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Coronal energy release by MHD avalanches
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ABSTRACT

Context.|Outflows perpendicular to the guide field are believed to be a possible signature of magnetic reconnection in the solar corona
and specifically a way to detect the occurrence of ubiquitous small-angle magnetic reconnection.

Aims. The spheric
Image Assembly (AIA) on-board the Solar Dynamics Observatory and the forthcoming MUItislit Solar Explorer (MUSE). in a real-
istically dynamic coronal loop environment in which a magnetohydrodynamic (MHD) avalanche is occurring.

Methods. We consider a 3D MHD model of two magnetic flux tubes, including a stratified, radiative and thermal-conducting at-
mosphere, twisted by footpoint rotation. The faster rotating flux tube becomes kink-unstable and soon involves the other one in the
avalanche. The turbulent decay of this magnetic structure on a global scale leads to the formation, fragmentation, and dissipation of
current sheets driving impulsive heating akin to a nanoflare storm. We captured a clear outflow from a reconnection episode soon after
the initial avalanche and synthesized its emission as detectable with AIA and MUSE.

Results. The outflow has a maximum temperature around 8 MK, a total energy of 10** erg, a velocity of a few hundred km/s, and a
duration of less than 1 min. We show the emission in the AIA 94 A channel (Fe xvi line) and in the MUSE 108 A Fe xix spectral line.
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Conclusions. This outflow shares many features with nanojets recently detected at lower temperatures. Its

ke, howeve, s detecton dificult with ATA. but Dopplershifscan be measured with MUSE Conions hecome diffrent n

later steady state phase when the flux tubes are filled with denser and relatively cooler plasma.
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The interplay between coronal magnetic field and photospheric
motions might explain the starkly high temperature measured

in the solar corona (Alfvén||1947; Parker| |1988, |Gudiksen &
Nordlund|2005Klimchuk| 2015}, [Testa & Reale][2023). In par-

ticular, coronal heating might be the global result of discrete
heating events occurring where magnetic braiding induces small
scale, sub arcsec (the typical loops strands cross-sections are
of 10-100km according to [Beveridge et al]2003}; [Klimchuk
et al|[2008}; [Vekstein|[2009) current sheets (DC heating, [Klim-
chuk|2009; Viall & Klimchuk|2011)). These elemental and local-
ized events have been referred to as ‘nanoflares’ @,
and they release small amounts of energy (~ 10°* erg), which
is promptly spread along the reconnected field lines via thermal
conduction (and, at least in some cases, also by accelerated par-

ticles; see e.g., [Testa et al.|[2014] 2020; [Cho et al.|2023},
et al|2017; [Glesener et al.|2020; [Cooper et al.[2021).

While small bursts have been observed in various wave-
lengths within the upper transition region or lower corona (e.g.,
Testa et al|[2013} [2014), and high temperatures of 10 MK have

been indirectly deduced from X-ray observations (e.g.,
et al. 2011}, [Testa & Reale|2012; Ishikawa et al.[2017)), there has

been no conclusive evidence of the widespread nanoflare activity
as hypothesized by Parker.

The unprecedented high spatial and temporal resolution ob-
servations of the solar atmosphere with the Interface Region

Imaging Spectrograph (IRIS) (De Pontieu et al|[2014) and the
Atmospheric Image Assembly (AIA) on-board the Solar Dy-

namics Observatory (SDO) (Pesnell et al.|2012; [Lemen et al.
2012) enabled the discovery of fast and bursty ‘nanojets’ (An-|
tolin et al|[202T} [Sukarmadji et al|2022), which have been in-
terpreted as direct evidence of coronal heating by magnetic re-
connection in braided magnetic structures, and in particular, as
outflow jets accelerated by the slingshot effect of magnetic field
lines during small-angle reconnection. Such episodic phenom-
ena provide novel and important diagnostics of nanoflare ac-
tivity, overcoming the general difficulties in directly observing
nanoflares due to several factors, such as the efficient thermal
conduction which rapidly washes out the evidence of the high
temperature bursts produced by impulsive heating.
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High resolution observations of active regions (Antolin et al.
2021}, |Sukarmadji et al.[|2022| [Patel & Pant|[2022} Sukarmadji &
Antolin|2024) have revealed a variety of small (500 — 1500 km),
and transient (< 30s) nanoflare-like EUV bursts followed by
collimated outflows, named nanojets, 100 to 300 km/s fast, pre-
sumably driven by dynamic instabilities such as magnetohy-
drodynamic (MHD) avalanches (Antolin et al.[2021), Kelvin-
Helmbholtz, and Rayleigh—Taylor instabilities (Sukarmadji et al.
2022) or during catastrophic cooling of coronal loop strands
(Sukarmadji & Antolin|2024)), often accompanied by the forma-
tion of coronal rain (Antolin et al.|2015)). Observation of nano-
jets in different temperature channels supports the hypothesis of
multi-thermal structuring (e.g., Sukarmadji et al.[2022; |Patel &
Pant| 2022), predominantly at temperatures around and below
1 MK. Although bidirectional jets are expected from reconnec-
tion, observed nanojets are often strongly asymmetric (e.g., Pa-
tel & Pant|2022), possibly due to loop’s curvature (Pagano et al.
2021) or braiding.

