. A.2). There are some published arguments supporting the claim that events are associated with strong impulsive heating. First, they are mainly distributed around the chromospheric network (Berghmans et al. 2021), where the radial component of the photospheric Poynting flux tends to be larger (|Sz| ∼ 108 erg cm−2 s−1) than the rest of the QS (|Sz| ∼ 107 erg cm−2 s−1, Tilipman et al. 2023). While most of the energy is released and the chromosphere, and taking into account the expansion of the magnetic flux, we can still hypothesize that the energy release below 5000 above the photosphere is higher near the chromospheric network compared to the rest of the QS. Second, Nelson et al. (2024) found that the events are mainly located above strong photospheric magnetic field regions (around 80.1% of them). A stronger field can then result in larger energy release compared to the rest of the QS. Consequently, it is reasonable to suggest that at least part of the events might correspond to the m35 case.
Despite being subject to potentially strong impulsive heating, there are also arguments claiming that the events’ emission is, for the most part, not coronal. Dolliou et al. (2024) estimated the DEM of one event by applying an inversion algorithm on the lines intensities measured with EIS. They find that the event’s emission mainly comes from plasma at TR temperatures (T ∼ 105 K). This suggests that this specific event is not explained by the m35 model. If that were the case, the event should be associated with coronal emission visible in EIS given its typical coronal temperature (up to log T = 6.5) and density (log n = 9.25, Fig. 4) at the loop apex. Nevertheless, the last statement is subject to the instrumental limitations of EIS, including its spatial resolution (3″2). Assuming the events have a small filling factor, the emission from plasma at coronal temperature might remain below noise level.
4.3. High density and plasma flows at the origin of co-temporal intensity peaks
As a reminder, Dolliou et al. (2023) measured the delays between the intensity peaks of pairs of AIA channels associated with the QS events detected with HRIEUV. For nine pairs, they showed that most events were characterized by short delays below the AIA cadence (12 s), with some variation around the mean value below 1 min. They suggested two possible interpretations for the short delays of the main event population: (1) the plasma temperature reaches values below 1 MK, where the response functions of the AIA EUV channels behave similarly; or (2) the temperatures do reach values above 1 MK, but the short cooling timescales combined with the limitation of the AIA cadence (12 to 6 s) imply that the delays are not resolved. From our simulations, we suggest another interpretation (3) for the short delays: the impact of combined high density effects and plasma flows resulting from impulsive heating.
Interpretation (1) is the explanation for the short delays between the intensity peaks in m1, m2 (Fig. 6) and m14 (Fig. 8). In fact, none of these three cool loops evolve into a hot loop (Fig. 3). Therefore, the density profile along the loop will remain the same, and the short delays can be explained by (1). On the other hand, interpretation (2) is not verified in our simulations. The models with initial hot loops show delays above 30 s between the AIA 193 and AIA 171 intensity peaks (Fig. 7). In that case, the radiative and conductive cooling of the loops’ coronal part is not sufficiently fast to produce time delays below the AIA cadence of 12 s. Of course, this conclusion is subject to our choice of radiative loss function, which is further discussed in Appendix B.
With regard to interpretation (3), high density effects and plasma flows can also induce co-temporal intensity peaks among all the HRIEUV, AIA, and SPICE light curves. We showed this for models with loops in an initial cool state evolving into a hot state (Section 3.4.1), and in one example of a loop in an initial hot state (m35, Section 3.4.2). Taking m4 as an example (initial cool state), the light curves peak co-temporally for all channels in less than 10 s after impulsive heating because of the rapid heating to log T ≥ 5.0 and of high density all along the loop. Then, the intensities of all channels decrease co-temporally for about 50 s, while the density of the loop decreases because of plasma flows (around 20 km s−1). This is the period when the plasma is ejected out of the loop into the chromosphere, and when the initial cool loop evolves into a final hot loop. We note that the timescale of this period (50 s) is inferior to the radiative cooling timescale when the loop is heated up to log T = 5.8 (≈500 s), but is similar to the evacuation timescale of the loop (≈75 s for a 20 km s−1 flow). This highlights the importance of plasma flows and density effects for the light curve behavior in models with loops in an initial cool state and evolving into a hot state. As for m35, the formation of downward propagating shock fronts and evaporating upflows (up to 100 km s−1) are responsible for the two co-temporal intensity peaks between some channels (Section 3.4.2). Similar dense fronts and flows are also present for models with loops in an initial hot state other than m35, but with lower front density and flow velocities. Their impact on the light curves behavior is therefore reduced, but not null. For example, in the case of m22, they are responsible for the co-temporal peak seen in the C III, O IV, and O VI light curves at t= 108 s (Fig. 7).
In the observations, flows associated with events detected in HRIEUV have been previously reported. Using IRIS, Nelson et al. (2023) measured ≈22 km s−1 Doppler velocities with chromospheric lines (∼104 K) on QS events. This is in line with the ≈23 km s−1 flows in m4 resulting from the evolution of a cool loop into a hot loop (Section 3.4.1). Furthermore, the simulated flows are associated with plasma at temperatures ranging between log T = 4.5 and 5.5 (Fig. 10), which is consistent with the emission temperature of the lines measured with IRIS.