Properties of such reconnecting plasma outflows were in-
vestigated via MHD numerical simulations (e.g., |Antolin et al.
2021; |Pagano et al.[2021; |De Pontieu et al.|2022). |Antolin et al.
(2021) show a non-ideal MHD simulation of two interacting,
gravitationally stratified coronal loops, the footpoints of which
are slowly moved in opposite directions to create a small angle
between the loops. As the x-type misalignment increases, the
electric current between the loops increases as well, thus lead-
ing to magnetic field lines reconnection at the mid-plane. The
enhanced magnetic tension in the reconnection region drives a
transverse displacement of the plasma. A high-velocity (up to
200kms™"), collimated (widths of order of few Mm), bidirec-
tional jet also results from the reconnection process.

The forthcoming MUTtislit Solar Explorer (MUSE, |De Pon-
tieu et al|[2019) will be able to provide key diagnostics of re-
connection outflows, as shown in e.g.|De Pontieu et al.| (2022).
Distinctive signatures of the ongoing outflow appear in Doppler
shifts and non-thermal line widths (e.g., small Doppler velocity
and enhanced non-thermal line broadening at the reconnection

site, respectively).
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Fig. 1. Schematic representation of guide field small-angle reconnection
at three different stages. Step A: two field lines are tilted in opposite di-
rections. Step B: field lines reconnect in the diffusion region Dz where
currents are stronger. Step C: after the reconnection the field line con-
nectivity has changed. The black arrows indicate the outflows.

A C

A schematic description of the reconnection processes yield-
ing the outflow acceleration is shown in Fig.[I} As drifting mag-
netic field lines are driven towards one another (A), the magnetic
field component perpendicular to the guide field vanishes at the
‘dissipation region’ (Dg, where E - B # 0, Hesse & Schindler
1988; Schindler et al.|1988)), and it induces the field connectivity
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to change (B). The magnetic field reconnects inside Dg. The new
field lines configuration induces a magnetic tension imbalance
which in turn drives field lines to expand outwards (C). Outside
of the dissipation region, the plasma is frozen in the field and is
accelerated by the slingshot effect caused by the released mag-
netic tension.

Beyond the work already done in basic models, it remains
to be addressed if reconnection collimated outflows can occur in
more realistic and dynamic scenarios and whether even in these
circumstances they can be detected and observed with current or
upcoming instruments. To answer these questions, this work ad-
dresses the MHD and forward modelling of an outflow, forming
and evolving during an MHD Avalanche (Hood et al.|2016). We
investigate the full 3D MHD simulation of an MHD avalanche
described in (Cozzo et al.| (2023b) and check the occurrence of
nanojets-like events during the evolution of instability.

2. MHD modelling

We consider the 3D MHD simulation described inCozzo et al.
(2023b)) of a MHD avalanche in a kink unstable, multi-threaded
coronal loop system (see also, Hood et al.|2016} [Reid et al.[2018],
2020). In this case, small angle reconnection episodes result
from the turbulent dissipation of the twisted magnetic field dur-
ing the instability, rather than by regular photospheric motions,
directly tilting the field lines, as in |Pagano et al.[ (2021)), and
De Pontieu et al.| (2022)). Two identical magnetic flux tubes are
embedded in a stratified solar atmosphere with a 1 MK corona
anchored on both sides to a dense and cooler isothermal (10* K)
chromosphere. The flux tubes are progressively twisted at differ-
ent angular velocities by photospheric rotation motions at their
footpoints, mirrored with respect to the middle plane (Reale
et al.[2016; |Cozzo et al.|2023a), in a background magnetic field
(Bokg = 10 Gauss). The time-dependent 3D MHD equations are
solved with the Pluto code (Mignone et al.|2007)). The computa-
tional box has a size Ax = 16 Mm, Ay = 8 Mm, Az = 62 Mm.
Anomalous magnetic resistivity (179 = 10 cm=2s~!,|Hood et al.
2009; Reale et al.[[2016) turns on in the corona (I > 10*K)
when and where the electric current density j exceeds the thresh-
old value j., = 250Frcm™2s~!. The equations include radiative
losses, thermal conduction, and gravity component for a curved
flux tube (closed coronal loop). Due to progressive twisting, the
faster rotating flux tube becomes kink-unstable and rapidly frag-
ments into a chaotic system with thin current sheets hosting
small-size impulsive reconnection events. The instability soon
propagates to the nearby slower tube, which then evolves in a
similar way. The impulsive events cause local heating of the
plasma to temperature peaks above 10 MK.

Following the evolution of several magnetic field lines in the
aftermath of the MHD avalanche, we identified a few examples
of reconnection jets, i.e. bundles of magnetic field lines whose
evolution follows the patterns described in Fig[l] We selected
one of them as a reference caseesulting from the reconnection
of two slightly misaligned magnetic filaments carried out by
swirling plasma flows.

Figure [2] shows a localized reconnection event with the ref-
erence outflow. In the box (62Mm long, and 8§ Mm X 16 Mm
cross section), the atmosphere is stratified, with two chromo-
spheric layers at the top and bottom of the box, and a 50 Mm
corona (see Appendix [C| for details). Field lines in the box are
shown in full-3D rendering at three different times and from two
different perspectives. They are computed using a fourth-order
Runge-Kutta scheme, while the colour is attributed depending
on the starting points at the lower photospheric boundary, which
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Fig. 2. Magnetic reconnection and the outflow. Rendering 3D at 3 times since the beginning of the avalanche: Ar = 0s (lines approaching),

At = 10s (lines reconnecting), and At = 20 s (new lines detaching). Left column, top view and cut at the middle plane: two reconnecting magnetic
field lines (marked by yellow and magenta lines among two bundles), reconnection sites (blue spots close to the centre of the plane), and velocity
field (white arrows), which shows the collimated outflow departing from the reconnecting lines (see Movie 1). Right row: same reconnecting lines
from a front view (the coronal part of the loop is 50 Mm long, see Movie 2.)

move following photospheric twisting. On the left, a view from
the top, along the coronal loop axis (z-axis), with a cut at the
mid-plane of the box showing in blue the electric field compo-
nent parallel to the magnetic field. Arrows mark the orientation
and strength of the velocity field. On the right, a front view. We
draw two reconnecting magnetic field lines. The sites of recon-
nection are localized as those where the electric field component
parallel to the magnetic field is non-zero (£, blue spots in the
left panels, Hesse & Schindler|1988}Schindler et al.|1988;|Reale
et al[2016, see also Fig.[A.5|for a full-3D rendering of Dg). The
velocity field (arrows) illustrates the approaching flows and the
collimated outflows diverging from the reconnection site. Movie
1 shows the evolution of the 3D rendering. Initially, the two field
lines approach each other, dragged by the chaotic dynamics of
the MHD avalanche. The outflowing plasma is then accelerated
(second panel) in the dissipation region near the mid-plane cen-
tre, i.e., where E| becomes stronger. Afterwards (third panel) the
reconnecting field pushes the plasma outwards where it eventu-
ally disperses in the ambient magnetic field.

On the right (and in Movie 2), the front view shows the re-
connecting lines emphasizing the presence of the guide field,
similar to Fig. [T} In the first panel, the reconnecting magnetic
field is starting to push the plasma outwards (as emphasized by
arrows in a few high velocity spots near the reconnection site).
The plasma velocity is mostly perpendicular to the field lines,
with a small component along them. This transverse motion is
stronger (middle panel) and longer-lasting (third panel) around
the middle of the flux tube.

In Fig.[3| we illustrate details of the outflow from the selected
reconnection event. The three columns show the velocity com-
ponent perpendicular to the magnetic field (v, ), current density
and temperature maps, on the mid-plane perpendicular to the z
vertical axis and at the same times as in Fig. 2] Movie 3 shows
the evolution of the same quantities. The velocity maps v, em-
phasize where the plasma is accelerated by the magnetic field
tension (as the Lorentz force acts always perpendicular to B) and
where instead the plasma drags the magnetic field lines. As ex-
pected, the velocity field diverges from the central reconnection
site, near x = 0 Mm and y = —1 Mm in two strong, sub-Alfvénic
collimated jets. The current maps show an intense sheet in the
central reconnection region (middle panel), where the magnetic
field clearly reverses its direction on the mid plane. The current
density in the sheet exceeds the threshold for dissipation into
ohmic heating imposed in the simulation (J., = 250 Frcm=2s71).
The current density is rather weak at the beginning; it intensifies
first in the Dg, and then in the region around the collimated jets,
where it fragments. The dissipation of the reconnection current
sheets into heat is confirmed in the temperature maps, with very
high values (T > 8 MK), although rapidly decreasing because
of the effect of expansion and thermal conduction. The reference
outflow itself is actually at these high temperatures while the
density does not exceed n ~ 10° cm™ (see appendix [C|for more
details).

The evolution of the reconnection outflow in the midst of the
first 300 s from the onset of the instability is shown in Fig.i] The
top panel shows the X-component of the velocity averaged in a
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Fig. 3. Dynamics of the reconnection outflow. First column: horizontal mid-plane map of the value of the velocity component perpendicular to the
magnetic field at the same three times shown in Fig. @ i.e., Ar = Os (top, current sheet formation), Az = 10s (middle, outflow acceleration), and
At = 20s (bottom, outflow deceleration). he velocity field in the plane is also shown (arrows). Second column: horizontal mid-plane map of the
current density. The map saturates where the current density exceeds the threshold value for dissipation. The magnetic field in the plane is also
shown (arrows). Third column: horizontal mid-plane map of the temperature. (See Movie 3.)