We can also compare our results with EEs in the QS (Teriaca et al. 2004), investigated with the Solar Ultraviolet Measurements of Emitted Radiation (SUMER, Wilhelm et al. 1995) on board the Solar and Heliospheric Observatory (SOHO, Domingo et al. 1995). Explosive events are small (≈1.6 Mm) and short-lived (≈60 s) impulsive emissions detected in the O VI 1031.9 Å line (log T = 5.6), with Doppler velocities up to ≈100 km s−1. Their properties are very similar to those of the events detected by HRIEUV (Berghmans et al. 2021). Thus, it is largely believed that part of our EUV events are EEs (Nelson et al. 2023). In our case, Doppler velocities measured in EEs are consistent with the flows of plasma at TR temperatures in m35, up to 100 km s−1. Thus, we suggest that EEs may originate from short loops in a hot state subjected to a strong impulsive heating. This is in line with the other models, such as the one proposed by Peter et al. (2019): a small magnetic patch reconnecting with larger field lines of opposite polarity.
5. Conclusion
In this work, we interpret the QS EUV brightenings detected in HRIEUV as the result of impulsive plasma heating in short loops. We provide models with loops in an initial cool (T < 1 × 105 K) or hot state (T > 1 × 105 K). We find that models with impulsively heated cool loops reproduce well the light curve behavior of the events observed in HRIEUV, SPICE, and AIA. Thus, we suggest that they are good candidates for explaining their physical origin. On the other hand, impulsively heated hot loops models are not consistent with observations, except when the loop is subjected to strong impulsive heating (corresponding to an injected energy of 2.4 erg cm−3). This model is also a promising lead for explaining the origin of some events, including those with two co-temporal intensity peaks and those within a short loop already visible in HRIEUV prior to the events themselves.
We also tested the cases of loops with an elliptical shape (group IV, Appendix A.2.2) and impulsive heatings with a narrow distribution function, located at the apex of the loop or at only one footpoint (group V, Appendix A.2.3). The light curves resulting from group IV models do not show any significant differences compared to those of loops with a semicircular geometry. On the other hand, the results from group V (strong and narrow heating) show that the intensity peaks of the SPICE light curve can have time delays up to 25 s, if the initial cool loop is subjected to an impulsive heating with a narrow distribution function localized near the chromosphere. This suggests that the impulsive heating at the origin of EUV brightenings might be localized near the apex of the loop. However, the cadence of the SPICE light curves is also equal to 25 s in Dolliou et al. (2024). Such time delays between the intensity peaks might not be temporally resolved. As a reminder, this conclusion is based on the assumption that the intensities are averaged over the whole loop. Given a resolved loop and a heating localized on one of the footpoints, the light curve results could be very different, depending on where the LOS is.
We evaluated whether the behavior of the HRIEUV, AIA, and SPICE light curves is a good diagnostic to definitively test if the events reach coronal temperatures. We show that this is not the case (Fig. 4). Indeed, some of the models with light curves showing co-temporal intensity peaks can originate from loops reaching coronal temperatures (m7, m16, m35), while others originate from loops not reaching 1 MK (e.g., m1 to m4). This result is also supported by the behavior of the hotter light curve (Mg IX), which closely mimics the observations.
In conclusion, measuring the delays between the intensity peaks of the HRIEUV, SPICE, and AIA light curves is an effective diagnostic to determine the thermal model of the initial state of the loop (cool or hot). However, by itself, it is not a sufficient diagnostic to state whether the loop reaches or does not reach coronal temperatures (see also Chen et al. 2025). It should be combined with measurements of Doppler velocity to assess whether plasma flows play a role in the observed co-temporal intensity peaks. Additionally, temperature diagnostics with spectroscopy measuring a wide range of TR to coronal lines is preferred when possible. The Mg IX line measured with SPICE is weak in the QS, so no emission can be detected even if the loop reaches temperatures above log T ≥ 6.0. As of now, only EIS can provide strong coronal lines in the QS. Therefore, it is the only instrument that can precisely measure the event emission at log T > 6.0. However, the spatial resolution (3″) and exposure time of EIS (60 s in Dolliou et al. 2024) are strong limitations. Indeed, small events are generally not resolved by EIS and have a low filling factor. Therefore, they might remain undetected in the coronal lines of EIS, even if they do reach coronal temperatures. In the long term, these limitations should be addressed by the future Solar-C/EUV High-throughput Spectroscopic Telescope (EUVST, Shimizu et al. 2019), as it will reach higher spatial (0.4″) and temporal resolutions (1 s). The lines measured by EUVST are also expected to cover plasma temperatures from the chromosphere (∼104 K) to the corona (∼106 K). Coordinated sequences including HRIEUV and EUVST will be well suited to measure the events’ temperatures. Spectroscopic diagnostics applied to a large sample of events will allow us to evaluate the proportion of events that reach coronal temperatures with more precision. This is necessary to understand their contribution to the total observed coronal emission. Furthermore, their impact on TR heating must also be evaluated in future studies.