box of size Ax = 10 Mm, Ay = 4 Mm, Az = 10 Mm, centred at
the origin, as a function of time and x. The plasma is expelled
in opposite directions at t ~ 170s. At the same time, the current
density and the temperature are already high (J > J.,, second
panel, T ~ 6 MK, third panel), and grow even higher (J ~ 400,
T ~ 8 MK) in about 10 s. The velocity stays high (x 200 kms™")
for about 30 s, then the jet slows down, the current density dis-
sipates, and the plasma smoothly cools down. We can therefore
estimate as ~ 30s the outflow overall duration. The two oppo-
site jets propagate (toward positive and negative %, respectively)
with different velocities (as also remarked by the different front
slopes in the first panel of Fig. ). In particular, the bidirectional
jet, after At = 30 s the reconnection takes place, has expanded by
about 10 Mm, with ~ 40% of asymmetry between the two parts.

During the event, a magnetic energy amount of ~ 10°*erg
is converted into kinetic and internal energy, as shown in the
bottom panel of Figure 4 which shows the evolution of the to-
tal magnetic, kinetic, and internal energy over the entire elapsed
time of the MHD avalanche in the slab where the outflow dy-
namics is stronger. This energy budget is compatible with the
nanoflare energy predicted by [Parker| (1988). Within the box, an
excess of magnetic energy initially increases, but then rapidly
drops (below its initial level) upon activation of the anomalous
resistivity. Concurrently, both the thermal and kinetic energies
rise at similar rates. Magnetic and thermal energy variations are
larger compared to kinetic variations: plasma compression con-
curs in heating at the expense of the kinetic energy, localized
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near the centre of the reconnection (where the plasma is accel-
erated to ~ 200kms~!). The peak in kinetic energy lasts about
30 s, compatibly with the estimated duration of the outflow.

3. Forward modelling and diagnostics

Having described the physical processes that lead to a reconnec-
tion outflow in our MHD avalanche simulation, we then test the
detection of such an event. Specifically, the question is whether
the outflow can be detected in the EUV band. We considered
the 94 A channel of the Atmospheric Imaging Assembly (AIA,
Lemen et al.|2012) on-board the Solar Dynamics Observatory
(SDO, |Pesnell et al.[2012)), including the Fe xviu line emitted at
logT ~ 6.8, and the 108 A Fe xix spectral line, formed around
logT ~ 7.0, which will be observed by the forthcoming Multi
Slit Solar Explorer (De Pontieu et al| MUSE, 2022; |Cheung
et al] MUSE, 2022} see Fig. [A.I]in the Appendix [A] which also
describes how the synthetic observables are calculated). Both
bands are particularly suitable for detecting the outflow with
an estimated apex temperature of 8 MK. Appendix [A] discusses
more generally the emission in the six EUV AIA channels and
in the three MUSE lines (Fig. [A.T)). We have also convolved all
the emission maps at the original resolution with the instrumen-
tal Point-Spread-Functions (PSFs) and then re-binned them to
the instrument pixel size. MUSE PSF is modelled by a Gaussian
with FWHM of 0.45”. AIA PSFs are described in, e.g.,[Poduval
et al.|(2013).
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Fig. 4. Evolution of the coronal loop plasma in a box containing the
reconnection outflow. This reference volume has size Ax = 10 Mm,

Ay = 4Mm, Az = 10 Mm, and is centred at the origin. First panel: x-
component of the velocity, averaged along Ay and Az. Second panel:
maximum temperature in the box. Third panel: maximum current den-
sity in the box. Fourth panel: total magnetic (solid), kinetic (dashed),
and internal (dotted line) energy in the box.

In the synthetic maps, for a more realistic representation, the
flux tube box is remapped onto a curved loop-like geometry (as
in[Cozzo et al|[2024). igure [5| presents how we would detect the
emission in the AIA 94 A channel integrated along a line of sight
from a side view of the loops. The model has been remapped and
oriented along the selected line-of-sight to maximize the bright-
ness of observational signatures at the apex. The overlapping
magnetic field lines at the loop top align the hot plasma along
the line-of-sight within a compact region, thereby increasing the
emission filling factor.

Under nominal operations, AIA exposure times are up to
2.9 s while the basic time step between snapshots is set to 12s
(Lemen et al.|2012). We assume an exposure time of ~ 9s, to
sample an event < 365 long (3 X 12s merged observing win-
dows) from ¢ = 0. On the left, we show the emission map in the
whole filter band. The low dense and cooler regions of the im-
age are very bright because the filter band includes other intense
1 MK lines (Testa & Reale|2012; [Boerner et al.|[2014]).

The hot outflow emission is already visible, but very faint,
high (z ~ 15 Mm) in the image. To enhance its contrast, we sub-
tracted the cooler component (1 of Fig. 5 as obtained from other
properly rescaled AIA channels (Reale et al.[2011; |Warren et al.
2012;|Cadavid et al. 2014} |Antolin et al.[2024] see also Appendix
[A). The result is shown in the right panel. The signature of the jet
is the horizontal elongated feature high in the image with a bright

spot on the left. The brightest emission (above 50% of the peak)
is about 10 Mm long. In this synthetic image, the emission from
the hot outflow plasma leads to counts about 4 times higher than
the rest of the image, but nevertheless barely detectable without
rebinning.