1 https://github.com/rice-solar-physics/HYDRAD, consulted on 2024 August 5.


2 https://sohoftp.nascom.nasa.gov/solarsoft/hinode/eis/doc/eis_notes/08_COMA/eis_swnote_08.pdf, consulted on 2024 April 16.


3 https://gitlab.com/LMSAL_HUB/aia_hub/aiapy, consulted on 2024 August 5.
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Appendix A:  Results for groups II, IV, and V
In this section we present the results for the groups II (Table A.1), IV (Table A.2) and V (Table A.3) models. In Section A.1, we show the temperature and the density reached by each model in the apex at the time of the temperature peak. In Section A.2, we comment the light curves of HRIEUV, four EUV channels of AIA, and five emission lines computed from the simulations outputs.
A.1. Electron temperature and density reached after impulsive heating
	[image: thumbnail]	Fig. A.1. Maximal electron temperature Tmax and minimal electron density nmin reached during the simulation over the entire loop profile. Prior to the impulsive heating, the initial values Tini and nini are also given when the loops were in equilibrium. Results for models from the groups II, IV and V are separated by columns from left to right, with the X-axis being the changing parameter associated with each group. Every models number given in Tables 1–2 (i.e., m1 to m35) are displayed on top of their respective data points (crosses), either for an initial cool (top row) or hot loop (bottom row). The horizontal black line delimits the 1 MK temperature.



For the groups II, IV and V models, Figure A.1 displays the electron temperature and density at the apex when the loop was initially at equilibrium (Tini, nini), and at the times of the temperature peak after impulsive heating (Tmax, nmax). We notice that all models with loops in an initial hot state have Tmax above 1 MK. Therefore, the impulsive heating associated with these models is likely to contribute to coronal emission above 1 MK. As for models with loops in an initial cool state, most of the loops do not reach coronal temperatures. The exceptions are for loops with lower pressure (m11, P0 = 0.05 dyne cm−2) and for the loop in the m40 model. In the latter, the impulsive heating has a higher maximal amplitude ([image: equation]) and is more narrowly distributed (σev = 0.1L ) around the loop center than most other models ([image: equation] and σev = 2L ). This is why it was to be expected that the loop in m30 reaches higher temperatures at the apex (log Tmax = 6.2) than other models with loops in an initial cool state.
A.2. Light curves
In this section, we show the results of the light curves for models of group II (Section A.2.1), group IV (Section A.2.2) and group V (Section A.2.3).
A.2.1. Group II: Increasing the pressure P0 at the top of the chromospheric legs
Table A.1. 
Parameters of the group II models.

	[image: thumbnail]	Fig. A.2. Light curves for the simulations of group II models (Table A.3), with loops in an initial cool or hot states. The figure is similar to Fig.6



Figure A.2 shows the light curves of group II models (Table A.1), with an increasing pressure at the top of the vertical legs from P0 = 0.05 dyne cm−2 to 0.5 dyne cm−2. We present the results for models with loops in an initial cool state (m4 and m18) and in an initial hot state (m23 and m37). Regarding m4 and m18, the results are very similar to those from group I models with loops in an initial cool state (Fig. 6).
The model m30 with a loop in an initial hot state and a low pressure (P0 = 0.05 dyne cm−2) shows a co-temporal intensity peak at t= 107 s between all light curves. We also notice another intensity peak by HRIEUV and AIA 171 around t= 135 s. These intensity peaks are caused by flows similar to those in m35 (Section 3.4.2). Instead of resulting from a large amplitude in the impulsive heating (e.g.,m35), the flows in m30 are boosted by the lower pressure and viscosity. Therefore, increasing the impulsive heating amplitude or decreasing the pressure of a loop in a hot state has a similar impact to the light curves: both results in co-temporal intensity peaks. Finally, the HRIEUV, AIA 171, 193 and SPICE light curves of the model m32 decrease co-temporally after impulsive heating. This is because the loop temperature slightly increases above log T = 6.2 (Fig. A.1), which is above the temperature peak of the response and contribution functions of most channels and lines (Fig. C.1). After t= 110 s, the light curves slowly increases while the loop cools down through conduction and radiations.
A.2.2. Group IV: Increasing the elongation of semielliptical loops
We now present the results for the group IV models (Table A.2). Loops from these models have a semielliptical shape with two semiaxis a and b along x and z, respectively (Section 2.1). In group IV, the elongation a of the loop increases from a= 96 Mm (m4 and m23) and to 2.5 Mm (m18 and m37), while the loop’s height b remains constant. The m23 models corresponds to the semicircular case with L= 3 Mm.
Figure A.4 shows the light curves of group IV models with loops in an initial cool state and in an initial hot state. The results are similar to those from group I models (Section 3.3.1). In our parameters range, changing the loop elongation a in the semielliptical case has a similar effect to changing the loop length L in the semicircular case.
A.2.3. Group V: (A)symmetric and narrow heating
We present the results for the group V models (Table A.3), with an impulsive heating following a narrow deposition function, either located on the loop center (m19, m38) or on the left side (m20, m39).
Figure A.3 displays the light curves for all models. Regarding model m19, all light curves have an intensity peak with less than 10 s of delay. These results are similar to other models with loops in an initial cool state. m20, on the other hand, has delays up to 30 s between the O VI and the C III light curves. When the center of the deposition function is not localized on the loop apex, delays can appear between the intensity peaks of the SPICE light curves. As for models with loops in an initial hot state (m38 and m39), we notice more than 30 s delays between the HRIEUV and AIA 193 intensity peaks. As such, the results are similar to other models with loops in an initial hot state.
Table A.2. 
Parameters of the group IV models.

	[image: thumbnail]	Fig. A.3. Light curves for the simulations of group IV models (Table A.3), with loops in an initial cool or hot state. The figure is similar to Fig.6



	[image: thumbnail]	Fig. A.4. Light curves for the simulations of group V models (Table A.3), with loops in an initial cool or hot state. The figure is similar to Fig.6



Table A.3. 
Parameters of the group V models.


Appendix B:  Existence criteria for cool loops
In this appendix, we discuss the existence criteria on cool loops. Assuming that the radiative loss function follows a power law Λ(T)∝Tb, and that the atmospheric heating follows H0 ∝ nγ, the condition γ < 2 implies that cool loops in equilibrium can only exist if b > 2 for T < 105 K (Antiochos & Noci 1986; Cook et al. 1989). Taking this condition into account, Cally & Robb (1991) argued that the existence of cool loops in the solar atmosphere is unlikely, because their equilibrium condition b > 2 cannot be reached. Indeed, the authors referred to the work by done Athay (1986), who reviewed the correction of the optical depth effects applied by McClymont & Canfield (1983). They concluded that the exponent b = 3 for Λ(T) is over-estimated, and a more realistic exponent should be closer to b = 2 for temperatures below 1 × 105 K.
However, Peter et al. (2004) simulated the existence of cool and dense structures emitting at chromospheric to lower temperatures, using a 3D MHD code developed by (Gudiksen & Nordlund 2002, 2005a,b). The authors used an optically thin radiative loss function without any correction for the optical depth effects. These cool and dense structures were similar to the low-lying loops (below 5 Mm) observed in IRIS and AIA, which are episodically heated to TR temperatures (T ∼ 105 K), (Hansteen et al. 2014). This provides evidence that structures similar to the cool loops described by Antiochos & Noci (1986) are likely to exist in the solar atmosphere. Furthermore, Sasso et al. (2012) have thoroughly evaluated the equilibrium conditions of cool loops over a wide variety of models for the radiative loss function. The authors showed that cool loops in a "quasi-static" state could exist for many models of radiative loss functions, including power laws with exponents equal to b = 2 and b = 3, and radiative loss functions computed by the atomic database and code CHIANTI (Dere et al. 1997), version 6 (Dere et al. 2009). The authors defined "quasi-static" cool loops as those with oscillating temperature and density profiles that do not evolve into instability. These results are an argument in favor of the existence of cool loops in a quasi-static or equilibrium state in the solar atmosphere.
In this work, we aim to understand the observational signatures of low-lying loops submitted to impulsive heating. Thus, we chose to use the radiative loss function derived by McClymont & Canfield (1983) to easily create cool loops in equilibrium with a variety of loops and heating models (Section 2.4).