In Fig.[6] we present butcorresponding synthetic emissionthe
MUSE Fe xix 108 A spectral line. We considered an observing
mode with a long exposure time of 30s from ¢ = 0s. This ex-
posure time envelopes the event completely, although the bulk
of the emission is contained in a shorter time, as shown in Fig.
M and new movies Al and A2 in Appendix [A] The line of sight
is the same as in Fig.[5] A 3D rendering of the Fe xix line emis-
sion is shown in Fig. [A.4] (Appendix [A)). To improve for photon
statistics closer to the detection level (De Pontieu et al.||[2020),
we rebin the map on macro-pixels (0.4”x2.7”). The Fe xix emis-
sion map is very similar to the "hot" 94 A map on the right of
Fig[5] and it highlights the bipolar jet about 500% more clearly,
and the hot emission is better isolated in this single line. Also
in this case the brightest emission (above 50% of the peak) has
an elongated shape, about 10 Mm long. The Fe xix line profile
(on the right) is obtained by integrating over an area 5 X 5 Mm?
large and inclined by 10 degrees (schematically highlighted on
the right, and between the white lines of the mid panel) and us-
ing a spectral bin of 80kms~! (twice the selected for MUSE De
Pontieu et al|[2020). The surface is oriented exactly along the
jet, and in this way we emphasize the plasma motion along the
line of sight. The double-sided jet determines the presence of a
clearly defined double peak in the line profile, with peaks located
atv ~ £200kms™! (the Alfvén velocity is about 1000km s~).

4. Discussion and conclusions

In this work we study the serendipitous formation and evolu-
tion of a reconnection outflow within the complex background
of a coronal flux tube system, which fragments into smaller
current sheets with random reconnection episodes. We analyse
what kind of detection we might expect both with current in-
struments, such as the AIA imager, and with the forthcoming
MUSE spectrometer.This outflow is the result of a reconnection
event, of nanoflare size, and comes out perpendicular to the flux
tube guide field. It shares therefore many features with observed
small size jets, named nanojets (Antolin et al.|2021).

Previous 3D MHD simulations had addressed the issue of
nanojets acceleration with ad hoc setups where field lines are
tilted by photospheric motions (Antolin et al.|[2021) or where
their misalignment is provided from the outset, by initial condi-
tions (Pagano et al.|[2021).

Cozzo et al.|(2023b)) 3D MHD model describes the turbulent,
large-scale energy release of multiple magnetic strands within a
stratified atmosphere, twisted by footpoint motions. This model
provides an excellent opportunity to study the development of
jets and possibly nanojets, and their possible detection, where
they are dispersed in a more realistic situation. rk we single, out
a magnetic reconnection event based on the heating and plasma
acceleration that it causes, in the midst of the dynamic and ther-
mally evolving loop structures.

The described event is localized. It involves the thick field
lines in Fig. 2} which are driven to cross each other and then
detach again with a different topology. Although the configura-
tion is not ideal as in plane parallel cases, there are all signatures
of reconnection, including localized heating and perpendicular
flows. The Ej; component can be different from zero only in non-
ideal plasma conditions (reconnection) and shows very high val-
ues halfway down the loop, where the field lines initially cross
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Fig. 5. Synthetic maps in the ATA 94 A channel integrated along a line of sight from a side view of the curved loop system (first panel, exposure

time: 9s). Second panel: In this geometry the top of the loop is high in the image, as shown in the left panel. intensity map in the entire filter band.
Third panel: intensity map of the cool component (~ 1 MK). Fourth panel: map of the hot ( Fe xvi ) component only, after subtracting the middle
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Fig. 6. MUSE synthetic map and spectrum (line of sight shown in the fig. [5). Left: the Fe xix 108 A line emission map as in Fig The emission

is integrated over macro-pixels of size A, = 0.28 Mm, A, = 1.89 Mm (0.4” x 2.7”) (exposure time: 30s). Right: Fe xix line spectrum obtained by
integrating the emission along the volume marked in the map on the left (white solid lines, cross section 5x5 Mm The spectral binis Av = 80 kms~!.

We account for thermal, non-thermal and instrumental broadening.