Appendix C:  Forward modeling
In this section, we discuss the method used to compute the light curves for HRIEUV, four EUV channels of AIA and five emission lines measured by SPICE. The intensities are derived from the simulations outputs of electron temperature and density profiles along s, along with the response and contribution functions of each channel and lines (Fig. C.1).
The forward modeling method requires us to build 2D maps of the electron temperature and density at each time step, in order to integrate the intensity along lines of sights (LOS). To do this, we use the (x, z) coordinates defined in Section 2.1. The diameter of the loop cross-section is assumed to be constant for all models and equal to h= 0.2 Mm.
Figure C.2 shows the electron temperature and density 2D maps for the initial cool loop in equilibrium of the m4 model, on a (x, z) grid. The pixel size is equal to 10 and 1 km along x and z, respectively. The LOS are defined as vertical and uniformly separated by 20 km along x. The intensities I are obtained by integrating the emission along the LOS:
[image: thumbnail](C.1)
We assumed quasi-neutrality (ne ≈ ni). The contribution function G (Fig. C.1b) is used to compute the intensities of the lines measured with SPICE. For imagers (HRIEUV and AIA), G is being replaced by the response function R (Fig. C.1a). In both cases, G and R contain the relevant atomic physics to derive the line emissivity or the channel intensity. They are computed using the atomic database and code CHIANTI (Dere et al. 1997), version 10.1 (Del Zanna et al. 2021; Dere et al. 2023). We assume the photospheric abundances estimated by Asplund et al. (2021), and the ionization equilibrium recommended by this version of CHIANTI. For the EUV channels of AIA, we take into consideration the instrument degradation estimated on 2022 March 8, as it was the date of the main event dataset from Dolliou et al. (2024). The degradation values were given by the aiapy (Barnes et al. 2020)3
 open project.
At each time step, deriving Eq. C.1 results in an intensity for each LOS and each channels or lines. The light curves are directly obtained by averaging the intensity over all of the LOS for each time steps of the simulations.
	[image: thumbnail]	Fig. C.1. Response functions of (a) HRIEUV, four EUV channels of AIA and (b) and contribution functions of five emission lines measured by SPICE, computed with CHIANTI V 10.1. The abundance is set to ones estimated in the corona by Asplund et al. (2021) and the ionization equilibrium is the one recommended by CHIANTI. Here, the density is fixed to ne = 1 × 109 cm−3.



	[image: thumbnail]	Fig. C.2. Electron temperature Te and density ne from the initial cool loop in equilibrium of the m4 model in the 2D plane (x, z), described in section 2.1. The cross-section diameter is constant and set to h= 0.2 Mm. The vertical black lines are the LOSs chosen to compute the HRIEUV, AIA and SPICE intensities. They are uniformly separated along x by 20 km.




Appendix D:  Additional figures
	[image: thumbnail]	Fig. D.1. Reproduction of Fig.6 from Dolliou et al. (2024), with permission from the authors. The light curves of HRIEUV, the five lines measured by SPICE, and the four AIA channels are given for three EUV brightenings called E9 (a), E4 (b), and E2 (c). The vertical black lines indicate the SPICE times closest to the HRIEUV peaks. Detailed information about the vertical black and blue lines are given in the original paper.



	[image: thumbnail]	Fig. D.2. Same as for Fig.10, zoomed-in to the right side of the loop, for the model m19 (Table A.3). This model consists of an initial hot loop submitted to an impulsive heating with a narrow deposition function (σev = 0.1L) localized at the center of the loop (sev = Lc + L/2).



	[image: thumbnail]	Fig. D.3. Evolution of the electron temperature (top row) and density (bottom row) profiles for two models with the initial cool state of m2 (L= 1 Mm). Each column corresponds to an impulsive heating with the following parameters: (a) [image: equation], σev = 2L and sev = Lc + L/2 ; (b) [image: equation], σev = 0.1L and sev = Lc + L/2 ; (c) [image: equation], σev = 0.1L and sev = Lc + 0.1L. The starting time of the impulsive heating is set at tev= 100 s. The black vertical lines indicate the basis of the loop central part and the horizontal dotted red line shows the value log T = 5.0.
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	[image: thumbnail]	Fig. 1. Geometry of a loop composed of a semicircular central part of length L and apparent radius R (in blue), with two vertical legs of length Lc (in black). Vector s follows the magnetic axis of the loop, from left to right by convention. The electron temperature, density, and pressure are respectively indicated at the apex (s = Lc + L/2) as Tapex, napex, and Papex, and at the top of the vertical legs (s = Lc and s = Lc + L) as T0, n0, and P0.
In the text



	[image: thumbnail]	Fig. 2. Examples of a cool (left column) and a hot (right column) loop in equilibrium. Top row: Electron temperature (K) and density (10−4 cm−3) profiles along the loop. Bottom row: Profiles of the electron energy conservation terms along the loop: H = 2.3 × 10−3 erg cm−3 s−1 (red lines) is the uniform and constant heating term; QR is the power loss due to radiations; and Ce(+) (dotted light green lines) and Ce(−) (dark green lines) are the electron conduction, respectively, when they are a heating or a cooling term.
In the text



	[image: thumbnail]	Fig. 3. Evolution of the electron temperature (top row) and density (bottom row) profiles with time for the simulations with the models (a) m1, (b) m2, and (c) m3 (L= 0.5, 1 and 3 Mm). The starting time of the impulsive heating is set at tev = 100 s. The vertical black lines indicate the basis of the loop’s central part and the horizontal dotted red line shows the values log T = 5.0. tev + 2 s (green) and tev + 4 s (red), which are the closest recorded times when m4 and m2 reach apex temperatures above log T = 5.0.
In the text



	[image: thumbnail]	Fig. 4. Electron temperature Tmax and density nmax at the loop center (s = Lc + L/2) at the time of the temperature peak after the impulsive heating. Prior to the impulsive heating, the initial values Tini and nini at the loop center are provided for the loops in equilibrium. Results for groups I (left column) and III (right column) are shown for initial cool (upper row) and hot loops (lower row). The X-axis is the changing parameter associated with each group (L or Amax). Model numbers given in Tables 1 and 2 (i.e., m1 to m35) are displayed on top of their respective data points (crosses). The horizontal black line delimits the 1 MK temperature, above which the heating is likely to contribute to coronal heating.
In the text



	[image: thumbnail]	Fig. 5. Evolution with time of the electron temperature and density at the loop center (s = Lc + L/2) for two models with an initial cool loop (m4) and an initial hot loops (m23) of similar length (L = 3 Mm). The dotted vertical line indicates the starting time of the impulsive heating.
In the text



	[image: thumbnail]	Fig. 6. Light curves for the simulations of four group I models, with loops in an initial cool state (Table 1). In this case, the length L of the loop’s central part increases from 0.5 Mm to 5.5 Mm. The intensities correspond to four AIA channels (left column), five SPICE lines (right column), and HRIEUV (on the right axis of all subfigures). For better visibility, the intensity of the C III line is divided by 10. Results are presented between t = 90 and 200 s, with the start (t = 100 s) and the end times (t = 110 s) of the impulsive heating indicated by two vertical dotted lines.
In the text



	[image: thumbnail]	Fig. 7. Light curves for the simulations of two group I models, with loops in an initial hot state (Table 1). This figure is similar to Fig. 6.
In the text



	[image: thumbnail]	Fig. 8. Light curves for the simulations of two group III models, with loops in an initial cool state (Table 2). This figure is similar to Fig. 6.
In the text