each other, and much smaller nearby, as emphasized in Fig

showing the extension of the dissipation region (£} # 0) in full
3D. Similarly to |Antolin et al.| (2021 observations, the jet is
observed after the initial MHD avalanche. The outflow event is
generated as a result of the formation and dissipation of a cur-
rent sheet, induced by the chaotic motion of plasma and mag-
netic field lines during the MHD avalanche. The evolution of the
magnetic field lines is remarkably similar to the schematic pic-
ture shown in Fig. [T} This event exhibits typical signatures of
nanojets as anticipated by previous theoretical and numerical in-
vestigations, and observations (e.g., /Antolin et al.|2021}; |Sukar-
madji et al.|2022)), such as typical lateral dimensions of a few
thousand kilometres and typical velocity of a few hundreds of
kilometres per second. It also takes place at the top of the loop,
as many nanojets observed by |Antolin et al.| (2021); |Sukarmadji
et al.| (2022); Sukarmadji & Antolin| (2024)). The magnetic en-
ergy released during this event approximates 10%* erg, in agree-
ment with [Parker| (1988)). A significant fraction of this energy
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is converted into heat, increasing the plasma temperature above
8 MK, while the remaining energy propels the outflow. The jets
originate from a localized reconnection event that is the domi-
nant source of plasma heating. Field lines overlapping, when the
system is mapped into a curved geometry, increases the plasma
filling factor and, therefore, the signatures in the forward mod-
elling. refFiSthat the outflow described here is very difficult to
detect with present-day capabilities (AIA). Specifically, the AIA
94 A channel is in principle sensitive to such hot plasma, but its
detection is made difficult both by the low emission measure of
these events and by the presence of a strong cool component in
the same filter band. The subtraction of this cool component is
an approximation that does not work perfectly and introduces
an extra source of noise (on top of photon noise, readout noise,
digitization noise). Such noise related to the subtraction is likely
significantly larger than the other sources of noise and not prop-
erly quantifiable because the individual contributions of the dif-
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ferent spectral lines within the broad AIA passbands cannot be
accurately determined.

It is arguable that a stronger magnetic field, or denser loops,
can lead to events easier to detect. In fact, higher heat capacity
¢ (due to high averaged density) needs higher magnetic energy
budgets AEp to keep the temperature high, i.e., in the Fe xv-
Fe x1x temperature range, according to:

2
anTzA(g;), (1)

T

indicating that AT o B*/n. With such a scaling pattern, the dissi-
pation of a magnetic field just V10 times stronger (e.g. ~ 30 G)
heats up a 10 times denser plasma (e.g. ~ 10'cm™) to mil-
lion degrees (up to ~ 10MK), attaining a 10 larger emission
measure (enough to be easily detected by MUSE at a cadence as
short as 10 s). In our simulation, we considered a typical coronal
magnetic field strength of 10 G (Long et al.|2017) with plasma
density of about 10° cm™3. Nevertheless, in active regions, mag-
netic field can exceed 30G (e.g. | Van Doorsselaere et al.[ 2008
Jess et al.|2016; Brooks et al.|[2021) while density can reach
10" cm™ (Reale|2014). In these cases, higher emission is ex-
pected and, comparably, shorter exposure times would be needed
to single out the outflow jet, making its evolution suitable to be
inferred with short-cadence (10s or less) observing modes (that
will be available with MUSE). This scaling needs to be veri-
fied to pave the way for the detection of magnetic reconnec-
tion in the solar corona. he event described has all the physi-
cal features predicted by the theory of reconnection and shows
strong similarities with the theoretical model proposed by |An-
tolin et al.| (2021)): they both originate from a small-angle recon-
nection event, and share the same orders of magnitude in terms
of dimensions, velocity, and duration of the outflow jets. A de-
tailed, physical analysis of the simulated event has also shown
many features matching with |Antolin et al.| (2021) numerical
model, including: the distribution and orientation of the velocity
field (Fig. E]), the detailed evolution of the magnetic, kinetic, and
thermal energy (Fig. ), and the location and structuring of the
dissipation region (Fig.[A.5). As a significant deviation from the
more idealized model by |Antolin et al.[| (2021), we have shown
a bidirectional, but asymmetric jet. Although we do not account
for magnetic curvature (Pagano et al|[2021) in the simulation,
other factors, in particular local field line braiding and warping,
and the non-uniform background plasma effectively make the
propagation different on the two sides.

The |Antolin et al.| (2021) model suggests the role of small-
angle magnetic reconnection in accelerating (nano-) jets within
a non-vanishing coronal loop magnetic field. This is supported
by observational evidence of collimated jets, interpreted as the
kinetic counterpart of nanoflare heating. Smoking guns of such
nanoflare heating in the tenuous solar corona are difficult to catch
because of the small emission measure, and the highly efficient
thermal conduction, limiting the visibility of such events to their
already short kinetic time scales. In this work we show that de-
tection of nanoflare jets might be possible with MUSE, even at
high temperatures, when the plasma is under-dense and fainter,
thanks to the MUSE detailed EUV spectroscopic diagnostics,
until now restricted to the UV band (De Pontieu et al.[2014)).

The onset of the reconnection event is caused by the overlap-
ping of two misaligned bundles of field lines, ultimately brought
together by the residual dynamics of the MHD avalanche. This
scenario supports the interpretation of |Antolin et al.[|(2021)), and
Sukarmadji et al.| (2022)) observations, where it is argued that
MHD instabilities can trigger reconnection nanojets.

occurring around the MHD avalanche triggered by the kink
instability. At that time, the impulsive heating events have not
been effective in filling the flux tubes with dense plasma yet. In
these conditions of tenuous plasma, the heat pulse is effective
in determining a steep increase of the local temperature, and the
outflowing jet is therefore hot as well, and faint because of the
low density.