	[image: thumbnail]	Fig. 9. Light curves for the simulations of two group III models, with loops in an initial hot state (Table 2). This figure is similar to Fig. 7.
In the text



	[image: thumbnail]	Fig. 10. Results for model m4, with an initial cool loop. First row from the top: Light curves of HRIEUV, the AIA channels (left), and the SPICE lines (right) between t = 95 s and 200 s. The vertical dotted black lines show the beginning and end of the impulsive heating at 100 s and 110 s. The vertical blue lines indicate the times studied in the panels below. These panels are the same as in Fig. 7. Second row: Electron temperature, density, and pressure profiles around the loop’s central part. Green arrows show the pressure gradients that are responsible for the plasma flows. Third row: Velocity v and sound speed cs profiles. Green arrows indicate the direction of the flows. Fourth row: HRIEUV (in DN cm−1 s−1) and O VI (in mW m−3 s−1) emissivity profiles along the loop. The flows are discussed in detail in Section 3.4.1.
In the text



	[image: thumbnail]	Fig. 11. Same as for Fig. 10, but for the model m35, which consists of an initial hot loop submitted to an impulsive heating with a large maximal amplitude of [image: equation]. Green and red arrows highlight the flows responsible for the density fluctuations indicated by the respective green and red circles. These flows are discussed in detail in Section 3.4.2.
In the text



	[image: thumbnail]	Fig. A.1. Maximal electron temperature Tmax and minimal electron density nmin reached during the simulation over the entire loop profile. Prior to the impulsive heating, the initial values Tini and nini are also given when the loops were in equilibrium. Results for models from the groups II, IV and V are separated by columns from left to right, with the X-axis being the changing parameter associated with each group. Every models number given in Tables 1–2 (i.e., m1 to m35) are displayed on top of their respective data points (crosses), either for an initial cool (top row) or hot loop (bottom row). The horizontal black line delimits the 1 MK temperature.
In the text



	[image: thumbnail]	Fig. A.2. Light curves for the simulations of group II models (Table A.3), with loops in an initial cool or hot states. The figure is similar to Fig.6
In the text



	[image: thumbnail]	Fig. A.3. Light curves for the simulations of group IV models (Table A.3), with loops in an initial cool or hot state. The figure is similar to Fig.6
In the text



	[image: thumbnail]	Fig. A.4. Light curves for the simulations of group V models (Table A.3), with loops in an initial cool or hot state. The figure is similar to Fig.6
In the text



	[image: thumbnail]	Fig. C.1. Response functions of (a) HRIEUV, four EUV channels of AIA and (b) and contribution functions of five emission lines measured by SPICE, computed with CHIANTI V 10.1. The abundance is set to ones estimated in the corona by Asplund et al. (2021) and the ionization equilibrium is the one recommended by CHIANTI. Here, the density is fixed to ne = 1 × 109 cm−3.
In the text



	[image: thumbnail]	Fig. C.2. Electron temperature Te and density ne from the initial cool loop in equilibrium of the m4 model in the 2D plane (x, z), described in section 2.1. The cross-section diameter is constant and set to h= 0.2 Mm. The vertical black lines are the LOSs chosen to compute the HRIEUV, AIA and SPICE intensities. They are uniformly separated along x by 20 km.
In the text



	[image: thumbnail]	Fig. D.1. Reproduction of Fig.6 from Dolliou et al. (2024), with permission from the authors. The light curves of HRIEUV, the five lines measured by SPICE, and the four AIA channels are given for three EUV brightenings called E9 (a), E4 (b), and E2 (c). The vertical black lines indicate the SPICE times closest to the HRIEUV peaks. Detailed information about the vertical black and blue lines are given in the original paper.
In the text



	[image: thumbnail]	Fig. D.2. Same as for Fig.10, zoomed-in to the right side of the loop, for the model m19 (Table A.3). This model consists of an initial hot loop submitted to an impulsive heating with a narrow deposition function (σev = 0.1L) localized at the center of the loop (sev = Lc + L/2).
In the text



	[image: thumbnail]	Fig. D.3. Evolution of the electron temperature (top row) and density (bottom row) profiles for two models with the initial cool state of m2 (L= 1 Mm). Each column corresponds to an impulsive heating with the following parameters: (a) [image: equation], σev = 2L and sev = Lc + L/2 ; (b) [image: equation], σev = 0.1L and sev = Lc + L/2 ; (c) [image: equation], σev = 0.1L and sev = Lc + 0.1L. The starting time of the impulsive heating is set at tev= 100 s. The black vertical lines indicate the basis of the loop central part and the horizontal dotted red line shows the value log T = 5.0.
In the text
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        Evolution of the electron temperature (top row) and density (bottom row) profiles with time for the simulations with the models (a) m1, (b) m2, and (c) m3 (L= 0.5, 1 and 3 Mm). The starting time of the impulsive heating is set at tev = 100 s. The vertical black lines indicate the basis of the loop’s central part and the horizontal dotted red line shows the values log T = 5.0. tev + 2 s (green) and tev + 4 s (red), which are the closest recorded times when m4 and m2 reach apex temperatures above log T = 5.0.
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        Evolution with time of the electron temperature and density at the loop center (s = Lc + L/2) for two models with an initial cool loop (m4) and an initial hot loops (m23) of similar length (L = 3 Mm). The dotted vertical line indicates the starting time of the impulsive heating.
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        Light curves for the simulations of two group I models, with loops in an initial hot state (Table 1). This figure is similar to Fig. 6.

      

    

  
    
      Fig. 10. 
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        Results for model m4, with an initial cool loop. First row from the top: Light curves of HRIEUV, the AIA channels (left), and the SPICE lines (right) between t = 95 s and 200 s. The vertical dotted black lines show the beginning and end of the impulsive heating at 100 s and 110 s. The vertical blue lines indicate the times studied in the panels below. These panels are the same as in Fig. 7. Second row: Electron temperature, density, and pressure profiles around the loop’s central part. Green arrows show the pressure gradients that are responsible for the plasma flows. Third row: Velocity v and sound speed cs profiles. Green arrows indicate the direction of the flows. Fourth row: HRIEUV (in DN cm−1 s−1) and O VI (in mW m−3 s−1) emissivity profiles along the loop. The flows are discussed in detail in Section 3.4.1.

      

    

  
    
      Fig. 11. 
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        Same as for Fig. 10, but for the model m35, which consists of an initial hot loop submitted to an impulsive heating with a large maximal amplitude of [image: equation]. Green and red arrows highlight the flows responsible for the density fluctuations indicated by the respective green and red circles. These flows are discussed in detail in Section 3.4.2.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Maximal electron temperature Tmax and minimal electron density nmin reached during the simulation over the entire loop profile. Prior to the impulsive heating, the initial values Tini and nini are also given when the loops were in equilibrium. Results for models from the groups II, IV and V are separated by columns from left to right, with the X-axis being the changing parameter associated with each group. Every models number given in Tables 1–2 (i.e., m1 to m35) are displayed on top of their respective data points (crosses), either for an initial cool (top row) or hot loop (bottom row). The horizontal black line delimits the 1 MK temperature.
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        Light curves for the simulations of group II models (Table A.3), with loops in an initial cool or hot states. The figure is similar to Fig.6

      

    

  
    
      Fig. A.3. 

      
        [image: thumbnail]
      

      
        Light curves for the simulations of group IV models (Table A.3), with loops in an initial cool or hot state. The figure is similar to Fig.6
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        Light curves for the simulations of group V models (Table A.3), with loops in an initial cool or hot state. The figure is similar to Fig.6

      

    

  
    
      Fig. C.1. 
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        Response functions of (a) HRIEUV, four EUV channels of AIA and (b) and contribution functions of five emission lines measured by SPICE, computed with CHIANTI V 10.1. The abundance is set to ones estimated in the corona by Asplund et al. (2021) and the ionization equilibrium is the one recommended by CHIANTI. Here, the density is fixed to ne = 1 × 109 cm−3.

      

    

  
    
      Fig. D.3. 

      
        [image: thumbnail]
      

      
        Evolution of the electron temperature (top row) and density (bottom row) profiles for two models with the initial cool state of m2 (L= 1 Mm). Each column corresponds to an impulsive heating with the following parameters: (a) [image: equation], σev = 2L and sev = Lc + L/2 ; (b) [image: equation], σev = 0.1L and sev = Lc + L/2 ; (c) [image: equation], σev = 0.1L and sev = Lc + 0.1L. The starting time of the impulsive heating is set at tev= 100 s. The black vertical lines indicate the basis of the loop central part and the horizontal dotted red line shows the value log T = 5.0.
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