This period of the evolution probably represents a relatively
short transient in the global evolution of a loop system. So such
hot and faint jets are also probably infrequent and fainter than
nanojets observed so far (e.g. /Antolin et al[2021). In future
work, we intend to study the formation and possible detection
of reconnection jets in more steady-state conditions, i.e., later
in the loop evolution, when the flux tubes are filled with denser
plasma coming up from the chromosphere, driven by the heat-
ing. Cooler and brighter nanojets are therefore expected later in
this more steady-state regime.
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Appendix A: details on forward modelling

to compare with the familiar semicircular shape of coronal loops,
the original simulation outputs were remapped and interpolated
onto a new cartesian grid. In this process, the initially straight
coronal section of the domain was curved into a half-cylinder
shell with a characteristic radius of R = L/x with L = 50 Mim,
the loop’s coronal length. On the other hand, the chromospheric
layers were modelled as two parallel parallelepipeds, as de-
scribed in|Cozzo et al.|(2024).

To remap on observation-like images, we computed line
emission /o from the pixel i, j, by integrating cells intensity F; jx
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Fig. A.1. Temperature response functions A;(T’) for the AIA and MUSE
channels. Top: MUSE spectrometer lines: Fex 171 A, Fexv 284 A, and
Fe xix 108 A. Middle: AIA 94 A (containing Fe xviu line), 131 A, 171 A,
193 A, 211 A, and 335A channels. Bottom: expected response func-
tion of the 94 A AIA channel (black line) after the subtractign of tl}e
cold component (dotted line) obtained by combination of 131 A, 171 A,
193 A, 211 A, and 335A AIA channels from the the total one(light
green).

(in units of phs~! pix~") along the line of sight (as in |De Pontieu
et al.[2022;|Cozzo et al.|[2024):

I = Z Fijko (A.1)
k

with:

Fijx = n2(%5.% T) Ap(T) Az, (A2)

where n, is the free electron density, A(T) is the instrument tem-
perature response function, and Az is the cell width. Instrument
temperature response functions are calculated using CHIANTI
10 (Del Zanna et al.|2021) with the CHIANTTI ionization equi-
librium, coronal element abundances (Feldman/|[1992), assuming
a constant electron density of 10° cm™>, and no absorption con-
sidered.

In Fig. [A.1] we show the temperature response functions
A(T) of the three MUSE EUV lines: Feix 171 A, Fexv 285 A,
and Fe xix 108 A (top panel, De Pontieu et al.[2020); and of the
six AIA EUV channels at 94 A, 131 A, 171 A, 193 A, 211 A, and
335 10\, respectively (mid panel, |Boerner et al.[2012).

In Fig.[A.2) we show synthetic AIA emission maps from 9 s
effective exposures. Each panel shows the side view of the inten-
sity distribution integrated over the entire filter band of the six
EUV channels in Fig.[A.1} Emission in 131 A, and 171 A chan-
nels is dominated by a relatively cool (< 1 MK) plasma compo-
nent just above the transition region (< 5 Mm in height); 193 A,
211 A, and 335A channels show evidence of warmer plasma
(2—4 MK) at intermediate height (> 5 Mm). A faint feature from
hot (> 5 MK) plasma shows up around the loop top (~ 15 Mm)
in the 94 A channel (containing the ‘hot’ Fe xv line), although
most of the intensity comes from the cooler plasma background.
Movie Al shows the evolution of the coronal loop emission as
imaged by the six AIA channels (Fig [A.T)), and contributing to
the integrated emission of Fig. [A.2] The atmosphere appears
roughly steady in all the channels, with some noisy gleaming in
the lower, cooler corona, and slow variations in the atmospheric
structuring of the warm plasma at intermediate heights. Only the
hot plasma jet at the loop top evolves dynamically,d expandsgt-
ward until its emission vanishes in the background.

The synthetic emission as sampled by the three MUSE chan-
nels (Fig.[A.T) is shown in Fig.[A.3] We assumed a 30 s exposure
time and line of sight from a side view of the curved loop. MUSE
lines (Fe1x 171A, Fe xv 284A, and Fe xix 108A) detect plasma
emitting mostly around ~ 1 MK, ~ 2 MK, and ~ 10 MK plasma,
respectively. In particular, the Fe 1x line is emitted mostly at the
loop footpoints; in the Fe xv line we see the bulk of the loop;
the Fe xix line shows a transient brightening around the loop
apex.Similarly to Movie Al, Movie A2 shows the evolution of
the loop in the MUSE lines when the jet is visible. No evidence
of the jet is found in the cooler MUSE channels. In the hot 108A
line, the bright feature stretches into a strongly elongated struc-
ture.

In Fig. the 3D rendering in curved geometry clearly
shows the jet emission in the MUSE Fe xix channel at 108A to be
perpendicular to the guide field (represented by the drawn field
lines). This can be compared to observed nanojets as in|Antolin
et al.[ (2021). Specifically, the brighter plasma (yellow volume)
envelopes the jet at the loop top, but “tails” of hot plasma (red-
der parts), propagating along the field, also stand out in the EUV
Fe xix line emission. They form because thermal conduction ef-
ficiently spreads heat from the reconnection site.

Fig.[A.T]|shows also the temperature response function A(7)
for the AIA filter at 94 A (light green curve, |Boerner et al.[2012)
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Fig. A.2. Synthetic maps of AIA emission integrated along a line of sight from a side view of the curved loop system for 94 A, 131A, 1714,
193 A, 211 A, and 335 A channels, respectively (see Movie Al).
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Fig. A.3. Synthetic maps of MUSE emission integrated along a line of sight from a side view of the curved loop system for the Fe1x 171 A, Fe xv
284 A, and Fe xix 108 A lines, respectively (see Movie A2).

The figure also shows the same response function after subtrac- tion of the other AIA responses (131 A, 171A, 1934, 211A,
tion of the cool component (dotted line) obtained by a combina- and 335 A), More in particular, we derived the background-
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Fig. A.4. 3D rendering of the MUSE Fe xix line emission at = 10s. In
the 3D box, we show two field lines remapped in curved geometry for
reference. The arrow point in the direction of the jet propagation.

subtracted emission maps INgM for the AIA filter at 94 A as fol-
lows:

F794A _ y94A bkg
Iy =1 —I0

I = 2317 + 08174 +1.01)°4+

+2.6 3" +30.1 7% x 107 (A.3)
where ngg is the cooler background image we obtain from the
other AIA filters (Reale et al.|[2011; |Warren et al.|2012; /Cadavid.
et al.|2014} Antolin et al.|[2024). In this way we manage to isolate
better the emission in the hot Fe xviline.

To compute the line profiles (Fe xix line), we assumed at
fixed temperature, density, and plasma velocity, a Gaussian pro-

file:
Feen V = Veell :
Jeen(v) = expl—|— (A.4)
2 T
2ros.
where o1 = ,/21"‘1‘1—:” is the thermal broadening, mp, is the Fe

atomic mass, and v is the plasma velocity parallel to the line of
sight in a single cell. MUSE Fe xix spectral bin is Av = 40 km s~
(De Pontieu et al.|[2020). We assumed a spectral bin twice as
large, Av = 80 kms™!, to increase the photon counts. We account
for both thermal and non-thermal broadening.

Finally, we rebinned MUSE Fe x1x observables on macropix-
els (0.4” x 2.7”) that collect more photon counts, closer to the
detection level (De Pontieu et al.|2020); AIA 94 A channel in-
tensity is shown with the original pixel size (0.6” X 0.6”).

Temperature (K)

1.9e+03 de+6 7.9e+06
X | E——

Fig. A.5. 3D rendering of the analysed magnetic reconnection region.
Field lines are the same as in the second panel of Fig. [2| (r = 10s).
The temperature (red colour) is shown in the background. Here we also
show the diffusion region Dy (pale blue, Fig.|l) defined by the region
where where E - B # 0. The solid blocks at the top and bottom are the
footpoints in the chromosphere.

Appendix B: other 3D renderings

Figure [A.5] shows the 3D rendering of the diffusion region (in
solid cyan, see also Fig.[I)) between two reconnecting field lines
at r = 10s (as in Fig. [2). The thin diffusion region develops
where the field lines meet and reconnect (i.e. close to the box
centre). It is elongated and oriented along the guide field, with
short “branches” inclined with the magnetic field bundles to
form an “X shape”. Hot coronal plasma is in the proximity of
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Fig. A.6. Plasma vertical stratification: temperature (solid line) and den-
sity (dashed) along a 1-pixel column crossing the jet centre (coordi-
nates: x = y = 0Mm) before the instability (black line) and at times
t = 0s (orange) At = 10s (red), t = 20 s (dark-red) from the ignition of
the jet.

the reconnection site. Field lines are embedded in the chromo-
sphere, shown by solid blocks at the top and bottom sides of the
box.

Appendix C: atmospheric stratification

The simulated solar atmosphere consists of a chromospheric and
a coronal column separated by a thin transition region. Specif-
ically, field-aligned gravity, thermal conduction, optically thin
radiative losses, heating by anomalous magnetic resistivity, and
background heating structures a 5 Mm long coronal loop, while
its chromospheric footpoints are ~ 6 Mm wide each and 10* K
hot (Reale et al.|2016; |Cozzo et al.|2023b).

Figure [A.6] shows the temperature and density stratification
along a column of pixels passing through the jet centre (coor-
dinates: x = y = 0Mm). Before the avalanche (black curve),
the atmosphere is initially tenuous (n ~ 10%cm™) and cold
(T < 1 MK). After the instability, when the jet is formed, the
plasma is rapidly heated (solid, orange line, ¢t = 0's) and the tem-
perature rises up to 10 MK (red line, r = 105s), and subsequently
cools down (orange line, t = 20 s). The density (dashed lines) in-
creases as well, approaching, but never exceeding, n ~ 10° cm=.
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